Dr Marian Chatenet 
  
Dr Eric Chaînet 
  
Pr Vincent Elena Vivier 
  
Pr Savinova 
  
Christophe 
  
Florent Vandenberghe 
  
Camille Roiron 
  
Clémence Lafforgue 
  
Clémence Marty 
  
Thi Bich 
  
Khaoula Artist 
  
Hassan Chatt 
  
Ilias Elalaoui Abbad 
  
Elbalghiti 
  
Moubarek Rabie 
  
Mohamed Gargaà 
  
El Ait 
  
Rita Guerrag 
  
Mohamed Benkirane 
  
Houda Bounnit 
  
Dr Amal Jaouzi 
  
Marouane Jaouzi 
  
Haitam El Mbarki 
  
Badr Khassal 
  
The singer Chaimae Boutgayout 
  
Dr Mostafa Zehrouni 
  
Dr Younes El Oulfarsi 
  
Dr Mohamed Manzani 
  
Dr Mohamed Darari 
  
Abdellah Kbibou 
  
Dr Mohamed Seqqat Aguerzame 
  
Dr Anas Dakhma 
  
Chaïmae Zeroual 
  
Mr Yousfi 
  
Sebai Samir 
  
Keywords: 

This journey would not have been possible without the

General Introduction

Nowadays, climate change is a bunch of consequences of human mismanagement. Today, as usual, businesses alter our environment and make our planet in severe drought, ice caps, crucial ice sheets have continued to melt, and coral reefs are threatened by human activity due to combined land and ocean temperature increase by greenhouse gas emissions 1 . It is a common question we have to ask frequently: What role can we play in the climate fight? We should strive to evolve and give more energy for a sustainable future world, livable and healthier.

Our need for energy goes back centuries ago, or more! Some even attributed the first batteries to more than 2000 years ago, known as Baghdad or Parthian battery 2 , found in Iraq in 1934. Three artifacts were found together: a ceramic pot, a copper tube, and a rod of iron. When combined with a liquid acid, they could have been used to create chemical reactions that produce an electrical charge.

Humans have always wanted to vault ahead of all fossils due to their horrific effects on us. The current energy transition of production plants requiring fewer fossil fuels is driving technological research focused on renewable energies but mainly intermittent energy sources, such as PVs, wind power energy, to name a few. To alleviate the intermittency, we tend to store the surplus energy, whether in batteries or chemical bonds (e.g., hydrogen, hydrocarbons, etc.). While most branches of renewable and decarbonized energies have ascended in this era, the hydrogen vector persistently rises to the top.

In response to the climate challenges, there is a growing interest in hydrogen vector that uses the H2 gas as an alternative to fossil fuel: producing hydrogen using either natural gas reformation or water electrolysis.

Aim of the Ph.D.

In this Ph.D., we aim at developing and controlling a well-ordered Pt-Based tubular nanostructure of the cathode made only with catalyst without carbon support and ionomer. The tubular structure's choice is to expect a decrease of the Pt agglomeration and to enhance stability thanks to a bulkier structure. Also, the tubes' orientation could make the transport of reactants and products easier [1]. Among the various transition metals, alloying platinum with nickel has shown exceptional oxygen reduction reaction (ORR) mass activities and promising durability in rotating disk electrode (RDE) studies [2][3][4] [5]. Previous studies have shed light on the dealloyed PtNi core-shell nanoparticles and hollow Pt-alloy nanoparticles and have shown interesting electrocatalytic properties for the ORR.

Accordingly, combining the tubular structure and the higher activity of PtNi catalyst has the potential for overcoming the limitations of conventional Pt/C electrodes. Some research groups [2] dedicated their studies to the synthesis of disoriented PtNi nanotubes by galvanic displacement process [8] and have tested their electrochemical performances using rotating disk electrode (RDE). Only C. Fan and co-workers [8] have synthesized and tested PtNi nanotubes' activity in a complete MEA in a direct-methanol fuel cell (DMFC).

During this thesis work, the PtNi nanowires and nanotubes, templated from nickel nanowires grown inside a sacrificial mold of porous anodic aluminum template, are synthesized by the galvanic displacement process; an electrochemical process that involves the oxidation of the transition metal (nickel) by the ions of a platinum salt (hexachloroplatinate acid H2PtCl6, potassium hexachloroplatinate K2PtCl6 or potassium tetrachloroplatinate K2PtCl4) at different concentrations of the Hydrochloric acid (HCl).

Later, using the hot-pressing process of Nafion ® membrane on the synthesized nanotubes led to their integration in a complete Membrane Electrode Assembly in order to understand transport limitations in the Catalyst Layer as shown in figure I-1 below. The fabrication process of PtNi nanotubes is held by a succession of four steps, as displayed in figure I-2 below: i/ the first step consists of elaborating the porous anodic aluminum template (PAAT) as a sacrificial mold; ii/ The second step includes the confined growth of nickel nanowires inside the AAO template by the pulsed electrodeposition (PED) process; iii/ This step is followed by the galvanic displacement mechanism; vi/ Finally, the last step will lead to transferring PtNi nanotubes/nanowires to a Nafion ® membrane by a hot-pressing process to test the electrochemical performance in a complete MEA. It should be noted that the aim of the thesis is not to reduce the total cost of the complex and expensive process but to demonstrate if the aligned PtNi nanotubes concept would allow the improvement of the performance and durability of the catalyst layer, also to improve the understanding of transport limitations. Consequently, the goal consists of elaborating and engineering a new carbon-free structure of electrodes based on PtNi active electrocatalysts.

The first chapter of the manuscript heeds to today's challenges related to renewable energies and hydrogen as a key to a clean, economical, and sustainable energy system.

We will shed light upon the PEMFC technology as a viable, clean energy converter and revealing its main limitations.

In the second chapter, we will advocate a general overview of the theory behind porous anodic aluminum oxide (AAO) formation. Then, we will shed light on the fabrication process and the usefulness of the AAO template as a flexible sacrificial template for the growth of nickel nanowires.

The third chapter addresses a general description of the electrodeposition process followed by an experimental section of the nickel nanowires' growth inside a nanoporous alumina template, aiming to understand the growth phenomena related to it. The third part is dedicated to a non-exhaustive state-of-the-art on PtNi electrocatalysts. It will thenceforth underline the processes involved in the fabrication of PtNiNWs and PtNiNTs via the galvanic displacement process. A detailed fabrication process was held to gain insights into the effect of hydrochloric acid addition, thermal treatment, and acid leaching in order to elaborate reproducible PtNi nanowires and PtNi nanotubes.

The fourth and last chapter will first highlight the experimental protocol used to test a conventional Pt/C electrode at low Pt-loading. Secondly, it will hover over the transfer of the as-made nanowires and nanotubes by hot-pressing into a Nafion ® membrane and their functioning in a real cell made of a conventional Pt/C anode the carbon-free PtNiNWs/PtNiNTs at the cathode side.

We target in this thesis to control and rationally design architecture of a carbon-free cathode for the PEMFC in order to improve the ORR and reduce Pt loading. Also, to increase durability of the cathode and understanding the transport limitations in the catalyst layer. Energy has always been the fulcrum of civilizations and their undeniable pillar of development. A wide range of energy sources are already known and have been used
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until today, such as fossil fuels, natural gas, to name a few. One of the primary sources of energies discovered by the modern human was coal (ca. 3500 years ago) until 1712 when Tomas Newcoman had found an alternative of the use of coal to power steam engines.

This discovery was the tide of a new industrial era. In 2018, coal power generation was still dominant by far, reaching 38 percent of global electricity generated 3 . For over 300 years, the significant increase in population led to a sharp increase in energy consumption, mainly from carbonized fossil sources.

In order to build a sustainable future society, we have to make great efforts to build sustainable, decarbonized, and renewable sources of energy. A systematic framework depicted in figure I-4 below shows possible sustainable pathways for the production of highly demanded fuels and chemicals, including hydrogen, hydrocarbons, oxygenates, and ammonia, by either replacing or working in concert with conventional energy production [9]. 

Nowadays position in the "Energy Challenge"

Energy is the lifeblood of many aspects of our world: transportation, food, and heating.

Relying mainly on earth's resources continuously and relentlessly, our excessive consumption of these resources has generated deleterious and irreversible consequences against humans, flora, and fauna. The latest International Energy Outlook 2020 (IEO2020) [6] by the U.S. Energy Information Administration projects world energy consumption to grow by 28% between 2015 and 2040. Most of this growth is expected to come from countries that are not part of the Organization for Economic Cooperation and Development (OECD) and, particularly, from countries where strong economic growth is driving demand, especially in Asia.

More than 60% of the world's total increase in energy consumption from 2015 to 2040 is accounted for by non-OECD Asia (including China and India). This unsustainable energy productions lead to critical challenges: climate change and global warming caused by anthropogenic greenhouse gases emission. The combustion of fossil fuels contributes around two-thirds of global greenhouse gas (GHG) emissions and the bulk of CO2 emissions (see figure I-6), so the energy sector must be at the front line of efforts to tackle climate change. Much to our interest, last year, carbon emissions dropped a record 7% as COVID19 pandemic lockdowns halted whole sectors and towns [7]. The amount of CO2 emitted each year from various fuel sources, measured in tonnes per year. Emissions from fossil fuels continue to increase as we burn more each year for energy 4 .

Moreover, instead of CO2, the primary greenhouse gases emitted by human activities on a global scale are depicted in figure I-7 below: Industrial processes, refrigeration, and the use of a variety of consumer products contribute to emissions of F-gases, which include hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and sulphur hexafluoride (SF6) 5 .

II.1. Energy supply: A concoction of diverse sources

In 2018, according to the IEA's annual statistical report (see figure I-8), the global total energy supply was approximately 14.282 Mtoe (megatonnes of oil equivalent), of which only 13.5% was derived from renewable energy sources, including hydro, biofuels, renewable municipal waste, solar PV, the solar thermal, wind, and geothermal. Due to its widespread use in developing countries for heating and cooking, solid biofuels/ charcoal is the largest renewable energy source by far, and the second largest source is hydro. Liquid biofuels, wind, geothermal, solar, biogases, renewable municipal waste, and tidal make up the rest of the renewable energy supply. It was mentioned that since 1990, renewable energy sources have grown at an average annual rate of 2.0%, which is slightly higher than the growth rate of the world's total energy supply of almost 1.8%. For solar PV and wind power, which developed at average annual rates of 36.5% and 23%, respectively, growth was remarkably high. On the flip side, biogases had the third highest growth rate at 11.5%, followed by solar thermal (10.9%) and liquid biofuels (9.7%), as depicted in figure I-9 below [10]. 

II.2. Humankind's life: Is it really at stake?

A recent new study published in Environment Research journal has reported that fossil fuel pollution caused one in five deaths globally (more than eight million premature deaths in 2018) [12]. Lately, another research from the European Society of Cardiology assessed the impact of air pollution on life expectancy, enhancing the risk of cardiovascular and respiratory diseases [13]. 

II.3. Limiting global warming to 1.5˚C: The Bold Challenge

Since the Industrial Revolution, most human activities have had a high impact on CO2 drastic increase in the atmosphere. International decisions and policymakers urged to gather alongside scientists to leverage the effect of greenhouse gases emission on climate change, for instance, the Intergovernmental Panel on Climate Change (IPCC), the International Energy Agency (IEA), the International Renewable Energy Agency (IRENA)

and Conference of the Parties (COP) experts.

As stated by the recent NASA's GISTEMP 6 (Goddard Institute Surface Temperature)

analysis, the earth's global average surface temperature in 2020 tied with 2016 as the warmest year on record. As long as the long-term warming trend of the planet continues due to terrific GHG emissions, the average temperature of the Earth has increased more than 1.2°C since the 1880s. What does the most recent climate change science tell us, according to the annual report from IPCC (2018)?

Henceforth, the undesired rising temperature in the earth's atmosphere is causing a combination of eerie and hellish phenomena such as longer periods of drought in some regions, increase in the intensity of tropical storms/hurricanes, shrinking glaciers, sea-level rise, more intense heat waves, shifts in plant and animal habitats, more acidic oceans, changes and unstable precipitation patterns, higher wildlife extinction rates, farming and fishing communities are at socio-economical dangers and coral reef ecosystems threats. 

II.4. Energy transition: Toward a Clean & Green sustainable future

Sifting through the global warming issue to build up insofar a sustainable future, societies are veering toward new energy sources (decarbonized and/or renewable) for the sake of cutting carbon emissions as much as possible. For such a purpose, many international initiatives were held three decades ago: The United Nations Framework Convention on Climate Change (UNFCCC) in 1992, followed by the Kyoto Protocol in 1997, and then COP21 held in Paris 2015, in which 195 Parties agreed upon the increase in using renewable energy sources and limiting the global warming to less than 2°C by 2100.

Nevertheless, most energy source alternatives depend mainly on metrological shifts (wind, sun, hydropower et cetera). Such intermittent sources need to be coupled with energy-storage devices/systems in order to save the harnessed energy (whether in chemical covalent bonds, lithium-ion batteries, supercapacitors, to name a few) depending on the application field (i.e., short/long-term storage, high/low-power densities).

Dihydrogen: Viable alternative toward an affordable, sustainable and reliable energy supply

Pollution from fossil fuels remains the crux of concerns of humans recently. Energy accounts for two-thirds of total greenhouse gas, so efforts to reduce emissions and mitigate climate change must include the energy sector [14]. Aiming to reduce greenhouse gases, renewable and decarbonized energies maintain strong evolution momentum, including the Hydrogen vector. Hydrogen, however, is an attractive energy carrier that can produce clean electricity via fuel cells, where the hydrogen oxidation and oxygen reduction reactions convert chemical energy into electrical energy.

It is a versatile energy vector that can help address a variety of critical energy challenges.

Hydrogen can be produced from almost all energy resources. However, the current use of hydrogen in oil refining and chemical production is mainly covered by hydrogen from fossil fuels, with significant CO2 emissions associated.

Hydrogen, derived from the Greek hydro and genes, means water forming 8 . It is known as the lightest element of the Mendeleev table. One of its significant properties is its calorific value (i.e., the heat produced by the complete combustion of a specified quantity of fuel) that reads 120-140 MJ/kg. As a matter of comparison, the table below expresses various widely used fuels and their corresponding heat value 9 . Hydrogen has the ability to serve as a clean energy intermediate, as illustrated in figure I-14 below. Its production, however, usually involves fossil fuels. It could be produced from diverse sources, including natural gas, coal, water, and electricity (electrolysis). Such properties lead to the use of hydrogen as a promising energy carrier.

Fuels

Other approaches include hydrogen production via photoelectrochemical cells or solar thermochemical systems. Today, hydrogen's primary demand is as a chemical feedstock in petroleum refining and ammonia production [16].

Figure I-14: Illustrative schematic of H2@Scale energy system. Reprinted from reference [16].

Although the expansion of the FC electric vehicles market (mostly in the USA, China, Japan, and Korea), and the increase in electrolysis capacity of H2 production, low-carbon production capacity remained relatively constant. As evidenced in the IEA's annual report of hydrogen, more efforts are needed to i/ scale-up to reduce costs; ii/ replace high-carbon with low-carbon hydrogen in current applications; iii/ and expand hydrogen use to new applications. However, the global demand for pure hydrogen has increased sharply in the past four

decades. An estimation of the yearly demand for pure hydrogen is around 70 Mt, mainly for oil refining and chemical production. This hydrogen currently is produced from natural gas and coal, and associated CO2 emissions are significant [15]. Thus, developing low-carbon hydrogen production routes is critical for hydrogen to aid in clean energy transitions. The three main low-carbon production routes involve:

• Coupling conventional technologies with the Carbon Capture, Utilization, and Storage (CCUS) emissions reduction technologies.

• The solar-powered thermochemical water splitting using water and solar thermal energy as the only feedstock by concentrating solar radiations on a metallic salt (Cadmium oxide, for instance). In general, a simple two-step thermochemical water-splitting reaction to produce hydrogen requires very high-temperature heat to release oxygen for endothermic metal oxide reduction and a lower temperature exothermic reaction of water with the metal, increasing the metal's oxidation state and releasing hydrogen [17].

• Electrolyzers enable clean hydrogen production from low-carbon electricity and water (i.e., the water-splitting reaction, which consists of the hydrogen and oxygen evolution half-reactions). Only 4% of the global hydrogen production, labeled the "green hydrogen", is produced by the water electrolysis process, making it possible to transform electricity without any CO2 emission into high purity hydrogen (and oxygen). In recent years, the number of projects and installed electrolyzer capacity have expanded considerably, from less than 1 MW in 2010 to more than 25 MW in 2019.

Additionally, on top of using hydrogen in the transportation and ammonia industry, domestic and industrial heating are sectors that could raise low-carbon hydrogen demand for decarbonization purposes by injecting hydrogen into the gas grid. For instance, the GRHYD project in France, which began blending 6% hydrogen into the natural gas grid in 2018, already reached 20% on a volumetric basis in 2019, demonstrating the technical feasibility of this approach for domestic use [15].

On the other hand, hydrogen and fuel cell technologies have great potential to provide low-carbon electricity generation electrochemically. Nowadays, attention was drawn to using fuel cells in transportation (both light-duty and heavy-duty sectors). The fuel cell electric vehicle market is expected to be worth $42 billion by 2026, with major players including Toyota, Hyundai, Honda, Audi, Daimler, Volvo, BMW, General Motors, and MAN 10 .

Finally, fuel cells have been a current research subject for applications for EVs. They work similarly to batteries but do not have to be recharged. They will run indefinitely (until they die because of degradation) as long as they are supplied by hydrogen (the fuel) and oxygen (the oxidizer): this is the following paragraph's subject. This Ph.D. thesis aims to address some issues related to this system.

A major benefit of hydrogen is that it can be generated from (surplus) renewable energy, and it can also be stored for long periods in large quantities, unlike electricity. Physical storage techniques based on either compression or cooling or a combination of the two are the most important hydrogen storage methods that have been tried and tested over long periods of time (hybrid storage). In addition, a significant range of other emerging technologies is being explored or investigated for hydrogen storage 11 . Contrastingly, hydrogen can be transported in various formats and is easy to transport over long distances. The most popular means of hydrogen transport, covering the needs of the various hydrogen markets, are i/ Compressed gas cylinders or cryogenic liquid tankers; ii/ Pipelines; and iii/ Blending it into natural gas pipeline networks 13 . There is currently more than 4,500 km of hydrogen pipelines worldwide (2016), the vast majority of which are owned by hydrogen producers in general. The longest pipelines are in service in the USA, followed by Belgium and Germany. Transporting gaseous hydrogen via existing pipelines is a low-cost option for delivering large volumes of hydrogen 14 .

The Proton Exchange Membrane Fuel Cell (PEMFC) technology

For more than a century and a half, Sir William Robert Grove (1811 -1896) had exposed his first works about the realization of the first fuel cell system and its components since 1839. This included the mechanism of a single cell, consisting of hydrogen and oxygen, in contact with two platinized platinum electrodes [18].

Figure I-19: On the left, Grove's gas battery' produced a voltage of about 1 volt, and on the right, Grove's gas chain powering an electrolyser. Reprinted from reference [11].

The fuel cell (figure I-20) is an electrochemical device that converts chemical energy into electrical energy as long as it is supplied with hydrogen (fuel) and oxygen (pure oxygen or from the air, as an oxidizer) with water and heat as byproducts. Such conversion is achieved by electrochemical reactions: oxidation of the hydrogen (at the anode) and reduction of the oxygen (at the cathode). The controlled electrochemical combustion of dihydrogen and dioxygen thus produces water and heat according to the following reactions:

Anode (H2 Oxidation Reaction HOR): For the PEMFC functioning, hydrogen is the basic fuel, but fuel cells also require pure oxygen or air. Hydrogen oxidation and oxygen reduction reactions are performed at the electrolyte/electrode interface in the presence of a catalyst, which fastens the electrochemical reactions that are sluggish when done at low temperatures (<100°C). At the anode, protons pass through the membrane joining the cathode, while the electrons flow to the cathode via an external electrical circuit. The adhesion of the membrane to the electrodes using the ionomer must be ensured.

2H2  4H + +
Several phenomena limit the performance of PEMFC. As evidenced in figure I-21 below, a polarization curve corresponds to a conventional PEMFC under real operating conditions with the contributions of the major losses. The main losses are due to the cathode side because of the coupling between a sluggish ORR and H + and O2 transport losses issues. Taking into account the aforementioned factors, the observed cell voltage of a PEMFC Ecell may be described as follows:

𝐄 𝐜𝐞𝐥𝐥 = 𝐄 𝐫𝐞𝐯 -𝐢 . 𝐑 𝛀 -𝛈 𝐇𝐎𝐑 -𝐢 . 𝐑 𝐇 + ,𝐚𝐧𝐨𝐝𝐞 𝐞𝐟𝐟𝐞𝐜𝐭𝐢𝐯𝐞 -𝛈 𝐎𝐑𝐑 -𝐢 . 𝐑 𝐇 + ,𝐜𝐚𝐭𝐡𝐨𝐝𝐞

𝐞𝐟𝐟𝐞𝐜𝐭𝐢𝐯𝐞

Where:

-Erev is the thermodynamic equilibrium potential as a function of temperature and gas partial pressure;

i is the applied current density;

-RΩ is the relative humidity (RH) dependent cell resistance (the sum of the RH-dependent membrane proton resistance, Rmembrane, and the RH-independent contact and bulk electronic resistances Re-);

-𝛈 𝑶𝑹𝑹 and 𝛈 𝑯𝑶𝑹 are the anode and cathode kinetic overpotentials; A PEM fuel cell consists of one or more cells, two current collectors, and two clamping plates (or terminal plates). We talk about a fuel cell stack if the fuel cell contains several cells in series. Each cell comprises several basic components that make up the fuel cell and each of them must have specific properties to maximize the fuel cell's efficiency and reduce its cost. Some of these components include:

-𝐑 𝐇 + ,
• Bipolar plates: Plates used as the boundary between two cells containing channels (ranging from several hundreds of µm to mm) that supply reactive gases, collect and conduct the electric current, evacuate heat, water, and unreacted gases. They are mostly made of metal, carbon, or composites. Moreover, for circulating a liquid coolant, additional channels can be added within each plate.

• Electrodes: Active layers on both sides of the membrane are mostly composed of catalyst and its support, usually Pt (or Pt-M: M refers to a transition metal)

nanometer-sized particles (3-5 nm) deposited on a high surface carbon support (higher electrical conductivity and low-cost). They are mixed with an ionconducting polymer (ionomer) in order to elaborate a CCM (Catalyst Coated Membrane) or a GDE (Gas Diffusion Electrode). When sufficiently hydrated, it ensures protonic conduction (H + ions) and prevents electrons flow. Its quasi-impermeability to reactive gases avoids the mixing between hydrogen and oxygen (cross-over phenomenon). In the case of cross-over, O2 at the cathode passes through the membrane to the anode, while hydrogen crosses from the anode to the cathode. This recombination of O2 and H2 leads to a voltage loss along with the possible formation of radical species that can degrade the membrane. Also, the solubility of O2 in H2O decreases when temperature decreases. The conventional PEM commonly used in PEMFC is the Nafion ® by DuPont de Nemours company and the Aquivion ® from Solvay company. • Gas Diffusion Layer (GDL, i.e., macroporous/microporous carbon layer):

Carbonaceous material offering better gas dispersion, a good electronic and thermal conductor allowing the evacuation of water produced and ensures the supply of hydrated gases to the active zone. Between two bipolar plates, polymer gaskets must be added in-between, covering the edges of the MEA to ensure gastight sealing. Usually, each GDL consists of a carbon paper sheet in which the carbon fibers are partially coated with polytetrafluoroethylene (PTFE). In the GDL, gases disperse easily through the pores. The hydrophobic PTFE, which prevents excessive water buildup, holds these pores open [28]. According to the type of electrolyte of fuel cells, they can be divided into polymer electrolyte membrane fuel cells (PEMFCs), solid oxide fuel cells (SOFCs) and alkaline membrane fuel cells (AMFCs), and so on, as summarized in table I-2 below:

Table I-2: Characteristics of Various Types of Fuel Cells as described in reference [11].

The commercialization of the PEMFCs is limited primarily by catalyst cost. The conventional Pt nanoparticles supported on carbon are the highly used nanostructure as a catalyst for the PEMFC [30]. This architecture can hardly be more optimized; for this reason, many researches have been led to design new carbon-free architectures of electrodes.

Since the discovery of the PEMFC technology, durability and cost remain the key barriers to the commercialization of fuel cells and must be faced simultaneously. It was indicated by Strategic Analysis, Inc. analysis that the fuel cell stack would account for 66% and 43% of the total system cost at 1,000 and 500,000 systems per year, respectively. In figure I-32, a breakdown of stack component costs is shown. Among the various components, catalyst and bipolar plates are dominated by commodity materials costs (platinum and stainless steel, respectively), which are relatively insensitive to manufacturing volume [34].

Figure I-32: Breakdown of the 2017 projected fuel cell stack cost at 1,000, 100,000, and 500,000 systems per year [34].

Nowadays, high-performance PEM fuel cells, as electrical power sources, are reaching steady improvements in order to alleviate major issues associated with the production and consumption of energy. Nevertheless, two major problems present barriers to maximize the performance: durability and cost. As previously depicted, the catalyst layer reveals both durability and cost drawbacks (expensive Pt-based catalyst, expensive membrane, and moderate lifetime). For this purpose, this Ph.D. work was dedicated to elaborating a new architecture of the cathode to tackle the aforementioned barriers, as it will be presented in the following chapters. Since we aim to elaborate the architecture of electrodes of straight aligned and organized Pt-Ni nanotubes and nanowires for the PEM fuel cell and reduce transport limitations in the electrodes, we leaned out to use tuned mold-based templates made of aluminum oxide. To that end, several steps are required to obtain the desired structure of the anodic alumina. The first step will consist of the manufacturing of the nanoporous alumina template with vertically oriented organized pores. Its design will govern the final organization of the electrode. Tuning the parameters of anodization, the achieved template will be used as a mold for the growth of the nickel nanowires, which are considered precursors for the PtNi nanotubes. This chapter will draw attention to the total steps required to elaborate anodic aluminum oxide as a template for nickel nanowires' growth. To ensure this, we have first anodized an aluminum surface sputtered on p-type silicon leading to the formation of a porous template (i.e., we can use a pure Al foil as well). The latter offers a cylindrical and vertically aligned nanoporous structure with a regular pore distribution and a small diameter dispersion.

List of figures and tables

As will be covered in the following paragraphs, the study will be held according to the main key points: 

Overview: Elaboration and characterization of nanoporous alumina membrane

For the last few decades, nanoporous alumina production by electrochemical route (i.e., anodization process) on aluminum foils became common. It is now possible to obtain nanoporous alumina substrates on a laboratory scale or an industrial scale (SPI Supplies company 15 , Smart Membranes company 16 ). They are used in a wide range of specialized applications, mainly as a functional material and growth of metallic nanowires. Aluminum oxide or "Alumina" (sometimes called Aloxide) is formed over the aluminum surface due to its natural oxidation with atmospheric oxygen according to the equation:

𝟒𝐀𝐥 + 𝟑𝐎 𝟐 → 𝟐𝐀𝐥 𝟐 𝐎 𝟑 Reaction II-1
The peculiarity of aluminum oxide is to be impervious to oxygen that cannot penetrate through the alumina layer and make it grow. Buff [1] was the first to find that aluminum can be electrochemically oxidized. To thicken the native oxide layer on Al (~2-3 nm thick oxide layer), an "anodization process" in an electrolytic solution is performed, which renders it denser, thus providing further aluminum surface protection. Concomitantly, this process in an aqueous electrolyte solution promotes the formation of two distinct morphologies: i/ The nonporous (barrier-type) thick oxide film; and ii/ the porous oxide film on the surface as depicted in figure II-1, depending mainly on the nature of the electrolytes (i.e., acidic or alkaline media) [2][3] [4].

The compact nonporous AAO films can be formed under potentiostatic conditions (i.e., U = constant) in neutral electrolytes (pH 5-7), such as borate, oxalate, or citrate solutions, in which the anodic oxide is practically insoluble [5] while the porous AAO films are formed in acidic electrolytes (pH 1-4), such as sulfuric, oxalic, or phosphoric in which anodic oxide is slightly soluble (see figure II-1) [6] [7]. Further details will be explained in paragraphs III about the evolution of current density vs. anodizing time. Throughout this Ph.D. work, we will be interested only in the porous-type structure, which exhibits many practical properties such as corrosion resistance, hardness, and geometry tuning [9]. For this purpose, AAO templates were fabricated from a thin aluminum layer deposited on silicon substrates. Lastly, the anodization process follows a multi-step procedure to obtain the desired geometry of nanoporous AAO templates: i. Formation of massive alumina layer at the beginning of the process;

ii. Nanopores initiation and growth of parallel nanochannels;

iii. Wet etching process in an acidic solution, which leads to the formation of hollow and ordered nanocells.

Porous anodic aluminum oxide, as mentioned above, is formed in acidic electrolytes in which the oxide layer is soluble, leading to the formation of a porous structure while applying a constant voltage between the anode (aluminum) and the cathode (Pt-Ir counter-electrode). Anodizing parameters play a key role, enabling us to ensure high quality and self-organized porous structure (e.g., voltage, temperature, concentration and pH of acidic electrolyte, and the quality of aluminum). It is worth noting that the fabrication of AAO could be either under the potentiostatic regime (i.e., U = constant) or the galvanostatic regime (i.e., J = constant), as shown in figure II-2 below. This figure depicts the different steps undertaken during which the aluminum oxide layer's morphology evolves to end up with the nanoporous structure of aluminum oxide.

The following are the four steps of growth in galvanostatic (a) and potentiostatic (b) regimes, together with stages of porous oxide development: i/ formation of the barrier layer (resistance increases); ii/ initiation of nanoholes from initial aluminum surface defects; iii/ pores growth (resistance decreases); iv/ growth of cylindrical nanopores arrays via oxidation/dissolution of aluminum oxide. As an adjunct to this, and to enlarge the diameter of the pores and remove the barrier from the nanochannels' bottom, the samples are dipped into an acidic solution heated to an appropriate temperature. We will shed light on further details in the next paragraph of this chapter (see paragraphs II.2.4 and III.2). Typically, it is best to perform the process under a potentiostatic regime because of the proportional relationship between the applied voltage and the structural properties (interpore distance, pores' diameter, thickness) of the mold, as we shall see later [8].

Porous anodic alumina membranes with self-organized structures are grown by electrochemical oxidation from pure aluminum foils or thin aluminum layers deposited on silicon wafers. When an aluminum sample is placed at the anode of an electrochemical system, and a voltage is applied through the circuit, the electric field generated causes the aluminum's ionization at the Al/Oxide interface. However, by controlling anodization parameters, we can tune the geometry of the pores. The effect of each parameter will be described further in paragraph II. Several methods for the fabrication of highly-ordered AAO have been discussed in the literature. Studies on alumina anodization expounded two distinct regimes:

• Mild anodization (MA): used for highly ordered and homogeneous templates at a slow rate growth of nanochannels. It exhibits low current density at a fixed voltage (i.e., low anodizing potential) and a low concentration of acidic solution [4].

• Hard anodization (HA): for fast fabrication and high growth rate of AAO mold by applying a high and fixed voltage (i.e., high current density) for a relatively controlled short time in a highly concentrated acidic electrolyte [10] [11].

Moreover, it would be preferable to quote the different anodization types that lead to the ordering phenomena.

One-step Anodization process

It consists of a single-step process to obtain a nanoporous oxide layer that has non-uniform pores and interpore distance but high porosity [12]. It is mainly carried out in sulfuric, oxalic, and orthophosphoric acid under constant voltage.

The pores' initiation stage relies mainly on mechanical (i.e., surface stress and surface local defects) and electrochemical (i.e., anodization parameters) effects. O'Sullivan's group [13] believed that the current flows within initial defects of the Al surface from which the porous structure begins. On the other hand, Thompson [5] suggested that pores' initiation occurs from initial surface defects of the native oxide layer due to concentrated mechanical stress, as shown in figure II-4 below. Further details about pore formation, barrier layer, interpore distance, pore diameter will be held and depicted in detail in paragraph II.2.

Given that the single-step anodization provides a poor organization of pores, and since the aim is to control the pores' structure with better organization precisely, an alternative solution to alleviate this downside is using whether pre-patterned anodization to initiate ordered surface defects or the double anodization method.

Pre-patterned Anodization

During the formation of porous AAO, pores are distributed along the surface in a poly-domain structure, where each domain contains quasi-hexagonally ordered nanopores exhibiting akin orientation and separated by boundaries [8]. Geared toward a quasi-ideal AAO structure and highly homogeneous pore size, Nanoimprint Lithography (NIL) seemed to be a practical alternative. In 1995, Stephen Y. Chou et al. [14] have demonstrated a nanoimprinting technology that can imprint sub-25 nm vias in a PMMA film (AAO supporting polymer membrane) with a SiO2 mold. The process consists of hot pressing a pre-patterned mold with the desired geometry (with the opposite of the desired patterns on the surface of the substrate) onto the substrate surface by mechanical pressure.

Two years later, Masuda et al. reported the fabrication of ideally ordered porous AAOs with a single-domain configuration over a few mm² areas using the NIL process followed by anodization in 3%wt oxalic acid. The process involved a SiC mold with a hexagonally ordered array of convexes for aluminum texturing. His experiment showed that NIL was suitable for mass production of restrictedly ordered nanochannel array architectures with a high aspect ratio, as evidenced in figure II-5 below [15]. In 2001, the same research group showed the possibility to obtain nanochannel arrays with an ideally ordered hole configuration with a 63 nm hole periodicity and 15-40 nm hole diameter sing anodization of the pre-textured Al in sulfuric acid solution [16]. To improve and control AAO formation, T. Gorisse et al. [17] have used nanoimprint lithography combined with standard anodization etching to elaborate perfectly organized triangular arrays of vertical cylindrical alumina nanopores onto silicon wafers (figure II-6).

Both the pore diameter and the period of the porous alumina array are well controlled and can be tuned: the periods vary from 80 to 460 nm, and the diameters range from 15 nm to any required diameter.

Figure II-6: Scanning electron micrographs of porous aluminum oxide obtained by nanoimprint lithography NIL process follow by one-step anodization in oxalic acid. This image shows an example of a pore array obtained when only one-third of the pores are localized using nanoimprint lithography [17].

Anodization of pre-patterned aluminum is indeed an effective way of obtaining ideally ordered porous AAO. However, the process has some limitations: i/ the NIL requires a cleanroom elaboration; ii/ any change in the desired geometry of pores, it is mandatory to fabricate new mold with new architecture; iii/ for anodization of aluminum of a given pattern interval, one should adequately select anodizing parameters (e.g., potential and electrolyte) to fulfill the self-ordering requirement of pores [8].

Unlike the double-anodization process that we will use in this work, the pre-patterned anodization technique appears complex and costly.

Double anodization process:

Since its beginning almost a century ago, aluminum anodization has shown many advancements and has been drawing attention to nanotechnology. Until 1996, Masuda and his co-workers [4] demonstrated the feasibility of highly ordered hexagonal arrays in anodic alumina by two-step anodization of a pure aluminum sheet. The structure exhibited parallel nanopores extending from the barrier oxide layer to the aluminum film surface.

The first-step of anodization is carried out and promotes the growth of nanopores on the aluminum surface. This step takes a long time until the nanochannels reach highly arranged in-depth throughout aluminum (sacrificial aluminum). Subsequently, a first wet isotropic etching process is applied by dipping the sample in an acidic solution (e.g., heated solution of 5%wt orthophosphoric acid) to remove the first anodized alumina layer with disordered pores in its top part. In contrast, the dissolution should be selective, leaving aluminum nanobowls-like patterns at the remaining alumina surface formed during the first step (see figure II-7). Dimensions of the remaining spherical structures depend mainly on the first anodization conditions. The second step is performed on the as-prepared sample. The remaining aluminum nanocells are thus self-organized into a hexagonal close-packed arrangement. It allows pores to nucleate in this area, forming a honeycomb-like structure [4] [19]. The last step consists of a second wet isotropic etching to remove the barrier oxide layer at the bottom of pores and enlarge pores at the same time according to the desired dimensions (pores diameter, depth of nanochannels, and inter-pore distance). 

Anodic Aluminum Oxide: Kinetics of Self-Organization

All over this part of the chapter, we will investigate the theoretical aspects of nanoporous AAO formation, the parameters influencing relatively its geometry, and models describing steady-state pore. This paragraph will also provide fundamental electrochemical processes associated with the anodic oxidation of aluminum.

Highly ordered AAO exhibits many advantages, including the mechanical strength, chemical resistance, and high aspect ratio of the porous anodic structure. Such benefits make it highly desired for nanotechnology fabrication and functional nanodevices. By adequately choosing anodization conditions, mostly inter-dependent, the formed AAO could be tuned to ensure: i/ formation of a honeycomb-like structure (hexagonal cell alignment); ii/ variety of pores diameter Dp and interpore distance (Dint) and density and wall thickness.

Growth mechanisms of nanoporous aluminum oxide

This paragraph describes the growth mechanisms of nanoporous alumina on silicon. The origin of chemical reactions involved in the alumina elaboration process comes from three main phenomena: electrochemical reactions, alumina dissolution by the acidic electrolyte, and acid-basic reactions. It will be recalled that the spontaneous reaction leading to the formation of aluminum oxide in the air can be ascribed to the significant negative Gibb's free energy changes [20]: 

𝟐𝐀𝐥 (𝐬

Processes involved in the formation of anodic aluminum oxide

Electrochemical reactions:

At the anode side: where aluminum is oxidized at the Al/Oxide interface according to the following reaction:

𝐀𝐥 (𝐬) ⇌ 𝐀𝐥 𝟑+ + 𝟑𝐞 - Reaction II-8
Aluminum metal forms Al 3+ cations that will either react with reactive oxygen species (i.e., O 2or OH -, see reaction II-5 and reaction II-6) leading to the formation of aluminum oxide or emerging in the electrolyte solution after migration through the oxide layer [21].

𝟐𝐀𝐥 𝟑+ + 𝟑𝐎 𝟐-⇌ 𝐀𝐥 𝟐 𝐎 𝟑 (𝐬)
Reaction II-9

𝟐𝐀𝐥 𝟑+ + 𝟔𝐎𝐇 -⇌ 𝐀𝐥 𝟐 𝐎 𝟑 (𝐬) + 𝟑𝐇 𝟐 𝐎 (𝐥)

Reaction II-10 Also, these reactions may occur at two different interfaces: either at the Metal/Oxide interface or the Oxide/Electrolyte interface. Thompson et al. [5] study revealed the usefulness of inert Xenon ions as marker and tracer to prove the simultaneous occurrence of both reactions.

When aluminum is electrochemically anodized, the growth of aluminum oxide occurs at the anode according to the reaction:

𝟐𝐀𝐥 (𝐬) + 𝟑𝐇 𝟐 𝐎 (𝐥) ⇌ 𝐀𝐥 𝟐 𝐎 𝟑 (𝐬) + 𝟔𝐇 + + 𝟔𝐞 - Reaction II-11
Simultaneously, dihydrogen evolves at the cathode according to the reaction II-8:

𝟔𝐇 + + 𝟔𝐞 -⇌ 𝟑𝐇 𝟐(𝐠) Reaction II-12
Assuming there are no complex anions, the Nernst equation reads:

𝐄 = 𝐄°- 𝐑𝐓 𝐳𝐅 𝐥𝐧. [𝐑𝐞𝐝] [𝐎𝐱]
where: R is the universal gas constant; T is the absolute temperature in Kelvin; z is the number of electron moles exchanged for the electrode reaction, and F is the Faraday constant (96.500 C/mol). The electrode potential E at the anode (reaction II-8) can be written at 25°C as: 𝐄 = -𝟏, 𝟓𝟓 -(𝟎, 𝟎𝟎𝟓𝟗𝟏. 𝐩𝐇)

Equation II-1 Equation II-2
This explains that the reaction at the anode electrode (Al) thermodynamically depends on the pH value, which is determined by electrolyte and temperature.

At the cathode side: where hydronium ions H3O + are reduced at the counterelectrode surface according to reaction II-9 below:

𝟐𝐇 𝟑 𝐎 + + 𝟐𝐞 -⇌ 𝐇 𝟐(𝐠) + 𝟐𝐇 𝟐 𝐎 Reaction II-13
This reaction leads to a release of dihydrogen, which creates bubbles at the Pt-Ir electrode.

Alumina dissolution reaction:

At the oxide/electrolyte interface occurs the dissolution of alumina depending on the pH through:

𝟔𝐇 𝟑 𝐎 + + 𝐀𝐥 𝟐 𝐎 𝟑 (𝐬) ⇌ 𝟐𝐀𝐥 𝟑+ + 𝟗𝐇 𝟐 𝐎 Reaction II-14

Acid-base reactions:

Chemical reactions that crop up between acidic solution and pure water. We can identify three main types of acid-base reactions of the widely used acids in anodization: sulfuric (di-acid), oxalic (di-acid), and phosphoric acid (tri-acid). The anodizing of aluminum usually only occurs in acid electrolytes containing divalent or trivalent anions [13]. • The dissolution reaction is activated by the acidity levels of electrolytes associated with their pKa (i.e., pH). The dissociation of orthophosphoric acid is given as follow: pKa2=1.9

Reaction II-21

• Water autoprotolysis (i.e., water self-ionization) where H + proton is transferred between two identical molecules (usually a solvent) of H2O, one acting as a Brønsted acid and the other as a Brønsted base [22]:

𝟐𝐇 𝟐 𝐎 ⇌ 𝐇 𝟑 𝐎 + + 𝐎𝐇 - Reaction II-22
In this case, the reaction allows the creation of oxygen ions that can either directly react with Al 3+ ions to form aluminum oxide or migrate through the oxide at the Metal/Oxide interface and then react thus form the oxide at this interface.

• Lastly, possible recombination of OH -in O 2-anion and H2, before or during its migration within the oxide layer, takes place following the reaction:

𝐎𝐇 -+ 𝐇 𝟐 𝐎 ⇌ 𝐎 𝟐-+ 𝐇 𝟑 𝐎 + Reaction II-23
Normally, O 2-has no real existence in H2O but only in solid oxides.

Ionic migration mechanisms

This paragraph will provide global considerations to gain insight into the ionic transport phenomena (i.e., ions migration) in amorphous alumina.

Ions migration in the electrolyte:

The electrical potential difference (i.e., voltage) between the counter-electrode (Pt-Ir gauze) and the aluminum sample leads to ions displacements and is forced through the field-assisted mechanism. In a concentrated electrolyte, the main phenomenon in transport is diffusion. Moreover, hydronium cations (H3O + ) resulted from acid-base reactions are transported to the cathode, releasing dihydrogen bubbles. On the other hand, as introduced in figure II-10 below, anions resulted from water self-ionization (O 2- and OH) and those resulted from acidic solutions (orthophosphoric, oxalic, and sulfuric acids) will be transported to the Oxide/Metal interface.

Figure II-10: Schematic illustration of the electrochemical processes at the anode: at the oxide/electrolyte interface, the Al 3+ ions are incorporated into the solution, while at the metal/oxide interface, the oxide layer grows. Reprinted from reference [23].

Ions migration into the alumina layer:

During the growth phase of AAO templates, a balance between electrical-field-driven oxide formation at the Metal/Oxide interface and oxide dissolution at the Electrolyte/Oxide interface occurs [24].

• At the Oxide/Electrolyte interface: Al 3+ cations migrate from the Oxide/Metal region to the Oxide/Electrolyte interface and react with the oxygen anions existing in the solution.

• At the Oxide/Metal interface: Migration of oxygen ions (OH -or O 2-) through alumina's width and react with Al 3+ ions formed in this region. Clearly, we can claim that incorporating oxygen atoms deep into the alumina in an acidic electrolyte and the ejections of Al 3+ cations are a key process to the formation of porous aluminum oxide. As evidenced by Thomson et al. [5], porous structures are formed when anodization conditions (pH<<7, current density which varies according to electrolyte type) tend not to form an oxide layer during Al 3+ cation migration at the surface.

Besides, Hoar and Mott [24] suggested that at the base of the pores, the thickness of the barrier oxide layer is maintained by the dynamic rate balance between the following two processes occurring at the Oxide/Electrolyte interface: i/ A high field pulling the anions toward oxide helping the transfer of oxygen through it, ii/ The presence of hydrogen ions in the acid, which may lead to the production at the barrier-layer of a hydroxyl ion instead of an oxide ion, and iii/ the oxide dissolution, which occurs at a greater rate compared to oxide formation at the Metal/Oxide interface since the oxide ions from the Oxide/Electrolyte interface are spread over a larger area at the Metal/Oxide interface.

Meanwhile, O 2-ions in contact with acid electrolyte become OH -and move through the oxide to form a new oxide at the Metal/Oxide interface. The proton H + released by the oxide formation reaction would then diffuse back to the electrolyte by proton transfer between the lattice O 2-ions.

Impurities migration:

For porous anodic alumina, it is possible to detect the presence of ionic impurities from the electrolyte according to some analytical techniques such as Auger Electron Spectroscopy or Secondary Ion Mass Spectrometry. Taking the example of an orthophosphoric solution where phosphate ions (PO4 3-) are predominantly present depending on the pH (above pH=13 in this case, anions migrating to the Al surface during anodization), it is, therefore, possible to make a profile scanning showing the presence (i.e., migration) of these electrolytic species in the alumina layer due to the applied electrical field [25]. However, migrations in the oxide layer are more complex than in the electrolyte and generally depend on the electrolyte and anodizing conditions.

Mechanisms leading to pores initiation

Among various theories cited by many research groups specialized in alumina membranes, the pores' growth might result from the transport of fostered ions along the intense electric current lines and the local increase of temperature at the pores' bottom.

Moreover, the electric field-assisted dissolution theory is often mentioned.

From the earliest moment of the anodization process, preexisting surface defects (i.e., impurities on aluminum, grain boundaries, or pretreatment defects such as polishing, etc..) will entail non-homogeneous electrical current densities on the surface of the sample, resulting in variation in the electrical field. A scheme relating to vertically aligned electrical lines is displayed in figure II-12 below. They are distributed over the spherical cap of oxide present at the bottom of the pore. The dissolution will take place preferentially in this area of AAO, where ions migrate more quickly.

However, the oxide layer beneath this area will be automatically compensated, and a localized dissolution should necessarily occur all over again, continuously, until a dissolution/growth equilibrium of the oxide is established. Dissolution might also be attributed to the incorporation of impurities owing to fieldeffect as evidenced by Murphy and Michaelson [26]: variations in electrical fields generate a migration flux of hydrated impurities that penetrate throughout areas (i.e., pores' bottom) subjected to these fluxes. Porous alumina would then be a hydrated compound, easier to dissolve than pure alumina. Therefore, flux and species migration under the effect of the electrical field would facilitate localized dissolution.

This mechanism leads to the appearance of penetration paths through which a higher rate of ions migration is favored: the electric field lines directed towards the defects seem to be more intense than elsewhere. There is a consequent increase in local field strength for the more advanced penetration paths, enhancing their development through fieldassisted dissolution, which effectively polarizes the Al-O bonds, allowing more ready Al 3+ dissolution than in the absence of the field [5].

Additionally, the localized increase in the electrolyte temperature could explain the number of chemical reactions involved at the bottom of the pores. Current density is dense at the bottom of the pores, leading to local heating by the joule heating effect. The localized temperature phenomenon can bring on autocatalysis of reactions in these areas [27].

Another hypothesis by O'Sullivan et al. detailed a physical [13] mechanism for field-assisted chemical dissolution of anodic oxide and qualitatively explained the dependence of the porous morphology on anodizing conditions. They suggested that the dissolution might arise from the Al-O bonds polarization due to the electrical field's increase at the bottom of the pores. Briefly, the electrostriction effect17 would cause the polarization of the Al-O bonds close to the electrolyte/alumina interface. Thus, the oxygen atom would be attracted to the oxide layer and the Al atom to the electrolyte. Given the fact that the Al-O bond is strongly polarized, the binding energy of the two atoms would be reduced, which would favor its rupture, therefore its dissolution [13][28].The flow mechanism of steady-state pore generation has been supported by the theoretical modeling of Houser and Hebert [29], which highlighted not only the ionic migration under the gradients of mechanical stress and electric potential but also its implication on the Newtonian viscoelastic flow of oxide materials from the pore base toward the pore bottoms and further into the cell walls. Further investigations on the mechanisms of pores' organization were held to shed light on the role of non-linear dynamics in the formation of self-assembled nanostructures.

L. G. Stanton et al. [30] developed a mathematical model which incorporates the electrochemical transport of oxygen ions within the oxide layer and the chemical reactions at the metal-oxide and oxide-electrolyte interfaces. On the other hand, Fábio D. A. et al.

[31] suggested mathematical modeling (a scaling approach) to explain pattern nucleation in an oxide layer.

The well-ordered nanoporous aluminum oxide is distinguished by its geometrical parameters such as the pore's diameter, the distance between two adjacent pores, the thickness, and the barrier layer. These parameters could be tuned and controlled according to anodization interdependent parameters, namely the applied voltage, the electrolyte type, concentration, temperature, and exposure time. In the following paragraphs, a detailed bibliographic review was carried out, offering a theoretical and experimental background of the geometry tuning of the AAO.

Pore diameter (Dp)

Anodizing voltage seems to be the most critical factor affecting the final geometry of the nanoporous alumina matrix. A microscopical analysis was performed by O'Sullivan and Wood of AAO [13], formed at a potentiostatic regime in orthophosphoric acid (H3PO4)

electrolyte. Their study revealed that the pore diameter (Dp) was directly proportional to the applied voltage (U), according to the following equation:

𝐃 𝐩 = 𝟏. 𝟐𝟗 × 𝐔
where: Dp is the pore diameter in nm; U is the applied voltage for anodization in V and 1.29 a constant in nm.V -1 referring to the pore increasing rate.

Their work drew attention to the effect of electrolyte concentrations, which did not significantly influence the pore diameter under low voltage. In high concentrated electrolytes (decreasing electrolyte pH), larger pores could be formed due to the highly Equation II-3 chemical dissolution of oxide [32]. Moreover, the study carried out by Sulka and Parkoła indicated that the pore diameter decreases with decreasing temperature [7].

K. Nielsch and his co-workers underlined that the smallest pores could be obtained in the lowest pH value, i.e., in the strongest acid [33]. According to their best self-ordering AAO condition, they obtained a perfect hexagonal pores' arrangement in their study. Their diameter can be calculated according to the following equation:

𝐃 𝐩 = √ %𝐏×√𝟑 𝛑 × 𝐔 × 𝐤
where: %P is the porosity (in this case 10%), k is the proportionally constant (the definition is given in paragraph II.2.6).

Electrolyte type

The electrolyte choice (i.e., type, pH, and concentration) used for anodizing depends on the voltage range applied. It widely affects the final and desired template structure. Some researchers pointed out the effect of the acidic electrolyte (pH < 4) on the quality of the self-organization of pores. Among these acids, we can quote sulphuric, oxalic, orthophosphoric acids that are more commonly used than citric, maleic, malonic, tartaric acids due to the better-obtained self-organization of the pores through the redistribution of stress within the oxide (i.e., by adjusting the mechanical stress between the metal/oxide interface according to the size of the anions). Furthermore, each acid has its conductivity (i.e., ion migration) and dissolution rate. It is the balance of these factors that will influence the current of the steady-state regime (Cf., Figure II-2).

As the increase in applied voltage during anodizing implies an increase in current density, this leads to the consequence that each acid will be used preferentially in a voltage range adapted to its properties. Therefore, acids with lower current density at high voltages and acids with a high current density at low voltages must be used: Sulphuric acid has a higher current density than oxalic acid and orthophosphoric acid.

Taking the example of sulphuric acid, having the strongest acid dissociation constant pKa=-3, which has a very high current density, will be used preferentially for low voltages

Equation II 4
Chapter II -Anodic Aluminum Oxide as a Template for the Nickel Nanowires Growth between 7 and 70 V (with optimum self-organization at 25 V that allows obtaining the best organization of the pores). On the other hand, oxalic acid (with a first acid dissociation constant pKa=1.2) has a high current density as well, is used for voltages between 40 V and 160 V (with an optimum at 40 V) [28][34] [35]. Lastly, orthophosphoric acid with average current densities and acid dissociation constant of pKa=2.12 is used between 60 and 235 V with an optimum at 170 V. Whereas for even higher voltages, the use of tartaric, malic, or citric acid is suggested, and their acid dissociation constants are also higher.

The self-ordering voltages reported until now and the corresponding cell diameters are summarized in figure II-14 below as summarized by Sachiko Ono et al. [6].

Figure II-14: Result view of self-ordering voltages and corresponding cell diameters reported in reference [6].

The ranges of voltages cited above are not constant. However, it is possible to use the acidic electrolytes above (or below) these ranges by decreasing (or increasing) the electrical density either by using lower acid concentration or by lowering the electrolyte's temperature. Table II-1: Solution and conditions for aluminum anodization in acid-based electrolytes used for the formation of porous alumina, their range of concentration, with the tension of better self-organization. Reprinted from reference [35].

Acids also influence the diameter and shape of pores. For instance, sulphuric acid will form smaller diameters and more cylindrical-shaped pores than oxalic acid or phosphoric acid.

Thus, anodization in sulphuric acid leads to obtaining diameters around 10-15 nanometers (before the pore widening process), in oxalic acid around 20-30 nm, and in phosphoric acid ca. one hundred nanometers [33]. Later on, it is well understood in literature how to adapt diameters after anodization by an anisotropic acid etching (mainly in orthophosphoric acid).

Subsequently, the temperature is also an essential factor affecting anodization kinetics.

An increase in the electrolyte temperature will accelerate ions migrations (i.e., the flow of current) and thus accelerating chemical reactions. Lowering the temperature is meant to limit the reaction rate when large voltages are needed (e.g., anodization at 170 V at a very low temperature, close to 0°C, would be better) [36]. It also affects the hexagonal selforganization of the pores. Most research groups agreed on an optimum of around 15°C to 17°C for oxalic acid 3wt% at 40 V would lead to the best pore organization. Also, the higher the temperature, the greater the porosity.

However, it remains unclear to what extent such factor may affect pore diameter and the barrier layer's thickness. Predictions made by Keller et al. revealed the independence of temperature from pore diameter and the barrier layer [37]. Hunter et al. [38] and O'Sullivan et al. [13] have seen the temperature's effect differently; that is, temperature could decrease the ratio of the thickness of the barrier layer in accordance with the voltage, thus the cell size. However, O'Sullivan's experiments have shown that the pores' diameter does not seem to change with the temperature.

To sum up, the influence of temperature on the formation of AAO, namely, on the porous structure, remains relatively low compared to the effect of the voltage or the electrolyte type and concentration. Its main impact on the current density at constant voltage and, therefore, on the speed of anodization was noticed.

Furthermore, as for the temperature, the increase in the concentration of the acidic electrolyte (pH lower than 2.4 to form a porous layer) implies an increase in reactivity (i.e., dissolution of aluminum) and migrations, thus the speed rate of anodization [39].

Interpore Distance (Dint)

As ascribed by Nielsch et al. [33], interpore spacing (Dint) between two adjacent nanocells at the steady-state growth regime is linearly proportional to the anodizing voltage with a constant value of approximately 2.5 nm -1 in an acidic solution according to the equation

II-5 (see figure II-15 below):

𝐃 𝐢𝐧𝐭 = 𝟐, 𝟓 × 𝐔 However, this empirical formula is not valid for hard anodization (HA) under conditions in which a high electric field (E) is exerted across the barrier layer due to high current density (j) during anodization [40].

Equation II-5

Figure II-15: Evolution of the interpore distance (in nm) of nanoporous alumina as a function of anodizing voltage (in V) in various acidic solutions [2].

It is believed that equation II-5 is only valid for specific operating methods. O'Sullivan and Wood [13] have conclusively claimed that acid electrolyte concentration is inversely proportional to the interpore distance. On the other hand, Hwang et al. [41], A.P. Li et al.

[42], and Ebihara et al. [43] conducted an in-depth study on this subject; their empirical expressions on the relationship between the interpore distance (Dint) and anodizing potential (U) for each acidic electrolyte is described in table II-2 below. Performing anodization in oxalic acid was assessed by Hwang and his co-workers, as the interpore distance is independent of the temperature of the acid solution at the constant anodizing potential regime. Starting with the knowledge that the thickness ratio of the inner to outer pore wall oxide layer increases in the order: sulfuric acid < oxalic acid < phosphoric acid < chromic acid, they depicted the same order of thickness ratio for the barrier oxide at the bottom of pores and correlated it to the rates of oxide formation at the same anodizing potential (U). Thompson and Wood [45] proposed an AAO structure formed in major acids On the other hand, while AAO nanochannels grow in-depth, a dense oxide layer at the bottom of pores is formed during the process of anodization, allowing current to flow through the layer's defects. Its dielectric aspect inhibits metals' growth inside the AAO, which requires a well-controlled wet etching process to remove it. Some studies have demonstrated that the type and concentration of acid electrolytes and anodizing potential have direct relevance to the barrier layer thickness [13][37][49] [50].

Additionally, initial studies suggested that the barrier layer thickness depends on the anodizing voltage with a proportionality constant of 1.2 nm.V -1 for porous structures 

Pores' widening: Wet-etching process

The advantage of wet and isotropic etching is the complete control over pores size. This process, performed mostly in orthophosphoric acid at different temperatures and concentrations, is extensively used as the most attractive feature of porous AAO for template-based nanofabrication.

To adjust the diameter (i.e., pore widening process) of the nanopores after the second anodization, 5%wt orthophosphoric acid is widely used as an alumina etching solution during this thesis. Also, alongside voltage, which is the main parameter responsible for initial pores diameter, the pores diameter distribution depends on the pores widening duration and temperature. It is employed for tuning the diameter and reducing the distribution.

It should be noted that, before the etching process, the thickness of a cell wall is thinner than the thickness of the barrier layer at the bottom of the pore (see figure II-19 above).

Surface porosity and Pore Density

Given the fact that pores have periodic internal pore structures and hexagonally organization in the plane, it is possible to define easily macroscopic parameters such as surface porosity and pore density.

The relation that relates the porosity P to the surface occupied by the pores and the total surface, therefore to the interpore distance (Dint) and the pore diameter Dp, is given as follow:

𝐏(%) = 𝛑 𝟐√𝟑 . ( 𝐃 𝐩 𝐃 𝐢𝐧𝐭 )²
Furthermore, porosity depends on the ratio of oxide growth and its chemical dissolution in acidic solution. Hence, pH is the main parameter influencing porosity at the wet-etching step.

On the other hand, pore density ρ (pores number/cm²) sheds light on the total number of pores occupying the surface area of 1cm². For ideally ordered porous AAO, it is defined as follows:

𝛒(𝐜𝐦 𝟐 ) = ( 𝟐 √𝟑 . 𝐃 𝐢𝐧𝐭 𝟐 (𝐧𝐦 𝟐 ) ) × 𝟏𝟎 𝟏𝟒
This parameter is tunable in wide ranges by properly choosing anodization parameters and wet-etching conditions. Besides, its exploitation is extended for synthesizing a diverse range of nanostructured materials in the forms of nanodots, nanowires, and nanotubes and for developing functional nanodevices.

Equation II-6

Equation II-7

Volume expansion of anodic aluminum oxide

After anodization is performed in an acidic medium relying on parameters as previously evidenced, an increase in the thickness of AAO was observed. During the oxide growth at the Metal/Oxide interface, a volume expansion occurs due to the lower atomic density of aluminum in Al2O3 compared to metallic aluminum. During the oxide growth, the significant volume expansion 𝛇 = 𝐕(𝑨𝒍 𝟐 𝑶 𝟑 ) 𝑽(𝑨𝒍) 18 gives rise to mechanical stress in the barrier layer, forcing pore walls to grow only in the upright direction [33]. The incorporation of electrolyte-derived anionic species (O 2-and OH -) within the anodic oxide near the oxide/electrolyte interface was also associated with volume expansion.

However, not all oxidized Al gives rise to aluminum oxide, and thus the real volume expansion was found to depend on the applied voltage and electrolyte composition [23]. Moreover, the volume expansion factors were found to vary between 1.25 and 1.9

depending on the anodizing parameters. The variation is explained in connection with the electric field, ion transport number, temperature effect, concentration, and acids' activity [51].

Post-treatment of the AAO: Annealing and HF Deoxidization

After the double anodization and the pore widening process, the nanoporous alumina is ready to be used as a guidance matrix for the confined growth of nickel nanowires.

However, a pretreatment process is required. Post-thermal treatment of AAO aims to get rid of, if they exist, organic impurities and possible adsorbed H2O molecules. For this reason, the range of temperature is chosen to be below the phase-changing temperature (~1050 °C) to avoid change in the amorphous structure of alumina and to obtain a dried α-phase of nanoporous alumina.

For depositions inside nanoporous alumina made directly on silicon, electrical contact at the bottom of the pores is not ensured homogeneously due to the electrochemical oxidation of silicon formed at the end of the anodizing process and the wet-etching process. To overcome this inhomogeneity, silicon oxide is deoxidized with Hydrofluoric vapor acid (HF). The latter being volatile, exposing the sample to such vapors allows silicon deoxidation without etching nanoporous alumina, thus allowing a better growth of embedded nickel nanowires inside it. Without a prior post-heating treatment of the sample, H2O molecules are still embedded inside the alumina pores; the HF vapors will solubilize and etch the alumina, leading to an increase in pores' diameter.

The fabrication of anodic aluminum oxide can be carried out using a double anodization process. Special attention was paid to the effect of experimental conditions on the AAO structure to obtain a homogeneous and ordered porous layer. Also, anodic alumina is considered a versatile mold: the interpore distance can vary from 20 nm to more than 900 nm, pores diameter from ten nanometers or so to over 500 nm. The novel and tunable structural features of porous AAOs have been intensively exploited for synthesizing a diverse range of nanostructured materials in the forms of nanodots, nanowires, and nanotubes [8].

The following paragraph of this part is devoted to dissecting the experimental processes of the double anodization technique. It will provide a framework onto which we can fabricate a suitable porous anodic alumina for the confined growth of nickel nanowires later on.

Experimental Section: Elaboration of Anodic Aluminum Oxide

As previously reported, the development of the nanostructures (i.e., nanowires growth) requires good control of the porosity of the AAO. By tuning the anodization parameters, which directly impact the kinetics of the pores' formation, we tend to control the thickness of AAO, which would be the final length and diameter of the nanowires when grown unto the matrix. The first anodization has two main interests: i/ removing a controlled thickness of aluminum and ii/ obtaining a pre-patterned aluminum surface after the wet etching.

The latter, performed in the right conditions, would predict the final pores' size (i.e., porosity and density).

Strikingly in a way that attracts attention, we suggested during this thesis two AAO geometries to maximize specific platinum surfaces. Both types of alumina used are elaborated with a double anodizing process at 38 V and 54 V with enlargement times 9 min and 12 min, leading to respective nanopore diameters of 50-55 nm and 100-110 nm.

In a nutshell, the preparation of alumina membranes is a flexible process to control and vary the architecture and requires a multi-step process:

• First step: The samples are cleaned in Acetone then isopropanol to remove microparticles and organic contaminations.

• Second step: First anodization in an acidic electrolyte in accordance with the applied voltage, temperature, concentration, and duration. Such parameters have a direct effect on the pore size, interpore distance, thickness of the barrier layer, and the length of pores (i.e., thickness).

• Third step: The wet and isotropic etching by dipping the sample in an appropriate acidic solution to remove the first inhomogeneous anodized layer.

• Fourth step: Second anodization in the same solution mentioned in the second step, keeping the same parameters.

• Fifth step: Second wet and isotropic etching to enlarge pores and remove the barrier layer at the pores' bottom until reaching the Silicon substrate.

• Sixth step: Thermal treatment followed by an HF deoxidation. The sample (Al/Si substrate) is placed on the backside of the PVC cell and electrically contacted by a stainless-steel piece whose role is to press the front side of the substrate, while the front side (where the aluminum layer has been deposited) is in contact with the acidic solution. The Platinum-Iridium cylindrical gauze's relevance (i.e., counter electrode) is to facilitate the escape of hydrogen bubbles and removes local heat on the surface, and allows a homogenous diffusion of anions into pore channels. It is placed into the electrolyte, far from the sample, to ensure parallel electric field lines on the entire surface of the Al surface. Finally, a cap is screwed under the cell to assure its mechanical cohesion.

To have more precise control of the anodization process in this work, the voltage was applied by Agilent N8741A DC power supply. The electric current was monitored and recorded using Agilent Truevolt 34461A digital multimeter. The apparatus was controlled by a home-built computer script. The control of the experimental conditions is critical to maintaining a stable and homogeneous medium during anodization.

In this study, I took advantage of the existing data in the literature and previous laboratory works. I then redefined these parameters and adapted them to the fabrication process: temperature, voltage, anodizing time, and the wet-etching duration.

As previously evidenced, surface defects promote the growth of nanopores on the surface of aluminum. A large number of small pores are initiated from these concavities. When the anodizing setup is mounted, anodization was carried out in 3%wt oxalic acid at 34 V at room temperature (23°C). The voltage, temperature, and acid concentration have been adapted to the final pore's size. From the plot displayed above, we can depict four different regimes during the anodization process [53]:

-Stage I: the growth of a non-porous oxide on the surface of aluminum in addition to its native oxide naturally present on the surface. The total resistance of the system increases, whereas the current decreases.

-Stage II: The beginning of aluminum oxide dissolution. The pores grow preferentially over the surface defects that locally (i.e., where the electric field concentrates), allowing the diffusion of Al 3+ and O 2-ions through the compact oxide layer, thus increasing the oxidation current.

-Stage III: A permanent anodizing regime marks this phase. The aluminum oxidation current and the total ohmic resistance of the system remain constant because of the steady-state between the dissolution of alumina and aluminum's oxidation.

-Stage IV: Characterized by a drop of the current: the end of the anodization process (total oxidation of aluminum) alongside the silicon oxidation, an increase of the total resistance of the system.

Applying merely a one-step anodization process in 3%wt oxalic acid The one-step anodization has shown badly ordered nanopores. In order to establish hexagonally ordered pores, the double-anodization process will be applied, following the steps below: As shown in figure II-27 below, pseudo-hexagonal and less-ordered pore arrays are formed. We can notice a gradual increase in alumina thickness after anodizing an aluminum surface (1 µm in thickness) in 3%wt oxalic acid at 34 V. O. Jessensky et al. [34] suggested that this volumetric expansion is due to mechanical stress associated with the expansion of the aluminum during oxide formation in the alumina/nanoporous alumina Equation II-8

interface. At this stage, the anodizing time must be well-controlled in order to calculate the desired thickness of the alumina template accurately. 

Second anodization:

The As evidenced in the literature, the etching rate is dependent on the chemical composition of the pore wall oxide of AAO [54]. Oxalic acid (H2C2O4). The plot is characterized by an inflection point, at which the slope of the curve changes. Pore wall oxide in the early stage is etched at a slightly higher rate than in the later stage. The retarded rate of etching in the later stage can be attributed to the relatively pure nature of the inner pore wall oxide compared to the less dense outer pore wall oxide due to the incorporation of anionic species [8]. Another AAO type with a larger pore's size ca. 100-110 nm and a thickness of ca. 800 nm was fabricated during this thesis following the same experimental process of elaboration cited in the previous paragraphs. Accordingly, anodization was carried out in a 3%wt oxalic acid solution through the double anodization method at a constant voltage at 54 V. the pore widening step was employed to enlarge pores in a 5%wt orthophosphoric acid solution at 35°C for 12 minutes. The choice of the geometry of the pores (diameter, interpore distance, and thickness) was chosen in such a way that the platinum loading is identical, then to study the influence of these structures on the fuel cell performance.

After the fabrication of anodic aluminum oxide by a double-step anodization process, it is, therefore, ready to be used as a guidance matrix for confined nanowires growth.

However, a final step is required before embarking on the next process. Thermal treatment of AAO samples has been carried out inside a resistance furnace (i.e., by Joule effect) with a homogenous and controlled circulation of gaseous Nitrogen at 100 mbar to get rid of all possible generated gases.

As we have reported earlier in paragraph II.2.8, the annealing temperature should remain below ~1050°C to avoid alumina phase transformation (i.e., crystallization) to γ-alumina, which is resistant to chemical etching [55]. Also, since we are using an Al/Si substrate, annealing temperature should not reach the aluminum melting point (~650°C) to create AlSi alloy during thermal treatment. For such conditions, the annealing temperature is therefore chosen to be 450°C. This step is mandatory and provides a framework onto which we can not only reduce organic contaminants and anions from the electrolyte (oxalate and phosphate anions) incorporated in nanoporous alumina [33] but also to get rid of water molecules which can, thereafter, react with vapor HF during deoxidation step.

Concomitantly, the electrical contact at the bottom of the pores is not homogeneously ensured due to the silicon electrochemical oxide formed at the end of anodization. A silicon deoxidization step by vapor HF was added to the process to overcome this issue. 

Conclusion

Based on the two-step anodization process, we could vary and tune the geometry of nanoporous anodic aluminum oxide. The aspects listed in this chapter provided a method that would eventually bring us to ensure the desired cell size (Dp1=50-55 nm and a thickness of 400 nm; Dp2=100-110 nm and a thickness of 800 nm).

Combining alumina templates and electrodeposition methods, one can obtain ordered arrays of magnetic nanowires or nanotubes, to name a few. The tuning of the geometrical characteristics of the arrays (diameter, interpore distance, length, and nanotube wall thickness). Nanoporous aluminum oxide was found to be ideal for the growth of dense nanowire arrays, providing ordered, parallel, and uniform pore channels with a high aspect ratio and mechanical support to fragile nanowires [1][2].
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Among the aspects studied in this chapter, well-ordered and perpendicularly aligned nickel nanowires grown onto the AAO template will be used as sacrificial nanomaterials for the PtNi nanotubes elaboration by galvanic displacement process. This chapter will discuss the background of the study and the methodologies applied. It can be formulated as follows:

-Section I: Aims to present a bibliographic overview about the electrodeposition process as a route to growing nanowires;

-Section II: Experimental results for the nickel nanowires growth inside nanoporous aluminum oxide;

-Section III: Oriented to an in-depth bibliographic synthesis of the PtNi nanostructures as electrocatalysts for the PEMFC;

-Section IV: Experimental results of the elaborated PtNi nanowires and nanotubes via galvanic displacement process.

Bibliographic Synthesis: Electrodeposition as an electrochemical route to the growth of nanowires

Nanowire structure is a polycrystalline pillar ranging from 1-100 nanometers in diameter and hundreds of micrometers in length. They are made of metals, insulators, semiconductors, or organic compounds. Due to their one-dimensional morphologyrelated novel electronic, electrochemical, thermal, and mechanical properties, semiconductor nanowires hold great promise in energy harvesting from light irradiation, temperature gradient, and mechanical deformation [3]. where the dot indicates an electrostatic interaction.
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Electrodeposition also serves to metal coating by an electroplating process, consisting of the immersion of the desired object/metal to be coated in an electrolyte bath 19 (i.e., a solution with dissolved metal cations serving as sacrificial metal). This method aims mainly to change the physical-chemical properties of an object to protect it from corrosion, increasing its resistance, changing magnetic and conductivity properties, or aesthetic aspects (i.e., decoration).

During the redox process, the current circulating at the working-electrode/solution interface is called the Faradic current, depending on the mass transport and kinetic. The Faradic current describes the speed rate at which the redox reactions take place at the electrode according to the following equation:

𝐈 = 𝐝𝐐 𝐝𝐭 Equation III-1
Faraday's law reads if the reduction yield is 100%, the product of the number of reduced moles by the charge corresponding to 1 mole (i.e., n.F):

𝐐 = 𝐧. 𝐞 -× 𝐅 × 𝐧 (𝐦𝐨𝐥𝐞𝐬) Equation III-2
In electrodeposition (or electroplating), electrons transfer is directly proportional to the product formed. The deposited metal mass is equal to the number of moles times the molar mass of the species. We can also extract the value of volume from the product of the electrode surface by the thickness of the deposited material. This brings us to define the deposit density as follows (if the reaction yield is 100%):

𝛒 = 𝐧 (𝐦𝐨𝐥𝐞𝐬) ×𝐌 𝐒 ×𝐞 Equation III-3
Combining both equation III-2 and equation III-3, we will be able to determine the thickness of the deposited metal according to equation III- 

Direct-Current (DC) Electrodeposition

Under a two-or three-electrodes system, potentiostatic deposition allows working at a constant potential; the current that crosses the circuit is recorded (on the other hand, galvanostatic deposition in which a fixed current is applied while the evolution of the potential is recorded). The current response enables monitoring of the deposition process.

Using Faraday's law (Equation III-4), we can estimate and, hence to vary, the amount or thickness of metal deposited during electrodeposition. Several materials have been deposited in AAO membranes using DC electrodeposition, including NWs of single elements such as Ni, Co, Fe, alloys, multilayered NWs, and NTs [4]. According to Sousa et al. investigation, nanostructure deposition using the DC electrodeposition method is not a suitable technique for industrial applications due to the laborious template processing required and its limited applicability to thick membranes only (>20 µm).

Alternating-Current (AC) Electrodeposition

In this method, AC electrodeposition inside the AAO membrane, the barrier layer might not be removed entirely, leading to lower electrical conduction at the bottom of the AAO.

In this case, we tend to use high voltages and frequencies [5]. It is widely used in industry and offers the possibility of producing NWs of very small lengths. In contrast, the filling fraction of AAO nanopores utilizing this method is generally low due to the high potentials applied that lead to hydrogen evolution and consequently inhibit deposition [6].

Pulsed Electrodeposition (PED)

As alluded to in the literature and known as an exception to both methods cited above, pulsed electrodeposition may improve the quality of metal deposition, enhancing the mechanical and physical properties of films with an increase in the deposition rate.

Applying a pulsed potential will allow alternating deposition time and relaxation time (ton and toff), during which the electrode/electrolyte interface is replenished with the metal salt to be reduced. At the relaxation time toff, the concentration of electroactive species is regenerated by the diffusion of the cations within the electrolyte.

In PED mode, more parameters are added compared to DC and AC mode since the pulse and pause times are added to the existing variables, making the process more complex to use and optimize accordingly (e.g., signal amplitude, signal shape, and frequency). Metal deposition inside the AAO template was first developed by Cobini and his coworkers [10]. For the past decades, nano-scale engineering has been powered by conventional lithographic and contact printing techniques. Fabrication of nanostructures and tailoring their physical or chemical properties on this scale is quite challenging [11].

For instance, nanowires find applications in various high technology applications because of their unique properties: magnetic (e.g., coercivity and magnetization, wear resistance, heat conductivity, energy harvesting, and electrocatalytic properties [9].

At that point, the template-assisted technique offers a particular interest in ordered growth of continuous (or segmented) metal/alloys nanowires (see figure III-4). Basically, geometrical features provided by AAO make it a successful and tunable sacrificial mold to nanostructures growth and nanowires electrodeposition as depicted in figure III-5 below, offering precise control over the size, shape, and configuration. Moreover, the template-assisted DC electrodeposition of nickel was studied by S. Wen and J.A. Szpunar [18]. Slightly uniform nickel nanowires were directly deposited into the nanoporous alumina template film on an Au-coated silicon wafer (see figure III-6). A high current of 0.02 A was initially applied for 5 seconds and then lowered to 0.01 A for 30 seconds to deposit nanowires along the nanopores. Throughout our experiments, nickel nanowires will be electrodeposited into porous alumina templates to create ordered nanowires. Because of the higher aspect ratio of AAO and to keep the concentration of nickel cations relatively constant at the bottom of the pores, pulsed electrodeposition is adopted. To control the length of the nanowire under constant-current conditions, the nanowires growth rate is proportional to the applied current density according to Faraday's law, by knowing the electrodeposition yield.

The next paragraph will be devoted to describing the NiNWs growth protocol followed in Sulfur is very complex from an electrochemical point of view. Sulfate ions are present both as an oxidizing and reducing agent. They are considered electronegative species, and they cannot react. They are only involved in current transport during ions migration [23].

Since the standard potential of the couple O2/H2O is higher than Ni 2+ /Ni, the oxygen in the solution is reduced and may inhibit the cathodic reduction of nickel: we may have an 

NiNWs pulsed electrodeposition (Ni PED)

This work consists of depositing the nickel by an electrochemical reduction in an electrolytic bath where the reduction of Ni 2+ ions is achieved through an external current.

Thus, the sample is maintained inside an adequate homemade electrochemical cell (same electrochemical cell as the one used for aluminum anodization) where the electrical contact between the electrolyte and the working electrode is ensured at the bottom of nanopores on the conductive silicon substrate (noticia: the front side of the silicon wafer supporting the alumina membrane is used as the cathode, the rear side is for the electrical contact). Due to simultaneous hydrogen evolution during PED, the faradaic efficiency must be below 100%. For electrochemical calculations in this work, we will assume that faradaic efficiency is ~100%. NiNWs were deposited on silicon by square-wave galvanostatic pulses because of: i/ the high aspect ratio of the cylindrical as evidenced before, ii/ Keeping Ni 2+ ions concentration nearly constant at the bottom of AAO pores, iii/ constant current allows controlling the charge Q injected in the system assuming that there are no parasite reactions such as hydrogen production (i.e., the amount of the deposited material or the thickness with a Ni(II) reduction yield equals to 100%) as follows:

𝐐 = 𝐧 𝐞 -× 𝐧 𝐝𝐞𝐩𝐨𝐬𝐢𝐭 × 𝐅 Equation III-5
where:

ne-: is the number of electrons exchanged in the redox reaction;

ndeposit: the amount of substance (nickel) deposited in moles;

F: The Faraday constant, its currently accepted value is F = 96485 C/mol.

The Ni PED process was optimized during this work after several trials. Since we aim to reduce nickel, a constant negative current (Ipulse-) is applied on the cathode during a short time ton-allowing the flow of a defined amount of charge Q leading to the reduction of nickel ions. This step is followed by a constant positive current (Ipulse+) during a short positive pulse ton+ follows to discharge the double-layer capacitance (i.e., the interface between the conductive electrode and the adjacent nickel electrolyte, and to reoxidize H2 produced during ton-). Subsequently, a relatively long-time toff is applied to ensure ions' concentration to recover at the pore tips and for the deposition interfaces to be supplied with ions. The total charge injected into the system is given as follow:

𝐐 = 𝐈 𝐏𝐮𝐥𝐬𝐞 -× 𝐭 𝐨𝐧 -× 𝐧 𝐏𝐮𝐥𝐬𝐞𝐬 Equation III-6
where npulses-is the total number of galvanic pulses. Applied parameters in this thesis: Each high current pulse Ipulse-is applied for a time ton-followed by a lower current pulse Ipulse-for a shorter time, then a concentration recovery time toff of 1s. This process is repeated for 135, the experimental number of pulses.

In that regard, and prior to electrodeposition, it is possible to have a glimpse of the rate of filling of the pores, i.e., the number of charges Q passing through the working electrode, relying on the porosity of anodic aluminum oxide mold. In the case of AAO small nanopores (Dp=50-60 nm, e=400 nm), the obtained porosity was estimated at

35%.

The theoretical number of pulses npulses is calculated according to the desired length, thus to completely fill pores, using Faraday's law (equation III-6):

PED Parameters Value

Ipulse- Using equation III-7, the calculated number of pulses is 146 pulses, which is more or less in line with the experimental number of 135 pulses performed with a Biologic © Potentiostat and controlled with EC-Lab © software. Nickel was electrodeposited into porous alumina templates to create ordered nanowires.

Pulsed currents helped improve the deposits' quality (smooth surface may be due to Ni oxidation during ton+, and good adherence to the substrate). The deposition time was varied to control the length of the nanowires. To examine the usefulness of HF deoxidation, I carried out two separate experiments with the same parameters where "sample A" was deoxidized while "sample B" was not. We can clearly observe from figure III-13-B) the heterogeneous growth of NiNWs. This is attributed to the presence of thin native silicon oxide on the silicon surface at the bottom of the pores. Thus, after SiO2 deoxidation, the deposition rate has been strikingly improved in terms of height and filling ratio. Therefore, the removal of this layer was mandatory to a uniform NiNWs growth. 

Conclusion:

In this part of the thesis, we have performed the electrodeposition of nickel nanowires at the bottom of the nanoporous aluminum oxide template pores using pulsed current electrodeposition. A homogeneous and reproducible deposition, height control, and filling ratio were obtained after the HF pre-deoxidation process of the native SiO2 layer at the bottom of nanopores. The following section will provide an in-depth study of Pt galvanic displacement reaction with nickel nanowires in a confined and non-confined system (after AAO etching).

Bibliographic Synthesis: Platinum Galvanic Displacement as an electrochemical way to fabricating PtNi electrocatalyst

For its unique set of advantages, platinum is widely used in medicine, microelectronics, and as a catalyst. It is the main element that can meet performance requirements while enhancing slow reaction kinetics and limiting proton exchange membrane (PEM) system degradation [24]. To dig deeper into the improvement of activity of pure Pt, many . As a matter of comparison, a record ORR specific activity of 11.5 mA/cm²Pt at 0.9 V vs. RHE (i.e., 33 times higher than a commercial Pt/C) was reported in 2016 on jagged Pt nanowires formed by complete dealloying of PtNi nanowires, thereby confirming that high ORR activity can be obtained [27]. Stamenkovic and his co-workers [32] reported that alloying Pt-X alloys (X stands for Ti, V, Fe, Co, Ni) exhibit a higher ORR activity than pure Pt based on both theoretical calculations (DFT) and experiments. They assumed that Pt alloys tune the electronic structure, hence modifying the surface reactivity to change the performance for the ORR according to: i/ strain effect, which is evidenced while alloying Pt with smaller atomic size elements, inducing a contraction of the Pt-lattice, thus downshifting the Pt d-band center; ii/ Ligand effect as a result of the change in the electronic structure of the catalytic sites by the close transition metal atoms.

Let it be emphasized here that Stamenkovic et al. [32] have reported from their RDE results that the Pt3Ni(111) surface is 10-fold more active for the ORR than the corresponding ) Mass activity at 0.9 V before and after 10,000 potential cycling Accelerated Stress Tests. c) Mass activity at 0.9 V for low-PGM catalysts, calculated from PEMFC performance using H2/O2, 1.0 bar, 80°C, and 100 %RH. d) Mass activity at 0.9 V at the beginning of life (BOL) tests and end of life (EOL) tests after 30,000 potential cycles in PEMFCs. Reprinted from reference [33].

However, getting a grip on a low-cost and effective fabrication method of Pt-based electrocatalyst, galvanic displacement reaction of a transition metal by Pt provides a practical approach: this is the following paragraph's aim.

Galvanic displacement is a redox process in which a sacrificial metal with low standard redox potential is corroded by the ions of a second metal with a higher standard potential redox in an electrolyte. Suppose a solution containing noble metal salt ions M x+ (with higher standard redox potential) is in contact with a less noble metal X (with lower standard redox potential), a galvanic exchange occurs spontaneously; the noble metal M is deposited on the surface of the metallic metal X that is oxidized and formed cations. Galvanic displacement offers a particularly effective and versatile approach due to its ability to control the size and shape and tune the composition, internal structure, and morphology of the resultant nanostructures. As a result, the final product typically exhibits various shapes: whether a shape is closely resembling that of the original template with a slight increase in dimensions, a hollow nanostructure, or a porous morphology. The overall process covers two main key subprocesses: i/ alloying: Involved in the initial stage of a GD reaction when a thin layer of metal M is deposited on the template composed of metal X; ii/ and dealloying: which plays an important role in the later stages of a GD reaction, especially in controlling the porosity of the wall, when the metal with a lower reduction potential is selectively removed from the alloyed wall, either by adding more of the metal ions involved in the galvanic replacement or by utilizing a conventional wet etchant [36]. In 2010, J. Zhang and co-workers [41] reported a new route to synthesize monodisperse and highly active Pt3Ni nanoctahedra and nanocubes terminated with {111} and {100}

facets by means of a new wet chemical approach (a high-temperature organic solution chemistry approach) using tungsten hexacarbonyl W(CO)6 as reducing agent and oleylamine and oleic acid as solvent and capping agents respectively (figure III-23). Specific activity and mass activity were all measured at 0.9 V vs. RHE at 295 K [41].

For the past decade, fine-tuning the geometry and the size of PtNi octahedra, including Finally, incorporating a third metal to PtNi octahedra (Co, Mo, Rh, Rh, Pd) could significantly suppress the long-term deactivation, shape deformation, and composition decay to ensure higher and more stable catalysts [46]. However, Ni atoms seem to leach out from the octahedral structure under stability tests leading to a significant surface activity loss.

Core-Shell PtNi nanoparticles

A new strategy to overcome leaching issues of the transition metal, affording higher stability of the catalyst, is the tunable core-shell structure. The latter consists of Pt-rich layers (shell) deposited over a core metal (mainly a pure metal or an alloy) to utilize platinum better. M. Oezaslan et al. [47] conclusively reported that the Pt shell thickness Reaction process routes generate segregated Pt skin core-shell nanoparticles induced either by C) strong binding to adsorbates or D) thermal annealing. The preparation of E) heterogeneous colloidal core-shell nanoparticles and F) Pt monolayer core-shell nanoparticles is via heterogeneous nucleation and Under-Potential Deposition (UPD) followed by galvanic displacement, respectively. Reprinted from reference [47].

Furthermore, the experimentally observed ex-situ activities of PtNi core-shell nanoparticle catalysts from a selected set of reports are summarized in table III-6 below [47].

Core@shell catalyst

Synthesis method a As part of their experiments, the research group concluded that due to the low dissolution potentials of 3d-transition metals, they tend to dissolve in contact with strong acids and anodic potentials of up to 1V vs. RHE, which results in an increase in the Pt shell thickness.

The improved ORR activities of core-shell nanoparticles present in the early stage of the catalyst life cycle gradually decrease due to the thicker Pt shell. They, therefore, resemble more and more the performance of a pure Pt surface [47].

Drawing on the dealloying method, Strasser et al. were reported to result in a higher extent of Ni dissolution and thereby thicker pure Pt shells, which lowers ORR activity. Additionally, the distribution of transition metals at and below the surface (down to ~10 atomic layers from the surface) appeared to play a more critical role in controlling lattice strain and, hence, catalytic reactivity of the outermost Pt layer.

Hollow Pt-Ni nanoparticles

As a firsthand use of the core@shell nanostructure in electrocatalysis, H-P Liang et al. [51] have developed Pt hollow nanosphere catalysts for direct methanol fuel cell (DMFC) at room temperature in a homogeneous solution with Co nanoparticles as sacrificial templates. Unlike the core@shell nanoparticles, hollow PtNi NPs obtained by the galvanic replacement process display a void or porosities in the center of the particle due to the chemical dealloying process, which involves removing the less-noble metal core exhibiting a lower standard potential comparing to Pt. Depending on the initial particle

Chapter III -Confined Growth of Nickel Nanowires and Platinum Galvanic Displacement as a Chemical Route to PtNi Nanowires and Nanotubes Fabrication size, the nanocavities' formation relies on the dealloying process parameters (e.g., electrolyte type, temperature, media, time), leading to a well-defined and controllable size and shape hollow NPs. Nevertheless, their poor morphology is still a matter of debate.

The dealloying mechanism invokes two main sequential chemical stages: galvanic replacement, Kirkendall effect, and Ostwald ripening [36].

In 2012, leaning towards PtNi alloys, S. J. Bae and coworkers [52] reported a simple method for the preparation of carbon-supported and highly uniform PtNi hollow 

PtNi aerogels

Other types of nanomaterials exhibiting exceptional activity for the ORR have also been In the same year, the research group [START_REF] Henning | Unsupported Pt-Ni Aerogels with Enhanced High Current Performance and Durability in Fuel Cell Cathodes[END_REF] has optimized an akin electrocatalyst, which has demonstrated a high current PEMFC performance commensurate with that of a carbonsupported benchmark (Pt/C). Aerogel catalyst layers were optimized by adding K2CO3 (a filler material that creates a CL with increased porosity after the acid washing step) to the catalyst ink, which was later removed by acid washing the catalyst-coated membrane (CCM). The performance improvement caused by the addition of K2CO3 is explained by increased porosity and average pore size. Moreover, optimized Pt3Ni MEAs showed ~2.5-fold increased surface-specific ORR activity with respect to Pt/C and displayed excellent stability during an AST of 10.000 potential cycles between 1.0 and 1.5 V vs. RHE. 

Nanostructured Thin Film Electrocatalysts (NSTF)

Since 1995, the 3M company has been developing an alternative PEM fuel cell catalyst approach, referred to as NSTFC (nanostructured thin film catalysts), consisting of ultrathin electrode layers of thin-film Pt catalysts vacuum coated over a monolayer of crystalline whiskers [START_REF] Debe | Postdeposition growth of a uniquely nanostructured organic film by vacuum annealing[END_REF][62].

The NSTF binary and ternary catalysts (PtCoMn, PtCoFe, PtNiFe, PtCo, PtZr, and PtNi) were formed by a vacuum sputter-deposition metal multi-layers onto a supported monolayer of oriented crystalline organic-pigment whiskers (perylene based heterocyclic organic solid nanowhiskers). The latter is obtained via the CVD method (Chemical Vapor Deposition) following a <111> growth direction. These nanowhiskers are electrically insulated and are considered to have no impact on the ORR. Catalysts sputter-coated on top of the whiskers encapsulates them as a polycrystalline thin film. The crystallinity of the organic nanowhiskers makes it possible to direct the platinum deposit on their surface, thus increasing the roughness of the surface of the catalyst and, therefore, its specific surface. For most of the catalyst alloys coated onto those whisker supports, the catalysts were sputter deposited in a batch-loaded vacuum chamber with multiple sputtering targets chosen for the particular alloy composition to be made, allowing a wide variety of catalyst composition (see figure III-32). The catalyst-coated whiskers are embedded in the surface of the PEM to make the CCM [START_REF] Debe | Extraordinary Oxygen Reduction Activity of Pt3Ni7[END_REF]. The advanced NSTF with Pt3Ni or Pt3Co catalysts exhibit a 2-fold increase in activity, while with the use of PtNi, the activity is 4 times higher. When the latter has undergone thermal annealing to evaporate the nanowhiskers' organic core, the activity is 8-fold higher compared to commercial Pt/C with the same Pt loading. Furthers studies on Pt1-xNix have shown an extraordinarily sharp peak in ORR activity (measured in 50 cm 2 CCMs electrode assemblies) as a function of the as-made composition around x=0.7 determined gravimetrically.

The ORR mass activity of the Pt3Ni7 is ~60% higher than for the NSTF standard

Pt68Co29Mn3 alloy [START_REF] Debe | Nanostructured Thin Film Electrocatalysts for PEM Fuel Cells -A Tutorial on the Fundamental Characteristics and Practical Properties of NSTF Catalysts[END_REF][64] [START_REF] Van Der | Platinum-alloy nanostructured thin film catalysts for the oxygen reduction reaction[END_REF]. Probing the PtNiNWs nanostructure deeply, extended investigations have been carried

out by the same research group one year later. The combination of X-ray Spectroscopies, Transmission X-ray microscopy alongside electron microscopy provided unprecedented detail of the evolution of the nanowire-based extended surface catalyst and electrode structure guiding the targeted design of high-performance electrodes based on this class of materials [START_REF] Shulda | 2D and 3D Characterization of PtNi Nanowire Electrode Composition and Structure[END_REF].

PtNi nanotubes as a new architecture of electrodes for the ORR

As it was covered by Shaun. M. Alia, in his previous work [START_REF] Alia | Exceptional Oxygen Reduction Reaction Activity and Durability of Platinum-Nickel Nanowires through Synthesis and Post-Treatment Optimization[END_REF], using galvanic displacement mW/cm² for the PtNi2.2NTs, which is a 35% enhancement than that of Pt/C. These results demonstrate that the PtNiNTs have a better MEA performance than commercial Pt/C, which is desirable to decrease the usage of noble metal in MEAs [START_REF] Fan | Composition-and shape-controlled synthesis of the PtNi alloy nanotubes with enhanced activity and durability toward oxygen reduction reaction[END_REF]. It should be noted that many other research works have been carried out to investigate the activity improvements of PtNi nanowires using ex-situ measurements such as RDE tests and have been the focus of extensive research [START_REF] Chen | Ultralong PtNi alloy nanowires enabled by the coordination effect with superior ORR durability[END_REF][77] [START_REF] Shui | Making Pt-shell Pt30Ni70 nanowires by mild dealloying and heat treatments with little Ni loss[END_REF].

Conclusion:

This paragraph has discussed the most commonly used electrode architectures made of PtNi electrocatalyst with different shapes and structures. Only a few research groups have been able to test the ORR activity of PtNi in a fuel cell. Besides the electrochemical route, it was reported in literature various techniques leading to tuning the architecture of the fuel cell's electrocatalysts and enhancing its activity (see Appendix A).

The following paragraph describes the complete protocol followed in this thesis to synthesize PtNi nanowires and PtNi nanotubes with the GD process accompanied by posttreatments: heat treatment and acid leaching process. The synthesized electrodes will further be transferred to MEA then evaluated and applied as the cathode catalysts for a single differential cell.

Experimental Results: Platinum galvanic displacement as a route to PtNi Nanowire and Nanotubes fabrication

As previously stated, transition metals such as Ni have attracted considerable attention due to their potential use in electrocatalysis. In the current paragraph, PtNi nanowires and nanotubes, templated from nickel nanowires grown inside a sacrificial mold of porous anodic alumina template, were synthesized by the galvanic replacement process.

Experiments held in this part of the thesis strive to expand our understanding of combining/splitting galvanic displacement (GD) and acid leaching (AL) processes in a confined (NiNWs inside AAO) and a non-confined system (self-standing NiNWs on Si For this purpose, the GD's process is twofold: the nickel nanowires were exposed to Pt salt solution in a confined environment, on the other hand, in a non-confined environment, where the AAO was completely etched. The flow-chat below depicts the followed paths held in this work. For all experiments reported in this part, the platinum salt concentration was fixed at 1mM. The latter were made initially from a hexachloroplatinic acid hexahydrate (H2PtCl6.6H2O), Potassium hexachloroplatinate IV (K2PtCl6), and Potassium tereachloroplatinate II (K2PtCl4), as received from Merck KGaA.

We will then explore the effect of all the parameters cited in figure III-46 above on the growth of PtNi nanostructures. Since the redox potential of nickel is lower than that of Pt, metallic Ni tends to be corroded (i.e., oxidized) spontaneously, delivering electrons, which lead to the deposition of metallic Pt followed by the release of Ni 2+ cations.

This part of the chapter will report a systematic analysis of the GD reaction and its effect on NiNWs grown on AAO with small pores (Dp=50-55 nm, Dint=90-100 nm, e=400 nm) as previously described in paragraph III.2. The resulting AAO geometry exhibits a porosity of ~35%. The theoretical number of pulses is therefore esteemed to be around 140. In our study of NiNWs growth, using a Biologic © potentiostat at a pulsed current of 52mA, we have imposed 135 pulses in order to avoid any overflow phenomenon (i.e., nanowires overgrowth where each nanowire emerges from the top of the AAO).

In particular, the choice of different Pt salts was motivated by the exchange of 1Pt atom at the expense of 1Ni atom in the case of K2PtCl4, and 1 Pt atom at the expense of 2 Ni atoms in the case of H2PtCl6 or K2PtCl6. The Ni dissolution was expected to start from the top of the NiNWs according to the reactions described in the table below:

Exposing the confined and non-confined NiNWs to 1mM H2PtCl6, K2PtCl6, and K2PtCl4 solutions, respectively, without HCl and 1mM HCl in room temperature, the GD reaction did not take place at long exposure time (from 1 to 24 hours). We can ascribe this to the possibility of the presence of an oxide layer (NiO) on the surface of nanowires, as previously discussed by Shaun M. Alia [START_REF] Alia | Platinum-Coated Nickel Nanowires as Oxygen-Reducing Electrocatalysts[END_REF].

It is necessary here to clarify exactly that the GD reaction occurred without HCl in a K2PtCl4 Therefore, we considered the inspirational results reported by O. Marconot et al. [START_REF] Marconot | Vertically Aligned Platinum Copper Nanotubes as PEM Fuel Cell Cathode: Elaboration and Fuel Cell Test[END_REF] (elaboration of PtCu Nanotubes) and Shaun M. Alia [START_REF] Alia | Exceptional Oxygen Reduction Reaction Activity and Durability of Platinum-Nickel Nanowires through Synthesis and Post-Treatment Optimization[END_REF] (elaboration of PtNi nanowires) as a critical strategy to combine GD and AL in order to tackle the Pt displacement issue.

To elucidate the effect of HCl addition, Shaun M. Alia reported that higher Pt displacement was only achieved by adding hydrochloric acid to a K2PtCl4 solution, presumably due to the presence of a Ni oxide layer and the ability of the added acid to etch this layer, thereby exposing unoxidized Ni.

Reaction with the addition of HCl

This pathway involves combining the GD and the acid leaching process simultaneously.

For each Pt solution diluted in HCl (by varying its concentration from 0.01 M to 0. Throughout these experiences, the counter-ion from H2PtCl6 and by varying the concentration of HCl, the shortcomings of GD have been clearly recognized as follows: i/ uncontrolled GD reaction at different HCl concentration and exposure time, ii/ the major defect in the experiments is the detachment of the nanowires, iii/ re-deposition of platinum on the top of the AAO template, iv/ and HCl is mandatory to achieve a GD reaction, but its concentration should be controlled and used with the appropriate Pt salt.

According to the present structural results, it could conceivably be hypothesized that using a different Pt salt rather than an acid would be favorable for the formation of PtNiNWs or PtNiNTs. Since time exposure at 0.01M HCl did not provide the desired controlled structure, we have tried a new experiment with the same initial NiNWs sample in AAO at a higher concentration.

d-K2PtCl6 at 0.1 M HCl solution

Following the same experimental process, K2PtCl6 was dissolved in highly purified water then diluted in a 0.1 M HCl solution (pH~1). As can be seen from the structural characterization, certain drawbacks associated with HCl use at higher concentration: SEMcross section analysis has shown the fragmented PtNi structure into shorter segments. By keeping the same process but instead, this time at 50°C for only 10 minutes, an uncontrolled GD reaction led to an unconfined PtNi alloy on the surface of the AAO. The utility of increasing temperature thus underlined further evidence on its impact on the GD reaction. 

Conclusion: GD in a confined system

Regarding the experiments I held in a confined system (where the GD reaction should occur inside AAO), varying HCl concentration led to different results according to SEM structural analysis. Also, in a confined system, the study has demonstrated that the GD reaction is non-trivial and tricky due to its sensitivity to several parameters such as concentrations, exposure time, temperature, and HCl concentration.

In summary, most of the experiments have shown that the GD reaction in a confined system is hard to control neither with H2PtCl6 nor with K2PtCl6, with and without acid. The nanotubes were not obtained, which indicates that the nickel's stability is strongly influenced by the presence of an acid. Nevertheless, in the confined system, reproducibility was achieved solely for samples exposed to 1mM K2PtCl4 solution in It should be borne in mind that the stability of the synthesized material towards the etching solution of AAO must be checked beforehand; otherwise, the nanowires will be altered or destroyed as the dissolution proceeds. In our case, nickel and nickel-based alloys are well known for their ability to resist corrosive environments, even under severe operating conditions. Specifically, in the case of resisting highly concentrated NaOH, nickel ranks next to silver. For this reason, nickel and its alloys are widely used in NaOH service [START_REF] Komath | Hot corrosion of nickel in anhydrous sodium hydroxide[END_REF].

Reaction without the addition of HCl: Thermal treatment and acid leaching effect

In this part, we evaluated the GD in a non-confined system without the addition of HCl.

To assess the effect of the GD on NiNWS, repeated experiments at different exposure Unexpectedly, and amid our experiences, C. Fan et al. [START_REF] Fan | Composition-and shape-controlled synthesis of the PtNi alloy nanotubes with enhanced activity and durability toward oxygen reduction reaction[END_REF] have presented in their article a viable multi-process method to elaborating PtNi alloy catalyst with one-dimensional nanotube structure via a galvanic replacement reaction combined with Kirkendall effect.

We believed this solution would help achieve our desired electrode architecture made of PtNiNTs and is worth further investigation.

To highlight our presented work, only K2PtCl4 1mM was used as a source of Pt cations, where the Pt cations would be reduced to metallic Pt at the expense of the sacrificial Ni according to the following reaction: Based on the previous works of T. Asset et al. [54], S. M. Alia et al. [START_REF] Alia | Exceptional Oxygen Reduction Reaction Activity and Durability of Platinum-Nickel Nanowires through Synthesis and Post-Treatment Optimization[END_REF], and C. Fan et al.

•
[75], the thermal treatment under H2/Ar atmosphere and the acid leaching is playing a pivotal role in the formation of a porous structure of PtNi nanowires, thus forming hollow nanotubes. PtNiNWs were annealed in an attempt to improve the incorporation of Ni into the Pt phase.

After the GD reaction, the PtNiNWs annealing was conducted using a thermal quartz tube furnace under H2/Ar 5% atmosphere. A complete purge of the furnace was set for 2 hours.

The increased rate of temperature in the furnace is 10°C/min until reaching the desired temperature. Once the annealing process ends, the temperature decreases until it reaches room temperature. A schematic diagram of the annealing process of PtNiNWs in the RTA system is shown in figure III-69. After GD, the PtNiNWs were heated under H2/Ar atmosphere for 2 hours at 250°C. After that, PtNiNWs were transferred to the Nafion © membrane by a hot-pressing process followed by an acid-leaching process in a sulfuric acid solution. According to the EDX quantitative analysis, the atomic ratio of Pt:Ni is 3:1.

To characterize the synthesized PtNiNTs, the energy dispersive X-ray (EDX) analysis was performed using transmission electron microscopy (TEM) indicated the formation of a porous structure (figure III-72) of the nanotube and their integration onto the Nafion ® membrane. A TEM coupled EDX analysis was used to build an elemental map, giving insights on the sample morphological properties as depicted in figure III-73. The higher Pt content at the top of the nanotubes indicates that the acid leaching occurred more at this region and spread less toward the embedded area onto the membrane with a higher Ni concentration inside it as evidenced in the following figure: The study has gone some way towards enhancing our understanding of the effect of HCl and temperature. To examine this issue, I increased HCl concentration to 0.05 M while I increased the temperature to 35°C between 2 and 15 minutes. As a consequence, reproducible PtNiNWs have been synthesized successfully. Moreover, PtNiNWs did not detach from the substrate, which will make it easier to be transferred into the ionomer membrane by hot-pressing. Ultimately, after several trials to finally achieve a reproducible way to elaborating PtNiNWs, we summarize the previous reproducible process as follows: 

Conclusion

One of the most significant findings to emerge from this study is that we have pursued the synthesis of a novel cathode structure made only of PtNiNWs and PtNiNTs as an electrocatalyst. Nickel nanowires' growth was carried out with the template-assisted technique. The template was then removed to obtain self-standing NiNWs on a silicon substrate. Later on, the non-confined nickel nanowires have been exposed to a Pt solution at different conditions, where Pt ions were reduced by metallic Ni. The acid leaching process emerged as reliable and mandatory to removing excessive bulk Ni, thus avoiding the ionomer membrane's poisoning. The formation of voids inside the NiNWs can be ascribed to the leaching of the Ni-rich core. According to the galvanic displacement process combined with the thermal treatment process and acid leaching, the structures were synthesized and transferred onto the Nafion ® membrane.

Taken together, these results suggest the sensibility of the Pt galvanic displacement of nickel to acidic medium and temperature. This study offered insights into tackling the fractured PtNiNWs and the PtNiNTs detachment from the silicon substrate. This more extensive study may offer a base for future studies of PtNi nanostructures fabrication with the combination of the galvanic displacement process, thermal treatment, and acid leaching. Catalyst loadings on the RDE tip were the following: PtNiNWs (7.4 wt % Pt) 33.7 μgPtNi/cmelec 2 ; PtNiNWs (96.8 wt % Pt) 38.9 μgPtNi/cmelec 2 ; and Pt/HSC 17.8 μgPt/cmelec 2 . d) Mass and specific ORR activities of PtNiNWs as a function of percent Pt displacement. The inks used to prepare the RDE tips contained graphitized carbon nanofibers (60 wt %) and a Nafion ionomer (4 μL/mL). ORR activities were corrected for internal resistance and the partial pressure of oxygen at 0.9 V vs. RHE (1600 rpm, 20 mV/s ) in an oxygen-saturated 0. 
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Fundamental Fuel Cell Test on Pt/C conventional electrodes: Performance, Activity, and Degradation

In this section, we will display the fabrication process of a standard Pt/C electrode in order to compare the performance and activity under real PEMFC conditions. We targeted to fabricate a low Pt-loading cathode exhibiting substantially the same ECSA as the cathodes made of PtNiNWs and PtNiNTs using the same Nafion ® membrane.

Ink preparation

The MEA used in this work was fabricated in-house. A cross-sectional view of the MEA used in this work is given in figure IV-3 below: The fabricated MEA was then placed in a differential fuel cell allowing its study under homogeneous and well-defined conditions of relative humidity (RH), cell temperature, and gas flow, as pinpointed in the image below: Reduced dimensions and high stoichiometric ratios characterize this type of cell. A differential cell's purpose is not to be operated as a technical device but to emulate the local conditions of a larger device and study the effect of different operating parameters at a local scale without the disturbance of along the channel effects [1]. Graphite flow fields with multi-straight and parallel channels are used on both the anode and the cathode side. The geometry of the cell used in this work is defined as follow: The cell could be heated via a hot water flow through a water circulation network. During the test, the active gases used are Air or Oxygen at the cathode and Hydrogen at the anode. To dry the cell's components, a purge under N2 gas flow is required to getting rid of active gases.

The test stand allows the possibility of reproducing local conditions of a real fuel cell and providing precise control of operating conditions as mentioned in table IV-2 above. The partial pressures of reactants (i.e., active gases) are not fully homogeneous. We try to make it as homogeneous as possible from the gas inlet to the outlet, hence the high stoichiometry.

Relative humidity (ϕ) is defined as the ratio of the partial pressure of water vapor at a specified temperature to the equilibrium vapor pressure of water at the same temperature.

𝛗 =

𝐏 𝐯𝐚𝐩 (𝐇 𝟐 𝐎)(𝐓) 𝐏 𝐬𝐚𝐭 (𝐇 𝟐 𝐎)(𝐓)

Equation IV-1 , respectively (P° is the standard pressure). Note that the calculated fuel cell OCV is not the real OCV in a practical fuel cell and usually is lower than the theoretically expected value due to the catalyst mixed potential and hydrogen crossover [3].

Under operation, the observed cell voltage of a PEMFC cell with the contribution of the various voltage losses may be described as follows:

𝐄 𝐜𝐞𝐥𝐥 = 𝐄 𝐞𝐪 + 𝛈 𝐎𝐑𝐑 -𝛈 𝐇𝐎𝐑 -𝛈 𝐎𝐡𝐦 Equation IV-10
Where:

-Eeq is the thermodynamic equilibrium potential as a function of temperature and gas partial pressure;

-ηOhm refers to the ohmic losses, equals to 𝐑 𝐎𝐡𝐦 . 𝐢 (where i is the applied current; ROhm is the relative humidity dependent cell resistance (the sum of the RHdependent membrane proton resistance (Rmembrane), and the RH-independent contact and bulk electronic resistances (Re-); -ηHOR and ηORR are the anode and cathode kinetic overpotentials; Moreover, it is difficult to define the equilibrium voltage due to the contribution of various activities of products and reagents on the catalyst's surface [4].

Theoretical Thermodynamic Electrode Potential:

The overpotentials due to the electrochemical reactions' kinetics can be expressed, for 

Electrochemical Impedance Spectroscopy

This technique provides information about the overall ohmic resistance of the system when the latter is in equilibrium at a steady-state condition (i.e., fixed potential). At 0.4 V under H2/N2 gas flow, where no faradic reaction is taking place, we apply a sinusoidal frequency perturbation ω to the current. We could then measure the potential response and vice-versa. The system functioning is assumed to be quasi-stationary (system invariant during the measurement time).

Considering the different kinetics in the fuel cell, EIS measurements are recorded on a wide range of frequencies (see In our work, we aimed to characterize the ohmic resistance of the cell and the effective proton resistance of the CL. PEIS was held from 200 kHz to 100 Hz at 0.4 V, where no adsorption/desorption reactions are observed in this region, as confirmed by the absence of redox peaks in the CV. We performed measurements in a potentiostatic mode, where a perturbation around a fixed value of voltage (10 mV) is applied. Simultaneously, its current response is measured (the amplitude of the applied signal should be small to be in the linear regime). Considering the few PEIS experiments carried out in this work and the very thin CL used in the cathode, we could not dissociate the losses coming from transport issues. Thus, we will settle for the high-frequency resistance (the value of impedance for which the imaginary part is equal to zero at high frequency) to correcting the polarization curves, denoted Rohmic. We report an overall ohmic resistance Rohmic that reads a value of ~0.046 Ω (taking into account the geometrical surface area of the electrode (1.8 cm²), the value reads ~0.082 Ω.cm²).

In a standard EIS experiment held after the polarization curve in H2/O2 and H2/Air (figure IV-10 below pinpoints the EIS principle with its associated Nyquist plot with the main physical phenomena extracted), various impedance spectra were registered at different operating points (at 300 mV, 600 mV, 650 mV, 750 mV, and 850 mV), for numerous frequencies (ranging from 200 kHz to 100 mHz) to explore the occurring electrochemical phenomena. At each operating point, a representative Nyquist shape is plotted, from which we can extract the overall ohmic resistance. We noticed a significant decrease of the ohmic resistance after the break-in: it dropped from 0.040 Ω to 0.035 Ω, which might be attributed to a possible hydration of the membrane's ionomer or the removal of cationic impurities from the membrane. or less constant at each working area as the voltage decreases (i.e., when the current density increases). This might be due to the homogeneous hydration of the membrane at a given voltage due to different currents. We also notice a closer value of the resistance in H2/Air compared to H2/O2 (i.e., at different cathode gas). In the future results, we will choose the Rohmic from the Nyquist plot obtained at a fixed voltage of 650 mV, in accordance with the set value of voltage in the polarization curve, in order to correct the ohmic drop in polarization curves and to compare the performance accurately.

In addition, the heterogeneous aspect of the thin catalyst layer makes probing its deeper electrochemical analysis under operation extremely challenging, thus the complexity of We also notice from the CV's comparison that after aging, the double-layer capacitance had decreased far less than the ECSA, which would indicate that the carbon was not too affected during the degradation. After degradation, the OCV has shown a slight drop in H2/O2 and H2/Air. However, this potential drop of the OCV does not, in any case, mean that the activity had decreased. Also, we compared the evolution of the ohmic resistance before and after degradation under 100% RH H2/N2 gas flow and 80°C. We noticed a significant decrease in the ohmic resistance. This result, therefore, needs to be interpreted with caution. The reason is not clear; it might show that i/ there is probably no significant pollution of the ionomer of the membrane by cationic Pt 2+ ; ii/ a better contact between the electrode and the membrane; iii/ thinning of the membrane; or iv/ better hydration of the ionomer. However, due to time limitations, further electrochemical experiments and structural analysis need to be done to confirm our hypothesis.

From the results emerging from figure IV-23 below, it can thus be suggested that the decrease in performance is mainly due to a reduction of the ECSA. Also, the drop-in activities is assessed by comparing the mass and specific ORR activities and the loss of the electrochemical surface area due to the severe aging process. These results from the AST assessed a drastic loss in performance of the Pt/C catalyst. The latter is poorly resistant to aging and exhibits a high degradation rate under potential cycles affecting its durability. Another aspect of concern is that separation of transport losses of thin electrodes might be hard due to problems of discontinuities in the conductive carbon phase or in the proton-conducting ionomer.

The performance losses under both H2/O2 and H2/Air stem mainly from the loss of active surface area during aging. Therefore, we aimed to test the new architecture of the cathode made of ordered and self-supported carbon-free PtNi nanowires and nanotubes, as we shall see in the next paragraph. These structures might offer the following advantages:

-To unravel the ORR sluggish kinetics reasons; Table IV-4: The final geometry of the PtNi nanowires and PtNi nanotubes after integration onto the Nafion ® membrane.

Membrane hot-pressing

This part focuses initially on integrating these nanostructures onto a Nafion ® HP membrane using the conventional hot-pressing process. The hot-pressing process was optimized to transfer the nanostructures onto the membrane completely. Once the pressing process is over, we recover the membrane gently with silicon substrate stuck into it. The latter is washed in sulfuric acid H2SO4 0.5 M for three reasons: i/ facile removal of silicon substrate from the ionomer membrane without tearing it up, ii/ nickel leaching, and iii/ membrane re-acidifying.

The SEM images below show the cathode's final self-supported nanostructures after the complete integration of PtNiNWs and PtNiNTs on the Nafion® HP membrane. The major features of this CV could be attributed to: i/ a shunt or resistive behavior from 0.4 V to 0.7 V as indicated by a linear slope, probably due to the fabrication process that punches the membrane contact between the two electrodes (i.e., transferring the PtNiNWs by hot-pressing from the silicon substrate); ii/ the surface that is accessible to protons and electrons is larger at 80°C than at 40°C (absence of the peaks associated to Pt area accessible to protons and electrons at 40°C). I observed that this phenomenon is irreversible because after measuring the ECSA back again at 40°C, I tend to get a similar plot as the red one. At 80°C, the membrane is softer and swells more with better contact (between the CL and microporous layer of the GDL), or there might be cleaning of Ni at 80°C. Another most probable hypothesis is either the better proton transport at 80°C because of the larger swelling of the ionomer compared to 40°C or due to reorganization of the ionomer with better contact with the PtNiNWs [9].

The Impedance Electrochemical Spectroscopy (EIS) measurements at 0.4 VRHE at high frequency were performed to determine the ohmic resistance. The overall ohmic resistance value reads 0.063 Ω, which is higher than the resistance obtained for the Pt/C cathode. Similar to the Pt/C electrode, we have used the same Nafion ® membrane, GDE After degradation, the EIS measurement indicates an ohmic resistance of 0.032 Ω, which is two times lower than the ohmic resistance extracted before degradation. It might be correlated to the evacuation of cationic pollutants after cycling (enough time to leach Ni 2+ probably). Also, we witnessed the same behavior at different RH. We compared the polarization curves obtained in H2/O2 at 100% RH and in H2/Air at 80%-100% RH before and after degradation. We extracted a 58% loss in performance in H2/O2 and 56% in H2/Air at E=0.65 ViR-free, which is clearly similar at both conditions. As commonly known, the study of the PtNi ORR was set from very early on. The carbon-free nanowires structure with the porous surface without ionomer did not provide stability against electrochemical cycling compared to Pt/C electrode.

We can conclude from our study that the drop in the ECSA is not the only factor responsible for the activity drop after aging: the decrease in the ECSA is not necessarily related to reducing the activity. That is to say, for instance, we can imagine a reduction of activity with an increase of the ECSA if the nickel dissolved or dealloyed, or a decrease of ECSA with an increase of activity if the surface is restructured differently.

Nickel, with its low standard potential, would probably exhibit dissolution during PEMFC operation, which is well correlated with other PtNi structures reported in the literature.

This issue will remain a significant concern to take into account for our following performance tests of PtNi nanotubes.

In this last part of the performed fuel cell tests, we will assess the performance of the A difference in performance between the two MEAs assessed by the polarization curve at 100% RH and 80% RH was observed. The relative humidity showed more significant effects on the polarization curve. At 100% RH, the PtNiNTs-like structure (red plot, before optimization) has shown a slight increase in performance at low current densities and tended to flood at high current densities. Lowering the RH to 80%, the flooding issue was tackled, leading to an increase in limit current at 0.4 VRHE from 0.5 mA/cm²geo to ~1.5 A/cm²geo. After optimization, it is apparent that the flooding issue decreased. Also, a performance improvement was observed at high current densities at both 100% and 80% RH. To have a better insight on the effect of tubular structures (i.e., less complex geometry than the Pt/C), the increase in performance might emanate from a better flow of reactants within the tubes, which exhibits a less tortuous path. At lower %RH, the ionic conductor resistance increases due to the membrane drying out.

We can also assume lower H + access and thus the misuse of the catalyst on the nanostructure that does not include any proton conductor at low current densities. After 50K cycles of AST, we assumed that the drop in performance and activity might be due to By comparing the performance of these MEAs, even if it is clear that RH affects the electrode's performance, the comparison still not significant because we used different catalysts with different geometrical areas. It would be beneficial to compare specific and mass activities for further information.

Activity, stability, and durability comparison:

We can notice better durability of nanotubes compared to the other structures. For Pt/C, the impact of the ECSA's loss is evident in the drastic drop of performance after degradation. For PtNiNWs, the decrease of the ECSA might not be the only factor affecting the performance. Moreover, PtNiNTs behave much better than PtNiNWs most probably due to the use of both the inner and the outer surface of the tubes. 

General Conclusion

Electricity is the lifeblood of many aspects of our world. Facing this unprecedented stare of pollution, we tend to react in a strict way, mainly in decarbonizing the existing energy sources and developing renewable energies. Questions abound about HOW can we do it effectively? Globalization is causing increasingly severe energy challenges unless we build new technologies. Hydrogen has shown great potential as a viable energy vector. -The structural analysis of the NiNWs covered the presence of an outer oxide layer that led to uncontrolled galvanic displacement.

-Reproducible PtNiNWs were obtained in a non-confined system (etching aluminum oxide after the growth of NiNWs) while performing a galvanic displacement process in K2PtCl4 diluted in a 0.05 ml HCl solution (combined GD and AL), heated up to 35°C for 7-8 minutes. HCl has shown an influence on the kinetic rate of the GD reaction.

The PtNiNWs arrays are then transferred into a Nafion® membrane via an optimized hot-pressing process and tested in a real fuel cell.

-Reproducible PtNiNTs were achieved via galvanic displacement in 1mmol K2PtCl4 solution heated up to 80°C for 1.5 hours. A thermal treatment (at 250°C) follows this step in a reducing environment (H2/Ar 5%) for 2 hours. The intermediate PtNiNWs were then transferred into a Nafion® membrane. After that, the AL process is performed in a 0.5 M H2SO4 solution heated to 30°C. The PtNiTs on Nafion ® were mounted in an MEA for fuel cell tests.

-Fuel cell tests of PtNiNWs (0.08-0.1 mgPt/cm²) and PtNiNTs (0.014 mgPt/cm²) were performed and compared to a low Pt-loading conventional catalyst (Pt/C, 35 µgPt/cm at the cathode, 0.1 mgPt/cm² at the anode). The latter exhibits a closer ECSA value to NWs and NTs. Relative humidity showed more significant effects on the performance of NWs and NTs due to water content in the membrane. In fully humidified conditions, the flooding phenomenon was more likely to occur. For the NWs, better performance was obtained at low current densities at 100% RH but dropped at higher current densities. Lowering the RH to 80%, the performance at low current densities decreased while the limit current at 0.4 VRHE reached 1.2 A/cm²geo (against 0.9 A/cm²geo in 100%RH).

On the other hand, NTs exhibited better performance at 80%-100% RH. At 0.4 VRHE, the value of the limit current reached ~2.4 A/cm²geo. Also, Low ECSA seemed to limit the performance of the MEAs. Greater durability was attributed to PtNiNTs after the AST degradation protocol, which might be attributed to a different degradation mechanism of Pt alloyed to Ni, the higher activity of the PtNi alloy, the welloptimized structure of the cathode.

-In a nutshell, PtNiNWs offered the best specific activity while PtNiNTs exhibited the best mass activity and stability. In this context, this study offered a fresh and broader perspective for NTs (with post-processing optimization) as a promising route to be more investigated.

The experiments held during this Ph.D. enabled me to increase my curiosity about the performance of the PtNi alloy as an electrocatalyst for the PEMFC. When I started my first fuel cell tests during the last nine months, many questions and hypotheses have arisen to the surface, as we shall see in the next section dedicated to a variety of perspectives. 11) The development of more sophisticated NTs arrays, combining a physical vapor deposition of Platinum according to the following process highlighted below:

"Even with all our technology and the inventions that make modern life so much easier than it once was, it takes just one big natural disaster to wipe all that away and remind us that, here on Earth, we're still at the mercy of nature. "

-Neil deGrasse Tyson

There are no endings, only new beginnings…

Summary

The PEM Fuel cell technology has attracted great attention for future energy conversion and storage applications. Its commercialization is still a matter of challenge due to the durability and cost limitations of the catalyst. In order to enhance their achievement on the market, it is mandatory to optimize the high costly catalyst and improve its durability and stability or to innovate a new structure of electrodes. Commercial Pt/C catalyst (nanoparticles 3-5 nm) supported carbon black is considered as the current standard catalyst offering high surface areas and high specific activity. Unfortunately, they are limited by various degradation barriers: the cost; the corrosion of the carbon support, and the Pt dissolution/agglomeration through electrochemical Ostwald ripening mechanism, which is reflected by a fast and significant loss of electrochemical surface area overtime during fuel cell operation.

This thesis focuses on reducing the amount of platinum and improving the performance and durability of membrane electrode assemblies MEAs, aiming to reduce their cost and encourage the development of PEMFCs. Previous studies have demonstrated that Pt-based catalysts such as PtCo, PtCu, and PtNi, etc., have shown to exhibit higher oxygen reduction reaction ORR activity than platinum for PEMFC and very promising enhancement in performance and stability for low Pt loading.

We aspired in this work to develop and control a new carbon-free architecture of the cathode, made only with vertically aligned PtNi nanowires and nanotubes supported onto a Nafion® membrane to improve performance and durability of the PEMFC at low Pt loading.

The fabrication process is based on a multistep process of fabrication: Elaboration and geometry tuning of the nanoporous anodic aluminum oxide used as a sacrificial template by the doubleanodization technique; The pulsed electrodeposition process as an electrochemical route of Ni nanowires growth inside the aluminum oxide template; Controlled galvanic displacement process, which is an electrochemical process involving the oxidation of the transition metal by the ions of a platinum salt at different concentrations of hydrochloric acid at different concentrations and temperatures: the process also involves a thermal treatment and acid leaching leading to the formation of nanowires and nanotubes (~50 nm in diameter and ~400 nm in length); The latter are transferred onto a Nafion® membrane using an optimized hot-pressing process. Electrodes were integrated into a complete Membrane Electrode Assembly (MEA) to characterize their electrochemical and transport limitations in real operating conditions. Ultraviolet spectrophotometric determination of platinum content showed a loading of ~0.1 mgPt/cm² for the nanowires and ~15 µgPt/cm² for the nanotubes. For comparison, we have elaborated a homemade Pt/C conventional with low Pt loading (~35 μgPt/cm²), which exhibits a close catalyst surface area to the PtNi nanostructures. The performance of the MEA was quantified by recording the polarization curves and electrochemical impedance spectroscopy measurements. Accelerated durability tests gave an insight into the interest, stability, and limitations of these nanostructures compared to conventional electrodes.

Résumé :

La Le processus de fabrication repose sur un processus de fabrication en plusieurs étapes : l'élaboration et le contrôle de la géométrie de l'alumine nanoporeuse par double-anodisation, utilisée comme moule sacrificiel; Le procédé d'électrodéposition pulsée comme voie électrochimique de croissance des nanofils de Ni à l'intérieur du moule d'alumine; Procédé de déplacement galvanique contrôlé, qui repose sur l'utilisation de différents sels de Pt à différentes concentrations d'acide chlorhydrique et à différentes concentrations et températures (impliquant également un traitement thermique et une traitement acide conduisant à la formation de nanofils et de nanotubes de ~50 nm de diamètre 400 nm de longueur); Ces derniers sont transférés sur une membrane Nafion® à via pressage à chaud optimisé. Les électrodes ont été intégrées dans un ensemble d'électrodes à membrane complet afin de caractériser leurs propriétés électrochimiques et les limites de transport dans des conditions réelles de fonctionnement. La détermination du chargement en Pt par spectrophotométrie UV-vis a montré un chargement d'environ 0.1 mgPt/cm² pour les nanofils et de ~15 µgPt/cm² pour les nanotubes. À titre de comparaison, nous avons élaboré une cathode conventionnelle en Pt/C, à faible chargement en Pt (~35 μgPt/cm²), qui présente une surface de catalyseur proche des nanostructures en PtNi. La performance du MEA a été quantifiée par l'études des courbes de polarisation et des mesures de spectroscopie d'impédance. Des tests de durabilité accélérés ont donné un aperçu de l'intérêt, de la stabilité et des limites de ces nanostructures par rapport aux électrodes classiques.

Figure I- 1 :

 1 Figure I-1: Scheme of the cross-section of an oriented carbon-free PtNi nanotube transferred onto the Nafion ® membrane.

Figure I- 2 :

 2 Figure I-2: Methodology of the elaboration process of PtNi nanotubes.
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Figure I- 3 :

 3 Figure I-3: World electricity generation mix by fuel from 1971 to 2018. Reprinted from IEA World Energy Balances.

Figure I- 4 :

 4 Figure I-4: Schematic of a sustainable energy landscape based on electrocatalysis. Reprinted from reference [9].

Figure I- 5 :

 5 Figure I-5: World energy consumption by source. It is projected to rise to 736 quadrillion BTU (quads) in 2040 from 575 quads in 2015, an increase of 28%, according to the latest International Energy Outlook 2017 (IEO2017) from the US Energy Information Administration.

Figure I- 6 :

 6 Figure I-6:The amount of CO2 emitted each year from various fuel sources, measured in tonnes per year. Emissions from fossil fuels continue to increase as we burn more each year for energy4 .

Figure I- 7 :

 7 Figure I-7: Chart showing the Global Emissions by Gas. F-gases refers to Fluorinated gases: Industrial processes, refrigeration, and the use of a variety of consumer products contribute to emissions of F-gases, which include hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and sulphur hexafluoride (SF6) 5 .

Figure I- 8 :

 8 Figure I-8: World total energy supply by source from 1971 to 2018 in Mtoe. All Rights Reserved to IEA.

Figure I- 9 :

 9 Figure I-9: Average annual growth rates of world renewables supply from 1990 to 2018 as cited in the IEA annual report.

Figure I- 10 :

 10 Figure I-10: Annual years of life lost from air pollution (units per 1000 km 2 ). The global total is 233 (221-250) million per year. YLL refers to years of life lost.

Figure I- 11 :

 11 Figure I-11: Schematic plot showing yearly temperature anomalies from 1880 to 2019, with respect to the 1951-1980 mean, as recorded by NASA, NOAA, the Berkeley Earth research group, and the Met Office Hadley Centre (UK). Though there are minor variations from year to year, all five temperature records show peaks and valleys in sync with each other. All show rapid warming in the past few decades, and all show the past decade has been the warmest. (Credits: NASA GISS/Gavin Schmidt).

Figure I- 12 :

 12 Figure I-12: The Great Barrier Reef has suffered damage from both nature and humanity (Image extracted from www.marinescoop.com).

Figure I- 13 :

 13 Figure I-13: Phytoplankton -the foundation of the oceanic food chain. Scientists estimate that phytoplankton contributes between 50 to 85 percent of the oxygen in Earth's atmosphere. (Collage adapted from drawings and micrographs by Sally Bensusen, NASA EOS Project Science Office).

1 :

 1 A variety of widely used fuels and their related heat in MJ/kg.

Figure I- 15 :

 15 Figure I-15: Low-carbon hydrogen production, 2010-2030, historical, announced, and in the Sustainable Development Scenario (SDC), 2030. Extracted from reference [15].

Figure I- 16 :

 16 Figure I-16: Global demand for pure hydrogen from 1975 to 2018 as reprinted from IEA annual report.

Figure I- 17 :

 17 Figure I-17: Schematic chart of the common techniques of Hydrogen storage. Copyright Hydrogen Europe 12 .

Figure I- 18 :

 18 Figure I-18: Length of hydrogen transmission pipelines for various countries. Transporting gaseous hydrogen via existing pipelines is a low-cost option for delivering large volumes of hydrogen 14 .

  Figure I-20: Simplified scheme of the operating principle of a proton exchange membrane fuel cell (PEMFC).

Figure I- 21 :

 21 Figure I-21: Various voltage losses and polarization curve of an operating PEMFC [20].

Figure I- 22

 22 Figure I-22: a) Schematic of the membrane, cathode, diffusion medium (DM), and bipolar plate (BP) and the transport therein. b) Close-up view of the local O2 transport to a Pt nanoparticle through the ionomer film. c) Simulated mass-transport voltage losses at 1.75 A/cm 2 for a cathode with 0.10 mgPt/cm 2 loading with operating conditions in the order of anode/cathode: H2/Air, 94°C, 65/65% RH, 250/250 kPaabs,outlet, stoichiometries of 1.5/2. Single-cell: 50 cm 2 active area [21].

  𝐚𝐧𝐨𝐝𝐞𝐞𝐟𝐟𝐞𝐜𝐭𝐢𝐯𝐞and 𝐑 𝐇 + , 𝐜𝐚𝐭𝐡𝐨𝐝𝐞 𝐞𝐟𝐟𝐞𝐜𝐭𝐢𝐯𝐞 are the RH-dependent effective proton resistances in the anode and cathode catalyst layers, respectively, At the cathode, the ORR is relatively complex, sluggish, and presents various mechanisms compared to the HOR. Many studies suggested possible occurring mechanisms. The results obtained from these studies of oxygen reduction on platinum and platinum-based alloy electrodes have been used to support a parallel reaction mechanism with a predominantly direct four-electron reduction to water[21].

Figure I- 23 :

 23 Figure I-23: Wroblowa scheme for the pathways of the oxygen reduction reaction as extracted from reference [21].

Figure I- 24 :

 24 Figure I-24: Scanning electron image of a) Membrane Electrode Assembly (i.e., Membrane, GDL, and electrodes), b) a top close scanning image of the catalyst layer containing Pt nanoparticles on a carbon support, ionomer binder. Transmission Electron Microscopy micrographs of: c) Pt NPs on C support, d) Pt nanoparticle. The figure is reprinted from reference [29].

Figure I- 25 :

 25 Figure I-25: Schematic ORR models of different carbon-supported Pt catalysts, CB: Carbon Black, GCB: Graphitized Carbon Black, AB250: Acetylene Black 250 and 800. 250 and 800 refer to the specific surface area of AB800 and AB250 (779 m 2 /g and 219 m 2 /g). Reprinted from reference [27].

Figure I- 26 :

 26 Figure I-26: Nafion ® and Aquivion ® perfluorinated sulfonic acid ionomer structures.

Figure I- 27

 27 Figure I-27 below displays the main components of a PEMFC.

Figure I- 27 :

 27 Figure I-27: Schematic representation of the Components of a PEMFC single cell.

  Figure I-28 below outlines the different types of Pt-based catalysts.

Figure I- 28 :

 28 Figure I-28: Schematic illustration of the Approaches for the performance improvement of Pt/C and Pt-free catalysts. Reprinted from reference [31].

Figure I- 29 :

 29 Figure I-29: Schematic representation of suggested primary and secondary degradation mechanisms for carbon-supported platinum catalyst particles in fuel cells. Reprinted from reference [30].

Figure I- 30 :

 30 Figure I-30: Timeline of fuel cell research progress from 1839 to now. Reprinted from reference [31].

Figure I- 31 :

 31 Figure I-31: Schematic diagram depicting the PEMFC properties and their corresponding industrialization targets. The blue line indicates the current status as a fraction of the target value [33].
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 14 Figure I-14:Illustrative schematic of H2@Scale energy system. Reprinted from reference[16]. .19 
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Part I :

 : Overview: Elaboration and characterization of nanoporous alumina membrane; Part II: Anodic Aluminum Oxide: Introduction to double-step anodization and kinetics of self-organization; Part III: Elaboration of anodic aluminum oxide (AAO) by a two-steps anodization process.

Figure II- 1 :

 1 Figure II-1: Two different types of anodic aluminum oxide (AAO) formed by a) barrier-type and b) porous-type anodization, along with the respective current (j) vs. time (t) transients under potentiostatic conditions, as extracted from reference [8].

Figure II- 2 :

 2 Figure II-2: Schematic diagram of the kinetics of porous AAO growth from an aluminum foil in a) potentiostatic (i.e., U = constant) and b) galvanostatic (i.e., j = constant) conditions. I/ formation of the barrier layer (resistance increases), II/ initiation of nanoholes from initial aluminum surface defects, III/ pores growth (resistance decreases), IV/ growth of cylindrical nanopores arrays via oxidation/dissolution of aluminum oxide. Reprinted from reference [8].

2 .

 2 The anodizing voltage defines the interpore distance (Dint) and the pore diameter (Dp) of the AAO, while anodizing time determines the final thickness of the formed alumina template. Figure II-3 below the general structure of AAO.

Figure II- 3 :

 3 Figure II-3: Schematic structure of a) porous anodic aluminum oxide (AAO) structure and b) the cross-sectional view of nanopores. Extracted from reference [8].

Figure II- 4 :

 4 Figure II-4: Schematic diagram illustrating the development of penetration paths, from the precursors (surface defects) to pores, during anodizing in chromic acid. Reprinted from reference [5].

Figure II- 5 :

 5 Figure II-5: Illustration showing the NIL process on the aluminum surface, and SEM micrograph of porous AAO formed by nanoimprint lithography NIL process followed by anodization, with 100 nm pore diameter conducted in 0.3 M oxalic acid at 17 °C [15].

Figure II- 7 :

 7 Figure II-7: Micrograph of tilted-view scanning electron microscope image of an Al foil with nanobowl surface patterns after the first etching process, reprinted from reference [18].

  Figure II-8 illustrates the main steps of the double anodization process briefly.

Figure II- 8 :

 8 Figure II-8: Schematic representation of template-based nanoporous aluminum oxide templates. Reprinted and edited from reference.

Figure II- 9 :

 9 Figure II-9: Schematic representation of the production of O 2-or OH -ions at the surface of a barrier layer during growth. Reprinted from reference [13].

Figure II- 11 :

 11 Figure II-11: Schematic illustration of the movement of charges during anodization in acid solution.

Figure II- 12 :

 12 Figure II-12: Illustration of field lines distribution in porous aluminum oxide. Reprinted from reference [12].

Figure II- 13

 13 Figure II-13: a) Simulated current lines and potential distribution for porous AAO growth in oxalic acid at 36 V (color scale represents the potential in volts). b) Simulated flow velocity vectors and mean stress (color scale represents dimensionless stress).

  𝟏𝟐. 𝟏 + 𝟏. 𝟗𝟗. 𝐔 U = 3 -18 V Oxalic Acid 𝐃 𝐢𝐧𝐭 = 𝟏𝟒. 𝟓 + 𝟐. 𝟎𝟎. 𝐔 𝐃 𝐢𝐧𝐭 = -𝟏. 𝟕𝟎 + 𝟐. 𝟖𝟏. 𝐔 U ≤ 20 V U ≥ 20 V Oxalic Acid 𝐃 𝐢𝐧𝐭 = -𝟓. 𝟐 + 𝟐. 𝟕𝟓. 𝐔 U = 20 -60 V Table II-2: Empirical expressions on the relationship between the interpore distance (Dint) and anodizing potential (U). Reprinted from the references [41][42][43].

A

  different study conducted by Sulka et al.[7] aimed to understand the influence of temperature on the nanopores arrangement in 20%wt sulphuric acid. As their results have shown, there is a dependence between interpore distance and anodizing temperature at a potentiostatic regime. At a given anodizing potential, the pore diameter increases with the increasing temperature of anodization, as displayed in figure II-16 below.

Figure II- 16 :

 16 Figure II-16: Average interpore distance in nm (Dint) as a function of anodizing potential in V at various temperatures [7].

Figure II- 17

 17 Figure II-17: a) Schematics illustrating the duplex structure of pore walls of porous AAO: vertical (left) and transverse (right) cross-sections. TEM plane view b) of H3PO4-AAO and the corresponding X-ray diffraction maps of the elements: c) phosphorus, d) oxygen, and e) aluminum [46].

(

  figure II-17-a) with an inner pure alumina layer (away from the pore center, schematized in black) and an outer anion-contaminated layer (near the pore center: external part of the alumina wall, schematized in grey). Eventually, the ideal structure consists of a densely packed hexagonal array of ordered pores of uniform size, as shown in figure II-17-b.

Figure II- 18 :

 18 Figure II-18: Idealized structure of anodic porous alumina and a cross-sectional view of the anodized layer. Reprinted from references [47][48].

[ 13 ]

 13 [37]. Concisely, since anodizing potential has a proportional influence on the thickness of the barrier layer of AAO, figure II-19 below summarizes the effect of anodizing potential on the thickness of barrier layers for the porous anodic films formed in different solutions[35].

Figure II- 19 :

 19 Figure II-19: Effect of anodizing potential on the thickness of barrier layers for the porous anodic films formed in different solutions. Solid marks: measured values; blank marks: calculated values from the half-thickness of the pore walls (DBL ≈ Dint/2). Reproduced from reference [35].

Figure II- 20 :

 20 Figure II-20: Expansion of Al during anodic oxidation, depicting on the left level of the unoxidized metal surface. Reprinted from reference [34].

Figure II- 21 :

 21 Figure II-21: SEM cross-sectional image of porous anodic aluminum oxide after the wet-etching process. The barrier layer was removed from the pores' bottom, reaching the silicon substrate.

Figure II- 22 :

 22 Figure II-22: A scanning electron microscope (SEM) image of the nanoporous anodic aluminum oxide fabricated during this work through the double-step anodization process in 3%wt oxalic acid, under potentiostatic regime, with an applied voltage of 54 V at 23°C.

Figure II- 23 :

 23 Figure II-23: Electrochemical cell setup used for anodizing aluminum on p-type silicon substrate: a) Stirrer, b) 3D model of the PVC cell, c) Metal cap that ensures electrical contact and mechanical cohesion between the cell and the sample (electrode), d) Flowing cooling Liquid system to adjust the temperature of the electrolyte, e) Cylindrical platinum gauze as counter-electrode.

Figure II- 24 :

 24 Figure II-24: Schematic diagram of the evolution of current (j) vs. time (t) curve for one-step anodization in potentiostatic regime, for an aluminum/silicon (1 µm) sample anodized at 54 V in 3w% Oxalic acid at 23°C. The blue plot refers to the applied constant voltage of 54 V; the black plot refers to the evolution of the current density over time.

  at 35 V followed by a pore widening process in 5%wt orthophosphoric acid at 35°C, figure II-25 displays an image of the resulting nanoporous structure, which lacks pores' homogeneity. Also, the morphology of the aluminum surface (figure II-25-a) after one-step anodization shows a random dispersion of small pores occurs. Figure II-25-b illustrates the final state of the porous template after pores enlargement in 5%wt orthophosphoric acid (H3PO4) at 35°C. After this process (one-step anodization), the quality of AAO is not as good as AAO obtained by double-anodization in figure II-22 earlier.

Figure II- 25 :

 25 Figure II-25: SEM micrographs of a) One-step anodization of thin aluminum layer deposited on p-type silicon formed in 3%wt. Oxalic acid at 34 V, b) Result of the wet isotropic etching performed in a 5%wt orthophosphoric acidic solution at 35°C.

  figure II-24 above).We have followed the variation in initial pores diameter throughout many experiments held in 3%wt oxalic acid solution at different anodization voltages (24 V, 34 V, 54 V, and 64 V); we have followed the variation in initial pores diameter according to voltage dependence. According to the graph represented in figure II-26 below, it can be shown that the relation between the mean pore diameter and the anodizing voltage is linear, as previously cited in II.2.1 following the equation: 𝐃 𝐩 = 𝟏, 𝟏𝟑 + 𝟎, 𝟒𝟕. 𝐔

Figure II- 27 :

 27 Figure II-27: Scanning electron microscope (SEM) image of a) top view b) and a cross-section view of the formed pore arrays after the first anodization at 34 V in 3%wt oxalic at 23°C.

Figure II- 28 :

 28 Figure II-28: Scanning electron microscopy micrographs of a) aluminum nanobowls-like surface after i/ first step anodization of aluminum thin film (1 µm) on a silicon substrate, and ii/ first etching in 5%wt Orthophosphoric acid at 35°C; b) tilted-view scanning electron microscopy image of an Al foil with nanobowl surface patterns. Reprinted from reference [18].

  second anodization was carried out at the same conditions during which the electrical field is concentrated on the remaining footprints, and thus improving the surface organization of nanopores. After the double anodization, the pores' organization depends mainly on the first anodization's duration, where the hexagonal arrays are well defined, offering better control of the structure. If the second anodization is not interrupted in time (as illustrated above on stage IV, figure II-24), we observe a total peel-off (detachment) of the alumina membrane layer from the silicon substrate and the oxidation of the latter.Wet-etching process: Pores' wideningThe final step requires a second wet isotropic etching at the same conditions cited previously, for 8 minutes (adapted time to reach a pore's diameter of ca. 50-55 nm), which markedly lead to pore widening as well as the opening of the bottom barrier oxide layer (see figure II-29) until reaching silicon substrate. The latter could undergo local oxidation first due to an extended period of anodization and second due to contact with acidic electrolytes.

Figure II- 29 :

 29 Figure II-29: Cross-section scanning electron microscopy micrographs of porous aluminum oxide formed in 3%wt oxalic acid at 38 V a) before etching the barrier layer and b) after etching the barrier layer in 5%wt orthophosphoric acid at 35°C.

  Figure II-30 below shows the evolution of pore diameter (Dp) as a function of pore wall etching time for porous AAO formed in 3%wt

Figure II- 30 :

 30 Figure II-30: Evolution of mean pore diameter size (Dp) as a function of wet chemical etching time of porous anodic aluminum oxide formed in 3%wt oxalic acid at 34 V. Wet etching was performed in 5%wt orthophosphoric acid at 35°C.

Figure II- 31 :

 31 Figure II-31: Top-view scanning electron microscopy micrograph of porous anodic aluminum oxide made after the first anodization of aluminum (1 µm thickness) on silicon in 3%wt oxalic acid at 34 V. The appearing lines illustrate boundaries separating small areas of the anodic aluminum oxide.

  Figure II-32: Top-view scanning electron microscopy micrographs of the two suggested pores' size of porous anodic alumina template, a) narrow pores of 50-55 nm in diameter and 400 nm in thickness, b) wide pores of 100-110 nm in diameter and 800 nm in thickness.

  This single process was held into a Primaxx Monarch 3 Module that performs a vapor phase, selective, isotropic etch on the native silicon oxide. A constant flux of HF/N2 (500 sccm/1200sccm) along with alcohol flow at a maintained pressure of 75 torr is used to etch SiO2, whose calibrated speed of etching is 11 nm/min.

Figure II- 33 :

 33 Figure II-33: HF Vapor Release Etch from Primaxx® Monarch 3 with an integrated Panel PC in PTA-Grenoble cleanroom.
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 1492503 Figure II-1: Two different types of anodic aluminum oxide (AAO) formed by a) barrier-type and b) porous-type anodization, along with the respective current (j) vs. time (t) transients under potentiostatic conditions, as extracted from reference [8]. .......................................................................... 49 Figure II-2: Schematic diagram of the kinetics of porous AAO growth from an aluminum foil in a) potentiostatic (i.e., U = constant) and b) galvanostatic (i.e., j = constant) conditions. I/ formation of the barrier layer (resistance increases), II/ initiation of nanoholes from initial aluminum surface defects, III/ pores growth (resistance decreases), IV/ growth of cylindrical nanopores arrays via oxidation/dissolution of aluminum oxide. Reprinted from reference [8]. ............................................... 50 Figure II-3: Schematic structure of a) porous anodic aluminum oxide (AAO) structure and b) the cross-sectional view of nanopores. Extracted from reference [8]. ............................................................. 51
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Figure III- 1 :

 1 Figure III-1: Schematic diagram of Nanowires' applications.

  mass in g/mol; ρ: Density in g/cm 3 ; F: The Faraday constant, its accepted value reads 96485.33 C/mol; Q: Quantity of electric charge in Coulomb (C); e: Thickness in cm; S: Electrode surface in cm².As a well-known process developed all over the past decades, the electrochemical deposition method is one of the most attractive template filling techniques for the growth of metallic nanostructures, and mainly nanowires. There are three different ways to deposit nanowires inside nanoporous templates uniformly (e.g., anodic aluminum oxide templates), taking into account the template parameters (pore size, pore density, and porosity).

Figure III- 2 :

 2 Figure III-2: Schematic illustration of a) Electrodeposition setup using a three-electrode system; b) Illustration of the three different electrodeposition methods to fill nanoporous templates. Reprinted from reference [4].

  The commonly used forms of modulated electrical regimes are shown in figure III-4 below and described as follows: a) The simple pulsed current regime (figure III-3-a): a cathodic current Ic is imposed during a time Tc, and the current drops to I=0 during a fixed pause time toff (relaxation at zero current). b) The pulsed current regime with periodic inversion of the current (figure III-3-b), defined by a cathodic current Ic imposed during time Tc and an anodic current Ia (of opposite sign) during time Ta. c) The pulsed current regime with inversion then the interruption of the current (figure III-3-c) [7].

Figure III- 3 :

 3 Figure III-3: Current (I) vs. Time (t) plot of the most common pulsed current regimes: a) The simple pulsed current regime, b) Pulsed current with polarity reversing, and c) The pulsed current regime with inversion then the interruption of the current. Reprinted and edited from reference [7].

Figure III- 4 :

 4 Figure III-4: SEM images of multisegmented metal nanotubes with a stacking configuration of Au/Ni/Au/Ni/Au along the nanotube axis: a) false-colored cross-sectional SEM image of as-prepared metal nanotube-AAO composite. b, c) SEM images of multisegmented metal nanotubes after removing the AAO template [12].

Figure III- 5 :

 5 Figure III-5: Organogram summarizing several technological applications of nanostructures grown in AAO templates. Reprinted from reference [4].

Figure III- 6 :

 6 Figure III-6: SEM images of nickel nanowires after electropolishing a) embedded in the alumina template and b) after removing the alumina template in NaOH 20%. Reprinted from reference [18].

  this work through electrodeposition inside AAO from an aqueous solution containing Ni metallic ions. The PED method consists of short periodic pulses of current repeating itself for a fixed number of pulses until the desired length of nanowires is achieved.Experimental Results: Template-assisted growth of Nickel nanowires inside the nanoporous anodic aluminum oxideThe experiment was carried out in the same homemade electrochemical cells developed at the lab for AAO fabrication (Experimental setup III.1). The metal salt of nickel was solubilized in the electrolyte (Watts Bath). A difference in potential is applied between two insoluble electrodes: the anode (Pt-Ir gauze) and the cathode (AAO/Si), where silicon acts as an electrical contact. In a highly concentrated electrolyte, the metal species are then reduced to the cathode and the rate of Ni electrodeposition is limited by charge transfer and/or convection. Accordingly, the reduction rate is controlled by the applied cathodic current density, which depends mainly on metallic species concentration. Precise control of these parameters leads to adjusted deposition kinetics.For optimized and flexible use of a porous anodic alumina template, the pores must be filled with a conducting or semiconducting material. It is very much in our interest to have good physical contact between the alumina and p-type silicon wafer to ensure the uniform growth of nickel nanowires. A post-fabrication treatment was necessary for the uniform growth of nanowires: the AAO thermal treatment at 450°C in N2 atmosphere at a pressure of 10 mbar for one hour to get rid of the organic impurities, followed by a deoxidation step in HF vapor to remove the silicon native oxide from the bottom of the pores.In this thesis, we have chosen the pulsed electrochemical deposition (PED) in an aqueous solution for NiNWs growth. PED's main advantages, which allowed better control over the deposition parameters and the length of NiNWs, rely on its flexibility to adjust the amplitude and duration of the voltage pulses. It offers the possibility of introducing a delay pulse to refresh the metallic ions concentration at the deposition interface, promoting uniform nanowire growth[2].Electrolyte preparationMetallic species in their various forms (anionic, cationic, or neutral) are reduced to the cathode (local deposition offering no loss of material) after transport in the electrolyte by diffusion, migration, and/or convection.Nickel nanowires were grown in AAO mold, using the Watts bath solution: a mixture of 300 g/L NiSO4.6H2O, 45 g/L NiCl2.6H2O, and 45 g/L H3BO3. The magnetic stir bar was put in the container containing the solution to be stirred at 35-40°C. The stirring speed was adjusted to ensure sufficient stirring. The pH of the solution was measured to be 4. It has been suggested that boric acid stabilizes the pH and enhances metal deposition. The prominent redox couples present in the solution are reported in the

  added cathodic current which reduces the yield of Ni deposition: 𝐎 𝟐 (𝐠) + 𝟒𝐇 (𝐚𝐪) + + 𝟒𝐞 -→ 𝟐𝐇 𝟐 𝐎 (𝐥) Reaction III-2 Therefore, nitrogen was bubbled through the solution to keep the solution essentially free of oxygen. Also, considering the low standard potential of the couple Ni 2+ /Ni compared to H + /H2, hydrogen emission is likely to occur in the electrolyte (H + protons reduction to H2), leading to a decrease in the yield of Ni deposition: I cathodic = I H 2 + I Ni ).

Figure III- 7 :

 7 Figure III-7: Schematic illustration of the electrochemical cell used for nickel nanowires electrodeposition on the AAO template.

  Figure III-8 shows a schematic current-time transients pulses used for the pulsed electrodeposition of nickel alongside the PED parameters used in this thesis.

Figure III- 8 :

 8 Figure III-8: Schematic diagram of the time evolution of current during pulsed electrodeposition.Applied parameters in this thesis: Each high current pulse Ipulse-is applied for a time ton-followed by a lower current pulse Ipulse-for a shorter time, then a concentration recovery time toff of 1s. This process is repeated for 135, the experimental number of pulses.

Figure III- 9 :

 9 Figure III-9: Experimental plot of the evolution of the current density (red plotting) and the potential response (blue plotting) over time during the nickel's pulsed electrodeposition.

Figure III- 10 :

 10 Figure III-10: Top view scanning electron microscopy images (SEM) of nickel overgrowth on nanoporous aluminum oxide template.

Figure III- 11 :

 11 Figure III-11: Scanning Electron Microscopy (SEM) observations of Nickel nanowires grown inside porous anodic alumina template (PAAT), a) SEM top view of Nickel nanowires before alumina etching, b) SEM Top view of Nickel nanowires after alumina etching, and c) SEM cross-sectional view of Nickel nanowires after alumina etching.

Figure III- 12 :

 12 Figure III-12: SEM cross-sectional image of non-confined multisegmented nickel nanowires on silicon synthesized at ton+=52 ms, ton-=52 ms.

Figure III- 13 :

 13 Figure III-13: SEM micrographs of top and a cross-sectional view of NiNWs growth inside anodic aluminum oxide A) with HF deoxidation step and B) without HF deoxidation step.

  investigations have been conducted to elaborate binary Pt-X electrocatalysts (X stands for transition metals: Co, Cu, Ru, Ni, etc...), with different morphological shapes, whether by alloying, layering, dealloying and/or core-shell approaches. Tuning the geometry of Pt-M-based electrocatalysts allowed a significant increase in catalytic activity.

Figure III- 14 :

 14 Figure III-14: Recent important advances in new active and durable Pt-based nanostructures for improved ORR catalysis. Reprinted from reference [25].

Figure III- 15 :

 15 Figure III-15: Enhancement of the ORR kinetics vs. Pt/C for several electrocatalysts in 0.1 M HClO4, i.e., commercial Pt/C, nanoporous NiPt/C, dealloyed PtNi3/C, porous hollow PtNi/C, octahedral PtNi/C, and Pt ultrafine nanowires. Reprinted from reference [26].

Figure III- 16 :

 16 Figure III-16: Volcano plot of Trasatti for log(i0) values for the Hydrogen Evolution Reaction as a function of M-H bond energy reprinted from reference [29].

Figure III- 17 :

 17 Figure III-17: Trends in oxygen reduction activity plotted as a function of both the O and the OH binding energy. Reprinted from reference [31].

  Pt(111) surface and 90-fold more active commercial Pt/C catalysts, believing that the key parameter that determines the unusually catalytic activity of Pt3Ni(111) is the low coverage by OHad (see figure III-18 below). The characterization of Pt-Ni(hkl) alloy surfaces summarized that the different low-index surfaces have a markedly different activity for the ORR: Pt3Ni(100)-skin < Pt3Ni(110)-skin << Pt3Ni(111)-skin.Besides the transition metals cited above, several Pt-X catalysts have been studied, including, PtAl, PtCr, PtPb, Pt5Gd, Pt3Y, and some corresponding ternary compounds[33][34].

Figure III- 18 :

 18 Figure Volcano plot depicting the rate of the oxygen reduction reaction and activity enhancement on Pt-based alloys as a function of hydroxyl binding energy, ΔGHO*, both relative to pure Pt. All data are at U= 0.9 V, with respect to a reversible hydrogen electrode (RHE) from reference[35].

Further and deeper studies

  Figures III-19-c) and d) further compare PEMFC performance (mass activities) of PGM cathodes, showing significantly reduced Pt loading in MEAs using structurally orderedPt-M intermetallic catalysts. This exciting performance improvement suggests that practical applications in the PEMFC industry should emerge quickly[33].

Figure III- 19 :

 19 Figure III-19: Current development of PGM catalysts: a) Specific activity and mass activity at 0.9 V for different Pt-M intermetallic catalysts in aqueous electrolytes via RDE tests. b) Mass activity at 0.9 V before and after 10,000 potential cycling Accelerated Stress Tests. c) Mass activity at 0.9 V for low-PGM catalysts, calculated from PEMFC performance using H2/O2, 1.0 bar, 80°C, and 100 %RH. d) Mass activity at 0.9 V at the beginning of life (BOL) tests and end of life (EOL) tests after 30,000 potential cycles in PEMFCs. Reprinted from reference[33].

  As a matter of example, to investigate the synthesis of hollow Pt-Ni/C nanoparticles scrupulously, via a one-pot process involving galvanic displacement and the nanoscale Kirkendall effect, Laetitia D. and coworkers [37] achieved 6-and 9-fold enhancement in mass and specific activity for the ORR, respectively over standard solid Pt/C nanocrystallites of the same size (see figure III-20).

Figure III- 20 :

 20 Figure III-20: Left: Schematic illustration of the galvanic displacement procedure used to synthesize hollow Pt-rich nanoparticles as described in reference[37]. Right: Aberration corrected HR-TEM images of the hollow PtNi(1:3)/C nanoparticles. a) and b) Assemblies of PtNi (1:3)/C nanoparticles imaged at 250.000 and 400.000× nominal magnification, respectively. c) an HR-TEM image of a single PtNi (1:3)/C nanoparticle[37].

Figure III- 21 :

 21 Figure III-21: Engineering of PtNi octahedra as ORR catalysts from reference [38].

Figure III- 22

 22 Figure III-22: a) Low-magnification high-resolution episcopic microscopy (HREM) micrograph, b) Particle size distribution determined by HREM micrographs, c) HREM micrograph with an atomic resolution of the Pt3Ni catalyst [40].

Figure III- 23

 23 Figure III-23: a-e) Images for Pt3Ni nanoctahedra. f-j) Images for Pt3Ni nanocubes. a, f) Field-emission SEM images. b, g) High-resolution SEM images. c) 3D illustration of an octahedron. d, i) TEM images. e, j) High-resolution TEM images of single NCs. h) 3D image of a cube [41].

Figure III- 24

 24 Figure III-24: a) Polarization curves for ORR on Pt3Ni nanoctahedra, Pt3Ni nanocubes, and Pt nanocubes supported on a rotating glassy carbon disk electrode in O2 saturated 0.1 M HClO4 solution at 295K; scan rate, 20 mV/s; rotation rate, 900 rpm. Catalyst loading in terms of Pt mass: Pt3Ni octahedra, 3.0 µg; Pt3Ni cube, 2.0 µg; Pt cube, 1,1 µg. The current density was normalized to the glassy carbon geometric surface area (0.196 cm 2 ). The arrow indicates the potential scan direction. b) Comparison of the OR activities on the three types of catalysts.

  is a key parameter for controlling the activity of core-shell nanocatalysts, usually based on the chemical leaching and electrochemical dealloying methods. Dealloying and acidic leaching (or selective dissolution) can be distinguished from each other as two distinctly different atomic processes.In general, dealloying is the electrochemical dissolution of the less noble metal from a uniform multimetallic alloy in acid. A strong depletion of the less noble metal results from the dealloying process, leading to the formation of a thicker Pt-enriched surface consisting of several atomic layers. In contrast, acid leaching only attacks the near-surface region of the alloyed material. An overview of the different approaches and strategies for the preparation of Pt-based core-shell nanocatalysts is presented in figure III-25 below, reprinted from reference[47].

Figure III- 25 :

 25 Figure III-25: Illustration of basic synthesis approaches for the preparation of core-shell nanoparticle catalysts. Electrochemical (acid) dealloying/leaching results in A) dealloyed Pt bimetallic core-shell nanoparticles and B) Pt-skeleton core-shell nanoparticles, respectively.Reaction process routes generate segregated Pt skin core-shell nanoparticles induced either by C) strong binding to adsorbates or D) thermal annealing. The preparation of E) heterogeneous colloidal core-shell nanoparticles and F) Pt monolayer core-shell nanoparticles is via heterogeneous nucleation and Under-Potential Deposition (UPD) followed by galvanic displacement, respectively. Reprinted from reference[47].

  [48][49] synthesized a variety of dealloyed core-shell PtxNi1-x (figure III-26) obtained by potential cycling. Pt alloys with varying near-surface compositions manifest distinctly different ORR activities and exhibit enhanced ORR activities compared to a commercial 3-5 nm Pt/C NPs catalyst. Dealloyed PtNi3 nanoparticles showed the highest mass activity and specific activity (5-fold and 10fold enhancement over Pt/C catalyst, respectively). The highest residual Ni content underlines the importance of retaining a high content of the transition metal in the dealloyed NPs to achieve optimal ORR activity[48].

Figure III- 26 :

 26 Figure III-26: High-resolution HAADF-STEM images of dealloyed PtNi a), PtNi3 b), and PtNi5 Nanoparticles (NPs) c), and EELS line compositional profiles d-f) across the NPs, respectively. Bottom line: Structural model of distinctly different compositional core-shell fine structures of dealloyed PtxNi1-x catalysts. Extracted from reference [48]. Subsequently, Wang et al. [50] highlighted the critical role of Pt shell thickness in varying the ORR activities, where higher initial Ni compositions in PtxNi1-x (from Pt3Ni to PtNi3)

  nanoparticles with higher ORR activity than a commercial Pt/C (~3 and ~8-fold enhancement of mass and specific activity for the ORR relative to Pt/C, respectively) as laid out figure III-27-A) and B). Two years later, L. Dubau et al. [53] synthesized hollow carbon-supported PtxNi1-x/C nanoparticles with low Ni content via Ni atoms' galvanic replacement by Pt atoms and the nanoscale Kirkendall effect. These nanoparticles have shown improved and sustainable ORR specific activity in a liquid electrolyte and PEMFC operating conditions (see figure III-27-C) and D)). The same research group [54][55][56], alongside R. Chattot and T. Asset Ph.D. works have been studying the formation and growth mechanism of hollow PtNi/C NPs via several chemicals methods, indicating that ORR activity can be tuned by nanostructuring and suggested that targeting structural disorder is a promising approach to improve the electrocatalytic properties of mono-or bimetallic nanocatalysts. In the same year, V.R. Stamenkovic et al. [57][58] synthesized one of the most attractive PtNi hollow nanostructures, a highly active and durable class of electrocatalysts, by transforming solid PtNi3 polyhedral nanoparticles into an open-cell three-dimensional (3D) frame (see figure III-27-E) and F)). According to RDE measurements, hollow Pt3Ni nanoframes with Pt(111)-skin-like surface have exhibited greatly enhanced mass and specific activity at 0.95V compared to commercial Pt/C (~36 and 22-fold enhancements in mass and specific activity). However, what is striking here is that real PEMFC tests have shown a drastic drop in SA and MA, probably due to nickel instability in the acidic medium.

Figure III- 27 :

 27 Figure III-27: TEM images of PtNi hollow nanoparticles and their electrochemical properties (mass and specific activities) compared to commercial Pt/C: A) (a) TEM, (b) STEM image, and (c) overlaid version of elemental mapping on the TEM image of PtNiH-A/C. (b and e) Inset figures are EDX line-scanning profiles along a single hollow particle indicated by the arrow for PtNi /C. B) Comparison of mass and specific activities at 0.9 V. C) aberration-corrected HAADF-STEM images and X-EDS spectra measured on the as-synthesized Pt-Ni/C and the Pt-Ni/C-AT nanoparticles. D) The ORR specific activity and the ORR mass activity during an accelerated stress test consisting of potential cycles between 0.60 and 1.05 V vs. RHE. E) samples obtained at four representative stages during the evolution process from polyhedra to nanoframes: (A) Initial solid PtNi3 polyhedra, (B) PtNi intermediates, (C) Final hollow Pt3Ni nanoframes, (D) Annealed Pt3Ni nanoframes with Pt(111)-skin-like surfaces dispersed on high-surface area carbon and F) Specific activities and mass activities measured at 0.95 V, and improvement factors versus Pt/C catalysts.

  synthesized. S. Henning et al. [59] have tested a novel class of unsupported bimetallic alloy catalysts (Pt3Ni aerogels; figure III-28-A) as the cathode material in polymer electrolyte fuel cells. The catalyst was prepared by a simple co-reduction route of NiCl2•6H2O and H2PtCl6 with NaBH4 in an aqueous solution under ambient conditions (room temperature, air).Electrochemical measurements of the aerogels' catalytic activity toward oxygen reduction in RDE measurements revealed a 3-fold specific activity increase when compared to commercial Pt/C catalysts as evidenced in figure III-28-B) and C). The ECSA of the aerogels estimated to be ≈30 m 2 /gPt[START_REF] Henning | Pt-Ni Aerogels as Unsupported Electrocatalysts for the Oxygen Reduction Reaction[END_REF].

Figure III- 28

 28 Figure III-28: A) TEM images of Pt3Ni aerogel; the insets show the corresponding distributions of nanochain diameters and TEM images with lower magnification. B-C) Mass and specific ORR activity values at 0.95 VRHE for Pt-Ni aerogels and Pt/C. The dotted line represents the DOE ORR activity target at 0.95 V vs. RHE, extrapolated from the benchmark value of 440 A/gPt at 0.9 V vs. RHE assuming a Tafel slope of 60 mV/dec. Activity values were extracted from anodic polarization curves in O2-saturated 0.1 M HClO4 electrolyte (5 mV/s), corrected for IR-drop, and mass transport losses [59].

  Accelerated stress tests (beginning-and end-of-life tests, start-stop degradation) applied for the Pt3Ni aerogel have shown significant loss of activity. In addition to the increase in particle sizes (figure III-29), the catalyst also undergoes significant Ni dissolution (≈60%) from the alloy phase, decreasing both MA and SA. Based on these results and the overall fuel cell power output (figure III-30), Pt3Ni aerogel is a promising PEMFC catalyst for the automotive application that warrants high durability in case of fuel starvation and cell start-up/shut-down events.

Figure III- 29 :

 29 Figure III-29: Representative TEM images of the Pt3Ni aerogel (top row) and Pt/C catalyst (bottom row) at the beginning-of-life A, D) and after start-stop B, E) and load-cycle degradation C, F) [60].

Figure III- 30 :

 30 Figure III-30: Beginning-and end-of-life I(E) curves at 80°C, 100% RH, in H2/air at 1.5 barabs for the start-stop (A) and load-cycle degradation (B) of Pt3Ni and Pt/C MEAs (cathode loadings of 0.3-0.4 mgPt/cm 2 geom).

Figure III- 31

 31 Figure III-31: A-B) Representative cross-section SEM images and C) thickness as a function of the distance from the electrode center for catalyst layers of Pt3Ni (0.48 mgPt/cm²geom) and Pt3Ni optimized (0.53 mgPt/cm²geom). D) Pore size distributions derived from FIB-SEM tomography for Pt3Ni, Pt3Ni optimized, and Pt/C catalyst layers. E) Polarization curves at 80°C, 100% RH in H2/air at 1.5 barabs, and F) Tafel plots in H2/O2 for Pt3Ni optimized, Pt3Ni, and Pt/C MEAs (~0.31 mgPt/cmgeom for all cathodes) [60].

Figure III- 32

 32 Figure III-32: A) SEM images, at originally 50 kX, of the NSTF catalysts with Pt3Ni7 coatings asmade (left) and after acid washing (right). B) TEM images of roll-good fabricated Pt3Ni7 alloy coated NSTF whiskers showing the composition of the whiskerettes on the whiskers' sides have a Pt-rich composition versus the overall as-made composition and composition determined from EDS of the whole whisker. Reprinted from reference[START_REF] Debe | Extraordinary Oxygen Reduction Activity of Pt3Ni7[END_REF] and[START_REF] Debe | Nanostructured Thin Film Electrocatalysts -Current Status and Future Potential[END_REF].

  Figure III-33-B) shows the full current density range of many of the polarization curves shown in part in figure III-33-A), revealing that the Pt3Ni7 alloys suffer from much reduced limiting current density compared to the PtCoMn and Pt3Ni1.As observed from the plots, limiting current decreases as the amount of transition metal increases while acid washing of the catalyst before making the CCM increases the limiting current significantly. This is understood to be due to the significant amount of dealloying and dissolution of the excess Ni into the membrane[START_REF] Debe | Extraordinary Oxygen Reduction Activity of Pt3Ni7[END_REF].

Figure III- 33

 33 Figure III-33: A) Hydrogen/air galvanodynamic polarization curves (GDS) in the kinetic region at the conditions shown in the inset for various NSTF PtxNiy compositions compared to Pt3Ni1 and the NSTF standard PtCoMn. B) H2/air GDS polarization curves at the conditions shown in the inset for NSTF MEA's with the Pt3Ni7 composition versus the Pt3Ni1 and standard PtCoMn. Reprinted from reference [63].

Figure III- 34 :

 34 Figure III-34: PtNi5 after core-shell structure treatment and acid test: (a) In the overlapped mapping, the red points indicate Ni, and the green points are Pt. (b) The wire where mapping was executed.

Figure III- 35 :

 35 Figure III-35: TEM images of PtNiNWs (9.6 wt % Pt) a) as-synthesized, b) following RDE break-in, and c) following RDE durability testing (30 000 cycles, 0.6-1.0 V vs. RHE)[START_REF] Alia | Platinum-Coated Nickel Nanowires as Oxygen-Reducing Electrocatalysts[END_REF].

Figure III- 36

 36 Figure III-36: a) Cyclic voltammograms and b) ORR polarization curves of PtNiNWs (7.4 and 96.8 wt % Pt, with graphitized carbon nanofibers 60 wt % added to the inks) and Pt/HSC. c) Cyclic voltammograms of PtNiNWs (7.4 and 96.8 wt % Pt, without graphitized carbon nanofibers). Catalyst loadings on the RDE tip were the following: PtNiNWs (7.4 wt % Pt) 33.7 μgPtNi/cmelec 2 ; PtNiNWs (96.8 wt % Pt) 38.9 μgPtNi/cmelec 2 ; and Pt/HSC 17.8 μgPt/cmelec 2 . d) Mass and specific ORR activities of PtNiNWs as a function of percent Pt displacement. The inks used to prepare the RDE tips contained graphitized carbon nanofibers (60 wt %) and a Nafion ionomer (4 μL/mL). ORR activities were corrected for internal resistance and the partial pressure of oxygen at 0.9 V vs. RHE (1600 rpm, 20 mV/s ) in an oxygen-saturated 0.1 M HClO4 electrolyte.

Figure III- 37

 37 Figure III-37: A) SEM images of Pt-Ni nanowires (7 wt% Pt) annealed in oxygen to 200°C following Pt displacement. B) Mass and specific ORR activities of PtNi nanowires as a function of annealing temperature, with the untreated Pt-Ni nanowires included at 0°C. ORR activities were determined during anodic polarization scans at 1600 rpm and 20 mV/s in oxygensaturated 0.1 M perchloric acid. As the annealing temperature increased, ORR activity decreased, and by 250°C, the activity was significantly reduced [71].

Figure III- 38 :

 38 Figure III-38: STEM-HAADF of PtNi nanowires (7.3 ± 0.3 wt% Pt); annealed in hydrogen to 250 °C and ex-situ acid-leached in a mixture of acetic and sulfuric acid, then and annealed in oxygen to 175°C.

Figure III- 39

 39 Figure III-39: a) ORR mass (red) and site-specific (blue) activities of PtNi nanowires (7.3 ± 0.3 wt % Pt), annealed in hydrogen to 250 °C and acid leached to a variety of compositions, at 0.9 V vs. RHE. The solid red line and dashed blue line were included for the mass and site-specific activity of Pt/HSC. c) Amount of catalyst lost to the electrolyte after acid exposure (Ni Acid) and potential cycling (Ni durability), as determined by ICP-MS. b) Massand d) site-specific ORR activities of PtNi nanowires annealed in hydrogen before (initial) and after durability (durability). Horizontal lines were included for the mass (red) and site-specific (blue) activities of Pt/HSC after durability testing. Durability consisted of 30 000 cycles in the potential range of 0.6-1.0 V vs. RHE in 0.1 M perchloric acid. ORR activities were taken during anodic polarization scans at 20 mV.s -1 and 1600 rpm and were corrected for internal resistance and mass transport[START_REF] Alia | Exceptional Oxygen Reduction Reaction Activity and Durability of Platinum-Nickel Nanowires through Synthesis and Post-Treatment Optimization[END_REF].

Figure III- 40

 40 Figure III-40 a) and b) show SEM images of the cross-section of an MEA along with a top-down image of the PtNiNW cathode.

Figure III- 40 :

 40 Figure III-40: Scanning electron microscope images of the 16 wt% Nafion MEA recorded for the as-prepared MEA in a) cross-sectional and b) top-down of the cathode. c) Top-down SEM of the pre-leached PtNiNW cathode. d) HAADF STEM of 81 wt% Pt PtNiNWs and EDS maps for Pt-Ni, Pt, and Ni. Reprinted from reference [73].

Figure III- 41 :

 41 Figure III-41: Summary of electrochemical tests on PtNiNWs: a) Cycling voltammograms of PtNiNW MEA with 16 wt% Nafion in the cathode. Voltammograms were measured at 50 mV/s after the initial testing cycle and testing cycles following ion exchange in 0.01 M H2SO4. b) Electrochemical surface areas (ECSAs) for the entire PtNiNWs MEAs. c) Oxygen polarization curve for the 16 wt% Nafion MEA measured initially and after soaking in 0.01 M H2SO4 baths. d) Mass (im 0.9V) and specific (is 0.9V ) activities measured at 0.9 V for PtNiNW MEAs with 9 wt%, 16 wt%, and 23 wt% Nafion. e) Cyclic voltammograms and f) oxygen polarization curves of the pre-leached PtNiNW MEA measured without any additional processing of the MEA (initial) and after ion exchanging the MEA in sulfuric acid. The platinum loading of the cathodes was between 0.1 and 0.2 mgPt/cm 2 . Hydrogen/Oxygen polarization curves were measured at 80°C, 100%RH, 150 kPaabs, and 0.4 slpm (standard liter per minute).

  to deposit thin Pt layers onto NiNWs, post-synthesis processing parameters were mandatory to improve the catalytic activity of PtNiNWs, including thermal treatment under reducing and oxidizing conditions and acid leaching to remove Ni selectively. Ex-situ acid exposure was used to explore the potential impacts of Ni leaching on Chapter III -Confined Growth of Nickel Nanowires and Platinum Galvanic Displacement as a Chemical Route to PtNi Nanowires and Nanotubes Fabrication performance, durability, and the morphology of the desired structure of PtNi. It was shown that higher acid concentrations during acid leaching resulted in higher degrees of Ni removal where many nanowires were broken into shorter segments (0.5-1 μm) and exhibited hollow and porous nanotubes as depicted in figure III-42 [72].

Figure III- 42 :

 42 Figure III-42: TEM of Pt-Ni nanowires (7.3 ± 0.3 wt. % Pt), annealed in hydrogen to 250°C, and acid leached with nitric acid (N3: 3M) and sulfuric acid (S1: 1M) at room temperature for 2 hours [72].

Figure III- 43

 43 Figure III-43: A) The synthetic schematic process for the PtNi2.2 NTs. The SEM/TEM images of the intermediates after the different synthetic steps of B) electrospinning, C) oxidation, D) reduction, E) galvanic replacement process, F) thermal annealing, and G) acid leaching, respectively. H) The TEM image and (inset) electron diffraction pattern of the PtNi2.2 NTs. I) The EDS spectroscopy line-scan profiles of Pt-L and Ni-K along the indicated direction in G). J) The XRD patterns of the intermediates and the PtNi2.2 NTs at different synthetic steps. Extracted from reference [75].

Figure III- 44 :

 44 Figure III-44: The electrochemical performance of the Pt/C and the PtNi2.2 NTs with the wall thicknesses of 7 nm, 9 nm, and 19 nm, respectively. A) CVs and ECSAs (inset) measured in N2-saturated 0.1 M HClO4 electrolyte at a scan rate of 50 mV/s. For the CV, the currents for Pt/C is multiplied by a factor of 0.5 to facilitate comparison with the PtNi NTs. B) LSVs and SA Tafel plots (inset) measured in O2-saturated 0.1 M HClO4 electrolyte at a 10 mV/s, 1600 rpm scan rate. C) Normalized ECSAs with a number of the CV cycles. D) The MA and SA were estimated from the LSVs at 0.90 V vs. RHE during the stability testing. The Pt loadings are 28 μgPt/cm² for the PtNi NTs and 20 μgPt/cm² for the Pt/C (ADT stands for Accelerated degradation tests).

Figure III- 45 :

 45 Figure III-45: Polarization curves of the DMFCs with the PtNi2.2NTs and 20% Pt/C as the cathode catalysts when fed with 4.0 M methanol solution.

  Reaction with the addition of HCl (combined GD and HCl): The Pt solution is diluted in a solution of HCl at different concentrations. NiNWs are exposed to this solution, and Ni atoms are exchanged with Pt atoms at a higher kinetic rate in the acid medium.b) Reaction without the addition of HCl (splitted GD and AL): The Pt solution is diluted in ultra-pure water. The GD takes place at a slow rate. Pt tends to cover the surface of the NiNWs (Pt-shell@Ni-core). Later on, and once the process is over, the AL process is carried out after a thermal treatment to remove the excessive Nickel in the core.

Figure III- 46 :

 46 Figure III-46: Flowchart of the study of PtNi nanotubes and PtNi nanowires elaboration proposed in this Ph.D. TT refers to Thermal Treatment, AL refers to Acid Leaching.

  solution at 80°C. (Cf., paragraph IV.3.2.1). Also, the GD reaction was probably not likely to happen, presumably due to the low Pt anions diffusion alongside the Ni nanowires. Moreover, proceeding with the GD at room temperature may slow down the kinetic rate of the reaction. Path I: GD in a confined system It has conclusively been shown in a previous study by O. Marconot et al. [79] that PtCu nanotubes could be elaborated in a confined environment. As a matter of inspiration for my Ph.D. work, I tried the same strategy to make sure to keep the same organization of the structure. The results were surprising because, according to my experiments, it seemed difficult for Pt cations to diffuse along the nanowires length. This ambiguous result drove my curiosity to extend investigations in a non-confined environment.Reaction without the addition of HClThis pathway involves using first GD in different Pt solutions without the addition of HCl at room temperature, at 60°C and 80°C. Theoretically, due to the E° difference between Ni and Pt, a galvanic reaction should occur spontaneously between the two metals.The SEM coupled EDX analysis of the samples has shown that there was no significant deposition of Pt on NiNWs (figure. This somewhat contradictory result may be due to the presence of a Ni oxide layer on the nanowires' surface, which prevents the reaction from taking place. Moreover, increasing the Pt solution concentration to 10 mmol/L not show any other difference.

Figure III- 48 :

 48 Figure III-48: Scanning Electron Microscopy (SEM) with Energy Dispersive X-Ray analysis (EDX) scan map of a confined galvanic displacement of NiNWs. Elemental identification peaks did not show the presence of platinum.This result has further strengthened our conviction that the addition of an amount of HCl would serve as an etcher to the assumed NiO shell. Deeper insights into the structure of PtNiNWs after galvanic displacement were obtained using TEM analysis and EDX elemental map, as depicted in figure III-49 below. The analysis was performed by Laure GUETAZ from The Nanocharacterization Platform (PFNC), CEA-Minatec.

Figure III- 49 :

 49 Figure III-49: High-angle annular dark-field imaging (HAADF)-TEM coupled EDX analysis of cross-sectioned PtNiNWs as-synthesized (without HCl addition), obtained after galvanic displacement in K2PtCl4 at 80°C. Red mapping refers to Pt, Green mapping refers to Nickel, and blue mapping refers to Oxygen.

  1 M, pH=2-1 from Pourbaix diagram), we have investigated the effect of the GD on the exposed NiNWs. Chapter III -Confined Growth of Nickel Nanowires and Platinum Galvanic Displacement as a Chemical Route to PtNi Nanowires and Nanotubes Fabrication a-H2PtCl6 at 0.01 M HCl solution The experiment was held at room temperature for 1 hour, 2 hours, and 4 hours. The SEM analysis below has clearly shown that the GD reaction did not occur since the morphology of the NiNWs remained intact. The GD reaction was probably not likely to happen, presumably due to the low Pt anions diffusion alongside the Ni nanowires. Also, according to the Pourbaix diagram, Ni could be corroded in acidic media.

Figure III- 50 :

 50 Figure III-50: SEM top-view and cross-sectional view analysis of intact NiNWs after 2 hours GD reaction in H2PtCl6 solution at 0.01 M HCl at room temperature.

Figure III- 51 :

 51 Figure III-51: SEM top-view and a cross-sectional view of PtNi nanowires in an H2PtCl6 solution at 0.1 M HCl at room temperature for 5 minutes. TEM coupled EDX mapping of PtNiNWs arrays illustration.

Figure III- 52 :

 52 Figure III-52: SEM cross-sectional and top-view and images of the confined NiNWs galvanic displacement reaction in an H2PtCl6 solution at 0.1 M HCl at room temperature for 60 minutes.

c-

  K2PtCl6 at 0.01 M HCl solution Since H2PtCl6 did not show significant results in the formation of reproducible and controlled structures, it is desirable to shed light on the effect of Potassium hexachloroplatinate salt. Confined NiNWs on AAO were immersed in a K2PtCl6 solution at 0.01 M HCl (pH~2). The first five minutes of the GD reaction at room temperature revealed the beginning of detachment at the top of the nanowires, as evidenced below (figure III-53):

Figure III- 53 :

 53 Figure III-53: SEM/EDX cross-sectional and top-view schematic illustration of the morphological changes of the confined NiNWs after 5 minutes galvanic displacement reaction in a K2PtCl6 solution at 0.01 M HCl at room temperature. Further tests have been carried out at a longer exposure time (10 and 30 minutes) at room temperature. They have shown that the reaction only occurs at the top of the nanowire and does not spread all along the nanowire. At 30 minutes of exposure, a PtNi foam-like structure was obtained, as depicted in figure III-54 below:

Figure III- 54 :

 54 Figure III-54: SEM/EDX cross-sectional illustration of the morphological changes of the confined NiNWs after 30 minutes galvanic displacement reaction in a K2PtCl6 solution at 0.01 M HCl at room temperature.

  Long exposure time(1 hour) of GD lead to a complete breaking of the nanowires in smaller fragments alongside the redepositing of Pt on the surface of the AAO. If Chapter III -Confined Growth of Nickel Nanowires and Platinum Galvanic Displacement as a Chemical Route to PtNi Nanowires and Nanotubes Fabrication considering what was reported by Shaun M. Alia et al. [72], we can attribute these results to the sensitivity of Ni in acidic media, and the concentration of H + could increase the kinetic rate of the GD reaction. (i.e., high nickel sensibility to HCl concentration at room temperature; the ionic conductivity of the bath increases when [HCl] increases).

Figure III- 55 :

 55 Figure III-55: SEM/EDX cross-sectional illustration of the morphological changes of the confined NiNWsafter after galvanic displacement reaction for a) 20 minutes and b) 1 hour in a K2PtCl6 solution at 0.01 M HCl at room temperature. c) EDX elemental map of fragmented representative PtNiNWs.

Figure III- 56 :

 56 Figure III-56: SEM cross-sectional and top-view and images of the confined NiNWs galvanic displacement reaction in a K2PtCl4 solution at 0.01 M HCl at room temperature for 6 hours.

Figure III- 57 :

 57 Figure III-57: SEM top-view images of the confined NiNWs galvanic displacement reaction in a K2PtCl4 solution at 0.01 M HCl at 50°C for 10 minutes.

Figure III- 58 :

 58 Figure III-58: Scanning electron microscopy (SEM) coupled Energy-dispersive X-ray spectroscopy (EDX) structural characterization of PtNi interconnected nanowires obtained in K2PtCl4 solution containing 0.05 M of HCl at 30°C in 10 minutes.

Figure III- 59 :

 59 Figure III-59: SEM top-view and cross-sectional images of the GD reaction's evolution over time of confined NiNWs in K2PtCl4 solution at 0.01 M HCl at 30°C.

Figure III- 60 :

 60 Figure III-60: SEM top-view and cross-sectional images of the GD reaction result of confined NiNWs in K2PtCl4 solution at 0.1 M HCl at 1.5 hours at room temperature.

0. 05 M

 05 HCl concentration at 30°C. As observed by SEM imaging in figure III-59 above, PtNi foam-like nanorods were obtained after 10 minutes of GD reaction and disconnected from the bottom of the silicon substrate. Path II: GD in a non-confined system As reported earlier, a non-confined system refers to the etching of the AAO template in an alkaline etching medium (1M NaOH solution) at room temperature, where freestanding and aligned Ni nanowires on a silicon substrate have been exposed to different Pt solutions.

Figure III- 61 :

 61 Figure III-61: SEM images of NiNWs inside AAO membrane and after etching AAO membrane. Energy-dispersive X-ray spectroscopy map of the surface of NiNWs embedded inside the AAO membrane.

  times and various Pt salts have been carried out. Results were not satisfying; inhomogeneous deposits of Pt on the surface of AAO or non-occurring reactions were obtained. Even in HCl at a low concentration (1 mmol/L), the GD reaction did not occur. This is exemplified, for instance, for a GD reaction in a K2PtCl4 solution for 1 hour where Pt agglomerates on the top of NiNWs, which figure III-62 below illustrates this point clearly.

Figure III- 62 :

 62 Figure III-62: SEM coupled EDX elemental map analysis of the galvanic displacement reaction of NiNWs in K2PtCl4 solution for 1 hour at room temperature.

  Precursor dissociates in water: K2PtCl4(aq) → PtCl4 2-(aq) + 2K(aq) • Pt deposition: Ni + PtCl4 2-→ Pt + Ni 2+ + 4Cl - A non-confined Pt galvanic displacement process at a temperature range from 60° to 90°C (slow and high evaporation of water, respectively) was performed. Exposure time to Pt salt solution has been investigated, as shown in figure III-63 below. Non-confined NiNWs samples were exposed to 1 mM K2PtCl4 solution at 60°C for one to 6 hours. Elemental integrated EDX spectrum was used for semi-quantitative composition estimation (figure III-63 below) and showed an increase in the Pt/Ni atomic ratio over exposure time.

Figure III- 63 :

 63 Figure III-63: The evolution of the Pt/Ni atomic ratio obtained from EDX analysis during the GD reaction over time in 10 -3 M K2PtCl4 solution at 60°C.

Figure III- 64 :

 64 Figure III-64: SEM-EDX elemental mapping of the top of the PtNi nanowires after exposing the sample to a K2PtCl4 solution at 60°C for 5 hours.

Figure III- 65

 65 Figure III-65: A top view scanning electron microscope (SEM) image showing the effect of Pt solution exposure time on the morphology of the NiNWs. A) Non-confined nickel nanowires, B) 5 hours galvanic displacement reaction at 60°C, and C) 10 hours galvanic displacement reaction at 60°C.

Figure III- 66 :

 66 Figure III-66: SEM/EDX elemental mapping of the top of the PtNi nanowires after exposing the sample to a K2PtCl4 solution at 80°C for 1.5 hours.

Figure III- 67 :

 67 Figure III-67: Transmission electron micrograph and its corresponding elemental map of Pt and Ni for PtNiNWs (intermediate step before the formation of PtNiNTs) Pt species are in red, and Ni species are in green.

Figure III- 68 :

 68 Figure III-68: XRD measurements performed on PtNiNWs at low Pt deposition where Ni peaks are clearly visible. PtNi nanowires were obtained after exposing the NiNWs sample to a K2PtCl4 solution at 80°C for 1.5 hours.

Figure III- 69

 69 Figure III-69: A schematic diagram of the annealing process in RTA (Rapid Thermal Annealing) temperature.

Figure III- 70 :

 70 Figure III-70: SEM top-view image of quasi-porous PtNiNWs before the complete detachment from the silicon substrate and its corresponding EDX analysis.

Figure III- 71 :

 71 Figure III-71: SEM top of PtNi nanotubes transferred to Nafion © membrane, obtained in a non-confined system in K2PtCl4 solution heated to 80°C for 1.5 hours. After GD, the PtNiNWs were heated under H2/Ar atmosphere for 2 hours at 250°C. After that, PtNiNWs were transferred to the Nafion © membrane by a hot-pressing process followed by an acid-leaching process in a sulfuric acid solution. According to the EDX quantitative analysis, the atomic ratio of Pt:Ni is 3:1.

Figure III- 72 :

 72 Figure III-72: HAADF-TEM micrograph and its EDX elemental mapping of the porous PtNiNTs embedded onto the Nafion ® membrane.

Figure III- 73 :

 73 Figure III-73: The corresponding TEM-EDX elemental map for a cross-sectional view of the PtNiNTs embedded onto the Nafion ® membrane and their acquired quantification, showing the acid leaching gradient along the nanotubes.

Figure III- 74 :

 74 Figure III-74: XRD measurements performed on PtNiNTs embedded onto the Nafion ® membrane.

Figure III- 76 :

 76 Figure III-76: Top-view and cross-sectional SEM coupled EDX analysis of the result of NiNWs GD reaction in H2PtCl6 solution in 0.1 M HCl HCl for 30 minutes.

Figure III- 77 :

 77 Figure III-77: SEM top-view image of detached PtNiNWs from the silicon substrate. The GD reaction was carried out in a K2PtCl6 solution in 0.1 M HCl at 30°C for 5 minutes.

Figure III- 78 :

 78 Figure III-78: Top-view SEM coupled EDX analysis of PtNiNWs after the GD reaction in K2PtCl4 solution in 0.1 M HCl for 45 minutes at room temperature.

Figure III- 79 :

 79 Figure III-79: Scanning electron microscopy (SEM) structural characterization coupled with Energy-dispersive X-ray spectroscopy (EDX) mapping of PtNiNWs obtained in K2PtCl4 solution containing 0.05 M of HCl at 30°C in a) 3 minutes and b) 15 minutes of galvanic displacement.

Figure III- 80 :

 80 Figure III-80: SEM top-view structural characterization coupled with EDX elemental mapping of PtNiNWs after exposing NiNWs to a K2PtCl4 solution in 0.05 M HCl at 35°C for 8 minutes.

For a deeper morphological

  figure III-81 below.

Figure III- 81 :

 81 Figure III-81: Representative TEM-coupled EDX analysis of Pt2NiNWs prepared after exposing NiNWs to a K2PtCl4 solution in 0.05 M HCl at 35°C for 8 minutes.

Figure

  Figure III-82: XRD measurements performed on the as-prepared PtNiNWs supported on p-Si(100) synthetized in a K2PtCl4 solution in 0.05 M HCl at 35°C for 8 minutes.

Figure III- 83 :

 83 Figure III-83: Schematic illustration of various stages involved in fabricating PtNiNWs through a galvanic displacement process at 35°C in K2PtCl4 in 0.05 M HCl for 5-10 minutes.
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 12345678910111213141516171819202125262729303435 Figure III-1: Schematic diagram of Nanowires application. ..................................................................... 103 Figure III-2: Schematic illustration of a) Electrodeposition setup using a three-electrode system; b) Illustration of the three different electrodeposition methods to fill nanoporous templates. Reprinted from reference [4]. ................................................................................................................................ 105 Figure III-3: Current (I) vs. Time (t) plot of the most common pulsed current regimes: a) The simple pulsed current regime, b) Pulsed current with polarity reversing, and c) The pulsed current regime with inversion then the interruption of the current. Reprinted and edited from reference [7]. .................................................................................................................................................................................... 107 Figure III-4: SEM images of multisegmented metal nanotubes with a stacking configuration of Au/Ni/Au/Ni/Au along the nanotube axis: a) false-colored cross-sectional SEM image of asprepared metal nanotube-AAO composite. b, c) SEM images of multisegmented metal nanotubes after removing the AAO template [12]. ............................................................................................................. 108 Figure III-5: Organogram summarizing several technological applications of nanostructures grown in AAO templates. Reprinted from reference [4]. ............................................................................ 109 Figure III-6: SEM images of nickel nanowires after electropolishing a) embedded in the alumina template and b) after removing the alumina template in NaOH 20%. Reprinted from reference [18]. ................................................................................................................................................................................. 110 Figure III-7: Schematic illustration of the electrochemical cell used for nickel nanowires electrodeposition on the AAO template........................................................................................................... 114 Figure III-8: Schematic diagram of the time evolution of current during pulsed electrodeposition. Applied parameters in this thesis: Each high current pulse Ipulse-is applied for a time ton-followed by a lower current pulse Ipulse-for a shorter time, then a concentration recovery time toff of 1s. This process is repeated for 135, the experimental number of pulses. .......................................................... 115 Figure III-9: Experimental plot of the evolution of the current density (red plotting) and the potential response (blue plotting) over time during the nickel's pulsed electrodeposition. ........ 116 Figure III-10: Top view scanning electron microscopy images (SEM) of nickel overgrowth on nanoporous aluminum oxide template. ............................................................................................................ 117 Figure III-11: Scanning Electron Microscopy (SEM) observations of Nickel nanowires grown inside porous anodic alumina template (PAAT), a) SEM top view of Nickel nanowires before alumina etching, b) SEM Top view of Nickel nanowires after alumina etching, and c) SEM cross-sectional view of Nickel nanowires after alumina etching. ........................................................................................... 117 Figure III-12: SEM cross-sectional image of non-confined multisegmented nickel nanowires on silicon synthesized at ton+=52 ms, ton-=52 ms. .............................................................................................. 118 Figure III-13: SEM micrographs of top and a cross-sectional view of NiNWs growth inside anodic aluminum oxide A) with HF deoxidation step and B) without HF deoxidation step....................... 119
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 138404142444546474849505152535455565758596061626364656667686970717273747576777879808183 Figure III-36: a) Cyclic voltammograms and b) ORR polarization curves of PtNiNWs (7.4 and 96.8 wt % Pt, with graphitized carbon nanofibers 60 wt % added to the inks) and Pt/HSC. c) Cyclic voltammograms of PtNiNWs (7.4 and 96.8 wt % Pt, without graphitized carbon nanofibers).Catalyst loadings on the RDE tip were the following: PtNiNWs (7.4 wt % Pt) 33.7 μgPtNi/cmelec 2 ; PtNiNWs (96.8 wt % Pt) 38.9 μgPtNi/cmelec 2 ; and Pt/HSC 17.8 μgPt/cmelec 2 . d) Mass and specific ORR activities of PtNiNWs as a function of percent Pt displacement. The inks used to prepare the RDE tips contained graphitized carbon nanofibers (60 wt %) and a Nafion ionomer (4 μL/mL). ORR activities were corrected for internal resistance and the partial pressure of oxygen at 0.9 V vs. RHE (1600 rpm, 20 mV/s ) in an oxygen-saturated 0.1 M HClO4 electrolyte. .............................................. 143 Figure III-37: A) SEM images of Pt-Ni nanowires (7 wt% Pt) annealed in oxygen to 200°C following Pt displacement. B) Mass and specific ORR activities of PtNi nanowires as a function of annealing temperature, with the untreated Pt-Ni nanowires included at 0°C. ORR activities were determined during anodic polarization scans at 1600 rpm and 20 mV/s in oxygen-saturated 0.1 M perchloric acid. As the annealing temperature increased, ORR activity decreased, and by 250°C, the activity was significantly reduced [71]............................................................................................................................... 144 Figure III-38: STEM-HAADF of PtNi nanowires (7.3 ± 0.3 wt% Pt); annealed in hydrogen to 250 °C and ex-situ acid-leached in a mixture of acetic and sulfuric acid, then and annealed in oxygen to 175°C. ............................................................................................................................................................................. 145 Figure III-39: a) ORR mass (red) and site-specific (blue) activities of PtNi nanowires (7.3 ± 0.3 wt % Pt), annealed in hydrogen to 250 °C and acid leached to a variety of compositions, at 0.9 V vs. RHE. The solid red line and dashed blue line were included for the mass and site-specific activity of Pt/HSC. c) Amount of catalyst lost to the electrolyte after acid exposure (Ni Acid) and potential cycling (Ni durability), as determined by ICP-MS. b) Mass and d) site-specific ORR activities of PtNi nanowires annealed in hydrogen before (initial) and after durability (durability). Horizontal

  The cathode-type Pt/C catalytic ink was prepared by mixing: 0.7 g of catalyst powder TEC10V50E (47.2 w%Pt Tanaka ® Pt NPs (~3 nm) deposited onto carbon support Vulcan XC72 (~40-50 nm)), 4.5 g of Nafion ® solution D520, 20 mL of Propanol as a solvent and 20 mL Ultrapure water 18.2 MΩ.cm.between the monopolar plates and the MEA, leaving only the active area to exposed to gases. Also, the wedges require a ca. 25% compression to the GDL, iii/ in-house made Gas Diffusion Electrode (GDE) as an anode (Pt/C TKK 50 %wt on Vulcan carbon NPs, 0.1 mg/cm² on GDL Sigracet 24BC from SGL).

Figure IV- 2 :

 2 Figure IV-2: Schematic illustration of the main components of a polymer electrolyte membrane fuel cell (PEMFC).

Figure IV- 3 :

 3 Figure IV-3: A cross-sectional schematic illustration of the mono-cell assembly used in a differential cell test.

Figure IV- 4 :

 4 Figure IV-4: Experimental setup of an operating home-made differential fuel cell.

Figure IV- 5 : 1 -Reaction IV- 2 -Reaction IV- 4 -

 5124 Figure IV-5: Cyclic voltammogram in fully humidified H2/N2 of the Pt/C electrode with low Pt-loading at the cathode (35 µgPt/cm²). Data were recorded at a scan speed of 200 mV/s, 40°C (red curve), and 80°C (blue curve) with a 1 bar total pressure. The blue and red areas (in the 0.1 -0.4 VRHE potential range) correspond to hydrogen desorption.

Figure IV- 6 : 12 From 13

 61213 Figure IV-6: Butler-Volmer plot: the current density as a function of the overpotential η. The anodic and cathodic current densities are shown as ia and ic, respectively.

Figure IV- 8 :

 8 Figure IV-8: Measured polarization curve as a function of geometrical current density at Tcell=80°C, 100% RH (dew points), wet H2/O2 gas flow, and a total pressure 1.5 bar. Red-curve: original un-corrected polarization curve, Blue-curve: polarization curve after the break-in, The homemade catalyst layer is made of Pt/Carbon (0.1 mgPt/cm² -0.035 mgPt/cm 2 at the anode and the cathode, respectively.

Figure IV- 9 :

 9 Figure IV-9: Experimental results of the performed EIS at 0.4 V in fully humidified H2/N2 at 40°C, recorded from 200 kHz to 100 Hz. The intersection of the curve with the abscissa axis refers to the overall ohmic resistance. The frequency corresponding to the intersection of the plot at the x-axis is 15 kHz.

Figure IV- 10 :

 10 Figure IV-10: Illustration displaying the principle of the electrochemical impedance spectroscopy as a perturbative characterization of the dynamics of an electrochemical process and the Nyquist plot with the main physical phenomena extracted.

Figure IV- 11

 11 Figure IV-11 below highlights the Nyquist plots for each voltage operating point. As evidenced in this figure, alongside figure IV-12 below, the ohmic resistance remains more

Figure IV1- 11 :

 11 Figure IV1-11: Electrochemical Impedance Spectroscopy (EIS) was performed at various voltage values, at Tcell=80°C, 100% RH, wet H2/O2 gas flow, and a total pressure of 1.5 bar.

Figure IV- 12 :

 12 Figure IV-12: The ohmic resistance values obtained at different functioning points in H2/O2 and H2/Air in a fully humidified gas flow at 80°C and 1.5 bar.

  Chapter IV: Membrane Electrode Assembly -Fuel Cell tests of Pt/C, PtNiNWs, and PtNiNTs Electrodes (Performance and Durability Tests) revealing protons' transport resistance. Concomitantly, neglecting the anode's contribution, the cell's voltage depends only on the effective ohmic resistance of the catalyst layer. 𝐄 𝐜𝐞𝐥𝐥,𝐢𝐑-𝐟𝐫𝐞𝐞 = 𝐄 𝐦𝐞𝐚𝐬𝐮𝐫𝐞𝐝 + 𝐑 𝐎𝐡𝐦 . 𝐈 Equation IV-15 The figure below displays the polarization curve (PC) at the aforementioned conditions after the ohmic drop correction. The PC displays the evolution of the voltage as a function of current density and allows the quantification of the cell's performance.

Figure IV- 13 :

 13 Figure IV-13: Measured polarization curve as a function of geometrical current density at Tcell=80°C, 100% RH (dew points), wet H2/O2 gas flow, and a total pressure of 1.5 bar. Red-curve: original un-corrected polarization curve, Blue-curve: polarization curve after the break-in, and Black-curve: The resistance-corrected cell voltage (EiR-free). The homemade catalyst layer is made of Pt/C (0.1 mgPt/cm² -0.035 mgPt/cm 2 at the anode and the cathode, respectively).

Figure IV- 15 :Figure IV- 16 :

 1516 Figure IV-15: Cell voltage vs. time during voltage cycling from 0.6 VRHE to 1.0 VRHE to fasten the dissolution of Pt.

Figure IV- 17 :

 17 Figure IV-17: Comparison of voltammograms before degradation (blue plot) and after 50K voltage cycles (red plot) conducted in H2/N2 at 80°C and relative humidity of 100%, and a total pressure of 1 bar, recorded at a potential sweep rate of 200 mV/s.

Figure IV- 18 :

 18 Figure IV-18: Comparison of the impedance spectra obtained from the Nyquist plot before degradation (red plot) and after 50K voltage cycles (blue plot) conducted in H2/N2 at 80°C and relative humidity of 100% and a total pressure of 1 bar.

Figure IV- 19 :

 19 Figure IV-19: Performance comparison of the measured polarization curves (EiR-free as a function of geometrical current density) at Tcell=80°C, 100% RH, wet H2/O2 (left side) and H2/Air (right side) gas flow and a total pressure of 1.5 bar, before aging (blue curve) and after 50K cycles of AST (red curve).

Figure IV- 20 :

 20 Figure IV-20: Evolution of the OCV values before and after 50K voltage cycles degradation in H2/O2 and H2/Air.

Figure IV- 23 :

 23 Figure IV-23: Performance comparison of Pt/C electrodes at a cathode loading of 35 µgPt/cm² before degradation and after 50K potential cycles in H2/O2, H2/Air, and H2/N2: a) and b) specific activity and mass activity data recorded (in logarithm scale) at EiR-free=0.8 VRHE, c) ECSA values before and after degradation, d) Specific surface in m²/gPt, and e) Platinum total surface before and after degradation.
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  Easier access of reactants to catalytic sites;-To enhance durability and performance under a fuel cell working environment;PtNiNWs and PtNiNTs as cathode for the PEMFC: Electrochemical characterization Final geometry structure of the PtNiNWs and PtNiNTsNow that the desired nanostructures for the cathode are elaborated, the last step of the whole process is their complete integration into a functional MEA. The AME integration of the PtNi nanotubes and nanowires electrodes is presented in this paragraph. The electrodes tested in this part have the following geometry:

  It required many attempts to have a reproducible transfer of the whole electrode by varying the overall applied stress, time, and temperature.Chapter IV: Membrane Electrode Assembly -Fuel Cell tests of Pt/C, PtNiNWs, and PtNiNTs Electrodes (Performance and Durability Tests)The hydraulic press (Model SYNTAX) used in assembling MEAs consists of two pedestals heated to 150°C. A loading force was imposed on the upper pedestal to apply stress of 1 MPa for 13 minutes. GDLs and gaskets are used to compensate for eventual unevenness or misalignment on the pedestal surfaces.

Figure IV- 24 :

 24 Figure IV-24: Schematic illustration of the hot-pressing process of PtNiNWs and PtNiNTs electrodes on a silicon substrate.

Figure IV- 25 :

 25 Figure IV-25: SEM top-view structural analysis of a) PtNiNTs and b) PtNiNWs array structures transferred onto the Nafion ® membrane by the hot-pressing process.

Figure IV- 26 :

 26 Figure IV-26: The proposed Fuel Cell's structure with a conventional GDE on the anode side and PtNiNWs/PtNiNTs on the cathode side.

Figure IV- 28 :

 28 Figure IV-28: Cyclic voltammetry (CV) of PtNiNWs, recorded in fully humidified H2/N2 gas flow from 0.1 VRHE to 1.2 VRHE at 40°C (blue plot) and 80°C (red plot) with a sweep rate of 200 mV/s.

Chapter IV:

  Membrane Electrode Assembly -Fuel Cell tests of Pt/C, PtNiNWs, and PtNiNTs Electrodes (Performance and Durability Tests)(as evidenced by DOE AST Protocol). After that, a comparison of the ECSA was performed after degradation and recorded at 80°C, a total pressure of 1 bar under H2/N2 gas flow (figure IV-32). The corresponding ECSA value is averaged from the H-adsorption and H-desorption charges between 0.1 and 0.4 VRHE, reads ~11.5 cm²Pt/cm²geo, equivalent to a 40% loss. We also notice a lower shunt after degradation.

Figure IV- 32 :

 32 Figure IV-32: Comparison of voltammograms before degradation (red plot) and after 50K cycles (black plot) conducted in H2/N2 at 80°C and relative humidity of 100% and a total pressure of 1 bar, recorded at a potential sweep rate of 200 mV/s.

Figure IV- 33 :

 33 Figure IV-33: Evolution of the ohmic resistance at 0.65 ViR-free for different RH values in H2/O2 and H2/Air at 80°C.

Figure IV- 34 :

 34 Figure IV-34: Comparison of fuel cell's polarization curves (corrected from ohmic drop) of PtNiNWs cathodes at operating conditions in the order of anode/cathode in H2/O2 and H2/Air, cell temperature of 80°C, at different relative humidity values and a total pressure of 1.5 bar, 1.38 bar, 1.38-1.5 bar, and 1.5-1.38 bar at 100% RH, 80% RH, 80%-100% RH, and 100%-80% RH, respectively, before and after 50K load cycles.

Figure IV- 35 :

 35 Figure IV-35: Performance comparison of the MEA with PtNiNWs at a cathode at a loading of 100 µgPt/cm² before degradation and after 50K potential cycles in H2/O2, H2/Air, and H2/N2: a) and b) specific activity and mass activity data recorded at EiR-free=0.8 VRHE, c) ECSA values before and after degradation, d) Specific surface in m²/gPt, and e) Platinum total surface before and after degradation.

  PtNiNTs. The MEA was assembled into the differential cell similarly to PtNiNWs (Cf., paragraph I.1.3 earlier). The cathode Pt-loading was obtained only via UV-vis and indicated ca. 0.014 mgPt/cm².The electrochemical surface area and the internal resistance of the CLThe ECSA was evaluated under fully humidified H2/N2 gas flow at a total pressure of 1 bar at 80°C, along with the electrochemical impedance spectroscopy to determine the protonic resistance. By integrating the HUPD adsorption/desorption peak, the available step. Also, we notice several empty zones due to the detachment of PtNiNTs during the leaching process. On the other side, figure IV-37-b) illustrates a self-standing PtNiNTs forest obtained after transferring the PtNiNWs onto the Nafion ® membrane first, then leached via acid treatment.

Figure IV- 37 :

 37 Figure IV-37: SEM top-view images of the fabricated PtNiNTs a) before optimization (acid leaching performed on PtNiNWs on a silicon substrate), and b) after optimization (acid leaching performed on PtNiNWs transferred onto Nafion ® membrane).

Figure IV- 38 :

 38 Figure IV-38: Comparison of the polarization curves of PtNiNTs before (red plot) and after optimization (blue plot) at a) 80% RH, a total pressure of 1.38 bar and 80°C, b) 100% RH, a total pressure of 1.5 bar and 80°C.

Figure IV- 39 :

 39 Figure IV-39: Comparison of fuel cell's ohmically-corrected polarization curves of PtNiNTs cathodes at operating conditions in the order of anode/cathode in H2/O2, a cell temperature of 80°C, at different relative humidity values and a total pressure of 1.5 bar, 1.38 bar, 1.38-1.5 bar, and 1.5-1.38 bar at 100% RH, 80% RH, 80%-100% RH, and 100%-80% RH, respectively.

Figure IV- 40 :

 40 Figure IV-40: Comparison of fuel cell's ohmically-corrected polarization curves of PtNiNTs cathodes at operating conditions in the order of anode/cathode in H2/Air, a cell temperature of 80°C, at different relative humidity values and a total pressure of 1.5 bar, 1.38 bar, 1.38-1.5 bar, and 1.5-1.38 bar at 100% RH, 80% RH, 80%-100% RH, and 100%-80% RH, respectively.

Figure IV- 42 :

 42 Figure IV-42: Evolution of the ohmic resistance at 0.65 ViR-free for different RH values in H2/O2 and H2/Air at 80°C for PtNiNTs.

Figure IV- 43 :

 43 Figure IV-43: Comparison of fuel cell's polarization curves (corrected from ohmic drop) of PtNiTWs cathodes at operating conditions in H2/O2, cell temperature of 80°C, at different relative humidity values and total pressure (in the order of anode/cathode) of 1.5 bar and 1.38-1.5 bar, at 100% RH and 80%-100% RH, respectively, before and after 50K load cycles.

Figure IV- 44 :

 44 Figure IV-44: Comparison of fuel cell's polarization curves (corrected from ohmic drop) of PtNiTWs cathodes at operating conditions in H2/Air, cell temperature of 80°C, at different relative humidity values and total pressure (in the order of anode/cathode) of 1.5 bar and 1.5-1.38 bar, at 100% RH and 100%-80% RH, respectively, before and after 50K load cycles

Figure IV- 46 :

 46 Figure IV-46: Performance comparison of the MEA with PtNiNTs at a cathode at a loading of 14 µgPt/cm² before degradation and after 50K potential cycles in H2/O2, H2/Air, and H2/N2: a) and b) specific activity and mass activity data recorded at EiR-free=0.8 VRHE, c) ECSA values before and after degradation, d) Specific surface in m²/gPt, and e) Platinum total surface before and after degradation.PtNiNTs exhibited, after degradation, a 37% loss of the ECSA (similar to PtNiNWs) against 87% of loss in Pt/C. In fact, what is striking here, the MA and SA of NTs (obtained at 100% RH, 80°C, 1.5 bar) showed more resistance toward the AST, confirming higher durability of the NTs compared to the NWs and Pt/C. Contrary to expectations, much to our surprise, the specifiic activity in H2/Air after degradation showed an increase of 37%. The central
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  Drop in the ECSA; -Ni 2+ ion contamination of the ionomer leading to a decrease of the accessibility of H + into the catalyst; -Change in the alloy's composition due to Ni dissolution; -Possible change in preferred crystalline orientations on nanoparticles; -PtNiNWs/NTs detachment from the membrane.

Figure IV- 47 :

 47 Figure IV-47: Comparison of fuel cell's polarization curves (corrected from ohmic drop) of Pt/C, PtNiNWs and PtNiNTs MEAs at operating conditions in H2/O2, cell temperature of 80°C, at different relative humidity values and total pressure (in the order of anode/cathode: 100% RH and 1.5 bar, 80%-100% RH and 1.38-1.5 bar), before and after 50K load cycles.

Chapter IV:

  Membrane Electrode Assembly -Fuel Cell tests of Pt/C, PtNiNWs, and PtNiNTs Electrodes (Performance and Durability Tests)

Figure IV- 48

 48 Figure IV-48 below depicts the evolution of ECSA and Pt specific surface before and after AST.

Figure IV- 48 :

 48 Figure IV-48: Electrochemical surface area (ECSA) and the Pt-specific surface comparison electrodes at operating conditions in H2/O2, cell temperature of 80°C, 100% RH and 1.5 bar, before and after 50K load cycles.

Figure IV- 49 :

 49 Figure IV-49: Specific and Mass activity comparison for Pt/C, PtNiNWs, and PtNiNTs electrodes at EiR-free=0.8 VRHE at operating conditions in H2/O2, cell temperature of 80°C, 100% RH and 1.5 bar, before and after 50K load cycles.

Figure IV- 50 :

 50 Figure IV-50: Comparison of fuel cell's polarization curves (corrected from ohmic drop) as a function of the specific surface of Pt/C, PtNiNWs, and PtNiNTs MEAs at operating conditions in H2/O2, cell temperature of 80°C, 100% RH and 1.5 bar, before and after 50K load cycles.

Figure IV- 51 :

 51 Figure IV-51: Comparison of fuel cell's polarization curves (corrected from ohmic drop) as a function of the specific surface of Pt/C, PtNiNWs, and PtNiNTs MEAs at operating conditions in H2/Air, cell temperature of 80°C, 100% RH, and 1.5 bar, before and after 50K load cycles.

Figure IV- 52 :

 52 Figure IV-52: Comparison of fuel cell's polarization curves (corrected from ohmic drop) as a function of the specific mass of Pt/C, PtNiNWs, and PtNiNTs MEAs at operating conditions in H2/O2, cell temperature of 80°C, 100% RH and 1.5 bar, before and after 50K load cycles.

Figure IV- 53 :

 53 Figure IV-53: Comparison of fuel cell's polarization curves (corrected from ohmic drop) as a function of the specific mass of Pt/C, PtNiNWs, and PtNiNTs MEAs at operating conditions in H2/Air, cell temperature of 80°C, 100% RH and 1.5 bar, before and after 50K load cycles.

Figure IV- 14 :Figure IV- 15 :Figure IV- 16 :Figure IV- 17 :Figure IV- 18 :Figure IV- 19 :Figure IV- 20 :Figure IV- 21 :Figure IV- 22 :Figure IV- 23 :Figure IV- 24 :Figure IV- 25 :Figure IV- 26 :Figure IV- 27 :Figure IV- 28 :Figure IV- 29 :Figure IV- 30 :Figure IV- 31 :Figure IV- 32 :Figure IV- 33 :Figure IV- 34 :Figure IV- 35 :Figure IV- 36 :Figure IV- 37 :Figure IV- 38 :Figure IV- 39 :Figure IV- 51 :Figure IV- 52 :Figure IV- 53 :Figure IV- 54 :Table IV- 1 :Table IV- 2 :Table IV- 3 :Table IV- 4 :Table IV- 5 :Table IV- 6 :
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  PEMFC has been promoted as one solution for clean, sustainable transportation. One of its major limitations is, alongside the cost, the durability of the MEA. Durability is a critical criterion for judging the practical viability of a new catalyst. The sluggish ORR kinetics at the cathode side opened vast areas of developing new nanomaterials as alterative electrocatalysts to the conventional Pt/C. In summary, we have presented a new multi-step route for elaborating oriented PtNi nanowires and nanotubes devoted to the PEMFC cathode: Optimization of the fabrication process of the anodic aluminum oxide. Tuning its geometry enabled us to use it as a flexible mold for the growth of Ni nanowires. The latter was developed and optimized during this Ph.D. thesis, allowing a great control of the NWs' length.

6 )Further MEA tests: 8 ) 9 )

 689 To extend our understating on the effect of the annealing on the PtNiNWs before acid leaching to strengthen the Pt-rich layer. 7) A profound electrochemical study of the ORR activity and transport limitation for both the NWs and the NTs. Test a large batch of the NTs and NWs in an operating fuel cell (i.e., larger geometrical surface area). Use a novel GDL architecture made of nanocarbon fibers (developed by Dr. Marie Fontana at CEA) alongside PtNiNTs. This combination might tackle the flooding issue at high RH and better water management. 10) Extend the fuel cell tests to assess the effect of the cell's temperature on the performance. Also, to elaborate larger nanotubes array (based on the large nanopores obtained via aluminum oxide anodization: 100nm in diameter and 800nm in thickness).

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  Scheme of the cross-section of an oriented carbon-free PtNi nanotube transferred onto the Nafion ® membrane. .................................................................................................................................... 4 Methodology of the elaboration process of PtNi nanotubes................................................. 4 World electricity generation mix by fuel from 1971 to 2018. Reprinted from IEA World Energy Balances............................................................................................................................................................... 9 Schematic of a sustainable energy landscape based on electrocatalysis. Reprinted from reference [1][9]. ............................................................................................................................................................. 10 World energy consumption by source. It is projected to rise to 736 quadrillion BTU (quads) in 2040 from 575 quads in 2015, an increase of 28%, according to the latest International
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Table III -

 III 1: Composition of the Watts Bath as a nickel solution for nanowires electrodeposition.

  table III-2 below:Table III-2: Standard electrode potential for redox couples present in a nickel solution.

	Redox couples	E ° (V vs. SHE)
	S2O2 -8 /SO 2-	+2.01
	O2/H2O	+1.23
	H + /H2	0
	Ni 2+ /Ni	-0.257

Table III -

 III 

		𝐧 𝐩𝐮𝐥𝐬𝐞𝐬 =	𝛒 𝐌 × %𝐏 × 𝐞 × 𝐧 𝐞 -× 𝐅 𝐌 𝐌 × 𝐭 𝐨𝐧-× 𝐈 𝐩𝐮𝐥𝐬𝐞 -	Equation III-7
	where:		
	Notation	Physical properties	Value
	ϱM		Nickel density	8,902 g/cm 3 at 25°C
	e		Alumina thickness	4.10 -7 m
	F		Faraday's constant	96485,33 A.s/mol
	MM		Ni molar mass	58,69 g/mol
	%P		Porosity	35%
	Ton-		Pulse time	0.052 s
	Ipulse-		Current pulse	0,08 A/cm²
				80 mA/cm²
				ton-	52 ms
				Ipulse+	30 mA/cm²
				ton+	10 ms
				toff	1 s

3: Notations of physical properties and their standard value.

Table III -

 III 4 below summarizes the reduction potentials of metals commonly used in GD experiments.Table III-4: Standard reduction potentials of various metals relative to the standard hydrogen electrode (SHE) for ideal conditions at 25 °C and 1 atm.

	Redox Reaction	E° (V vs. SHE)
	Co 2+ + 2e -→ Co(s)	-0.28
	Ni 2+ + 2e -→ Ni(s)	-0.25
	Cu 2+ + 2e -→ Cu(s)	0.34
	Ag + + e -→ Ag(s)	0.80
	Pd 2+ + 2e -→ Pd(s)	0.95
	Pt 2+ + 2e -→ Pt(s)	1.18
	Au 3+ + 3e -→ Au(s)	1.50

Table III -

 III 

5: Summary of the ORR activities of PtNi octahedra synthesized by adding different shape-directing agents. Reprinted and edited from references

[45]

.

Table III -

 III 

		Pt3Ni Aerogel	Pt/C (47 wt%, TKK) 0.4 mgPt/cm 2 geom
	MA (A/gPt)	113	120
	SA (μA/cmPt²)	526	233
	ECSA (m 2 /gPt)	29	69

The group has extended his work by investigating PtNi aerogels' stability under PEFC relevant working conditions, comparing their behavior to that of commercial Pt/C catalysts, and verifying the stability enhancement expected from the absence of carbon support in these novel materials (see figure

. Average electrochemical activity values for both PtNi aerogels and commercial Pt/C are summarized in table III-7 below: 7: Average values of the beginning-of-life mass activity (MA) and surface activity (SA) at 0.9 V vs.RHE, 80°C, 100% RH, H2/O2, 1.5 barabs , and ECSA at 25°C of Pt3Ni aerogel and Pt/C MEAs

[START_REF] Henning | Unsupported Pt-Ni Aerogels with Enhanced High Current Performance and Durability in Fuel Cell Cathodes[END_REF]
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Table III - 8 :

 III8 Pt Salts and their involved electrochemical reactions with nickel during the galvanic displacement process............................................................................................................................................... 155 This chapter will depict a relevant experimental protocol for MEAs' characterization made of conventional Pt/C catalyst at low Pt loading, PtNiNWs, and PtNiNTs as cathodes. It was difficult, if not impossible, to transfer the PtNi oriented nanostructure into an RDE apparatus to perform electrochemical measurements. This would have required fabricating the nanostructure onto a glassy carbon electrode or developing a new transfer method that might a lot of effort. This could be done once a relevant nanostructure

	Studies have been completed and intended to quantify the performance compared with
	standard Pt/C electrodes and quantify the activity and transport limitations in different
	operating conditions, especially in dry or wet conditions. The robustness towards the
	accelerated stress test has also been evaluated.
	Furthermore, it is worth mentioning that to overcome the disparity between MEA and RDE
	performance characterizations, we did not cover RDE tests in this thesis for two reasons:
	i/

is obtained for further understanding; ii/ we wanted to determine the performance in real conditions because RDE measurements are not very representative, then to compare the various electrodes.

Table IV -

 IV 1: Geometry of the differential cell used in this work.The cell was mounted in an in-house test stand. The latter allows a precise control of the conditions protocol during operation, as summarized below: Table IV-2: Operating conditions offered by the in-house test stand for testing differential cells.

		Experimental values
	Operating conditions	Anode	Cathode
	Relative Humidity (%HR)	50% -100% HR	50% -100% HR
	Cell Temperature		40 -80 °C
	Absolute Pressure (Ptot)		1 -3 bar
	Gas	H2 N2 -Inert gas	O2 or Air N2 -Inert gas
	Gas flow rates	10-35 NL/h	10-35 NL/h
	Active Surface	1.2 x 1.5 = 1.8 cm²
	Multiple parallel straight Channels	1.2 cm long
	Channel Width	250 µm
	Channel Depth	400 µm
		Rib Width	250 µm

  table IV-3 below). Slow mechanisms are associated with low frequencies and fast mechanisms with high frequencies. This allows you to dissociate the mechanisms that have different time constants.

	Electrochemical phenomena	Frequency response
	/e + H	-	transports in membrane/GDL	10 kHz -1 MHz
	Proton transport in the CL	1 -10 kHz
			Charge transfer	100 Hz -1 kHz
			O2 transfer	It varies from ~few 100 Hz to 10 MHz, depending on the desired region of the FC

Table IV -

 IV 3: Frequency response of different electrochemical phenomena associated with the EIS measurements.

Table IV -

 IV 5: Comparison of the mass activity and the specific activity drop between Pt/C and PtNiNWs

		% of Mass Activity loss	% of Specific Activity loss
		Pt/C	PtNiNWs	Pt/C	PtNiNWs
	H2/O2	98	87	62	78
	H2/Air	97	86	72	61
					In our work,
	PtNiNWs exhibited, after degradation, a 39% loss of the ECSA against 87% of loss in Pt/C.
	Nevertheless, the MA and SA drop for PtNiNWs was slightly lower than Pt/C in H2/O2 and
	H2/Air.				

  Table IV-6: Summary of activities, ECSA, platinum surface, and Pt-loading of each tested cathode: Pt/C, PtNiNWs, and PtNiNTs.

		Is 0.8V iR-free (A/cm²Pt)	Im 0.8V iR-free (A/gPt)	ECSA (cm²Pt/cm²geo)	SPt (cm²Pt)	Specific Surface (m²/gPt)	Loading (µgPt/cm²)
	Pt/C Before	7.8 × 10 -3	1431	12	15.2	24
							35
	Pt/C After	2.9 × 10 -3	39	1.05	2	3
	PtNiNWs Before	10.4 × 10 -3	1993	19	5.7	19
							100
	PtNiNWs After	2.3 × 10 -3	261	11.5	3.45	11.5
	PtNiNTs Before	1.5 × 10 -3	2337	23.3	4	155
							14-15
	PtNiNTs After	1.3 × 10 -3	1344	14.5	2.3	97.3

  technologie des piles à combustible PEM a attiré beaucoup d'attention pour les applications futures de conversion et de stockage de l'énergie. Sa commercialisation demeure un défi en raison de la durabilité et des limites de coût du catalyseur. Afin d'améliorer sa performance sur le marché, il est obligatoire d'optimiser le catalyseur coûteux et d'améliorer sa durabilité et sa stabilité ou d'innover une nouvelle structure d'électrodes. Le catalyseur conventionnel utilisé est le Pt/C (nanoparticules de 3 à 5 nm supportées sur des nanoparticules de carbone de 30 à 50 nm), et considéré comme le catalyseur standard offrant des surfaces élevées et une activité spécifique élevée. En effet, cette structure n'est pas suffisamment contrôlée et limitée par divers phénomènes de dégradation : le coût ; la corrosion du support en carbone et la dissolution/agglomération de Pt par le mécanisme de maturation Ostwald qui se traduit par une perte rapide et significative de la surface électrochimique au fil du temps pendant le fonctionnement de la pile.Cette thèse se concentre la réduction de la quantité de platine et l'amélioration des performances et de la durabilité des assemblages Membrane/Electrodes, visant à réduire leur coût et à encourager le développement des PEMFC. Des études antérieures ont démontré que les catalyseurs à base de Pt tels que PtCo, PtCu, et PtNi etc., ont montré une activité électrochimique plus élevée que celle du Pt, et une amélioration très prometteuse des performances et de la stabilité à faible chargement en Pt.Pour atteindre ces objectifs, nous avons mis au point des procédés pour développer et contrôler une nouvelle architecture sans carbone de la cathode, réalisée uniquement avec des nanofils et des nanotubes PtNi alignés verticalement et supportés par une membrane Nafion® pour but d'améliorer les performances et la durabilité du PEMFC à faible chargement en Pt.
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The volume expansion factor is the ratio of the volume of the AAO formed to the volume of Al consumed, and simplified to the thickness ratio of AAO formed to Al consumed.

One should note that temperature, concentration (i.e., pH value), and chemical composition of the bath affect how effective the electroplating process is.

Chapter IV: Membrane Electrode Assembly -Fuel Cell tests of Pt/C, PtNiNWs, and PtNiNTs Electrodes (Performance and Durability Tests)

Chapter 3

Confined Growth of Nickel Nanowires and Platinum Galvanic Displacement as a Chemical Route to PtNi Nanowires and Nanotubes Fabrication "Science is not only compatible with spirituality; it is a profound source of spirituality." It is worth noting that in the case of using K2PtCl6 or H2PtCl6, the formation of metallic platinum from PtCl6 2-might go through a PtCl4 2-intermediate reaction:

𝐏𝐭𝐂𝐥 𝟔 𝟐-+ 𝟐𝐞 -→ 𝐏𝐭𝐂𝐥 𝟒 𝟐-+ 𝟐𝐂𝐥 -

To sum up, several steps were involved in the formation of PtNiNTs. After every step, a SEM/EDX analysis was performed to investigate the evolution and the effect of each process. The flowchart below (figure III-75) represents an overview of the complete process involved in the fabrication of PtNiNTs. 

Reaction with the addition of HCl

Similar to the process described previously, the GD reaction of non-confined NiNWs was carried out in the same conditions (Pt counter-ion salts and HCl at different concentrations), as stated before.

In H2PtCl6, the GD did not occur without HCl, with 0.001 M HCl, nor with 0.01 M HCl at room temperature. Only at 0.1 M HCl for 30 minutes, partial GD reaction occurred at the top of NiNWs but did not spread all along with them, as shown in figure III-76 below. The ink preparation was held in a glovebox because of safety issues related to the handling of nanopowders. The weight ratio between ionomer and carbon is 67%. After the dispersion, the ink was stirred for 72 hours with a magnetic stirrer.

Before depositing the ink onto a PTFE (250 µm) substrate, the ink was premixed in a sonicator bath beforehand for 10 minutes at room temperature to improve its homogeneity. Using the ultrasonic coating process provided by Sono-Tek © (figure IV-1), the ink was sprayed onto the PTFE substrate. 

Catalyst loading measurement

We quantified the Pt loading by two methods: UV-Visible Spectroscopy and X-ray Fluorescence spectroscopy (XRFS). Both techniques demonstrated a final loading of about 35-40 µgPt/cm².

Hot-pressing transfer and MEA preparation

The Pt/C electrode was fabricated by the decal-transfer method on the Nafion ® membrane by hot-pressing, where the Nafion ® membrane was put over the PTFE inside two plates. The process was performed at 150°C and 2 MPa for 10 minutes. Prior to testing, the MEA was pre-conditioned (break-in step) via voltage cycling using a lab-developed protocol. The MEA conditioning was carried out in H2/O2 at 1.5 bar and relative humidity of 100% (fully humidified gases) at 80°C for several hours to reach the maximum performance of the cell.

Electrochemical surface area measurement

The ECSA measurement aims to determine the specific active surface area, which refers to the catalyst's surface in contact with the electrolyte and accessible to protons from the membrane and electrically connected to the carbon support. Cyclic voltammograms (CVs)

were measured after the break-in process at 40°C and 80°C at 100% RH under a pressure of 1 bar. Since the available ECSA might be small due to the Pt low-loading, we have recorded the CVs at a scan rate of 200 mV/s to be able to measure it: Varying the working electrode's potential between 0.1 to 1.2 VRHE, assuming that the counter-electrode potential is fixed at 0 V.

The experiment was carried out with a Biologic © potentiostat monitored by the EC-Lab program, with a fully humidified flow of H2 and N2 at the anode and the cathode, respectively. The current is measured and recorded during the scan. After that, the active electrochemical surface area (ECSA) was averaged from the hydrogen underpotential deposition (HUPD) region of cyclic voltammograms (the H-adsorption and H-desorption charges between 0.1 and 0.4 VRHE). The shape of the curve obtained is comparable to those found in literature, as illustrated in figure IV-5 below.

Study of the polarization curve and impedance measurements

Generally, both electrical work and heat are generated during fuel cell operation.

Thermodynamically, we refer to the total reaction heat by the change in enthalpy ∆H, while the overall electrical energy output is proportional to ∆G (change in Gibbs' free energy: the maximum electrical work that the fuel cell can generate). To determine the free energy variation, we subtract the amount of energy lost to entropy (∆S) from the total energy change of the system (∆H) as described in equation IV-4 below, assuming that the only product at a given temperature is liquid water [3]:

At standard conditions, the values of enthalpy, entropy, and the free energy read:

∆𝐒 𝐇 𝟐 𝐎 𝐑°= -𝟏𝟔𝟑 𝐉/(𝐦𝐨𝐥 ⋅ 𝐊)

At the thermodynamic equilibrium where only liquid water is produced at the standard conditions, the reversible potential can be defined as follows:

Theoretical Thermodynamic Electrode Potential:

The overall electrochemical reaction between H2 and O2 can be written as follows:

Assuming that this reaction is in equilibrium, the thermodynamic potential at the OCV could be obtained by the Nernst equation below, taking into account that the value Where T is the working temperature in Kelvin; R is the universal gas constant that reads By linear regression, it is possible to obtain the current exchange j° for 𝜂=0. 

MEA Performance: Polarization curve in H2/O2

Firstly, we performed a break-in protocol to the MEA in order to achieve optimum performance.

In this work, we have tested the fuel cell's performance under wet H2/O2 gas flow at different relative humidity values (100% RH, 80% RH, 80-100% RH, and 100-80% RH), different total pressure (from 1.26 bar to 1.5 bar), and a cell temperature of 80°C. The performance is better at fully humified conditions because the ionomer's conductivity in both the membrane and the electrode increases with RH. In the membrane, it decreases the ohmic resistance, while in the electrode it improves protons' accessibility to the catalytic sites, which leads to better utilization of platinum.

On the other hand, the performance of the MEA significantly improved after conditioning, as we can clearly see in figure IV-8. Some researchers have attributed this increase in performance to changes in the MEA microstructures [7]. From our viewpoint, this increase Drawing upon the degradation of the catalyst layer at the cathode side, the purpose of this study was to assess its durability under harsh conditions: cycling potential from To examine the impact of the pronounced loss in ECSA after degradation on the performance, we compared the polarization curves before and after degradation as a function of the specific current (A/cm²Pt). At 0.65 VRHE, the activity decreased by a factor of ~70% after the AST test. at the anode, GDL at the cathode side. A possible explanation for this resistance increase might be the membrane's pollution by Ni cationic species or a contact resistance between CL and the microporous layer (MPL).

Ohmic-corrected polarization curve at different RH

Polarization curves were recorded at different RH and total pressure, in H2/O2 and H2/Air at 80°C. They were corrected from the derived ohmic resistances from EIS measurements.

We evaluated the effect of the relative humidity on the performance of the PtNi nanowires as shown in the figure IV-29 below: The voltage at the OCV values increased while increasing relative humidity. Also, relative humidity showed significant effects on the cell's performance.

At 100 %RH and low current density (i.e., high potential values [0.94 -0.6 ViR-free]), the nanowires have shown a higher performance comparing to the different values of %RH, maybe due to whether the higher activity of the catalyst or due to better use of Pt but the performance drops at high current densities may be due to electrode flooding in fully humidified conditions and thus the inaccessibility of oxygen to the catalytic sites. At lower %RH, the ionic conductor resistance increases due to the membrane drying out (low hydration implies low ionomer conductivity). We can also assume lower proton access and thus the misuse of the catalyst on the nanostructure that does not include any proton conductor (absence of ionomer) at low current densities. Also, when RH decreases, the maximum current drawn from the cell increases, attesting a better accessibility of the gases to the catalytic sites.

By comparing the ohmic resistance values at different RH, we notice that 100%-80% RH gives lower resistance than 80%-100% RH (similarly at 100%-50% RH and 50%-100% RH).

Thus, it would be better to hydrate the anode for the hydration of the MEA. could be attributed to the cell flooding, leading to lower utilization of Pt surface or the inaccessibility of oxygen to catalytic sites. At 80%-100% RH, we were able to reduce the propensity to flooding by removing the water produced at the cathode to the anode, which limits flooding by avoiding detrimental water accumulation at the cathode.

Conclusions on the RH effect slightly differ compared to operation under O2. At 100% RH in the air, we notice very low performance even at low current density, which could probably be linked to flooding. This was observed for higher current density in O2, where the partial pressure of the reactant is 5 times larger. For air, one must avoid fully humidified conditions on both sides. Better performance is observed at a low current density at 80%-100% RH. Performance drop at a high current density is most probably due to detrimental accumulation of water that hinders O2 transport which effect is visible for lower partial pressure of O2, as in Air. 

AST protocol: PtNiNWs Degradation

The load-cycle degradation test was carried out following the same potential cycles protocol applied to the conventional Pt/C cathode mentioned in the previous paragraph The extracted value of the overall ohmic resistance from EIS measurements in the same conditions described above amounts to 0.069 Ω, which is similar to the ohmic resistance obtained for the PtNiNWs.

Hydrogen-Oxygen and Hydrogen-Air polarization curves

Following the same test protocol aforementioned earlier, we assessed the experimental polarization curves at different RH values and total pressure alongside local impedance spectroscopy after the break-in process.

Optimization of the PtNiNTs fabrication and hot-pressing process:

During the fabrication process, I optimized the elaboration and the hot-pressing transfer of the PtNiNTs. We compared the polarization curves at different HR (figure IV-42). Beforehand, they are ohmically corrected. We noticed a significant decrease in the resistance after the ASTs at all RH conditions. This similar behavior to Pt/C and PtNiNWs electrodes might be due to the CL's thinning or depolluting the membrane from cationic pollutants.

hypothesis that would support this result (i.e., stability) is the reorganization of the alloy's surface and better use of the catalyst's specific surface. Pt/C electrodes with low Pt loading faced drastic voltage and activity losses after AST.

% of Mass Activity loss % of Specific Activity loss

They have shown a poorly resistance toward aging with a significant loss of ECSA.

Subsequently, for PtNiNWs and PtNiNTs, at fully humidified conditions (100% RH), the PtNi nanostructures have also shown higher performance at low current densities 

Transport losses from EIS?

let it be emphasized here that it is extremely difficult (if possible) to extract O2 transport losses from EIS, even on the conventional electrode. This is currently a subject of research.

Regarding the proton resistance in the electrode, I tried to fit spectra with the model classically described in the literature but, due to the thinness of the electrode, the values are too small to be measured. For instance, for Pt/C, we have tested thin electrodes, so the separation of transport losses of thin electrodes might be hard due to problems of discontinuities in the conductive carbon phase or in the proton-conducting ionomer.

Summary of comparisons:

This study set out to determine that higher durability and stability were observed for the PtNiNTs. Further analysis should be carried out to fathom the ORR kinetics and transport deeply. Also, to analyze the quantity of the dissolved Ni in the membrane, which is believed to be far less than PtNiNWs. Table IV-6 below contextualizes a brief review of the properties of each MEA tested in this work before and after aging. 

List of figures and tables

Perspectives

For a better understanding of the PtNiNTs and PtNiNWs, a pretty extended list of broader perspectives for continuing investigations on these structures is expressed below:

Further morphological and structural analysis:

1) Deeper structural analysis (TEM-HAADF coupled EDX) of the MEA after the nanowires/nanotubes transfer into the membrane to have better insight into their incorporation into the Nafion ® membrane, before and after degradation. Also, to have a clear idea about their degradation mechanism.

2) XPS analysis of the samples to ascertain the nature of the Pt and Ni in each nanostructure, supported with XRD measurements.

3) MEA ICP-MS measurements after degradation to verify the amount of Ni dissolution into the membrane.

Further elaboration processes:

4) To figure out a chemical process to eliminate Ni Oxide from the nickel nanowire's surface before galvanic displacement. The process might include a pre-acid leaching process of the wires in an appropriate etching solution without affecting the nickel's quality, combined with a thermal treatment in a reducing environment (H2/Ar, for instance). a A protocol such as the one shown in Table P.9 should be used to recover reversible losses prior to measuring each metric.

b Mass activity in A/mg @ 150 kPa abs back pressure at 900 mViR-corrected on H2/O2, 100% RH, 80°C, anode stoichiometry 2; cathode stoichiometry 9.5. A minimum hold time of 15 min is recommended, with the mass activity calculated based on the average current during the last 1 min. Multiple points should be measured at low current, and the 0.9 ViR-free potential should be determined based on these measurements.

Measured ORR current may be corrected for H2 crossover.