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"Never give up on what you really want to do. The person with big dreams is more powerful than the one with all the facts".

Albert Einstein

CHAPTER 1 Introduction and state-of-the-art

Abstract

Oxygen reduction is the most common fundamental reaction with some applications for photocatalysis and corrosion. In the present chapter, we consider the corrosion of zinc leading to the formation of ZnO. After describing properties of ZnO and the general oxygen reduction mechanism, an extensive review of ORR on Zn/ZnO surface is presented.

General aspects of corrosion

Corrosion of metals affects many domains of industry. Its economic impact is of considerable importance, about 3 or 4% of gross domestic product in industrial countries [1,2]. Corrosion is a chemical term commonly used to refer the process of total, partial, superficial or structural destruction of a given material (usually metals) caused by the aggressive influence of the environment. It is a complex electrochemical process. Many metals corrode when they are exposed to high relative humidity in air. Moreover, the process is also strongly affected by exposure to certain substances (acid or alkaline species, pollutants, chloride, bacteria…). Corrosion can be considered to modify the initial material locally at the micro or nanoscale or can extend across a wide area more or less uniformly, leading to localized or uniform types of corrosion. The presence of corroded species at the surface also plays an important role in the process and impacts strongly the material's corrosion resistance.

There are different forms of corrosion, among the most important [3][4][5][6]:

• Uniform or generalized corrosion is a (more or less) regular loss of material across the surface;

• Galvanic or bimetallic corrosion is due to the formation of a battery between two metals. The metal with the most negative corrosion potential plays the role of anode and therefore undergoes accelerated corrosion;

• Cavernous corrosion is due to a difference in oxygen accessibility between two parts of a structure, creating an electrochemical cell;

• Pitting corrosion is produced by some anions, especially halides and more particularly chlorides, in metals protected by very fine oxide films;

• Corrosion under stress is a metal saturation resulting from the joint action of mechanical stress and electrochemical reaction.

Fundamentally, it is a local electrochemical process which involves an oxidation reaction (e.g. the dissolution of the metal) balanced by a reduction reaction (most often the oxygen reduction) [3][4][5]. This means that fighting against corrosion can be oriented towards the inhibition of the oxidation reaction or the reduction reaction (or both simultaneously). The comprehension of the mechanisms and kinetics of both electrochemical reaction is thus of great interest.

For a metal M in near-neutral or alkaline electrolyte, the corrosion reactions can be written as follows:

2 M → 2 M 2+ + 4 e - (1) 
O2 + 2 H2O + 4 e -→ 4 OH -

The products of the reactions (1) and (2) react to form corrosion products can precipitate on the surface, as reaction 3:

2 M 2+ + 4 OH -→ 2 M(OH)2 (3) 
An hydrolysis step might follow:

M(OH)2 → MO + H2O (4) 
Those reactions are illustrated in Figure 1.1 in the case of zinc corrosion. 

Zinc corrosion and zinc oxide

Zinc corrosion in the natural environment depends heavily on the composition of the environment [3][4][5][6][7]. The factors that determine the corrosivity of an atmosphere include industrial pollution, marine pollution, humidity, temperature (especially the spread between daily highs and lows that influence condensation and evaporation of moisture) and rainfall.

Table 1. 1 shows the zinc consumption measured in different environments reported by Graedel et al. [7].

In dry air, zinc is slowly attacked by atmospheric oxygen. A thin, dense layer of oxides is believed to form on the zinc surface, and outer layer then forms on top of it.

Although outer layer breaks away occasionally, the under layer remains and protects the metal restricting its interaction with the oxygen. Under continued exposure, this film is transformed into various other atmospheric products. Zinc exposure in near neutral or alkaline electrolyte form: ZnO [8,9], Zn(OH)2 [10,11], smithsonite ZnCO3 [8,11] and hydrozincite Zn4CO3(OH)6.H2O [12,13]. In media containing low chloride and sulphate, respectively, the products formed are: simonkolleite Zn5(OH)8Cl2 [10,13] and hydroxisulfates Zn4SO4(OH)6.nH2O [14,15]. [7].

Environments

ZnO is a material frequently found in the corrosion products of zinc. In the following, the property of this semiconducting material is presented.

Typically, the ZnO film is an n-type transparent semiconductor with a wide band gap of about 3.4 eV. The conductivity is strongly affected by defects and doping as detailed by A.

Janotti et al. [16 and references therein]. Even relatively small concentrations of native point defects such as vacancies or doping can significantly affect the electrical and optical properties of semiconductors [16]. Therefore, depending on the synthesis method, thin films can present very different electronic resistivities.

ZnO films have different structures, the most common is the wurtzite type hexagonal (thermally stable structure at ambient conditions). However, there are also the cubic structures of zinc blende and rocksalt, as shown in Figure 1.2. The zinc blende structure can be stable only in epitaxial growth in cubic substrates and rocksalt is obtained only under relatively high pressures [18]. ZnO has a relatively open crystalline structure with a hexagonal network of dense packaging, in which the Zn atoms occupy half of the tetrahedral sites. All octahedral interstitial sites are empty and therefore many ZnO sites can accommodate intrinsic defects (particularly interstitial Zn) and extrinsic dopants [19]. In semiconductors the free surface energy, which affects the preferred orientation of each crystalline plane, depends strongly on the hybridized orbital.

The ZnO films tend to grow in the direction and plane of the lowest surface energy that is the direction [0001] and the plane (002). The ZnO synthesis can be done through several techniques including chemical and physical routes such as pulsed laser deposition [20], thermal evaporation [21], chemical vapor deposition [22] and magnetron sputtering [23][24][25][26][27][28][29][30][31][32].

Oxygen reduction reaction (ORR)

The ORR is an important cathodic reaction in many different domains, such as biological respiration [33,34] fuel cells [35][36][37], metal-air batteries [38,39] and photocatalysis [40][41][42][43]. The interest for ORR gained momentum in the 1960's due to the development of fuel cells. It was generally observed that the kinetics and reduction mechanism depend on several factors: electrocatalytic material, type of electrolyte and particle size. Several models for ORR have been proposed and published [44][45][START_REF] Damjanovic | Modern aspects of electrochemistry[END_REF][47][START_REF] Damjanovic | Electrochemistry in transition[END_REF].

Many ORR models have therefore been reported in the literature. However, there is an agreement on the occurrence of the following reaction steps:

• Direct pathway O2 + 2 H2O + 4e -→ 4 OH - (step k1) (5) 
• Indirect pathway O2 + H2O + 2e -→ HO2 -+ OH - (step k2) (

HO2 -+ H2O + 2e -→ 3 OH - (step k3) (

2HO2 -→ O2 + 2 OH - (step k4) (8) The reaction (5) involves four electrons and is known as the direct reduction of O2. It is in competition with the parallel indirect pathway that consists of two steps of two electrons (reactions ( 6) and ( 7)) involving the generation of hydrogen peroxide as intermediate species.

The latter might chemically decomposes into oxygen. The production of hydrogen peroxide is a relevant aspect in corrosion since its oxidizing power may lead to the degradation of organic protective coatings (cathodic disbondment) [49][START_REF] Gervasio | Determination of the oxygen reduction products on ASTM A516 steel during cathodic protection[END_REF][51].

The ORR mechanism is strongly dependent on the electrode material. The 4-electron pathway appears to be predominant in the case of several transition metals such as: Pt, Pd, Ag and Ru, Cu and perovskite oxides [52]. In contrast, the indirect 2-electron pathway is the predominant path for different types of carbon, metals such as Au, Hg and in metallic oxides of Co and Ni [53,54].

The set of four steps presented above constitutes a basis ORR model that is actually utilized in the Chapters 3 and 5 of this Ph.D. thesis. Many authors have proposed more complex reactions mechanisms, involving forward and backward reactions with additional pathways [START_REF] Damjanovic | The Mechanism of Oxygen Reduction at Platinum in Alkaline Solutions with Special Reference to H2O2[END_REF][START_REF] Wroblowa | Electroreduction of oxygen: a new mechanistic criterion[END_REF][START_REF] Appleby | Kinetics of oxygen reduction reactions involving catalytic decomposition of hydrogen peroxide: application to porous and rotating ring-disk electrodes[END_REF][START_REF] Zurilla | The kinetics of the oxygen reduction reaction on gold in alkaline solution[END_REF][START_REF] Bagotzky | Electrochemical oxygen reduction on nickel electrodes in alkaline solutions-II[END_REF]. However, the common point observed in all these cases is the competition between direct and indirect reduction.

Experimentally, the most frequently used techniques to investigate the ORR mechanism and kinetics are the rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE) [START_REF] Wroblowa | The mechanism of oxygen reduction on zinc[END_REF][START_REF] Wu | An Extension to the Analytical Evaluation of the oxygen reduction reaction based on the electrokinetics on a rotating ringdisk electrode[END_REF][START_REF] Van Den Brink | Hydrogen peroxide as an intermediate in electrocatalytic reduction of oxygen. -A new method for the determination of rate constants[END_REF][START_REF] Li | Study on kinetics of cathodic reduction of dissolved oxygen in 3.5% sodium chloride solution[END_REF] because they allow to evaluate the average number of exchanged electrons per reduced oxygen molecule (RDE) and the relevance of the indirect pathway by measuring the amount of generated hydrogen peroxide (RRDE).

State of the art of ORR on zinc and zinc oxide

Though ZnO is one of the most common corrosion products of zinc, its electrochemical behavior is not well understood yet, in particular towards ORR. There is still a debate for results obtained in both immersion and atmospheric conditions, as recalled by

Cole's recent review [START_REF] Cole | Recent Progress and Required Developments in Atmospheric Corrosion of Galvanised Steel and Zinc[END_REF]. Different results were also obtained with native (passive) zinc oxide layers on bare zinc and thicker ZnO coatings (ca. hundreds of nanometers) that were artificially produced as well as under immersion or atmospheric conditions, as summarized in the next lines.

These dependence of the ORR mechanism on the passive/active state of zinc was first shown by Delahay [START_REF] Delahay | A Polarographic Method for the Indirect Determination of Polarization Curves for Oxygen Reduction on Various Metals II. Application to Nine Common Metals[END_REF] who observed the peroxide formation in zinc electrodes by a polarographic method in phosphate solution (pH 6.9). Their results indicate that, at cathodic potentials (-1 to -1.1 V vs. saturated calomel electrode) the oxygen can be reduced in 2electrons pathway (indirect reduction with hydrogen peroxide as intermediate at low overpotentials) and direct reduction (4-electron pathway) when the potential is more negative.

The same trend was found in alkaline solutions by Wroblowa et al. [START_REF] Wroblowa | The mechanism of oxygen reduction on zinc[END_REF][START_REF] Wroblowa | Intermediate products of atmospheric oxygen reduction and the integrity of metal-organic coating interface[END_REF] and Dafydd et al. [START_REF] Dafydd | The kinetics and mechanism of cathodic oxygen reduction on zinc and zinc-aluminium alloy galvanized coatings[END_REF] under controlled hydrodynamic conditions (using the rotating ring disk electrode and the rotating disk electrode, respectively). Using RRDE in 0.05 M NaCl solution, Yadav et al. [START_REF] Yadav | Oxygen reduction mechanism on corroded zinc[END_REF] also observed a direct reduction of oxygen on active zinc. Yet on passive zinc, the reaction did not yield only hydrogen peroxide but also partly direct reduction, which differ slightly from the results presented above.

The cathodic behavior of zinc in passive and active state was more recently modeled by Flitt et al. [START_REF] Flitt | Synthesis, matching and deconstruction of polarization curves for the active corrosion of zinc in aerated near-neutral NaCl solutions[END_REF]. As shown in Figure 1.3, the authors were capable of fitting experimental data from the literature (here the experimental polarization curves of Leideihser et al. [START_REF] Leidheiser | Technical note: Towards a more corrosion resistant galvanized steel[END_REF]) by implementing in their model a two-electron oxygen reduction at low overpotentials and a four-electron reaction is related to the effective zinc surface covered with zinc oxide to bare surface. This transition was experimentally evidenced by a reduction peak in the polarization curves (recorded potentiodynamically in the cathodic direction) that was reported in other works as well [START_REF] Tomlinson | Technical Note: Cathodic polarization and corrosion of Zn and ZnAl in 3% NaCl solution[END_REF][START_REF] Leidheiser | Technical note: Inhibition of the cathodic reaction on zinc in aerated 3% NaCl solution[END_REF]. In contrast, on thicker ZnO films (ca. 1200 nm) prepared by electrodeposition, the ORR kinetics was shown to be governed (partially or mostly) by the direct reduction pathway [START_REF] Goux | Oxygen reduction reaction on electrodeposited zinc oxide electrodes in KCl solution at 70•C[END_REF][START_REF] Prestat | Oxygen reduction at electrodeposited ZnO layers in alkaline solution[END_REF]. Goux et al. [START_REF] Goux | Oxygen reduction reaction on electrodeposited zinc oxide electrodes in KCl solution at 70•C[END_REF] investigated ORR in 0.1M KCl at 70 °C using the rotating disk electrode (RDE) technique on ZnO thin film deposited on platinum substrate. The number of exchanged electrons were found to increase with increasingly negative potential. The polarization curves exhibited large overpotentials (ca 0.6 V, Figure 1.4)

Figure 1.4: Cathodic polarization curves recorded with a RDE on electrodeposited ZnO (platinum substrate) in near-neutral 0.1 M KCl solution at 70°C [START_REF] Goux | Oxygen reduction reaction on electrodeposited zinc oxide electrodes in KCl solution at 70•C[END_REF]. The reference electrode was a mercurous sulfate electrode (MSE). The number associated to each curve indicates the rotation rate in rpm.

In alkaline solutions at room temperature, Prestat et al. [START_REF] Prestat | Oxygen reduction at electrodeposited ZnO layers in alkaline solution[END_REF] also found that electrodeposited ZnO films has a relatively poor electrocatalytic activity towards oxygen reduction reaction. ORR occurred via the direct pathway at the oxygen diffusion plateau with a number of exchanged electrons close to four and almost no hydrogen peroxide was detected at the ring electrode in RRDE experiments.

The barrier properties of ZnO layers (or ZnO-containing) patinas formed on zinc have also been reported in the literature. Recently, Prestat et al. [START_REF] Prestat | Cathodic Corrosion of Zinc under Potentiostatic Conditions in NaCl Solutions[END_REF] grew ZnO patinas by cathodic corrosion of zinc in NaCl solutions. Despite the fine nanostructured morphology of the deposits developing large electrode/electrolyte surface area (see Figure 1.5), the cathodic activity of the patina-covered zinc was lower than that of the pristine substrate, suggesting a protective effect of the ZnO layer.

Another reduction of ORR activity was reported on zinc covered by simonkolleite/ZnO bilayers formed by electrochemical oxidation of zinc in NaCl solution [START_REF] Prestat | Microstructure and spatial distribution of corrosion products anodically grown on zinc in chloride solutions[END_REF]. As the uppermost simonkolleite exhibited a very open microstructure, the barrier effect was assigned to the thin nanoporous ZnO-rich film in contact with the substrate. A different viewpoint was proposed in the field of atmospheric corrosion. Some authors have formulated the hypothesis that the degradation of zinc (and zinc alloys) coatings could be cathodically enhanced by the presence of ZnO [START_REF] Prosek | Composition of corrosion products formed on Zn-Mg, Zn-Al and Zn-Al-Mg coatings in model atmospheric conditions[END_REF][START_REF] Prosek | Effect of the microstructure of Zn-Al and Zn-Al-Mg model alloys on corrosion stability[END_REF][START_REF] Stoulil | Electrochemical properties of corrosion products formed on Zn-Mg, Zn-Al and Zn-Al-Mg coatings in model atmospheric conditions[END_REF]. In a scanning Kelvin probe study, Nazarov et al. demonstrated an increase of surface potential of "thick" ZnO films (ca.

200 nm, prepared by thermal oxidation) [START_REF] Nazarov | Electrochemical and corrosion properties of ZnO/Zn electrode in atmospheric environments[END_REF] compared to native films (several nanometers thin) under droplets of zinc sulfate. The authors suggested a greater ability of the thick layers to reduce oxidizing species (such as O2 molecules).

In contrast, Thomas et al. evidenced a protective effect of ZnO patinas grown under artificial seawater droplets [START_REF] Thomas | Compact oxides formed on zinc during exposure to a single sea-water droplet[END_REF]. Cross-sectional electron microscopy imaging has found that the passive film that forms in zinc at alkaline pH consists of two layers, exhibiting a significant gradient of porosity with an open structure on the electrolyte side and a compact one close to the zinc substrate [START_REF] Thomas | Compact oxides formed on zinc during exposure to a single sea-water droplet[END_REF][START_REF] Thomas | Revisiting zinc passivation in alkaline solution[END_REF][START_REF] Thomas | Self-repairing oxides to protect zinc: Review, discussion and prospects[END_REF]. Also, a dependence was observed between the patinas formed and the electrolyte pH. At pH 13 solution, formation of soluble Zn(OH)3 -and Zn(OH)4 2-phases render the precipitated layer unstable increasing zinc corrosion, whereas, at pH 12, the precipitated layer (ZnO/Zn(OH)2) is more stable making it an effective anodic barrier upon zinc. These precipitated oxides formed at pH 12 support cathodic reactions on their surface which in turn catalyze further oxide growth by a cathodically driven process. A model describing the involvement of ORR in the development of such layers was proposed by Venkatraman et al. [START_REF] Venkatraman | Corrosion under a porous layer: A porous electrode model and its implications for self-repair[END_REF].

Aim of the work and structure of the thesis

This Ph.D. thesis aims at gaining fundamental knowledge on the oxygen reduction at ZnO electrodes using the rotating ring disk electrode (RRDE, described in more details in Finally, the Annex II is an already published paper on the barrier properties of ZnO grown by cathodic corrosion of zinc. For this type of ZnO coating was not produced by rfmagnetron sputtering and was not suitable for RRDE investigations, this article, co-authored by J. Soares Costa, is not integrated in the main structure of this Ph.D. thesis. Yet, as it provides some information of the cathodic behavior of one kind of nanostructured ZnO, it was included in the state of the art above [START_REF] Prestat | Cathodic Corrosion of Zinc under Potentiostatic Conditions in NaCl Solutions[END_REF].

Modified versions of Chapters 3, 4 and 5 have been or will be submitted as original research manuscripts to peer-reviewed scientific journals focusing on electrochemistry, thin films and materials science. 

Substrate preparation

For this work, ZnO films were deposited on copper substrates using the radiofrequency magnetron sputtering technique. Copper cylinders substrates (5 mm diameter, 4 mm height) were micro-machined from commercially available rods (purity> 99.95%) to be suitable for the RRDE setup. After machining, they were pre-polished with SiC paper (P2500, P4000 for 60s each one) in a Stuers Tegramin-25 polishing machine using water as a lubricant. Then, they were polished with MasterTex 10" paper with polycrystalline diamond suspension (3 μm and 1 μm for 180 s each one). Copper substrates were ultrasonically cleaned in ethanol, rinsed in deionized water and air-dried before the deposition.

Sputtering technique

"Sputtering" is the phenomenon in which atoms are ejected from a solid target material due to bombardment of the target by energetic particles. The effect occurs through the transfer of energy between the particles of the solid target material and the incoming particles [1][2][3]. It only happens when the kinetic energy of the incoming particles is much higher than conventional thermal energies (≫ 1 eV). If the ionic bombardment or plasma process of a material is prolonged, significant erosion of the material will occur, and this may be dangerous.

Deposition process

This technique consists of removing atoms from a solid target material and then depositing them on a substrate. The entire process occurs in vacuum chambers with low pressure gases. A large negative potential between target and substrate initiates the process and electrons will be emitted from the target surface. The ejected electrons are accelerated due to the potential and get a very high kinetic energy. They collide with the gas molecules and ionize them. The positive ions are accelerated towards the cathode. On hitting the target surface, part of the energy is transformed into heat and part is transferred to other particles.

These particles can eventually get enough energy to leave the target surface. Various particles are eventually emitted: neutral atoms which will eventually reach the substrate and build the film, negative ions, photons and secondary electrons.

The secondary electrons will again be accelerated from the target and ionize more gas atoms that will sputter the target and so on. The secondary electron yield needs to be high enough in order to maintain the plasma. When the substrate is immersed into the plasma (shutter removed), the electrons cover the surface much faster than the ions. A negative potential is created, which attracts the ions and repels the electrons. Around the substrate an electron depleted sheet is formed, up to a steady state condition when the ionic current equals to the electron current. In the absence of oxygen, the plasma is confined within the chimney near the cathode and only illuminates the exposed face of the substrate holder. The 

DC-sputtering (DC voltage)

The deposition process explained was for DC sputtering (in which case the voltage source is DC) being used for the deposition of conductive materials. DC sputtering technique for insulating or semiconducting materials will cause a positive charge accumulation on the target surface and consequently will occur an efficiency reduction in the process, extinguishing the plasma [5,11].

RF-sputtering (AC voltage)

The RF-sputtering technique is used in the case of non-conductive or low conductivity targets. In this technique a high frequency alternating signal is applied from an alternating current source. When negative potential is applied, positive ions are attracted to the target by positively charging it, during positive alternation of the source, electrons are attracted to the surface of the target discharging the same. Due to the constant discharge of electrons, the target behaves like a cathode for most of the process [7,11].

Magnetron sputtering

In conventional sputtering (not all electrons contribute to working gas ionization) some electrons are accelerated towards the wall chamber, producing heating and radiation. To optimize the deposition process and to avoid possible problems, the magnetron sputtering technique was developed. In this technique, a magnetic field is applied perpendicular to the voltage applied on the target. The intersection between these fields (magnetic and electric fields) will produce the confinement of the secondary electrons emitted in a region close to the target. These electrons accumulation will cause a significant increase in the probability of a collision between electrons and atoms of the gas. Consequently, there will be an increase in ionization, making the plasma denser. A schematic of the process is shown in Figure 2.2. The use of this method allows the reduction of gas pressure. At lower pressures the number of collisions is also reduced, making the sputtering more directional [3]. Magnetic fields perpendicular to the electric field are used to confine the plasma near the target surface. The magnetic field is created by set magnets that are below the target.

Thus, the secondary electrons (emitted by the target during the bombardment) do not bombard the substrate because they are trapped in helical trajectories close to the target and consequently do not contribute to the increase on the substrate temperature [13][14][15][16][17][18]. This allows use temperature-sensitive substrates (as plastic materials) and sensitive surfaces (as semiconductor oxide metal), producing minimal defects [16].

The main disadvantage of this technique is the non-uniform erosion of the target, which leads to use about 30% of the target, and decreases the deposition rate. Almost all nonferromagnetic metals can be pulverized.

Structure of thin films deposited by sputtering

In general, two stages are significant in growth evolution of thin films: initial stage (nucleation and coalescence) and intermediate growth. During the initial stage, the physical and chemical properties of the substrate, and the interaction between the substrate and the particles that reach it, play an important role. After the first layers are formed covering the substrate, the intermediate growth begins, during which the interaction occurs only between the particles and the film. Thus, during the growing evolution of the films, the physical surface processes determine the grain structure and surface morphology. Are they:

• Bombardment on the substrate surface/film;

• Adsorption of the atoms in the collision;

• Diffusion of the atoms on the surface of films.

These processes are related to the absorption energy at the moment of collision and the angle of atoms incidence, physical and chemical interaction between the atoms and the substrate/film surface, and especially the substrate temperature. A model that correlates the grain structure and surface morphology was proposed by Thornton in 1974 [19] and is called "zonal structure model". This model explains the growth of the grain structure in four different zones: Zone I, Zone T, Zone II and Zone III, as a function of the argon pressure and the TS/Tm ratio, where TS is the substrate temperature and Tm is the melting temperature of the material to be deposited. Originally, this model was developed to describe the growth of metals deposited via sputtering. However, in the literature, this model is also widely used to describe the film growth of different materials deposited by the same technique.

There are fundamental differences between TCOs and metals, so Kluth et al. [20] suggested modifications of the original Thornton model. First, the ZnO exhibits a high melting temperature (1975°C) when compared to the typical metal temperature. However, the ratio between the substrate temperature TS and melt temperature of the material to be deposited Tm (considered in the Thornton model) becomes very small at typical TS (80-400°C) intervals during sputtering deposition. In this case, the modified Thornton model is analyzed as a function of substrate temperature and not as a function of TS/Tm ratio. • Zone T is the transition region: the atoms diffusion is large and there is filling of voids found in zone I. So, it is difficult to identify outline grains. The structures are dense with "V" -type fiber-like grains and exhibit a relatively smooth surface;

• Zone II: high diffusion and the migration effect on grain boundary become dominant. In this case, the larger grains grow at the expense of smaller grains and follow a preferential orientation, resulting in a columnar structure of crystals of the same orientation. This zone is shown in Figure 2.3b. Because of collisions with the argon atoms, the energy of the particles arriving at the substrate/film surface decreases with increasing argon pressure, leading to a decrease in energy for diffusion surface. In addition, at high pressures, the adsorbed argon atoms limit the mobility of the atoms. Therefore, the temperature transition between Zones I, T and II increase with the argon pressure. On the other hand, the transition temperature between

Zones II and III is independent of the argon pressure, since this transition is determined by the internal material diffusion. ZnO thin films grown by sputtering have a polycrystalline surface morphology. The individual grains are strongly oriented with their crystallographic caxis parallel to the substrate. Different surface morphological structures are developed during deposition. For example, in crystalline substrates such as silicon, the growth evolution occurs in structures with small grains. On the other hand, in amorphous substrates such as glass there is growth in columnar grains that increase in size with film thickness.

Sputtering setup

For this research the radio-frequency magnetron sputtering (Univex 350, Oerlikon) has been used. The pump system is a turbomolecular with the primary system. The RF source is 350W, 13,56 Hz, with 4 targets with shutters. The base pressure choose was 3.10 -7 mbar. 

Electrochemical techniques 2.3.1 Rotating disk electrode (RDE)

The rotating disk electrode (RDE) method has been widely used for electrochemical analysis as it enables to work under well-controlled hydrodynamic conditions by adjusting the convective-diffusive transport of electroactive species towards the electrode surface [21]. The forced convection (rotation) causes a suction of the liquid towards the electrode.

Simultaneously, the radial movement moves the electrolyte out of the center towards the edge of the electrode. The flow conditions lead to the formation of a uniform diffusion film of homogeneous thickness [22][23][24]. The diffusion layer thickness depends on the rotation rate, the kinematic viscosity of the solution and the diffusion coefficient of the reactive species.

Typically, the rotation rate varies between ca. 30 and 2000 rpm and the thickness of the diffusion layer, δ, decreases with increasing rotation rate [22,25]:

𝛿 = 0.201 𝐷 1 3 ⁄ 𝑣 1 6 ⁄ 𝜔 -1 2 ⁄ ( 1 
)
where υ is the kinematic viscosity, D the diffusion coefficient of the electroactive species and ω the rotation rate of the electrode (expressed in rpm). When the reaction is fully controlled by mass transport, the limiting current, IL, is:

𝐼 𝐿 = 𝑛 𝐹 𝑆 𝐷 𝐶/𝛿 ( 2 
)
where n is the number of electrons involved in the reaction, F the Faraday constant, S the electrode surface area and C the concentration of the electroactive species. Rearranging Eqs.

(1) and ( 2), one obtains the Levich equation, where the limiting current for the RDE is [25,26]:

𝐼 𝐿 = 0.201 𝑛 𝐹 𝑆 𝐷 2 3 ⁄ 𝑣 -1 6 ⁄ 𝐶 𝜔 1 2 ⁄ (3) 
In contrast, when a reaction is fully controlled by charge transfer (in absence of mass transport limitations), the current, Ik, is a function of the electrode overpotential as expressed by the Butler-Volmer equation:

𝐼 𝑘 = 𝐼 0 (𝑒𝑥𝑝 ( 𝛼 𝑎 𝑛𝐹 𝑅𝑇 𝜂) -𝑒𝑥𝑝 ( -𝛼 𝑐 𝑛𝐹 𝑅𝑇 𝜂)) (4) 
with I0 being the exchange current density, αa and αc the anodic and cathodic charge transfer coefficients, respectively, η the overpotential, the R the universal gas constant and T the temperature.

If both mass transport and charge transfer controls the process, the reciprocal of the current, I, will be the sum of each reciprocal contribution:

1 𝐼 = 1 𝐼 𝑘 + 1 𝐼 𝐿 (5) 
By combining Eqs. (3) and ( 5), one obtains the Koutecky-Levich equation:

1

I = 1 𝐼 𝑘 + 1 0.201 n S F C D 2 3 ⁄ ʋ -1 6 ⁄ ω 1 2 ⁄ (6)
Note that Eq. ( 3) is a particular case of Eq. ( 6) when Ik → ∞. 

Rotating ring disk electrode (RRDE)

When one adds a concentric and coplanar ring electrode around the disk (separated from it by a small insulating gap), one obtains a rotating ring-disk electrode (RRDE), as shown Figure 2.7. Due to the electrode rotation, the reaction products generated at the upstream disk are transported toward the downstream ring, where it can be detected if the appropriate potential is chosen (the ring current is under mass transport control) [27]. In this Ph.D. thesis, the hydrogen peroxide of the indirect oxygen reduction pathway (on the ZnO disk) is detected by re-oxidation (into oxygen) at the gold ring. The higher the ring current, the more relevant the indirect reduction is. The RRDE is characterized the collection efficiency, N, which is the fraction of the intermediate species generated at the disk that reacts at the ring. In principle, N depends only on the size of the disk, the ring and the gap that separates. In practice, most researchers use the reduction of (potassium) ferricyanide to ferrocyanide to measure N. The reaction is assumed to occur in one single step without intermediate species.

Fe(CN)6 3-+ e -→ Fe(CN)6 4- (

The potential of the ring is fixed to carry out the opposite reaction (oxidation of ferrocyanide to ferricyanide). In that case:

N = I r I d ( 8 
)
with Ir being the ring current and Id the (modulus of) of the disk current. 

RRDE and RDE setups

The RRDE setup was acquired from Pine Research Instrumentation, Durham, NC, USA (Figure 2

.8).

A bipotentiostat is needed to control the two independent working electrodes (ring and disk) that "share" the same reference electrode (in our case, Hg-HgO, KOH 1M). The bipotentiostat was formed by two synchronized Gamry Reference 600 potentiostats. The collection efficiency of the ring was measured to be 23 % 5with the ferro/ferricyanide experiment mentionned above).

The RDE configuration is obtained by disconnecting the ring (and the attached potentiostat) and works as a classical three-electrode cell. 

Electrochemical Impedance Spectroscopy (EIS)

Impedance definition: concept of complex impedance

EIS is a non-destructive technique used to understand the interfacial behavior of electrochemical systems, being so one of the most common techniques in corrosion studies.

Electrical resistance is the ability of a circuit element to resist the flow of electrical current.

Ohm's law defines resistance in terms of the ratio between voltage, E, and current, I. The use of this relationship is limited to only one circuit element (ideal resistor).

An ideal resistor has several simplifying properties: it follows Ohm's law at all current and voltage levels, its value is independent of frequency, and AC current and voltage signals though a resistor are in phase with each other [28][29][30][31]. However, there are circuit elements that exhibit much more complex behavior, so that the simple concept of resistance must be replaced by impedance. Electrochemical impedance is usually determined by applying an AC (sinusoidal) potential or current to an electrochemical cell and then measuring the current or the potential, respectively, through the cell.

The response to this perturbation potential/current signal is an AC current/potential signal that can be analyzed as a sum of sinusoidal functions (Fourier series) [28][29][30][31]. EIS is usually measured using a small excitation signal, so that the cell response is pseudo-linear.

For a linear system, the current response to a sinusoidal potential is a sinusoidal signal with the same frequency as the potential but shifted in phase (Figure 2.9).

Figure 2.9: Sinusoidal current response of a linear system [28][29][30][31].

The excitation time signal, Et, at a constant polarization potential, is given by:

Et = E0 sin(ωt) ( 9 
)
Where E0 is the amplitude of the signal (independent of frequency) and ω is the angular frequency. The relationship between the angular frequency ω (in rad.s -1 ) and the frequency f (in Hz) is:

ω = 2πf (10) 
For a linear system, the response signal, It, is given by:

It = I0 sin(ωt + ϕ) ( 11 
)
With I0 the amplitude (dependent on ω) and ϕ the phase-shift. An expression analogous to Ohm's law allows calculating the impedance of the system (complex number) defined at each frequency by:

Z(ω) = |Z(ω)|𝑒 -𝑗ϕ = 𝐸 0 𝐼 0 (cosϕ -j sinϕ) ( 12 
)
The impedance is therefore expressed in terms of a modulus, |Z|, and a phase shift, ϕ, or in terms of a real part, Zr, and an imaginary part, Zj.

|Z(ω)| = Zr (ω) + jZi (ω) (13) 
In a three-electrode system, the potentiostat applies (at a constant DC potential) a sinusoidal potential of small amplitude. Then the current response is compared with original input signals in the analyzer. Through the response analyzer, the real and imaginary parts of the electrochemical impedance of the system are obtained.

This method is appropriate for a frequency range between 10 -4 and 10 6 Hz. If we plot the applied sinusoidal signal Et on the x-axis of a graph and the sinusoidal response signal It on the y-axis, the result is an ellipse (Figure 2.10). This ellipse is known as a "Lissajous figure". Analysis of Lissajous figures on oscilloscope screens was the accepted method of impedance measurement prior to the availability of modern EIS instrumentation [28][29][30][31].

Figure 2.10: Origin of Lissajous Figure [28][29][30][31].

Data representation

The expression for Z(ω) is composed of a real and an imaginary part. Plotting the real part on the x-axis and the opposite of the imaginary part on the y-axis of a chart, we get a Nyquist Plot. The Nyquist plot shown in Figure 2.11a exhibits one semicircle (characteristic of a single time constant) but could also contain several semi-circles [28][29][30][31]. On the Nyquist plot, the impedance can be represented as a vector (arrow) of length |Z|. The angle between this vector and the x-axis (phase angle) is ϕ = arg Z. One major shortcoming of Nyquist plots is that the frequency is an implicit parameter. Another representation of impedance data is Bode plots (Figure 2.11b). The logarithm of the frequency is plotted on the x-axis and both the modulus of the impedance and the phase-shift are plotted on the y-axis.

Analysis of EIS data

EIS data are commonly analyzed by fitting them, to an equivalent electrical circuit.

Most of the elements in the model are common electrical elements (resistances, capacitances and inductances). Table 2.1 lists the common electrical elements, the equation for their current versus voltage relationship, their impedance and some characteristics. The general equivalent circuit of the electrode/electrolyte interface consists of three parts: a resistor representing the electrolyte resistance, Re, in series with the parallel combination of a capacitor representing the double layer capacitance, Cdl, and Faradic impedance, ZF, describing the electrochemical reaction (Randles circuit -Figure 2.12). The electrolyte resistance, Re (Ω.cm 2 ) is the resistance to current flow through the electrolyte. It is proportional to the electrolyte resistivity ρ.

The charge transfer resistance, Rt, is the resistance associated with the charge transfer mechanism for electrode reactions. This is the resistance to electrons crossing the interface. It is defined as the inverse of the partial derivative of the Faradaic current density (jF) with respect to potential (E):

R t =(

𝜕𝑗 𝐹 𝜕𝐸 ) -1 (14)
Combinations of pure resistors, capacitors, or inductors do not necessarily describe the response of all systems. To model the behavior of real electrochemical systems, distributed elements are used, among which the constant-phase element (CPE) and the Warburg impedance.

Constant Phase Element (CPE)

The impedance response for electrochemical systems often reflects a distribution of time constants that is commonly represented in equivalent electrical circuits as a constantphase element (CPE). The impedance of a CPE is given by:

ZCPE = 1 𝑄(𝑗𝜔) 𝛼 = ( 1 𝑄𝜔 𝛼 × [𝑐𝑜𝑠 ( 𝛼𝜋 2 ) -𝑗𝑠𝑖𝑛 ( 𝛼𝜋 2 )]) (14) 
It is defined by two parameters Q and α. It can be reduced to a pure resistor, capacitor or inductor when α = 0, α = 1 and α = -1, respectively. When α = 1, Q has units of a capacitance (F.cm -2 ), when α ≠ 1, Q has units of s α Ω -1 cm -2 . If plotting the absolute value of the imaginary part of the impedance as a function of frequency, in logarithmic coordinates the resulting curve is a straight line with a slope equal to -α. This log|Zj| vs log f representation is recommended since it allows to get rid of the electrolyte resistance. The Q parameter can be obtained from the imaginary part of the impedance as follows:

Q = - 1 𝑍 𝑗 (𝑓)(2𝜋𝑓) 𝛼 × sin ( 𝛼𝜋 2 ) (15) 
A CPE behavior can be attributed to a distribution of time constant either along the area of the electrode (surface distribution) or along the electrode axis (normal distribution) [28][29][30][31] 

Ceff = 𝑄 1 𝛼 ⁄ (𝑅 𝑒 -1 + 𝑅 𝑡 -1 ) (α-1)/α (16)
In the case of a blocking electrode (Rt → ∞ ) this equation becomes:

Ceff = 𝑄 1 𝛼 ⁄ (𝑅 𝑒 -1 ) (α-1)/α (17)
In the case of an R//CPE circuit, the CPE parameters α and Q can be graphically obtained following the method presented by Orazem et al. [28]. The parameter α is calculated from the slope of the log |Zj| vs log f curve in the high frequency range and Q is obtained from α. They may be interpreted in terms of dielectric properties of the material. If the dielectric response can be associated with an effective capacitance Ceff, the dielectric constant ɛ, ɛ0 (the permittivity of vacuum ≈ 8.854×10 -14 F.cm -1 ) and film thickness d may be obtained from:

C eff = 𝜀𝜀 0 𝑑 (18) 

Warburg

The Warburg impedance is associated with one-dimensional diffusion of Xi species, in an infinite stagnant medium and is given by:

Z i = 1 (𝑘 𝑖 √𝑗𝜔) (19) 
where ki is a Warburg coefficient, dependent on many parameters such as the diffusion of species Xi, the reaction rate, the bulk concentration of species Xi and the potential.

Equivalent circuit

One of the problems with the use of equivalent circuits is that different circuits can have the same impedance signature. This raise questions about the physical meaning of model parameters. The Randles circuit, shown in Figure 2.12, can be used in the description of simple electrochemical systems, such as those represented by the impedance diagrams shown above.

Figure 2.12: Randles circuit [28].

Although the Randles circuit satisfactorily represents many electrochemical systems, more elaborate models become necessary in the description of more complex systems, in which adsorption and/or diffusion effects, surface heterogeneity, among others may be present. Whenever the speed of an electrochemical reaction is strongly influenced by the diffusion of a chemical species to or from the electrode surface, it is necessary to include a new element in the proposed equivalent circuit called the Warburg impedance (Zw). Such a situation may occur when the surface of the electrode is coated with some type of film. In these cases, the potential and current are out of phase by 45°, causing the real and imaginary components of the impedance to have the same values over a frequency range. The extent of this range may be higher or lower, depending on the characteristics of the system.

Electrochemical Impedance Spectroscopy (EIS) setup

The electrochemical experiments were conducted at room temperature in KOH however, one potentiostat was used. The applied frequency ranged used was 10 5 Hz to 1 Hz with 10 points per decade. The sinusoidal perturbation was 10 mV.

Surface characterization techniques

Atomic Force Microscopy (AFM)

The surface topography of the films was studied with an atomic force microscope (Multimode 8 FM from Bruker) in tapping mode. This technique is used to evaluate the surface morphology of nanometric films and, consequently, to investigate three-dimensional nanostructures. It is possible to obtain the average grain size and surface roughness. The microscope consists of a flexible cantilever, with silicon or silicon nitride probes, with have a conical or pyramidal shape. The microscope also contains a scanning system, which generally uses piezoelectric ceramics capable to moving in three dimensions (x, y and z) with angstroms accuracy. The analysis consists of sweeping the sample surface, with the probe located in the cantilever. During the scanning the probe approaches the sample and begins to deflect due to the forces (attraction or repulsion) between sample and probe, and this deflection will be detected by a laser beam that is incident on the upper side of the cantilever and reflected to a four-quadrant sensor. This sensor provides the deflection information for the feedback system, thereby correcting the vertical movement of the piezoelectric ceramic so that the tip remains in contact with the sample. The image will be formed according to the number of steps relative to the vertical movement of the piezoelectric ceramic that was recorded in a matrix [32,33].

Profilometer

This technique consists of sweeping the sample surface with a diamond-tip needle.

When the tip needle locates the film substrate interface, it begins to move vertically. A linear variable differential transformer (LVTD) sensor coupled to the tip needle produces the electrical signals corresponding to the tip needle movement. These analog signals are then converted into a digital format and the software provides the thickness values [34,35]. In this research a profilometer Tencor P-10 was used.

X-ray diffraction (XRD)

X-ray diffraction (XRD) measurements were done to analyze the crystalline structure of the ZnO layers using PANalytical Empyrean apparatus with CuK radiation (1.5408 Å).

This technique is used to identify the crystalline phases present in the material, preferential orientation of the planes, analysis of the composition and size of the crystallite, as long as the structure of the material presents a long-range organization. A monochromatic X-ray beam reaches the surface of the material, and an atomic distribution of the crystalline materials will cause the phenomenon of incident X-ray diffraction. From the measurement of the diffraction angles and their intensities it is possible to identify the crystalline structure of the material.

After the beam incidence, scattered waves must interact constructively between them (the scattered waves across the planes of the atoms of a crystal must be in phase). Figure 2. 13 shows a schematic of the diffraction phenomenon [36][37][38][39]. The diffraction conditions are expressed by the Bragg equation 20, where n is a positive number related to the diffraction, λ is the wavelength of X-rays and d is the interplanar distance of the crystal.

2𝑑 𝑠i𝑛𝜃 = n𝜆 ( 20 
)
When n is an integer (1, 2, 3 etc.) the reflected waves from different layers are perfectly in phase with each other and produce a bright point on a piece of photographic film.

Otherwise the waves are not in phase and will either be missing or feint.

Scanning Electron Microscopy (SEM)

Top-view imaging was performed by conventional scanning electron microscopy (SEM, SU3500, Hitachi). This technique is used to evaluate the surface of materials from high resolution images of the area to be analyzed. The images are obtained from the incidence of an electron beam that scanner the sample surface (Figure 2.14) [40][41][42]. The electron beam is generated from a filament, usually tungsten, by thermionic effect. The beam is then accelerated in a high vacuum through a difference potential, being focalized through electromagnetic lenses at a point on the surface of the sample, where the scanning process will begin at the desired region of the sample. The interaction between the electron beam and the surface atoms will produce various phenomena such as: secondary electron emission, electron backscattering, Auger electron, characteristic X-rays, or another photon emission. From the detection of secondary and backscattered electrons it is possible to form the image of the topography of the sample or to obtain a chemical contrast of the material, respectively. The distinction of the type of electrons is made by the difference of energies. The most common imaging mode collects low-energy (<50 eV) secondary electrons. Consequently, they can produce very high-resolution images of a sample surface, revealing details less than 1 nm in size. Backscattered electrons are incident electron beam that suffered elastic collisions (when there is a change of direction without significant energy loss) with surface atoms. The backscattering will occur from the collision between the electrons and elements present in the material that has a high atomic number (the higher the atomic number of the material in a region, the brighter the image obtained after the signal detection). Thus, it is possible to acquire images with different contrasts, depending on the atomic number of the atoms present in each surface region [40][41][42].

Scanning transmission electron microscope (STEM)

This technique is similar to scanning electron microscope (SEM). An electron gun generates a beam of electrons that is focused by a series of lenses to form an image of the electron source at a specimen [43,44]. This equipment generally uses FEG electron sources because of its consistency and high brightness characteristics. The resolution of the STEM is determined mainly by the diameter of the beam. Due to the use of lenses to focus the beam, the resolution is limited by spherical aberration. However, STEM aberration correctors are already incorporated into the microscope column to minimize this problem. The beams that leave the interaction with the sample are collected by special detectors. These detectors process the information to form the image or obtain compositional information. The main detectors are lightfield (BF), annular darkfield (ADF) and high angle annular darkfield (HAADF). When the electron beam interacts with a sample, the Rutherford's scattering phenomenon occurs, where incoherent beams are scattered at high angles. These beams are collected by the HAADF detector and are of great importance as they provide information on the chemical composition of the sample. The type of contrast that is formed is called contrast "Z", and this type of contrast is sensitive to the thickness variation of the material [43,44].

Energy Dispersive spectroscopy (EDX)

The "bulk" composition of the films was determined by energy dispersive X-ray spectroscopy (EDX, UltraDry EDX detector and Thermo Scientific software NSS 312) with an acceleration voltage of 5 kV. Using such low voltage, information is limited to the top layer of the analyzed sample, which is rather important for investigation of thin films. In return, only low energy X-rays are detected, and some elements are not visible.

The EDX is a SEM attachment that allows a fast analysis of the composition of the sample with micrometric resolution. It is a mainly qualitative technique, but also quantitative under controlled conditions, being able to identify elements from atomic numbers of boron to uranium. The analysis basically consists of the beam incidence on a given material. By focusing a beam on the surface of the sample, the incident electron can interact with an electron from the inner shell of the electronic cloud of an atom, and as a result, the ejection of an electron can occur, creating an electron hole. In consequence electrons belonging to external layers or sublayers transit to the internal layer to fill the vacancy left by the ejected electron. This energy gap (from the transition of electrons from outer layers to inner layers) is released in the form of an X-ray. Thus, for each atom the energy levels are well defined and characteristic, the energy of the X-ray is also specific for each atom. In other words, the X-ray energy contains information about the atom from which it was emitted, and it is possible to identify the chemical composition of the sample [45].

Focused ion beam (FIB)

Some high-resolution cross-sectional images of this thesis were obtained with a focused ion beam scanning electron microscope (FIB-SEM, FEI Helios NanoLab 600i, TLD, 2kV). This technique is a high-resolution microscopy system that consists of two different analysis devices, the FIB that generates an ion beam, and the SEM that generates an electron beam (Figure 2.15). This microscope has the ability to micro-usinate samples with high precision and generate images provided by the ion beam or the electron beam in conjunction with non-destructive analysis (imaging and spectroscopy), preserving the possibility of both beams operating independently or simultaneously in the same sample area [START_REF] Damjanovic | Modern aspects of electrochemistry[END_REF][47][START_REF] Damjanovic | Electrochemistry in transition[END_REF]. The specialty of the FIB is the combination of high image resolution (less than 10 nm) with the topographic and contrast information of the materials analyzed. The ion beam is generated from a source of liquid metal ions (LMIS). This liquid metal ion flows through a thin needle of Tungsten until its tip, from where it is extracted by an emission field. The large negative potential between the needle and the electrode generates an electric field at the tip needle.

The equilibrium between the electrostatic force and the surface tension of the tip needle wetted by the liquid metal, results the formation of the Taylor cone at the tip needle, from where the ion beam is emitted. The ion column consists of two lenses, a condenser and an objective, to define the beam and then focus it on the sample. The diameter and shape of the beam determine the resolution of the image and the accuracy of the micro-machining performed on the sample. Generally, the smaller diameter beam has the better resolution achieved and more precise the chopping will be. Detectors such as SEM can be used to detect electrons and X-rays emitted through the interaction between ions and sample. The ions that are scattered from the sample are also detected by several types of detectors, such as electronic charge multipliers and scatter particles mass selection [START_REF] Damjanovic | Modern aspects of electrochemistry[END_REF][47][START_REF] Damjanovic | Electrochemistry in transition[END_REF]. 

X-ray Photoelectron Spectroscopy (XPS)

The chemical composition of the surface was assessed by X-ray photoelectron spectroscopy (XPS) using an Al-Kα X-ray source (Thermo VG) and a cylindrical mirror analyzer (RIBER). When a surface is excited by photons, the emitted electrons are designated by photo-electrons, being the energy of these electrons characteristic of the element from where they were emitted. The XPS spectra are obtained by irradiating a sample surface with a beam of X-rays while simultaneously measuring the kinetic energy and electrons that are emitted from the top (1-10 nm) of the sample under analysis (Figure 2.16). This spectrum is recorded by counting ejected electrons over a range of electron kinetic energies. Peaks appear in the spectrum from atoms emitting electrons of a particular characteristic energy. The energies and intensities of the photoelectron peaks enable identification and quantification of all surface elements [49,[START_REF] Gervasio | Determination of the oxygen reduction products on ASTM A516 steel during cathodic protection[END_REF]. The limit of detection of this technique is usually not more than 1% in atomic percentage, with the analysis thickness is 5 nm. When carrying out the quantitative analysis, attention must be paid to the peak intensities of the photoelectrons. The sensitivity (element detection) depends on the effective section of this element and the background noise produced by the other elements [49][START_REF] Gervasio | Determination of the oxygen reduction products on ASTM A516 steel during cathodic protection[END_REF][51][52]. In XPS measurements, following core ionization by a photoelectron emission, an outer shell electron can fill the created vacancy and the energy released can result in the emission of an Auger electron. This latter is defined by its kinetic energy. The Auger parameter (α) is then defined by the sum of the kinetic energy of the Auger electron and the binding energy of the photoelectron. This parameter is particularly useful for chemical state analysis and can be used without interference of surface charging. Moreover, it is of high interest when studying corrosion of zinc. Indeed, as shown by the PhD. thesis of B. Lefevre [53] and more recently of E. Diler [54], only this parameter is useful to identify the different species.

CHAPTER 3 DC study of ORR on textured ZnO layers

Abstract

In this chapter, thin smooth columnar ZnO films were deposited by rf-magnetron sputtering on copper substrates. The layers were characterized by XRD, XPS, EDX, FIB-SEM and AFM. Oxygen reduction at the ZnO surface was investigated in alkaline electrolyte under controlled hydrodynamic conditions using the rotating disk electrode (RDE) and the rotating ring disk electrode (RRDE) techniques. It was shown that ORR follows both the direct and indirect reaction pathways as a non-negligible flux of hydrogen peroxide was evidenced. The textured layers suffered from mechanical instability that was found to be potential-dependent. Also, an Annex was added with additional information about the first measurements to find the best conditions to obtain well-oriented ZnO films.

A modified version of this chapter has been submitted to Materials Chemistry and

Physics: Synthesis, characterization and oxygen reduction activity of textured ZnO films, J.

Soares Costa, M. Prestat, B. Lescop, S. Rioual, L. Holzer, B. Tribollet, D. Thierry. Oxygen can be reduced directly into hydroxyl ions (step k1) or indirectly with hydrogen peroxide as intermediate species (steps k2 and k3). Hydrogen peroxide may also be chemically decomposed on the electrode surface (step k4) [3]. The (electro)chemical reactions are written as follows:

Introduction

As mentioned in

O2 + 2 H2O + 4 e -→ 4 OH - (step k1) (1) O2 + H2O + 2 e -→ HO2 -+ OH - (step k2) (2) HO2 -+ H2O + 2 e -→ 3 OH - (step k3) (3) 2HO2 -→ O2 + 2 OH - (step k4) (4)
Depending on the reaction pathway, the number, n, of electrons (per reduced molecule of oxygen) varies between 2 and 4. The detection of hydrogen peroxide and therefore the relevance of the indirect pathway is usually carried out by collection-based techniques, such as rotating-ring disk electrode (RRDE) [4,5] and double-channel electrode flow cell [6][7][8].

Ideally this is done with a smooth dense working electrode (where ORR takes place) that is coplanar with the collecting electrode at which oxidation of hydrogen peroxide occurs.

The electrochemical behavior of ZnO towards ORR is not well understood yet as described in the analysis of the state-of-the-art and as recalled by Cole's recent review [9].

Notably different results were also obtained with native (passive) zinc oxide layers on bare zinc [10][11] and thicker ZnO coatings (ca. hundreds of nanometers) that were artificially produced [12][13]. In almost all these studies, the ZnO layers displayed a rather complex microstructure with e.g. multi-scale porosity, heterogeneous thickness or rough surface.

The aim of the present work was to prepare a first type of ZnO layers that could serve as model electrodes to study ORR under controlled hydrodynamic conditions using the rotating disk electrode (RDE) and rotating ring disk electrode (RRDE) techniques in alkaline solution at room temperature. The targeted nanostructure was dense and columnar with a (002) orientation. Hence the layers were referred to as "textured ZnO". The films were produced by radio-frequency (rf) magnetron sputtering using a ZnO target. The crystalline structure and the chemical composition of the films were investigated with X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and energy-dispersive X-ray spectroscopy (EDX). Their morphology and their microstructure were characterized by atomic force microscopy (AFM), conventional scanning electron microscopy (SEM) and focused ion beam scanning electron microscope (FIB-SEM). Results on the mechanical stability and electrochemical activity of the ZnO films as well as on the relevance of the direct reduction pathway are presented and discussed.

Experimental

Synthesis of the ZnO layers

ZnO films were deposited on copper substrates by radio-frequency magnetron sputtering (Univex 350, Oerlikon) using a ZnO target. The procedure to determine the sputtering parameters for ZnO deposition is described in the Annex of this Chapter. Copper cylinders substrates (5 mm diameter, 4 mm height) were micro-machined from commercially available rods (purity > 99.95%, GoodFellow) to fit the (RRDE) setup that exposes only the top surface. After machining, the substrates were grinded with SiC paper (P2500 and P4000

for 60 s each) using water as a lubricant. The finishing of the surface was done with a polishing cloth and polycrystalline diamond suspensions (3 μm and 1 μm, each for 180 s).

The substrates were then ultrasonically cleaned in ethanol, rinsed in deionized water and airdried.

For sputtering deposition, the working chamber which was vacuumed to reach a base pressure of 3 x10 -7 mbar. The substrates were fixed at a distance of ca. 10 cm parallel to the ZnO target surface. The films were deposited for 90 minutes with a mixture of reactive gas (Argon: O2, 2:1) inside the chamber. The gas purities were 99.9996% for Argon and 99.9995% for O2. Pre-sputtering was carried out for 30 min to clean and equilibrate the target surface prior to deposition. The same conditions were used for pre-sputtering and sputtering, except deposition time. During deposition, the total pressure was kept at 2 x10 -2 mbar. The input power at the target was 75 W.

Characterization of the ZnO layers

X-ray diffraction (XRD) measurements were done to analyze the crystalline structure of the ZnO layers using PANalytical Empyrean apparatus with CuK radiation (1.5408 Å).

The chemical composition of the surface was assessed by X-ray photoelectron spectroscopy (XPS) using an Al-Kα X-ray source (Thermo VG) and a cylindrical mirror analyzer (RIBER). The "bulk" composition of the films was determined by energy dispersive X-ray spectroscopy (EDX, UltraDry EDX detector and Thermo Scientific software NSS 312) with an acceleration voltage of 5 kV. The surface topography of the films was studied with an atomic force microscope (Multimode 8 FM from Bruker) in tapping mode. Top-view imaging was performed by conventional scanning electron microscopy (SEM, SU3500, Hitachi) to evaluate the aspect of the layers. High-resolution cross-sectional images obtained with a focused ion beam scanning electron microscope (FIB-SEM, FEI Helios NanoLab 600i, TLD, 2kV) enabled to characterize the internal microstructure of the ZnO layers and to measure their thickness.

Electrochemical measurements

All electrochemical experiments were conducted at room temperature in KOH 

Eletrochemical behaviour

The electrochemical behavior of the ZnO films towards ORR was investigated in alkaline KOH at pH 10 using the RDE technique. Based on preliminary measurements (better described in Chapter 4), the resistance (R) of the film was measured in transverse mode. R was found to be ca 0.3 -0.4 Ω, and the resistivity, ρ, was therefore estimated to be ca. 10 2 Ω cm. This low resistivity value suggests high conductivity value for textured ZnO films, and being high enough was neglected the ohmic drop within the layers. substrates between open circuit potential till -0.8 V. A significant difference of activity between ZnO and copper is observed. At -0.8 V, the current density obtained for ZnO was ca.

-50 μA/cm 2 while that of copper was ca. -950 μA/cm 2 . This result shows that ZnO is not an efficient electrocatalyst for ORR and is in good agreement with the reports of Goux et al.

[12] and Prestat et al. [13] obtained with electrodeposited ZnO. At -0.2 and -0.5V, no change of the ZnO surface is noticed and the polarization curves overlap. After the -0.8 V polarization, large cracks are visible, leading in some cases to local delamination of the ZnO film that is generally better observed with lower magnification micrographs. Typically, large cracks are found at potential more negative than ca. -0.6 V. Yet the rupture potential and the degree of damage of the layers varied from one sample to another. At the beginning of the fourth experiment (polarization till -1.1 V), the film was already cracked and exposed the underlying copper substrate. This resulted in an increase of the current density in the polarization curve. Unsurprisingly post-mortem SEM observations revealed more important damages. Since the rupture of the films clearly depends on the applied potential, it can be postulated that the stress necessary to generate the cracks might originate from the piezoelectric properties of columnar ZnO that have been reported in the literature [15,[20][21][22]. This may add up to the residual stress already present in the films after deposition. It is known that, during rf-magnetron sputtering, the ZnO film formation is governed by different critical parameters such as power, sputtering pressure and gas composition [23][24][25][26]. These parameters govern the quality, the stress and the nanostructure of the deposited films. Progress in terms of mechanical stability of the films might be achieved by optimizing those parameters (provided that the compactness of the films is retained). This research activity is however beyond the scope of this Chapter.

The hypothesis of ZnO degradation due to the chemical dissolution was also considered for such phenomenon and has been reported in the literature [17,18] Moreover, it is believed that chemical dissolution would lead to a more homogenous degradation of the films at the micron or submicron scale, as reported by Becker et al. [27] unlike the cracks shown in Figure 3.8 that clearly suggest a mechanical stress issue. When comparing the present findings with literature results, it seems that the way oxygen is reduced on ZnO greatly depend on the thickness (thin passive layers or "thick" deposited films) and on the growth method. Prestat et al. [13] studied ORR on 1200 nm thick ZnO layers electrodeposited on copper substrates with RRDE in KOH solutions (pH = 11) at room temperature. The films did not exhibit any preferential crystallographic orientation.

Only a small production of hydrogen peroxide was detected at the ring electrode. The Levich equation applied under mass transport control (current plateaux) showed that the number of exchanged electrons, n, was around 4 evidencing thus the direct 4-electron pathway.

Using RDE technique, Goux et al. [12] investigated ORR kinetics on ZnO electrodeposited on platinum substrates in near-neutral KCl electrolyte at 70°C. The context of their work was to better understand ORR under the conditions of the ZnO synthesis, ORR being part of the electrodeposition process [28]. Koutecky-Levich plots evidenced a regular increase of the n value (from 2.2 to ca. 4) with increasingly cathodic overvoltage. Hence, while ZnO passive layers favour a 2-electron reaction with hydrogen peroxide generation [4,10,11], the 300 nm textured ZnO films of this study, like other "thick" coatings [12,13],

promotes the direct reduction with a more or less significant indirect reduction contribution.

The latter probably depends on parameters, such as nanostructure and texture (that are related to the growth method), as well as electrolyte composition, pH, thickness and temperature.

Conclusions

ZnO thin films were produced by rf-magnetron sputtering on copper substrates. The Oxygen reduction polarization curves were recorded in alkaline electrolyte at pH 10 under controlled hydrodynamic conditions. Despite the relatively fast degradation of the layers, important features of ORR could be identified. Notably it was found that textured ZnO has a poor activity towards ORR (when compared to that of the copper substrates).

Furthermore, it was evidenced that a non-negligible amount of hydrogen peroxide is generated indicating that both the direct and indirect reaction pathway are followed. These results are in line with previous reports on "thick" ZnO deposits and stand in contrast with those obtained with ultrathin (nanometric) passive ZnO layers that promote indirect oxygen reduction and hydrogen peroxide generation. A more quantitative analysis of the RRDE results was not possible since, during cathodic polarization, the layers ruptured while the ORR kinetics was mostly under charge transfer control.

In the next chapter, electrochemical impedance spectroscopy is used to characterize the ZnO textured layers and analyse more finely the onset of their degradation as function of potential.

Annex I -Additional information Chapter 3

In this Annex the first procedures are presented to obtain the best conditions to produce dense well-oriented ZnO films (named as "textured" ZnO). Many parameters were modified, among them: the influence of the argon flux, the deposition power and the thickness. All these first steps were necessary for the production of these ZnO films.

I. Synthesis of the ZnO layers

The first procedure was to obtain the best conditions to produce textured ZnO dense films. To obtain these results, we focused on the intensity of the (002) peak [1][2][3][4][5][6] to evaluate the different conditions. With these top-view SEM images, it is possible note that with larger deposition times are obtained higher thickness. These thicker films (thickness of 1µm and 700 nm) presented cracks since the beginning, being impossible to use them as a model electrode. The most promising thickness was the 300 nm that don't showed no cracks, corresponding to a deposition time of 90 minutes.

All the conditions to produce the textured ZnO films are then: ZnO target; deposition time (90 min); mixture of reactive gas (Argon: O2) 2:1(it means (argon flux (15 sccm) and oxygen flux (10 sccm)), and the input power (at the target) 75W.

II. Investigation of the dissolution process

Assuming the hypothesis that textured ZnO films undergo chemical dissolution in alkaline media, a study was developed to try to explain this assumption. The dissolution was verified in alkaline electrolyte (same solution used for the electrochemical measurements).

The films were exposed for 24 hours and 1 week. 

Introduction

In the previous Chapter, the DC behavior of dense (002)-oriented ZnO films has been studied. The films presented a potential-dependent mechanical instability leading to film cracking and delamination which rendered ORR investigations difficult. When using potentiodynamic polarization curves, the critical potential at which the film ruptured was around ca. -0.6V vs. Hg-HgO. The criterions for estimating this rupture potential was the presence of cracks in post-mortem SEM analysis and the increase of ORR activity (when the electrolyte reached the underlying and more electrochemically active copper substrate).

Hence conclusions could be drawn only when significant damages on the films had already occurred.

This chapter focuses on the early stage of degradation taking place at potentials less negative that -0.6 V and induced by the crack propagation. The ZnO layer with the propagating cracks might be considered as "porous" systems to a certain extent. Electrochemical impedance spectroscopy (EIS) has already been used in the literature to investigate such porous layers.

Recently Barrès et al. used EIS to investigate the porosity of silicon nitride (SiNx) thin films (30-60 nm) used in the glass industry as barrier layers [1]. High-resolution electron microscopy analysis revealed the presence of nanoscale pores (0.5 -2 nm). The study distinguished "through-pores" in which the electrolyte could reach an underlying gold substrate and "non-through-pores" that crossed only a portion of SiNx layer. The impedance of the former was modelled as a pore resistance in series with a CPE while the distribution of resistivity of the latter was accounted for with the Young model [2,3]. Interestingly, the approach followed by Barrès et al. based on combination in situ impedance spectroscopy with ex situ electron microscopy analysis present similarities with the approach used in the present chapter.

De Levie model has been developed for ideal "metallic" electrodes with parallel cylindrical pores with identical geometry to account for frequency dispersion using transmission lines [4]. Several studies showed that De Levie impedance could be used to describe analytically more complex systems with pores of various geometry, length and radius [5][6][7][8]. For instance, Barcia et al. investigated cast iron corrosion in Evian mineral water using the De Levie impedance [5]. The latter was applied to the cathodic impedance through macroporous red rust. The (averaged) number and length of pores could be estimated after numerical optimization between experimental and simulated impedance data.

The objective of this chapter is to gain more understanding about the degradation of the textured ZnO layers (described previously in Chapter 3) in alkaline electrolyte using EIS.

The experimental data are compared with two models, one accounting for a fully dense ZnO layer and the other describing the penetration of the electrolyte in the cracks of the films. The global in situ information provided by EIS is completed by the local ex situ structural data at the nanoscale and at the microscale obtained by electron microscopy.

Experimental Section

Synthesis and characterization of the ZnO layers

This study deals with the same 300 nm thin textured ZnO layers as those produced in 

Electrochemical measurements

The 

χ 2 = ∑ [( Re(Z exp,i ) -Re(Z sim,i ) 0.005|Z exp | ) 2 + ( Im(Z exp,i ) -Im(Z sim,i ) 0.005|Z exp | ) 2 ] nf i=1 (1)
with nf being the number of frequencies in the experimental spectra, Zexp and Zsim the experimental and simulated (calculated) impedance, respectively, and 0.005 the coefficient standing for an acceptable error of 0.5% between the experimental and the simulated spectra.

Results and discussion

Physical characterization of the ZnO layers

Preliminary remark about units: please note that, in this study, resistance, impedance and capacitance values are expressed relative to the geometrical surface area of the disk electrode. Hence, unless otherwise stated, resistances (and impedances) are expressed in Ω cm 2 and capacitances in μF/cm 2 . Only the resistance, R, of the film measured in air with the set-up of Figure 4.1 is expressed in Ω (see below).

Electron microscopy analysis provides relevant ex situ microstructural information on the ZnO layers at the microscale and the nanoscale. Analysis of HAADF-STEM images allows determining porosity (that appears in black contrast) [1,10,11]. ZnO is evidenced to have a very compact structure at the nanoscale (Figure 4.2a). Only very thin vertical black lines between the columns were detected. They could be grain boundary or extremely narrow pores that are very unlikely to let the electrolyte go through in view of their aspect ratio. The resistance, R, of the film was measured in transverse mode (cross-plane) in air between two copper stripe electrodes (Figure 4.1). R was found to be ca 0.3 -0.4 Ω. The order of magnitude of the resistivity, ρ, can be deduced using Eq. ( 2):

ρ = R S L (2)
with S being the ZnO surface area between the two copper electrodes (1 mm 2 ) and L the thickness of the layer (300 nm, the same as in the electrochemical measurements). ρ was therefore estimated to be ca. 10 2 Ω cm. This low resistivity value suggests that the impedance of the ZnO layers cannot be described by models accounting for distribution of resistivity within the films (such as the power law model [3] or Young model [2]). In the rest of this chapter, the product L (~ 3 10 -3 Ω cm 2 ) is renamed Rfilm and implemented in the equivalent circuit models depicted in The rest of model consists of a faradaic impedance, Zf, that is simplified to a charge transfer resistance, Rct, in parallel with the ZnO/electrolyte double layer capacitance that is represented by a constant phase element, ZCPE [14,15]. The elements of this model can be written:

Electrochemical results

Z f = R ct (3) Z CPE = 1 Q(jω) α (4)
with  being the angular frequency, and Q and α the frequency-independent CPE parameters.

The electrolyte resistance Re completes the equivalent circuit model. Rfilm is assumed to be much smaller than Rct and is therefore neglected. The total simulated impedance, Zsim, for this model is:

Z sim = 1 1 R ct + 1 Z CPE + R e (5)
The fitting process enables to get the value of Q. Then the double layer capacitance is obtained by applying the Brug formula [16]:

Cdl = Q 1/α Re (1-α)/α (6)
A comparison between the experimental data and the simulated impedance obtained from the fitted values corresponding to the 1 st model ( The model works well at low frequencies (below 38 Hz) only. Cdl is found to be 1.4 µF cm -2 , which is very small compared to the typical double layer capacitance values (around 10-100 µF cm -2 ). Similarly, low values were obtained for all applied potentials between -0.3

V and -0.5 V. Furthermore, at high frequencies, the first model does not account for the decrease of the phase ( The second model can be analytically described using Eqs. ( 3), ( 7), ( 8), ( 9) and (10).

Where the impedance of the ZnO layer, ZZnO, is represented by DeLevie impedance:

Z ZnO = √R 0 Z 0 𝑛 coth √ R 1
Z 0 (7) with R0 being the electrolyte resistance per unit of pore length with units of  cm -1 . n is the number of pores per cm 2 . R1 is the product l 2 R0, where l is the length of the cylindrical pore of the "ideal" electrode of De Levie [4]. In the present model, that does not aim at evaluating precisely the pores (cracks) geometry, only R1 is used as a fitting parameter. Z0 is the interfacial impedance per unit length of pore (expressed in Ω cm). Here, one assumes no charge transfer reaction in the pores and, Z0 is simply described by a CPE corresponding to the double layer capacitance along the pore wall whose parameters are Qpore and β.

Z 0 = 1 Q pore (jω) 𝛽 (8) 
When the argument of the coth is small, the coth is equal to the inverse of the argument (observed in low frequency) and can be represented as:

𝑍 𝑍𝑛𝑂 = √ R 0 R 1 Z 0 𝑛 (9) 
The faradaic impedance, Zf, is expressed the same way as in the first model using Eq.

(3). The double layer capacitance shown in Figure 4.6 physically exists, but its impedance is small compared to that of ZZnO. Hence it is neglected in this mathematical model (and in the corresponding fitting process). The total simulated impedance, Zsim, for this model is thus:

Z sim = 1 1 R ct + 1 Z ZnO
+ R e (10) From the fitting process, the parameter QZnO is calculated using the values of Qpore, R1 and R0:

Q ZnO = Q pore √ R 1 R 0 𝑛 (11) 
Finally, the capacitance, CZnO, of the ZnO film is derived from the Brug formula: The phase 82° (at -0.4V) and 76.8° (at -0.5V) is corresponding to the limiting phase of the CPE and is equal to βx90°. 41° (at -0.4V) and 38.4° (at -0.5V) corresponds to the limiting phase in the high frequency range and are equal to the half value of the limiting phase of CPE in agreement with the square root in the De Levie model. In high frequency the argument of coth is large and the coth is equal to one. Then,

CZnO = QZnO 1/β Re (1-β)/β (12) 
E (V) Re (Ω cm 2 ) Rct (Ω cm 2 ) R0/n 2 (Ω cm 3 ) R1 (Ω cm) Qpore  -1 cm -1 s  β QZnO  -1 cm -2 s  CZnO (μF cm -2 ) -0.4 13 
Z ZnO = √R 0 Z 0 𝑛 ( 13 
)
and the phase is the half of the Z0 phase and the slope of modulus of Z is the half of the slope of the modulus of Z in the low frequency (-/2) (Figure 4

.7).

An excellent agreement was found between experimental and simulated data in the whole frequency range. This finding shows that the De Levie impedance can describe in a satisfactory way the capacitive behavior of the growing cracks even though they are not of cylindrical shape. The second model was also successfully applied at different potentials in the cathodic direction from -0.3 V till -0.5 V. The resulting CZnO and Rct values are reported in Figure 4.8. Post-mortem SEM analysis of the surface of the layers polarized at -0.4 V and -0.5 V is shown in Figure 4.9. CZnO increases with increasingly negative potential. This is consistent with crack propagation since, in first approximation, CZnO is proportional to the "pore" surface in contact with the electrolyte. In 

Conclusions

The degradation of the (002)-oriented ZnO layers presented in Chapter 3 was investigated by EIS and electron microscopy. It was found that the structure of the asdeposited ZnO film was dense at the nanoscale with no gaps between the columns. An equivalent circuit model including the De Levie impedance was developed to account for the localized crack propagation under DC polarization. The growth of cracks generates a capacitance (CZnO) that is approximated to be proportional to the crack inner surface in contact with the electrolyte. Due to its localized nature, CZnO is sufficiently small so that its impedance is not masked by that of the double layer capacitance existing at the top of the ZnO surface. The good fitting of the experimental impedance data was obtained by taking advantage of the flexibility of the De Levie model that can describe "real" electrodes whose microstructures are far from an ideal array of identical cylindrical pores. EIS appears to be a more accurate method that DC voltammetry (as used in Chapter 3) to evidence the early stages of the ZnO layer degradation. The methodology used in this study combining global in situ impedance data with local ex situ nano/macro-strctural data proved to be efficient to investigate porous electrochemical systems regardless of the model used to describe the electrode (DeLevie, Young, power law…). This statement is also illustrated by the interesting study of Barrès et al. (presented in the introduction) using a similar combination of techniques to analyze the nanoporosity of silicon nitride thin films [1]. The gradual increase

of CZnO with the applied potential suggests that the crack development is related to the nature of the (002)-oriented ZnO (potential-dependent, observed in Chapter 3). This finding is also supported by the results of Chapter 5 in which such degradation is not observed. In this next chapter, ZnO layers with no preferred orientation are produced with magnetron sputtering using a zinc target. The microstructure, the capacitance and the mechanical stability of the films as well as their electrochemical behavior towards ORR are investigated and compared with the data obtained in Chapter 3 and 4 with textured ZnO.

issue by synthesizing non-textured ZnO layers that exhibited improved mechanical stability.

Note that this type of films may also be called "nano-granular" or "with no preferred orientation".

Figure 5.1 shows a schematic of the different ZnO microstructures that can be obtained with the sputtering technique and that are suitable for RRDE investigations. Figure 5.1a presents a dense and compact layer for which ORR occurs on the film surface. This structure was obtained in Chapters 3 and 4 along with the stability issues mentioned above. Figure 5.1b depicts a non-textured structure with micro-scaled grains and pores. The latter are sufficient large to enable the electrolyte to penetrate easily in the ZnO. In that case, the ORR active sites can also be found on the walls of the pore network below the surface. This makes the investigation of the ORR mechanism much more complex than that occurring at the surface of a dense electrode. The structure of Figure 5.1c also has no preferred orientation, but grains and pores are nano-scaled. The narrowness of the pores (< 10-15 nm) generates a strong resistance to the transport of electroactive species within the ZnO layer. Thus, ORR can be approximated to take place on the surface of the film. Though not completely dense, this kind of film is acceptable for the RRDE investigations intended in the present chapter. To the best of our knowledge, no synthesis of dense nano-granular ZnO layers using "one-step" sputtering (with no annealing post-treatment) has been reported before. The data available in the literature involving sputtering technique is related to the production of films with preferred (002) orientation [1][2][3][4][5][6] or to nanoporous ZnO films using thermally oxidized substrates [7,8], etching process [9,10] or heat-treatment after deposition [11][12][13][14][15]. To obtain sputtered ZnO films with no preferred orientation, some authors modified the pressure of oxygen on the deposition procedure [16][17][18]. It seems to be a trend indicating that, when the O2 partial pressure is increased, more randomly-oriented grains are observed during XRD experiments. Sasi et al. deposited ZnO films on 3C-SiC-on-Si substrates by using rfsputtering technique with zinc target, changing the O2/Ar gas ratio and annealing the layers at different temperatures [16]. The authors observed that a mixture containing 50% O2 and 50%

Ar showed three peaks (100, 002, 101) on the XRD diffractogram with practically the same intensity after annealing at 600°C. No data on the crystalline structure without annealing was supplied, suggesting that the as-deposited films were probably (002)-oriented. No microstructural data on the porosity was reported.

Abdallah et al. prepared ZnO thin films with rf-magnetron sputtering (with zinc oxide target) using glass as substrate and varying the oxygen flow rate [17]. No post-deposition heat-treatment was done. They observed that increasing the flux of O2 resulted in the decrease of the (002) orientation and in the appearing of the (100) reflection. No reliable microstructural information was reported. Maslyk et al. synthesized Zn/ZnO films with DC magnetron sputtering (zinc target) by increasing the gas flow rates while keeping the same 10:1 Ar:O2 ratio [18]. Due to the limited amount of oxygen, the produced films were essentially made of zinc. Yet it is interesting to observe from cross-sectional SEM micrographs that the porosity of the layers decreases with increasing oxygen flow rate.

The aim of this chapter was to synthesize non-textured layers with no pore or pores in the nanometer range (<10-15 nm) with rf-magnetron sputtering and to investigate the ORR mechanism and kinetics with RRDE. The layers were produced using a zinc target and different fluxes of oxygen during sputtering. They were characterized by XRD, conventional SEM, EDX, XPS, FIB-SEM, HAADF-STEM and impedance spectroscopy. The DC behavior of the ZnO layers towards oxygen reduction was investigated using chronoamperometry, potentiodynamic voltammetry and RRDE. A reaction mechanism was proposed and used to quantitatively evaluate the ratio between direct and indirect oxygen reduction. The results of this chapter were compared with those obtained with textured films.

Experimental Section

Synthesis of the ZnO layers

The non-textured ZnO films were deposited on copper substrates (diameter 5 mm) by radio-frequency magnetron sputtering deposition method (Univex 350, Oerlikon) using a Zn target. The details of the preparation of the cylindrical copper substrates have been described

in Chapter 3. For some depositions, glass substrates were used. For sputtering deposition, the working chamber was vacuumed to reach a base pressure of 4.8 x10 -7 mbar. The substrates were fixed at a distance of ca. 10 cm parallel to the Zn target surface. Film deposition was tested with various mixtures of reactive gas (Ar:O2 from 20:0 to 20:3) inside the chamber.

The gas purities were 99.9996% for Argon and 99.9995% for O2. Pre-sputtering was carried out for 30 min to clean and equilibrate the target surface prior to deposition. The same conditions were used for pre-sputtering and sputtering, except deposition time. During deposition, the total pressure was kept at 1.7 x10 -2 mbar. The input power at the target was fixed at 250 W.

Characterization of the ZnO layers

A Profilometer (Tencor P-10) was used to estimate the layer thickness. The nanostructure of the ZnO layers was further investigated with high resolution scanning transmission electron microscopy (STEM, FEI Talos F200X) at 200 kV. For this purpose, electron transparent TEM lamellas (thickness ca. 50 nm) were fabricated with FIB.

The High-Angle Annular Dark Field (HAADF) detector provided the best contrast settings for capturing the internal pore structure of the ZnO layers.

Electrochemical measurements

The electrochemical analyses were conducted at room temperature with the same electrolyte as in the previous chapters (KOH solutions, pH 10 +/-0.1, with KCl 0.2 M as supporting electrolyte). EIS was used to evaluate in situ the degree of porosity of the layers.

The spectra were recorded between 10 5 Hz to 1 Hz with 10 points per decade using 10 mV of sinusoidal perturbation. Lower frequencies (less than 1 Hz) were not used because the most relevant porosity information is found at high frequencies (see Chapter 4). As in Chapter 4, fitting of the experimental impedance data with the proposed equivalent circuit model was carried out using non-commercial software developed at the Laboratoire Interfaces et Systèmes Électrochimiques (LISE), Paris, France [19,20].

Oxygen reduction (ORR) was investigated using chronoamperometry and the rotating ring disk electrode (RRDE, same setup as in Chapter 3). The disk and the ring currents were collected simultaneously at fixed potentials while varying the rotation rate. The counterelectrode was a large titanium-based metallic grid placed below the working electrode. The reference electrode was a mercury/mercury oxide electrode (Hg-HgO, KOH 1M). The potential of the ring electrode was set at + 0.850 V (vs. Hg-HgO). Disk polarization curves were recorded with scan rates of 0.5 to 1 mV/s. The electrochemical measurements were repeated at least three times for each experiment.

Results and discussion

The first step of this study was to determine the sputtering parameters for ZnO deposition (on copper) using a Zn target. The main experimental parameter was the oxygen flow (in sccm, that is a flow measurement term indicating cm³/min in standard conditions of the fluid). Was reported to have a significant influence of the microstructure changing this parameter [18]. All the other deposition parameters were kept constant. The produced samples are listed in After deposition, was used a profilometer to estimate the film thickness. Also, the films were analyzed by XRD and SEM (Figure 5

.2).

There is an obvious dependence of the microstructure and the crystalline structure on the oxygen flow. Denser structures were obtained high oxygen flow (sample A, 3 sccm) while highly porous films were produced with low oxygen flow (sample C, 0 sccm). Sample C is thus clearly not suitable for the present study. Furthermore, their XRD analysis reveals that the presence of crystalline zinc which is in agreement with the findings of Maslyk et al. [18] mentioned in the introduction.

For the rest of this study, sample A was selected since its surface looks dense using top-view SEM images. Furthermore, its crystalline structure revealed no preferred orientation. The deposition time was fixed at 5 min, yielding thicknesses between 600 and 800 nm (depending on the sample). In comparison, sample B had a slightly more open microstructure and a more relevant zinc contribution in the zinc diffractogram. A comparison of XRD pattern between non-textured (this chapter) and textured ZnO films (Chapters 4 and 5) is presented in Figure 5.3. There is a marked difference between the two samples. While the textured samples exhibit essentially a well-defined (002) peak (c-axis orientation perpendicular to the substrate) at ca. 34°, the diffractogram of the samples prepared in this chapter displays multiple crystalline orientations, the most important being the (002), ( 010) and ( 011). This demonstrates that the layers produced with the zinc target with the 20:3 sccm Ar:O2 gas mixture has no preferred orientation (i.e. they are "nontextured), which was one of the goals of this study. Debye-Scherrer analysis yielded an averaged grain size of 9 nm, confirming the nano-granular nature of the structure. The inset in Figure 5. 3 shows the different colors obtained for each type of film.

According to the literature, ZnO films with preferred (002) orientation tends to be transparent [21], as observed here. ZnO films may have different colors that are associated with an increase in oxygen vacancies inside the layer [22]. This assumption can be made for explaining the black color of the non-textured films Further work is needed to confirm this hypothesis (beyond the scope of this Ph.D. thesis). Following a similar approach as in Chapter 4, EIS was used in this chapter to characterize in situ the porosity of the ZnO layers. 

Z ZnO = √ R 0 Z 0 m 2 coth √ R 1 Z 0 (1)
with R0 being the electrolyte resistance per unit of pore length with units of .cm -1 and m is the number of pore per cm 2 . R1 is product l 2 R0 , where l is the length of the cylindrical pore of the "ideal" electrode of DeLevie [24]. Z0 is the interfacial impedance per unit length of pore (expressed in Ω cm). One assumes no charge transfer reaction in the pores. Z0 is described by a CPE whose frequency-independent parameters are Qpore and β:

Z 0 = 1 Q pore (jω) 𝛽 (2) 
with  being the angular frequency.

At high frequencies, the impedance of ZnO is "visible", as suggested by the decrease of slope in the Bode plot of the modulus (Figure

5.7d). coth √ R 1 Z 0
is equal to 1. Then ZZnO can be expressed as:

Z ZnO = √ 1 Q 1 (jω) β (3) 
with

Q 1 = Q pore m 2 R 0 (4)
The faradaic impedance, Zf, consists of a charge transfer resistance, Rct, in series with a diffusion (Warburg) impedance, Zd :

Z f = R ct + Z d (5) 
Z d = R d √jω (6) 
with Rd being the diffusion resistance and  the angular frequency.

Re is electrolyte resistance. The double layer capacitance at the top of ZnO layer is represented by a constant phase element

Z CPE = 1 Q(jω) α (7) 
with Q and α being the frequency-independent CPE parameters.

The resistivity, ρ, of the non-textured ZnO was measured cross-plane (transverse mode) using the same setup as in Chapter 4. ρ was found to be ca. 10 2 Ω cm, the same order of magnitude as for the textured films. Hence there is no significant influence of the texture (nanostructure) on the resistivity for the films synthesized by rf-magnetron sputtering in this Ph.D. thesis. Rfilm is estimated to be ca. 6 10 -3 Ω cm 2 , which is negligible compared to the values of Rct and Rd .

The total simulated impedance, Zsim , for this model is:

Z sim = 1 1 Z f + 1 Z ZnO + Z CPE + R e (8)
The fitting process enables to get the values of Rd, Rct, Q1 β, Q and α. The double layer capacitance, Cdl, is calculated using the Brug formula:

C dl = Q 1/α R e (1-α)/α (9)
The results of the fitting of the experimental data with the equivalent circuit model is shown in Figure 5.9. After numerical optimization, Zsim was shown to describe Zexp very well in the whole frequency range. The obtained fitting parameters are listed in Table 5.2. The value of Cdl that are in the usual range of ca. 10-100 μF/cm 2 for double layer capacitances confirms that the impedance of ZnO is small due to a large capacitance (e.g. a large pore surface). This is consistent with a nanoporous layer with many small pores as observed in the ex situ HAADF-STEM analysis (Figure 5.6). 

Re

(Ω cm 2 )

Rd (Ω cm 2 ) Rct (Ω cm 2 ) Q1 β Q (μF s -1 cm -2 )
α Cdl

(μF cm -2 )
11.9 As the impedance of such capacitive element is inversely proportional to its capacitance, the impedance of the greater capacitance is masked by the impedance of the smaller capacitance. In the case of textured films (Chapter 4), the small capacitance is generated by localized micro-scaled cracks and the double layer capacitance is not visible. An (almost) identical equivalent circuit is able to describe the opposite situation in the case of non-textured films. The nano-granular structure with numerous nanopores develops a large internal surface area. Hence ZZnO is negligible and only the double layer capacitance is measurable.

Please note that the EIS measurements presented above (Figures 5.7-5.9) were carried out right after immersion and during DC polarization. The EIS results (CZnO > Cdl) were not affected by the change of surface morphology during DC polarization that is described below.

DC investigations under cathodic polarization were performed to gain understanding on the ORR activity and reaction mechanism on the non-textured ZnO layers. Based on the resistivity measurements mentioned above, it is considered that the non-textured ZnO is a good electrical conductor and that the ohmic drop within the layer during DC polarization is negligible.

Systematically, chronoamperometry at -0.7 V with a rotation rate of 200 rpm was carried out as first experiment right after electrode immersion in order to evaluate the electrochemical stability of the films. A typical chronoamperometric curve is shown in Figure 5.11. The potential of -0.7 V was chosen because it corresponds to an ORR kinetics controlled by both charge transfer and mass transport. Hence this is one of the potentials at which RRDE measurements could be made (see Figures 5. 16 and 5.17 below). At the beginning of the measurement, the current density decreases sharply, which corresponds to the capacitive discharge resulting from applying of the potential step from OCP to -0.7 V.

Thereafter, the current density increases steadily at a rate of ca. 1-2 μA/cm 2 /min during ca.

40-60 min (depending on the sample). During this period, no reliable analysis of the ORR mechanism can be done since no steady-state conditions are reached. This period is denoted "stabilization phase" in Figure 5.11. Eventually a more stable regime in which the current density is stable or continues to increase very slowly (0 -0.5 μA/cm 2 /min). This is described as the "pseudo-steady-state". Under those conditions, the rapid measurements of disk and ring currents (as described below in SEM and AFM imaging of the ZnO surface were performed before and after polarization (Figure 5.12). The very positive result was that no rupture of the layers was observed after polarization, (Figure 5.12b). This validated the strategy of synthesizing non-textured layers to obtain better mechanical stability than in Chapter 3. Thus, the increase of current density observed during the stabilization phase cannot be ascribed to a layer delamination that would expose the electrochemically active copper substrates.

Rather it is associated with the roughening of the surface that is clearly visible on the SEM micrographs as well as on the AFM images (insets). This roughening is due to the development of a large number of nodules. Its microstructure was randomly-oriented. All curves were recorded with the same RDE setup. The non-textured ZnO is far more active towards ORR than the textured ZnO and, to a smaller extent, than the electrodeposited ZnO. At -0.5 V, the (modulus of the) current density is 14 μA/cm 2 for the textured ZnO, 93 μA/cm 2 for the electrodeposited ZnO and 470 μA/cm 2 for the non-textured ZnO. Certainly, part of high current density of the non-textured ZnO is due to its rough surface developing more electrode/electrolyte interfacial area. Yet, even by taking this point in to account and by making a correction of 50% (i.e. 235 μA/cm 2 ), the activity of the non-textured ZnO remains significantly higher than that of textured ZnO.

The superior activity of non-textured ZnO can also be seen in the smaller overpotentials to reach the onset of the oxygen reduction "wave" occur: ca. 100 mV for the non-textured ZnO 

O2 + H2O + 2 e -→ HO2 -+ OH - (step k2) (11)

HO2 -+ H2O + 2 e -→ 3 OH - (step k3) (12) 2 HO2 -→ O2 + 2 OH - (step k4) (13) 
with k1, k2, k3 and k4 being the rate constants associated to each reaction steps.

The model is based on the magnitude of the disk current, Id, and ring current, Ir. For sake of simplification, all currents are considered in terms of modulus. Hence the negative sign of oxygen reduction current (disk current) is ignored.

The assumptions and approximations were made:

• The oxygen reduction takes place at the surface of the electrode and not in the pores of the layers (as schematically depicted in Figure 5.1c). In view of the HAADF-STEM results, this approximation is realistic.

• The measurements of the disk and ring current are carried out under steady-state conditions. In practice, they were performed under "pseudo-steady-state" conditions after the stabilization phase (see Figure 5.11). The swiftness of the measurement (typically one minute, see Figure 5.16) make possible reliable measurements of the disk and ring current by considering they are stable during this short period of time. Note that this was not the case during the stabilization phase.

• The RRDE theory have been developed for smooth disk electrodes. In this study, it is approximated that it also applies to "moderately rough" electrodes like those described in Figure 6.12b. The reasonable nature of this approximation is also supported by the fact the determination of the

NI d I r
ratio is not affected by disk surface area (see Eq. ( 24) below).

According to the reaction model of Figure 5.15, the disk current, Id, can be written as follows:

I d = 4FSk 1 C O2 s + 2FSk 2 C O2 s + 2FSk 3 C HO2- s ( 14 
)
with F being the Faraday, S the active surface area of the electrode, C O2 s the oxygen concentration near the electrode surface and C HO2- s the hydrogen peroxide concentration near the electrode surface.

Under steady-state conditions, the reaction and transport fluxes generating and consuming O2 and HO2 -near the surface of the disk are equal, hence:

(k 1 + k 2 )C O2 s = k 4 C HO2- s + Z O2 Ω 1/2 C O2 b ( 15 
)
k 2 C O2 s = (k 3 + k 4 + Z HO2-Ω 1/2 )C HO2- s (16) 
with:

Z O2 = 0.201  -1/6 D O2 2/3 (17) 
Z HO2-= 0.201 -1/6 D HO2- 2/3 (18) with Ω being the electrode rotation rate,  the kinematic viscosity of the electrolyte, Z O2 and Z HO2-the diffusion-convection rate constant of oxygen and hydrogen peroxide (respectively), and D O2 and D HO2-the diffusion coefficient constant of oxygen and hydrogen peroxide (respectively).

By combining Eq. ( 15) and Eq. ( 16), the concentration of the species at the disk surface, C O2 s and C HO2- s , can be calculated as a function of all the kinetic and transport parameters of the reaction model:

C O2 s = A Z O2 Ω 1/2 C O2 b A(k 1 + k 2 ) -k 4 (19) 
C HO2- s = Z O2 Ω 1/2 C O2 b A(k 1 + k 2 ) -k 4 (20) 
with,

A = k 3 + k 4 +Z HO2-Ω 1/2 k 2 (21) 
By implementing Eq. ( 19) and Eq. ( 20) in Eq. ( 14), one obtains the dependence of the disk current, Id, on the reaction model rate constants and the rotation rate Ω:

I d = 2FSZ O2 Ω 1/2 C O2 b A(k 1 +k 2 ) -k 4 {A(2k 1 + k 2 ) + k 3 } (22) 
The ring current, Ir, can be expressed as:

I r = 2NFSZ HO2-Ω 1/2 C HO2- s 23)
with N being the collection coefficient of the RRDE (N = 23%). By combining Eqs. ( 20), (21, (22) and ( 23), one gets the following equation:

NI d I r = ( 2k 1 k 2 + 1) + 1 Z HO2-Ω 1/2 { 2k 1 k 2 (k 3 + k 4 ) + 2k 3 + k 4 } (24) 
If the model applies, plotting

NI d I r
as a function of Ω -1/2 leads to a straight line whose intercept on the vertical axis (i.e. at infinite rotation rate) yields It represents the ring current that would be generated if this efficiency was 100%. In the reports of the literature about ORR investigated on zinc with the RRDE technique, a clear trend is that the reaction mechanism was potential-dependent (in alkaline and near-neutral electrolytes) [26,27]. On passive zinc (i.e. covered by a few nanometers of ZnO) and low cathodic overpotentials, a two-electron reaction was found, producing only hydrogen peroxide (no direct reduction). This corresponds to the step k2 of our reaction mechanism. With increasing negative potentials, the contribution of the direct reduction (step k1) increases until it becomes the unique reaction (with no hydrogen peroxide produced). This "switch" of reaction mechanism is associated with the passive-active transition of the zinc surface when the potential goes more negative, as described by Flitt et al. [28]. Thus it appears that the "thick" ZnO films of this Ph.D. thesis behave quite differently with both the production of OH-(step k1) and hydrogen peroxide (step k2) even far from the equilibrium potentials.

Figure 5.17:

NI d I r
vs. Ω -½ plots obtained for several non-textured ZnO layers at -700 mV and -900 mV.

Once the ratio (1) The indirect reduction reaction proceeds no further. This means k3 = k4 = 0.

(2) HO2 -is reduced to OH -(step k3).

(3) HO2 -is chemically decomposed into O2 (step k4, this reaction is also named disproportionation).

(4) HO2 -is partially reduced (step k3) and partially decomposed (step k4) simultaneously.

These four scenarios are, in principle, distinguishable based on the values of Ir/N and n, the mean number of exchanged electrons per reduced oxygen molecule (2 ≤ n ≤ 4). In theory, it is possible to evaluate n using the Koutecky-Levich equation [29]:

1

I d = 1 I k + 1 0.201 n S F C O2 b D O2 2 3 ⁄ ʋ -1 6 ⁄ Ω 1 2 ⁄ ( 25 
)
with Ik being the kinetic current (in absence of mass transport limitations) and S the active electrolyte/electrolyte interface area.

Plotting 1

I d
vs. Ω -½ yields a straight line whose slope enables to calculate n provided that S is known:

n = 1 0.201 S F C O2 b D O2 2 3 ⁄ ʋ -1 6 ⁄ slope (26) 
For a plane electrode, S is taken as the geometrical area of the disk (in our case, 0.196 cm 2 for a disk with a diameter of 5 mm). Yet using the geometrical surface area for a rough electrode in Eq. ( 25) leads to an underestimation of S and an overestimation of n. Since accurate values of S was not known while doing the RRDE measurements of the non-textured ZnO layers, the Koutecky-Levich equation could not be applied in a reliable way.

Exploiting the values of Ir/N provides some interesting insight regarding the occurrence of scenario (1). From Eq. ( 24), it can be stated that, if k3 and k4 are much smaller than Z HO2-Ω 1/2 , then:

NI d I r = 2k 1 k 2 + 1 (27) 
Expressed differently, if scenario (1) is valid, then: There is thus a deficit of current collected at the ring. This means that part of the hydrogen peroxide produced by the step k2 is consumed by the step(s) k3 and/or k4 and does not reach the ring. Scenario (1) is therefore not valid. Yet without the value of n, it is not possible to identify which reaction steps are active (k3, k4 and or the combination of both).

I r N = I d 2k 1 k 2 + 1 (28) 
From the values of

k 1 k 2
, one can only state that n is greater than 3 (for equal contributions of direct and indirect reduction (k1 = k2), n would have been equal to 3).

Conclusions

In this chapter, 600-800 nm thin non-textured ZnO films were successfully produced by rf-magnetron sputtering. The nano-granular structure was verified by XRD, AFM and SEM. EIS analysis using a model based on the DeLevie impedance supplied in situ evidence of the porosity of the layers. HAADF-STEM imaging demonstrated that pore size and grain size was ca. 10 nm. The narrowness of the pores enabled to consider that oxygen reduction took place at the surface of the layers. Under DC polarization, the non-textured ZnO films proved to be mechanically stable and did not suffer from the rupturing problems of the textured layers. Yet they developed a certain roughness due to the presence of numerous nodules that were more zinc-depleted and richer in oxygen than the nominal ZnO composition. Compared to the columnar films of Chapter 3, the non-textured ZnO electrodes exhibit a significantly higher cathodic activity. This proves that there is not a single type of ZnO behavior towards ORR. Electrochemical activity probably depends on many parameters such synthesis method and conditions, nanostructure, pore and grain size, among others.

A reaction mechanism was proposed for oxygen reduction. Using experimental data collected with the RRDE technique, it made possible the assessment of the ratio 

CHAPTER 6

Conclusions and Outlook

The main goal of this Ph.D. thesis was to investigate the oxygen reduction reaction (ORR) on ZnO electrodes at pH = 10 under controlled hydrodynamic conditions using the rotating ring disk electrode and to gain understanding on the electrochemical activity and the reaction mechanisms. For that purpose, ideally, dense and smooth ZnO layers had to be prepared. Radio-frequency magnetron sputtering was used to synthesize such ZnO layers since this technique allows to produce a large variety of coatings by changing experimental parameters such as target composition, reactive gas composition, gas fluxes and power. Two types of layers were produced: columnar ZnO with (002) orientation (referred to as "textured") and nano-granular ZnO with no preferred orientation (referred to as "nontextured"). The two types of films were thoroughly characterized. A particular focus was laid on the ex situ and in situ characterization of the structure of those layers at the micro-scale and the nano-scale.

In Chapter 3, 300 nm thin textured ZnO films were deposited using a zinc oxide target. XRD and FIB-SEM measurements clearly that the films grew columnarly perpendicular to the surface. The width of the columns ranged from 40 to 150 nm and no gaps between them could be observed. The (cross-sectional) FIB-SEM and (surface) AFM images, revealed uniform deposition, smooth and dense layers. In the as-deposited state, the textured ZnO layers fulfilled all the requirements for being a model ZnO electrode suitable for RRDE measurements. However, during DC polarization the films tended to rupture rapidly. Furthermore, this degradation occurred in the potential range where RRDE provides its most useful information, i.e. when ORR is controlled, partially or totally, by mass transport. This impeded the in-depth investigation of ORR on the textured layers. The degradation was characterized by large cracks and local delamination (observed in top-view SEM images after DC polarization). This led to an increase of the cathodic current density since the more electrochemically active copper was in contact with the electrolyte. Despite the fast degradation of the layers, two important characteristics of the ORR were identified:

• Textured ZnO was found to have poor ORR activity with large overpotential.

• During RRDE measurements, a non-negligible flux of hydrogen peroxide was detected on the ring, indicating that both direct and indirect reaction pathways are followed.

• With potentiodynamic polarization curves, the rupture potential was estimated to be ca. -600 mV (vs. Hg-HgO, KOH 1M). This rough estimate was refined in the next thesis chapter with AC analysis.

In Chapter 4, the textured layers were investigated using in situ electrochemical impedance spectroscopy (EIS) and ex situ electron microscopy to document the degradation of the layers. This study took advantage of the fact that EIS could be applied at low overpotentials before large damages appeared on the layers. At the nanoscale, the asdeposited ZnO layers were shown to be compact based on cross-sectional HAADF-STEM imaging. The electrical resistivity of the layers measured in transverse mode was found to be low. The electrolyte resistance corrected Bode plots exhibited a decrease of phase and modulus at high frequencies. Based on those observations, an equivalent circuit model was developed including a De Levie impedance to account for the propagation of the cracks under DC polarization. The penetration of electrolyte in the expanding cracks generated a capacitance, CZnO, that was considered as proportional to the crack inner surface. The main findings of this chapter were:

• CZnO is sufficiently small (around 1 μF/cm 2 ) so that its impedance is not masked by that of the double layer capacitance connected in series. This small value of CZnO is consistent with a localized crack propagation observed at the microscale with SEM.

• The gradual increase of CZnO with the applied potential suggests that the development of the cracks is related to the piezoelectric nature of the (002)-oriented ZnO. It also evidenced that crack propagation occurred already at potential as low as -0.3 V (vs.

Hg-HgO, KOH 1M).

• The De Levie impedance can be successfully applied to "real" electrodes whose microstructures are far from an ideal arrangement of parallel cylindrical pores. This flexibility of the De Levie impedance was also utilized in Chapter 5 for nanoporous layers.

Based on the results of Chapters 3 and 4 suggesting the mechanical instability of the textured layers was related to their columnar structure, the investigations of Chapter 5 were done on non-textured films. The rationale for this study was twofold:

• Avoiding the rupturing of the layers observed in the previous chapters so that an indepth RRDE analysis could be performed.

• Producing another type of sputtered ZnO with a different texture/nanostructure so that comparisons could be made with the textured layers, notably in terms of electrochemical properties.

The 600-800 nm thin non-textured films were produced using a zinc target. The flux oxygen in the deposition chamber was increased (while keeping the flux of argon constant) until a nano-granular structure with narrow pores was obtained. The layers were checked to have no rupturing problems by applying a fixed polarization at -0.7 V (vs. Hg-HgO, KOH 1M) for at least 45 min. The main findings of this chapter were:

• CZnO is larger than the double layer capacitance so that only the latter could be measured. This large value of CZnO provided an in situ hint of the nanoporosity of the non-textured films that was confirmed by HAADF-STEM imaging. The pores (< 10-15 nm) were considered to be small enough so that ORR takes place at the surface of the layer.

• During DC polarization, the surface of the layers became rougher with the development of oxygen-rich nodules.

• Non-textured ZnO exhibited ORR activity with low overpotential.

• The prevalence of the direct oxygen reduction was quantitatively established (k1/k2 ~ 1.1 -2.2) by using a reaction model whose equations could be treated analytically.

Yet due to the uncontrolled development of the surface roughness, the mean number of exchanged electron per reduced oxygen molecule could not be established.

When comparing the textured and non-textured layers of this thesis, the following conclusions can be drawn:

• The mechanical instability of the textured layers is postulated to relate to the piezoelectric properties of the (002)-oriented structure. Three findings support this hypothesis. The rupture of films is clearly potential-dependent (Chapter 3). The gradual increase of CZnO) with the applied potential (Chapter 4) is also consistent with a piezo-electric behavior. Finally, there is no rupturing when the ZnO layers have a nano-granular structure (Chapter 5).

• In terms of ORR mechanism, both textured and non-textured layer produced hydrogen peroxide (Chapters 3 and 5). For the non-textured samples, the duality of reaction pathways is even quantified since it was possible to evaluate the ratio k1/k2 (Chapter 5). It was demonstrated that direct reduction prevails but the indirect pathway with hydrogen peroxide production is not negligible. As mentioned in the state-of-the-art, some first results on that prevalence of direct reduction had been reported on "thick" electrodeposited ZnO layers [1,2]. It differs from the behavior of ultrathin native ZnO layers on zinc for which a two-electron indirect reduction was reported [3][4].

• While the two types of layers have some common points in terms of reaction pathways, their electrochemical activity differ significantly. Non-textured ZnO exhibit a much higher activity than columnar ZnO. When combined with the findings on electrodeposited ZnO [1,2], those results illustrate the fact that the ORR activity depends on the nanostructure, the synthesis methods and probably other experimental factors in a complex way that still has to be elucidated.

Regarding the methodologies utilized in this Ph.D. thesis, critical assessments can be made:

• the electrochemical activity of ZnO towards of ORR with TEL cells while taking the electrolyte thickness as one of the main experimental parameters (along with the potential and the pH, for instance) is a topic of great interest. This could be done by potentiodynamic voltammetry, chronoamperometry or impedance spectroscopy. TEL research could be coupled to the investigation on the synthesis-nanostructure-activity relationships mentioned above by testing ZnO coatings deposited under various conditions. This would provide a valuable basis of fundamental knowledge on oxygen reduction at ZnO electrodes under atmospheric conditions that could be compared to the findings obtained in immersion conditions.

Introduction

Zinc is a metal of considerable industrial importance since it is extensively employed in pure or alloyed form to protect steel by offering both a physical (barrier) and a galvanic protection [1]. Figuring out its mechanisms of corrosion and the factors that accelerate or hinder its degradation is therefore of prime interest. The progresses on understanding corrosion of zinc and galvanized steel in the last decade have been very recently reviewed by

Cole [2].

While a significant body of literature is dedicated to zinc under anodic polarization and/or in alkaline electrolytes [3][4][5][6][7][8][9][10][11][12], fewer reports have described the cathodic behaviour of zinc in near-neutral solutions [13][14][15][16][17]. In direct current experiments the latter has been studied potentiodynamically using linear sweep voltammetry at low scan rates (typically around 0.5 to 1 mV/s) that are usually considered to provide "quasi-steady-state conditions". A potentiodynamic scan in the cathodic domain between the open circuit potential (OCP) of zinc and water reduction onset lasts between 10 and 30 minutes. The resulting polarization curves yield only a short-term picture of the electrochemistry of zinc. The latter is characterized by the following features in most studies (though some small discrepancies might exist from one work to another):

-A current density "plateau" between OCP (around -1.04 V vs. saturated calomel electrode, here after abbreviated SCE) and ca. -1.3 V. The "plateau" is assigned to oxygen reduction to hydrogen peroxide on passive zinc. Rigorously speaking, in all reports, the "plateau" (around -10 μA/cm 2 in unstirred electrolyte) is not perfectly flat, exhibiting slightly increasing cathodic current with increasingly negative potential. This might originate from small contributions of more cathodic processes (reduction of native ZnO, water reduction, see below) and/or capacitive effects due to potential scan.

-A peak accounting for the reduction of the native ZnO surface layer between ca. -1.3 V and -1.4 V (vs. SCE).

-At more negative potentials, the onset of water reduction (with appearance of small hydrogen bubbles on the electrode surface) that often masks the direct 4-electron oxygen reduction on active zinc.

Cathodic polarization curves including such features have been "synthesized" by Flitt et al. [17].

In contrast, the cathodic behaviour of zinc in longer time domains in near-neutral solutions has not been reported yet. Corrosion processes of industrial interest occurs in days, months and years. Thus it is interesting, at the laboratory scale, to bridge the already available short-term data and the long-term behaviour of zinc. In other words, it is relevant to investigate the electrochemical polarization of zinc in the time range of several hours in order to identify processes that cannot be uncovered in rapid potentiodynamic measurements.

In this work, zinc substrates were polarized cathodically under potentiostatic conditions for 7 to 17 hours in NaCl solutions (0.6 M) at pH ~ 6.1. It was shown that, under those conditions, zinc corrodes with deposition of nanostructured ZnO as main corrosion product, as evidenced by Raman microscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), optical microscopy and scanning electron microscopy (SEM) for various applied potentials.

The presence of Zn 2+ cations in the electrolyte resulting from the dissolution of the substrates was assessed by polarography. The formation of corrosion products under cathodic conditions as well as the electrocatalytic activity of ZnO towards the oxygen reduction reaction (ORR) are discussed.

Experimental section

The working electrodes were zinc plate from Rheinzink (> 99,7%). The raw zinc plates were grinded down to P4000 grade SiC paper and then with water-based alumina suspension (particle diameter 0.1 μm) on a polishing cloth. The zinc substrates were then cleaned with ultrasound in absolute ethanol and in distilled water. The electrochemical experiments were performed at room temperature using a cell with a three-electrode configuration and a Gamry Reference 600 potentiostat. The working electrode with a circular area of 1.77 cm 2 exposed to the unstirred electrolyte was placed at the bottom of the cell. A zinc plate below the substrate acted as current collector. The reference electrode was a saturated calomel electrode (SCE). All the potentials values reported in this work are expressed relative to this SCE electrode. The counter-electrode was a titanium-based metallic grid placed ca. 2 cm above the working electrode.

The electrolyte was made of 60 mL of NaCl 0.6 M. The OCP of zinc right after immersion was -1.038 +/-0.006 V. Deaerated electrolyte was obtained by a constant flow of nitrogen that removed more than 99% of the oxygen initially present in the solution after ca.

30-60 minutes. Oxygen content was continuously measured with an oxygen sensor (Oxy-Mini, World Precision Instrument).

The cathodic behaviour of zinc was studied potentiostatically between -1.05 V and -1.3 V. The potential was first driven from OCP to the targeted potential at a sweep rate of 0.5 mV/s. The current density was then monitored by chronoamperometry for the duration of polarization.

The assessment of the concentration of Zn 2+ in the solutions before and after potentiostatic polarization was carried out externally (Labocea, Plouzané, France) by polarography.

The identification of the CP was made by Raman spectroscopy (Xplora Plus, Horiba) using a 532 nm laser source and a 1200 diffraction grating in static mode as well as in mapping mode (20 x 20 µm 2 maps with 1 µm step). The CP crystalline structure was assessed by XRD with an Empyrean PANalytical device using the CuK radiation (1.5408 Å). The analysed surface area was ca. 4 mm 2 .

Characterization of the outermost nanometers of the surface was carried out by XPS using an apparatus consisting of an Al-Ka X-ray source (Thermo VG) and a cylindrical mirror analyzer (RIBER). The adventitious C(1s) peak was used for the binding energy calibration at 284.8 eV. The analysed surface area was ca. 1 cm 2 .

The microstructure of the zinc samples after polarization was investigated by focused ion beam scanning electron microscopy (FIB-SEM), using a FEI Helios NanoLab 600i. The surfaces of the specimens were first characterized with conventional top-view SEM analysis.

Secondary electron imaging was then used to investigate the cross-sections prepared beforehand with FIB-milling and -ion polishing.

Before imaging, these samples were mounted on an aluminium stub and then coated with a platinum layer (ca. 15 nm) to avoid charging and to protect the surface from ion beam damage. Before FIB-milling, beam induced deposition was applied to create an additional carbon layer (ca. 1 x 1 x 20 m) at the location of each cross-section. This layer is necessary to avoid ion beam damage, to reduce the so-called curtaining effect and to obtain smooth cross-sections. The latter were produced with FIB-milling at 30 kV and with ion-beam currents of 0.79 nA and smaller. Field emission gun imaging was performed using a through the lens detector (TLD) in mode 2 (beam acceleration 2-3 kV, beam current 21-43 pA). In cross-section images, the platinum film (ca. 15 nm) represents a bright reference line that marks the surface of the CP underneath the carbon layer.

Additional top-view micrographs of microscaled pits were obtained with a conventional SEM (SU3500, Hitachi).

Results and discussion

Experimental results

Chronoamperometry analysis allows for distinguishing two kinds of electrochemical behaviour (Figure 1). At -1.05V, the samples behaves cathodically for one to two hours (depending on the sample) before undergoing a sharp increase of the current density that switches to positive values (anodic behaviour) with a peak at ca. 350 μA/cm 2 followed by a smooth decrease (see Figure 1 insert) after the corrosion products have covered a significant fraction of the substrate surface (visible by naked-eye inspection). The current density remains positive till the end of the polarization (stopped after 7 hours). At a slightly more negative potential (-1.075 V), the zinc remains cathodic. This is also the case for the other samples of this study (-1.15 V, -1.2 V, -1.25 V and -1.3 V) as shown on Figure 2 displaying examples of chronoamperometry curves for various potentials. The plots of Figure 2 are not "typical" in the sense that, for a given potential, the shape of the curves can change significantly from one experiment to another. Yet some wellestablished trends appear:

-At the beginning of the potentiostatic polarization, the starting current density is, in most cases, between -10 to -15 μA/cm 2 for all samples, except for -1.3 V. This corresponds well to the data of literature obtained by potentiodynamic polarization for the oxygen plateau on zinc covered by its native ZnO layer (as mentioned in the introduction). At -1.3 V, the current density is significantly higher, indicating that the reduction of the native ZnO is ongoing in parallel to oxygen reduction.

-After 17 hours of polarization, the final current density corresponding to the degraded zinc is slightly smaller than the initial value, around -3 to -8 μA/cm 2 .

-No correlation was found between the applied potential and final (or averaged) current densities.

-The pH of the solutions after polarization did not change significantly (increase of 0 to 1, depending on the experiment) and remained in the neutral range regardless of the applied potential. Figure 3 shows optical microscope pictures of zinc substrates before and after cathodic polarization. The pristine zinc appears in dark contrast (Fig. 3a). The latter is replaced by the greyish colour of the corrosion products (CP), evidencing unambiguously a degradation of the material. Fig. 3b shows the images of a specimen polarized at -1.05 V till the switch from negative to positive current density occurs, i.e. the experiment was stopped when the current density was 0 μA/cm 2 (after 1 to 2 hours). A large pit surrounded by corrosion products characterizes the sample at this point of the polarization. After the 7 hours at -1.075 V (5 to 6 hours in the anodic regime), the CP covers fully the substrate.

The corrosion degradation of the samples with cathodic behaviour (Fig. 3d-h), which constitutes the main focus of this paper, reaches a maximum around -1.2 V. It clearly appears that the aspect of the greyish layer depends on the applied potential and the growth process is spatially heterogeneous. Multiple small pits surrounded by "halos" of corrosion products can be observed. This is particularly noticeable for -1.075 V when the CP cover only a small fraction the zinc substrate (see also Fig. 9b below). Noteworthy is the fact that zinc degradation occurs at potentials as negative as -1.3V (to a limited extent though). The chemical analysis of the CP was first done by Raman microscopy in mapping mode. As the maps do not exhibit significant contrast due to the limited number of CP, Figure 4 shows only the typical spectra for each applied potential. ZnO is found on all samples with typical vibrations at 435 cm -1 and 560 cm -1 [18][19][20], except for the samples polarized at -1.3

V for which the amount of CP was too low to be detected. The zinc specimens that exhibit anodic behaviour (-1.05 V) contain simonkolleite as well, as evidenced by the peaks at 390 cm -1 and at 3500 cm -1 (not shown here) [18][19][20][21]. X-ray diffraction analysis of the samples after 17 hours of various cathodic polarizations (7 hours for the -1.05 V sample) is presented in Figure 5. Simonkolleite reflections can only be found after polarization at -1.05 V, confirming thereby the Raman microscopy results [18,[22][23][24]. For the other potentials, ZnO is the main crystalline structure (besides that of the zinc substrate). While going towards negative potentials, the intensity of the main ZnO reflection (002) at 34.4° increases till -1.2V and decreases till almost zero at -1.3V. This is in good agreement with naked-eye and optical microscopy observations (Fig. 3)

showing that the thickest deposit is obtained at -1.2V. In Figure 6, XPS characterization demonstrates clearly the appearance of different chemical species at the surface depending on the electrochemical behaviour (anodic or cathodic). The spectra measured after polarization of -1.05 V are very similar to those observed for simonkolleite-containing heterostructures grown anodically on zinc [18]. The Cl(2p) spectrum exhibits a peak at 199.1 eV close to the simonkolleite data of Duchoslav et al. [25]. The single peak localized at 531.5 eV in the O(1s) spectrum is attributed to the oxygen of hydroxides or carbonates. The derived Auger parameter, α, obtained from the sum of Zn(2p) binding energy and Auger kinetic energy is equal to 2009.7 eV, a value identical to that found for simonkolleite in [18]. The spectra measured on the sample after polarization at Differentiation of the species present on the surface cannot be achieved on the basis of the Zn(2p) spectrum only. Yet the value of the Auger parameter (2010.3 eV) confirms the presence of ZnO [26].

The microstructure of the CP layers has been analysed by FIB-SEM (Fig. 7). The coating produced at -1.05 V with positive current density (Fig. 7a and7b) exhibits a heterostructure resembling that recently reported by Prestat et al. for zinc anodically polarized at -0.64 V in 0.1 M NaCl [18]. It consists of a "forest" of simonkolleite nanosheets on top of a porous interlayer covering the substrate. The presence of ZnO is evidenced by Raman spectroscopy and XRD (Fig. 4 and Fig. 5). As in [18], the fact that XPS measurements do not detect ZnO (Fig. 6) suggests that the latter is located in the innermost part of the coating (i.e. in the interlayer).

For the cathodic samples, at the sites covered by the CP, the microstructure consists of nanostructured "cone-shaped" features (more clearly visible on the -1.2 V sample, Fig. 7e and 7f) that grow perpendicularly to the substrate. The "cones" have a diameter of ca. 100 nm and are separated by gaps that make the layers rough.

Although it is difficult to assess a growth rate for such layers that are heterogeneous at both the macroscopic and microscopic scales, orders of magnitude can be estimated by measuring the height of the most typical microstructural features. For the polarization at -1.2V, the growth rate is around 20-30 nm/h whereas at -1.075 V, it is rather 2-3 nm/h. Yet this value should be mitigated by the fact that the CP covers only a fraction of the substrates. In order to gain understanding about growth mechanism of the ZnO layers, polarization experiments in aerated and deaerated electrolytes were performed for 7 hours (Fig. 8). Under aerated conditions, corrosion products can be observed, mostly as "halos" around pits (Fig. 8b, see also Fig. 9b). Conversely, under deaerated conditions, the decrease of oxygen concentration in the solution (by a factor of 100) considerably reduces the degradation of the zinc substrates (Fig. 8c, see also Fig. 9d) with a lower number of pits, smaller pit sizes, and almost no CP "halos". The fact that zinc does not completely remains in its pristine state can be assigned to the first hour of deaerating during which oxygen was still present in the electrolyte and could initiate the degradation process. These findings clearly demonstrate that oxygen reduction plays a key-role in the corrosion of zinc and the deposition of ZnO. Note that the current density under deaerated conditions is not zero and is assigned to water reduction. Conventional SEM was also used to image the pits on substrates that are not fully covered by the CP (Fig. 9). Unfilled pits were more often observed for samples with slow ZnO deposition, e.g. at -1.075 V (Fig. 9a), or undergoing very limited degradation, e.g. at -1.3 V (Fig. 9c) and under deaerated conditions (Fig. 9d). At -1.3 V, ZnO can be reduced to zinc which probably explains the absence of corrosion products. Conversely pits filled with CP were principally (but not exclusively) found at higher deposition rates of ZnO, e.g. at -1.2 V (Fig. 9b). Multiple point-analyses with Raman microscopy confirmed the main corrosion corrosion of the zinc substrate. The possible origin(s) of the transfer of zinc from the substrate to the solution are discussed in Section 2.2.

Discussion

This discussion mainly focuses on the samples with cathodic behaviour. At -1.05 V, the electrochemical response of zinc is mostly anodic. As this applied potential is close to the OCP (ca. -1.038 V), the anodic current is believed to be significant enough to release enough Zn 2+ in the solution to shift the onset of zinc dissolution negatively and trigger the cathodicto-anodic switch observed after one or two hours (Fig. 1 insert). The anodic behaviour is then self-sustained by the strong oxidation current. The microstructure of the deposits is similar to that of the CP produced at more positive potentials (+0.64 V) [18,22,27] with a typical simonkolleite-interlayer heterostructure on top of the zinc substrates.

The results from the more negatively polarized specimens (≤ -1.075 V) reveal that the zinc undergoes corrosion under cathodic conditions. This degradation is unambiguously evidenced by the formation of pits, Zn 2+ detection in the electrolyte by polarography and ZnO deposits. The ZnO growth rate is rather slow (ca. 2 to 30 nm/h), making thereby this degradation very difficult to observe with the usual short-duration potentiodynamic experiments.

Recently Shkirskiy et al. investigated the cathodic (potentiodynamic) polarization of zinc in NaCl 0.5 M with and without addition of L-cysteine using atomic emission spectroelectrochemistry (AESEC) [28]. In the absence of L-cysteine (i.e. in pure NaCl), they observed a hint of a zinc dissolution plateau at moderate negative overpotentials. The current density plateau was enhanced by increasing the concentration of L-cysteine and the complexation of the latter with Zn 2+ . Note that the AESEC technique is based on potentiodynamic polarization in an electrochemical flow cell in which the electrolyte is constantly renewed making difficult the detection of low current density processes. This stands in contrast with the long potentiostatic polarization experiments of the present work allowing for the accumulation of products from sluggish reactions. The two approaches are complementary and, interestingly, they both tend to prove the cathodic dissolution of zinc.

As shown in Fig. 8, there is almost no deposition of ZnO under deaerated conditions.

Furthermore, the number of pits observed by optical microscopy is considerably reduced (but not zero). This result is also confirmed by SEM investigations (not shown here). This suggests that the origin of zinc soluble species (that is necessary for ZnO deposition) is linked to the occurrence of oxygen reduction. The latter is likely to enhance the surface alkalinity to such high levels (pH > 12-13) that the soluble zinc hydroxycomplexes Zn(OH)3 -and/or Zn(OH)4 2-are formed [5,6]. On the basis of microscopy observations, it can also be postulated that, under cathodic polarisation (i.e. with a low anodic activity), this type of corrosion occurs only in localized form (pits).

At this point of our research, it is very challenging to establish a detailed mechanism of the ZnO growth due to the high complexity of the electrode/electrolyte interface. The main reasons are:

-The multiple reactions and electroactive species at play, i.e. zinc dissolution and oxygen reduction involving Zn, Zn 2+ , O2, H2O2 (or HO2 -). Aggressive Cl -ions might also play an important role in the pitting process.

-The ability of both zinc and zinc oxide to reduce oxygen and hydrogen peroxide.

-The lack of fundamental knowledge on mechanisms and kinetics of some of those reactions (e.g. reduction of O2 and H2O2 on ZnO).

-The constantly evolving electrode surface whose chemical composition and morphology change throughout the deposition process.

-The spatially heterogeneous nature of the growth process (as illustrated by Fig. 8b and Fig. 9)

In what follows, two possible frameworks for ZnO growth based on different assumptions of the surface pH (near-neutral and highly alkaline) are exposed. Note that, in view of the spatially heterogeneous growth, it is possible, and even likely, that the two types of growth exist simultaneously at different sites of the electrode.

In 

These ZnO deposits might be those forming the "halos" of CP around the pits clearly visible in Fig. 8b and9b.

In [5], Thomas et al. mainly worked with alkaline droplets under free corrosion conditions or in solutions under slightly anodic conditions to produce the CP patinas. The current density during potentiostatic polarization (i.e. during the development of the nanostructure) does not increase but remains more or less stable around -5 μA/cm 2 . This value is slightly lower than that at the start of the experiment (ca. -10 μA/cm 2 , representing zinc in uncorroded state). Therefore it can be concluded that, under the experimental conditions of the present work, ZnO has a lower activity than zinc towards ORR. Those findings are in line with the recent study of Prestat et al. in which zinc patinas where anodically produced in NaCl solutions [18]. While performing ORR measurements, the reduced cathodic activity was assigned to a thin nanostructured ZnO-rich layer covering the zinc substrates.

Conclusions

Zinc substrates were polarized potentiostatically at moderate cathodic overpotentials In the future, more investigations are needed to acquire a deeper knowledge about the mechanism(s) and kinetics of zinc dissolution and oxygen reduction at ZnO. For instance, the dependence of the ZnO growth rate on the applied potential has not been elucidated and it is not understood yet why the ZnO growth reaches a maximum at -1.2 V. Probe-based methods may also provide relevant insight about the processes at play during polarization. For instance, pH microprobe measurements could bring a direct and in situ confirmation of the locally high degree of alkalinisation due to ORR [43]. Scanning vibrating electrode technique and scanning electrochemical microscopy investigations might help gain understanding on the formation of pits, notably during the early stages of polarization [44,45]. Finally potentiostatic investigations could be conducted under thin electrolyte layers so as to compare the results of the present work with those obtained under conditions closer to atmospheric corrosion.

Étude de la réduction de l'oxygène sur des films minces de ZnO élaborés par pulvérisation cathodique 

Abstract:

Corrosion is a local electrochemical process involving an oxidation reaction that is balanced by a reduction reaction. The oxygen reduction reaction (ORR) is one of the major cathodic reactions in corrosion. The oxygen can be reduced directly into OH-ions or indirectly with hydrogen peroxide as intermediate species. In this Ph.D. thesis, ORR has been investigated on ZnO that is one the most common degraded forms of zinc, a metal of major industrial interest. Model electrodes (textured and non-textured ZnO films) have been deposited on copper substrates using the RF-sputtering technique. The ORR has been investigated in alkaline electrolyte using a rotating ring-disk electrode.

During the measurement of the polarization curves, potential-dependent rupturing of the textured ZnO films was observed. Electrochemical impedance spectroscopy was utilized to detect more finely at which potential the rupture of the film was initiated. Non-textured ZnO thin films exhibited a significantly improved mechanical stability and higher ORR activity compared to textured films. A reaction mechanism was proposed for ORR. The prevalence of the direct reduction was quantitatively established but the parallel indirect reduction was active as well. It was possible to show that indirect reduction pathway did not stop at the production of hydrogen peroxide. The latter was further reduced to OH - anions and/or decomposed into oxygen molecules.

Figure 1 . 1 :

 11 Figure 1.1: Basic principle of corrosion applied to zinc.

Figure 1 . 2 :

 12 Figure 1.2: ZnO crystalline structures: (a) Rocksalt, (b) Zinc blende and (c) wurtzite [17].

Figure 1 . 3 :

 13 Figure 1.3: Oxygen reduction on zinc in 3% NaCl electrolyte (pH = 6.4) modelled by Flitt et al. [69] using the experimental data of Leidheiser et al. [70]: (a) experimental and simulated curves and (b) "deconstruction" of the simulated curve showing the 2-electron oxygen reduction (leading to hydrogen peroxide) on passive zinc and the 4-electron (direct) reduction on active zinc.

Figure 1 . 5 :

 15 Figure 1.5: High-resolution SEM analysis of nanostructured ZnO patinas grown by cathodic corrosion of zinc in NaCl 0.6 M at -1.2 V (vs SCE) for 17 hours. (a) top-view micrograph and (b) FIB-SEM cross-sectional image [76].

Chapter 2 )

 2 . This technique allows to detect the hydrogen peroxide generated when oxygen reduction follows (fully or partially) the indirect reaction pathway. This valuable information helps quantifying the prevalence of the direct or indirect pathways that are parallel and therefore in competition. Ideally RRDE requires to have dense and smooth disk electrodes.Radio-frequency magnetron sputtering was used to synthesize such ZnO layers since this technique allows to produce a large variety of coatings by changing experimental parameters such as target composition, reactive gas composition, gas fluxes and power. Two types of layers were prepared and compared: textured (columnar) ZnO with (002) orientation and nontextured ZnO with nano-granular structure. These films were characterized by different techniques, such as scanning electron microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), energy-dispersive X-ray spectroscopy (EDX), atomic force microscopy (AFM), focused ion beam scanning electron microscope (FIB-SEM) and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM). Electrochemical measurements were conducted at room temperature under controlled hydrodynamic conditions using RRDE, linear sweep (potentiodynamic) voltammetry and electrochemical impedance spectroscopy (EIS). The electrolyte was a KOH solution at pH 10 with KCl 0.2 M as supporting electrolyte. Following the present introduction, the Ph.D. thesis is structured as follows: Chapter 2 presents the experimental techniques used in this research work: rfmagnetron sputtering (for the synthesis of the ZnO films), characterization techniques and electrochemical methods. Chapter 3 deals with the synthesis, the characterization and the ORR activity of textured films with (002)-orientation. Those layers degraded quickly under DC cathodic polarization leading to partial delamination. First results on the cathodic activity and on the ORR reaction mechanism are reported. The Annex I documents preliminary experiments related to this chapter. Chapter 4 investigates the degradation of the textured ZnO films observed in Chapter 3 by combining electrochemical impedance spectroscopy experiments, equivalent circuit modelling and electron microscopy imaging at the microscale and the nanoscale. Notably, the capacitance of the ZnO layer is shown to describe well the crack propagation during polarization. Chapter 5 is dedicated to the investigation of non-textured ZnO layers that exhibit good mechanical stability. Relevant quantitative results on the competition between direct and indirect oxygen reduction pathways obtained with RRDE are presented. Comparisons between textured and non-textured layers are made in terms of nanostructure, capacitance and ORR activity are made Chapter 6 summarizes the findings of this Ph.D. thesis, draw the main conclusions and proposes ideas for continuing research on oxygen reduction at ZnO electrodes.

  introduction of a low oxygen flow induces a change in the plasma color. For high oxygen flow rates, the plasma completely changes and is no longer localized in the chimney vicinity but fills the entire reactor. The oxygen flow thus plays a major role on the expansion of the plasma emitting zone. The target has always the strongest negative potential[4][5][6][7]. A schematic of the sputtering deposition process is shown in Figure2.1.

Figure 2 . 1 :

 21 Figure 2.1: Schematic of the sputtering deposition process [8].

Figure 2 . 2 :

 22 Figure 2.2: Diagram of the RF magnetron sputtering process [12].

Figure 2 . 3

 23 Figure2.3 shows the three zones present in the modified model as a function of the working pressure and the substrate temperature (TS). From this, it is noted that due to the high melting point of ZnO (1975 °C) the Zone III, which corresponds to the grain recrystallization in the original model, is not present in the range temperature used in this case, since recrystallization appears at elevated substrate temperature. One point of the Thornton model is maintained: the increase in TS and the reduction of working pressure lead to an increase in the compaction and density of the film structure. For a better understanding, the characteristics of each zone are detailed below[19,20]:

Figure 2 . 3 :

 23 Figure 2.3: Adapted scheme of the modified model of zone structure proposed by Kluth et al. [20] for the ZnO: Al films. The micrographs illustrate the morphology of these films and indicate the growth zone.

Figure 2 . 4

 24 Figure 2.4 shows an overview of the sputtering system (a) and the components in the vacuum chamber (b).

Figure 2 . 4 :

 24 Figure 2.4: Overview Univex 350, Oerlikon radio-frequency magnetron sputtering system.

Figure 2 . 5

 25 Figure 2.5 shows the working principle of the RDE.

Figure 2 . 5 :

 25 Figure 2.5: Sketch of the working principle (A) and the hydrodynamic profile (B) of the RDE [22-24].

Figure 2 . 6

 26 Figure 2.6 shows some simulated RDE data to illustrate how Eqs. (3) and (6) can be exploited. The RDE polarization curves for various rotation rates, , are displayed in Figure 2.6a. Under mass transport control, the dependance of the limiting current, IL, on ω 1/2 (Figure 2.6c) allows to draw the Levich plot (Figure 2.6b) based on Eq. (3). The slope of the straight line yields the number of exchanged electrons, n, if S, C, D and υ are known. Under mixed control by mass transport and charge transfer, the plot of 1/IL vs. ω -1/2 (Figure 2.6d) is called

Figure 2 . 6 :

 26 Figure 2.6: Simulated example of a RDE experiment. (a) Polarization curves recorded at different rotation rates; (b) Levich plot corresponding to Eq. (3); (c) Dependence of the limiting current on the square root of the rotation rate (Eq. (3)); (d) Koutecky-Levich plot corresponding to Eq. (6).

Figure 2 . 7 :

 27 Figure 2.7: Rotating ring disk electrode (RRDE): (a) Sketch of the working principle; (b) Photograph of the RRDE used in this Ph.D. thesis for ORR investigations.

Figure 2 . 8 :

 28 Figure 2.8: Photograph of the RRDE setup used during this Ph.D. thesis. Inset: photograph of the RRDE head (see also Figure 2.7b).

Figure 2 . 11 :

 211 Figure 2.11: EIS representation: (a) Nyquist plot with impedance vector (b) Bode plots (with one time constant) [28-31].

1 𝑗𝜔𝐶Table 2 . 1 :

 121 Frequency behavior of C is opposite to that of L. Z decreases with increasing frequency. Capacitors have only an imaginary component. The current is -90 degrees phase-shifted with respect to the voltage. Common electrical elements, equations for their current vs voltage relationship, their impedance, their characteristics and their Nyquist representation.

  solutions at pH 10 +/-0.1 with KCl 0.2 M as supporting electrolyte. EIS measurements were carried out under controlled hydrodynamic conditions using the RDE technique (Pine Research Instrumentation, Durham, NC, USA). The counter-electrode was a large titaniumbased metallic grid placed below the working electrode. The reference electrode was a mercury/mercury oxide electrode (Hg-HgO, KOH 1M). This three-electrode setup was controlled by a Gamry Reference 600 potentiostat (same configuration as Figure 2.8)

Figure 2 . 13 :

 213 Figure 2.13: X-ray diffraction by a crystal to demonstrate Bragg's law [36-39].

Figure 2 . 14 :

 214 Figure 2.14: Schematic of scanning electron microscope [40-42].

Figure 2 . 15 :

 215 Figure 2.15: Schemtic of a FIB-SEM microscope [46].

Figure 2 . 16 :

 216 Figure 2.16: Schematic of a typical modern high-resolution X-ray photoelectron spectrometer [52].

Chapter 1 ,

 1 the oxygen reduction reaction (ORR) is one of the major cathodic reactions in corrosion science and more generally in electrochemistry. Although various reaction mechanisms have been proposed in the literature depending on the electrode material and testing conditions [1-3], a common feature consists of the competition between two parallel pathways, as shown in Figure 3.1.

Figure 3 . 1 :

 31 Figure 3.1: Simplified oxygen reduction reaction mechanism in alkaline medium.

Figure 3 . 2

 32 Figure3.2 shows the XRD patterns of the ZnO films. Although a minor diffraction peak at 62.7° associated with (103) planes is observed, the presence of the strong (002) peak at 34° indicates a clear preferred orientation along the c-axis of the wurtzite structure. This is explained by the minimization of the surface free energy during the growth process[14]. This finding is in good agreement with the results reported in the literature[15][16][17][18][19] using similar conditions as in the present work.

Figure 3 . 2 :

 32 Figure 3.2: XRD diffractogram of the ZnO thin films deposited on copper substrates. Note the logscale of the y-axis.

Figure 3 . 3 :

 33 Figure 3.3: Surface analysis of the ZnO films: a) XPS spectrum of O (1s); b) XPS spectrum of Zn (2p3/2); c) Auger spectrum of Zn (LMM).

Figure 3 . 4 :

 34 Figure 3.4: EDX spectra of ZnO films.

Figure 3 . 5 :

 35 Figure 3.5: Microscopic analysis of the ZnO films: (a) SEM top-view image (b) AFM image.

Figure 3 . 6 :

 36 Figure 3.6: Cross-sectional FIB-SEM images of the ZnO films. Inset image (same figure revealing the columnar structure after contrast increase).

Figure 3 . 7

 37 Figure 3.7 compares the polarization curves of the ZnO films and the copper

Figure 3 . 7 :

 37 Figure 3.7: Typical disk polarization curves of ZnO and bare copper substrates. For ZnO, four consecutive curves were recorded to evaluate the ZnO stability. Inset: zoom on the polarization curves of ZnO. The arrow illustrates the steady current density increase from one curve to the next. For all curves, the disk potential scan rate was 1 mV s -1 and the rotation rate was 1000 rpm.

Figure 3 . 8 :

 38 Figure 3.8: Evaluation of the critical potential for ZnO film rupture. (a) Polarization curves of a single ZnO electrode between open-circuit potential and various increasingly negative end-potentials: -0.2 V, -0.5 V, -0.8V and -1.1 V. (b) Corresponding top-view SEM micrographs took after each polarization. Zoom-out: example of a significant film rupturing with delamination after polarization at -0.7 V (corresponding polarization curve not shown).

  . Hüpkes et al. in a recent review, proposed a model for the chemical etching of ZnO thin films based onthe assumption that each grain boundary has a certain inherent probability to serve as an active site for etching depending on the structural material properties and etching agent[17].Han et al. evaluated the dissolution of sputtered ZnO films at different pH (between 3 and 12)by measuring the concentration of Zn 2+ cations in the solution by atomic absorption spectroscopy[18]. They demonstrated a minimal dissolution level (ca. 1 %) for 24 h of immersion at pH = 10. After a week of exposure, the same films exhibited a dissolution level of ca. 30%, indicating a slow but non-negligible chemical dissolution at this pH. Dissolution rates were higher for all other pH. In the present work, the ZnO films were exposed for 24 hours and 1 week in the same KOH solution used for the electrochemical measurements. The samples were analyzed by SEM and EDX technique (see Annex I). No change in the ZnO surface was observed regardless of duration of immersion. Though the hypothesis of a very slow dissolution (in terms of weeks) cannot be totally excluded, it cannot account for the rapid degradation of the films (in terms of minutes and hours) observed in the present study.

Figure 3 . 9 :

 39 Figure 3.9: Typical ring (a) and disk (b) curves recorded during the RRDE study of ORR on ZnO thin films (blue) and Cu reference (red) in alkaline electrolyte. The potential scan rate was 0.5 mV s -1 and the rotation rate 1000 rpm. Note the difference of scales of the y-axis for ring and disk currents.

Figure 3 . 9

 39 Figure 3.9 shows the RRDE curves of the copper substrate and the ZnO layers recorded from OCP till -0.7 V. Due to the rupturing of the ZnO layers described above, only one scan at one rotation rate was performed, excluding thus the possibility of a Koutecky-Levich analysis for determining the mean number of exchanged electrons, n, during ORR. A first estimate of the relevance of the direct ORR pathway can be provided by the | 𝑁𝐼 𝑑 𝐼 𝑟 | ratio

  films grow columnarly along the c-axis of the wurtzite structure perpendicular to the surface as shown by XRD and FIB-SEM analyses. The width of the columns ranges around 40 to 150 nm. AFM top-view and FIB-SEM cross-sectional images show uniform, smooth and dense as-deposited layers with a thickness of ca. 300 nm. The chemical composition of those ZnO layers films was verified by XPS and EDX analyses. The analysis of the electrochemical behaviour was made arduous by the mechanical instability of the layers characterized by large cracks and local delamination. The film rupturing was found to be potential-dependent (occurring mainly at potential more negative than ca. -0.6 V) and might be related to the piezoelectric properties of columnar ZnO.

  Figure I show the influence of the argon flux (Figure Ia) and the influence of the deposition power.

Figure I :

 I Figure I: XRD spectrums of ZnO thin films deposited on glass substrates showing the influence of the argon flux (a) and power (b). Note the linear-scale of the y-axis.

Figure

  Figure II: SEM images of ZnO thin films deposited on copper substrates with different thickness (a) 1 µm, (b) 700 nm and (c) 300 nm.

  The samples were analyzed by SEM and EDX technique, as shown in Figure III.

Figure 4 Impedance

 4 Figure III: SEM images and EDX spectrums of (a) 24h and (b) 1week immersion on the electrolyte.

Chapter 3 .

 3 Hence the details of the sample preparation as well as the results of XPS, XRD, EDX, FIB-SEM and AFM characterization are not repeated here. Additional high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) imaging and resistivity measurements in air were performed. HAADF-STEM was used to characterize the level of compacity of the as-deposited layer at the nanoscale. For this purpose, TEM-lamellas representing cross-sections of the ZnO-layers were prepared with the focused ion beam (FIB) technique. The ZnO layers were then investigated with an analytical TEM (FEI Talos F200X) at 200 kV. Top-view imaging was performed by conventional scanning electron microscopy (SEM, SU3500, Hitachi) to evaluate the aspect of surface of the layers at the microscale.The electrical resistivity of the layers was measured in air (dry conditions) using the two-probe method in transverse mode with a multimeter (ISO-TECH IDM62T) (Figure4.1).The transverse mode means that the electrical charges circulate along the main axis of the ZnO column perpendicular to the substrate, as they do during the electrochemical experiments (wet conditions). For that purpose, as shown in the sketch of Figure4.1, a copper contact electrode (surface area 1 mm 2 ) was deposited by rf-sputtering technique on the top of ZnO layer. The same ZnO thickness as for the EIS measurements, i.e. 300 nm, was used.

Figure 4 . 1 :

 41 Figure 4.1: Two-probe setup for the electrical resistance measurement of the ZnO layer in the transverse mode in air.

  electrochemical experiments were conducted at room temperature in KOH solutions at pH = 10 +/-0.1 with KCl 0.2 M as supporting electrolyte. EIS measurements were carried out under controlled hydrodynamic conditions using the RDE technique (Pine Research Instrumentation, Durham, NC, USA) at a rotation rate of 1000 rpm. The counterelectrode was a large titanium-based metallic grid placed below the working electrode. The reference electrode was a mercury/mercury oxide electrode (Hg-HgO, KOH 1M). The threeelectrode setup was controlled by a Gamry Reference 600 potentiostat. The applied frequency domain ranged from 10 5 Hz to 1 Hz with 10 points per decade. The sinusoidal perturbation was 10 mV. Data fitting was carried out using non-commercial software developed at the Laboratoire Interfaces et Systèmes Électrochimiques (LISE), Paris, France, based on a simplex strategy [1,9]. The program minimizes the function χ 2 :

Figure 4 .

 4 Figure 4.2b shows the surface of the ZnO films using conventional SEM. One can notice the presence of a limited number of micro-scaled defects in the otherwise dense microstructure. The micro/nano-structural features and their impact on the electrical properties of the layers obtained by EIS are further discussed below along with Figure 4.10.

Figure 4 . 2 :

 42 Figure 4.2: Electron microscopy analysis of the as-deposited ZnO layers: (a) cross-sectional HAADF-STEM image (nanoscale information) and (b) top-view SEM micrograph of the surface (microscale information).

Figure 4 . 4

 44 and Figure 4.6.

Figure 4 . 3

 43 Figure 4.3 shows the experimental impedance recorded at -0.4 V (the open circuit potential, OCP, was ca. -0.1 V).In this study, electrochemical experiments were carried out at negative overpotentials "far" from OCP so that the faradaic impedance could be simplified to its sole cathodic contribution.

Figure 4 . 3 :

 43 Figure 4.3: EIS diagrams recorded at -0.4V. (a) Nyquist plot with (b) zoom in high frequency to determine the electrolyte resistance (Re). Bode plots (without and with Re correction): (c) phase curve and (d) modulus curve.

Figure 4 . 4 :

 44 Figure 4.4: First equivalent circuit model accounting for a dense ZnO layer with no penetration of the electrolyte.

Figure 4 . 4 )

 44 is given in Figure 4.5. The results of the fitting process are presented in Table 4.1.

Figure 4 . 5 : 4 Table 4 . 1 :

 45441 Figure 4.5: Corrected Bode phase (a) and modulus (b) diagrams obtained at -0.4V. The open symbols represent the experimental data (Zexp). The line represented the simulated data (Zsim) obtained from the fitting process using the first equivalent circuit model (Figure 4.4).

Figure 4 .

 4 5a) and the change of slope of the modulus curve (Figure 4.5b). Based on those results, a second model was developed by introducing a second capacitive element in series with Cdl. This model accounts for the penetration of the electrolyte into the ZnO during the degradation of the layers under DC polarization. Compared to the first model (Figure 4.4), De Levie impedance was added in the equivalent circuit, as shown in Figure 4.6. As mentioned in the introduction, De Levie model was shownto be able to describe, at a phenomenological level, the impedance of pores with very different geometries far from the ideal system of identical cylindrical pores. In the present study, the cracks growing and propagating through the layers are considered as "pores" accessible by the electrolyte.

Figure 4 . 6 :

 46 Figure 4.6: Second equivalent circuit model accounting for the penetration of the electrolyte into the ZnO layer using a de Levie impedance. In the fitting process, Cdl is considered as large (compared to the capacitance of the ZnO layer) and its impedance is therefore neglected.

Figure 4 .

 4 Figure 4.7a shows the results of the fitting of the experimental data with the second equivalent circuit model. The resulting fitting parameters are listed in Table 4.2.

Figure 4 . 7 :

 47 Figure 4.7: Corrected Bode phase (a) and modulus (b) diagrams obtained at -0.4 V and corrected Bode phase (c) and modulus (d) diagrams obtained at -0.5 V. The open symbols represent the experimental data (Zexp). The line represented the simulated data (Zsim) obtained from the fitting process using the second equivalent circuit model (Figure 4.6).

Figure 4 .

 4 9a, there is no obvious degradation on the ZnO surface after the polarization at -0.4V (compare Figure4.9a with the as-deposited state in Figure4.2b). In contrast, Figure4.9b reveals significant damages after the polarization at -0.5 V. These findings confirm that the propagation of the cracks goes from the surface towards the substrate (probably along some of the column boundaries) till causing local delamination of the films. This also shows that the first stages of crack propagation can go unnoticed using only ex situ SEM top-view analysis (Figure4.9a), highlighting the beneficial complementarity of the in situ EIS technique.Crack propagation is already initiated between -0.3 V and -0.4 V which is much lower than the film rupture potential estimated at ca. -0.6 V in Chapter 3. This is explained by the fact that, in the second model, CZnO is "visible" (i.e. not masked by the double layer capacitance Cdl) only at low values that correspond to the first stage of the layer degradation.For this matter, EIS proves to be a much more sensitive technique than DC polarization curves.Low values of CZnO also suggest that the formation of cracks is localized. The DeLevie model provides only global "averaged" information over the whole surface of the ZnO in contact with the electrolyte. The depth, the width and the spatial distribution of the cracks cannot be assessed. A zoom-out on the micrograph of the sample polarized at -0.5 V (Figure4.9c) evidences that delamination is localized in some areas (where the copper substrate is clearly exposed) while other areas look damage-free (Figure4.9c). When this delamination state is reached, most of the stress in the layer is probably released. Then the model developed in this study, that links the impedance of the ZnO layer to its mechanical instability, probably fails to apply. Finally, the smooth dependence of CZnO on the applied potential (Figure 4.8b) is another clue indicating that the degradation could be related to the nature properties of the (002)-textured ZnO (as already described in Chapter 3).

Figure 4 . 8 :

 48 Figure 4.8: Dependence of the ZnO capacitance (a) and the charge transfer resistance Rct (b) on the applied potential using the second equivalent circuit model.

Figure 4 . 9 :

 49 Figure 4.9: Post-mortem analysis of the ZnO layers at different potentials. Top-view SEM micrographs of the ZnO layers polarized at -0.4 V (a) and at -0.5 V (b,c). The Cu substrate appears in darker contrast as the ZnO layer.

Figure 4 .

 4 Figure 4.10 schematically presents the main electrochemical and microstructural results so as to summarize the main findings of this study. Three scenarios are considered based on different micro/nanostructures and their expected capacitance C.Figure 4.10a

Figure 4 .Figure 4 .

 44 10ashows a fully dense structure. This structure is in accordance with the STEM analysis (Figure 4.2a). For such structure, the first model (Figure 4.4) is suitable and C should be in the range of usual double layer capacitance values, i.e. 10-100 µF/cm 2 . Yet the capacitance measured during the impedance experiments is much lower. Hence this scenario is rejected. 10b shows the same textured layer as in Figure 4.10a but with numerous gaps between the columns. This nanostructured is not in agreement with the STEM image of the as-deposited ZnO layers (Figure 4.2a). Virtually this open nanostructure could have been generated by a homogenous (i.e. non-localized) crack propagation along most of the column boundaries. This assumption is not supported by Figure 4.9c. Moreover, such nanostructure would have yielded large values of CZnO that would have been masked by Cdl. This second scenario is therefore also invalid. Thus, the only way to explain the low capacitance value is the localized crack propagation (leading to microscale damages and delamination) in an originally dense structure (at the nanoscale), as shown in Figure 4.10c.

Figure 4 . 10 :

 410 Figure 4.10: Schematic interpretation of the impedance results in relationship with the ZnO microstructure: (a) fully dense layer, (b) layer with nanoscaled gaps between the columns and (c) dense with microscaled cracks.

Figure 5 . 1 :

 51 Figure 5.1: Schematic of the impact of microstructure on the oxygen fluxes during ORR: (a) dense layer, (b layer with micro-scaled pores and (c) layer with nano-scaled pores. Thick arrows represent large fluxes whereas thin arrows depict minor fluxes.

X

  -ray diffraction (XRD) was used to analyze the crystalline structure of non-textured ZnO layers using PANalytical Empyrean apparatus with CuK radiation (1.5408 Å). The chemical composition of the surface was assessed by X-ray photoelectron spectroscopy (XPS) using an Al-Kα X-ray source (Thermo VG) and a cylindrical mirror analyzer (RIBER). The surface topography of the films was studied with an atomic force microscope (Multimode 8 FM from Bruker) in tapping mode.Top-view secondary electron imaging was performed with a field emission SEM (FEI Quanta 200F) at 20 kV to characterize the surface microstrcture of the ZnO layers. The machine was equipped with an energy dispersive X-ray spectroscopy (EDX) system from EDAX (Octane Super, with TEAM software) that enabled to determine the composition of the layers. EDX spot analyses were acquired at 20 kV and results are given in atom%.Cross-sectional analysis of the internal microstructure of the ZnO layers was performed by FIB-SEM (FEI Helios NanoLab 600i) to provide a first hint of the compactness of the layers and to assess their thickness. First, a 1 m thick protective layer (Pt or C) was applied on top of the ZnO surface at the location of interest with ion beam induced deposition. Cross-sections of 20-30 μm width and 5-10 μm depth are then milled and polished with FIB. The prepared cross-sections were finally investigated with low acceleration voltage SEM (2kV).

Figure 5 . 2 :

 52 Figure 5.2: Influence of oxygen flux on the crystalline structure and the microstructure of the layers during sputtering deposition with zinc target. The experimental parameters corresponding to the samples A, B and C are found in Table 5.1. (a) XRD diffractograms with * denoting the ZnO peaks and ◊ the Zn reflections; (b-d) SEM top-view micrographs.
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 5355 Figure 5.3: XRD spectra of textured (red curve) and non-textured (black curve) ZnO films deposited on glass. Note the log-scale of the y-axis. Inset: photographs of the two types of films.

Figure 5 . 4 :

 54 Figure 5.4: Surface analysis of the ZnO films: a) XPS spectrum of O (1s); b) XPS spectrum of Zn (2p3/2); c) Auger spectrum of Zn (LMM).

Figure 5 . 5 :

 55 Figure 5.5: Microstructure analysis of the as-deposited non-textured ZnO films: (a) top-view SEM micrograph, (b) AFM surface image and (c) FIB-SEM micrograph of the layer cross-section.

Figure 5 . 6

 56 Figure 5.6 displays the HAADF-STEM cross-sectional images of the as-deposited non-textured ZnO layers. Although hints exist about some vertical organization of the ZnO and pores (which is consistent with the presence of the (002) peak on the XRD diffractogram) in Figure 5.6a, this nanostructure is clearly different from that of the well-oriented columnar ZnO presented in the Figure 4.2b of Chapter 4. The images reveal that the layers are nanoporous with pores mostly narrower than 10 nm (with a couple of large pores around 15-20 nm). Grain size is in the range of 10 nm which is consistent with the Debye-Scherrer analysis mentioned above. Hence the nanostructure of the non-textured ZnO corresponds well to that schematically depicted in Figure 5.1c. It is believed that the electrolyte might penetrate the pore network (see EIS analysis below) but, from a kinetic point of view, ORR takes place essentially at the surface of the layer.

Figure 5 . 6 :

 56 Figure 5.6: Microstructure analysis of the as-deposited non-textured ZnO films by HAADF-STEM: (a) micrograph showing the whole thickness of the layer at moderate magnification; (b) zoom-in allowing for the estimation of the size of the pores (that appear in black contrast).

Figure 5 . 7

 57 shows the impedance data for ZnO films at -0.7 V (OCP was ca. -0.1 V). This potential was chosen because it is far from OCP which allows to simplify the faradaic impedance to its sole cathodic branch. The Bode plots (Figures 5.7b and 5.7c) were first corrected from the electrolyte resistance that was obtained by extrapolation of the high frequency impedance to the real axis in the Nyquist plot (Figure 5.7a and 5.7b).
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 57 Figure 5.7: EIS diagrams recorded at -0.7 V and at a rotation rate of 200 rpm. (a) Nyquist plot with (b) zoom in high frequency to determine the electrolyte resistance (Re). Bode plots (without and with Re correction): (c) phase curve and (d) modulus curve.

Figure 5 . 8 :

 58 Figure 5.8: Equivalent circuit model accounting for the penetration of the electrolyte into the ZnO layer using a DeLevie impedance.

Figure 5 . 9 :

 59 Figure 5.9: Re-corrected Bode phase (a) and modulus (b) diagrams obtained at -0.7 V and 200 rpm corrected. The open symbols represent the experimental data (Zexp). The line represented the simulated data (Zsim) obtained from the fitting process using the equivalent circuit model of Figure 5.8.

Figure 5 .

 5 Figure 5.10 schematically compares textured and non-textured layers in terms of Bode plots of the modulus. The comparison is based on the capacitance values of the ZnO and the double layer. In a first approximation, the capacitance accounts for the surface of the pores in contact with the electrolyte. In the ionic branch of the equivalent circuit, ZZnO and ZCPE are in series.

Figure 5 . 10 :

 510 Figure 5.10: Effect of the capacitances of the ZnO and the double layer on the Bode plot of the impedance modulus for (a) textured films (Chapter 4) and (b) non-textured films (this chapter).

Figure 5 . 11 :

 511 Figure 5.11: Typical chronoamperometry curve of the disk recorded at -0.7V and at a rotation rate of 200 rpm.

Figure 5 . 16 )

 516 are considered as reliable. From the beginning to the end of the DC polarization (chronoamperometry + RRDE experiments), the current density increases by 20-50 %, depending on the sample and the duration of polarization In order to gain more insight on the evolution of the current shown in Figure 5.11,

Figure 5 . 12 :

 512 Figure 5.12: SEM top-view micrographs of the non-textured ZnO surface: (a) as-deposited; (b) after electrochemical analysis. Insets: AFM images.

Figure 5 . 13 :

 513 Figure 5.13: XRD diffractograms of non-textured ZnO layer: as-deposited (black curve) and after electrochemical polarization (blue curve).

Figure 5 . 14 :

 514 Figure 5.14: Cathodic polarization curves of the non-textured ZnO (black curve) and textured (red curve) ZnO films. The potential scan rates were between 0.5 and 1 mV/s at a rotation rate 1000 rpm. For comparison purposes, the polarization curve of electrodeposited ZnO (blue curve) is also supplied. It was recorded at pH 11 with KCl 2M as supporting electrolyte.

  compared 450-550 mV for the other films.The comparison of the three curves shows that ZnO can have very different cathodic behaviors. The ORR activity is likely to depend on the nanostructure which, in turn, is strongly related to the synthesis conditions. Yet no clear and straightforward trend can be established on the sole basis of the three curves of Figure5.14 along with the very limited data of the literature. For instance, nanogranular ZnO electrodes, like the non-textured layers of this Chapter, the electrodeposited films of Figure5.14 (blue curve)[23] and the electrodeposited ZnO from Goux et al. (exhibiting sluggish activity and large overpotentials)[24] behave quite differently towards ORR. This opens interesting research topics focusing notably on the complex relationships between electrochemical activity and the numerous parameters that define a ZnO electrode (synthesis method, synthesis parameters, nanostructure, grain size, pore size, influence of grain boundary, surface composition, presence of a second phase…)In order to quantify the prevalence of the direct or indirect reduction, an ORR mechanism has been proposed (Figure5.15) and solved analytically. It was adapted from the work of Heller-Ling et al. on alkaline ORR at NixCo3-xO4 spinel films using a double-electrode channel flow cell [25].

Figure 5 . 15 :

 515 Figure 5.15: Alkaline oxygen reduction reaction model. The superscripts b and S mean "species in the bulk of the electrolyte" and "species near the disk surface, respectively".

2k 1 k 2 + 1 from which the ratio k 1 k 2 can 1 k 2 is 5 . 16 ,

 21212516 be derived. From a kinetic point of view, the extrapolation to infinite rotation rate allows to simplify the reaction kinetics by "ignoring" the steps k3 and k4. It is important to note that the determination of k independent of the surface area of the electrode. Hence, in first approximation, it can be applied to the rough electrodes observed in Figure5.12b.Typical experimental RRDE data is presented in Figure5.16. The disk and ring current are recorded under pseudo-steady-state conditions at fixed potential while varying the rotation rates. Proceeding this way (rather than recording several polarization curves at various rotation rates as commonly done) allows for fast acquisition of the currents which is particularly useful when the electrode is not fully stable. The fixed potential also enables to avoid any capacitive (non-faradaic) effects that may originate from potentiodynamic measurements. The selected rotation rates varied from one sample to another but remain in the range of 40 -600 rpm. In Figure Ir is divided by the collection efficiency N (23%).

Figure 5 . 16 :Figure 5 . 17 . 1 k 2 was 1 .

 516517121 Figure 5.16: Typical experimental RRDE currents obtained at fixed potential (here at -0.9 V) while varying the rotation rate. The currents were recorded at the end of each plateau. The black curve corresponds to the disk current, Id, and the red curve shows the ring current divided by the collection efficiency, Ir/N.

k 1 k 2 is

 2 established, the next question to answer is: what happen to the hydrogen peroxide ions? According to the reaction model (Figure 5.15), the following scenarios are possible:

Figure 5 .

 5 Figure 5.18 compares Ir/N with I d 2k 1 k 2 + 1 derived from the data of Figure 5.16 that is well

Figure 5 . 18 :

 518 Figure 5.18: Comparison of of Ir/N with

  indirect reduction). The direct reduction was shown to be dominant, but the indirect redaction could not be neglected. The roughness of the electrode impeded the determination of the mean number of exchanged electrons using the Koutecky-Levich equation. Yet it was possible to evaluate that indirect reduction pathway did not stop at the production of hydrogen peroxide. The latter is further reduced to OH -anions and/or decomposed into oxygen molecules.

•

  The choice of rf-magnetron sputtering for synthesizing model layers suitable for RRDE measurements was validated. Though the sputtering setup is a shared facility in the Lab-STICC, Brest, which limited the number of produced samples, different textures and nanostructures could be obtained by varying the deposition parameters. It was the lack of stability of the layers under polarization that constituted the main issue of this Ph.D. thesis. Cracked appeared in the textured layers under DC polarization (Chapters 3 and 4) while the development of nodules brought about the surface roughening of the non-textured layers (Chapter 5). Whether those problems were specific to rf-magnetron sputtering is difficult to evaluate. To answer this question, other thin film deposition methods should be used, such as electrodeposition, sol-gel, pulsed laser deposition and spray pyrolysis.• EIS proved to be a powerful tool to evidence in situ the porosity of the layers. As the two type of ZnO had a good electrical conductivity, the DeLevie impedance could be used to account for the penetration of the electrolyte in the pores. The relatively simple equivalent circuit model could describe two very different kinds of porosity: localized microscaled cracks (textured ZnO, Chapter 4) and homogenously distributed nanoscaled pores (non-textured ZnO, Chapter 5). In the case of the textured layers, EIS made possible the detection of the early stages of the crack propagation occurring at low overpotentials at which post-mortem SEM top-view micrographs were useless (no apparent delamination or large cracks). EIS provided thus a cost-effective and relatively quick way to gain in situ information about layer porosity. The EIS data were complementary to the valuable ex situ information obtained by high-resolution electron microscopy techniques, like HAADF-STEM, that are more difficult to set up, more expensive and applicable to a limited number of samples. In the field of corrosion, the methodology combining EIS and advanced electron microscopy methods could also be applied to investigate the barrier properties of other conductive coatings that may develop porosity during operation, such as Zn-Fe or Zn-Ni alloys[5]. Once mechanically stable layers were produced, RRDE experiments combined with reaction modelling provided useful insight on the reaction mechanism, namely the ratio k1/k2 (Chapter 5). In DC measurement, only collection-based electrochemical techniques, such as RRDE and double electrode channel flow cell[6][7], can offer such direct way to evaluate the competition between the direct and indirect pathways of oxygen reduction. In the present study, k1/k2 was conveniently obtained by extrapolation at infinite rotation rate, which is like virtually switching off all the other reactions steps of the model (k3 and k4). Other details of the reaction mechanism, like the relevance of the chemical decomposition of hydrogen peroxide and/or its reduction to OH -anions could have been evaluated if the textured ZnO layers would not have become rough during polarization.

Figure 1 :

 1 Figure 1: Chronoamperometry curves of zinc electrodes exhibiting anodic behaviour (-1.05 V, black curve + insert) and cathodic behaviour (-1.075 V, red curve).

Figure 2 :

 2 Figure 2: Examples of chronoamperometry curves at various potentials. All samples exhibit a cathodic behaviour throughout the polarization (for 17 hours).

Figure 3 :

 3 Figure 3: Optical microscope pictures of the zinc samples after cathodic polarization at various potentials. If not otherwise mentioned, the duration of polarization was 17 hours. a) pristine zinc substrate (as reference); b) -1.05 V for 1.5 hours; c) -1.05 V for 7 hours; d) -1.075 V; e) -1.15 V; f) -1.2 V; g) -1.25 V; h) -1.3 V.

Figure 4 :

 4 Figure 4: Raman microscopy analysis of the corrosion products for three different potentials.

Figure 5 :

 5 Figure 5: X-ray diffractograms of the zinc samples after 17 hours of potentiostatic polarization (7 hours for the -1.05 V polarization) as a function of the applied potential. Pristine zinc substrate is also shown as reference. Note the logarithmic scale of the y-axis.

Figure 6 :

 6 Figure 6: XPS analysis of zinc electrodes polarized at -1.05 V for 7 hours (anodic behaviour, black curves) and -1.075 V for 17 hours (cathodic behaviour, red curves).

- 1 .

 1 075 V display different characteristics. No peak appears on the Cl(2p) spectrum, evidencing thus the absence of simonkoellite on the surface. The O(1s) spectrum shows a complex structure with a clear asymmetric tail at low binding energy. It is explained by the contribution of zinc hydroxide/carbonate components at 531.5 eV and ZnO at about 530 eV.

Figure 7 :

 7 Figure 7: FIB-SEM analysis of the corrosion product layers after polarization at different potentials. Top-view micrographs: a, c, and e; Cross-section micrographs: b, d and f. a,b) -1.05V for 7 hours (anodic behaviour); c,d) -1.075 V for 17 hours (cathodic behaviour); e,f) -1.2 V for 17 hours (cathodic behaviour).

Figure 8 :

 8 Figure 8: Optical microscopy images of zinc samples after 7 hours of polarization at -1.2 V with various concentration of oxygen: a) pristine zinc substrate (as reference); b) aerated conditions, [O2] ~ 9 ppm (0.28 μmol/L); c) deaerated conditions, [O2] < 0.09 ppm; c) Corresponding chronoamperometry curves.

  the areas around the pits characterized by high pH values, deposition of ZnO may follow the mechanisms proposed by Thomas et al. while revisiting zinc passivation in alkaline NaCl solutions [5]. In that model, Zn(OH)3 -and Zn(OH)4 2-anions might directly precipitate: Zn(OH)3 -→ ZnO + H2O + OH -(1)Zn(OH)4 2-→ ZnO + H2O + 2 OH -

  for 7 to 17 hours in NaCl solution. The results of this study provide a different picture than that obtained with potentiodynamic measurements. Close to the open circuit potential, at -1.05 V, the samples behave mostly anodically and produce patinas with ZnO and simonkolleite. At -1.075 V (and more negative potentials), the electrochemical response is completely different. The current density remains cathodic and the alkalinisation of the substrate surface is believed to bring about zinc dissolution (pitting). The Zn 2+ cations released in the solution are involved in the spatially heterogeneous deposition of nanostructured ZnO. The replacement of zinc by ZnO sites at the electrode/electrolyte interface reduces the cathodic current density. Since the nanostructured ZnO develops a significantly larger surface area than the zinc substrates, it is concluded that, under the experimental conditions of the present work, ZnO is less active than zinc towards oxygen reduction.

  Mots clés : oxyde de zinc, pulvérisation cathodique, réduction de l'oxygène.Résumé :La corrosion est un processus électrochimique impliquant une réaction d'oxydation (dissolution du métal) équilibrée par une réaction de réduction. La réduction de l'oxygène (ORR, oxygen reduction reaction) est l'une des principales réactions cathodiques en corrosion. L'oxygène peut être réduit directement en ions hydroxyle ou indirectement avec le peroxyde d'hydrogène comme espèce intermédiaire. Dans cette thèse de doctorat, l'ORR a été étudiée sur des couches de ZnO qui est un produit de corrosion commun du zinc, un métal de grand intérêt industriel. Des électrodes modèles (films de ZnO texturés et non texturés) ont été déposées sur des substrats de cuivre en utilisant la technique de pulvérisation cathodique. L'ORR a été étudiée dans un électrolyte alcalin en utilisant une électrode tournante à disque et à anneau. Les courbes de polarisation ont révélé un fissurage des films de ZnO texturés qui s'est avéré être dépendant du potentiel appliqué. La spectroscopie d'impédance électrochimique a été utilisée pour évaluer plus finement à quel potentiel la dégradation commençait. Les films minces de ZnO non texturés présentaient une stabilité mécanique nettement améliorée et une activité ORR plus élevée par rapport aux films texturés. Un mécanisme de réaction a été proposé pour l'ORR. Ce modèle a permis d'établir quantitativement que la réduction directe est majoritaire sans que la réduction indirecte puisse être négligée. Il a été possible de démontrer que la réduction indirecte ne s'arrêtait pas à la production de peroxyde d'hydrogène et que ce dernier était ensuite réduit en ions OH -et/ou décomposé en molécules d'oxygène. Magnetron sputtered ZnO layers: Synthesis, characterization and oxygen reduction investigations Keywords : zinc oxide, sputtering, oxygen reduction reaction

  

  

Table 1 .

 1 

		Consumed zinc
	Rural	0.2 to 3 µm / year
	Urban	2 to 16 µm / year
	Industrial	2 to 16 µm / year
	Marine	0.5 to 8 µm / year

1: Zinc atmospheric corrosion consumption in different environments

Table 4 . 2

 42 

		.2	1.4 10 +4	0.21	1.3 10 +4	1.7 10 -8	0.90	3.9 10 -6	1.46
	-0.5	13.8	4.5 10 +3	0.23	8.3 10 +3	7.7 10 -8	0.85	1.46 10 -5	3.3

: Results of the fitting process using the second model (Figure 4.6 and Figure 4.7).

Table 5 .1. Sample name Mixture of reactive gas Argon: O2 (sccm) ZnO film thickness Deposition time (min)

 5 

	A	20:3	~ 600 -800 nm	5
	B	20:2	~ 700 nm	7
	C	20:0	~ 1 µm	15

Table 5 . 1 :

 51 Initial parameters to produce non-textured ZnO films using Zn target.

Table 5 .2: Results

 5 

	2 10 +3	1.6 10 +3	0.0128	0.44	149	0.89	68

of the fitting process using the model of Figure

5

.8.
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CHAPTER 5 Microstructural and electrochemical investigations on non-textured ZnO layers

Abstract

In this chapter, non-textured ZnO films were synthesized by rf-magnetron sputtering using a zinc target. The absence of preferred orientation was verified by XRD. AFM and SEM top-view images evidenced the nano-granular structure. HAADF-STEM micrographs reveal a porous structure with pore size and grain size around 10 nm. This was consistent with EIS analysis that suggested a large zinc oxide capacitance. The narrowness of the pores enabled to approximate that oxygen reduction took place at the surface of the layers. Under DC polarization, the non-textured ZnO films proved to be mechanically stable. Yet they became rougher due to the presence of numerous oxygen-rich nodules on the surface. The non-textured ZnO electrodes exhibit a high activity towards ORR. RRDE measurements coupled with ORR modelling allowed to quantitatively demonstrate that the direct reduction prevailed with the indirect pathway being active as well. The latter was shown not to stop at the production of hydrogen peroxide. However, the uncertainty on the rough electrode surface area did not allow to determine which reaction hydrogen peroxide underwent (reduction to OH -anions and/or chemical decomposition into oxygen molecules).

A modified version of this chapter will be submitted to ChemElectroChem: Microstructural and electrochemical investigations on nano-granular ZnO layers. J. Soares Costa, M. Prestat, B. Lescop, S. Rioual, B. Tribollet, L. Holzer, D. Thierry.

Introduction

In this Ph.D. thesis, we aim at producing ZnO layers that are suitable for the investigation of oxygen reaction with the rotating ring disk electrode technique. Ideally these films are dense, smooth and mechanically stable. In the previous chapters, compact columnar layers with an homogeneous thickness were successfully deposited by sputtering using a ZnO target. Unfortunately, those films suffered from mechanical instability which was dependent on the applied potential. It is believed that this issue is related to the nature properties of the (002)-oriented ZnO. The lack of mechanical reliability led to film delamination and limited ORR investigations. Hence the motivation for the present chapter was to circumvent this While this thesis has supplied insights on the ORR reaction mechanism and kinetics on ZnO in alkaline conditions, it has also raised new questions that can be the basis for additional research activities.

The chemical nature and the electrochemical activity of the oxygen-rich nodules visible on the surface of the non-textured ZnO films could not be clarified (Chapter 5). As the RRDE method provides only a "global" information, the electrochemical properties of the layers are an average of the base layer (~ ZnO) and the oxygen-rich nodules. Hence local probe techniques, like the scanning electrochemical microscope, could help evidence a potential difference of activity between base layer and nodules and also gain information on the growth mechanism of the nodules. Complementary analyses using selective area electron diffraction (SAED), Raman spectroscopy, XPS, STEM-EDX would be needed to assess the degree of crystallinity of the nodules and their chemical composition (ZnO? Zn(OH)2? other phases?).

In Chapter 5, it was also clearly shown that the electrochemical activity towards ORR of three types of ZnO films (sputtered textured, sputtered non-textured and electrodeposited non-textured) exhibited significantly different cathodic polarization curves (see Figure 5.14). This suggests that there is no such thing as a single ZnO behavior as far as oxygen reduction is concerned. Outside the framework of this Ph.D. thesis that focuses on sputtered electrodes, it is most likely that ORR activity varies from one type of ZnO to another. As shown in the analysis of the state-of-the-art (Chapter 1), there is limited data on ORR at ZnO films reported in the literature. To the best of our knowledge, no study on the relationships between synthesis, nanostructure and ORR activity on ZnO electrodes has been published before.

Thus there is wide open field of investigation for academic research involving numerous parameters, such as synthesis conditions, nanostructure (pore size, grain size, influence of grain boundary) and chemical composition (presence of secondary phases, level of impurities), among others.

Finally, it has to be reminded that the concerns about a potentially high oxygen reduction activity of ZnO that could degrade zinc-based protective coatings were raised in the context of atmospheric corrosion [8][9][10]. The latter is one of the most important research topic in the field of corrosion. At the lab scale, atmospheric conditions are mimicked by using so-called "thin electrolyte layer (TEL) cells" [11][12]. In these setups, the thickness of the electrolyte above the surface of the working electrode is typically below 100 μm. Evaluating product was ZnO though traces of simonkolleite could be sometimes found in the pits or in the surrounding CP halos. This SEM analysis indicates that pitting of zinc is possible under cathodic polarization while it has been essentially studied in anodic regimes so far [7,8]. To confirm this finding, the analysis of the solutions was carried out by polarography.

The measurements were done after polarization (i.e. after consumption of Zn 2+ for forming the ZnO deposit). It cannot account for the local concentration at the electrode/electrolyte interface during the deposition process. Furthermore it does not measure the variation of Zn 2+ concentration with time. Hence the results presented here have essentially a qualitative meaning and constitutes only a "snapshot" of the accumulated Zn 2+ after 17 hours. A concentration of ca. 0.03 μmol/L (close to the method's detection limit) was found for the blank sample (as-prepared NaCl solution) while, for the electrolytes after polarization, the concentrations ranged between 0.8 -2.3 μmol/L. Hence, notwithstanding the limitations of the analysis mentioned above, the polarographic measurements unambiguously confirm the deposited layers look rather homogeneous and do not seem related to pitting. Thus it seems that, under cathodic conditions, alkaline dissolution of zinc is a more localized process than under anodic conditions. The slow grow rates estimated with FIB-SEM analysis is consistent with the limited supply of Zn 2+ due to pitting. Some of the Zn(OH)3 -and Zn(OH)4 2-anions might subsequently diffuse to the bulk of the solution (that remains near-neutral in view of the post-mortem pH measurements) and redissociate as Zn 2+ and OH -. The Zn 2+ cations are then available for participating in a deposition process at sites with limited alkalinisation and/or under near-neutral conditions.

For such deposition, one can establish an analogy with cathodic electrodeposition since ZnO formation is related to both the ORR and to the presence of Zn 2+ in the electrolyte. ZnO is an oxide of significant relevance for various technological applications, e.g. in solar cells, sensors, and transistors [29]. Thus many reports are dedicated to ZnO thin film deposition techniques, among which electrodeposition is acknowledged for its simplicity, costeffectiveness and potential for upscaling [30]. It is performed using, among others, soluble zinc nitrate [26,[31][32][33][34] or zinc chloride salts [35][36][37][38][39][40][41]. The working principle is that oxygen or an oxygen precusor (nitrates, hydrogen peroxide) is reduced into OH -that subsequently reacts with Zn 2+ to yield ZnO. In terms of chemical composition, the electrolyte used in the present study (NaCl 0.6 M with small concentrations of Zn 2+ , O2 and H2O2) is best compared with electrodeposition bath based on chlorides with oxygen or hydrogen peroxide precursors [37,42]. The involved (electro)chemical reactions are:

With oxygen precursor:

With hydrogen peroxide precursor:

Subsequent ZnO deposition:

While most of the reports are dedicated to electrodeposition at temperatures higher than ca. 40 °C, some studies also demonstrated that ZnO could be formed at room temperature [34,35]. In electrodeposition, the dissolved zinc precursor salt is equally distributed in the electrolyte. This tends to lead to homogeneous growths and smooth chronoamperometry curves that are relatively easy to understand and model [26,35,36,39]. In contrast, in the present work, the Zn 2+ cations originate from the substrate due to some pitting-based dissolution process that is stochastic by nature. This generates a spatially heterogeneous distribution of the electroactive species that certainly contributes to the uneven deposition of ZnO on the substrate (Fig. 3d, 3g and 8b). It is therefore not surprising that, unlike classical electrodeposition, the shape of the chronoamperometric curves (Fig. 2) is not steadily reproducible from one trial to another (though staying always in the same current density ranges) and is difficult to interpret.

It is also interesting to analyse the order of magnitudes of ZnO growth rates of this study with those reported for electrodeposition in chloride-based baths. Cross-sectional FIB-SEM analysis (Fig. 7) shows the deposition rates are less than 2-3 nm/h at - The last point of this discussion is cathodic activity in presence of ZnO. As pointed out by Cole's recent review [2], there is an ongoing debate on the still poorly known electrocatalytical properties of ZnO towards ORR with contradictory conclusions [4,16,18,26]. In the present study, it is relevant to focus attention on the samples polarized at -1.2 V with ZnO covering almost fully the zinc substrates. It can be approximated that their electrochemical response is that of ZnO with negligible contribution of zinc. As demonstrated by the FIB-SEM analysis (Fig. 7e and7f), those ZnO layers are nanostructured and exhibit cone-shaped features with a diameter of ca. 100 nm and with gaps of similar size between them. Moreover, each cone possesses a nanoscaled roughness due to small grains with a size of ca. 20 nm. Due to its fineness, this kind of nanostructure develops a surface area in contact with the electrolyte that is much higher than that of bare zinc substrates. Nonetheless the