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Introduction

The corrosion mechanisms of magnesium and its alloys have been widely investigated and discussed in the literature, under different conditions using a large variety of electrochemical and surface analysis techniques [START_REF] Pebere | Investigation of magnesium corrosion in aerated sodium sulfate solution by electrochemical impedance spectroscopy[END_REF][START_REF] Udhayan | On the corrosion behaviour of magnesium and its alloys using electrochemical techniques[END_REF][START_REF] Song | The electrochemical corrosion of pure magnesium in 1 N NaCl[END_REF][START_REF] Song | The anodic dissolution of magnesium in chloride and sulphate solutions[END_REF][START_REF] Baril | Corrosion of pure magnesium in aerated and deaerated sodium sulphate solutions[END_REF][START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Bender | Corrosion of AZ91 in 1N NaCl and the Mechanism of Magnesium Corrosion[END_REF][START_REF] Shi | An innovative specimen configuration for the study of Mg corrosion[END_REF][START_REF] Kirkland | Observations of the galvanostatic dissolution of pure magnesium[END_REF][START_REF] Shi | Low apparent valence of Mg during corrosion[END_REF][START_REF] Rossrucker | Investigating the Real Time Dissolution of Mg Using Online Analysis by ICP-MS[END_REF][START_REF] King | Accurate electrochemical measurement of magnesium corrosion rates; A combined impedance, mass-loss and hydrogen collection study[END_REF][START_REF] Shkirskiy | Revisiting the Electrochemical Impedance Spectroscopy of Magnesium with Online Inductively Coupled Plasma Atomic Emission Spectroscopy[END_REF][START_REF] Lebouil | Mg dissolution in phosphate and chloride electrolytes: Insight into the mechanism of the negative difference effect[END_REF][START_REF] Ralston | An electrochemical quartz crystal microbalance study of magnesium dissolution[END_REF][START_REF] Fajardo | Investigating the Effect of Ferrous Ions on the Anomalous Hydrogen Evolution on Magnesium in Acidic Ferrous Chloride Solution[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF][START_REF] Bender | A new theory for the negative difference effect in magnesium corrosion[END_REF]. Many articles, including reviews, have been published aiming at clarifying the proposed corrosion mechanisms and to give new insights for the development of the corrosion protection of these materials [START_REF] Song | Corrosion Mechanisms of Magnesium Alloys[END_REF][START_REF] Song | Understanding Magnesium Corrosion-A Framework for Improved Alloy Performance[END_REF][START_REF] Song | Recent Progress in Corrosion and Protection of Magnesium Alloys[END_REF][START_REF] Song | Recent Insights into the Mechanism of Magnesium Corrosion and Research Suggestions[END_REF][START_REF] Atrens | The Negative Difference Effect and Unipositive Mg+[END_REF][START_REF] Atrens | Advances in Mg corrosion and research suggestions[END_REF][START_REF] Thomas | Corrosion mechanism and hydrogen evolution on Mg[END_REF][START_REF] Atrens | Review of Recent Developments in the Field of Magnesium Corrosion[END_REF][START_REF] Cao | Corrosion and passivation of magnesium alloys[END_REF][START_REF] Esmaily | Fundamentals and advances in magnesium alloy corrosion[END_REF][START_REF] Atrens | Understanding the corrosion of mg and mg alloys[END_REF][START_REF] Huang | What activates the Mg surface-A comparison of Mg dissolution mechanisms[END_REF]. Despite of all the knowledge gathered about Mg corrosion, its corrosion mechanism, and in particular the anomalous anodic hydrogen evolution (known as negative different effect -NDE), are considered as enigmatic and are still not clearly understood [START_REF] Bender | A new theory for the negative difference effect in magnesium corrosion[END_REF][START_REF] Huang | What activates the Mg surface-A comparison of Mg dissolution mechanisms[END_REF][START_REF] Atrens | Possible dissolution pathways participating in the Mg corrosion reaction[END_REF]. This is because of the complexity of the chemistry and electrochemistry of magnesium in aqueous solutions [START_REF] Yuwono | Electrochemical stability of magnesium surfaces in an aqueous environment[END_REF], which may involve, depending on the authors [START_REF] Huang | What activates the Mg surface-A comparison of Mg dissolution mechanisms[END_REF], an oxide film on the surface of Mg [START_REF] Taheri | Analysis of the surface film formed on Mg by exposure to water using a FIB cross-section and STEM-EDS[END_REF][START_REF] Taheri | TEM Examination of the Film Formed on Corroding Mg Prior to Breakdown[END_REF][START_REF] Wang | Insight into physical interpretation of high frequency time constant in electrochemical impedance spectra of Mg[END_REF], water dissociation [START_REF] Yuwono | Electrochemical stability of magnesium surfaces in an aqueous environment[END_REF][START_REF] Yuwono | Understanding the enhanced rates of hydrogen evolution on dissolving magnesium[END_REF][START_REF] Yuwono | Aqueous electrochemistry of the magnesium surface: Thermodynamic and kinetic profiles[END_REF][START_REF] Williams | First principles modeling of water dissociation on Mg(0001) and development of a Mg surface Pourbaix diagram[END_REF][START_REF] Williams | Modeling reaction pathways for hydrogen evolution and water dissociation on magnesium[END_REF][START_REF] Taylor | A First-Principles Surface Reaction Kinetic Model for Hydrogen Evolution under Cathodic and Anodic Conditions on Magnesium[END_REF][START_REF] Taylor | Atomistic modeling of corrosion events at the interface between a metal and its environment[END_REF][START_REF] Taylor | Theoretical insights into the structure and reactivity of the aqueous/metal interface[END_REF], the NDE [START_REF] Fajardo | Investigating the Effect of Ferrous Ions on the Anomalous Hydrogen Evolution on Magnesium in Acidic Ferrous Chloride Solution[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF][START_REF] Bender | A new theory for the negative difference effect in magnesium corrosion[END_REF][START_REF] Straumanis | Disintegration of Magnesium While Dissolving Anodically in Neutral and Acidic Solutions[END_REF][START_REF] Robinson | Electrochemical Behavior of the Magnesium Anode[END_REF][START_REF] Tribollet | Corrosion Study of an AZ91 Magnesium alloy by EIS and LEIS[END_REF][START_REF] Rossrucker | The pH Dependence of Magnesium Dissolution and Hydrogen Evolution during Anodic Polarization[END_REF][START_REF] James | The Difference Effect on Magnesium Dissolving in Acids[END_REF], adsorption of species, monovalent magnesium ion (Mg + ) formation [START_REF] Kirkland | Observations of the galvanostatic dissolution of pure magnesium[END_REF][START_REF] Shi | Low apparent valence of Mg during corrosion[END_REF][START_REF] Rossrucker | Investigating the Real Time Dissolution of Mg Using Online Analysis by ICP-MS[END_REF][START_REF] King | Accurate electrochemical measurement of magnesium corrosion rates; A combined impedance, mass-loss and hydrogen collection study[END_REF][START_REF] Shkirskiy | Revisiting the Electrochemical Impedance Spectroscopy of Magnesium with Online Inductively Coupled Plasma Atomic Emission Spectroscopy[END_REF][START_REF] Lebouil | Mg dissolution in phosphate and chloride electrolytes: Insight into the mechanism of the negative difference effect[END_REF][START_REF] Ralston | An electrochemical quartz crystal microbalance study of magnesium dissolution[END_REF][START_REF] Li | Anodic hydrogen evolution on Mg[END_REF], interfacial pH variation [START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF][START_REF] Zhao | Influence of pH and chloride ion concentration on the corrosion of Mg alloy ZE41[END_REF][START_REF] Johnston | The influence of pH on the corrosion rate of high-purity Mg, AZ91 and ZE41 in bicarbonate buffered Hanks' solution[END_REF][START_REF] Gharbi | Clarifying the Dissolution Mechanisms and Electrochemistry of Mg 2 Si as a Function of Solution pH[END_REF][START_REF] Maltseva | Effect of pH on Mg(OH) 2 film evolution on corroding Mg by in situ kinetic Raman mapping (KRM)[END_REF], and precipitation of corrosion products [START_REF] Kirkland | Observations of the galvanostatic dissolution of pure magnesium[END_REF][START_REF] Shi | Low apparent valence of Mg during corrosion[END_REF][START_REF] Rossrucker | Investigating the Real Time Dissolution of Mg Using Online Analysis by ICP-MS[END_REF][START_REF] King | Accurate electrochemical measurement of magnesium corrosion rates; A combined impedance, mass-loss and hydrogen collection study[END_REF][START_REF] Shkirskiy | Revisiting the Electrochemical Impedance Spectroscopy of Magnesium with Online Inductively Coupled Plasma Atomic Emission Spectroscopy[END_REF][START_REF] Lebouil | Mg dissolution in phosphate and chloride electrolytes: Insight into the mechanism of the negative difference effect[END_REF][START_REF] Ralston | An electrochemical quartz crystal microbalance study of magnesium dissolution[END_REF][START_REF] Maltseva | Effect of pH on Mg(OH) 2 film evolution on corroding Mg by in situ kinetic Raman mapping (KRM)[END_REF].

Many attempts have been made to understand and identify the various phenomena occurring at the Mg/electrolyte interface with a particular emphasis on the NDE analysis [START_REF] Huang | What activates the Mg surface-A comparison of Mg dissolution mechanisms[END_REF]. These works have led to the suggestion of several mechanisms, based on the formation of intermediate species, such as the univalent Mg + ion model [START_REF] Song | Corrosion Mechanisms of Magnesium Alloys[END_REF][START_REF] Song | Understanding Magnesium Corrosion-A Framework for Improved Alloy Performance[END_REF][START_REF] Song | Recent Progress in Corrosion and Protection of Magnesium Alloys[END_REF][START_REF] Song | Recent Insights into the Mechanism of Magnesium Corrosion and Research Suggestions[END_REF][START_REF] Atrens | The Negative Difference Effect and Unipositive Mg+[END_REF][START_REF] Atrens | Advances in Mg corrosion and research suggestions[END_REF][START_REF] Thomas | Corrosion mechanism and hydrogen evolution on Mg[END_REF][START_REF] Atrens | Review of Recent Developments in the Field of Magnesium Corrosion[END_REF][START_REF] Cao | Corrosion and passivation of magnesium alloys[END_REF][START_REF] Turrentine | Reversed electrolysis[END_REF][START_REF] Petty | The Anodic Oxidation of Magnesium Metal: Evidence for the Existence of Unipositive Magnesium[END_REF][START_REF] Thomaz | The negative difference effect of magnesium and of the AZ91 alloy in chloride and stannate-containing solutions[END_REF], the partially protective surface film model [START_REF] Song | The electrochemical corrosion of pure magnesium in 1 N NaCl[END_REF][START_REF] Lee | Effects of chunk breakage and surface protective film on negative difference effect of magnesium alloys[END_REF][START_REF] Tunold | The corrosion of magnesium in aqueous solution containing chloride ions[END_REF] or the incomplete film univalent Mg + ion model [START_REF] Song | Corrosion Mechanisms of Magnesium Alloys[END_REF][START_REF] Huang | What activates the Mg surface-A comparison of Mg dissolution mechanisms[END_REF] corresponding to the combination of these two mechanisms [START_REF] Huang | What activates the Mg surface-A comparison of Mg dissolution mechanisms[END_REF]. For the latter, Mg surface is partially protected by a thin oxide film and film-free area increases with increasing the anodic potential or current [START_REF] Huang | What activates the Mg surface-A comparison of Mg dissolution mechanisms[END_REF]. On the bare surfaces, Mg is first electro-oxidized to form a Mg + species which, in turn, is either electro-oxidized to form Mg 2+ or chemically reacts with water or hydronium cations leading to hydrogen evolution [START_REF] Huang | What activates the Mg surface-A comparison of Mg dissolution mechanisms[END_REF]. This chemical reaction could be the reason for the anodic hydrogen evolution, but is based on the presence of the monovalent Mg + which, to the best of our knowledge, has not been detected when investigating the corrosion of Mg in aqueous solutions [START_REF] Huang | What activates the Mg surface-A comparison of Mg dissolution mechanisms[END_REF][START_REF] Petty | The Anodic Oxidation of Magnesium Metal: Evidence for the Existence of Unipositive Magnesium[END_REF][START_REF] Samaniego | On the evidence for univalent Mg[END_REF]. However, Al Bacha et al., provided for the first time, evidence of the formation of an univalent intermediate on the metal surface, MgOH and/or MgH + , J o u r n a l P r e -p r o o f using in situ Raman spectroscopy [START_REF] Bacha | Mechanism of hydrogen formation during the corrosion of Mg17Al12[END_REF], whereas Samaniego et al. disproved the existence of Mg + as stable species in the aqueous solution [START_REF] Samaniego | On the evidence for univalent Mg[END_REF] when revisiting the Petty experiment [START_REF] Petty | The Anodic Oxidation of Magnesium Metal: Evidence for the Existence of Unipositive Magnesium[END_REF] with the help of Raman spectroscopy. Studies based on first-principles modelling are in contradiction with each other regarding the theoretical existence of such an intermediate entity [START_REF] Williams | First principles modeling of water dissociation on Mg(0001) and development of a Mg surface Pourbaix diagram[END_REF][START_REF] Ma | First-principles modeling of anisotropic anodic dissolution of metals and alloys in corrosive environments[END_REF][START_REF] Ma | First-principles study on the effects of twin boundaries on anodic dissolution of Mg[END_REF][START_REF] Würger | A first-principles analysis of the charge transfer in magnesium corrosion[END_REF][START_REF] Ma | First-principles modeling of the hydrogen evolution reaction and its application in electrochemical corrosion of Mg[END_REF], but disagreements are usually explained by short life of the Mg + [START_REF] Huang | What activates the Mg surface-A comparison of Mg dissolution mechanisms[END_REF].

Similarly, another model has been proposed based on the adsorption of the intermediate species, Mg + , on the film-free areas, since this cation is believed to be highly reactive with water and thus could not exist in the solution as a hydrated compound [START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF][START_REF] Tribollet | Corrosion Study of an AZ91 Magnesium alloy by EIS and LEIS[END_REF]. Moreover, in this model, the Mg corrosion is controlled mainly by the development of the thin oxide film on the Mg surface [START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF][START_REF] Tribollet | Corrosion Study of an AZ91 Magnesium alloy by EIS and LEIS[END_REF]. At this point, it should be mentioned that other mechanisms aiming always to clarify the different experimental observations, have also been proposed such as the magnesium hydride model [START_REF] Huang | What activates the Mg surface-A comparison of Mg dissolution mechanisms[END_REF][START_REF] Binns | Physical and electrochemical evidence for the role of a Mg hydride species in Mg alloy corrosion[END_REF][START_REF] Jiang | First-principles study of hydrogen absorption on Mg(0001) and formation of magnesium hydride[END_REF][START_REF] Seyeux | ToF-SIMS depth profile of the surface film on pure magnesium formed by immersion in pure water and the identification of magnesium hydride[END_REF][START_REF] Hiraki | Chemical equilibrium analysis for hydrolysis of magnesium hydride to generate hydrogen[END_REF][START_REF] Chen | Effect of magnesium hydride on the corrosion behavior of an AZ91 magnesium alloy in sodium chloride solution[END_REF][START_REF] Mueller | The influence of MgH2 on the assessment of electrochemical data to predict the degradation rate of Mg and Mg alloys[END_REF][START_REF] Perrault | Potentiostatic study of the magnesium electrode in aqueous solution[END_REF], the enhanced cathodic catalytic activity [START_REF] Huang | What activates the Mg surface-A comparison of Mg dissolution mechanisms[END_REF][START_REF] Frankel | Evolution of hydrogen at dissolving magnesium surfaces[END_REF][START_REF] Fajardo | Effect of impurities on the enhanced catalytic activity for hydrogen evolution in high purity magnesium[END_REF], the impurity particle cathode model [START_REF] Fajardo | Investigating the Effect of Ferrous Ions on the Anomalous Hydrogen Evolution on Magnesium in Acidic Ferrous Chloride Solution[END_REF][START_REF] Huang | What activates the Mg surface-A comparison of Mg dissolution mechanisms[END_REF][START_REF] Lysne | On the Fe Enrichment during Anodic Polarization of Mg and Its Impact on Hydrogen Evolution[END_REF][START_REF] Taheri | Towards a physical description for the origin of enhanced catalytic activity of corroding magnesium surfaces[END_REF] and, the Mg*H/Mg*OH catalysts model [START_REF] Yuwono | Understanding the enhanced rates of hydrogen evolution on dissolving magnesium[END_REF][START_REF] Yuwono | Aqueous electrochemistry of the magnesium surface: Thermodynamic and kinetic profiles[END_REF][START_REF] Williams | Modeling reaction pathways for hydrogen evolution and water dissociation on magnesium[END_REF][START_REF] Taylor | A First-Principles Surface Reaction Kinetic Model for Hydrogen Evolution under Cathodic and Anodic Conditions on Magnesium[END_REF], but they partially account for the whole observations reported in the literature [START_REF] Huang | What activates the Mg surface-A comparison of Mg dissolution mechanisms[END_REF].

It is well-known that magnesium dissolves to a greater extent under acidic or neutral conditions than in alkaline media [START_REF] Song | The anodic dissolution of magnesium in chloride and sulphate solutions[END_REF][START_REF] Rossrucker | The pH Dependence of Magnesium Dissolution and Hydrogen Evolution during Anodic Polarization[END_REF]. In alkaline solutions, the formation of a protective magnesium oxide/hydroxide film prevents its dissolution [START_REF] Song | The anodic dissolution of magnesium in chloride and sulphate solutions[END_REF][START_REF] Wang | Insight into physical interpretation of high frequency time constant in electrochemical impedance spectra of Mg[END_REF][START_REF] Rossrucker | The pH Dependence of Magnesium Dissolution and Hydrogen Evolution during Anodic Polarization[END_REF][START_REF] Maltseva | Effect of pH on Mg(OH) 2 film evolution on corroding Mg by in situ kinetic Raman mapping (KRM)[END_REF]. Moreover, the pH at the Mg/solution interface tends to increase to a value of about 11, since the cathodic reaction produces hydroxide ions or consumes protons [START_REF] Song | The anodic dissolution of magnesium in chloride and sulphate solutions[END_REF][START_REF] Rossrucker | The pH Dependence of Magnesium Dissolution and Hydrogen Evolution during Anodic Polarization[END_REF].

The complex chemistry of the Mg corrosion as function of pH and electrolyte composition can explain

why so many types of mechanisms have been proposed [START_REF] Kirkland | Observations of the galvanostatic dissolution of pure magnesium[END_REF][START_REF] Shi | Low apparent valence of Mg during corrosion[END_REF][START_REF] Rossrucker | Investigating the Real Time Dissolution of Mg Using Online Analysis by ICP-MS[END_REF][START_REF] King | Accurate electrochemical measurement of magnesium corrosion rates; A combined impedance, mass-loss and hydrogen collection study[END_REF][START_REF] Shkirskiy | Revisiting the Electrochemical Impedance Spectroscopy of Magnesium with Online Inductively Coupled Plasma Atomic Emission Spectroscopy[END_REF][START_REF] Lebouil | Mg dissolution in phosphate and chloride electrolytes: Insight into the mechanism of the negative difference effect[END_REF][START_REF] Roald | The Dissolution of Magnesium in Hydrochloric Acid[END_REF][START_REF] Uhlig | Formation of Dissolved Atomic Hydrogen by Electrochemical Polarization[END_REF][START_REF] Casey | ON THE MECHANISM OF THE DISSOLUTION OF MAGNESIUM IN ACIDIC SALT SOLUTIONS: I. PHYSICAL CONTROL BY SURFACE FILMS[END_REF][START_REF] King | The Role of the Anion in the Anodic Dissolution of Magnesium[END_REF][START_REF] Robinson | Magnesium as a Galvanic Anode[END_REF][START_REF] Casey | ON THE MECHANISM OF DISSOLUTION OF MAGNESIUM IN AQUEOUS MAGNESIUM CHLORIDE SOLUTIONS: PART II[END_REF]. Generally, the following mechanisms are involved in the dissolution of divalent metals, M(II) [START_REF] Marcus | Corrosion Mechanisms in Theory and Practice[END_REF]:

a) The aquo-ligand mechanism:

( ) ( )
b) The hydroxo-ligand mechanism:

( ) ( )
c) The aniono-ligand mechanism:

( ) ( )
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In the hydroxo-ligand mechanism, it is common to consider MOH ads as the first intermediate involved in the formation of a passivation layer following the reaction [START_REF] Marcus | Corrosion Mechanisms in Theory and Practice[END_REF]:

( ) ( )
Electrochemical impedance spectroscopy (EIS) is a powerful in situ technique to investigate the Mg corrosion mechanism which involves multiple steps with adsorbed intermediate species [START_REF] Pebere | Investigation of magnesium corrosion in aerated sodium sulfate solution by electrochemical impedance spectroscopy[END_REF][START_REF] Song | The anodic dissolution of magnesium in chloride and sulphate solutions[END_REF][START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Shkirskiy | Revisiting the Electrochemical Impedance Spectroscopy of Magnesium with Online Inductively Coupled Plasma Atomic Emission Spectroscopy[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF][START_REF] Wang | Insight into physical interpretation of high frequency time constant in electrochemical impedance spectra of Mg[END_REF][START_REF] Marcus | Corrosion Mechanisms in Theory and Practice[END_REF][START_REF] Orazem | Electrochemical Impedance Spectroscopy[END_REF]. It provides accurate information about the different processes occurring at the metal/electrolyte interface, and gives access to several parameters of the system. Here, it must be emphasized that ex situ surface analysis, even at the nanoscale, such as transmission electron microscopy (TEM) or X-ray photoelectron spectroscopy (XPS) cannot be used to detect the adsorbed intermediate species.

As far as we know, the corrosion of magnesium at the early stages in highly acidic media, has never been investigated by means of EIS [START_REF] Tribollet | Corrosion Study of an AZ91 Magnesium alloy by EIS and LEIS[END_REF][START_REF] Rossrucker | The pH Dependence of Magnesium Dissolution and Hydrogen Evolution during Anodic Polarization[END_REF][START_REF] Zhao | Influence of pH and chloride ion concentration on the corrosion of Mg alloy ZE41[END_REF][START_REF] Johnston | The influence of pH on the corrosion rate of high-purity Mg, AZ91 and ZE41 in bicarbonate buffered Hanks' solution[END_REF][START_REF] Gharbi | Clarifying the Dissolution Mechanisms and Electrochemistry of Mg 2 Si as a Function of Solution pH[END_REF][START_REF] Maltseva | Effect of pH on Mg(OH) 2 film evolution on corroding Mg by in situ kinetic Raman mapping (KRM)[END_REF], and so far, the existence of two inductive loops in the low frequency range, has been reported only for Mg alloys [START_REF] Chen | Study of the corrosion mechanism of the in situ grown Mg-Al-CO 32-hydrotalcite film on AZ31 alloy[END_REF][START_REF] Cao | Influence of casting porosity on the corrosion behaviour of Mg0.1Si[END_REF][START_REF] Xu | Effect of extrusion on corrosion behavior and corrosion mechanism of Mg-Y alloy[END_REF][START_REF] Li | Electrochemical behavior of Mg-Al-Zn-In alloy as anode materials in 3.5 wt.% NaCl solution[END_REF][START_REF] Pan | Mechanistic study of ammonium-induced corrosion of AZ31 magnesium alloy in sulfate solution[END_REF] and has generally been ascribed to corrosion initiation and adsorption of corrosion products in the pits [START_REF] Chen | Study of the corrosion mechanism of the in situ grown Mg-Al-CO 32-hydrotalcite film on AZ31 alloy[END_REF], localized or micro-galvanic corrosion and corrosion associated with porosity [START_REF] Cao | Influence of casting porosity on the corrosion behaviour of Mg0.1Si[END_REF], hydrogen corrosion process, and initiation of pitting [START_REF] Xu | Effect of extrusion on corrosion behavior and corrosion mechanism of Mg-Y alloy[END_REF], corrosion product desorption and chemical reaction between Mg + and H 2 O

[86], as well as local disruption of passive layer contributing to localized corrosion and adsorption of hydrogen atoms [START_REF] Pan | Mechanistic study of ammonium-induced corrosion of AZ31 magnesium alloy in sulfate solution[END_REF]. In all these studies, the inductive behaviour has not been deeply investigated and the description of the corrosion mechanism was only limited to the use of equivalent electrical circuits.

The aim of the present work is to discuss new experimental results on the pH dependence of the Mg corrosion, at the early stages of immersion in sodium sulphate solutions by using EIS. From impedance data analysis, a comprehensive model accounting for the adsorption of hydrogen atoms is proposed to complete the existing mechanism [START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF] and thus, to fully describe all the time constants observed experimentally in the whole investigated pH range.

Experimental

The experiments were performed in naturally aerated 1 M sodium sulphate (Na 2 SO 4 ) solutions, acidified with diluted H 2 SO 4 solution to a pH of 7.7, 2.9 and 1.8 at 25 °C. It can be mentioned that Mg corrosion is relatively insensitive to the oxygen concentration because the reduction of water molecules or protons are the main cathodic reactions involved in the corrosion process.

Electrolytes were prepared using anhydrous sodium sulphate (99%, Acros Organics), sulphuric acid (96% for analysis, Carlo Erba Reagents) and deionized water. A volume of 50 mL of Na 2 SO 4 solution was used for the EIS measurements.
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The pH of the different solutions and pH monitoring were conducted at 25 °C using a pH meter and a pH electrode from Radiometer analytical.

It is worth mentioning that during the impedance measurement, the pH increases but insignificantly from 1.8 to 1.9 for the first 2 h (corresponding to 30 min holding time at E corr followed by 1.5 h for EIS measurement), then from 1.9 to 2.2 after 3 h (corresponding to 1.5 h holding time at E corr + 1.5 h EIS measurement). This will be further discussed in a following section.

All the experiments were performed using a Gamry Ref 600+ potentiostat, an Mg (99.9%, Goodfellow) rotating disk electrode (5 mm in diameter) at 1000 rotations per minute (rpm), a saturated mercury sulphate reference electrode (MSE -E = 0.64 V/SHE at 25°C) and a large platinum grid as a counter electrode. The temperature of the electrolytic solutions was controlled to 25 ± 0.5 °C by using a water circulating bath. The impurity contents of the Mg, the working electrode preparation as well as the polishing and cleaning of the Mg surface are reported elsewhere [START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF].

EIS measurements were conducted using a potentiostatic regulation at the corrosion potential (E corr ) after a holding time of 30 min. The measurements consisted in applying a 10 mV rms amplitude perturbation in a frequency domain ranging from 100 kHz to few tens mHz with an acquisition of 8

points per frequency decade. The measured impedance data was tested for compliance with the Kramers-Kronig relations [START_REF] Orazem | Electrochemical Impedance Spectroscopy[END_REF][START_REF] Gabrielli | Kramers-Kronig Transformation in Relation to the Interface Regulating Device[END_REF] using the Gamry software. At very high frequencies, the impedance diagrams are influenced by the geometry effect of the rotating disk electrode on the current and potential distributions [START_REF] Orazem | Electrochemical Impedance Spectroscopy[END_REF], whereas depending on the pH, data accuracy at very low frequencies may be not sufficient due to the low stationarity of the electrochemical systems and thus in some case these points were disregarded. Reproducibility was checked from several experiments. Despite the high reactivity of the Mg and bubbles formation at the surface of the electrode, partially removed by the electrode rotation, high reproducibility was achieved. The results presented are representative of each experimental condition.

The anodic and cathodic potentiodynamic curves, for the pH = 1.8 solution, were plotted separately after a holding time of 30 min at E corr , from E corr -10 mV to E corr + 250 mV and from E corr + 10 mV to E corr -250 mV. A slow sweep rate of 0.1 mV s -1 was used to ensure quasi steady-state measurements.

The polarization curves were corrected from the ohmic drop using the electrolyte resistance, R e , graphically determined from the EIS diagrams as the high frequency limit of the real part (R e was about 2.1 to 2.2 Ω cm² depending on the position of the reference electrode).
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Results and Discussion

Electrochemical impedance measurements

Impedance diagrams at E corr

Fig. 1 shows the impedance diagrams for the Mg electrode for different initial pH (1.8, 2.9 and 7.7).

For a pH of 7.7 (Fig. 1a), a classical three-time constants impedance diagram, usually observed for a Mg electrode in neutral or alkaline sodium sulphate solution [START_REF] Pebere | Investigation of magnesium corrosion in aerated sodium sulfate solution by electrochemical impedance spectroscopy[END_REF][START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF], was obtained. The first capacitive loop, in the high frequency range, corresponds to the charge transfer resistance in parallel with the interfacial capacitance [START_REF] Pebere | Investigation of magnesium corrosion in aerated sodium sulfate solution by electrochemical impedance spectroscopy[END_REF][START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF]. In alkaline media, this interfacial capacitance is mainly dominated by the response of the thin oxide layer and thus, the contribution of the double layer can be neglected [START_REF] Pebere | Investigation of magnesium corrosion in aerated sodium sulfate solution by electrochemical impedance spectroscopy[END_REF][START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF][START_REF] Wang | Insight into physical interpretation of high frequency time constant in electrochemical impedance spectra of Mg[END_REF]. The second time constant, in the medium frequency range, corresponds to the diffusion of Mg 2+ , or other species, e.g., OH -, inside the porous Mg(OH) 2 corrosion layer formed on top of the oxide layer (MgO) [START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF][START_REF] Tribollet | Corrosion Study of an AZ91 Magnesium alloy by EIS and LEIS[END_REF] when the pH is sufficiently high [START_REF] Song | The anodic dissolution of magnesium in chloride and sulphate solutions[END_REF][START_REF] Wang | Insight into physical interpretation of high frequency time constant in electrochemical impedance spectra of Mg[END_REF][START_REF] Rossrucker | The pH Dependence of Magnesium Dissolution and Hydrogen Evolution during Anodic Polarization[END_REF][START_REF] Maltseva | Effect of pH on Mg(OH) 2 film evolution on corroding Mg by in situ kinetic Raman mapping (KRM)[END_REF]. In the low frequency range, the inductive loop corresponds to the relaxation of adsorbed intermediates [START_REF] Marcus | Corrosion Mechanisms in Theory and Practice[END_REF][START_REF] Orazem | Electrochemical Impedance Spectroscopy[END_REF],

very likely adsorbed monovalent magnesium cations -Mg + ads ‖ as previously stated in [START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF][START_REF] Tribollet | Corrosion Study of an AZ91 Magnesium alloy by EIS and LEIS[END_REF].

The use of a monovalent intermediate is in agreement with the Marcus theory as discussed in detail by

Koper [START_REF] Koper | Thermodynamic theory of multi-electron transfer reactions: Implications for electrocatalysis[END_REF], stating that a monoelectronic transfer is more favoured than a simultaneous transfer of two electrons. Indeed, the latter requires an activation energy which is four times larger than in a monoelectronic transfer confirming that the route with an adsorbed intermediate should be preferred [START_REF] Koper | Thermodynamic theory of multi-electron transfer reactions: Implications for electrocatalysis[END_REF]. In addition, according to the quantum mechanics principle, it is unacceptable to transfer two electrons in one step [START_REF] Ma | First-principles modeling of anisotropic anodic dissolution of metals and alloys in corrosive environments[END_REF][START_REF] Ma | First-principles study on the effects of twin boundaries on anodic dissolution of Mg[END_REF][START_REF] Würger | A first-principles analysis of the charge transfer in magnesium corrosion[END_REF][START_REF] Ma | First-principles modeling of the hydrogen evolution reaction and its application in electrochemical corrosion of Mg[END_REF][START_REF] Marcus | Corrosion Mechanisms in Theory and Practice[END_REF][START_REF] Bockris | Modern electrochemistry[END_REF]. Moreover, the use of electrochemical impedance spectroscopy revealed the presence of adsorbed monovalent intermediate for many other metals e.g., Fe [START_REF] Kelly | The Active Iron Electrode[END_REF][START_REF] Kelly | The Active Iron Electrode[END_REF][START_REF] Epelboin | A model of the anodic behaviour of iron in sulphuric acid medium[END_REF][START_REF] Chagas-Almeida | Discussion and challenges concerning the elaboration of a dissolution reaction mechanism[END_REF], Al [START_REF] Macdonald | Evaluation of Alloy Anodes for Aluminum-Air Batteries: IV . Electrochemical Impedance Analysis of Pure Aluminum in at 25°C[END_REF][START_REF] Bai | Complex Behavior of Al Dissolution in Non-Aqueous Medium as Revealed by Impedance Spectroscopy[END_REF], Cr [START_REF] Dobbelaar | Impedance Measurements and Analysis of the Corrosion of Chromium[END_REF], Zn [START_REF] Cachet | EIS investigation of zinc dissolution in aerated sulfate medium. Part I: Bulk zinc[END_REF][START_REF] Cachet | EIS investigation of zinc dissolution in aerated sulphate medium. Part II: Zinc coatings[END_REF] and Mo [START_REF] Bojinov | Transpassivity of molybdenum in H2SO4 solution[END_REF][START_REF] Bojinov | A model for the transpassivity of molybdenum in acidic sulphate solutions based on ac impedance measurements[END_REF] and, the use of monovalent adsorbed species, to describe this relaxation phenomenon, is indeed a very common way for describing multi-electron transfer mechanisms for metal dissolution [START_REF] Armstrong | Impedance plane display of a reaction with an adsorbed intermediate[END_REF][103][START_REF] Maddala | Identification of reaction mechanism for anodic dissolution of metals using Electrochemical Impedance Spectroscopy[END_REF][START_REF] Klotz | Negative capacitance or inductive loop? -A general assessment of a common low frequency impedance feature[END_REF].

It should also be noticed that Mg + intermediate could be present as Mg + ads , (MgOH) ads or any other equivalent species, that can lead to the final formation of stable hydrated divalent Mg ions, depending on the Mg chemistry, electrochemistry, thermodynamics in aqueous environment, as well as the pH and potential [START_REF] Huang | What activates the Mg surface-A comparison of Mg dissolution mechanisms[END_REF]. On this aspect, a detailed description of the Mg interface with respect to corrosion products, intermediate species and their role in catalysing the anodic hydrogen evolution was recently published by Huang et al. [START_REF] Huang | The anodically polarized Mg surface products and accelerated hydrogen evolution[END_REF]. When the initial pH of the solution is 2.9, a slightly different shape for the impedance diagram is observed (Fig. 1b). In the high frequency range, the time constant is attributed to the charge transfer in parallel with the interfacial capacitance [START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF]. The medium frequency time constant, which is poorly separated, may be attributed to the diffusion of species inside the Nernst diffusion layer and/or through a thin porous metastable passive layer, which is formed and dissolved under the competition between hydroxide ions formation at the Mg surface and protons provided by the bulk of the solution [START_REF] Song | The electrochemical corrosion of pure magnesium in 1 N NaCl[END_REF]. In the low frequency range however, an inductive loop is also observed which is again ascribed to the relaxation of adsorbed Mg + intermediates [START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF].
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When the initial pH of the solution is more acidic, i.e., 1.8, a different shape for the impedance diagram, with three distinct time-constants, is obtained (Fig. 1c). In the high frequency range, the time constant is attributed to the charge transfer in parallel with the double layer capacitance only since no hydroxide layer can be formed and the oxide layer chemically dissolved according to the reaction In the medium to low frequency range, two inductive loops are observed. One can be ascribed to the relaxation of Mg + intermediates [START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF] and, the other to the relaxation of a second adsorbed intermediate [START_REF] Lasia | Impedance spectroscopy applied to the study of electrocatalytic processes[END_REF]. From the impedance diagrams, it can be clearly seen that the Mg corrosion mechanism, at the early stages, is strongly dependent on the initial pH of the bulk solution and the corrosion resistance of the material is significantly diminished by one to two orders of magnitude when the initial pH of the solution is decreased from 7.7 to 1.8 (Fig. 1). The emergence of a second inductive loop is very likely to be linked to the pH change.

To confirm this assumption, additional experiments were performed (data not shown). They consist in measuring the impedance response of the Mg electrode first, in the Na 2 SO 4 solution at pH = 7.7 after 30 min of immersion at E corr , and then, the solution was acidified at pH = 1.8 and a second EIS measurement was performed after again 30 min of immersion at E corr . In the neutral solution, a classical three-time constants impedance diagram is obtained similarly to the diagram presented in Fig. 1a. When the pH is decreased, a similar diagram to the one presented in Fig. 1c is obtained.

This result supports the hypothesis that at low pH values, almost all the oxide/hydroxide present on the surface was dissolved. Moreover, one of the inductive loops is related to the relaxation of adsorbed Mg + intermediates whereas the other may be ascribed to the adsorption of protons on the magnesium surface corresponding to the cathodic reaction, i.e., the Volmer reaction.

Influence of immersion time

Electrochemical impedance measurements were performed for two immersion times (30 min and 2 h) at various pH. Since in alkaline conditions the behaviour of Mg has already been deeply investigated [START_REF] Pebere | Investigation of magnesium corrosion in aerated sodium sulfate solution by electrochemical impedance spectroscopy[END_REF][START_REF] Baril | Corrosion of pure magnesium in aerated and deaerated sodium sulphate solutions[END_REF][START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF], our main focus in this study is on experiments performed in acidic sulphate solutions.

J o u r n a l P r e -p r o o f Fig. 2a and Fig. 2b show the impedance diagrams for the Mg electrode obtained at E corr for two consecutive immersion times in the Na 2 SO 4 solution at pH = 1.8 and pH = 2.9, respectively. The effect of the immersion time was limited to relatively short times to avoid a significant change of the pH of the solution. As can be seen, the impedance diagrams are almost not affected by short immersion its change as a function of time [START_REF] Keddam | Reaction Model for Iron Dissolution Studied by Electrode Impedance: I . Experimental Results and Reaction Model[END_REF][START_REF] Keddam | Reaction Model for Iron Dissolution Studied by Electrode Impedance: II . Determination of the Reaction Model[END_REF]. This was also supported by measuring the pH of a 30 mL solution (initial pH = 1.8) during 20 h with the Mg rotating electrode, at E corr and Ω = 1000 rpm (Fig. 3). The pH in the bulk solution increased from 1.8 to 3.8 within 20 h, corresponding to a decrease in proton concentration by a factor of 100. However, the best way to understand the Mg corrosion mechanism using a RDE would be to measure the interfacial pH, but such a measurement, as far as we know, has not been reported to date and needs further developments in the field of pH sensors in combination with a rotating disk-electrode. Additionally, when a still electrode is used, monitoring of the interfacial pH remains challenging since the vigorous hydrogen evolution can affect both the stability of the sensor and the reproducibility of the results [START_REF] Izquierdo | Imaging of Concentration Distributions and Hydrogen Evolution on Corroding J o u r n a l P r e -p r o o f Magnesium Exposed to Aqueous Environments Using Scanning Electrochemical Microscopy[END_REF][START_REF] Filotás | A novel scanning electrochemical microscopy strategy for the investigation of anomalous hydrogen evolution from AZ63 magnesium alloy[END_REF]. Thus, for now, this result is only accessible using modeling and simulations [START_REF] Carneiro-Neto | Simulation of interfacial pH changes during hydrogen evolution reaction[END_REF]. 

Influence of the electrode rotation rate

Impedance diagrams obtained for two rotation rates (500 rpm and 1000 rpm) are shown in Fig. 4a.

The shape of the impedance diagrams is unchanged with a small variation in the different time constants (amplitude of the loops). The high frequency time constants are too high to be ascribed to a diffusional process [START_REF] Orazem | Electrochemical Impedance Spectroscopy[END_REF]. Thus, this is only related to charge transfer and the small changes observed might be directly related to the interfacial pH variation [START_REF] Pebere | Investigation of magnesium corrosion in aerated sodium sulfate solution by electrochemical impedance spectroscopy[END_REF][START_REF] Baril | Corrosion of pure magnesium in aerated and deaerated sodium sulphate solutions[END_REF][START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF]. Interestingly, this assumption can be verified using normalized impedance diagrams [START_REF] Pebere | Investigation of magnesium corrosion in aerated sodium sulfate solution by electrochemical impedance spectroscopy[END_REF][START_REF] Baril | Corrosion of pure magnesium in aerated and deaerated sodium sulphate solutions[END_REF][START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF] (Fig. 4b). 

Impedance diagrams in the anodic and cathodic domains

To investigate the origin of the two inductive loops observed for the lowest pH (1.8), impedance measurements were performed at different anodic and cathodic potentials. First, Fig. 5 shows the current/potential curve, corrected from the ohmic drop, obtained for Mg in a 1 M Na 2 SO 4 solution acidified at pH 1.8. The anodic and the cathodic branches were obtained from independent measurements and the different polarization potentials at which impedance measurements were performed are indicated on the curve. The effect of the applied anodic and cathodic potentials on the Mg electrode is shown in Fig. 6a and Fig. 6b, respectively. The results clearly indicate that the mechanism, at E corr , holds also for low anodic and cathodic overpotentials. However, the first inductive loop (medium frequency range) is strongly affected by both the anodic and the cathodic polarizations. In fact, the amplitude of the impedance response of the first inductive loop is decreasing with anodic potential and almost disappears for high anodic overpotentials. This shows that this time constant should be ascribed to a cathodic process, very likely to the hydrogen evolution reaction, which occurs through the Volmer-Heyrovsky mechanism. This two steps pathway, involving the adsorption of protons, is known to be more favorable on a Mg surface than the Volmer-Tafel process [START_REF] Yuwono | Electrochemical stability of magnesium surfaces in an aqueous environment[END_REF]. By analyzing the cathodic impedance spectra, the same conclusion can be made on the contribution of cathodic and anodic reactions to the global impedance. It is important here to point out that, when the pH is increasing, the two inductive time constants overlap (Fig. 
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global faradic impedance becomes negligible as reported in several works [START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF] (this point will be discussed in the non-linear regression section).

Moreover, the second inductive loop (low-frequency range) is almost unchanged by the anodic polarization (Fig. 6a) and decreases with cathodic potential (Fig. 6b). This response may be related to a catalytic adsorbed intermediate (Mg ads *) as postulated for iron dissolution [START_REF] Keddam | Reaction Model for Iron Dissolution Studied by Electrode Impedance: I . Experimental Results and Reaction Model[END_REF][START_REF] Keddam | Reaction Model for Iron Dissolution Studied by Electrode Impedance: II . Determination of the Reaction Model[END_REF]. In the present work, we limit our analysis to the corrosion mechanism at the corrosion potential and for low anodic 

Corrosion mechanism

Kinetics model

From the experimental results, a comprehensive model is proposed to complete the existing mechanism [START_REF] Pebere | Investigation of magnesium corrosion in aerated sodium sulfate solution by electrochemical impedance spectroscopy[END_REF][START_REF] Baril | Corrosion of pure magnesium in aerated and deaerated sodium sulphate solutions[END_REF][START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF] and to describe the corrosion of Mg over a wide pH domain. Thus, when the pH is very low, a simplified interfacial process is described in Fig. 7a and, when the pH is low but, not enough to dissolve the oxide layer, one may suggest the presence of a partially thin oxide layer (Fig. 7b) and the diffusion layer is ascribed to the diffusion of proton in solution (Nernst diffusion layer). In neutral to alkaline solution, the Nernst diffusion layer is replaced by the diffusion in the hydroxide layer and the interfacial capacitance is then governed by the contribution of the oxide film capacitance (Fig. 7c). More complex equivalent circuits describing the interface, for instance taking into account the contribution of both the double layer and the oxide thin film can be used, but we represent here only the kinetically limiting elements, i.e. those from which a value can be extracted from the analysis of the diagrams. 
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In acidic medium and at the corrosion potential condition, the bare Mg surface is in contact with the solution and thus four anodic and cathodic partial reactions and a chemical reaction have to be considered [START_REF] Pebere | Investigation of magnesium corrosion in aerated sodium sulfate solution by electrochemical impedance spectroscopy[END_REF][START_REF] Baril | Corrosion of pure magnesium in aerated and deaerated sodium sulphate solutions[END_REF][START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF]

As both Nernst potentials E eq (Mg) and E eq (H) are apart from each other, one may neglect in the following discussion, the anodic hydrogen oxidation [START_REF] Marcus | Corrosion Mechanisms in Theory and Practice[END_REF].

Although it is known that hydrogen evolution reaction can occur following two different two-step mechanisms, the Volmer-Tafel pathway and/or the Volmer-Heyrovsky pathway [START_REF] Marcus | Corrosion Mechanisms in Theory and Practice[END_REF], the predominant mechanism on a Mg surface is the Volmer-Heyrovsky mechanism as shown by Yuwono et al. [START_REF] Yuwono | Electrochemical stability of magnesium surfaces in an aqueous environment[END_REF] and will be the only mechanism considered in this work. Moreover, these steps are followed either by the diffusion of H 2 from the surface to the bulk solution or by its coalescence at the surface [START_REF] Marcus | Corrosion Mechanisms in Theory and Practice[END_REF], but these phenomena are disregarded since they do not contribute to the global impedance response (i.e., we assume that hydrogen bubbles do not remain on the electrode surface under the vigorous agitation of the RDE). The absorption of hydrogen into Mg is also neglected.

On the basis of the obtained results and literature, the proton discharge occurs without diffusion kinetic limitation [START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF]. In neutral to alkaline solutions, a corrosion layer is also formed and thus, the following reactions should be considered:

( ) ( )
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( ) ( ) ( ) ( )
At a given potential, the reduction of water occurs with a lower rate constant in comparison with the proton reduction, thus this reaction is predominant only when the proton concentration is very low [START_REF] Marcus | Corrosion Mechanisms in Theory and Practice[END_REF].

The modelling and the fitting of EIS impedance diagrams were obtained by assuming that the adsorbates Mg + ads and H ads obey a Langmuir's isotherm and that the rate constants of electrochemical reactions are exponentially potential dependent (Tafel's law). Each reaction (index i) has a normalized rate constant K i corresponding to its rate constant k i by [START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF]:

( ) ( )
Where b i is the activation coefficient, and E° is the origin of potential (in this work, the corrosion potential). It is worth noting that the rate constants k 3 , K 4 and K 5 include for convenience the concentration terms [START_REF] Diard | Discussion of first-order inductive impedance for the Volmer-Heyrovsky mechanism[END_REF].

Let us assume that the maximum numbers of sites per surface unit that can be occupied by the adsorbates Mg + ads and H ads are β 1 and β 2 , respectively. We also assume that no competitive adsorption of other ions or dissolved species, with Mg + ads and H ads , occurs in the studied potential range. The mass and charge balances can be expressed as functions of the fractions of the surface coverage, θ 1 and θ 2 , of the adsorbed species

( ) ( ) ( ) ( ) ( ) 
Where δ is the thickness of the diffusion layer. C Mg2+ is the concentration of the Mg 2+ ions at the electrode interface and, D is the diffusion coefficient of Mg 2+ .

Interestingly the same set of equations can be used for acidic media, neutral and alkaline media under the assumption that these reactions are not limited by mass transport of protons or water molecules and that Mg cations diffuse either inside a finite-thickness diffusion layer (the Nernst diffusion layer or inside the porous hydroxide layer depending on the pH). Thus, only the diffusion coefficient and the thickness of the diffusion layer need to be adjusted depending on the pH (Fig. 7).
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The global impedance, Z, can then be obtained by taking into account the electrolyte resistance and the interfacial capacitance (the double layer or the thin oxide film contribution), which is considered as a CPE element to account for the non-ideal behaviour of the experimental results [START_REF] Orazem | Electrochemical Impedance Spectroscopy[END_REF] ( ) in which, the CPE impedance is defined as

( ) ( )
where Q has units of Ω -1 cm -2 s α and α is the CPE exponent [START_REF] Orazem | Electrochemical Impedance Spectroscopy[END_REF].

Interestingly, if the impedance response is dominated by the anodic branch (contribution of the cathodic reaction is neglected), a similar expression to that reported in [START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF] is obtained.

Non-linear regression

The fitting was performed using a home-made software based on a non-linear regression. The diffusion coefficient at pH = 1.8 and pH = 2.9 was fixed at D = 7.06 10 -6 cm² s -1 [START_REF] Marcus | Ions in Solution and their Solvation[END_REF] whereas at pH = 7.7, it was obtained from the fitting procedure. Because experiments in low pH solutions can only be performed for short immersion times, we assume that the diffusion layer is the Nernst diffusion layer, which was calculated [START_REF] Orazem | Electrochemical Impedance Spectroscopy[END_REF] for pH = 1.8 and pH = 2.9 using the rotation rate of the electrode and fixed at  = 15.7 µm for the fitting procedure, whereas for longer immersion times and neutral or alkaline pH, the thickness of the corrosion product layer at pH = 7.7 was obtained from the fitting. All the other parameters were also obtained from the fitting procedure. The different parameters obtained from the regression of the EIS experimental data are reported in Table 1 for the different pH.

the fitting procedure, the thickness of the Mg(OH) 2 corrosion product layer formed in 1 M Na 2 SO 4 at an initial pH 7.7 after 30 min, was estimated at a few micrometers, in agreement with the fast formation of a thick layer in the early stages, when Mg is in contact with a neutral to slightly alkaline media. The diffusion coefficient in the above-mentioned case, was estimated at 9.07 10 -7 cm² s -1 , which indirectly underlines the high porosity of the corrosion product layer in its early stages of the corrosion process. The surface coverage, θ 2 , by the H ads adsorbates is very high and decreases from 99.7% to 98.5% by changing the solution pH from 1.8 to 7.7. This shows that H is strongly adsorbed on the surface even for high pH values and for anodic polarizations. For the surface coverage by the Mg + ads adsorbates, θ 1 deceased from 3 10 -3 to 2 10 -3 when the pH is increased from 1.8 to 7.7. The interfacial concentration of Mg 2+ ions is very low and also decreased from 1 10 -7 to 3 10 -8 mol L -1 . The variation of the kinetic constants and the activation coefficients is given in Fig. 9. Globally, all the time constants are decreasing when the pH increases, which is in agreement with the increase of the corrosion resistance in alkaline solution. Interestingly, the parameter k -2 , which was initially introduced in the model to take into account the effect of the diffusion, decreased by almost one order of magnitude each time the pH is increased, from 1.8 to 2.9 and then to 7.7. This may explain the appearance of a diffusional time constant, starting from a pH of 2.9, which becomes wellformed for higher pH values, at neutral to slightly alkaline pH. All the Tafel coefficients are decreasing except b -2 which increases from 2 to 7.5.

Regarding the constant phase element parameters, it is only for higher pH values that the double layer capacitance contribution can be neglected, whereas for lower pH, the contribution of the oxide film on the bare electrode is disregarded. The difficulty when doing the fit is the deconvolution between these two capacitive contributions, and a comprehensive method should be used for this aim as was recently demonstrated for the case of aluminium [START_REF] Gharbi | Impedance Response of a Thin Film on an Electrode: Deciphering the Influence of the Double Layer Capacitance[END_REF]. Thus, the obtained values can be regarded as effective values related to both contributions and at this stage the equivalent capacities cannot be estimated easily. As a result, in low pH domain, the double layer capacitance can be linked to the active surface area.

Conclusions

In the present work, electrochemical impedance diagrams obtained for a Mg rotating disk electrode in a sodium sulphate solution at three different pH values (1.8, 2.9 and 7.7) were analysed and discussed by considering not only the anodic dissolution, as it has been done usually in the literature, but also the cathodic reaction. On the basis of the experimental data and from the literature review, a comprehensive model was proposed to complete the existing corrosion mechanism of Mg [START_REF] Pebere | Investigation of magnesium corrosion in aerated sodium sulfate solution by electrochemical impedance spectroscopy[END_REF][START_REF] Baril | Corrosion of pure magnesium in aerated and deaerated sodium sulphate solutions[END_REF][START_REF] Baril | An Impedance Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions[END_REF][START_REF] Gomes | On the corrosion mechanism of Mg investigated by electrochemical impedance spectroscopy[END_REF] and thus, to fully describe all the time constants observed on the impedance diagrams at the corrosion potential as a function of pH. Two anodic and two cathodic partial reactions and a chemical reaction were considered. The simulated impedance diagrams were in good agreement with the experimental data. The two inductive loops observed for low pH values were attributed to the presence of adsorbed intermediates, most likely H ads and Mg + ads in the middle and low frequency ranges, respectively. Interestingly, taking into account few assumptions, the proposed mechanism can be used for all pH values. The corrosion mechanism of Mg is governed by the presence (at high pH value) or not (at low pH value) of a MgO/Mg(OH) 2 layer. The key points of the model are the following:

1. The diffusion occurs within a diffusion layer, the Nernst diffusion layer when no hydroxide layer is present on the surface, or inside the porous hydroxide layer when the pH of precipitation is reached.

J o u r n a l P r e -p r o o f 2. The contribution of the double layer is much pronounced in the case of a bare Mg surface and becomes negligible when an oxide/hydroxide layer is present on the surface.

3. The contribution of the cathodic partial reactions is to be considered only in highly acidic medium and becomes negligible at higher pH values. In other words, the corrosion mechanism is dominated by the anodic branch only when the pH is neutral to alkaline. 4. Another explanation is that either the reduction of the protons or water molecules is catalysed by the presence of the oxide/hydroxide layer [START_REF] Salleh | Enhanced hydrogen evolution on Mg (OH)2 covered Mg surfaces[END_REF]. On this aspect, it is well-known that some metal oxides such as MgO and Al 2 O 3 are maximal valence oxides, whose cations are in their highest valence state, and thus their surfaces are quite inert in chemisorption, involving an electron transfer from the oxide to the adsorbed molecule since their cations are not able to supply electrons by oxidation [START_REF] Marcus | Corrosion Mechanisms in Theory and Practice[END_REF].
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 1 Fig. 1. Electrochemical impedance diagrams (Nyquist representation) of Mg after 30 min immersion at E corr in 1 M Na 2 SO 4 solution at different pH values (electrode rotation rate Ω = 1000 rpm): (a) pH = 7.7; (b) pH = 2.9; (c) pH = 1.8.

2 Z

 2 ' / W.cm 2 42.2 mHz J o u r n a l P r e -p r o o f

Fig. 2 .

 2 Fig. 2. Electrochemical impedance diagrams of Mg after 30 min (black circles) and 2 h (red triangles) at E corr and Ω = 1000 rpm: (a) in 1 M Na 2 SO 4 , pH = 1.8; (b) in 1 M N Na 2 SO 4 , pH = 2.9.

  r n a l P r e -p r o o f times, regardless of the initial solution pH. The slight variations observed for the time constants can be related to the high reactivity of Mg, which is affected by minute change in pH in the vicinity of the electrode surface, showing that the pH of the solution plays an important role on the mechanism and

Fig. 3 .

 3 Fig. 3. Change of the pH of the Na 2 SO 4 solution (volume of 30 mL) during 20 h immersion of the Mg electrode at E corr and Ω = 1000 rpm.

Fig. 4 .

 4 Fig. 4. Nyquist plots of the impedance response at two different rotation rates (Ω = 500 rpm (black circles) and Ω = 1000 rpm (red squares)) of Mg after 30 min at E corr in 1 M Na 2 SO 4 (pH = 1.8): (a) raw impedance diagrams; (b) normalized impedance diagrams (normalized by Rmax, the maximum of the real part of each diagram).

Fig. 5 .

 5 Fig. 5. Current-potential curve of Mg, corrected from the ohmic drop, measured after 30 min at E corr in 1 M Na 2 SO 4 acidified at pH = 1.8 (Ω = 1000 rpm, v = 0.1 mV s -1 ).

Fig. 6 .

 6 Fig. 6. Electrochemical impedance diagrams of Mg after 30 min at E corr in 1 M Na 2 SO 4 acidified at pH = 1.8 (Ω = 1000 rpm) at different (a) anodic and (b) cathodic overpotentials.
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Fig. 7 .

 7 Fig. 7. Schematic representation of the Mg interface and of the equivalent circuits for: (a) very low pH, (b) low pH and (c) neutral or alkaline pH.

Fig. 8 Fig. 8 .

 88 Fig. 8 compares the experimental Nyquist plots and the spectra obtained from the non-linear regression using the proposed model for different pH values. The experimental data are in good agreement with the regression curves. J o u r n a l P r e -p r o o f

  r n a l P r e -p r o o f

Fig. 9 .

 9 Fig. 9. Variations of the different kinetic parameters related to the corrosion of the Mg electrode after 30 min at E corr in 1 M Na 2 SO 4 (Ω = 1000 rpm) as function of the pH: (a) kinetic constants and (b) activation coefficients.
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Table 1 :

 1 Parameters obtained from the regression of the EIS experimental data

		pH = 1.8	pH = 2.9	pH = 7.7
	k 1 / mol cm -2 s -1	8.07 10 -6	1.09 10 -7	1.00 10 -9
	b 1 / V -1	30.0	20.0	15.2
	k 2 / s -1	9.00 10 -1	8.05 10 -1	2.80 10 -3
	b 2 / V -1	7.6	6.8	4.9
	k -2 / cm s -1	1.38 10 -2	3.27 10 -3	5.61 10 -4
	b -2 / V -1	2.0	2.0	7.5
	k 3 / s -1	1.00 10 -1	9.93 10 -2	1.00 10 -2
	k 4 / mol cm -2 s -1 b 4 / V -1 k 5 / s -1 b 5 / V -1 D / cm² s -1 δ / µm Q ox / Ω -1 cm -2 s α α ox Q dl / Ω -1 cm -2 s α α dl R ox / Ω cm² R e / Ω cm² β 1 / mol cm -2 β 2 / mol cm -2 θ 1 θ 2 J o u r n a l P r e -p r o o f 2.61 10 -4 3.01 10 -6 3.31 10 -7 15.0 8.7 8.1 1.26 10 -1 2.62 10 -2 4.95 10 -3 34.9 22.0 21.8 7.06 10 -6 7.06 10 -6 9.07 10 -7 15.7 15.7 20.0 -1.02 10 -5 2.98 10 -5 -0.938 0.921 1.20 10 -5 2.12 10 -5 4.24 10 -7 0.907 0.893 0.922 -95.30 1.00 10 10 2.05 2.15 2.23 5.7 10 -7 7.5 10 -7 1.0 10 -6 6.1 10 -7 7.6 10 -7 8.9 10 -7 3 10 -3 2.8 10 -3 2 10 -3 0.997 0.993 0.985 1 10 -7 8 10 -8 3 10 -8
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The total faradic current I F is given by

Where F is Faraday's constant, A is the electrode surface area.

At steady-state, dθ 1 /dt=0 and dθ 2 /dt=0, which allows to calculate the steady-state Mg 2+ concentration ̅̅̅̅̅̅̅̅ and surface coverages ̅̅̅ et ̅̅̅ as the solution of the set of 3 linear equations with 3 unknowns:

At steady-state, the Mg 2+ concentration at the interface is a function of the surface coverage of the Mg + ads :

The linearization of equations 7, 8 and 10, for amplitude perturbations, allows to calculate the faradic admittance,

ΔC Mg2+ is the concentration variation inside a finite-thickness diffusion layer, δ, and is related to the Warburg impedance, N(ω), as [START_REF] Orazem | Electrochemical Impedance Spectroscopy[END_REF] ( )

J o u r n a l P r e -p r o o f For the sake of simplicity in the global expression of the impedance, we use the following notations

The faradic impedance can thus be written as

J o u r n a l P r e -p r o o f
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