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Introduction

Hydrogen storage in solid state materials has attracted a wide interest during the past years since it is considered as one of the safest and most effective for mobile applications [START_REF] Cox | Hydrogen: its technology and implications[END_REF][START_REF] Schlapbach | [END_REF]. Magnesium and magnesium based alloys have been deeply investigated because they offer theoretically a high hydrogen capacity (up to 7.6wt.% H in the MgH 2 phase), a low density and a relatively low cost. However, using magnesium hydrides for hydrogen storage applications is hindered by its slow hydrogen absorption and desorption kinetics. The poor hydrogen charge kinetics is usually attributed to surface magnesium oxides and a low diffusion rate of H in MgH 2 . Besides, relatively high dehydrogenation temperatures (beyond 600K for MgH 2 ) are directly linked to the strong Mg-H binding energy [3]. The kinetics and mechanisms of metal hydrides formation has been investigated for quite some time [4] and based on this, several approaches have been proposed to improve the kinetics of hydrogen exchange with Mg: i) the introduction of catalysts or alloying elements to favor the dissociation of H 2 molecules or to reduce the binding energy between Mg and H [5], ii) the introduction of crystalline defects to promote the diffusion of hydrogen [6][7][8][9][10][11]. However, Mg and Mg alloys oxidize very quickly even at low temperature and at very low O 2 partial pressure. It has been shown for example that at 31°C, under 10 -5 Pa O 2 a nanoscale layer of MgO form on the surface of a Mg-2.63%Al alloy in few seconds [12]. This is connected to the extremely high affinity of O with Mg giving rise to a very negative formation enthalpy for MgO (about -600 kJ/mol [START_REF] Wriedt | The Mg-O (Magnesium-Oxygen) System[END_REF]) at room temperature with a corresponding equilibrium O 2 partial pressure below 10 -35 Pa [START_REF] Hasegawa | Treatise on Process Metallurgy[END_REF]. This fast oxidation might be a critical issue for the application of Mg or Mg based alloys for solid state hydrogen storage because even under high H 2 pressure some residual O 2 cannot be avoided. Since the formation enthalpy of H 2 O is only of -286 kJ/mol [START_REF] Cox | CODATA Key Values for Thermodynamics[END_REF] and that of MgH 2 of about -75kJ/mol [START_REF] Stampfer | [END_REF], oxidation is unavoidable. Besides, the MgO surface layer reduces the hydrogenation and dehydrogenation kinetics because it acts as a diffusion barrier against H and it has been reported that after a large number of cycles, the storage efficiency might decrease [10,11] which could be attributed to a progressive increase of the volume fraction of MgO. The growth of MgO (fcc structure, Fm-3m space group) is controlled by the diffusion of Mg toward the surface and it is important to note that at a temperature higher than 400°C the kinetics may change due to Mg sublimation [17][18][19]. Thus, the understanding of the interplay between the oxidation of Mg at low O 2 pressure and the hydride formation (effect of H 2 ) is of peculiar importance. To this end, the present work investigates the oxidation mechanisms of Mg under low O 2 partial pressure with or without H 2 .

Since crystalline defects seem to promote hydrogenation, a special emphasis was also given on the role of grain boundaries. Thus, Transmission Electron Microscopy (TEM) observations were carried out on ultrafine grained Mg under high vacuum conditions (10 -5 Pa) and under a H 2 pressure of 10 5 Pa at a temperature up to 400°C thanks to an in-situ specimen holder [20,21].

Experimental details

The ultrafine grained Mg material used here was prepared from a commercial purity (99.8%) atomized powder consolidated by severe plastic deformation using High Pressure Torsion [22]. TEM samples were prepared using a Helios (Thermofisher) Plasma Focused Ion Beam (FIB) operated with Xe ions under an accelerating voltage of 30 kV. A tungsten protective layer was deposited on the surface prior to the milling and thinning procedures to limit irradiation damages and implantation of Xe. For in-situ experiments under a pressure of 10 5 Pa of H 2 , thin foils were deposited and welded with tungsten on the SiN membrane of the chip used in the in-situ TEM holder. For in-situ experiments without H 2 thin foils were welded on a Cu grid.

TEM observations have been carried out both in conventional mode with a parallel beam (including diffraction) and in scanning mode (STEM) using a Bright Field (BF) and a High Angle Annular Dark Field (HAADF) detector. In-situ TEM experiments under a pressure of 10 5 Pa of H 2 were carried out in a Cs probe corrected JEOL 2100F microscope operated at 200kV. Sample was mounted on an "Atmosphere" Protochips specimen holder, designed as an environmental cell able to withstand high temperature (up to 1000°C) and pressure conditions. A pressure of 10 5 Pa of H 2 was introduced after a complete purge of the system with Ar. The O 2 partial pressure as measured by the spectrometer connected to the specimen holder outlet was 10 Pa during the experiment. A heating rate of 0.3°C s -1 was then applied up to 400°C. In-situ TEM observations without H 2 were carried out with a JEOL ARM 200F microscope operated at 200 kV using a double tilt heating holder (Gatan 652 MA) under a pressure of 2 10 -5 Pa and an O 2 partial pressure below 10 -5 Pa. The heated volume is much larger with this latter specimen holder which may leads to significant sample drift, gas desorption and possibly to some local temperature overshoot. To minimize these issues, a slightly different heating procedure was applied to reach 400°C. A heating rate of 1°C s -1 was applied up to 150°C, then 0.5°C s -1 up to 300°C where the sample was held during 5min, and then 0.2°C s -1 up to 400°C. Thus, the main difference stands at temperatures below 300°C, and it is believed that it does not affect significantly the mechanisms observed at 400°C.

Results and discussion

Figure1: STEM-BF image showing the ultrafine grain structure with large fraction of GBs.

Corresponding SAED pattern (aperture size 1.6m) where spots are indexed with hcp Mg reflections and the diffuse rings are attributed to nanoscaled MgO particles on the foil surface.

As shown on the STEM Bright Field (BF) image (Fig. 1), the material processed by severe plastic deformation exhibits a submicron grain size, in agreement with an earlier study [22,23]. The grain size is slightly finer than in bulk Mg processed by SPD [X2] due to a small fraction of nanoscaled oxide particles pinning boundaries. On the selected area electron diffraction (SAED) pattern (Fig. 1 inset), the main spots correspond to hcp Mg and additional diffuse rings to nanoscaled MgO particles. Few of them originate from the initial powder process but most of them have nucleated on the sample surface in the vacuum chamber or during the transfer from the FIB to the TEM. Pa). No significant grain growth occurred and only small local changes of the contrast could be observed. It is the result of recovery of lattice defects that were introduced during the severe plastic deformation processing. This relatively high thermal stability of the UFG structure might be attributed to the pinning of triple lines by the thin foil surface as reported for Al alloys observed by in-situ TEM [24]. Meanwhile, within a very short period of time (5min at 300°C, Fig. 2(a)), a fully transformed area (width 1m, depth 0.4 m) with a bright contrast appears at the TEM sample edge (top of Fig. 2(a)). It quickly grows at 400°C, expanding downward (Fig. 2(b) and 2(c)) along a direction that is perpendicular to the sample edge and reaching a depth of about 2m. Surprisingly, the lateral growth is more limited and the width remains relatively constant. The high resolution TEM image and the corresponding SAED pattern (Fig. 2(d)) taken in this region show that the original hcp Mg was fully oxidized leading to the formation of nanoscaled MgO particles.

Figure3: TEM-BF images showing the growth of MgO along GBs (arrowed) in the UFG Mg under 10 5

Pa of H 2 and 10 Pa of O 2 , after 5min (a), 7min (b) and 10min (c) at 400°C. STEM-HAADF image after 40min at 400°C and SAED pattern recorded in the oxide (inset) (d)

Fig. 3 shows a sequence of TEM BF images taken in situ during holding at 400°C under a high partial pressure of H 2 (10 5 Pa). While no significant change was detected below 400°C, at this temperature, the transformation of the structure starts along GBs. Some thin layers with a bright contrast on TEM BF images (arrowed on Fig. 3(a), 3(b)) start to grow after only few minutes at 400°C but no transformation occurs at the sample edge (located on the bottom right of images). After 10 min the transformation has taken place in the whole microstructure (Fig. 3(c)) and a network covers initial crystalline defects with layers having a thickness ranging from 20 to 100nm. They are darkly imaged on STEM-HAADF images (Fig. 3(d)) and the SAED pattern clearly indicates that they are the result of the nucleation of nanoscaled MgO particles. Although the partial pressure of H 2 was relatively high, it should be noted that MgH 2 phase was not detected during the experiment. For both in-situ TEM experiments (with and without H 2 ), no significant differences could be seen between regions kept a long time under the electron beam to track real time changes and adjacent regions that have been checked more occasionally. Thus, even if the influence of the electron beam on the transformation cannot be completely ruled out [25], it is believed that it has no major effect and in any case it cannot explain the differences seen under vacuum conditions and under 10 5 Pa H 2 .

Figure4: Schematic representation of the evolution of the TEM lamellae during the in-situ experiment. (a) initial state with a thin oxide layer on the surface, (b) oxidation under vacuum conditions, (c) oxidation under a high partial pressure of H 2 .

A comparative schematic representation of the oxidation mechanisms of the UFG Mg under vacuum conditions as well as under 10 5 Pa H 2 is represented in Fig. 4. The initial sample exhibits a nanometer scaled MgO layer on the surface (Fig. 4(a)). It is known that further oxidation of Mg requires the outward diffusion of Mg which is possible only at a temperature higher than room temperature [17][18][19]26]. During heating up to 400°C, this layer does not significantly grow because the oxygen partial pressure is low and, thus, the driving force for the outward diffusion of Mg remains rather limited.

Besides, the thermal expansion coefficient of Mg being close to that of MgO, the thermal dilatation does not lead to a stress that could break up the layer and promote the oxidation of the underneath Mg. Under vacuum conditions (without H 2 ) however, it was shown that the oxidized regions could grow along a direction perpendicular to the sample edge (Fig. 2). This region appears with a bright contrast on bright field images, indicating that a significant amount of Mg was sublimated. The extreme situation would be that all Mg contained inside the original MgO crust would evaporate and only a thin layer of MgO would remain such as the hollow structures reported by Pasquini and coauthors [27]. However, in the present situation the intensity of MgO reflections on SAED patterns is much stronger in the reacted region than in the original sample, indicating that some additional MgO nanoparticles have grown. The resulting structure evolution is schematically represented in Fig. 4

(b).

The reaction is very localized, and it starts at the sample edge. In this location, the curvature is large and it may promote the sublimation of Mg under vacuum conditions [17][18][19]26]. Then, local volume changes create stresses leading to cracking of the external MgO crust, facilitating concomitantly the sublimation of Mg and the inward diffusion of O 2 . As soon as it starts, this mechanism can promote the nucleation and growth of additional MgO nanoparticles and it would propagate toward a direction perpendicular to the sample edge as observed experimentally. Under 10 5 Pa H 2 , a much slower kinetic and a more homogenous transformation were observed (Fig. 3). This could be explained by a significantly reduced sublimation of Mg at higher pressure, but it is important to note as well that the atomic mobility of Mg might be also reduced as a result of the interaction between H and vacancies. Then, the high density of crystalline defects and especially GBs resulting from severe plastic deformation play a key role (Fig. 4(c)). They act as fast diffusion paths for O 2 coming from the outside and they are easy nucleation sites for MgO. In principle, this mechanism could also operate under vacuum conditions, but it exhibits such a low kinetic that it does not play a significant role on the overall transformation.

Conclusions

We have shown that the oxidation of Mg under low partial pressure of O 2 clearly occurs with different mechanisms under vacuum conditions and under H 2 at atmospheric pressure. Crystalline defects like GBs enhance the hydrogenation of Mg but also promote the nucleation and growth of MgO. This could be detrimental for application of UFG Mg based alloys as solid state storage media for hydrogen. Due to the extremely negative formation enthalpy for MgO, nanoscaled oxide layers are unavoidable on Mg alloys even under high H 2 partial pressure. At low temperature and low O 2 partial pressure, such oxide layers do not grow significantly but during hydrogenation, the growth of hydrides may generate stresses that could break up the oxide layer promoting both the hydride formation (MgH 2 , -75 kJ/mol) but also the oxidation (MgO, -600kJ/mol). This feature is another important reason to develop Mg alloys with dehydrogenation temperature as low as possible.

Figure2:

  Figure2: STEM-BF images showing the growth of MgO inside the UFG Mg at low partial pressure of O 2 and H 2 (below 10 -5 Pa) (a) after 5min at 300°C, (b) after 2min at 400°C and (c) after 5min at 400°C. (d) HRTEM image taken in the oxidized region showing the nanoscaled structure of the MgO oxide, confirmed by the SAED (inset)
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