Highly Improved Hydrogen Absorption Kinetics of Magnesium-based Nanocomposites Using Carbon Nanotubes
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Abstract

Magnesium has a theoretical hydrogen storage capacity of 7.6 wt.%, which shows a great potential for applications. However, the high reaction temperature (~573 K) and the slow kinetics of hydrogen absorption limit the practical application of Magnesium. Recently, there have been many studies to improve the hydrogen absorption temperature and kinetics of magnesium, such as adding transition elements into magnesium. Our recent results show the hydrogen absorption kinetics of magnesium-based composite materials have been enormously improved by adding carbon nanotubes (CNTs) in material preparation. 
1. Introduction
Efficiency and safety are key issues in practical hydrogen economy. Because of light weight, low cost and good gravimetric and volumetric storage capacity, metal hydride is a promising alternative to hydrogen storage. Magnesium forms a hydride (MgH2) which provides 7.6wt% of hydrogen. In addition, the enthalpy of hydride formation is large (△H=-75kJ/mole) making magnesium also attractive for thermal energy storage. In practice both absorption and desorption of hydrogen require a temperature of at least 350-400oC. The pressure of hydrogen gas in equilibrium with magnesium hydride is low and the sorption kinetics is inevitably slow. (1bar at about 280oC) Nanocrystalline powders are becoming of increasing interest in hydrogen storage [1-4]. These materials show enhanced hydrogen absorption properties over their polycrystalline counterparts with ease of activation of the materials and lower desorption temperature. But there exists a kinetics limitation at room temperature. There are two main factors that significantly reduce the rate of hydrogenation. First, it is the oxidation of magnesium surface and/or formation of magnesium hydroxide. Magnesium oxide forms easily on Mg surface exposed to air. The oxide layers on the metal surface are not transparent to hydrogen molecules and prevent hydrogen molecules from penetrating into the sample [5]. To activate hydrogen absorption the oxide layer must be perforated or cracked. Activation often consists of high-temperature cycling and most probably takes advantage of the different thermal expansion of magnesium and magnesium oxide at 400oC [6]. However even after such activation procedure, hydride formation required the Mg to be exposed to hydrogen at 30 bar and at 400oC for several hours. Second, the very low hydrogenation rate of magnesium is due to the limited dissociation rate of hydrogen molecules on the metal surface [7]. Clean magnesium surface is not active for the dissociation of gaseous hydrogen [8]. A catalytic metal reduce the dissociation barrier, for example Pd or Ni. 

Nanostructure materials offer some reasons for storing hydrogen with high capacity and fast cycling at relatively low temperatures. First, the large surface areas of nanophase catalysts can assist the dissociation of gaseous hydrogen. And second, the small volume of nanoparticles produces short diffusion paths to the materials’ interiors. The hydrogen sorption/desorption is a complex process that involves molecular dissociation, diffusion and chemical bonding. Nanocrystalline magnesium with effective catalysts can overcome the high energy barrier of hydrogenation. Through nanostructuring in conjunction with suitable catalysts, it may be possible for hydrogenation to occur at low temperature with fast kinetics. Such nanostructured Mg synthesized by high-energy ball milling have recently been reported [9-13]. Previous studies presented that iron and titanium were individually effective for enhancing hydrogen kinetics in Mg alloys [14,15]. By mechanical alloy process, it was demonstrated markedly improvement of the kinetics of Mg alloys. In this study, we investigate the hydriding properties of a series of Mg-based alloys, containing different amount of CNT prepared by the ball-milled technique. The hydrogen storage properties of Mg-based nanocomposites are significantly enhanced by a proper engineering of the microstructure and surface. We report the experimental results of hydrogen sorption properties of Mg-FeTi-CNTs nanocomposites milled for 6-12 hrs) to the catalytic mechanism of FeTi alloys and CNTs’ effect on hydrogenation of Mg.
2. results and discussion
It is found that fast hydrogenation/dehydrogenation reaction kinetics in Mg can be achieved by using grain size deduction method and catalyst dispersed at the Mg surface. Ball-milled nanocrystalline sample exhibits excellent hydrogen sorption properties than conventional polycrystal. The as-prepared materials (Mg- 1wt% CNTs) shows better hydriding kinetics and high hydrogen storage capacity. This material has an optimum storage capacity of ~ 5.96 wt% after suitable activation. 

The effect of crystal grain size on hydrogenation kinetics is measured for absorption and desorption. It has been well established that smaller grain size may facilitate the diffusion of hydrogen. In this regard, CNTs possess significant advantages. For comparison, samples of Mg-CNTs and pure Mg are also prepared and studied; the hydriding profiles are shown in Figure 1. The Mg-CNTs 1 and 0 wt% samples exhibit a similar and high hydriding rate, Mg with CNT additives completing hydrogen absorption at 150oC within 10min. However, the hydrogen sorption capacity of Mg-FeTi-CNTs is about 5.13wt% lower than that of MgH2. The maximum hydrogen storage sample discovered in current study is Mg-CNTs for 12h ball-milling is about 5.96 wt.% lower than MgH2. The catalysts removal doesn’t reduce the fast hydriding of this sample. TEM  dark field images of the sample Mg and Mg-CNTs balled milled for 6h and 12h respectively, are shown in figure 2a-d, Ball-milling can also introduce structural defects and local imperfections. These structural defects also result in a significant improvement of the kinetics of hydrogen sorption. After ball-milling, reaction of hydrogen sorption temperature occurred for structure modifications at the low temperature 150oC under equilibrium pressure at 21 atm. Hydride structural characterization of hydride by TEM is not possible, because magnesium hydride tends to release hydrogen under the action of electron. 

Conclusions 

It has been found that ball-milling of magnesium-based hydrides results in a substantial decrease of the sorption temperature and capacity, both for Mg-FeTi-CNTs and for Mg-CNTs. Depending on the ball-milling conditions the shift of sorption temperature can be as large as 150oC for Mg-CNTs. Investigations of ball milling conditions such as different additives and milling time have also been performed to study the change of microstructure and effect on hydrogen sorption properties. 

The grain size tends to decrease while increasing the milling time to 12h. However, longer ball milling time (30h) presents a grain re-growth effect. The benefits of CNTs additives are to increase the milling efficiency due to the distinct mechanical and thermal properties. It produces finer and more uniform grains. Catalyst (Fe, Ti, and Pd)-doped Mg by ball milling also improves the hydrogenation. Further studies of the catalytic mechanism will be performed to search more effective catalysts that enable absorption/desorption at lower temperatures. 

It can be concluded that mechanically-treated hydride mixtures offer an opportunity for Mg-based materials for enhancing hydrogen sorption capacity and operating at much lower temperatures than conventional magnesium materials.
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Figure 1. the hydrogen sorption kinetics curve
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Figure 2: TEM images of (a) 6h milled Mg, (b) 6h milled Mg-CNTs, (c) 12h milled Mg, (d) 12h milled Mg-CNTs. 










