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Abstract

:

High-energy ball milling was applied to produce nanocrystalline MgH2-FeTi powder composites. In order to achieve a remarkable synergetic effect between the two materials, the amount of the FeTi catalyst was chosen to be 40 wt.%, 50 wt.% and 60 wt.%. The morphology and microstructure of the as-milled powders were characterized by scanning electron microscopy and X-ray diffraction, respectively. The evaluation of the diffraction profiles by the Convolutional Multiple Whole Profile fitting algorithm provided a detailed microstructural characterization of the coherently scattering α-MgH2 crystallites. Differential scanning calorimetry experiments revealed two overlapping endotherms corresponding to the dehydrogenation of metastable γ-MgH2 and stable α-MgH2 hydrides. Isothermal hydrogen-sorption experiments were carried out in a Sieverts-type apparatus. It was established that the MgH2-40 wt.% FeTi powder is capable of absorbing 5.8 wt.% hydrogen, while extraordinary absorption kinetics were observed for the MgH2-50 wt.% FeTi alloy, i.e., 3.3 wt.% H2 is absorbed after 100 s.
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1. Introduction


Renewable energy sources can serve as potential alternatives to traditional fossil-based fuels; nevertheless, the majority of current energy sources are still non-renewable, resulting in severe environmental damage through exhaustive CO2 emission [1]. The integration of novel clean energy sources into the existing energy supply system is still restricted due to their dependence on weather conditions, in particular for solar and wind energy [2]. Intensive research considers that in the 21st century, hydrogen, as a secondary energy carrier, can be a potential solution for these problems with its merits of abundance, extremely high energy density per mass (120–140 MJ/kg), environmental friendliness and harmless reactions when applied in fuel cells [3]. Trains and trams are principally suitable for incorporating hydrogen fuel cells, since there is no need to build up an extensive refueling infrastructure [4,5]. Nonetheless, a hydrogen-storage system has to meet different needs in order to be effectively applied in regular use [6]; for example, it should possess high gravimetric and volumetric hydrogen density, satisfactory absorption and desorption rates at reasonable temperatures and pressure ranges and a reliable operational cycle life [7]. In the last decades, several solutions have been developed to store hydrogen, including traditional technologies, i.e., high-pressure tanks and storage in the liquid state [8]. Although special composite high-pressure containers can operate up to 70 MPa hydrogen pressure [9] and are already being utilized in different vehicular systems [5], the size and geometry of these vessels still imply a limitation for widespread commercial applications. Liquid-state hydrogen storage can mitigate this issue; however, a considerable amount of energy is required to cool hydrogen to 21 K, and the unavoidable boil-off of H2 at this temperature makes this technology non-effective in most cases [3]. Lately, extensive research has been aiming to realize effective hydrogen storage in the solid state with sufficient hydrogen density [10,11,12]. Among the vast group of different materials, metal hydrides have significant potential for hydrogen storage as they possess a relatively large hydrogen-storage capacity and notable reversibility [11,13,14].



Magnesium and its hydride are among the most investigated systems because of their excellent absorption capacity (7.6 wt.%, or 2600 Wh/kg), low mass density, low cost, high abundance on Earth and non-toxicity [15,16,17,18,19,20,21]. However, the practical application of commercial magnesium is limited due to its poor thermodynamics, sluggish kinetics and high hydrogenation enthalpy [22]. In order to overcome these bottlenecks, different nanostructuring techniques have been utilized recently to improve the kinetics performance and temperature of the hydrogen sorption of magnesium-based systems [18,20,23,24]. Nanostructured materials processed by top-down techniques usually possess a large specific surface area with an average crystallite size in the order of 10–100 nm [25]. The increased amount of grain boundaries per unit volume can promote hydrogen diffusion into the interior of the Mg nanocrystals [26,27,28]. One of the most frequently used methods to prepare nanostructured hydrogen-storage materials is high-energy ball milling (HEBM) [29] based on severe plastic deformation (SPD), which can drastically improve sorption kinetics due to the increased volume fraction of grain boundaries. Besides grain boundaries, the large density of lattice defects created by HEBM can further enhance hydrogen sorption due to the enhanced diffusion length of hydrogen [30,31,32]. In addition, the dehydrogenation kinetics, H-sorption temperature and cyclic life of MgH2 can further be improved by different catalyst additives [33,34], including transition metals, e.g., Ni [35,36,37], Fe [38,39,40] or Ti [41,42], transition metal oxides [43,44,45,46] and carbon-based materials [45,47]. The catalytic effect of these additives results in the considerable reduction in hydride-formation enthalpy via an easier hydrogen-molecule dissociation at the surface [18].



Fe-Ti compounds or solid solutions have gained noticeable attention as nanocrystalline Mg–FeTi composites are reported to have an outstanding hydrogenation performance [48,49,50,51,52,53,54,55]. For example, the kinetics of the MgH2-35 wt.% FeTi1.2 composite at elevated temperatures is appropriately fast, and their longer ball-milling time promotes an increase in the H-sorption rate [49]. The temperature for the onset of desorption could be reduced to 175 °C after adding 15 wt.% FeTi to MgH2 [50]. The activation of the milled Mg–FeTi powder can be achieved by additional milling under hydrogen. The hydrogen absorption capacity of the activated powders decreased with increasing FeTi content [51]. When activated Fe2Ti intermetallic powder was mixed with MgH2 and subjected to HEBM, it was found that at the lowest temperature, coupled with a 6.9 wt.% H-storage capacity, there exists an optimal milling time (3 h) for desorption to occur [52]. Reasonable room temperature kinetics could be achieved in the Mg–TiFe0.92Mn0.08 system if the transition metal additives reached at least 50 wt.%. At the same time, hydrogenation rate was rapid for different amounts of catalyst additive (20, 35 and 50 wt.%) at elevated temperatures of up to 350 °C [53]. High-FeTi-containing MgH2 (FeTi content: 40 wt.%, 50 wt.% and 60 wt.%) exhibits detectable hydrogen-storage capacity and kinetics even at room temperature; for example, the MgH2-40 wt.% FeTi alloy milled for 36 h is capable of absorbing 3 wt.% of H2 in 1 h [54]. The effect of the milling conditions on the hydrogen sorption properties of the same composite was investigated in detail [55]. This showed that better dispersion and nanocrystallization of the FeTi catalyst can be achieved when a protective media (such as wet milling) is applied, which can significantly increase the hydrogen capacity of this composite [55].



Several investigations have pointed out that the Fe-Ti system is capable of absorbing and desorbing hydrogen [56,57]; however, the Fe-Ti alloys must be activated at relatively high temperatures (400–450 °C) [56]. Nevertheless, the activation of hydrogenation of Fe-Ti is positively influenced when the alloy is subjected to SPD by different processing routes, such as HEBM, high-pressure torsion and groove or cold rolling via the formation of cracks and subgrain boundaries [58,59,60,61].



Upscaling hydrogen-storing materials to industrial quantities is still a technological challenge; however, several solutions have already been realized to date. An industrial-scale hydrogen reservoir of 72 m2 loaded with 400 kg of Fe-Ti alloy was constructed and tested for H2 sorption [62]. It was pointed out in another research study that industrial vessels filled with several hundred kg of FeTi- or Mg-based alloys can operate in the temperature range of 100–400 °C with a hydrogen capacity of 2–15 kg [63]. Operational upscaling of MgH2-based composite production was implemented recently at McPhy Energy [64]. As a main step of production, powders were processed in an industrial ball mill with a yield of 20 kg per batch, equivalent to an annual amount of 27 tons.



As a continuation of the work described in [52], an increased amount of activated Fe-Ti powder (40 wt.%, 50 wt.% and 60 wt.%) was ball-milled with MgH2 in the present study in order to induce a synergetic effect between the catalyst and the hydride on their overall hydrogenation kinetics. The work also demonstrates in detail the effect of the catalyst amount on the microstructure, morphology and hydrogenation/dehydrogenation performance of MgH2.




2. Materials and Methods


2.1. Sample Preparation


As the first step of a two-stage synthesis route, nanocrystalline FeTi powders were synthesized and activated by high-energy ball milling of elemental Fe and Ti powders (purity 99.9%) in a 1:1 stoichiometric ratio in a stainless steel vial (volume: 65 mL) containing 10 stainless steel balls (1/4 in.) using a SPEX 8000M Mixer Mill, SPEX, Metuchen, NJ, USA; operating at 1425 RPM. Based on our previous studies, the pre-milling time was chosen as 10 h to achieve good homogeneity of the catalyst powders [52,65]. As a second step, the FeTi catalyst (at 40 wt.%, 50. wt.% and 60 wt.%) was further co-milled with MgH2 powder (90 wt.% MgH2, remainder Mg; Sigma-Aldrich, St. Louis, MO, USA; CAS number: 7693-27-8) for 3 h to obtain 1 g of MgH2-FeTi composite mixtures, applying a ball-to-powder mass ratio of 10:1. Hereafter, these composite blends will be denoted as MgH2-40 wt.% FeTi, MgH2-50 wt.% FeTi and MgH2-60 wt.% FeTi, respectively. The entire powder synthesis was carried out under Ar atmosphere. The milling procedure was interrupted after each hour and the vial was rotated by 90 deg along its symmetrical axis in order to minimize powder sticking onto the inner surfaces of the vial.




2.2. Microstructural Characterization


2.2.1. Scanning Electron Microscopy


Morphology studies of the HEBM MgH2-FeTi powders were carried out on an FEI QUANTA 3D dual-beam scanning electron microscope (SEM) using back-scattered electron (BSE) and secondary electron (SE) regimes. Quantitative compositional variations have been investigated by energy-dispersive X-ray spectroscopy (EDS) analysis with a relative accuracy of 1%.




2.2.2. X-ray Diffraction


The microstructure of the MgH2-FeTi powder composites was investigated by X-ray powder diffraction (XRD). All measurements were carried out on a Rigaku SmartLab diffractometer in a Bragg–Brentano geometry using Cu-Kα radiation. The data were collected in the range 2θ = 20°–75° with a step size of Δ(2θ) = 0.01°. For detailed microstructural analysis, the recorded XRD patterns were evaluated by the Convolutional Multiple Whole Profile (CMWP) fitting analysis [66]. In this method, the whole measured diffraction pattern is directly fit using the sum of theoretically constructed profile functions, background and measured instrumental profiles [67]. These profile functions are generated for each diffraction peak of each crystalline phase as the inverse Fourier transform of the product of the size and strain Fourier coefficients. In this model, it is assumed that the individual coherent-scattering domains, i.e., the crystallites, follow a lognormal size distribution:


  G   x   =   1    2 π  σ     1   x     e x p       −   l n   x   m       2     2   σ   2       ,  



(1)




where σ and m are the variance and median of the lognormal size distribution, respectively. With the available data of σ and m, the area average size can be given as


      D     a r e a   = m   exp  ⁡    2.5   σ   2       .  



(2)







At the same time, the size of the volume averages can also be determined:


      D     v o l   = m   exp  ⁡    3.5   σ   2       .  



(3)







Details of the model can be found elsewhere [66,67], and its application to different hydrogen-storage materials has been widely described [28,30,37,52,65,68].





2.3. Thermal Characterization


Linear-heating scans were performed on a power-compensated Perkin Elmer Differential Scanning Calorimeter (DSC) at a heating rate of 40 Kmin−1. Measurements were carried out under high-purity Ar flux. The MgH2-FeTi powders were placed in Al sample holders. Temperature and enthalpy were calibrated by the melting of pure In and Al.




2.4. Hydrogen-Storage Experiments


The hydrogen-storage performance of the HEBM MgH2-FeTi powders was investigated by a home-made Sieverts-type apparatus. Isothermal absorption and desorption kinetic measurements were performed at 573 K, with an initial hydrogen pressure of 1 MPa and 10 kPa, respectively. The actual measurements were carried out after a full hydrogenation–dehydrogenation activation cycle. For each experiment, ~100 mg of powder was applied.





3. Results and Discussion


Characterization of the As-Milled Powders


As one can observe from the low-magnification BSE images, the as-milled MgH2-FeTi composites are dominated by powder agglomerates and some debris (Figure 1). The individual powder particles are usually surrounded by flat surfaces, which were formed by powder-to-ball and powder-to-vial collisions during the milling process, when the relatively soft hydride particles were pressed onto the internal walls of the stainless steel vial. In addition, some of these particles are also characterized by sharp edges and cracks, which are the consequences of SPD occurring during the HEBM. The brighter areas observed for all powder composites correspond to the FeTi particles that are evenly and homogeneously distributed after milling for 3 h with MgH2. As evident from the images, the catalyst agglomerates are considerably smaller than the MgH2 ones. During the intensive plastic deformation, the relatively hard FeTi particles of higher mass density were embedded in the soft hydride agglomerates, which led to the formation of the observed matrix (MgH2)-reinforcement particle (FeTi) composite structure.



Quantitative analysis of the MgH2 agglomerate sizes was obtained from the SEM BSE images by measuring the individual length through their geometrical center in the same direction for all particles. Presented in Figure 1, the obtained particle size histograms can satisfactorily be fitted by a lognormal-distribution function that has a maximum of around 2 microns for all the composites. This value is in agreement with other Mg/MgH2 powders milled with metal or metal oxide catalysts [32,52]. Similar values have been obtained for other MgH2-FeTi composites processed in the planetary mill for up to 36 h of milling time [54].



The fitted lognormal particle-size-distribution functions can provide the median (mSEM) and variance (σSEM) as well as the area-averaged particle size (〈d〉area). As observed on the histograms, the 〈d〉area values slightly increase with increasing FeTi content, ranging from 3.58 μm to 5.02 μm for the MgH2-40 wt.% FeTi and MgH2-60 wt.% FeTi powders, respectively.



In our opinion, this dependency on the FeTi content may be explained by the increased amount of mechanical contact between the pre-milled FeTi particles and MgH2 aggregates during the co-milling step. For the MgH2-40 wt.% FeTi sample, the MgH2 agglomerates were predominantly formed around the individual FeTi particles (Figure 1a); however, in the MgH2-60 wt.% FeTi composite, the MgH2 particles tended to aggregate around the FeTi ones (Figure 1c). This behavior is also supported by the variation in the MgH2-particle size distribution. Namely, the smallest value (σSEM = 0.45) for the MgH2-40 wt.% FeTi composite corresponds to a relatively sharper and more homogeneous distribution, while the value of σSEM = 0.58 for MgH2-60 wt.% FeTi describes a wider distribution.



The corresponding EDS spectra, shown as insets in Figure 1, provide quantitative information on the composition of the different composites. The obtained values for Mg, Ti and Fe are listed in Table 1. As one can observe, the Fe:Ti concentration ratio is in perfect agreement with the 1:1 nominal value; nevertheless, the overall FeTi catalyst concentration is lower than the nominal value for all the composites (31.9 at.% for MgH2-40 wt.% FeTi, 38.5 at.% for MgH2-50 wt.% FeTi and 46.7 at.% for MgH2-60 wt.% FeTi). Similar features have been obtained for MgH2 mixed with significantly lower FeTi content [52]. The discrepancy between the nominal and experimental values is related to the considerably different mechanical properties of the MgH2 and FeTi powders, i.e., the FeTi particles can stick and/or adhere more easily to the internal walls and edges of the milling vial.



A high-resolution image of the MgH2-40 wt.% FeTi sample captured around an FeTi particle (denoted by A) reveals that MgH2 agglomerates and plates or layers with different thicknesses adhere to the surface of the catalyst (Figure 2).



Supplementary point-like EDS analysis revealed significant compositional differences between the brighter and darker spots. As listed in Table 2, heavier Fe and Ti elements mostly dominate the brighter areas (particle A), while the darkest region (denoted by B) is enriched in Mg, corresponding to a MgH2 agglomerate or layer surrounding the catalyst particle. Regions C and D exhibit intermediate concentrations, presumably due to the overlapping of FeTi and MgH2 particles within the range of the electron penetration depth.



The XRD patterns of the milled MgH2-FeTi powder composites are presented in Figure 3. As one can observe from the diffractograms, each powder exhibits the reflections of tetragonal α-MgH2; however, the high-pressure metastable γ-MgH2 phase is also present as a minor component. All peaks are broader, which is indicative of extensive crystallite size reduction [32]. It is also noted that peak intensities significantly decrease in height with increasing FeTi content, and, at the same time, no Bragg peaks of any Fe-Ti phase are visible, which could correspond to a solid state amorphization of the catalyst, as can be confirmed by the broad halo developed at around 2θ = 42 deg [69]. In addition, a reflection centered at 2θ = 44 deg is present for all the powders, corresponding to the formation of some MgO.



A typical attempt at applying the CMWP algorithm on a measured XRD profile can be seen in Figure 4. Apart from the fitted profile, the difference plot is also presented for the MgH2-40 wt.% FeTi composite. It is clear from the image that the numerical algorithm satisfactorily converged after ~100 iteration steps and that the analysis can serve as a useful tool to characterize the microstructure of HEBM Mg-based hydrogen-storage alloys in detail [28,30,37,52,65,68].



The microstructural parameters, such as the median (mCMWP) and variance (σCMWP), of the coherently scattering α-MgH2 crystallites obtained from the CMWP analysis are listed in Table 3. As can be seen, for the high-FeTi-containing MgH2-60 wt.% FeTi alloy, the mCMWP value is larger by a factor of ~2 compared with the other two composites, while the σCMWP value is about half that of the other two alloys. The smaller σCMWP value corresponds to a more homogeneous nanostructure. It is noted that on a micron scale, the powder-particle size distribution obtained from SEM images exhibits the highest σ value (see Figure 1); therefore, it is concluded that different mechanisms take place on these two length scales. As was described above, the individual MgH2 powder particles tend to agglomerate in the vicinity of the FeTi particles at a higher catalyst content. At the same time, the entire volume of these micron-scale MgH2 particles is attrited by the formation of coherently scattering nanocrystals that are separated by large-angle grain boundaries. Apparently, this process is more effective in the presence of a higher FeTi content.



By applying mCMWP and σCMWP via Equation (1), the G(x) lognormal size-distribution functions can be constructed for all the composites (see Figure 5). Due to the largest mCMWP value being for the MgH2-60 wt.% FeTi alloy, its histogram is shifted toward higher values, and its maximum occurs at around 7 nm. The corresponding 〈D〉area area-averaged particle size and 〈D〉vol volume-averaged crystallite sizes were also determined (see Equations (2) and (3)); these values are also listed in Table 3 and represented by symbols in Figure 4. In accordance with the broad Bragg peaks observed in Figure 3, all the characteristic values are in the nanometric range (8–19 nm), which correspond to an intensive nanocrystallization during the HEBM process and are in agreement with other MgH2-based hydrogen-storage alloys processed by HEBM [30,32,52]. In particular, a 9 nm final crystallite size of MgH2 was achieved after prolonged milling time (24 h) [55], confirming our previous statement that there exists an optimal milling time for achieving the best overall microstructure from the point of view of hydrogenation performance [52,65,68]. As a consequence of the nanocrystallization process, the relative volume fraction of the grain boundaries inside the individual powder particles increases significantly, and these grain boundaries, with distorted atomic bonds and smaller atomic density [29], can act as fast diffusion channels for hydrogen. In a recent research study, it was determined that FeTi catalyst powder particles can not only induce the nanostructural refinement of MgH2 via HEBM, but they can also promote the abundant formation of lattice defects like dislocations [52]. These lattice defects can further enhance the hydrogen kinetic performance of MgH2 [28,30].



Figure 6 presents the continuous-heating DSC scans obtained at 40 Kmin−1 for the MgH2-FeTi composites. In general, each thermogram exhibits an overlapping two-step endothermic reaction, which corresponds to the dehydrogenation of the metastable γ-MgH2, stable α-MgH2 and hydrides at T1 and T2 temperatures, respectively. This feature was also confirmed previously by a temperature-dependent XRD study on the dehydrogenation of MgH2 [52]. The notably lower T1 temperature characterizing the γ-MgH2 → Mg + H2 reaction is attributed to the weaker Mg-H bond in the high-pressure hydride phase [52]. The Tonset onset temperature of the first reaction as well as the T1 and T2 peak maxima are listed in Table 4. As one can observe, the variation in these characteristic temperatures has only a slight FeTi-content dependence; however, the overlap between the two reactions is more significant for the MgH2-60 wt.% FeTi composite. The lowest Tonset and T1 temperatures of this alloy assumes that it has the lowest dehydrogenation stability among all the powders, most probably due to the enhanced synergetic effect between MgH2 and FeTi. The total dehydrogenation enthalpy release of MgH2 (∆Htot) clearly shows a decreasing tendency with increasing FeTi content (see Table 4).



The isothermal hydrogen absorption and desorption kinetic measurements of the MgH2-FeTi powders are presented in Figure 7. As noted from Figure 7a, all the composites can absorb a significant amount of H2 in a very short time, corresponding to excellent kinetics in this system. According to Table 5, the largest capacity (5.8 wt.% H2) is achieved for the lowest FeTi-containing composite (MgH2-40 wt.% FeTi). Mixing 40 wt.% pre-milled FeTi with MgH2 should decrease the theoretical capacity of Mg (7.6 wt.% H2) down to 5.4 wt.%; therefore, it is evident that the FeTi catalyst also participates in hydrogen absorption. These capacity values are significantly higher than those obtained for the MgH2 nanocrystalline powder that had been subjected to HEBM with FeTi for 25 h [48]. In addition, the finding that 3.3 wt.% H2 is absorbed in the first 100 s of hydrogenation confirms the excellent kinetics of this material, which confirms that a synergetic effect clearly develops between MgH2 and FeTi. Noteworthily, when only 10 wt.% FeTi was mixed with MgH2, a similar amount of hydrogen was absorbed only after several hundred seconds [52]. Another important feature of the dehydrogenation experiments is that the MgH2-50 wt.% FeTi powder possesses the best absorption rate by far at shorter times (4.3 wt.% absorbed H2 after 100 s). Our values indicate a considerably better kinetic performance than that observed for the MgH2 + (FeTi)0.92Mn0.08 composite (3 wt.% after 500 s at T = 573 K) [51]. As also inferred from Figure 7a and Table 5, the capacity and kinetics of the MgH2-60 wt.% FeTi composite are evidently the worst, which is a consequence of the smaller theoretical capacity of the FeTi solid solution and/or amorphous phase with respect to Mg. Figure 7b confirms that the hydrogen desorption was complete for all powders, similarly to the dehydrogenation during the continuous DSC experiments (see Figure 6). In general, the amount of released hydrogen was slightly low for all samples; e.g., it was 5.5 wt.% in the case of the MgH2-40 wt.% FeTi sample, see also Table 5. Despite the exceptional absorption kinetics of this alloy, its dehydrogenation performance is also somewhat poorer, releasing 2.8 wt.% H2 in 120 s. It is also apparent from Figure 7 and Table 5 that the highest FeTi content results in the poorest overall sorption characteristics, most probably due to the highest average powder particle size (see Figure 1). The larger agglomerate size on the micron scale clearly corresponds to fewer free surfaces per unit volume; therefore, the overall hydrogen penetration and diffusion are less favored in this powder. Another feature that might be responsible for the poorest hydrogenation kinetic performance of the MgH2-60 wt.% FeTi composite occurs at the nanoscale. As determined from the CWMP analysis (see Table 3), the σCMWP variance value of the coherent-scattering nanocrystals is the smallest among all the powders. These nanocrystals, therefore, are relatively similar in size and, henceforward, their grain boundaries at the contact surfaces do not possess a very different overall microstructure. In contrast, the other two powders exhibit a larger variance and an inhomogeneous crystal size distribution, so the grain boundaries among these different nanocrystallites can cover a wider structural diversity, which can also be responsible for their better hydrogenation kinetics.



In order to reveal the underlying mechanism of hydrogen sorption of the MgH2-FeTi composites, the measured kinetic absorption and desorption curves were normalized to their maximum capacity. Thereafter, these   α   t     absorption and desorption normalized functions were fitted with different model functions available in the literature. Accordingly, the kinetic data can satisfactorily be fitted by the Johnson–Mehl–Avrami (JMA) function:


  α   t   = 1 −   e     − k t   n     ,  



(4)




where k is a temperature-dependent reaction constant and n relates to the growth dimensionality of a nucleating phase [70]. This model assumes that the nucleation of the new phase occurs randomly and homogeneously over the entire volume of the material. For better visualization, Equation (4) can be transformed into the following equation:


    ln  ⁡  ( −   ln  ⁡  ( 1 − α ) ) =   n · ln  ⁡    t     + l n ( k )     .  



(5)







By fitting the     ln  ⁡  ( −   ln  ⁡  ( 1 − α ) )       term as a function of     ln  ⁡    t       with a straight line, the slope of the fitted line determines the value n, while its intercept with the ordinate provides the value for k. Figure 8 presents such fitted straight lines for all the MgH2-FeTi powders. Generally, the     ln  ⁡  ( −   ln  ⁡  ( 1 − α ) )      -transformed absorption functions follow well the linear relationship for all powders (Figure 8a); therefore, the entire hydrogenation process can satisfactorily be described by a single n exponent. These fitted values are listed in Table 6.



The transformed dehydrogenation functions for the MgH2-40 wt.% FeTi sample obeys a linear relationship (Figure 8b); however, a significant deviance from the straight line is observed for the MgH2-50 wt.% FeTi and MgH2-60 wt.% FeTi composites, in correlation with an extensive change in the shape of the desorption curves at t = 300 s (see Figure 7b). This feature assumes that there is a variation in the dehydrogenation mechanism as a function of time.



As listed in Table 6, the n parameter describing absorption is in the range of n~0.3–0.5, with only a slight difference occurring with varying catalyst content. These values are in accordance with those obtained for the sorption of MgH2 catalyzed by a much smaller amount (10 wt.%) of nanocrystalline FeTi [52], indicating that the H-sorption mechanism of Mg/MgH2 is very similar for all cases, irrespective of the relative abundance of FeTi particles to the MgH2 ones. These anomalously low n values describing a JMA-type transformation correspond to a specific type of diffusion-controlled phase growth in which precipitates of the nucleating phase (MgH2 for absorption and Mg for desorption) commence near lattice defects (vacancies and dislocation or grain boundaries) [70], which are abundantly generated by SPD during the HEBM process. The desorption of MgH2-40 wt.% FeTi exhibits a single JMA exponent (n = 0.95) that corresponds to a combination of several overlapping processes, including diffusion-controlled growth with a decreasing nucleation rate and nucleation in the vicinity of lattice defects [70]. The double-logarithm JMA plots for the other two alloys do not show a linear tendency; both curves exhibit two linear segments, corresponding to a significant variation in the dehydrogenation mechanism as a function of time.





4. Conclusions


In this research, HEBM was used to produce nanocrystalline MgH2-FeTi powder composites, with the amount of FeTi catalyst chosen as 40 wt.%, 50 wt.% and 60 wt.%. The Fe:Ti atomic ratio was set to 1:1. Scanning electron microscopy revealed that FeTi catalyst particles are evenly and homogeneously dispersed among the hydride agglomerates after 3 h of milling. Quantitative analysis of the SEM images confirmed that the particle-size histograms follow a lognormal distribution with an average particle-size 〈d〉area of ~5 μm.



XRD analysis demonstrated that the milled powder composites are abundant in tetragonal α-MgH2; however, minor levels of the high-pressure γ-MgH2 phase are also present. At the same time, a possible solid-state amorphization of the FeTi catalyst can take place. The evaluation of the diffraction profiles by the CMWP fitting algorithm provided microstructural parameters, such as the median (mCMWP) and variance (σCMWP) of the coherently scattering α-MgH2 crystallites. For each composite, the 〈D〉area area-averaged and 〈D〉vol volume-averaged crystallite sizes were in the nanometric range (8–19 nm).



The DSC experiments revealed a two-step dehydrogenation process for all the alloys. The lowest Tonset and T1 temperatures corresponding to the MgH2-60 wt.% FeTi composite assumes that this alloy has the lowest dehydrogenation stability.



The isothermal hydrogen sorption experiments showed that all the composites can absorb a significant amount of H2 in a very short time. The best overall hydrogenation performance was obtained for the MgH2-40 wt.% FeTi powder, with a maximum of 5.8 wt.% absorbed hydrogen. In addition, extraordinary absorption kinetics were observed for the MgH2-50 wt.% FeTi alloy, i.e., 4.3 wt.% H2 was absorbed during the first 100 s, indicating that a remarkable synergetic effect between the hydride and the catalyst had developed. It was also established that all the hydrogenation processes can be described as a JMA-type of sorption. The anomalously low JMA exponent suggests that these kinetics can be interpreted as a specific type of diffusion-controlled phase growth when precipitates of the nucleating phase commence near lattice defects.
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Figure 1. Low-magnification SEM images of the ball-milled (a) M gH2-40 wt.% FeTi (b) MgH2-50 wt.% FeTi and (c) MgH2-60 wt.% FeTi composite powders. The insets show the corresponding EDS spectra. The right-hand side images present the particle size histograms with a fitted lognormal-distribution function. 
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Figure 2. High-resolution SEM image of an FeTi particle in the MgH2-40 wt.% FeTi sample. 
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Figure 3. XRD patterns of the ball-milled MgH2-FeTi composite powders. 
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Figure 4. XRD profile of the MgH2-40 wt.% FeTi powder fitted by the CMWP algorithm. The difference between the measured diffraction pattern and the fit are also presented. 
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Figure 5. Lognormal size-distribution functions for the milled MgH2-FeTi powders. 
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Figure 6. Linear-heating DSC scans for MgH2-FeTi powders obtained at 40 Kmin−1. 
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Figure 7. Hydrogenation (a) and dehydrogenation (b) curves obtained for the MgH2-FeTi composites. 
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Figure 8. Double-logarithm JMA plots for the (a) absorption and (b) desorption of the MgH2-FeTi powders. Solid lines represent the linear fits. 
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Table 1. Elemental content of the MgH2-FeTi composites obtained from the EDS analysis.
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	Elements
	MgH2-40 wt.% FeTi
	MgH2-50 wt.% FeTi
	MgH2-60 wt.% FeTi





	Mg
	68.14
	61.50
	53.28



	Ti
	15.70
	18.91
	23.12



	Fe
	16.16
	19.59
	23.61










 





Table 2. Compositional variation in the vicinity of an FeTi particle for the MgH2-40 wt.% FeTi composite. A, B, C and D denote different particles or regions in Figure 2.
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	Elements, wt.%
	A
	B
	C
	D





	Mg
	49.58
	69.24
	56.51
	50.92



	Ti
	24.89
	15.64
	20.69
	25.29



	Fe
	25.53
	15.12
	22.80
	23.79










 





Table 3. Microstructural parameters for the main α-MgH2 phase obtained from CMWP analysis for the different MgH2-FeTi powder composites.
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	mCMWP (nm)
	σCMWP
	〈D〉area (nm)
	〈D〉vol (nm)





	MgH2-40 wt.% FeTi
	3.10
	0.61
	7.9
	11.5



	MgH2-50 wt.% FeTi
	3.87
	0.67
	12.1
	19.0



	MgH2-60 wt.% FeTi
	7.30
	0.34
	9.8
	11.0










 





Table 4. Characteristic temperatures (Tonset, T1, T2) and total dehydrogenation enthalpy (∆Htot) obtained from linear-heating DSC scans for the MgH2-FeTi powders.






Table 4. Characteristic temperatures (Tonset, T1, T2) and total dehydrogenation enthalpy (∆Htot) obtained from linear-heating DSC scans for the MgH2-FeTi powders.





	Powder
	Tonset (K)
	T1 (K)
	T2 (K)
	∆Htot (Jg−1)





	MgH2-40 wt.% FeTi
	702
	738
	778
	−9646



	MgH2-50 wt.% FeTi
	703
	746
	787
	−7471



	MgH2-60 wt.% FeTi
	696
	738
	781
	−7028










 





Table 5. Hydrogenation and dehydrogenation data obtained from the sorption measurements.
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	Powder
	Total Absorbed Hydrogen (wt.%)
	Absorbed Hydrogen at 100 s (wt.%)
	Total Desorbed Hydrogen (wt.%)
	Desorbed Hydrogen at 200 s (wt.%)





	MgH2-40 wt.% FeTi
	5.8
	3.3
	5.5
	2.2



	MgH2-50 wt.% FeTi
	5.5
	4.3
	5.1
	2.9



	MgH2-60 wt.% FeTi
	2.2
	1.3
	2.1
	1.3










 





Table 6. Hydrogen absorption and desorption exponents obtained from the JMA fits of the normalized kinetic curves.
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Powder

	
JMA Absorption Exponent [n]

	
JMA Desorption Exponent [n]






	
MgH2-40 wt.% FeTi

	
0.49

	
0.95




	
MgH2-50 wt.% FeTi

	
0.34

	
1.14

	
0.32




	
MgH2-60 wt.% FeTi

	
0.45

	
1.86

	
0.26
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