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Abstract

:

The influences of the processing parameters on the Mg2FeH6 synthesis yield were studied. Mixtures of magnesium hydride (MgH2) and iron (Fe) were mechanically milled in a planetary ball mill under argon for 0.5-, 1-, 2- and 3-h periods and subsequently sintered at temperatures from 300–500     ∘   C under hydrogen. The reaction yield, phase content and hydrogen storage properties of the received materials were investigated. The morphologies of the powders after synthesis were studied by SEM. The synthesis effectiveness map was presented. The obtained results prove that synthesis parameters, such as the milling time and synthesis temperature, greatly influence the reaction yield and material properties and show that extended mechanical milling may not be beneficial to the reaction efficiency.
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1. Introduction


The ternary hydride Mg2FeH6 is an attractive material for hydrogen storage, but also receives attention as a heat storage material [1,2,3]. Dimagnesium iron hydride is characterized by a cubic K2PtCl6- type crystal structure [4] with one of the highest volumetric hydrogen densities among all metal hydrides (150 kg/m    3   ) and a gravimetric density of 5.4 wt%. Furthermore, the precursors Mg/MgH2 and Fe are relatively inexpensive. The synthesis of Mg2FeH6 is not straightforward because Mg and Fe do not form binary compounds or intermetallic phases. Since the discovery of Mg2NiH4, many attempts have been made to prepare its iron-based analog. Didisheim et al. [4] prepared the Mg2FeH6 hydride by sintering magnesium and iron powders in a stoichiometric ratio of 2:1 (2 Mg-Fe) under a H2 atmosphere (20–120 bar) at 450–520     ∘   C. The processing time was long, and the yield was unsatisfactory (50%). A higher yield of 63% was obtained by Raman et al. [5]. In this case, the complex hydride was synthesized by high-energy ball milling of Mg and Fe powders under 10 bar of H2. Additionally, Herrich et al. [6] showed that ternary complex hydrides could be synthesized by reactive milling (RM). The process was based on milling the initial MgH2 and Fe powder mixture in a planetary ball mill under 7 bar of hydrogen. The obtained material had a gravimetric capacity up to 5.2 wt% H2, but the process involved milling under hydrogen pressure for very long periods (up to 80 h). Both Li et al. and Varin et al. [7,8] attempted to synthesize Mg2FeH6 by a process called controlled reactive mechanical alloying. The process consists of two steps. First, pre-milling under an inert atmosphere was applied to a magnesium and iron mixture; then, the resultant powder was milled under hydrogen pressure. Depending on the processing route, these studies managed to synthesize a ternary hydride at a yield of approximately 34% or not at all in the resultant phases. In 2010, we presented results showing the possibility of a very fast and effective synthesis of Mg2FeH6 by ball milling and subsequent sintering under hydrogen pressure. The main finding was that ternary hydride could be formed in the direct reaction between magnesium hydride and iron without prior decomposition of MgH2 [9,10]. Attempts to optimize the process were made to determine the optimum mechanical milling time for the process. We also proved that the magnesium-iron nanocomposite formed during the decomposition of ternary hydride is sufficiently reactive to be easily hydrogenated at temperatures as low as 30     ∘   C [11]. We also showed that the synthesis efficiency can be improved to more than 95% for the direct reaction from a MgH2 and Fe mixture using the appropriate processing parameters [12]. The reaction between magnesium hydride and iron was also studied in depth by Puszkiel et al. [13]. The authors carefully described the mechanisms of Mg2FeH6 formation and decomposition and proved that, in the MgH2-MgFe system, synergistic destabilizing effects occur, improving the decomposition and formation reaction rates. Some unconventional synthesis routes were also reported in the literature [14,15,16] such as hot extrusion and cold rolling. Magnesium iron composite made from Mg2FeH6 was even presented as a potential candidate for structural nanocomposite material [17]. In most above-mentioned papers, the chosen parameters were used to conduct the synthesis. To the best of our knowledge, no systematic studies showing the effects of different synthesis conditions (except milling time) on the reaction yield have been conducted until now. In this work, we present new results on the influences of the reaction parameters on the yield of dimagnesium iron hydride manufactured by mechanical milling of magnesium hydride followed by sintering under a high-pressure hydrogen atmosphere. Milling times of 0.5, 1, 2 and 3 h and sintering temperatures of 300, 350, 400, 450 and 500     ∘   C for 30 min were applied. The obtained “processing map” shows the processing window where Mg2FeH6 synthesis is most efficient with the chosen method. There is still significant interest in investigation and modeling of the basic physical properties and cyclic behavior of this hydride [18,19,20,21,22,23,24,25,26]. Furthermore, studies of the influence of different additives and new synthesis routes are still within the scope of work of different teams [27,28,29,30,31,32,33]. Considering that this is one of the most effective methods available for complex hydride manufacturing, this information, provided as a tool for the hydrogen storage research community, will enable a simple, fast and effective synthesis of high-purity magnesium-iron hydride.




2. Materials and Methods


The starting materials, magnesium hydride powder (MgH2, ABCR, declared 98%) and iron powder (Fe, Sigma Aldrich, St. Louis, MO, USA, 99.7%), were mixed at the stoichiometric molar ratio of 2:1. The mass of the mixture for one batch was 18 g. Each of the four batches was placed in an 80-mL stainless-steel vessel with 30 stainless balls (10 mm in diameter) and subsequently milled in a Fritsch P6 planetary ball mill for 30 min, 1, 2 and 3 h under argon. The milling speed was set to 650 rpm. Milling was performed with 10-min milling/20-min pause cycles. The rotational direction was changed after each cycle. The processing parameters are presented in Table 1. Next, the milled powder samples were placed (without exposure to air) in a custom-made synthesis reactor able to hold up to 5 small stainless-steel crucibles (Figure 1) and capable of heating them to the same temperature.



Each set of 4 crucibles (each crucible containing 2.5 g of material milled for different amounts of time) was annealed at 300, 350, 400, 450 and 500     ∘   C under an initial hydrogen pressure of 100 bar. The samples were heated according to the theoretical temperature profile shown in Figure 2 with a resistive heater controlled with a proportional integral derivative (PID) temperature controller. The real heating profile was not recorded and may have slightly differed from the theoretical profile in the cooling cycle because the cooling fan could not cool down the reactor according to the programmed profile. All sample handling was performed in an MBraun glovebox under a controlled argon atmosphere with water vapor and oxygen contents lower than 1 ppm.



The qualitative phase analysis of the obtained materials was carried out using a Rigaku Ultima IV diffractometer operated at 40 kV and 40 mA in the 2-theta of 25–70    ∘    using Co K  α   radiation with a characteristic wavelength of   λ   = 1.79 Å. Continuous mode with a sampling interval of 0.02    ∘    was used with a scanning speed of 1    ∘   /min. The morphologies of the powders after synthesis were observed using scanning electron microscopy (SEM) operating in backscattered electron (BSE) mode. Differential scanning calorimetry (DSC) analysis was performed using a Sensys 3d (Setaram) device working in the horizontal position. Sealed (not gas-tight) aluminum crucibles (170   μ    L  ) were used. The mass of each sample was lower than 20 mg (15–20 mg). Helium (BIP, Air Product, <10 ppb H2O, O2) was used as a carrier gas with a flow rate of 28 mL/min. The outlet of the DSC instrument was connected to a quadrupole mass spectrometer (Hiden Analytical, Warrington, U.K.) to perform gas analysis. Samples were first purged for 30 min, were then heated from 20–450     ∘   C with a constant heating rate of 5     ∘   C/min and cooled.




3. Results and Discussion


Two-step syntheses were performed for mixtures after 0.5, 1, 2 and 3 h of milling under argon by annealing them under hydrogen (100 bar) at 300, 350, 400, 450 and 500     ∘   C. The yield of each synthesis was calculated by comparing the mass of the closed crucible for the sample before and after synthesis (with 0.01-mg precision). Theoretical hydrogen uptake was estimated according to the predicted reaction on the level of 50 mg per sample. In such a case, using this precision balance should result in the yield estimating error on the level no bigger than 0.05%.



3.1. Phase Composition


Figure 3 shows the diffraction patterns for the samples synthesized by ball milling under argon for (a) 30 min, (b) 1 h, (c) 2 h and (d) 3 h and sintered under hydrogen pressure at different temperatures (300, 350, 400, 450 and 500     ∘   C).



Despite the difference in milling time, as expected, high similarities are observed between the samples sintered at the same temperatures. After sintering at 300     ∘   C, only a small amount (yield <2%) of dimagnesium iron hydride was observed for the samples milled 2 and 3 h (Figure 3c,d), and only an ~1% yield was observed for the sample milled for 1 h. For the sample milled for 30 min, no magnesium-iron hydride was detected. Only very small peaks, just above the background noise, were noticed for the above-mentioned samples, proving that the synthesis at 300     ∘   C, if possible, was not effective. Furthermore, since Mg2FeH6 can be successfully synthesized during the ball milling process of magnesium hydride with iron, such small amounts of ternary hydride could be synthesized in the milling process prior to annealing under hydrogen. The diffraction patterns of powders after milling did not seem to support this theory, as no Mg2FeH6 was observed. However, after ball milling, the peaks are usually very broad with lower intensity, and thus, observing the presence of Mg2FeH6 may be very difficult. Only after heating does the ternary phase become visible. Further observation of the diffractograms after sintering at 300     ∘   C shows that the magnesium hydride peaks are typical for those received after mechanical milling; these peaks have low intensity and are broad, indicating that 300     ∘   C is neither high enough to release the post-processing stress in the particles, nor high enough to destroy the nanostructure, which is commonly observed for magnesium hydride fabricated with this method. In our previous studies concerning the synthesis of this compound [9,10], when the reaction was traced in situ using synchrotron radiation X-ray diffraction (SRXRD) or pressure changes in a Sieverts apparatus, we observed that the reaction started at approximately 350     ∘   C when the mixture was heated at a rate of 5     ∘   C/min. However, if the synthesis is thermodynamically possible under the chosen conditions (which is true here), the transformation will occur after a certain time. A low sintering temperature causes slower diffusion and considerably slows the reaction process. Additionally, the use of relatively large quantities of samples for sintering (2.5 g in comparison to the 20–100 mg normally used in the Sieverts apparatus or DSC) may have caused the reaction to proceed more slowly because more time is needed to equilibrate the temperature in the sample (the thermal conductivity of this mixture is in the insulators range rather than metals [34]). For samples sintered at 350     ∘   C, strong, but not dominating, peaks of magnesium-iron hydride can be observed. The highest amount of the phase was found for the samples milled for 1 and 2 h (Figure 3b,c) with yields of 12% and 17%, respectively. Again, for samples milled for shorter and longer amounts of time (Figure 3a,c), a lower yield of 6% was observed for both samples. Magnesium hydride peaks remained relatively broad, which may suggest that the nanostructure is still stable at this temperature. The analysis of the diffraction patterns collected for samples sintered under 400     ∘   C shows that the ternary hydride is a dominant phase. For only the sample milled for 30 min, the reaction yield was considerably lower at 30%, whereas the yields were greater than 50% for the other samples. Determining whether the nanostructure of the magnesium hydride was still stable was difficult because of the very low MgH2 peak intensity. However, the relatively broad Mg2FeH6 peaks suggest that the formed new hydride may also be nanoconfined. Only traces of the remaining MgH2were present after sintering the composites at 450     ∘   C. The yield of the synthesis ranged from 70%–90% and was again highly dependent on the milling time.



All samples sintered at 500     ∘   C appeared to be almost fully transformed into Mg2FeH6 with a yield of 90% or higher. Tiny magnesium hydride peaks can be observed only for samples milled for the shortest and, less obviously, for the longest time. This behavior confirms our previous studies illustrating that too long or too short of a milling time may not be beneficial for the synthesis process, and even a high sintering temperature may not be sufficient to allow the full transformation. This behavior is difficult to explain considering that more energy applied during the milling process usually results in a faster reaction between the precursors. In all the cases, we observed residual iron. Initially, we thought that the residual iron resulted from the interaction of iron with the X-rays, which should provide an enhanced diffraction intensity. Later, we discovered that not all magnesium hydride purchased from the manufacturer did had 98% purity. Furthermore, the remaining contamination was not (as declared by the manufacturer) pure magnesium metal, but possibly magnesium hydroxide. In such a case, all calculations performed to prepare stoichiometric mixtures were not correct, and in fact, an excess of iron was added to the magnesium hydride. In such a case, even with ideal conditions, 100% yield was not possible. Because the magnesium hydroxide was likely amorphous and formed on the surface of the magnesium hydride particles, this species was not observed in the XRD patterns, but was visible from the subsequent coupled TG/MS experiments.




3.2. Microstructure


To avoid unnecessary expansion of the paper, all SEM micrographs of the powders after syntheses are shown in the Supplementary Material. The conclusion observed from the BSE images supports the XRD phase analysis data. The samples sintered at 500     ∘   C exhibit a homogeneous appearance with not many unreacted iron particles (rare white spots). The exemplary images are shown in Figure 4 and present the samples with lowest and highest yield achieved (30 min of milling, 300     ∘   C sintering, and 2 h of milling, 500     ∘   C sintering). The difference between those two samples is obvious and proves that evident mass transfer took place only in the case of the later sample, resulting in the homogenous appearance in BSE mode. The sample sintered at 300     ∘   C looks just like after ball milling. Due to the form of the investigated samples (powder) and light metal (magnesium) matrix, EDS analysis was not performed, as this measurement would not be reliable and would not provide any useful information. In all cases other than sintering at 500     ∘   C, a typical composite structure with unreacted iron and magnesium hydride was observed. Such structures were observed before also by Castro and Gennari [35].




3.3. Decomposition Properties


DSC analysis of the samples was carried out to observe the temperature range in which hydrogen could be desorbed.



Coupling DSC with a mass spectrometer was necessary to differentiate the thermal effects related to the release of hydrogen from the thermal effects caused by other possible factors. Using this method, the temperature programmed desorption (TPD) spectra of hydrogen were registered and are shown in Figure 5.



Since DSC and TPD were found to be relatively consistent, only the TPD curves are presented because these spectra contain all the required information and have less background noise and fewer artifacts. Even a short analysis demonstrates that the observed desorption peaks can be divided into two populations. The first peaks have maxima at approximately 270–280     ∘   C (marked as Type 1), while the second set has maxima at approximately 325     ∘   C (marked as Type 2). In some cases, only a single peak is observed for the sample, while doublets are easily found for others. The explanation for this phenomenon seems to be very simple based on our previous experience with this material. The Type 1 peak, occurring at a lower temperature, is a result of the decomposition of magnesium hydride, milled and very efficiently catalyzed by iron. Iron (as well as other transition metals) is known for its catalytic properties toward magnesium hydride decomposition [36,37,38,39,40].



In the previously-mentioned studies, these metals have generally been added in much smaller amounts, so the hydrogen content in the mixture would remain relatively high, and therefore, their effectiveness was found to be much lower. We have also previously shown that magnesium hydride, in nanoparticle form with high iron content, decomposes at as low as 250     ∘   C, and decomposition starts just above 100     ∘   C [11]. This hypothesis also corresponds well to the phase content of the obtained materials. As we discussed, basing on the XRD data, in all cases after sintering at 300     ∘   C, almost no ternary hydride was observed; so magnesium hydride is the only compound that can decompose. In all four figures (Figure 5a–d), we can see that the sample sintered at 300     ∘   C decomposes mainly as a Type 1 peak. For each sample except that milled for 3 h, a strong shoulder or even a peak doublet was observed. This is likely due to the sample inhomogeneity after ball milling. Particles of magnesium hydride, which are uniformly and effectively covered with iron, decompose at lower temperatures, while uncatalyzed particles seem to decompose at much higher temperatures. This effect, which cannot be directly proven, appears obvious as the “shoulders” decrease in intensity with increasing milling time, and the sample milled for 3 h is characterized by a single intense decomposition peak (Figure 5d). Furthermore, the nanostructure effect may be causing this phenomenon; this hypothesis is supported by the fact that the sample milled for 3 h, which demonstrates a single peak for desorption, exhibits a strong shoulder after sintering at 350     ∘   C, while still possessing a very low amount of ternary hydride. For samples milled less than 3 h, not all of the sample may be nanostructured or refined to result in decomposition at low temperature. Samples sintered at 350     ∘   C and higher generally decompose as “Type 2” peaks, which seems to verify the correlation between the nanostructure and decomposition temperature, as in most cases, the synthesis yield is much lower than 90%, while the desorption peaks seem to be relatively uniform with very similar botonset and maximum temperatures.




3.4. Synthesis Efficiency Map and Conclusions


Based on the calculated synthesis yields, an efficiency map was plotted and is shown in Figure 6. The map covers a broad range of the parameters commonly used for the synthesis of ternary hydrides. Shorter milling time may also be within the interest of readers; however, in preliminary experiments, milling for considerably shorter than 30 min results in relatively inhomogeneous mixtures in the experimental setup chosen for this experiment (the vial and ball sizes, as well as the amount of powder). Additionally, considering the processing time (vial loading/unloading), milling for a shorter time does not considerably decrease the total processing time as a whole, and therefore, the yield for shorter times was not considered. The longest time was also experimentally chosen, as a very homogeneous mixture was produced after that length of time, and more importantly, no trace of Mg2FeH6 was seen in the post-milling mixture, which was characteristic of samples milled for longer times. Of course, direct synthesis by ball milling of the ternary hydride is very interesting and sometimes very beneficial. However, without a reactive hydrogen atmosphere, the reaction cannot reach completion, and the yield is insufficient due to a shortage of hydrogen in the reaction. Additionally, introducing another variable, such as the presence of a ternary hydride in the mixture before sintering, might complicate the experiment in such a way that no direct and universal conclusions can be drawn. The map shown in Figure 6 summarizes all the results; however, the visualization of the results is clearer than plotting single or even a series of XRD patterns or TPD curves.



The map clearly shows that the reaction efficiency depends on both the sintering temperature of the powders and the milling time. However, the dependence is very unintuitive. Normally, one would assume that milling for a longer time would improve the homogenization of the mixture, which would lower the diffusion distances and introduce many vacancies and more stress to the particles. The mixture would no longer exist in an equilibrium state, which would enhance the synthesis kinetics, and the synthesis would start at a lower temperature. However, this is not the case. We clearly see (and have observed this in previous experiments) that a specific optimum time can be found for which the reaction can occur at a lower temperature with a higher yield. The direct result of this observation is that milling for too short or too long is not favorable for the reaction and that a higher temperature is required to obtain the same effect. For the chosen geometry of the milling setup, we found that 2 h is a near-optimal time when considering times between 30 min and 3 h. Based on our previous experience with mechanical synthesis [41], this specific time is likely optimal only for that chosen setup. Changing the vial filling factor, ball size, cylinder size or rotational speed of the cylinder may influence the optimal time. The observation we made is relatively clear. However, the reason for this behavior remains unclear. An understanding of the typical kinetics and material characteristics would lead to the conclusion mentioned above in which a longer milling time should enhance the reaction to achieve a more efficient synthesis. However, the problem may not derive from the reaction kinetics, but may be a problem with the properties of the material after milling. It is possible that the material milled for a longer time exhibits a distinctly lower heat conductivity than the one milled for a shorter time. Therefore, samples with a relatively high volume sintered for a relatively short time may not be able to fully transform, not due to the slow reaction kinetics, but due to the lack of temperature equilibration over the sample volume. Measuring the thermal properties may be crucial to solving this puzzle. In our laboratory, we prepared and tested a laboratory setup for measuring the effective thermal conductivity of the hydrides [34] by an oscillating heating method. We proved that the hydride powders possess a thermal conductivity in the range of insulators. However, the problem is that, due to the specific configuration of the experimental setup, there is no possibility of loading the powders under inert atmosphere and that several grams (5–10 g) of powder are required to perform the measurement. Since all manufactured powders are strongly pyrophoric and tend to heat up and burst into flames when exposed to air, we were unable to perform the measurements. This experiment will be conducted in the future if modifications to the apparatus are possible. The only option to confirm this hypothesis is to create an experiment with several longer sintering times, which, with a large number of samples, may be very time consuming. Other hypothesis of lowering the yield of the reaction may be the magnesium oxide formation due to oxygen uptake during milling (diffusion through sealing, “breathing” during milling/pause cycles). For now, the observation remains without a confirmed explanation. The influence of the sintering temperature is much more intuitive. For all the samples, the following statement is true: a higher sintering temperature results in a higher reaction yield. Additionally, for a sintering temperature of 500     ∘   C, all the samples were transformed to the ternary hydride with a very high (>90%) yield.





4. Summary


The experimental work performed and presented in this paper resulted in the following conclusions:




	
A two-step Mg2FeH6 synthesis method based on high-energy milling and sintering under high temperature and hydrogen pressure was more efficient compared to conventional routes, resulting in a yield up to 97%.



	
Both the milling time and sintering temperature of the precursor powders had a decisive influence on the Mg2FeH6 synthesis efficiency.



	
Increasing the milling time of the powders up to a certain length improves the process yield. For the experimental setup used, the highest reaction yield was found with a milling time of 2 h.



	
Increasing the sintering temperature improves the process efficiency.
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Figure 1. Custom-made reactor for the synthesis of multiple samples. 
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Figure 2. Programmed temperature profiles of the synthesis process. 
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Figure 3. Diffraction patterns of samples after milling the MgH2+ Fe mixture for (a) 30 min, (b) 1 h, (c) 2 h and (d) 3 h followed by sintering at different temperatures under hydrogen pressure. 
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Figure 4. SEM (backscattered electron (BSE) mode) micrographs of exemplary samples (a) after 30 min of milling and sintering at 300     ∘   C and (b) after 2 h of milling and sintering at 500     ∘   C. 
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Figure 5. Thermal desorption spectra (m/z = 2) after milling the MgH2+ Fe mixture for (a) 30 min, (b) 1 h, (c) 2 h and (d) 3 h followed by sintering at different temperatures under hydrogen pressure. 
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Figure 6. Mg2FeH6 synthesis efficiency map. 
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Table 1. Parameters of the milling process.






Table 1. Parameters of the milling process.





	Parameter (mm)
	Value (unit)





	Revolution speed
	650 (rpm)



	Milling time per cycle
	10 (min)



	Balls diameter
	10 (mm)



	Number of balls
	30 (pcs.)



	Number of cycles
	3, 6, 12, 18 (0.5, 1, 2, 3 (h))



	Ball to powder ratio
	7:1
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