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Abstract:



Doping with additives in a Li-Mg-N-H system has been regarded as one of the most effective methods of improving hydrogen storage properties. In this paper, we prepared Li3AlH6 and evaluated its effect on the dehydrogenation properties of 2LiNH2-MgH2. Our studies show that doping with Li3AlH6 could effectively lower the dehydrogenation temperatures and increase the hydrogen content of 2LiNH2-MgH2. For example, 2LiNH2-MgH2-0.1Li3AlH6 can desorb 6.43 wt % of hydrogen upon heating to 300 °C, with the onset dehydrogenation temperature at 78 °C. Isothermal dehydrogenation testing indicated that 2LiNH2-MgH2-0.1Li3AlH6 had superior dehydrogenation kinetics at low temperature. Moreover, the release of byproduct NH3 was successfully suppressed. Measurement of the thermal diffusivity suggests that the enhanced dehydrogenation properties may be ascribed to the fact that doping with Li3AlH6 could improve the heat transfer for solid–solid reaction.
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1. Introduction


Safe and efficient storage of hydrogen is one of the major technological challenges associated with the use of hydrogen as an energy carrier, which is a vitally important process for the subsequent transition to the so called “hydrogen economy” [1]. Hydrogen can be stored as a compressed gas or as a cryogenic liquid; however, solid-state materials have the great potential to provide significantly high hydrogen storage densities, which draws a significant amount of research interest [2]. A long list of materials with a much higher hydrogen density have been synthesized and investigated during the past few decades. Several types of such materials mainly include microporous media that can physically adsorb hydrogen molecules at low temperatures [3], intermetallic hydrides that absorb atomic hydrogen as an interstitial, and complex hydrides that chemically absorb/desorb hydrogen [4,5]. Owing to the high hydrogen content, lightweight complex hydrides mostly containing Li, B, Na, Mg, and Al, such as alanates [AlH4]−, amides [NH2]−, amidoboranes [NH2BH3]−, and borohydrides [BH4]−, are considered to be particularly promising as hydrogen storage materials [6,7,8,9,10,11,12,13,14,15,16,17]. The extensive studies of metal-N-H systems in recent years were initially prompted by Chen and coworkers, who reported the absorption and desorption of hydrogen gas by lithium nitride (Li3N) at high temperatures (195–255 °C) [18] according to Equation (1).


Li3N + H2 ↔ Li2NH + LiH + H2 ↔ LiNH2 + 2LiH



(1)







The second step in Equation (1) with about 6.5 wt % of hydrogen was given much attention due to a fairly good reversibility. However, LiNH2-LiH suffers from high operating temperatures and an emission of ammonia. To address these problems, the substitution of LiH by MgH2 to form a 2LiNH2-MgH2 system has a remarkable destabilization effect [19]. Complete dehydrogenation of the mixture of 2LiNH2-MgH2 produces a new ternary imide of Li2Mg(NH)2, and the following rehydrogenation of Li2Mg(NH)2 is converted to a mixture of 2LiH-Mg(NH2)2 due to the thermodynamic stability. The whole reaction path can be expressed by Equation (2):


2LiNH2 + MgH2 → Li2Mg(NH)2 + 2H2 ↔ Mg(NH2)2 + 2LiH



(2)







Unfortunately, the dehydrogenation temperature of the 2LiNH2-MgH2 system discussed above is still too high for practical applications (<100 °C) due to its high kinetic barriers. Many studies have been reported to focus on further altering the thermodynamics/kinetics of the 2LiNH2-MgH2 system [20,21,22,23]. Doping with high-performance additives exhibits an excellent effect on reducing the temperature for hydrogen uptake and release. Lithium aluminum hydride (LiAlH4) has a high hydrogen storage capacity (10.5 wt % H2) and an excellent performance of hydrogen desorption at low temperature; thus, it has received significant attention from researchers. LiAlH4 decomposes through a two-step process into Al, LiH, and H2 at T < 250 °C through the intermediate Li3AlH6, according to reaction scheme (3) [24,25,26,27,28,29].


LiAlH4 → 1/3Li3AlH6 + 2/3Al + H2 → LiH + Al + 3/2H2



(3)







In particular, hexahydride of lithium alanate (Li3AlH6) releases hydrogen according to reaction (4) [13].


Li3AlH6 → 3LiH + Al + 3/2H2



(4)







Hydrogen release from the LiAlH4-LiNH2 system was first reported by Xiong and coworkers [30]. It was found that LiNH2 could effectively destabilize LiAlH4 during the dehydrogenation process. The overall reaction of hydrogen release from this mixture was proposed as given by reaction (5).


LiAlH4 + 2LiNH2 → Li3AlN2 + 4H2



(5)







Lu et al. [31] found that the reversible storage capacity of the Li3AlH6-3LiNH2 system is increased to 7.0 wt % of hydrogen under 300 °C, according to the following reaction (6):


Li3AlH6 + 3LiNH2 ↔ Al + 3Li2NH + 9/2H2



(6)







The aforementioned reactions between lithium aluminum hydrides and lithium amide demonstrate the great potentials for the approach of destabilizing alanate materials with amides. In this study, the additives are focused on the catalytic enhancement of the dehydrogenation of 2LiNH2-MgH2. We prepared Li3AlH6 and examined its effect on the hydrogen storage properties of 2LiNH2-MgH2. The dehydrogenation properties and the thermal diffusivity of the combined system are discussed.




2. Materials and Methods


2.1. Sample Preparation


Li3AlH6 sample was prepared by mechanically milling LiH (95% purity, Sigma-Aldrich, St. Louis, MO, USA) and LiAlH4 (95% purity, Sigma-Aldrich) in a molar ratio of 2:1 on a Retsch PM400 planetary mill (Haan, Germany) at 200 rpm under 0.1 MPa of an argon atmosphere. The ball-to-powder weight ratio was set to about 30:1. 2LiNH2-MgH2-XLi3AlH6 (X = 0, 0.05, 0.10, 0.15, and 0.20) composites were prepared by mechanically milling LiNH2 (95% purity, Sigma-Aldrich) and MgH2 (98% purity, Sigma-Aldrich) with and without Li3AlH6 additive. The ball-to-powder weight ratio was set to be about 60:1. To minimize the temperature increment of the samples during the ball milling process, there was a 30 s pause for each 2 min of milling. The total milling time was 20 h. All the sample handling was performed in an Ar-filled glove box, in which the typical H2O/O2 levels were below 1 ppm.




2.2. Structural Characterization and Property Evaluation


Temperature-programmed desorption (TPD) properties were measured on an automated chemisorption analyzer (ChemBet Pulsar TPD, Quantachrome, Boynton Beach, FL, USA). The sample was heated up to 300 °C at a rate of 5 °C/min in a reactor in flowing Ar gas. The temperature-dependence of hydrogen desorption was performed on a thermogravimetric apparatus (TG, SETSYS Evolution, SETARAM Instrumentation, Lyon, France)-mass spectrometer (MS, GAM 200, InProcess Instruments, Bremen, Germany) combined system to analyze the evolved gas composition. The sample was heated up to 300 °C at a rate of 5 °C/min in flowing Ar gas. The dehydrogenation capacity based on volumetric release was measured on a HyEnergy PCTPRO-2000 Sieverts-type apparatus (SETARAM Instrumentation, Lyon, France). Approximately 150 mg of sample powder was loaded into the sample holder and heated at 2 °C/min from room temperature to 300 °C initially under dynamic vacuum.



Structural identification of the phases in the samples at different stages was performed on a Bruker D8 Advance diffractometer (Cu Kα radiation, 40 kV and 40 mA, Karlsruhe, Germany). The thermal diffusivity of the samples was measured on a LINSEIS XFA 500 instrument (Linseis Messgeräte GmbH, Selb, Germany) under dynamic vacuum at different temperatures of 30, 60, 90, and 120 °C.





3. Results and Discussion


Figure 1A presents the XRD patterns for the as-prepared Li3AlH6 sample. It can be observed that the majority of peaks can be ascribed to Li3AlH6, accompanied by a few peaks from impurities of metallic Al. Moreover, the thermal gas desorption properties of the Li3AlH6 sample were determined by PCTPRO-2000 and are shown in Figure 1B. A total of 4.63 wt % of hydrogen was liberated from Li3AlH6 sample when heated up to 300 °C, which is consistent with the previous studies [7,13]. These results illustrate that Li3AlH6 was successfully prepared through ball milling the mixture of 2LiH/LiAlH4.


Figure 1. (A) XRD pattern and (B) Non-isothermal dehydrogenation of the as-prepared Li3AlH6 sample.
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As shown in Figure 2A, the hydrogen desorption performance of the as-prepared 2LiNH2-MgH2-XLi3AlH6 was first evaluated by means of TPD and MS. The operating temperatures for the dehydrogenation of the 2LiNH2-MgH2 system were significantly reduced through the addition of Li3AlH6. Interestingly, the dehydrogenation process of the samples with X = 0.05–0.20 exhibited three peaks, which is different from the pristine sample, with only one desorption peak at 184 °C. For the 2LiNH2-MgH2-0.1Li3AlH6 sample, three dehydrogenation peaks were seen at temperatures of 96, 128, and 180 °C, respectively. A reduction of 52 °C in the first dehydrogenation peak was achieved as compared to the pristine sample of 2LiNH2-MgH2 [32]. MS examination shows that 2LiNH2-MgH2 generated gaseous products including hydrogen and ammonia in a wide heating process. After the addition of Li3AlH6, the ammonia emission in the heating process was dramatically suppressed and almost completely inhibited for the sample of 2LiNH2-MgH2-0.1Li3AlH6.


Figure 2. (A) Temperature-dependent gas (hydrogen (top) and ammonia (bottom)) released and (B) non-isothermal dehydrogenation curves of 2LiNH2-MgH2-XLi3AlH6 samples; (C) Isothermal dehydrogenation curves of 2LiNH2-MgH2 and 2LiNH2-MgH2-0.1Li3AlH6 at 160 °C.
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The hydrogen desorption performance of the as-prepared 2LiNH2-MgH2 samples doped with different amounts of Li3AlH6 is shown in Figure 2B. Obviously, the operating temperatures for dehydrogenation were significantly decreased, and the amount of hydrogen released was found to be increased after the addition of Li3AlH6. A total of 5.15 wt % of hydrogen was liberated from pristine 2LiNH2-MgH2 when heated up to 300 °C, while 6.47 wt % of hydrogen was released from 2LiNH2-MgH2-0.05 Li3AlH6 with an onset temperature of about 102 °C. It is worth noting that the increase of hydrogen capacity for 2LiNH2-MgH2-XLi3AlH6 is not proportional to the quantity of Li3AlH6 added, implying that Li3AlH6 may participate in the dehydrogenation reaction of 2LiNH2-MgH2 during ball milling or heating processes. The onset desorption temperature was found to decrease gradually with an increasing amount of the doped Li3AlH6. Considering the hydrogen capacity and the operating temperature, the sample of 2LiNH2-MgH2-0.1Li3AlH6 exhibited an optimal overall performance in the present study, since it could release 6.43 wt % of hydrogen. Therefore, subsequent investigation of the relationship between hydrogen storage properties and thermal diffusivity was focused on the 2LiNH2-MgH2-0.1Li3AlH6 sample.



The isothermal dehydrogenation curves shown in Figure 2C indicate that the dehydrogenation rate of 2LiNH2-MgH2 was remarkably enhanced by the addition of 0.1Li3AlH6. At 160 °C, about 5.82 wt % of hydrogen was desorbed from 2LiNH2-MgH2-0.1Li3AlH6 within 30 min, whereas only 0.57 wt % of hydrogen desorbed from 2LiNH2-MgH2. When the dehydrogenation period was extended to 150 min, the amount of hydrogen desorbed from 2LiNH2-MgH2-0.1Li3AlH6 increased to 6.11 wt %, which is very close to the total hydrogen capacity of 6.43 wt % heated up to 300 °C (Figure 2B). That is to say, the dehydrogenation kinetics was enhanced through the addition of 0.1Li3AlH6, even at low temperature. We performed reversibility tests of the 2LiNH2-MgH2-0.1Li3AlH6 sample (i.e., rehydrogenation at 200 °C and 50 bar hydrogen pressure). The initial rate for isothermal hydrogen absorption was so quick that the pressure-composition-temperature (PCT) could not accurately record the data. So, the absorption capacity was much lower than the theoretical value, and the hydrogen absorption capacity decreased with the increase of running cycles. Despite all this, it is worth noting that the doped sample had a much better reabsorption property than that of pristine sample.



The study of the dehydrogenation mechanism of the Li-Mg-N-H system shows that poor mass and/or heat transfer for solid–solid reaction is one of the critical issues for altering the thermodynamic and kinetic performance for hydrogen storage [33]. Figure 3 shows the thermal diffusivity of studied samples measured under the same conditions. Obviously, the thermal diffusivity increased after the addition of Li3AlH6. Doping with 0.1Li3AlH6 or more gave rise to a significant increase of the thermal diffusivity. The thermal diffusivity of 2LiNH2-MgH2-0.1Li3AlH6 is about 0.0035 cm2/s, almost two times higher than that of pristine 2LiNH2-MgH2. With the increase of temperature, the thermal diffusivity of both samples remained roughly constant. As discussed above in this study, the hydrogen storage properties were been significantly improved (i.e., lower dehydrogenation temperature and suppression of the NH3 evolution after the addition of Li3AlH6). It can be concluded that these improvements could be ascribed to the significant increase of thermal diffusivity, helpful to improve the performance of heat transfer for solid–solid reaction, eventually resulting in an enhancement of hydrogen desorption performance.


Figure 3. Thermal diffusivity for 2LiNH2-MgH2 and 2LiNH2-MgH2-0.1Li3AlH6 samples at different temperatures.
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On the basis of the results discussed above, it can be deduced that the added Li3AlH6 should participate in the dehydrogenation reaction. Therefore, the phase evolution of 2LiNH2-MgH2-0.1Li3AlH6 during heating process was studied in detail with the XRD patterns shown in Figure 4. It can be observed that in the initial stage, LiNH2 and MgH2 diffraction peaks were observed for sample after ball milling without detectable Li3AlH6, which means that Li3AlH6 may transform to an amorphous structure in the process of ball milling. After desorption at 100 °C, about 0.40 wt % of hydrogen was desorbed from 2LiNH2-MgH2-0.1Li3AlH6, which gives a similar XRD pattern. When heated to 160 °C, LiNH2 and MgH2 diffraction peaks almost disappeared. Meanwhile, α-phase Li2Mg(NH)2 with an orthorhombic structure was formed. Upon further increasing the temperature to 220 °C with about 6.31 wt % of hydrogen released, α-phase Li2Mg(NH)2 was still the main product. Note that after complete dehydrogenation at 300 °C, β-phase Li2Mg(NH)2 with a primitive cubic structure was observed, indicating that a solid phase transition of Li2Mg(NH)2 occurred. The structural transition from an orthorhombic phase to a primitive cubic phase was reported to always occur at an elevated temperature of 400 °C or under a treatment of 36 h of high-energetic ball milling [34]. It should be highlighted that this phase transition occurred below 300 °C in our case, which may be related to the addition of Li3AlH6. The study of the underlying mechanism is underway.


Figure 4. XRD patterns for 2LiNH2-MgH2-0.1Li3AlH6 sample at different stages.
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4. Conclusions


Li3AlH6 was prepared by ball milling the mixture of 2LiH/LiAlH4. Then, it was doped into 2LiNH2-MgH2, which resulted in an improvement of the dehydrogenation properties. The addition of Li3AlH6 not only reduced the dehydrogenation temperatures and increased the amount of hydrogen released from the 2LiNH2-MgH2 system, but also inhibited the release of ammonia as byproduct. 2LiNH2-MgH2-0.1Li3AlH6 had a reduced onset dehydrogenation temperature of 78 °C without detectable ammonia emission during the whole heating process. Moreover, 2LiNH2-MgH2-0.1Li3AlH6 had excellent low temperature hydrogen releasing performance (i.e., 6.11 wt % of hydrogen released at 160 °C in 150 min). Moreover, the kinetics for hydrogen reabsorption of 2LiNH2-MgH2-0.1Li3AlH6 was much better than that of pristine sample, which needs to be confirmed by non-isothermal absorption tests in the future. Doping with 0.1Li3AlH6 gave rise to a high thermal diffusivity, almost two times higher than that of 2LiNH2-MgH2, probably contributing to the improved hydrogen storage properties.
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