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Abstract:



A non-stoichiometric, amorphous a-Mn(BH4)(2x) hydride, accompanied by a NaCl-type salt, was mechanochemically synthesized from the additive-free mixture of (2NaBH4 + MnCl2), as well as from the mixtures containing the additives of ultrafine filamentary carbonyl nickel (Ni), graphene, and LiNH2. It is shown that both graphene and LiNH2 suppressed the release of B2H6 during thermal gas desorption, with the LiNH2 additive being the most effective suppressor of B2H6. During solvent filtration and extraction of additive-free, as well as additive-bearing, (Ni and graphene) samples from diethyl ether (Et2O), the amorphous a-Mn(BH4)(2x) hydride transformed into a crystalline c-Mn(BH4)2 hydride, exhibiting a microstructure containing nanosize crystallites (grains). In contrast, the LiNH2 additive most likely suppressed the formation of a crystalline c-Mn(BH4)2 hydride during solvent filtration/extraction. In a differential scanning calorimeter (DSC), the thermal decomposition peaks of both amorphous a-Mn(BH4)(2x) and crystalline c-Mn(BH4)2 were endothermic for the additive-free samples, as well as the samples with added graphene and Ni. The samples with LiNH2 exhibited an exothermic DSC decomposition peak.
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1. Introduction


One of the major challenges facing the world in this century is a transition from a fossil fuels-based economy to one based on renewable, environmentally-friendly resources, such as hydrogen [1,2,3,4]. During this transformation, the widespread adoption and usage of fuel cells, in which hydrogen gas (H2) in contact with oxygen (O2) is converted into electrical energy, must be necessary to realize a world hydrogen economy. Effective H2 generation and storage are important considerations for the hydrogen economy. The most attractive—albeit the most challenging—method of storing hydrogen is in solid hydrides [3,4,5]. Unfortunately, for the automotive sector, solid-state H2 storage in hydrides has serious constraints, the most important of which is the inability to meet the need for “on board” rehydrogenation [3]. So far, this and other very serious constraints preclude a full implementation of solid state H2 storage in the automotive sector [5].



However, some commercial market applications for solid-state hydrogen storage systems may not critically require “on board” rehydrogenation. Such H2 storage/generation systems can utilize disposable H2 cartridges of various sizes that could be regenerated “off board” after being dehydrogenated. In our recent review [5], we listed such possible applications as auxiliary devices in air transportation, drones, off-road vehicles (forklifts, street sweepers, etc.), stationary auxiliary power systems, submarines, coastal and international shipping, locomotives, lawn mowers, portable electronic devices such as smartphones, long duration and low power military devices (e.g., WFC20 soldier power system: http://www.ardica.com), and bulk hydrogen storage, among many others.



In the recent past, we have studied composite hydride systems based on crystalline manganese borohydride (Mn(BH4)2), whose crystallographic structure was first identified by Černý et al. [6]. Crystalline c-Mn(BH4)2 can be effectively synthesized by a mechanochemical activation synthesis (MCAS), using two reactants, LiBH4 and MnCl2 [3,4,5,6,7,8,9,10]. Crystalline c-Mn(BH4)2 is capable of generating hydrogen (H2) at a low temperature range of 100–140 °C, accompanied by a small quantity of diborane gas (B2H6). The latter is very undesirable, since at a sufficient concentration, it can damage the Nafion membrane of a proton exchange membrane (PEM) fuel cell. Diborane must be largely eliminated during the thermal decomposition of Mn(BH4)2.



Recently, we have discovered quite a peculiar phase transformation, in which an originally non-stoichiometric, amorphous a-Mn(BH4)2-type hydride, accompanied by a NaCl-type by-product that was synthesized using a NaBH4 precursor, transformed into a crystalline c-Mn(BH4)2 hydride upon solvent filtration/extraction, which was carried out to remove the NaCl-type by-product [11]. This is in contrast to the LiBH4 precursor, which always forms crystalline c-Mn(BH4)2 [6,7,8,9,10]. Furthermore, more recently, Song et al. [12] reported that an addition of LiNH2 eliminated the release of diborane (B2H6) gas from the LiBH4/MnF2 mixture upon its thermal decomposition.



In this work, we explore the effects of non-metal and metal additives, such as graphene, lithium amide (LiNH2), and ultrafine filamentary carbonyl nickel (Ni), on the gas desorption rate, apparent activation energy of desorption, and suppression of dioborane (B2H6) gas release from an NaBH4/MnCl2 mixture after ball milling and its solvent filtration/extraction process.




2. Results


2.1. Amorphous a-Mn(BH4)2-Type Hydride after Mechanochemical Synthesis by Ball Milling (BM)


The SEM micrographs of the morphology of the as-received ultrafine filamentary Ni and graphene additives are shown in Figure 1a,b, respectively. The agglomerated and entangled filamentary nature of the Ni additive can be clearly seen in Figure 1a. However, plate-like graphene powder particles are rather well dispersed (Figure 1b). The SEM micrographs for the as-received NaBH4 and MnCl2 primary reactants were reported by Varin et al. [11] and are not shown here. Suffice it to say that both primary reactants are very coarse, with a globular morphology [11].


Figure 1. Scanning electron micrographs (SEM) of (a) as-received ultrafine filamentary Ni; (b) as-received graphene (flake-reduced graphene oxide-(FL-rGO)); (c) 1 h BM ((2NaBH4 + MnCl2) + 5 wt. % Ni) mixture and (d) 0.5 h BM ((NaBH4 + MnCl2) + 5 wt. % graphene) mixture.
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Changing the angular positions of one or two strong NdFeB magnets and altering the number of hard steel balls in a milling vial can control the milling energy in the magneto ball mill Uni-Ball-Mill 5 [3,7,8,9,10,13]. As recently reported by Parviz et al. [13], the quantity of milling energy, QTR(R) per unit mass·hour (kJ/gh), which was injected into and stored in a milled powder for each particular milling mode with a fixed ball-to-powder mass ratio, R, in the magneto ball mill Uni-Ball-Mill 5, can be calculated via a semi-empirical method. In the present work, we solely used the milling mode IMP68-4B-R132 for 0.5 and 1 h with the constant total milling energy input, QTR = 36.4 and 72.8 kJ/g, respectively (see Table 5 [13]).



Figure 1c,d show the evolution during ball milling of the powder morphology for the additive-free (2NaBH4 + MnCl2), ((2NaBH4 + MnCl2) + 5 wt. % graphene) and ((2NaBH4 + MnCl2) + 5 wt. % Ni) samples, respectively. A refinement of the initial powder mixture with some pronounced agglomerations can be seen, in comparison with the large-size of the as-received NaBH4 and MnCl2 particulates, already shown by Varin et al. [11]. However, it appears from Figure 1c that the entangled filamentary Ni morphology is preserved during ball milling to an extent, and does not disperse into individual, smaller particles of Ni as expected. Figure 1d suggests that the graphene additive is quite thoroughly and intimately milled with the reactants.



Figure 2 shows the XRD patterns of the (2NaBH4 + MnCl2) mixture ball milled (BM) together with 5 wt. % of the graphene and filamentary Ni additives, as compared to an XRD pattern for an additive-free sample. Only the very strong NaCl-based diffraction peaks and a weak diffraction peak of retained NaBH4 can be clearly seen. These are accompanied by the discernible Ni peaks in this particular sample. Apparently, a mechanochemical reaction occurred between the NaBH4 and MnCl2 reactants during ball milling, which produced a NaCl-type salt accompanied by an amorphous a-Mn(BH4)2-type hydride, as reported by Varin et al. [11]. This issue will be discussed in more detail later.


Figure 2. X-ray diffraction (XRD) patterns for the (2NaBH4 + MnCl2) sample additive-free, and with 5 wt. % additives of filamentary Ni and graphene, ball milled (BM) for 0.5 h.
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Figure 3a shows the mass spectrometry (MS) gas desorption spectra for a ((2NaBH4 + MnCl2) + 5 wt. % graphene) sample synthesized for 0.5 h (QTR = 36.4 kJ/g). It is seen that the principal peak corresponds to H2 within the range from ~100 to 200 °C (a maximum at ~160 °C), which is accompanied by a very small peak of diborane (B2H6) that commences at ~135 °C and terminates at ~180 °C, with a peak maximum at ~160 °C. The intensity ratio of the MS H2/B2H6 signal up to 200 °C (the threshold temperature for the end of the B2H6 release) equals 1844, which can be compared to the ratio of 948 for the additive-free 0.5 h BM (2NaBH4 + MnCl2) sample that was investigated by Varin et al. [11]. This shows that the quantity of B2H6 released up to ~200 °C, from the sample with graphene, is smaller than that released from an additive-free sample. The curves in Figure 3b show thermogravimetric (TG) and DSC results for a sample with a 5 wt. % graphene additive, which was extracted from the 0.5 h BM sample. A black curve in Figure 3 shows that a rapid TG mass loss, which attains 3.84 wt. % up to 200 °C, is observed within a narrow temperature range of 150–175 °C. Nevertheless, a slow TG mass loss is still observable beyond 200 °C, which is most likely related to a gradual decomposition of retained NaBH4 (Figure 2), albeit without the release of B2H6, which already terminated at ~200 °C. At ~160 °C, one can see a small endothermic peak on a DSC curve (blue). A range of temperatures within which the mass loss occurs is indicated very well by a first derivative of the TG line (dTG/dT where T-temperature) (broken red line in Figure 3b). It clearly shows that the occurrence of the endothermic peak at ~160 °C is linked to the TG mass loss in Figure 3b. For the powder with 5 wt. % graphene that was ball milled for 0.5 h, we investigated a second, random sample that could unequivocally confirm the correctness of the MS and TGA/DSC results in Figure 3b. We found that the TGA/DSC curves for the second sample (a plot not included here) were nearly identical to Figure 3, and exhibited a mass loss of 4.09 wt. % up to 200 °C, for which a DSC curve also showed an endothermic event. In addition, this second sample exhibited a very similar MS pattern (an MS plot not included here) to that in Figure 3a, having the MS peak intensity ratio H2/B2H6 = 1256, again, much higher than that reported for the additive-free material [11].


Figure 3. (a) Mass spectrometry (MS) (gas desorption spectra) of a (H2 + B2H6) gas mixture for a ((2NaBH4 + MnCl2) + 5 wt. % graphene) sample, ball milled (BM) for 0.5 h (QTR = 36.4 kJ/g). (b) TGA and differential scanning calorimeter (DSC) curves during desorption. Heating rate 5 °C/min.
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Figure 4 shows examples of gas desorption curves for the samples containing a 5 wt. % Ni additive ball milled for 0.5 (Figure 4a) and 1 h (Figure 4c), together with accompanying Arrhenius plots for the estimate of the apparent activation energy (AAE) of desorption (Figure 4b,d). A desorption curve for a sample with a 5 wt. % graphene additive ball milled for 0.5 h (Figure 4e) with an accompanying Arrhenius plot for the AAE (Figure 4f) is also shown. It must be pointed out that, as stated earlier, the released gas contained a miniscule quantity of B2H6. It was so small that, for simplicity, the y axis for the gas desorption curves in Figure 4 is designated as desorbing solely H2. In all three cases, gas desorption at 100 °C is very sluggish, and that particular curve was not taken into consideration for the AAE calculations. It is also seen that for the 5 wt. % Ni sample, the duration of ball milling for either 0.5 or 1 h has no measurable effect on both the quantity of desorbed H2 (3–3.5 wt. %) and the values of the AAE for desorption, which are equal to 116.68 for a 0.5 h BM sample, and 115.19 kJ/mol for a 1 h BM sample (with an error of ±15.1 kJ/mol).


Figure 4. Desorption curves for the (2NaBH4 + MnCl2) samples milled with additives: (a) filamentary Ni for 0.5 h BM; QTR = 36.4 kJ/g; (b) corresponding Arrhenius plot of rate constant k with temperature for estimation of the apparent activation energy (AAE) of hydrogen desorption for 0.5 h BM 5 wt. % Ni: y = −116.68 + 36.24, R2 = 0.948; (c) filamentary Ni for 1 h BM; QTR = 72.8 kJ/g; (d) corresponding Arrhenius plot for 1 h BM 5 wt. % Ni: y = −115.19 + 35.759; R2 = 0.998; (e) graphene for 0.5 h BM; QTR = 36.4 kJ/g; (f) corresponding Arrhenius plot for the 0.5 h BM 5 wt. % graphene sample: y = −125.93 + 38.323; R2 = 0.996.
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The desorption curves for the sample with a 5 wt. % graphene additive (Figure 4e) shows the same H2 desorption capacity of about 3 wt. %, and a slightly higher AAE of about 125.93 kJ/mol (Figure 4f), with an estimated error of ±13.4 kJ/mol. For comparison, the AAE values for the additive-free samples ball milled for 0.5 and 1 h were reported as 118.21 and 123.09 kJ/mol, respectively [11]. Apparently, the additives of filamentary Ni and graphene do not measurably affect the AAE of desorption.



Figure 5 shows the XRD patterns for a sample with a 5 wt. % LiNH2 additive after 0.5 and 1 h BM, as compared to the XRD patterns for the initial reactants NaBH4 and MnCl2. For comparison, an XRD pattern for the 1 h synthesized sample after desorption at 100 °C for 36 h is also shown, and no change in the XRD pattern is observed. However, as will be shown later, the synthesized sample released some quantity of H2 gas. It is observed that after barely 0.5 h of BM, the diffraction peaks of the reactants disappear, and the new diffraction peaks of the NaCl-type salt appear. This clearly confirms that a mechanochemical reaction must have occurred during ball milling between the NaBH4 and MnCl2 reactants, which produced a NaCl-type salt accompanied by an amorphous a-Mn(BH4)2-type hydride in the same way as reported by Varin et al. [11]. This behavior is apparently common to the (2NaBH4 + MnCl2) additive-free samples [11] and those with the 5 wt. % graphene and filamentary Ni additives (Figure 2). In addition, the LiNH2 diffraction peaks, which are visible in a mixture of reactants and additives, disappeared after BM, which indicates that the LiNH2 additive was likely amorphized during BM.


Figure 5. X-ray diffraction (XRD) patterns for the (2NaBH4 + MnCl2) + 5 wt. % LiNH2), ball milled (BM) for 0.5 and 1 h and the 1 h BM sample after desorption at 100 °C for 36 h, as compared to the XRD patterns for the initial mixture of reactants NaBH4 and MnCl2.
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Figure 6 shows the mass spectrometry (MS) results of a (H2 + B2H6) gas mixture and the corresponding TGA and DSC curves during gas desorption for three samples of a ((2NaBH4 + MnCl2) + 5 wt. % LiNH2) composition, ball milled for 0.5 h (QTR = 36.4 kJ/g). MS of gas desorption is quite remarkable, since it clearly shows nearly no presence of B2H6. The intensity ratios of the MS H2/B2H6 signal up to 200 °C are 5198, 5001, and 4456 for samples 1, 2, and 3, respectively. Apparently, the LiNH2 additive is a very potent suppressor of B2H6, as already reported by Song et al. [12] for a LiBH4/MnF2 mixture upon its thermal decomposition. The same effect of LiNH2 is confirmed for the first time for a mechanochemically reacted system of (2NaBH4 + MnCl2).


Figure 6. Mass spectrometry (MS) (gas desorption spectra) of a (H2 + B2H6) mixture, and the TGA and DSC curves during gas desorption for a ((2NaBH4 + MnCl2) + 5 wt. % LiNH2) sample, BM for 0.5 h (QTR = 36.4 kJ/g). Heating rate 5 °C/min. (a,b) sample 1, (c,d) sample 2, and (e,f) sample 3.
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2.2. Crystalline c-Mn(BH4)2 after Solvent Filtration/Extraction


The NaCl-type salt that is formed as a by-product of the mechanochemical reaction during ball milling of the additive-free (2NaBH4 + MnCl2) [11], or the samples containing the additives, as in this work, is completely useless because it is a “dead-weight” that adds up to the total molecular weight of the system.



In contrast to the pale brown color of the ball milled mixture, the dry powder obtained after solvent filtration extraction (see Materials and Methods) had a light grey color, which is a completely different color from the pale yellow of the Mn(BH4)2-NaCl mixture obtained in the final drying step of the solvent synthesis route [14]. Figure 7 shows the scanning electron micrographs of the extracted, additive-free (2NaBH4 + MnCl2) sample. Very characteristic thin “slabs” resembling highly compacted powder can be seen at both magnifications.


Figure 7. Scanning electron micrographs (SEM) of the 1 h BM (2NaBH4 + MnCl2) sample, subsequently filtered/extracted at 42 °C. (a) Low and (b) high magnification.
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The XRD pattern for the ball milled (2NaBH4 + MnCl2) sample is shown at the bottom of Figure 8. The pattern in the center is for the same sample after solvent filtration/extraction at 42 °C (as reported by Varin et al. [11]). For comparison, the XRD pattern for the ball milled (2LiBH4 + MnCl2) mixture is also included at the top of Figure 8.


Figure 8. XRD patterns of the 0.5 h BM sample, solvent extracted at 42 °C for 20 min (center) in comparison to the XRD patterns of the 0.5 h BM (2NaBH4 + MnCl2) (bottom) and (2LiBH4 + MnCl2) (top) samples. From Varin et al. [11].
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Solely the NaCl-type diffraction peaks accompanied by a weak, singular NaBH4 peak can be seen in the BM (2NaBH4 + MnCl2) XRD pattern (bottom), as already reported by Varin et al. [11]. The center XRD pattern in Figure 8, which belongs to the same sample after solvent filtration/extraction, is very similar to the XRD pattern of the BM (2LiBH4 + MnCl2) mixture containing the crystalline c-Mn(BH4)2 hydride co-existing with a LiCl salt [3,4,5,6,7,8,9,10] (a top XRD pattern). The NaCl-type salt was effectively filtered during the filtration stage, and therefore, no NaCl-type diffraction peaks are discernible in Figure 8 in the XRD pattern for the solvent extracted sample (center). These findings clearly show that an amorphous a-Mn(BH4)2-type hydride, that was formed through ball milling, was transformed into a crystalline c-Mn(BH4)2 hydride during solvent filtration/extraction. When the 1 h ball milled (2NaBH4 + MnCl2) sample was used, we observed identical results (the XRD patterns are not shown here).



Figure 9 shows MS (gas desorption spectra) of a (H2 + B2H6) mixture (Figure 9a) and the corresponding TGA and DSC thermal decomposition curves (Figure 9b) for the (2NaBH4 + MnCl2) sample ball milled for 1 h (QTR = 72.8 kJ/g), and then extracted at 42 °C. The intensity ratio of the MS H2/B2H6 signal up to 200 °C equals 1626, which is much higher than 948 for a ball milled (2NaBH4 + MnCl2) counterpart [11], and also much higher than the ratio of 200–600 for a ball milled (2LiBH4 + MnCl2)[8]. The second extracted sample, which was investigated by MS, exhibited the MS ratio H2/B2H6 = 1546, which confirms a very low quantity of released B2H6 from the extracted crystalline c-Mn(BH4)2. Apparently, the crystalline c-Mn(BH4)2 hydride that was extracted from the ball milled, additive-free (2NaBH4 + MnCl2), has a very low release of B2H6 during thermal decomposition, which is nearly on par with the ((2NaBH4 + MnCl2) + 5 wt. % graphene) in Figure 3a. Furthermore, as shown in Figure 9b, the DSC decomposition curve for the extracted crystalline c-Mn(BH4)2 hydride still has an endothermic character. The TG curve is also quite peculiar, as it shows a rapid mass loss of about 5.7 wt. % until 200 °C, and then a slower second stage with the total mass loss of about 8 wt. % up to 300 °C. This is rather consistent with the MS curve in Figure 9a, which shows a rapid H2 loss up to ~200 °C and then a slower H2 release up to 300 °C. However, the mass loss still continuous up to 500 °C with a total of 12 wt. % mass loss. The MS curve in Figure 9b also shows slight H2 release between 300 and 500 °C. It is possible that the H2 release/mass loss between 300 and 500 °C is due to decomposition of a small amount of residual NaBH4 whose remnant diffraction peak is observed after ball milling in Figure 8. The residual NaBH4 could have been extracted together with c-Mn(BH4)2 during solvent filtration/extraction.


Figure 9. (a) Mass spectrometry (MS) (gas desorption spectra) of a (H2 + B2H6) mixture for a (2NaBH4 + MnCl2) sample, ball milled (BM) for 1 h (QTR = 72.8 kJ/g) and subsequently extracted at 42 °C/25 min using solvent filtration method. (b) TGA and DSC curves during desorption. Heating rate 5 °C/min.
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A similar result was observed when the ball milled ((2NaBH4 + MnCl2) + 5 wt. % Ni) was filtered/extracted (the XRD patterns are not shown here). The same types of peaks associated with crystalline c-Mn(BH4)2 were observed. Interestingly, no Ni peaks were observed in the XRD patterns, which strongly suggests that the ultrafine filamentary Ni did not pass through the syringe filter during filtration. Thus, the catalytic effect of Ni was not observed in the thermal desorption process of the sample containing filamentary Ni.



It must be pointed out that from the Full Width at Half Maximum (FWHM) for the Bragg diffraction peaks for crystalline c-Mn(BH4)2, obtained from three filtered/extracted powder samples, like those in Figure 8, we calculated corresponding crystallite (grain) sizes residing in the powder particles. The results are shown in Table 1.



Table 1. Results of the calculations of grain (crystallite) size for the filtered/extracted crystalline c-Mn(BH4)2, from three extracted (2NaBH4 + MnCl2) samples. The Bragg diffraction peak positions 2θ (deg) and full width at half maximum (FWHM) for a corresponding Bragg peak and crystallite (grain) size, D, are listed.







	
Sample #

	
2θ (deg)

	
FWHM β (deg)

	
D (nm)






	
1

	
19.177

	
0.2303

	
35.02




	
19.795

	
0.1791

	
45.02




	
21.423

	
0.2047

	
39.57




	
22.267

	
0.1791

	
45.20




	
23.060

	
1.6374

	
4.94




	
29.338

	
1.2280

	
6.70




	
2

	
19.072

	
0.2047

	
39.43




	
19.705

	
0.2047

	
39.47




	
21.330

	
0.1791

	
45.21




	
29.114

	
0.6140

	
13.37




	
3

	
19.171

	
0.2047

	
39.43




	
19.727

	
0.1791

	
45.06




	
21.398

	
0.1791

	
45.12




	
29.146

	
0.3070

	
26.76










Experimentally obtained lattice spacings, d(hkl), for crystalline c-Mn(BH4)2, that was solvent extracted from the 0.5 and 1 h ball milled (2NaBH4 + MnCl2) samples, are listed in Table 2. For comparison, the d(hkl) values calculated from synchrotron radiation as reported by Varin et al. [8], and those obtained from selected area electron diffraction pattern (SAEDP) [10], are also included for comparison. The agreement between the d(hkl) values in this work and those reported by Varin et al. [8] and Shirani Bidabadi [10] is very good. Since different precursors and methods for the Mn(BH4)2 synthesis were used in the present work than those reported by Varin et al. [8] and Shirani Bidabadi [10], some small differences in the lattice spacings are expected.



Table 2. Experimental lattice spacings, d(hkl), for filtered/extracted, crystalline c-Mn(BH4)2 obtained in this work from the 0.5 and 1h ball milled (2NaBH4 + MnCl2) samples, compared to d(hkl) values calculated from synchrotron radiation [8] and to the experimental ones obtained from SAEDP (selected area electron diffraction pattern) by Shirani Bidabadi et al. [10].







	
Calculated d(hkl) (Å) for Crystalline Mn(BH4)2 in (2LiBH4+MnCl2) from the Bragg’s Law Using Data and λ = 0.73065 Å for Synchrotron Radiation [8]

	
Experimental d(hkl) (Å) for Crystalline Mn(BH4)2 from SAED [10] in (2LiBH4+MnCl2)

	
Experimental d(hkl) (Å) for Extracted Crystalline Mn(BH4)2 in (2NaBH4+MnCl2) 0.5h BM; Extr. 42 °C-20 min [11]

	
Experimental d(hkl) (Å) for Extracted Crystalline Mn(BH4)2 in (2NaBH4+MnCl2) 1 h BM; Extr. 42 °C-25 min (this work)






	
8.883

	
---

	
-

	
-




	
-

	
-

	
-

	
5.310




	
5.242

	
---

	
5.207

	
5.184




	
-

	
-

	
-

	
4.887




	
4.689

	
---

	
4.623

	
4.635




	
4.552

	
---

	
4.476

	
4.487




	
4.185

	
---

	
4.134

	
4.148




	
3.961

	
---

	
-

	
3.984




	
-

	
-

	
-

	
3.888




	
3.461

	
3.46

	
-

	
-




	
3.438

	
3.43

	
3.389

	
-




	
2.923

	
2.89

	
2.872

	
2.881










Figure 10a shows a comparison of the thermal desorption curves at four temperatures for the filtered/extracted sample (EXT), and the same (2NaBH4 + MnCl2) sample ball milled (BM) for 1 h before filtration/extraction. It is apparent that all of the desorption curves for each temperature for the filtered/extracted sample (EXT) are located much above their BM counterparts, which indicates a much higher H2 capacity released from the filtered/extracted sample. Within an experimental scatter, the desorption curves approach about 7–7.5 wt. % H2 (as mentioned earlier, due to a very small quantity of released B2H6 (Figure 9a), the y axis for the gas desorption curves in Figure 10a is designated as desorbing solely H2). Desorption at 140 °C and 160 °C seems to be suppressed, for some reasons, after an initial rapid stage as compared with that at 100 °C and 120 °C. Also, the H2 desorption at 100 °C is much faster than that for their ball milled counterpart. Figure 10b shows the Arrhenius plot for the filtered/extracted sample with the estimated AAE of 90.15 kJ/mol. This can be compared with a higher AAE of 123.09 kJ/mol for its ball milled counterpart (Figure 10c [11]). It is quite obvious that the c-Mn(BH4)2 hydride formed after filtration/extraction has much better thermal desorption characteristics than its amorphous a-Mn(BH4)2-type precursor, which was synthesized during ball milling. Figure 11 shows an XRD pattern for the 0.5 h BM ((2NaBH4 + MnCl2) + 5 wt. % LiNH2) sample (QTR = 36.4 kJ/g), after filtration/extraction at 42 °C and 60 °C. No diffraction peaks for crystalline c-Mn(BH4)2 are present in Figure 11, which is similar to Figure 8 for an additive-free sample. This result is very striking, since it strongly suggests that the LiNH2 additive suppressed the transformation of an amorphous Mn(BH4)2-type hydride into a crystalline Mn(BH4)2 hydride during solvent extraction.


Figure 10. (a) H2 desorption curves for a pre-milled and filtered/extracted (2NaBH4 + MnCl2) sample (EXT) as compared with the same ball 1 h (QTR = 72.8 kJ/g) ball milled sample (BM). (b) The Arrhenius plot of rate constant k with temperature for the estimation of the apparent activation energy (AAE) of hydrogen desorption from the filtered/extracted sample. (c) The Arrhenius plot for the same sample just after 1 h BM [11].
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Figure 11. XRD pattern for the ((2NaBH4 + MnCl2) + 5 wt. % LiNH2) sample, ball milled for 0.5 h (QTR = 36.4 kJ/g) and subsequently filtered/extracted (EXT) at 42 °C and 60 °C using an evaporation time of 6–7 min.
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Figure 12 shows the MS (Figure 12a) and TGA/DSC (Figure 12b) thermal behavior for the same ((2NaBH4 + MnCl2) + 5 wt. % LiNH2) sample, whose XRD pattern is shown in Figure 11. MS shows no presence of desorbed diborane (B2H6), although simultaneously, the H2 capacity is also reduced for reasons that are not clear. However, a complete elimination of B2H6 from the released gas is striking.


Figure 12. (a) Mass spectrometry (MS) (gas desorption spectra) for a ((2NaBH4 + MnCl2) + 5 wt. % LiNH2) sample ball milled for 0.5 h (QTR = 36.4 kJ/g) and then extracted at 42 °C/6–7 min evaporation time, using solvent filtration method. (b) TGA and DSC curves during desorption. Heating rate 5 °C/min.
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3. Discussion


We reported [11] that a mechanochemical reaction occurred during ball milling of NaBH4 and MnCl2. As a result, there was a formation of a solid solution of NaBH4 in NaCl with approximate stoichiometry Na(Cl)x(BH4)(1−x) where 0 < x ≤ 1, which was accompanied by the formation of an amorphous manganese borohydride along the following reaction steps [11]:


2NaBH4 + MnCl2 → BM → a-Mn(BH4)(2x) + 2[Na(Cl)x(BH4)(1−x)] + [(2 − 2x)Cl]



(1)




where a-Mn(BH4)(2x) is an amorphous manganese borohydride mechanochemically synthesized during ball milling. This amorphous manganese borohydride is apparently non-stoichiometric, and this non-stoichiometry could prevent attaining a stoichiometric, crystalline structure during the formation of the borohydride by a mechanochemical activation synthesis during ball milling [11]. A full stoichiometry would occur for x = 1, for which the theoretical capacity of reaction (1) would approach 4 wt. % H2. In addition, since x in Equation (1) is expected to be close to 1, the Cl quantity would be miniscule.



As can be seen in Figure 2 and Figure 5, the formation of a non-stoichiometric, amorphous a-Mn(BH4)(2x) hydride through mechanochemical synthesis during ball milling is not affected in any way by additives such as filamentary Ni, graphene, and LiNH2.



The additives of graphene and filamentary Ni do not measurably affect the kinetics of H2 thermal desorption from an amorphous a-Mn(BH4)(2x) synthesized in the ball milled ((2NaBH4 + MnCl2) + 5 wt. % graphene/Ni) samples (Figure 4).



The graphene additive substantially suppresses the quantity of diborane (B2H6) in the gas mixture released thermally up to 200 °C from an amorphous a-Mn(BH4)(2x) mechanochemically synthesized in the 0.5 h BM ((2NaBH4 + MnCl2) + 5 wt. % graphene) sample, to such an extent that the ratio H2/B2H6 = 1844 (Figure 3a) is much higher than the ratio H2/B2H6 = 948 for the additive-free 0.5 h BM (2NaBH4 + MnCl2) sample [11]. The suppression mechanism is not clear yet.



It is found that the most effective suppressor of B2H6 released from an amorphous a-Mn(BH4)(2x) hydride in the ball milled mixtures is the LiNH2 additive. The MS H2/B2H6 intensity ratio increases to a whopping value of about 5000 during thermal release of gas from a-Mn(BH4)(2x) synthesized in a ball milled ((2NaBH4 + MnCl2) + 5 wt. % LiNH2) sample (Figure 6a,c,e).



As shown earlier, the LiNH2 additive is a powerful suppressor of B2H6 released from the ball milled—as well as filtered/extracted—amorphous a-Mn(BH4)(2x), since B2H6 is nearly completely eliminated in all practical terms (Figure 6a,c,e and Figure 12a). We hypothesize that two reactions could be responsible for suppressing the release of B2H6 during thermal decomposition of amorphous hydride:


2LiNH2 + B2H6 → 2LiH + 2BN + 4H2



(2)






LiNH2 + B2H6 → LiBH4 + BN + 2H2



(3)







Furthermore, one can calculate the standard enthalpy (heat) of reactions (2) and (3), ΔH°(reaction), which is given as the difference between the standard enthalpies (heats) of formation of the products, and the reactants [15] in the following form:


ΔH°(reaction) = ΣΔHf°(products) − ΣΔHf°(reactants)



(4)




where ΔHf° represents the standard molar enthalpy of a formation, at 25 °C, of the products and reactants in Equation (4). It should be pointed out that, by definition, the standard enthalpy of the formation of a chemical element in its standard state is zero, ΔHf° = 0 [15]. Taking the standard molar enthalpies of the compound formation from [16,17]: ΔH°f(LiNH2) = −182.12 kJ/mol (−43.5 kcal/mol [17]), ΔH°f (B2H6) = 35.56 kJ/mol, ΔH°f(LiH) = −90.63 kJ/mol, ΔH°f(BN) = −254.39 kJ/mol, ΔH°f(LiBH4) = −190.46 kJ/mol, we obtain

	
For (2), ΔH°(reaction) = [2(−254.39) + 2(−90.63)] − [2(−182) + 35.56] = −361.6 kJ/mol



	
For (3), ΔH°(reaction) = [(−254.39) + (−190.46)] − [(−182) + 35.56] = −298.41 kJ/mol.








For both reactions, the standard enthalpy (heat) is negative, which indicates an exothermic nature of both reactions. This agrees well with the exothermic character of the DSC curve for the sample with the LiNH2 additive in Figure 6b,d,f, for the non-stoichiometric, amorphous a-Mn(BH4)(2x) hydride, synthesized by ball milling. In addition, it agrees well with the exothermic character of the DSC curve for the same LiNH2-bearing sample with a DSC plot in Figure 12b, which shows a broad exothermic curve for an amorphous a-Mn(BH4)(2x) hydride retained after solvent extraction (Figure 11). However, reactions (2) and (3), even if they thermodynamically agree with the exothermic character of the experimental DSC curves, still require a formation of compounds, such as LiH (Equation (2)), LiBH4 (Equation (3)), and BN (both) after desorption. The diffraction peaks of those compounds are not observed in the XRD pattern in Figure 5 for the (2NaBH4 + MnCl2) + 5 wt. % LiNH2) sample, which was ball milled for 0.5 and 1 h, and subsequently desorbed at 100 °C for 36 h. It could be hypothesized that LiH, LiBH4, and BN were formed as amorphous compounds. Still, more studies are required to confirm that hypothesis.



In general, the crystalline c-Mn(BH4)2 hydride, which was formed during a solvent filtration/extraction process, releases a lower quantity of B2H6 (Figure 9a) than its amorphous a-Mn(BH4)(2x) counterpart [11].



The endothermic character of thermal gas desorption reaction in DSC is preserved regardless of the type of hydride, whether either amorphous a-Mn(BH4)(2x) in the additive-free, ball milled (2NaBH4 + MnCl2) samples [11], or that ball milled with the graphene additive (Figure 3b), or c-Mn(BH4)2 in the filtered/extracted sample (Figure 9b). That confirms that it is still a Mn(BH4)2-type hydride, regardless of it being amorphous or crystalline.



Surprisingly, as shown in Figure 11, the LiNH2 additive seems to suppress the formation of a crystalline c-Mn(BH4)2 hydride upon a phase transformation occurring during hydride extraction from the Et2O solvent. The extracted hydride apparently still remains an amorphous a-Mn(BH4)(2x) hydride. However, the extracted amorphous hydride still releases H2 upon its thermal decomposition, as shown in Figure 12a. However, the quantity of desorbed H2 is smaller than that observed for both additive-free and additive-bearing ball milled amorphous a-Mn(BH4)(2x) (Figure 4a,c,e and Figure 10a-BM curves) and extracted crystalline c-Mn(BH4)2 (Figure 10a-EXT curves). At the moment, it’s hard to propose any reasonable mechanism by means of which the LiNH2 additive could suppress the transformation of a non-stoichiometric, amorphous a-Mn(BH4)(2x) hydride into its crystalline form upon extraction from the Et2O solvent. More studies are needed.



Finally, it must be pointed out that the crystalline c-Mn(BH4)2 hydride is, in reality, nanocrystalline, having nanograins (Table 1) embedded within the “slabs” shown in Figure 7.




4. Materials and Methods


Manganese chloride (MnCl2) (purity 99.99%) and sodium borohydride (NaBH4) (purity 98%) were purchased from Alfa Aesar Canada. The powders were mixed in a 2:1 molar ratio. The pre-mixed mixture was ball milled for 0.5 and 1 h in the magneto mill, Uni-Ball-Mill 5 [3,18,19,20], which is manufactured by A.O.C. Scientific Engineering Pty Ltd. (Wollongong, Australia). Cover atmosphere in the vial was provided using ultra-high purity hydrogen gas (purity 99.999%: O2 < 2 ppm; H2O < 3 ppm; CO2 < 1 ppm; N2 < 6 ppm; CO < 1 ppm; THC < 1 ppm) at 450 kPa pressure. The milling process was carried out using the strong impact mode (IMP68) with two magnets positioned at 6 and 8 o’clock, at a distance of 10 and 2 mm from the vial, respectively. An air-tight milling vial with an O-ring and a pressure valve mounted on the lid was loaded with a powder mixture for ball milling. The vial contained four hardened steel balls, which resulted in a ball-to-powder weight ratio (R) of 132. The rotational speed of the milling vial was set to 200 rpm. During the milling process, two fans were continuously cooling the vial. The pressure increase in the milling vial was measured every few minutes using a pressure gauge (with an accuracy of ±0.1 wt. % H2) in order to monitor the release of hydrogen (if any) during ball milling.



Three other mixtures were prepared using the same 2:1 molar ratio of NaBH4 and MnCl2. The first mixture was made with the addition of 5 wt. % ultrafine filamentary carbonyl nickel (Ni) supplied by Canadian New Energy/Electronic Materials Corporation (Cnem Corp) (Mississauga, Canada) and referred to as “filamentary Ni” in the text. The second one was prepared with the addition of 5 wt. % flake-reduced graphene oxide (FL-rGO), referred to as “graphene”, obtained from Nanomaterials (http://www.nanomaterials.pl). The FL-rGO product consists of two to three stacked nanostructure graphene layers, and contains ~9.6 wt. % % of oxygen and ~1 wt. % H2 (the exact chemical elemental analysis can be found at http://www.nanomaterials.pl). The graphene product is amorphous and contains 26–30 at. % of oxygen. A third mixture containing 5 wt. % LiNH2 (95% purity) obtained from Sigma Aldrich with a purity of 95% was also prepared.



All of the processes during preparation of the samples were handled in a glove box containing moisture-absorbing Drierite granulated compound, which greatly prevented undesirable reactions between the powder samples and moisture or oxygen in air. Before handling, the glove box was purged a few times with high purity argon gas (99.999% purity) in order to minimize any possible contamination.



A schematic of the solvent filtration/extraction method performed in this work is shown in Figure 13. The ball milled (2NaBH4 + MnCl2) powder was mixed with diethyl ether (Et2O) in a 1:28 mass ratio (1:16.5 for the mixture with LiNH2) in Flask 1, and Flask 1 subsequently was swirled for 20–22 min in order to dissolve the newly formed amorphous a-Mn(BH4)2 hydride in the Et2O solvent and separate it from NaCl. A rubber stopper was used during this dissolution process.


Figure 13. A schematic explaining the solvent extraction methodology employed in the present work used for a separation of crystalline c-Mn(BH4)2 from the mixture with NaCl-type salt.
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The suspension after swirling was injected into a 60 mL BD type syringe with a central nozzle and conical end (a Henke-Sass Wolf (HSW) type, 60 mL syringe with flat end and a central nozzle was used for the sample with LiNH2). Subsequently, a 0.2 µm syringe was used for filtering the suspension into Flask 2. As a result of filtering, NaCl was collected at the filter, and the suspended Mn(BH4)2-type hydride was allowed to pass through the filter. In turn, the solid Mn(BH4)2-type hydride was obtained by evaporation of Et2O from the suspension. The evaporation process of filtered suspension contained in Flask 2 was carried out on a hot plate at a temperature of 42 °C for 20–25 min (6–7 min for the mixture with the LiNH2 additive), accompanied by a simultaneous vigorous stirring at 1000 rpm to agitate the solution. A yield of 49.6% of the crystalline c-Mn(BH4)2 hydride was obtained from the additive-free and graphene/Ni-containing samples. The solvent extraction procedure was carried out entirely in the glove box that was purged and subsequently filled up with high purity argon gas (99.999% purity).



A second generation volumetric Sieverts-type apparatus [3,21] custom-built by A.O.C. Scientific Engineering Pty Ltd., Wollongong, Australia was used for the evaluation of thermal gas desorption. A powder sample was loaded into a stainless steel reactor of this apparatus, which was built entirely of 316 austenitic stainless steel, in a glove box under high purity argon. A subsequent transfer to the main unit of the volumetric Sieverts apparatus was done in a sealed reactor without any exposure to the environment. In desorption measurements, the samples with the masses of 30–40 mg were used. Before initiation of the desorption test, ultra-high purity hydrogen was used for purging the inner tubing of the apparatus, usually four times. The furnace of the apparatus was heated separately to the desired test temperature and subsequently inserted onto a tightly sealed powder sample reactor, inside which an atmospheric pressure of 1 bar H2 was kept. Normally, the powder sample in the reactor reached the furnace temperature of 100–200 °C within the period of ~400 s, which is negligible compared to desorption completion time, and makes the test isothermal. The plotted desorption curves were corrected for the hydrogen gas expansion due to the increase in temperature. The quantity of desorbed hydrogen in wt. % with respect to the total weight of powder sample was calculated from the ideal gas law, as described by Varin et al. [3]. The calibrated accuracy of desorbed hydrogen capacity was about ±0.1 wt. % H2, while the accuracy of temperature reading and stabilization was ±0.1 °C.



A simple Arrhenius equation [3] was used for the calculation of the apparent activation energy for volumetric hydrogen desorption, using the registered dehydrogenation curves, as reported by Sandrock et al. [22]:


[image: ]



(5)




where k is the slope of the linear portion of volumetric hydrogen desorption curves (rate of hydrogen desorption-wt. % H2/h) recorded by the Sieverts-type apparatus, Ea is the apparent activation energy in kJ/mol, R is the gas constant (8.314472 J/mol/K), T is absolute temperature (K), and k0 is a constant. The measured rates were plotted in the Arrhenius form as ln k vs. 1000/RT.



The crystalline structure of the powders was characterized by a Bruker D8 X-ray diffractometer using a monochromated Cu Kα1 radiation (λ = 0.15406 nm) with an accelerating voltage of 40 kV and a current of 30 mA. The scan range was from 2Θ = 10° to 90° at the rate of 1.2°/min, with a step size of 0.02°. The powder sample was loaded in the glove box into a homemade brass holder with Cu/glass plates and a polymeric Kapton window transmittable to X-ray in the upper part of the sample holder. The crystallite (grain) size of the crystalline c-Mn(BH4)2 obtained from solvent extraction was estimated by a well-known Scherrer method [3] using the four to five strongest diffraction peaks of the Mn(BH4)2 pattern.



The LEO 1550 high resolution, field emission scanning electron microscope (FESEM) working in a secondary electron mode (SE) with the accelerating voltage of 10 kV was used to study the morphology of the powders. After dispersing the powders on a sticky carbon tape in a glove box filled with high purity argon, the tapes were quickly transferred to the SEM sample holder.



The differential scanning calorimetry (DSC) analysis was conducted simultaneously with the thermogravimetric analysis (TGA) on a Setaram Sensys Evo 3d analyzer (France). The analyzer was coupled with a quadrupole mass spectrometer Hiden Analytical (United Kingdom). Each powdered sample (10–30 mg) was loaded into an alumina crucible of 100 µL volume and covered with alumina powder almost to the top of the crucible to prevent the oxidation and hydrolysis during the quick transfer to the analyzer, and also to avoid a volatile foaming and flowing out of the crucible if the powder sample melted. After loading to the analyzer, each sample was flushed with high purity helium gas (<10 ppm O2 and H2O, BIP quality, Air Products) for 90 min, and after that, heating of sample was performed from 30 to 500 °C with the rate of 5 °C/min. Carrier helium gas flow was set to 28 mL/min. For the assessment of the levels of H2 and B2H6, the Hiden Analytical mass spectrometer was set up to analyze the intensity of ions exhibiting the following ratios of m/z: 2 (H2), 27 (B2H6), 26 and 24. The last two correspond to the species that may form during the decomposition of B2H6. For graph plotting, the measured pressure of released gases was normalized by the mass of the powder sample, as first reported by Varin et al. [11]. Such an approach allows a direct qualitative comparison of the released gas peak intensities on the MS graphs. The normalizing approach avoids misleading differences in signal intensities, which can be caused by varying the masses of the samples.
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