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Abstract

:

Magnesium borohydride (Mg(BH4)2) is one of the most promising hydrogen storage materials. Its kinetics of hydrogen desorption, reversibility, and complex reaction pathways during decomposition and rehydrogenation, however, present a challenge, which has been often addressed by using transition metal compounds as additives. In this work the decomposition of Mg(BH4)2 ball-milled with CoCl2 and CoF2 additives, was studied by means of a combination of several in-situ techniques. Synchrotron X-ray diffraction and Raman spectroscopy were used to follow the phase transitions and decomposition of Mg(BH4)2. By comparison with pure milled Mg(BH4)2, the temperature for the γ → ε phase transition in the samples with CoF2 or CoCl2 additives was reduced by 10–45 °C. In-situ Raman measurements showed the formation of a decomposition phase with vibrations at 2513, 2411 and 766 cm−1 in the sample with CoF2. Simultaneous X-ray absorption measurements at the Co K-edge revealed that the additives chemically transformed to other species. CoF2 slowly reacted upon heating till ~290 °C, whereas CoCl2 transformed drastically at ~180 °C.
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1. Introduction


Metal borohydrides (or tetrahydroborates) are complex hydrides containing BH4− anions counterbalanced by metal cations. Group I and II borohydrides (except Be) have pure ionic interactions between the cations and BH4− and thus strong B-H bonding, which renders the compounds particularly stable, decomposing only above 200 °C with typically pure H2 release [1,2]. In transition metal (TM) or mixed cation borohydrides, on the contrary, the interaction between the cation(s) and H− of the BH4− group can be partially covalent, which significantly destabilizes the B-H bonding and promotes decomposition even below room temperature (RT), but with release of mostly B2H6 [3,4,5,6,7,8]. TM borohydrides can, in many cases, be obtained by reaction of the corresponding chloride with an alkali borohydride [5,8]. Due to their exceptionally high gravimetric hydrogen content (up to 18 wt% in LiBH4), metal borohydrides, both stable and unstable, have been extensively studied for hydrogen storage applications [2,9,10].



Magnesium borohydride (Mg(BH4)2) has one of the highest hydrogen densities (14.5 wt.% and >100 kg·m−3) [11,12,13,14]. DFT calculations have predicted its decomposition to a mixture of MgBx (or MgB12H12) with MgH2 below 100 °C, accompanied by H2 release [15,16,17,18]. Experimentally Mg(BH4)2 decomposes only at ~200 °C, which is still a low temperature compared to other stable borohydrides. The decomposition is a multi-step reaction, the path depending on the experimental conditions, and involves the formation of amorphous boron hydride compounds at 285 °C–320 °C [19,20,21,22,23,24,25,26,27]. Nevertheless, it has been shown that H→D substitution at the surface occurs at ~100 °C in γ-Mg(BH4)2 [28], which is a much lower temperature than seen in other ionic borohydrides [29,30,31], confirming a comparatively low stability of the B-H bonds in the compound. These inconsistencies between the theoretical stability of Mg(BH4)2 and experimental Tdec can be explained by kinetic barriers, such as H diffusion in the bulk [28], and/or the formation of intermediate phases disregarded in the calculations [32].



Addition of TM-based additives, e.g., oxides, halides, metal nanoparticles, has been one of the strategies used to enhance the hydrogen storage performance of borohydrides. After the report of Bogdanovic et al. [33] that Ti-based additives resulted in significantly improved hydrogen cycling properties of NaAlH4, this approach has been applied to a wide range of similar compounds and composites, including metal borohydrides [2,26,34,35,36,37,38,39,40,41,42]. The addition of several TM-compounds has indeed resulted in improved hydrogen storage properties of stable borohydrides and related composites, including decrease in Tdec [35,41], in some cases remarkably by as much as 200 °C [36]. Enhancement of the desorption and absorption reactions kinetics [26,42], improved hydrogen purity, reversibility [37] and borohydride synthesis from the decomposition products [39] has also been documented. A few studies have addressed the mechanisms of the additives’ “catalytic” activity [26,34,42,43]. It has been shown that the additives undergo chemical transformations and form alkali- or alkaline-earth metal halides [34], finely dispersed metal clusters or/and boride-like structures [26,42,43]. The latter can be stable upon cycling [26,42] or change the metal-B coordination numbers reversibly [43].



In our previous works [26,42] we have shown that Ni- and Co-based additives have an effect on the kinetics of hydrogen desorption and absorption in γ-Mg(BH4)2 [13]. Ex-situ X-ray absorption spectroscopy (XAS) studies have shown that the additives were chemically modified to compounds similar to Ni- and Co-borides after first decomposition of Mg(BH4)2. In this work we present a series of in-situ measurements involving quasi simultaneous monitoring of the changes in both the Co-additives and in γ-Mg(BH4)2. XAS spectroscopy was applied to follow the modifications in the additives, and synchrotron radiation powder X-ray diffraction (SR-PXD) with Raman spectroscopy were used to contemporaneously characterize the borohydride matrix. Additional characterization of the samples was performed by transmission electron microscopy (TEM) ex situ.




2. Results


2.1. Synchrotron Radiation Powder X-ray Diffraction (SR-PXD) Study of Mg(BH4)2 Decomposition at 2.5 Bar H2


Figure 1 shows in-situ SR-PXD data upon heating the γ-Mg(BH4)2 at 2.5 bar H2 backpressure until the formation of amorphous phase(s) and/or melting at ~285 °C. The sample was ball-milled before the thermal treatment, following the same procedure adopted for the samples with the additives. The RT pattern of γ-Mg(BH4)2 (Figure 1) has a high background at small 2θ, which can be assigned to amorphous Mg(BH4)2 formed upon material storage [44] and milling [25]. In the 150–200 °C range, pure γ-Mg(BH4)2 underwent two phase transitions.
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Figure 1. (a) In-situ synchrotron radiation powder X-ray diffraction (SR-PXD) of milled γ-Mg(BH4)2 obtained by heating the sample from room temperature (RT) to 285 °C at 5 °C/min and 2.5 bar H2. Detailed view: (b) γ → ε; and (c) ε → β′ phase transitions in γ-Mg(BH4)2. 
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The first phase transition (Figure 1b) to the commonly named ε-phase occurred in the 150–170 °C temperature range. The PXD pattern of this phase is similar to the one observed earlier [24]. The second phase transition (Figure 1c), to the disordered β-Mg(BH4)2 or β′-Mg(BH4)2 [45], was observed at 185–202 °C. At about 200 °C the peak intensities of β′-Mg(BH4)2 started decreasing, together with the simultaneous increase in the amorphous background, which indicated the onset of sample decomposition. At ~285 °C all crystalline reflections disappeared, in agreement with sample decomposition to the amorphous phases and/or melting [24].
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Figure 2. In-situ characterization using (from top to bottom) SR-PXD, Raman and X-ray absorption (XAS) spectroscopies of the thermal decomposition of Mg(BH4)2 + 2 mol% CoF2 (C1 sample) in the RT-300 °C range in two different annealing environments: (a–c) 2.5 bar H2; and (d–f) 1 bar Ar. 
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2.2. In-Situ X-ray Diffraction (XRD)/X-ray Absorption Spectroscopy (XAS)/Raman Study of Mg(BH4)2+Coadd Decomposition


2.2.1. Mg(BH4)2 + CoF2


Figure 2a,d show the series of in-situ SR-PXD data obtained while decomposing the sample Mg(BH4)2 + 2 mol% CoF2 (named C1) in 2.5 bar H2 (C1-H2) and 1 bar Ar (C1-Ar). The γ → ε phase transition in Ar was observed at a lower temperature than that in H2, in the ~105–160 °C range vs. ~130–175 °C in H2. The ε → β′ phase transition occurred at ~175–190 °C in the C1-H2 sample and at ~175–200 °C in the C1-Ar sample. Starting from about 220 °C, a change was observed in the amorphous background profile and in the β′-Mg(BH4)2 peaks intensities in the C1-H2 sample. Such changes can be related to the decomposition of Mg(BH4)2 to amorphous compounds.



Raman spectroscopy can be used to characterize both amorphous and crystalline phases. Raman spectra of the C1 sample in H2 and Ar obtained at RT before the measurements (Figure 2b,e) in the 2900–600 cm−1 region show peaks due to the vibrations of BH4− molecular ions [46]. The B–H stretching modes are centered at 2316 cm−1 (symmetric stretching, νsym), and the bending modes are located at ca. 1400 (symmetric bending, δsym), 1197 and 1120 cm−1 (asymmetric bending, δasym), respectively [46]. Scattering due to the overtones and combinations of BH4− bending were observed at ~2520 and 2208 cm−1. The weak broad peaks >500 cm−1 can be tentatively assigned to the librations of (BH4)−. The small peak at 468 cm−1 might be due to CoF2 [47]. Heating to 180 °C caused a gradual decrease of the intensities of (BH4)− stretching and bending bands, due mainly to thermal effects since no decomposition is expected below 200 °C. No evident new peaks were observed during heating. At 180 °C, new vibrations appeared at 2513, 2411, and 766 cm−1 in samples heated in both Ar and in H2, although the intensities of these peaks were more pronounced in the spectrum of C1-H2. Unfortunately, further decomposition at >180 °C could not be followed with Raman measurements, the spectrum being obscured by a strong fluorescence background. This background may be related to the decomposition phase fluorescent with the used laser.



The crystalline additive CoF2 was observed in the SR-PXD patterns after ball-milling and throughout the in-situ measurement until 290 °C, when the Mg(BH4)2 either melted or decomposed to amorphous phases. The intensity of CoF2 peaks started to decrease only at ~220 °C, indicating a reaction of the fluoride during heating both in Ar and in H2.



Co K-edge XAS spectra of sample C1, obtained at the isothermal steps during the in-situ measurement in H2 and Ar are shown in Figure 2 (c and f, respectively). The spectrum obtained at RT (orange curve) is very similar to the reference CoF2, indicating that no chemical reactions occurred during ball-milling. No significant modification of the spectra was observed during heating up to 220 °C. However, the spectra obtained at 290 °C were considerably different, reflecting changes in the oxidation and coordination state of cobalt atoms. The high intensity of the white line in the spectrum at RT is characteristic for cobalt atoms in high oxidation states (CoF2, CoF3) and its decrease is an indication of reduction of cobalt atoms [26]. The observed modifications in the post-edge region (ca. above 7730 eV) suggest also changes in the structural environment around Co atoms. The final XAS spectrum was not similar to either Co2B, Co or CoF2, indicating that the additive had reacted to an intermediate phase or mixture of phases.



In order to clarify the nature of the intermediate phases, reference spectra of pure Co2B, Co or CoF2 were collected. The linear combination fitting (LCF) of the spectra of C1 decomposed in H2 and in Ar are reported in Figure 3a–f, respectively, for three temperatures: 177 (a,d), 220 (b,e) and 290 °C (c,f).
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Figure 3. Linear combination fitting (LCF) of C1-H2 (a–c) and C1-Ar (d–f) XAS spectra recorded (from top to bottom) at 177 °C, 220 °C and 290 °C using CoF2, Co, and Co2B as references. All combinations of the three references were used in the fit, with the weight sum set to 1; the edge energy parameter, E0, was freed and ΔE0 denotes its shift after fitting. The fit range is shown by vertical dashed lines. The errors are indicated in parenthesis. 
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LCFs of C1-H2 show that the additive was still primarily composed of CoF2 at 177 °C with a residual part converted in a new phase, which was present in too small quantity to be properly fitted. At 220 °C, the best fit was obtained with the CoF2 and Co2B references, whereas at 290 °C CoF2 and Co had to be used. Notably, the amounts of CoF2 regularly decreased in the spectra collected at increasing temperatures. However, the attempts to obtain better fits with consistently Co2B or Co for the 220 °C and 290 °C spectra were unsuccessful, resulting in unacceptably large shifts in E0 (>9 eV) and visibly bad fits. The poor fit at the two highest temperatures can be an indication of other than the references phase(s). On the basis of the LCF analysis, it can be suggested that at ~200 °C CoF2 formed borides which were transformed to metallic nano-clusters (giving no diffraction peaks) at higher temperature. The spectrum of C1-Ar sample (Figure 3d–f) obtained at 177 °C was best fitted with CoF2 and Co foil references, although the fit with CoF2 and Co2B (not shown) was only slightly worse. Notable is the large shift in the edge energy, ΔE0, (both in the fit with Co foil and Co2B) and small amount of the new phase. The large ΔE0 can indicate that the reference set was not strictly adequate to the actual composition of the additive and/or that the amount of the new cobalt phase was too low to obtain meaningful fit. The satisfactory fit with CoF2 and Co references of the C1-Ar spectra obtained at 220 °C and 290 °C indicates a gradual transformation of CoF2 to metallic cobalt with increasing temperature.




2.2.2. Mg(BH4)2 + CoCl2


Mg(BH4)2 + 2 mol% CoCl2 (named C2 in the following) was annealed only in Ar. The γ → ε and ε → β′ phase transitions in Mg(BH4)2 were observed at ~107–150 °C and ~177–190 °C, respectively (Figure 4a). The onset temperature for the decrease in the intensity of diffraction peaks due to β′-Mg(BH4)2 was ~220 °C. The Raman spectrum of C2 at RT was similar to that of samples C1 (Figure 4b, green line) but, at about 180 °C, the sample was already fluorescent and all vibrational features were obscured (red curve in Figure 4b).The diffraction peaks of the crystalline CoCl2 additive were observed in the PXD pattern of the sample after milling indicating that the additive had not reacted with Mg(BH4)2.



In the in-situ SR-PXD measurements (Figure 4a), the intensities of the peaks for CoCl2 remained unaltered up to 200 °C. At this temperature they started to decrease, and disappeared completely by 290 °C. On the contrary, in-situ XAS spectra (Figure 4c) showed a larger temperature dependence of Co coordination and oxidation state. A strong change in the XAS spectra was observed during the 177 °C isotherm. In particular, after 5 min at 177 °C the spectrum (Figure 4c, brown curve) was very different from the one recorded at RT. It suggests that the local environment around cobalt in the CoCl2 additive was significantly altered already at this temperature. LCF of the first spectrum in the sequence at 177 °C (Figure 4d) indicated that Co was present mostly as CoCl2 (~88%). However, the spectrum recorded only after ~5 min shows that the amount of CoCl2 was reduced by half (Figure 4e). A nano-scale dimension of the Co particles could explain the absence of the peaks due to metallic Co in the SR-PXD patterns. The residuals in the fitting of the XAS-data indicate that, as for the C1-Ar and C1-H2 sample, a considerable amount of Co atoms were in the oxidation/coordination states different from those of the references. Further changes were observed in the spectrum obtained at 290 °C. Fitting this spectrum with the available references was unsuccessful, indicating that the Co atoms were mainly bound in unidentified compounds. The XAS spectrum obtained by quenching C2-Ar at RT after the experiment (light green curve in Figure 4c) showed further chemical transformations of the Co-additive. Also in this case, LCF did not give any meaningful results with the available references.
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Figure 4. In-situ characterization of the thermal decomposition of Mg(BH4)2 + 2 mol% CoCl2 in Ar in the RT-290 °C range. (a) SR-PXD at increasing T; (b) Raman spectra at RT (green) and at 180 °C (red); (c) Co K-edge XAS spectra of CoCl2 reference (at RT) and C2 recorded at different temperatures and at RT after the measurements (light green). XAS spectra are y-offset for clarity. LCF of C2-Ar with CoF2, Co, and Co2B references: at 177 °C (d) and after 5 min at 177 °C (e). All combinations of the three references were used in the fit with the weight sum set to 1; the E0 parameter was freed. The fit range is shown by dashed lines. The errors are indicated in parenthesis. 
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The as-milled sample was additionally characterized by TEM (Figure 5). A TEM image (Figure 5a) illustrates variable size of the sample particles ranging from some tens of nanometers to over a hundred nanometers. Figure 5b shows a dark-field scanning (S)TEM image of several particles in the sample, along with the corresponding energy dispersive spectroscopy (EDS) maps. The Mg map identifies the main Mg/B phase particles. Figure 5c shows electron energy loss spectroscopy (EELS) spectra obtained from three different representative positions in the sample. The positions of the B-K, Cl-L2,3, C-K, O-K and Co-L2,3 peaks are indicated. Curve 1 from a discrete particle of the additive phase exhibits strong peaks due to Cl and Co. Carbon in the spectrum is due to the slight contamination of the sample and the fact that the electron beam was passing through the carbon support film. Curves 2 and 3 were obtained from the positions indicated in the STEM image of an aggregate of particles shown in the dark-field STEM image of Figure 5d.



Curve 2 is from the main part of the particle. The prominent oxygen peaks indicate some oxidation of the sample which could have happened during transportation and handling. A strong B peak is also present and the EELS map for this element is also shown on the Figure 5d. There is no Mg peak in the energy range of the EELS spectra, but the presence of this element was confirmed by the Mg map of Figure 5b, which includes the aggregate of Figure 5d.
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Figure 5. Transmission electron microscopy (TEM) observations of C2-bm sample. (a) TEM image showing Mg(BH4)2 particles dispersed on C support film; (b) STEM image and EDS maps; (c) EELS spectra from different positions in the specimen; (d) STEM image and Boron EELS map from region included in (b). 
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The Co and Cl maps indicate similar distributions of these elements confirming that most of the additive remained as CoCl2 phase after milling and confirming the PXD results. However, the maps show also that a small amount of the elements is associated with the Mg/B phase, which suggests breaking up of CoCl2 and its incorporation into the borohydride matrix. It should be mentioned that the EDS maps are susceptible to variations in background intensity when the level of elements is low.



Spectrum 3 of Figure 5c was obtained from a small area at the particle surface. It shows the presence of Co, in addition to B and O, and relatively smaller amount of Cl, which suggests that a small amount of a chlorine-less phase of cobalt had formed at the particle surfaces during ball milling. In this way, TEM and SR-PXD analyses (Figure 4) show that most of CoCl2 additive did not react with the sample during ball-milling.



A comparison between the XAS spectra of the C1 and C2 samples obtained at 290°C is shown in Figure 6a. It is clear that the CoF2 and CoCl2 additives did not form identical compounds at this stage (violet and pink curves). In particular, cobalt in CoF2 at 290 °C both in H2 and Ar preserves higher oxidation state than the cobalt in CoCl2. This is evident both from the slightly higher edge energy (7721 eV vs. 7718 eV in CoF2 and CoCl2, respectively) and more intense white line. Meanwhile the XAS spectra of CoCl2 obtained at 290 °C and at RT after the measurements also show some differences which can probably be explained by temperature-related changes in the cobalt coordination state.





[image: Energies 08 09173 g006 1024] 





Figure 6. (a) Co K-edge XAS spectra of the C1 sample at 290 °C obtained in Ar (violet line) and H2 (green line) and XAS spectrum of C2 sample at 290 °C in Ar pink curve). The spectrum recorded after quenching C2 at RT is also reported for comparison (yellow line). Co K-edge k2-weighted FT-transform moduli of the EXAFS signals (phase-uncorrected) at different temperatures of (b) C1-H2 and C1-Ar and (c) C2-Ar. 
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Fourier transform of the extended X-ray absorption fine structure (FT-EXAFS) spectra are presented in Figure 6b, c for samples C1 and C2, respectively. These graphs show the moduli part of the FT of the k2-weighted EXAFS signal. The latter represents the radial distribution function centered on Co atom. The position of each peak in the FT corresponds to an average length (after phase correction, Δφ) of a single scattering path or to the convolution of more than one path, whereas the intensity is related to the number of the nearest neighbors and structural disorder in the system.



In the spectrum of C1-bm (CoF2 additive, Figure 6b), the first (and most intense) peak at 1.56 Å corresponds to the backscattering from the six fluorine atoms in the first coordination shell of cobalt [26]. These atoms are located at 2.01 and 2.06 Å, thus giving the phase difference, Δφ, of 0.45–0.5 Å. This first peak shifts to 1.63 and 1.96 Å upon heating to 177 °C and 290 °C, respectively (Figure 6b). The reduction in the peak intensity can be explained by structural disorder around cobalt and/or decrease in the coordination number. The peaks at 2.5–4.2 Å are composed by several contributions from different scatterers with predominant contributions from cobalt atoms at 3.2 Å and 3.7 Å and from F atoms at 3.6–3.8 Å [26]. The intensity of these peaks decreased significantly with temperature (Figure 6b) reflecting more disorder in the distant coordination shells. At 220 °C, a new peak at 2.2 Å appeared in the spectra, which shifted to 2.0 Å at 290 °C and became the only feature in the spectra. These changes in cobalt environment upon heating can be explained by atomic rearrangements around cobalt. Firstly, the Co-F distances increase by ~0.1 Å due to the thermal lattice expansion and a simultaneous decrease in the number of the first shell neighbors. Above 200 °C new neighboring atoms appeared around cobalt with the new coordination shell formed at ~2.45 Å (2.0 + Δφ). This value is very close to the interatomic distances in cobalt metal (2.42 Å). Furthermore it can be noted that the EXAFS spectra (Figure 6b) obtained at 290 Å do not exhibit the shoulder at low radial distance which would correspond to the first-shell B neighbors [26]. Thus, it can be suggested that cobalt metal clusters, rather than cobalt boride species, were the predominant phases formed by the CoF2 additive in this study. The changes in cobalt environment observed upon C1 decomposition in Ar and H2 were very similar, suggesting a small effect of the atmosphere on the chemical transformations in the additive in the present temperature range. Therefore, the slight difference in the γ-ε phase-transition and decomposition temperature of Mg(BH4)2, observed in the in-situ SR-PXD (Section 2.2.1) should be attributed to the different atmosphere.



The analysis of the EXAFS spectra conducted for the C2 sample (CoCl2 additive) is shown in Figure 6c. Also in this case the radial distribution function for the as milled sample indicates that the additive was essentially unreacted during the milling. In fact, the most intense peaks at 1.9 Å and 3.0 Å are due to the scattering from Cl and Co neighbors located in CoCl2 at 2.5 and 3.6 Å, respectively (Δφ = 0.6 Å) [26]. Up to 177 °C (Figure 6c), the FT-EXAFS spectra indicates the presence of only one cobalt species, CoCl2. In the spectra collected after 5 min at 177 °C, a significant change in the local cobalt environment is evident (Figure 6c, 177 °C cyan curve). A strong reduction in the intensity indicates also a highly disordered coordination environment which was preserved upon heating up to 290 °C and after cooling the sample down to room temperature. In the new cobalt phase the nearest neighbors were located at the distances 2.3–2.4 Å, if the Δφ obtained from fitting the CoCl2 reference is used.





2.3. Discussion


It has been repeatedly shown that TM-additives, particularly halides, react with the host complex hydride matrix [26,34,42,43]. Even the borides lose long-range order, although preserving the local environment around the metal [26,42]. Therefore, these types of compounds cannot be called catalysts in the classical meaning. Our in-situ study demonstrates that this is also the case for Co-based additives, although some differences can be noticed between CoF2 and CoCl2. CoCl2 already reacted with Mg(BH4)2 at 177 °C, whereas CoF2 was slowly reduced upon heating above this temperature. At 290 °C both the additives produce highly disordered phases that, however, differ slightly from each other. The EXAFS extraction allowed some information about the cobalt environment in these compounds to be obtained, but their precise nature remains somewhat unclear. In particular, CoF2 forms the species with the first coordination shell at ~2.45 Å whereas for CoCl2 a 2.3–2.4 Å distance was suggested for the first neighbors. Linear combination fits of the Co K-edge XANES spectra indicate that cobalt metal rather than cobalt boride is formed upon reduction, with the concomitant presence of other, unidentified, phases. In our previous ex-situ study [26], we have found that cobalt additives transform into boride-like species upon cycling with Mg(BH4)2. Nevertheless, in that study the ex-situ XAS measurements were performed at least one month after cycling. It may indicate that borides could be formed upon further cycling in H2 and/or ageing of the samples. The in-situ XAS spectra have shown also a gradual change in the cobalt environment in the additives which rules out the low-temperature formation and decomposition of cobalt borohydride. TEM observations suggest that some of the Co was incorporated into the hydride surfaces.



Table 1 summarizes the phase-transitions and decomposition temperatures of the samples, as observed by in-situ SR-PXD in this study. It is notable that the γ→ε phase transition occurred about 45 °C lower in the samples with CoF2 and CoCl2 decomposed in Ar than in pure milled Mg(BH4)2. In the C1-H2 sample this temperature was lowered by only 20 °C. A destabilization of the γ phase (and then a decrease in the temperature of γ → ε transition) can be explained on the basis of the effect of the additive on the metastable nature of the porous γ-Mg(BH4)2. A smaller effect was observed also in the onset temperature of the ε → β′ phase transition, which was lowered by 10 °C in all cases. The Tdec, which was defined as the onset of the decrease in the diffraction peaks intensities of the β' phase and increase in the amorphous halo intensity, was similar for all the samples. C1-H2 appeared to be stabilized by the CoF2 additive. It is noteworthy as only in this case the LCF of the XANES spectra did not evidence the partial transformation of the Co-additive in Co metal particles for T lower than 220°C.
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Table 1. Summary of phase transition and decomposition temperatures of the Mg(BH4)2 samples obtained in this study.
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Event

	
Mg(BH4)2 Milled-H2

	
C1 (Mg(BH4)2 + 0.2 mol% CoF2)/H2

	
C1 (Mg(BH4)2 + 0.2 mol% CoF2)/Ar

	
C2 (Mg(BH4)2 + 0.2 mol% CoCl2)/Ar






	
γ → ε phase transition

	
150–170 °C

	
130–175 °C

	
105–160 °C

	
107–150 °C




	
ε → β′ phase transition

	
185–202 °C

	
175–190 °C

	
175–200 °C

	
175–190 °C




	
Decomposition

	
>200 °C

	
>220 °C

	
>200 °C

	
>200 °C









Raman spectra of C2-Ar have shown that the sample became strongly fluorescent at 180 °C, whereas C1-H2 and C1-Ar still had well defined Raman scattering. This could indicate that the CoCl2 lowers Tdec of Mg(BH4)2. At the same time, since the PXD data have shown similar decomposition temperatures for both C1 and C2, the fluorescence could also originate from the reacted cobalt additive. Raman spectra of the C1-H2 gave also the peaks at 2513, 2411, and 766 cm−1, belonging to an unidentified boron hydride phase. The values at 2513 cm−1 and 2411 cm−1 are similar to the BH stretching in higher boron hydrides whereas the peak at 766 cm−1 is in the range of the B–B stretching of these compounds. It is notable that no peaks were observed in the 1800–2200 cm−1 region where the B–H–B stretching of bridged hydrogen atoms should appear [48].



The question on how Co-additives affect the decomposition process of Mg(BH4)2 is intriguing, especially taking into account the literature results on Ni and Co-additives effect on the decomposition of borohydrides and related compounds. It should be noted though that the most prominent results, such as dramatic decrease in Tdec, was observed for the samples where additives were combined with other destabilization approaches, for example, dispersion in the highly porous media [36,43] or mixing with electron-rich compounds [41]. The effects of pure additives on pure borohydrides could thus be attributed simply to chemical reactions between the two and the ball-milling process usually used to prepare the composites. The large effect of the ball milling alone on the partial decomposition and rehydrogenation of pure Mg(BH4)2 was recently demonstrated [26].





3. Experimental Section


All procedures were carried out in a glove box under a continuously purified Ar atmosphere (O2, H2O < 1 ppm) if not stated otherwise. Commercial γ-Mg(BH4)2 (95%, Sigma-Aldrich, St. Louis, MO, USA) was used. XRD analysis of this sample showed that the crystalline fraction of this batch was constituted by γ-Mg(BH4)2. CoCl2 (99.999%), and CoF2 were purchased from Sigma-Aldrich. The starting powder mixtures consisted of Mg(BH4)2 and 2 mol% of an additive (Coadd). The milling was carried out in stainless steel vials and balls with a 40:1 ball-to-powder weight ratio. Pure Mg(BH4)2 and the additives were milled for 1 h at 280 rpm under 1 bar Ar pressure.



In-situ SR-PXD of the ball-milled γ-Mg(BH4)2 decomposition was performed at the Swiss-Norwegian Beam Line (station BM01A) at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The X-ray wavelength λ = 0.70153 Å was used. The combined in-situ SR-PXD, XAS, and Raman spectroscopies data were collected at the station BM01B at ESRF [49]. For the measurements in Ar, the samples were placed in borosilicate capillaries (1.0 mm in diameter) and sealed in the glove-box with the air-tight glue. For the measurements in H2, the capillaries were attached to a sample holder enabling connection to a gas line. Before the measurements in H2, the samples were degassed in vacuum at RT, and 2.5 bar H2 pressure was set in the capillaries. The capillaries were heated by a calibrated hot blower. Temperature calibration was carried out with In and Sn standards (experimental melting points were obtained at the nominal temperatures 145 (In) (theoretical. 156.61 °C) and 219 (Sn), theoretical 231.9 °C). The samples were heated up to 290 °C with a 5 °C /min heating rate with two isothermal pauses at 177 °C and 220 °C of 60 min. After reaching 290 °C, the samples were kept at that temperature for several hours. SR-PXD data were collected every 0.5 min during the heating ramps and every 4 min at the isothermal steps. XAS scans were obtained during the isothermal steps every 5 min. Raman spectra were collected during the experiments until the samples became fluorescent at about 180 °C.



SR-PXD data were collected with a wavelength of 0.5025 Å. 2D images were obtained with an exposure time of 30 s using an image plate detector. A number of dark-current images (17–90 for different ramps and isothermal steps) were obtained before the sample scans, averaged, and subsequently subtracted from the sample images.



In-situ XAS data were collected in the XANES and EXAFS regions in the energy range 7.6–8.6 keV comprising Co K-edge at 7.7089 keV in transmission mode using a double crystal Si (111) monochromator. The spectrum of the Co foil (hcp) was used as a reference for data calibration and alignment. The spectra of the reference powders—CoF2, CoF3, CoCl2, used in the preparation of the composites, and additionally Co powder (99.5%, Alfa Aesar, Ward Hill, MA, USA), Co2B (American Elements, Los Angeles, CA, USA), and CoO (>99.99%, Aldrich) were measured diluted with boron nitride to 2 mol% of Coadd. XAS data analysis was carried out with DEMETER software pack (ATHENA and ARTEMIS, B. Ravel and M. Newville, Brookhaven National Laboratory, Upton NY, USA) [50]. The spectra were pre-processed in ATHENA (background subtracted, aligned, the step scans were averaged and used for final plots and fitting). Liner combination analyses (fits, LCF) in the range from −30 eV to +20 eV were performed with the ATHENA software. Calculation of the theoretical scattering paths in the EXAFS region and fitting were performed with the FEFF6 code [51] using ARTEMIS. Due to the low concentration of the additive and the small sample quantities required by the capillaries in the experimental set-up, the energy step was low and the spectra obtained were rather noisy, especially in the EXAFS region. Therefore, several consequent spectra, obtained at the higher temperatures were merged in order to increase the signal to noise ratio.



Raman spectra were collected on an RA 100 Raman analyzer (Renishaw, New Mills, UK) using a 532 nm (green) excitation wavelength in backscattering mode with exposure times of 200 s and step of 1.2 cm−1 over a 3200–200 cm−1 range.



TEM was performed in the NORTEM TEM Gemini Centre, Norwegian University of Science and Technology (NTNU), Norway, using an ARM200F instrument (JEOL, Tokyo, Japan) operating at 200 kV. A JEOL Centurio detector was used for EDS analysis and a Gatan and EELS using a Gatan Quantum imaging filter. As-milled sample was studied. Sample preparation was performed in a glove box. A small quantity of the powder was crushed in a mortar and dispersed onto a standard holey carbon film on a Cu support grid. The sample was rather stable under the electron beam.




4. Conclusions


The in-situ study combining X-ray diffraction and absorption, and Raman spectroscopy allowed us to follow several aspects of the decomposition of Mg(BH4)2-Coadd system simultaneously, i.e., changes in the crystalline and amorphous Mg(BH4)2 matrix and in the cobalt-based additives. This approach can provide valuable knowledge on the decomposition process of complex (molecular) hydrides and effect of the metal-based additives on this process. It allowed us to follow the reaction during the thermal treatment, pointing out that the cobalt was reduced by Mg(BH4)2. CoF2 was found to be more stable at a higher temperature than CoCl2. In-situ XAS measurements suggested that Co-additives form metal clusters rather than CoBx species upon reduction. In case of CoCl2 additive, TEM observations suggest that small amount of the Co was incorporated into the hydride surfaces already after ball-milling although the main additive phase remained as CoCl2. The identification of the amorphous fraction of the Mg(BH4)2 decomposition products by means of Raman scattering was hindered by fluorescence with the 532 nm laser, and the data obtained at higher temperature were not very informative. However, we were still able to observe that one of the decomposition products had the vibrational modes at 2513, 2411, and 766 cm−1, belonging to an unidentified boron hydride phase. These vibrations are very similar to the ones measured by means of infrared spectroscopy in a previous study on Mg(BH4)2 decomposition [52].
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