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ABSTRACT. Mg(BH,); attracts a particular interest as material for hydrogen storage because of
its high gravimetric capacities and being suggested as a rehydrogenable compound. Although
extensively studied, besides the whole decomposition process, a large debate is still present in the
literature about the temperatures leading to the different (and in many cases, unknown) products. In
this paper, an ad hoc designed thermogravimetric study, together with a critical review of literature
data, allowed to identify the products for low reaction rates. Two reaction environments have been
considered: dynamic vacuum and hydrogen atmosphere. In order to guarantee quasi equilibrium
conditions, the samples were obtained after 10 h isotherms in the RT-400 °C range. The
decomposition of y-Mg(BH4), has been here characterized adopting a new approach and by XRD
and medium infrared spectroscopy, together with experimental techniques used for the first time for
this process (Far-IR and UV-Vis-NIR spectroscopies). Density functional calculations were
performed to help the identification of the amorphous products. A possible process mechanism was

delineated and in particular that: (a) Mg(BH4), decomposition starts at 200 °C; (b) MgB4H/ is



proposed, for the first time, as the phase responsible for its reversibility for 7 < 270 °C, which
would implicitly restrict the Mg(BHjy), reversible capacity to 3.7 mass%.
Keywords: Mg(BHj,),, hydrogen storage, borohydrides, density functional calculations, IR spectra,

boranes.

INTRODUCTION

Complex metal hydrides represent a particularly important class of materials for hydrogen storage
because of the high gravimetric H; capacities reached by most of these compounds, in particular
borohydrides (e.g. 18.5 mass% H, in LiBH4). These high gravimetric capacities are possible
because, at difference of classical metal hydrides where hydrogen is present as interstitial guest in
the metal host lattice, in complex hydrides a covalent bond exists between the H atom and an atom
of the framework, allowing to store very high quantities of hydrogen. Nevertheless, the covalent
nature of the chemical bond asks for a true chemical reaction for hydrogen release, making more
difficult, and in most cases impossible, the rehydrogenation of the system. Moreover, very high
temperature and the release of harmful by-products as B,Hg are often characteristics of their
decomposition. Between borohydrides, Mg(BH4), (14.5 mass% H,) is the only representative able
to partially rehydrogenate in mild conditions (1-2 mass% at 210-285 °C and 100-155 bar).'” The
total rehydrogenation from MgB, has been reported only at 350 °C and 800 bar, resulting in a
mixture of Mg(BH4), and MgB12H12.4'6 Moreover, Mg(BHy), is able to release up to 6 mass% in
mild temperature conditions (300 °C)" and the gaseous product of its decomposition is hydrogen
with only slight traces of diborane.”® In order to improve its reversibility, several studies have been
aimed to shed light on the evolution of the phases formed during the complex dehydrogenation of
this material:"**"'! nevertheless, its decomposition mechanism is still unclear. In fact, several open
questions are under debate upon the decomposition mechanism of Mg(BHy), (a schematic list of
them is reported in the Supporting Information). In the present paper, most of these questions have

been addressed by adopting an experimental approach to the problem derived by a critical analysis
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of the results reported in the literature. In fact, most of the difficulties occurring in the identification
of the decomposition intermediates (Mg-B-H species, in the following) arises from the amorphous
nature of the intermediates themselves and of some of the high temperature Mg(BHa),
polymorphs.'? A large number of possible Mg(BH4), structural polymorphs (crystalline or
amorphous) has been experimentally determined or suggested (see Supporting Information and
Figure Sl for further information). > '*'? At present, seven different crystalline polymorphs have
been identified for Mg(BH,),: o (P6,22),° B (Eddd)," v (Ia-3d),"* 8yp (P4,nm), € (P3,12)'® and &.”

9,13-20
’ so that

7 Among them, only a, B, { and y have been structurally determined (see Figure S1),
an assessment of thermodynamic properties has been possible.”' Different amorphous polymorphs
of Mg(BH,), have been reported'> * in the temperature range interested by the starting of the
borohydride decomposition. Some of these polymorphs undergo to a further phase transition upon
quenching (¢ = a), making difficult to compare results of this process for in situ and ex situ
annealing.9 Besides the intrinsic complexity of the decomposition process, misinterpretation are
often related to inaccuracy in the experimental procedures adopted, as already pointed out by
Paskevicius et al.,” > or to an incomplete analysis of the obtained results. As examples: in sifu XRD
decomposition studies performed on sealed capillaries in Ar are commonly analyzed without taking
into account the increasing concentration of hydrogen in the reaction atmosphere; the sublimation
of some products, especially of elemental Mg, in vacuum/inert gas flow is not taken into account in
gravimetric/volumetric studies at low temperatures (<400 °C);> static vacuum is considered
coincident with vacuum instead with hydrogen atmosphere; the results obtained ex situ can be
different from the ones reachable in situ because of phases transition (melting transformation to
amorphous phase, or € transition to a after quenching at RT).” In the present study, some existing
open points have been clarified as follow, by adopting a new approach designed after a critical
review of the results reported so far: (a) thermal isothermal treatments prolonged in time (20 h), in
order to reasonable consider negligible the influence on the results of the process kinetics; (b)

extensive characterization of the pre-melting temperature range, rarely considered in the literature;
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(c) use of several spectroscopic techniques in order to cover a wide range of energy (from UV to far
infrared) coupled with density functional calculations, with the aim to determine the amorphous
product responsible for the reversibility of the decomposition process for T lower that the Mg(BHy),
melting temperature (270 < T < 290 °C).” Between the possible isomorphs of Mg(BH,),, v phase
has been chosen in order to facilitate the comparison with one of the reference articles in the
literature’ and because this phase is receiving an increasing interest for its porous structure,
characterized by a very large surface area (1160 m” g").'*** Moreover, for temperatures higher than
190 °C, it undergoes to a phase transformation to the 3’ phase making its decomposition path likely
coincident with that of the most studied o phase.” This means that previous studies focused on the
composition of o and 3 phases can be used here for comparison. In the first part of this study, the
decomposition rate of y-Mg(BHj), at different temperatures has been determined by means of a
microbalance by heating the sample up to 450 °C and leaving it to isothermally equilibrate at
selected intermediate temperatures for 10 h. Two different environments have been imposed: (i)
dynamic vacuum (p < 10" mbar); (ii) 300 mbar of H,. This gravimetric analysis allowed to draw
several interesting conclusions and in particular the slow decomposition rate in the pre-melting
temperature range, not allowing to reach the equilibrium even after 10 h of annealing. Only few
studies exist in the literature, reporting the characterization of materials treated isothermally for
very long time," ** but all of them are focused in the post-melting temperature range. The
decomposition in this temperature range, although characterized by fast rate and high H release, is
nevertheless accompanied by a separation of products, leading to severe conditions for
rehydrogenation.*® The characterization of the pre-melting temperature range is then more
interesting from an applicative point of view. Although it has been reported that the environment

9,24,25

determines different reaction products in the post-melting temperature range, no studies exist

for the pre-melting temperature one. Recently, Yan et al.'® reported a study where Mg(BH,), was



decomposed under dynamic vacuum also at 265 °C for 20 h, that is at a temperature where the

melting of the material can be already observed.

Because of the conclusions derived from the TGA analysis, the decomposition of y-Mg(BH4), has
been characterized after treatments of 20 h in dynamic vacuum and in H;, atmosphere at increasing
temperatures (25, 150, 190, 200, 205, 225, 250, 300 and 400°C). The range between 250 and 300
°C has not been considered in the present paper because of the larger dependence of the
decomposition process on the thermal history of the material, making difficult the reproducibility of
the results. The samples were analyzed by means of X-ray powder diffraction (XRD) and by
spectroscopic techniques covering a wide spectral range going from 100 to 50000 cm™. The use of
spectroscopy has been dictated by the amorphous nature of some intermediates. The infrared
characterization of Mg(BHj4), and of its decomposition products has been previously reported,” >
' but it was restricted to the medium infrared region. Such a broad frequency range was considered
in order to identify the larger number of characteristic spectroscopic features of the
dehydrogenation products. Being lacking in the literature the infrared spectra of all the possible

intermediates, density functional (DFT) calculations have been also carried out in order to help in

the individuation on the reaction intermediates in the pre-melting temperature range.

MATERIALS AND METHODS

Materials. y-Mg(BH4), was purchased from Sigma Aldrich (95% purity, 54978-1G, batch
#MKBKO0970V). XRD analysis of the as received sample indicated the sample contains ca. 78
mol% of y phase and 22 mol% o phase, with no other phase present (see Supporting Information for
further details).”® The materials have been handled in inert atmosphere (M Braun Lab Star Glove
Box supplied with pure 5.5 grade Nitrogen, <0.5 ppm O,, <0.5 ppm H,0). H; (6.0 N purity) was

used for thermal treatments. Because of the conclusions derived from the TGA analysis, the



decomposition of y-Mg(BH4), has been characterized after treatments in dynamic vacuum (p < 10™
mbar) and in 200 mbar of H, atmosphere on a glass vacuum line at increasing temperatures (25,
150, 190, 200, 205, 225, 250, 300 and 400°C), leaving the sample to isothermally equilibrate at
each temperature for 20 h. Before the treatment in hydrogen, the sample was degassed for 1 h at
RT. As sample containers for the preparation of the samples by annealing, wide bottom glass tubes
where used as suggested in previous studies,’ in order to facilitate the visual observation of the
sample and to minimize the temperature gradient in the different portion of the sample. About 150
mg of fresh powder has been used for each annealing treatment. After each isotherm, the system
was cooled to room temperature, degassed for 10 minutes, and characterized within 6 hours from

the end of the thermal treatment.

Powder XRD measurements. Powder X-Ray Diffraction measurements were performed in the
2@ range 2° — 90° (step size of 0.017°, time per step 200 s) using a laboratory diffractometer
(Panalytical X Pert Pro Multipurpose Diffractometer) equipped with Ni filtered Cu source in
Debye-Scherrer geometry. Samples were sealed into boron silica glass capillaries of internal
diameter 0.8 mm in a protected atmosphere. Diffraction patterns were refined with Rietveld method

using MAUD (Material Analysis Using Diffraction) program.27’ 28

Microgravimetric measurements. An intelligent gravimetric analyzer (IGA-002, supplied by
Hiden Analytical Ltd, UK) was used, equipped with a fast heating furnace for the temperature
control and an ultrahigh vacuum system (10 mbar). Before each measurement, the sample was
degassed for 12 h at RT. Buoyancy effects were found to affect the weight to less than 0.25% in the
pressure and temperature range considered and for that reason were neglected. The measured
weights were affected by an absolute error lower than 0.01 mg in the conditions adopted (starting
sample weight of about 100 mg), corresponding to an error in the calculated mass loss comprised in

the range 0.03-0.08 mass%.



FTIR spectroscopy. Attenuated Total Reflection Infrared (ATR-IR) spectra (2 cm™ resolution,
average on 256 scans) were collected in the 4000-375 cm™ range on loose powder on a Bruker
Alpha spectrophotometer, equipped with an internal reflection element in diamond and placed in the
glove box. Intensity of the spectra has been corrected for the effective thickness value for the
different incident wavelengths. Far-IR measurements were carried out in the 600-100 cm™ range on
a Bruker Vertex 70 spectrophotometer, by averaging 32 scans (2 cm™ resolution) on pellets
obtained by diluting the powder samples in a paraffin wax (Sigma Aldrich) in a 1:6 volume ratio, by

mechanical mixing in an agate mortar.

UV-Vis-NIR spectroscopy. Diffuse reflectance UV-Vis-NIR measurements were performed on a
Varian Cary 5000 spectrometer equipped with a reflectance sphere on loose powders diluted in
Teflon (Sigma Aldrich, previously degassed at 120 °C for 12 h) in 1:10 mass ratio. For the

measurements, the samples were placed inside the standard powder cell of the instrument.

Computational methods. Calculations have been performed with the Gaussian 09 software
package.” All the systems under study have been optimized by means of the Becke’s three-

parameters hybrid exchange functional®

supplemented with the Lee, Yang and Parr’s gradient-
corrected correlation functional®’ (B3-LYP). For all the elements (Mg, B and H), the fully
optimized triple-(, valence basis sets proposed by Ahlrichs et al.** with polarization (TZVp) have
been adopted. Geometry optimization has been carried out by means of the Berny optimization
algorithm with analytical gradient. The thresholds were set to 0.000450 and 0.000300 a.u. for the
maximum and the rms forces respectively; and to 0.001800 and 0.001200 a.u. for the maximum and

rms atomic displacements, respectively. A (99,590) pruned grid was used (i.e. 99 radial points and

590 angular points per radial point).

Harmonic frequencies have been obtained by analytically determining the second derivatives of

the energy with respect to the Cartesian nuclear coordinates and then transforming them to mass-



weighted coordinates. No scaling factor has been adopted. The calculated spectra have been
obtained by simulating the peak broadening of each signal by means of a Lorentzian curve having a

full width half maximum (FWHM) of 25 cm™.

RESULTS

Microgravimetric analysis. In the first part of this study, the decomposition rate of y-Mg(BHy),
at different temperatures has been estimated by means of a microbalance by heating the sample up
to 450 °C (1°C/min) at increasing temperatures (25, 150, 190, 205, 225, 250, 300, 350, 400 and 450
°C) and leaving it to isothermally equilibrate at each temperature for 10 h. The use of a gravimetric
apparatus instead of a volumetric instrument has been dictated by the higher sensitivity of
gravimetric measurements (making them particularly suitable for the study of slow kinetics
decomposition processes) and to the direct dependence of the results on the weight of the species
evolved. Two different environments have been imposed: (i) dynamic vacuum (p < 10" mbar); (ii)
300 mbar of H,. Several steps at temperature lower than the melting temperature of Mg(BH4), have
been considered.’ In fact, although it has been claimed in several studies that Mg(BH4), would
decompose only after melting, as typical of borohydrides, in different papers it has been reported as
the decomposition would start at significantly lower temperature: 100°C (Ar flow),” 150°C (Ar
flow),'” 205°C (dynamic vacuum)' or 227°C (He flow).* Actually, the close proximity of the
melting temperature to the temperature at which the decomposition rate significantly increases, has
been at the basis of the diverging opinion on the melting behavior of Mg(BH4),, unraveled only
recently (see Ref. 22 and Supporting Information for further details). The results obtained in the
present thermogravimetric (TGA) study are reported in Figure 1 and in Table 1, where they are
compared with gravimetric studies previously reported. From Figure 1, it is evident as the effect of
annealing environments has a strong impact on the mass loss at all the temperatures (compare the

orange and the black curves in Figure 1, corresponding to decomposition in vacuum and hydrogen,
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respectively). Another interesting information that can be deduced from Figure 1 is that the mass
loss is important also in the pre-melting temperature range (7' < 260 °C), associated to

decomposition products with high vapor pressure (e.g. smaller boranes).
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Figure 1. Thermal decomposition of y-Mg(BH4), in the RT-450 °C range in dynamic vacuum (p <
10~ mbar, orange curve) and in hydrogen atmosphere (p = 300 mbar, black curve). The temperature
curve is also reported as grey curve. The pre-melting temperature range is highlighted by means of

a light grey area. The asterisk marks the beginning of sublimation for the decomposition in vacuum:
the part of the curve affected by sublimation has been reported as a dotted line.

For T <260°C, the decomposition rates are so slow to not allow reaching the equilibrium even
after 10 h of annealing. On one hand, this explains the reason why it has been for long time reported
that the decomposition of Mg(BH4), would be possible only for 7> 260 °C. Moreover, a direct
conclusion from this plot is that, for heating rate > 1 °C/min, a strong overlap is expected between
phases that would form in equilibrium condition at different temperatures, making difficult their
identification and intrinsically making their appearance strongly dependent on the heating rate
adopted.'” The large dependence of the mass loss on the heating rate is evident by comparing the
values reported in Table 1: in particular, for the measurements performed under He atmosphere (",
3 and 4™ column) the only difference in the decomposition conditions is the heating rate, so that a

significant increase of the mass loss is observed by lowering the velocity from 10 to 1 °C/min.

It is worth noting that, in dynamic vacuum conditions, a strong sublimation was observed starting
from temperature higher than 225 °C (see asterisks and dotted part of the orange curve in Figure 1).

The sublimation was visually observed by degassing the sample in a glass tubes. This aspect is
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usually neglected in experiments and it is expected to hinder the rehydrogenation of the system

back to Mg(BH,); if a too low H, backpressure is used. This point is expected to be particularly

important for complex hydrides in general, in the sense that a lowering in the cyclability of the

hydrides is expected if the decomposition is carried out in dynamic vacuum, because of the removal

of the most volatile products (e.g. smaller boranes and Mg).

Table 1. Cumulative mass loss of the Mg(BH.), expressed as mass% at increasing temperatures in H,, He

and Ar atmospheres and in dynamic vacuum, as determined on gravimetric apparata.

T(C)
150
165
190
205
212
225
250
300
330
350
365
400

450
500
527

H,’

0.28

0.95

1.26

1.77

291

6.06

7.21

6.96

6.65

He’ He* He’
0.0
0.14
0.49
1.03 0.0
3.84 33
7.24 5.9
10.24
11.0
12.86
13.51
13
14.4

Ar®

0.88

1.31

5.34

9.59

Ar vacuum®
1.4 1.01
1.87

2.25 1.85
2.56 3.4
2.63

2.86 7.89
3.55 19.94
6.59 23.51
8.59

9.67 24.81
10.32

11.05

11.7

“y-phase, 300 mbar, 10 h of equilibration at each temperature (this work). The calculated mass

loss were affected by an error estimated in the range 0.03-0.08 mass%.

boc-phase, 2°C/min, 50 ml/min, from Ref. 8.

“B-phase, 5°C/min, 150 ml/min, from Ref. 33.
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doc-phase, 10°C/min, 50 ml/min, from Ref. 7.
‘y-phase, 1°C/min, 100 ml/min, from Ref. 17.
fy-phase, 2°C/min, 50 ml/min, from Ref. 2.

$y-phase, dynamic vacuum (turbolecular-equipped system), 10 h of equilibration at each
temperature (this work). The calculated mass loss were affected by an error estimated in the range
0.03-0.08 mass%.

The thermogravimetric signals in Figure 1 indicate that for the decomposition both in vacuum and
in hydrogen atmosphere, gas release is observed already at 150 °C (first and last column of Table
1). This gas evolution can be related to the loss of species encapsulated in the pores (solvent and
B,H)* or to a partial dehydrogenation of the borohydride, that would start then at very low
temperatures.” ' This result was already reported by David et al.'” in a coupled thermogravimetric /
mass spectroscopic (TGA-MS) study in Ar flow. Nevertheless, the mass loss at this temperature
was so low to prevent in that study the discrimination between the possible desorbed species by
mass spectroscopy (Ha, BoHg, solvent). The dehydrogenation of Mg(BH4), can be reasonably ruled
out for 7 < 190 °C on the basis of the observation that the decomposition of a-Mg(BH4), (also for
slow heating rates, 2 °C/min)* would start only for 7> 190 °C. y-Mg(BH,), pores are occupied by
solvent and B,Hs molecules that can be released only after activation in supercritical gas™* or pore
collapse, the latter due to chemical reaction with external reagents®® or to phase transitions.
Although the mass loss observed for 7' < 190 °C for y-Mg(BH4), can be related to the different
surface area of this isomorph that would facilitate the kinetics of decomposition, this result can be
likely related to the released of the trapped species, as a consequence of the transition of y-
Mg(BHy), to lower surface area isomorphs. This conclusion is also supported by the results
obtained by the XRD and spectroscopy characterization (see below).

An important decomposition for 190 < 7' < 270 °C, that is for temperatures significantly lower

than the melting temperature, is noticed for both hydrogen and vacuum atmosphere. This
12



observation can be visible only in a gravimetric measurements, being the kinetics so slow to hinder
this observation in volumetric apparata. This result suggests that the dehydrogenation temperatures
of Mg(BH,), reported so far should be considered as apparent being largely affected by kinetics if
very long reaction time are not adopted. This would also suggest that the reported catalytic effect of
some compounds on borohydrides, lowering their decomposition temperature below their melting
temperature, could be in some cases related to a physical particle dispersion, but not strictly related
to a chemical “activity” of the additive. This is in agreement with recent results on y-Mg(BHy),
where it was verified that the effect of ball milling on the kinetics of decomposition was similar
with and without additives.” Analogously, the lowering of the Mg(BH,), decomposition
temperature by nanodispersing it on supports may then have mainly a kinetic origin, not necessarily
asking for any activation of the B-H bond by the interaction with the support.”

All the results reported in the following are referred only to the unsublimated fraction of the
samples, whereas a characterization of the sublimated fraction has not been reported for the vac
samples. Attempts to characterize the sublimated part have been performed but because of the small
sample amounts and the likely contamination of the sublimated part by the unsublimated one in the
glove box, the results obtained were so uncertain that have not been reported. Nevertheless, it is
important to stress that the IR spectra recorded for the sublimated fraction did not shown any extra

signals with respect to the ones measured for the unsublimated part.
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Figure 2. XRD patterns recorded after thermal decomposition of y-Mg(BHy), in the RT-400 °C
range in (a) dynamic vacuum (p < 10™ mbar) and (b) in hydrogen atmosphere (p = 300 mbar). (a°)
and (b’): inset in the 4-16° range. The pattern of an empty borosilicate capillary of 0.8 mm in

diameter is also shown for comparison (dotted light grey line). The color legend referring to the
treatment temperature (in Celsius) is reported in the graph.

X-Ray Powder Diffraction. XRD patterns of y-Mg(BH,), after treatment for 20 h at increasing

temperatures in dynamic vacuum (vac) and in H, atmosphere (H2) are reported in Figure 2 (top and
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bottom, respectively). The pattern obtained on the empty capillary is reported for comparison
(dotted light grey line) and it was characterized by a broad halo at about 22°. The description of the
pattern evolution up to 250 °C is basically the same for the vac and the H2 samples, although the
differences observed in the mass loss in the two conditions (see Figure 1). For what concerns the
pattern evolution with temperature, (i) at RT the sample shows the presence of both the o and y
phase, because of the hybrid nature of the commercial material used; (i1) after the 150°C treatment,
the intensity of the peaks due to the y phase were reduced, with a corresponding increase of the ones
relative to a.. This observation is in agreement with what reported in Ref. 9 and it can be explained
by the y—¢ phase transition at 150 °C, where e-Mg(BH,); is converted in o phase after quenching
at RT. (iii) At 190°C, the pattern was characterized by the presence of residual signals relative to
the o phase and it was dominated by the peaks of one or more new crystalline phases of Mg(BHy),,
not previously reported (the interplanar spacing, diffraction angle and relative intensity of
diffraction peaks for unidentified phases are listed in Table S1 in the Supporting Information). In
fact, on the basis of the spectroscopic results that ruled out the formation of some decomposition
products and of the XRD pattern at 200 °C (see below), it can be affirmed that long annealing at
this temperature leads to a further phase transition in Mg(BHy),. In particular, the y—e
transformation was completed and followed by € — phase(l) with the simultaneous oo — phase(Il):
a difference in the phases originating from y and o phases cannot be excluded, although phase(II)
can be coincident with phase(I). In the following these two phases will be indicated with the
comprehensive name of v phase. (iv) At 200 °C the pattern was dominated by the peaks of the B’

9,12, 17

phase, which has been reported previously as an intermediate phase during decomposition.

This phase has been suggested with an orthorhombic structure with Immm space group by Her et

1.2° or 1222 or extinction equivalent by Paskevicius et al.” p* reflections can

al."® and Filinckuk et a
be easily obtained from those of the B phase considering the extinction of the odd h.k,I reflections

due to significant antisite disorder."® For this reason, this phase has been named B’ in Ref. 17. The
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corresponding body-centered cell is equivalent to 1/8 of the Fddd cell.” * As an example, from the
peaks position, a cell dimension with @ = 18.575 A, b =9.302 A and ¢ = 5.458 A has been obtained
for the sample annealed at 200 °C in Hy, that are almost coincident with those already reported for
the Immm cell of B°."* (v) At 205°C, the pattern is still dominated by the B’ phase peaks, but a broad
halo at 14° (d = 6.32 A) appears: this broad signal has been associated in literature to amorphous
Mg(BH,), formed after quenching at RT of melted Mg(BH,),.> ° Nevertheless, being observed at
temperatures sensitively lower than the melting temperature of Mg(BH,),, this peak can be likely
associated to the products of the early stages of the decomposition, as expected on the basis of the
weight loss observed at this temperature (see Table 1). In fact, the occurrence of amorphous halos in
the XRD pattern during decomposition of Mg(BH4), has been already reported.” #1730 A summary
of these signals reported as the corresponding scattering vectors k (k = 4nsinf/)) is given in Table
S2. It is interesting to notice as halos at d = 6.2-6.5 A have been previously reported along the

decomposition of Mg(BH4)2,9’ 12, 36

and associated with the beginning of the dehydrogenation
process. The origin of this halo can be associated to a local change in the microstructure of the
material because of the formation of reaction intermediates. In fact, it can be expected that the
decomposition reaction would starts simultaneously in different zones of the material, originating
crystalline grains of smaller dimensions with respect to the starting ones. Because of that, the
corresponding diffraction peaks are quite large, leading to the appearance of halos. An indication of
that can be seen in the fact that MgH, as decomposition products for temperature lower than 250
°C, is clearly identifiable in the IR spectra (see below) whereas its presence by using only XRD
cannot be clearly stated. Only at higher temperatures, where crystal growth occurs, the observation
of MgH, XRD peaks in the pattern becomes clear. Recently a similar result was reported by Yan et
al.'’ for T =265 °C. Beside the work in Ref. 36, where this signal is observed at 200-225 °C, this
halo was reported only at higher temperatures: 295'% and 325 °C.° This difference in the

temperature at which the decomposition starts can be easily explained on the basis of the different

approach used previously and in the present work. It is interesting to notice that, on the contrary, in
16



the work of Guo et al.’® the decomposition started at 200-225 °C although the sample was
decomposed by using a thermal ramp of 2 °C min™, and then in conditions far from the near-
equilibrium ones adopted here. In fact, in this study, Mg(BHj), was ball milled before
decomposition, then facilitating the dehydrogenation rate also at low ‘[emperature.36 The assignment
of the halo at 14° to decomposition products is here supported also by the appearance of new bands
in the infrared spectrum (see below), previously assigned to dehydrogenation species.” The
dehydrogenation products in the pre-melting temperature range are likely different from the ones
characterizing the post-melting temperature range and they will be indicated in the following as
Mg-B-H(I). (vi) Up to 225 °C, a simultaneous increase in the intensity both of the halo at 14° and of
the peaks associated to the B’ phase is observed. (vii) At 250 °C, the intensity of the 3’ phase peaks
results to be significantly decreased. In the H2 sample, the intensity of the halo at 14° reaches its
highest value, whereas in the vac sample it seems to be partially reduced with respect to what
observed in the pattern obtained after a treatment at 225 °C: this difference can be explained on the
basis of the partial sublimation of the material in vacuum at this temperature that might cause the
partial removal of some decomposition products. Considering the maximum of the amorphous halo
as an evidence of the average interplanar spaces, a value corresponding to 6.32 A turns out for the
peak at 14°, in good agreement with the value of 6.50 A observed in Ref. 12 at slightly higher
temperatures. (viii) At 300°C, the 14° halo strongly decreased in intensity in both the vac and H2
patterns (with a stronger decrease registered for the vac sample), with the simultaneous appearance
of three broad halos at 42, 62 and 77 degrees, as already observed in Refs. 12, 17, 36 at similar
temperatures (see Table S2). The assignment of these signals is also not trivial: in fact, they can be
associated to the formation of MgO due to the presence in the starting material of small traces of
borates,” ** *® but also’® to MgB,, or to generic B-rich species (Mg-B-H(II), that is to the first
dehydrogenation intermediates in the post-melting region). Because of the large FWHW of the
corresponding halos, nothing can be inferred on the structure of these intermediates, that can be

different after vac and H2 treatments. For that reason, they are indicated with a different notation in
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the following, that is as Mg-B-H(Ilv) and Mg-B-H(Ilh), respectively. Besides these broad signals,
only in the XRD pattern registered for the sample treated in vacuum the peaks of elemental Mg are
recognizable whereas, for the sample annealed in hydrogen, MgH, signals are evident. This
difference was already reported by Hanada et al.>* (ix) At 400 °C, the halo at 14 degrees completely
disappeared in both samples while the halos at 42, 62 and 77 degrees became more evident. This
would correspond to an increase in the concentration of MgO or MgB, or to the further
dehydrogenation of Mg-B-H(II) to Mg-B-H-(III) species. In the H2 treated sample, the peaks of
MgH, are substituted by those of elemental Mg, characterized by a very small FWHW. On the
contrary, in the vac treated sample the peaks of Mg were not present anymore after the treatment at

400 °C because of the almost complete sublimation of elemental Mg in these conditions.
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Figure 3. FTIR spectra recorded in the MIR after thermal decomposition of y-Mg(BH4), in the RT-
400 °C range (a, a’) in dynamic vacuum (p < 10~ mbar) and (b, b’) in hydrogen atmosphere (p =
300 mbar) on loose powder in ATR. The color legend referring to the decomposition temperature
(in Celsius) is reported in the graph.
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Figure 4. FTIR spectra in FIR recorded after thermal decomposition of y-Mg(BH4), in the RT-400
°C range (a) in dynamic vacuum (p < 10~ mbar) and (b) in hydrogen atmosphere (p = 300 mbar) on
diluted samples in wax, measured in transmission. The color legend referring to the decomposition
temperature (in Celsius) is reported in the graph.

FTIR spectroscopy. Infrared spectra of y-Mg(BH4), decomposed in vac and H, atmosphere are
reported in Figure 3 (upper and lower part, respectively) for the medium infrared region (3950-375
cm™, MIR) and in Figure 4 for the far infrared region (400-100 cm™, FIR, a and b, respectively). At
RT, the spectrum of Mg(BHy), in the MIR (blue line in Figure 3a and 3a’) is dominated by two
strong signals at 2267 and 1259 cm™ due to the B-H stretching and bending modes, respectively.”
37.38 1 ess intense signals are present at about 2900 cm™ (likely due to residual solvent S(CH3), in
the pores of y-Mg(BHy),), 2658, 1458, 1381, 1120, 908 and 700 cm™ (see Table 2 for all the
assignments). It is important to stress as the intensity of the bands relative to solvent impurities is
two orders of magnitude lower than those relative to B-H stretching and bending signals, allowing
to consider negligible their concentration in the sample (see Figure S3 for a more direct
comparison). Another strong signal is observed at about 400 cm™, likely associated with Mg-B
vibrations. For what concerns the vac treated samples, heating does not cause changes in the
spectrum up to 200 °C, where a small decrease in the intensity of B-H band is observed, suggesting

the beginning of Mg(BH4), dehydrogenation. At this temperature, the XRD patterns showed the
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appearance of the broad halo at 14° that can be then associated to the amorphous products of the
material decomposition for 7' < 270 °C. Starting from 205 °C and up to 250 °C, all the IR features
associated to Mg(BH4), modes decrease gradually in intensity, clearly indicating the decrease in the
concentration of B-H species with increasing temperature due to dehydrogenation. Together with
the decrease of intensity of IR peaks related to B-H containing compounds, the growth of a doublet
at 770 and 748 cm™, with a shoulder at 695 cm™ is observed. This doublet is then likely the infrared
fingerprints of Mg-B-H(I) species, as previously suggested.” * After rehydrogenation, the
disappearance of these infrared bands was observed,” indicating Mg-B-H(I) species as the ones at
the basis of the ability of Mg(BHy), to reversibly hydrogenate. Nevertheless, these Mg-B-H(I)
species have not been fully identified yet.>* It is important to notice as the doublet at about 2550
cm” reported for the Mg(B3Hg), compound,® indicated by ''B NMR in D,0" * and DMSO-dj as
the main Mg-B-H(I) species,'’ is absent in the spectra reported in Figure 3, suggesting to rule out
the formation of this compound in the dehydrogenation of Mg(BHj), in the conditions adopted in
this study. IR measurements were not able to unambiguously confirm the presence of (B;Hg)
species in the dehydrogenated samples in a combined NMR/IR study.” Moreover, a recent
computational work using the CALPHAD method, suggested as unfavoured from a thermodynamic
point of view, the dehydrogenation of Mg(BHs), to Mg(BsHg),.2' At 250 °C, IR signals that can be
associated to the formation of MgH, can be clearly observed (Figure 3a’) at 1120, 959, 475 cm™
(see Figure S3). At T =300 °C, the spectrum shows a drastic change in the baseline indicative of a
strong modification in the chemical nature of the material, as already evidenced by XRD
characterization. In particular, the B-H signals are almost completely disappeared. The doublet at
about 750 cm™ observed in the IR spectrum of the sample annealed at 250 °C is strongly decreased
in intensity with an inversion in the intensity and a slight shift of the peaks at 770 and 748 cm™. The
changes of those signals can be indicative of a change in the local environment around the Mg-B-
H(I) species or, more likely, to their further dehydrogenation to Mg-B-H(Ilv). New signals at 1000

and 464 cm™ appear, associable to MgB, species.”’ The presence of MgO cannot be ruled out from
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those spectra, being characterized by a broad band at 425 cm™ .2 Alternatively, these four signals
can be all associated to Mg-B-H(Ilv) species. At 400 °C, the spectrum (black curve) is further
simplified, presenting only four signals at about 2300, 1000, 745, 464 and 400 cm™'. These features
can be associated either to MgO/MgB, or to (one or more) Mg-B-H(IIlv) species obtained from the

dehydrogenation of Mg-B-H(Ilv).

Table 2. Vibrational frequencies assignment of the y-Mg(BH,), at RT.

frequency (cm™) assignments

2900 solvent

2658 overtones”

2411 combination mode®’
2267 B-H stretching’’

1458, 1381, 1259, 1120  B-H bending’’

908, 700 borates” or combination modes
434, 409 Mg-B vibrations® %
257,231, 208 B-Mg-B bending®

For what concerns samples annealed in H2, in the MIR spectra (Figure 3b and 3b’) they show a
behavior similar to that observed for the corresponding samples treated in vac for 7 < 270 °C. Up to
250 °C, the main difference between the samples treated in vac with respect to those treated in H2
is the smaller decrease of the intensity of the Mg(BH), signals and a lower intensity of the bands
associated to the decomposition products (both Mg-B-H(I) and MgH>). At 300 °C, MgH,; bands (in
accordance with the XRD analysis) and a peak at 1562 cm™, not present in the corresponding
sample annealed in vac, can be evidenced. The latter signal can be considered as a fingerprint of
Mg-B-H(IIh) species. In the spectrum recorded after the treatment at 400 °C, this signal is shifted at

about 1400 cm’', likely because of the further dehydrogenation of the Mg-B-H(IIh) to Mg-B-
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H(IITh). Moreover, a disappearance of MgH, signals was observed because of its dehydrogenation
to Mg, as already observed in XRD characterization.

For what concerns the far infrared region (parts a and b of Figure 4 for vac and H2 samples,
respectively), all the spectra were characterized by two main band groups, centered at 400 and 200
cm’™’. These groups have been previously associated to Mg-B stretching and B-Mg-B bending.”® *!
They can be also associated to other stretching and bending modes (B-B stretching, out of plane
ring bending, etc.) if B-B covalent bonds are present in the decomposition products (see for
example Table S4). The spectra in the FIR region showed a larger dependence on the temperature
than observed in MIR. In particular, whereas in the MIR, up to 200 °C essentially no changes are
observed in the spectral features, in FIR the two complex bands at about 400 and 200 cm™ observed
at RT (blue line) undergoes in the RT < 7 < 190 °C temperature range to a strong change in shape
and position. In particular the band at 200 cm™ has been reported to be a particularly good
fingerprint of different Mg(BHy), isomorphs.”® This observation might be useful for the
identification of the unidentified new phase of Mg(BH4), evidenced in the XRD characterization (v
phase) in future works combining structural Rietveld refinement and periodic quantum mechanical
calculations. For what concerns the evolution of the spectra for 200 < 7' < 250 °C, several signals
appear, whose identification was in most of the cases not possible on the basis of the data available
in the literature. For 7> 270 °C, the description of the reaction evolution is coincident with the one
reported above for the MIR part of the spectra.

UV-Vis-NIR analysis basically support the results obtained by MIR also in the NIR (see
Supplementary Information), indicating a decrease of the BH4 overtones starting from 200°C. For
what concern the UV-Vis region, an increase in the band gap of the material is observed upon
increasing the temperature, as suggested by the change in the color of the samples after the

annealing.
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DISCUSSION

The amorphous nature of the Mg-B-H species (likely due to the local character of the
decomposition process, especially for 7'< 270 °C) makes particularly difficult their identification by
means of diffraction techniques. Moreover, the infrared spectra of all the possible intermediates
species have not been reported so far. For this reason, a possible assignment of the IR features
reported above has been attempted by coupling the spectroscopic characterization with a density
functional study. In particular, the investigation of the Mg-B-H(I) species has been carried out,
being the ones responsible for the rehydrogenation of Mg(BH,), in mild conditions. > **** All the
spectral features obtained for the decomposition products in the pre-melting temperature range were
then used to assess the results of a quantum mechanical screening of the most likely candidates as
Mg-B-H-(I) species, accordingly to the literature.” > *** In this study, a screening of the possible
Mg-B-H(I) candidates has been carried out by considering only the part involving covalent bonds,
that is B-B and B-H bonds (i.e. for the ionic candidates, considering only the anionic moiety). These
bonds are in fact the ones dominating the MIR spectra. Among the systems proposed in literature,*”
* only those characterized by a high H/B ratio have been considered. In fact, the asymptotic mass
loss at 250°C was estimated to be only 2.94 mass% for the decomposition in hydrogen atmosphere
(see Figure 1). The value obtained for decomposition in vacuum has not been considered being
largely affected by sublimation. On the basis of the TGA-MS study conducted by David et al.,"”
about 0.5 mass% can be also associated to B,Hg or solvent evolution from the sample. The total
mass loss at 250°C can be then estimated between 2.4 and 2.9 mass%. The clusters adopted for the
calculations are reported in Figure 5: [B2H6]2',43 [B2H7]',42 [B3H6]3 ',42 [B3H7]2',42 [BgHg]',42 [B5H9]44’
* and [BsH,,].* Mg(BH,), has been simulated by means of the [BH4] unit, that is with the same
approximation adopted for the reaction products, in order to allow the comparison of the
spectroscopic data on the basis of bands shift. [B12H12]2' and [B10H10]2' anions were also considered
because [Bi2H2]* and [BioH o]* species have been identified after Mg(BH,), decomposition in

different temperature and pressure conditions.” *® The simulated IR spectra of these systems, along
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their optimized coordinates and HOMO-LUMO energy difference are reported in the Supporting
Information. In order to evaluate the ability of the adopted computational approach to correctly
simulate the vibrational modes of the Mg-B-H species, the calculated modes have been compared
with the corresponding experimental values reported in the literature for the species for which such
data exist. This comparison indicated as the simulated frequencies are in good agreement with the
experimental values, with an error lower than 10%. For example, the simulated spectrum for
[B1,H,,]* is constituted by three main peaks at 2515, 1064 and 704 cm™ (see Figure S11) that agree
with the bands experimentally reported at 2470, 1070 and 720 cm™.* It is important to stress that it
has been proposed in the literature that the reversible phase could be also constituted by polymeric
forms of the species considered in the DET screening here proposed.'® The present study would not
allow to distinguish between monomeric and polymeric form of the borane species but only to rule

out their presence, independently on their monomeric or polymeric form.

Considering all the simulated spectra (Figures S5-S8), it can be noticed that only some of them
show IR peaks in the region between 800 and 600 cm™ ([BsHsg]", BsHo, [B-H;], [BsH7]*, [BsH 1],
[BioH 0> and [B12H 2]%). Nevertheless, none of the clusters considered is able to correctly fit all
the changes observed in the IR spectrum after treatment at 250 °C (dark yellow curves in Figure 3)
and then to represent a good candidate for Mg-B-H(I). In fact, [BsHg]", [B2H7], [BioHio]* and
[B1oH 2]* show peaks at significantly higher wavenumbers with respect to the B-H stretching band
in Mg(BHy),, in contrast to what observed experimentally for Mg-B-H(I) (see Figure S5-S8).
Moreover, BsHo, [B3H7]2' and [BsH;;] clusters show absorbance bands at about 1500 cm™ not
present in the experimental spectra, allowing to also rule out their presence in the material
decomposed at 250 °C. Although the simulation of the band gap of a material by using the HOMO-
LUMO difference is a quite rough approximation because of the cluster models adopted, it is worth

noticing that, for what concerns [BsHg]", BsHy and [B,H7]’, they were also unable to reproduce the
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red shift in the band gap after decomposition observed in the experimental UV-Vis spectra (see

Figure S2 in the Supporting Information).
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Figure 5. [B,H,,]* clusters used to simulate the possible Mg-B-H(I) intermediates. The structures
reported have been optimized at the B3LYP/TZVp level. The symmetry of each cluster in its
minimum configuration is reported. For [B4H;]*, the reported geometry is the one calculated
imposing the C,, symmetry constraint. Boron and hydrogen atoms are represented as blue and grey
spheres, respectively.

Although none of these clusters was able to model the experimental spectra, the comparison of
the experimental spectra with the calculated ones allow to identify some characteristics of the Mg-
B-H(I) intermediates. (i) First of all, it is possible to associate the doublet peaks at 748 and 770 cm™
to frustrated ring breathing modes. This means that the Mg-B-H(I) intermediates have to possess a
ring structure (simple or complex), constrained in some way on at least one half of the ring sides.
(i1) Terminal B-H bonds, giving signals at frequencies higher than the B-H stretching modes of
Mg(BH4), have to be absent (on the contrary of what expected for Mg-B-H(II) and Mg-B-H(III)
species). (ii1) In addition, the presence of H bridged atoms on BH,-BH,, sides of the ring (with n =1
or 2) can be excluded in Mg-B-H(I) compounds, because showing signals at about 1500 cm’

(observed on the contrary for Mg-B-H(Ilh) and Mg-B-H(IIlh) species).

In order to hypothesized alternative decomposition products with respect to the ones reported in the
literature for the pre-melting temperature range, some considerations have to be done on the
structure of B’-Mg(BH,),, the stable phase of Mg(BH,), at the beginning of its decomposition® ’

and atomically coincident’ with f-Mg(BH,), (being a form of p-Mg(BH,), with significant antisite

disorder)'*

that is reported in Figure S1. The structure of B’-Mg(BH4), can be described as
constituted by 4-rings of Mg-BH4 units: the first decomposition step of Mg(BH4), could then likely
bring to the formation of species which structure reminds to the parent structure. Tetraborane,
characterized by a four ring geometry, is one of the first reported borane.*’ Na,B4H,( and K,B4H;

48, 49 - : .
have been also reported.” ™ These two four-member ring species (anionic and neutral) have been

then considered in the calculations. Because the only information available in the literature
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regarding Na,B4H;( suggests its possible decomposition at 170 °C to N:»,12B4Hg,49 also [B4Hg]2' and
[B4Hs] have been modeled.” Nevertheless the presence of these two last species can be ruled out on
the basis of the simulated IR spectrum, requiring bands at wavenumbers higher than 2550 cm™ (see
Figure S12) The optimized structures of [B4H;¢] and [B4H10]2' are reported in Figure 5. In Figure 6,
the experimental spectra obtained for y-Mg(BH4), at RT and after thermal treatment at 250 °C
(upper part, black and orange curves, respectively) are compared with that calculated for [BH4]*
and [B4H,0]> (lower part, black and orange/dark yellow curves, respectively). At difference of its
neutral counterpart, [B4H;o]* spectrum was in a very good agreement with the experimental one
(see Figures S9 and S10 and Figure 6). Three different symmetries have been considered in the
optimization of [B4H10]2', in order to have some additional information: C;, C, and C»,. Because the
spectra obtained for the C; and C; conformers were essentially the same (see Figure S10), only the
C; spectrum is reported in Figure 6 (lower part, dark yellow curve). The three symmetry constraints
caused very slight changes in the atomic coordinates. Among the conformers considered, the one in
C,, symmetry gave the best fit to the experimental data. The calculations indicates as the C,
conformer in the gas phase would be characterized by two imaginary modes, that is it does not
constitute a minimum geometry at difference of the clusters having C; and C, symmetry.
Nevertheless, it is possible that the C,, conformer is stabilized in the solid state. In fact, the energy
difference between the C,, and C; conformers has been estimated to be of only 10 kJ mol ™. By
comparison of the experimental spectra with the theoretical ones, the presence of both the
conformers can be in fact considered. It is also worth of noticing that the experimental band width
observed for both pristine and decomposed Mg(BHy), is quite large. In particular, before
decomposition the FWHM of the stretching and bending modes in Mg(BH,); is of about 15 and 40
cm’, respectively. These peaks are further broadened after decomposition at 250 °C (FWHM of
190 and 120 cm™, in vacuum) likely because of the simultaneous presence of different conformers
of the decomposition products. In Figure 6 a FWHM of 25 cm™ has been adopted for the calculated

spectra in order to allow to better appreciate the differences between the various species.
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Figure 6. Top: IR spectra of y-Mg(BH,), before (black lines) and after thermal decomposition at
250 °C for 20 h in dynamic vacuum (p < 10° mbar, orange lines). The spectra have been
normalized in order to facilitate the comparison. Solid lines: ATR-MIR spectra; Dotted lines: FIR

spectra. Bottom: calculated IR spectra at the B3LYP/TZVp level for the (BH4) unit (black line)
and the (B4H,)* anion in C», and C; geometry (orange and dark yellow lines, respectively).

The formation of [B4H,o]* species in the first step of the decomposition process would ask for the
reaction:

2 Mg(BH4), - MgB4H;p+ MgH, +2 H;
that is characterized by a 3.7 mass% loss due to hydrogen evolution (see Table S3). This value is
only slightly higher than the mass loss of 2.4-2.9 mass% measured experimentally in the TGA
analysis. This difference can be related to the underestimation of the asymptotical decomposition
amount in the experiments because of the slow decomposition kinetics. Decomposition of
Mg(BHjy), at temperature slightly larger than Mg(BH4), melting temperature (280-285 °C and 2.7
bar of hydrogen monitored for 20 h in a volumetric apparatus) provided a mass loss of 4.1 mass%.”
The material was able to reabsorb 2.1 mass% of hydrogen in mild conditions (280-285°C and 115-
125 bar for 16 h).> The rehydrogenable fraction was then lower than the theoretical value of 3.7

mass%. A fast cycling of the material was also observed and it can be likely associated to the
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working temperature adopted in that study: in fact, being slightly larger than the melting
temperature of the borohydrides, it would facilitate on one hand the separation of the different
decomposition products (reported to happen in these conditions and to cause the separation between
B-rich and Mg-rich by-products, that is between boranes and MgH,/Mg)’ and, on the other hand,

the formation of [BjoH,o]* and [B12H 2]> species.” > '* !

Both these factors have been reported to
be at basis of the high difficulty in rehydrogenation of Mg(BHy), after a decomposition at 7'
significantly higher than 270°C.°

Although outside the aim of the present study because not all the possible alternative products were

considered for T > 270 °C, in agreement with previous reports,*® >’

it is interesting to notice that
[BloHlo]z' and [B12H12]2' were the only two species that provided a good fit of the spectrum
obtained after decomposition in vacuum at 300 and 400 °C (Mg-B-H(Ilv) and Mg-B-H(Illv)
species) and in hydrogen at 400 °C (Mg-B-H(IIIh)). The comparison, reported in Figure S11, is
particularly good for [B;,H,2]>. For what concerns the sample decomposed in dynamic vacuum, the
presence of [Bj,H;,]* has been recently ruled out for decomposition temperatures in the range 265-
400 °C on the basis of NMR and IR spectroscopies, allowing to hypothesize the presence of
polymeric Mgyn[B3H7-B,Hym species (with 6 < n < 12).'° For what concerns IR, it is expected that
the bands of [ByH,]* in the polymeric form would be very close to the ones in the monomeric form.
Although, as stated above, this study is focused only on the pre-melting temperature range, it can be
here proposed that n equal to 12 would be the most abundant species in the polymer proposed. For
what concerns the decomposition in hydrogen at 300 °C, the fingerprints of Mg-B-H(IIh) is the
peak at 1562 cm’! (see Figure 3b). In this case, the formation of [B4Hg]2', BsHy or BsH;; could be
also considered (see Figure S5-S11) but further investigations are needed in order to shed some

light on the by-products obtained for decomposition of Mg(BH4), at T higher than the melting

temperature.
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vacuum hydrogen
RT: a-Mg(BH,), + y-Mg(BH,),

150°C: o-Mg(BH,), (T or quenched &) + y-Mg(BH,), (1)
190°C: o-Mg(BH,), (3) + new phases
205°C=225°C: p-Mg(BH,), (1) + MgH, (a) + Mg-B-H(I) (1)

250°C: p-Mg(BH,), ({) + MgH, (a) + Mg-B-H(I) (1)

300°C: Mg (sublimated)+ | | 300°C: MgH, (T) +
MgO/MgB,/Ma-B-H(11v) (1) | | MgO/MgB,/Mg-B-H(IIh) (1)

400°C: Mg (sublimated) + | | 400°C: Mg (T) +
MgO/MgB,/Mg-B-H(I1Iv) (1) | | MgO/MgB,/Mg-B-H(IIIh) (1)

Scheme 1. Dehydrogenation process of -Mg(BH,); in dynamic vacuum and in H, atmosphere,
where Mg-B-H(I) = MgB4H . T = increase in the concentration of the species with respect to the
previous temperature step; ¥ = decrease in the concentration of the species with respect to the

previous temperature step.

CONCLUSIONS

The dehydrogenation process of y-Mg(BHa4), has been characterized in this study by considering
two well defined reaction environments, dynamic vacuum and hydrogen atmosphere. At difference
of previous reports, the slow rates of Mg(BH4), decomposition have been taken into account by
considering very long reaction time. Moreover, a particular attention has been paid to the
dehydrogenation process in the pre-melting temperature range, because it has been reported to be a
reversible process in conditions interesting on the applicative point of view. The conclusions of the
present work are summarized in Scheme 1, where it is reported the proposed decomposition paths
of Mg(BH,), in dynamic vacuum and hydrogen atmosphere, as obtained by the combined analysis

of the literature data and of those obtained in the present multi-technical approach.
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Far to be comprehensive, this study has nevertheless allowed to clarify several points debated in
the literature on this process. In particular: (a) the starting temperature of the Mg(BHy),
dehydrogenation in the near-equilibrium conditions here adopted was identified to be 200 °C, on the
basis of both XRD and IR analyses, that is a temperature significantly lower than the melting
temperature of the material. (b) MgB4H;¢ was proposed as a plausible candidate for the species at
the basis of the ability of Mg(BH4), to rehydrogenate in mild conditions (Mg-B-H(I)). The
identification of this species was possible by the combined use of infrared spectroscopy and density
functional theory. Future studies aimed to the synthesis and characterization of Mg,B4H;( will allow
to definitely confirm or rule out this compound as the reversible intermediate in the decomposition
of y-Mg(BHy),. (c) The existence of a new Mg(BH4), isomorph, which structure is at present
unresolved, has been evidenced at 190 °C. (d) MgH, was identified to be an important
decomposition product already in the first steps of the material dehydrogenation, both in hydrogen
atmosphere and in vacuum. Because amorphous, its identification was possible only by means of
infrared spectroscopy. Its presence was previously suggested (see for example refs. 9 and 10) but its
unambiguous identification was possible here because of the infrared spectra with higher resolution
than those reported in the literature so far” '° for the pre-melting temperature range.

Interestingly, an important sublimation of the decomposition products was directly observed in
vacuum at difference of what observed in hydrogen atmosphere: this observation suggests that
dehydrogenation in vacuum of complex hydrides causes a fast degradation of the material and it has
then to be avoided. This is a valuable information on the applicative point of view. Moreover, it also
suggests that particular care have to be adopted when the analysis of gravimetric decomposition in
vacuum is carried out in order to identify temperature ranges possibly affected by sublimation.

In the end, from this study, it seems evident that if the possibility to rehydrogenate Mg(BH,), in
mild conditions is related to the formation of Mg-B-H(I) intermediates (as it has been suggested in
the literature)," ? the hydrogen amount that can be easily reversible in Mg(BH,), would be then

restricted to 3.7 mass% (see Table S3), without any possibility to increase it by material
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modification. In order to make Mg(BH,), a material more interesting for hydrogen storage then,
strategies aimed to allow the reversibility of the dehydrogenation process in the post-melting
temperature range have to be foreseen, contemplating the avoiding of the phase separation and

formation of closoboranes.
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