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Abstract
In this work, the hydrogen sorption properties of the LiBH4-Mg2NiH4 composite system with the molar
ratio 2:2.5 were thoroughly investigated as a function of the applied temperature and hydrogen
pressure. To the best of our knowledge, it has been possible to prove experimentally the mutual
destabilisation between LiBH4 and Mg2NiH4. A detailed account of the kinetic and thermodynamic
features of the dehydrogenation process is reported here.
Introduction
In the last decades, the hydrogen absorption and desorption properties of complex metal hydrides
such as borohydrides [1, 2], amides [3] and alanates [4] have been extensively investigated, due to their
high gravimetric hydrogen storage capacity.[5, 6] However, the reaction enthalpies of the complex metal
hydrides are usually too high for most applications. In addition, the products of their thermal
decomposition are often too stable to allow full reversibility under moderate temperature and
hydrogen pressure conditions. To modify the stability of complex metal hydrides, several approaches
can be followed. For example, the partial cation substitution by elements with higher Pauling
electronegativity was shown to reduce the enthalpy change upon dehydrogenation and therefore the
desorption temperature [7-9]. Another effective approach was developed based on the work performed
in 1967 by Reilly and Wiswall [10] and applied to borohydrides. In this approach, it was shown that the
stability of a borohydride (i.e. LiBH4) could be lowered by combining it with a suitable rectant (i.e.
metals such as aluminium, magnesium or titanium) [11-14]. A major disadvantage of this approach is the
considerable reduction of gravimetric hydrogen storage capacity due to the additional weight of the
metal. The use of an appropriate hydride instead of the pure metal from one hand enables maintaining
a high hydrogen storage capacity and from the other hand leads to the formation of fully reversible
systems under moderate temperature and hydrogen pressure conditions. Such systems are called
Reactive Hydride Composites (RHCs). These materials are not only based on borohydrides. In fact, one
of the first reported RHC was the LiNH2-LiH system [15] and many more followed in the successive years.
Nevertheless, especially for borohydrides, the RHC approach attracted a lot of attention, in particular
after the encouraging experimental results about the LiBH4-MgH2 system published by Barkhordarian
et al. [16, 17] and Vajo et al. [18]. Upon dehydrogenation of 2LiBH4-MgH2, boron is transferred to
magnesium and MgB2 is formed:
2 LiBH4 + MgH2 → 2 LiH + MgB2 + 4 H2 (1)

This boron transfer proved to be crucial to allow for relatively mild rehydrogenation conditions and
simultaneously preserve the system’s storage capacity upon hydrogen cycling. Barkhordarian et al.
explained the superior kinetic properties of borohydride formation in systems based on MgB 2 by the
particular crystal structure of this compound which is composed of alternating magnesium and boron
layers [19]. Within each boron layer all atoms are bonded covalently to three other boron atoms. In
contrast, in the typical decomposition products of pure LiBH4 (i.e. elemental boron and Li2[B12H12]) each
atom establishes five boron-boron bonds, though. Consequently, the authors attributed the low
reactivity of these compounds to high activation barriers associated with breaking the larger number
of boron-boron bonds per atom. This example shows that in an efficient and reversible RHC not only
the dehydrogenation temperatures are effectively lowered but at the same time the reaction products
must allow for the reverse reaction in order to achieve high degrees of the reversibility even after
many sorption cycles. The 2LiBH4-MgH2/2LiH-MgB2 system doped with transition metal (TM) based
additives typically stores an amount of hydrogen higher than 9 wt% over more than 20 full
hydrogenation/dehydrogenation cycles providing a high degree of reversibility [20, 21]. However, despite
an expected equilibrium temperature of 225 °C at 1 bar H 2 [22] the experimentally determined
operational temperatures are typically well above 300 °C. In order to release hydrogen at reasonable
rates, temperatures around 400 °C must often be applied. Moreover, it could be demonstrated that
the dehydrogenation does not occur in a concerted reaction between LiBH4 and MgH2 [23, 24]. Instead,
the first reaction step always appears to be the independent decomposition of MgH 2. Hence, the
dehydrogenation proceeds via an – in terms of the Gibbs free energy G – activated state, i. e. LiBH4Mg. In addition, also the formation of stable side products must be considered: if the dehydrogenation
pressure is lower than approximately 3 bar H2, the partial decomposition of LiBH4 into Li2B12H12, LiH
and hydrogen is observed. Aiming at finding a RHC system based on LiBH 4 capable to dehydrogenate
and re-hydrogenate through single step reactions, our attention fell on the LiBH4-Mg2NiH4 system.-In
fact, Mg2NiH4 [25-31] stores an amount of hydrogen equal to 3.6 wt% and is less stable than MgH 2,
consequently, it is expected to trigger an operation temperature lower than that observed for the
2LiBH4-MgH2/2LiH-MgB2 system. The hydrogen absorption and desorption properties of the LiBH4Mg2NiH4 system were already partially investigated by Vajo et al. In their work, they observed the
formation of MgNi2.5B2 upon dehydrogenation and the partial recovery of LiBH4 during rehydrogenation [18, 32]. In this work, we aim at complementing the results obtained by Vajo et al. through
a thorough study of the dehydrogenation and re-hydrogenation mechanisms and their dependency on
experimental parameters. Special emphasis was put on studying the impact of the applied hydrogen
pressure and temperature on the dehydrogenation mechanism. As LiBH4 forms amorphous boron and
Li2B12H12 upon dehydrogenation at elevated temperature, an important aspect of this study was to find
out whether such side products are also formed in the hydride composites investigated here.
Moreover, the stability of the system storage capacity upon hydrogen cycling, i.e. the reversibilities of
the sorption reactions, was also investigated.
Experimental Part
Most chemical compounds used in this work are commercially available and were purchased from
different suppliers. To reduce the impact of impurities on the prepared samples, i. e. on their hydrogen
storage properties, only highly pure materials were used. A list of the different compounds stating the
respective purity and the supplier is provided in table 1. Mg2NiH4 and MgNi2.5B2 are not commercially
available and were synthesised in-house following the procedures described here. As many materials
utilised in the experiments described below are sensitive to oxygen and/or humidity, they were
handled in argon-filled gloveboxes under a continuously purified argon flow (O2 and H2O levels ≤ 1
ppm). The RHC systems were prepared using a SPEX SamplePrep 8000 Mill and hardened steel milling
vials. For this purpose, the mixtures were milled for 300 min using a ball-to-powder (BTP) ratio of 10:1.

Table 1: Overview of all commercially available materials used in the present work indicating the
respective purities and the suppliers.

Material
LiBH4
LiH
MgH2
Li2B12H12
MgB2
Ni

Purity [%]
95
97
95
95
95
99.8

Supplier
Alfa Aesar
Alfa Aesar
Sigma-Aldrich
KatChem
Alfa Aesar
Alfa Aesar

Since Mg2NiH4 is not commercially available, it had to be synthesised in-house starting from MgH2 and
Ni. The two compounds were mixed in a molar ratio of 2:1 and milled for 4 h in a planetary FRITSCH
P6 mill using Al2O3 vials and balls. A ball-to-powder ratio of 5:1 was applied and the rotation speed was
set to 300 rpm. Subsequently, the mixture was annealed at 400 °C under a hydrogen pressure of 225
bar. As the powdery material already contained all the hydrogen amount required for the formation
of Mg2NiH4, the pressure value was chosen arbitrarily and solely to prevent any dehydrogenation
reaction upon heat treatment. The diffraction patterns of the as-milled and the annealed material are
presented in figure SI.1. Mg2NiH4 exists in two polymorphic structures. At temperatures below
approximately 250 °C the monoclinic modification (space group C12/c1, No. 15) [31] is the
thermodynamically stable form. Above that temperature only the cubic polymorph (space group Fm3m, No. 225) [27] can be found. As it can be seen in figure SI.1, a mixture of both polymorphs was
partially formed already upon ball milling. After the heat treatment only minor amounts of the initial
reactants are recognised in the diffraction pattern. The Rietveld refinement confirms a purity of
approximately 90 %. The final material is a mixture of the low- and high-temperature polymorph of
Mg2NiH4.
Similar to Mg2NiH4, also MgNi2.5B2 [33-35]cannot be purchased and thus it had to be prepared in-house.
This compound was synthesised from a mixture of MgB 2 and Ni. The two reactants were combined in
a molar ratio of 1:2.5 and subsequently milled for 4 h in a planetary FRITSCH P6 mill employing Al 2O3
equipment. For this purpose, a ball-to-powder ratio of 5: 1 and a rotation speed of 300 rpm were
applied. Afterwards, the powder was annealed at 930 °C in argon atmosphere for 24 h. Diffractograms
of as-milled and annealed material are shown in figure SI.2a. The as-milled powder only features the
reflections of Ni and MgB2 however, after the heat treatment, no signals of these two compounds are
observed. Instead, only intense reflections of MgNi 2.5B2 are identified. The 11B MAS NMR spectra of
pure MgB2 and annealed “MgB2 + 2.5Ni” are presented in figure SI.2b. It can be seen that the resonance
of MgB2 vanished completely in the latter sample. Only minor quantities of boron containing impurities
with resonances between 10 ppm and 20 ppm can be distinguished. Overall, the purity of the assynthesised MgNi2.5B2 compound is determined by a Rietveld analysis and the evaluation of the 11B
NMR data reaches a value higher higher than 95 %.
Ex situ powder X-ray diffraction (PXD) measurements were performed using a Bruker D8 Discover
diffractometer operating in Bragg-Brentano geometry. The instrument is equipped with a copper K α
source (λ = 1.54184 Å) and a VÅNTEC-500 area detector from Bruker. The diffractograms were acquired
in seven steps in the 2θ range from 10° to 90° (detector centre position) with an acquisition time of
450 s per step. In order to prevent samples from oxidation or hydrolysis, a sample holder equipped

with an argon-filled PMMA dome was employed during the measurements. X-rays scattered by this
dome are the cause of the broad background distributed around q ≈ 1.5 Å −1 that is present in each
diffractogram.
In situ synchrotron radiation powder X-ray diffraction (SR-PXD) experiments were conducted at the
synchrotron facility MAX II (beamline I711) at MAX-lab (Lund, Sweden). The X-ray wavelengths were λ
≈ 0.99 Å. An Agilent Titan CCD detector featuring a 2048 x 2048 pixel array with a pixel size of (60 x 60)
µm2 was employed. For the acquisition of each two-dimensional diffraction pattern, exposure times of
20 s were used for all experiments. The experiments were performed in Debye-Scherrer geometry with
a special in situ diffraction setup that allows for sample temperature and gas pressure recording [36, 37].
The specimens were filled into a sapphire capillary (outer diameter 1 mm, inner diameter 0.6 mm)
which was positioned directly in the X-ray beam. This capillary was mounted into the sample holder
body with gas tight connections. A thermocouple inserted into the capillary allowed for accurate
temperature measurements. A pressure transducer connected to the sample holder was employed to
monitor the gas pressure during the in situ experiments. All measurements were conducted in
hydrogen atmosphere with a pressure of at least 1 bar. An electrical heating block positioned below
the sapphire capillary and operated by a PID controller increased the sample temperature with the
desired heating rate to the respective maximum. In order to determine the X-ray wavelength and the
instrumental broadening precisely, LaB6 powder was used. The obtained two-dimensional images were
carefully masked to exclude single crystal diffraction spots, e.g. from the sapphire capillary, and then
radially integrated to one-dimensional diffractograms by means of the program FIT2D [38, 39].
Subsequently, all diffractograms collected in the experiment were combined to a two-dimensional
(temperature vs. q-vector) colour-coded intensity map using the software Origin.
The program MAUD [40, 41] was used to perform Rietveld refinements of ex situ and selected in situ
diffractograms. Structural data of the different chemical compounds were included either with
Crystallographic Information Files (CIF) taken from the ICSD catalogue or by transferring the
crystallographic properties directly from the original publications.
The differential scanning calorimetry (DSC) measurements were carried out in a Netzsch DSC 204 HP
heating the samples (about 10 mg each) from room temperature to the respective maximum
temperature of the experiment at a rate of 5 K min−1. All measurements were conducted in hydrogen
atmosphere with constant pressures of 1 bar, 20 bar or 50 bar.
The chemical compositions of samples containing nano-crystalline or amorphous phases were
determined by solid-state MAS NMR measurements. Spectra of the 11B nucleus were recorded to
characterise the distribution of boron within these samples. The measurements were carried out
employing a Bruker Avance 400 MHz (128.33 MHz for the 11B nucleus) spectrometer equipped with a
wide-bore 9.4 T magnet and a boron-free Bruker CP-MAS probe. The one-dimensional 11B MAS NMR
spectra were acquired after a 2.7 µs single π/2 pulse (corresponding to a radio field strength of 92.6
kHz) and with application of a strong 1H signal decoupling by using the two-pulse phase modulation
(TPPM) scheme. In order to assess quantitatively molar ratios of samples comprising more than one
boron containing compound, the areas of resonances and their corresponding spinning sidebands in
the range from 1500 ppm to −1500 ppm were considered. For all 11B NMR analyses presented in this
work the chemical shifts were externally referenced to BF3·Et2O and reported in parts per million
(ppm). For all measurements the samples were filled into 4 mm ZrO2 rotors that were closed with KelF caps. The packing was done inside argon-filled gloveboxes. The rotors were spun at 12 kHz by
applying dry nitrogen gas. During the measurements the sample temperature was kept at 20 °C by
Bruker BCU units.

Results

In order to assess the sequence of dehydrogenation events of the LiBH4-Mg2NiH4 composite, the
process was monitored in an in situ SR-PXD experiment. For that purpose, as-milled material was
heated from room temperature to 440 °C at a rate of 10 K min−1 under 1 bar of hydrogen. As it can be
seen in figure 1, the as-milled powder features reflections of the low-temperature (lt) polymorph of
LiBH4 (space group Pnma, No. 62) [42] besides those of the two Mg2NiH4 modifications, i.e. the lowtemperature monoclinic and the high-temperature (ht) cubic forms are visible. The very first
modification of the diffraction patterns occurs at about 111 °C and is associated to the polymorphic
transition from lt to ht LiBH4 (space group P63mc, No. 186) [43]. At roughly 240 °C the transition from
Mg2NiH4 (lt) to the high-temperature polymorph can be observed. The first chemical reaction occurs
at approximately 284 °C as Mg2Ni is formed. Shortly after, the reflections of MgNi2.5B2 and MgH2 can
be detected as well. The latter are only present for a very short time and disappear at a temperature
of approximately 310 °C. Simultaneously, the diffraction pattern of Mg becomes visible. At about 337
°C the reflections of a yet unknown phase arise and intensify. Hereafter this unknown phase is
uniformly denoted as UP. At nearly the same temperature, the diffraction intensity of Mg2Ni starts to
decrease. At slightly higher temperatures also the reflections of UP weaken and above approximately
400 °C these two compounds cannot be identified any more. At the end of the experiment, i. e. after
a short dwelling time of 5 min at 440 °C, only reflections of MgNi2.5B2 and Mg remain visible.

Figure 1: In situ SR-PXD analysis of the LiBH4-Mg2NiH4 composite: the sample was heated from room
temperature to 440 °C at 10 °C min−1 in 1 bar of hydrogen.

The influence of the hydrogen back pressure on the dehydrogenation reactions of the LiBH 4-Mg2NiH4
system was determined by a set of complementary experiments. First of all, the dependency of the
hydrogen evolution from the as-prepared material was monitored as a function of temperature at 1

bar, 5 bar and 50 bar H2. The specimens were heated from room temperature to 400 °C at a rate of 5
°C min−1. The three volumetric analyses are presented in figure 2a. By increasing the hydrogen
pressure, the dehydrogenation onset temperature shifts from 297 °C to 335 °C and eventually to 385
°C. Unlike the desorption measured at 1 bar that mainly proceeds in one step, the dehydrogenation
process at 5 bar features an additional step: an alteration of the gas evolution rate can be perceived
at a hydrogen loss of approximately 2 wt%. The determined total hydrogen capacities are similar for
the two experiments conducted at 1 bar and 5 bar and amount to roughly 4.8 wt%. It should be noted
that at both these pressures the last 0.4 wt% evolves at a slower rate. At a back pressure of 5 bar the
desorption process requires several hours to reach a stable plateau. On the contrary, at 50 bar the
dehydrogenation stops after the first step and no further release of gas is recorded up to 400 °C. Hence,
at this pressure only 2 wt% of hydrogen evolves altogether.
The sequence of thermal transitions was determined by the set of DSC analyses shown in figure 2b. To
ensure a reliable comparison between these results and the observed evolution of hydrogen (figure
2a), the same experimental conditions were applied as for the volumetric analyses. In the temperature
range between 50 °C and 400 °C four endothermic thermal events are visible at all applied hydrogen
pressures.

(a)
(b)
Figure 2: Dehydrogenation experiments of the LiBH4-Mg2NiH4 system conducted at hydrogen pressures
of 1 bar, 5 bar and 50 bar in the temperature range from RT to 400 °C: (a) volumetric analyses and (b)
DSC analyses.

The respective peaks are denoted by the letters A to D. In case of the two experiments conducted at 1
bar and 5 bar, a fifth endothermic event is discernible which is marked with the letter E. The first two
transitions are not affected by the applied back pressure. Their onset temperatures are at roughly 110
°C (peak A) and 230 °C (peak B). At 5 bar and 50 bar H2 also event C occurs at similar temperatures of
about 280 °C. At 1 bar, however, it appears that the onset of this event is slightly shifted to a lower
temperature value. Due to the partial overlap of the peaks C and D it is difficult to determine reliable,
independent temperatures of these transitions. The onset of the superposition of the two peaks can

be estimated at approximately 270 °C. In contrast to the other thermal events the transitions D and E
feature an apparent pressure dependence. As just pointed out, at 1 bar H2 the onset temperature of
peak D cannot be determined clearly but should be lower than 280 °C. This temperature rises to 315
°C and eventually to about 375 °C if a back pressure of 5 bar and 50 bar is applied, respectively. Also,
the onset temperature of thermal event E cannot be determined clearly at 1 bar because the respective
peak is partially overlapping with peak D. Nevertheless, this temperature is apparently lower than 300
°C and it increases to roughly 345 °C if the pressure is raised to 5 bar.
The chemical composition of the three samples after dehydrogenation was investigated by ex situ PXD
and 11B MAS NMR analyses (figure 3). As it can be seen in figure 3a, for all hydrogen pressures the most
intense X-ray reflections are those of MgNi2.5B2. In addition, all diffractograms contain the patterns of
MgH2. Magnesium can be identified only in the two samples dehydrogenated at 1 bar and 5 bar.

(a)
(b)
Figure 3: Determination of the chemical composition of the three LiBH4-Mg2NiH4 samples desorbed at
hydrogen pressures of 1 bar, 5 bar and 50 bar (figure 2a): (a) PXD analyses and (b) 11B MAS NMR spectra
(spinning sidebands are marked with asterisks *).

No reflections of LiH are visible in the diffractogram of the sample desorbed at 1 bar. However, after
desorption at the higher pressures the weak (200) reflection can be distinguished. Although the
contributions of MgO to the diffraction patterns are not that obvious, Rietveld refinements confirm
the presence of small amounts (< 5 wt%) among the dehydrogenation products in all three samples.
The chemical state of boron is assessed by means of the 11B MAS NMR analyses. The respective three
spectra are presented in figure 3b. The distribution of boron atoms in the samples dehydrogenated at
1 bar and 5 bar is similar: most of the boron atoms are bonded in MgNi 2.5B2 (resonance at 154 ppm).
Surprisingly, also a significant amount of MgB2 (chemical shift 100 ppm) was formed: the molar ratio
of boron atoms bonded in MgNi2.5B2 and MgB2 is roughly 3 : 1 for both samples. Additionally, a signal
at approximately 15 ppm is recorded in case of both these materials. This resonance can be attributed
to B-O structures such as Li2B4O7 [44, 45]. About 5 % of the boron atoms are bonded in these impurities.

Furthermore, weak signals of residual LiBH4 (chemical shift -41 ppm) are detected. The very low
intensity of the Li2B12H12 resonance at -15 ppm indicates a low concentration of this compound after
dehydrogenation at 1 bar. At 5 bar this resonance barely stands out against the background.
Qualitatively and quantitatively the 11B MAS NMR spectrum of the material desorbed at 50 bar differs
significantly from the other two. About 66 % of the boron atoms are still bonded in LiBH 4 and only 30
% were transferred to MgNi2.5B2. Moreover, no traces of MgB2 and Li2B12H12 are visible. Some
impurities of lithium-boron oxides are also detected among the dehydrogenation products in a similar
concentration as for the other two samples. It is noteworthy that the chemical shift, the width and the
shape of the MgNi2.5B2 resonance change remarkably for the different back pressures. At 1 bar and 5
bar the centerband maxima are at roughly 154 ppm. However, the width of the MgNi 2.5B2 resonance
after dehydrogenation at 1 bar (FWHM ≈ 59 ppm) is substantially larger than the one after
dehydrogenation at 5 bar (FWHM ≈ 27 ppm). In addition, the shapes of these peaks are highly
asymmetrical, especially at 1 bar the intensity at frequencies higher than the peak maximum declines
slowly. In contrast, the spectrum of the material dehydrogenated at 50 bar features a rather narrow
(FWHM ≈ 8 ppm) and almost symmetrical MgNi 2.5B2 resonance that can be approximated by a
Gaussian-Lorentzian profile. At 146 ppm, its chemical shift also differs significantly from the
frequencies measured for the other two samples. Compared to the as-synthesised MgNi2.5B2 that has
a symmetrical resonance with a chemical shift of approximately 142 ppm, the NMR spectrum of the
material formed upon dehydrogenation at 50 bar shows by far the closest resemblance.
The considerable differences in the 11B resonance signal of MgNi2.5B2 are caused by structural
variations of this compound that should to a certain extend also affect its diffraction patterns. Indeed,
upon close examination of the three diffractograms in figure 3a it is possible to notice alterations in
the diffraction pattern of MgNi2.5B2. Besides different peak widths (decreasing with increasing back
pressure) also variations in the relative reflection intensities are discernible. In order to quantify these
variations and correlate them to changes of the atomic structure of the MgNi 2.5B2 crystal, thorough
Rietveld refinements of all the three diffractograms in figure 3a were performed and compared to the
respective analysis of as-synthesised MgNi2.5B2. The broad background elevation at about 1.5 Å−1
caused by the PMMA dome of the sample holder impeded the preparation of good quality
refinements. Therefore, the computation was restricted to the q-range from 1.6 Å−1 to 5.5 Å−1. For
illustrative purpose, the final refinement of the diffractogram of the sample dehydrogenated at 5 bar
is shown in figure 4a: besides the experimental data, the full refinement and the contributions of the
individual compounds are presented as well as the residual plot. The two regions from 2.03 Å −1 to 2.2
Å−1 and from 3.15 Å−1 to 3.4 Å−1 are highlighted because they contain each one pair of MgNi 2.5B2
reflections ((102)/(003) and (104)/(113)) that visualise well the variations in the relative peak
intensities for the different dehydrogenation pressures. Both regions are shown enlarged in figure 4b.
With respect to their neighbouring reflections, the intensities of the (102) and (104) peaks decrease
when decreasing the hydrogen pressure. Furthermore, among the three diffractograms a systematic
shift of the MgNi2.5B2 reflections (the lower the pressure, the lower the Bragg angles) becomes evident
in the expanded view.

(a)

(b)

Figure 4: Rietveld refinements of the PXD analyses of the three dehydrogenated LiBH 4-Mg2NiH4
samples presented in figure 3a: (a) full refinement of the sample desorbed at 5 bar for the q-range
from 1.6 Å−1 to 5.5 Å−1 and (b) detailed view on the two regions from 2.03 Å−1 to 2.2 Å−1 and from 3.15
Å−1 to 3.4 Å−1 to illustrate the modifications of the relative reflection intensities of MgNi2.5B2 for the
different dehydrogenation pressures.

If the as-synthesised MgNi2.5B2 is regarded as a reference, the corresponding diffraction pattern of this
compound obtained upon dehydrogenation of LiBH4-Mg2NiH4 at 50 bar clearly shows the closest
resemblance. This qualitative observation is supported by the quantitative Rietveld analyses. For the
refinements of the diffratograms of the three desorbed samples, the MgNi 2.5B2, MgH2, LiH and MgO
phases were considered. For 1 bar and 5 bar Mg and, as suggested by the NMR analyses, MgB2 were
additionally taken into account. The inclusion of the latter compound certainly improves the
refinements. For instance, without the contribution of the MgB2 (101) reflection the calculated
intensity of the MgNi2.5B2 (200) reflection (at approximately 3 Å−1) is too low to perfectly match the
experimental diffraction intensity. In case of the diffraction pattern of the reference material (assynthesised MgNi2.5B2), only the crystal structures of MgNi2.5B2 and MgO were considered in the
refinement process. In order to reach suitable starting parameters for the refinements of the MgNi 2.5B2
crystal structure, initially only the crucial parameters were optimised, i. e. the background, the sample
displacement, the phase fractions, the cell parameters, the microstructures and the thermal factors.
Once the fit could not be improved any further with the given set of free parameters, also the atomic
parameters of MgNi2.5B2 (atom positions and site occupancies) were refined. For that purpose, the
initial atomic configuration was specified according to the ideal values of this crystal structure: all
occupancies were set to 1 and all atoms were restricted to their specific sites, i. e. Ni atoms on sites 6f
and 3d, Mg atoms on site 3a and boron atoms on site 6i. Since the possible substitution of Ni by Mg
atoms as described by Jung [34] was not taken into account in the refinement process, the scattering
capabilities of the atomic sites were solely adjusted by their total occupancies and thermal factors.
Initial values for the general atomic coordinates, i. e. those coordinates that do not coincide with

symmetry elements of the space group, were taken from the structure reported by Jung [34]. In fact,
most atomic coordinates in the MgNi2.5B2 crystal are special positions, i. e. they correspond to the
space group’s symmetry elements. Only the z-coordinate of site 6f (Ni) and the x- and y-coordinates of
site 6i (boron) are general positions. Due to the low sensitivity of the Rietveld refinement to
parameters related to the boron atoms (weak atomic scattering factor) and the limitations of the
experimental data, the parameters of site 6i could not be refined rigorously. Instead, the atomic
coordinates were fixed to the literature values and solely the total occupancy as well as the thermal
factor of this site were refined. The crucial parameters of these Rietveld analyses are summarised in
table 2. The reference material has the smallest cell parameters and consequently the lowest cell
volume of 181.57 Å3. In addition, all site occupancies were calculated to be 1 yielding an atomic ratio
of Mg : Ni : B = 1 : 3 : 2. With respect to this reference material the cell parameters of the MgNi2.5B2
crystals formed upon desorption of LiBH4-Mg2NiH4 are enlarged. At cell volumes of 183.36 Å3 at 1 bar,
182.49 Å3 at 5 bar and 181.90 Å3 at 50 bar, the unit cell expanded approximately 0.99 %, 0.51 % and
0.18 %, respectively, as compared to the as-synthesised MgNi2.5B2. This volume expansion, however,
is mainly caused by a growth of the cell in z-direction: although the cell parameter c increases by up to
0.61 %, the cell parameter a expands only by maximum 0.18 %. Also the atomic parameters of the Ni
atoms (sites 6f and 3d) show a similar behaviour: the lower the dehydrogenation pressure, the larger
the discrepancy from the reference values. The calculated occupancies of site 3a (Mg) are 1 for all
materials. Only the parameters of the boron atoms (site 6i) follow a different pattern. Here the highest
occupancy was calculated for the structure formed at 1 bar. Instead, at 50 bar a site occupancy of only
0.53 was determined. Due to the low influence of boron on the diffraction patterns of MgNi2.5B2 and
the fixation of the atomic coordinates of site 6i, the given occupancies of this site should be treated
with care. Altogether, the resemblance to the as-synthesised material increases with increasing
dehydrogenation pressure.
Table 2: Refined parameters of the MgNi2.5B2 crystal for the three LiBH4-Mg2NiH4 samples desorbed at
different hydrogen pressures (figure 3a) and for the reference material (figure SI.2a): cell and atomic
parameters were determined directly in the refinement. Atomic ratios are based on calculated
occupancies. Discrepancy indices are given in form of weighted profile R-factors (Rwp) and background
subtracted R-factors (Rwp,bs). The calculated occupancy of site 3a is 1 for all materials. Values related
to boron atoms are depicted in grey due to the relatively high uncertainty.
atomic parameters
cell parameters
pdes [bar]

a [Å]

c [Å]

site 6f
z

occ.

site 3d

site 6i

occ.

occ.

atomic ratio
Mg : Ni : B

Rwp / Rwp,bs [%]

1

4.892

8.847

0.187

0.87

0.81

0.88

1 : 2.55 : 1.76

2.5 / 10.3

5

4.889

8.816

0.197

0.92

0.91

0.63

1 : 2.75 : 1.26

2.3 / 9.8

50

4.886

8.798

0.206

0.99

1.00

0.53

1 : 2.98 : 1.06

1.7 / 6.4

ref.

4.883

8.793

0.207

1.00

1.00

1.00

1:3:2

2.8 / 9.8

(a)
(b)
Figure 5: Dehydrogenation of the LiBH4-Mg2NiH4 system at temperatures below the melting point of
LiBH4: (a) volumetric analysis conducted at a hydrogen pressure of 4 bar and a maximum temperature
of 270 °C and (b) PXD analysis the desorbed sample.
The onset temperature of the reaction associated with the exothermic event D in the DSC analysis
conducted at 1 bar (figure 2b) is lower than 280 °C and thus lower than the melting temperature of
pure LiBH4 . This observation hints at the possibility that Mg2NiH4/Mg2Ni also interacts with solid LiBH4
in a reaction that leads to releasing hydrogen. To verify this assumption a specimen of LiBH 4-Mg2NiH4
was heated to 270 °C i. e. the temperature was kept below the melting point of LiBH 4. In addition, a
hydrogen pressure of 4 bar was applied to prevent the decomposition of Mg 2NiH4. The volumetric
analysis of this experiment is shown in figure 5a. A release of gas could be observed already below 200
°C. Although about 2 wt% of hydrogen was released within the first 90 min of the experiment, the
reaction kinetics slowed down significantly afterwards. At the end of the experiment, i. e. after a dwell
time of 40 h at 270 °C, only approximately 3.3 wt% H2 was released. After cooling the specimen down
to room temperature, the consistency and structure of the material was analysed. It can be described
as a homogeneous, fluffy powder with very low mean particle size. No hints of a possible melting of
LiBH4 were found. The chemical composition of the sample was determined by means of a PXD analysis
(figure 5b). Besides the reflections of unreacted Mg2NiH4 and LiBH4 also those of MgNi2.5B2 and MgH2
were identified.

(a)
(b)
Figure 6: SR-PXD experiments demonstrating the reactions between Mg 2NiH4 and Li2B12H12:(a)
dehydrogenation at 1 bar and a maximum temperature of 425 °C and (b) subsequent rehydrogenation
at 160 bar and a maximum temperature of 370 °C.

The 11B NMR spectrum of the LiBH4-Mg2NiH4 composite dehydrogenated at 1 bar H2 (figure 3b) only
contains a very weak signal that can be attributed to Li 2B12H12. However, if pure LiBH4 or composites
containing this borohydride are heated above 350 °C without sufficient hydrogen back pressure,
Li2B12H12 is usually formed in much higher quantities . In addition, the volumetric analyses conducted
at 1 bar and 5 bar (figure 2a) reveal that the last (approximately) 0.4 wt% of hydrogen is released at
noticeably reduced rates. This observation could be related to reaction involving Li 2B12H12. Altogether,
it appears reasonable to assume that Mg2NiH4/Mg2Ni could react with Li2B12H12 if this compound
occurs during dehydrogenation. Since the processes considered here are intermediate reactions, their
study is not possible by means of the ex situ analyses performed after full dehydrogenation of LiBH 4Mg2NiH4. Hence, in order to verify the assumption, Mg2NiH4, Li2B12H12 and LiH were mixed in a 15 : 1 :
10 ratio. This compositions theoretically allows for the bonding of all boron in MgNi 2.5B2 and LiBH4,
respectively. A sample of this material was investigated in an in situ SR-PXD experiment (figure 6). First
of all, this sample was dehydrogenated at a pressure of 1 bar H2 by heating it from room temperature
to 425 °C at a rate of 5 °C min−1. After a dwell time of 40 min the sample was cooled down to room
temperature. For the subsequent rehydrogenation the hydrogen pressure was raised to 160 bar and
the sample temperature was increased to 370 °C at 5 Kmin−1. After an isothermal heating period of 20
min the experiment was eventually terminated. As can be seen in figure 6a, the diffractogram of asmilled material that was collected at room temperature only exhibits intense reflections of Mg 2NiH4 (lt
and ht). At about 238 °C the polymorphic conversion of this hydride is observed i.e. afterwards solely
the reflections of the high-temperature form remain present up to approximately 302 °C. At this
temperature Mg2NiH4 decomposes and the diffraction pattern of Mg2Ni arises. At 387 °C the reflections
of UP become discernible. Shortly after, at roughly 400 °C, also those of MgNi2.5B2 and Mg emerge. In
contrast to the reflections of UP which fade completely in the isothermal period, the diffraction
intensities of MgNi2.5B2 and Mg maximise and stabilise in conjunction with the disappearance of UP.
Also, after cooling down to room temperature MgNi2.5B2 and Mg remain the only diffractive
compounds that are discernible with the given experimental resolution (figure 6b). The consecutive
hydrogenation at 160 bar begins with the conversion of Mg into MgH 2. This process starts already at
temperatures lower than 75 °C. However, the second hydrogen absorption step only occurs above 350

°C i. e. above the melting temperature of LiBH4. The reflections of cubic Mg2NiH4 emerge whilst those
of MgNi2.5B2 and MgH2 weaken. The diffraction peaks of the latter two compounds diminish
continuously during isothermal dwell time – MgH2 almost vanishes. As opposed to this the diffraction
pattern of Mg2NiH4 intensifies until the termination of the experiment.
With regard to the utilisation of hydrogen storage systems for technical applications, the reversibility
of the absorption and desorption processes is essential. The agglomeration of inert side products,
phase segregation or the development of large, reaction-inhibiting microstructures are phenomena
that diminish the system’s hydrogen capacity and/or its sorption rates steadily. Thus, it is crucial to
investigate such issues in order to adopt appropriate measures to avoid or minimise them. Typically, a
first step to carefully characterise the reversibility of a hydrogen storage system is the monitoring of
hydrogen release and uptake over several full sorption cycles. Unfortunately, the high absorption
pressures of LiBH4-Mg2NiH4 prohibit the use of the volumetric apparatuses for these kinds of cycling
experiments. Therefore, the cycling of the material had to be performed in a temperature controlled
autoclave. As a consequence, the storage capacity could not be recorded for the individual cycles.
Instead, nine full desorption-absorption cycles were performed consecutively. For the
dehydrogenation periods a temperature of 420 °C and a hydrogen pressure of 5 bar were applied. The
nine rehydrogenations were conducted at 360 °C and pressures between 200 bar and 250 bar. Each of
these sorption steps was carried out for at least 15 h. Eventually, the material was removed from the
autoclave in the hydrogenated state allowing to monitor the tenth desorption iteration with the
volumetric apparatus. In figure 7a the temperature dependent release of hydrogen is shown for the
first and the tenth dehydrogenation. Although the onset of the desorption reactions appears to be
shifted to slightly higher temperatures after cycling, the overall kinetics remain almost unchanged. In
total the cycled material evolved about 4.3 wt% H2. In comparison to the as-milled sample (4.8 wt%)
there is a reduction of approximately 10 %. The chemical composition of the sample after the ninth
reabsorption and after the tenth desorption was determined by PXD analyses (figure 7b). As it can be
seen, intense reflections of Mg2NiH4 (lt and ht) and LiBH4 dominate the diffraction pattern of the
hydrogenated material.

(a)
(b)
Figure 7: Reversibility of the LiBH4-Mg2NiH4 system upon hydrogen cycling: (a) comparison of the
volumetric analyses of the first and tenth dehydrogenation and (b) PXD analyses of cycled material
after the ninth rehydrogenation and the tenth dehydrogenation.
However, also weak reflections of MgNi2.5B2 and MgO are visible. The diffractogram of the desorbed
sample is composed of the reflections of MgNi 2.5B2 and Mg but also a small fraction of MgO can be
distinguished. However, no other nickel containing phases are detected, especially no Mg 2Ni.

Discussion
The dehydrogenation path of LiBH4-Mg2NiH4 strongly depends on the applied experimental conditions
i. e. the hydrogen back pressure and the temperature. The variation of the hydrogen pressure in the
non-isothermal experiments revealed some exceptional properties of this hydride composite. In case
of the experiments conducted at 1 bar, a reaction pattern similar to most other hydride composites
was discovered: dehydrogenation starts with the decomposition of the least stable hydride, i. e.
Mg2NiH4. Afterwards, the reactions between Mg2Ni and LiBH4 lead to the formation of MgNi2.5B2,
MgH2/Mg (depending on the temperature and hydrogen pressure) and LiH. In addition, the yet
unknown Mg-Ni-B phase UP is formed that was identified previously as an intermediate compound
during dehydrogenation of the Ca(BH4)2-Mg2NiH4 system.[46] Also in LiBH4-Mg2NiH4, UP must be
considered as an intermediate phase because it reacts completely upon dehydrogenation. In contrast,
if the hydrogen pressure is high enough to prevent the independent desorption of Mg2NiH4, another
reaction path can be observed. The very first dehydrogenation step is identified as a concerted reaction
between LiBH4 and Mg2NiH4. The evidence for this behaviour is provided by the DSC analyses
presented in figure 2b. The peaks in these analyses were denoted with the letters A to E. The first three
of them can be clearly attributed to thermal transitions of the individual hydrides: peak A and B are
related to the polymorphic changes of LiBH 4 (low-temperature orthorhombic to high-temperature
hexagonal) [42, 47] and Mg2NiH4 (low-temperature monoclinic to high-temperature cubic) [26, 27],
respectively, and peak C to the melting of LiBH4 [48, 49]. Also peak E can be identified unambiguously as
decomposition of MgH2 [50, 51]. Since the equilibrium temperature of this hydride exceeds 400 °C at a
pressure of 50 bar, its decomposition is not observed in the respective DSC analysis. The peaks denoted
with the letter D are related to the reactions between LiBH4 and Mg2NiH4 or Mg2Ni. The comparison of
the in situ SR-PXD experiment conducted at a pressure of 1 bar (figure 1) with the respective DSC
analysis shows that at this pressure the dehydrogenation starts with the decomposition of Mg2NiH4.
Shortly after the appearance of the Mg2Ni reflections, also those of MgNi2.5B2 and MgH2 arise. The
formation of the latter two compounds also explains the low intensity of peak D in the DSC analysis:
the exothermic reactions creating MgNi2.5B2 and MgH2 partially compensate for the enthalpy that is
required for the endothermic desorption of Mg2NiH4. However, already at a pressure of 5 bar a
significant difference in the dehydrogenation process can be identified. At 315 °C the onset of peak D
is lower than the equilibrium temperature of Mg 2NiH4 (Teq(5 bar) > 320 °C). Consequently, the first
dehydrogenation step of the LiBH4-Mg2NiH4 composite is a direct reaction between the two hydrides.
This becomes even more obvious when evaluating the DSC analysis conducted at 50 bar. At this
pressure the decomposition temperature of Mg2NiH4 is higher than 440 °C but the onset of peak D is
at only 375 °C. Supported by the PXD analyses (figure 3a) the chemical equation of this concerted
reaction can be depicted as
2 LiBH4 + 2.5 Mg2NiH4 → 2 LiH + MgNi2.5B2 + 4 MgH2 + 4 H2.

(2)

According to this reaction scheme a hydrogen storage capacity of 2.5 wt% is expected. Upon further
temperature increase another 2.5 wt% of hydrogen can be released due to the dehydrogenation of
MgH2 yielding a total system capacity of 5.0 wt%. At 4.8 wt% the experimentally determined amounts
of hydrogen evolved during the volumetric analyses performed at 1 bar and 5 bar H 2 (figure 2a) are in
good agreement (96 %) with this value. It is noteworthy that the enthalpy of reaction (2) is remarkably
low. This can be easily seen by the comparison of the areas of the two DSC peaks D and E at a hydrogen
pressure of 5 bar. The area of peak D (chemical equation 2) is significantly smaller than the area of
peak E (decomposition of MgH2). To be exact, area D covers only about 18 % of area E. However, in
both reactions the same amount of hydrogen is released, namely 4 moles per formula unit.
Consequently, the enthalpy of reaction 2 can be directly estimated from the ratio of the peak areas
and the known enthalpy of MgH2 (74.4 kJ (mol H2)−1, [19]). At roughly 13 kJ (mol H2)−1 the experimentally
determined enthalpy is significantly lower than those of common, reversible hydrides and hydride
composites. Considering this low reaction enthalpy, a rehydrogenation of the desorption products
would be impossible at the temperature and pressure conditions employed in the absorption
experiments if the entropy change associated with the hydrogenation reaction was similar to those of
typical hydrides such as MgH2 or Mg2NiH4 (i. e. ∆S well above 100 J (K mol H2)−1) because the equilibrium
pressure would be extremely high. Since rehydrogenation was successful at moderate gas pressures,
also the entropy change of reaction 2 must be exceptionally low. In fact, Vajo et al. were able to
estimate thermodynamic data for the composite LiBH4-Mg2NiH4 by means of a sequence of nonequilibrium measurements [18]. They performed absorption and desorption experiments with varying
hydrogen pressures at several constant temperatures and evaluated the rate of the processes. With
the assumption that this rate becomes zero if the pressure converges to the equilibrium pressure, the
authors could estimate a set of peq(T) values and construct a van ’t Hoff diagram. At 15.4 kJ (mol H 2)−1
the extracted reaction enthalpy is fairly low but in good agreement with the value determined in this
work. The entropy change was specified with 62.2 J (K mol H2)−1. This value is, as expected, rather low,
too. Vajo et al. attributed the low entropy change to the properties of the hydrogenated state. They
assumed a comparatively high entropy associated with having the two complex hydride anions [BH 4]–
and [NiH4]4 –. However, this explanation is not satisfactory because the entropy change for the
decomposition of pure Mg2NiH4 is reported to be 122.2 J (K mol H2)−1 [29]. That is almost the entropy
value generated with the release of gaseous hydrogen (S300 K(H2) = 130.77 J (K mol)−1 [52]) suggesting
that the moderate entropy excess of Mg2NiH4 with respect to Mg2Ni cannot explain the low entropy
change of reaction 2. In order to survey the plausibility of the given values, thermodynamic data of
several chemical reactions was taken from the literature. Subsequently these reactions were
deconstructed and recombined to find estimates for the enthalpy and entropy changes in question.
Thermodynamic properties associated with the formation of MgNi 2.5B2 are not easy to assess because
no independent data is reported in the literature. Therefore, the formation of this compound is
evaluated with the help of two additional reactions. The first is the one between NaBH 4 and Mg2Ni as
reported by Afonso et al.:
2 NaBH4 + 2.5 Mg2Ni

→ 2 NaH + MgNi2.5B2 + 4 Mg + 3 H2.

(3)

For this reaction an enthalpy change of 76 kJ (mol H2)−1 was measured. The stated value for the entropy
change is 113 J (K mol H2)−1.The second reaction considered in this context is the decomposition of
NaBH4 occurring via:
NaBH4 → NaH + B + 3/2 H2.

(4)

It should be pointed out that this reaction path is purely hypothetical. In reality, NaH is not stable at
the dehydrogenation conditions of NaBH4 which is why the latter compound actually decomposes into
liquid Na, boron and hydrogen [53]. Nevertheless, the standard enthalpies of formation ∆H0 and the

f

standard molar entropies S0 of NaBH4, NaH, boron and hydrogen are listed in the NIST Chemistry
WebBook [54] and summarised in table 3. By means of these values the reaction enthalpy and entropy
of chemical equation 4 can be calculated to 90.3 kJ (mol H2)−1 and 93.8 J (K mol H2)−1, respectively.

Table 3: Standard enthalpies of formation ∆H0 and standard molar entropies S0 of NaBH4, NaH,
f
boron and hydrogen according to the NIST Chemistry
WebBook.
∆H0 [kJ mol-1]

S 0 [J (K mol)-1]

NaBH4

-191.8

101.5

NaH

-56.4

40.0

B

0

5.9

H2

0

130.7

Compound

The combination of reactions 3 and 4 allows to determine the enthalpy and entropy change of the
reaction
2.5 Mg2Ni + 2 B → MgNi2.5B2 + 4 Mg

(5)

to −42.8 kJ and 57.8 J K−1 per formula unit. Furthermore, in order to estimate the thermodynamics of
the concerted reaction 2, the decomposition of liquid LiBH4 occurring via the reaction path
LiBH4 (liquid) → LiH + B + 3/2 H2

(6)

is considered. According to Price et al. the changes of enthalpy and entropy for this reaction are 58.6
kJ (mol H2)−1 and 80.1 J (K mol H2)−1, respectively [55]. Whilst taking into account the dehydrogenation
paths and the associated enthalpy and entropy changes of pure Mg2NiH4 (64.4 kJ (mol H2)−1 and 122.2
J (K mol H2)−1, [29]) as well as pure MgH2 (74.4 kJ (mol H2)−1 and 135.1 J (K mol H2)−1, [51]), the combination
of reactions 5 and 6 makes it possible to estimate the enthalpy and entropy changes for the
dehydrogenation of LiBH4-Mg2NiH4. For that purpose, a hypothetical reaction scheme with three
individual steps is constructed:
2 LiBH4 + 2.5 Mg2NiH4
-> 2 LiH + 2 B + 2.5 Mg2Ni + 8 H2

(7)

-> 2 LiH + MgNi2.5B2 + 4 Mg + 8 H2

(8)

-> 2 LiH + MgNi2.5B2 + 4 MgH2 + 4 H2.

(9)

The reaction enthalpies and entropies for the steps 7, 8 and 9 are 62.2 kJ (mol H2)−1 and 106.4 J (K mol
H2)−1, −42.8 kJ and 57.8 J K−1 per formula unit and −74.4 kJ (mol H2)−1 and −135.1 J (K mol H2)−1,
respectively. Consequently, according to the given literature data the overall reaction, i. e. the
concerted reaction 2, features an enthalpy change of 39.4 kJ(mol H2)−1 and an entropy change of 92.2
J (Kmol H2)−1. These values do not support the exceptionally low reaction enthalpies determined in this

work and by Vajo et al. Also the extraordinarily low entropy change reported by Vajo et al. is not
confirmed.

(a)
(b)
Figure 8: Assessment of the thermodynamic properties of the LiBH4-Mg2NiH4 system: (a) equilibrium
pressure of a general absorption process at 365 °C as a function of the reaction enthalpy ∆H and the
entropy change ∆S, the plateau pressure of the concerted reaction 2 is located in the lower left part of
the diagram (peq(365 °C) < 150 bar), (b) equilibrium pressures as a function of the temperature for
reaction 2 and for the pure compounds LiBH4, Mg2NiH4 and MgH2.

However, the calculated enthalpy and entropy changes associated with the formation of MgNi2.5B2 are
dubious. These calculations rely partially on the data provided by Afonso et al. [56]. On closer
examination of their raw data it is clear that their results are subject to considerable uncertainty.
Unfortunately, no other publications on this topic are available that could contribute more trustworthy
results. Nevertheless, the close resemblance between the enthalpy values determined for the
concerted reaction 2 in this work (about 13 kJ (mol H2)−1) and by Vajo et al. (15.4 kJ (mol H2)−1) lets the
magnitude appear reasonable. In figure 8a the equilibrium pressure of a general absorptiondesorption process is drawn as a function of the reaction enthalpy and entropy at a temperature of
365 °C. Since rehydrogenation of desorbed LiBH4-Mg2NiH4 was successfully performed at 365 °C and a
hydrogen pressure of 150 bar, this pressure represents an upper limit for the equilibrium pressure of
reaction 2. As can be seen, the reaction enthalpy reported by Vajo et al. demands an entropy change
of less than 66 J (K mol H2)−1 (point 2). Even if the true reaction enthalpy exceeded the reported value
of 15.4 kJ (mol H2)−1 by roughly two thirds, the entropy change still would be restricted to values of less
than 81 J (K mol H2)−1 (point 3). Consequently, assuming the enthalpy values determined in this work
and by Vajo et al. are in the right magnitude, entropy changes of less than 70 J (K mol H2)−1 are plausible.
Unlike the explanation attempt given by Vajo et al., not high entropy of the absorbed state is
responsible for the low entropy change but rather the reduced entropy of the desorbed state: in
reaction 2 liquid LiBH4, a high-entropy hydride, and Mg2NiH4 decompose but only 50 % of the hydrogen
is released into the gas phase. The other half is stored in the low-entropy hydride MgH2, effectively
reducing the entropy change upon desorption. Substantiated by these inferences, the equilibrium
pressure of LiBH4-Mg2NiH4 was calculated based on the thermodynamic data reported by Vajo et al.
(point 1 in figure 8a) and compared to the respective pressures of Mg2NiH4, MgH2 and LiBH4. This is

shown in figure 8b. At 50 bar H2 only the composite material features an equilibrium temperature of
less than 400 °C confirming once again that the dehydrogenation process observed in the volumetric
and DSC analyses is indeed a concerted reaction. However, it can be seen that the measured
dehydrogenation onset of this reaction (about 375 °C) is much higher than the calculated equilibrium
temperature of 246 °C. Most likely this discrepancy must be attributed to poor kinetic properties. This
assumption is supported by the non-isothermal experiments conducted at 1 bar (in situ SR-PXD and
DSC analyses in figures 1 and 2b). Although the calculated equilibrium temperature of the concerted
reaction is approximately −25 °C at this pressure, the dehydrogenation process starts with the
decomposition of Mg2NiH4 only at temperatures above 270 °C. It seems that in these experiments with
quickly rising temperature the high activation energy of the mutual reaction between LiBH 4 and
Mg2NiH4 does not allow a discernible reaction rate before the decomposition temperature of Mg 2NiH4
is reached. Nevertheless, also at comparatively low temperatures the concerted reaction can be
observed, provided the independent decomposition of Mg2NiH4 is inhibited and sufficient time is
granted. Even at temperatures below the melting point of LiBH4 the two hydrides effectively destabilise
each other. This process is rather unusual because the high kinetic barriers of LiBH 4 typically prevent
its dehydrogenation in the solid-state. Thus, the discovered behaviour points towards a large driving
force (highly negative change of the free energy ∆G) for the mutual reaction which is in agreement
with the large deviation between the calculated sorption equilibrium and the measured onset
temperature.
After dehydrogenation of LiBH4-Mg2NiH4 at 1 bar and 5 bar, MgB2 is identified among the desorption
products. This compound is formed in the side reaction between Mg and yet unreacted LiBH 4. Upon
desorption at 50 bar MgH2 is stable and, therefore, no MgB2 is formed. The presence of this compound
demands a modification of reaction scheme 1 introduced in section 3.1.1. If LiBH4 is partially consumed
in the side reaction forming MgB2 one would expect to find residual Mg2Ni among the desorption
products, i. e. an overall reaction according to

2 LiBH4 + 2.5 Mg2NiH4 → 2 LiH + x MgNi2.5B2 + (5 x − 1) Mg +
+ 2.5 (1 − x) Mg2Ni + (1 − x) MgB2 + 8 H2.

(10)

Here x ∈ [0.2, 1] would be understood as a kinetic parameter describing the amount of produced MgB2.
However, no traces of Mg2Ni could be detected in the powder diffractograms. In fact, except for
MgNi2.5B2, no other Ni-containing compounds are discernible in the PXD analyses (figure 3a). In
addition, no signals of non-diffractive Ni-B based phases are identified in the NMR spectra (figure 3b).
Thus, all Ni atoms in these samples must be bonded in MgNi 2.5B2. Since boron is partially bonded in
MgB2, the atomic composition of the Mg-Ni-B compound formed upon dehydrogenation at 1 bar and
5 bar must differ from the expected 1:2.5:2 ratio. This finding could be explained by a certain
homogeneity range of MgNi2.5B2, i. e. by a range of atomic compositions with (almost) the same crystal
structure (e. g. partial occupancy or atomic substitution). This assumption can also be motivated by
the results of the Rietveld analyses (table 2). Accordingly, the following modified reaction scheme for
LiBH4-Mg2NiH4 at 1 bar and 5 bar can be depicted:
2 LiBH4 + 2.5 Mg2NiH4 → 2 LiH + Mgy(4+x)Ni2.5B2x +
+ (1 − y)(4 + x) Mg + (1 − x) MgB2 + 8 H2 .

(11)

The parameter x ∈ [0, 1] specifies the amount of produced MgB 2 but simultaneously determines the
ratio of nickel and boron in MgNi2.5B2. Also, in this reaction scheme x can be considered as a kinetic

parameter that depends on the experimental conditions such as the hydrogen pressure, the heating
rate and the maximum temperature but also on certain properties related to the sample itself like the
particle size or the presence of impurities. Hence, it can be assumed that different experimental
conditions and sample preparations result in different values for x. The parameter y ∈ [0, 1] is linked
to structural properties of MgNi2.5B2. Besides the amount of free magnesium, it describes the ratio of
magnesium and nickel within MgNi2.5B2 and is, therefore, related to their respective site occupancies
and substitutional effects. Based on the chemical compositions of the desorbed samples as determined
by the PXD and NMR analyses and supported by the Rietveld refinements of the atomic parameters of
MgNi2.5B2 (table 2), the existence of the aforementioned homogeneity range of this compound must
be considered the most plausible explanation for the experimental results. Consequently, “MgNi2.5B2”
should rather be considered a name than an accurate expression of the actual chemical composition
of this Mg-Ni-B phase. For convenience this name is used throughout the whole text in order to refer
to this compound.
The temperature and pressure dependent reaction paths and steps can be summarised and visualised
in a simplified schematic reaction diagram (disregarding UP and Li 2B12H12) as shown in figure 9. The
formation enthalpies of the different states are calculated with respect to the fully absorbed state
(state 1) that was defined as ground level (0 kJ). The calculations are based on the dehydrogenation
enthalpies of Mg2NiH4 and MgH2 reported by Reilly et al. [29] and Stampfer et al. [51], respectively. In
addition, the enthalpy change determined by Vajo et al. [18] that is similar to the value measured in this
work was assumed for the concerted reaction 2 i. e. the transition from state 1 to state 2. The
formation enthalpy of state 5 depends on the parameters x and y and, therefore, is not a fixed value.
Since MgNi2.5B2 can be synthesised from MgB2 and Ni, this compound must have a more negative
standard formation enthalpy (on a per atom basis)

State

Composition

1

2LiBH4 + 2.5Mg2NiH4

2

2 LiH + MgNi2.5B2 + 4 MgH2 + 4 H2

3

2 LiBH4 + 2.5 Mg2Ni + 5 H2

4

2 LiH + MgNi2.5B2 + 4 Mg + 8 H2

5

2 LiH + Mgy(4+x)Ni2.5B2x +
+ (1 − y)(4 + x) Mg + (1 − x) MgB2 + 8 H2

Figure 9: Simplified schematic reaction diagram for the LiBH4-Mg2NiH4 RHC: five thermodynamic states
are identified (disregarding UP and Li2B12H12). The grey values at the arrows indicate the reaction
enthalpies in kJ (mol H2)−1 for the different transitions.

as compared to MgB2. Consequently, state 5 has the highest formation enthalpy among the five states
considered in figure 9. If LiBH4-Mg2NiH4 is heated up steadily, the reaction path from state 1 to state 2
is thermodynamically the most favourable and should be enabled first. However, high kinetic barriers
suppress this path at low temperatures. Hence, at low hydrogen pressures the transition from state 1
to state 3 (decomposition of Mg2NiH4) is observed first. The application of higher hydrogen pressures

effectively shifts the sorption equilibrium of Mg 2NiH4 to higher temperatures and thus allows for the
concerted reaction to take place. State 3 is a non-equilibrium state i. e. the system reacts further
immediately. If the temperature is lower than the equilibrium temperature of MgH 2 the gradual
transition from state 3 to state 2 is observed. As soon as this temperature is exceeded, the fraction of
the system in state 2 quickly passes into state 4. The residual fraction of the system in state 3 reacts
gradually to state 4, too. Simultaneously, the newly formed magnesium from state 4 reacts with
unreacted LiBH4 from state 3 and forms MgB2. The formation of this compound introduces state 5. This
fifth state is thermodynamically less favourable than state 4. However, the presence of MgB 2 after full
dehydrogenation, i. e. after a dwelling time of several hours at 400 °C, shows that the transition from
state 5 to state 4 is kinetically hindered at this temperature.
If LiBH4 or composites containing this borohydride are heated above 350 °C without the application of
sufficient hydrogen pressure, the formation of Li2B12H12 is typically observed. The 11B NMR analyses of
dehydrogenated LiBH4-Mg2NiH4 only show very weak signals that can be attributed to this compound
(figure 3b). However, it is unlikely that the decomposition of LiBH4 into Li2B12H12, LiH and hydrogen is
somehow suppressed in this composite. Instead, it must be assumed that Li2B12H12 is partially formed
but then acts as a boron donor for Mg2Ni in the formation of MgNi2.5B2. The possibility that this reaction
occurs under experimental conditions similar to those chosen for the dehydrogenation of LiBH 4Mg2NiH4 was demonstrated in the in situ SR-PXD experiment shown in figure 6a. The composition of
the Mg2NiH4-Li2B12H12-LiH samples was chosen to allow for the bonding of all boron and all nickel in
MgNi2.5B2. At the end of the dehydrogenation period only MgNi 2.5B2 but no residual Mg2Ni was
detected. Considering the described stoichiometry of the as-prepared material, (almost) full
consumption of Li2B12H12 must be inferred. This experiment also demonstrates the good kinetics for
the boron transfer from Li2B12H12 to MgNi2.5B2. Moreover, also in this experiment UP was found to be
an intermediate phase. The presence of UP in this sample simultaneously confirms that its formation
is not directly associated to LiBH4 but rather to Mg2Ni reacting with any boron donor. Upon
rehydrogenation of the desorbed sample Mg2NiH4 was recovered. Its reflections arose at temperatures
above the melting point of LiBH4. Therefore, this borohydride was formed in the liquid state making it
non-detectable with diffraction methods. Altogether, Li2B12H12, if produced in a side reaction, must be
regarded as an intermediate compound in the LiBH4-Mg2NiH4 system. After complete dehydrogenation
all boron is bonded in MgNi2.5B2 and thus a full recovery of LiBH4 is possible. This finding is a crucial
advantage for the preservation of this system’s hydrogen storage capacity and distinguishes it from
the LiBH4-MgH2 Reactive Hydride Composite. As magnesium does not react with Li2B12H12 under
moderate conditions (no formation of MgB2), the latter compound must be regarded as a boron sink
in the LiBH4-MgH2 system. The formation of Li2B12H12 in this RHC causes a gradual degradation of the
hydrogen storage capacity as more and more boron is removed from the reversible cycle between
LiBH4 and MgB2. In contrast to this, Li2B12H12 does not constitute a boron sink in the LiBH4-Mg2NiH4
system allowing reversible hydrogen cycling without particular pressure or temperature restrictions.
Due to experimental limitations (the plateau pressure at the hydrogenation temperature exceeds the
maximum operation pressure of the volumetric apparatuses), the reversibility of the LiBH4-Mg2NiH4
system could not be recorded continuously over several hydrogen cycles. Instead, the cycling stability
had to be evaluated based on ex situ measurements (figure 7). The comparison of volumetric analyses
of the first and the tenth dehydrogenation revealed that the reaction kinetics remained almost
unchanged. To some extend this observation allows to draw conclusions about the stability of the
composite’s microstructure. Typically, the development of a refined particle size distribution promotes
reaction kinetics. In contrast, a noticeably particle growth causes the opposite i. e. it impedes fast
sorption rates. Therefore, no significant microstructural changes are expected as a result of cycling
procedure. However, a drop of the hydrogen capacity of about 10 % could be observed. Although this

reduction can be partially explained by the presence of MgO – that points towards an exposure to
oxygen or humidity during the handling of the material – the low concentration of this impurity
suggests that the partial oxidation cannot be held liable for the entire capacity drop. The presence of
residual MgNi2.5B2 in the hydrogenated state (9. absorption) shows that LiBH4 was not recovered
completely during hydrogenation. This finding could be ascribed to several phenomena. For instance,
absorption kinetics could reduce sensibly towards the end of the hydrogenation reactions. Such a
process could be induced by e. g. the development of new structures and interfaces that impede solidstate diffusion.

Figure 10: The crystal structure of MgNi2.5B2 viewed along the three crystallographic axes. Nickel,
magnesium and boron atoms are portrayed as orange, grey and green spheres, respectively.

Another explanation attempt for the incomplete recovery of the absorbed state could be related to
phase segregation which can be motivated by the presence of a liquid phase (LiBH 4) in both the
absorption and desorption periods. Under the influence of gravity, local deviations from the
stoichiometric composition of the LiBH4-Mg2NiH4 composite could develop. Nevertheless, without
further detailed characterisations by means of more dedicated techniques the observed capacity drop
cannot be explained unambiguously.
Interestingly, the achieved degree of reversibility after ten cycles (about 90 %) is much higher than the
one obtained by Li and Vajo et al. [32]. In their publication, the authors report a boron transfer to LiBH4
that is equivalent to an absorption yield of only approximately 65 %. This rather low value was obtained
already for the first three hydrogenation steps. In contrast to the absorption conditions chosen in this
work (360 °C, 200 bar to 250 bar), their hydrogenations experiments were conducted at less
absorption-promoting conditions of 160 bar and 350 °C. Considering that the working conditions
(temperature, pressure and time) and the material properties (no additives, no compaction) were not
optimised for the experiments presented in this work, a reversible capacity of 90 % of the starting
value after ten full hydrogen cycles must be regarded as good result.
The presented results also provide some insights into the nature of MgNi 2.5B2. The crystal structure of
this compound was characterised for the first time by Jung in 1977 [34]. He described this ternary boride
as hexagonal crystal with the space group P6222 (No. 180). An illustration of the MgNi 2.5B2 crystal is
presented in figure 10. Ni atoms are located at the Wyckoff sites 6f and 3d, most of the Mg atoms at
3a and the B atoms at site 6i. However, about one quarter of the Mg atoms occupies as well 6f and 3d
sites. Therefore, these sites are partially occupied by both Ni and Mg; the total occupancies are yet
only 89 % (3d) and 93 % (6f). These crystal structure parameters are summarised in table 4. In addition,

Jung pointed out that single phase diffractograms can also be obtained for slightly different atomic
compositions indicating that MgNi2.5B2 features a certain homogeneity range as expressed above.

Table 4: Crystallographic parameters, i. e. cell lengths, atomic positions and site occupancies, of
MgNi2.5B2 as reported by Jung and MgNi3B2 as reported by Gross et al..
MgNi2.5B2, Jung [34]

MgNi3B2, Gross et al. [33]

(a = 4.887 Å, c = 8.789 Å)

(a = 4.880 Å, c = 8.786 Å)
n

n

site

x

y

z

Ni

Mg

B

x

y

z

Ni

Mg

B

6f

1/2

0

0.208

4.98

0.59

0

1/2

0

0.208

6

0

0

3d

1/2

0

1/2

2.54

0.13

0

1/2

0

1/2

3

0

0

3a

0

0

0

0

2.27

0

0

0

0

0

3.01

0

6i

0.393

0.786

0

0

0

6

0.385

0.771

0

0

0

6

Since the measured cell parameters are practically independent from these changes of the atomic
composition, Jung explained his results by modifications of the total and partial occupancies of the
Wyckoff sites. This assumption is supported by a publication of Gross et al. from 1998 [33]. The authors
reported the crystal structure of MgNi3B2 (table 4). This compound has similar cell parameters and the
same space group as Jung’s structure. In contrast to the latter, MgNi 3B2 exhibits no substitution of Ni
by Mg on the 6f and 3d sites. Moreover, all sites are fully occupied. The authors used a different
synthesis method as compared to Jung. Hence, it seems that the structure and atomic composition of
MgNi2.5B2 (i. e. the site occupancies and the distribution of atoms) are not fixed but depend on the way
this compound is formed. With respect to the structural variations of this compound that develop upon
dehydrogenation of LiBH4-Mg2NiH4 at different hydrogen pressures, the Rietveld analyses (table 2)
provide a couple of interesting findings. Due to the presence of several diffractive phases, the uneven
background functions (scattering at PMMA dome) and the limited resolution of the laboratory
diffractometer, some constraints for the interpretation of these results must be considered, though.
First, the refinement of the general coordinates of site 6i (boron) had to be omitted because the
attempted simultaneous optimisation of all atomic parameters of this site led to dubious results. As a
consequence, a particular degree of uncertainty for the calculated properties of the boron atoms must
be taken into account. Furthermore, the possible substitution of nickel and magnesium on the sites 6f
and 3d was not considered in the refinements. Instead, the scattering capabilities of these Wyckoff
sites were solely adjusted by their total occupancies and their thermal factors. Consequently, the
calculated occupancy values should rather be regarded as measures for the scattering capabilities of
these two atomic sites. For instance, a partial replacement of nickel by magnesium atoms on site 3d
would lower this site’s mean atomic scattering factor ⟨f3d⟩ and thus demand a larger total occupancy
to produce a similar scattering capability. However, since all Rietveld refinements were conducted in
a uniform manner, the presented results are consistent and – within the mentioned limitations –
trends between the different samples can be directly concluded. The high quality of the fits, i. e. the
low reliability indices in conjunction with the qualitative (visual) assessment of the calculated fit curves,
provides a high degree of credibility for the refined cell lengths and atomic parameters of the nickel
and magnesium atoms. The following obvious trends for the development of the MgNi 2.5B2 crystal

structure upon dehydrogenation of LiBH4-Mg2NiH4 can be summarised. The lower the applied
hydrogen pressure:
1. the larger the unit cell (expansion mainly in c-direction),
2. the smaller the z-coordinate of site 6f (up to −2 % of cell length c),
3. the lower the scattering capabilities of sites 6f and 3d.
It appears plausible to relate these three trends to a more and more disordered crystalline structure.
This assumption is also supported by the increased broadening of the MgNi 2.5B2 reflections perceived
after desorption of LiBH4-Mg2NiH4 at lower hydrogen pressures. This broadening is directly related to
a reduced mean crystallite size and increased microstrain. The dimensions of the unit cell and the
atomic positions are determined by the overall potential created by all atoms in the crystal.
Modifications of the atomic site properties (occupancies, substitutional effects) directly affect this
potential and thus the energetically best configuration of the crystal. Therefore, it is reasonable to
ascribe not only the reduced scattering capabilities of sites 6f and 3d to lowered site occupancies and
possible substitutions of nickel and magnesium atoms but also the systematic expansion of the unit
cell as well as the shift of the z-coordinate of site 6f. Initially, these occupancy variations and
substitutional effects were motivated by the evaluation of the composition of the dehydrogenated
LiBH4-Mg2NiH4 samples (reaction schemes 10 and 11) but also the Rietveld analyses support this
conclusion. In addition, Jung referred to these effects to best describe the MgNi2.5B2 diffraction
patterns he collected [34]. This line of argument is further substantiated by considering the similar
effective ionic radii of Ni2+ and Mg2+ of 69 pm and 72 pm [57], respectively, which make the possible
substitution of these two atoms appear quite plausible. However, for a more detailed evaluation of
the MgNi2.5B2 crystal structure that develops upon dehydrogenation LiBH4-Mg2NiH4 more and better
resolved experimenta data is required. Especially a combination of synchrotron and neutron diffraction
analyses could be highly beneficial for this purpose.
The portrayed variations in the MgNi2.5B2 crystal structure can be correlated directly to the
dehydrogenation pressure and thus to the reaction path of LiBH4-Mg2NiH4. At 1 bar H2 the
dehydrogenation starts with the decomposition of Mg2NiH4. Consequently, MgNi2.5B2 is formed in the
reaction between LiBH4 and Mg2Ni. In addition, the unknown phase UP is produced as an intermediate
compound that, upon further reaction, also contributes to the MgNi 2.5B2 formation. In contrast, at a
hydrogen pressure of 50 bar MgNi2.5B2 is formed exclusively in the concerted reaction between LiBH 4
and Mg2NiH4. Obviously this particular reaction path leads to the more ordered structure of the
MgNi2.5B2 crystal which bears a much closer resemblance to the structure of the as-synthesised
material (figure SI.2) and the ideal configuration of this crystal (MgNi 3B2 structure described by Gross
et al. [33]). At 5 bar H2 the dehydrogenation begins with the concerted reaction between LiBH 4 and
Mg2NiH4. However, at this pressure the equilibrium temperature of Mg 2NiH4 is lower than 400 °C and
thus exceeded upon further heating. Afterwards, the formation of MgNi 2.5B2 continues with the
consumption of Mg2Ni and, moreover, involves UP. Consequently, the appearance of MgNi 2.5B2 after
desorption of LiBH4-Mg2NiH4 at 5 bar is a mixture of the ordered structure obtained at higher hydrogen
pressures and the disordered one formed at lower pressures. The differences between the reactions
of LiBH4 with Mg2NiH4 and Mg2Ni, respectively, might be related to different atomic mobilities at the
interfaces of these compounds. The crystal structure of the as-synthesised MgNi2.5B2 also appears well
ordered. In this case, the high annealing temperature of 930 °C certainly promotes diffusion rates and
facilitates the development of an almost ideal structure.
Conclusion

The LiBH4-Mg2NiH4 composite shows some very interesting and unique properties. First, the two
hydrides react mutually if the dehydrogenation of Mg2NiH4 is prevented by the application of a certain
temperature dependant minimum hydrogen pressures. The restriction of the temperature during
dehydrogenation was also proven to facilitate this concerted reaction: at 270 °C, i. e. below the melting
point of LiBH4, the reaction between solid LiBH4 and Mg2NiH4 was observed. The mutual destabilisation
between these two compounds reduces the system’s reaction enthalpy significantly. A value of about
13 kJ (mol H2)−1 was experimentally determined by evaluation of DSC analyses. In addition, a rather
low entropy change, less than 70 J (K mol H2)−1, could be estimated. Furthermore, independent of the
applied hydrogen pressure chosen for dehydrogenation, (almost) no Li 2B12H12 could be detected
among the reaction products. As the dedicated experiment revealed, Mg 2Ni also reacts with Li2B12H12
under formation of MgNi2.5B2. Hence, Li2B12H12 can be regarded as an intermediate phase in the LiBH4Mg2NiH4 RHC and therefore, unlike the LiBH4-MgH2 system, no special dehydrogenation conditions (i.
e. a certain minimum hydrogen pressure) need to be applied in order to preserve the system’s
hydrogen storage capacity. Interestingly, larger quantities of MgB2 were identified in completely
dehydrogenated LiBH4-Mg2NiH4. Thermodynamic estimations suggest that the formation of MgB 2 is
energetically less favourable than the intended reaction. However, this compound is formed via an
accessible (side) reaction path between free magnesium and yet unreacted LiBH 4. It must be
emphasised that the formation of MgB2 does not impede reversibility. A high hydrogenation yield of
approximately 90 % was achieved after ten hydrogen cycles.
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Figure SI.1: X-ray diffractograms of as-milled and annealed “2 MgH2 + Ni”.

(a)

(b)

Figure SI.2: The chemical composition of “MgB 2 + 2.5 Ni” before and after heat treatment: (a) PXD
analyses of as-milled and annealed material and (b) 11B MAS NMR spectra of pure MgB2 and the
annealed mixture (spinning sidebands are marked with asterisks *).

Figure SI.3: Volumetric analysis of the LiBH4-Mg2NiH4 composite: at a pressure of 1 bar H2 the powder
was heated from room temperature to 420 ◦C at 3 Kmin−1.

Figure SI.4: X-ray diffractograms of as-milled (black), desorbed (red) and reabsorbed (blue) LiBH4Mg2NiH4 composite.

