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Abstract

The present study aims at investigating, for the first time, a quinary mixture of light-metals
borohydrides. The goal is to design combinations of borohydrides with multiple cations in
equimolar ratio, following the concept of high entropy alloys. The equimolar composition of the
LiBHs-NaBH4-KBH4-Mg(BH4),-Ca(BHy4), system was synthetized by ball milling. The obtained
phases were analysed by X-ray diffraction and in-situ Synchrotron Radiation Powder X-ray
Diffraction, in order to establish the amount of cations incorporated in the obtained crystalline
phases and to study the thermal behaviour of the mixture. HP-DSC and DTA were also used to
define the phase transformations and thermal decomposition reactions, leading to the release of
hydrogen, that was detected by MS. The existence of a quinary liquid borohydride phase is reported
for the first time. Effects of the presence of multi-cations compounds or a liquid phase on the

hydrogen desorption reactions are described.
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Introduction

In the Ilast decades, research focused on the synthesis and characterization of new
borohydrides.[1,2] Anion substitution in borohydrides has been demonstrated to provide solid
solutions[3—11], as well as hydrogen-fluorine exchange.[12—-15] On the other hand, by mixing
different light-metals borohydrides, the formation of bimetallic and trimetallic compounds or solid
solutions were evidenced, often forming eutectic mixtures. New applications of bimetallic
compounds have been suggested.[1] In few cases, borohydrides or their eutectic mixtures have been
nanostructured with carbon materials, or nanoconfined, or mixed to form reactive hydride
composites, showing improved hydrogen release and cyclability.[16-19] For some binary and
ternary mixtures of borohydrides, corresponding thermodynamic properties and phase diagrams
have been recently assessed.[20,21]

For the present work, the approach is to design combinations of borohydrides with multiple cations
in equimolar ratio, following the concept of high entropy alloys.[22,23] In High Entropy Alloys
(HEAS) at least 5 elements should be present in concentrations between 5 and 35 atomic percent, so
that the high entropy of mixing can stabilise the formation of solid solutions with simple crystal
structures. However, if the formation enthalpy of an intermetallic compound is high enough to
overcome the effect of entropy, that intermetallic compound will be present in the equilibrium
mixture.

HEAs and relative concepts were born within the metallurgy community. In 2004 Cantor[22] and
Yeh[24] suggested to discover new properties and alloys exploring the central region of the phase
space in systems with at least five components. This leaded to the findings of microstructures
mainly composed of fcc or bee multicomponent solid solutions.[25,26] Since 2004, many HEAs
have been explored, finding in some cases very interesting properties for compositions containing

high entropy phases. In particular, mechanical behaviour of HEAs has been investigated.[27,28] An



operative way to define a high entropy phase is to start from the calculation of the configurational
entropy, AScont, 0f @ completely disordered solid solution with the Boltzman formula,

AScont= —R~Zixi~ln(xi) (1)
being x; the atomic fraction of the i-th elements. Commonly, the disordered solid solutions with
AScons > 1.5 R, where R is the gas constant, are defined high entropy phases.[29] Complex
Concentrated Alloys (CCAs) are alloys showing a nominal composition with a configurational
entropy of a hypothetical completely random state, i.e. AScnr > 1.5 R, but composed of more
complex microstructures, i.e. constituted by different phases and intermetallics, but representative
of the inner part of multicomponent phase space.[30]

In the case of equimolar compositions, the value of AS..r can be obtained, for a system with a
defined number of components N, as:

AScont = ReIn(N) )
The higher the number of components N, the higher the value reachable by AS..¢ in the system, i.e.
for N =5, AS™ o= 1.61 R, for N =6, AS™ _ns=1.79 R and for N= 7, AS™ _o.r=1.95 R.
Ordering in high entropy phases have been experimentally found in the exploration of CCAs.[31-
33] Ordering decreases the entropy of the phase, since, following the Compound Energy Formalism
(CEF),[34] the configurational entropy AS..s should be decomposed into the contributes of the
respective sub-lattices. Considering, for example, a system containing two different sub-lattice 4,
with a number of sites X, and &, with a number of sites Y, the configurational entropy of the ordered
structure can be defined as:

ASO®P e = -R-( XIXHY) Y iIn(y )+ Y/(X+Y)-Zlyhiln(y)) 3)
where yih and yik are the mole fractions of the constituent i in the sublattice 4 and £,
respectively.[31] For instance, in a AB compound with atoms A and B in two different sub-lattices
h and k with X and Y equal to 1, the respective disordering of each sublattices (considering random

mixing within each sub-lattice) obtained replacing half atoms of A with C in sub-lattice 4 and half



atoms of B with D in sub-lattice k, leading to an (ACBD) solid solution, increases the
configurational entropy of 0.69 R, a value comparable to the configurational entropy of a equimolar
binary system completely disordered. Such a situation can be observed in ionic compounds, which
are characterized mainly by two sub-lattices, a cationic and an anionic one.

Recently, the formation of entropy stabilized mixtures of oxides[35] and borides[36] was reported,
together with the description of a entropy driven polymorphic transition as a function of the
composition of the solid solution. In ionic compounds, a structure containing one sub-lattice with
random cation occupancy can be obtained at a sufficient high temperature if it does not melt before
such a transition. In the case of oxides, electroneutrality and geometrical parameters must be taken
into account to succeed in the formation of a solid solution. Generally, cations chosen for the
equimolar mixture should come from compounds with the same crystal structures, should have
similar ionic radii and coordination number. In addition, they should be isovalent among them and
with the counter anion. The formation of a multi cation solid solution can be correlated with the
Goldschmidt tolerance factor (t), which should be close to 1.[37] The cation-size difference (6r) or
average size difference using the lattice constant of individual component (8, and d.) should also be
considered as important factor for the formation of one-phase solid solution if the compounds have
mixed ionic and covalent characteristics. In the case of borides, d, and . should be in the range of
4-12%. In addition, enthalpy of mixing, entropy of mixing and melting temperature play a role as
for HEAs, but they usually are thermodynamic parameters unknown for all phases and of difficult
experimental determination.

Unlike alloys, oxides and diborides, the most common and studied borohydrides presents different
crystal structures, polymorphs, and many bi- or trimetallic compounds are present in binary or

higher mixtures, as reported in Table 1.
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Their crystal structures are characterized by the presence of cations surrounded by the complex
BH, anion. The presence of multiple cations is expected to promote the formation of solid solutions
as observed for oxide systems or multi-cations eutectics. On the other hand, when the formation
enthalpy of a multi-metallic compounds is high enough to overcome the entropy contribution to the
free energy of solid solutions, their formation will be hindered.

The present study aims at extending the study on multi-metallic compounds and to explore, for the
first time, a quinary mixture of borohydrides in the LiBH4-NaBH4-KBH4-Mg(BH4),-Ca(BHa),
system. In fact, this approach appears to be promising from the hydrogen release point of view,
owing to the presence of cations of light-metals borohydrides, showing low decomposition
temperatures. The obtained phases were studied by Powder X-ray Diffraction (PXD) and in-situ
Synchrotron Radiation Powder X-ray Diffraction (SR-PXD), in order to define the cell parameters
and volumes of the phases, also as a function of temperature. The thermal behaviour of the mixtures
were analysed by high-pressure differential scanning calorimetry (HP-DSC) and differential thermal
analysis (DTA). This data were compared with the SR-PXD analysis to identify the phase
transitions and reactions, while hydrogen release was studied by mass spectrometry (MS) and
decomposition products were defined by PXD, attenuated total reflection infrared (ATR-IR) and
Raman spectroscopies. The occurrence of solid solutions, multi cation eutectics and multi-metallic
compounds leads to differences in the hydrogen desorption reactions, depending on the interaction
among the components.

Experimental

Sample preparation

Lithium borohydride (LiBHy, purity >95% from Sigma-Aldrich), sodium borohydride (NaBHa,
purity >98% from ABCR), potassium borohydride (KBHa, purity >97% from Merck), magnesium
borohydride (y-Mg(BHa4),, purity >95% from Sigma Aldrich) and calcium borohydride (of-
Ca(BHy),, purity >99% from KatChem) were mixed by ball milling (BM) in equimolar ratio. A
Fritsch Pulverisette 6 planetary mill was used to ball mill the reactants under 10 bar of H; in 250
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mL stainless steel vials, with stainless steel balls (0.d. 10 mm) and a balls-to-sample mass ratio of
30:1. The pure borohydrides were milled for 1 h at 350 r.p.m., while the quinary mixture was milled
at the same r.p.m. up to 50 hours.

A thermal treatment up to 500 °C was performed in an alumina crucible to check the phase stability.
A quartz tube was used to hold the crucible and evacuate the inert gas; after evacuation, the tube
was placed in a hoven, heated at the desired temperature and cooled down at 5 °C/min.

All preparations and manipulations of the samples were performed in argon-filled or nitrogen-filled
glove boxes with a circulation purifier, with O, and H,O levels lower than 1 ppm.

Characterization

Laboratory powder X-ray diffraction (PXD)

Powder X-ray diffraction measurements were performed at room temperature (ex situ) using a
Panalytical X-pert (Cu K, = 1.54059 A, K = 1.54446 A) in capillary transmission set-up (Debye-
Scherer geometry). Patterns were collected from 5° to 130° 20 range, step size 0.016, time step 90
seconds. Samples were inserted in 0.5 mm glass capillaries in the glove box and sealed with
plastiline, then moved out of the glove box and sealed with flame.

The Rietveld refinement of diffraction patterns has been performed using the MAUD (Materials
Analysis Using Diffraction) program.[57] The instrumental function was determined using pure Si
as a standard.

In-situ time-resolved synchrotron radiation powder X-ray diffraction (SR-PXD)

The in situ SR-PXD measurement was performed at the diffraction beamline P02, in the Petra III
storage ring of DESY (Hamburg, Germany). Few milligrams of sample were packed in a single
crystal sapphire capillary (inner diameter ca. 0.6 mm). The capillary was then mounted in an in-
house-built synchrotron cell and sealed using Vespel ferules and Swagelok connections. This cell is
equipped with a heating element (electric resistance) and thermocouples allowing varying the
temperature between RT and 450 °C during the experiment. Moreover, the cell can be connected to

an external gas line and loaded with inert or reactive gases at different pressures.[58] The sample



was heated up to 250 °C and cooled down to room temperature (RT) at 5 °C/min under a hydrogen
pressure of 1 bar. The beamline provides a monochromatic X-ray beam (A = 0.207157 A) and is
equipped with a PerkinElmer XRD 1621 plate detector (pixel size 200 pm x 200 pum, array
2048x2048 pixels). The diffraction images, collected every 15 seconds, were integrated with the
software Fit2D. The Rietveld refinement of selected diffraction patterns has been performed using
the MAUD program.[57] The instrumental function was determined using LaBg as a standard.

High Pressure Differential scanning calorimetry (HP-DSC)

A high-pressure 204 Netzsch DSC was used to analyse the thermal behaviour of the mixture,
avoiding decomposition and obtaining accurate value of temperature and enthalpy of phase
transformations. Approximately 3 to 9 mg of sample were loaded into alumina or aluminium
crucibles with lid. The DSC instrument is placed inside the glove box to ensure sample handling
under inert atmosphere. Samples were heated and cooled in the desired temperature range at 5
°C/min under 1 or 50 bar of H,.

Differential Temperature Analysis coupled with Mass Spectroscopy (DTA-MS)

A DTA Netzsch STA 409 coupled with a Hiden Analytical Hal 201 Mass Spectrometer was used to
analyse hydrogen and diborane release in the mixture as a function of temperature. The instrument
is placed inside the glove box to ensure sample handling under inert atmosphere. Approx. 2 mg of
sample were heated from RT up to 500 °C at 5 °C/min under an argon gas flow of 50 mL/min,
which was used also to transport the gases to the MS analyser.

Raman Spectroscopy

Raman spectra were collected using a WITec alpha300 confocal Raman spectrometer (Ulm,
Germany) using a 633 nm (red) excitation wavelength in backscattering mode, with exposure times
of 0.5 s and 200 accumulations per spectrum over a 2600—1000 cm ™' range.

Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR)

The Infrared spectra (2 cm™ resolution, average on 64 scans) were collected in Attenuated Total

Reflection mode on loose powder with a Bruker Alpha-P spectrometer, equipped with a diamond



crystal. All the spectra were recorded in the 5000—400 cm ' range, in a protected atmosphere since
the instrument is placed inside a nitrogen filled glove-box (MBraun Lab Star Glove Box supplied
with pure 5.5 grade Nitrogen, <1 ppm O, <1 ppm H,0).

Results and Discussion

Equilibrium phases in the quinary borohydride system

After 50 hours of ball milling, the equimolar mixture of LiBH4-NaBH4-KBH4-Mg(BH4),-Ca(BHy),
(LiNaKMgCa system) still presents all the pristine compounds (LiBH4, NaBH4, KBHy4, a-Mg(BH4),
and a-Ca(BHy4),) plus KCa(BHy)s, as can be observed in the PXD pattern shown in Figure 1A, BM.
It is worth noting that, in the mixture, Mg(BH4), and Ca(BH4), are present only in the a polymorph,
but y-Mg(BH,4), and B-Ca(BHs4), are not detected, even if they are present in the starting materials.
Similar behaviour was observed in the LiBH4-Mg(BH4), system, where the o-f transition of
Mg(BHy), is reversible.[43] No other bi- or tri-metallic compounds have been observed to form
under ball milling. The Rietveld refinement and cell parameters of ball milled pure borohydrides are
reported in Figure S1 and they can be compared with the cell parameters obtained from the
Rietveld refinement of the LiNaKMgCa BM sample, reported in Figure S2A. In the case of starting
BM y-Mg(BH,), (Figure S1D), the PXD peaks are very weak because of the milling treatment,
suggesting a significant reduction of long-range order in the structure upon mechano-chemical
treatment. This result can be related to the amorphous phase of Mg(BH4), observed under
pressure.[59] Since the KCa(BHy); is the only bimetallic compound that has been observed, an
equimolar mixture of KBH4 and Ca(BHy), (KCa system) was synthetized and investigated. The
weight fraction and cell parameters of the ball milled KCa system are reported in Figure S3A. In
the KCa system, after milling, an excess of KBHs and Ca(BH4), is present, together with the
KCa(BH4); compound, suggesting an incomplete reaction after ball milling at the present
conditions. After thermal cycling up to 370 °C, i.e. over the melting temperature of the bimetallic
compound (Figure S3B), an excess of KBH, is still observed, as it was observed in the
literature,[ 53] which suggests an off-stoichiometry of the compound. Generally, no marked changes
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in the cell parameters of all phases are observed comparing the values observed for pure compounds
and the LiNaKMgCa system, evidencing no significant solid solutions formation upon milling. The
only sensible variation that can be noticed is related to a decrease of the a lattice parameter of
KCa(BH,); in the quinary system (8.001 A), with respect to that observed in the KCa system after
annealing (8.018 A). The lower value of this cell parameter in the quinary mixture might be related
to the dissolution, inside the crystal structure of the bimetallic compound, of a low amount of
cations (e.g. Li", Na” and Mg®") with a smaller size with respect to K and Ca*".

Ball milled pristine borohydrides have been also compared with the KCa and LiNaKMgCa systems
by means of ATR-IR and Raman spectroscopies and results are reported in Figure 2A and Figure
2B, respectively.

In ATR-IR spectra, bands in the 2400-2000 cm™ region are related to the B-H stretching, while
those in the 1300-800 cm™ region are related to H-B-H bending vibrational modes of ionic
BH4 .[1,11,60] The stretching (vi, v3) and bending (v, v4) modes of the BH4™ anions are reported in
Figure 2A as dashed lines for comparison. The isolated BHs anion has an ideal tetrahedral
symmetry, but the vibrational modes can be split into several components in the crystalline state,
due to lowering of its site symmetry. Generally, modes v; and v, are triply degenerate in free
tetrahedral BH, ions, and the v, is doubly degenerate.[11] The single broad band that can be
observed in Figure 2A, BM for the quinary mixture in the 2400-2000 cm™ region may be related to
a symmetry change of the BHy4 site. However, since several phases are present simultaneously in
the sample, there may be interaction among them, leading to disordering effects. So, the broad band
extending in a wide energy region can be assigned to vibrational modes of BH4 ion in different
borohydrides. Taking into account the results from PXD, broad bands observed in ATR-IR spectra
are assigned to a physical mixture of different phases, rather than the presence of solid solutions.
Raman spectra confirm the presence of a single broad stretching band, in a frequency range similar

to the ones of LiBH,4 and Ca(BH,),, as it can be observed from dashed lines in Figure 2B, BM.
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In conclusion, a unique solid solution has not been obtained upon mixing five different
borohydrides by mechanical milling. Only the KCa(BH4); bimetallic compound has been formed,
suggesting that it has a strong negative enthalpy of formation, that overcomes possible entropy of
mixing contributions to the free energy of the mixture.

Thermal stability of the quinary borohydride system

The DSC traces, obtained upon heating the LiNaKMgCa system up to 200 °C and then cooling
down to 60 °C, are reported in Figure 1B. Two cycles have been carried out and they evidence
various events: the polymorphic transition of KCa(BH4)3 at Tpea= 76 °C (61 °C on cooling) and the
melting of a eutectic at Tpea= 99 °C (90 °C on cooling). Another melting peak is observed at Tpea=
113 °C (95 °C on cooling), followed by another melting event ending at T= 130 °C. The liquidus
temperature is observed at 180 °C (172 °C on cooling). On the first cooling ramp, only one peak is
observed, possibly for segregation or kinetic reasons.

The PXD pattern of the quinary mixture after the DSC cycling up to 200 °C is shown in Figure 1A,
200 °C, and corresponding Rietveld refinement analysis is reported in Figure S2B. The PXD peaks
of KCa(BHy); are rather intense and those of NaBH, are clearly observed, while only traces of
LiBH4, KBH4, 0-Mg(BHjy), and a-Ca(BHy,); are still visible, together with a broad halo.

After thermal cycling the LiNaKMgCa system up to 200 °C, the ATR-IR bands in the 1300-800
cm’' region became more intense and sharper with respect to those observed for the BM sample, as
shown in Figure 2A, 200 °C. Variations in the band intensity and shape due to thermal cycling of
the BM sample can be related to the release of internal stress and to the formation of a coarser
microstructure. A decrease in intensity of the 1185 cm™ band (asymmetric bending) can be related
to an modification of the BH4 surroundings, such as a change of neighbouring atoms or distances
between the ions in the lattice, as observed for the bromide substitution in LiBH4.[9] This band
shows a redshift of 3 cm™ with respect to the BM sample after thermal cycling. Generally, it can be
observed that the typical IR bands due to the presence of KCa(BH4); (v4 and *) can be clearly

assigned in the LiNaKMgCa system after thermal cycling, as shown in Figure 2A, 200 °C.

12



Moreover, a strong band, marked #, similar to the one of Mg(BHj),, is emerging together with two
unidentified bands at 772 and 751 cm™. These are very sharp and could be related to the formation
of a new unknown phase, which can can be connected to the broad halo observed in the PXD
pattern in Figure 1A, 200 °C. Similar IR bands below 800 cm™ have been observed in
closoboranes,[61] however the observed frequencies do not correspond to those of any known
closoboranes reported in the literature.

In the Raman spectra reported in Figure 2B, 200 °C, some bands disappears after thermal cycling,
while from the broad stretching band emerges a peak at 2306 cm™.

In order to confirm the interpretation of the observed DSC traces for the LiNaKMgCa system, the
thermal behaviour of the KCa system was also investigated by DSC analysis, allowing to determine
the enthalpy of the polymorphic transition and melting of the KCa(BH4); compound. Figure S4
reports the DSC traces observed upon two cycles of heating up to 370 °C and cooling. For the
experiment, a backpressure of 50 bar of H, was applied to avoid the decomposition of the bimetallic
compound, which was reported to occur strictly after melting.[53,62] The polymorphic transition
occurs at an onset temperature of 67 °C on the second heating cycle (Tpeax= 72 °C) and an onset
temperature of 72 °C on the second cooling cycle (Tpeak= 66 °C) with an enthalpy of 3.5+0.1
kJ/mol. The melting occurs at an onset temperature of 356 °C on the second heating cycle (Tpea=
363 °C) and an onset temperature of 361 °C on the second cooling cycle (Tpea= 359 °C), with an
enthalpy of 6.3+0.1 kJ/mol.

To better understand the thermal events observed in the DSC analysis, an in-situ SR-PXD
experiment up to 250 °C has been performed for LiNaKMgCa system and results are shown in
Figure 3, where the intensities of diffraction peaks are compared with HP-DSC traces upon cycling
in the same temperature range. PXD patterns selected at various temperatures are reported in
Figure SS.

From the in-situ analysis, it can be clearly observed the polymorphic transition of KCa(BH,); at

Tpea= 78 °C on heating and Tpea= 59 °C on cooling. Starting from Tyea= 100 °C (Tpear= 88 °C on
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cooling), the PXD peak intensities of the high temperature polymorph of KCa(BH4); are increasing
continually, while the intensity of LiBH4 and KBH4 are clearly decreasing, due to the eutectic
melting of the LiNaK ternary eutectic. On the other hand, no significant change in the NaBH4 peak
intensity is observed, due to the small quantity that melts in the eutectic. At Tpeax= 113 °C (Tpear=
108 °C on cooling), the PXD peaks of LiBH, disappear, since it is fully dissolved in the liquid
phase. Up to 150 °C, also intensities of PXD peaks from KBH4, Mg(BH4), and Ca(BHy), are
decreasing. At 190 °C (Tyea= 184 °C on cooling) a broad melting peak ends in the DSC trace, and
corresponding KBH4 and Mg(BH4), melting is observed in SR-PXD patterns. Above 245 °C, the
mixture is totally molten, and only broad peaks, that can be assigned to the liquid phase, are
observed in the PXD patterns (see also Figure S5, from 250 °C and upon cooling).

KCa(BH4); and NaBH4 recrystallize upon cooling at 234 °C (Tpea= 229 °C), as it can be observed
combining the DSC trace and the SR-PXD patterns. Additionally, the same transformations that are
observed on heating are reversible upon cooling and can be detected in the DSC trace, but
crystalline phases are hardly visible in the PXD. Figure S6 compares the RT scans before (black,
dashed dot line) and after (red, continuous line) the in-sifu thermal cycling. After the annealing
treatment, only KCa(BH4); and NaBH, are easily recognised, while no trace of KBH,4 and Ca(BH4),
are observed. It is worth noting that at 26 values of 1.3°, 2.5° and 4.7°, broad diffraction peaks are
observed, maybe related to an unknown disordered phase. They are similar to the ones observed in
the molten mixture (Figure S5) and are located in similar positions of diffraction peaks of LiBHy4
and Mg(BHa),.

The combined DSC and SR-PXD analyses evidence the formation of a liquid borohydride phase, in
which five cations are present simultaneously. The melting temperatures observed on heating in the
LiNaKMgCa system are quite in good agreement with the eutectic temperatures present in binary
system, as reported in Table 1. In addition, it is clear that the melting sequence involves also the
bimetallic borohydride, KCa(BH4)s. These results suggest limited interactions of borohydrides in

the LiNaKMgCa system in the solid phase, where they result nearly immiscible. On the contrary, in
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the liquid phase, they interact, promoting miscibility and forming a quinary borohydride liquid
phase, here observed for the first time. This liquid phase is likely promoted by a negative enthalpy
of mixing.

In principle, sufficiently high temperatures would promote an entropy-driven transition to a
structure containing a random cation occupancy in only one sub-lattice. However, sometimes, this
temperature is too high and the material melts before reaching it, as it was observed for the selected
system in this study. The failed formation of a unique solid solution phase could be additionally
justified because of a not appropriate diversity in crystal structures, coordination and cationic radii
of pure borohydrides. In fact, natural tendencies to minimize polyhedral distortions, maximize
space filling and adopt polyhedral linkages that preserve electroneutrality required similar crystal
structures, electronegativity and cation coordination. In addition, in order to form a solid solution,
ions in the system should be isovalent, such that relative cation ratios can be varied continuously
with a preserved electroneutrality. In this case, the addition of both mono-valent and bi-valent light-
metals borohydrides to the mixture, likely hindered the occurrence of significant solubility.
Hydrogen desorption from the quinary borohydride system

Pure light-metals borohydrides have shown to release hydrogen at relatively high temperatures and
the tailoring of their thermodynamics towards a room temperature and pressure hydrogen release is
of interest for real applications of these systems for hydrogen storage.[63,64] Under argon flow,
alkali-borohydrides decompose after melting: LiBHj is reported to slowly start to decompose above
300 °C, even after BM,[63,65] and its main decomposition occurs above 400 °C.[63] NaBH4
decomposes slowly from the solid state and the main decomposition reaction occurs, after melting,
slightly above 500 °C.[51,66] Decomposition occurs after melting and above 625 °C for KBHy as
well.[51] Mg(BH4), and Ca(BH4), are reported to decompose above 250 °C and 350 °C,
respectively, under argon flow.[63] Sometimes, ball milling and nanosizing of powder can modify
the hydrogen release properties of those compounds. So, to understand if hydrogen release

temperatures could have been modified because of BM, DTA-MS experiments on BM pure
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Mg(BH4),, Ca(BH4),; and the KCa system have been performed and results are reported in Figure 4.
In all investigated samples, diborane gas was never detected in the MS analysis of decomposition
gas. From the DTA-MS analysis of BM-Mg(BH,),, the polymorphic transition of Mg(BHa), is
observed at Tpea= 200 °C, together with the starting of hydrogen release from the solid state, that is
recorded in a broad range of temperature. On the other hand, BM-Ca(BH,4), shows the polymorphic
transition at Tpea= 164 °C and the main hydrogen release occurs above 300 °C in two steps: the
main one at Tyea= 366 °C and a second one at Tyea= 431 °C. In the KCa system, after the
polymorphic transition and melting of KCa(BHy)3 at Tpea= 77 °C and Tpea= 362 °C, respectively,
the hydrogen release starts strictly after the melting, with an intense release detected at Tpea = 385
°C and 479 °C.

Results of these DTA-MS measurements obtained for the quinary mixture are also reported in
Figure 4. After DTA signals due to various phase transformations of borohydrides constitutive of
the mixture, the DTA-MS peaks due to hydrogen release from the liquid phase are clearly observed.
Thermal decomposition occurs in complex multistep reactions, starting from 250 °C at Tpea= 282,
383,408, 430 and 454 °C, suggesting that the hydrogen release temperatures are not sensibly
different from those of pure borohydrides.

In some pure borohydrides and eutectic mixtures, hydrogen release occurs from the liquid phase
mainly because of kinetic reasons. When hydrogen release occurs from the liquid state, the
characteristic Tyeak 0f decomposition could be related on the interaction among the cations and the
complex BHy4 ™ anion in the liquid.[40] In the case of the LiNaKMgCa system, the presence of many
cations in the liquid phase seems not to influence significantly the bond strength in the complex
BH, anion.

After decomposition of the LiNaKMgCa system, IR and Raman spectroscopies do not detect any
representative band (Figure 2, 500 °C). From PXD patterns (Figure 1A, 500 °C and Figure S2C)

decomposition products, such as CaH,, LiH, MgB, and the Mg high pressure cubic phase, can be
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identified. KBHy is still present, suggesting that the quinary mixture is not fully decomposed upon

heating up to 500 °C.
Conclusions

In the present study, phase stability and hydrogen release in a quinary mixture of borohydrides have
been investigated for the first time. Following the concept of high entropy alloys, the investigated
system is an equimolar mixture of LiBH4, NaBH,4, KBH4, Mg(BH4), and Ca(BHy4),.

The mixture was synthetized by ball milling and characterized to investigate the possible formation
of new phases or solid solutions. The borohydrides result to be immiscible upon mechanical
treatment up to 50 hours: pristine borohydrides are detected in the PXD after milling, together with
KCa(BHy);, whose enthalpy of formation likely overcomes entropy effect, limiting solid solubility.
The bimetallic compound has been characterised and its polymorphic transition and melting
enthalpies have been determined to be equal to 3.5+0.1 kJ/mol and 6.3+0.1 kJ/mol, respectively.
The thermal behaviour of the mixture has been characterized by in-situ SR-PXD and HP-DSC. The
thermal analysis reveals several melting events, up to 250 °C. So, above 250 °C, a five-component
liquid borohydride has been obtained for the first time, via eutectic reactions involving a bimetallic
borohydride.

After thermal cycling up to 200 °C, IR spectroscopy reveals the presence of two unknown sharp
bands below 800 cm™ that could be related to broad peaks observed in the PXD, suggesting the
formation of an unknown phase.

Dehydrogenation from the liquid phase containing five different borohydrides occurs in a complex
multistep reaction. Hydrogen release temperatures are not significantly lowered with respect to
those of pure borohydrides. Not all the borohydrides have been decomposed during the thermal
treatment up to 500 °C.

In conclusion, this study showed the existence of ternary or higher eutectic mixtures of
borohydrides, that might be further characterised to determine the exact composition and melting
temperature. In addition, the occurrence of a new unknown phase has been observed, suggesting
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further studies to characterized it. More fundamental thermodynamic studies and assessments of
complex systems might lead to a better understanding of phase mixtures formed upon mixing
different borohydrides. Studies on their hydrogen release properties might be of interest for a

further tailoring of borohydride systems for solid-state energy storage.
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Figure 1 — LiNaKMgCa system: A) PXD pattern of samples ball milled (BM) and annealed in DSC up
to 200 °C and 500 °C, B) HP-DSC trace, 2 cycle of heating and cooling at 5 °C/min and 1 bar of H,.
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Figure 2 — ATR-IR (A) and Raman (B) spectra of ball milling pure borohydrides and KCa system
(top) and LiNaKMgCa system after ball milling (BM) and after annealing at 200 °C and 500 °C
(bottom).
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and 1 bar of H, compared with HP-DSC trace (right) in the same condition.
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