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Eutectic Melting in Metal Borohydrides 

Mark Paskevicius,*a Morten B. Ley,a,b Drew A. Sheppard,a Torben R. Jensenb and 
Craig E. Buckleya  

A series of monometallic borohydrides and borohydride eutectic mixtures have been 
investigated during thermal ramping by mass spectroscopy, differential scanning calorimetry, 
and photography. Mixtures of LiBH4-NaBH4, LiBH4-KBH4, LiBH4-Mg(BH4)2, LiBH4-
Ca(BH4)2, LiBH4-Mn(BH4)2, NaBH4-KBH4, and LiBH4-NaBH4-KBH4 all displayed melting 
behaviour below that of the monometallic phases (up to 167 °C lower). Generally, each system 
behaves differently with respect to their physical behaviour upon melting. The molten phases 
can exhibit colour changes, bubbling and in some cases frothing, or even liquid-solid phase 
transitions during hydrogen release. Remarkably, the eutectic melt can also allow for hydrogen 
release at temperatures lower than that of the individual components. Some systems display 
decomposition of the borohydride in the solid-state before melting and certain hydrogen 
release events have also been linked to the adverse reaction of samples with impurities, usually 
within the starting reagents, and these may also be coupled with bubbling or frothing of the 
ionic melt. 
 

1. Introduction 

There has been much interest in eutectic salt mixtures for well 
over a century, ever since early investigations into electrolysis 
by Faraday in the mid-1800’s 1. Research into molten salts has 
led to the development of an array of applications and niche 
industries that can make use of their physical properties in the 
molten state. Molten salt systems are known as ionic liquids 
when the melting point is below 100 °C. They can be utilized as 
reaction media 2, and as such, there has been considerable 
research into the solubility and reactivity of dissolved 
substances within these melts 3. Certain extractive metallurgy 
operations implement molten salts in the electrolytic winning of 
target metals, such as aluminum or magnesium at elevated 
temperatures 4. In addition, molten salts are now taking on a 
major role in solar thermal energy storage as sensible heat and 
latent heat phase change materials 5. The nature of molten salt 
systems is also important in understanding the high temperature 
behavior of many hydrogen storage materials. For example, 
metal borohydrides (or tetrahydroborates) are pursued in the 
hydrogen storage field because of their high gravimetric 
hydrogen densities, but they often undergo a transition to a 
molten state before releasing hydrogen 6, 7. 
 There is still active research into understanding the nature 
of the structural changes that occur during crystal melting, 
including in pure alkali metal halide systems 8. A pure alkali 
halide liquid can be conceptualized as consisting of small 
domains of regular crystal-type arrays undergoing dynamic 
structural reorganization 9. There is also evidence for reductions 

in the average coordination number upon melting (i.e. from six 
to four) coupled by reductions in the internuclear distances of 
the salt 2, 3. Understanding eutectic melting is more 
complicated, where a two (or more) component system can 
maintain a liquid state below the melting points of its pure 
constituents (Figure S1A). Eutectic melting involves the 
participation of additional domains to that of a pure salt, in-fact, 
having regular structures characteristic of double salts 9. Solid 
solutions between phase mixtures can also form, where a 
common structure exists, containing random distributions of 
ions on the same crystallographic position (Figure S1B). 
Eutectics are generally formed when the various ion 
constituents (anion or cation) have significantly different sizes 
and/or charge, whilst if these sizes and charges are comparable 
then these mixtures are more likely to form solid solutions 9. 
 Eutectics in simple hydride-halide compositions have been 
well characterized since the 1960’s. For example, LiH-halide 
systems are well-studied with respect to the pure compound’s 
melting point of 686.4 °C (under 1 bar H2) 10. The eutectic for 
LiH-LiX (X = Cl, Br and I), and LiH-NaCl were found to be at 
495.6 °C (76 mol% LiCl) 10, 400 °C (71 mol% LiBr) 11, 390.8 
°C (70.3 mol% LiI) 10, and 565.7 °C (44.8 mol% NaCl) 12 with 
no solid solutions observed. In contrast, LiH-LiF mixtures 
exhibit solid solution formation in all compositions, and only a 
minor decrease in melting temperature (4.5 °C) from LiH was 
detected at 13 mol% LiF 13 (Figure S1B). Similar solid solution 
behavior exists for KBH4-KCl, which has been shown to 
exhibit a slightly reduced melting point at 590 °C (at ~70 mol% 
KBH4) 14, 15.  

This journal is © The Royal Society of Chemistry 2013 PCCP, 2013, 00, 1-3 | 1 
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 There is also the possibility of double salt compounds being 
formed in certain binary salt systems in addition to eutectic 
formation. This can occur in alkali metal salts where cation 
mixtures have the greatest size differences (i.e. LiCsX2 or 
LiRbX2) 9. The presence of double salts can alter the phase 
diagram and affect the ideal eutectic behavior of the system 
(Figure S1C). The double salts can result in peritectic points in 
the phase diagram due to their higher melting temperature than 
the ideal eutectic point. There are a range of dual cation salts 
that have been reported in the borohydride literature that may 
influence their respective phase diagrams, resulting in 
shallower melting temperatures. Some of these dual cation 
compounds include KSc(BH4)4 16, K2Mg(BH4)4, K2Mn(BH4)4, 
K3Mg(BH4)5, KMn(BH4)3 17, LiZn2(BH4)5, NaZn2(BH4)5, and 
NaZn(BH4)3 18. Mixed-anion mixed-cation compounds may 
also form either fully ordered structures e.g. KZn(BH4)Cl2 19, 
LiM(BH4)3Cl (M = La, Ce, Gd) 20-22 or partly disordered 
structures, NaY(BH4)2Cl2 23. Anion substitution in metal 
borohydrides can also occur because the complex borohydride 
ion may resemble the halide ions in the solid state. For 
example, halide stabilized lithium borohydride (LiBH4−LiX, X 
= Cl, Br, I) 24-27 forms solid solutions, Li(BH4)1-yXy, which tend 
to stabilize the hexagonal LiBH4 polymorph at lower 
temperatures as compared to the transition temperature (~110 
°C). 
 The melting behavior of metal borohydrides is more 
complex than for similar alkali metal halide salt systems, 
especially when mixed with other metal borohydrides or metal 
halides. The metal borohydride may decompose during thermal 
treatment often during or shortly after melting 28. Hydrogen 
release from a metal borohydride may be a complex 
polymerization process with many possible intermediates 29. 
This decomposition is controlled by both thermodynamic and 
kinetic factors. Therefore, decomposition can occur at any 
temperature where the hydrogen gas pressure is below the 
equilibrium pressure for the system, and when there is 
significant energy to overcome kinetic barriers. It is because of 
these thermodynamic and kinetic barriers that the hydrogen 
backpressure is a critical factor in controlling the 
decomposition temperature of a borohydride. Experimental 
studies into the effect of backpressure on borohydride 
decomposition suggest that it plays a role in determining 
reaction pathways 30. Restricting decomposition to higher 
temperatures can alter the behavior of the borohydride system 
and melting events or even phase transformations may be 
observable, where they would not be under vacuum or 
atmospheric pressures. The NaBH4-NaH system was 
investigated in 1966 and an eutectic was determined at 395 °C 
(at 21 mol% NaH) 31. The effect of hydrogen backpressure 
upon the decomposition of a range of NaBH4-NaH mixtures 
was investigated in this study, where the pressure had no effect 
on melting temperatures but higher backpressures restricted 
decomposition to higher temperatures. A metal borohydride can 
be prepared by reacting a metal hydride with borane gas (i.e. 
diborane, B2H6) 32, 33, which indicates that borane (i.e. BH3) 
could take part in certain decomposition processes as well. This 

may explain the observation of a variety of higher boranes as 
decomposition products, which could be formed by 
polymerization reactions 34, 35. 
 There are many reports in the literature of containment 
problems with borohydrides after melting has occurred. Molten 
borohydrides have been known to bubble, froth, vaporize, 
spatter, and even climb vessel walls 28, 36, 37. This phenomenon 
is not unique to borohydrides. It is well known that metal 
hydrides can be used to generate bubbles and frothing in molten 
aluminum to produce porous aluminum after cooling 38. Just 
above its melting point aluminum has a lower viscosity than 
typical molten salts, but a much higher surface tension (see 
Table S1). Vigorous frothing has been observed in molten salt 
systems, such as the LiCl-Li2CO3 system, attributed to 
dissolved gases, but could result from decomposition and CO2 
evolution 39. In addition, effervescence was reported to occur in 
certain NaBF4 melts resulting from BF3 gas evolution 40. Thus, 
it is apparent that gas evolution within a molten phase can 
cause frothing, given that the phase has favorable physical 
properties. 
 The physical properties of molten borohydride mixtures are 
not well known, however there is considerable data on the 
properties of binary alkali halide salt mixtures, including their 
eutectic compositions (see Table S1) 41. The viscosity of a 
molten salt of eutectic composition just above its melting point 
is typically noticeably higher than that of its constituents, 
possibly due to the lower melting temperature. These 
viscosities are relatively low, close to that of water, especially 
when compared to more viscous compounds such as SiCl4 or 
glycerol. In contrast, the surface tension of molten salts and 
their mixtures are quite high. Surface tensions for typical 
liquids at room temperature lie much lower than these, 
including water, SiCl4, or glycerol, with the exception of Hg. 
The surface tension is a key parameter in the formation of froth 
in gas-liquid mixtures, where high surface tension leads to 
larger, but less stable bubbles 42. In fact, surface tension and the 
fluid density have been identified to have the most significant 
impact on froth structure, with some dependence on viscosity 
43. However, there is also a significant impact on froth 
formation and lifetime with temperature and gas overpressure 
44, although studies of this nature are sparse 45. 
 Several metal borohydride and amide systems are 
considered as solid or liquid electrolytes for lithium batteries 46. 
A modern day battery is made up of electrochemical cells. Each 
cell consists of a positive and a negative electrode (both sources 
of chemical reactions) separated by an electrolyte solution 
containing dissociated salts, which enable ion transfer between 
the two electrodes. Solid electrolytes have the potential to 
replace liquid electrolytes and thereby improve the safety of 
next-generation high-energy batteries. Hexagonal LiBH4 (T > 
110 °C) and the hexagonal halide stabilized polymorphs h-
Li(BH4)1-yXy, (X = Cl, Br, I), were found to have very high 
lithium ion conductivities in the range 10−5 to 10−4 Scm−1 at 
room temperature, which increase to about 10−2 Scm−1 at 150 
°C 47. Mixed borohydride amide systems Li(BH4)(NH2) and 
Li4(BH4)(NH2)3 both have a ionic conductivities of 2 × 10−4 
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Scm−1 at room temperature, that increases to 1 × 10−4 Scm−1 at 
∼100 °C, where the compounds melt 48. High Li ion 
conductivity has also been observed for the mixed-anion 
mixed-cation compounds systems LiM(BH4)3Cl (M = La, Ce, 
Gd). The crystal structure of LiM(BH4)3Cl facilitates the 
observed high Li ion conductivity of 1.0 × 10−4 Scm−1 at 20 ºC, 
as the tetranuclear anionic clusters of [M4Cl4(BH4)12]4− (M = 
La, Ce, Gd) are charge balanced by disordered Li+ ions, 
occupying 2/3 of the available positions in the crystal lattice 
allowing them to move within the structure. For LiLa(BH4)3Cl 
the conductivity increases to 1.0 × 10−3 Scm−1 T > 100 ºC 20, 21, 

49. The low melting temperature for the eutectic systems studied 
here may facilitate ionic conduction at temperatures above their 
reduced melting points. The systems LiBH4-KBH4 and LiBH4-
NaBH4-KBH4 both exhibit melting at ∼110 °C and their ionic 
conductivity may be comparable to that of liquid 
Li(BH4)(NH2). 
 The motive of this investigation is to explore the physical 
behavior of single and eutectic mixtures of borohydrides during 
thermal treatment to provide insight into their viability in 
practical applications. 

2. Experimental 

All sample handling was performed in an argon glovebox (< 1 
ppm O2 and H2O). LiBH4 (≥ 90 %), NaBH4 (99 %), KBH4 
(99.9 %), γ-Mg(BH4)2 (95 %), and Ca(BH4)2 (> 96.5 %) were 
all purchased from Sigma-Aldrich and used without further 
purification. Mn(BH4)2 was synthesized according to a 
previously described procedure 17 and X-ray diffraction data is 
provided in Figure S2. Eutectic compositions were mixed using 
either hand grinding or light ball milling, performed in an 
Across International PQ-N04 planetary mill using a 50 mL 
stainless steel 304 vial and 10 mm balls (40:1 ball to powder 
mass ratio) at 400 rpm for 30 minutes.  
 Photographs were collected using a digital camera whilst 
typically heating samples at 10 °C/minute from room 
temperature to a temperature above the melting point. Samples 
were sealed under argon in a glass vial connected to a 1 bar 
blow-off valve to maintain a constant total pressure, but the 
partial pressure of hydrogen in the vial may increase during the 
experiment. A 1.59 mm stainless steel thermocouple was in 
contact with the sample within the glass vial to monitor 
temperature during thermal excursions. The glass vial was 
encased within an aluminum (or brass) block with open 
viewing windows for photography, to provide reasonably 

uniform heating by rod heaters, interfaced to a temperature 
controller. Cooling was performed by turning the temperature 
controller off and letting the samples slowly cool back to 
ambient temperature whilst embedded in the heater block (~1 
hour). It should be noted that there is some thermal gradient 
over the sample in this configuration and it is likely that 
temperatures are ± 5 °C in general. 
 X-ray Diffraction (XRD) data were collected using a Bruker 
D8 Advance diffractometer (Cu-Kα1+2 radiation, λ = 1.54 Å). 
The instrument is equipped with a LynxEye linear position 
sensitive detector (PSD) with 192 pixels over 3° 2θ. Samples 
were enclosed within an airtight poly(methyl methacrylate) 
(PMMA) bubble holder. 
 Thermal gravimetric analysis (TGA) and differential 
scanning calorimetry (DSC) data was obtained simultaneously 
with mass spectrometry (MS) analysis of the residual gas using 
a PerkinElmer STA 6000 apparatus and a Hiden Analytical 
HPR-20 QMS sampling system. The samples (approx. 3 mg) 
were placed in an Al2O3 or Al crucible and heated from 50 to 
500 °C (5 or 10 °C/min) in an argon flow of 65 mL/minute. The 
released gas was analyzed for hydrogen and diborane. The 
TGA/DSC data have sloping backgrounds in some cases that is 
an artifact of the measurement equipment and in some cases 
due to sample loss from the crucibles due to melting/frothing. 
Reliable TGA/DSC/MS data for the decomposition of NaBH4 
and KBH4 was not able to be obtained due to the high 
decomposition temperature and the tendency for these materials 
to froth during hydrogen release. 

3. Results and Discussion 

A. Monometallic Borohydrides 

A.1. LiBH4 

The melting behaviour of LiBH4 is displayed in Figure 1. It has 
long been known that LiBH4 goes through a molten phase 
transition at 280 °C into a clear liquid 50.  There is a well-
documented minor hydrogen release upon melting LiBH4 35, 51-

53. However, this hydrogen release at 280 °C is not present in 
the desorption of rehydrogenated samples 53, 54 and indicates 
rapid adverse redox reactions of the molten phase 24 with 
impurities in the as-synthesized starting reagent. 
 Above 330 °C LiBH4 begins to decompose via a complex 
reaction pathway 35, releasing hydrogen gas (see Figure 2). This 
is coupled by the formation of LiH along with a nanocrystalline 
Li2B12H12 phase that also decomposes through a series of  

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  
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Figure 2: A) TGA, DSC and B) MS data collected simultaneously during the 

thermolysis of LiBH4 under flowing argon. 

 

Li2B12H12-x compositions 35. These solid phases are formed 
from molten LiBH4, causing the melt to appear cloudy. LiBH4 
has been observed to evaporate under vacuum conditions above 
its melting point, with the evolution of Li, B-H and H  
atoms/radicals 36. This study also detected the condensation of 
these molecules on vessel walls, in a similar manner to the 
deposition observed here. There have also been problems in 
measuring hydrogen desorption from LiBH4, primarily due to 
the molten phase climbing vessel walls and blocking filters and 
gas lines 35. It is also well known that molten LiBH4 reacts 
noticeably with glass 50, over the course of hours at elevated 
temperature. However this was not observed in this fast study, 
where LiBH4 only exists in the molten state for a short period 
of time (on the order of minutes). 

A.2. NaBH4 

NaBH4 is known to melt at 505 °C and decompose, releasing 
hydrogen gas at 534 ± 10 °C under a 1 bar hydrogen back 
pressure 55, 56. The behaviour of NaBH4 during heating is 
displayed in Figure 3. The pristine white powder begins to 
change colour to a mottled light brown above 460 °C indicating 
that hydrogen desorption has begun in the solid-state. The 
powder begins to melt above 510 °C into a uniform transparent 
liquid at 530 °C. During this transition there is minor 
splattering of the NaBH4 that results in numerous liquid 
droplets over the surface of the glass walls. Minor bubbling 
also occurs above the melting point, indicative of the slow 
release of hydrogen, but there is no evidence of foaming in this 
system. Upon quenching, the residue appears to be multi-phase 
where darker coloured compounds have settled to the bottom of 
the cell and lighter coloured compounds (likely pristine NaBH4) 
exist on the top surface of the solid pellet.  

A.3. KBH4 

KBH4 is not as well studied as the lighter alkali metal 
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borohydrides, likely due to the reportedly high hydrogen 
release temperature (~680 °C), after melting at 625 °C 55. The 
behaviour of KBH4 during heating is displayed in Figure 4. The 
initially white powder is noticeably discoloured above 540 °C, 
darkening to a yellow/brown tinged powder, indicating that 
hydrogen release begins in the solid-state in a similar manner to 
NaBH4. Unexpectedly, the powder takes on a green/blue shade 
above 590 °C that was difficult to capture by photography. 
Obvious melting of the powder occurred at 606 °C, below the 
previously reported melting point. Photography above this 
temperature was made difficult by the deposition of a thin 
translucent brown/orange layer on the hot glass as shown in 
Figure 4. This layer became flakey after cooling and could be a 
result of a reaction of borohydride vapour with the glass cell at 
high temperature 24. After cooling, the consolidated pellet was 
highly inhomogeneous with noticeably dark blue regions within 
a white matrix and dark brown/black speckling that may be a 
separate decomposition product, e.g. a reaction between the 
KBH4 and the glass vessel.  

A.4. Mg(BH4)2 

The melting behaviour of Mg(BH4)2 has been contested since 
the earliest literature 57, but was recently shown to melt at ~280 
°C 28. The diverging reports in the literature appear to be a 
consequence of the close proximity of the melting point to the 
decomposition temperature. If there is not sufficient hydrogen 
backpressure then Mg(BH4)2 will decompose before melting is 
observed. Our previous study 28 was performed within a small 
(8 mL) sealed vessel, allowing hydrogen pressure to inhibit 
complete decomposition of Mg(BH4)2 so that melting could be 
observed. Herein we allow gas to be released during thermal 
treatment, maintaining a total pressure of ~1 bar system 
pressure (Ar + H2) and, as can be seen from Figure 5, no 
melting behaviour is observed. Other experimental factors may 
also contribute to the observation (or lack thereof) of melting, 
such as the thermal ramp rate, atmosphere, and backpressure of 
hydrogen. The colour changes during decomposition of 
Mg(BH4)2 are well known 28 and this sample behaves in a 
similar manner. The powder is initially white and of very low 
density before a noticeable reduction in the powder volume 
occurs between ~150 °C and 175 °C where the γ-Mg(BH4)2 to 
ε-Mg(BH4)2 phase transition is known to occur 28, 58. In this 
case there is no observable melting event, but after 280 °C the 
powder begins to yellow and then darken further to a noticeable 
brown colour by 400 °C as a result of hydrogen release (Figure  

Figure 6: A) TGA, DSC and B) MS data collected simultaneously during the 
thermolysis of Mg(BH4)2 under flowing argon.  

6) and solid-state phase changes in the powder. 

A.5. Ca(BH4)2 

Recent reports in the literature that Ca(BH4)2 undergoes solid  
phase decomposition without melting 59 is in contrast to our 
findings here. Figure 7 displays the melting of Ca(BH4)2 above  
370 °C, followed by rapid resolidification at higher 
temperatures (in a similar manner to Mg(BH4)2 in earlier work 
28), due to decomposition of the melt. It is very likely that the 
hydrogen backpressure on Ca(BH4)2 will have an effect on 
whether the melt exists or not. High hydrogen backpressure will 
restrict decomposition to higher temperatures and will allow the  

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  
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melting event to be observable. Backpressure has also recently 
been shown to control the decomposition pathway in this 
system 30. 
 A study in 2008 60 measured a ~6 wt% mass loss from  
Ca(BH4)2 near 370 °C coupled by a strong endothermic event 
and hydrogen gas evolution, in agreement with our visual 
observations here. This study 60 also resolves a second 
hydrogen release near 450 °C coupled with an endothermic 
signature. The thermal decomposition behaviour of Ca(BH4)2 
appears to be affected by the presence of oxygen in a number of 
studies 61-63 (Further discussion is provided in Section E). The 
issues with contamination along with minor differences in the 
decomposition behaviour of different polymorphs of Ca(BH4)2 
64 cause the analysis of this system to be quite complex. A 
recent TPD measurement of Ca(BH4)2 displays significant 
hydrogen release at 250 and 320 °C, before the pure phase 
should melt, but very high quantities of CaO are detected in the 
decomposition products in this study 63. In our photographic, 
DSC & MS studies (Figure 8) we do not observe any event near 
250 °C, and the Ca(BH4)2 powder appears white and 
undisturbed until just before melting is observed at ~370 °C.  

A.6. Mn(BH4)2 

Mn(BH4)2 is reported to melt at ~177 °C 65, although this was 
mixed with LiCl and no information regarding the backpressure 
or atmosphere was provided. No endothermic signature is 
found at this temperature in a later study (under flowing Ar) 66, 
but a strong endotherm is detected at 150 °C, coupled by an 8.5 
wt% mass loss and the evolution of H2 and B2H6. This sample 
appears to have decomposed before melting could be observed. 
Samples of Mn(BH4)2 have also been shown to evolve 
hydrogen whilst stored at room temperature 67.  

The photographic study, Figure 9, conducted for as-
synthesized Mn(BH4)2 did not display obvious melting when 
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heated at 10 °C/minute. A colour change from grey to black 
occurs at ~150 to 160 °C, which coincides with an endothermic 
peak in the DSC data at ~145 °C (Figure 10). Mass loss from 
the sample also begins at ~145 °C followed by further major 
mass loss and gas release occurring from 170 to 180 °C as 
observed in both TGA and MS data. The major decomposition 
event coincides with an endothermic peak in the DSC data at 
~165 °C. In the photographic study no further changes are 
observed after the colour change, and the combined study 
suggests that, with low heating rates, Mn(BH4)2 decomposes in 
the solid state without the formation of a molten phase. The 
Mn(BH4)2 powder is partially fused after heating, suggesting 

that Mn(BH4)2 may begin to melt but decompose at the same 
time. When Mn(BH4)2 is heated very rapidly (~10 °C/s) with a 
heat gun an obvious melting event occurs (see Figure 9). It is 
likely that rapid heating allows for melting of pure Mn(BH4)2 to 
be observed before decomposition products can form. Thus, the 
Mn(BH4)2 that was heated slowly is allowed to decompose 
before reaching its melting point, masking this event by the 
large quantity of decomposition products present. 
 Two other endothermic peaks at ~110 and ~273 °C are 
observed in the DSC data for the Mn(BH4)2 sample investigated 
here. These events unfortunately originate from the 
polymorphic phase change and melting of residual LiBH4 in the 
sample after the synthesis of Mn(BH4)2, but this is not observed 
in X-ray diffraction data (Figure S2). The melting of LiBH4 is 
not observed in the photographic study, likely due to the fact 
that only a small amount remains (likely a few percent given 
the magnitude of the endotherms in the DSC). The total mass 
loss from RT to 500 °C observed in the TGA data is ~22.4 wt% 
and the released gas consists of both of H2 and B2H6.  

B. LiBH4-NaBH4 

Early research into the LiBH4-NaBH4 system in 1961 68 
approximated the eutectic at 224 °C (for 60 mol% LiBH4). 
However, a revised eutectic was reported at 213 °C (for ~62 
mol% LiBH4) in 1971 69. This study also determined a large 
solid solution compositional range between NaBH4 and the 
high temperature LiBH4 polymorph. Photography, TGA, DSC, 
and MS data during thermal ramping are provided in Figure 11 
and 12 for 0.62LiBH4-0.38NaBH4. The polymorphic transition 
for LiBH4 is evident at ~110 °C by DSC, indicating that at this 
temperature it is still present as a discrete phase. Eutectic 
melting is observed (visually and by DSC) at 210 – 220 °C, in 
agreement with previous reports, and forms a nearly transparent 
liquid phase with minor bubbling/frothing. The MS data 
confirms that there is no significant hydrogen evolution near 
the melting temperature.  
 Hydrogen evolution becomes apparent above 300 °C from 
TGA and MS, however only small bubbles are observed in the 
melt, with no obvious frothing or splattering. Above 350 °C a 
white film is deposited on the sample cell well above the liquid 
level that is coupled with hydrogen release. Soon after, there is 
an obvious vertical spreading of the liquid phase for several 
centimetres up the walls of the cell that occurs in a matter of 
seconds. This phenomenon is similar to molten LiH or LiBH4, 
which are known to creep up the sides of container walls, 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7  
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depending on temperature, purity, and the wall material 35, 70. 
 A second hydrogen release event is detected by TGA and 
MS at 450 °C, followed by a third event close to 500 °C. Some 
of these hydrogen release events are difficult to discern from 
DSC due to their very broad signals. It is unexpected to observe 
3 decomposition events, when LiBH4 typically only has one 
event in this temperature range (at ~440 °C 35) and NaBH4 
decomposes at approximately 500 °C. Therefore, the lowest 
hydrogen release event (385 °C) is surprising and may be due 
to a destabilizing interaction between both of the cations (Li+ 
and Na+) and the borohydride anions in the liquid phase. 

C. LiBH4-KBH4 

A readily fusible eutectic in the LiBH4-KBH4 system, described 
in 1961, 68 occurs at 103 °C (for 53 mol% KBH4). The dual 
cation salt, LiK(BH4)2, has since been formed by heating 1:1 
mixtures of LiBH4 and KBH4 for 12 h at 125 °C and is reported 
to melt at 240 °C 71. However, this melting point does not agree 
with the phase diagram 68 and it is expected that a melting point 
should be closer to the previously reported eutectic temperature 
(~100 °C). Due to the existence of this dual cation borohydride 
it is expected that samples of LiBH4-KBH4 quenched from the 
molten state will form at least some LiK(BH4)2. 
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 Photography, TGA, DSC, and MS data during thermal 
ramping are provided in Figure 13 and 14 for 0.5LiBH4-
0.5KBH4. An obvious melting event is detected just above 100 
°C by DSC and photography, where a significant fraction of the 
sample transitions into a transparent melt. However, there is 
also a large fraction that appears opaque and solid. It is possible 
that the 50 mol% composition is just a peritectic point in the 
phase diagram and is not the true eutectic composition. At 100 
°C an increase in the hydrogen signal in the MS data is also 
observed. This is believed to be associated with the melting of 
LiBH4 and KBH4 and reaction with the impurities therein. 
Interestingly this effect was not observed in the LiBH4-NaBH4 
sample and the effect is more likely caused by KBH4 than 
LiBH4. Upon heating to 280 °C (the melting point of pure 
LiBH4) the opaque parts of the sample appear to join the molten 
phase to form a uniform transparent melt. This suggests that 
there is excess LiBH4 in the 0.5LiBH4-0.5KBH4 composition. 
In the initial eutectic study 68, the phase diagram was only 
partially assessed for KBH4 concentrations < 50 mol%, so the 
true eutectic point may exist at compositions more rich in 
KBH4. However, no DSC event is observed at 280 °C 
indicating that all the LiBH4 has already melted or has melted 
over a wide enough temperature range that it is difficult to 
detect. A small increase in the hydrogen signal in the MS data 
follows from 300 to 350 °C, before major release starts at 450 
°C, slightly above the decomposition temperature of pure 
LiBH4. The decomposition is accompanied by a large signal in 
the DSC and MS curves.  

D. LiBH4-Mg(BH4)2 

Eutectic behaviour in the LiBH4-Mg(BH4)2 system was noted in 
2011 72 where a eutectic melt was suggested to occur below 183 
°C for compositions rich in Mg(BH4)2. In the same year, a more 
comprehensive study of the LiBH4-Mg(BH4)2 system was 
undertaken 73 where a eutectic was found at 180 °C for a 
composition between 50 - 60 mol% LiBH4. It should be noted 
that an earlier study in 2010 74 reported the existence of “Li1-

xMg1-y(BH4)3-x-2y” that appears to be misassigned from an XRD 
pattern of what is actually α-Mg(BH4)2. Later studies 73 verify 
the existence of physical mixtures of LiBH4 and Mg(BH4)2 
rather than a dual cation phase. 
 Photography, TGA, DSC, and MS data during thermal 
ramping are provided in Figure 15 and 16 for 0.55LiBH4-
0.45Mg(BH4)2. The polymorphic transition for LiBH4 is 

evident at ~105 °C by DSC, indicating that at this temperature 
it is still present as a discrete phase. There is an endothermic 
event detected at 170 °C that is coupled by a minor hydrogen 
release. This event has been previously assigned to eutectic 
melting, overlapping with the α to β Mg(BH4)2 phase transition 
75. Unexpectedly, the powder does not obviously melt at this 
temperature (see Figure 15), and still retains a powder-like form 
above 190 °C. The lack of an obvious molten phase may be an 
issue for nanoconfinement studies. A 0.5LiBH4-0.5Mg(BH4)2 
composition has previously been heated to 190 °C 75 under 40 
bar H2 for 1 hour to ‘melt impregnate’ an activated carbon. 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 9  
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Unfortunately the LiBH4-Mg(BH4)2 composite in Figure 15 
does not appear conducive to melt infiltration at 190 °C or even 
by 250 °C as it is not a distinctive liquid phase. It is possible 
that the hydrogen overpressure and the isothermal wait time 
would allow a proper liquid eutectic to form, allowing 
nanoconfinement to be possible. The DSC and NMR data after 
‘nanoconfinement’ 75 do suggest that changes in the 
borohydrides have occurred, assigned to the fact that they are 
nanoconfined. The endothermic event at 170 °C has also 
previously been linked to diborane evolution 73 but appears to 
be related to impurities as we only observe a small hydrogen 
release peak and not diborane.  
 There is notable hydrogen release above 250 °C from MS 
that is linked to severe sample frothing by photography and an 
endothermic spike in DSC. This hydrogen release is seen in 
other studies 73 and is very interesting because neither of the 
borohydrides, in their pure form, release hydrogen at this 
temperature. It is likely that this is made possible by the fact 
that they are now molten. LiBH4 normally melts at 280 °C, 
releasing hydrogen above 330 °C, and Mg(BH4)2 also normally 
melts at 280 °C, but releases hydrogen immediately upon 
melting. The hydrogen event at 360 °C appears to be related to 
the release from Mg(BH4)2, whilst the 400 °C event is likely 
from LiBH4. However the position and shape of these events 
has changed when compared to the pure systems implying that 
there may be a different kinetic and/or thermodynamic 
mechanism for hydrogen release in the eutectic system. 

E. LiBH4-Ca(BH4)2 

The LiBH4-Ca(BH4)2 system was investigated in 2009 76 where 
a eutectic composition was located between 60 – 80 mol% 
LiBH4 that melted at ~200 °C. The eutectic composition was 
more accurately determined to be 0.68LiBH4-0.32Ca(BH4)2 in 
2011 61 from DSC studies of different molar ratios. A mixture 
of 0.7LiBH4-0.3Ca(BH4)2 was heated from room temperature to 
400 °C as shown in Figure 17 and 18. The endothermic events 
observed by DSC are similar to those detected by Lee et al. 61. 
From this DSC data the polymorphic transition for LiBH4 is 
evident at ~110 °C, followed by polymorphic transitions for 
Ca(BH4)2 at ~140 °C 76 and an eutectic melting event at ~200 
°C. There is noticeable bubbling of the eutectic at 250 °C (with 
no precursor liquid phase), where the solid powder appears to 
swell up into the froth shown in Figure 17. The bubbling is not 
coupled by any major endothermic spike or major H2 release. 
However other studies 61, 62 have found that, at this temperature, 
Ca3(BH4)3(BO3) can form from as-yet undetermined means. It 

is possible that the oxygen is located in the starting reagents, 
possibly from residual adducts 77, adsorbed water, an air leak, 
or even in some cases, glass (SiO2). 
 There is a major H2 release above 350 °C as shown by TGA 
and MS, consistent with earlier studies 76. There is also a strong 
artefactual spike in the TGA at this point, associated with the 
bubbling observed by photography, that is more pronounced in 
an earlier study over 250 – 350 °C 78. In fact, this earlier study 
detected the formation of a new phase by XRD after ball 
milling that was thought to be a dual cation LiCa(BH4)3 phase. 
Although this is as-yet unconfirmed, it may be a result of the 
very high levels of CaO observed after heating, especially given 
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that another unknown ‘intermediate-II’  phase was later 
identified as LiCa(BH4)(BO3)2 79. However, a recent in-situ 
NMR study 80 does indicate the formation of a mixed cation 
(Li/Ca) borohydride at 100 – 170 °C, presumed to be facilitated 
by a carbon scaffold, acting to promote the exchange of cations 
in the solid-state. Despite promising results in this study, these 
nanoconfined samples are also affected by oxygen with the 
generation of substantial levels of Ca3(BH4)3(BO3) and 
LiCa(BH4)(BO3)2 after heating. 
 
 

F. LiBH4-Mn(BH4)2 

The LiBH4-Mn(BH4)2 system has not been explicitly studied to 
date. However, a recent study 66 has performed analyses on 
Mn(BH4)2 mechanochemically synthesized from 3LiBH4 + 
MnCl2 (i.e. Mn(BH4)2 with LiCl and excess LiBH4). This is 
essentially a ternary 0.2LiBH4-0.4Mn(BH4)2-0.4LiCl system. A 
lowered hydrogen release temperature is detected for this 
system (130 °C) in comparison to the 0.5Mn(BH4)2-0.5LiCl 
system (148 °C). This lowered decomposition event may be due 
to a lower temperature eutectic melting liquid phase transition: 
a possibility supported by in-situ XRD data that showed the 
loss of crystalline peaks at a lower temperature 66. Our MS data 
(on LiCl-free samples) also supports the notion of eutectic 
melting, where hydrogen desorption from 0.5LiBH4-
0.5Mn(BH4)2 occurs ~20 °C lower than for Mn(BH4)2 (see 
Figure 10 and 20).  
 The photographs collected during thermal ramping are 
displayed in Figure 19. The slightly off-white powder turns 
near-black at ~150 °C in the solid state. This colour transition is 
 
then followed by a liquification wave that quickly runs through 
the sample just before reaching 160 °C. The solid-liquid phase 
change is coupled by a significant mass loss (~12 %) and the 
evolution of both hydrogen and diborane. At higher 
temperature the cooler parts of the glass are steadily coated by 
an opaque white layer. High temperature hydrogen release at > 
350 °C is also observed, which is consistent with LiBH4 
decomposition. Cooling reveals a pellet that is no longer well-
powdered, having transitioned through a molten phase, that is 
in contrast to the steady heating of single-phase Mn(BH4)2.  

G. NaBH4-KBH4 

An eutectic was observed in the NaBH4-KBH4 at 453 °C (for 
31.8 mol% KBH4) in 1971 69 where the existence of solid 
solutions is also reported. The existence of room temperature 
metastable NaK(BH4)2 has also been reported and was found to 
transform back into the constituent borohydride phases over the 
course of hours 81. The XRD pattern for NaK(BH4)2 appears to 
be a compressed cubic KBH4 or expanded cubic NaBH4 cell 
and may actually be a solid solution. Photography, TGA, DSC, 
and MS collected during the thermal treatment of a 0.68NaBH4-
0.32KBH4 composition is displayed in Figure 21 and 22. A 
melting event is visually observed at 440 °C, lower than the 
previously reported temperature (by 13 °C), where the white  

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 11  
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powder transforms into a dark coloured liquid. The melting 
event is closely followed by a significant hydrogen release near 
450 °C, coupled by the deposition of an opaque white film on 
the surface of the glass. The melting and decomposition is also 
observed in the DSC data by two endothermic peaks at 450 and 
470 °C. Again, the full mass loss is not realized below 500 °C. 

H. LiBH4-NaBH4-KBH4 

In 1960 the ternary eutectic of LiBH4-NaBH4-KBH4 was 
reported to be at 96 °C with a composition 0.45LiBH4-
0.1NaBH4-0.45KBH4 82. Photography, TGA, DSC, and MS 
 
data collected during thermal ramping for this composition are 
provided in Figure 23 and 24. An endothermic peak is observed 
in the DSC data at 108 °C that originates from a melting event. 
In the similar 0.5LiBH4-0.5KBH4 system, the endothermic 
melting event is found at 113 °C. Pure LiBH4 also has a 
polymorphic transition at this temperature. In the photo 
experiment in Figure 23 the sample visually begins to melt at 
103 °C rather than 96 °C. It appears as though there is a small 
difference in the melting point of the ternary sample compared 
to the similar binary system  (that does not have NaBH4). 
However, this difference is not as large as noted in the original 
study on 0.45LiBH4-0.1NaBH4-0.45KBH4. In addition, like the 
 
binary LiBH4-KBH4 system, there is only a partial molten 
transition near 100 °C, whilst the remaining portion of the 
sample melts at approximately 280 °C. This indicates that this 
composition is LiBH4-rich and not a perfect eutectic mixture. 

I. Comparisons 

Most of the borohydrides and their mixtures tend to behave in a 
varied manner to one another with regards to melting. It is 
likely that these differences are a function of multiple factors 
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such as viscosity, surface tension, the vicinity of decomposition 
temperature to the melting point, and even the nature of the 
decomposition products. The decomposition products after 
heating appeared different in most cases and largely depended 
on the degree of decomposition achieved in each system. None 
of the systems displayed any metallic decomposition products 
on visual inspection, suggesting that after heating the products 
were likely the precursor borohydrides, higher metal boranes, 
metal hydrides, or metal borides. Given the complexity of each 
system, studies need to be undertaken on individual systems 
with a comprehensive suite of analytical techniques. Impurities 
are also a large concern with the analysis of borohydrides and 
some cases, such as Ca(BH4)2, appear worse than others. The 
impurities can cause unwanted alterations to the decomposition 
pathways and can have a significant influence on the bubbling 
and frothing during melting, even in minor quantities (i.e. only 
causing minor H2 evolution). In this study the total pressure 
was kept constant at 1 bar, but the partial pressure of hydrogen 
may increase prior to melting in cases where hydrogen is 
released from the sample. The gas composition and total 
pressure may alter the dehydrogenation reaction by kinetically 
suppressing the formation of the diborane by-product 83. The 

Table 1: Summary of the melting and decomposition behavior for metal 
borohydrides and mixtures. 

System Event 
Temperature (°C) 

Nature 

LiBH4 110 
280 

> 400 

Polymorphic transition 
Melting (transparent liquid) 

Hydrogen release 
NaBH4 460 

510 
Color change (hydrogen 

release) 
Melting (transparent liquid) 

KBH4 540 
605 

Color change (hydrogen 
release) 
Melting 

γ-Mg(BH4)2 160 
280 
350 
370 

Polymorphic transition 
Color change (hydrogen 

release) 
Hydrogen release 
Hydrogen release 

Ca(BH4)2 370 
440 

Melting (hydrogen release) 
Hydrogen release 

Mn(BH4)2 145 
170 

Hydrogen & diborane release 
Hydrogen & diborane release 

0.62LiBH4-
0.38NaBH4 

110 
215 

> 300 
460 
490 

LiBH4 polymorphic transition 
Melting (transparent liquid) 

Hydrogen release 
Hydrogen release 
Hydrogen release 

0.5LiBH4-0.5KBH4 110 
280 

> 420 

Melting (partial) 
Melting (complete) 
Hydrogen release 

0.55LiBH4-
0.45Mg(BH4)2 

105 
170 
250 
360 
390 

LiBH4 polymorphic transition 
Hydrogen release (minor) 

Hydrogen release (frothing) 
Hydrogen release 
Hydrogen release 

0.7LiBH4-
0.3Ca(BH4)2 

110 
200 
250 

> 300 
> 350 

LiBH4 polymorphic transition 
Thermal signature with no 

obvious melting 
Frothing/expansion 

Bubbling (large bubbles) 
Hydrogen release 

0.5LiBH4-
0.5Mn(BH4)2 

110 
150/160 
150/160 

280 
> 350 

LiBH4 polymorphic transition 
Melting (partial) 

Hydrogen & diborane release 
Thermal signature (possible 

LiBH4 melting) 
Hydrogen release 

0.68NaBH4-0.32KBH4 440 
> 450 

Melting (dark colored liquid) 
Hydrogen release 

0.45LiBH4-0.1NaBH4-
0.45KBH4 

110 
280 

> 400 

Melting (partial) 
Melting (complete) 
Hydrogen release 

 
hydrogen backpressure has a definite effect in controlling the 
decomposition temperature for all of the borohydrides and their 
mixtures. Under low hydrogen backpressure some borohydrides 
can decompose in the solid-state before melting is observed. In 
addition, the effect of gas pressure on the formation and 
persistence of froth and/or bubbling in the borohydride systems 
is not yet fully known. 
 All the monometallic borohydrides decompose closely 
before or after their respective melting points (Table 1). The 
formation of a eutectic mixture can allow for earlier 
decomposition at lower temperatures during thermal ramping. It 
is not yet known if this is enabled by a thermodynamic or 
kinetic enhancement. The structural reorganization upon 
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melting 80 may in fact result in different bonding energies and 
therefore enable hydrogen release from certain borohydrides 
upon melting. This phenomenon may also allow for 
rehydrogenation at lower temperatures for eutectic systems due 
to energy differences in the ionic borohydride melt at lower 
temperatures.  

Conclusions 
Understanding the melting, bubbling and frothing of 
borohydrides and their mixtures is of great importance to their 
implementation into technological applications, i.e. a solution is 
more conveniently handled as compared to a solid. High 
temperature solid-liquid phase changes may be desirable in 
some applications, such as solar thermal energy storage 5, but 
are undesirable from a hydrogen storage standpoint. This is 
because, at present, the transformation of a powder into a liquid 
completely destroys any microstructure, dramatically reduces 
the surface area, redistributes any catalysts and causes 
significant reversibility issues.  
 It would be interesting to conduct further experiments under 
a series of hydrogen and inert gas backpressures to elucidate the 
impact backpressure has on the physical properties of the 
borohydrides upon melting. It is clear that the physical 
phenomena of uncontrolled bubbling and frothing could be 
detrimental to the use of borohydrides in technological 
applications. This study reveals that visual inspection of bulk 
materials during thermolysis can be very informative, in 
particular when used in combination with analysis of mass loss 
and evolved gas composition. This technique may be useful for 
the characterization of a range of other materials which evolve 
a gas during thermolysis.  
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