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Abstract 

Eutectic melting in mixtures of alkali and alkali earth metal borohydrides can pave the way for new 

applications as fast ionic conductors, facilitate hydrogen release by low temperature chemical 

reactions and convenient nanoconfinement. Here, we determine the eutectic composition for the 

lithium potassium borohydride system, 0.725LiBH4–0.275KBH4, with the lowest melting point, 

Tmelt ~ 105 ˚C, of all known alkali and alkali earth metal borohydride mixtures. Mechanochemistry 

and manual grounding of LiBH4 and KBH4 facilitates formation of LiK(BH4)2 from LiBH4 – KBH4 

mixtures but not any of the melting or heat treatments used in this work. The bimetallic borohydride 

dissociates to the monometallic borohydrides at ~95 °C and partial melting occurs at ~105 °C. 

Analysis of the unit cell volumes of LiBH4, KBH4 and LiK(BH4)2 in the temperature range 25 to 90 

°C indicate that formation of the bimetallic borohydride is facilitated by a more dense packing as 

compared to the reactants. Thus, LiK(BH4)2 is considered metastable and the formation pressure 

induced. A phase diagram for the LiBH4–KBH4 system is established, which illustrates the low 

eutectic melting point and the stability range for the bimetallic borohydride, LiK(BH4)2.  

 

 

 

Keywords: Eutectic melting, Ionic liquid, Bimetallic borohydride, Lithium Potassium borohydride, 

Hydrogen storage.  
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Introduction 

Renewable energy sources, e.g. sun and wind, fluctuate strongly over time and geographically, 

posing the challenge of efficient integration and reliable long-term energy storage.1,2 A main focus 

is the development of an environmentally friendly successor for gasoline and hydrogen and Li-ion 

batteries are considered potential future carriers of renewable energy.3–6 Hydrogen has the highest 

gravimetric energy density of all known substances, but low volumetric energy density and requires 

appropriate storage itself.1 Metal borohydrides have very high hydrogen densities and significant 

structural flexibility, allowing for a range of new interesting properties such as Li-ion conductivity 

and luminescence.7–12 Metal borohydrides as hydrogen storage materials often have poor 

thermodynamic and kinetic properties, which hamper in particular hydrogen uptake and their 

general utilisation in technological applications. Among the approaches towards improving these 

properties are nanoconfinement, cat- and anion substitution and structural processing.13–15 Lately, 

the melting of metal borohydrides has received increased attention as a possible method for 

destabilising, release of hydrogen at lower temperatures and convenient preparation of 

nanoconfined materials. Metal borohydrides with low melting point may behave as ionic liquids and 

allow fast and convenient re-fuelling of vehicles with similar technology as known today for liquid 

fossil fuels. Ionic liquids receive significant interest for other properties as well, e.g. fast ion 

conductors, green chemistry or synthetic media.16 Eutectic metal borohydrides are an alternative to 

hydrogen generation by hydrolysis reactions of aqueous solutions of e.g. sodium borohydride, 

which usually have relatively low hydrogen densities of 4-5 wt%.3,17 

Mono-metallic borohydrides M(BH4)x, M = Li, Na, K, Mg or Ca, have high melting points, Tm > 

250 ˚C, but several eutectic melting bimetallic mixtures have been discovered, that have lower 

melting points compared to the individual metal borohydrides.18–21 Thus, the lowest melting points 

reported for a eutectic bi-metal borohydride mixture is Tm = 180 °C for xLiBH4 – 1-xMg(BH4)2, x = 
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0.5–0.6,22–24 while 0.68LiBH4–0.32Ca(BH4)2 melts at 200 °C25,26 and 0.62LiBH4–0.38NaBH4 at 

220 °C.20,21 In the present study we conduct a systematic investigation of the LiBH4–KBH4 system 

and revisit the binary phase diagram.19 

 

 

Methods 

An overview of investigated samples and their method of preparation are given in Table 1. The 

samples were investigated by laboratory powder X-ray diffraction (PXD), in situ time resolved 

synchrotron radiation powder X-ray diffraction (SR-PXD), differential scanning calorimetry (DSC) 

and temperature programmed photographic analysis (TPPA). A detailed description of the sample 

preparation and characterisation methods is given in the electronic supplementary information 

(ESI). 

 

Table 1 Overview of produced samples, synthesis and characterisation. 
Sample xLiBH4 1-xKBH4 Synthesis 

s1 0.9 0.1 Hand mixing 

s2 0.8 0.2 Hand mixing 

s3 0.7 0.3 Hand mixing 

s4 0.6 0.4 Hand mixing 

s5 0.5 0.5 Hand mixing 

s6 0.4 0.6 Hand mixing 

s7 0.3 0.7 Hand mixing 

s8 0.2 0.8 Hand mixing 

s9 0.1 0.9 Hand mixing 

s10 0.75 0.25 Hand mixing 

s11 0.725 0.275 Hand mixing 

s12 0.725 0.275 Ball milling, 240 min 

s13 0.5 0.5 Ball milling, 36 h 

s14 0.665 0.335 Ball milling, 36 h 
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Results & Discussion 

Eutectic melting of LiBH4 – KBH4  

Analysis of eutectic melting in all hand mixed samples s1-s11 is performed using differential 

scanning calorimetry (DSC) and temperature programmed photographic analysis (TPPA) from 

room temperature (RT) to 300 °C. Lithium borohydride, LiBH4, is known to undergo a phase 

transition from an orthorhombic (o) to a hexagonal (h) crystal system between 108 and 115 °C, 

depending on the heating rate and to melt at 275 °C.27,28 The two observable and overlapping 

endothermic events during heating of LiBH4−KBH4 are therefore melting of the eutectic at 105 °C 

(onset temperature) and the o− to h−LiBH4 polymorphic transition at ~113 °C in the samples with 

an excess of LiBH4, see Figure 1B. The double peak or shoulder on the melting peak indicates an 

excess of LiBH4 in the samples s1, s2 and s10. 

 

 
Figure 1 Differential scanning calorimetry data of xLiBH4 – 1-xKBH4. A) Normalised DSC curves 
of LiBH4 and s1-s9 in the temperature range 80 to 140 °C. B) Selected DSC data of samples s1-s3, 
s10, s11. 
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The integrated area of the DSC peaks is proportional to the enthalpy of the thermal events, which 

cannot be separated during the integration.26,29 The heat of reaction (dG) for the thermal events is 

extracted and plotted in Figure 2 for the different sample compositions. The required energy for the 

endothermic event increases with increasing amounts of LiBH4 and the highest value is obtained for 

s11.  

The endothermic o− to h−LiBH4 polymorphic transition accounts for 0.28 kJ/g or 6.2 kJ/mol in the 

sample with pure LiBH4. This value lies between the previously reported 4.4 kJ/mol and the 

theoretically calculated 7.7 kJ/mol for the o− to h−LiBH4 polymorphic transition.30 The contribution 

of the polymorphic transition from the LiBH4 fraction in the sample to the total heat of reaction is 

indicated in Figure 2, but since the polymorphic transition occurs at higher temperature than the 

melting, it is only relevant in samples with an excess of LiBH4, as the already molten LiBH4 does 

not undergo the polymorphic transition anymore. This causes the abrupt change in the heat of 

reaction between x = 7 and x = 7.25, indicating that the correct eutectic composition lies between 

0.7LiBH4–0.3KBH4 and 0.725LiBH4–0.275KBH4. 

 
Figure 2 Integrated DSC signal in the temperature range 100 to 115 °C of the endothermic event 
per sample mass for KBH4, s1-s11 and LiBH4. Blue line: contribution of the o− to h−LiBH4 
polymorphic transition. However, since the phase transition only happens after the melting, this is 
only contributing in the samples with excess LiBH4 (solid blue line) 
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Temperature programmed photographic analysis (TPPA) performed for the samples between room 

temperature and 300 °C confirms the observations from DSC, showing a complete melting of s11 

initiated at T ~ 105 °C. Selected pictures from TPPA for s3, s10 and s11 are shown in Figure 3, 

while pictures of s1, s2 and s4-s9 are presented in Figures S1-S8 (ESI). In the samples s3, s10 and 

s11, partial melting is initiated at ~105 °C, at 120 °C the samples are completely molten and remain 

molten during further heating.  

 

 
Figure 3 Temperature programmed photographic analysis of s3, s10, s11 (∆T/∆t = 5 °C/min, argon 
atmosphere). 
 

The melting in samples s3, s10 and s12, was also studied by in situ time resolved synchrotron 

radiation powder X-ray diffraction (SR-PXD), see Figure 4, S9 and S10. LiBH4, KBH4 and 

LiK(BH4)2 are observed at RT in all three samples, demonstrating the readily formation of 

LiK(BH4)2 even by manual grounding in a mortar. The in situ SR-PXD experiments have not 

revealed any formation of solid solutions between LiBH4 and KBH4. The compounds either exist as 

separate phases or react to form the bimetallic compound LiK(BH4)2. Bragg peaks from LiK(BH4)2 

disappear at ~95 °C associated with increasing diffracted intensity of LiBH4 and KBH4, which 

reveal that the bimetallic borohydride dissociate to the stable monometallic borohydrides. The 
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(partial) melting at 105 °C is associated with a decrease of the intensity of the Bragg peaks from 

LiBH4 and KBH4. In sample s3, some KBH4 remains crystalline until 150 °C (Figure S9), proving 

that the sample contains an excess of KBH4 compared to the eutectic composition for the LiBH4-

KBH4. The excess of LiBH4 in sample s10, which was observed by DSC, is however not obvious 

by in situ SR-PXD after the melting (Figure S10).  

 

Figure 4 In situ SR-PXD heating-cooling experiment of 0.725LiBH4 – 0.275KBH4 (s12) from RT - 
107 °C - 107 °C (2 min) - 65 °C – 107 °C - RT (∆T/∆t = ±5 °C/min, p(Ar) = 1 bar, λ = 0.9919 Å). 
Symbols: white triangle LiBH4, black triangle KBH4, grey triangle LiK(BH4)2 and grey square WC. 
 
 
The reversible melting and resolidification of the eutectic composition 0.725LiBH4 – 0.275KBH4 

(s12) was studied first by heating from RT to 107 °C followed by cooling to 65 °C and then heating 

again to 107 °C, before cooling to RT, see Figure 4 and a magnification of the first melting and 

solidification in Figure S11. At 105 °C, Bragg peaks from LiBH4 and KBH4 start to disappear and 

all diffraction vanish at 107 °C, which indicates that the sample is fully molten. This is also 

confirmed by an increase in the background intensity. After dwelling for 2 min at 107 °C, cooling is 

initiated and Bragg peaks from LiBH4 and KBH4 appear at 106 °C due to the crystallisation of the 
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melt. During the second heating, Bragg peaks from LiBH4 and KBH4 again disappear 

simultaneously at 105 °C, accompanied by an increase in the background intensity. The Bragg 

peaks reappear during cooling at 104 °C revealing reversible eutectic melting of 0.725LiBH4 – 

0.275KBH4 without formation of the bimetallic borohydride, LiK(BH4)2. 

 

Binary phase diagram of LiBH4−KBH4 

A summary of the comprehensive study of the temperature – composition relationships in the 

LiBH4-KBH4 binary system is illustrated as a binary phase diagram, Figure 5, which illustrate the 

eutectic melting of 0.725LiBH4–0.275KBH4 at T = 105 °C and the phase separation of the 

bimetallic LiK(BH4)2 at T = 95 °C. The presence of LiK(BH4)2 in the samples is dependent on the 

preparation method, see next section. In all samples, no bimetallic LiK(BH4)2 was observed above T 

= 95 °C, however the dissociation of the metastable LiK(BH4)2 might occur at a lower temperatures 

over longer time due to slow kinetics of the separation.31,32 The solidus temperatures were 

determined by DSC, however the decreasing melting point of the composite could not be detected 

by DSC unlike other eutectic borohydrides mixtures.23,25 Instead, it was estimated by TPPA for 

samples s1-s4. The LiBH4-KBH4 system was first studied in the 1960s and 1970s, where melting 

was proposed to occur at Tm > 100 °C for KBH4 rich mixtures, in disagreement with the results 

presented here.19,20 However, these studies do not report any methods for determination of the 

melting point or details related to the sample preparation, which hampers comparison between the 

published data and the new results presented here. However, several other eutectic melting metal 

borohydrides contain excess LiBH4, e.g. those based on NaBH4, Mg(BH4)2 or Ca(BH4)2.
23,25 The 

LiCl–KCl system also has a eutectic composition, 0.58LiCl-0.42KCl, with a melting point of 361 

°C. The melting points of LiCl and KCl are 610 and 772 °C, respectively, and in this system the 

eutectic composition also have a higher content of the lowest melting component (LiCl).33 In a 
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screening of a wide range of eutectically melting bimetallic borohydrides, preliminary experiments 

revealed partial melting at ~110 °C of 0.5LiBH4 – 0.5KBH4.
21 These considerations, the different 

independent techniques utilised here and the significant number of investigated samples all support 

that the eutectic composition of the lithium borohydride and potassium borohydride system is 

0.725LiBH4-0.275KBH4. 

 

Figure 5 Binary phase diagram of the LiBH4 – KBH4 system. The eutectic composition and melting 
temperature were determined by DSC and in situ SR-PXD. The solidus temperatures were 
determined by DSC as the onset of the melting peak. The liquidus temperatures of xLiBH4 – 1-
xKBH4 (x = 0.6 – 0.9, s1-s4) were estimated from TPPA studies and the uncertainty is indicated by 
the error bars. The liquidus line is a guide to the eye. 
 

Formation of LiK(BH4)2 by mechanochemistry 

In 2008, a bimetallic borohydride LiK(BH4)2 was synthesised by thermal treatment.34 LiK(BH4)2 

was reported to melt at 240 °C. This reported melting point may possibly correspond to the 

decreased melting point of the sample along the liquidus curves in the phase diagram, see Figure 5. 

Recently, LiK(BH4)2 was synthesised from mechano-chemistry as a by-product in a study of 

KAl(BH4)4.
35  
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Since LiK(BH4)2 is already formed during manual grinding of the reactants LiBH4 and KBH4, 

mechano-chemical treatment was explored for the synthesis of LiK(BH4)2. The composition 

stoichiometrically corresponding to LiK(BH4)2, 0.5LiBH4–0.5KBH4 (1:1, s13), and 0.665LiBH4–

0.335KBH4 (2:1, s14), which originally provided the highest yield of LiK(BH4)2,
34 were selected 

for a systematic sequential mechano-chemical investigation. Interestingly, LiK(BH4)2 is by PXD 

observed to form already after 5 min in both samples, indicating a partial reaction between LiBH4 

and KBH4, see Figure 6 and S12. The diffracted intensity from LiK(BH4)2 (and small amounts of 

WC originating from the ball milling vial and balls) increases with increasing ball milling time. In 

s13, KBH4 is the only reactant, which is visible in the PXD data after 24 and 36 h, see Figure 6. In 

sample s14, which is rich in LiBH4, diffraction from LiBH4 is visible after 36 h of ball milling. 

Weak diffraction from KBH4 remains after 24 h of ball milling, but disappears at 36 h, see Figure 

S12.  

 

 

Figure 6 PXD patterns of 0.5LiBH4 – 0.5KBH4 (s13) ball milled to different extent up to 36 h (λ = 
1.540593 Å). Symbols: white triangle LiBH4, black triangle KBH4, grey triangle LiK(BH4)2 and 
grey square WC.  
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LiK(BH4)2 is hence readily prepared by mechano-chemical methods, but prolonged ball milling is 

needed to complete the chemical reaction. One reason may be that the powder has a tendency to be 

compressed at the bottom of the vial at each opening of the ball milling vials, which could 

contribute to the long ball milling time needed to finish the chemical reaction. An excess of LiBH4 

is not necessary for the production of LiK(BH4)2 as previously suggested.34 The fact that only 

excess KBH4 is observed by PXD in s13 after 36 h ball milling may be due to the weak X-ray 

scattering efficiency or amorphisation of lithium borohydride.36,37  

 

Formation of LiK(BH4)2 by thermal treatment 

To distinguish the effect of grinding or manual mixing from the effect of thermal treatment on the 

formation of LiK(BH4)2, we performed melting experiments in borosilicate capillaries for 0.5LiBH4 

– 0.5KBH4 (s5) and 0.725LiBH4 – 0.275KBH4 (s11). After PXD analysis, the cooled capillary was 

crushed and repacked in a new capillary, in order to assess if slow cooling or hand mixing facilitates 

the formation of LiK(BH4)2, see Figure S13, S14 and S15. LiK(BH4)2 is not observed in s5 or s11 

after melting and cooling showing that heat treatment is not responsible for the formation of 

LiK(BH4)2. After the heat treatment, melting and crushing of the sample, LiK(BH4)2 is observed in 

both s5 and s11. The low diffracted intensity of the repacked sample may be due to contamination 

with crushed borosilicate glass. This experiment and the in situ melting experiment of s12, see 

Figure 4, indicates that the formation of LiK(BH4)2 is facilitated by physical pressure and not by 

heat treatment.  

The unit cell parameters of LiBH4, KBH4 and LiK(BH4)2 were extracted by sequential Rietveld 

refinement of in situ SR-PXD data of s12, see Figure 4, between RT and 90 °C. The three 

compounds LiBH4, KBH4 and LiK(BH4)2 has the same number of formula units per unit cell, Z = 4, 

which means that the unit cell volumes are directly comparable.28,34,38 The sum of unit cell volumes, 
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∑V = VLiBH4 + VKBH4, and the difference, ∆V = ∑V – VLiK(BH4)2, are shown in Figure 7. At room 

temperature, ∑V is 28.8 ± 0.2 Å3 larger than VLiK(BH4)2. As the temperature increases to 90 °C, the 

bimetallic borohydride shows larger thermal expansion than the two monometallic compounds. This 

is illustrated by the decreasing volume difference ∆V from 28.8 ± 0.2 (T = 25 °C) to 23.1 ± 0.4 Å3 

(T = 90 °C). The smaller volume of LiK(BH4)2 compared to the added volume of LiBH4 and KBH4, 

∑V, reveal a more dens LiK(BH4)2 structure, which indicates that LiK(BH4)2 is likely stabilised by 

pressure and not heat treatment leading to thermal expansion. This is in accord with the recent 

theoretical calculation suggesting that LiK(BH4)2 is metastable at ambient conditions, but stabilised 

by pressure.31,32  

This work also illustrates, that new compounds prepared by mechano-chemistry in some cases can 

be considered metastable at ambient conditions, stabilised by pressure and may decompose to the 

reactants upon heating. The latter has previously been observed for the trimetallic borohydride 

Li3MgZn5(BH4)15, which decompose to mono and bi-metallic borohydrides at T = 120 C,39 

NaK(BH4)2, which dissociates into NaBH4 and KBH4 at room temperature40 and K2Mg(BH4)4, 

which dissociates into KBH4 and Mg(BH4)2, at T = 300 °C.41  

 
Figure 7 Unit cell volume of LiBH4, KBH4 and LiK(BH4)2 extracted from Rietveld refinement of in 
situ SR-PXD data of sample s12. The formula units per unit cell in LiBH4, KBH4 and LiK(BH4)2 
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are Z = 4. The sum of volumes ∑V = VLiBH4 + VKBH4 and the difference ∆V = ∑V – VLiK(BH4)2 have 
been calculated. The standard deviation is less than 0.4 Å3 on all the data points.  
 
 
Conclusion 

The eutectic composition for xLiBH4 – 1-xKBH4 was determined to be x ~ 0.725 by a combination 

of differential scanning calorimetry, in situ SR-PXD and temperature programmed photographic 

analysis. This eutectic composition was found to melt at ~105 °C. This is the lowest melting point 

reported for a eutectic melting metal borohydride system, which may have properties similar to 

ionic liquids. This system may have a range of other interesting properties, e.g. as new fast ion 

conductors or as solvent or synthesis media for preparation and design of novel metal borohydrides 

or for hydrogen storage via new reactive hydride composites that take advantage of the low melting 

point and possible high reactivity. Eutectic metal borohydrides have the potential to be used as a 

liquid fuel with high energy density providing fast refueling of vehicles. The bimetallic LiK(BH4)2 

is formed by hand mixing or ball milling of LiBH4 and KBH4 mixtures. However, the formation of 

LiK(BH4)2 does not require an excess of LiBH4 or thermal annealing. The stability of LiK(BH4)2 

appear to be governed by a decrease in unit cell volume as compared to the reactants. This work 

suggests that new compounds formed by mechano-chemistry may, in some cases, be considered 

metastable at ambient conditions, stabilised by pressure and may decompose to the reactants upon 

heating. 
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