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Abstract 

LiBH4-Ca(BH4)2 composites were prepared by ball milling. Their crystal structures and phase 
composition were investigated using synchrotron x-ray diffraction and Rietveld refinement, 
and their ionic conductivity was measured using impedance spectroscopy. The materials were 
found to form a physical mixture. The composites were composed of �-Ca(BH4)2, �-Ca(BH4)2 
and orthorhombic LiBH4, and the relative phase quantities of the Ca(BH4)2 polymorphs varied 
significantly with LiBH4 content. The formation of small amounts of orthorhombic CaH2 and 
cubic CaH2 in a CaF2-like structure was observed upon heat treatment. Concurrent formation 
of elemental boron may also occur. The ionic conductivity of the composites was measured 
using impedance spectroscopy, and was found to be lower than that of ball milled LiBH4. 
Electronic band structure calculations indicate that cubic CaH2 with hydrogen defects is 
electronically conducting. Its formation along with the possible precipitation of boron 
therefore has an effect on the measured conductivity of the LiBH4-Ca(BH4)2 composites and 
may increase the risk of an internal short-circuit in the cells. 
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1. Introduction 

Research on lithium batteries is an important part of developing more sustainable and more 
efficient energy storage methods. Lithium batteries are dominant in the portable electronics 
sector today. However, for applications on a larger scale, such as in the transportation sector, 
substantial improvements are needed in terms of energy density, safety, charge-discharge 
cycle lifetime and price. Conventional Li-ion batteries use electrolytes made of organic 
liquids or gels. The main advantage of such electrolytes is their high Li+ conductivity. They 
are, however, flammable and can cause safety issues. They can also allow for dendrite 
formation at the electrode-electrolyte interface, resulting in a decrease in cell capacity and a 
limited charge-discharge cycle life [1–3].  
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     The usage of solid-state electrolytes, instead of the currently used liquids or gels, would 
increase the safety and should lead to an extended cycle life of the batteries. It is, however, 
challenging to develop solid electrolyte materials with sufficient chemical and 
electrochemical stability while offering high Li+ conduction but negligible electronic 
conduction [4]. There are many currently known crystalline solid-state Li+ conductors [2]. 
Among these are Li3N [5], perovskite type oxides such as lithium lanthanum titanate (LLTO) 
[6–8], garnet type structures such as Li6BaLa2Ta2O12 [9], NASICON type structures [10,11], 
LISICON type structures [12] and Li10GeP2S12 [13]. Most of these materials, however, have 
problems such as too low decomposition voltage (Li3N), instability towards contact with 
elemental lithium (LLTO and NASICON) or too high electronic conductivity (LLTO) [14]. 
     A Li+ conductivity of 1 mS/cm is often cited as the minimum conductivity required for 
electrolytes to function well in consumer batteries [15,16]. For comparison 1 M LiPF6 in EC-
DMC (ethylene carbonate plus dimethyl carbonate), a widely used organic liquid electrolyte, 
has a Li+ conductivity of 12 mS/cm at 27°C [17]. All above-mentioned crystalline solid 
electrolytes have considerably lower Li+ conductivities, with the exception of Li10GeP2S12 
which has a Li+ conductivity of 12 m/S/cm at 27°C [13]. 
     Lithium borohydride has been investigated extensively in recent years, both as a hydrogen 
storage material [18–23] and as a crystalline solid electrolyte material for lithium batteries 
[24–26]. It is lightweight (0.666 g/cm3) and has been shown to be electrochemically stable up 
to 5 V [27]. At room temperature, LiBH4 has an orthorhombic crystal structure (Pnma) with a 
low Li+ conduction (approx. 10-8 S/cm at 30°C), but undergoes a reversible phase transition at 
around 110°C to a hexagonal crystal structure (P63mc) with a high Li+ conduction (approx. 10-

3 S/cm at 120°C) [24,28]. The hexagonal structure can be stabilized at room temperature by 
adding lithium halides (LiI, LiBr and LiCl) [29,30]. Such addition has been found to result in 
an even higher Li+ conductivity than seen in hexagonal LiBH4. Studies on the structural and 
Li+ conduction properties of the LiBH4-LiI solid solution have recently been published [31–
34]. 
     Calcium borohydride has also been investigated extensively as a hydrogen storage material 
[35–42]. The crystal structures of Ca(BH4)2 were only resolved relatively recently, and four 
polymorphs of calcium borohydride have been characterized. �-Ca(BH4)2 has an 
orthorhombic structure (Fddd [35] or F2dd [43]). �- Ca(BH4)2 has a tetragonal crystal 
structure (P- 4[43] or P42/m [44]). �- Ca(BH4)2 is sometimes referred to as a high-temperature 
polymorph, as it has been observed to become the dominant phase above 130°C [44]. �-
Ca(BH4)2 has an orthorhombic crystal structure (Pbca) [45]. The fourth polymorph, �’- 
Ca(BH4)2, is a high-temperature modification of the � structure that appears by a second order 
phase transition at around 220°C. This polymorph has a tetragonal crystal structure (I-42d, a 
supergroup of F2dd) [43] and was not observed in this work.  
     As the enthalpy differences between the �, �, and � polymorphs are rather small (35-135 
meV) [45,46],  these usually coexist. The relative quantity of the phases can even differ 
significantly between batches [42]. As shown in this work, the addition of LiBH4 possibly has 
a large effect on the relative quantities of the Ca(BH4)2 polymorphs, which depend heavily on 
the mixing ratio of the two compounds. Furthermore, the possibility of Ca+2 substitution in 
LiBH4 is discussed in this work, as such introduction of relatively large cations in LiBH4 
could lead to compensating vacancies, which would likely enhance the Li+ conduction. As an 
example, divalent doping of chlorides has been found to increase their ionic conductivity 
[47]. 
     Reports on the structure and hydrogen storage properties of the LiBH4-Ca(BH4)2 
composite have been published [48,49]. Accounts of the nature of the LiBH4-Ca(BH4)2 
mixtures differ, however, as Z. Fang et al. reported on the formation of a dual-cation 
borohydride LiCa(BH4)3, while J. Y. Lee et al. concluded that LiBH4 and Ca(BH4)2 coexist as 
a physical mixture but not as a compound or a solid solution. We shall seek to resolve this 
controversy by reporting on the structural properties of the LiBH4-Ca(BH4)2 mixtures using 
synchrotron x-ray diffraction. In the present work we report on the crystal structures and the 
phase composition of (1-x)LiBH4+xCa(BH4)2 mixtures in various ratios. The main focus of 
the work is on the ionic conductivity of the composites and on the formation of CaH2 in both 



orthorhombic and cubic structures that was observed upon heat treatment of the LiBH4-
Ca(BH4)2 composites. Furthermore, we will discuss how the low chemical stability of LiBH4-
Ca(BH4)2, illustrated by the formation of CaH2, affects the suitability of the mixtures for 
usage as solid electrolytes, and how this can increase the risk of a short-circuit in the cell. 

2. Experimental and Computational Methods 

2.1 Preparation of the Composites 
 
LiBH4 powder (purity 95%) and Ca(BH4)2 were purchased from Alfa Aesar Co. and Sigma 
Aldrich Co. respectively. The (1-x)LiBH4+xCa(BH4)2 samples were prepared in nine different 
ratios, with x ={0, 0.125, 0.1875 0.25, 0.33, 0.5, 0.67, 0.75, 1.0}. The mixing was performed 
by planetary ball milling under Ar atmosphere. In each milling, a stainless steel vial with an 
inner volume of 250 ml was rotated at 650 rpm for 2 hours on a Fritsch Pulverisette P6. 1.0, 
1.5 or 2.0 g of precursor powder were inserted into the vial for each milling along with 25 
tungsten carbide balls, resulting in a sample to balls mass ratios of 1/400, 1/300 or 1/200 
respectively. 
 
2.2 Powder X-ray Diffraction (XRD) 
 
The samples were characterized using powder x-ray diffraction (XRD). The measurements 
were performed on the as-milled samples. The diffraction patterns used in this work were 
obtained at three different instruments. 
     The diffraction patterns of the (1-x)LiBH4+xCa(BH4)2 samples with x = {0.125, 1.0} were 
measured at the BM01A beam line of the Swiss-Norwegian Beamlines (SNBL) located at the 
European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The samples were 
mounted in glass capillaries sealed under Ar atmosphere using an epoxy adhesive. The two-
dimensional diffraction data were collected at the Pilatus@SNBL diffractometer, using a 
Pilates 2M detector, with a distance of 310 mm between the sample and the detector. The 
wavelength was 0.69386 Å. Data processing was carried out using the SNBL Tool Box [50]. 
The two-dimensional data were calibrated with a NIST LaB6 standard sample. 
     The diffraction patterns of the samples with x = {0.25, 0.5} were measured at the beamline 
I11 located at the Diamond Light Source in Oxfordshire, England. The sample mounting was 
the same as described above. A Mythen II PSD detector was used at 2� angles ranging from 
1° to 91°. The wavelength was 0.82712 Å. The data were calibrated using Si as an external 
standard. 
     The diffraction patterns of the samples with x = {0, .1875, 0.33, 0.67, 0.75} were 
measured using a Cu K� Bruker D8 diffractometer with a Bragg-Brentano geometry, 
operating at 40 kV and 40 mA. The samples were sealed under Ar atmosphere in an airtight 
polyethylene sample holder from Bruker Co. The exposure time was 3 s/step with a step size 
of 0.02°. The measurements were performed using a variable divergence slit. After the 
measurement, the intensity of the data was corrected for the variable slit size and the K�2 
signal was subtracted. All XRD measurements were performed at room temperature. The 
synchrotron data were integrated into one-dimensional powder diffraction patterns using the 
Fit2D software [51].  
     For all diffraction patterns, Rietveld refinement was carried out using the GSAS software 
[52]. The phase factors, the unit cell parameters as well as the strain and the size broadening 
parameters were refined for all phases. Pseudo-Voigt profiles were used for modeling the 
shapes of the diffraction peaks. The background signal was modeled using a polynomial 
expression, and the zero point was refined. The isotropic thermal motion parameters were 
refined for all atoms except hydrogen and preferred diffraction orientations in the powder 
were modeled if needed. The occupancy of Ca+2 was refined in �-Ca(BH4)2 and the �-
Ca(BH4)2 phases. The resulting values for �-Ca(BH4)2 are shown in Table 1. For �-Ca(BH4)2 
the refinement of the Ca+2 positions showed full occupancies. The peak to parameter ratio was 
greater than 2 for all refinements and greater than 5 for most refinements. The weighted 



profile agreement factor Rwp at the end of the refinements ranged from 2.2% to 4.25% and the 
data were refined for convergence, i.e. until the squared sum of all parameter shifts divided by 
the estimated standard deviation (i.e. �(shift/�)2) reached < 0.1. 
 
2.3 Impedance Spectroscopy (EIS) 
 
The conductivities of the samples were measured by AC impedance spectroscopy using a 
PARSTAT 2273 potentiostat. The ball-milled powder was pressed into pellets with a diameter 
of 13 mm and a thickness of approx. 2 mm. Lithium foil was pressed onto both faces of the 
pellets as electrodes. The powder and the lithium foil were pressed simultaneously at 1 
ton/cm2. The porosity of the pellets was found to be around 0.4. All preparation and 
measurements were carried out under Ar atmosphere. The frequency range of the impedance 
measurements was set from 100 mHz to 1 MHz. The samples were heated up from 30°C to 
100°C in steps of 5°C and cooled down to 30°C using the same step size. The samples were 
equilibrated at a constant temperature for at least 40 minutes prior to each measurement. 
 
2.4 Energy-Dispersive X-ray Spectroscopy (EDS) 
 
A Hitachi TM3000 scanning electron microscope (SEM) operating at 15 kV was used for 
performing EDS on a 0.875LiBH4+0.125Ca(BH4)2 sample after heat treating it up to a 
temperature of 100°C during the impedance spectroscopy measurements.  The EDS samples 
were prepared by applying a thin layer of powder on carbon tape. The samples were 
transferred to the SEM instrument under Ar atmosphere. Elemental mapping was performed 
after each area scan or line scan of the sample. 
 
2.5 X-ray Photoelectron Spectroscopy (XPS) 
 
XPS measurements were performed on a 0.875LiBH4+0.125Ca(BH4)2 sample after heat 
treating it up to a temperature of 100°C during the impedance spectroscopy measurements. A 
PHI 5500 spectrometer was used, with monochromatic Al K� radiation (1487 eV) and an 
electron emission angle of 45°. All the XPS spectra were energy calibrated by the 
hydrocarbon peak positioned at the binding energy of 285.0 eV. The XPS samples were 
prepared by applying a thin layer of powders on copper tape. The samples were transferred 
from a glove box to the XPS analysis chamber using a specially built airtight argon-filled 
chamber to avoid contamination from the air. 
 
2.6 Electronic Structure Calculations 
 
All electronic structure calculations presented in this work were performed using density 
functional theory (DFT) [53,54] as it is implemented in the GPAW code [55,56], using the 
atomic simulation environment (ASE) [57]. GPAW is based on real space grids and uses the 
projector-augmented wave method (PAW) to describe non-valence electrons [58,59]. All 
atomic structural relaxations were calculated using the PBE exchange and correlation 
functional [60] with a 0.15 Å grid spacing and a (4,4,4) k-point mesh. Each calculation was 
continued until all forces were below 0.01 eV/Å. Calculations of charged vacancy defects 
were performed with an extra electron in the computational supercell. The extra electron was 
treated exactly like all other electrons in the DFT calculations, but to prevent an infinite 
charge build-up over the periodic images of the cell, an equal opposite charge was smeared 
uniformly over the cell. Because of the uniform distribution of the compensation charge, its 
effect on the chemistry of the cell is negligible. Band gap calculations were performed using 
the GLLB-sc exchange and correlation functional [61], which has been shown to improve 
band gap description significantly from standard GGA functionals [62]. 
 



3. Results and Discussion 

3.1 Crystal Structure and Phase Composition 
 
The diffraction patterns of pure LiBH4, pure Ca(BH4)2 and four composites of the two 
compounds are shown in Figure 1, along with a Rietveld refinement of each diffraction 
pattern. The diffraction pattern presented for LiBH4 is from a ball-milled sample.  For 
Ca(BH4)2, diffraction patterns were acquired for as-received and ball milled powders. We 
present only the diffraction pattern of the as-received compound since the milling alters the 
crystallinity of the powder, reducing the quality of the diffraction pattern and the Bragg peak 
intensities of the already poorly scattering Ca(BH4)2 powder. It was thus not possible to 
perform a trustworthy Rietveld refinement of the milled Ca(BH4)2. 
 

 
Figure 1 Powder x-ray diffraction patterns for different ratios of (1-x)LiBH4+xCa(BH4)2. The solid, 
colored lines show the measured data, the dashed, black lines show the Rietveld refinement of each 
measurement. The tick marks below the diffraction patterns show the locations of the Bragg reflections 
of �-Ca(BH4)2, �-Ca(BH4)2 �-Ca(BH4)2 and orthorhombic LiBH4. No other phases were detected in the 
samples. The diffraction pattern of pure LiBH4 only contains orthorhombic LiBH4. In the diffraction 
pattern of pure Ca(BH4)2, �-Ca(BH4)2 and �-Ca(BH4)2 coexist, but no �-Ca(BH4)2 is detected. In the (1-
x)LiBH4+xCa(BH4)2 mixtures, �-Ca(BH4)2, �-Ca(BH4)2 and orthorhombic LiBH4 coexist, but no �-
Ca(BH4)2 is detected. All data in the figure comes from synchrotron measurements except for the 
sample with x = 0.75 



Table 1 The relative phase quantities (in weight percentage) in the (1-x)LiBH4+xCa(BH4)2 samples, 
obtained from the Rietveld refinement of the XRD data. There are large variations in the phase 
quantities of the � and � phases of Ca(BH4)2 with LiBH4 content, but the � phase is only present in pure 
Ca(BH4)2. The phase quantity of orthorhombic LiBH4 is expected to equal the actual LiBH4 weight 
percentage in each sample. This means that, for an optimal refinement, the values of the fifth column of 
the table are expected to approach those in the sixth column. The Rietveld refinements are, however, 
somewhat imperfect with regard to this, most probably due to the low scattering power of LiBH4 
relative to Ca(BH4)2. The rightmost column of the table shows the refined Ca+2 occupancies in the �-
Ca(BH4)2 phase, but only for those mixtures for which synchrotron data were available. The Ca+2 
occupancies in the �-Ca(BH4)2 and �-Ca(BH4)2 phases were found to be 1.0 in all diffractograms. 

Sample  
(x in mol) 

�-Ca(BH4)2 
(wt%) 

�-Ca(BH4)2 
(wt%) 

�-Ca(BH4)2 
(wt%) 

LiBH4 LT 
(wt%) 

Actual LiBH4 
wt% in sample 

Ca+2occupancy  
in �-Ca(BH4)2 

0.0 0.0 0.0 0.0 100.0 100.00 N/A 
0.125 24.1 0.0 3.2 72.7 68.61 0.972 
0.1875 22.1 0.0 13.2 64.7 57.50 N/A 
0.25 39.0 0.0 10.6 50.4 48.37 0.931 
0.33 6.2 0.0 46.5 47.3 38.50 N/A 
0.50 8.7 0.0 62.4 28.9 23.80 0.975 
0.67 18.0 0.0 65.0 17.0 12.97 N/A 
0.75 15.8 0.0 62.7 21.5 9.43 N/A 
1.00 0.0 36.9 63.1 0.0 0.00 N/A 

 
     The relative phase quantities of the mixtures in weight percentage, as obtained by Rietveld 
refinement, are shown in Table 1. The milled LiBH4 sample only contains orthorhombic 
LiBH4, as expected. The pure, as-received Ca(BH4)2 sample contains �-Ca(BH4)2 and �-
Ca(BH4)2, but no �-Ca(BH4)2 is present. All composites are composed of orthorhombic 
LiBH4, �-Ca(BH4)2 and �-Ca(BH4)2 only; no other phases or new compounds are formed 
during the ball milling. Note that the amount of LiBH4 in the composite samples is generally 
overestimated compared to the actual mixing ratios of the samples. This indicates the 
accuracy of the Rietveld refinements performed on LiBH4, which is composed of elements 
with low electron densities and is thus a poor x-ray scatterer relative to Ca(BH4)2. Small 
sample inhomogeneities may also contribute to the discrepancy in the LiBH4 phase quantities. 
     As mentioned in the introduction, the enthalpy differences between the different Ca(BH4)2 
phases are small, and therefore the relative phase quantities of the Ca(BH4)2 polymorphs are 
very sensitive to modifications of the mixture. Interestingly, no �-Ca(BH4)2 is detected in the 
composites although it is present in pure Ca(BH4)2. This is consistent with the findings of Lee 
et al. [48]. The relative quantities of the two remaining Ca(BH4)2 phases are very sensitive to 
any modifications of the mixture. �-Ca(BH4)2 is found to have the largest relative phase 
quantity for x = 0.25. For samples with large amounts of LiBH4, only small amounts of �-
Ca(BH4)2 are found, but for composites with x � 0.5 it becomes the dominant phase with a 
similar relative phase quantity as in the pure Ca(BH4)2 sample. 
     The formation of �-Ca(BH4)2, which is not present in the as-received Ca(BH4)2, is either 
facilitated by the introduction of LiBH4 (even in small amounts), or simply by the ball milling 
process. As already mentioned, the crystallinity of the pure, ball-milled Ca(BH4)2 samples 
was very poor, and it was unfortunately not possible to deduce the relative quantities of the 
Ca(BH4)2 polymorphs from the diffraction pattern. It can thus not be inferred with certainty 
whether the polymorph changes in Ca(BH4)2 take place due to LiBH4 addition or due to the 
milling itself. It is, however, clear that the introduction of LiBH4 increases the crystallinity of 
the Ca(BH4)2 polymorphs, as compared to the as-received and ball-milled Ca(BH4)2 samples. 
     The lattice parameters in all samples were found to deviate by less than 1% from those 
previously published for orthorhombic LiBH4 [28], �-Ca(BH4)2 [35], �-Ca(BH4)2 [44] and �-
Ca(BH4)2 [45]. The lattice parameters of the composite samples are in all cases very similar to 
those of the phases in the precursor compounds and do not change much with the mixing ratio 
x. We therefore conclude that the (1-x)LiBH4+xCa(BH4)2 composites are physical mixtures 



rather than solid solutions. This finding is in good agreement with those previously reported 
by Lee et al [48]. 
     After ball milling, a fraction of each sample was annealed in a glass container at 100°C for 
60 hours under Ar atmosphere. XRD measurements of the annealed powders show that such 
heat treatment does not change the phase compositions, which remain very close to those 
presented in Table 1. It was therefore not expected that the heat treatment during the 
impedance spectroscopy measurements would alter the phase composition of the samples. 
 
3.2 CaH2 Formation 
 
     When the samples were heated up to 100°C during the impedance spectroscopy 
measurements (under Ar atmosphere), a new phase formed over the course of a few hours. 
This phase consisted of a black layer, growing at the interfaces between the Li electrodes and 
the electrolyte. This surprising finding was observed even if no potential was applied to the 
sample. In order to identify this phase, synchrotron XRD was performed on a black colored 
part of a sample. The resulting diffraction pattern is shown in Figure 2, along with a Rietveld 
refinement of the data. The majority of the powder consists of �-Ca(BH4)2 and orthorhombic 
LiBH4. However, the data refinement reveals two additional phases that were not detected in 
the diffraction patterns of the as-milled samples shown in Figure 1. One of the phases was 
identified as CaH2 in its regular orthorhombic (Pnma) crystal structure (3.6 wt%). The second 
phase was indexed as a cubic structure with the space group Fm-3m, isostructural with CaF2. 
Its lattice parameter is 5.490 Å, compared to 5.4 Å for CaF2. After further investigations, this 
cubic phase was identified as CaH2 (4.2 wt%). The crystal structures and the lattice 
parameters of the detected phases in the diffraction pattern in Figure 2 are shown in Table 2. 
No other phases or unexplained Bragg peaks were detected in the diffraction pattern. That 
does, however, not fully exclude the presence of small amounts of poorly scattering phases 
such as elemental boron or lithium. 
 

 

 
Figure 2 Synchrotron XRD data (from SNBL) and a Rietveld refinement of a black-colored part of a 
0.875LiBH4+0.125Ca(BH4)2 sample after it had been heat treated up to a temperature of 100°C during 
the impedance spectroscopy measurements. The blue, solid line shows the measured data, the black, 
dashed line shows the Rietveld refinement of the data and the red, solid line on the bottom shows the 
difference between the measured data and the refinement. The Rietveld refinement reveals that the 
diffraction pattern consists of �-Ca(BH4)2, and orthorhombic LiBH4, along with 3.6 wt% of 
orthorhombic CaH2 and 4.2 wt% of cubic CaH2 (in a CaF2 crystal structure). No other phases were 
detected. The tick marks below the diffraction patterns show the locations of the diffraction peaks for 
the four phases according to the Rietveld refinement. 



Table 2 The crystal structures and the lattice parameters of the refined structures in Figure 2. 

Phase Crystal structure a (Å) b (Å) c (Å) 
o-LiBH4 Pnma 7.201 4.452 6.857 
�-Ca(BH4)2 F2ddd 8.815 13.184 7.543 
o-CaH2 Pnma 5.974 3.617 6.849 
c-CaH2 Fm-3m 5.488 5.488 5.488 
 
 
     Solid solutions of CaH2-xFx in the cubic CaF2 crystal structure with various concentrations 
of hydrogen have previously been reported, first by Brice et al. [63] and more recently in 
connection with research on Ca(BH4)2 thermal decomposition [64,65]. Smithson et al. [66] 
have performed ab-initio calculations that show that at zero pressure, the formation energies 
for orthorhombic CaH2 and cubic CaH2 are very similar. Pinatel et al. [67] have recently 
calculated the phase diagram of the CaH2-xFx solid solution and found that the cubic and 
orthorhombic phases can coexist near room temperature with very a low concentration of 
fluoride. Furthermore, Li et al. have detected a high-pressure phase of CaH2 using in-situ 
Raman scattering, which reportedly starts forming at about 15.5 GPa and is thought to possess 
a higher symmetry than orthorhombic CaH2 [68]. 
     To investigate the possibility of the formation of cubic CaH2 without any fluoride content, 
the relative stability of the orthorhombic and the cubic CaH2 phases was calculated. The 
calculations were performed for structures with and without a 1/8 density of hydrogen 
vacancies. The charge state of the vacancies is likely to be heavily dependent on the potential 
over the CaH2. Therefore, the calculations were performed both for neutral vacancies and for 
vacancies with a single negative elementary charge. For the structures with no vacancies, 
orthorhombic CaH2 is found to be more stable than cubic CaH2 by 0.23 eV. However, when 
the hydrogen vacancies are introduced, cubic CaH2 is found to be more stable than 
orthorhombic CaH2 by 0.02 eV for neutral vacancies and 0.34 eV for charged vacancies. This 
indicates that for structures with crystal defects, cubic CaH2 could form and probably coexist 
with orthorhombic CaH2.The relative stability of the two phases in the case of no defects and 
in the case of charged vacancies are shown in Figure 3. 
     Note that the particular density of vacancies used for the calculations was simply chosen 
as a representative number and is not based on experimental findings. The main goal of the 
calculations was to see if the presence of vacancies would increase the stability of the 
orthorhombic phase relative to the cubic phase. The actual density of defects in the structure, 
if any, cannot be determined using the experimental techniques presented here, but could be 
measured using neutron diffraction as a part of further studies on this subject. 
 

 
 
Figure 3 The calculated stability of cubic CaH2 relative to orthorhombic CaH2 for structures with no 
defects and for structures with a 1/8 (12.5%) density of charged hydrogen vacancies. The cubic 
structure is found to be more stable than the orthorhombic structure with the introduction of the H 
vacancies. 
 



     In the light of these results, we consider it very likely that the local environment in the 
powder, the heat treatment up to 100°C and the direct contact of the (1-x)LiBH4+xCa(BH4)2 
sample with the lithium electrodes facilitates the formation of both orthorhombic and cubic 
CaH2 with hydrogen defects. Further research would be needed to clarify the exact 
mechanism for such a formation. Note that it cannot be fully excluded that trace amounts of 
fluoride are present in this phase, and that it is in fact a CaH2-xFx solid solution with a very 
small fluoride concentration. However, since the only source of fluoride would in this case be 
a TEFLON rig in the impedance spectroscopy experimental setup, with which the sample was 
never in direct contact, this is considered very unlikely. It can also not be excluded that some 
of the detected CaH2 is indeed Ca1-xLixH2-x, since the formation of the new phase takes place 
in close proximity with the Li electrodes. No indications of this could, however, be found in 
the Rietveld refinement of the diffraction pattern in Figure 2, and the formation of such a 
phase is not expected as LiH2 and CaH2 do not easily form a new compound, but rather form 
a eutectic mixture [69]. 
     The two CaH2 phases detected in the diffraction pattern in Figure 2 are expected to be a 
product of a reaction between some combination of Ca(BH4)2, LiBH4 and/or Li. It must 
therefore be assumed that one or more phases containing the corresponding amount of boron 
are formed as well. No such phase is observed in the XRD data, and the formation of CaB6 or 
some other phase containing the relatively highly scattering calcium atom is therefore not 
expected. As already mentioned, elemental boron would not necessarily be detectable in the 
diffraction pattern, and could be present although no diffraction peaks are assigned to it. 
Crystalline boron is black and could possibly be responsible for the black color of the layers 
that form at the interface between the composites and the lithium electrodes. Its formation 
along with the formation of CaH2 cannot be fully excluded. It must, however, be noted that 
elementary boron is considered very difficult to obtain, and is generally not observed as a 
reaction product of thermal decomposition of borohydrides below temperatures around 250°C 
[70,71]. Therefore, we do not consider it very likely that the majority of the boron atoms that 
become available during the reaction that forms CaH2 go into the formation of elemental 
boron.  
      It is, on the other hand, considered very likely that diborane (B2H6) gas is released along 
with the formation of CaH2. Diborane is typically released during thermal decomposition of 
borohydrides below 250°C [23,72,73], but dissociates at that temperature [74]. It has proven 
difficult to avoid its formation in research on borohydrides for reversible hydrogen storage 
applications [71], and was very likely formed during this work as well. Its formation could 
not be observed with the experimental methods used in this work, but this could be addressed 
using mass spectroscopy in further studies on this topic. Although the reaction responsible for 
the formation of CaH2 in this work does not necessarily involve thermal decomposition of the 
borohydrides, we still consider it very likely that diborane is released during the formation of 
CaH2. 
     To gain more information on the surface composition, chemical bonds and morphology of 
the black-colored powder, XPS and SEM/EDS measurements were performed. The XPS 
results (which are included as supporting information) indicate that the only type of chemical 
bonds in the sample that involves calcium are Ca-H bonds. No Ca-F bonds were detected. 
This strongly suggests that the two CaH2 phases are the only new calcium phases that have 
been formed in the sample during the heat treatment, and that no CaF2 or amorphous phases 
are present. The only chemical bonds of boron detected in the XPS measurements were B-H 
bonds and B-O bonds. A very small signal of the latter bond type was detected, most likely 
originating from slight impurities in the sample. It should, however, be noted that B-B bonds 
have a binding energy very similar to B-H bonds, and a possible signal from boron bonds 
may therefore be drowned out by the signal from hydrogen bonds. 
     Figure 4 shows a SEM image of a black colored part of 0.875LiBH4+0.125Ca(BH4)2 
powder after the heat treatment during the impedance spectroscopy measurement. An 
additional SEM image is included as supporting information. Elemental mapping of the 
microscope image was performed using the EDS technique. The bulk of the powder appears 
dark gray on the image and is found to have a rather constant concentration of both calcium 



and boron.  These areas are expected to mainly consist of a physical mixture of LiBH4 and 
Ca(BH4)2. The powder also contains small areas that appear light gray and were found to be 
calcium-rich. These areas are, however, not boron-rich, excluding the possibility that they 
consist of Ca(BH4)2. The EDS instrument is unfortunately not capable of detecting hydrogen, 
which is limiting for the conclusions that can be drawn from the SEM/EDS measurements in 
this study. But since the XPS results only indicate the presence of Ca-H bonds and no other 
bonds involving calcium, it is reasonable to assume that the calcium-rich areas in the SEM 
image are in fact CaH2. It is of course also possible that these areas consist of pure calcium, 
but after the heat treatment this is not considered very likely. Although the EDS results are 
not strictly conclusive on their own, they are in good agreement with the XRD and XPS data, 
and strengthen the hypothesis that CaH2 is formed. With the combined results from the 
calculations and from the XRD, XPS and EDS measurements, we thus conclude that the two 
CaH2 phases (orthorhombic and cubic) have been formed during the heat treatment. 
 
 

 
 
Figure 4 A SEM image of a black-colored part of a 0.875LiBH4+0.125Ca(BH4)2 sample after heat 
treating it up to a temperature of 100°C during the impedance spectroscopy measurements. Elemental 
mapping using EDS revealed that the bulk of the powder is a physical mixture of LiBH4 and Ca(BH4)2, 
possibly along with some elemental boron, while areas that appear light gray in the microscope were 
found to be calcium-rich. The light gray particle in the middle of the image is approximately 10 μm in 
diameter.  The result of an elemental mapping line scan is shown. A clear increase in calcium 
concentration is detected at the position of the light gray area, but no increase in the concentration of 
boron (or any other element) is detected. Note that the EDS equipment cannot detect hydrogen or 
lithium. Also note that the colors of the SEM image do not represent the actual colors of the sample, 
and that the light gray area in the figure may thus well be black in reality. 
 
 
3.3 Conductivity 
 
The conductivity of (1-x)LiBH4+xCa(BH4)2 was measured for three mixing ratios, i.e.  x = 
{1/4, 1/2, 3/4}. Figure 5 shows examples of Nyquist plots obtained by impedance 
spectroscopy. All Nyquist plots showed one arc (a slightly depressed semi-circle). The 
explanation for this can be either that only one contribution to the conduction is present, or 
that two or more arcs of concurrent bulk and/or grain boundary contributions overlap 
completely in the Nyquist plots. Unfortunately, it is not possible to separate different 
contributions to the conductivity in such a case using only impedance spectroscopy 
[75,76],.At the highest temperatures, some of the Nyquist plots also showed a small tail at the 
low-frequency end, which is attributed to the lithium electrodes. 
    As the Nyquist plots only show one arc, they were fitted using an (RQ) equivalent circuit 
model, i.e. a resistor and a constant phase element (CPE) in parallel. The Nyquist plots 
containing a low-frequency tail were fitted using two such circuits in series. The sample 
resistance R was taken to be the point of intersection between the Z’ axis and the low-
frequency end of the large arc. The conductivity of the samples is given by 
 



d
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where R is the resistance obtained from the (RQ) fit, d is the thickness of the sample and A its 
area. 
 

 
 
Figure 5 Examples of Nyquist plots obtained from impedance spectroscopy on 
0.5LiBH4+0.5Ca(BH4)2. The red squares are measured during heating, the blue circles are measured 
during cooling. a) Measurements performed at 40°C. b) Measurements performed at 80°C. The 
Nyquist plots mostly show only one arc, but at the higher temperatures a small contribution from the 
electrodes is sometimes observed at the low-frequency end of the plots. 
 
     The ionic conductivities of the (1-x)LiBH4+xCa(BH4)2 samples are shown in Figure 6. The 
conductivity of pure LiBH4, both as-received (non-milled) and ball-milled, is shown for 
comparison. Attempts were made at measuring the conductivity of pure Ca(BH4)2. This did, 
however, not succeed, most probably due to the ionic conduction of Ca(BH4)2 being too poor 
for measurements with this experimental setup (i.e. <10-9 S/cm). 
     The ionic conductivity of the samples is very sensitive to defects in the crystal structure of 
the powders. The ball-milled LiBH4 has a much higher conductivity (4.6*10-5 S/cm at 40°C) 
than the non-milled (as-received) sample (2.4*10-8 S/cm at 40°C), although both samples are 
in the orthorhombic, poorly conducting phase. This can be explained by the formation of 
defects during the milling which may open new Li+ conduction pathways[33]. As the sample 
is only heated up to 100°C, and not above the LiBH4 phase transition temperature of 
approximately 110°C, the defects are not mended by the heat treatment and the conductivity 
of the ball-milled LiBH4 remains similar during cooling. 
     The (1-x)LiBH4+xCa(BH4)2 pellets consisted of as-milled powders. The 
3/4LiBH4+1/4Ca(BH4)2 sample has the highest conductivity of the measured composites, or 
8.8*10-6 S/cm at 40°C. A comparison of the phase compositions shown in Figure 1 with the 
conductivities of the composite samples shown in Figure 6 indicates that the presence of �-
Ca(BH4)2 grain boundaries might be slightly more favorable for the conductivity than the 
presence of �-Ca(BH4)2 grain boundaries. The ionic conductivity of all the composite samples 
is, however, in the range of 0.001 - 0.01 mS/cm, and thus considerably lower than the 
aforementioned conductivity target of 1 mS/cm. This is probably too low for application as a 
bulk electrolyte in working battery cells. However, at 100°C the 3/4 LiBH4+1/4Ca(BH4)2 



sample reaches a conductivity of 1 mS/cm, which might be of interest in battery applications 
at elevated temperatures. 

 
 
Figure 6 An Arrhenius plot of the ionic conductivity of the LiBH4+Ca(BH4)2 mixtures. The ionic 
conductivity of non-milled and ball-milled pure LiBH4 is shown for comparison. The filled symbols 
denote measurements during heating runs, the empty symbols denote measurements during cooling 
runs. The conductivity of the composites is in all cases lower than that of the ball-milled LiBH4. Note 
that the conductivity of the composite samples is in all cases higher during cooling than during heating. 
This is most probably an artifact due to the formation of a defect-rich, electronically conducting CaH2 
phase at the electrode-electrolyte interfaces of the pellets, but not due to an increase in the ionic 
conductivity of the samples. 

     The fact that the Nyquist plots (see Figure 5) only show one arc that can be related to bulk 
and/or grain boundary conduction strongly suggests that Li+ is the only charge carrier in the 
composite, i.e. that the contribution of Ca+2 to the conduction is negligible, This hypothesis is 
further strengthened by the observation that the conductivities of the (1-x)LiBH4+xCa(BH4)2 
samples are only slightly lower than that of ball-milled pure LiBH4 (see Figure 6) while the 
ionic conduction of pure Ca(BH4)2 is very poor.  
     The presence of Ca+2 vacancies in �-Ca(BH4)2 (which is indicated by the Rietveld 
refinement of the synchrotron data, see Table 1) could indicate that some Ca+2 substitute into 
LiBH4, or that they form a grain boundary interface of Ca+2. The formation of such an 
interface could enhance the ionic conduction in the LiBH4-Ca(BH4)2 composite. The 
difference in the activation energies, which are derived from the slope of the Arrhenius plots, 
could also be an indication that the conduction mechanisms differ slightly between the pure 
LiBH4 and the composites. The activation energy of the ball-milled LiBH4 is found to be 
around 0.55 eV while the activation energies of the composites are found to be approximately 
0.8 eV in all cases. Further work using other experimental techniques would be needed to 
determine which conductive species contribute to the ionic conductivity of the (1-
x)LiBH4+xCa(BH4)2 composite. 
     In the impedance spectroscopy measurements, the conductivity of the composites is in all 
cases found to be higher during cooling runs (see Figure 6), i.e. after the samples have been 
heated to 100°C in the impedance spectroscopy setup and the black powder discussed in 
section 3.2 has formed. If one or both of the CaH2 phases were electronically conducting, so 
that the resistivity of the layers in which they form were negligible compared to the resistivity 
of the (1-x)LiBH4+xCa(BH4)2 composites, the contribution of the CaH2 containing layers 



would not be visible in the impedance spectroscopy measurements. This also holds true if 
elemental boron is formed, as boron has an electronic conductivity of 0.1 mS/cm at room 
temperature, which is almost 2 orders of magnitude higher than the composite samples. 
Furthermore, since the thickness of the pelletized samples is used to estimate the conductivity 
of the composites (see Eq. 1), the formation of such electronically conducting layers would 
result in a reduction of the effective thickness of the sample that can be related to the ionic 
conduction. Consequently, the measured pellet thickness d would no longer have the right 
value for eq. 1 and the ionic conductivity �  would be overestimated. With a continuing 
formation of such electronically conducting layers in the electrolyte, the pellet would 
eventually short circuit. 
     To investigate if this could be the case, and if the increased conductivity of the black layer 
could originate from the formation of CaH2, the density of electronic states for the two CaH2 
phases were calculated. The density of electronic states of cubic CaH2, as obtained from 
calculations with the PBE exchange correlation functional, is shown in Figure 7. In the case 
of cubic CaH2, the calculations were performed with no crystal defects and with a 1/8 density 
of hydrogen vacancies. The band gap of orthorhombic CaH2 was calculated to be 5.84 eV, 
which is in good agreement with published experimental work [77]. The band gap of defect-
free, cubic CaH2 was calculated to be 2.26 eV, which makes it a semi-conductor. This value is 
also not far off the result of Weaver et al. [77] who calculated the band structure of a 
‘hypothetical’ CaH2 phase with a cubic CaF2 structure but a slightly smaller lattice parameter. 
Furthermore, cubic CaH2 with 1/8 density of hydrogen vacancies has electronic states that 
reach below the Fermi level and is therefore electronically conducting, according to the 
calculations. This is the case both for charged (shown in Figure 7) and charge neutral 
vacancies. This could explain the increase in conduction of the samples that takes place upon 
the formation of CaH2. Calculations of the band gap of cubic CaH2-xFx in various mixing 
ratios are included as supporting information. 
 
 

 
 
Figure 7 The calculated density of states of CaH2 in the cubic CaF2 crystal structure. EF denotes the 
Fermi energy of the system. The results are shown for a structure without vacancies (blue, dashed 
lines), and for a structure with 1/8 density of negatively charged hydrogen vacancies (red, solid lines). 
In the structure containing vacancies, there are states that extend below the Fermi level, which suggests 
that the phase is electronically conducting. 
 
     The total thickness of the two black layers in each pellet was, in most cases, estimated to 
be around 50% of the pellet’s total thickness. Assuming that these layers are electronically 
conducting (with an electronic conduction that is much higher than the ionic conduction of 
the samples), one would expect the measured conductivity to double compared to the original 
pellet. A comparison of the conductivity values of the composite samples near room 
temperature before and after the heat treatment shows that this estimate is not far off. As an 
example, the conductivity of 0.75LiBH4+0.25Ca(BH4)2 at 35°C is measured at 6.4*10-6 S/cm 
before the heat treatment and 1.21*10-5 S/cm after the heat treatment, which is an increase by 



a factor of 1.9. If a thicker conducting layer were to be formed in the cell, or if the cells had a 
thinner layer of electrolyte to begin with, this effect would pose a serious risk of an internal 
short circuit in the cell. 
     The conclusion is therefore, that the measured conductivity after the heat treatment is 
always higher than prior to the heat treatment because of the unwanted formation of 
electronically conducting cubic CaH2 with hydrogen defects near the lithium electrodes of the 
pelletized samples, along with the possible formation of elemental boron. Further research is 
needed and to clarify if elemental boron is formed or not and if its possible presence also 
contributes to the increased conductivity of the samples. This artifact, which arises due to a 
low chemical stability of the composites, poses a serious risk that the pelletized samples 
would eventually short-circuit with continued formation of the conducting layer. This 
observation is not encouraging for the idea of developing working battery cells containing the 
composite, but could nonetheless be of fundamental scientific interest. This finding 
furthermore highlights a serious general issue, namely that a slow formation of an 
electronically conducting layer in any solid electrolyte might eventually lead to a short-
circuit. The chemical stability of any potential solid electrolyte material must therefore be 
investigated thoroughly before its introduction in commercial battery cells. 

4. Summary and Outlook 

The (1-x)LiBH4+xCa(BH4)2 composite forms a physical mixture of three phases, as measured 
with synchrotron x-ray diffraction; �-Ca(BH4)2, �-Ca(BH4)2 and orthorhombic LiBH4. The 
formation of a solid solution is not observed. Rietveld refinement of the diffraction patterns 
reveals that the relative fractions of the two Ca(BH4)2 phases changes considerably with 
LiBH4 content, and �-Ca(BH4)2 is found to be the dominant phase for x � 0.5. No �-Ca(BH4)2 
is observed in the composite samples, although a third of the precursor Ca(BH4)2 powder had 
that crystal structure. Instead, a considerable fraction of the powder takes on the �-Ca(BH4)2 
structure when small amounts LiBH4 are added. 
     The formation of small amounts of two different phases of CaH2 is observed upon heat 
treatment up to 100°C during the impedance spectroscopy measurements. These are CaH2 in 
its regular orthorhombic (Pnma) crystal structure and CaH2 in a cubic (Fm-3m) CaF2-type 
crystals structure. This result from the Rietveld refinement of synchrotron x-ray data is further 
supported by XPS and SEM/EDS data. The possibility of the formation of elemental boron is 
not excluded, and further research is needed to clarify that. The relative stability of CaH2 was 
calculated for both phases. The results indicate that cubic and orthorhombic CaH2 with a 1/8 
density of hydrogen defects are approximately equally stable, supporting the observed 
coexistence of the two phases. 
     As no hexagonal LiBH4 was observed in the composites, the ionic conductivity of (1-
x)LiBH4+xCa(BH4)2 is not as high as for example that of the LiBH4+LiI solid solution [24]. 
Defects induced by ball milling do, however, increase the ionic conduction of orthorhombic 
LiBH4 considerably (4.6*10-5 S/cm at 40°C). The ionic conduction of (1-x)LiBH4+xCa(BH4)2 
is, for all measured values of x, lower than that of the ball-milled LiBH4. The 
0.75LiBH4+0.25Ca(BH4)2 mixture has the best conductivity of the composites; 8.8*10-6 S/cm 
at 40°C and 1 mS/cm at 100°C. Near room temperature, this is considerably lower than the 
conductivity target of 1 mS/cm, which is often mentioned as the minimum conductivity 
required for an electrolyte in a consumer battery. The composite, might, however, be of 
potential interest for battery applications at elevated temperatures. 
     It is not clear if lithium ions are the only charge carrier in the composites, or if calcium 
ions also participate in the conduction. The single-arc Nyquist plots and the slightly lower 
conductivity than ball-milled LiBH4 suggest that Li+ is the only charge carrier. However, the 
difference in the activation energy of the conduction between LiBH4 and the composites 
indicates that the systems do not share the exact same conduction mechanism. Further work 
would be needed to clarify this. 
     The results of electronic band structure calculations for orthorhombic and cubic CaH2, 
with and without hydrogen defects, indicate that the cubic structure with defects is 



electronically conducting. Elemental boron, if present, is also electronically conducting. This 
most probably explains the high conductivity observed for the heat-treated composites. The 
formation of an electronically conducting layer within the electrolyte in the cells is an 
unwanted artifact in the conductivity measurements, which increases the risk of short-
circuiting in the cells. This finding reveals a more general issue that could be detrimental to 
other solid electrolytes and is thus of interest for further studies. 
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Table of Contents Figure 
 
An Arrhenius plot of the ionic conductivity of the LiBH4-Ca(BH4)2 composites (red, blue, 
green). The ionic conductivity of ball milled (gray) and non-milled (black) LiBH4 is shown 
for comparison. The filled symbols are measured during heating runs and the empty symbols 
are measured during subsequent cooling runs. The conductivity of the composites is in all 
cases higher during cooling, most probably due to the formation of an electronically 
conducting layer containing defect-rich cubic CaH2. Such layer formation could eventually 
lead to a short circuit in the cell and reveals a general issue of chemical stability that should 
be attended to in the development of solid electrolyte materials. 
�

 

Sample  
(x in mol)

�-Ca(BH4)2 
(wt%)

�-Ca(BH4)2 
(wt%)

�-Ca(BH4)2 
(wt%)

LiBH4 LT 
(wt%)

Actual LiBH4 
wt% in sample 

Ca+2occupancy  
in �-Ca(BH4)2

0.0 0.0 0.0 0.0 100.0 100.00 N/A 
0.125 24.1 0.0 3.2 72.7 68.61 0.972 
0.1875 22.1 0.0 13.2 64.7 57.50 N/A 
0.25 39.0 0.0 10.6 50.4 48.37 0.931 
0.33 6.2 0.0 46.5 47.3 38.50 N/A 
0.50 8.7 0.0 62.4 28.9 23.80 0.975 
0.67 18.0 0.0 65.0 17.0 12.97 N/A 
0.75 15.8 0.0 62.7 21.5 9.43 N/A 
1.00 0.0 36.9 63.1 0.0 0.00 N/A 
 
�

�

 

Phase Crystal structure a (Å) b (Å) c (Å)
o-LiBH4 Pnma 7.201 4.452 6.857 
�-Ca(BH4)2 F2ddd 8.815 13.184 7.543 
o-CaH2 Pnma 5.974 3.617 6.849 
c-CaH2 Fm-3m 5.488 5.488 5.488 
 
�

�

Highlights 

� The LiBH4-Ca(BH4)2 composite forms a physical mixture rather than a solid solution. 
 

� The formation of defect-rich, cubic CaH2 in a CaF2-like structure is observed. 
 

� A new layer containing cubic CaH2 is conducting and may lead to a short-circuit. 
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Table Captions 

Table 1 The relative phase quantities (in weight percentage) in the (1-x)LiBH4+xCa(BH4)2 
samples, obtained from the Rietveld refinement of the XRD data. There are large variations in 
the phase quantities of the � and � phases of Ca(BH4)2 with LiBH4 content, but the � phase is 
only present in pure Ca(BH4)2. The phase quantity of orthorhombic LiBH4 is expected to 
equal the actual LiBH4 weight percentage in each sample. This means that, for an optimal 
refinement, the values of the fifth column of the table are expected to approach those in the 
sixth column. The Rietveld refinements are, however, somewhat imperfect with regard to this, 
most probably due to the low scattering power of LiBH4 relative to Ca(BH4)2. The rightmost 
column of the table shows the refined Ca+2 occupancies in the �-Ca(BH4)2 phase, but only for 
those mixtures for which synchrotron data were available. The Ca+2 occupancies in the �-
Ca(BH4)2 and �-Ca(BH4)2 phases were found to be 1.0 in all diffractograms.�
�

�

Table 2 The crystal structures and the lattice parameters of the refined structures in Figure 2. 
The lattice parameters of the LiBH4 and Ca(BH4)2 phases are very similar to those in the 
refinements shown in Figure 1. 

Figure Captions 

Figure 1 Powder x-ray diffraction patterns for different ratios of (1-x)LiBH4+xCa(BH4)2. The 
solid, colored lines show the measured data, the dashed, black lines show the Rietveld 
refinement of each measurement. The tick marks below the diffraction patterns show the 
locations of the Bragg reflections of �-Ca(BH4)2, �-Ca(BH4)2 �-Ca(BH4)2 and orthorhombic 
LiBH4. No other phases were detected in the samples. The diffraction pattern of pure LiBH4 
only contains orthorhombic LiBH4. In the diffraction pattern of pure Ca(BH4)2, �-Ca(BH4)2 
and �-Ca(BH4)2 coexist, but no �-Ca(BH4)2 is detected. In the (1-x)LiBH4+xCa(BH4)2 
mixtures, �-Ca(BH4)2, �-Ca(BH4)2 and orthorhombic LiBH4 coexist, but no �-Ca(BH4)2 is 
detected. All data in the figure comes from synchrotron measurements except for the sample 
with x = 0.75 

�

Figure 2 Synchrotron XRD data (from SNBL) and a Rietveld refinement of a black-colored 
part of a 0.875LiBH4+0.125Ca(BH4)2 sample after it had been heat treated up to a 
temperature of 100°C during the impedance spectroscopy measurements. The blue, solid line 
shows the measured data, the black, dashed line shows the Rietveld refinement of the data 
and the red, solid line on the bottom shows the difference between the measured data and the 
refinement. The Rietveld refinement reveals that the diffraction pattern consists of �-
Ca(BH4)2, and orthorhombic LiBH4, along with 3.6 wt% of orthorhombic CaH2 and 4.2 wt% 
of cubic CaH2 (in a CaF2 crystal structure). No other phases were detected. The tick marks 
below the diffraction patterns show the locations of the diffraction peaks for the four phases 
according to the Rietveld refinement. 
�

�

Figure 3 The calculated stability of cubic CaH2 relative to orthorhombic CaH2 for structures 
with no defects and for structures with a 1/8 (12.5%) density of hydrogen vacancies. The 
cubic structure is found to be slightly more stable than the orthorhombic structure with the 
introduction of the H vacancies. 
 
 
Figure 4 A SEM image of a black-colored part of a 0.875LiBH4+0.125Ca(BH4)2 sample after 
heat treating it up to a temperature of 100°C during the impedance spectroscopy 
measurements. Elemental mapping using EDS revealed that the bulk of the powder is a 



physical mixture of LiBH4 and Ca(BH4)2, possibly along with some elemental boron, while 
areas that appear light gray in the microscope were found to be calcium-rich. The light gray 
particle in the middle of the image is approximately 10 μm in diameter.  The result of an 
elemental mapping line scan is shown. A clear increase in calcium concentration is detected 
at the position of the light gray area, but no increase in the concentration of boron (or any 
other element) is detected. Note that the EDS equipment cannot detect hydrogen or lithium. 
Also note that the colors of the SEM image do not represent the actual colors of the sample, 
and that the light gray area in the figure may thus well be black in reality. 
�

�

Figure 5 Examples of Nyquist plots obtained from impedance spectroscopy on 
0.5LiBH4+0.5Ca(BH4)2. The red squares are measured during heating, the blue circles are 
measured during cooling. a) Measurements performed at 40°C. b) Measurements performed 
at 80°C. The Nyquist plots mostly show only one arc, but at the higher temperatures a small 
contribution from the electrodes is sometimes observed at the low-frequency end of the plots. 
 
 
Figure 6 An Arrhenius plot of the ionic conductivity of the LiBH4+Ca(BH4)2 mixtures. The 
ionic conductivity of non-milled and ball-milled pure LiBH4 is shown for comparison. The 
filled symbols denote measurements during heating runs, the empty symbols denote 
measurements during cooling runs. The conductivity of the composites is in all cases lower 
than that of the ball-milled LiBH4. Note that the conductivity of the composite samples is in 
all cases higher during cooling than during heating. This is most probably an artifact due to 
the formation of a defect-rich, electronically conducting CaH2 phase at the electrode-
electrolyte interfaces of the pellets, but not due to an increase in the ionic conductivity of the 
samples. 

�

�

Figure 7 The calculated density of states of CaH2 in the cubic CaF2 crystal structure. EF 
denotes the Fermi energy of the system. The results are shown for a structure without 
vacancies (blue, dashed lines), and for a structure with 1/8 density of hydrogen vacancies 
(red, solid lines). In the structure containing vacancies, there are states that extend below the 
Fermi level, which suggests that the phase is electronically conducting. 
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