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Abstract

A combination of experimental and computational techniques has been used to fully describe the
thermodynamic properties and phase diagrams of the LiBHs-NaBHs-KBH4 system. The Calphad
method was used to assess the thermodynamic properties of LiBHs-NaBHs, LiBH4-KBH4, and
NaBHs-KBH4 binary systems and to extend the investigation to the LiBHs-NaBH4-KBH; ternary
system. Samples with various compositions in the ternary system were synthetised, both by ball
milling and manual mixing of the parent borohydrides, and their thermal stability has been studied
by in-situ synchrotron radiation X-ray diffraction as a function of temperature and by differential
scanning calorimetry. From collected experimental and literature data, a thermodynamic assessment
of the ternary system led to the determination of the phase diagrams. In all cases, the solid solutions
can be described in the frame of the regular solution model, with interaction parameters positive or
equal to zero (i.e. ideal solution). On the contrary, the liquid phase was described using negative
interaction parameters. A new ternary eutectic composition was estimated and it was confirmed
experimentally to be equal to a molar fraction of 0.66LiBH4-0.11NaBH4-0.23KBH4 with a melting

temperature of 102 °C.

Keywords: complex hydrides, lithium borohydride, sodium borohydride, potassium borohydride

hydrogen storage, phase diagram, Calphad.



Dematteis et al. - Phase diagrams in the LiBHs-NaBHs-KBH4 system

Introduction

Recent research has focused on solid-state hydrogen storage in complex hydrides owing to their high
gravimetric hydrogen content. However, the kinetic and thermodynamic limitation of these
compounds has to be addressed and different approaches have been described in the literature to
improve them.®® For instance, the melt infiltration of eutectic mixtures of borohydrides® into
mesoporous carbon scaffolds improves the kinetics and reversibility of hydrogen release.'** Solid
solutions of borohydrides have shown lower temperature of hydrogen release!>*8 and could be of
interest as solid-state electrolyte in batteries.

A full evaluation of the thermodynamic properties of borohydrides and their mixtures is indeed
fundamental for tailoring hydrogen storage materials, as well as for further improvements and insight
on complex hydrides. The use of the Calphad approach for the assessment of the phase diagrams in
complex hydrides allowed the determination of different thermodynamic properties and possible
decomposition routes or hydrogen release reactions, together with the enthalpy of mixing in the liquid
and solid solutions, which cannot be easily determined experimentally.1%-22

The Calphad method for the assessment of thermodynamic properties in condensed systems is based
on a parametric description of the Gibbs free energy as a function of temperature and composition.
Literature data and new experimental results on thermodynamic properties were collected for the
studied system and they are used as input data. In order to establish the Gibbs free energy of
compounds with crystal structures different from the stable one, ab-initio calculations are often
necessary. A process of optimization by best fitting allows the assessment of parameters in order to
have the most reliable description of Gibbs free energy for all phases in the system based on the input
values. The description of the ternary system can be obtained from the evaluation of thermodynamic
properties of binary systems in order to calculate pseudo-binary and pseudo-ternary phase diagrams.
In the literature, it was showed that binary combination of LiBHs, NaBHa, and KBHa present eutectic

melting®?* or a thermal minimum.®



Dematteis et al. - Phase diagrams in the LiBHs-NaBHs-KBH4 system

The LiBHs-NaBH, system was recently studied and modelled by the present authors?® showing the
formation of solid solutions on both lithium- and sodium-rich side and a eutectic melting at 216 °C
for the composition 0.70LiBH4-0.30NaBHs. In this system, the polymorphic transition from the
orthorhombic to the hexagonal structure is observed at 95 °C in mixtures (i.e. 15 °C lower than for
pure LiBH3).

The LiBH4s-KBHs system was reported as eutectic by Ley et al.?* and Huff>® with a melting
temperature of 105 °C for the composition 0.72LiBH4—0.28KBH4. The same phase diagram, but with
a different eutectic composition, was reported by Adams in 1961.% In this system, no solid solutions
were observed. A bimetallic compound LiK(BHa4)2 has been recently reported, which decomposes at
96 °C into LiBH4 and KBHa.

Two experimental studies have been reported for the NaBH4-KBH4>?7 system. Jensen et al.*® showed
the formation of a solid solution and a minimum melting temperature at 458 °C for the composition
0.68NaBH4-0.32KBH..2> A miscibility gap has been evidenced below 200 °C in the bcc solid
solution, which can be quenched at room temperature. The de-mixing kinetics of the solid solution at
room temperature was studied by NMR.®

Considering the ternary LiBHs-NaBH4-KBH. system, Huff?® reported a ternary eutectic melting at
96 °C for the 0.65LiBH1-0.08NaBH.-0.27KBH. composition, but Paskevicius et al.® reported no
eutectic melting for that mixture.

No thermodynamic characterizations of the LiBH4-NaBHs-KBH4 ternary system are present in the
literature so far. Therefore, in the present study, we explore this ternary system, combining
experimental and theoretical techniques, in order to determine a pseudo-ternary phase diagram. The
Calphad method was used to assess the thermodynamics of LiBHs-NaBHs, LiBH4-KBH4, and
NaBH4-KBH4 binary systems, as well as a full investigation, for the first time, of the ternary system.
For the assessment of solid solutions, the regular solution model was used, whereas the Redlich-

Kister model was considered to describe the liquid phase. Results of the assessment allow the
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establishing of phase stabilities and limits of solubility for a wide temperature and composition range

in the ternary system.
Experimental

Sample preparation

Lithium borohydride (LiBH4, purity > 99% from Rockwood Lithium), sodium borohydride (NaBHz,
purity 99.99% from Sigma-Aldrich), and potassium borohydride (KBHa, purity 99% from Sigma-
Aldrich) were mixed by manual mixing (M) in a mortar or by ball milling (BM) in different molar
ratios. A Fritsch Pulverisette 6 planetary mill was used to ball mill the reactants under argon
atmosphere in 80 mL tungsten carbide (WC) vials and with WC balls (0.d. 10 mm) and a balls-to-
sample mass ratio of 30:1. The samples were milled at 350 r.p.m. for 5 min for 24 times, with a 2 min
pause in between each time. The mixtures manually mixed were finely homogenized in a mortar for
10 minutes. All preparations and manipulations of the samples were performed in an argon-filled
glove box with a circulation purifier, p(O2, H20) < 1 ppm. An overview of investigated samples is
reported in Table 1 and Figure S1.

Characterization

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

In-situ SR-PXD experiments have been carried out using different beam lines, as reported in Table
S1. The measurements on sample T50Li, T50Na, and T50K were performed at beamline 1711 at the
MAX-I1 synchrotron in the MAXIV laboratories, Lund, Sweden, with a Titan CCD detector system,?®
and using single crystal sapphire capillaries and a special setup.?® In the other facilities a sealed
borosilicate capillary (0.d. 5 mm) was used for samples T1, T2 and T3. The samples were packed and
manipulated in a glove box. A hot air blower, equipped with a PID controller, was used to anneal the
sample from RT up to the melting point at 5 °C/min. The temperature was recorded by a thermocouple

placed close to the capillary and calibrated using NaCl (NIST) and Ag as a standard. The detector
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distance was calibrated using LaBe as a standard. The FIT2D program was used to convert the raw
2D images into 1D powder pattern.®

Differential scanning calorimetry (DSC)

A Perkin Elmer STA 6000 apparatus was used to analyse the thermal behaviour of the mixtures s1-
s8. Approximately 5 mg of sample were loaded inside the glove box into aluminium crucibles with a
lid with a hole for gas release. Afterwards, the pan was transported to the instrument using a sealed
glass vial to maintain the inert atmosphere and quickly placed under the argon flow. Samples were
heated and cooled in the temperature range from RT up to 130 °C at 5 °C/min under an argon flow
of 40 mL/min.

A high-pressure 204 Netsch DSC (HP-DSC) was used to analyse the mixture T1, T2, and T3 and a
backpressure of hydrogen was loaded in the chamber in order to avoid the decomposition of the liquid
and to record the liquidus temperature. Approximately 5 mg of sample were loaded into aluminium
crucibles with a lid with a hole for gas release. The HP-DSC was placed inside the glove box in order
to handle the samples in inert atmosphere. Samples were heated and cooled in the temperature range
from RT up to approx. 160 °C at 5 °C/min under a static pressure of 10 bar of H.

Modelling

Ab-initio

Periodic quantum-mechanical calculations were carried out at the Density Functional Theory (DFT)
level, by using a developmental version of the CRYSTAL14 software.3:*? As already described in a
previous paper,?® we adopted the hybrid PBEO functional,®® in combination with the Grimme’s D2
correction to the electronic energy,®* as the best balance of accuracy and calculation cost. Localized
Gaussian functions of double-C quality were applied as basis sets for the description of electrons. For
the cations, the following sets were used: 5-11G(d) (asp = 0.479 bohr 2 for the most diffuse shell
exponent and opol = 0.600 bohr2 for polarization) to describe lithium; 8-511G (osp = 0.323 bohr for
the most diffuse shell exponent) for sodium and 86-511G (asp = 0.389 and aq = 0.394 bohr for the

most diffuse shell exponent of sp and d functions) in the case of potassium.?>3 Boron was described
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by a 6-21G(d) set (asp = 0.124 bohr 2 for the most diffuse shell exponent and opoi = 0.800 bohr 2 for
polarization) and for hydrogen, a 31G(p) set (asp = 0.1613 bohr2 for the most diffuse shell exponent
and opol = 1.1 bohr~2 for polarization) was adopted.*® The thermodynamic functions were obtained
within the calculation of phonons at I point in the harmonic approximation. Within the CRYSTAL
code, frequencies are computed by diagonalizing the associated mass-weighted Hessian matrix. More
details on the specific procedure can be found in references.®*3" To derive enthalpy data, the
computed zero-point energy correction (ZPE) and the thermal factor at T = 25 °C were added to the
obtained electronic energy.®

CALPHAD

The Thermo-Calc Software® based on the Calphad approach was used for the thermodynamic
assessment. The Substance SGTE database*®*! and already published thermodynamic functions!®?
were used as a starting point for the assessment procedure. Assessed parameters of thermodynamic
functions for different phases (hexagonal, cubic, orthorhombic and liquid) have been assessed in the
present study, in order to explore and characterize the pseudo-binary and pseudo-ternary phase
diagrams in the LiBH4-NaBH4-KBH4 system.

The thermodynamic properties and Gibbs free energy were described according to the Calphad
approach, as previously reported.?® The Redlich-Kister expansion series*? was used to describe the
excess Gibbs energy of solutions, and for the LiK(BHa4)> compound a constant value of enthalpy and
entropy of formation has been considered. The ortho- and hexagonal-KBHs end-members were
described adding the ab-initio calculated enthalpy difference between the stable and the metastable

phases to the Gibbs energy of the stable ones.
Results and Discussion

Experimental screening of ternary system
Three different compositions close to the centre of the pseudo-ternary phase diagram were

synthesized by ball milling and have been characterized by in-situ SR-PXD. Samples T50Li, T50Na
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and T50K were annealed with a heating rate of 5 °C/min to investigate the formation of different
phases in the system.

In TSOLi (Figure S2), the polymorphic transition orthorhombic to hexagonal LiBH4 is recorded at
109 °C, and at 112 °C the LiBH4-KBHj4 eutectic melts. There is no evidence of any ternary eutectic
melting or solid solutions in the temperature range 112 °C to 323 °C, where the melting of the sample
is observed to start.

In TSONa (Figure S3), the polymorphic phase transition of LiBHa is not clearly observed, and the
orthorhombic LiBH4 melts at 114 °C. The formation of a cubic solid solution between the remaining
NaBH4 and KBH4 is observed in the temperature range 114 °C to 215 °C as two sets of Bragg
diffraction peaks merge into one. At 215 °C, diffraction peaks of KBH4 disappear, and a single cubic
solid solution is observed. An excess of NaBH3 is also recorded, which disappears at 274 °C. The
liquidus temperature is observed at 375 °C.

In TSO0K sample (Figure S4), the polymorphic transition of LiBH4 is recorded at 110 °C, at which
point the onset of the eutectic melting of LiBH4-KBH3 is also observed. At 185 °C, the crystalline
fraction of the sample consists of a cubic solid solution of NaBH4-KBHa, which is rich in NaBHa.
The solid solution starts to melt at 352 °C and the liquidus temperature is recorded at 479 °C.

In none of these samples the bimetallic LiK(BHa4)2 is observed.

This first screening of the LiBHs-NaBHs-KBHj4 ternary system, conducted by in-situ SR-PXD, did
not allow identifying any ternary eutectic composition. So, data collected in this experimental study
will be used for a preliminary thermodynamic assessment of the system, leading to a first
approximation of the pseudo-ternary phase diagram and to give a hint of the ternary eutectic
composition, as will be discussed later.

Assessment of binary systems

The thermodynamic assessment of the possible binary combinations in the LiBHs-NaBH4-KBH4
systems allowed the modelling of solid and liquid solution phases. Consistent literature and

experimental data together with ab-initio calculations and available database have been used as input
8
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for the full assessment and description of pseudo-binary phase diagrams and for a first investigation
of the ternary system.

NaBH4-KBH4

The NaBH4-KBH4 system was modelled considering experimental data obtained by both Jensen et
al.® and Semenenko et al.?” The cubic phase was modelled considering the formation of a solid
solution with a miscibility gap, as confirmed experimentally by Jensen et al.,*® so that a positive value
of the enthalpy of mixing was assessed (Table 2). For a proper modelling of the liquid phase, in order
to optimise the enthalpy of melting for the composition with the lowest melting point, a revision of
the thermodynamic description of the liquid phase of pure NaBH4 was necessary. Pure NaBH4 was
previously described to have an enthalpy of melting equal to 26.9 kJ/mol,? as obtained
experimentally in ref.*® Considering that a lower value equal to 16.9 kJ/mol was reported by Milanese
et al.,* a new function for the liquid phase of NaBH4 was considered (Table 3). The enthalpy of
melting for pure KBH4 has never been reported in the literature and it is not easy to measure, since it
melts and decomposes at the same time.*> A melting temperature equal to 605 °C was considered, as
experimentally observed by Paskevicius et al.? and Stasinevich et al.*> The enthalpy of melting for
KBH4 was first estimated and then progressively refined during the whole assessment process,
leading to a value of 19.2 kJ/mol. On the basis of assessed thermodynamic functions for pure NaBH4
and KBHy, the liquid phase in the NaBH4-KBH4 system has been described with a slightly positive
interaction parameter, obtaining a calculated enthalpy of melting for the composition 0.68NaBHs-
0.32KBH. higher than that reported in the literature.!® The same sample was measured again under
10 bar of hydrogen, and an enthalpy of melting of 17.0 kJ/mol was obtained during cooling (Figure
S5), in good agreement with the calculated value (Table 4). Assessed functions of Gibbs free energy
are reported in Table 3. The calculated NaBHs-KBH4 pseudo-binary phase diagram is shown in
Figure 1 a, together with available experimental data. The miscibility gap in the cubic phase is well

reproduced, as well as the melting temperatures. For KBH3s-rich compositions, the calculated values
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are higher than the experimental ones, suggesting an underestimation of solidus temperatures, which
turned out rather constant as a function of composition.®

LiBHs-NaBH4

Considering the new thermodynamic description of pure NaBHj4, the LiBH4-NaBH4 binary system
was re-assessed and a good agreement with the experimental value of enthalpy of melting for the
eutectic mixture was achieved (Table 2), leading to a lower calculated enthalpy of mixing for the
liquid phase with respect to the previous assessment.?® Available experimental data and calculated
pseudo-binary phase diagrams are reported in Figure 1 b, confirming the good agreement obtained
with the new thermodynamic description.

LiBH4-KBH4

Since the LiBHs-KBH4 system was recently experimentally characterised, only the data from Ley et
al.* were considered for the assessment, while Adams’ values®® have been taken into account only
for comparison. Ab-initio results reported in Table 5 were used to describe the Gibbs free energy of
the KBH4 end-members (i.e. orthorhombic and hexagonal phase). In the solid state, three phases are
present in this system: orthorhombic, hexagonal, and cubic. In addition, up to 96 °C, also the
bimetallic compound LiK(BHa). is present. The Gibbs free energy function for the bimetallic
compound has been determined combining the calculated value of the enthalpy of formation from
LiBH4 and KBH4 reported by Kim at al.*® with the temperature of decomposition reported by Ley et
al.* This is reported in Table 3. Since no solid solutions are observed experimentally, the solid phases
were described with a positive interaction parameter to reduce the solubility limit (Table 2). In the
frame of the regular solution model, a negative value of the interaction parameter has been used for
the liquid phase in order to describe the deep eutectic. It has been optimized on the basis of the
temperature and enthalpy of melting of the eutectic composition. The calculated pseudo-binary phase
diagram is reported in Figure 1 c, together with available experimental data. Experimental data of

eutectic composition and temperatures reported by Ley et al.?* are in good agreement with

10



Dematteis et al. - Phase diagrams in the LiBHs-NaBHs-KBH4 system

calculations. Liquidus temperatures reported by Ley et al.?* are reasonably reproduced, whereas those
observed by Adams?® appear significantly different.

Ternary system

A eutectic composition has been reported by Huff et al.,? as indicated by a red triangle (T1) in the
pseudo-ternary LiBHs-NaBH4-KBH4 phase diagram shown in Figure 2, but it was evidenced as not
eutectic by Paskevicius et al.® So, the T1 composition was investigated by DSC and in-situ SR-PXD.
A first heating up-and-down to melting was necessary to homogenise the sample. The DSC traces
and SR-PXD patterns during the second cycle of heating and cooling of the mixture are shown in
Figure S6. During heating, the orthorhombic-to-hexagonal polymorphic transition can be observed
at 97 °C (DSC) and 95 °C (SR-PXD). It appears at lower temperature with respect to pure LiBH,°
because of the presence of NaBH4, and possibly of KBHg4, in the orthorhombic solid solution. An
eutectic melting temperature of Tonset=103 °C (DSC) and 104 °C (SR-PXD) was observed, whereas
the liquidus temperature observed at 155 °C (SR-PXD) was difficult to defined by DSC (Figure S6).
During cooling, the liquidus temperature was estimated at 148 °C and 146 °C by DSC and SR-PXD,
respectively, and other phase transformations were also observed at lower temperatures because of
undercooling.

Initially, the enthalpy of mixing of the liquid phase for the ternary system was simply extrapolated
from those of the binary systems by using the Muggianu’s rule.*’*® The assessment of the pseudo-
ternary phase diagram allowed the calculation of the minima of the liquidus surface, as shown by
black solid lines in Figure 2. The ternary composition at the crossing of lines was calculated at
0.68LiBH4-0.08NaBH4-0.24KBHs4, and it is shown as a black circle (T2) in Figure 2. The
corresponding calculated melting temperature of 116 °C turned out higher than that of the eutectic in
the LiBH4-KBH4 system, excluding a eutectic reaction. For this reason, the 0.68LiBHs-0.08NaBH.-
0.24KBH4 composition was investigated by DSC and in-situ SR-PXD, and results are reported in
Figure S7. From the SR-PXD data, it is clearly observed that the sample is not eutectic and that it

contains an excess of KBHa. In fact, on heating, we observed a strong reduction of X-ray intensity at
11
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104 °C representative of melting onset, where most of the NaBH4 transforms into liquid (Figure S7).
In a small, higher temperature range, both orthorhombic and hexagonal LiBH4 have been observed,
which melted at 121 °C, so that only KBHs was left up to 145 °C, corresponding to the liquidus
temperature. On cooling, the excess of KBHj4 crystallized at 143 °C, then hexagonal LiBH4and cubic
NaBH; appeared at 102 °C and a fully solid mixture was observed at 99 °C. The DSC data confirmed
the phase transformations observed by SR-PXD, allowing the liquidus temperature to be better
observed around 128 °C. The observed phase transformations confirm that the 0.68LiBHs-
0.08NaBHs-0.24KBH4 mixture is not eutectic and suggest that the real ternary composition should
contain less LiBHs and KBHa.

These results motivated the assessment of the ternary system introducing an interaction parameter for
the liquid phase in order to obtain a ternary eutectic temperature of 102 °C. So, a further interaction

parameter for the liquid phase was added, according to Redlich-Kister-Muggianu equation:*®

exc 0 1 0 1 0
TERGm = xaxb{ Lab + Lab(xa_ xb)} + xaxc{ Lac + Lac(xa_ xc)} + xbxc{ Lbc +

lLbc(xb_ xc)} + XaXpX, { OLabc + 1Labc(xa_ xb)} 1)
where X is the molar fraction, a: LiBHa, b: NaBHs, c: KBH4, and L = a + bT parameters contain the
interaction parameters for binary and ternary systems.

A ternary interaction parameter was added in the description of the liquid phase, and the calculated
eutectic temperature and composition were optimized step by step to obtain a eutectic melting at 102
°C.

The ternary interaction parameters necessary to obtain a calculated eutectic melting temperature of
102 °C turned out to be °Lapc = -14162 J/mol and *Lanc = 0 (Table 2). The optimized parameter turned
out to be negative, confirming the occurrence of an interaction in the liquid phase for the ternary
system, leading to a deep eutectic. The corresponding minima of the liquidus surface are reported in
Figure 2 as blue dashed lines. The new ternary eutectic composition is calculated at 0.66LiBH4-
0.11NaBH;s-0.23KBH4 and it is shown as a blue square (T3) in Figure 2. The new calculated T3

12
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composition confirms an excess of KBH4 and LiBH4 in T2 sample, as suggested by the occurrence
of an off-eutectic transformation.

The 0.66LiBH4-0.11NaBHs-0.23KBH4 composition was investigated by DSC and in-situ SR-PXD
and the results are shown Figure 3, where experimental results are compared with the phase fraction
calculated from the Calphad assessment. In the middle panel of Figure 3, the calculated molar fraction
of phases is reported as a function of temperature, clearly showing the calculated values for the
temperature of phase transformations (e.g. polymorphic transitions, eutectic melting, liquidus). These
values are in good agreement with the experimental ones. The LiBH4 polymorphic transition is
observed at 101 °C and melting starts at 103 °C. SR-PXD data revealed a liquidus temperature at 111
°C during heating and at 106 °C during cooling, suggesting the occurrence of an almost pure ternary
eutectic mixture, as confirmed by DSC data. The enthalpy of melting of the ternary eutectic mixture
is equal to 4.2 kJ/mol, in reasonable agreement with the calculated value of 5.7 kJ/mol (Table 4).
Validation of the assessed pseudo-ternary phase diagram

The pseudo-ternary phase diagram and corresponding thermodynamic properties were assessed in all
temperature and composition ranges, allowing the determination of the 0.66LiBHs-0.11NaBH:-
0.23KBHg ternary eutectic composition, which was experimentally confirmed. From the assessed
thermodynamic functions, phase diagram sections related to the samples T50Li, T50Na, and T50K
have been obtained, and the results are shown in Figure 4, where experimental and calculated
temperatures of phase transformation are compared as a function of composition.

The calculated temperatures for the orthorhombic-to-hexagonal polymorphic transition (black
squares, Figure 4) are in good agreement with experiments, as well as for the occurrence of a single
cubic solid solution (red circles, Figure 4). The calculated liquidus temperatures are not fully
matching the experimental ones (blue triangles, Figure 4), suggesting possible kinetic constraints
during SR-PXD measurements. Phase fractions have been calculated as a function of temperature for
T50Li, T50Na, and T50K compositions, and they are in good agreement with experimental SX-XRD

results, as shown in Figures S2, S3, and S4, respectively. It is worth noting that the temperature for
13
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the formation of a single-phase cubic solid solution is calculated at 140 °C, 146 °C and 176 °C for
T50Li, T50Na, and T50K compositions, respectively. These values are slightly different from the
experimental ones, suggesting possible improvements of the thermodynamic description of the cubic
solid solution in the ternary system by the introduction of an interaction parameter. Because of the
lacking of experimental data, no further parameters have been considered for this phase.
Furthermore, to validate the thermodynamic assessment of the system, the database was used to
calculate various isopleths, i.e. sections of the pseudo-ternary phase diagram at a constant molar
fraction of NaBH4 equal to 0.05 (s1-s8, see Table 1 for composition), and new experiments were
carried out to confirm the calculations.

The results are presented in Figure 5, together with the first heating and cooling DSC traces of the
different mixtures prepared by manual mixing, which promotes the intimate interaction of the parent
compounds. It is expected that the results from the manual mixed samples s1-s8 are not different from
the ones of ball-milled samples. The calculated isopleths reveal that many phase transformations are
taking place in the temperature range from 90 °C to 120 °C. The onset temperature of the peak
recorded on the first heating is observed at 102 °C for all compositions, in good agreement with the
calculated eutectic temperature. The DSC peak is broader for LiBHs-rich samples, suggesting that,
apart from melting, other reactions are taking place. The calculations show that the orthorhombic-to-
hexagonal polymorphic transition is observed, on heating, rather close to beginning of melting.

The area of the DSC peaks is related to the amount of heat required for the phase transformation, and
it is proportional to the fraction of eutectic composition that is melting in the sample. Sample s5
presents the biggest peak because the entire sample is melting on heating, while in other samples only
a fraction of the mixture is melting crossing the eutectic line. A slight undercooling of the liquid phase

is observed on DSC traces measured on cooling.

Conclusions

14
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The thermodynamics of LiBHs-NaBH4-KBHs ternary system was fully described combining
experimental and theoretical investigations. The Calphad method, together with ab-initio calculations
to determine the end-members, was used to assess the LiBHs-NaBH4, LiBHs-KBH4, and NaBHgs-
KBH4 pseudo-binary phase diagrams. A screening of the ternary system allowed an investigation in
all temperature and composition ranges in order to understand which phases could be formed as well
as their limit of solubility.

The assessed binary systems are in good agreement with experimental data and the ternary system
has been assessed and validated based on new experiments. A reconsideration of the thermodynamic
description of the liquid phase of pure NaBHa, together with the reassessment of the LiBH4-NaBH4
system, has been necessary, confirming the importance to obtain reliable data for the enthalpy of
melting of pure compounds, in order to describe binary or ternary mixtures. In the case of KBHa, the
enthalpy of mixing was not known, but it has been obtained by a combined assessment of different
binary systems (LiBH4-KBHa, and NaBH4-KBH4), and a melting enthalpy of 19.2 kJ/mol has been
estimated for the first time. Negative enthalpies of mixing or low positive value have been obtained
for the liquid phase, suggesting attractive interactions among ions in the molten state. On the other
hand, positive or close-to-zero enthalpy of mixing have been calculated for the solid solutions,
suggesting a combined role of electronic and size effects in the solubility among borohydrides.

In conclusion, it has been demonstrated that a combined use of ab-initio and Calphad thermodynamic
calculations, supported and confirmed by experimental measurements, is a powerful tool for a
complete description of thermodynamic properties of mixtures of borohydrides. An estimation of the
decomposition reactions in the investigated system can be obtained with the current optimised

database. However, it should be coupled with experimental evaluation of decomposition products.
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FIGURE CAPTIONS

Figure 1 — Literature data and assessed phase diagrams for the NaBHs-KBHs (a),
LiBHs-NaBH4 (b), LiBH4-KBH4 (c) systems. (SS = Temperature of miscibility gap in the solid
solution, M = Melting temperature of the solid solution, L1Q = Liquidus temperature, EU = Eutectic
melting temperature, PT = Polymorphic Transision temperature, LiK = temperature of decomposition
of the bimetallic LiK(BH4). compound, TPPA = Temperature Programmed Photographic Analysis
temperature data, DSC = Differential Scanning Calorimetry temperature data, SR-PXD =
Synchrotron Radiation Powder X-ray Diffraction temperature data, HT-PXD = High Temperature

Powder X-ray Diffrction temperature data, CALPHAD = calculated phase diagram).

Figure 2 — Calculated minima of the liquidus surface for the LiBH4-NaBHs-KBH4 system. Solid black
lines and circle: simple extrapolation of binary systems; dashed blue lines and square: including a
ternary interaction parameter (ter’Liiq) for the liquid phase equal to -14162 J/mol. Literature datum
(triangular red point) is also reported for comparison. (CUB#1 and CUB#2 = cubic phases, ORT =

orthorhombic phase, HEX = hexagonal phase)

Figure 3 — DSC (left), amount of calculated molar fraction of phases (CALPHAD, middle) and SR-
PXD patterns (right) of sample T3, 0.66LiBH4-0.11NaBH4-0.23KBH4 (A = 0.7129 A, AT/At = 5
°C/min, argon atmosphere, 2" cycle of heating (a) and cooling (b)). (ORT = orthorhombic phase,

HEX = hexagonal phase, CUB#1 and CUB#2 = cubic phases, LIQ = liquid phase)

Figure 4 — Comparison between experimental data of mixtures T50Li, T50Na, T50K and calculated
pseudo-binary phase diagrams (CALPHAD), section at constant composition of one component. (PT
= Polymorphic Transition, EU = Eutectic melting, SS end = upper critical solution temperature, end

of the miscibility gap and starting of single phase solid solution region, L1Q = Liquid phase)
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Figure 5 — Comparison between calculated isopleths for the LiBHs-NaBH4-KBH4 system at constant
composition (xNaBH4 = 0.05) (CALPHAD, middle) and experimental data of mixtures s1-s8. DSC

traces during 1% heating (right) and cooling (left), AT/At =5 °C/min, 40 ml/min argon flow.

TABLE CAPTION

Table 1 - Investigated compositions in the ternary system.

M = Manual mixing; BM = Ball Milled.

Table 2 — Assessed excess Gibbs free energy functions for all investigated systems.

Table 3 — Gibbs Free Energy for the liquid phase of NaBH4, KBH4 and Gibbs free energy for the

bimetallic compound LiK(BHa)x.

Table 4 — Comparison of experimental and calculated data of composition, melting temperatures and

enthalpies for eutectics or minimum in the ternary LiBHs-NaBHs-KBH4 system.

Table 5 — All ab-initio calculated Gibbs free energy of end members for the compounds involved in

the ternary LiBH4-NaBHs-KBH4 system.
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Figure 6 — Literature data and assessed phase diagrams for the NaBH4-KBHa (a),
LiBH4-NaBHz4 (b), LiBHs-KBHa4 (¢) systems. (SS = Temperature of miscibility gap in the solid
solution, M = Melting temperature of the solid solution, LI1Q = Liquidus temperature, EU =
Eutectic melting temperature, PT = Polymorphic Transision temperature, LiK = temperature
of decomposition of the bimetallic LiK(BHa4)2 compound, TPPA = Temperature Programmed
Photographic Analysis temperature data, DSC = Differential Scanning Calorimetry
temperature data, SR-PXD = Synchrotron Radiation Powder X-ray Diffraction temperature
data, HT-PXD = High Temperature Powder X-ray Diffrction temperature data, CALPHAD =

calculated phase diagram).
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Figure 7 — Calculated minima of the liquidus surface for the LiBH4-NaBH4-KBHa4 system.
Solid black lines and circle: simple extrapolation of binary systems; dashed blue lines and

square: including a ternary interaction parameter (ter°Liiq) for the liquid phase equal to -
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14162 J/mol. Literature datum (triangular red point) is also reported for comparison. (CUB#1

and CUB#2 = cubic phases, ORT = orthorhombic phase, HEX = hexagonal phase)
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Figure 9 — Comparison between experimental data of mixtures T50Li, T50Na, T50K and

calculated pseudo-binary phase diagrams (CALPHAD), section at constant composition of

one component. (PT = Polymorphic Transition, EU = Eutectic melting, SS end = upper critical

solution temperature, end of the miscibility gap and starting of single phase solid solution
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Figure 10 — Comparison between calculated isopleths for the LiBH4-NaBHs-KBH4 system at

constant composition (xNaBHs = 0.05) (CALPHAD, middle) and experimental data of

mixtures s1-s8. DSC traces during 1% heating (right) and cooling (left), AT/At = 5 °C/min, 40

ml/min argon flow.
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Table 6 — Investigated compositions in the ternary system.
M = Manual mixing; BM = Ball Milled.

Sample Composition Synthesis
(Molar Fraction)

T50Li 0.50LiBH;-0.25NaBH4-0.25KBHs | BM
T50Na 0.25LiBH4-0.50NaBH;-0.25KBH; | BM
T50K 0.25LiBH4-0.25NaBH;4-0.50KBHs | BM
T1 0.65LiBH4-0.08NaBHs-0.27KBHs | BM
T2 0.68LiBH;-0.08NaBH4-0.24KBHs | BM
T3 0.66LiBH4-0.11NaBHs-0.23KBH; | BM
sl 0.10LiBH4-0.05NaBH4-0.85KBH4 | M
s2 0.20LiBH;-0.05NaBH4-0.75KBHs | M
s3 0.30LiBH4-0.05NaBH4-0.65KBHs | M
s4 0.40LiBHs-0.05NaBH4-0.55KBHs | M
s5 0.60LiBH4-0.05NaBH4-0.35KBHs | M
s6 0.70LiBHs-0.05NaBH4-0.25KBHs | M
s/ 0.80LiBHs-0.05NaBH4-0.15KBHs | M
s8 0.90LiBH4-0.05NaBH4-0.05KBHs | M
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Table 7 — Assessed excess Gibbs free energy functions for all investigated systems.

Assessed Excess Gibbs Free Energy (J/mol)

LiBH4-NaBH4

LIQGeXC = X igHaXNaBH4*(-11291 + 17-T) + XLiBHa-XNasH4*(XLiBH4-
XNaBH4)(-308)

CUBGEXC = X iBH4*XNaBH4+(5887)

ORTGexc - HEXGexc =0
LiBHs-KBH4

LIQGex = X igHa*XkBHa+(-13016)

CUBGEXC = X iBHa-XkBH4+(10000)

ORTGexc = HEXGexC = X| igHasXkaH4+(5000)
NaBHs-KBH4

L1IQGEX¢ = XNapH4-XkBH4+(1056)

CUBGEXC = XnapHa-XkeHa+(7893)

ORTGexe = HEXGeXC = XNaBH4*XkeH4:(10000)

LiBHs-NaBH4-KBH4

LIQG®C = X iHa*XNaBH4*(-11291 + 17-T) + XLiBH4*XNaBH4*(XLiBH4-
XNaBH4)(-308) + XLigH4-XkBH4+(-13016) +
XNaBH4*XkBH4+(1056) + XLiH4*XNaBH4* XkBH4+(-14162)
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Table 8 — Gibbs Free Energy for the liquid phase of NaBH4, KBH4 and Gibbs free energy for
the bimetallic compound LiK(BHa4)2.

Gibbs free energy (J/mol)

Temperature Range (°C)

LIOG(NaBH4) = CUBG(NaBH4) + 16926 -21.756°T
LIQG(NaBHa) = -217735 + 693-T -119.233-T-Ln(T)
LIQG(KBH4) = CYBG(KBHa4) + 19176 -21.841-T

G(LiK(BH4)2) =CYBG(LiBH4) + “YBG(KBH4) —1300
+3.53°T

RT-505

505-1000

RT-1000

RT-1000
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Table 9 — Comparison of experimental and calculated data of composition, melting

temperatures and enthalpies for eutectics or minimum in the ternary LiBH4-NaBHs-KBH4

system.
Experimental Calculated

LiBH4-NaBH4

Ref. [23]

T=216°C T=219°C

70.0 mol% LiBH4 70.3 mol% LiBH4

AHmeit = 6990 J/mol AHmert = 6520 J/mol
LiBH4-KBH4

Ref. [24]

T=104°C T=109 °C

72.5 mol% LiBH4 72.3 mol% LiBH4

AHmert = 11025 J/mol AHmert = 9828 J/mol
NaBHs-KBH4

T =462 °C T =468 °C

68.2 mol% NaBHa4 68.2 mol% NaBHg4

AHmert = 17028 J/mol AHmelit = 15331 J/mol

LiBH4-NaBHs-KBH4

T=103°C T=101°C

0.66LiBH4-0.11NaBH4-0.23KBH4 0.66LiBH4-0.11NaBH4-0.23KBH4

AHmeit = 4155 J/mol AHmert = 5701 J/mol
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Table 10 — All ab-initio calculated Gibbs free energy of end members for the compounds
involved in the ternary LiBHs-NaBHs-KBH4 system.

Gibbs free energy (J/mol)

CUBG(LiBH4) = G(LiBH4) + 3600 ref. [23]
ORTG(NaBH.) = G(NaBHa) + 8400 ref. [23]
HEXG(NaBH4) = G(NaBHs) + 6200 ref. [23]

ORTG(KBH4) = G(KBHa4) + 15200

HEXG(KBH4) = G(KBH4) + 11100




