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Preface

This dissertation entitled “Thermodynamics of Boron-based Complex Hydrides
for Energy Storage” has been submitted to the Doctoral School of Sciences and
Innovative Technologies at the University of Turin to fulfil the requirements for
obtaining the PhD. degree in Chemical and Material Science.

The results presented in this dissertation were obtained in the last 3 years as a
Ph.D. student of the XXXI cycle (from October 2015 to September 2018) in the
Metallurgy research group, under the supervision of Prof. Marcello Baricco, at the
Department of Chemistry and NIS centre at the University of Turin.

In the beginning, PhD courses, schools, seminars, workshops and conferences
attended, together with teaching activities, periods abroad, publications, oral and
poster presentation presented during these 3 years are reported in a short bullet-
point overview.

Chapter 1 introduces the field of energy storage in complex hydrides, in
particular in boron-based materials, and presents the motivation and goal of
these studies.

Chapter 2 summaries the experimental and theoretical methods used in this
thesis.

Chapter 3-6 contains the main results obtained during the PhD with an overview
of the literature, discussions and conclusions. In details, the thermodynamic
properties of pure boron-based complex hydrides such as borohydrides’ heat
capacities values and closo-boranes’ polymorphic transition mechanisms are
reported in Chapter 3.

The thermodynamic assessment of binary and ternary phase diagrams as a
function of composition and temperature for the LiBH4-NaBH4-KBH4 system are
described in Chapter 4. More complex systems and possible cationic substitution
are explored in Chapter 5, including the description of Mg(BH4).-Ca(BHa4)2
system, and ternary, quaternary and quinary mixtures in the LiBHs-NaBHs-KBH4-
Mg(BH4)2-Ca(BH4)2.

Furthermore, to improve hydrogen release properties, mixture of reactive hydride
composite with eutectic borohydrides were investigated and described in
Chapter 6.

Conclusions and outlook are reported in the final Chapter 7.
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Abstract

The study performed during this PhD project investigated many boron-based
compounds, such as borohydrides and closo-boranes, and mixture of them.

The heat capacity of some borohydrides have been experimentally determined,
and an insight on different polymorphs of closoboranes have been performed
studying the polymorphic transition mechanism and enthalpies by HP-DSC.
Those values are important and useful information for the thermodynamic
assessment of these compounds. Correlations and structure-properties relations
have been evidences and discussed.

The LiBHs-NaBH4-KBH4 ternary system was deepen combining experimental and
theoretical investigations. The Calphad method was used to assess the
thermodynamics of LiBH4-NaBH4, LiBHs-KBH; and NaBHs-KBH; pseudo binary
systems, as well as a full investigation and assessment of the ternary system for
the first time. The evaluation of the hydrogen release reactions from different
mixtures in the system was not deeply investigated. A prediction of the
decomposition reactions in the system can be done with the current optimised
database. However, it should be coupled with experimental evaluation of these
reactions. Further studies can be performed and would be of interest.

Extended experimental investigation of the interaction between borohydrides in
equimolar ratio in ternary or higher mixtures (up to quinary) were performed in
the LiBH4-NaBH4-KBH4-Mg(BHa4).-Ca(BHa4), system. Furthermore, the Mg(BHa4)2-
Ca(BH4). binary system, which was still unstudied, was characterized in function
of temperature and composition.

Eutectic mixtures of borohydrides have been mixed with MgxNiH4 to form reactive
hydride composite and tailor their hydrogen storage properties to improve
hydrogen release temperatures and cyclability. However only a slight
improvement of the hydrogen release reactions have been evidenced.

In conclusion, it has been demonstrated that a combined use of ab-initio and
Calphad thermodynamic calculations, supported and confirmed by experimental
measurements, especially in-situ techniques, is a powerful tool for a complete
description of thermodynamic properties of mixtures of borohydrides. The
proficient results from this PhD project have been possible thanks to a wide
scientific network and many international collaborations.

13



Riassunto (Italian Abstract)

Lo studio condotto durante questo progetto di dottorato ha esaminato molti
composti a base boro, come ad esempio boroidruri e closoborani, o miscele di
questi.

Il calore specifico di alcuni boroidruri & stato determinato sperimentalmente in
funzione della temperatura e sono stati effettuati approfondimenti su diversi
polimorfi di closoborani studiando il meccanismo delle loro transizioni polimorfe
e le relative entalpie mediante HP-DSC.

I valori ottenuti sono informazioni importanti e utili per la valutazione
termodinamica di questi composti. Correlazioni e relazioni struttura-proprieta
sono state evidenziate e discusse.

Il sistema ternario LiBH4-NaBH4-KBH4 € stato approfondito combinando indagini
sperimentali e teoriche. Il metodo Calphad € stato utilizzato per valutare la
termodinamica dei sistemi pseudo binari LiBH4-NaBHa, LiBH4-KBH4 € NaBH4-KBH4,
nonché una completa indagine e valutazione del sistema ternario per la prima
volta. La valutazione delle reazioni di rilascio dell'idrogeno da diverse miscele nei
sistemi non e stata approfondita. Una previsione delle reazioni di decomposizione
nel sistema puo essere eseguita con il corrente database ottimizzato. Tuttavia,
dovrebbe essere associato alla valutazione sperimentale di queste reazioni.
Ulteriori studi possono essere eseguiti e potrebbero essere di interesse.

Sono stati effettuati studi sperimentali dell'interazione tra boroidruri in rapporto
equimolare in miscele ternarie o superiori (fino alla quinaria) nel sistema LiBH4-
NaBH4-KBH4-Mg(BH4).-Ca(BH4).. Inoltre, il sistema binario Mg(BHa4),-Ca(BHs4),
che non era ancora stato studiato, € stato caratterizzato in funzione della
temperatura e della composizione.

Miscele eutettiche di boroidruri sono state mescolate con Mg:NiH4+ per formare
un composito di idruro reattivo e migliorare le loro proprieta di stoccaggio
dell'idrogeno, le temperature di rilascio dell'idrogeno e la ciclabilita. Tuttavia, €
stato evidenziato solo un leggero miglioramento delle reazioni in oggetto.

In conclusione, € stato dimostrato che I'uso combinato di calcoli termodinamici
ab-initio e Calphad, supportati e confermati da misurazioni sperimentali, in
particolare tecniche in-situ, € un potente strumento per una descrizione completa
delle proprieta termodinamiche di miscele di idruri complessi. I risultati proficui
di questo progetto di dottorato sono stati possibili grazie a un'ampia rete
scientifica e numerose collaborazioni internazionali.
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Chapter 1 - Introduction

Energy and climate crisis

In the XIX century, industrial revolutions brought impressive progress and
development, starting from steam power and new machinery for production,
which had transformed the world of work and manufacture.

The world population started to increase exponentially, human welfare and
technological progress were often assumed to walk together.!

The second half of the nineteenth century brought a huge range of new
techniques and new materials to the industrialised nations and the energy
demand started to grow dramatically (Figure 1) together with the increase of
population during the last fifty years.?

In the late twentieth century, industrialised societies entered an age of
ambivalence, of mixed feelings about technology and its role in the world. As
global temperatures rise, the climate change and pollution become the obvious
side effects of the extreme use of fossil fuels for the production of energy and
synthetic materials. The economic, energetic and climate crisis were started and
this put stress on worldwide energy infrastructure.
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Figure 1 — Energy demand and energy carriers from the XIX century to nowadays. Orange, renewables; red,
nuclear fission; blue, hydro power; grey, natural gas; dark grey, crude oil; black, coal; green, biomass.?
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Gender and climate change

Climate change is making our world more dangerous, a changing climate affects
everyone, but it is the world’s poorest and most vulnerable, such as the elderly,
immigrants, indigenous groups, but especially women and girls, who withstand
the worst of environmental, economic, and social shocks. The reason why women
and girls are more vulnerable to climate change is often socially constructed, in
many developing countries, women and girls are predominantly responsible for
food production, household, water supply, and energy supply for heating and
cooking.3™ As climate change impacts increase, these tasks become more difficult
and more time consuming. Nevertheless, women are also at the forefront of the
solutions. Women are early adopters of climate-friendly agriculture and clean
energy. Women also offer solutions and valuable insights into better managing
climate risks.®

At the last United Nations Climate Change Conference (UNCCC), governments
approved the Gender Action Plan (GAP), recognising the importance of involving
men and women equally in climate action. With GAP we have entered in a new
era in which we must enable women leadership in decision-making at all level of
society. By empowering women and girls, we can both address a right issue, and
give ourselves a better chance to meet the sustainable development goals and
the Paris agreement. In fact, in the 2015 Paris agreement, calls for gender
equality and women’s empowerment were clearly established.

Sustainable energy is a human development enabler, which helps in the national
development and advance social progress. The reduction of the carbon footprint
of energy is imperative in the fight against climate change, and it plays a central
role in climate change mitigation. Women have more sustainable consumption
choices and, as household energy managers, tend to have a bigger say in
household energy decisions. Thus, from the standpoint of consumption, the
design, production, distribution and sales of sustainable energy technologies (for
example, clean cooking stoves and lighting devices) would benefit from having
women contribute to shaping the clean energy value chain. Their position in
society equips them with an understanding of the cultural and community
context, which is useful for introducing behavioural change with regard to energy
consumption at the household level.”8

Climate change can undo decades of development. It is not only a matter of clean
and suitable technological development, but also genuine and suitable human
development, which cannot be realised without gender equality.
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Role of energy storage

Furthermore, to fight climate change, keeping the same welfare standard levels
reached, the development of good, clean and efficient materials for energy
storage is the bottleneck for using only renewable energies, instead of fossil fuel,
because of their intermittent production of energy over time and geography.t! It
is therefore important to design a system that allows storing excess energy to
meet future demand and utilisation at another place or time.

The phasing-out of the fossil fuels cannot be solved by a single technology but
must involve the development of different approaches, which could offer
economic and environmental benefits, and cover any requirements concerning
application, cost and footprint, so taking into account all its life cycle assessment.
We entered in the clean energy revolution era.

Basic research and knowledge on new class of multifunctional materials will lead
the way for the development of such flexible and efficient energy storage, the
key to a reliable clean electricity supply.

The storage facilities that do exist use pumped hydropower,® a system that
pumps water uphill to a reservoir when excess electricity is available and then
lets the water flow downhill through turbines to generate electricity when it is
needed. However, it can only be located in very limited areas.

Developing new energy storage technologies that are comparable in reliability
and cost to pumped hydropower, and are deployable at any location could enable
the storage of vast amounts of electricity anywhere on the grid worldwide.
Improved methods for storing and dispatching electricity would enable the
increased use of renewable electricity generation while maintaining high reliability
in electric supply.

A continuous flow of clean energy can be obtained with the development of smart
grids connected with different energy storage systems such as batteries or heat
storage systems.

Hydrogen is considered as potential future energy carrier for mobile and large-
scale stationary applications, but it requires an efficient storage strategy and
unfortunately lots of problem in using of hydrogen as energy vector still require
solution. 101!

Furthermore, it can be used to reduce CO, and produce synthetic fossil fuel
following the closed carbon cycle which is CO,-balanced (Figure 2).21%13
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Figure 2 — Illustration of a suitable energy storage system based on different technologies and the hydrogen
and carbon closed cycles, which are CO»-free or balanced, while it is not in the case of fossile energy.
Modified figures from?141>

Hydrogen economy

Hydrogen is the first element of the periodic table and the most abundant in the
universe. Currently, most hydrogen is produced from fossil fuels, specifically
natural gas. Electricity from the grid or from renewable sources such as wind,
solar, geothermal, or biomass is also currently used to produce hydrogen.
Thermochemical processes use heat and chemical reactions to release hydrogen
from organic materials such as fossil fuels and biomass.
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Renewable hydrogen can be obtained, in a complete CO,-free cycle, by electricity
from renewable sources and by splitting water (H.O) into hydrogen (H:) and
oxygen (0,) using electrolysis or solar energy as shown in Figure 2.1°
Hydrogen can then be stored in gas, liquid or solid state and used whenever and
wherever needed to produce energy and water in a fuel cell, closing the cycle, or
to react with CO, and a proper catalyst to obtained synthetic fossil fuels.>®
Hydrogen storage is a key enabling technology for the advancement of hydrogen
and fuel cell technologies in applications including stationary power, portable
power, and transportation. Hydrogen has the highest energy per mass of any
fuel; however, its low ambient temperature density results in a low energy per
unit volume, therefore requiring the development of advanced storage methods
that have potential for higher energy density, such as in the case of solid-state
hydrogen storage materials.

Solid-state hydrogen storage is a valid alternative to traditional methods and
would overcome their problems.!” The use of solids for hydrogen storage would
allow the development of new lightweight and compact systems with high
volumetric and gravimetric capacity of hydrogen and therefore the achievement
of the objectives set by the Fuel Cells and Hydrogen Joint Undertaking (FCH-JU)!®
and the United States Department of Energy (US-DoE).*°

FCH-JU supports research, technological development and demonstration on fuel
cell and hydrogen technologies in Europe with the aim of accelerating
commercialization and using its potential to achieve a low-carbon energy
system,?® while the DoE has established certain targets within the development
of fuel cell vehicles.

The targets for the on-board hydrogen storage for light-duty fuel cell vehicles
from the US-DOE are reported in Table 1:'°

Table 1 — European and DOE targets for on-board hydrogen storage.'®

Storage Parameters 2020 2025 Ultimate Units
Gravimetric hydrogen density 4.5 5.5 6.5 [wt%]
Volumetric hydrogen density 30 40 50 [kgra/m3]
Cost 333 300 266 [$/KgHzstored]
Operating temperature -40 / 60 -40 / 60 -40 / 60 [°C]
Min/Max delivery temperature -40 / 85 -40 / 85 -40 / 85 [°C]
Operational cycle life 1500 1500 1500 [cycles]
Onboard efficienty 90 90 90 [%]
Refuelling time (5 kg) 3-5 3-5 3-5 [min]

Figure 3 compares different hydrogen storage systems as a function of their
gravimetric and volumetric hydrogen density.
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Physical-based hydrogen storage in gas and liquid phase both display low
volumetric density, which is not suitable for mobile applications. In the gas phase,
the hydrogen density is strongly related to the kind of material used for the tank
and storage pressure. Liquid-state hydrogen storage has a constant volumetric
density while the gravimetric density increases with the dimension of the tank;
however, it requires cryogenic temperatures. Metal hydrides and complex
hydrides are promising solid-state hydrogen storage materials owing to their high
hydrogen density both gravimetric and volumetric, in a wide range of different
values depending on the elements involved.

Material-based hydrogen storage can be performed on the surfaces of solids
(adsorption) or within the solids (absorption). Example of material-based
hydrogen storage are MOFs (adsorbent), organic liquids, chemical hydrides (i.e.
NHsBH3), interstitial hydride or complex hydrides.

density Sgem—3 2gem3 lgem3 0.7gem3
160 AL AIGBH); ’
BaReHy s Mo.rrs S, 3K

1409  «a73k1 l«..r%’ffﬂ% .
@ LaNisHy NaBH, . " LiBH hemisorbe
FF; 1204 300 .2 B MeH,  ge ’H 'K ‘J\.\I. :;j}\- (];{nz ::1;:2:0th(1

; f 620K i AL

E, B Mg,Nilf, %% ;"ﬂ” Ll oy i
& 100 FeTiH1 7550 abar A dec 650K T S TR [
; 300 K, 55 bar® NaAlH, , A = \
2 :" gee. >320 Ko g1y, LiAIHy -~ L
i FEA)
:r' s 2 D e
5 60 —
‘B
2
5 404
E g

20 T 20 pressurized Hygas

’, 13 (composit material)
04 p (MPa) p (MPa)
0 5 10 15 20 25

gravimetric H, density (mass%)

Figure 3 — Energy demand and energy carriers from the XIX century to nowadays. Orange, renewables;
red, nuclear fission; blue, hydro power; grey, natural gas; dark grey, crude oil; black, coal; green, biomass.?2

Energy storage in complex hydrides

Recent research has been focused on solid-state hydrogen storage materials,

which allow storing hydrogen at low pressures. In particular, low cost and light

weight complex hydrides have been considered and, among them, metal

borohydrides are interesting compounds owing to their high gravimetric hydrogen

content.'#21-2> In this frame, the development of materials able to store hydrogen
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close to room temperature and ambient pressure will enable the use of hydrogen
in mobile and stationary large-scale applications.

However, light metal and complex hydrides absorb and release hydrogen through
sluggish kinetics at relatively high temperatures (Figure 4).2° In order to reduce
their thermodynamic stabilities, transition metals have been added to form
complex metal hydrides,?” such as in the case of MgH, mixed with Ni to form
Mg:NiH4, with a theoretical hydrogen content equal to 3.6%wt.

The so called Reactive Hydride Composites (RHC), for example, allows mixtures
of metal hydrides and borohydride to release hydrogen in a reversible manner
under moderate temperature and hydrogen pressure conditions.?8
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Figure 4 — Hydrogen gravimetric capacity as a function of hydrogen release temperature for different
solid-state hydrogen storage systems.26

Borohydrides

Borohydrides are inorganic ionic compounds suitable for hydrogen storage in the
solid state and they are a multifunctional class of materials that may also be used
as fast ion conductors for new types of batteries, for gas adsorption or CO;
capture and recycling.?®> They may also have optical, electronic and magnetic
properties and can be used as reducing agents in organic synthetic chemistry.?
Since they contain a large amount of hydrogen, they are promising materials as
neutron shield from ionizing radiation such as high energy electrons and protons
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in the space.!® The most promising ones contain a light alkali or alkali-earth metal
cation ionically bonded to the complex borohydride anion (BH4).?

For their rich chemistry and tuneable properties in relation to their structures and
interactions in mixtures, the attention of the latest research focused on the
synthesis and characterization of new borohydrides.?%

Since borohydrides show high hydrogen content, the research focus on studying
their thermodynamic and hydrogen release properties.??3%-32 The first group
metal borohydride has shown the highest hydrogen content but also high
thermodynamic stability and slow kinetic in hydrogen release and uptake.** The
second group metal borohydride show low temperature of decomposition and
release of hydrogen and when observed the melting of mixture turns into dark
brown color instead of transparent liquid because of decomposition before
melting.3+3¢

The theoretical hydrogen content of LiBH4 is 18.5%wt, i.e. the highest among
metal borohydrides, while it is equal to 10.7%wt for NaBH4, 7.5%wt for KBHs,
14.9%wt for Mg(BH4). and 11.6%wt for Ca(BHa),. Observed values are usually
lower, depending on the experimental conditions.>”

The temperature of decomposition has been correlated with the Pauling
electronegativity, a metal borohydride with a metal that has a Pauling
electronegativity higher than 1.6 decomposes at low temperature, often releasing
hydrogen and diborane, while, if the electronegativity is lower than 1.4, only
hydrogen is released.3®*°

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, 284041

For instance, the melt infiltration of eutectic mixtures of borohydrides3? into
mesoporous carbon scaffolds improves the kinetic and reversibility of hydrogen
release.*>° In this way, the kinetics and reversibility of hydrogen
sorption/desorption reactions can be improved, because nanosized particles are
preserved during cycling. Moreover, low melting mixtures of complex hydrides
have been studied recently as ionic liquids, aiming to provide fast and convenient
re-fuelling of hydrogen in fuel cell vehicles.>*? The use of eutectic mixtures is
strongly related to the stability of the liquid phase, therefore the characterization
of their thermodynamic properties is of fundamental importance.*+>3>* Recently,
a systematic study of hydrogen release in pure and eutectic mixtures of
borohydrides was reported by Paskevicius et al..3*

Among many tailoring routes, cation and anion substitution in borohydrides has
been demonstrated to provide solid solutions>>=*, i.e. cationic or anionic fully
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disordered structures, as well as hydrogen-fluorine exchange which improved the
hydrogen desorption reactions.54¢’

On the other hand, by mixing different light-metals borohydrides, the formation
of bimetallic and trimetallic compounds, i.e. cationic or anionic fully ordered
structures, were evidenced. New applications of bimetallic compounds have
recently been suggested.?®

Closo- deca and dodeca- boranes

Boron hydrides belong to a wide family of different compounds characterized by
many different stoichiometry. The borane can also be considered complex anions.
The borohydride anion, whose compounds were described before, is a particular
class of polyhedral borane called nido-borane. During decomposition and
hydrogen release, borohydrides can form higher boranes, which are another class
of boron-based compounds with an extremely rich chemistry and broad
application fields.

Closo-boranes (i.e. B,Hn?>) are the most stable class of anions among boranes,
which have a closed polyhedral cluster where 1 boron atoms occupied all corners
together with n terminal hydrogen atoms.

Metal-B1oH10 and metal-Bi,H1, are considered to be reaction intermediates in the
decomposition of many metal borohydrides®®%® and are widely studied as solid-
state ionic conductors as well. Moreover, they are promising for boron neutron
capture therapy, for cancer treatment, owing to the large neutron scatter cross
section of 10B and since their chemical stability in biological systems make them
relatively nontoxic.”®

It is fascinating that many of the current synthesis methods and applications were
developed over 50 years ago, yet fundamental questions regarding structure,
dynamics and reaction mechanisms continue to intrigue scientists today in many
research fields and for many technology applications.

All the alkali metal-BioH10 and metal-B12Hi2 displays a polymorphic transition at
different temperatures depending on the cation ionic radius, showing a
reorientational motion of the boron cage complex anion.”®

The anion reorientation and/or the order-disorder polymorphic transition are
coupled by fast cation conduction in the high temperature polymorph making
these material extremely promising as fast solid-state ion conductors.”!

Some hypothesis behind this sudden ion conductivity jump were described by the
paddle-wheel or percolation-type mechanism.”?73
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Aim of the thesis

As said before, mixture of borohydride were studied in order to obtain better
condition of release and uptake of hydrogen by means of cation or anion
substitution, infiltration into nanoscaffold and studies of eutectic mixture for
tailoring properties.?®

The investigation of thermodynamic properties is the first step for a better
understanding of these several systems and first of all a deep knowledge of pure
compound is needed for a better planning for experimental design of mixture,”#”>
though many fundamental thermodynamic parameters or properties have not
been assessed yet. Calculation of thermodynamic properties with the Calphad
method,”® together with a critic revision of the literature values reported and ab
initio or experimental determination of missed values, allows the optimization of
systems or compounds in order to design and predict new experiment or
investigate multicomponent systems.””

The use of the Calphad approach, as it will be shown later on, 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.378-80

The present thesis aims to fill the gap between numerous experimental studies
and assessment of thermodynamics of complex systems, from binary up to
quinary combination of borohydrides.

Thermodynamic properties of pure boron-based compounds, i.e. borohydrides
and closoborane, were experimentally determined ad assessed, with an insight
on new structures, polymorphic transition and melting mechanism, and heat
capacities.

Cationic substitutions in binary and higher mixture have been investigated to
define the stability of phases upon mixing and upon heating, together with the
study of their decomposition. A tailoring of decomposition temperature has been
performed by mixing eutectic borohydride with Mg;NiH4 complex hydride.

The final goal of this study is to define the nature of interactions in the solid and
liquid state, finding correlations between thermodynamic parameters, structures
and energy storage properties of complex boron-based hydrides.

34



Chapter 2 — Synthesis and Characterisation Methods

Mechanochemistry

Mechanochemical treatment, i.e. ball milling (BM), is a well established solid-state
unconventional synthesis method. It is widely used to reduce and modify the
morphology and size of materials by high-energy impacts. The dimension and
diameter of vials and balls, together with speed rotation or vibration frequency,
are important parameters in the definition of synthesis conditions and impact
energy values. Mechanochemistry is considered an unconventional and green
synthesis route because it could not imply solvents and, thanks to the high energy
involved, it can be used to drive reaction in the solid state, leading to different
products, including metastable ones.

Ball milling is widely used to obtain miscibility among immiscible elements (i.e.
metallic solid solutions by mechanical alloying), metastable compounds,
nanostructured or amorphous phases; thus, metathesis and addiction reaction
can be performed as well.8!82

Together with morphology, microstructural changes and grain size, which
generally decreases and creates new highly reactive surfaces, high energy ball
milling introduces a severe plastic deformation because of the interaction
between milling balls and powders, introducing stress and strain in the material,
increasing defect concentration and the interface area.®

Using special vials, mechanically-induced solid/gas reactions can be performed.
During reactive ball milling under hydrogen pressure, ternary and quaternary
complex hydrides can be synthetized.®* Furthermore, the use of diborane or
ammonia gas allows to synthetize borohydrides and amides, respectively.
Pressure and temperature sensors allow to record reaction condition inside the
vial during the milling .88

This powerful tool was widely used in the past to synthetize new complex
hydrides, among whom many borohydrides, and to tailor their kinetics and
thermodynamics by nanosizing.81-2

During this study, pure borohydrides were purchased from Sigma-Aldrich,
Rockwood Lithium, KatChem, ABCR, Merck or synthetized by combination of ball
milling and wet chemistry, in collaboration with the Aarhus University.

The purity of each borohydride was generally higher than 95%: lithium
borohydride (LiBH4) >95%, sodium borohydride (NaBHs) >98%, potassium
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borohydride (KBH4) >97%, magnesium borohydride (Mg(BHs).) >95% and
calcium borohydride (Ca(BHa4).) >95%.

Fine grinded homogenous mixture were obtained by milling and mixing the
reactants in the right molar composition in a Fritsch Pulverisette 6 planetary mill
under an inert atmosphere of argon or nitrogen in 80 mL tungsten carbide (WC)
or stainless steel (SS) containers and with WC or SS balls (0.d. 5, 6 or 10 mm).
A balls-to-sample mass ratio of 30:1 was used; around 0.5 up to 2 g of powder
ware milled for 5 min, and followed by 2 min pause for 24 repeated sequences,
using a speed of 350 r.p.m. and a total milling time of 120 minutes.

MgzNiH4 was synthesized by reactive ball milling MgH, and Ni in a molar ratio 2:1.
Approximately 5 g of powder were milled for 10 h at 350 r.p.m. in a custom-
made stainless steel 250 ml vial, under 10 bar of hydrogen and a ball-to-powder
mass ratio of 5:1, using 15 mm SS balls. After milling, the powder was transferred
in a Parr Reactor and heated under 10 bar of hydrogen up to 370 °C for 10 h.
All preparations and manipulations of the samples were performed in argon-filled
or nitrogen-filled glove boxes with a circulation purifier, with O, and H,O levels
lower than 1 ppm because of their reactivity to moisture.

X-ray Diffraction

Powder X-ray Diffraction (PXD) is a useful nondestructive analysis, which allows
the determination of crystallographic structure of crystalline materials, providing
information on chemical composition and physical properties of samples.

The interaction of a monochromatic electromagnetic radiation within energies,
thus wavelength, comparable with the interplanar distance of a crystal produces
diffraction if the Bragg equation is satisfied.36:8”

The collection of the diffracted beam, which produces a constructive interference,
generates a diffraction pattern.

Any crystalline material have a characteristic diffraction pattern, that can be used
to get information about different phases present in mixtures or structural
information of the material, so both for qualitative and quantitative analysis.
The intensity of the peaks is related with the amount of the phase, the scattering
factor of the material, its electron density, the intensity of the beam and preferred
orientations. The position of the peak is related to the wavelength of the
radiation, the specimen displacement and unit cell parameters, while the shape
of the peak is related to thermal parameters, and sample shape, size and strain.
The peak shapes observed are a function of both the sample (e.g. domain size,
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stress/strain, defects) and the instrument (e.g. radiation source, geometry, slit
sizes).

X-rays generated from a laboratory source allows ex-situ analysis at room
temperature, but it usually requires long exposure or pattern collection time to
obtain reliable data to be further analysed by the Rietveld Method.

Synchrotron Radiation (SR) sources display high brilliance and allow collecting,
within seconds, high resolution PXD patterns for /in-situ time resolved studies or
structure resolution of unknown phases or new compounds. 8

For this reason, SR-PXD is a powerful technique for the study of complex hydrides
stabilities as a function of temperature, decomposition mechanism or reactions.
Different beamlines at synchrotron radiation facilities have been used for this
study, allowing the investigation of structure of boron-based complex hydrides
as a function of time, temperature and pressure and, as a consequence, to
determine phases stability, transitions or reactions in the solid state. The raw 2D
diffraction datasets collected were transformed to a 1D powder patterns with the
FIT2D program and a mask was used to remove the undesired spots from the
single-crystal sapphire tube and shadow from the sample holder.*®°! The detector
distance was calibrated using LaBs as a standard.

Generally laboratory source have been widely used for the first screening and
investigation of the synthetized sample and as a check after any significant
treatment of the samples.

Rietveld Refinement

The Rietveld refinement is a computer-based analytical technique for the
characterisation of crystalline materials. The Rietveld method uses a least squares
approach to refine a theoretical line profile until it matches the measured profile
(best fit). It considers and treats the whole pattern in order to match peak
position, intensity and profile. At first, for a Rietveld refinement, it is essential to
collect a good powder diffraction pattern. Factors to consider prior to data
collection are the geometry of the diffractometer, the quality of the instrument
alignment and calibration (i.e. instrumental function to be obtained with a
standard material), the most suitable radiation and its wavelength, appropriate
sample preparation and thickness, slit sizes, and necessary counting time. As
much as possible on the sample composition, size, absorption or microstructure
should be known in order to carry on the refinement with a good starting model.
The first step of the Rietveld analysis should be the identification of the phases
present in the sample, considering both crystalline and amorphous contributions,
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and a first estimation of the relative amount considering the intensity of the
peaks. Then, knowing the instrumental function, which takes into account various
instrumental contributions to the pattern, the background should be carefully
modelled. Either the background can be estimated by linear interpolation
between selected points between peaks or it can be modelled by a polynomial
function containing several parameters. When a good starting model it is
manually obtained, the refinement can be run in order to optimise the
background parameters and intensity. Then, the scale factor can be adjust and
refined. After the background, the parameters related to the sample can be
refined.

Among the analytical peak-shape functions, the pseudo-Voigt approximation of
the Voigt function is probably the most widely used.®> The pseudo-Voigt function
is a linear combination of Lorentzian and Gaussian components. An additional
function to allow a more precise description of asymmetry due to axial divergence
of the diffracted beam at low angles can be refined as well. With a complete
structural model and good starting values for the background contribution, the
unit-cell parameters and the profile parameters, the Rietveld refinement of
structural parameters can begin. It is usually advisable to start the refinement of
structural parameters with the positions of the heavier atoms and then to proceed
with the lighter atoms. The scale, the occupancy parameters and the thermal
parameters are highly correlated with one another, and are sensitive to the
background correction. The thermal factor B is a thermal motion factor that can
slightly tune the results, modifying the intensity and broadening of the reflections.
In addition, the modification of size and strain of the crystallites can affect the
broadening of the reflections.

In conclusion, structure refinement using the whole-pattern Rietveld method is a
powerful technique for extracting structural details from powder diffraction data
but it is essential to proceed with careful and precise approach to obtain a good
and reliable best fit.

In this work, the Rietveld refinement of selected diffraction patterns has been
performed using the MAUD program.®? The instrumental function was determined
using LaBe or Si as a standard.

Laboratory X-ray diffraction

To analyse the phase mixtures and decomposition products, powder X-ray
diffraction measurements were performed at room temperature. A Panalytical X-
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pert (Cu Ko = 1.54059 A, Kz = 1.54446 A; Ko/Ks = 0.375) in capillary transmission
set-up (Debye-Scherer geometry) was used. Patterns were collected between 5°
to 130° 26 range, step size 0.016, time step 60 or 90 seconds. Samples were
inserted, in the glove box, in 0.5 mm glass capillaries and sealed with plastiline,
then moved out of the glove box and sealed with flame.

Max-Lab

The measurements performed at beamline 1711 at the MAX-II synchrotron in the
MAXIV laboratories, Lund, Sweden, with a Titan CCD detector system,** and using
single crystal sapphire capillaries and a special setup.®®

The setup for /in-situ measurements was a sample cell specifically developed to
study solid-gas reactions, applying a pressure or a heating ramp.® The samples
were packed in a single-crystal sapphire tube (0.d. 1.09 mm, i.d. 0.79 mm) and
mounted on the sample cell in the glove box. To guarantee an inert environment
around the sample, graphite ferrules were used to tighten the sapphire tube. A
hot air blower heated the sample from RT to 500 °C at 5 °C/min in an argon
atmosphere; the temperature was recorded by a thermocouple. Both the blower
and the thermocouple were connected to a programmable PID temperature
controller and the temperature was calibrated using the thermal expansion
coefficient of NaCl and Ag as a standard.

Petra II11

The /n situ SR-PXD measurement performed at the diffraction beamline P02, in
the Petra III storage ring of DESY (Hamburg, Germany), used few milligrams of
sample packed in a single crystal sapphire capillary (inner diameter ca. 0.6 mm).
The capillary was then mounted in an in-house-built synchrotron cell and sealed
using Vespel ferules and Swagelok connections. This cell is equipped with a
heating element (electric resistance) and thermocouples allowing varying the
temperature between room temperature (RT) and 450 °C during the experiment.
Moreover, the cell can be connected to an external gas line and loaded with inert
or reactive gases at different pressures.’®®” The sample was heated up and
cooled down at 5 °C/min under a hydrogen pressure of 1 bar. The beamline
provides a monochromatic X-ray beam (A = 0.207157 &) and is equipped with a
PerkinElmer XRD 1621 plate detector (pixel size 200 ym x 200 uym, array
2048x2048 pixels). The diffraction images, collected every 15 seconds, were
integrated with the software Fit2D.
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ESRF

Measurements at ESRF, Grenoble (France), were performed at the beamline
BMO01, with a wavelength of 0.7129 A and 5 s exposure time.

Sample were packed and manipulated in a glove box, and sealed in borosilicate
capillary (o.d. 0.5 mm). A hot air blower, equipped with a PID controller, was
used to anneal the sample from RT up to the desired temperature at 5 °C/min.

Diamond

Measurements at Diamond Light Source, Didcot (UK), were performed at the
beamline I11, with a wavelength of 0.8259 A and 5 s exposure time.

As for ESRF, sample were packed and manipulated in a glove box, and sealed in
borosilicate capillary (o.d. 0.5 mm). A hot air blower, equipped with a PID
controller, was used to anneal the sample from RT up to the desired temperature
at 5 °C/min.

Thermal analysis

The analysis of the thermal behaviour of the material is of fundamental
importance to understand any physical or chemical transition and define its
thermodynamic properties. Thermal analysis allows quantifying temperature and
enthalpy of phase transitions and reactions, together with the determination of
other thermal properties such as the heat capacity. Thermal analysis can also be
coupled with other techniques, such as thermogravimetric analysis, volumetric
apparatus or mass spectroscopy to define the mass loss or gain due to
decomposition, gas release or oxidation and the kind and quantity of released
gas.

The standard thermal analysis measurement is the Differential Temperature
Analysis (DTA), which measures the difference of temperature between the
sample and a reference upon heating. It is characterized by a programmable
furnace and two thermocouples connected in series close to the reference and
sample to measure their temperatures. The results are reported as a temperature
difference (AT), expressed as a differential potential (in Volt) generated between
the thermocouples, as a function of the temperature of the programmed furnace,
as in the heat flux calorimeter (Figure 5, a).

On the other hand, in a power compensation Differential Scanning Calorimeter
(DSC) two furnaces are used to control the temperature of a reference and the
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sample separately. Two thermoresistances are placed under both the reference
and sample to heat and constantly record their temperatures. The same
temperature in the reference and sample cell is maintained by tuning the power
of the two furnaces, so that the differential power used (in W) is recorded as a
function of the programmed temperature (Figure 5, b).

Temperature Sensors

Sample Reference I | [ |
/Q\/ﬁ\ ’ Sample ‘ | Reference ‘
“——A\T —>

.......

—~— AWWW——] L MWW ———
] Single Heat Source Individual Heaters
a) Heat Flux b) Power Compensation

Figure 5 — a) Heat Flux calorimeter, similar to a DTA; b) Power compensation DSC.

Differential Temperature Analysis coupled with Mass Spectroscopy

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

High Pressure Differential Scanning Calorimetry

A high-pressure 204 Netsch DSC (HP-DSC) was used to analyse the thermal
behaviour the samples. A backpressure of hydrogen was loaded in the chamber
in order to avoid the decomposition, obtaining accurate values of temperature
and enthalpy of phase transformations at a definite thermodynamic condition.
Few milligrams of sample were loaded into alumina or aluminium crucibles with
a lid with a hole for gas release. The HP-DSC was placed inside the glove box to
ensure sample handling under inert atmosphere. Samples were heated and
cooled in the desired temperature range at 5 °C/min under a static pressure of
1, 2, 10 or 50 bar of H,. Sometimes, to clarify reversibility and phase
transformation, various cycling were performed.
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Calibration

The accurate calibration of the instrument is indeed necessary to measure reliable
values of temperature and enthalpy.

The instruments were calibrated in temperature and heat flow using the melting
enthalpy and temperature of high purity standards (Bi, CsCl, In, Sn, Zn) and the
same conditions used for different experiments, so using the same crucible,
heating rate, gas flow or pressure. Furthermore, sapphire has been used as a
reference for the heat capacity measurements, as described below.

The Tonset @and integration of melting peak of the standard materials during
heating were provided to the software in order to compare them with literature
values and generate a sensitivity and temperature calibration curve.

Heat Capacity

Calorimetry, as said before, measures essentially the amount of heat necessary
to rise the temperature of the sample to a desired value. For this reason, DSC is
a powerful technique to evaluate heat capacity.

The heat capacity is dependent on the size of the system and is therefore an
extensive thermodynamic property. However, in normal usage, it is more
convenient to use the heat capacity per unit quantity of the system. Thus, the
specific heat of the system is the heat capacity per gram at constant pressure (or
constant volume), and the molar heat capacity is the heat capacity per mole at
constant pressure (Cp) or at constant volume (C,).

The experimental determination of the molar heat capacity require a well defined
temperature program which consists in a linear ramp or several heating or cooling
ramps divided by isotherms, used as equilibrium point and baseline. Once the
temperature program is defined, three measurements need to be performed. The
measurement on the empty crucible (AY,) works as baseline, then a well known
heat capacity reference material is measured (AYs) and, finally, the
measurement is performed on the sample (AYs).

Usually, a short heating or cooling step is programmed and any endothermic or
exothermic events should be inside of the range of temperature chosen for the
ramp. Between each ramps an isothermal holding is imposed for a suitable time
to get stabilization in the DSC signal.

During this study, the chosen temperature program consists in linear temperature
ramps at different temperature, in 2 bar hydrogen atmosphere, at 5 K/min with
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a temperature step of 30 degrees, and an isotherm of 20 minutes before and
after each step (Figure 6).
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Figure 6 — DSC measurement of empty crucible, reference sapphire disk and sample in a selected
temperature ramp between 40 °C and 70°C. Each ramp of 30 °C step was performed at 5 °C/min with a 20
min isotherm before and after the step.

The C, determination can be performed with two different method: the linear
temperature ramp (height) method (Figure 7, a) and the enthalpy (area)

method (Figure 7, b).*8

The evaluation of heat capacity of boron-based materials was calculated by the
height method, using the following formula:®®

re AYO + AYstd nref
Com = Cph e Eq.1
Where A4Y,, AYsq, AYs are the height of empty crucible, standard and sample; r7.r
and nsg are the mole numbers of the reference and sample.
Basically, after the baseline subtraction to the sample and sapphire, comparing
the height of the sample signal with the sapphire, which as a known heat
capacity, the heat capacity of the sample has been calculated.
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The value for the molar heat capacity of the reference is taken from
thermochemical tables®® and calculated using the following formula:

oy _ 41868 - ((25.48 + 0.00425 - T) — 682000 - T - 2)
p =

101.961 Eq.2

Using a sapphire (Al,Os) disk as a reference, the good calibration of the
instrument was validate by the calculation of the cell constant, which turns out
to be 1 with an experimental error of 2% on each measurement. For this reason,
all the data reported in the results have an error bar of 2% (Figure 8).

Heat flow
aimesadwa |

Heat flow
aimesadwa |

Time Time

Figure 7 — Methods to determine the heat capacity: a) height method, linear temperature ramp, and b) area
method, enthalpy method.*®

The average of the molar heat capacity of the sample in a chosen temperature
range determined with the enthalpy method can be calculated by this formula:*®

CS— — Cref . AQO + AQstd . nref
pm pm AQO + AQref Nsta

Eq.3

Where A4Qy, 4Q-;, AQss are the enthalpies measured by the integration of each
step for the empty crucible, reference and sample; C;‘iﬁ; is the average of the
molar heat capacity of the reference.
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Figure 8 — Calculated DSC cell constant using sapphire disk as a reference. Calculation performed both on
heating and cooling. Error on cell constant value turns out to be equal to 2%.

Spectroscopies

Spectroscopies are useful characterization methods owing to their sensibility
towards both crystalline and amorphous materials, and different physical state of
the material (i.e. solid, liquid, gas). Furthermore, they can support interpretation
of data from diffraction techniques to identify phases, define structures and
details about local bonding environment.

Vibrational frequency in boron-based materials are quite well known and
experimental values can be compared to tabulated or calculated one in the
literature, 100-108

Infrared Spectroscopy

The infrared spectra (2 cm™ resolution, average on 64 scans) were collected in
Attenuated Total Reflection (ATR) mode on loose powder with a Bruker Alpha-P
spectrometer, equipped with a diamond crystal. All the spectra were recorded in
the 5000—-400 cm™! range, in a protected atmosphere since the instrument is
placed inside a nitrogen filled glove-box (MBraun Lab Star Glove Box supplied
with pure 5.5 grade Nitrogen, <1 ppm O, <1 ppm H;0).
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Raman Spectroscopy

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

Modelling

Nowadays, with increasing computational power and software development,
modelling techniques are becoming more and more popular, and widely used for
a screening of material properties. The experimental investigation of
thermodynamic properties for all compositions and conditions would be based on
many experiments and measurements, that are too expensive and time
consuming. Therefore, the combination of experimental investigation, ab-initio
calculations and mathematical modelling of thermodynamic properties, able to be
extended in region out of the feasible experimental investigation will enable the
full understanding of complex systems and their further developement and
tailoring towards real applications.

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
allows the determination of different thermodynamic properties and possible
decomposition routes or hydrogen release reactions, together with the enthalpy
of mixing in the liquid phase and solid solutions, which cannot be easily
determined experimentally.53.78-80

Calphad Method

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 that generates a thermodynamic
database. Literature data and new experimental results on thermodynamic
properties for the studied system should be critically collected and used as input
data. In order to establish the Gibbs free energy of compounds with crystal
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structures different from the stable one (end-members), 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 and following the flowchart
reported in Figure 9.

The daily use of the Calphad method includes the calculation of multicomponent
and multiphase systems for extended region of compositions and conditions.
Starting from an assessed database, the evaluation and interpolation of
thermodynamic properties of binary or higher systems can be performed to
calculate equilibrium points, reactions, and graphical outputs such as pseudo-
binary and pseudo-ternary phase diagrams (Figure 9).
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Figure 9 — Flowchart of the CALPHAD method.

According to the Calphad approach, the Gibbs Free Energy (GFE) of a phase can
be expressed as:”®

PG = PGS + PG + PG Eq.4

where ¢ is the considered phase, ?G* is the reference contribution (so the
contribution of the components of the system), ?G? is the contribution given by
the ideal mixing entropy and ?G* is the excess Gibbs free energy, that considers
all the contributions due to non-ideal interactions between the components.
Thermodynamic functions for missing end-members can be evaluated adding to
the Gibbs energy of the stable phase the ab-initio calculated enthalpy difference
between the stable and the metastable structures.
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The GFE of a stoichiometric compound with chemical formula A«By can be
described as:

Gap, = X?Gy +y?Gy + AHpoy(T,P) — TAS;or(T,P)  Eq.5

where AHo( 7,P) and ASo( 7,P) are the enthalpy and entropy of formation of the
compound.

In the case of an ideal A-B binary solution, which means there are no interactions
between the components, the YG“is equal to zero and the GFE can be expressed
as:

*G =*6" —TS Eq.6
96" =x?G(4) +(1—-x)G(B) Eq.7
S = _Rlxlnx+ (1 —-x)In(1-x)] Eq.8

where x is the molar fraction of A, 7is the temperature.

Ideal solution can be widely applied to gas phases, however, for real condensed
phases, some additional terms must be considered and more complex models
have to be adopted, such as the regular and sub-regular solutions models.
Considering a binary system of two components A and B in the regular solution
model, it can be described in terms of bonding energies between first neighbours
(Eas, Ea-a and Egg) and the following expression for the excess Gibbs energy can
be derived:

PG =x(1—-x)L Eq.9
G = x%G(4A) Eq.10
L=1a+ T Eq.11

where L is the regular solution interaction parameter that can be temperature
dependent (?a and ‘b are optimized parameters). The temperature dependence
of interaction parameters is usually constant or linear, as it can be observed
above in the equation describing L.

In this model, the bonding energies are assumed to be composition independent.
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If instead a linear dependence on the composition is assumed, the excess GFE
can be described according to the sub-regular solution model where:

96 = [OL + 'L(xq — xp)]x0x,  Eq.12
96 =x(1—x)(*a+bT) +x(1 —x)(2x —1)(%a+ 2bT) Eq.13

Excess Gibbs energy can be furthermore modelled with a Redlich-Kister (RK)
expansion series: 1%

PG = xgxp 2 PLyp - (xqg—xp)” Eq.14

v

It has to be noticed that if the RK expression is truncated to v=0, only the
parameter relative to °Lag is used, obtaining a regular solution, when instead also
v=1, and so !Lag, is considered, a sub-regular behaviour is described.

The truncation of the expansion series needs to be decided considering when a
satisfactory agreement between experimental and calculated thermodynamic
data is reached.

Thermo-Calc Software and databases

There are several commercial packages (e.g. Thermocalc!!®!!, Pandat!!?,
Factsage!!3) able to handle thermodynamic databases and calculate phase
diagrams.

The Thermo-Calc Software!!? based on the Calphad approach was used in this
study for the thermodynamic calculations or simulations.

The software is a general and flexible command line software based on different
modules with specific functions as describe below:

- TDB for database retrieval and management;

- GES for thermodynamic model handling and data treatments for various
phases;

- TAB for thermodynamic property tabulations of phases and reactions;

- POLY for multicomponent heterogeneous equilibrium and
stepping/mapping calculations (core of the program);

- POST for post-processing of various phase diagrams and property
diagrams;
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- PARROT for parameter optimizations in data assessments;

- ED_EXP for experimental points editing and equilibrium calculations;
- BIN and TERN for binary and ternary phase diagram calculations;

- POURBAIX for Pourbaix diagram;

- SCHEIL for Scheil-Gulliver solidification; and

- REACTOR for steady-state reaction simulations.

The modules can interact with each other and are linked as shown in Figure 10.
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Figure 10 — The structure of the Thermo-Calc software.

The Substance Scientific Group Thermodata Europe (SGTE) database!!*!> and
already published thermodynamic functions’® were used, in this study, as a
starting point for the thermodynamic assessment, providing thermodynamic
functions for stable stoichiometric compounds. Assessed parameters of
thermodynamic functions for different phases (hexagonal, cubic, orthorhombic
and liquid) have been used, in order to explore and characterize the pseudo-
binary and pseudo-ternary phase diagrams in the LiBH4-NaBH4-KBH4 system.

Among databases, the Joint Army-Navy-Air Force (JANAF) Thermochemical
Tables® are one of the most important collections of thermodynamic data,
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reporting temperature-dependent thermochemical properties (such as the heat
capacity) of many elements and compounds.

Another important collection of thermodynamic functions is available on the
National institute of Standard and Technology (NIST) website.!!®

Ab-initio

Periodic quantum-mechanical calculations were performed by Dr. Marta Corno,
using the periodic quantum-mechanical software CRYSTAL14!17:118 within the
Density Functional Theory. The CRYSTAL software has been developed by the
theoretical group of the University of Turin.

The structure and stabilities of investigated compounds or end-members can be
evaluated. Internal coordinates and lattice parameters need to be first fully
optimized using experimental observed structure as a starting point.

Both GGA (PBE!*®) and hybrid (PBE0?°, B3LYP!?1?2) functionals have been
tested, with and without Grimme’s D2 correction to the electronic energy.'? The
PBEO-D2 level of theory was chosen, as the best compromise in terms of accuracy
and cost of the calculations. The CRYSTAL code utilizes localized Gaussian
functions to describe electrons. Localized Gaussian functions of double-{ quality
were applied as basis sets for the description of electrons.

In detail, for the cations, the following sets were used: 5-11G(d) basis set (as, =
0.479 bohr~2 for the most diffuse shell exponent and a, = 0.600 bohr=2 for
polarization) to describe lithium; a 8-511G (as, = 0.323 bohr for the most diffuse
shell exponent) for sodium and 86-511G (asp = 0.389 and a4 = 0.394 bohr? for
the most diffuse shell exponent of sp and d functions) in the case of
potassium.12*12> Boron was described by a 6-21G(d) set (asp = 0.124 bohr=2 for
the most diffuse shell exponent and ape = 0.800 bohr~2 for polarization) and for
hydrogen, a 31G(p) set (as, = 0.1613 bohr~2 for the most diffuse shell exponent
and apo = 1.1 bohr~2 for polarization) was adopted.!?

Phonons at I' point in the harmonic approximation were computed to derive the
thermodynamic functions. 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.'?¢'? Enthalpy data were
obtained by computing the electronic energy, inclusive of the zero-point energy
correction (ZPE), and the thermal factor at T = 25 °C.%°
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Chapter 3 - Thermodynamic properties of pure
borohydrides and closoboranes

A wide variety of borohydrides and closoboranes, and their relative polymorphs,
have been investigated in the past years as promising compounds for both solid-
state hydrogen storage and solid-state electrolytes in batteries.?>”° Furthermore,
thermochemical energy storage systems based on metal hydrides gained great
interest for having high energy densities and good reversibility.'?®

Borohydrides

Borohydrides possess a wide range of attractive properties and were widely
studied.?> The precise knowledge of their thermodynamic properties is crucial to
evaluate their stability and to describe phase transitions in the temperature range
of interest.

Introduction

The heat capacity is a basic thermodynamic property for any material and its
knowledge is necessary for many engineering applications. In addition, C,
experimental values are highly desirable for a full thermodynamic description of
these compounds.

Considering the polynomial expression of the GFE:”®

F
G=A+BT+CTlnT+DT2+ET3+?+--- Eq.15

Since:

5%G
Cp =-T W Eq16
p,N

i

The following reported expressions of the heat capacity are suitable for
expressing the Gibbs energy and heat capacity for a limited temperature range
and above the Debye temperature.

At low temperatures, a more complex expression of GFE, based on the Einstein
or Debye models for the molar heat capacity has to be used.”
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For compounds with no measured heat capacity, it is common to apply the
Neumann—Kopp rule (NKR)!?® which suggests that the heat capacity of a
compound is equal to the stoichiometric average of the heat capacities of the
constituent pure elements.

The heat capacity can be described by the following polynomial expression:
, 2F
Cp =—C—2DT — 6ET _ﬁ_l_ - Eq.17

where the parameters A-F are optimized on the basis of the available
experimental or computed data.

In this chapter, new insight on polymorphic transition (PT), melting reaction and
calorimetric measurements of molar heat capacity of various borohydrides (MBHs,
M = Na, K, Rb, Cs, Mg, Ca), performed by DSC, will be described.

C, data have been obtained as a function of temperature for different polymorphs
using the height method. As described in the Experimental, the same
temperature program was ran on each sample, empty pan (baseline) and
reference (sapphire) on heating and cooling. It consists in linear temperature
ramps at different temperature at 5 °C/min with a temperature step of 30 °C and
an isotherm of 20 minutes before and after each step.

The above room temperature measured C, values have been compared with
available extrapolated literature data'3%!3!, and they have been modelled as a
function of temperature according to the Calphad method with the polynomial
expression reported above.”®

The variation of the C, values for different polymorphs were studied in details
and they have been related to the corresponding crystal structures, considering
the mobility of the BH4™ group.

From the whole set of assessed thermodynamic data, possible correlations with
dynamics, structural and electronic properties have been estimated.

Literature Survey

Concerning borohydrides, only few data are available, the low temperature (LT)
heat capacity, below 350 K, was determined in the 50s for the alkali
borohydrides,!3° while the high temperature (HT), above room temperature, heat
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capacity was investigated only for LiBH4.13! The literature data are reported in
Figure 11.

LT - Below Room Temperature Data HT - Above Room Temperature Data
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Figure 11 — Available literature data about heat capacities of borohydrides; LT alkali borohydrides data
(left)**® and above RT LiBH. data (right).13!-133

All alkali borohydrides show a polymorphic transition (PT).

Starting from CsBH4 that has the lowest PT temperature at 26 K, than the
transitions can be observed in RbBH4 at 48 K, KBH4 at 77 K, NaBH4 at 190 K and
in LiBH4 at 385 K.

LiBH4 is the only compound that shows a PT above room temperature, it
transforms from an orthorhombic to a hexagonal structure. They all present
anomalies of heat capacity through the PT.

Heat capacity and Polymorphic transition

The experimental heat capacity values of cubic NaBH4 are similar to the one
reported in the literature, 32134136 byt they present lower values and a different
slope (Figure 12, a). It has to be noticed that the literature value are estimated
and has not been experimentally determined. However, as it will be described
later on, since they were the only available data, they have been used for further
estimations and calculation of heat capacity of borohydrides such as Mg(BH4),¥’
and Ca(BH4),.138

For KBH4,?%135136 RbBH4,13° and CsBH4,*° an unexplained inflection towards lower
values is observed (Figure 12, b,c,d, respectively), then the heat capacity is
stabilized to a nearly constant value.
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At temperatures higher than 300 K, a plateau, where a constant heat capacity is
reached in function of temperature, seems to be present.
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Figure 12 — Literature and experimental C, values of a) NaBH4, b) KBH4, c) RbBH4, d) CsBH4. Open points
show experimental literature data, closed points the new experimental data from this study and the lines the

extrapolated calculate values from the literature. Error bars of 2% are reported, taking into account the
variation of the cell constant reported in Figure 8.

Regarding the second group borohydrides, no experimental literature data were
available for Mg(BH4), and Ca(BHa)2. The C, of Mg(BH4), was estimated by Pinatel
et al.’*” using a modified Neumann-Kopp rule, where the contribution to the heat
capacity of the BH4 anion was define in function of temperature as:
Cp(BH;) = Cp(NaBH,) — Cp(Na) = 35.22+ 0.072-T Eq.18
Then the heat capacity of Mg(BH4), and Ca(BH4). can be estimated as:
Cp(Mg(BH,);) =2-Cp(BH,) + Cp(Mg) Eq.19
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Cp(Ca(BH,),) =2 - Cp(BH;) + Cp(Ca) Eq.20

The modified Neumann-Kopp rule was also used by Udovic et al.'*® to estimate
the hat capacity of Ca(BH4),, the results have been compared with the standard
Neumann-Kopp rule using the heat capacity of gaseous hydrogen and DFT
calculations, as will be reported later on.

Several Mg(BH.), polymorphs are known: a, B, y, 0, € and {!* and from this
point of view Mg(BHa4). presents an analogy with silica (SiO;). Its structure can
always be described as arrangement of tetrahedra in which the magnesium, in
the centre of the tetrahedron, is coordinated to four anions BH4", similarly to Si
and O in the units SiO4+* of the silicates.!*? The Mg-BH4 interaction is directional
and partially covalent.!*3

The a polymorph, stable at room temperature, has a large hexagonal unit cell
and a P6;22 symmetry. It can be described as constituted by MgHs polyhedra
linearly coordinated by H,BH. units and organized in a 3D network of five terms
ring (-Mg-BH4-)n.1*! It contains an unoccupied volume equal to 6.4% and turns
into the B polymorph at around 457 K, with a polymorphic transition enthalpy
(AHpr) equal to 11.3 kJ/mol.7%144

The B polymorph is metastable at room temperature and less dense than a-
Mg(BH4)..1* It displays an orthorhombic primitive cell with symmetry Fddd,
characterized by two different types of MgHs polyhedra, coordinated by (-Mg-
BH4-)n rings, for which n cannot assume odd values.*

a-Mg(BH4),; also turns into the stable high-pressure polymorph & (tetragonal,
P4>nm) at 1.1-1.6 GPa.'*

Wet-chemistry methods of synthesis have led to the discovery of y-Mg(BHa)2
(cubic, 7a3d).'* Its structure is highly porous (33% of the material volume is not
occupied) and it is responsible for its high surface area (1160 m?/g), which makes
it capable of storing hydrogen also as a physisorbed molecule.*

y-Mg(BH4). transforms into a not crystalline phase between 0.4-0.9 and 2 GPa,
called 5-Mg(BH4),.1%

The ¢ polymorph is hexagonal with symmetry P3;12. Finally, e-Mg(BH4) has been
observed for the first time by Paskevicius et al.'*” in a study on the decomposition
of y-Mg(BH4),.1#

The y phase used for this study was prepared by wet-chemistry by Steffen R.
Jensen at the Aarhus University.

Concerning the heat capacity of the studied Mg(BH4). polymorphs, a and y
Mg(BH4), show similar values and a linear heat capacity as a function of
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temperature. It was possible to measure the heat capacity of § phase below the
PT in metastable conditions, down to RT. B-Mg(BH4), displays also a linear
behaviour, but at lower values, compared to a and y (Figure 13, a). The
assessed values by Pinatel et al.,3” obtained by the modified Neumann-Kopp rule
(Figure 13, green solid line), are comparable to the experimental one of the
a and y phase, however the experimental data have a different slope in function
of temperature.

Ca(BH4), presents the polymorphs a, B and y, which are structurally related to
those of titanium dioxide (TiO,), containing all Ca?* ions in octahedral
coordination with six BH4". Although these structures might show an ionic bond,
the existence of non-compact packaging polymorphs suggests a certain degree
of directionality in the Ca-BH4 bond.*

a-Ca(BHa4): is characterized by an orthorhombic cell, with a F2dd symmetry, and
it turns into B-Ca(BH4): at 437 K (AHer = 8.6 kJ/mol),*** which presents a
tetragonal cell with P4 symmetry, so it is metastable at room temperature.*®
y-Ca(BH.); is orthorhombic (Pbca) as well.*** According to the Riktor et al. study
about phase transitions and decomposition of Mg(BH4), and Ca(BHa4)2,*° y-
Ca(BHs), should transform into a new polymorph (&) at high temperature.
However, it was later discovered, that the d phase is actually an oxidation product
of Ca(BHs); at high temperature.!*!

Pure a-Ca(BH4). can be obtained by wet chemistry and it was prepared by Steffen
R. Jensen at the Aarhus University as well.

The heat capacity of the a phase shows really high values and a fast increase
close to the PT can be observed (Figure 13, b). This transition was reported to
be of a second order type,*® however it was confirmed to be a first order
transition later on, because of no simple order parameter to describe these
transition, furthermore, the impact of low-energy phonons at high temperature
was discovered to be the origin of a vibrational entropy driven phase transition.!>?
Also the B phase of Ca(BHa) is metastable below its PT and present a linear heat
capacity with the same room temperature value of the a. Solid lines in Figure
13, b report the estimated Ca(BH4), heat capacity values reported in the NIST
report by Udovic et al.,'*® and obtained from DFT calculations, Neumann-Kopp
rule and modified Neumann-Kopp rule. The best estimation of the heat capacity
is obtained with the modified Neumann-Kopp rule which is quite in good
agreement with experimental values of the 8 phase.
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Figure 13 — Literature and experimental C, values of a) a,B,y-Mg(BH4)2 and b) a,B-Ca(BH4)2. Open points
show experimental data of the B phase, while closed points refer to the a phase. The lines report the
literature estimated values obtained from DFT calculation or the Neumann-Kopp equation. Literature data of
Mg(BHa)2 from ¥, and Ca(BHa): from 3. Error bars of 2% are reported, taking into account the variation of
the cell constant reported in Figure 8.

From experimental measurements reported in Figure 13, it can be generally
observed that the a and y polymorphs show an higher value of heat capacity than
the B polymorph, while there is a change in the C, value around the temperature
of the polymorphic transition toward lower values (B phase). C, values of the 8
phase have a linear dependence as a function of temperature, and can be
measured down to room temperature because of the metastability of these
phases.

According to the Calphad approach, the heat capacity can be modelled by a
parametric equation. The number of parameter to be introduced in the equation
depends on the behavior of the heat capacity as a function of temperature and
should be chosen to obtain with a good grade of agreement with the experimental
data. For this reason, the number of modelled parameter reported in Table 2
have been chosen to obtain a good fit.

As an example, Figure 14 and 15 show a comparison of three different fit on
experimental data reported before. The assessed expression is valid in the limited
temperature range in which the fit is determined (i.e. from 300 to 600 K), and
the extrapolation of heat capacity data at higher temperature generates values,
which are not always reliable, should always be confirmed by experimental data.
Starting from NaBH4, Figure 14 a, the linear behavior of the heat capacity can
be easily assessed by using a two-parameter equation (FIT 1). A better fit can
be obtained by a four parameters equation (FIT 3), however the extrapolation to
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higher temperature show a fast increase of heat capacity to really high values
which are not expected for NaBHs4. The best fit assessed equations for all
investigated samples are reported in Table 2. For NaBH4 the estimation of heat
capacity at higher temperature with FIT 1 generates values lower than the one
reported in the JANAF table, as in the case of a three parameters assessment
(FIT 2).
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Figure 14 — Comparison of different fit of experimental heat capacity data in function of temperature, and
their extrapolation to higher temperature. a) NaBH4, b) KBH4, c) RbBH4 and d) CsBHa. FIT 1: linear fit (two
parameter C,D), FIT 2: three parameters fit (C,D,E), FIT 3: four parameter fit (C,D,E,F).

For KBH4, RbBH4 and CsBH4, Figure 14 b, ¢, d, a four-parameter equation should
be used to well fit the experimental heat capacity values in the temperature range
300-600 K, in order to well describe the particular inflection that was measured.
For these compounds, the assessed equations should not be used outside of the
reported temperature range, neither the linear, nor the three-parameter equation
seems to describe reasonably the heat capacity outside of the experimental
temperature range. The data can be part of a large plateau and so constant
values of heat capacity seems to be the best description of the data above the
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experimental temperature range, possibly all active mode have been enabled and
a constant value of heat capacity is observed.

300

a) Mg(BH b
220 12) MO(BH,), )
| ——FITag1
260 ——FIT ag 2
FiITag3
2404 _prpd
FITb2
209 —Fros
X
° 200
-E- 180
2 # aCa(BH4)2 This work (cooling)
o 160 4 aCa(BH4)2 This work (heating)
(%) % aMg(BH4)2 This work (heating) bCa(BH4)2 This work (cooling)
140 “ bMg(BH4)2 This work (heating) <» bCa(BH4)2 This work (heating)
40 % @gMg(BH4)2 This work(heating) —FITa1
——FITa2
120 FITa3
P ——FITh1
100 FITb2
——FITh3
80

T r— T T T
300 350 400 450 500 550 600 650 700 750 800 850 900 950 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000

Temperature (K) Temperature (K)

Figure 15 — Comparison of different fit of experimental heat capacity data in function of temperature, and
their extrapolation to higher temperature. a) a,B,y-Mg(BH4)2 and b) a,-Ca(BHa).. FIT 1: linear fit (two
parameter C,D), FIT 2: three parameters fit (C,D,E), FIT 3: four parameter fit (C,D,E,F).

a,B-Mg(BH4), and B-Ca(BHs4), have an almost linear behavior that can be
described by a two parameters equation (Figure 15). In the case of a-Ca(BH4),
a three or four parameters equation should be use, to have a best fit of the

rapidly growing heat capacity values towards the polymorphic transition (Table
2).

Table 2 — Values of the parameters used for the best fit of the experimental heat capacities of M(BH4)x (M=
Li, Na, K, Rb, Cs, Mg, Ca) and relative polymorphs.

C D 103 E-10°¢ F-10°5 R?
[3/molK] [J/molK?*] [J/molK3] [JK/mol]

NaBHs4 -75.8 -21.3 0.97
KBH4 -258.4 260 -74.9 19.85 0.79
RbBH4 -79.4 -9.27 -2.26 -7.62 0.48
CsBH4 10.6 -135 29.3 -20.13 0.65
a,y-Mg(BHa4)2 -31.8 -155 0.96
B-Mg(BHa)2 -36.8 -105 0.97
a-Ca(BHa); -538.6 1282 -728 0.99
B-Ca(BH.): -138.2 -36.3 0.93
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Discussions

An enlarged view of the C, close to the polymorphic transition of the studied
borohydrides is proposed in Figure 16 and 17. Experimental and literature data
are reported in points, while the full or dashed line are a guide of the eyes.

In the case of Mg(BH4), and Ca(BH4) points at higher temperatures have been
inserted as a guide for the eyes to drive the trend of the C, as a function of
temperature outside of the investigated temperature range.

The shape of the C, trends around the PT is rather similar for investigated
compounds, reminding a A shape, especially in CsBH4, RbBH4, LiBH4, Ca(BH4)2
and Mg(BH4),. This could suggest a role of the BH4 anion in the structural
transition across the PT. In the case of RbBH4 there are not that enough
experimental points to well define the shape of the Cp across the PT.
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Figure 16 — Enlarged view of the heat capacities values as a function of temperature in the temperature
range close to the polymorphic transition of CsBH4, RbBH4, KBH4 and NaBH4. The line is a guide for the eyes.
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A resume of M(BH4)x (M= Li, Na, k, Rb, Cs, Mg, Ca) literature and experimental
heat capacities values as a function of temperature is reported in Figure 18. It
can be observed that, in general, the C, of borohydrides can be described as a
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function of temperature by three segments. The first segment has an almost
linear trend and a PT is present. Then there is an inflection or change in the slope
and the last segment shows an almost constant value of Cp.

Depending on the PT temperature, a shift in temperature of the trend/segment
of the G, as a function of temperature for the different borohydrides is observed.
The values for Ca(BH4), and Mg(BH4); are higher likely because of the presence

of two BH4 groups and are related to the linear segment of the C, containing the
PT.
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Figure 18 — Resume of M(BH4)x (M= Li, Na, K, Rb, Cs, Mg, Ca) literature and experimental heat capacities
values as a function of temperature. The line is a guide for the eyes.

The Neumann-Kopp rule is widely used in metal systems to calculate the heat
capacity of different alloys, since the heat capacity of a solid compound is the
sum of the atomic heat capacities of the elements composing it. In the case of a
borohydrides, we should take into account the contribution of the metal, of the
boron and of hydrogen. However, since H is in a gas phase, the contribution to
the heat capacity at room temperature of the BH4 anion was calculated by
subtracting the C° of the metal to the C,° of the metal borohydride, as it was
done previously with the modified Neumann-Kopp rule.

Table 3 reports the values for the investigated samples and from the graph in
Figure 19 we can observe an almost constant value, which is slightly increasing
along the alkali borohydrides, while the a-Mg(BH4), show low values, similar to
the LiBH4 one, and the Ca(BH4)2 has values comparable with CsBH4 and RbBHa..
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Table 3 — C,° values of the studied M(BH4)x (M= Li, Na, K, Rb, Cs, Mg, Ca), of the metal and of the BH4
anion, calculated by the Neumann-Kopp rule. Red values are the new experimental values, while the others
were already reported in the literature.'3°

Compound Cy° Cy’° Cp°
[3/molK] [3/molK] [3/molK]

MBH.4 M BHa4
LiBH4 80.46 24.62 55.84
NaBH4 86.48 28.15 58.33
KBH4 96.06 29.57 66.49
RbBH4 100.30 31.03 69.27
CsBH4 97.35 29.80 67.55
a,y-Mg(BHa)2 124.10 £ 2.5 24.85 49.63
B-Mg(BH.)2 102.31 £ 2.0 38.73
a,B-Ca(BHa.): 161.23 + 3.3 25.93 67.65

The use of the modified Neumann-Kopp equation to estimate the C, values of
borohydride it is convenient in case of unknown experimental values. However,
because of the variety of crystal structures, coordination humber, temperature
and type of polymorphic transition of these materials it is not always reliable and
the values obtained should be used with care. Generally, experimental values are
highly desirable and their parametric description can be used in the declared
temperature range, because above and below that range the use of parametric
description can fail or deviate significantly as was described previously.
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Figure 19 —Contribution to the Cypo values of the BH4™ anion, calculated by the Neumann-Kopp rule for
M(BHa4)x (M= Li, Na, K, Rb, Cs, Mg, Ca).

64



The temperature of the PT shows an inverse proportion with the size of the cation
and the study of the heat capacity of the 1%t group metal borohydrides!*° showed
that the polymorphic transition is related to the orientation of the BH4 anion and
its temperature increases when the distance of B-B atom decreases (Figure
20).133

Concerning the temperature of the polymorphic transition of different
borohydrides, even for Mg(BH4), and Ca(BH4),, a linear correlation between the
minimum B-B distance and the temperature of the PT can be observed, as
reported in Figure 20.1> The correlation is related with the coordination of the
cation in the high temperature polymorph structure and can be extended to
Mg(BH4), and Ca(BHa)..

This correlation evidenced that the complex anion play a role in the occurrence
of the polymorphic transition, and different rotation and reorientation of the
complex anion in the crystal lattice can explain the improved ion mobility and
enhanced conductivity.'* In fact, the study and understanding of the behavior
of complex ions, as it will be discussed with closoboranes later on, is aimed to
assess parameters of ionic motion in lattice sites for further improvement of those
compounds as solid-state electrolytes.
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Furthermore the observed inflection in the heat capacity values in KBH4, RbBHs,
and CsBH4 could be related to a continuous reorientation of the BH4 group.!3¢ In
fact, the heat capacity reflects the lattice dynamics, lattice expansion in function
of temperature, and it is strictly related to vibrational characteristics (transational,
rotational, librational, intraionic vibration), especially of the complex anion in ionic
compounds. In solids, different vibrational modes are excited consecutively as
the temperature is raised, after the polymorphic transition, the BHs complex
anion orientation disordering give way to hindered rotation which explain the
plateau of heat capacity values.!** The rotational disorder of the BH4+ complex
anion is also responsible of the first order phase transition in all studied
borohydrides.?>* Structural order-disorder transition is evidenced from the
orthorhombic to the hexagonal structure of LiBH4, from the tetragonal to the
cubic structure of NaBH4, KBH4, RbBH4 and CsBH4, because of the increase in the
dynamic reorientational disorder and short-range ordered arrangements of BH4
.15 Higher temperature of the phase transition are observed with smaller cation
because the entropic term needs to compensate energy as the lattice parameter
decreases.

In conclusion, the Dulong—Petit law states the classical expression for the molar
specific heat capacity of chemical elements at high temperature.*>> Dulong and
Petit found that the heat capacity of a mole of many solid elements is about 3R,
where R is the gas constant, so the heat capacity of certain solid elements per
mole of atoms they contained is approximately equal to 25 J/K.

As described before, the heat capacity of solids states is due to lattice vibrations
in the solid. In the classical theory of heat capacity, the heat capacity of solids
approaches a maximum of 3R per mole of atoms because full vibrational-mode
degrees of freedom amount to 3 degrees of freedom per atom, each
corresponding to a quadratic kinetic energy term and a quadratic potential energy
term. Despite its simplicity, Dulong—Petit law offers good prediction for the
specific heat capacity of many elementary solids with relatively simple crystal
structure at high temperatures. Indeed, the maximum reachable value of the
heat capacity is equal to 25 J/K multiply for the number of atoms in the molecule.

Cpmax =n°-3R Eq.21
where: G, max is the maximum value that the C, can reach in a compound

(plateau), n° is the number of atoms involved in the compound, and R is the gas
constant.
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In the case of alkali borohydride a total of 6 atoms are present in the compound
and the plateau in the heat capacity reached in KBHs, RbBHs and CsBHs, is
approximately equal to 100 J/molK. This suggest that the BH4 anion should be
considered as a “3 atoms unit” following the Dulong-Petit law. In fact:

Cp max 100
° = ~—~4 Eq.22

n 3R 25

Excluding the metal cation involved in the compound, the borohydride anion
should be considered as a 3 atoms unit”. The presence of a relative strong bond
between boron and hydrogen may be related to the apparent fault of the Dulong-
Petit law. In fact, the BH4 group cannot be easily considered as composed by
five independent oscillators. The presence of strong chemical bonds may induce
a limitation of single degrees of freedom for the oscillation of single atoms,
contributing less (i.e close to half) to the heat capacity of the complex anion.

Conclusions

Experimental C, values above room temperature for pure borohydrides have been
compared with available literature data and modelled as a function of
temperature, according to the Calphad method. The Neumann-Kopp rule has
been used to define the heat capacity of the borohydride anion.

Phase transitions and trends of the heat capacities as a function of temperature
have been compared and could be linked to different role and dynamics of the
borohydrides anion and related to the shape of the C, across the polymorphic
transition. The observed inflection in C, could be related to a continuous order-
disorder orientation of the BH4 group and the observed plateau at 300 K to a
hindered rotation of BH4™ anion. The temperature of the polymorphic transition is
related to the coordination of the BH4™ anion to the metal cation in the HT phase
and its spacing (B-B distance). No further correlations have been observed
suggesting a key role of crystal structure and ion coordination in the polymorphic
transition mechanism.

Closo deca and dodeca-borane

Boranes are molecular compounds that can be subdivided in different classes,
among which closo-boranes are the most stable anions with general formula
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BnHn>, where n=6-12. Recently, Paskevicius et al. reviewed their synthesis
routes, structure, coordination, properties and applications.”®

Despite these compounds were discovered and studied from the beginning of the
XX century, still many structures and details about their polymorphic transitions
are missing. The present study aims to systematically investigate into details their
LT and HT crystal structures, thermal properties and polymorphic transition
mechanism.

The project is part of a collaboration between the University of Turin (Italy), the
Curtin University (Australia) and the Aarhus University (Denmark). Synthesis of
pure water-coordinated compounds was performed at the Curtin University by
Mark Paskevicius. Mark Paskevicius and Mathias Jgrgensen are performing in-situ
SR-PXD studies and resolution of new crystal structures is ongoing.

At the University of Turin, as received/synthesized compounds have been dried
by heating up to 200 °C under dynamic vacuum for several hours. The treatment
was stopped when detected pressure was stable and equal to 410 bar.

After thermal treatment, the compounds have been analysed by ATR-IR to ensure
the complete removing of water. In fact, no O-H signal have been observed in
any spectra around 3000 cm™ (not reported). Then, their thermal behaviours and
thermodynamics have been investigated by HP-DSC.

Introduction

The nomenclature of solid-state phase transitions is very discussed since in the
literature more than 300 types/mechanisms of solid state phase transitions are
reported. 6157

Generally, the assignment of type/mechanism of phase transition can be done
knowing the thermodynamics of the compound and the structures of the low and
high temperature phase.

In a first order transition,® at least one of the first derivatives of the Gibbs Free
Energy experiences a discontinuous change, i.e. AS#0 or AV+0. The specific heat
of the system is effectively infinite at the transformation temperature and a latent
heat of transformation must be defined. Therefore, this transitions are
discontinuous and presents jumps in physical properties. Crystal structure
changes abruptly, latent heat is absorbed or released, symmetries of the phases
are not related, and overheating or overcooling is possible. Generally, this type
of transition is the most common one; its mechanism is characterized by
nucleation, that can be homogeneous or heterogeneous, and growth. Antiphase
boundaries can be formed, long-range diffusion processes in the solid state have
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an important role and a two-phase region, where the low temperature and the
high temperature phase coexist, can be observed. First order diffusionless
transformations, such as martensitic ones, occur without atom diffusion but by
cooperative small movements (military) and homogeneous lattice deformation
leading to a new crystal structure. They are reversible and present hysteresis.!*®
In a second order transition,*>® at the equilibrium transformation temperature,
the second derivatives of the Gibbs free energy are discontinuous, while the first
derivatives are continuous. No latent heat can be defined and the specific heat
usually presents high values. Generally, the transition is continuous and occurs
with a gradual loss of long-range order and an increase of disordering
approaching the critical temperature, in a range of temperature (order-disorder
transition). There is a continuous increase of short-range order by homogenous
local arrangements in the crystal. No two-phase region is observed and no
hysteresis is usually present (neither overheating nor overcooling). In ordering
transformations, the degree of order must be quantified, for example by defining
a long-range order parameter that approaching the critical temperature varies
from 1 (related to the full ordered structure) to 0 (fully disordered one, random
distribution), or any other specific property that shows a change approaching the
critical temperature. The A-type phase transition is a particular case of second
order transition, where the specific heat presents a finite change/discontinuity
and particular shape remembering a A.'>8

Literature Survey

Few details are reported in the literature about LT and HT crystal structures,
thermal properties and polymorphic transition mechanism for closo-boranes, and
they will be reported hereafter.

Li»BioH1o displays at room temperature a P6422 structure with a nominally
hexagonal-close-packed arrangement of BioH10?>~ anions and a trigonal planar
coordination of the Li* cations.’>® A lower order in the high temperature phase
could be expected, and an entropically driven order-disorder polymorphic
transition has been suggested bu Wu et. al,**® with an onset temperature of 367
°C at 5 °C/min under He flow, and it presents a hysteresis upon cooling.!
However, the crystal structure of the high temperature phase has not been
reported yet.
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Na:BioHio has a room temperature monoclinic (P2i/c) structure,’®® while the
crystal structure of the high temperature phase is not reported in the literature.
Phase transition was reported at T=109 °C, with an enthalpy of 9.81 kJ/mol.16!
K2B1oH10 has a room temperature monoclinic (P2;/c) structure,!¢® and it has been
reported to have a low temperature polymorph of unknown structure below 0 °C,
but crystal structures of both the low and the high temperature phases are not
reported in the literature.

Rb;BioH10 has a room temperature monoclinic (P2:/c) structure and it loses
crystallinity when cooled below room temperature. It suffers from strong texture
effects. 160

The crystal structure of Cs;BioH10 is unknown. In the literature,®® it has been
reported that it cannot be crystallised solvent-free at all. At room temperature,
crystals with the composition Cs;B1oH10*2H,0 loose water within 20 minutes and
turn to an amorphous structure.!®® Heating under vacuum at 5 °C/min, it showed
small endotherms peaks at 143 and 268 °C, together with a large endotherm at
606 °C, which could be related to melting.!6?

Cs2B1oH10 has an IR spectrat®? very similar to the one of Na;BioH10,'%° K2BioH10
and RbBioH10.1%> The only difference stays in a splitting of frequencies in
Na2B1oH10 and Cs;B10H10 spectra around 2500 cm, meaning that some distortion
of B-H bonds can be present. A monoclinic structure could be expected also for
Cs2BioH10.

Moving to metal-Bi;H1,, Li>Bi2H1> has a cubic (Pa3, ccp/fcc) structure at room
temperature, where the Li* cation is displaced from the tetrahedral site. It lies on
a near-trigonal-planar site formed by three B1,H1,> anions, each of which resides
in the octahedral cage defined by six Li* cations. Each Bi,H12? anion orients two
H atoms to each of the Li* cations, resulting in a strongly distorted octahedral
coordination of the Li* cation with six H atoms.'®3 A first-order phase transition
(high temperature structure: Fm3m, ccp/fcc) was reported for LizBioHi2 at Tonset=
342 °C (1 °C/min), with an enthalpy of approx. 20 kJ/mol, and at T= 323 °C (2
°C/min) upon cooling.'®* The transition seems to be irreversible after 367 °C
because of a decomposition and release of hydrogen. Experimental /n-situ studies
are also present in the literature,5871,16>

A monoclinic-to-cubic phase transition was reported for Na;BiHi» (RT: P2i/n,
ccp/fec, HT: various bcc or ccp/fcc structures) at Tonser= 256 °C (at 1 °C/min)
with an enthalpy of approx. 6 kJ/mol and an hysteresis down to 210 °C upon
cooling.'®* The transition seems to be a A type order-disorder/martensitic
transformation, because on cooling a first broad peak is reported to start at 262
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°C and then the main phase transformation is reported at 272 °C. However, three
high temperature polymorphs have been reported.!®® The first structure
possesses a Pm3n symmetry, with bcc arrangement of orientationally disordered
Bi2H12% anions and it is related to a transition around 256 °C. The disordered Na*
cations are located, with reduced occupancies, at higher-multiplicity, off-center
sites within the distorted tetrahedral sites of the anion sublattice. The second
high-temperature structure (Im3m, bcc) existing above 272 °C is the result of an
order—disorder transition yielding more extensive disorder of the bcc anions
(orientationally) and cations.¢*1> Moreover, it appears that a minor amount of
a third high temperature structure coexists with the other two phases. It has
been suggested that this structure may resemble a fcc, orientationally disordered
anion lattice with Na* cations populating a variety of sites, including the planar
three-fold sites (Fm3m, ccp/fcc).16®

In the case of K:Bi:Hiz, the room temperature crystal structure is fcc (Fm3),
where the Bi;Hi2* anion is surrounded by eight K* cations within the cubic
geometry, while the K* cation is tetrahedrally surrounded by four BiHix*
anions.!6316 A reversible phase transition was reported for K;Bi,H12 at T= 538°C
of second-type order-disorder. Above that temperature, partial decomposition
could be possible. The enthalpy of PT is reported to be between 50-270 J/mol for
the compounds with K, Rb and Cs, where the enthalpy is higher for smaller
cations, so probably for K is around 270 J/mol.'®” Around 630 °C it was reported
to melt. 166

Rb,Bi2H12 has a room temperature fcc crystal structure (Fm3).1% A polymorphic
order-disorder transition was reported at Tonset= 469 °C, at 10 °C/min.*%” Around
672 °C it was reported to melt.16¢

The room temperature crystal structure of Cs;Bi;Hiz is fcc (Fm3).1° In the
literature, corresponding DSC trace was reported to show a large endothermic
signal, beginning at 652 °C, which peaked at 666 °C (heated under vacuum at 5
°C/min). Other small endotherms of undetermined origin were observed at Tpeak
157, 569, and 721 °C. The recovered sample appeared to have been molten, it
was not darkened, and its infrared spectrum was unchanged.!%1% Furthermore,
a second order phase transition was reported at Tonset= 256 °C, at 10 °C/min. %7

Polymorphic transition

It is clear that the classification suggested so far for closo-borane phase

transitions still misses a deep description of the thermodynamics (especially

specific heat determination) and mechanism of transitions from the low
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temperature crystal structure to the high temperature one, that will be included
in this study to classify the observed phase transitions.
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Figure 21 — Characterisation of as synthesized water-free closo-boranes M:BioH10 and M2Bi2H12 (M=Li, Na, K,
Rb, Cs), investigated by ATR-IR (a,b) and XRD (c,d).

Figure 21 reports an overview of water-free closoboranes investigate in this
study by ATR-IR and XRD.

Generally, the ATR-IR spectra (Figure 21 a,b) are in good agreement with the
literature. 162162 In fact, in ATR-IR spectra of Na:BioH1o all known frequencies can
be observed: 2445 (vB-H), 1031, 745, and 665 cm™ (dB-B), as well as for
Rb,BioH10 ATR spectra: 2453 (vB-H), 1075, 1031, 745, and 675 cm™ (3B-B).1¢°
Figure 21 c,d reports all the PXD pattern of the analysed compounds.

In the Rb,B1oH10 sample, some excess of Rb,Bi>H1, used as a starting reactant in
the synthesis is present in 3%wt, determined by Rietveld refinement.

As reported before, a monoclinic structure could be expected also for Cs;BioH10,
but PXD shows very low intensity (Figure 21, c¢) and the structure cannot be
solved, SR-PXD are needed.

N



All PXD after DSC (not reported) are the same as the one reported below (Figure
21 c,d) confirming the non-decomposition of the sample, except for the Li>BioH10
(better described later).

In relation to the thermal behaviour of closo-boranes, DSC analysis of Li;BioH10
under 10 bar of H, (Figure 22 a) reveals a thermal event at Tonset= 369 °C (at 5
°C/min, Tpeak= 379 °C) with an enthalpy of 27.8 kJ/mol that could be related both

to polymorphic transition or decomposition.
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Figure 22 — HP-DSC analysis of LizB1oH10 under a) 10 bar and b) 50 bar H, at 5 °C/min.
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Figure 23 — PXD pattern after HP-DSC analysis of Li2BioH1o0.

In fact, after the first heating, the transition is not reversible and PXD pattern

evidenced decomposition to an unknown phase (Figure 23). Analysis under 50

bar of H, (Figure 22 b) shows the event at Tonset= 370 °C (at 5 °C/min, Tpeak=

378 °C) with an enthalpy of 24.0 kJ/mol. No shift in peak temperature is recorded,
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meaning that it could be related to a reversible polymorphic transition. Small
extra peaks can be observed before the transition, and upon cooling in the 50
bar run. They could be related to an order-disorder transition confirming the
assignment done in the literature.'*®

In the DSC analysis of Na;BigHio (Figure 24), the polymorphic transition is
reversible and clearly detected at Tonset= 107 °C (at 1 °C/min, Tpeak= 110 °C, 94
°C on cooling). The shape of the peak could indicate the presence of two
overlapping peaks, one more intense and thin and a second one less intense and
broad. In fact, upon cooling, a hysteresis is present and the peak of the transition
presents a shoulder, evidencing the presence of two different transitions. The
total enthalpy of the transition is equal to 14.0 £ 0.1 kJ/mol, higher than the
previous value reported in the literature.!6!
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Figure 24 — HP-DSC analysis of Na2B1oH10 under 2 bar Hz, at 1 °C/min. Two cycles have been performed.

K:B1oH10, on the first heating (Figure 25), an intense peak can be detected at
Tonset= 422 °C (at 5 °C/min, Tpeak= 430 °C), which shape is similar to that of
NazBioH10. Second and third cycles are overlapping and they show the peak at
Tonset= 394 °C (Tpeak= 408 °C) on heating and at Tpeak= 391 °C on cooling, without
a significant hysteresis. Comparing the heating ramps, the peak observed on the
first heating is recorded at higher temperature, maybe because of overheating.
The peak observed on the first heating ramp has a higher enthalpy compared to
the following cycles, equal to 6.2 kJ/mol. However, since the transition has no
significant hysteresis, it seems to be of second order type and no latent heat
should be defined. It could also be described as A-type transition because of the
shape of the DSC peak.
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Figure 26 shows the DSC analysis of Rb,B1oH10. On the first heating, approaching
the polymorphic transition, the baseline is not perfectly flat. The main peak can
be detected at Tonset= 477 °C (at 5 °C/min, Tpeak= 484 °C). Second and third
cycles are overlapping and they present a flat baseline and a clear DSC peak,
without any shoulder. The peak observed on the first heating is recorded at
slightly higher temperature. In fact, on second and third heating the peak is
observed at Tonset= 475 °C (Tpeak= 482 °C). On cooling, the transition is reversible,
the peak is broader and it is recorded at Tpeak= 466 °C, with a small hysteresis.
Similarly to K;B1oH10 the transition can be assign to a second order, A-type.
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Figure 25 — HP-DSC analysis of K:BioH10 under 2 bar Hy, at 5 °C/min. Three cycles have been performed.
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Figure 26 — HP-DSC analysis of Rb2BioH10 under 2 bar Hz, at 5 °C/min. Three cycles have been performed.

To conclude the alkali series of deca-boranes, Cs;BioHi0 shows no endotherms
nor exotherms in the investigated temperature range (from RT up to 500 °C, not

reported).
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With reference to dodeca-boranes, Figure 27 shows DSC analysis of Li;Bi2H12
under 10 bar of H, and reveals, on the first heating, an event at Tonset= 349 °C
(at 5 °C/min, Tpeak= 357 °C) with an enthalpy of 22.0 kJ/mol, related to the
polymorphic transition. On cooling, the transition is reversible and it is detected
at Tpeak= 321 °C (hysteresis).

On the second and third cycle, the transition is recorded progressively at lower
temperature, Tonset= 341 °C (Tpeak= 347 °C) and Tonset= 338 °C (Tpeak= 344 °C)
respectively. It maintains the same shape, but the peak is wider and less intense.
The peak is asymmetric and a shoulder seems to be present. On cooling, the
reversible transformation is observed at the same temperature of the first cooling
and with similar area and shape.

The averaged enthalpy of the transition, taking into account both heating and
cooling is equal to 20.5 = 1.0 kJ/mol, in good agreement with literature value.
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Figure 27 — HP-DSC analysis of Li.Bi2Hi2 under 10 bar H, at 5 °C/min. Three cycles have been performed.

On the first heating of Na;Bi2Hi> (Figure 28), a peak that present a shoulder
can be detected at Tonset= 262 °C (at 5 °C/min, Tpeak= 266 °C), the shape of the
peak is similar to the one of Li>B1oH10. Second and third cycles are overlapping at
Tonset= 257 °C (at 5 °C/min, Tpeak= 263 °C). Comparing the DSC traces in heating
ramps, the peak observed on the first heating is recorded at higher temperature.
On cooling, two events are clearly observed, related to the polymorphic
transitions from a fully disordered phase to a partially ordered one and then to
the ordered phase, which could be the origin of the shoulder upon heating and
that were mentioned in the literature, 64165

The first DSC peak, which is the less intense and could be related to a second
order transition, can be observed at Tyeak= 255 °C (enthalpy 1.93 + 0.03 kJ/mol),
while the second is recorded at Tpeak= 197 °C (enthalpy 9.4 £ 0.3 kJ/mol) but a
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clear assignment to which structure transition they correspond to, cannot be
done. The second peak occurs in a rather wide temperature range, but it shows
an evident latent heat of transformation and could be assigned to a first order
transition.

The averaged enthalpy of the transition, taking into account both heating and
cooling, is equal to 11.8 £ 0.7 kJ/mol, a value that is almost double than that

reported in the literature,16416>
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Figure 28 — HP-DSC analysis of Naz:Bi2Hi2 under 2 bar Hz, at 5 °C/min. Three cycles have been performed.

In the case of K;B1,H12, the polymorphic transition is clearly detected in Figure
29 at Tpeak= 541 °C (at 5 °C/min, Tpeak= 540 °C on cooling), but it seems to take
place in a broad temperature range. The shape of the DSC signal suggests a A
type transition, the broad temperature range could correspond to an order-
disorder transition, and it has no hysteresis upon cooling.
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The DSC analysis of Rb:Bi;Hi1; shows a trace and transition similar to that of
K2B12H1». First and second thermal cycles are overlapping (Figure 30) and they
present a clear peak with Tpeak= 476 °C, reversible and without hysteresis on
cooling. The transition could be of second order, since it seems to happen in a
broad temperature range, or order-disorder or A type.
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Figure 30 — HP-DSC analysis of Rb2Bi2H12 under 2 bar Hz, at 5 °C/min. Two cycles have been performed.

To conclude, from the DSC analysis of Cs;Bi12H12, the polymorphic transition is
hardly visible and it takes place in a broad temperature range (Figure 31),
starting above 230 °C (at 5 °C/min, Tpeak= 256 °C), with no hysteresis upon
cooling and in good agreement with the literature and confirming a second order
transition.1®”
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Figure 31 — HP-DSC analysis of Cs2Bi2H12 under 2 bar Hz, at 5 °C/min. Two cycles have been performed.
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Discussions and Conclusions

Table 4 resumes the polymorphic transition details of investigated closoboranes
comparing literature information and new experiments. Lithium and sodium
closoboranes usually show first order phase transitions and present many
polymorphs at high temperature. Potassium, rubidium and caesium display
second order transitions with order-disorder phenomena that need to be further
studied and described in details.

Most of the investigated closoboranes show a tetrahedral coordination of the
cation in the low temperature phase but different crystal structures. In particular
when the Li* cation is involved the crystals rearrange in a completely different
space group, while in the case of Na*, K*, Rb* and Cs* the space group at low
temperature is the same.

Table 4 — Summary of classification of phase transitions type from the literature and from the present study,
together with and missing information.

BioH10 BioH12
Li, > Entropically driven PT »  First order
»  Order-disorder v’ First order
v Possible decomposition v 2 possible transitions
x  Determination of HT phase or x  Determination of HT phases
decomposition product
Na, v Firstorder > Atype
v" 2 possible transitions »  Order-disorder
x  Determination of HT phases »  Martensitic
v' 2 possible transitions: Order-disorder
and First order
x  Determination of HT phases
K, v Second order »  Second order
v \type »  Order-disorder
x  Determination of LT phase; v" Second order, possibly Order-
temperature and enthalpy of LT-PT disorder or A-type
x  Determination of HT phase x  Determination of HT phase
x  Determination of enthalpy of melting x  Determination of enthalpy of melting
Rb, v Second order »  Order-disorder
v A-type v" Order-disorder
x  Determination of HT phase v Second order
x  Determination of enthalpy of melting v )type
x  Determination of HT phase
x  Determination of enthalpy of melting
Cs,  » Not crystalline »  Second order
x  Determination of crystal structures v" Second order
x  Determination of enthalpy of melting x  Determination of HT phase structure
x  Determination of enthalpy of melting

Legend:
»  Literature
v" New Experiments
x  Still missing (ongoing investigation)
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As evidenced in borohydrides the polymorphic transition is strongly influenced by
the crystal structure and atomic distance between boron or metal atoms in the
structures. Also the values of polymorphic transition temperatures in function of
B-B and M-M minimum distances in high temperature structures of borohydrides
are reported and compared with the closoboranes one in Figure 32 and 33.
However, since for closoborane the high temperature structures are not known
yet, the relative distances where obtained from the known low temperature
structures.
Some correlations between the B-B (a) or M-M (b) distance and the peak
polymorphic transition temperature can be observed in Figure 32, especially in
the case of potassium, rubidium and caesium. While the lithium compounds stay
outside of correlations trends.
In M2B1oH10 compounds the minimum distances between the complex anion cage
(B-B) seems not to influence the polymorphic transition temperatures (Figure
32 a), while considering the M-M distance, it shows a relationship with the
polymorphic transition temperature (Figure 32 b). Whereas, in borohydrides
and M;Bi,Hi1; compounds, the temperature of the polymorphic transition display
an inverse proportion with the B-B and M-M minimum distances (Figure 32 a,b).
The same trends are observed as a function of ionic radius of the metal cation
(Figure 32).
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Figure 32 — Possible trends in the peak temperature of closoboranes and borohydrides polymorphic
transitions as a function of B-B and M-M minimum distances. Dashed lines are a guide for the eyes.

As for borohydride, structural features play a role in the polymorphic transition
mechanism of closoboranes. The direct or inverse proportion could be related to
possible reordering phenomena or changes in volume involved in the transition,
which can be better understood if the high temperature crystal structure will be
determined, for instance by /n-situ measurements.
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Taking into account electronic features, some trends can be observed as a
function of different electronegativity scales (Figure 34).
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Figure 34 — Possible trends in the peak temperature of closoboranes and borohydrides polymorphic
transitions, as a function of different electronegativity scales. Dashed lines are a guide for the eyes.

The Mulliken-Jaffe electronegativities referred to the arithmetic mean of the first
ionization energy and the electron affinity. It measures of the tendency of an
atom to attract electrons. 6816

Sanderson electronegativity is calculated on the basis of the reciprocal atomic
volume. This electronegativity underlies the concept of electronegativity
equalization, which suggests that electrons distribute themselves around a
molecule to minimize or to equalize the Mulliken electronegativity.7%7
Allred—Rochow electronegativity is related to the charge experienced by an
electron on the "surface" of an atom: the higher the charge per unit area of
atomic surface the greater the tendency of that atom to attract electrons.”
These scales of electronegativity seem to evidence some electronic constrain
involved in the polymorphic transition mechanism that should be taken into
account.

Despite these compounds have been known and studied from almost 50 years,

quite a lot of information are still missing. High temperature structure are often
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not reported. In-situ SR-PXD could help in the determination of phase structure
and polymorph stability, even at low temperatures, where other phase transitions
could take place. In-situ SR-PXD studies are currently ongoing in collaboration
with Mark Paskevicius (Curtin University, Australia) and Mathias Jgrgensen
(Aarhus University, Denmark).

Furthermore, vibrational studies as a function of temperature would help in the
understanding of polymorphic transition mechanism in details, in order to define
an order parameter to describe the order-disorder phase transitions. DFT
calculations could help in the determination of frequencies and heat capacities
estimation.

The determination of heat capacities and assessment of thermodynamic
properties should be performed, to define, for the first time, a complete database
on this compounds, implementing the current database of complex hydrides.

In conclusion, determination of missing crystal structures and heat capacities are
necessary to further confirm and to determine the type and mechanism of all
phase transitions and to fully describe their thermodynamics.
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Chapter 4 — Thermodynamic assessment of LiBHs-
NaBHs-KBH4 system

Following the assessment and characterization of pure borohydrides and boranes,
the study have been expanded with an insight into binary and more complex
systems of borohydrides.

In the literature, it was showed that binary combination of LiBH4, NaBH4 and
KBH4 present eutectic melting>1?* or a thermal minimum.!’? Starting from the
presented experimental values, and new ab-initio calculation or experiments, the
thermodynamic assessment and optimisation of binary systems will allow the
modelling of solid and liquid phases, leading to a description of the pseudo-
ternary phase diagrams using the Calphad approach.”®

The full assessment in all temperature and composition range of the LiBH4-
NaBH4-KBH4 (LiNaK) system allows developing a Calphad database for complex
hydride to be used for further interpolation or calculation on decomposition
reactions and understanding of interaction among mixtures and their relative
thermodynamics.

Introduction

Metal borohydrides are interesting compounds for hydrogen storage in the solid-
state owing to their high gravimetric hydrogen content.'#2-23 When mixed, owing
to their low temperature of melting, eutectic mixtures of complex hydrides can
easily be infiltrated into porous scaffolds.**° In this way, the kinetics and
reversibility of hydrogen sorption reactions can be improved, because nanosized
particles are preserved during cycling. The knowledge of the thermodynamics of
those system and discovery of even lower eutectic systems will open the way for
new promising hydrogen storage systems.

Since some reported phase diagrams are not coherent and the experimental
points are not fully described, further investigations are necessary and a full
assessment of systems of interest is necessary.

Literature

As reported before, mixtures of metal borohydrides often show eutectic melting,
e.g. the mixture of lithium and potassium borohydride, 0.72LiBHs—0.28KBH4, with
a melting point as low as T. = 105 °C.3*>*173 For the LiBH4+-NaBH4 system, an
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eutectic composition 0.62LiBH4-0.38NaBHa, melting at 220 °C, was reported more
than 40 years ago.!7#17>

A partial pseudo-binary LiBH4-NaBH4 phase diagram was proposed by Adams in
1961, describing the system as eutectic and reporting experimental liquidus
points in the LiBHs-rich mixtures, however without detailing the experimental
method used for their determination.'’# In 1971, Semenenko et al. conducted a
study of the pseudo-binary phase diagram by coupling thermographic and X-ray
investigation on annealed samples. The system was described without any
eutectic point, but it was characterized by the formation of solid solutions with a
miscibility gap and a minimum melting temperature at the same composition
previously proposed by Adams as eutectic (0.62LiBH4-0.38NaBH.).1”> It is worth
noting that solid solutions of metal borohydrides have recently received attention,
especially those of LiBH4 with alkali metal halides, since it was reported that
LiBH4-LiI shows fast-ion conduction, owing to the stabilization of the hexagonal
HT-structure of LiBH4 at room temperature,>7:60-63,65176-178

The LiBH4-NaBH4 system was recently experimentally studied!?* 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 pure LiBH4).

The LiBH4-KBH4 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 1961.17% In this system, no solid solutions were observed. A bimetallic
compound LiK(BH4), has been recently reported, which at 96 °C decomposes into
LiBH4 and KBHa.

Two experimental studies have been reported for the NaBH4-KBH417%17> system.
Jensen et al. showed the formation of a solid solution with full solubility above
200 °C and a minimum melting temperature at 458 °C for the composition
0.68NaBH4-0.32KBHa4.17? Below 200 °C, a miscibility gap has been evidenced by
Jensen et al., but it was not reported from the previous study by Semenenko et
al.1”>, The solid solution can be quenched at room temperature and the de-mixing
kinetic of the solid solution at room temperature was studied by NMR by Jensen
et al.'”2,

Considering the ternary LiBHs-NaBHs-KBH4 system, Huff'”® reported a ternary
eutectic melting at 96 °C for the 0.65LiBH4+-0.08NaBH4-0.27KBH4 composition,
but Paskevicius et al.3* reported no eutectic melting for that mixture.
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No LiBHs4-NaBH4-KBH4 pseudo-ternary phase diagram nor full characterization of
ternary system are present in the literature so far.

The exploration of this ternary system, combining experimental and theoretical
techniques will enable the assessment of the thermodynamics by the Calphad
method. First the LiBHs-NaBH4, LiBH4-KBH4 and NaBH4-KBH4 binary systems must
be optimized. For the assessment of solid solutions, the regular solution model
was used, whereas the Redlich-Kister model was considered to describe the liquid
phase, allowing to further explore the entire temperature and composition range
of the ternary system and establish phase stabilities and limits of solubility.

The experimentally investigated sample and the corresponding synthesis method
are reported in Table 5, furthermore the composition are graphically represented
in the ternary phase diagram in Figure 35.

Table 5 — Investigated compositions in the ternary system.
M = Manual mixing; BM = Ball Milled.

T50Li 0.50LiBH4-0.25NaBH4-0.25KBHs  BM
T50Na 0.25LiBH4-0.50NaBH4-0.25KBHs  BM
T50K 0.25LiBH4-0.25NaBH+-0.50KBHs  BM
T1 0.65LiBH4-0.08NaBH4-0.27KBHs  BM
T2 0.68LiBH4-0.08NaBH4+-0.24KBHs  BM
T3 0.66LiBH4-0.11NaBH+-0.23KBHs  BM
sl 0.10LiBH4-0.05NaBH4+-0.85KBHs M
s2 0.20LiBH4-0.05NaBH+-0.75KBHs M
s3 0.30LiBH4-0.05NaBH+-0.65KBHs M
s4 0.40LiBH4-0.05NaBH+-0.55KBHs M
s5 0.60LiBH4-0.05NaBH4+-0.35KBHs M
s6 0.70LiBH4-0.05NaBH+-0.25KBHs M
s7 0.80LiBH4-0.05NaBH+-0.15KBHs M
s8 0.90LiBH4-0.05NaBH+-0.05KBHs =~ M

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 /n-situ
SR-PXD (Figure X, T50Li, T50Na and T50K).
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LiBH, (molar fraction)

Figure 35 — Investigated compositions in the ternary system. For more details, see Table 5.

Samples T50Li, T50Na and T50K were annealed with a heating rate of 5 °C/min
to investigate the formation of different phases in the system.

In T50Li (Figure 36), the polymorphic transition orthorhombic to hexagonal
LiBH4 is recorded at 109 °C, and at 112 °C the LiBH4-KBH4 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 T50Na (Figure 37), the polymorphic phase transition of LiBH4 is not clearly
observed, and the orthorhombic LiBH4 melts at 114 °C. The formation of a cubic
solid solution between the remaining NaBHs and KBHs; 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 NaBH4 is also recorded, which disappears at
274 °C. The liquidus temperature is observed at 375 °C.

In T50K sample (Figure 38), the polymorphic transition of LiBH4 is recorded at
110 °C, at which point the onset of the eutectic melting of LiBH4+-KBH4 is also
observed. At 185 °C, the crystalline fraction of the sample consists of a cubic
solid solution of NaBH4-KBH4, which is rich in NaBH4. 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(BH4); is observed.
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Figure 36 — Amount of calculated phases (CALPHAD, left) and SR-PXD (right) of T50Li, 0.50LiBH4-
0.25NaBH4-0.25KBH4 (A = 0.9938 A, AT/At = 5 °C/min, argon atmosphere).
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Figure 37 — Amount of calculated phases (CALPHAD, left) and SR-PXD (right) of T50Na, 0.25LiBH4-
0.50NaBH4-0.25KBH4 (A = 0.9938 A, AT/At = 5 °C/min, argon atmosphere).

This first screening of the LiBH4+-NaBH4-KBH4 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.
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Figure 38 — Amount of calculated phases (CALPHAD, left) and SR-PXD (right) of T50K, 0.25LiBH4-
0.25NaBH4-0.50KBH4 (A = 0.9938 &, AT/At = 5 °C/min, argon atmosphere).

Assessment of binary systems

The thermodynamic assessment of the possible binary combinations in the LiBH4-
NaBH4-KBH4 system 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 for the full assessment and
description of pseudo-binary phase diagrams and for a first investigation of the
ternary system.

NaBH.-KBH,

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 6).
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Table 6 — Assessed excess Gibbs free energy functions for all investigated systems.

Assessed Excess Gibbs Free Energy (J/mol)

LiBHs-NaBH,

L1eGexc = X\igna-Xnasra*(-11291 + 17-T) + Xuisna XnaeHa*(Xuiena - Xnasna)(-308)

CUBGEXC = XiiHa*XnapHa*(5887)

ORTGexc = HExGexc =0

LiBH+-KBH+

LRGex¢ = X,igna-Xxena*(-13016)

CUBGeXC = Xiina-XkaHa*(10000)

ORT@Gexc = HEXGexc = X|ign4a-XkeHa*(5000)

NaBH-KBH,

HQGex = XnagHa*XkeHa*(1056)

CUBGEX® = XnagHa*Xksna*(7893)

ORTGexc = HEXGeXC = XnagHaXkena'(10000)

LiBHs-NaBH.-KBH4

L1eGex¢ = XigHa-XnasHa (11291 + 17-T) + XuisHa XnaeHa* (Xiiena - Xnasna)(-308)
+ Xuigna'Xxena'(-13016) + Xnasna*Xksna*(1056) + Xiisna'Xnasna Xkena'(-14162)

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 NaBHs4 was necessary.
Pure NaBH4 was previously described to have an enthalpy of melting equal to
26.9 kJ/mol,*** as obtained experimentally in ref.!3° 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 7).
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Table 7 — Gibbs Free Energy for the liquid phase of NaBH4, KBH4 and Gibbs free energy for the bimetallic
compound LiK(BHa)z.

Gibbs free energy Temperature Range
(3/mol) (cC)

LeG(NaBHs) = ““BG(NaBH.) + 16926 -21.756'T RT-505

LQG(NaBHs) = -217735 + 693-T -119.233-T-Ln(T) 505-1000

UQG(KBHs) = “UG(KBH.) + 19176 -21.841'T RT-1000

G(LiK(BHa4)2) = “BG(LiBHa) + ““®G(KBH4) —1300 + 3.53-T  RT-1000

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. 182
A melting temperature equal to 605 °C was considered, as experimentally
observed by Paskevicius et al.3* 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.
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Figure 39 — DSC of 0.682NaBH4-0.318KBH4 mixture, heating and cooling at 5 °C/min under 10 bars of H..

On the basis of assessed thermodynamic functions for pure NaBH4 and KBH4, 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
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composition 0.68NaBH4-0.32KBH4 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 39), in
good agreement with the calculated value (Table 8).

Table 8 — Comparison of experimental and calculated data of composition, melting temperatures and
enthalpies for eutectics or minimum in the ternary LiBHs-NaBH4-KBH4 system.

Experimental Calculated
LiBH:-NaBH,

Ref. [23]

T =216 °C T=219°C

70.0 mol% LiBH4
AHnyer = 6990 J/mol

LiBH:-KBH,

Ref. [24]

T=104°C

72.5 mol% LiBH4
AHmer = 11025 J/mol

NaBH,;-KBH,

T =462°C
68.2 mol% NaBH4
AHmer: = 17028 J/mol

LiBH:-NaBH:-KBH,

T=103°C
0.66LiBH4-0.11NaBH4-0.23KBH4
AHmer = 4155 J/mol

70.3 mol% LiBH4
AHmer = 6520 J/mol

T =109 °C
72.3 mol% LiBH4
AHrerr = 9828 J/mol

T =468 °C
68.2 mol% NaBH4
AHmer = 15331 J/mol

T=101°C
0.66LiBH4+-0.11NaBH4-0.23KBH4
AHher = 5701 J/mol

Assessed functions of Gibbs free energy are reported in Table 7. The calculated
NaBHs+-KBH4; pseudo-binary phase diagram is shown in Figure 40 a, together
with available experimental data. The miscibility gap in the cubic phase is well
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reproduced, as well as the melting temperatures. For KBH4-rich compositions, the
calculated values are higher than the experimental ones, suggesting an
underestimation of solidus temperatures, which turned out rather constant as a
function of composition.”2

LiBH,-NaBH,

Considering the new thermodynamic description of pure NaBH4, 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 8),
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 40 b, confirming the good
agreement obtained with the new thermodynamic description.

LiBHs+-KBH,

Since the LiBH4-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 9 were used to describe the Gibbs free energy of the KBH4 end-members
(i.e. orthorhombic and hexagonal phase).

Table 9 — All ab-initio calculated Gibbs free energy of end members for the compounds involved in the
ternary LiBH4-NaBH4-KBH4 system.

Gibbs free energy (3/mol)

CUBG(LiBHs) = G(LiBH.) + 3600 ref. [%]
ORTG(NaBH.) = G(NaBHa) + 8400 ref. [*]
HEXG(NaBH4) = G(NaBH.) + 6200 ref. [1*]

ORTG(KBH4) = G(KBH.) + 15200

HEXG(KBHa4) = G(KBHa) + 11100
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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(BH4)2 is present. The Gibbs free energy function for the bimetallic compound
has been determined combining the calculated value of the enthalpy of formation
from LiBHs and KBH.; reported by Kim at al.!®3® with the temperature of
decomposition reported by Ley et al.>* This is reported in Table 7. Since no solid
solutions are observed experimentally, the solid phases were described with a
positive interaction parameter to reduce the solubility limit (Table 6). 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 40 c, together with available experimental data. Experimental data of
eutectic composition and temperatures reported by Ley et al.>* are in good
agreement with calculations. Liquidus temperatures reported by Ley et al.>* are
reasonably reproduced, whereas those observed by Adams!’* appear significantly
different.

Ternary system

A ternary 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 41, but it was evidenced as not eutectic by Paskevicius et al.>*
Therefore, the T1 composition was investigated by DSC and /n-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 42. 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
LiBH4’® because of the presence of NaBHs4, and possibly of KBH4, 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 42). 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.
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Initially, the enthalpy of mixing of the liquid phase for the ternary system was
simply interpolated from those of the binary systems by using the Muggianu’s
rule.”®'8* 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 41. The ternary composition at the crossing of lines was calculated at
0.68LiBH4-0.08NaBH4-0.24KBH4, and it is shown as a black circle (T2) in Figure
41. 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 0.68LiBH4-0.08NaBH4-0.24KBH4 composition was
investigated by DSC and /n-situ SR-PXD, and results are reported in Figure 43.
From the SR-PXD data, it is clearly observed that the sample is not eutectic and
that it contains an excess of KBH4. In fact, on heating, we observed a strong
reduction of X-ray intensity at 104 °C representative of melting onset, where
most of the NaBH4 transforms into liquid (Figure 43).

Temperature {°C)

100 Ot LiBHs orthorhombic
95 H: LiBH: hexagonal
90 M:NaBHa

DSC (mW/mg) 16 18 20 22 24 26 28 30
Molar Phase Fraction 24 (°)

Figure 43 — DSC (left), amount of calculated phases (CALPHAD, middle) and SR-PXD (right) of T2,
0.68LiBH4-0.08NaBH4-0.24KBHa4 (A = 0.8259 A, AT/At = 5 °C/min, argon atmosphere, 2™ cycle of heating (a)
and cooling (b)). Presence of WC due to ball milling.

In a small, higher temperature range, both orthorhombic and hexagonal LiBH4
have been observed, which melted at 121 °C, so that only KBH4 was left up to
145 °C, corresponding to the liquidus temperature. On cooling, the excess of
KBH. crystallized at 143 °C, then hexagonal LiBH4 and cubic NaBH4 appeared at
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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 0.68LiBH4-0.08NaBH4-0.24KBH4 mixture is not
eutectic and suggest that the real ternary composition should contain less LiBH4
and KBHas.

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: 8+

0 1 0 1
TERG%CC = xaxb{ Lab + Lab(xa_ xb)} + xaxc{ Lac + Lac(xa_ xc)}
0 1 0
+ xbxc{ Lbc + Lbc(xb_ xc)} + xaxbxc{ Labc

1
+ Lape(*a—xp)} Eq.23

where X is the molar fraction, a: LiBH4, b: NaBH4, c: KBH4, and L = a + bT which
is @ parameter containing 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 °La. = -14162 J/mol and
s = 0 (Table 6). 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 41 as blue dashed lines. The new ternary eutectic
composition is calculated at 0.66LiBH4-0.11NaBH4-0.23KBH4 and it is shown as a
blue square (T3) in Figure 41. The new calculated T3 composition confirms an
excess of KBH4 and LiBH4 in T2 sample, as suggested by the occurrence of an
off-eutectic transformation.

The 0.66LiBH4-0.11NaBH4-0.23KBH4 composition was investigated by DSC and
in-situ SR-PXD and the results are shown Figure 44, where experimental results
are compared with the phase fraction calculated from the Calphad assessment.
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In the middle panel of Figure 44, 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 8).

Calculated molar fraction of phases, generated from the optimized database,
have been reported in each investigated sample, and they will be discussed later.

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
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determination of the 0.66LiBH4+-0.11NaBH4+-0.23KBHs 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 45,
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 45) are in good agreement with experiments,
as well as for the occurrence of a single cubic solid solution (red circles, Figure
45). The calculated liquidus temperatures are not fully matching the
experimental ones (blue triangles, Figure 45), suggesting possible kinetic
constraints during SR-PXD measurements. Phase fractions have been calculated
as a function of temperature for T50Li, TSONa, and T50K compositions, and they
are in good agreement with experimental SX-XRD results, as shown in Figures
36, 37 and 38, respectively. It is worth noting that the temperature for 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 5 for composition), and new experiments were carried out to
confirm the calculations.

The results are presented in Figure 46, 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 LiBH4-rich samples, suggesting that,
apart from melting, other reactions are taking place.
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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.

To compare previous experimental results, calculation on all the other samples
were made using the final optimized database and are reported together with
previous experimental results already shown.

In T50Li (Figure 36), polymorphic transition of LiBH4 is observed at 109 °C
(calculated temperature 98 °C), followed by eutectic melting at 112 °C (calculated
temperature 101 °C). At 140 °C the calculations reveals the complete melting of
the cubic phase two (KBH4) that is no more visible in the /n-situ data after the
eutectic melting. Experimental temperatures are higher with respect to calculated
one probably because of kinetic reasons. Liquidus temperature is recorded at 323
°C (calculated temperature 251 °C).

In T50Na (Figure 37), at 98 °C and 101 °C calculated temperature, polymorphic
transition of LiBH4 and eutectic melting are taking place respectively, but they
are not clearly revealed by the /in-situ investigation.
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At 185 °C (174 °C calculated temperature), the cubic phase two (KBH4) disappear
because of the formation of a single-phase cubic solution. In the experiment, the
solid solution between NaBH4 and KBH4 starts to form at 114 °C and one phase
solid solution is observed at 215 °C. Liquidus temperature is recorded at 375 °C
(calculated temperature 400 °C).

As reported before, also in T50K (Figure 38), at 98 °C and 101 °C calculated
temperature, polymorphic transition of LiBHs and eutectic melting are taking
place respectively, from /n-situinvestigation the eutectic melting can be observed
at 110 °C. At 185 °C (174 °C calculated temperature), the cubic phase two (KBH4)
disappear because of the formation of a single-phase cubic solution. Liquidus
temperature is recorded at 352 °C (calculated temperature 400 °C).

Concerning the calculations on sample T1 (Figure 42), the polymorphic
transition of LiBH4 and eutectic melting reaction are calculated to occur at 98 °C
and 101 °C. From /n-situ investigation, the transitions can be observed at 95 °C
and 104 °C respectively, in good agreement also with DSC measurement (start
of DSC peak at 97 °C and 103 °C, on heating, respectively). At 121 °C NaBH4
disappears (melting), and the liquidus temperature is recorded at 155 °C
(calculated temperature 125 °C) but it cannot be clearly reveal by DSC
measurements, only a noisy baseline is recorded after the eutectic melting. On
cooling, the same transitions can be observed under undercooled conditions.

In T2 (Figure 43), at 82 °C calculated temperature, a single cubic solid solution
phase is formed, but it is not revealed by /n-situ investigation. At 100 °C and 101
°C calculated temperature, polymorphic transition of LiBH4 and eutectic melting
are taking place respectively, while from /n-situ investigation from 103 °C to 111
°C both orthorhombic and hexagonal LiBH; are present and then melt.
Calculations predict that the cubic phase is the first to melt (103 °C), followed by
the orthorhombic (106 °C) and hexagonal phase (109 °C). Experimentally
orthorhombic and hexagonal phase are completely melted at 111 °C, followed by
the melting of NaBH4 (121 °C) and KBH4 (145 °C, liquidus temperature, 109 °C
calculated liquidus temperature. On cooling, the same transitions can be
observed under undercooled conditions.

Conclusions

The thermodynamics of LiBHs-NaBHs4-KBH4 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
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assess the LiBH4-NaBHs, LiBH4-KBH4, and NaBH4-KBHs4 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
NaBH4, together with the reassessment of the LiBHs+-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 KBH4, the enthalpy of mixing was not known, but it has been obtained
by a combined assessment of different binary systems (LiBH4-KBH4, 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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Chapter 5 — Cationic substitution in the LiBHs-NaBH;-
KBHs-Mg(BH4)2-Ca(BH4)2 system

In the present chapter, the approach is to design combinations of borohydrides
with multiple cations in equimolar ratio following the concept of high entropy
alloys'®18 or exploring interesting new systems and compositions to collect
useful thermodynamic information to define phase diagrams.

In High Entropy Alloys (HEAs) at least five elements should be present in
concentrations between 5 and 35 atomic percent, so that the high entropy of
mixing can stabilise the formation of solid solutions with simple crystal structures.
However, if the formation enthalpy of an intermetallic compound is high enough
to overcome the effect of entropy, that intermetallic compound will be present in
the equilibrium mixture.

As an overview, Figure 47 shows a pentagram in which all possible combination
in the LiNaKMgCa system can be observed and are reported as a list divided in
column as binary, ternary and quaternary combinations. In the picture, segment
are referred to binary systems, triangles visualise ternary combinations and
trapezoidal shape are quaternary systems.

Pure compounds and some bimetallic or trimetallic compounds have been
extensively studied in the literature,?> so they will not be discussed here,
nevertheless they will be compared when useful for the understanding of the
systems’ properties.

Binary Ternary Quaternary
1. LiNa 1. LiNaK 1. LiNaKMg
2. LiK 2. LiNaMg 2. LiNaKCa
3. LiMg 3. LiNaCa 3. LiNaMgCa
cub cub 4. LiCa 4. LiKMgCa
5. NaK 5. NaKMgCa
6. NaMg 6. LiMgCa
' ‘ 7. Naca 7. NakMg Colr Logenc:
8. NaKCa i
Never Investigated
9. NaMgCa
10. MgCa 10. KMgCa

Figure 47 — Graphical representation and list of all possible binary, ternary and quaternary combination in
the LiBH4-NaBH4-KBH4-Mg(BH4)2-Ca(BH4)2 system (LiNaKMgCa).
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The possible binary combinations in the system are ten, and have been widely
experimentally investigated, apart from the KMg, KCa, MgCa system. Details on
experimental studies reported in the literature are summarized ahead in the
literature survey chapter and in Table 10. In this study we will explore as a
function of composition and temperature, the MgCa system, and we will
investigate in details the thermodynamics of the KCa(BH4); bimetallic compound.
Among ternary systems, which possible combination are ten and are listed in
Figure 47, only the LiNaK system have been characterized in details and
assessed as described in Chapter 4. Few details are reported on the LiKMg and
LiNaCa system in the literature and will be described ahead.

Quaternary combinations in the system are five and have not been explored yet.

Introduction

HEAs and relative concepts were born within the metallurgy community. In 2004
Cantor!® and Yeh!®” suggested to discover new properties and alloys exploring
the central region of the phase space in systems with at least five components.
This leaded to the findings of microstructures mainly composed of fcc or bcc
multicomponent solid solutions.!8% Since 2004, many HEAs have been
explored, finding in some cases very interesting properties for compositions
containing high entropy phases. In particular, mechanical behaviour of HEAs has
been investigated.!®>!°! An operative way to define a high entropy phase is to
start from the calculation of the configurational entropy, AScnr, Of @ completely
disordered solid solution with the Boltzman formula,

i
AScons = —R - Z x;lnx; Eq.24

being x; the atomic fraction of the /-¢4 elements. Commonly, the disordered solid
solutions with ASene > 1.5 R, where R is the gas constant, are defined high
entropy phases.'®? Complex Concentrated Alloys (CCAs) are alloys showing a
nominal composition with a configurational entropy of a hypothetical completely
random state, i.e. AScone > 1.5 R, but composed of more complex microstructures,
i.e. constituted by different phases and intermetallics, but representative of the
inner part of multicomponent phase space.!®
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In the case of equimolar compositions, the value of AScnfcan be obtained, for a
system with a defined number of components N, as:

AScons = RInN  Eq.25

The higher the number of components N, the higher the value reachable by AScons
in the system, i.e. for N = 5, AS™* ¢ = 1.61 R, for N = 6, AS™ s = 1.79 R and
for N= 7, AS™ o = 1.95 R.

Ordering in high entropy phases have been experimentally found in the
exploration of CCAs.1**+1% QOrdering decreases the entropy of the phase, since,
following the Compound Energy Formalism (CEF),**” the configurational entropy
AScone should be decomposed into the contributes of the respective sub-lattices.
Considering, for example, a system containing two different sub-lattice A, with a
number of sites X, and &, with a number of sites Y, the configurational entropy
of the ordered structure can be defined as:

Y

i
k k
XTIy Zyl Iny; Eq.26

i
X
ASOE = R+ 355+ D vyl +

where yi” and yi are the mole fractions of the constituent /in the sublattice A and
k, respectively.®* For instance, in a AB compound with atoms A and B in two
different sub-lattices #and &k with X and Y equal to 1, the respective disordering
of each sublattices (considering random mixing within each sub-lattice) obtained
replacing half atoms of A with C in sub-lattice /# and half atoms of B with D in
sub-lattice &, leading to an (ACBD) solid solution, increases the configurational
entropy of 0.69 R, a value comparable to the configurational entropy of a
equimolar binary system completely disordered. Such a situation can be observed
in ionic compounds, which are characterized mainly by two sub-lattices, a cationic
and an anionic one.

Literature survey

Recently, the formation of entropy stabilized mixtures of oxides!®® and borides!*

was reported, together with the description of a entropy driven polymorphic

transition as a function of the composition of the solid solution. In ionic

compounds, a structure containing one sub-lattice with random cation occupancy

can be obtained at a sufficient high temperature if it does not melt before such
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a transition. In the case of oxides, electroneutrality and geometrical parameters
must be taken into account to succeed in the formation of a solid solution.

Table 10 — Borohydrides structures and details on pure compounds, binary mixtures, bimetallics, solid
solutions (SS), enthalpy [kJ/mol] and temperature [°C] of polymorphic transition (PT), eutectic melting (EU),
thermal minima (TM), and decomposition (DEC).

LiBH4 NaBH4 KBH4 Mg(BHa4)2 Ca(BH4):2
LiBH4 Orthorhombic 0.70LiBH4- 0.725LiBH4- 0.55LiBH4- 0.68LiBH4-
(Pma) 0.30NaBH4 0.275KBH4 0.45Mg(BHa); 0.32Ca(BHa)2
Hexagonal Terorm-hex =95 | Teu = 104 Teu = 180%2 Tev = 200%73
(Pe3mMC) Teu = 216 AHv = 11.0% Toec>250%4202:203 AHum = 9.1%
TerorT-HEX = 115 AHw = 7.0'%* Toec>400% Toec>350'73
AHpr = 5.3 Toec>400%% LiK(BH4)2:
Tw= 280 SS cubic, Orthorhombic
AHy = 7.278 orthorhombic, | (Pnma)>
Toec>400%° hexagonal'?*
NaBH4 Cubic (Fm3m) | 0.682NaBH4- 0.40NaBH4- Partial Melting®
Tw = 505 0.328KBH4 0.60Mg(BHa): Toec>350%
AHy = 16.9'8! T = 462 Teu = 205
Toec>50518 AHmv = 17.0'2 | AHw = 7.0%¢
SS cubict”? Toec>205%
Toec>465172
KBH4 Cubic (FmBm) | K:Mg(BHa4)4: KCa(BHa)s:
Tm= 605 Monoclinic Orthorhombic
AHw = 19.22% | (P24/n)™ (Pba2)?
Toec>605182 KsMg(BHa4)s:
Tetragonal
(P mbcy?®
Mg(BHa4)2 a : Hexagonal
(P6122)
B : Orthorhombic
(Fddd)
y : Cubic (/a34)
metast.
Terap = 1847
AHpr = 11.37
Toec>290182
Ca(BH4): a:
Orthorhombic
(R2dd)
B: Tetragonal
(P5)
Terop = 1621
AHpr = 8.6
Toec>3002%

Generally, cations chosen for the equimolar mixture should come from
compounds with the same crystal structures, should have similar ionic radii and
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coordination number. In addition, they should be isovalent among them and with
the counter anion. The formation of a multi cation solid solution can be correlated
with the Goldschmidt tolerance factor (t), which should be close to 1.2%¢ The
cation-size difference (dr) or average size difference using the lattice constant of
individual component (8, and &.) should also be considered as important factor
for the formation of one-phase solid solution if the compounds have mixed ionic
and covalent characteristics. In the case of borides, d. and &. should be in the
range of 4-12%. In addition, enthalpy of mixing, entropy of mixing and melting
temperature play a role as for HEAs, but they usually are thermodynamic
parameters unknown for all phases and of difficult experimental determination.
Unlike alloys, oxides and diborides, the most common and studied borohydrides
presents different crystal structures, polymorphs, and many bi- or trimetallic
compounds are present in binary or higher mixtures, as reported in Table 10.
Their crystal structures are characterized by the presence of cations surrounded
by the complex BH4 anion. The presence of multiple cations is expected to
promote the formation of solid solutions as observed for oxide systems or multi-
cations eutectics. On the other hand, when the formation enthalpy of a multi-
metallic compounds is high enough to overcome the entropy contribution to the
free energy of solid solutions, their formation will be hindered.

The occurrence of solid solutions, multi cation eutectics and multi-metallic
compounds leads to differences in the hydrogen desorption reactions,
depending on the interaction among the components however only few ternary
system have been explored in the literature, while no quaternary nor quinary
mixture have never been investigated.

Binary systems

Table 10 reviews details about pure borohydrides and their interaction in binary
systems. As it can be observed, regarding the liquid phase, most of the binary
system show eutectic or thermal minima. In the solid state, solid solutions or
bimetallic compound are formed.

In Chapter 4, the LiBHs-NaBHs, LiBH4-KBH4 and NaBH4-KBH4 system were
critically reviewed and assessed. Nevertheless, other binary systems need to be
assessed as well. The Mg(BH4),-Ca(BHa4). system have never been systematically
studied in all temperature and composition range, while most of the other binary
systems were characterized. When a bimetallic compounds is involved not many
details about its enthalpy of formation, of polymorphic transition or melting,
together with decomposition mechanism are reported, neither the study of an
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extended composition range in the binary system have been explored, as in the
case of the KMg and KCa systems. These thermodynamic values and
investigations are necessary for a further assessment and full description of the
system by the Calphad method.

Mg(BH4)2-Ca(BH4)2 system

Magnesium borohydride, Mg(BH4)2, and calcium borohydride, Ca(BH4);, have a
gravimetric hydrogen content of 14.9%, or 11.6% respectively, therefore they
are very promising materials for the storage of hydrogen. However, little is known
about their thermodynamic properties and their decomposition mechanisms.
Theoretical calculations predict decomposition reactions at not too high
temperatures,?®® but the kinetics of such reactions can be very slow, thus
hindering their practical use. In this scenario, it became essential an in-depth
understanding of their decomposition reactions mechanisms, which include phase
transitions, intermediate species and gaseous species.!*?

Concerning pure metal boronhydrides, hydrogen release decomposition reactions
are very complex and characterized by different steps, which occur at high
temperatures and they are reversible only at high pressures and temperatures.
Often the decomposition reactions also involve the development of diborane gas
(B2Hs) which, due to its toxicity, hinders the practical use of such materials.'43210
Mg(BH4). and Ca(BH4), decompose at a temperature above 290 °C and 300 °C,
respectively.1*

Several different mechanisms have been proposed in the literature to explain
their decomposition, including the following reactions: 37211212

Mg(BHa)> — MgB; + 4H;

Mg(BH4), — Mg + 2B + 4H;
Mg(BH4)2 — MgHz + 2B + 3H>
Ca(BH4); — §C686 + g CaH; + % H>
Ca(BH4); — CaH, + 2B + 3H;
Ca(BHs); — Ca + 2B + 4H;

o M

Experimentally it has been shown that decomposition can occur according to
multiple mechanisms and in several steps, which can involve simultaneous
reactions and different intermediates.?!3
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Mechanisms and decomposition products depend on experimental conditions;
several intermediates have been observed, including those containing the anions
BsHs, BioH10> and BiaH12%,142:212.214219 which, probably, hindered the reversibility
of the reaction.

The decomposition of MgBi,H:1; and CaBi;H12, synthesized from Mg(BH4), and
BioH14, and Ca(BH4) 2 and BioHi4, were studied by He et al..??° In fact, these
borohydride react at 400 © C under helium flow, releasing hydrogen and forming
MBi2H12« (M = Mg, Ca) with icosahedral skeletons B, which later polymerize
producing (MByH,).. Finally, at 800 ° C, the formation of amorphous boron was
also observed. This reaction does not show clear correlations with the
decomposition of Mg(BH4), and Ca(BHa4), for which the formation of further
intermediates could probably be responsible for a different mechanism.?2°
MB1;H1» species are difficult to be identified with clarity; ab-initio calculations
have shown that these species can be amorphous,?®?!! as confirmed by
XRD.142212215216 However, the formation of multiple isoenergetic crystalline
phases is also probable, which hindered their exact recognition.?!212

The role of different additives on the decomposition reactions of Mg(BH4). and
Ca(BHa4); has also been investigated. Rueda et al.,??* showed that silica airgel is
able to lower the decomposition temperature of Mg(BH4), by 60 °C with partial
reversibily at 390 °C under 110 bar of H,. According to Kim et al.,??? Ca(BH4): is
reversible at 350 °C and 90 bar of H, using NbFs as a catalyst. Though, the exact
role of these additives has not been fully understood yet.

Mixtures of different borohydrides are the subject of numerous researches as can
be observed in Table 10, however the Mg(BH4),-Ca(BH4), system (MgCa system)
was the only one left behind in the characterization of binary systems.

Mixtures of borohydrides may have better thermodynamic properties than those
of the individual constituents as regards the release of hydrogen: the formation
of solid solutions can lead to the stabilization of certain phases present in the
system, to lower decomposition temperatures and to reversible reaction
mechanisms.>*223

For this reason the MgCa system (Figure 48) was experimentally investigated,
analysing both the two pure compounds and three different mixtures (Mg:Ca -
1:2, 1:1, 2:1) by means of DSC, in order to study its thermal behaviour, XRD, to
determine the present phases, and ATR-IR. In fact, in the literature nothing is
reported on the state diagram of this system, which however appears particularly
promising for the storage of hydrogen.
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Mg(BH,),

Figure 48 — Schematic representation of the binary Mg(BH4)2-Ca(BHa)2 system.

According to the Density Functional Theory (DFT) calculations of Ozolins et al.,?®
mixtures of Mg(BH4), and Ca(BH4). have better thermodynamic properties than
those of the individual components. For the 5:1 Mg(BH4)2:Ca(BH4). mixture the
release of 7.73%uw: of hydrogen is expected at -18 °C and 1 bar with an enthalpy
of about 25 kJ/mol H,, according to the following reaction:

5Mg(BH4)2 + Ca(BH4) — CaBi2H12 + 5MgH2 + 13H>

Besides, the experiments of Ibikunle et al.,??>??* showed that the 5:1 mixture,
after BM, releases hydrogen at a lower temperature®® and with a fast kinetic’
compared to the pure borohydrides. These studies showed that the 5:1 mixture
begins to decompose at a temperature of 150 °C, but the system is only partially
reversible, probably due to the formation of intermediates containing the Bi2H1,*
anion, that probably causes a kinetic barrier for rehydrogenation.3® The presence
of Ca’* in the mixture seems to have a beneficial effect on the mobility of the
species that diffuse in the Mg(BH.) leading to an improvement of kinetic.

Synthesis, Structural and Thermal characterization

Pure and mixtures of Mg(BH4), and Ca(BHa4). in a molar ratio 2:1, 1:1 and 1:2
were ball milled for 30 minutes at 500 rpm.
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From the diffraction patterns shown in Figure 49 it is possible to notice that only
the a phase of Mg(BH4), is present after ball-milling, while both a and
polymorphs of Ca(BHa4). are clearly visible. In the XRD pattern of the mixtures
the three phases are present, underling their immiscibility after mechanical-
chemical treatment.

a-Ca(BH,),
p-Ca(BH,),
| a-Mg(BH,),

Ca(BH,),-BM

1Mg(BH,),/2Ca(BH,),-BM
{Mj 1Mg(BH,),/1Ca(BH,),-BM

2Mg(BH,),/1Ca(BH,),-BM

Intensity (a.u.)

Mg(BH,),-BM

| | | (O L I S O R N M LI )

v T v T y T v T v
10 15 20 25 30 35 40 45 50 55 60
20 (°)

Figure 49 — PXD pattern of pure Mg(BHa4)2, Ca(BH4)2 and their mixtures (2:1, 1:1, 1:2 molar ratio) after ball
milling.

In the ATR spectra reported in Figure 50, bands in the 2500-2000 cm™ range
are related to the stretching of the B-H bond, while between 1500-100 cm™, they
are referred to the H-B-H bending of the BH4 anion.10%1021%44 For Ca(BH4), is
evident a splitting of the bands for the presence of both polymorphs a and .1
The band (d) at 2319 cm is associated with a-Ca(BHa4),, while the (a) at 2253
cm is related to B-Ca(BH4)2.2%> The spectra of the mixture 2:1, 1:1, 1:2 appear
to be very similar to the one of pure compounds which suggest and confirm that
all mixtures contain a-Ca(BH4), and B-Ca(BH4),, as evident from the diffraction
patterns (Figure 49). However, for the mixture 2:1 the separation of the two
bands at about 2300 cm (Figure 50) is less clear, while they are quite separate
in the 1:1 and 1:2 mixture. Furthermore the band (a) are slightly shifted to larger
wave numbers, thus overlapping to (b), at 2272 cm™. In addition, for 2:1 and
1:2, (c) is clearly observed at 1254 cm. Therefore, it can be concluded that the
spectroscopic analysis confirms the immiscibility of a-Mg(BH4),, a-Ca(BH4). and
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B-Ca(BHa)2, since the observed signals are the combination of those of the
separated phases.

\‘ \ | |
\, Mg(BH,)j2ca(BH)BM ) | U
N L N

1Mg(BH,),/1Ca(BH,),-BM

Absorbance (a.u.)

2Mg(BH,),/1Ca(BH,) -BM

Mg(BH,),-BM

T T T T T T T T g
3000 2750 2500 2250 2000 1750 1500 1250 1000 750

Wavenumber (cm™)

Figure 50 — ATR-IR spectra of pure Mg(BH4)2, Ca(BH4)2 and their mixtures (2:1, 1:1, 1:2 molar ratio) after
ball milling.

The mechano-chemical treatment was followed by a thermal treatment realised
in the DSC. Three cycles of heating and cooling from room temperature to 215
°C at 5 °C/min with a hydrogen pressure of 2 bar were performed.

The a to B phase transitions of Mg(BH4). and Ca(BHa4) are not reversible, in fact
no reversible signals were recorded in DSC during cooling (not shown). In the
diffraction pattern after heat treatment (Figure 51) only the peaks of (-
Mg(BH4),, metastable at room temperature, are distinguished. The Mg(BHa4). a-
transition temperature is recorded at Tpeak=191 °C (Tonset=181 °C), as it can be
observed in Figure 52.

In the DSC trace of Ca(BH4)2, on the other hand, there is a large peak around
168 °C (Tonset=157 °C), corresponding to its partial and partially irreversible a-$
transformation. In fact, after the cycling, at room temperature, these two phases
are present, as shown in Figure 51, similarly to the post-ball-milling pattern. It
should be noted, however, that the ratio between the intensities of the peaks

around 17° and 18° of the B-Ca(BH4): and the a-Ca(BH4): CBEZ) increases

considerably, as it is clearly observed comparing the pattern in Figure 49 and
Figure 50.
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Figure 51 — Room temperature PXD pattern of pure Mg(BH4)2, Ca(BH4)2 and their mixtures (2:1, 1:1, 1:2

DSC (a.u.)

Figure 52 — DSC analysis up to 215 °C at 5 °C/min, under 2 bar of H,, of pure Mg(BHs)2, Ca(BHa). and their
mixtures (2:1, 1:1, 1:2 molar ratio). Only the first heating ramp is reported.

In the DSC traces of the mixture (Figure 52) always two peaks are observed,
temperature the broad peak refers to the a-B transition of
Ca(BHa)2, while the second more intense and narrow peak is referred to the a-
polymorphic transition of Mg(BH4), as described before. In the PXD pattern

where at lower
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(Figure 51) B-Mg(BH4),, a-Ca(BHs). and B-Ca(BH4); are observed, with an

increase of the ;Bﬁ intensity ratio, after DSC cycling, as for the pure Ca(BH4)..

o Ca

The presence of both the Mg?* and Ca?* cations could influence the mechanism
of the individual phase transitions. When Mg(BH4) is present, the a-f transition
of Ca(BHa). occurs at a slightly lower temperature (Table 11) and in a narrower
interval, as it can be observed in Figure 52. The a-B transformation of Mg(BH4).,
on the other hand, does not evidence any particular changes. The peak
temperature is slightly higher only for the 1:2 mixture (Figure 52 and Table
11). In conclusion, the signals of the mixtures do not changed significantly and
no solid solutions should be formed.

Table 11 — Onset and peak temperatures of a-f polymorphic transition, decomposition and rehydrogenation
of pure Mg(BHa4)2, Ca(BH4)2 and their mixtures (2:1, 1:1, 1:2 molar ratio), obtained in the DSC analysis
reported in Figure X and X.

Tonset (°C) Tpeak (°C) Tonset (oc) Tpeak (oc) Tpeak (oc) Tonset (°C);
Ca(BHs): | Ca(BHs): | Mg(BHs): | Mg(BHi): Dec. Theak (°C)
a-B PT a-B PT a-B PT a-B PT Re-H;
Mg(BHa)2 181 191 299, 340, 278;
355,386 254
2:1 149 160 191 272, 326, 288;
346, 398 273
1:1 149 163 191 282, 390
1:2 149 162 196 280, 387
Ca(BH4)2 157 168 355, 376

The cell parameters and volumes per formula unit (V/z) of a-,-Mg(BH4), (Table
12) and a-,$-Ca(BH.). (Table 13), for all samples after BM and DSC cycling were
obtained by Rietveld refinement. Cell volumes per formula unit remain
substantially unchanged, thus underlining the immiscibility of Mg(BH4). and
Ca(BH4)2.

The hindered formation of solid solutions can be justified on the basis of the
structural diversity of a,-Mg(BH4),'** and a,B-Ca(BH.4),,%%¢ differences in the
coordination number (CN) of cations (CN=4 for Mg(BH4). and CN=6 for Ca(BH4)>)
and ionic radius (rmg2+= 0.57 and rca2+= 1.00). Compounds with similar crystalline
structures, electronegativity and cation size imply minimum distortions and
maximum packaging.** Furthermore, Mg?* and Ca’* ions are isovalent whereby
the immiscibility of Mg(BH4). and Ca(BH4). cannot be explained by electronic
factors.!#
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Table 12 — Cell parameters and volumes per formula unit obtained from Rietveld Refinement of a (z=30)
and B (z=64) Mg(BHa4): after BM and DSC cycling for pure Mg(BH4)2 and mixtures (2:1, 1:1, 1:2 molar ratio
Mg(BHa4)2:Ca(BHa)2). Before the thermal treatment only the a polymorph is present, while after DSC on the 8
polymorphic is observed.

a-Mg(BHa4)2 B-Mg(BHa)2

a(R) | cR) | v/z(R3) | a(R) | b(R) | c(R) | Vv/z(R3)

BM | 10,347 | 37,115 475
Mg(BH.): |- oc 37,098 | 18,626 | 10,917 118

- BM | 10,344 | 37,102 475
DSC 37,105 | 18,640 | 10,921 118

11 BM | 10,345 | 37,103 475
DSC 37,107 | 18,647 | 10,921 118

_ BM | 10,342 | 37,088 474
L2 DSC 37,089 | 18,667 | 10,921 118

Table 13 — Cell parameters and volumes per formula unit obtained from Rietveld Refinement of a (z=30)
and B (z=64) Ca(BH4) after BM and DSC cycling for pure Ca(BH4)2 and mixtures (2:1, 1:1, 1:2 molar ratio
Mg(BHa4)2:Ca(BHa)2). Before the thermal treatment only the a polymorph is present, while after DSC on the 8
polymorphic is observed.

a-Ca(BHa4)2 B-Ca(BHa)2
a®) [ bAR) [cR) [ v/iz(R®) |[aR) [cA) | V/z(R3)
i1 BM | 8,776 | 13,127 | 7,497 108 6,911 | 4,350 65
: DSC | 8,744 | 13,104 | 7,480 107 6,918 | 4,348 65
11 BM | 8,777 | 13,125 | 7,496 108 6,914 | 4,346 65
: DSC | 8,754 | 13,105 | 7,497 108 6,917 | 4,348 65
12 BM | 8,775 | 13,125 | 7,499 108 6,915 | 4,347 65
: DSC | 8,760 | 13,116 | 7,503 108 6,917 | 4,347 65
calBHY) BM | 8,775 | 13,125 | 7,499 108 6,915 | 4,346 65
472 I'Dsc | 8,762 | 13,119 | 7,496 108 6,917 | 4,348 65
Decomposition

The decomposition of Mg(BH4), occurs in four steps. In fact, during heating,
endothermic peaks at peak temperature of 299 °C (Tonset=269 °C), 340 °C, 355
°C and 386 °C can be observed in Figure 53, in addition to the peak at 193 °C,
corresponding to the transition a-B as reported before. Upon cooling an
exothermic peak at 254 °C (Tonset=278 ©°C). The phases identified after the
decomposition of Mg(BH4). are Mg and MgH, (Figure 54).

Experimental data seem to confirm the investigation reported in the literature.
Mg(BH4), has a complex, partially reversible decomposition mechanism, in which
several intermediates are involved, creating an obstacle to the complete
reversibility of the reaction.!#3:210.216227 Intermediate compounds have not been
clarified yet and they depend on experimental conditions.?*3

117



a) heating fendo b) cooling
5°C/min 2 barH, B o
42

1 mW/mg p mWImgI
1Mg(BH,),/2Ca(BH,),

Ca(BH,),

1Mg(BH,)/1Ca(BH,),

/ZMQ(BI'i‘DZI1:I'|‘)1
1Mg(BH,) /2Ca(BH ),
1Mg(BH,) /1Ca(BH,), _’JL Mg(BH,),
2Mg(BH,),/1Ca(BH,),
T T T T T T T T T T T T
100 125 150 175 200 225 250 275 300 325 350 375 400 400 375 350 325 300 275 250 225 200 175 150 125
Temperature (°C)

DSC (a.u.)

Figure 53 — DSC analysis up to 440 °C at 5 °C/min, under 2 bar of Hz, of pure Mg(BH4)2, Ca(BH4)2 and their
mixtures (2:1, 1:1, 1:2 molar ratio). a) heating and b) cooling ramp.

In some studies the formation of Mg(BsHs). was observed,??#2% however, its
formation does not seem to be spontaneous,’” even though from DFT
calculations it results very stable.?!* Other intermediate phases proposed are
MgBioH10,14%21° MgB4H10,1*? MgB1,H12%!® and a generic phase MgByH,.?*

From the collected data it is possible to confirm a four-step process,?'® which
starts at 270 °C. In the first two steps intermediate products are formed, which,
according to some studies, could be amorphous phases.!*2215216 At 355 °C, MgH,
could have been formed, which then decomposes into Mg following the
reaction:216

MgHz — Mg + H>

The exothermic peak observed on cooling, is probably related to the
rehydrogenation reaction of Mg:2!6

Mg + H, — MgH;
Because of the low hydrogen pressure applied (2 bar), it was not possible to fully

hydrogenated all magnesium. In fact, both Mg and MgH; are observed in the PXD
pattern after decomposition (Figure 54).
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Figure 54 — Room temperature PXD pattern of pure Mg(BHa4)2, Ca(BH4)2 and their mixtures (2:1, 1:1, 1:2
molar ratio) after decomposition (DSC analysis up to 440 °C).

The formation of Mg and MgH. has been observed in several studies.!42150:215.216
Moreover, it seems that MgH, does not appear as a product of the first reaction
steps, but it is formed at temperature higher than 280 °C.2!> Nevertheless the
decomposition of Mg(BH4). cannot be explained simply through the reactions:

Mg(BH4), — MgH; + 2B + 3H;
MgHz — Mg + H>

The formation of particularly stable intermediates could be the reason of the
incomplete reversibility of the reaction,142209:211,215,.220

The decomposition of Ca(BH4), proceeds through two steps, as observed by Mao
et al.??” and Riktor et al..!*® In the DSC trace, in addition to the a-B transition at
168 °C (not evident from Figure 53) ), two signals at peak temperature equal
to 355 °C (low intensity) and at 376 °C can be evidenced. In this case, it is
difficult to determine the decomposition products since no peaks are clearly
visible in the PXD pattern after decomposition (Figure 54). Since no crystalline
phase are not clearly observed, amorphous products could be involved such as
CaBi2H12 or other compounds containing Ca, B and H, which, however, do not
have long-range order,?!1:212.27
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In the literature, two different decomposition mechanisms have been
hypothesized for Ca(BH4),:2%

a) 6C3(BH4)2 — CaBi;H12 + 5CaH; + 13H;
CaBi;Hi; + CaH, — 2CaBs + 7H>
b) 3Ca(BH4). — CaBes + 2CaH, + 10H;

In the present investigation, the mechanism a) could be probable, however no
peaks associated to the CaBs can be observed in the PXD analysis. This can
support the funding of Kim et al.,?® where Ca(BH4). decomposes into
nanocrystalline CaBs, which cannot be easily identified. Additionally, the
decomposition could follow a different path and form amorphous phases
containing Ca, B and H, such as amorphous CaBi;H12.23! Ca(BH4). could follow
both mechanisms reported before simultaneously, thus producing CaBi;H12, CaBs
and CaH,.%!8

In the 2:1 mixture, MgH, and Mg can be identified from the diffraction pattern
(Figure 54). The decomposition follows four steps as for pure Mg(BH4) (Figure
53). DSC trace upon heating is similar, even if the peak temperatures result at
lower values for the mixture than for Mg(BHa)., while the last peak is shifted to
higher value (Table 11). The decomposition is partially reversible, as can be
seen from the exothermic peak upon cooling at 273 °C (Tonset = 288 °C),
corresponding to the rehydrogenation of magnesium, similarly to pure
Mg(BH4),.2% Also in this case it is not possible to exclude the formation of
amorphous phases which prevent the full reversibility Mg(BH,),,14%209211,215,.220
nevertheless in presence of Ca(BH4), the decomposition begins at lower
temperature and involves a wider temperature range, as it can be seen from
Figure 53. Ibikunle et al.?% studying the 5:1 mixture underlined how the mixture
of these two borohydrides result in a hydrogen release at lower temperature than
pure compounds. Since no crystalline phase containing calcium has been found,
Ca(BH4); has likely decomposes independently, thus being responsible for peaks
widening in the DSC trace.

In the 1:1 and 1:2 mixtures the decomposition mechanism is characterized by
two steps with Tpeak €qual to 280 °C and 390 °C, where the second peak is more
pronounced than the first. Temperature in the 1:1 mixture are shifted to slightly
higher values (Table 11). The identification of decomposition products is difficult
from PXD pattern (Figure 54) since no crystalline peak can be observed.
Similarly to pure Ca(BH4),, the formation of amorphous or nano-crystalline phases
could take place. Since substantial correspondence of DSC signals (Figure 53)
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and diffraction patterns (Figure 54), in these two cases, it is reasonable to
hypothesize similar mechanisms and reaction products. As Ca(BH4). decomposes
after Mg(BHs.),, it is probable that the species formed by the first decomposition
step of Mg(BH4), react with Ca(BH4), to form phases that result stable up to 390
°C. If MgH; is formed from the first decomposition process, the mechanism could
be traced back to that of Ca(BH4),-MgH, mixture.?'8230.232 According to Kim et
al.?>% and Minella et al.,?'#23? it decomposes forming Mg-Ca-H phases firstly, and
then CaBi12H12, amorphous CaBs and CaH,, and crystalline Mg.

However, the decomposition of the 1:1 and 1:2 mixture is not reversible in the
present experimental conditions, as it can be seen from the absence of peaks in
the DSC traces upon cooling (Figure 53).

Comparing the patterns in Figure 54, a wide peak at 43° and a second peak at
62° are present, whose intensities decrease with the content of Mg(BH4).. They
correspond to a trace of MgO, due to the oxidation of magnesium. The formation
of MgO may be due to contamination of the starting sample; its formation during
heating is in fact extremely favoured and could have influenced the reaction
mechanism, limiting or preventing its reversibility.14

1Mg(BH,),/1Ca(BH,),-dec.

Absorbance (a.u.)

2Mg(BH,) /1Ca(BH,) -dec. ,

Mg(BH,),-dec.

d T v T v T v T v T
3000 2750 2500 2250 2000 1750 1500 1250 1000 750 500

Wavenumber (cm™)

Figure 55 — ATR-IR spectra of pure Mg(BH4)2, Ca(BHa). and their mixtures (2:1, 1:1, 1:2 molar ratio) after
decomposition.

ATR spectra shown in Figure 55 provide some further indication regarding the
decomposition products. In fact, in all of them there is a large band (I), in the
2590-2000 cm region. This refers to the B-H stretching!**?!” and therefore
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indicates the presence of species still containing the B-H bond. Therefore the the
decomposition is not complete, hydrides and borides are not the only byproduct
of the reaction. Since the most intense band of Bi;H1,* is located at 2480 cm'!
and the calculated spectra of BsHs’, BioHi0> and BsHi0> presents bands in the
2500-2000 cm™ range,'>?3 it is indeed possible that species containing these
anions are formed. However, the amplitude of (I) seems to confirm the presence
of multiple different phases.'*

In the Mg(BH4); spectra, in addition to (I), two small bands at 1250 cm-1 and
1190 cm™ (marked with *) are present. Also in sample 2:1 these peaks are
recorded, together with two more peaks at 1109 cm™ and 1074 cm™ of difficult
assignment. In Ca(BHa). spectra, two bands are observed (marked with +), the
first one at 1235 cm™, which could be related to the Bi;Hi2* anion,'*? and a
second one at 736 cm™ that does not correspond to none of the bands reported
in the literature for closoborans.?33

ATR spectra of 1:2 and 1:1 mixture are very similar to each other, presenting
both a broadband at about 1000 cm™ less intense than (I), and another closer to
about 430 cm™ (marked with #), also common to the 2:1 mixture. The # band
could be connected with the formation of many different phases, which need to
be defined precisely.

In conclusion, new phases appear to be involved in the decomposition of the
mixtures, which certainly still contain B-H bonds.

Conclusions

Figure 56 shows a summary diagram of the results previously discussed for the
Mg(BHa4),-Ca(BHs), system, which represents the phases present as a function of
composition and temperature, at constant pressure of 2 bar of hydrogen. Figure
56 also shows the peak temperatures (Tpeak PT) and onset (Tonset PT) of the phase
transitions a-f3 of Mg(BH4), and Ca(BH4).. The peak (close triangle, Tpeak dec) and
onset temperatures (open triangle, Tonset dec) of the various steps of
decomposition and magnesium rehydrogenation onset temperature (open star,
Tonset Re-Hy) are reported as well.

Mg(BH4), and Ca(BH4). are completely immiscible in the solid state, as shown in
Figure 56. In the XRD pattern of the three mixtures collected after ball-milling
and after the heat treatment at 215 °C with pn;=2 bar, in fact, the signals of the
constituent phases are always distinguished. The ATR spectra and cell volumes
also confirm this conclusion. Immiscibility is attributable and influenced not by
the valence of ions (they are isovalent) but structural factors.
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The decomposition of 2:1 mixture is similar to that of Mg(BH4),, also originating
the same crystalline products (Mg and MgH;). For 1:1 and 1:2 mixture, the
decomposition displays only two steps. The first is linked to the decomposition of
Mg(BH4); and the second to that of Ca(BH4).. It can be hypothesized that
Mg(BH4),, at 280 °C, originates species that react with Ca(BH4), and which then
decompose at higher temperature. No product can be identified by diffraction
patterns, apart from Mg and MgH,. Probably amorphous phases or mixtures of
different crystalline phases are formed. However, not only hydrides and borides
are formed, but also species that contain the B-H bond. At 2 bar of Hy, only for
Mg(BH4); and 2:1 mixture the reaction is partially reversible.
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Figure 56 — Summary diagram of the phase stability in the Mg(BH4)2-Ca(BHa4)2 system in function of
temperature and composition, at a constant pressure of 2 bar of hydrogen.

The Mg(BH4).-Ca(BHa). system begins to decompose at lower temperature than
the parent borohydrides. However, the reaction is irreversible at 2 bar of
hydrogen pressure, thus presenting many problems from the point of view of
practical use. However, further studies are needed to precisely identify the
decomposition products that have been formed, because among them some
particularly stable species hinder reversibility. It is also essential to study in detail
the mechanisms of decomposition and to investigate higher hydrogenation
backpressure and the possible role of additives to further improve the properties
of the system.

123



Ternary systems

Binary combination of borohydrides have been extensively investigated
evidencing the formation of eutectics, bimetallic compounds or solid solutions.
The investigation was extended to ternary systems in the LiBH4-NaBH4-KBH4-
Mg(BH4),-Ca(BH4). system by exploring possible interaction among borohydrides
in equimolar composition by mechanochemical treatment and in function of
temperature. The mixture were synthetized from commercial LiBH4, NaBH4, KBH4,
y-Mg(BH4), and a,f-Ca(BH4).. The obtained phases were analysed at room
temperature by X-ray diffraction to define the obtained crystal phases after ball
milling and after thermal treatment up to 200 °C. HP-DSC and DTA-MS were used
to study the thermal behaviour of the mixture defining temperature of transitions
and decomposition reactions. Interaction among component both in the solid and
liquid phase strongly depend on the mutual interaction.

As described in Chapter 4, the LiNaK system (Figure 57) was experimentally
explored and fully assessed by the Calphad method revealing a ternary eutectic,
fully liquid above 103 °C.2%

Cub Cub

Figure 57 — Schematic representation of the binary LiBHs-NaBH4s-KBH4 system.
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LiBH4-NaBH4-Mg(BH.):

After ball milling, the LiNaMg system (Figure 58, A) presents all the starting
materials, the y-Mg(BHs), has partially converted into the a polymorph upon
milling (Figure 58, B, BM). After the annealing (Figure 58, B, 200 °C), the
intensity of the Mg(BHa4). peaks are lower, the y phase is no more present while
peaks from the B phase can be recognised. Some broad peaks can be detected,
indicating the possible partial decomposition of the mixture. In Figure 58, C two
main reversible transitions can be recognised. On the second cycle, the peaks are
more intense and sharp because they are measured on bulk mixture that have
been molten and recrystallized. The first peak at Tpeak= 99 °C (86 °C, on cooling)
is related to the PT of LiBH4 stabilized at lower temperature for the presence of
an orthorhombic solid solution with NaBH4.12* The second peak at Tpeak= 145 °C
(135 °C, on cooling) can be assigned to a new ternary eutectic, while the liquidus
temperature is detected around 160 °C.In the LiNaMg system, hydrogen release
is observed at Tpeak= 276 °C and 365 °C (Figure 58, D).
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Figure 58 — LiNaMg system: A) Schematic representation of the system, B) PXD pattern of BM and annealed
sample, C) HP-DSC trace, 2 cycle of heating and cooling under 1 bar of Hz, D) DTA-MS analysis up to 500 °C
under 50 ml/min of Ar. Heating rate equal to at 5 °C/min, endo up.
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LiBH4-NaBH4-Ca(BH.):

If Mg(BH4): is replaced by Ca(BH4),, in the LiNaCa system (Figure 59, A) no
reactions occur upon milling nor annealing, LiBHs, NaBH4 and a-Ca(BHa4). are
present in the PXD pattern (Figure 59, B, BM and 200 °C). The DSC trace
confirms that no interactions occur upon cycling, as previously reported in the
literature,?3* the only peak observed is related to the PT of LiBH4 at Tpeak= 99 °C
(81 °C, on cooling) (Figure 59, C). On the second cycle, the peak seems to
present multiple transition, which can be related to a partial segregation of the
compounds in the mixture and possible eutectic melting which however is not
evident upon cooling.

The LiNaCa system releases hydrogen at temperature typical of Ca(BH4). and
eutectic with LiBH4 and Ca(BHa)2 (Tpeak= 361 °C, 378 °C and 470 °C, Figure 59,
D).
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Figure 59 — LiNaCa system: A) Schematic representation of the system, B) PXD pattern of BM and annealed
sample, C) HP-DSC trace, 2 cycle of heating and cooling under 1 bar of Hz, D) DTA-MS analysis up to 500 °C
under 50 ml/min of Ar. Heating rate equal to at 5 °C/min, endo up.
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LiBH4-KBH4-Mg(BH4):

Moving to the LiKMg system (Figure 60, A), which was already studied in the
literature, 3> we observed in the present milling condition, the formation of
LiKMg(BH4)4 and LiK(BH4),, together with the presence of an excess of LiBHs,
KBH4, y-Mg(BH4), and a-Mg(BH4). (Figure 60, B, BM). Upon cycling (Figure
60, C), we observed the PT of the LiBHa, at Tpeak= 95 °C, then a double peak can
be observed, related to the reversible reaction to form Li,KzsMg2(BH4)s?3> and the
melting of the eutectic LiBH4-KBH4 at Tpeak= 103 °C and 107 °C respectively (65
°C, on cooling). In fact, after annealing (Figure 60, B, 200 °C) the intensity of
LiKMg(BH4)4+ peaks are higher, while peaks from LiBH4, KBH4, y-Mg(BH4),, a-
Mg(BH4), and LiK(BH4), decreases and almost disappears, underling a not
complete reaction upon milling to form the trimetallic compound.

The LiKMg system releases hydrogen at Tpeak= 311 °C and 390 °C because of the
trimetallic compound and no further melting reaction seems to be involved
(Figure 60, D).
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Figure 60 — LiKMg system: A) Schematic representation of the system, B) PXD pattern of BM and annealed
sample, C) HP-DSC trace, 2 cycle of heating and cooling under 1 bar of Hz, D) DTA-MS analysis up to 500 °C
under 50 ml/min of Ar. Heating rate equal to at 5 °C/min, endo up.
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LiBH4-KBHs-Ca(BH4)2

In the LiKCa system (Figure 61, A), we observed the formation of the bimetallic
KCa(BH4)3 and a little excess of LiBHs and KBH4 after BM (Figure 61, B, BM),
that decrease and almost disappears after annealing (Figure 61, B, 200 °C).
From the DSC trace (Figure 61, C), at Tyeak= 75 °C (68 °C on cooling) the PT of
KCa(BH4)3 can be recognised, which is more intense and sharp on the second
cycle. At Tpeak= 106 °C (96 °C on cooling) and Tpeak= 113 °C (107°C on cooling)
the PT of LiBH4 and eutectic melting of LiBH4-KBH4 occurs respectively. The
liquidus temperature is detected at 177 °C (170°C on cooling) and could be an
indication of a possible new ternary eutectic, indeed no PT of Ca(BH4): is
observed because the compound is present in the liquid state.

The LiKCa system releases hydrogen from the liquid state above 280 °C, at Tpeak=
343 °C and 471 °C (Figure 61, D).
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Figure 61 — LiKCa system: A) Schematic representation of the system, B) PXD pattern of BM and annealed
sample, C) HP-DSC trace, 2 cycle of heating and cooling under 1 bar of Hz, D) DTA-MS analysis up to 500 °C
under 50 ml/min of Ar. Heating rate equal to at 5 °C/min, endo up.
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LiBH4-Mg(BH4)2-Ca(BHa)2

If LiBH4 is combine with two alkaline-earth borohydrides, in the LiMgCa system
(Figure 62, A), after BM no reactions occurs and LiBH4, y-Mg(BHa4),, a-Mg(BH4).
and a-Ca(BHs); are observed in the PXD pattern (Figure 62, B, BM).
Nevertheless, after cycling (Figure 62, B, 200 °C) many unknown peaks are
observed in the PXD pattern. At approx. 70 °C, an exothermic unexplained peak
is observed, at Tpeak= 114 °C (approx. 102 °C on cooling) we observe the PT of
LiBH4 followed by an endothermic event at Tpeak= 126 °C, present only on the
first cycle (Figure 62, C). This thermal event could be related to the formation
of a MgCa solid solution never observed before and in which the y-Mg(BHa). could
play a role. At Tpeak= 145 °C (approx. 115 °C on cooling) and Tpeak= 153 °C
(approx. 137 °C on cooling), some melting reactions are occurring, the liquidus
temperature is observed approx. at Tpeak= 173 °C, though some PT of Mg(BHa4)
and Ca(BH4). stabilized at lower temperature cannot be excluded (Figure 62,
C). On cooling many transitions occurs which are of difficult identification.
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Figure 62 — LiMgCa system: A) Schematic representation of the system, B) PXD pattern of BM and annealed
sample, C) HP-DSC trace, 2 cycle of heating and cooling under 1 bar of Hz, D) DTA-MS analysis up to 500 °C
under 50 ml/min of Ar. Heating rate equal to at 5 °C/min, endo up.
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After annealing (Figure 62, B, 200 °C), no Mg(BH.): is observed, peaks from
LiBH4, a-Ca(BH4)2, B-Ca(BH4)2 and the unknown phase are observed.

The LiMgCa system releases hydrogen at Tpeak= 374 °C, 382 °C and 393 °C
(Figure 62, D), at similar temperature as the MgCa system.

NaBH4-KBH4-Mg(BH4)2

Moving to ternary mixture without LiBH4, in the NaKMg system (Figure 63, A),
after BM only NaBH4 and KBH4 are observed in the pattern (Figure 63, B, BM),
while after annealing the formation of the cubic NaBH4-KBH4 solid solution is
occurring and can be identified by shoulders in the two pristine phases’ peaks
(Figure 63, B, 200 °C). The DSC trace presents only an exothermic peak around
90 °C on the first cycle (Figure 63, C).

The NaKMg system releases small amount of hydrogen above 200 °C in a large
range of temperature, as for the pure Mg(BH.)2, no clear DTA signal are recorded
(Figure 63, D). No melting of the NaK solid solution is observed.
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Figure 63 — NaKMg system: A) Schematic representation of the system, B) PXD pattern of BM and annealed
sample, C) HP-DSC trace, 2 cycle of heating and cooling under 1 bar of Hz, D) DTA-MS analysis up to 500 °C
under 50 ml/min of Ar. Heating rate equal to at 5 °C/min, endo up.
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NaBHs-KBH;-Ca(BH4)2

In the NaKCa system (Figure 64, A), the formation of the bimetallic KCa(BH4)3
is observed again after BM together with an excess of NaBH4, KBHs and a-
Ca(BHs4), (Figure 64, B, BM), after annealing the intensity of KCa(BH4)3 peaks
increase while NaBH4 and KBH4 decrease and a-Ca(BH4); disappears (Figure 64,
B, 200 °C). In the DSC trace only the PT of KCa(BH4)s can be identified at Tpeak=
72 °C (61 °C on cooling), more intense on the second cycle (Figure 64, C).

In the NaKCa system, the decomposition temperature of KCa(BHa)s is lowered by
the addition of NaBH4 to Tpeak= 311 °C, further decomposition occurs at Tpeak=
382 °C and 439 °C (Figure 64, D).
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Figure 64 — NaKCa system: A) Schematic representation of the system, B) PXD pattern of BM and annealed
sample, C) HP-DSC trace, 2 cycle of heating and cooling under 1 bar of Hz, D) DTA-MS analysis up to 500 °C
under 50 ml/min of Ar. Heating rate equal to at 5 °C/min, endo up.
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NaBH4-Mg(BHa).-Ca(BH.):

The NaMgCa system (Figure 65, A) presents NaBHa, y-Mg(BH4). and a-Ca(BH4):
after milling (Figure 65, B, BM). The DSC trace presents many broad peaks with
low intensity on heating, and only the PT of Ca(BH4), can clearly be assigned
around 160 °C, while on cooling only one broad peak is present below 100 °C
(Figure 65, C). After annealing NaBH4, y-Mg(BH4): and a-Ca(BH.). are still
present plus the presence of the same unknown phase of the LiMgCa (Figure
65, B, 200 °C).

In the NaMgCa system, hydrogen release occurs in three main events at Tpeak=
261 °C, 369 °C and 436 °C (Figure 65, D).
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Figure 65 — NaMgCa system: A) Schematic representation of the system, B) PXD pattern of BM and
annealed sample, C) HP-DSC trace, 2 cycle of heating and cooling under 1 bar of H2, D) DTA-MS analysis up
to 500 °C under 50 ml/min of Ar. Heating rate equal to at 5 °C/min, endo up.
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KBH4-Mg(BHs)2-Ca(BH4):

In conclusion, in the KMgCa system (Figure 66, A), KBH4, a-Ca(BH4); and
KCa(BH4)3 are present after milling (Figure 66, B, BM), no peaks from Mg(BH4)
are observed, while after annealing the intensity of KCa(BH4)s peaks slightly
increase, KBH4 peaks decrease and trace of $-Ca(BH4), peaks can be recognised
(Figure 66, B, 200 °C). As for the NaKCa system, in the DSC trace, only the PT
of KCa(BH4)3 can be identified at Tpeak= 72 °C (62 °C on cooling), slightly more

intense on the second cycle (Figure 66, C).

In conclusion, in the KMgCa system, hydrogen release occurs at Tpeak= 383 °C as

for KCa(BH4); (Figure 66, D).
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Figure 66 — KMgCa system: A) Schematic representation of the system, B) PXD pattern of BM and annealed
sample, C) HP-DSC trace, 2 cycle of heating and cooling under 1 bar of Hz, D) DTA-MS analysis up to 500 °C

under 50 ml/min of Ar. Heating rate equal to at 5 °C/min, endo up.
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Quaternary systems

In binary and ternary systems, the formation of eutectics has been evidenced, so
often the hydrogen release occurs involving a liquid phase, usually above 200 °C
and at characteristic Tpeak that are depending on the interaction among the
cations and the complex BH4 anion in the liquid. Few bimetallic compound are
also formed in ternary systems and play a role in decomposition processes.
Additionally, we extend the study towards higher system to understand if any
entropy effects could improve the formation of solid solutions with simple
structure and reduce the number of phases present in the mixture.
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LiBH4-NaBH4-KBH4-Mg(BHa):

Starting from the LiNaKMg system (Figure 67, A), after BM we observe the
formation of LiKMg(BH4)4 and LiK(BH4),, together with LiBH4, NaBH4, KBH4, y-
Mg(BH4), and a-Mg(BH4), (Figure 67, B, BM). The DSC trace is similar to the
one of the LiKMg system, three main events can be observed on heating in the
temperature range from 80 to 110 °C, consisting in the PT of LiBHs, the reaction
to form Li,K3sMgz(BHa4)s and the melting of the LiBH4+-KBH4 eutectic (Figure 67,
C). Only on the first cooling ramp the reversible reaction of the trimetallic
compound is observed at Tpeak= 67 °C (Figure 67, C). Actually, Li2KsMg2(BH4)s
is observed after annealing in the PXD patter with LiKMg(BH4)4, NaBH4, a-
Mg(BH.)2, B-Mg(BH4), and small amount of KBH4 (Figure 67, B, 200 °C).

The LiNaKMg system releases hydrogen at Tpeak= 320 °C, 394 °C and 484 °C as
for the LiKMg system (Figure 67, C).
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Figure 67 — LiNaKMg system: A) Schematic representation of the system, B) PXD pattern of BM and
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LiBH4-NaBH4-KBH4-Ca(BH.);

In the LiNaKCa system (Figure 68, A), the milled mixture presents LiBH4, NaBHs,
KBHa, a-Ca(BHa). and KCa(BH4)3 (Figure 68, B, BM). The phases do not change
after annealing except for a-Ca(BH4), that disappears (Figure 68, B, 200 °C).
The DSC trace shows the PT of KCa(BHa)s at Tpeak= 73 °C (66°C on cooling), the
melting of LiNaK or LiNaCa ternary eutectic at Tpeak= 99 °C (90°C on cooling) and
the liquidus temperature at 156 °C (142°C on cooling). For the first time a liquid
with four different borohydrides is clearly observed (Figure 68, C).

The LiNaKCa system releases hydrogen at Tpeak= 295 °C and above 350 °C, the
addition of LiBHs4 did improve the hydrogen release temperature (Figure 68, D).
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Figure 68 — LiNaKCa system: A) Schematic representation of the system, B) PXD pattern of BM and
annealed sample, C) HP-DSC trace, 2 cycle of heating and cooling under 1 bar of H2, D) DTA-MS analysis up
to 500 °C under 50 ml/min of Ar. Heating rate equal to at 5 °C/min, endo up.
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LiBH4-NaBH4-Mg(BH.).-Ca(BHa)2

The LiNaMgCa system (Figure 69, A) presents LiBH4, NaBH4, y-Mg(BH4), a-
Mg(BH4), and a-Ca(BH4). after milling (Figure 69, B, BM), whereas after
annealing only NaBH4 and a-Ca(BH4); are clearly visible together with some halo
that indicate partial decomposition of the mixtures after the thermal treatment
(Figure 69, B, 200 °C). The thermal events recorded in the DSC (Figure 69,
C) show the presence of three main melting at Tpeak= 96 °C and 99 °C (85 °C on
cooling), the liquidus temperature is recorded at 156 °C (99 °C on cooling),
underlining again that a ternary and quaternary liquid is formed.

The LiNaMgCa system releases hydrogen at Tpeak= 280 °C, 369 °C and 468 °C
(Figure 69, D).
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Figure 69 — LiNaMgCa system: A) Schematic representation of the system, B) PXD pattern of BM and
annealed sample, C) HP-DSC trace, 2 cycle of heating and cooling under 1 bar of H2, D) DTA-MS analysis up
to 500 °C under 50 ml/min of Ar. Heating rate equal to at 5 °C/min, endo up.
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LiBH4-KBH4-Mg(BHa)2-Ca(BHa)2

After milling, the LiKMgCa system (Figure 70, A) is characterized by the
formation of KCa(BH4)3 and the presence of LiBH4, KBH4, and a-Mg(BH4). (Figure
70, B, BM). While, after annealing, only traces of LiBH4 are present together
with some peaks at low angles that indicate the formation of a small quantity of
LiKkMg(BH4)s (Figure 70, B, 200 °C, LiKMg(BH4)s not reported in legend).
Figure 70, C shows the DSC trace of the mixture. It is characterized by the PT
of KCa(BHa4)3 at Tpeak= 75 °C (65 °C on cooling), the PT of LiBH4 at Tpeak= 113 °C
(104 °C on cooling), the melting of a ternary eutectic at Tpeak= 126 °C (112 °C
on cooling), that could be relate to the LiMgCa system, and the liquidus
temperature at 157 °C (137 °C on cooling). The double peak at low temperature,
on cooling, indicates the reaction of LiIKMg(BH4)4 at Tpeak= 67 °C.

The LiKMgCa system releases hydrogen at Tpeak= 319 °C, 370 °C and 444 °C
(Figure 70, D).
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Figure 70 — LiKMgCa system: A) Schematic representation of the system, B) PXD pattern of BM and
annealed sample, C) HP-DSC trace, 2 cycle of heating and cooling under 1 bar of H2, D) DTA-MS analysis up
to 500 °C under 50 ml/min of Ar. Heating rate equal to at 5 °C/min, endo up.
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NaBH.-KBH4-Mg(BHa).-Ca(BH.):

The last quaternary system explored is the NaKMgCa system (Figure 71, A) that
after milling shows NaBH4, KBH4, a-Mg(BHa),, a-Ca(BH4). and KCa(BH4); (Figure
71, B, BM). After annealing only NaBH4 and KCa(BH4); are left, halos indicate
the partial decomposition of the mixture (Figure 71, B, 200 °C). In the DSC
trace only the PT of KCa(BH4)s and Ca(BH4). can be detected at Tpeak= 75 °C and
Tpeak= 166 °C (129 °C on cooling) respectively, which could also be related to a
melting reaction (Figure 71, C).

Finally, the NaKMgCa system releases hydrogen at Tpeak= 293 °C, 367 °C and
477 °C (Figure 71, D).

20 (°)
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

THP B BPR I 1 1 L 1 1 | 1 TP

A B

200 °C

Intensity (a.u.)

BM

Ca(BH,), Mg(BH,), [Nl | | a-Ca(BH),
[

1 | | NaBH,

D 50 ml/min Ar ——DTA

Diborane i
1wig - - - - Hydrogen PN

C ‘'endo 5°C/min 1barH,

heating

M\R

'
}W,‘g —— 1stcycle Ctmm vt
----- 2ndeyelef oo--o> 2T T
T T T T T T T T T T T T T T T T T T T T T T T
60 70 80 90 100 110 120 130 140 150 160 170 180 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475
Temperature (°C) Temperature (°C)

Figure 71 — NaKMgCa system: A) Schematic representation of the system, B) PXD pattern of BM and
annealed sample, C) HP-DSC trace, 2 cycle of heating and cooling under 1 bar of H2, D) DTA-MS analysis up
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Conclusions

KCa(BH4)3 is the only bimetallic always formed when KBH4 and Ca(BH4), are
present. Its enthalpy of formation is likely strongly negative, limiting overcoming
possible entropy contributions to the free energy of a solid solution based on
multiple borohydrides. It has an orthorhombic face centred simple structure,
which could be suitable to host other ions and form solid solutions. Sometimes
also the trimetallic LiKMg(BH4)s can be formed together with an excess of
LiK(BH4).. However, any other bi/tri-metallic borohydrides are observed (i.e.
KsMg(BH4)s).

Furthermore, the investigation of equimolar ternary combinations in the LiBH4-
NaBH4-KBH4-Mg(BHa4).-Ca(BH4), system evidenced the presence of possible new
ternary eutectics, such as in the LiMgCa, LiNaCa and LiNaMg systems. While
NaMgCa, NaKMg and KMgCa systems present the formation of solid solutions.
In conclusion, hydrogen desorption usually occurs from the liquid phase in a
complex multi-steps reaction and the presence of LiBH4 generally promotes the
release of H, at low temperatures. KCa(BH4); promotes the release in a single-
step reaction but at higher temperature.

No new compounds seem to have been formed. However, high resolutions PXD
and /n-situ data will allow the determination of new ternary eutectic composition,
and definition of solid solutions at higher temperature. Indeed the role of not
crystalline compounds should be understood in relation with decomposition
products.
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Quinary system

The present study aims at extending the study on multi-metallic compounds and
to explore, for the first time, a quinary mixture of borohydrides in the LiBH4-
NaBHs-KBH4-Mg(BHa4).-Ca(BH4), system (LiNaKMgCa system, Figure 72). In
fact, this approach appears to be promising from the hydrogen release point of
view, owing to the presence of cations of light-metals borohydrides, showing low
decomposition temperatures.

The goal is to design combinations of borohydrides with multiple cations in
equimolar ratio, following the concept of high entropy alloys. The equimolar
composition of the LiBHs-NaBHs-KBHs-Mg(BH4)-Ca(BH4): system  was
synthetized by ball milling up to 50 hours under 10 bar of hydrogen. The obtained
phases were analysed by X-ray diffraction and /n-situ Synchrotron Radiation
Powder X-ray Diffraction, in order to establish the amount of cations incorporated
in the obtained crystalline phases, cell parameters and volumes of the phases,
also as a function of temperature to study the thermal behaviour of the mixture.
HP-DSC and DTA were also used to define the phase transformations and thermal
decomposition reactions, leading to the release of hydrogen, which was detected
by MS. Decomposition products were defined by PXD, ATR-IR and Raman
spectroscopies. The existence of a quinary liquid borohydride phase is reported
for the first time. Effects of the presence of multi-cations compounds or a liquid
phase on the hydrogen desorption reactions are described.

Equilibrium phases in the quinary borohydride system

After 50 hours of ball milling, the equimolar mixture of LiBHs-NaBH4-KBH4-
Mg(BH4)2-Ca(BHa4): still presents all the pristine compounds (LiBH4, NaBH4, KBH4,
a-Mg(BHs4), and a-Ca(BH4):) plus KCa(BH4)3, as can be observed in the PXD
pattern shown in Figure 73, A, BM.

It is worth noting that, in the mixture, Mg(BH4). and Ca(BH4). are present only
in the a polymorph, but y-Mg(BH4), and B-Ca(BH4). are not detected, even if they
are present in the starting materials. Similar behaviour was observed in the LiBHas-
Mg(BH.), system, where the a- transition of Mg(BH4): is reversible.?®?> No other
bi- or tri-metallic compounds have been observed to form under ball milling. The
Rietveld refinement and cell parameters of ball milled pure borohydrides are
reported in Figure 74-75 and they can be compared with the cell parameters
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obtained from the Rietveld refinement of the LiNaKMgCa BM sample, reported in

Figure 76 A.

Ca(BH,), Mg(BH,),

Figure 72 — Schematic representation of the quinary LiNaKMgCa system.

In the case of starting BM y-Mg(BH4). (Figure 75 D), the PXD peaks are very
weak because of the milling treatment, suggesting a significant reduction of long-
range order in the structure upon mechano-chemical treatment.
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Figure 75 — X-ray diffraction and Rietveld analysis of ball milled pure borohydrides. D: Mg(BH4)2, E:
Ca(BHa)2. Lattice constant values are indicated in A in the figures.

This result can be related to the amorphous phase of Mg(BH4), observed under
pressure.?3¢ Since the KCa(BH4); is the only bimetallic compound that has been
observed, an equimolar mixture of KBHs and Ca(BH.). (KCa system) was
synthetized and investigated. The weight fraction and cell parameters of the ball
milled KCa system are reported in Figure 77 A.
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In the KCa system, after milling, an excess of KBH4 and Ca(BH.): is present,
together with the KCa(BH4); compound, suggesting an incomplete reaction after
ball milling at the present conditions. After thermal cycling up to 370 °C, i.e. over
the melting temperature of the bimetallic compound (Figure 77 B), an excess
of KBHj4 is still observed, as it was observed in the literature,?°® which suggests
an off-stoichiometry of the compound.
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Figure 77 — Rietveld analysis of KCa system, ball milled (A) and after DSC cycling up to the melting
temperature (B). Lattice constant values are indicated in A in the figures.

Generally, no marked changes in the cell parameters of all phases are observed
comparing the values observed for pure compounds and the LiNaKMgCa system,
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evidencing no significant solid solutions formation upon milling. The only sensible
variation that can be noticed is related to a decrease of the a lattice parameter
of KCa(BHa)s in the quinary system (8.001 A), with respect to that observed in
the KCa system after annealing (8.018 &) and described in the previous chapter
on the KCa system. The lower value of this cell parameter in the quinary mixture
might be related to the dissolution, inside the crystal structure of the bimetallic
compound, of a low amount of cations (e.g. Li*, Na* and Mg?*) with a smaller
size with respect to K* and Ca?*.

Ball milled pristine borohydrides have been also compared with the KCa and
LiNakMgCa systems by means of ATR-IR and Raman spectroscopies and results
are reported in Figure 78 A and Figure 78 B, respectively.

In ATR-IR spectra, bands in the 2400-2000 cm™ region are related to the B-H
stretching, while those in the 1300-800 cm! region are related to H-B-H bending
vibrational modes of ionic BH4".2>631% The stretching (vi, vs) and bending (vz, va)
modes of the BH4 anions are reported in Figure 78 A as dashed lines for
comparison. The isolated BH4 anion has an ideal tetrahedral symmetry, but the
vibrational modes can be split into several components in the crystalline state,
due to lowering of its site symmetry. Generally, modes vz and vs4 are triply
degenerate in free tetrahedral BH4 ions, and the v, is doubly degenerate.®® The
single broad band that can be observed in Figure 78 A, BM for the quinary
mixture in the 2400-2000 cm™ region may be related to a symmetry change of
the BH4 site. However, since several phases are present simultaneously in the
sample, there may be interaction among them, leading to disordering effects. So,
the broad band extending in a wide energy region can be assigned to vibrational
modes of BH4 ion in different borohydrides. Taking into account the results from
PXD, broad bands observed in ATR-IR spectra are assigned to a physical mixture
of different phases, rather than the presence of solid solutions.

Raman spectra confirm the presence of a single broad stretching band, in a
frequency range similar to the ones of LiBH4 and Ca(BH4);, as it can be observed
from dashed lines in Figure 78 B, BM.

In conclusion, a unique solid solution has not been obtained upon mixing five
different borohydrides by mechanical milling. Only the KCa(BH4)s; bimetallic
compound has been formed, suggesting that it has a strong negative enthalpy of
formation, that overcomes possible entropy of mixing contributions to the free
energy of the mixture.
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Figure 78 — ATR-IR (A) and Raman (B) spectra of ball milling pure borohydrides and KCa system (top) and
LiNaKMgCa system after ball milling (BM) and after annealing at 200 °C and 500 °C (bottom).

Thermal stability of the quinary borohydride system

The DSC traces, obtained upon heating the LiNaKMgCa system up to 200 °C and
then cooling down to 60 °C, are reported in Figure 73 B. Two cycles have been
carried out and they evidence various events: the polymorphic transition of
KCa(BH4); at Tpeak= 76 °C (61 °C on cooling) and the melting of a eutectic at
Tpeak= 99 °C (90 °C on cooling). Another melting peak is observed at Tpeak= 113
°C (95 °C on cooling), followed by another melting event ending at T= 130 °C.
The liquidus temperature is observed at 180 °C (172 °C on cooling). On the first
cooling ramp, only one peak is observed, possibly for segregation or kinetic
reasons.

The PXD pattern of the quinary mixture after the DSC cycling up to 200 °C is
shown in Figure 73, A, 200 °C, and corresponding Rietveld refinement analysis
is reported in Figure 76 B. The PXD peaks of KCa(BH4)3 are rather intense and
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those of NaBHa are clearly observed, while only traces of LiBH4, KBH4, a-Mg(BHa):
and a-Ca(BHs); are still visible, together with a broad halo.

After thermal cycling the LiNaKMgCa system up to 200 °C, the ATR-IR bands in
the 1300-800 cm! region became more intense and sharper with respect to those
observed for the BM sample, as shown in Figure 78 A, 200 °C. Variations in the
band intensity and shape due to thermal cycling of the BM sample can be related
to the release of internal stress and to the formation of a coarser microstructure.
A decrease in intensity of the 1185 cm™ band (asymmetric bending) can be
related to an modification of the BH4 surroundings, such as a change of
neighbouring atoms or distances between the ions in the lattice, as observed for
the bromide substitution in LiBH4.6* This band shows a redshift of 3 cm™ with
respect to the BM sample after thermal cycling. Generally, it can be observed that
the typical IR bands due to the presence of KCa(BH4)3 (v4 and *) can be clearly
assigned in the LiNaKMgCa system after thermal cycling, as shown in Figure 78
A, 200 °C. Moreover, a strong band, marked #, similar to the one of Mg(BH.)2,
is emerging together with two unidentified bands at 772 and 751 cm™. These are
very sharp and could be related to the formation of a new unknown phase, which
can be connected to the broad halo observed in the PXD pattern in Figure 73,
A, 200 °C. Similar IR bands below 800 cm™® have been observed in
closoboranes,?** however the observed frequencies do not correspond to those
of any known closoboranes reported in the literature.

In the Raman spectra reported in Figure 78 B, 200 °C, some bands disappears
after thermal cycling, while from the broad stretching band emerges a peak at
2306 cm™,

In order to confirm the interpretation of the observed DSC traces for the
LiNakMgCa system, the thermal behaviour of the KCa system was also
investigated by DSC analysis, allowing to determine the enthalpy of the
polymorphic transition and melting of the KCa(BH4); compound. Figure 79
reports the DSC traces observed upon two cycles of heating up to 370 °C and
cooling.

For the experiment, a backpressure of 50 bar of H, was applied to avoid the
decomposition of the bimetallic compound, which was reported to occur strictly
after melting.2%¢23% The polymorphic transition occurs at an onset temperature of
67 °C on the second heating cycle (Tpeak= 72 °C) and an onset temperature of
72 °C on the second cooling cycle (Tpeak= 66 °C) with an enthalpy of 3.5+0.1
kJ/mol. The melting occurs at an onset temperature of 356 °C on the second
heating cycle (Tpeak= 363 °C) and an onset temperature of 361 °C on the second
cooling cycle (Tpeak= 359 °C), with an enthalpy of 6.3+0.1 kJ/mol.
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Figure 79 — KCa system: HP-DSC trace, 2 cycles of heating and cooling at 5 °C/min and 50 bar of H..

To better understand the thermal events observed in the DSC analysis, an in-situ
SR-PXD experiment up to 250 °C has been performed for LiNaKMgCa system and
results are shown in Figure 80, where the intensities of diffraction peaks are
compared with HP-DSC traces upon cycling in the same temperature range. PXD
patterns selected at various temperatures are reported in Figure 81.

From the /in-situ analysis, it can be clearly observed the polymorphic transition of
KCa(BHa4)3 at Tpeak= 78 °C on heating and Tpeak= 59 °C on cooling. Starting from
Tpeak= 100 °C (Tpeak= 88 °C on cooling), the PXD peak intensities of the high
temperature polymorph of KCa(BH4)s are increasing continually, while the
intensity of LiBH4 and KBH4 are clearly decreasing, due to the eutectic melting of
the LiNaK ternary eutectic. On the other hand, no significant change in the NaBH4
peak intensity is observed, due to the small quantity that melts in the eutectic.
At Tpeak= 113 °C (Tpeak= 108 °C on cooling), the PXD peaks of LiBH4 disappear,
since it is fully dissolved in the liquid phase. Up to 150 °C, also intensities of PXD
peaks from KBH4, Mg(BH4), and Ca(BH4). are decreasing. At 190 °C (Tpeak= 184
°C on cooling) a broad melting peak ends in the DSC trace, and corresponding
KBH4 and Mg(BHa4), melting is observed in SR-PXD patterns. Above 245 °C, the
mixture is totally molten, and only broad peaks, that can be assigned to the liquid
phase, are observed in the PXD patterns (see also Figure 81, from 250 °C and
upon cooling).

KCa(BH4)3 and NaBH4 recrystallize upon cooling at 234 °C (Tpeak= 229 °C), as it
can be observed combining the DSC trace and the SR-PXD patterns. Additionally,
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the same transformations that are observed on heating are reversible upon
cooling and can be detected in the DSC trace, but crystalline phases are hardly
visible in the PXD.
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Figure 80 — LiNaKMgCa system: in-situ SR-PXD (left) up to 250 °C on heating and cooling at 5 °C/min and 1
bar of H, compared with HP-DSC trace (right) in the same condition.

Figure 82 compares the RT scans before (black, dashed dot line) and after
(red, continuous line) the /n-situ thermal cycling. After the annealing
treatment, only KCa(BH4); and NaBH4 are easily recognised, while no trace of
KBH4 and Ca(BHa) are observed. It is worth noting that at 206 values of 1.3°, 2.5°
and 4.7°, broad diffraction peaks are observed, maybe related to an unknown
disordered phase. They are similar to the ones observed in the molten mixture
(Figure 81) and are located in similar positions of diffraction peaks of LiBH4 and
Mg(BHa).
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Figure 82 — LiNaKMgCa system: room temperature scans of /n-situ SR-PXD analysis, before (dashed) and
after cycling (line).

The combined DSC and SR-PXD analyses evidence the formation of a liquid
borohydride phase, in which five cations are present simultaneously. The melting
temperatures observed on heating in the LiNaKMgCa system are quite in good
agreement with the eutectic temperatures present in binary system, as reported
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in Table 10. In addition, it is clear that the melting sequence involves also the
bimetallic borohydride, KCa(BH4)3. These results suggest limited interactions of
borohydrides in the LiNaKMgCa system in the solid phase, where they result
nearly immiscible. On the contrary, in the liquid phase, they interact, promoting
miscibility and forming a quinary borohydride liquid phase, here observed for the
first time. This liquid phase is likely promoted by a negative enthalpy of mixing.
In principle, sufficiently high temperatures would promote an entropy-driven
transition to a structure containing a random cation occupancy in only one sub-
lattice. However, sometimes, this temperature is too high and the material melts
before reaching it, as it was observed for the selected system in this study. The
failed formation of a unique solid solution phase could be additionally justified
because of a not appropriate diversity in crystal structures, coordination and
cationic radii of pure borohydrides. In fact, natural tendencies to minimize
polyhedral distortions, maximize space filling and adopt polyhedral linkages that
preserve electroneutrality required similar crystal structures, electronegativity
and cation coordination. In addition, in order to form a solid solution, ions in the
system should be isovalent, such that relative cation ratios can be varied
continuously with a preserved electroneutrality. In this case, the addition of both
mono-valent and bi-valent light-metals borohydrides to the mixture, likely
hindered the occurrence of significant solubility.

Hydrogen desorption from the quinary borohydride system

Pure light-metals borohydrides have shown to release hydrogen at relatively high
temperatures and the tailoring of their thermodynamics towards a room
temperature and pressure hydrogen release is of interest for real applications of
these systems for hydrogen storage.?®3* Under argon flow, alkali-borohydrides
decompose after melting: LiBHs4 is reported to slowly start to decompose above
300 °C, even after BM,3*?3” and its main decomposition occurs above 400 °C.3*
NaBH4 decomposes slowly from the solid state and the main decomposition
reaction occurs, after melting, slightly above 500 °C.!82238 Decomposition occurs
after melting and above 625 °C for KBH4 as well.'® Mg(BH4). and Ca(BH4). are
reported to decompose above 250 °C and 350 °C, respectively, under argon
flow.3* Sometimes, ball milling and nanosizing of powder can modify the
hydrogen release properties of those compounds.
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So, to understand if hydrogen release temperatures could have been modified
because of BM, DTA-MS experiments on BM pure Mg(BH4),, Ca(BH4). and the
KCa system have been performed and results are reported in Figure 83. In all
investigated samples, diborane gas was never detected in the MS analysis of
decomposition gas. From the DTA-MS analysis of BM-Mg(BHa), the polymorphic
transition of Mg(BH4): is observed at Tpeak= 200 °C, together with the starting of
hydrogen release from the solid state, that is recorded in a broad range of
temperature. On the other hand, BM-Ca(BH4). shows the polymorphic transition
at Tpeak= 164 °C and the main hydrogen release occurs above 300 °C in two
steps: the main one at Tpeak= 366 °C and a second one at Tpeak= 431 °C. In the
KCa system, after the polymorphic transition and melting of KCa(BH4)3 at Tpeak=
77 °C and Tpeak= 362 °C, respectively, the hydrogen release starts strictly after
the melting, with an intense release detected at Tpeak= 385 °C and 479 °C.
Results of these DTA-MS measurements obtained for the quinary mixture are also
reported in Figure 83. After DTA signals due to various phase transformations
of borohydrides constitutive of the mixture, the DTA-MS peaks due to hydrogen
release from the liquid phase are clearly observed. Thermal decomposition occurs
in complex multistep reactions, starting from 250 °C at Tpeak= 282, 383, 408, 430
and 454 °C, suggesting that the hydrogen release temperatures are not sensibly
different from those of pure borohydrides.

In some pure borohydrides and eutectic mixtures, hydrogen release occurs from
the liquid phase mainly because of kinetic reasons. When hydrogen release
occurs from the liquid state, the characteristic Tpeak Of decomposition could be
related on the interaction among the cations and the complex BH4 anion in the
liquid.?°! In the case of the LiNaKMgCa system, the presence of many cations in
the liquid phase seems not to influence significantly the bond strength in the
complex BH4™ anion.

After decomposition of the LiNaKMgCa system, IR and Raman spectroscopies do
not detect any representative band (Figure 78, 500 °C). From PXD patterns
(Figure 73, A, 500 °C and Figure 76 C) decomposition products, such as CaH,,
LiH, MgB; and the Mg high pressure cubic phase, can be identified. KBH4 is still
present, suggesting that the quinary mixture is not fully decomposed upon
heating up to 500 °C.
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Conclusions

In the study on the quinary mixture, phase stability and hydrogen release in a
equimolar quinary mixture of borohydrides have been investigated for the first
time. Following the concept of high entropy alloys, the investigated system is an
equimolar mixture of LiBH4, NaBH4, KBH4, Mg(BH4). and Ca(BH4)s.

The mixture was synthetized by ball milling and characterized to investigate the
possible formation of new phases or solid solutions. The borohydrides result to
be immiscible upon mechanical treatment up to 50 hours: pristine borohydrides
are detected in the PXD after milling, together with KCa(BH4)3, whose enthalpy
of formation likely overcomes entropy effect, limiting solid solubility. The thermal
behaviour of the mixture has been characterized by /in-situ SR-PXD and HP-DSC.
The thermal analysis reveals several melting events, up to 250 °C. So, above 250
°C, a five-component liquid borohydride has been obtained for the first time, via
eutectic reactions involving a bimetallic borohydride.

After thermal cycling up to 200 °C, IR spectroscopy reveals the presence of two
unknown sharp bands below 800 cm™ that could be related to broad peaks
observed in the PXD, suggesting the formation of an unknown phase.
Dehydrogenation from the liquid phase containing five different borohydrides
occurs in a complex multistep reaction. Hydrogen release temperatures are not
significantly lowered with respect to those of pure borohydrides. Not all the
borohydrides have been decomposed during the thermal treatment up to 500 °C.
In conclusion, this study showed the existence of ternary or higher eutectic
mixtures of borohydrides, that might be further characterised to determine the
exact composition and melting temperature. In addition, the occurrence of a new
unknown phase has been observed, suggesting further studies to characterized
it. More fundamental thermodynamic studies and assessments of complex
systems might lead to a better understanding of phase mixtures formed upon
mixing different borohydrides. Studies on their hydrogen release properties might
be of interest for a further tailoring of borohydride systems for solid-state energy
storage.
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Chapter 6 — Reactive hydride composite with eutectic
borohydrides

The development of materials showing hydrogen sorption reaction close to room
temperature and ambient pressure will promote the use of hydrogen as energy
carrier for mobile and stationary large-scale applications. In the present chapter,
in order to reduce the thermodynamic stability of MgH;, Ni has been added to
form Mg;NiH4, which has been mixed with various borohydrides to further tune
hydrogen release reactions. De-hydrogenation/re-hydrogenation properties of
Mg:NiH4-LiBHs-M(BH4)x (M = Na, K, Mg, Ca) systems have been investigated.
Mixtures of borohydrides have been selected to form eutectics, which provide a
liquid phase at low temperatures, from 110 °C up to 216 °C. The presence of a
liquid borohydride phase decreases the temperature of hydrogen release of
Mg:NiH4, but only slight differences have been detected by changing the
borohydrides in the eutectic mixture.

Introduction

To overcome the increasing worldwide demand of energy, the use of hydrogen
as sustainable and efficient energy carrier plays an essential role. In this frame,
the development of materials able to store hydrogen close to room temperature
and ambient pressure will enable the use of hydrogen in mobile and stationary
large-scale applications. Low cost and light weight hydrides are promising
material for solid-state hydrogen storage, owing to their high gravimetric and
volumetric hydrogen capacity.?? The theoretical hydrogen content of LiBH4 is
18.5%wt, i.e. the highest among metal borohydrides, while it is equal to 10.7%wt
for NaBH4, 7.5%wt for KBH4, 14.9%wt for Mg(BH4). and 11.6%wt for Ca(BHa)..
Observed values are usually lower, depending on the experimental conditions.

Usually light metal hydrides absorb and release hydrogen through sluggish
kinetics at relatively high temperatures. In order to reduce their thermodynamic
stabilities, transition metals have been added to form complex metal hydrides,?’
such as in the case of MgH; mixed with Ni to form Mg;NiH4, with a theoretical
hydrogen content equal to 3.6%wt. This complex metal hydride upon heating
shows a polymorphic transition from a monoclinic to a hexagonal structure at 244
°C, together with the release of one hydrogen to form Mg,NiH;.23%2%° The main
dehydrogenation reaction occurs at 305 °C under 5%H,/95%N,; flow or 1 bar
H,.23%24 The thermodynamic properties of the Mg-Ni-H ternary system were
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assessed by Zeng et al.,>*> where the values of temperature of decomposition as
a function of hydrogen pressure are reported. Upon cycling at low hydrogen
pressure, Mg:Ni can absorb hydrogen (at Tpeak= 247 °C, at 3 bar H;) to form the
partial hydrogenated hexagonal solid solution MgzNiHg 3.2%3

Literature Survey

The so called Reactive Hydride Composites (RHC) allows mixtures of metal
hydrides and borohydride to release hydrogen in a reversible manner under
moderate temperature and hydrogen pressure conditions.?®

The thermodynamic properties and phase diagrams of the LiBH4-NaBH4-KBH4
system was recently assessed and it has been described in Chapter 4.2° In this
system, two eutectic compositions are present. 0.725LiBH4-0.275KBH4 (LiK) and
0.70LiBH4-0.30NaBH4 (LiNa) melt at an onset temperature of 105 °C and 216 °C,
respectively. Even if the LiK eutectic shows a stable liquid above 105 °C, it does
not decompose below 400 °C.* The decomposition of the 0.68LiBH4+-0.32NaBH4
mixture was investigated in the literature, and it shows a release above 400 °C,?%
lowered to 250 °C when nanoconfined.*® 0.55LiBH4-0.45Mg(BH4), eutectic
composition (LiMg) melts at 180 °C and releases hydrogen during melting and
above 250 ©°C,202203 jts decomposition is lowered to 150 °C upon
nanoconfinement, thus suppressing the evolution of diborane and the formation
of closoboranes.’%?* 0.68LiBH4-0.32Ca(BH.), eutectic composition (LiCa) melts
at 200 °C and decomposes at 350 °C,'”* lowered down to 200 °C upon
confinement, #6:245-247

Recently various studies have explored the hydrogen release properties of
mixtures of complex metal hydrides and borohydrides, such in the case of
Mg,FeHs-M(BH4)x systems (M = Li, Na, K, Mg, Ca).2*® Mg,NiHs-M(BHa4)x systems
(M=Li,Na,Ca) have been studied as well, showing an improvement of the
hydrogen release properties and cyclability.?**-2>3 The decomposition reactions
can form boride species (e.g. MgNi..sB;), which reversibly play as B-donors to
form back the borohydride during the re-hydrogenation process. In the Mg:NiHs-
LiBH4 system, hydrogen release under argon flow starts at roughly 300 °C and it
can be re-hydrogenated at 100 bar and 350 °C in about 4 hours.?* The hydrogen
release in the Mg;NiHs-NaBH4 system has an onset temperature close to 250 °C
under vacuum and it occurs in three different steps.?>' The Mg,NiHs-Ca(BH4)2
system releases hydrogen above 300 °C.?>? There is no report in the literature on
the Mg:NiH4-KBH4 system, since it is expected to release hydrogen at
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temperatures that are considered not suitable for the employment of this material
in real application. The Mg:NiH4-Mg(BH4), system has not been studied yet.

As reported above, mixtures of borohydrides have shown the formation of
eutectic melts, which allow the release of hydrogen from the liquid state at low
temperatures.**>* In the present study, we apply the RHC approach to eutectic
mixtures of borohydrides, aiming to further improve hydrogen sorption properties
of the mixed borohydrides. In order to compare our results with the literature,
we investigated the as prepared Mg:NiHs and the RHC mixture Mg:NiHs-LiBHa.
Then Mg;NiH4 was mixed with all the binary eutectic composition of LiBH4 and
M(BHs)x (M = Na, K, Mg, Ca). The thermal behavior and decomposition
temperature were analyzed by HP-DSC. Ball milled mixtures and samples after
thermal cycling where analyzed by PXD to identify crystalline decomposition
products. This study will allow an understanding of the behavior of a RHC mixture
with a liquid phase and its role in the thermodynamic destabilization of hydrogen
sorption reactions.

Results

An overview of the investigated samples and corresponding compositions is
reported in Table 14. The investigated mixtures will be named by the main
metals that are present (e.g. the LiBH4 and KBHs in eutectic composition will be
named LiK and its mixture with Mg,NiH4 will be hamed MgNiLiK).

Table 14 — Borohydrides structures and details on pure compounds, binary mixtures, bimetallics, solid
solutions (SS), enthalpy [kJ/mol] and temperature [°C] of polymorphic transition (PT), eutectic melting (EU),
thermal minima (TM), and decomposition (DEC).

Sample Borohydrides composition RHC composition
(Molar Fraction) (Molar Fraction)
MgNiLi LiBH4 0.56 MgzNiH4, 0.44 LiBH4
MgNiLiK 0.72 LiBH4, 0.28 KBH4 0.56 Mg2NiHa, 0.32 LiBH4, 0.12 KBH4
MgNiLiNa 0.70 LiBH4, 0.30 NaBH4 0.56 MgzNiH4, 0.31 LiBH4, 0.13 NaBH4
MgNiLiMg 0.55 LiBH4, 0.45 Mg(BH4)2 0.64 MgzNiH4, 0.20 LiBH4,0.16 Mg(BH4)2
MgNiLiCa 0.68 LiBH4, 0.32 Ca(BH4)2 0.62 Mg:NiHa, 0.27 LiBH4, 0.11 Ca(BH4)2

Figures 84-89a, report PXD patterns of the as-prepared samples, which can be
compared with the patterns collected after thermal cycling. Figures 84-89b
show the DSC traces upon cycling.
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MgzNiH4

As a consequence of the synthesis procedure, the diffraction pattern of Mg.NiH4
(Figure 84a, as synthetized) presents broad diffraction peaks of the
monoclinic phase stable at room temperature, LT1. The orange-reddish colour of
the powder indicates the presence of a microtwinned modification of the room-
temperature phase, called LT2,%>* as confirmed by PXD pattern. As previously
reported for a similar synthesis route,?>> even if a molar ratio 2:1 of starting MgH-
and Ni have been used to obtain the complex metal hydride, traces of unreacted
Ni are present in the sample.

In the DSC trace of pure Mg;NiH4 on heating (Figure 84b, 1% cycle), at Tycak=
244 °C, the monoclinic-to-cubic polymorphic phase transition can be observed.
This transition is reversible, as clearly shown by the exothermic peak upon cooling
at Tpeak= 234 °C, due to the cubic high temperature phase forming LT1 and
LT2.239240 In the 2™ cycle (Figure 84b, 2™ cycle), the polymorphic transition is
observed again and upon further heating an endothermic peak related to
hydrogen release can be detected. The complex metal hydride decompose to
Mg:Ni%>>, under a hydrogen backpressure of 2.7 bar, at Tpeak= 372 °C. Upon
cooling, in the 2™ cycle, a broad exothermic peak of hydrogenation to form
Mg:NiHo 3 can be observed below 235 °C.?*3 Upon further cycling (Figure 84b,
3 cycle), the sample releases hydrogen starting from 280 °C (Tpeak= 296 °C),
from MgzNiH0,3.

Mg2NiHo .3, together with traces of Mg:NiH4, is observed in PXD after cooling
(Figure 84a, after DSC).

Ni 11 Wig PTMgzum H, release, 2barH, 5°C/min ‘ b
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Figure 84 — (a) PXD of the as synthetized MgzNiH4 (black, down) and after cycling in HP-DSC (red, up); b)

HP-DSC cycling of Mg:zNiH4 at 5 °C/min under a static pressure of 2.2 bar of Ha.
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RHC mixtures

In almost all the diffraction patterns of Mg:NiH4+ mixed with borohydrides, the
composing phases are visible (Figures 85-89a, BM). However, in the MgNILiK
system (Figure X86, BM), the milling causes the formation of the LiK(BH4)
bimetallic phase, in agreement with the literature.”* In the MgNiLiMg system
(Figure 88a, BM), LiBH; and Mg(BH.); are hardly visible after milling.

Mg;NiH4—LiBH4

Figure 85b shows the DSC signals for the RHC mixture MgNiLi upon cycling. In
the 1% cycle (Figure 85b, 15t cycle), the polymorphic transition of LiBH4 is
identified Tpeak= 117 °C, which is reversible upon cooling. In the 2" cycle (Figure
85b, 2" cycle), after the polymorphic transition of LiBH4, also the polymorphic
phase transition of Mg;NiH4is observed as a broad peak around 245 °C. Both
DSC signals can be observed also on cooling. Furthermore, in the 3™ cycle
(Figure 85b, 3™ cycle), after the polymorphic transition peaks, the melting of
LiBH4 can be detected at Tpeak= 279 °C. All transitions are reversible and well
visible during the cooling process, and temperature values are in good agreement
with the literature.”®23%24 In the 4™ cycle (Figure 85b, 4% cycle), after the
polymorphic transition peaks and LiBH4 melting, at Tyea= 308 °C a broad
endothermic peak due to hydrogen release from LiBH4 can be observed under
2.7 bar Hy. In this case, on cooling, only small peaks from the polymorphic
transitions can be observed, suggesting the occurrence of a reaction. In fact, in
the last cycle (Figure 85b, 5% cycle) only small DSC peaks of Mg,NiH4
polymorphic transition, LiBH4 polymorphic transition and melting can be observed
on heating, evidencing the presence of a small quantity of parent hydrides in the
sample. At higher temperatures, at Tpeak= 335 °C, the main hydrogen release
from the RHC mixture can be observed, with LiBH4 and Mg,NiH4 forming MgNi» 5B
and Mg. Upon cooling below 307 °C, Mg absorbs hydrogen to form MgH,.

The PXD pattern after the DSC analysis (Figure 85a, after DSC) confirms the
total decomposition of LiBH4 and Mg:NiH4. In fact MgNi,sB,, MgH; and a small
quantity of unreacted Mg are observed, but no Li-containing phases are
evidenced, likely because of the light scattering factor. LiBH4 cannot be reformed
because of the low hydrogen pressure applied. The obtained results are in good
agreement with the literature?*® and confirms the decrease of the decomposition
temperature of both Mg:NiH4 and LiBH4 when mixed together into a RHC.
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Figure 85 — (@) PXD of the ball milled MgNiLi system (black, down) and after cycling in HP-DSC (red, up); b)
HP-DSC cycling of MgNiLi at 5 °C /min under a static pressure of 2.2 bar of Ha.

Mg:NiH,— LiBH,—KBH, eutectic composition

Figure 86X reports the results obtained for the MgNILiK system. Upon heating,
in the 1% cycle (Figure 86b, 15t cycle), the melting of the LiK eutectic can be
observed at Tpeak= 110 °C, which is reversible upon cooling.?®* In the 2" cycle
(Figure 86b, 2" cycle), after the eutectic melting, the polymorphic transition
of Mg:NiH4 is observed as a broad peak at Tpeak= 246 °C. Above 290 °C (Tpeak=
325 °C) the main hydrogen release from the RHC mixture can be observed under
2.7 bar H,. The mixture has decomposed into MgNi» 5B, Mg:Ni and Mg. In fact,
a broad peak of hydrogenation can be detected, upon cooling, below 300 °C to
form MgzNiHo.3 and MgH.. In the 3™ cycle (Figure 86b, 3" cycle), no transitions
from LiK eutectic and Mg;NiH4 are observed, endorsing their decomposition.
Hydrogen release is observed in a broad peak around 292 °C, related to the
hydrogen release from Mg:NiHo 3, and above 310 °C, related to decomposition of
MgH.. In this case, the hydrogen release temperature of the RHC mixture is lower
of about 10 °C compared to the MgNiLi system. Upon cooling, the Mg
hydrogenation peak is more defined in the 3™ cycle because of a possible
activation upon previous thermal cycling.

Mg:NiHo.3, MgH, and MgNi,sB; are present in the PXD pattern after DSC (Figure
864a, after DSC), together with an unknown phase. The XRD peak positions of
this unknown phase correspond to those observed after decomposition of the
Mg:NiHs-Ca(BH4), system.?>? The presence of KBH4 in the mixture suggests that
not all the borohydride present in the mixture has been decomposed upon
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thermal cycling. So, from the liquid eutectic mixture of borohydrides, only LiBH4
actively reacts with Mg,NiH4, whereas the most stable KBH4 remains unaffected.
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Figure 86 — (a) PXD of the ball milled MgNiLiK (black, down) and after cycling in HP-DSC (red, up); b)
HP-DSC cycling of MgNiLiK at 5 °C/min under a static pressure of 2.2 bar of H..

Mg:NiH,— LiBH,;—NaBH, eutectic composition

Figure 87 presents the results obtained for the MgNiLiNa system. Upon heating
in the 1% cycle (Figure 87b, 15t cycle), we observe the polymorphic transition
of LiBH4 at Tpeak= 98 °C, stabilized for the presence of NaBH4,'?* and the melting
of the LiNa eutectic at Tpeak= 228 °C. Both phase transformations are reversible
and slightly undercooled on cooling. In the 2™ cycle (Figure 87b, 2™ cycle),
after the previous phase transformations, also the polymorphic transition of
Mg:NiH4 is observed at Tpeak= 246 °C, followed by the main hydrogen release
from the RHC mixture at Tpeak= 327 °C under 2.7 bar H,. The RHC mixture
decomposes similarly to the MgNiLiK system, and on cooling, Mg;Ni and Mg are
hydrogenated to form Mg,NiHo.; and MgH. below 302 °C. In the 3" cycle (Figure
87b, 3" cycle), previous transitions from LiNa and Mg:NiH4 are hardly visible,
confirming their decomposition. In fact, the hydrogen release from Mg;NiHo.3 and
MgH; are observed at Tpeak= 290 °C and 331 °C, respectively. No improvement
in the hydrogenation of Mg can be seen on cooling in the 3™ cycle. In comparison
to the starting components, the hydrogen release temperature of the RHC
mixture has not been lowered by the substitution of KBH4 with NaBHa.

The decomposition products of the MgNiLiNa system are similar to those of
MgNiLiK, as evidenced by the PXD analysis (Figure 87a, after DSC). Even in
this case, the most stable NaBH4 borohydride is still present after thermal cycling.
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Figure 87 — (a) PXD of the ball milled MgNiLiNa (black, down) and after cycling in HP-DSC (red, up); b) HP-

DSC cycling of MgNiLiNa at 5 °C/min under a static pressure of 2.2 bar of Ha.

Mg:NiH,— LiBH,—Mg(BH,): eutectic composition

Results obtained for the MgNiLiMg system are shown in Figure 88. In the 1%
cycle (Figure 88b, 1t cycle), the polymorphic transition of LiBH4 is observed as
a broad peak at Tpeak= 111 °C, followed by the melting of the eutectic at Tpea=
176 °C. Upon cooling the crystallization of the eutectic is not clearly detected,
possibly because some Mg(BH4). has already reacted, enriching the LiBH4 fraction
in the composition of the borohydride mixture.*2022%3 In fact, the DSC peak due
to the LiBH4 phase transformation appears more intense on cooling with respect
to that observed on heating. As a consequence, in the 2™ cycle (Figure 88b,
2" cycle), the polymorphic transition of LiBH4 is more defined and the LiMg
eutectic melting is hardly detected as a broad peak. At higher temperatures, the
MgzNiH4 polymorphic transition is detected at Tpeak= 246 °C, together with a small
peak of hydrogen release from the liquid borohydride, as previously observed in
the literature.® Furthermore, the main hydrogen release from the RHC mixture
starts above 290 °C under 2.7 bar Hz (Tpeak= 336 °C). In this temperature range,
the decomposition of Mg(BH.); is also expected.3* On the other hands, after the
decomposition of the mixture, MgNi..sB, and Mg are expected to be formed, so
that the decomposition of Mg(BH4). to Mg, B and H; is limited. Upon cooling in
the 2™ cycle, a broad hydrogenation peak is observed at Tpeak= 260 °C related to
the formation of MgH,. Actually, in the 3 cycle (Figure 88b, 3™ cycle), no
peaks related to LiBHs or Mg:NiHs phase transformations are observed, but
several peaks related to hydrogen release are observed above 231 °C, in a
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complex multi-steps reaction (Tpeak= 302 °C, 315 °C and 323 °C). These peaks
are related to the full decomposition of residual Mg(BH4),,3* together with
hydrogen release from Mg;NiHoz and MgH,. Hydrogenation of Mg;Ni and Mg is
clearly observed upon cooling below 300 °C. Finally, in the 4" cycle (Figure 88b,
4t cycle), only hydrogen release peaks from MgzNiHo 3 (Tpeak= 293 °C) and MgH.
(Tpeak= 317 °C) are observed and, during cooling, a peak related to hydrogenation
can be detected again below 297 °C.

The decomposition products detected in the PXD patter after thermal cycling
(Figure 88a, after DSC) are always the same, as observed for the MgNiLiK and
MgNiLiNa systems. However, in this case, no traces of residual borohydrides are
observed, suggesting the full reaction of Mg(BH.).. It is worth to note that the
intensity of the diffraction peaks of the unknown phase is higher with respect to
the previous systems. The high content of Mg and B in this system suggests that
the unknown phase could be related to the Mg-Ni-B system.
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Figure 88 — (a) PXD of the ball milled MgNiLiMg (black, down) and after cycling in HP-DSC (red, up); b) HP-

DSC cycling of MgNiLiMg at 5 °C/min under a static pressure of 2.2 bar of Ha.

Mg:NiH,— LiBH,—Ca(BH.): eutectic composition

Finally, the results obtained for the MgNiLiCa system are reported in Figure 89.
The DSC trace of the 1% cycle (Figure 89b, 15t cycle) presents the polymorphic
transition of LiBH4 at Tpeak= 115 °C, the polymorphic transition of Ca(BH4), at
Tpeak= 150 °C and the melting of the LiCa eutectic at Tpeak= 202 °C. Only the
polymorphic transition of Ca(BHs). cannot be observed by DSC on cooling,
because of sluggish kinetics.'”® In the 2" cycle (Figure 89b, 2™ cycle), all the
previous transitions of the LiCa system are observed. At higher temperatures, the
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polymorphic transition of Mg;NiH4 is detected at Tpeak= 243 °C, together with a
small peak of hydrogen release from the liquid borohydride, as previously
observed in the MgNiLiMg system and in the literature.?*® Furthermore, a DSC
endothermic peak due to hydrogen release starts above 300 °C (Tpeak= 332 °C),
under 2.7 bar H,, so that heating has been stopped at 350 °C, in order to separate
hydrogen release reactions. The DSC exothermic DSC peaks due to
hydrogenation reactions of Mg;Ni and Mg can be observed on cooling below 304
°C. In the 3 cycle (Figure 89b, 3™ cycle), no peaks from the LiCa system are
observed, suggesting the occurrence of reactions between Mg:NiH4 and the
borohydride mixture in the previous cycle. A DSC peak at Tpeak= 298 °C is clearly
related to the hydrogen release from Mg:NiHo 3, followed by the decomposition
of MgH; and, at higher temperatures, by the decomposition of Ca(BH4), to CaH;
up to 440 °C. In fact, in the 4" cycle (Figure 89b, 4" cycle), the decomposition
of the Mg:NiHo3 is hardly observed, but the decomposition of MgH, is clearly
occurring at Tpeak= 335 °C. During cooling, a broad peak of hydrogenation can
be detected below 304 °C both in the 3™ and 4™ cycle.

CaH; is observed, in addition to the previously observed mixture decomposition
products, in the PXD pattern after cycling (Figure 89a, after DSC).
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Figure 89 — (a) PXD of the ball milled MgNiLiCa (black, down) and after cycling in HP-DSC (red, up); b) HP-
DSC cycling of MgNiLiCa at 5 °C/min under a static pressure of 2.2 bar of H..

Discussion

The results obtained in this work for the Mg;NiH4 and the Mg.NiH4+—LiBH4 (MgNiLi)
system are in good agreement with previous studies reported in the
literature, 239243249
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Table 15 — Peak temperatures of transitions and reactions for all the investigated systems (H: heating, C:
cooling, PT: polymorphic transition, M: melting, Cr: crystallization). Part I.

H2 H2
PT | PT | M/Cr PT Release Uptake
3 olz| s |8 = | & |z € z| =
g SI3| 2|2 £ | 2|2 2|23
g o L= iy &, iy E: EY E: N (o]
MgNi 1 H 244
1 (o 234
2 H 243 372
2 C <235
3 H 242 296 | 303
3 (o <235
MgNiLi 1 H 117
1 (o 98
2 H 115 245
2 C 104 226
3 H 115 279 238
3 (o 102 265 227
4 H 113 271 238 308
4 C 228
5 H 238 302 | 335
5 (o <307
MgNiLiK 1 H 110
1 C 106
2 H 110 246 325
2 (o <300
3 H 292 | 329
3 (o <300
MgNiLiNa 1 H |98 228
1 (o 90 226
2 H 102 228 246 327
2 (o <302
3 H 101 290 | 331
3 (o <302

Mg:NiH4 releases hydrogen under 2.7 bar of H; at relatively high temperature
(Tpeak= 372 °C) and it is partially hydrogenated to Mg2NiHo 3 on cooling. However,
this temperature can be lowered by the addition of LiBH4. In fact, in the RHC
mixture MgNiLi, the release of hydrogen, under a backpressure of 2.7 bar, starts
above 330 °C. Compared with the pristine compounds, their mixture leads to a
release of hydrogen at lower temperature for both LiBH4 and Mg;NiH4 to form
MgNi>.sB,, MgzNi and Mg.

Mg:NiH4 was then mixed with all the binary eutectic composition of LiBH4 and
M(BH4)x (M = Na, K, Mg, Ca). In all systems, the decomposition of both LiBH4
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and Mg;NiH4 is evidenced by a broad DSC peak, localized around Tpeak=320-330
°C. Upon cooling, in the present conditions, the decomposed samples, in all RHC
studied mixtures, can be re-hydrogenated to form Mg:NiHo.3 and MgH.. In further
thermal cycles, two decomposition peaks are observed, related to Mg:NiHo.3 and
MgH; hydrogen release, respectively. Table 15 and 16 summarize the peak
temperatures of transitions and reactions for all the investigated systems.

Table 16 — Peak temperatures of transitions and reactions for all the investigated systems (H: heating, C:
cooling, PT: polymorphic transition, M: melting, Cr: crystallization). Part II.

H2 H2
PT PT L PT Release Uptake
s ol?2| & 2 2 3 z g | = e
g 513 | E| E |2 E | 2|8 @
g o L] iy & iy aI kS g: Iy (o}
MgNiLiMg |1 |H | 111 176
1 C 103
2 H 114 174 246 243 336
2 C <286
3 H >231
3 C <297
4 H 293 317
4 C <297
MgNiLiCa 1 H 115 150 202 243 246
1 C 102 193
2 H | 115 | 151 | 200 241 | >306 332
2 C <304
3 H > 290
3 C <304
4 H 335
4 C <304

All the systems investigated in this work present the decomposition of
borohydrides from the liquid state, which appears to play a role on the
temperature of decomposition of the RHC mixtures. When only LiBH4 is present,
the decomposition peak is at a slightly higher temperature with respect to RHC
mixtures containing eutectic borohydrides mixtures, though it does not change
significantly in all different systems. When a highly stable borohydride (i.e. NaBH4
and KBH.) is present in the eutectic mixture, only LiBH4 plays and active role in
the mixture and the RHC mixture does not decompose completely, so that the
stable borohydride is still present in the decomposition products after thermal
cycling. On the other hand, if an alkali-earth borohydride (i.e. Mg(BHa), and
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Ca(BH4)2) is mixed with LiBHs to form an eutectic, the liquid phase fully
decomposes, namely at lower temperature if compared to the pure eutectic
mixture alone, but complex multi-steps reaction are taking place.

In all systems, when the borohydrides and the Mg;NiH4+ decompose, they always
react to form MgNi»sB, and Mg. The presence of an unknown decomposition
product has also been observed in all RHC mixtures with eutectic borohydride
mixtures. The low backpressure applied in this case is not high enough to form
back the starting borohydrides, though it is able to hydrogenate the decomposed
Mg:Ni and Mg to form the Mg:NiHo3 and MgH,.

The decomposition temperatures in investigated systems have not been lowered
significantly compared to previous studies of MgNiH4-MBH4 mixtures. In fact, the
hydrogen release temperature is still far from ambient conditions. A full
rehydrogenation has not been obtained because of the limited H, pressure
applied in the experimental conditions. As for previous studied mixtures,?*2>3 a
hydrogen pressure of 100 bar is expected to fully rehydrogenate the systems.
The nanoconfinement of the studied mixtures into nanoporous scaffold to obtain
nanostructured materials*:49°0,54.244-247.253 mjght be explored to improve the
thermodynamics and kinetics of hydrogen sorption reactions.

Conclusions

In this study, RHC systems obtained by mixing Mg:NiH4 and eutectic mixtures of
borohydrides have been investigated, to explore possible improvements in
hydrogen release properties of those systems.

In the investigated RHC mixtures, when LiBH4 is in eutectic mixture with
borohydrides that contain stable single charged metal cation, a slight
improvement in the decomposition temperature of the RHC mixture is observed,
but a leftover of the more stable borohydrides is detect after cycling.

The presence of double charged metal cation in the eutectic mixture causes a full
decomposition of the borohydrides in complex multi-steps reactions. The
presence of a stable liquid at low temperature promotes the decrease of the
hydrogen release temperature, if compared to that of pure Mg:NiHa.
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Chapter 7 — Conclusions and Outlook

The studies performed during this PhD project were focused on the determination
of thermodynamic properties of complex hydrides for energy storage
applications. The definition of properties-structures relations is a milestone to
understand and further develop these materials. Thermodynamic properties and
their implication in decomposition reactions and material stability enable the full
description and understanding of complex systems and mixtures. The stability
and energies involved in the decomposition process are key parameters to be
considered for a real application of these systems in energy storage, taking into
account the full life cycle assessment of the compounds and devices.

The studies performed during this PhD project were carried out at the
Department of Chemistry of the University of Turin, under the supervision of Prof.
Marcello Baricco, aims to accurately determine thermodynamic properties of
complex hydrides, especially boron-compounds as borohydrides and
closoboranes, in wide composition, temperature and pressure ranges to fill the
lack of thermodynamic data of those systems. The study involved
thermodynamics and theoretical assessment and development of databases for
thermodynamic calculations.

Heat capacities of borohydrides were experimentally determined and assessed.
This study enable the description of their thermodynamics as a function of
temperature. The implementation of their database allow the exploration of more
complex systems to further understand their role in hydrogen storage
applications, heat storage in thermal solar concentration plans, and as solid-state
electrolytes. This determination is fundamental for a deep understanding of the
thermodynamics of hydrogen release and uptake reactions and to develop and
design new promising solid-state hydrogen storage systems, solid-state
electrolytes or for concentrating solar thermal power energy storage.

The thermodynamics of boron-based compounds and systems was extensively
evaluated. In this study, computation and experiments are important companion.
For this reason, the performed experiment were assessed by the use of
computation thermodynamics software such as Thermo-Calc (based on the
Calphad approach) and ab-initio calculation (DFT) of thermodynamic properties,
using the CRYSTAL code (in collaboration with the theoretical and computational
chemistry group).

The results clarify the bond between values of thermodynamic properties and
chemical properties of those systems. The combination of the thermodynamic

and mechanical properties with the chemistry of boron-based material will further
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improve their application as solid-state hydrogen storage materials and open the
way and the understanding of structure-properties relationships in the use of
those materials in other possible new applications that have been cited above.

Complex hydrides are characterized by a cationic and an anionic sublattice, as
expected for ionic compounds. Solubility of complex hydrides in the solid state
can be obtained in a single or in both sublattices. Generally, complex hydrides
shows different crystal structures at room temperature and often are subjected
to polymorphic phase transitions upon heating, eventually leading to melting
before decomposition. Mixtures of complex hydrides may show the formation of
solid solutions, i.e. cationic or anionic fully disordered structures. On the other
hand, as already described before, they can form compounds, i.e. cationic or
anionic ordered structures. These compounds can be bimetallic, trimetallic or
multimetallic, and they can show different anions in the structure. A systematic
description of compounds observed upon mixing complex hydrides is reported in
%, In case of immiscibility among complex hydrides, an eutectic melting can be
observed. Full solubility is generally observed for complex hydrides in the liquid
phase.

Solubility may be represented by the enthalpy and entropy of mixing. In the case
of a regular solution model, the enthalpy of mixing can be easily represented by
a single interaction parameter. In the solid state, it is related to the crystal
structure and corresponding coordination of parent compounds. In the liquid
phase, the occurrence of a short-range order may promote the formation of
solutions. In all cases, phase diagrams of complex hydrides provide information
on solubility in solid phases, as well as in the liquid. In this conclusion chapter,
an overview of solubility in both cationic and anionic sublattices for borohydrides
will be presented and the role of chemical bonds and coordination in the crystal
structure will be highlighted.

Interaction in the solid state

Binary combinations between borohydrides or with halides have been extensively
investigated, showing the formation of solid solutions, resulting from cationic
46,124,257,258 or gnionic >>% substitutions, as well as hydrogen-fluorine exchange
64,6567.259 ' For some binary and ternary mixtures of borohydrides, corresponding
thermodynamic properties and phase diagrams have been recently assessed
allowing the determination of the enthalpy of mixing in solid and liquid
phases. 124204
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Examples of cationic solid solutions in borohydrides are limited to the Mg(BH4),-
Zn(BH4)2,257 Mg(BH4)2-Mn(BH4)2,258 LiBH4-NaBH4124 and NaBH4-KBH4172 systems.
In other cases, a nearly full immiscibility is observed 36:424449,54,173,202,203
suggesting structural and electronic constrains in the formation of solid solution
in cationic sublattice in the case of borohydrides.
Considering the LiBH4+-NaBH4-KBH4 system, LiBH4 can form a cubic phase with
limited solid solubility in NaBHs and KBHs. As a consequence, a positive
interaction parameter of 5887 J/mol and 10000 J/mol, respectively, has been
assessed.?* In the NaBH4-KBH4 system, the assessed interaction parameter for
the cubic phase turns out to be equal to 7893 J/mol, which explains the
occurrence of a full solubility at high temperatures, but a miscibility gap at room
temperature. No solid solutions have been observed in the orthorhombic and
hexagonal phase, resulting in a high positive interaction parameter in the solid
state, except for the LiBH4-NaBH4 system where an ideal behaviour have been
observed with an extensive dissolution of NaBH,4 in the hexagonal phase. The
higher solubility in the hexagonal phase with respect to the orthorhombic one is
likely related to structural factors, such as the higher available free volume, fast
reorientation of the BH4™ anion and more favourable coordination in the hexagonal
structure than in the orthorhombic one, allowing easy cationic exchange and
motion.
The investigation of a quinary borohydride mixture showed a limited interaction
of the different borohydrides in the LiBHs-NaBHs-KBH4-Mg(BH4)2-Ca(BH4). system
in the solid phase.!**
Figure 90 A resumes available information on the results of cations interactions
in the solid phase in the LiBH4-NaBH4-KBH4-Ca(BH4),-Mg(BHa4), system. It can be
observed that in addition of the previously reported interaction no miscibility is
observed in other binary or higher combination. Thus, KBH4 strongly interact with
other borohydrides to form bimetallic compound or solid solution.
An anionic substitution of the BH4™ group by halides is widely favoured in binary
systems. In LiBH4-LiBr®! and LiBH4-LiI,>® hexagonal solid solution are stable at
room temperature and they have been widely explored and characterized. A
limited orthorhombic solid solution is present in the LiBH4-LiBr system, while
possible solid solutions in the cubic structure have never been characterized in
details. In the LiBH4-LiCl system,5%63 no significant solubility in the orthorhombic
phase is evidenced, while in the hexagonal phase limited solubility is detected at
high temperature. A solubility in the solid state is confirmed for many binary
systems between borohydrides and metal halides: NaBH4-NaCl,>’%° NaBH4-
NaBr,26° Ca(BH4)2-CaCI2,58 Ca(BH4)2-Ca1258'59, Mg(BH4)2-MgCI255, Mg(BH4)2-
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MgBr;>. In case of metal borohydride-borofluorides composites, MBH4-MBF4, M
= Li, Na, K, a hydrogen-fluorine exchange occurs and short-lived MBH4Fx are
formed, but fast decomposition to metal fluoride, diborane and closo-borane is
observed.64'65'67'259

A) SOLID PHASE B) LIQUID PHASE

MINUMUM TEMPERATURE
OF FULL LIQuiD
ra

LiBH,

E: Eutectic melting
M: Thermal minima
P: Partial melting
: Solid Solution
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Figure 90 — Summary on the cation interactions in the LiBH4-NaBH4-KBH4-Mg(BH4)2-Ca(BH4)2 system,
both in the solid (a) and liquid (b) phases. In Fig. 4a, crystal structures of pure borohydrides, showing
allotropic transformations, and results of interactions are reported. In Fig. 4b, melting temperature of pure
borohydrides, as well as minimum temperature for the existence of a pure liquid in mixtures, are reported,
together with the description of the melting reactions.

Interaction in the liquid state

The enthalpies of mixing of the liquid phase for the assessed systems based on
borohydrides!?*2% shows negative or low positive values, suggesting an attractive
interaction among different borohydrides in the liquid phase. Experimental values
of the enthalpy of mixing are hard to be measured and the lack of information
for such important thermodynamic properties leave a gap in the full description
of thermodynamics of these systems. However, by the Calphad approach,
borohydride systems can be assessed taking into account different contribution
to the excess Gibbs free energy, can be described in the whole temperature,
pressure and compositional range. In the case of an ideal solution model, the
enthalpy of mixing for a solution is equal to zero. If an ideal behaviour for both
solid and liquid phases is considered for a binary A-B system, the enthalpy of
mixtures is the weighted average of that of pure components. As a consequence,
the enthalpy of melting varies linearly, as a function of composition, between
those of pure components. Neglecting the temperature dependence of enthalpy,
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the deviation from the ideal behaviour of the liquid phase can be outlined by a
simple thermodynamic cycle, if the solid solutions are taken as ideal. In fact, the
enthalpy of mixing for the liquid phase (AHmix) can be estimated from the
difference between the enthalpy of melting of the AB mixture (AHmag) and of the
weighted average of that of pure components (AHwa and AHmg):

AHle = AHmAB - xAAHmA - xBAHmB Eq27
where xa and xg are the molar fractions of the A and B components, respectively.
The regular solution model defines the enthalpy of mixing as a function of
composition for a binary A-B system by the equation:

AH iy = x4x50 Eq.28

where Q is the interaction parameter, which can be easily estimated according
to:

0= AHpmpp — X44Hma — xgAH

Eq.29
XaXp 1

By the integration of the DSC signal of the melting reactions in mixtures of
borohydrides, the enthalpy change from solid to liquid phases can be measured.
So, possible interactions in the liquid phase can be evidenced and the value for
the enthalpy of mixing can be estimated. For binary systems showing thermal
minima (e.g. NaBHs4-KBH4), the solid solution can be considered as ideal.

In case of a eutectic melting (e.g. LiBH4-NaBH4 and LiBH4-KBH4) the solid phases
can be considered fully immiscible, so that the enthalpy of the solid mixture is
obtained by averaging that of that of pure components.

The Calphad method allows assessment of these parameters using a least square
method and taking into account all available data on the system or pure
compound from the available database or new experimental data.3* Following the
thermodynamic cycle described above, an estimation of the interaction parameter
Q for the liquid phase in the LiBH4-NaBH4-KBH4 system is reported in Table 17
and it is compared with assessed values.

For the LiBH4s-NaBH4 the assessed and estimated values of Q have a reasonable
agreement, being both negative, confirming the presence of a strong interaction
in the liquid phase. For the LiBH4-KBH4 system, estimated value is positive,
whereas the assessed on is strongly negative.
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Table 17 — Experimental (AHmexp) and assessed (AHmass) values (in J/mol) for the enthalpy of melting in pure
and mixed borohydrides. Assessed (Qass) and estimated (Qest) values (in J/mol) of the interaction parameters
for the liquid phase, according the regular solution model.

Composition AHmexp | AHmass Qass Qesr
LiBH4 7200

NaBH. 16900

KBH.4 19200

0.70LiBHa4 .
0.30NaBH.4 6990 6520 19604% | -14857
0.725LiBHs

0.275KBH. 11025 = 9828  -13016 2633
0.682NaBH.

0.318KBH. 17028 | 15331 1056 | -2782

(*) A temperature dependency and sub-regular model were used to describe the LiBH4-NaBH4 system. The
reported values have been recalculated as if the system was described by a regular model.

The observed discrepancy can be due to an overestimation of the assessed value,
as evidenced by the lower value of AHmass with respect to AHm. In addition,
because of the presence of a deep eutectic, a temperature dependence of
thermodynamic properties may play a role. Finally, for the NaBH4+-KBH4 system,
both Qass and Qest are close to zero and the deviation from the ideality of the
cubic solid solution can explain the observed discrepancy. Even if the estimated
values can provide a first hint on the enthalpy of mixing for the liquid phase, the
assessed value are more reliable, because they take into account possible
variation of enthalpy as a function of temperature and possible deviations for
ideality of the solid solutions.

For the quinary LiBH4-NaBHs-KBH4-Mg(BH4).-Ca(BH4). borohydride mixture, a
multi-cation liquid phase has been observed for the first time, underling a strong
interaction among borohydrides that could be related both to strong negative
enthalpy of mixing or entropy effects.!*

Figure 90 B summarizes the melting reactions occurring in the LiBH4-NaBH4-
KBHs-Ca(BH4).-Mg(BH4). system, evidencing the lowest temperature for the
occurrence of a single liquid phase.

Generally, in the liquid phase, a full solubility in the cation sublattice is observed,
with a stabilization of the liquid mixture with respect to pure liquid borohydrides,
as evidenced by the occurrence of eutectics or thermal minima.
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Conclusions and Outlook

In borohydride mixtures, all binary multi-cationic systems investigated so far
shown a stabilisation of the liquid phase, forming eutectic mixtures with negative
or low positive enthalpy of mixing of the liquid phase. Meanwhile, binary multi-
anionic system of borohydrides and halides evidenced a strong interaction in the
solid phases, while no eutectic have been reported. It can be concluded that, in
borohydride systems, the cationic and anionic sublattices play a different role in
the interaction in solid and liquid phase upon mixing. Their thermodynamics is
strongly related to structures, coordination number, temperature, enthalpy and
entropy of the transitions.

The stability of a phase is related to the reciprocal interaction among the ionic
sublattices and electronegativity of the ions involved in the structure. As reported
before, in the case of anionic substitutions, the formation of a solid solution is
favoured, which may indicate that the anionic sublattices of borohydrides is
characterized of equivalent sites, which can host randomly different anions with
similar size. Nevertheless, the cation sublattices is more related to its
characteristic coordination number, limiting the formation of solid solutions, but
allowing destabilizing the sublattices towards a liquid phase. The stabilisation of
the liquid phase at low temperature can be partially understood taking into
account a variation of the charge distribution in the physical mixture of different
borohydrides. Short-range order and entropy could play a role as well in the
formation of a multi-cation liquid phase, which should be further investigated.

A detailed description of the structure and thermodynamics of the liquid phase in
borohydrides is still missing. Experimental values of thermodynamic properties of
eutectics and liquid borohydrides would be of interest to further understand the
role of the liquid in the thermal decomposition or hydrogen release reactions.
The hydrogen release properties strongly depend on the interaction between the
two sublattices, mainly taking into account the variation of the B-H bond strength.
For this reason, a detailed study of the thermodynamics and structures of both
solid and liquid phase in borohydride mixtures should be carefully deepen to
further develop and tailor the hydrogen storage properties in complex hydrides.

To conclude and resume, during this PhD project, the LiBH4-NaBH4-KBH4 ternary

system was deeply investigated, combining experimental and theoretical

investigations. The Calphad method was used to assess the thermodynamics of

LiBH4-NaBH4, LiBH4-KBH4 and NaBH4-KBH4 pseudo binary systems, as well as a

full investigation and assessment of the ternary system. The evaluation of the
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hydrogen release reactions from different mixtures in the system was not deeply
investigated. A prediction of the decomposition reactions in the system can be
done with the current optimised database. However, it should be coupled with
experimental evaluation of these reactions. Further studies can be performed and
would be of interest.

Extended experimental investigations of the interaction between borohydrides in
equimolar ratio in ternary or higher mixtures (up to quinary) were performed.
Furthermore, the MgCa binary system, which description was still missing, was
characterized in function of temperature and composition.

This study could be further expanded considering different borohydrides, which
have not been taken into account, or by the understanding of the correct
composition of new eutectic mixtures and solid solutions. These mixtures can be
used for the production of other single-crystal borohydrides with the flux-assisted
method?®! or for melt infiltration in nanoporous scaffolds. Eutectic mixtures of
borohydrides could be of interest because liquid hydrogen carries can allow fast
refuelling of cars and the stabilisation of the liquid state down to room
temperature could be a direction of possible future investigations (i.e. other
mixtures to obtain ionic liquids).

Eutectic mixtures of borohydrides have been mixed with Mg:NiH4 to form reactive
hydride composite and tailor their hydrogen storage properties to improve
hydrogen release temperatures and cyclability. However only a slight
improvement of the hydrogen release reactions have been evidenced.

The study of the structure of liquid borohydrides and eutectic mixture should be
integrated with PDF measurements on the liquid to further understand the role
of a short-range order in these compounds. The study is currently on going in
collaboration with Dr. Mauro Coduri in ESRF.

The heat capacity of some borohydrides have been experimentally determined,
and an insight on different polymorphs of closoboranes have been performed
studying the polymorphic transition mechanism and enthalpies by HP-DSC.
Those values are important and useful information for the thermodynamic
assessment of these compounds. Correlation and structure-properties relation
have been evidences and discussed. The heat capacities and vibrational study of
closoborane would be of interest for a complete description of these promising
compounds.

In conclusion, it has been demonstrated that a combined use of ab-initio (in
collaboration with Dr. Marta Corno and Prof. Piero Ugliengo, at the University of
Piemonte Orientale and Turin) and Calphad thermodynamic calculations,
supported and confirmed by experimental measurements (in collaboration with
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Prof. Michele Chierotti and Prof. Giuseppe Spoto for the spectroscopies analysis,
at the University of Turin), especially /in-situ techniques, is a powerful tool for a
complete description of thermodynamic properties of mixtures of borohydrides.
The proficient results from this PhD project have been possible thanks to a wide
scientific network and many international collaborations. It must be underlined
how much is important to support international collaborations and efforts in basic
research to further enlarge the knowledge on these topics and to further tailor
and improve those systems for real applications.

Further research must be directed towards accurately measuring the properties
and suitability of complex hydrides, since preliminary techno-economic
investigations demonstrate high potential and competitiveness for thermal
energy systems based on metal hydrides materials compared with traditional
molten salt systems (cost of 25-30 $/kWhth for currently available metal hydrides
materials against 30-32 $/kWhth for molten salt systems).1%®
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Take home messages

Do Science! Travel, Live, Love, Communicate. Science is everywhere and for
everyone, especially for woman!

"You can make more friends in two months by becoming interested in other
people than you can in two years by trying to get other interested in you”
— Dale Carnegie

Cheers, to HYDROGEN! --- Be amorphous, stay cool!
- Git.

"Prendi i largo!”
"Duc in altum!”

Luke 5:4



