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NEPIAHWYH

Ta Bopoudpidia TTapPOUCIAlOUV IDICITEPO eVOIAPEPOV YIa OIEPYATiEG ATTOBNKEUONG
udpoydvou oe XOUNAEG TTIECEIG, AOYW TNG TTOAU UWNANG TTEPIEKTIKOTNTAG OE UBPOYOVO.
QoT1600, n 1I01aiTEPN OTABEPATATA TOUG KAl Ol UPNAEG BEPUOKPATIES TTOU ATTAITOUVTAI VIO
TNV OIACTTIA0N TOUG OEV €UVOOUV TNV TIPOKTIKA TOUG e€@appoyr. Mia evdiapépouoa
TTPOCEYYION Yyia TNV KATAAANAN TPOTTOTTOINON Twv BgPUOBUVAUIKWY IDIOTATWY TOUG
OXETICETAI JE TNV HOPPOTTOINCT TOUG 0€ CWHATIOIA VOVOKAIUAKAG HECW TTEPIOPICHOU O€
VOVOTTOPOUG. 2TOXOG TNG Trapoucag dIatpIfrig Atav N HEAETN Twv  IDI0TATWV
atmoBnkeuong-ammodéopeuonsg UdPOYOVoU EUTNKTIKWYVY MPIYMATWY Bopoldpidiwy, OTTWG
LiBH4 — NaBHa4 (LiNa) kai LiBH4 — KBH4 (LiK), petd Tnv eicaywyn Toug (Péow dinbnong
TAYMATOG) OTOUG TTOPOUG PECOTTOPWOWY UAIKWV avBpakikng paong. MNapatnpidnke oT
Kal yia Ta U0 EUTNKTIKA PiyuaTa, N eI0aywyr Toug oToug Topoug avBpaka Tuttou CMK-
3 kal agpoyéAng avbpaka (CA-20) pe diaueTpo 5 kal 25 nm, avrioToixa, BeATIWVEl TV
KIVNTIKI VW ETTITPETTEI KAI TN MEPIKI AVTIOTPEWIUOTNTA TNG AVTIOPAOTNS apuUdPOYOVWONG
/ udpoyovwong HeETG amd 5 kUkAoug. Evw o1 avridpdoelg agudpoyovwonsg Twv
OUPTTAOKWYV  UudpPIBiWV  €ival PN OvAOTPEWIYEG, TA  OUVOETO  OUCTAUATA
avBpaka/Bopoldpidiwv TTapouacidlouv oTaBepr] avaoTpEéWiun TTPOcAnywn Haz Trepitrou
3.5-4 wt% vyia ta ouvBeta LiNa / CMK-3 kai CA-20 kai Trepimou 3 wt% H2 yia Ta
avrioToixa UAIKG pe LiK. H avtioToixn HEAETN OUVOETWY UAIKWYV PE PN TTOPWOEIG BiIOKOUG
avBpaka (Carbon Disks, CD), emiong €d¢1Ee BeAtiwon oTIG 1816TNTEG aTTEAEUBEPWONG
udpoyovou atrd Ta Bopoudpidia, uTTodnAwvovTag OTI N ETTIPAVEIA TOU AVOPAKA UTTOPET
va Opdoel KATAAUTIKA Kal va Bonbroel Tnv didotracn Twv Bopoudpidiwv. Qotdéco, o
VAVOTTEPIOPIOWOG  OTOUG  TIOPOUG  @aiveTal  va  Traifel  Bepehiwdn  poAo  oTnv
QVTIOTPETTTOTNTA TNG AVTIdOpAONG udpoyodvwong, TOUAAXIOTOV yIa TNV TTEPITITWON TOU
peiyparog LiBHs — KBHsa. H oupTtrepipopd autry  ptTopei va OXeTiCeTal pe €vav
ouvOUAOHO QAIVOUEVWY OTTWG JE TNV KATAAUTIKA dpdaon Tng em@daveiag Tou dvBpaka, Tn
vavodidoTaon Twv cwuaTidiwv Bopoudpidiou Kai/ff TOV TTEPIOPICHO PN QVTIOTPEWINWY

TTAEUPIKWYV aVTIOPACEWV.

OEMATIKH MNMEPIOXH: Atmrobrikeuon udpoyovou Pe Xprion UAIKWV

AEZEIZ KAEIAIA: ATroBrikeuon udpoyovou, JECOTTOPwAN UAIKA, vavoTTEPIOPIOHAG,

oupTtTAoKa udpidia, Bopoudpidia, EUTNKTIKA PiyuaTa



ABSTRACT

Borohydrides are considered good candidates for low-pressure solid state hydrogen
storage, as they have very high hydrogen content. However their high stability and
decomposition temperatures hinder their practical use. An appealing approach for
adjusting their thermodynamic properties is nano-sizing by confinement in nanometer-
sized pores. The aim of this thesis has been to study the hydrogen storage-release
properties of eutectic borohydride mixtures such as LiBH4 — NaBH4 (LiNa) and LiBH4 —
KBHs (LiK), after their incorporation (through melt infiltration) in mesoporous
carbonaceous materials. It has been shown that the confinement of the borohydride
mixtures into 5 and 25 nm diameter pores of a CMK-3 type carbon and a carbon
aerogel (CA-20), respectively, improves the kinetics, also providing a partial reversibility
of the dehydrogenation / rehydrogenation reaction for both eutectic mixtures after 5
cycles. While the dehydrogenation reactions of the bulk complex hydrides are
irreversible, the nanoconfined systems exhibit a consistent reversible uptake of about
3.5-4 wt% H: for the LiNa / CMK-3 and CA-20 composites and about 3 wt% H: for the
LiK ones. The same synthetic procedure was also followed to obtain composite
materials with non-porous carbon disks (CD) and kinetic improvements in the hydrogen
release properties of the borohydrides were also observed. These findings in the
absence of porosity imply that the carbon surface may act catalytically and assist the
decomposition of the borohydrides. However, the pore nanoconfinement seems to play
a fundamental role in the reversibility of the hydrogenation reaction, at least for the case
of the LiBH4 — KBH4 mixture. Overall, this thesis revealed that the increased reversibility
and improved kinetics may be related to a combination of several phenomena such as
the catalytic action of the carbon surface, the nano-sizing of the borohydride particles,

and/or the abatement of irreversible side-reactions.

SUBJECT AREA: Material-based hydrogen storage

KEYWORDS: Hydrogen storage, mesoporous materials, nanoconfinement, complex

hydrides, borohydrides, eutectic mixtures
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CHAPTER 1
INTRODUCTION

1.1 Today’s energy landscape

Energy is essential for economic and social development as well as improvement of the
quality of life in all countries.® The global energy consumption has doubled in the past
forty years. Even though there have been changes in the energy mix adopted during the
last 100 years, the use of all energy sources is still growing (Figure 1). The introduction
and the widespread of internal combustion engines for transport increased the share of
hydrocarbons over solid fuels like coal and wood. Especially the second half of the XX
century, experienced a boom of the energy consumption, with the first attempts to
diversify the energy sources. Since fossil fuels are not renewable, it can be predicted
that by the next decades, mankind will face challenges related to the sustainability of
conventional oil production, a peak of gas production and in parallel, increased
restrictions on coal production and use, due to environmental regulations. In this
context, hydropower and nuclear power have started to grow and played an important
role among the energy sources in the last decade of the XX century while renewable
sources (wind, solar hydrothermal, tidal power, biomass etc.) began to gain influence in
the global overview as well.?
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Figure 1: Global production of energy sources in 1900-2012
1, Oil; 2, Natural gas;3, Coal; 4, Hydroelectric; 5, Nuclear power; 6, Others.?
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In 2013 it has been estimated that 19.1% of global energy consumption was provided
by renewable sources® and according to optimistic projection models, the 65% of the
total energy needs could be covered by renewable sources by 2100.4 The increase of
attention on renewable energy sources can be attributed to several factors such as the
limited amount of hydrocarbons, the volatility of oil prices, the energetic dependence
from other countries, but also the environmental and health consequences of pollution
due to fossil fuels use.® In fact, the nature of the renewable sources makes them infinite
and practically limitless. For instance, the solar radiation that reaches the earth’s
surface in one year, provides more than 10.000 times the world’s yearly energy needs.®
Moreover, the existence of different kinds of renewable sources ensures the possibility
to build up a diversification in the energy production matrix, reducing situations of
political dependence and energy-related instability. But probably, one of the major
driving forces behind the growing of renewable energies demand, is related to the
awareness of the necessity of a climate change mitigation strategy coupled with
reduction of polluting combustion products.” On the other hand, in spite of any possible
progress on the exploitation of renewable sources, there is always an inherent problem,
i.e. renewable energy is most of the times not constant. This issue is particularly
important in weather related sources, that despite the modern methods of forecasting,
they are still mostly unpredictable.®-19 In order to counterbalance the fluctuations of the
power production coming from different types of renewable resources, it is necessary to
store the energetic surplus, in order to use it when needed.!! Chemical accumulators in
the form of batteries are often used to regulate the power supply. In this context,
hydrogen has started to emerge, as a promising and flexible medium for energy
storage, since it can be directly produced by renewable sources (through electrolysis),
stored and converted to electricity (with fuel cells). However, the application and
development of this energy carrier requires the optimization of the current technologies
for hydrogen production, storage and use, as well as their integration in the everyday

energy landscape.1°

In general, the use of energy carriers is particularly important in the transportation
sector. Nowadays, transportation comprises nearly a quarter of the primary energy
demands and the global CO2 emissions, while road transport plays a key role.
Projections foresee a ~20% increase of global energy demand and greenhouse
emissions related to road transport until 2040. This is also due to the fact that oil is the
main fuel source and its use covers about 95% of the transportation energy demands

while it is clearly necessary to reach a stage where road transport will not be any more
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dependent on fossil fuels. A first option could be based on biofuels, the use of which
could reduce the greenhouse gas emissions and the supply security. Moreover, the
introduction of biofuels would require limited changes in infrastructure, vehicle cost and
performance. However, the production of biofuels is connected with several problems
related to the environmental sustainability upon mass production, in particular the use of
large amount of water and extended land areas, the need of using fertilizers and
pesticides, the risks for biodiversity as well as the competition with food production.?
The use of biofuels may decrease CO2 emissions, however the road towards zero
emissions involves alternatives based on electricity rather than combustion. The options
could comprise pure battery electric vehicles, hydrogen fuel cell vehicles, as well as
hybrid vehicles powered by both (batteries and hydrogen).’? In these cases the

emissions would be limited to just water for the hydrogen vehicles.

Such a hydrogen based zero-emission strategy (production of hydrogen by renewable
sources, hydrogen storage and hydrogen conversion to electricity when needed) could
ideally be expanded to embrace all the renewable systems. In this respect, hydrogen
could be the keystone of a society which is unconstraint from fossil fuels availability, but
can be supplied by a theoretically infinite amount of energy.

1.2 Hydrogen Economy

The challenge to find alternative fuels to minimize energy supply limitations and mitigate
the environmental impact of fossil fuel combustion, has led to the consideration of
several more eco-friendly fuels like reformulated gasoline or diesel, methanol, ethanol,
dimethyl ether and of course hydrogen. The latter is certainly the best option, both from
the point of view of emissions and the energy supply. Hydrogen, like electricity, is
actually an energy carrier. This means that it can be obtained from primary energy
sources that may include fossil fuels (gas, coal, and oil), biomass (vegetable residues
and waste or energy crops), nuclear power but also from renewable sources like
sunlight and wind power.® Consequently, the energy stored in hydrogen can be
delivered by oxidation, i.e. through combustion or electrochemically in fuel cells. When
hydrogen is produced by e.g. fossil fuels (grey hydrogen) the problem persists and the
amount of energy available will be still limited to the fossil stocks. On the other hand, if
hydrogen is produced by renewable sources e.g. through water splitting (green
hydrogen), the fuel production and use would be associated with near zero emissions of

air pollutants (nitrogen oxides, carbon monoxide, sulphur oxides, volatile hydrocarbons,
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and particulates) or greenhouse gases since water is the only product.'® “Hydrogen
Economy” is based on the above zero emission energy production strategy. In this ideal
economy, electricity from renewable sources should be used to obtain hydrogen from
water via electrolysis and then stored. Finally, the energy temporarily stored in form of
hydrogen can be obtained by the reaction of hydrogen with oxygen, to produce water by
means of an internal combustion engine or a burner but also with the aid of fuel cells.
The concept of using renewable energy to produce hydrogen and then obtain the
energy back with the production of water is called “hydrogen cycle” (Figure 2).1* The
solar intensity at the top of the atmosphere is 1360.8 + 0.5 W/m? (minimum)?®, while
~50 % of this energy reaches the Earth surface and since there is no energy during
night, the remaining value has to be divided by half. Based on the above, under the
assumption of 10% efficient conversion from photovoltaic cells, a surface area of

500000 km? would be enough to cover the current world energy demand. 4
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Figure 2: Schematic representation of the hydrogen cycle. The sunlight energy is converted to
electricity and used to produce hydrogen by water splitting. The hydrogen obtained is stored and
when energy is needed, it is possible to get it with combustion engines/burners or fuel cells by

reaction with oxygen.4
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CHAPTER 2
HYDROGEN

2.1 The element and molecule

Hydrogen (H) is the first and simplest element, consisting of a proton and an electron;
its atomic electron configuration is 1s! and is in the first period and first group of the
periodic table of elements. In the first period, besides hydrogen there is only helium.
While helium is a totally inert noble gas, hydrogen is very reactive and its properties
cannot be directly correlated with any of the main element groups of the periodic table;
Hydrogen structure is in some ways similar to the metals of the group I, (alkali metals),
and like them has only one electron in the outer shell. However, the alkali metals have
the tendency to lose their electron and become electronically stable as M*, while
hydrogen is more likely to pair the lone electron to form a covalent bond, similarly to

halogens of group 17.

It is possible to find the element in nature in the form of three isotopes. The most
abundant (99.985 %) isotope is Protium (*H) and has a one proton nucleus. Deuterium
(0.015 % of total hydrogen in nature) has a nucleus with one proton and one neutron.
The use of deuterium is common in chemistry, in particularly as a tracer, in neutron
scattering, NMR as well as in UV and IR methodologies. Deuterium as oxide (heavy
water) is also used in ton quantities as moderator in nuclear reactors. The least
abundant form of hydrogen is the Tritium (T). It is a radioactive isotope and decay with
B-particles emission, with a half-life of 12.33 years. Tritium occurs naturally in very small
amounts in the order of 1017 %, while it is formed continuously in the upper atmosphere
by nuclear reactions induced by cosmic rays. Commonly it is produced artificially in

nuclear reactors from 6Li and used mostly for studies of nuclear fusion.6-18

Hydrogen is the most abundant element in the universe. Some estimations mention that
hydrogen is 73 wt% of all matter, while helium is around 25 wt% and ~2 wt% comprises
all the other elements.*® However, the presence of Hz on the Earth atmosphere is very
small, since the earth’s gravitational field cannot retain such a light element. On Earth,

hydrogen is found in molecules (mainly H20) bonded to other elements.

Molecular hydrogen is a diatomic molecule with a strong covalent bond between two
hydrogen atoms. It is a colourless and odourless gas, the lightest one, with a boiling
point of -252.88 °C (20.27 K) and almost no solubility in water. Hydrogen has low

reactivity under normal conditions due to the covalent bond strength. For this reason,
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many reactions that are slow at low temperatures, require a high amount of energy or
catalysts to break the H-H bond and obtain highly reactive single hydrogen atoms. The
dissociation of the molecule is highly endothermic, with a bond dissociation energy of
435.9 kJ/mol. The bond can be broken by transition metal catalysts that are able to
decrease the bond breaking activation energies. Other more energy demanding ways to
split the H2 molecule and obtain atomic hydrogen include high temperature treatment in
an electric arc or under ultraviolet light. Atomic hydrogen is extremely reactive with a
lifetime shorter than 0.5 seconds, after which it reacts with other hydrogen atoms in a
strongly exothermic reaction to Ha.

Under the appropriate conditions hydrogen can react directly with most elements. In air
hydrogen can burn with oxygen to give water. The great energy released is often used
in oxy-hydrogen flames, which may reach almost 3000 °C; for this reason, hydrogen is
used in metal welding and cutting processes.

2H2 + O2 — 2H20 AH = -485 kJ/mol

Hydrogen is highly reactive also with halogens; for instance, it reacts violently at low
temperatures with fluorine. The reaction with chlorine is slow in the dark, but is
photocatalyzed and becomes faster under light, while it is explosive under sunlight. The
direct combination of the element gives the relative hydracids. H2 reacts with several
metals often under high pressure and temperature to afford metal hydrides. As already
mentioned, transition metals react with hydrogen and are commonly used as catalysts
to lower the activation energies in common industrial reactions, for instance in the
Haber-Bosch process for the production of NHs from reaction of Hz with N2 that needs
high temperatures, pressure of ~200 atm and an iron catalyst.?0:2

Another important example where transition metals are used as catalysts is the addition
of hydrogen to a double bond in organic compounds. Large amounts of hydrogen are
commonly used for the industrial hydrogenation of vegetable oils. Unsaturated fatty
acids are hydrogenated with Hz (with Ni, Pd or Pt catalysts)'®22 in order to obtain their
saturated version with higher melting points. A similarly important catalysed Hz reaction

is the production of methanol from carbon monoxide (Cu/Zn)823,

In the previously reported examples, but also in most of the hydrogen reactions, the
chemistry of hydrogen is influenced mainly by three electronic processes:
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Electron loss: when a hydrogen atom loses its 1s only electron to become a proton (H).
Cationic hydrogen due to its charge and its small size (8.4*10'* cm)?* has a unique

reactivity and the ability to distort the electronic clouds of nearby atoms.

Electron gain: a hydrogen atom with 1s? configuration (anionic form) and becomes Hr,
commonly referred to as hydride. H is found only in salt form, coupled with more

electropositive metals.

Electrons sharing: hydrogen shares its electron to build a covalent bond with another
atom. This is the most common phenomenon that happens between hydrogen and
other species, e.g. in countless carbon compounds.*®

Atomic hydrogen can also make metallic bonds with metals and alloys (interstitial
hydrides).

In hydrogen containing compounds, the molecular properties strongly depend on these
electronic relationships of hydrogen with other species, and will be highlighted in the

next paragraphs when different high-content hydrogen compounds will be presented.

2.2 Hydrogen production

Nowadays a hydrogen production of about 55 million tons per year is estimated, while
the demand increases every year. Hydrogen is produced through several routes, among
which the steam reforming of natural gas (steam methane reforming, SMR) is the most
common and covers around 48% of the global hydrogen production. It has to be noted
that the production of hydrogen from methane is also one of most important greenhouse
gas emitting processes. Beyond SMR, approximately 30% of the global hydrogen
production comes from reforming of oil and naphtha in the context of industrial refinery
processes, 18% from coal gasification, 3.9% from water electrolysis and 0.1% from
other sources® for instance the chlor-alkali process, an industrial process to produce
chlorine and sodium hydroxide by electrolysis, with large amounts of hydrogen as a

reaction by-product.

2.3 Hydrogen applications: combustion and fuel cells

The simplest way to use the chemical energy carried by Hz is to burn it. The explosive
reaction of hydrogen oxidation can be controlled and used for instance in internal

combustion engines more or less like hydrocarbons. However, hydrogen has larger
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molar volume and energy output than gasoline, allowing lower fuel to air ratios and
complete fuel combustion, increasing thus the overall efficiency. In addition, the
emissions of pollutants are minimized (with the exception of low levels of NOx). A well
performing combustion engine can reach an energy conversion of about 45%; a fuel cell
however has an average efficiency between 40 and 60%, with an ideal reachable

efficiency of 90% in combined heat and power production.?6-28

Fuel cells are devices for the direct conversion of chemical energy to electrical energy
by the combination of a gaseous fuel (hydrogen) with an oxidant (oxygen) through
electrodes and an ion conducting electrolyte. The fuel cell, unlike a common
electrochemical cell, is not depleted but continues producing electricity as long as fuel is
provided.?® The fuel cell has two main parts: the anode, where the H2 oxidation takes
place and H* are generated and the cathode, where O: is reduced with consequent H20
formation. The two electrodes are connected through an electrolyte that allows the
selective transport of protons. Several types of fuel cells have been developed during
the last decades. The types are characterized by different electrolytes, different

electrode materials and working temperatures and include:

e Molten carbonate fuel cells
e Solid oxide fuel cells

e Alkaline cells

e Phosphoric acid fuel cells

e Proton exchange membrane fuel cells

2.4 Hydrogen storage

The development of high performing technologies for the production and use of
hydrogen as an energy carrier is not sufficient for a full transition to hydrogen economy;
the above should always be coupled with efficient methods to store hydrogen. Currently,
research is focused on the development of safe, reliable, compact and cost-effective
materials and processes that can be combined with fuel cells and this is a very difficult
task especially for mobile applications. Up to now, the most challenging problem is to
find a hydrogen containing system with an energy density able to compete with the most
common fossil fuels. The system should have large gravimetric and volumetric density,
which should be coupled with fast charge/release kinetics, reversibility, near ambient

working temperature and pressure and quite importantly, low cost. Current technologies
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include storage of pure hydrogen as compressed gas or liquid but also “binding” of

hydrogen to solid materials or liquids which can act as hydrogen carriers.?%-31

2.4.1 Compressed hydrogen

At ambient temperature and atmospheric pressure, molecular hydrogen is a very low
density gas and 1 kg of Hz occupies a volume of 11 m3. The most common way to
reduce this volume is to compress the gas and store it in high pressure cylinders,
commonly operating between 200 and 350 bar.?®32 The volumetric energy density of
hydrogen at those pressures is still too low for real-life applications, and increasing the
pressure level to higher values is an alternative. During the last years cylinders which
can store hydrogen at 700 bar have been tested and are actually used, but at such high
pressures the consideration of new tank materials and safety issues is imminent.3® At
the moment, compressed hydrogen storage tanks are divided in four main classes:
Type |, refers to all metal cylinders; Type Il cylinders, are made of a metal cylinder,
hoop-wrapped (periphery only) with a continuous resin-fibre layer; Type Ill has a non-
load-bearing metal liner fully wrapped (axial-hoop) with resin-impregnated fibres; Type
IV (Figure 3) refers to non-load-bearing non-metal liner fully (axially and hoop) wrapped
with resin-impregnated continuous fibres. Generally the materials used for the type IV
are carbon fibres, high molecular weight polymers but also glass fibres are used,

allowing high pressures such as 700 bar.343%
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Figure 3: Type IV pressure vessel.36

High pressure hydrogen storage problems are not limited to the container itself, but also
to the system of valves, pipelines and detectors necessary to sustain and control such
drastic conditions and the gas compression process. Nowadays, hydrogen compression
is carried out either mechanically or non-mechanically. Mechanical compression

includes piston and piston-metal diaphragm compressors. Piston systems are electro-
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mechanical, water cooled, non-lubricated and driven by a hydraulic pump. The piston-
diaphragm systems use a series of diaphragms to isolate the compressed gas and the
piston. However they require particular attention to the maintenance and lubrication of
the components, as well as high amounts of electrical energy to operate.”38 Those
problems are avoided with the second family of compressors, the non-mechanical ones.
Generally these systems have several advantages, such as smaller size, lower costs of
production, operation, and maintenance, absence of moving parts, smaller energy
demand and the possibility to supply high-purity hydrogen. Non-mechanical
compressors can be based on metal hydrides sorption or on electrochemical cells.

Figure 4: Prototype of a metal hydride compressor built in the framework of the ATLAS project in
Hystore Tech (CY).

The operation of a metal hydride hydrogen compressor (Figure 4) is based on metal
alloys that can sorb interstitially and desorb hydrogen at different temperatures. The
compression needs two steps: in the first hydrogen is absorbed by the alloy (to form a
metal hydride phase) at low pressure and temperature, then in a second step, by simply
heating the metal hydride, the released hydrogen can reach pressures between 3 - 10
times higher. Based on this principle, a combination of different metal hydrides with
ascending sorption-desorption equilibrium pressures (pressure plateaus) can be used in
a multistage/cascade approach to increase the final deliverable pressure.®’-3° On the
other hand, the electrochemical compressor is a device able to compress small
guantities of hydrogen. The compression mechanism is based on the function of a

multistage electrochemical cell: low pressure hydrogen separates into protons and
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electrons at the anode and the protons are electrochemically driven across a proton
exchange membrane to re-combine at the cathode producing thus hydrogen under

pressure.3’

2.4.2 Liquid Hydrogen

The second method to increase the volumetric density of hydrogen is to decrease the
temperature below its critical point (33.2 K) and thus store it as liquid. The normal
boiling point of Hz is 20.28 K and at this temperature hydrogen can be stored as liquid at
ambient pressure with a density of 0.071 kg/L. Hydrogen was first liquefied in 1898 by
Sir James Dewar®°. A few years later, based on the principle of the Linde—Hampson
cycle for air liguefaction, the Claude cycle was developed. Hydrogen was first pre-
cooled with liquid nitrogen, and then led to lower temperatures with a series of iso-
enthalpic expansions exploiting the Joule-Thompson effect. A secondary helium-
refrigerant can be added, but this system was never adopted for large-scale
plants.324142 However, although the theoretical energy necessary to obtain liquid Hz is
3.23 kWh/kg, the actual energy consumed is about 11-15 kWh/kg (depending on the
quantity to be liquified), reaching almost half of the lower heating value of hydrogen
combustion.3? This high energy consumption, coupled with the loss of hydrogen due to
thermal-leakage and consequential boil-off (typically 0.4% daily for 50m? tanks), renders
this method suitable only for processes where high quantities of hydrogen are
consumed in short periods of time, such as space applications.3?

2.4.3 Solid state hydrogen storage

The storage of hydrogen in a solid-state material shows advantages over compressed
and liquid hydrogen storage in terms of gravimetric/volumetric density, safety and
energy consumption. Hydrogen can be stored in solid state by exploiting weak physical
interactions with surfaces or stronger interactions that may lead to chemical bonds. A
wide number of solid-state hydrogen storage materials have been proposed and are
potentially promising for applications. For instance, the “physical” route involves
nanoporous materials with very high surface areas (activated carbons, metal organic
frameworks, etc), while chemical bonds can lead to the formation of e.g. metal or
complex hydrides, amides and ammonia boranes. The most important parameters to

take into account when selecting good candidate materials for hydrogen storage are the
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gravimetric and volumetric storage capacities (or energy densities) but also kinetics,

reversibility, scalability and certainly cost.

2.4.3.1 Physisorption

Hydrogen can be stored in molecular form (H2) on the surface of solid materials through
physical adsorption (physisorption). The adsorption of hydrogen is due to the van der
Waals forces between the diatomic molecules and the atoms of the solid surface. These
forces comprise a long-range weak attractive component and a short-range repulsive
one. The former is attributed to the sum of Coulombic interactions (e.g. dipole-dipole,
dipole-induced dipole, interactions of higher moments) and London forces, i.e. fast
fluctuations of the electron density of atoms (or molecules) that create instantaneous
attractive electric moments. The short-range repulsion component is due to the Pauli
exclusion principle between atomic/molecular orbitals. At ambient conditions, the H2-
solid interactions are comparable to the thermal energy of gas molecules and thus H2
adsorption is rather insignificant. In this respect, adsorption is favoured at high
pressures (e.g. 100 bar) and low temperatures (usually 77 K); the need of energy-
demanding cryogenic conditions is the major disadvantage of this storage method
(cryoadsorption)*344 Since adsorption is a purely surface phenomenon, porous
materials with high surface areas are required. For instance, high surface area carbons,
such as activated carbons, graphene and nanotubes have been proved to be effective
to store considerable amounts of hydrogen at low temperatures.*>46

However, none of the materials above has exhibited acceptable uptakes of hydrogen at
near ambient conditions.*” Among the high surface area materials, other alternatives
such as porous polymers, zeolites and metal organic frameworks (MOFs) are currently
under study for adsorptive hydrogen storage. The polymer family comprises four types
of highly porous polymers: (a) hypercrosslinked polymers (HCPs), (b) polymers of
intrinsic microporosity (PIMs), (c) conjugated microporous polymers (CMPs), and (d)
porous aromatic frameworks (PAFs). The main advantages of these materials are their
low density (they contain only or mostly light elements) the facile synthesis routes and
their scalability. It is noteworthy that several resins with surface areas higher than 2000
m?/g have been synthesized already.*®*° The family of zeolites (crystalline
aluminosilicate materials with a structural microporosity and general formula
M™mm[(SiO2)p(AlO2)m]-XH20) is definitely better studied. Although zeolites have initially

been proposed as potential hydrogen sorbents it has been proven that the zeolitic
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structures are limited to capacities below 3 wt% at 77 K and are thus currently not

considered as a possible solution.>®

Another class of crystalline materials, with very low density and high surface area are
metal organic frameworks (MOFs).5t Among MOFs there are several examples like NU-
111, NU-1501-Al, NU-1103, MOF-117, UMCM-9 with very high surface areas, (>~6000
m?/g) and adsorption capacities > 10 wt% (10.0 MPa and 77 K).5>->° These values
make MOFs maybe the most promising materials for hydrogen storage by physisorption
although cryogenic operation conditions is still a drawback. Generally, physisorption
involves a release of energy of around 4-10 kJ/mol of hydrogen, a value much smaller
than the 50 kJ/mol per H2 molecule which is typically released during chemisorption.®°
This aspect, coupled with the complete reversibility of the process and very fast kinetics
are extremely interesting for automotive applications and in particularly for on board
fuelling.

2.4.3.2 Clathrate hydrates

Clathrates hydrates or gas hydrates are ice-like inclusion structures in which water
molecules are linked through hydrogen bonds to create cage structures with cavities
where a large variety of molecules can be “entrapped” without any chemical bond, but
only physical interactions.®! In the 1993 Von et al. obtained the first example of clathrate
hydrate of pure hydrogen. At pressures between 0.75 and 3.1 GPa at 22 °C (295 K) it
was possible to create hydrogen containing water cages 2 and later, capacities of 5.3
wt% were reached on the same kind of compounds.®® However, the high pressures
necessary made this option not interesting for hydrogen storage. It was later discovered
that the presence of certain “promoter” molecules (for instance THF) can help to
stabilize hydrate clathrates allowing thus the formation of hydrogen containing cages at
much lower pressures (60 times lower with THF)% while also tuning the cage size to
allow higher capacities.®>%6 Other notable promoters are cyclohexanone, furan,
tetrahydrothiophene and ionic promoters (belonging to the so called family of semi-
clathrates of hydrogen).%” Similarly to sorbents, clathrates show several advantages in
hydrogen storage applications. Firstly, they have very low cost and are environmentally
friendly, because clathrates are based mostly on water and quite low concentrations of
promoter species; the hydrogen in clathrates is stored in a molecular form and the
entrapped molecules can be delivered in a very fast manner by simple depressurization

or with mild heating. Generally, mild temperatures and pressures are required to have
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relatively high hydrogen contents and thus the method is considered a rather safe
storage solution. However, clathrates have also some significant drawbacks severely
hindering their application. The major problem is related to the very slow kinetics of
formation that imply impractically long charging procedures. Additionally, their stability at
ambient pressure and temperature conditions is low, while their capacity is rather low
especially when considering the dead weight of promoters and the fact that the

promoter molecules occupy cages and thus exclude hydrogen from this space.®’

2.4.3.3 Metal hydrides

The metal-hydrogen materials have totally different characteristics and chemical
behaviour depending on the position of the metal in the periodic table. Three main

classes of compounds can be distinguished:

1. Metallic hydrides, with interstitial hydrogen
2. Salt-like hydrides, with ionic interactions among species

3. Molecular hydrides, with covalent bonds

Hydrogen directly reacts with a large number of transition metals generating metallic
hydrides (MHhn type), often deviating from the ideal stoichiometry. In these compounds,
hydrogen atoms may carry a partial negative charge, depending on the metal of the
lattice. Due to its small atomic size hydrogen atoms can occupy the octahedral or
tetrahedral interstices between the metal atoms of the lattice, and for this reason these

compounds are also known as interstitial hydrides (Figure 5).%?
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Figure 5: Hydrogen occupying octahedral and tetrahedral sites in interstitial hydrides.®®
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The storage of hydrogen in metallic hydrides is interesting due to the presence of many
systems that are able to work at near ambient temperature and to release hydrogen
simply by decreasing the external hydrogen pressure or triggering the desorption with a
moderate increase of the temperature.®® However, there are still several issues
associated to metal hydrides, like their weight penalty leading to low hydrogen storage
capacity.” Much interest is focused on intermetallic compounds due to the several
hydrogen-related applications of these alloys, including hydrogen storage but also
batteries, hydrogen purification systems, catalysts, sensors, hydrogen compressors.3%71
The most common intermetallic compounds are based on the stoichiometric
compositions ABs, AB, AB2, AB3 and A2B. However, the room temperature reversible
hydrides suffer from low gravimetric hydrogen density, which is limited to 3 wt%

maximum.’?

The ABs type alloys have been studied with a wide range of different compounds due to
the easy substitution of the elements in the A and B sites. The A site usually is occupied
by rare earth metals, calcium, zirconium or yttrium. The B site hosts mostly d-metals like
nickel, copper, cobalt, iron or platinum. A notable compound of this type is LaNis, known
for its fast kinetics and ability to exchange reversibly hydrogen. These systems can
theoretically exchange a 1.5 wt% hydrogen at 100°C,”® which is not enough for
applications. However, better performances as well as lower cost can be achieved by
partially substituting lanthanum and nickel with other metals.”* The AB type alloys have
a cubic structure and are also well studied. The most famous alloy of this kind is TiFe,
with much lower cost compared to LaNis and higher hydrogen capacities (still lower than
2 wt%). On the other hand, AB alloys require intense activation conditions and have in
general high equilibrium pressures. In this specific case, the equilibrium is between the
solid phase of metal and interstitial hydrogen (a-phase) and the metal hydride with fully
hydrogenated interstices (B-phase). The transition region, where both the phases

coexist is indicated by the plateau in the isotherm (Figure 6).7*
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Figure 6: Sketch of an ideal equilibrium pressure/hydride concentration diagram for an hydrogen

absorbing metal alloy.”

Partial substitution of the metals in the lattice is usually directed towards facilitating
activation and decreasing the plateau pressures.”’® AB: type (Laves phase) materials
are usually made by titanium or zirconium in A position and a transition metal in B
positions. These alloys are often less expensive than ABs ones, due to the minor use of
rare earth metals and also exhibit faster kinetics, but they are more prone to
contamination.” As in other alloy families, the substitution of metals of the lattice lead in
several cases to improvement of properties. The use of vanadium to increase the
hydrogen storage capacities is common, but on the other hand the high cost of V
hinders its commercial use and more economical vanadium-free alternatives are
sought.”” ABas structures, where A that is usually lanthanum, cerium or yttrium, have
relatively low hydrogen storage capacity. LaNis is one of the better known alloys of this
family and stability improvements are achieved by partial substitution of La with Mg and
Ni with Mn atoms.”® The last kind of metal hydride widely studied for hydrogen storage
purposes has the form A2B. Ti2Ni is one of the most interesting structures for hydrogen
storage, and it is often modified by addition of other metals, zirconium being between

the most common one.?9:80

When hydrides are formed between hydrogen and alkali metals or the heavier alkaline

earths (Ca, Sr and Ba), salt-like hydrides are obtained.
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Figure 7: Plot of the hydrogen storage capacities of the binary metal hydrides.8!

These hydrides are solid at room temperature and are classified as ionic due to their
capacity of conducting electricity when melted or even very close to the melting point
while H2z is generated at the anode, revealing the presence of H ions. Their crystal
structure is known and there is no evidence of directional covalent bonds, but instead,
hydrogen atoms occupy all the octahedral interstitial lattice positions.®? The salt-like
metal hydrides are very reactive and for this reason they are often used as reducing
agents. However, their facile oxidation renders their hydrogen desorption
irreversible.16® Moreover, their thermal decomposition is also difficult to use for
hydrogen storage, due to the generally very high decomposition temperatures (for
instance the LiH melting point is 688 °C, and the thermal decomposition temperature is
~700 °C83),

Despite the neighbouring position on the periodic table, magnesium hydride doesn’t
show a fully ionic behaviour, but mostly covalent. MgH:2 contains 7.6 wt% of hydrogen, a
volumetric capacity of 110 g/L and the highest energy density (9 MJ/kg of Mg) among
the reversible hydrides. Additional advantages include the magnesium abundance and
low cost, making this hydride very interesting for hydrogen storage purposes. Despite all
the good properties of this material, there are still many issues that do not allow a large-
scale exploitation, in particularly for mobile applications. The first major disadvantage is
the slow kinetics, due to the fast formation of MgO on the material surface, that reduces
the hydrogen permeation as well as the surface formation of a MgH2 layer during the
hydrogenation itself. A second problem is related to the high stability of MgHz2, with a
decomposition enthalpy of 75 kJ/mol of Hz that requires temperatures between 300 and

400 °C to reach the thermodynamic equilibrium between Mg/H2 and MgH2 with a
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plateau pressure of 1 bar. This temperature is 3 times higher than the common working
temperatures of a PEMFC, while additionally even under these conditions the
hydrogenation is extremely slow.84-8 Numerous efforts have been devoted to overcome
these problems, including the synthesis of nanosized Mg/MgH2 systems;?’ the use of
additives/catalysts like carbon,®® polymers®® or various metals®8° to improve reaction

kinetics as well as the alloying with different elements to destabilize MgH2.%°

A general overview of the gravimetric and volumetric hydrogen storage capacities of

binary metal hydrides is given in Figure 7.

2.4.3.4 Complex hydrides

Complex hydrides are generally defined as the salts of light metals of group | and Il with
[AIH4], [NH2], [BH4], known as alanates, amides and borohydrides. All these
compounds are salts while hydrogen is found in the anionic part, covalently bound to a
central atom in a “complex”. The high hydrogen volumetric and gravimetric density,
coupled with the hydrogenation reversibility of some mixtures, make this family of
materials one of the most promising for on-board hydrogen storage applications.
However, there are several serious disadvantages (irreversibility and slow kinetics in the
hydrogenation-dehydrogenation reactions) connected with these structures and they
were thus considered totally unsuitable as potential hydrogen stores. This point of view
changed drastically after Bogdanovic and Schwickardi demonstrated with their studies
that aluminium hydrides (in particular sodium alanate, NaAlH4 and sodium aluminium
hexa-hydride NasAlHs), exhibit improved kinetics and reversibility if doped with titanium

compounds (e.g. TiClz).%1:92

1.2.3.4.1 Aluminium hydrides

The aluminium hydride (alane, AlH3) is a compound where hydrogen is covalently
bonded to a central atom of aluminium. It is a metastable compound, solid and
crystalline at normal temperature. Alane has been widely studied for hydrogen storage
purposes due its great hydrogen content; the volumetric density is more than double of
the liquid hydrogen (148 H2/L) and the gravimetric density is higher than 10 wt%.
Additional advantages include fast kinetics of desorption, and low temperature (<100

°C) Hz release, which is optimal for fuel cell applications.®3
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A few years after AlHs was introduced in literature (early 1940s), Finholt et al.
developed a method for its synthesis from LiH/LiAlH4 with AICIz in an ether solution.%*
Since then, seven different polymorphs of AlHs have been developed and adopted for
many different purposes: as a reducing agent, rocket propellant, explosive but also as a
hydrogen source for mobile power systems. Based on these applications the first
“‘modification” target was to make the AlH3 more stable to air and impurities for long
periods of time. The stabilization often involved coating of the material with an inert
layer such as aluminium oxide (Al203).°> The sought of a material able to provide
hydrogen with adequate kinetics at temperatures compatible with PEMFCs working
conditions shifted the efforts to investigating methods of destabilization instead, in order
to develop a light material able to desorb hydrogen with high rates at low temperatures.
In such cases, the activation may involve ball milling, in order to increase the surface to

volume ratio, doping or even UV irradiation. 93.96.97

Aluminium compounds with hydrogen in the form of anionic complexes are known as
alanates. The structure of NaAlH4 is shown as an example in Figure 8. Like alanes, the
high hydrogen content makes alanates interesting for hydrogen storage purposes.
Additionally, another advantage of these compounds is their market availability in
particularly as sodium and lithium salts. Other compounds, with magnesium, potassium
or mixtures can be developed via simple chemical or mechanochemical reactions.%%°
Hydrogenation-dehydrogenation cycling of some aluminium salts was also explored,
mostly aided by catalytic doping,®?> and reversibility was registered for NaAlHa4,
NazLiAlHs, LiAlHa, LisAlHe and KAIH4.1% Of all these aluminium hydrides, many have
attractive characteristics pertaining to hydrogen content, reversibility, thermodynamic
and kinetics properties but no material so far gathers all the necessary properties for on
board hydrogen storage applications.10t

Figure 8: Equilibrium structure of NaAlH,.192
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2.4.3.4.1 Ammonia borane

Ammonia-borane (HsN+BHs3), indicated also as AB, is the simplest amine borane. It is a
white crystalline solid. Due to its simplicity compared to other amino-boranes, but also
its properties, AB is considered as a good candidate for solid state hydrogen storage
purposes. Since the first synthesis of solid ammonia-borane, in 1955 by Shore and
Parryl93, several other methods followed and are mostly grouped in three routes: Lewis
acid-base exchange; salt-metathesis with hydrogen release; isomerization of
diammonate of diborane.®* AB has orthorhombic structure at low temperatures and
tetragonal at - 48 °C (225 K).1% The AB molecular crystals are different from ionic
crystals, but, due to the unusual bonds, also different from other isostructural molecules,
like ethane, a fact which is evident for example from the high melting point (112-114
°C).1%4 The chemical composition of AB makes this molecule extremely hydrogen rich,
with a total gravimetric capacity of 19,6 wt% and a volumetric content of 100-140 g/L. It
is non-flammable and has a good stability at ambient temperatures and in water, where
it is soluble due to its polarity. However, the hydrogen density of the system decreases
if the presence of a solvent is necessary for hydrogen desorption. In aqueous solution
AB is mostly stable at high pH values, while it is subject to fast hydrolysis in acidic
conditions, a process that may be further catalysed by metals.1% The major problems
about the use of AB for hydrogen storage applications are the unfavourable
thermodynamics related to the regeneration of the dehydrogenated molecule. The
product of the complete dehydrogenation is boron nitride, an extremely stable molecule
that poses a severe barrier to the reversibility of the system.'%” For this reason, it is
preferable to stop the dehydrogenation to an intermediate stage, where the partially
dehydrogenated products can be rehydrogenated under reasonable conditions.
Generally, the decomposition of ammonia borane via simple pyrolysis undergoes a first
release of hydrogen at 110 °C to obtain amino borane and polyaminoborane (PAB).
Additional dehydrogenation occurs at 130 °C to borazine or polyiminoborane (PIB) and
at much higher temperatures (1170-1500 °C) to the hexagonal boron nitride.'%” This
aspect further reduces the useful amount of hydrogen that the molecule could deliver.
Another problem arises from the compatibility with fuel cells, which are extremely
sensitive to the presence of borazine or molecular amino boranes. Based on these
problems the adoption of amino boranes for hydrogen storage in solid state requires

further improvements and research.
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2.4.3.4.2 Metal Amides and Imides

Metal amides and imides are another class of complex compounds, comprising a
metallic centre and [NRz]" or [NR]? respectively, as coordination ligands. The R group,
can have different chemical identities, but in the context of hydrogen storage, we will
focus on the amide/imide forms with the higher hydrogen content, where R = H (i.e.
[NH2]- and [NH]?).

The chemistry of metal amides was studied in detail during the 20" century, when many
of these compounds were discovered. Gay-Lussac and Thénard for the first time
obtained sodium and potassium amides, while different methods were tested and
amides of lithium, cesium and rubidium have also been synthesized. In particular,
among them, lithium amide was synthesized by Titherley in 1984.198-110 The synthesis
involved the direct reaction of the alkaline metal with ammonia, in gaseous or liquid
form. Likewise, magnesium amide was also synthesised, by reaction of metallic Mg or
the nitride MgsN2 with NHs. However, the slow reaction kinetics made this route not an
optimal choice and new techniques have been developed, involving the reaction of
MgH2 with ammonia, to obtain both amides and imides of magnesium.1:112 Along with
Mg amides other variants have also been developed involving Ca, mixtures of alkali and

alkaline earth metals, or alkali metal and aluminium amides.

The majority of all those amide compounds is used mostly in organic synthesis. In
particularly NaNHz found extensive applications as a strong base in ammonia drying,

condensation, dehydrohalogenation and cyclization reactions.

Chen et al.1*2 revealed the potential of these materials for hydrogen storage as it was
experimentally demonstrated that lithium nitride can be charged with a large amount of
hydrogen and reversibly exchange it. From this point on, the general interest on amides

for hydrogen storage increased dramatically.

2.4.3.4.3 Li-N-H compounds

Lithium based amides, imides and nitrides where key elements of the pioneering work
of Ping Chen. Their relationship with hydrogen where first studied by Dafert and
Miklauz, in 1910. They initially thought that the product of Lithium nitride hydrogenation
was LisNH4, but this was later corrected by Ruff and Goeres in 1911 who discovered

that the product it's a mixture of lithium amide and lithium hydride.?®
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In brief, by adding hydrogen to LisN, it is possible to proceed with a two-step reaction

from the nitride to the imide and then the amide of lithium as follows:

LisN(s) + 2 Hz(g) = Li2NHs) + LiH(s) + Hz(g) = LiNH2(s) + 2 LiHs)

In this respect, a capacity of reversibly storing up to 10.4 wt% was claimed for the Li-N-
H system. In fact, LisN shows high hydrogen absorption capacities and fast
hydrogenation kinetics from relatively low temperatures, starting at ~100 °C and
reaching 9.3 wt% already after 30 minutes at 255 °C, while this value could be
increased by eliminating impurities. Desorption occurs in two steps, as expressed in the
reaction, however only the second part shows reversibility in practical conditions. The
reaction involves the transformation of lithium amide and lithium hydride to lithium imide,

with the release of 6.5 wt% hydrogen.

LiNH2@s) + LiH(s) = Li2NHs) + Hz(g)

Apart from the hydrogen content, the enthalpy involved in this process is important and
thus several pertinent measurements have been performed. The final result was a AH
value of 67 kJ/mol for this hydrogen desorption reaction as determined by means of

DSC analysis.'4

The structure of LiINH2 was investigated with several techniques, and also recently with
high resolution neutron powder diffraction. The crystalline compound has a tetragonal
structure with space group 14, with lattice parameters: a = 5.03442(24) A, b =
5.03442(24) A and ¢ = 10.25558(52) A. Hydrogens occupy the 8g1(0.2429, 0.1285,
0.1910) and 8g2(0.3840, 0.3512, 0.1278) sites. The N-H bonds were calculated as
0.942 and 0.986 A while the H-N-H bond angle is 99.97° (Figure 9). 115
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Fig. 3 Structure of LiNH,.

Figure 9: Structure of LiNH;116

The decomposition of lithium amide involves the release of ammonia as a competitive

reaction pathway, as follows:!’

2LiNH2s) — Li2NH(s) + NHs(g)

Ammonia release is critical in hydrogen storage processes, since it contaminates the
fuel cell catalysts, but simultaneously reduces the quantity of released hydrogen. If the
reaction is allowed, the complete desorption of LiNH2 would eventually lead to the
conversion of all the material to LiH. This reaction starts at 175 °C and increases its
kinetics at about 300 °C. However, the NHs equilibrium pressure is low enough (<1kPa
at 300 °C) and thus ammonia desorption can be minimized under static pressure

conditions.118

As already mentioned, lithium imide is, together with hydrogen, the intermediate product
between the amide and the nitride in a reaction of hydrogenation-dehydrogenation,
capable to store reversibly about 6.5 wt% at temperatures lower than 300 °C and with
an “internal” 3.5 wt% hydrogen content. Li2NH at low temperatures belongs to space
group Fd3m and has a lattice constant of 10.09-10.13 A between -173 and 27 °C (100
and 300 K). NH? ions are arranged in a close-packed configuration. H and N atoms
occupy 32e sites with hydrogens tetrahedrally coordinated by vacant 8b sites and
nitrogen tetrahedrally coordinated by lithium atoms on 8a and 48f sites. The distance

between N and H (actually D as the experiments were carried out in deuterated Lithium

37



Imide, Li2ND) was calculated to be 0.977 A at -173 °C. The other atoms of lithium are

positioned in partially occupied 32e sites.*®

2.4.3.4.4 Mg-N-H compounds

Magnesium amides can be synthesized by the reaction of Mg or MgsN2 with ammonia,
in liquid or gaseous phase. However, the reaction is very slow, and can take years to
complete. Mg(NH2)2 can be synthesized also by reaction between Mg and NaNH2 but
the reaction of MgH2 with gaseous ammonia is generally preferred.?®112 The reaction
usually involves the mechanical milling of MgH2 under high pressure of ammonia, as

follows:111

MgH2(s) + 2NH3(g) — Mg(NH2)2(s) + 2H2(g)

The decomposition of Mg(NH2)2 involves two steps, both coupled with the release of
ammonia. The first decomposition leads to magnesium imide, with a theoretical loss of
30 wt%, while the second leads to the corresponding nitride, reaching 40 wt% loss in
accordance with the following reaction:

Mg(NH2)2s) — MgNHs) + NHzg) — 1/3MgsNzs) + 4/3NHz(g)

Experimentally, however, the decomposition is limited to 25 wt% and 32 wit%,
respectively probably due to the presence of oxide impurities. The decomposition starts
approximately at 127 °C with the two decompositions peaking approximately at 357 and
447 °C.112 The decomposition mechanism of Magnesium compounds in the presence of
hydrides (MgH2 or LiH) is interesting for hydrogen storage applications, as it leads to
nitrides, without any NHs desorption.*? Additionally, Mg(NH2)2 has a high hydrogen
content (about 7 wt%). Its structure at room temperature (Figure 10), is described as a
sequence of “supertetrahedral” cluster units (an octahedral vacancy with non-adjacent
faces covered by four MgNH4 tetrahedra)'?® and was studied for the first time by Jacobs
and Juza. They found by single crystal X-ray analysis, the presence of a tetragonal

symmetry and lattice constant:
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a=10.37 A, c=20.15A, c/a=1.943; Z = 32; space group l41/a2/c2/d.1?

The imide product of the decomposition, was also studied by Juza and Jacobs. It can be
described as a hexagonal cell'?! with lattice parameters a = 11.574 A and ¢ = 3.681 A,

space group P6/m and a unit cell containing 12 MgNH formula units.2°

Figure 10: Structure of Mg(NH3),.122

2.4.3.4.5 Li-Mg-N-H compounds

The thermodynamic properties of LiNH2 make this material not suitable for hydrogen
storage. The activation energy of 124 kJ/mol and the equilibrium with the relative imide
at about 280 °C and 100 kPa of Hz are unsuitable for practical applications.'?®> However,
it has been demonstrated that there is a possibility to decrease the hydrogen desorption
temperature of lithium based complex hydrides by partial cation substitution with more
electronegative cations, for instance Mg?*.'?* In the presence of Mg(NH2)2, a drastic
decrease of the sorption temperatures of about 130 °C has been registered. Moreover,
even though magnesium amide releases ammonia during decomposition, the presence

of lithium hydride suppresses this undesired reaction by fast reacting with ammonia.?

Several studies have been performed and different routes have been used to obtain a
final destabilized product in the form of a ternary Li-Mg-N based compound. One way
adopted uses LiNH2 and MgH2 as reactants; in this case the reaction with a ratio 2:1
affords Li2Mg(NH)2, showing reversibility and a stable rehydrogenation at 166°C.
However, the product of rehydrogenation in this case is not the reactant lithium amide
and magnesium hydride, but the magnesium amide and lithium hydride.25
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The same dehydrogenation product was obtained also by using directly Mg(NH2)2 and
LiH as starting materials. Several different compositions have been tested, affording
consequently different products. For instance, upon decomposition of a mixture of
Mg(NHz)2 and LiH with a ratio 3:8 there is no emission of NHs, due to the fast reaction
with LiH.1*On the other hand, by using a 1:1 ratio both NHs and Hz are generated,
together with the Li2Mg2(NH)s ternary imide after a thermal treatment at 374 °C.126

These reactions have been replicated by Weidner et al.1?"18 who for the first time
resolved the structure of deuterated Li2Mg(NH)2 and studied the decomposition
pathways for the 1:2, 3:8 and 1:4 Mg(NH2)2: LiH mixtures. In their works Weidner et
al.*?” determined that the 3:8 Mg(NH-2)2: LiH mixture, desorbs at 220 °C, decomposes to
a mixture of LiH, the alpha polymorph Li2Mg(NH)2 and a third cubic phase which can be
attributed to the beta polymorph of Li2Mg(NH)2 or Li2NH that disappears as soon as the
hydrogen pressures is increased. By hydrogenation the 3:8 mixture generates LiH,
LiNH2 and Li2Mgz2(NH)3 and for hydrogen pressures above 71 bar also Mg(NH2)2. The
1:4 Mg(NHz2)2: LiH mixture, at 200 °C decomposes fast and Mg(NH:)z disappears while
LiH becomes less detectable and LiNH2 and Li2Mg2(NH)3 are formed. The
rehydrogenation of the mixture with this ratio happens without drastic conditions
(already at 60 bar). The 1:2 mixture desorbs at 220°C generating Li2Mg(NH)2. This
compound if hydrogenated, becomes first a mixture of LiNH2, Li2aMg2(NH)3 and LiH at
around 50 bar, to proceed until complete hydrogenation at 70 bar pressure of hydrogen
to Mg(NH2)2 and 2LiH.

Figure 11: Structure of LioMg2(NH)s. The translucent spheres denote a ~1/4 filled Li site. The

hydrogen sites are half occupied.?®
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Among these reactions, particular attention was placed on the reversible reaction of
hydrogenation of Li2Mg2(NH)3.12° This compound, was obtained decades earlier from
the reaction of LiMgN with NHz ! and later (2007)%?® synthesized from a mixture of
Mg(NH2)2 and LiH with molar ratio 1:1, together with the formation of ammonia and

hydrogen as follows:

2Mg(NH2)2(s) + 2 LiH(s) — Li2Mg2(NH)ss) + NH3s(g) + 2H2(g)

The compound was studied by Weidner et al.'?® where a model of Li2Mgz(NH)z was
developed by indexing the reflections obtained from x-ray diffraction (Figure 11). A
tetragonal cell symmetry, space group 142m (121) and lattice parameters a = 5.130(3) A
and ¢ = 9.619(1) A were deduced.

A related reaction that takes place in similar conditions, involves the heat treatment of
LiNH2 and Mg(NH2)2 in a 1:1 ratio under ammonia backpressure. It was observed
experimentally that the mixture of amides melts at about 350 °C and decomposes at

about 374 °C generating Li2Mg2(NH)3 and releasing NHs:

2LiNH2(s) + 2Mg(NH2)2s) — Li2Mg2(NH)3s) + 3NH3(g)

The properties of this mixture are very attractive for infiltrating the molten phase in a
porous scaffold, with the possibility to improve the hydrogen sorption capacity of the

material.

The hydrogenation of Li2Mgz2(NH)s involves an experimental uptake of 3.4 wt% of

hydrogen which is completed at 350 bar and 250 °C.

The products of hydrogenation are evidently Mg(NH2)2 and LiH, with indications
suggesting the presence of MgNH. The hydrogenation-dehydrogenation process follows

the reaction:

Li2Mg2(NH)3(s) + 2H2(g) = Mg(NH2)2s) + 2LiHs) + MgNH(s)
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The theoretical hydrogen storage capacity of LizMg2(NH)s according to this equation is
3.6 wt%, which is very close to what the experimental results revealed. Liu also
calculated also the activation energy relative to the dehydrogenation of the process,
obtaining ~92.7 kJ/mol.*?°

2.4.3.4.6 Borohydrides

The first borohydride synthesized was Al(BH4)s, obtained in 1939 by Schlesinger et

al.130 after the reaction of diborane with trimethyl aluminium, according to the equation:
Al2(CHa)s(y + 4B2He(g) — 2Al(BH4)30) + 2B(CH3)3(g)

Already in 1940 other alkali borohydrides have been synthesized. First of all the lithium
borohydride, by reaction of diborane excess with ethyl lithium.3! Schlesinger and Brown
have also described how to obtain LiBH4 as well as NaBH4, KBH4 and U(BHa4)4 from the
respective metal hydrides and diborane in solvent!*?, according to the following general

eqguation:

MHs) + B2Heg) — 2MBHa4s)  with M = Li, Na, K, 1/2Mg, etc

The difficulties of handling diborane, due to its toxicity, self-ignition and explosive
reaction with air or moisture, have pushed researchers to find safer ways to synthesize
borohydrides. Some methods use triethylamine borane or dimethylsulfide borane which
are safer. These routes however, involve the use of solvents that require further post-

synthesis steps to be removed.133134

Metathesis reactions is also a common approach for the synthesis of borohydrides,
particularly by substitution of the metal of an alkali borohydride with another metal,
chemically bonded with halides.'*® Due to the tendency of affording as product the most
thermodynamically stable compound, a problem of this kind of synthesis is that it is

difficult to obtain borohydrides with two or more metals.

This problem can be avoided with mechanochemical synthesis techniques. In these
cases, synthesis is performed via ball milling, and the development of pure bi- and
trimetallic borohydrides from monometallic precursors is possible.23¢ Ball milling can
also be used to trigger metathesis reactions, in particularly for the synthesis of

monometallic borohydrides starting from alkali borohydrides and metal halides.
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Nevertheless, it is common to obtain additional unwanted by-products due to the
complex reactions that take place during the mechanochemical treatment.'®’ The
mechanochemical routes for the synthesis of borohydrides can be also carried out
under reactive gasses, for example diborane, so that gas-solid reactions are taking

place.t3®

An alternative synthesis method of for the borohydrides of alkali and alkaline earth
metals that involves reactive gasses is the direct reaction of the metal, boron and
hydrogen at high temperatures, of around 550 — 700 °C, under 3-15 MPa of hydrogen.®!
The general reaction can be described as:

M) + Bes) + 2Hzg) —» MBHa4s)  with M = Li, Na, K, 1/2Mg, etc

Other methods of synthesis may involve the single crystal growth of borohydrides
starting from solutions or the creation of borohydrides complexed by neutral molecules

such as ammonia (obtaining ammonia borane) or hydrazine.38

The major application of borohydrides is in organic chemistry as reducing agents and
this is highlighted by the 1979 Nobel prize awarded to H.C. Brown for the synthesis and
use of NaBHa4. However, alternative applications have emerged with time. Due to their
high hydrogen content, borohydrides became particularly attractive for the possibility to
be used as hydrogen storage media with particular attention being given to LiBH4 due to
its high (~18.4wt%) hydrogen content.

A big problem related to their application, particularly in the automotive field, is the high
stability of these compounds, and consequently the high working temperatures that are
required. This behaviour is directly connected to the ionic interaction between the M™*
cations and [BHa4]" anions of the M(BH4)n compounds. In fact, after the systematic
investigation of the thermodynamic stabilities of several metal hydrides with M = Li, Na,
K, Cu, Mg, Zn, Sc, Zr and Hf, Nakamori et al.*° found a correlation between the Pauling
electronegativity of the cation, xp, and the heat of formation of M(BH4)n (AHboro). The
correlation represented mathematically by the linear relation for these complexes:

AHboro = 248.7xp -390.8 (kJ/mol of BH4)
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The decomposition, with consequent release of hydrogen is generally performed via
thermolysis. This process can be easily influenced by several factors that may
significantly affect the decomposition pathways. These include among others, the

addition of catalysts or variation of conditions such as the gas partial pressures.

The reaction of dehydrogenation may follow different routes, depending on the nature of
the starting borohydride. For instance, along with the evolution of H2, dehydrogenation
can include the production of elemental boron and metal hydrides or composite

products of boron and metal(s).

In specific, for alkali borohydrides:

MBHais) — MHs) + Bs) + 3/2H2@g)  or  MBHas) — MBys) + 2H2(g)

And for the alkaline earth borohydrides:

M(BHa)2is) — MHzs) + 2B(s) + 3H2(g) or
M(BHa4)2s) — MBzs) + 4Hz(g) or

M(BHa)2s) — 2/3MHz(s) + 1/3MBe(s) + 10/3H2(g)

An alternative decomposition route for the borohydrides may involve the evolution of
diboranes. This competitive decomposition can also be linked to the Pauling
electronegativity of the cation. However, even if there are no clear trends between
electronegativity and the amount of diborane released, it has been possible to define
that during decomposition, diborane is produced when the metal has an
electronegativity in the range between 1.36<xp<1.55.14° This is the most undesirable
byproduct of borohydrides decomposition due the loss of capacity, the possibility to
damage the catalysts and the membranes of fuel cells and last, but not least, the very

high toxicity of these compounds.

2.4.3.4.6.1 LiBH4

Lithium borohydride was synthesized for the first time in 1940 by Schlesinger et al.1%!

through the reaction of diborane with ethyl lithium. The product is a salt-like,
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hydroscopic, crystalline compound formed by the ionic interactions between the lithium
cation and the BH4™ anions. Lithium borohydride has a reported melting point of 275-278
°C and density 0.66-0.68 g/cm? at 25 °C. At 0 °C the material does not decompose and
its vapor pressure is less than 10° mbar. At 298.15 K an enthalpy of formation AHs = -
194.44 kJ/mol has been determined.**! The synthesis of this compound can be carried
out also by direct reaction of diborane with the lithium hydride, in absence of a liquid

medium,'#? according to the following reaction:

2LiH(s) + B2He(g) — 2LiBHa(s)

Industrially LiBH4 is synthesized by metathesis reaction of NaBH4 with halides of lithium
(LiCl, LiBr) in solvents that may be ether of isopropylamine.1® The reactions involved

are the following:

NaBHas) + LiClis) — LiBHais)+ NaCls)

NaBHa4s) + LiBrs) — LiBHas) + NaBrs)

Like other light alkali borohydrides the synthesis of LiBH4 is possible also by direct
reaction of lithium with boron and hydrogen. However, due to the inert behaviour of
boron, the reaction does not occur at low temperatures and only after increasing the
temperature to about 550-700 °C and the hydrogen pressure to 3-15 MPa it is possible

to carry out the reaction.%

Lis) + B(s) + 2H2(g) — LiBHas)

Structurally, lithium borohydride has been found to have four polymorphs. At ambient
conditions LiBH4 crystallizes with an orthorhombic structure (Pnma), where each anion
BHa4 is surrounded by four Li* cations, each surrounded by four anions (Figure 12).144
The B-H bond length calculated at 3.5 K is 1.226(5) A.145 At 110 °C the compound goes

through a polymorphic transition from orthorhombic to the hexagonal wurtzite-like h-
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LiBH4 polymorph (P6amc).14* At this high temperature, the tetrahedra are disordered
and the length of the B-H bond becomes 1.31(11) A.145

Figure 12: Boron (left) and lithium (right) coordination at room temperature.#4

Under high pressures, LiBH4 shows two more polymorphic phases. Firstly, there is a
transition at 1.2 GPa (room temperature) from the ambient pressure orthorhombic
phase | to the so-called phase Il. This structure shows an arrangement where BHas
anions are coordinated in a square-planar geometry by four lithium cations. Upon
further pressure increase it is possible to obtain another transition from phase Il to
phase Ill. The transition starts at 10 GPa, and the best description leads back to a cubic
structure with disordered BH4 ions.**® With a content of 18.4 wt% of hydrogen, lithium
borohydride is the most interesting compound among the borohydrides. Hydrogen
stored in this molecule can be obtained by thermolysis. Generally the decomposition is
mostly influenced by the thermolysis conditions, i.e., temperature and partial pressure,
but also the presence of impurities can be linked to particular decomposition
behaviour.'4” The direct decomposition of LiBHs at high temperatures leads to
desorption of 13.1 wt% of hydrogen, together with the formation of boron and lithium

hydride according to the following reaction:

LiBHas) — LiH(s) + Bs) + 3/2H2()
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In case of a less endothermic reaction only partial decomposition may take place, with
the simultaneous formation of lithium closoborane (Li2Bi2H12), lithium hydride and

hydrogen, as shown below:

LiBHais) — 5/6LiH(s) + 1/12Li2B12H12(s) + 13/12H2(g)

By applying a low heating rate it was possible to identify a multistep decomposition, with
tree phases (Figure 13). A first decomposition with a limited release of hydrogen
(around 0.3 wt%) happens between 100 and 200 °C. At 270 °C LiBH4 melting starts
without any Hz desorption. Hydrogen starts to be detected at 320 °C, and at this stage
another 1 wt% is released. At 400 °C however, the material starts to decompose
continuously, until a peak is reached at around 500 °C, with a variable maximum

amount of hydrogen released up to 600 °C.

LiBH4

Figure 13: Photographic sequence of LiBH4 thermal decomposition at 10 °C/min

under 1 bar of Ar. 147

The wt% of hydrogen released at these temperatures depends on the experimental
conditions and ranges from 9 wt% under static conditions (pressure is built up from the
desorbed hydrogen) to 13.8 wt% under dynamic conditions (use of a carrier gas such as
helium). However, the decomposition cannot proceed further due to the formation of
LiH, which is stable up to 900 °C.138.141,148-150

2.4.3.4.6.2 NaBHa4

Sodium borohydride was synthesized in 1941 by Schlesinger and Brown,*3? but due to
the second world war the results were published in 1953. In their work, the synthesis

was performed in the presence of a liquid medium by reaction of sodium hydride with
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trimethyl borate, in order to obtain sodium borohydride and sodium methoxide based on

the following reaction32:

4NaHsin) + B(OCH3)31) — NaBHa4sing + 3NaOCH3(sin)

After the synthesis, performed at 250 °C, the product can be extracted by liquid
ammonia or primary amines. The solid obtained is a white crystalline ionic compound
comprising Na* cations and BHa™ anions. It has high stability, with melting point at 505
°C and a slow decomposition above 534 °C under 1 bar of hydrogen. 147151 The high
stability of NaBHa is evident by the calculations of the enthalpy of formation. The AHok
is -248.50 kJ/mol of NaBHa4. The enthalpy value becomes -210.73 by including the zero-
point contribution of Na, a-B, H2 and NaBH4 and the commonly reported values range
between -191kJ/mol and -188kJ/mol for the AH at T = 300 K.'>2 Sodium borohydride
can be obtained via a wide number of synthesis routes, however, the most widely used
ones are the Schlesinger (mentioned above) and the Bayer processes, which are
employed for commercial and large scale production of NaBHa4. The Bayer process is a
one-pot synthesis combining metallic sodium, borax and hydrogen in the presence of
silica in order to obtain sodium silicate and sodium borohydride. The main reaction is

the following:

NazB4O7(s) + 7SiO2(s) + 16Na(s) + 8Hzg) — 4NaBHa4s) + 7NazSiOss)

The reaction takes place at high temperatures of about 400 - 500 °C. At this
temperature sodium melts and the reaction takes place in a partially solid phase under
some bar of hydrogen pressure. At the beginning a mixture of quartz sand and borax
are fused together in a borosilicate glass that reacts with metallic sodium and H2. The
NaBHs produced is usually extracted by liquid ammonia, and the pure product is
obtained by evaporation of the residual ammonia.'®3 The production is not cost efficient
and several studies have been performed in order to reduce the costs of the Bayer
process, by e.g. introducing less expensive reactants like MgH:2 as reducing agent and

including recycling processes of the products. > The main reaction is the following:
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NaBOzs) + 2MgH2is) — NaBHas) + 2MgOgs)

Other synthetic routes include the direct thermal reduction of sodium metaborate. These
processes may involve methane, hydrogen or carbon, in order to obtain NaBHas

respectively with the reactions:°®

NaBOz2s) + CHag) — NaBHas) + CO2(g)
NaBOzs) + 2H2g) — NaBHas) + 2H20()
NaBO2s) + Cs) + 2H2(g) — NaBHas) + CO2(g)
or

NaBOzs) + 2C(s) + 2H2(g) — NaBHas) + 2CO(g)

Formaldehyde has also been suggested as a potential reducing agent for reactions with
boron oxide or sodium metaborate due to its higher reactivity compared to methane or
coke which leads to lower reaction temperatures. However, the reactions with the boron
oxide are not favoured under standard conditions; even with the addition of calcium
oxide, in order to assist the reaction through the formation of calcium carbonate, high
yields have not been accomplished so far.'®> The reaction of formation of sodium

borohydride with formaldehyde is given below:

NaBOzs) + 2HCHO(q) +2Ca0s) — NaBHas) + 2CaCOg3(s)

Finally, alternative methods for the synthesis of borohydrides or at least the activation of
boron oxides, in order to obtain more reactive boron compounds such as B2Hs, involve
the use of metallic reducing agents, as in the Brown-Schlesinger process. In these
cases, the metal centre of e.g. metal hydrides, is able to exchange hydrogen with boron.
Magnesium, primarily in the form of MgH2 is one of the most attractive materials in this

context.156.157

At room temperature NaBHas crystallizes in a cubic structure. The structure of the
deuterated form resolved by neutron powder diffraction belongs to space group F43m
with a = 6.137(7) A, B-D = 1.1160(7) A (Figure 14). The bonds D-B-D have an angle of
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109.5(2)° with deuterium atoms oriented in tetrahedral geometry relatively to the boron

atoms at 295 K.158

Figure 14: a-NaBH4 structure with symmetry group F43m.

Isodensity surface at 0.20 electron A of the total electron density.152

At room temperature the cubic structure is stable up to 5.4 GPa. Beyond this pressure it
is possible to see transitions, through a tetragonal phase (P42:c) at 6.3 GPa with a =
4.0864(1) A, c =5.5966(7) A to orthorhombic phase (Pnma) starting at 8.9 GPa with a =
7.3890(1) A, b = 4.1660(2) A and ¢ = 5.6334(5) A.1%® At low temperatures (190 K)
NaBH4 shows an order-disorder transition due to the reorientation of the BDa4 tetrahedra.
At 10 K the structure of NaBDa4 established by neutron powder diffraction is ordered and
belongs to space group P42/nmc, with lattice parameters a = 4.332(1) A and ¢ =
5.869(1) A.160

NaBHa is particularly important as a reducing agent, while it is nowadays considered as
one of the most promising materials for hydrogen storage due to its high hydrogen
content (10.6 wt%).15% A major problem for the application of NaBHs is its thermal
stability leading to high desorption temperatures (>460 °C), however, it releases
hydrogen very easily by reacting with water according to the following reaction:

NaBHas) + 2H20() — NaBOzs) + 4H2(g)

This reaction is irreversible, but it has the great advantage that 50% of the H2 generated

comes from water, with NaBH4 acting like a water splitting agent. In this case,
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considering the mass of NaBHa it is possible to release an amount of H2 corresponding
to 21 wt%. Apart from the synthesis of NaBHas, Schlesinger and Brown have also
studied how the reactivity of NaBHs4 changes with temperature, by using acidic

conditions or by the addition of catalysts.!6!

The thermal decomposition of NaBH4 takes place in different steps in a range of
temperatures between 400 and 595 °C (Figure 15). The white salt-like compound starts
to change colour above 460 °C, indicating an initial desorption in the solid state. At 510
°C melting starts, and the material becomes a transparent liquid at 530 °C. In this phase
there is evidence of a small release of hydrogen as minor bubbling. In this first phase
approximately only 1 wt% of the total content is released. The full decomposition, takes
place at 534 +10 °C.1?°

Figure 15: Photographic sequence of NaBH4 thermal decomposition at 10 °C/min

under 1 bar of Ar.147

From decomposition experiments and the Van’'t Hoff equation it was possible to
determine the enthalpy, (AH = -108 + 3 kJ/mol of Hz released) and entropy (ArS = 133 £
3 J/Kmol of Hz) of the reaction. The decomposition products comprise two solid phases,

which can be elemental Na and B (or a boron rich phase).52

2.4.3.4.6.3 KBHa4

As already mentioned, potassium borohydride, together with other borohydride
compounds was synthesized for the first time by Schlesinger and Brown between the
1940s and 1950s.1%3 The similarities between potassium and sodium borohydrides were
directly observed. The first synthesis was possible by reaction of diborane with

potassium tetramethoxyborate (KB(OCHs)s), due to the lack of reactivity between
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diborane and potassium methoxide, contrary to the correspondent sodium compound.

The reactions involved are the following:

KOCHS3(s) + B(OCH3)30) — KB(OCH3)4(s)
3KB(OCH3)4(s) + 2B2Hs(g) — 3KBHa(s) + 4B(OCHs3)3()

The product is a non-volatile, stable, white salt-like compound, comprising tetrahedral
[BH4]" and K* ions. The presence of potassium cations makes this compound heavier
than the corresponding hydrides of lithium and sodium, with a density of 1.17 g/cm? and
much less hydrogen storage capacity (7.42 wt%).%! Since its discovery, KBH4 was used
mostly in the pharmaceutical industry.®* The production was based on the reaction of
sodium borohydride with potassium hydroxide, in order to obtain, with a yield of about
85-90%, potassium borohydride and sodium hydroxide according to the following

reaction:

NaBHas) + KOHs) — KBHa4is) + NaOHs)

Alternative methods are the synthesis from the direct reaction of the potassium hydride
with the alkyl borate. This reaction works well for sodium, but not for potassium and
heavier alkali metal hydrides, due to low reactivity, high cost and low vyield. The
synthesis of potassium borohydride can be obtained also by reaction of KB(OCH3)4 with
diborane, but the use of this reaction was always limited to the laboratory production.65

As the other alkali borohydrides (Na, Rb and Cs) KBH4 at room conditions crystallizes in
a NaCl-like Fm3m cubic structure with lattice constant a = 6.69 A and [BH4]
octahedrally surrounded by K*.166 At low temperature the a-KBHs phase changes to
assume a tetragonal B-KBHa phase that belongs to the space group P/42ic. The low
temperature transition for the KBH4 leads to a more ordered atomic arrangement. Upon
increasing the pressure to 4 GPa there is a transition from the a-KBH4 phase to f-KBHa4
which has a tetragonal geometry, with space group P421¢.1%” With a further increase of
pressure to 7 and 11 GPa it is possible to see another high pressure phase of KBH4

with orthorhombic structure.168

The relatively high hydrogen content makes KBHas interesting for hydrogen storage

purposes and several efforts have been devoted to hydrogen release by hydrolysis
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reactions. Research has focused on investigating controlled ways to release hydrogen
from KBH4 and water at high pH, taking advantage its good stability in aqueous
media.'®® Other studies focused on using direct thermolysis of solid state KBHa, often in
mixtures with other borohydrides. However, the great stability of this material, with an
enthalpy of formation, AH = -229 kJ/mol,®* makes the thermal decomposition more
challenging in comparison with the other alkali metal borohydrides. The first reactions
take place at temperatures higher than 500 °C and only beyond ~540 °C, KBHa4 starts
changing colour, from white to yellow and brown tones, highlighting a first hydrogen
release when the material is still in the solid state (Figure 16). Above 590 °C the hydride
turns to shades of green and blue. From visual experiments, KBH4 melts at 606 °C
while previous literature data set the melting point at about 625 °C. A conspicuous

hydrogen release occurs only at much higher temperatures (ca. 680 °C).4’

KBH4

Deposition on Glass

Figure 16: Photographic sequence of KBH4 thermal decomposition at 10 °C/min
under 1 bar of Ar. 147

2.4.3.4.6.4 Eutectic LiBH4 — NaBH4 mixture

The revival of interest for borohydrides and the possibility to use them as hydrogen
storage materials, have also triggered new attempts to improve their properties. The
increase of cyclability and reduction of activation energies of these compounds is pivotal
in terms of their application. Destabilization can be induced by mixing with dopants like
halides or by developing composite materials that include other hydrides or
borohydrides.1’%-174 The first investigations on the miscibility of the borohydrides of
lithium and sodium have been performed in the early 1960s, when Adam highlighted the
presence of eutectic melting in a LiBH4 rich mixture.!’”> The LiBHs — NaBH4 was
investigated in detail only in 2016 by Dematteis et al.1’® and the presence of an eutectic
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point in a mixture of LiBH4 and NaBHa4 at 71 % mol of LiBH4 at 219 °C with an enthalpy

of melting of 7.07 kJ/mol was determined with precision.1’®

The mixture melts without any significant hydrogen evolution and only minor bubbling
can be observed (Figure 17). The major release for the pure borohydride mixture is
recorded only above 350 °C, together with obvious liquid spreading due to intense
bubbling. The decomposition processes in three main desorption incidents, with the
second occurring at about 450 °C and a third at about 500 °C. In general such low
temperature decomposition phenomena are unexpected and have been explained after
considering possible destabilizing interactions between the alkali cations Li* and Na* in

the liquid phase.'4’

LiBH4-NaBH4
25°C

Figure 17: Photographic sequence of 0.62LiBH4 — 0.38NaBH4 (composition antecedent to the more

accurate one with the LiBH4 at 71%) thermal decomposition at 10 °C/min under 1 bar of Ar.147

Pure LiBH4 shows a polymorphic transition from an orthorhombic to a hexagonal phase
at about 110 °C*# and melts completely at 280 °C. NaBH4 on the other hand, melts at
505 °C.'%” NaBHs when dissolving into the orthorhombic LiBHa, is able to stabilize the
hexagonal structure of LiBHa4, reducing the temperature of the polymorphic transition
that starts at about 100 °C. The same transition, but in opposite direction (o to h) was
detected while cooling the material at 97 °C and the same temperature is obtained
theoretically via the CALPHAD (CALculation of PHAse Diagrams) methodology.
Furthermore, approximately at these temperatures (around 94 °C) the point of complete
solubility (solvus line) of NaBH4 into the orthorhombic solid solution was also
detected.17®

The mixture, with a molar ratio of 0.71: 0.29 (LiBH4 - NaBHas), due to the lithium
borohydride rich composition, has a high hydrogen content, equal to 15.25 wt%. This
aspect makes the material particularly interesting for solid state hydrogen storage
applications. However, like the pure components, the mixture itself doesn’t show

hydrogen sorption reversibility, hampering any application. On the other hand, thanks to
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its low temperature melting it is possible to achieve improvements on sorption kinetics
and cyclability. The presence of a low temperature molten phase in fact opens the way
for the synthesis of composite materials as well as the nanoconfinement of
borohydrides, without passing through long and elaborate wet chemistry processes of
solubilization, infiltration and solvent extraction. Some studies have already been
performed with the purpose of increasing kinetics and decreasing the release
temperature of the materials under analysis by introducing borohydrides in porous
carbons. Some examples of borohydrides mixtures infiltrated reported in literature are
the LiBHs — Ca(BHas)2 eutectic mixturel’’-180 LiBHs — Mg(BH4)218-184 LiBHs —
Mg2NiH4 and LiBH4 — NaAlH4%®8. The eutectic mixture of LiBH4 — NaBHa4 itself was
already been confined in porous carbon scaffolds.’®” On this system the
nanoconfinement in carbon scaffold showed some improvement from the kinetic point of
view and signs of reversibility in hydrogen uptake. However, the nanoconfinement effect
was studied only on one carbon scaffold. The material used was an aerogel-type
carbon, with an average pore size of 37 nm, which is relatively large, and it is still not
clear if the improvements are due to nanoconfinement or to a catalytic effect of the
carbon surface with the borohydrides. Improvements on this system are still possible
and a detailed study on the effect of the nanoconfinement in different and much smaller
pore sizes is still missing in literature. In this respect, part of the work of this thesis was

focused on this objective.

2.4.3.4.6.5 Eutectic LiBH4 — KBH4 mixture

For similar reasons a better understanding the LiBHs — KBH4 system could lead to
improvements in its hydrogen storage properties. The system has been studied already
during 1960s'’®, when the presence of eutectic compositions with very low melting
temperature for borohydrides was discovered. Nevertheless, a systematic study for
determination of the precise composition was performed only at 2014 by Ley et al.'®,
The lowest melting point for the mixture was obtained for the composition 0.725 LiBH4 —
0.275 KBHa4 at about 105 °C, which is actually up to now the lowest melting temperature
for alkali and alkali earth metal borohydride mixtures. In fact, the mono-metallic
borohydrides, with the form M(BHa4)x, where M = Li, Na, K, Mg and Ca have all melting
temperatures, Tm higher than 250 °C.'4’ Decrease of melting temperatures on non-
doped borohydrides have also been observed in borohydride mixtures in cases of

destabilization due to cation substitution and consequent changes of the atomic
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distances between the metal cations and the boron centers.® This is the case of the
eutectic mixture of xLiBH4 — (1-x)Mg(BHa4)2 with x = 0.5-0.6 with a melting temperature
Tm = 180 °C183.190.191 35 well as the already mentioned xLiBH4 — (1-x)Ca(BHa4)2 eutectic
mixture with x = 0.68 77180 and melting point at about 200 °C. Among the low melting
temperature borohydride eutectic mixtures the mixture x LiBH4 — (1-x) NaBH4 x = 0.71,
is again noted with melting temperature Tm=216 °C. Such low melting temperature of
the LiBH4 — KBH4 eutectic mixture, in contrast with the pure compounds, LiBH4 Tm = 280
°C and KBH4 Tm = 625 °C, may allow low temperature infiltrations and opens new
possibilities for the synthesis of new composite materials. Due to its composition (lithium
borohydride rich), 0.725LiBH4 — 0.275KBHa4, it has a content equal to 13.2 wt% of
hydrogen, that makes this compound really interesting for hydrogen storage purposes.
The infiltration in porous materials, the confinement and the reduction of particle sizes to
the nanoscale may drastically change the material behaviour and improve the cyclability
and storage capacity of the bulk material. The infiltration of this borohydride eutectic
mixture has already been performed by Roedern et al.'®2 on a carbon aerogel and
improvements on the material properties have been registered. However, the carbon
aerogel used had relatively large pore size (diameter of 27 nm) while only one carbon
scaffold, with a single pore size was tested. Moreover, it is still not clear if the
improvements can be attributed to a catalytic effect due to the borohydride-carbon
contact, to the nanoconfinement or both. Further tests with different carbons and
smaller pore size are missing, as well as a detailed study of the cycling properties and
relative hydrogen uptake capacity. Improvements on this system are still possible and
therefore a part of this thesis has focused on the synthesis and study of several
composite materials of nanoconfined LiBHs — KBHas eutectic mixture in small size

carbon pores.
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CHAPTER 3
NANOSCALE AND NANOPARTICLES

As already highlighted, metal and complex hydride materials do not fulfil the
requirements of viable large scale solid-state hydrogen storage systems. The reason is
often placed in the low hydrogen content, high temperature release and lack of
reversibility. Looking in particular at metal borohydrides the main problems are
connected with high thermodynamic stability, which eventually leads to impractically
high hydrogen desorption temperatures while there are several issues related to

cycling/rehydrogenation of the materials.

A way to overcome such problems may be based on nano-sizing. In principle, by
following different nano-sizing approaches materials with particle sizes in the low end of
the nanoscale (typically 1-10 nm) can be obtained. In general, nanostructured materials,
(nanocrystalline, nanophase etc), have properties that deviate from those of the micro-
sized crystals. There are three main categories of nanostructured materials: materials
with reduced dimensions in the form of nanosized particles, two dimensional materials,
e.g. in the form of layers and thin films and bulk materials with a structure on the
nanometre scale, with atoms organized in crystallites or small atomic groups with
dimensions of a few nanometres.'% Due to the high surface areas of nanomaterials
(actually high surface to volume ratios), their surface energy plays a more important role
than in bulk materials. When the surface energy of the hydride is bigger than the
elemental form, part of the heat of formation is stored as an excess surface energy. This
reduces the enthalpy of formation of the hydride and thus the dehydrogenation
temperature. More specifically, for a simple reaction of a nanosized metal particle M and
hydrogen to a metal hydride MH2 (M+H2->MHz2), the contribution by excess surface
energy has to be taken into account. The molar free energy of formation of a metal

hydride particle becomes:

A 3VmEn- e
AG(r) = AGo(T)+RTln< MH, >+ MEM MHZ(V )

ApPy, T

Where r is the radius of a spherical particle, A is the activity coefficient of the phases,
P, is the pressure of the hydrogen gas, V represents the molar volume of each phase
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before and after the hydride formation, y is the surface energy and the surface term

Em—wmH:, IS @ surface energy term that has a value given by:

2/3

) -

Vun,

Vi

+ Eads

Evomm, (y,r) = [VMH2 (r) (

The additional term Eags IS related to the interaction between hydrogen and the surface
atoms of the nanomaterial. The inclusion of these surface energies have a direct impact
on the amount of heat released and the consequent reduction of the enthalpies of

formation:

3VyEwy_
AH = AH, + LBy

Another aspect involved by the size reduction to the nanoscale and fundamental for
practical applications is the kinetics of the reactions. Smaller particles lead to reduced
mass transfer distances and therefore faster diffusion of species, while fast desorption
kinetics are translated in good performance and fast sorption kinetics means fast
refuelling. The increase of surface area increases drastically the active sites of the
material, helping the hydrogen dissociation and consequent diffusion in the inner part of
the material. The diffusion of hydrogen is also facilitated by the high concentration of
amorphous grain boundaries. In these regions the chemical bonds that hydrogen can
form are weaker favouring site-to-site hopping for hydrogen which may allow a faster

hydrogenation at lower pressures.194-19

3.1 Nanoconfinement

The most common methods to obtain nanoparticles are summarized in Figure 18. High
energy ball milling is up to now the most commonly used method to obtain
nanostructured materials. However, despite the simplicity of the technique, there are
several problems that occur when applied on hydrogen storage materials. The first
pertains to the size limit of the grain, that can decrease to dimensions of c.a. 3-25 nm,
and a relatively controllable particle size distribution.'®” Better performance, can be
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achieved for some materials by applying special grinding conditions such as cryomilling
or the use of solvents.®819 However, the good characteristics obtained by ball milling
are easily cancelled out by hydrogenation-dehydrogenation cycles that lead to the re-
aggregation of the particles via sintering. The nanoparticle synthesis by nucleation and
growth in solution is another way to obtain particles of small and controlled dimension,
but such methods are not straightforward and require precise control of the solution
concentration and temperature.?°© Moreover, these methods are mostly effective for the
preparation of transition metal and metal oxide nanoparticles, while the light metals
commonly involved in hydrogen storage materials, are not stable in agqueous solutions
while they are particularly reactive in most of the solvents. Confinement in nanosized
pores is an alternative that has quite recently been investigated. In reality,
nanoconfinement in a porous scaffold requires a stable dispersion of particles with
dimensions of few nanometres. Nanoconfinement can affect in a significant way the
physical properties of the material. First, infiltration in a limited space can afford well-
defined and moreover small particle sizes, while it may limit the aggregation induced
particle growth during hydrogen sorption. Particle size minimization leads to the
previously mentioned enhanced characteristics of nanostructured materials for
hydrogen storage as both thermodynamics and kinetics change due to nanoscaling.
Furthermore, the surface contact and interaction between the hydrides and the scaffold
could induce a destabilization of the hydride, with potential catalytic effects and

consequent lowering of the equilibrium pressures.?!
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Figure 18: Schematic representation of the most common methods used in order to obtain
nanoparticles for hydrogen storage purposes. Left: ball milling. Centre: particle growth in

solution. Right: nanoconfinement.

This process can be implemented via two main routes: by infiltration of the hydrogen
storage material in a pre-formed porous scaffold or by building the host-material around

the (guest) active nanoparticles. Generally, the infiltration based nanoconfinement is
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performed by introducing the hydrogen rich material or its precursor in the pores of the
host via melting or after solubilizing the guest in a compatible solvent. Contrary, in the
second method, the metallic species are enclosed into cavities during the preparation of
the porous material.?2%> However, before proceeding with the confinement an accurate
study of the porous structure and its properties from the chemical and physical point of
view is necessary. Among the various aspects that should be taken into account, the
choice of a compatible scaffold with sufficiently high surface area and appropriate pore
sizes, is of fundamental importance. Moreover, the scaffold to be used should be
thermally and chemically stable under the working (hydrogen charging-discharging)
conditions. Additionally, abundance, cost efficiency as well as negligible health and
environmental effects are pivotal for a large-scale application. The best candidates for
our purposes have to be chosen among a wide range of different materials that are
available.17:178.203 Some of them will be analysed in the following chapters.

3.2 Porous materials

Beyond zeolites and activated carbons, which have been traditionally used, the interest
for porous materials has grown in the last decades while recently there is an
exponential increase of new synthetic porous structures. The reason behind this trend
lies in the vast number of diverse applications in different fields, such as catalysts or
selective filters in the petrochemical industry, to new materials for energy storage,
photocatalytic or fuel cells systems, controlled drug release processes, heat and sound

insulation or waste water treatment.204.205

A porous solid is made of a continuous solid phase (framework) and empty space. A
porous solid is characterized by the presence of a large number of openings e.qg.
cavities, channels or interstices having length larger than width (Figure 19).2°6:297 pores
can be classified in several categories as schematically represented in Figure 19. They
can for instance be “closed” (a) if they are totally inaccessible to fluids (liquids or gases);
such pores influence the material density, conductivity (e.g. heat and electrical) and
mechanical strength but they are inactive in mass transfer processes (adsorption,
diffusion). Other structures (b, c, d, e and f) are classified as “open”, however if the
pores have only one entrance (b and f) they are described as “blind” pores, while if
accessible from several sides they are considered “conducting” (c). It's also necessary
not to confuse pores and surface roughness (g). Another classification is based on the

pore shape, as shown in (Figure 20).2%
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Figure 19: Schematic cross-section of a porous solid.2%

Cylinder Slit -shape
Cone - shape Ink Bottle

Figure 20: Schematic representation of pores shape.2%

In order to facilitate the discussion on porous solids several definitions on pore

properties are necessary: 297

Pore volume Vp: it indicates the volume of the pores, measured with a method that must

be stated.

Pore size or pore width: the distance between two opposite pore walls or the diameter if

the pores are cylindrical.

Pore size distribution: is a value obtained by the derivatives dAp/drp or dVp/drp (dAp/dwp
or dVp/dwp) where Ap is the pores wall area, Vp the volume, rp the radius (e.g. for

cylinders) and wp the width (e.g. for slits) of pores.

Porosity, €: it represents the ratio of the total pore volume Vp to the apparent volume Va

=Vp + Vs of the material (Vs is the volume of the solid framework).
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Surface area: Value indicating the total surface of the material including both the

external surface area of a powder and the area of the pore walls.

The most recent classification of pores is based on their dimensions. According to

IUPAC?% porous materials are defined as:
Microporous, with pore width smaller than 2 nm.
Mesoporous, with pore width between 2 and 50 nm.
Macroporous, with pore width larger than 50 nm.

The dimensions of pores is a fundamental aspect of a porous material and as the pore
size changes the functionality of the material changes. Among the materials for
hydrogen storage in the following chapters microporous and mesoporous materials will
be encountered. The former are mostly used for the storage of molecular hydrogen by
physisoption. The latter have been used for the confinement of hydrides in the form of
nanoparticles. Macroporous materials do not actually affect the confined material
reactivity due to the relatively large particle sizes. For such materials, any possible
change can be rather attributed to catalytic reactions due to the surface interaction

between hydride and scaffold than nanoconfinement effects.

3.2.1 Microporous materials

Microporous materials, are defined as organic or inorganic porous solids with pore sizes
smaller than 2 nm. The microporous family comprises activated carbons, carbon
nanotubes, oxides (e.g. silicates, aluminosilicates) like zeolites, polymers of intrinsic
microporosity (PIMs), covalent organic frameworks (COFs) and hybrid materials such
as metal-organic frameworks (MOFs). In this kind of materials, the solid-gas interaction
potentials of opposing pore walls overlap, resulting in increased attractive forces, able to
keep highly volatile gasses adsorbed on the porous material surface. In some cases,
the packing of the adsorbed molecules is able to reach densities similar to the liquid
phase of the adsorbate.?%® Despite the high volatility of hydrogen, some microporous
materials at low temperatures exert sufficient surface interactions with the gaseous
molecules to store them by physisorption via van der Waals forces. Due to the weak
interactions involved, the energy required for desorption is a small fraction of the heats
involved in hydrides, making thus adsorption an interesting alternative approach to solid

state hydrogen storage.
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Among microporous solids, the carbon-based materials find an important position due to
the low mass of carbon that limits the scaffold weight, the availability of carbon
precursors and the great variety of structures that can be obtained. Activated carbon
and carbon nanotubes are the most studied examples. Activated carbons constitute a
family of porous carbons, generally obtained by carbonization of an organic precursor
followed by activation via gasification at high temperature in presence of an oxidant
(e.g. H20 or CO2).?19 With surface areas that can often be higher than 3000 m?/g
(Figure 21), at low temperatures such as 77 K and ~20 bar activated carbons can reach
hydrogen uptakes between 3 and 5 wt%.21-213 Closely related to the family of activated
carbons are the carbon nanotubes, consisting in a carbon elongated cylindrical
structure. However, the synthesis of single and multi-walled nanotubes is performed via
arc-discharge, gas-phase catalytic growth, laser ablation and chemical vapor deposition
from hydrocarbon and among these methods only the latter can be performed in a

relatively large scale.?14-216

Among the non-carbonaceous microporous materials, zeolites are the most well-known,
and several studies have been performed to evaluate their potential for hydrogen
storage purposes. Contrary to the carbons previously mentioned, the zeolites can be
synthesized in structures with extreme regularity. However, due to their “heavier” solid
skeleton their gravimetric surface areas are in general much lower (Figure 21), with
maximum values of a few hundred m?/g, leading also to low gravimetric hydrogen

adsorption capacities.20927

Metal-organic frameworks (MOFs) are hybrid organic-inorganic (mainly micro-) porous
materials, made of metal ions or clusters connected by organic ligands in extremely
regular crystalline structures. The pores and channels of MOFs are easily tuneable by
varying the metal ion or the organic ligands, producing in this way a wide variety of
different structures. The porosities of MOFs are often occupied by guest species,
introduced during the synthesis (e.g. solvents). The removal of these species can lead
to structure collapse, however, by following appropriate “activation” protocols it is
possible to obtain a permanently stable porosity and guest species like hydrogen can be

introduced into the network.

In order to increase the MOFs hydrogen uptake two different routes can be followed, i.e.
the increase of the surface area of the material or the increase of the attractive
interaction of the framework with the hydrogen molecules. MOFs with surface areas of

more than 7000 m?/g (Figure 21) and micropore volumes higher than 2 cm3/(g, have
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been reported and these are significantly higher than those reported for activated
carbons. However, despite the relatively large amounts of hydrogen uptake at 77K, the
uptakes at room temperatures are still generally lower than 1 wt%. On the other hand,
the increase of the binding forces to keep hydrogen molecules can be obtained from
different ways. One possibility is related with the generation of unsaturated metal
centres, while the use of ligands able to increase the affinity of the metallic site for

hydrogen or to stabilize it through the action of functional groups.51:218-220

Similar to MOFs, the cyanometallates are porous coordination polymers of Prussian-
blue type. In these materials the metal sites are coordinated by cyano groups with a
geometry that in the anhydrous form leaves a vacant site on the metal, allowing easy

interactions with hydrogen molecules.??!
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Figure 21: A surface area comparison of different microporous materials.???

3.2.2 Mesoporous materials

As mentioned in the previous chapters, a material may significantly change its chemical
behaviour when its size is reduced to the nanoscale. This is possible by confinement in
pores with a proper size (e.g. pores larger than ~3 nm) to allow facile incorporation of
the guest materials but also small enough to provide destabilization effects on the
confined material. For this reason, the best class of porous materials for the

nanoconfinement of hydrides are the mesoporous ones.
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3.2.2.1 Silica mesoporous materials

A large number of mesoporous materials are silica based; these include aerogels,
xerogels with controlled porosity, Vycor-type glasses and surfactant templated
mesoporous materials. Contrary to zeolites, which are crystalline, the materials
mentioned above are amorphous. Aerogels and xerogels are prepared through a sol-gel
process followed by aging and drying. However, the relatively large pore sizes obtained
in both cases are more appropriate for other applications such as drug delivery and
size-selective catalysis.??3-22> Vycor glass and controlled porous glasses (CPGs) are
produced by thermally treating alkali-borosilicate glasses in order to induce phase
separation to alkali borate-rich and silica-rich phases; the former is consequently
leached out by acid treatment. After solubilization, the remaining almost purely silicate
glass structure has an interconnected network of pores, but the total pore volume is

noticeably smaller than the previously mentioned materials.?26

The surfactant templated porous silicates have been widely studied after their
discovery; these structures have been used in this thesis. This family of materials is
called M41S and since their synthesis in the 1990s, many different structures of this
kind have been developed.??” A common aspect of these materials is the possibility to
use supramolecular assemblies as soft templates and build silica networks around
these structures which have controlled shape, dimension and spatial arrangement. After
the calcination of the silica network to a solid structure, the template is removed, leaving
as product a material with extremely uniform porosity. The obtainable pores can have
sizes from appr. 3 nm up to tens of nanometres with different network structures and
connectivities, opening the way to a large number of possible applications. Up to now
these mesoporous materials do not have a systematic nomenclature and are historically
named by three letters, followed by a number referred to their internal numbering
system for new materials.??® For instance the MCM (Mobil Composition of Matter) series
are obtained by using cationic surfactants in alkaline pH and members of this family are
MCM-41 with 2D hexagonal structure,?®® the MCM-48 with cubic?*® and MCM-50

lamellar structure (Figure 22).231
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Figure 22: Members of the M41S family. MCM-41 (hexagonal), MCM-48 (cubic) and MCM-50

(lamellar). 232

The SBA (Santa Barbara Amorphous) series includes mesoporous templated silicates
obtained in acidic solution. Among these, using cationic surfactants there are SBA-1
with cubic structure,?®* SBA-2 combined cubic and hexagonal geometry 24 and SBA-3
hexagonal scaffolds.?3> Upon using block copolymers as surfactants, it is possible to
synthesize the SBA-15 with 2D hexagonal mesopores,23¢ which will be analysed in the
next chapters, and the SBA-16 with cubic structure.?®” The MSU-X series are materials
synthesized in neutral solutions with non-ionic surfactants such as polyoxyethylene
oxide and develop wormlike frameworks.?®® Other series of ordered mesoporous
materials are the KIT (KIT-6 has a cubic structure like MCM-48), obtained with triblock
copolymers;?®° the FDU series, with cubic structures obtained with ionic or nonionic
block copolymers;?4%:241 the HOM (highly ordered monoliths) with different geometries,
obtained with nonionic triblock copolymers in low pH solutions as template;?*?>-244 and
FSM series, synthesized with ionic surfactants in alkaline solution to obtain highly

ordered hexagonal structures.?#®

The general synthesis involves a silica source, a catalyst for the silica polymerization, a
template and a solvent, usually water. Often, co-solvents with different polarity, able to
modify the template behaviour and self-assembly process are also added , leading to

different pore shapes and dimensions.?46
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Figure 23: Electrostatic interactions involved during the synthesis of ordered mesoporous
materials types MCM-41 and SBA-15.

The size and shape of the silica pores are actually determined by the size and shape of
the surfactant assemblies in solution. The spatial arrangement of the surfactants in
solution is due to their amphiphilic nature and the interaction of the hydrophilic and
hydrophobic parts of the molecules with the solvent (Figure 23). During the synthesis
process the surfactant molecules self-assembly to geometries which minimize the
interactions of their hydrophobic parts with water. When the concentration of surfactant
in solution is above a certain concentration, known as critical micelle concentration,
stable structures are formed. These supra-molecular assemblies (micelles) are self-
organized homogeneously in size and shape depending on the solution parameters, i.e.
surfactant concentration, pH, temperature, strength of the surfactant interactions, ion
concentration, etc.?*” These micellar structures constitute a perfect template which can
induce silica polymerization, and thus solid silica structures with the same shape of the
micelles can be can be obtained. The structure of the micelles in solution can be
predicted either by knowing the morphologies that correspond to certain ratios among
surfactant and the reactant source of silica or taking into account a series of
characteristics typical of the surfactant in order to obtain a so-called packing parameter
g. The packing parameter, takes into account aspects such as the hydrophobic tail
volume, the hydrophilic head area and the tail length.248-250 Generally, with the increase
of the packing parameter value it is possible to observe different micellar structures in
the following order: spherical, cylindrical, flexible bilayers or vesicles, planar bilayers
and finally inverted micelles at higher concentrations (Figure 25).2%°
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Figure 24: Schematic detergent (surfactant-oil-water) phase diagram with the introduction of

hydrophobic or hydrophilic precursors.?5!

Many different types of surfactants have been used for the synthesis of mesoporous
silica scaffolds. These include cationic (positive charge on their hydrophilic end), anionic
(negative charge on their hydrophilic end) and or amphoteric (zwitterionic hydrophilic
end, i.e. both positive and negative) surfactants as well as nonionic surfactants. The
latter are actually co-polymers with regions of different hydrophilicity that can self-

assemble in micelles.2%2:253

The condensation of silica around the micelles structure can be performed at different
pH environments. In neutral solutions the silica condensation is often driven by the
surfactant itself, acting like a catalyst. In the same pH conditions also the presence of F
ions can drive the same polymerization reaction.?38254.25 |n alkaline or acidic conditions,
the condensation reaction among the silanol groups is driven by the basic or acidic
species in solution. The reaction takes place quickly at high pH and the precipitation of
solid silica is observed immediately after the introduction of the silica precursor. The
reaction ratio is much slower in acidic conditions, with reactions taking place at values
of pH generally slightly below 2. The polymerization reaction requires some time, while
further aging steps may be necessary, between room temperature and 140 °C to
consolidate the silica structure and complete the silica polymerization reactions.?%®
Typically, the materials prepared in alkaline conditions are based on sodium silicate
solutions or colloidal sources of silica, which are cost efficient. However, with methods

where silica dissolution is required, it is easy to form silica oligomers in solution, with a
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negative impact on the final product. To avoid this problem, in many syntheses either in
alkaline or in acidic conditions, alkoxysilanes with general formula Si(OR)4 are used as

SiO2 source.228.257

After the polymerization of the silica around the micelles’ surface is complete, it is
possible to remove the template. Due to the organic nature of the surfactant and the
good thermal resistance of the silica scaffold, in most of the cases the template is
removed by performing calcination in air with fast heating, generally up to temperatures
around or higher than 550 °C. During this process the surfactant is totally decomposed
and oxidized to CO2. However, calcination sometimes induces lattice contractions or
leaves traces of residual products of decomposition depending on the kind of surfactant
used. To avoid these consequences, sometimes it is preferable to extract the template,
commonly through treatment with acidic solutions containing ethanol.2® At the end of
the template removal, only the silica framework remains, and the surfactant is replaced
by pores. The materials obtained through the above general route have potential
applications in a wide number of processes, such as catalysis due to the high surface
area and possibility of easy silica functionalization (e.g. metal decoration), pollutants
removal, waste water treatment and nanoconfinement, including active pharmaceutical
ingredients (APIs) or hydrides for hydrogen storage purposes. In this thesis, porous
silica was used as a solid template for developing porous carbons with high pore

volume and surface area. In particularly, the material synthesized was SBA-15.

3.2.2.1.1 SBA-15

SBA-15 is a mesoporous silica material that belongs to the SBA family (Santa Barbara
Amorphous), which was synthesized for the first time by Zhao et al. 2% in 1998. This
material is characterized by cylindrical pores arranged regularly in a 2D hexagonal
structure (p6mm). The pores have a variable diameter between 4 and 30 nm and a
length of ~1 um, while the silica pore walls have thickness generally between 3 and 6
nm. An additional network of micropores runs through the silica walls and interconnects
the hexagonally oriented mesopores.?>° The microporosity of SBA-15 is generated by a
minor overextension of the surfactant’s hydrophilic chains in the solution that affords
disordered pore wall percolating “pinholes” after the poly-condensation of silica and
subsequent template removal. A further increase of the micropores may be due to
shrinkage of the silica during calcination. The presence of microporosity is a

fundamental advantage of SBA-15, because it allows the material to be used as solid
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template for the synthesis of other porous materials with “inverse” SBA-15 structure.
This aspect will be better illustrated during the description of the hard template
synthesis of CMK-3 carbon. The microporosity also contributes to the high surface area

of the material, (commonly 700-900 m?/g) and the total pore volume (~1.1 cm?/g).

As already mentioned, the synthesis of SBA-15 is performed in solution. The surfactant
used as template is Pluronic® P-123, a nonionic amphiphilic triblock copolymer of class
ABA, where A is a hydrophilic block of polyethylene oxide (PEO) and B is a block of
hydrophobic polypropylene oxide (PPO). The first letter of the code name indicates the
physical form of the copolymer (liquid (L), paste (P) or flake (F)), while the first one or
two digits are 1/300 of the PPO block molar mass and the last digit is 1/10 of the molar
mass percentage of PEO in a molecule of polymer.?®° In solution the Pluronic P-123
self-organizes in micelles with a core occupied by PPO chain blocks, which is
surrounded by a corona of PEO chain blocks. The conformation assumed by the
micelles is strongly dependent on the concentration of surfactant and temperature. In
fact, Pluronic P-123 can assume first cubic and then hexagonal structures with the
increase of the concentration above the critical micelle concentration (CMC).26!
Temperature influences the interactions between the polymer and the solution; at low
temperatures the PPO is hydrated, while by increasing the temperature, PPO becomes
hydrophobic initially, while at even higher temperatures it starts to stretch, leading to
larger cylindrical micelles.?%? The effect of enhancing the repulsive interactions among
polymer and solvent, usually driven by temperature increase, can be also achieved with
the introduction of salts in solution.?%® Once the right conditions of surfactant
concentration and temperature are reached they must be kept constant. Commonly the
sources of silica for SBA-15 are silica alkoxides, in particularly the tetraethyl
orthosilicate (TEOS). The synthesis is usually performed at very low pH, approximately
pH=2, after adding HCI to the solution. In this environment, TEOS hydrolyses
immediately releasing ethanol in solution but condenses slowly making the reaction

more controllable.?64265 The reactions involved are the following:?4

Hydrolysis: =Si-OR + H20 = Si-OH + ROH
(fast)

Alcohol condensation: =Si-OR + HO-Si= = =Si-O-Si= + ROH
(slow)

Water condensation: =Si-OH + HO-Si= = =Si-O-Si= + H20
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(slow)

The polymerization takes place in the aqueous solution on the hydrophilic surface of the
micelles, where the heads of the surfactants can interact with the inorganic precursor
electrostatically. While the silica walls are formed, the micelles assume an elongated
shape and arrange in a hexagonal structure, while some protruding external chains of
PEO are trapped in the solid silica, creating thus micropores upon template removal
(Figures 25, 26). The amount of micropores can be modulated and reduced by
hydrothermal treatment. In fact, with the increase of temperature the polymer blocks

assume a less hydrophilic behaviour, leading generally also to larger pore sizes.?%°

Figure 25: Schematic representation of Pluronic P-123 in uncalcined SBA-15 materials.?%°

As already mentioned in the previous paragraph for the general synthesis of
mesoporous silica, the removal of Pluronic P-123 is commonly performed via
calcination. During this process, the material is heated in air to around 550 °C or higher
temperatures. Above 300 °C the surfactant is already decomposed while the water
trapped in the structure is released. The silica structure slightly shrinks during
calcination; this can be avoided by using solvents or oxidizing agents as ethanol,
hydrogen peroxide or sulphuric acid.?%¢ After the template removal only the mesoporous

silica scaffold remains.
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Figure 26: Formation mechanism of a SBA-15 —like structure induced by self-assembly of a

surfactant in solution.267

3.2.2.2 Carbon porous materials

Carbon is another important material for the development of porous scaffolds. Porous
carbons are interesting materials due to their unique properties, such as surface
hydrophobicity, large surface areas and pore volumes as well as good mechanical,
thermal and chemical stability. Due to their characteristics, porous carbons are often
used in several applications such as water purification, gas separations and storage but
also as catalyst supports, and high surface area electrodes.?%® Carbon materials usually
contain micropores and thus are also used in handling small molecules, e.g. catalytic
processes, molecular sieving and gas adsorption. Microporous carbons have been
produced from carbonization of coal with organic additives, ion exchange resins and
biomass, highlighting the possibility to synthesize materials with surface areas higher
than 3000 m?/g from cost efficient precursors.?6%-2’1 An alternative synthetic approach
involves the presence of a hard template. For instance, zeolites with a regular
framework can be used as a host material that is filled with organic carbon precursor (by
e.g. chemical vapor deposition or wet impregnation) which can be carbonized. After
pyrolysis and the removal of the silica scaffold only the carbon remains, with sub-
nanometre pores shaped on the walls of the zeolite, surface areas that can reach

values of 3600 m?/g and pore volumes of around1.5 cm3/g.272:273

After the synthesis of the first ordered mesoporous silica via soft-templating, the
development of mesoporous carbon obtained via nanocasting was a natural next step.
The wide variety of different silica structures allowed for the development of several

different carbon negative replicas, with surface area and pore volume similar to the

72



silica templates, but properties typical of carbon materials. The technique adopted is
called hard template synthesis, and was used to obtain mesoporous carbons since
1999 when two research groups from Korea, Ryoo et al.?’* and Lee et al.?’®
impregnated MCM-48 silica to obtain the correspondent carbon negative replica. Ryoo
et al. infiltrated the silica template with a sucrose solution containing sulphuric acid, to
obtain, after the silica removal, the CMK-1 mesoporous carbon (Figure 27). The CMK-1
has a cubic structure with mesopores of appr. 3 nm diameter and also a large amount of
micropores, which contribute to the high surface area of ~1400 m?/g and pore volume of
~1.4 cm¥g, of the material.

Infiltration/ Template
carbonization removal
_—
MCM-48 C/IMCM-48 CMK-1

Figure 27: Schematic representation of the synthesis of the porous carbon CMK-1 starting from
the silica template CMC-48.

On the other hand, Lee et al. impregnated the AI-MCM-48 silica with implanted
aluminium, and infiltrated the porous material with a phenol - formaldehyde resin. After
resin polymerization, which was catalysed by the aluminium, carbonization of the
polymeric carbon precursor and etching of the silica template, the SNU-1 porous carbon
was obtained. The SNU-1 carbon has similar pore size with CMK-1 separated by 2 nm

carbon wall pores and a surface area of ~1300 m?/g.

Particularly important members of this family are the SNU-2 obtained from hexagonal
mesoporous silica (HMS) and CMK-3 from SBA-15. The first has bimodal pores of appr.
0.6 and 2 nm, pore volume of 0.69 cm3®/g and surface area of ~1100 m?/g.?’® The
second has pores of variable diameter between 4 and 10 nm depending on the SBA-15
template, pore volume of ~1.3 cm®/g and surface area higher than 1500 m?/g.?”” Other
examples of porous silica adopted in hard templating synthesis include MCM-41 to
obtain carbon nanowires with surface area of 1400 m?/g.2’® CMK-2 carbon obtained
from SBA-1, CMK-4 from Al-MCM-48 (Si/Al = 20) and CMK-5 from just coating with
carbon films the SBA-15 surface. Using the same technique several other materials
were used and these include KIT-6, FDU-5, HMS, SBA-1, SBA-7, SBA-12, SBA-16,
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HMS, MSU-1 and MSU-H. The source of carbon can be different, but it's always an
organic precursor able to wet or fill the pores of the template as solution or through
vapour deposition, while consequent pyrolysis generates a solid structure.??8:279.280 A
similar method of synthesis uses as hard template dense silica instead of porous
materials. This involves the use of closed (or random) packed spherical particles, in
which pores form between the contacts of the spherical particles. These are again filled
with a carbon source, which is pyrolyzed to create a silica-carbon composite, while the
final step is removal of the silicious ceramic part. This process affords porous carbon

“foams” with highly interconnected spherical pores.281-284

To conclude, for the hard template synthesis of carbon porous materials, a solid with
controlled pore structure is required and, in most cases silica is used due to the large
variety of different structures. The silica template is impregnated with a suitable carbon
precursor. The introduction of the carbon source can be implemented via wet
impregnation, chemical vapour deposition or a combination of both. There are several
carbon precursors and usually the simpler and most economical substances are
preferred; some examples are sucrose, phenolic resins, furfuryl alcohol,
poly(divinylbenzene), naphthalene, acetylene, etc. Generally, the molecules introduced
in the silica scaffold are initially polymerized (e.g. caramelized in the case of sucrose), in
order to build a first organic framework rich in carbon, and then carbonized. The
carbonization/pyrolysis is performed under inert gas atmosphere or vacuum, at high
temperatures, depending on the material to be synthesized, but often between 800 and
1000 °C. The carbonization temperature has a direct effect on the atomic composition
and pore arrangement of the material, as the amount of oxygen and impurities is
reduced with increasing temperature. At high temperatures graphitization may occur
and this in general reduces the final surface area and pore volume of the
material.268285-287 After carbonization the template is removed via solubilisation. The
chemical agent used in most of the cases is hydrofluoric acid (HF), which is able to
attack the hydrated silica and remove it from the framework as silicon tetrafluoride

according to the following reactions:®®

SiO2(s) + 2H20() — Si(OH)a(aq)
Si(OH)4(aq) +4HF(ag) — SiFa(g) +4H20()

SiOzs) + 4HF@q) — SiFa) +2H20()  overall reaction
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However, due to the high risks related with the use of HF, the use of sodium hydroxide
is sometimes preferred. The action of NaOH is much less effective than HF and has
slower etching rates that may correspond to the need of more elaborate material
treatment to completely eliminate the silica. The reaction involved is the following

hydrolysis reaction:28°

Si-O-Sis) + H20() — 2SiOHag)

After the silica removal, only the carbon scaffold remains with the space previously

occupied by the silica template as the empty space of pores.

Another way to obtain mesoporous carbons involves a “soft-template” synthesis
approach (Figure 28). This technique, instead of using solid materials as molds, targets
the direct synthesis of the carbonaceous scaffold by exploiting the self-assembly of the

carbon precursor, often assisted by a surfactant.

The one-step synthesis allows a more efficient production of mesoporous carbons, with
the possibility to tune the shape and size of the pores during the material production.
Moreover, the possibility to avoid the use of a silica template reduces the cost, the time
of preparation and avoids high risk processes like the silica solubilisation with HF or

high concentration NaOH.

The firsts works of Liang et al.?®® and Zhao et al.?°! reported the direct synthesis of
highly ordered mesoporous carbon through the carbonization of resorcinol-

formaldehyde resins and self-assembled block copolymers.
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Figure 28: Representation of the preparation of mesoporous carbons from ordered mesoporous

polymeric resins. 286

Block copolymers that can self-assemble in regular structures can be used for the direct
synthesis of soft templated carbons. However, due to the limited cross-linkage of the
organic structure, it is difficult to preserve the organized structure of the polymer,
because of the massive loss of carbon and volatile species during the carbonization
process. For this reason, carbon sources that can be highly cross-linked are widely
used, the most common being resorcinol-formaldehyde or the phenol-formaldehyde
resins. Even though the rigid polymers obtained by resins can retain their structure
during carbonization, they cannot self-assemble efficiently in solution. Therefore, resins
are often associated to copolymers able to organize themselves in solution during the
polymerization and cross-linking of the carbon precursor. The soft template (co-polymer
based) decomposes much easier that the highly cross-linked polymer (resin based)

under heat treatment and is thus removed during the carbonization step.2°1-2%

Several synthetic methods to allow the polymer self-assembly in porous structures have
been explored. The most commonly used are the EISA (Evaporation Induced Self
Assembly), the dilute aqueous route, the synthesis with a macroscopic phase

separation and the hydrothermal autoclaving process. The EISA method generally
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involves a precursor of reticulate polymers (phenol, resorcinol, phloroglucinol-
formaldehyde) with surfactants and low vapour tension solvents. Gradual evaporation of
the solvent and the consequent increase of the interactions among solvent and
surfactant, leads to the assembly of the polymer precursor which is then carbonized
(Figure 29). The products obtained by this technigue are often films or powders.?51:295.296
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Figure 29: Left: scheme of the Evaporation Induced Self Assembly process. Right: evolution of

the pores with the thermal treatment.2%7

However, the need of large surface spaces to allow the solvent evaporation is a limiting
factor for the synthetic upscaling. The dilute agueous route overcomes the EISA limit by
promoting surfactant/polymer precursor self-assembly in solution, however without the
need of evaporation. The surfactants used are often the already mentioned Pluronic
block copolymers, that are able to generate micellar structures where the oligomeric
resins can be polymerized.?®® Similar to this method is the so-called macroscopic phase
separation method. Following this synthetic route, the self-assembly mixture of polymer
precursors and surfactant is treated in a solution containing water and ethanol. When
polymerization progresses, it is possible to distinguish a separation between a polymer-
rich phase and the solvent.?%82%° On the other hand the hydrothermal autoclaving
process can be used to develop monolithic polymers and carbons (Figure 30). This
method is characterized by a great control of reaction pressure and temperatures,
allowing fast and energy efficient synthesis. The reaction, usually performed in
autoclave, involves also in this case polymer precursors such as phenol/formaldehyde

or resorcinol and a surfactant, usually block copolymer in a limited amount of solvent.
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The autoclaving treatment leads to monolithic and regularly structured polymers, that

also in this case can be carbonized to obtain a monolithic porous carbon.298:300.301

Figure 30: Microscopic and macroscopic evolution during the synthesis of a monolithic porous

carbon.301

3.2.2.2.1 CMK-3

CMK-3 is a mesoporous carbon that belongs to the CMK-n series, an acronym created
by the developer (Carbon Mesostructured by Korean Advanced Institute of Science and
Technology).3%? This material, synthesized for the first time by Ryoo et al. in 2000, is
obtained via carbon nanocasting, using the porous SBA-15 silica as solid template
(mold). The resulting material has a carbon framework that is the inverse replica of the
silica, since by filling the SBA-15 silica with carbon it is possible to obtain a series of
amorphous carbon rods, of diameter approximately 7 nm. Moreover, the typical
microporosity of SBA-15, allows the formation of carbon nano-strands, able to connect
and hold the main carbon rods in place. The regular arrangement of the rods generates
a 2D hexagonal pattern (p6mm) with pores of diameter appr. 5 nm, arranged like a
honeycomb. The large number of pores contributes to the extremely high total pore
volume of ~ 1.3 cm?/g and surface area of ~ 1500 m?/g. These characteristics can be

adjusted by changing the pore size of the silica template.

As already mentioned, the synthesis of CMK-3 is implemented by a so-called hard
template synthesis, where the carbon scaffold is built on a solid silica structure, in our
case the SBA-15 (Figure 31). In this process, the porous silica is impregnated with a

carbon precursor, generally sucrose, solubilized in an aqueous solution in presence of
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sulphuric acid as catalyst. When in the silica pores, the sucrose is induced to
polymerization (caramelization) by increasing the temperature at ~100 °C and 160 °C.
The structure obtained is then consolidated by pyrolysis under inert atmosphere at ~
900 °C. In these conditions the carbon framework is totally formed, but still embedded in
the silica structure. The removal of the template is performed via solubilisation of the
silica with aggressive agents as HF or concentred NaOH. Due to the narrow porosity a

meticulous treatment is necessary for complete removal of silica.
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Figure 31: Description of the steps involved in the synthesis of CMK-3 via hard templating starting
from SBA-15.304

3.2.2.2.2 Carbon Aerogel

Carbon Aerogels are a wide family of carbons characterized by a highly porous
structure (up to 90-99% porosity), having however a stable 3D structure that does not
collapse.30530%6 The high porosity gives to these materials a series of properties including
very high pore volume, high surface area, electrical conductivity, low thermal

conductivity and acoustic insulation properties. In this respect such materials are
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exploitable in several applications such as energy storage and catalytic processes,

adsorbents and insulators. 30°

Since Pekala developed the first aerogel obtained by polycondensation of resorcinol
with formaldehyde in 1989, the synthesis and use of these materials expanded fast.
305,307,308 Thijs is because the direct synthesis of the carbon, without intermediate use of
a solid silica template, reduces drastically the synthesis time of the material, the
production costs and the need of special measures for the disposal of harmful by-
products. Particular attention should be given to the fact that for aerogels the use of HF
or highly concentrated NaOH, which are necessary for the solubilisation of silica
template, and are particularly dangerous is completely avoided.3*® It should also be
mentioned that apart from resorcinol - formaldehyde other carbon sources have been
used as precursors. These include agricultural waste,3%° paper and fabrics,3!° or other

polymeric materials.

According to the general procedure for the synthesis of carbon aerogels from a
resorcinol — formaldehyde resin, three main steps are necessary: polymerization, drying

and finally carbonization (Figures 32, 33).

Polymerization occurs in different stages and is usually carried out in aqueous solution,
at temperatures lower than 100 °C.3!1 The first step is the addition of hydroxymethyl
groups derived from the formaldehyde to the aromatic rings of the resorcinol and is
followed by the condensation of the functionalized rings. The aggregation continues
through a 3D crosslinking reaction that consolidates the structure. The reaction is

carried out in the presence of an alkali catalyst; Na2COz is commonly used. 312313
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Figure 32: Reaction between resorcinol and formaldehyde, used for the synthesis of carbon

aerogels.314

In the gel state, the polymeric framework is filled by the solvent, the removal of which
leads to the formation of the aerogel. This step is often preceded by a solvent

substitution treatment in order to pass from an aqueous solvent to an organic one,
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which is easier to remove.?'#35 Drying can be carried out through three main
processes: supercritical drying, freeze drying and ambient temperature drying.316-318
The last phase of the preparation is the pyrolysis of the sample. Usually, pyrolysis is
carried out by heating the sample at high temperatures between 600 °C and 2100 °C
under inert gas flow, commonly N2 or Ar. During this stage of the synthesis most of the
functional groups containing oxygen, nitrogen and hydrogen are removed as volatile
species and there is an increase of the amount of micropores and therefore an increase
of the surface area as well. The carbonization induces an overall shrinkage of the

material, reducing the amount of macropores in favour of mesopores and micropores.
314,319

The obtained carbons have a three dimensional highly interconnected, disordered
porous network. The pores are obtained by the interstices between fused carbon
spherical primary particles, which stem from the polymeric clusters that are generated in
solution.3%® Surface area and total pore volume can have quite different values among
different aerogels, however, typically they are relatively high; for instance the carbon
aerogel adopted during the work of thesis had a surface area of 760 m?/g and total pore
volume of 1.36 cm?3/g, with average pore size of 25 nm.
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Figure 33: Synthetic procedure for the production of carbon aerogels.34
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CHAPTER 4
EXPERIMENTAL PART

The preparation and study of the materials that were investigated in this work involved a
wide range of synthesis and characterization techniques. In particular, due to the
biphasic nature of the composites, separate efforts had to be made to synthesize the
active phases (borohydride mixtures) and the carbon scaffolds and then to create the

composites through the nanoconfinement process, via melt infiltration.

4.1 Glovebox and inert atmosphere handling

Due to the high reactivity of hydrides with air and the easy formation of oxides, all the
handling was performed under inert atmosphere, either in a glovebox (with O2 and H20
concentrations <0.5 ppm) or in sealed reactors. Most of the sample handling was
performed in MBraun LABstar gloveboxes (Figure 34) at National Centre for Scientific
Research (NCSR) Demokritos (Athens) and Aarhus University (Denmark) as well as at
the Helmotz Zentrum Geesthacht (HZG) laboratories (Germany), under similar
parameters in an argon atmosphere. MBraun gloveboxes are equipped with a gas
circulation system, for the constant purification of the argon atmosphere. More
specifically, the argon is passed through filters and getters to trap O2 and H20 and keep
their concentrations below <0.5 ppm. Similarly, activated carbon traps for the solvents
are used. The filters and getters are regenerated periodically and the quality of

ambience is continuously monitored by specific detectors.

Figure 34: MBraun LABstar glovebox at NCSR Demokritos.
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To transfer the samples outside the glovebox it is always necessary to hermetically seal
them in plastic or glass sample holders, while the same protection from the external
atmosphere must be maintained also during the processing and analysis of the

materials.

Therefore, when inserting the samples to the reactors, a wide series of different gaskets
and flanges must be used, varying from stainless steel and graphite for high
temperature treatments to nickel and Teflon for room temperature treatments. More

details of the processes are described in the following paragraphs.

4.2 Mechanical milling

Mechanical milling is one of the most common treatments used in the field of
nanomaterials for solid-state hydrogen storage, as well as for the development of new
composite materials and metal alloys. The method involves the introduction of the
materials into a rotating cylindrical chamber with a set of hard spheres (balls) (Figure
35).198.320321 The container and the balls can be made of a wide variety of materials
including hardened steel, stainless steel, tungsten carbide, zirconia, silicon nitride, or
methacrylate and the choice is directly dependent on the material to be milled. The
chamber is usually sealed in an inert atmosphere, however, as will be explained in the
following chapters, processing in a reactive atmosphere is also possible, with the milling
energy being used to promote the gas-solid reaction. In these cases, containers with
one or more valves are used to allow either the introduction of gas or the evacuation of
the system. The container is generally filled to about 50% and moved by a “high energy”
mill in order to create collisions both between the spheres and the chamber and
between the spheres themselves. The ball-to-powder ratio depends on the processing
and affects the milling time. The most common ratio used is 10:1 but a much higher
ratio, even 100:1, can also be used. During this process the kinetic energy is transferred
to the milled material, breaking the structure in small particles, mixing the different
components and in high-energy treatments, creating new alloys from the starting
reactants. The mechanically treated grains generally have sizes on the order of
micrometres or nanometres. Especially for the second case, where the particles are

extremely small, the materials can be considered as textureless polycrystals.
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Figure 35: Fritsch Stainless steel jar for planetary ball milling with stainless steel spheres inside.

The possibility of obtaining such small particle sizes has made this technique interesting
also in the field of hydrogen storage research, however, the small particle sizes are not
maintained during repeated hydrogen uptake and release due to re-aggregation
phenomena. Planetary mills, SPEX mills and vibratory mills are the most widely used
mills in laboratories, while attritor mills are used for grinding large amounts of materials.
In a planetary ball mill, the container rotates on a disk or balanced arm on its own axis
and in the opposite direction at several hundred rotations per minute. This motion
causes the grinding balls to run against the walls of the container. The movement is
different in the SPEX or shaker mills, where the jar is shaken along the longitudinal and
vertical axis, performing an “«” (infinite or eight) motion creating high energy impacts of

the balls on the top and the bottom of the vial (Figure 36).
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Figure 36: Principle of operation of planetary ball milling (top left) and

SPEX ball milling (top right).%?! Planetary ball mill with jar (bottom left). SPEX mill (a) and tungsten
carbide jar with spheres (b) (bottom right).1%

Generally, milling can take from a few to several tens of hours, however, in this work, a
milling time of minutes was sufficient for the purposes of our mixing case. This is
because the high energy of the treatment easily increases locally the temperature of the
system, potentially leading to undesired reactions. Temperature rise, vacancy
generation, and movement of high-density grain boundary planes contribute to element
interdiffusion and phase mixing. During the collisions, the powders are subjected to high
energy impacts of several GPa in the planetary mill, lasting a few us. With these
conditions it is possible to induce reactions that are otherwise not attainable with other

techniques.
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4.3 High temperature and pressure resistant reactors/melt impregnation devices

The preparation of the composite materials via melt infiltration, as well as the
hydrogenation/dehydrogenation cycles, required devices able to resist extreme
conditions of high temperatures and pressures. The infiltration with borohydrides and
the following hydrogenation-dehydrogenation cycles were performed on a custom-made

device, also used for the sorption experiments, at the premises of NCSR Demokritos.

The experiments involving the infiltration of borohydrides into carbons, as well as the
heat treatments to study the sorption capacities of the materials were performed in a
stainless-steel reactor able to withstand temperatures above 500 °C and hydrogen
pressures higher than 200 bar. The reactor was connected to a custom-made Sievert's
apparatus to evaluate the gas released and absorbed during the treatments.
Measurements with this device are based on Sievert’s method, in which the amount of
gas exchanged by the sample is calculating from the pressure changes in a known
volume. The system consisted of a stainless-steel reactor containing the sample,
usually in a quartz sample holder and covered with quartz wool, to prevent the
elutriation of powders (Figure 37). The cylindrical body of the reactor was welded with a
Swagelok VCR type gland, allowing multiple connection and disconnection of the

reactor to the body of the instrument via a metal gasket.

_—

\

Figure 37: 3D model of the stainless-steel reactor used to perform the borohydride infiltration into

the carbon scaffolds and the sorption cycling experiments on the samples.

All the pipelines were connected with stainless steel VCR fittings. The sample chamber
of the reactor was separated from the system by a porous flange, with a stainless-steel
filter, in order to allow gas transfer but keep all the fine powders of the sample in the

reactor avoiding any kind of contamination along the pipelines of the instrument. The
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reactor was connected through a manifold to the helium and hydrogen gas lines as well
as to a vacuum pump. The piping system also included a connection to a pressure
gauge and an auxiliary chamber of known volume. All the parts of the manifold,
including manometer and heaters, were contained in a stainless-steel case, externally
covered with insulating material and thermostated at 30 °C with air circulation and a
heating system regulated by a PID-type temperature controller (Figure 38). The
pressure was monitored by an MKS type Baratron (870B) manometer with a working
range between 20 psia and 3000 psia (~1.38 bar — 206.84 bar absolute pressure) and

accuracy 1% of measurement.

Thermocouple

/ furnace controller

Thermocouple
—— sample temperature
to PC

Vacuum pump —

Gas cylinders

o Gl =

T e
Thermocouple /——
thermostat \

Cooling fan —— @
/ »‘
Gas reservoir
‘ Pressure

input to PC

\ ~ Thermocouple
manifold temperature

to pc

Furnace

Manometer

Figure 38: 3D model of the Sievert apparatus used to determine the amount of gas exchanged

during the sorption cycles by the samples.

The pressure and temperature signals detected by the instrument were read and
recorded on a computer through a specially developed LabView program. The device
compartments were separated by HiP (High Pressure Equipment) taper seal needle
valves, able to provide good control over the gas flow during the experimental phases.
Evacuation was performed with a Pfeiffer HiCube turbo pump system equipped with a

full scale vacuum gauge. The reactor was attached to a custom-made furnace able to
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reach temperatures higher than 700 °C, which is made of a metal cylinder that fits
perfectly with the reactor, contains a heating element and is externally thermally
insulated by ceramic wool. The reactor temperature was constantly monitored by a
thermocouple in contact with both the reactor and the furnace. The power supplied to
the furnace was monitored by a PID controller, with the aid of a thermocouple located in
the furnace and a safety (watch-dog) thermocouple. For safety and thermal insulation
reasons, the reactor and furnace were covered by an insulating vest filled with ceramic

wool.

4.4 Preparation of LiBH4 — NaBH4 and LiBH4 — KBH4 eutectic mixtures

The synthesis of the two eutectic mixtures of borohydrides was performed in the
laboratories of the University of Aarhus and the laboratories of INano (Denmark), under
the supervision of Prof. Torben R. Jensen. The LiBH4 — NaBH4 mixture was prepared
starting from the pure borohydrides: LiBH4 (Sigma-Aldrich 95% purity grade) and NaBHa4
(Sigma-Aldrich 98% purity grade). The two components were mixed together using the
eutectic molar ratio of 0.71: 0.29 (with a melting temperature of 216 °C). The mixing
process was initially performed manually, with a pestle and mortar and then by ball
milling. The powder milling was carried out in an 80 ml tungsten carbide vial of a Fritch
P4 planetary mill with spheres of the same material as the container. The powder to ball
weight ratio utilized was 1:30, using 10 mm diameter spheres. The grinding/mixing
treatment of the two borohydrides was supposed to be 1 hour long. However, in order to
avoid chemical reactions due to an excessive increase of the temperature in the milling
vessel, the full milling time was divided into shorter treatments. The sample was then
milled in a 2 minutes session at 350 RPM, followed by a 2 minutes pause to allow the
sample to cool down, and the program was repeated 30 times. As already mentioned,
due to the high susceptibility to oxidation, all the handling processes were performed
under inert atmosphere. The mixture was analysed as prepared through powder XRD

analysis and o-LiBH4 and a-NaBH4 were detected.

Following a similar procedure, a second borohydride eutectic mixture was prepared,
consisting of LiBH4 and KBHa4, with a melting temperature of 105°C. As in the previous
mixture, the preparation starts from the pure borohydrides LiBH4 (Sigma-Aldrich 95%
purity grade) and KBHa4 (Sigma-Aldrich, 97% purity). The two salts, in the form of a
white fine powder, were mixed in a molar ratio of 0.72: 0.28 LiBH4 — KBHa, first

manually and then mechanically. The ball miling was performed using the same
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instrument, with an 80 ml tungsten carbide jar, and the same powder to balls weight
ratio of 1:30. Also in this case the full mixing process was divided in short milling
sessions in order to keep the temperatures low. The powders were milled for 5 minutes
at 400 RPM, with a 2 minutes pause, and the process was repeated 48 times making
the total treatment to last 240 minutes. Also in this case, all the handling was carried out
under inert atmosphere. At the end of the mixing, X-ray powder diffraction analysis was

performed, revealing the presence of LiBH4, KBH4 and LiK(BHa4)2.

4.5 Hard templating synthesis of porous materials
4.5.1 Synthesis of SBA-15

As already mentioned, SBA-15 is the porous silica scaffold used as a solid template for
the preparation of the carbon used for the nanoconfinement of the hydrides. The
synthesis used in this work was based on the original synthesis developed by Zhao et
al.?>2 with some modifications that gave overall better performance for our case (Figure
39). In order to prepare approximately ~1 g of SBA-15, at first it was necessary to
prepare an acidic aqueous solution with a surfactant. The solution was obtained by
adding 16.4 ml of HCI (37% m/m) to 150 ml of water in which 2 g of the anionic
surfactant Pluronic P-123 (Sigma-Aldrich) had been dissolved. After this stage, two
different experimental routes were tried, both leading to SBA-15 with the same
properties. In the first method, the solution was maintained under constant stirring for
the entire synthetic procedure and solvent evaporation was avoided by a condenser.
The temperature of the solution containing the surfactant was increased up to 40 °C
and 5 ml of TEOS (Tetraethyl orthosilane) were added. The solution changed colour,
from transparent to milky white. The same stirring and thermal conditions were kept for
24 hours. After one day the temperature was increased to 100 °C while keeping the

solution under stirring. After the two-day reaction in solution, SBA-15 could be filtered.

The second method, also adopted for the upscaled synthesis yielding quantities up to
three times higher than the original procedure, involved a hydrothermal reaction that
took place in a Teflon autoclave without constant stirring. The acidic solution containing
the Pluronic P-123 surfactant was heated to 35 °C and kept under regular stirring. 5 ml
of TEOS were added to this solution, and as in the first method the solution acquired a
milky white colour. The solution is kept at 35 °C under constant stirring for 2 hours. After
this time the solution was transferred into an autoclave and left at 35 °C in an oven for
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24h. The next day the temperature was increased to 100 °C. As in the first method,
after two days of reaction in solution, SBA-15 was ready to be filtered. The filtration of
the solid product of synthesis was performed under vacuum with a Buchner filter. The
solid was washed with water to remove the excess surfactant and then dried. The
polymeric surfactant was totally removed by subsequent calcination in air. The thermal
treatment was usually performed with a heating ramp of 5 °C/min up to 600 °C and this
temperature was kept constant for 6 hours. During this process all the organic residues
from the surfactant decomposed into CO2 and the water evaporated, leaving only the
silica structure with empty pores. From the typical synthesis, in which 5 ml of silica
precursor (TEOS) are used, ~1.1 g of SBA-15 is usually obtained.

D

600 °C

Calcination
in air

H,0 +TEOS Washing and drying
+HCI
+Pluronic P-123 24h 24 h 6h

Figure 39: Steps for the synthesis of SBA-15.

4.5.2 Synthesis of CMK-3

The hard templating method and specifically the synthesis of CMK-3 type ordered
mesoporous carbon have already been explained in the previous chapters. In particular,
the experimental procedure adopted to synthesize the CMK-3 material was based on
the original work of Ryoo et al. with some modifications (Figure 40). Scaling up of the
synthesis (typically based on 1 g of SBA-15 as the starting template) was also possible,
for larger and faster production of carbon that was revealed to have the same properties
as the carbons resulting from the lab-scale production. Typically, 1 g of SBA-15 was
subjected to three impregnations with a solution containing the carbon precursor, and
each infiltration was followed by a carbonization treatment. The carbon precursor used
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was sucrose, dissolved in water in the presence of sulphuric acid as the polymerization

catalyst.

During the first impregnation, an aqueous solution prepared from 1.25 g of sucrose
dissolved in 5 ml of water containing 0.07 ml of fuming H2SO4 was added dropwise onto
the SBA-15, in order to wet all the powder. The soaked powder was then placed in an
oven, heated up to 100 °C at a rate of 10 °C/min, under air and held at this temperature
for 6 hours. Subsequently, the temperature was increased to 160 °C at the same
heating rate and the sample was left overnight to be partially carbonized at this
temperature. The second impregnation was performed following the same procedure
with the difference that the solution with the precursor consisted of 0.8 g of sucrose,
dissolved in 5 ml of water, containing approximately 0.05 ml of H2SOa. Also in this case
the solution was added dropwise onto the SBA-15 powder, which was already
black/brown at this stage of the synthesis. The subsequent thermal treatment was the
same as the one used after the first impregnation (i.e. 100 °C for 6 hours and 160 °C
overnight). For the third impregnation the procedure was the same but the reactants
contained in the impregnating solution were further reduced: 0.5 g of sucrose dissolved
in 5 ml of water with ~0.03 ml of H2SOa4. The thermal treatment was the same as that
adopted in the previous two stages. After the impregnation — carbonization treatments,
the SBA-15/carbon composite material was pyrolyzed in order to stabilize the carbon
structure. The pyrolysis was performed in a tubular furnace at 900°C for 6 hours, under
a constant flow of inert gas. At this stage of the synthesis the product is actually a
composite material consisting of SBA-15 and CMK-3. The removal of the silica template
was performed by dissolving the material with hydrofluoric acid (Sigma — Aldrich conc.
40%). Due to the strong exothermic reaction of HF with silica the procedure was
performed in Teflon vessels and the acid was poured onto the silica/carbon composite
slowly with a Teflon pipette. Once the composite was covered with HF solution, the
vessel was loosely closed and left under magnetic stirring for at least 3 hours in order to
fully dissolve the silica scaffold. The removal of the acidic solution was performed in a
first step through a series of centrifugations (15 minutes at 9000 RPM), removal of the
supernatant and addition of water in order to dilute the remaining acid. After
centrifugation, the material was filtered under vacuum with a Buchner funnel, washed
first with copious amounts of water and then with ethanol. After washing, the carbon
was dried in an oven at 120 °C overnight. From 1 g of SBA-15 usually 0.6 - 0.7 g of
CMK-3 were obtained.
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Impregnation Carbonization Pyrolysis Centrifugation Drying
RT and washing
100 °C 900 °C 120 °C
SBA-15 oh oh HF 12k
160 °C
+Sucrose 12h

Figure 40: Steps for the synthesis of CMK-3.

For the purposes of our study, the carbon surface should be as “clean” as possible of
functional groups, which are potentially generated by the several chemical treatments
and which may react with hydrides. For this reason, the material was further heat
treated at high temperatures under inert atmosphere. More specifically, the carbon was
heated to 700 °C at a heating rate of 10 °C/min and remained at this temperature for 3

hours.

4.6 Synthesis of the composite materials
4.6.1 Carbon - LiBH4/NaBHa4 (LiNa) composite materials

The preparation of the composite materials LiNa/Carbon was performed in a heated
stainless-steel reactor connected to a Sievert apparatus, described in the previous
paragraphs. In order to investigate the nanoconfinement effect versus the catalytic
effects of the carbon surface on the borohydrides sorption behaviour, three different
carbons were adopted: CA-20, a carbon aerogel obtained by the polymerization of
resorcinol and formaldehyde provided by ZAE Bayern, with average pore size of about
20 nm; CMK-3 carbon, that was synthesized according to the procedure described in
the previous paragraphs, with average pore diameter of 5 nm; and non-porous graphitic
carbon disks (CDs) purchased from n-TEC (Norway). The eutectic mixture was
prepared according the method described by Javadian et al.*®’, but with a molar ratio of
LiBH4 and NaBHa4 of 0.71: 0.29 as suggested by the more recent study of Dematteis et
al.1’¢ Carbon and borohydrides were mixed manually with a pestle and mortar, placed in

a quartz sample holder and sealed in a stainless steel reactor. The amount of hydrides
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used for the infiltration was based on the total pore volume (TPV) of the carbons (i.e.
TPV = 1.4 cm3/g for the CA-20 and 1.2 cm?®/g for the CMK-3) and the density of the
hydrides mixture (0.78 g/cm?) in order to fill the 60% of the carbon pore volume. The
mass ratios were 1.57:1 and 1.76:1 respectively for the mixtures with CA-20 and CMK-3
with LiNa. Because of the sensitivity of the hydrides to air, all handling was performed
under inert conditions in the glove box. The carbon — LiNa mixtures were heated to
250°C (eutectic melting temperature = 216 °C) under an initial backpressure of 100 bar
of hydrogen, in order to allow the melting of the hydrides while avoiding potential
decomposition reactions. The melting temperature was reached with a heating ramp of
3 °C/min and held constant for 30 minutes before cooling and consequent solidification
within the carbon pores. The same experiment, with the same ratio of carbon — hydrides
as in the case of CMK-3, was also performed with graphitic carbon disks (CDs), in order
to develop a composite non-porous material for comparison, namely CD-LiNa. In this
way it would be possible to highlight and separate any enhancements arising due to
nanoconfinement from those originating from catalytic effects due to contact with the
carbon surface. Finally, the same experiment was performed with the pure eutectic

mixture as a blank.

4.6.2 Carbon - LiBH4 /KBH4 composite materials

The LiK/Carbon composite was developed using a method similar to the one adopted
for the LiNa eutectic mixture and described by Roedern et al.3?? The LiBH4 — KBH4
eutectic mixture, with a molar ratio of 0.72: 0.28 and a melting temperature of 105°C,
was used to synthesize the composite material with both the CA-20 and the CMK-3
mesoporous carbons. Also in this case, a non-porous graphitic carbon borohydrides
composite was prepared in order to highlight the effect of nanoconfinement on the
sorption behaviour of the infiltrated material over a simple catalytic effect induced by the
surface reaction between hydrides and carbon. The processing to prepare the material
starts with manual mixing of the carbon scaffold with the eutectic mixture (in the glove
box) in order to obtain a homogeneous mixture of powders. The amounts of carbon and
hydrides used in the experiments were calculated taking into count both the total pore
volume of the carbon (TPV=1.4 and 1.2 cm?g respectively for CA-20 and CMK-3) and
the density of the mixture to be infiltrated (0,86 g/cm?) in order to fill 60% of the total
pore volume (weight ratios CA-20 — LiK 1.56:1 and CMK-3 — LiK 1.58:1). The product

was sealed in a stainless-steel reactor, under a starting backpressure of 100 bar of high
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purity hydrogen, heated at a rate of 3 °C/min up to 125°C for 30 minutes in order to
allow the molten hydrides to penetrate inside the pores of the carbon. The same
procedure was used for the synthesis of the LIK/CD composite material and the blank

where the hydrides were melted and recrystallized without carbon.

4.7 Nz adsorption measurements (77 K)

The typical properties of porous materials, such as pore size distribution, total pore
volume (TPV or Vi) and specific surface area (Sser) are deduced by means of N2
adsorption/desorption experiments at 77 K (Figure 41). The measurements were
performed in the N.C.S.R. Demokritos with a Quantachrome Autosorb-1MP. Such
measurements are very important in order to determine the successful infiltration of
borohydrides into the pores of the carbon scaffolds. In fact, the amount of material
nanoconfined is evaluated by comparison of total pore volume and surface area of the
carbon scaffolds before and after the hydrides infiltration. The experiments for the
determination of the nitrogen adsorption isotherms at 77 K were performed on the
carbon scaffolds after outgassing, in order to eliminate any trace of air or moisture
trapped into the narrow pores. The outgassing treatment was performed by applying
high vacuum at 250 °C for at least 10 hours. The total pore volume was determined by
assuming that the pores are totally filled at high relative pressures, while the adsorbed
N2 has the density of the liquid. Particular attention must be paid on the assumption of
pore filling which holds only if there is a clear plateau at high relative pressures.
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Figure 41: Evolution of the pores filling and the relative isotherm (squares) with the increase of

the value of relative pressure p/po.3%2

In general adsorption isotherms of subcritical gases can be grouped in five different
types (Figure 42):

Ia) (k)

Amount adsorbed —————m—

Relative pressure ———— —

Figure 42: Classification of physisorption isotherms 324



Type | isotherms are typical for microporous materials. In micropores (< 2nm) the
interaction potentials of opposing walls overlap creating thus deep potential wells that
lead to enhanced adsorption. For this reason micropores are totally filled at low relative
pressures and a clear plateau is observed even at a certain low relative pressure value.
Type I(b) isotherms reveal a smoother uptake at low relative pressures and are
observed when the pore size distribution includes larger mesopores and extends slightly

to the low mesopore range (< 2.5 nm).

Type Il isotherms are typical of physisorption on nonporous or macroporous materials.
In this case the adsorption is not limited and the B knee indicates monolayer coverage
after which additional layers are built (multi-layer adsorption). In Type Il isotherms point
B is missing and the formation of a monolayer cannot be identified. This happens when
the interactions between the fluid-fluid interactions are stronger than the fluid-solid ones
and complete wetting of the solid surface is not favoured (e.g. H20 sorption on a
hydrophobic surface). Type IV isotherms are the most interesting for our materials, as
they are observed in mesoporous adsorbents. At low p/po values the isotherm has a
Type Il behaviour, due to monolayer and multilayer adsorption on the mesopore walls.
At higher relative pressures capillary condensation occurs in mesopores since due to
confinement, the gas can condense at lower pressure p than the saturation pressure of
the bulk liquid, po. At even higher pressures, mesopores are completely filled and a
saturation plateau is observed. The condensation in certain conditions in pores wider
than ~4nm is accompanied by hysteresis (Type IV(a)). For pores with smaller size,
isotherms of Type IV(b) are obtained. Type V isotherms are typical of micro and
mesoporous materials with weak adsorbent-adsorbate interactions. At low relative
pressures the isotherm is similar to the Type Il isotherms, however at higher relative
pressures clustering and pore filling occur. Type VI pertains to extreme situations were
the solid surface is extremely uniform and layer by layer adsorption occurs giving rise to

separate adsorption steps for each adsorbed layer.324:325

The values of surface area are calculated according to the BET multipoint method
(Brunauer-Emmett-Teller multipoint) in accordance with the standard specification ISO
9277:2010 (ISO/TC_24/SC_4, 2010) for the correct selection of points in micro and
meso-porous materials. The BET equation describes the adsorption isotherm of a free

surface and is given by: 324
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Where n is the amount of moles (normalized e.g. to the weight of the adsorbent)
adsorbed at relative pressure p/po and nm is the specific monolayer capacity (e.g.
moles/g adsorbent). The constant C is a parameter which is related to the energy of
adsorption and the isotherm shape is reflected on its value: for C < 2 we have Type llI
or V isotherms and BET method is not applicable; for C at least ~80 the B point is well
defined; for high C values >150 the isotherms are those typical of materials with high
energy adsorption sites. After calculating the C value and the monolayer capacity nm by
the linear relation between (p/po)/[n(1-(p/po)] and p/po in a range of values (usually
between 0.05<p/po< 0.35) it is possible to calculate the BET specific area as through the

equation:

Ny - N-op,

Where N is the Avogadro number, on is the molecular cross-sectional area of the
adsorbate molecule in the monolayer (typically 0.162 nm? for N2 at 77K) and m is the

mass of the adsorbent.

Pore size distribution was calculated through the software AS1Win Quantachrome by
applying modelling methods such as NLDFT (Non-Local Density Functional Theory) and
QSDFT (Quenched Solid Density Functional Theory). For each material the proper
model was selected depending on the material (silica or carbon) and the expected
shape of pores (slits for carbon micropores and cylinders for carbon and silica

mesopores).

4.8 X-ray powder diffraction

Part of the characterization of the porous materials before and after infiltration was
performed via X-ray powder diffraction at both low and wide angles. The instrument
used (NCSR Demokritos) was a Rigaku R-AXIS IV Imaging Plate Detector coupled with
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a Rigaku RU-H3R Rotating Coper Anode X-Ray Generator (A = 1.54A). The instrument

operates in Debye-Scherrer geometry (Figure 43).

The samples were typically loaded in Lindemann type glass capillaries (sealed with
grease if the material under analysis was sensitive to air), and secured on a rotating
stage, after careful alignment with the X-ray beam. In general, 10 minutes exposure
time (in transmission mode) was sufficient for a good signal to noise ratio. The 2D
detector data (powder diffraction rings) were integrated. The detector distance was fixed
during the exposure depending on the range of angles of interest. Small angle x-ray
scattering (SAXS) is particularly interesting for mesoporous materials with regular pore
patterns and was used to detect the regularity of the pore structure and often to
evaluate the integrity of the scaffold after the thermal treatments. Wide angle x-ray
scattering (WAXS) on the other hand was used to characterize the borohydrides and
moreover check the extend of infiltration, since successful confinement in the pores
results in significant broadening or complete disappearance of the Bragg reflections.
The same kind of analysis was performed also in the University of Aarhus; in this case
the instrument utilized was a Rigaku Smart Lab X-ray diffractometer (Bragg-Brentano

geometry), with a Cu Ka source (A = 1.54 A).

Flat panel
detector

Glass capillary

Diffraction cone d2

Incident monochromatic
X radiation

YYY

Diffraction cone dl

Distance r

Figure 43: Debye-Scherrer diffractometer geometry. 326

4.9 Temperature Programmed Desorption — Mass Spectrometry (TPD-MS)

The study of the thermal decomposition paths of the pure borohydrides as well as the

composite materials was partially performed through experiments of dehydrogenation
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under controlled conditions. The Temperature Programmed Desorption (TPD)
experiment allowed the gradual decomposition of the material under analysis, with
consequent emission of volatile products. The gaseous species were constantly
analysed through a Mass Spectrometer coupled to the TPD set-up. Continuous
monitoring of the gas phase products of decomposition upon heating the sample with a
certain temperature ramp gave us in real time indications of the possible reactions
taking place at different temperatures. The instrument used for the experiment is divided

in different parts, as follows:

* Heating unit or furnace: The core of the furnace is an electrical resistance encased in
a cylindrical ceramic brick, and directly connected to the heating controller that provides
the power. The internal section, where the sample is placed, is a one end open carbon
cylindrical tube that provides thermal contact between the resistance and the sample as
it is in direct contact with the quartz sample holder. For this reason, all the
thermocouples for the temperature control and monitoring are located in direct contact
with both the carbon and the sample holder. The working temperatures commonly used
were on a range between room temperature and 700 °C. The heating core was
insulated externally and a further ceramic wool insulation was applied to cover the

sample area.

* Proportional — Integral — Derivative controller (PID controller): the controller is
equipped with temperature monitoring and safety systems and allows programming
different heating programs.

* The carrier gas line: a special piping construction was constructed in order to allow a
continuous flow of inert gas through the sample cell. This stream was connected to the
mass spectrometer in order to detect decomposition products. The gas used was high
purity argon, the flow of the carrier was regulated by a mass flow controller usually set
to 60 ml/min. Through a series of valves the carrier is directed first to the sample cell,
and the to an exhaust to atmosphere); however, before the exhaust a small quantity of
gas (1-2 ml/min) was sampled and directed to the mass spectrometer. The connection
with the MS was made by a heated capillary, serving as an anti-condensation system,
while an additional turbo pump system was used for outgassing/cleaning all the gas

lines.

« Sample holder: it was constituted by a quartz test tube attached with vacuum
compatible resin to a metal connector able to link the sample with the gas line. The

sample was packed in a 5 mm diameter quartz cell and covered with quartz wool, in
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order to let the gasses pass without elutriating the powders. A series of valves was used

to connect the sample with the carrier gas (or isolate) (Figure 44).

» Mass Spectrometer: the instrument utilized was an Omnistar GSD 301 O1 by Pfeiffer.
The molecules produced by the decomposition of the sample are directed by the carrier
along the gas line and from that to a capillary directly connected to the mass
spectrometer. The environment inside at the instrument is kept under high vacuum (i.e.
1E-8 mbar) by a turbopump. The molecules introduced in the instrument are ionized,
fillered according to the fragment m/z values (m: mass, z: charge) by means of a
qguadrupole mass analyser and finally directed to the detector.

Carrier in Carrier +
Sample products out
to MS
Thermocouples Furnace

to the PC for recording
to the furnace controller

Sample

Figure 44: Schematic model of the cell used to keep the sample inside the furnace during the

thermal treatment and give it a connection to the mass spectrometer.
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4.10 TPD-MS experiments for the LiNa, LiK and relative composite materials

The thermal decomposition of the borohydride composite materials as well as the bulk
borohydrides, was performed by heating the sample from room temperature to 700 °C.
The sample, located in a quartz cell, described in the previous section, was heated with
a rate of 5 °C/min up to 700 °C and then kept to 700 °C for 1 hour before free cooling to
room temperature. The experiments were performed under 1.4 bar of pressure, with a

constant gas carrier (Ar) flow of 60 ml/min.

The m/z signal monitored was mainly H2 (m/z=2). A second molecule, often released
during the decomposition of borohydrides is diborane, with signals at m/z = 27, 26 and
with smaller percentages also 25, 24, 23 (diborane was actually never detected during
the decomposition of analysed compounds). Additionally, H20, N2 and O2 (m/z = 18, 28,
32) were constantly monitored (in order to detect any air contamination in the gas line)
along with CO and CO2 (m/z= 32, 44) as possible products of carbon

decomposition/oxidation.

4.11 Sievert apparatus and hydrogenation/dehydrogenation cycles

The sorption properties of the materials as well as the hydrogen capacity were studied
through a series of cyclic hydrogenations and dehydrogenations. The instrument used
was the same manometric apparatus used to infiltrate the borohydrides in the carbons.
Also in this case, pressure and temperature were constantly monitored and recorded on
a computer through a LabView program.

During the cycling experiments of LiNa and the composite materials with carbon, the
sample was transferred in a quartz tube (9 mm diameter, 50 mm length), closed at one
side and covered with quartz wool, in order to avoid the elutriation of the thin powder in
the reactor chamber. The quartz sample holder was inserted in a stainless-steel reactor,
connected to the Sievert's apparatus. The reactor was sealed with stainless-steel VCR
connections, was able to work at high temperatures and pressures reachable through a
custom-made furnace. The experiment of dehydrogenation was performed by initially
pulling vacuum with a turbopump. Once the reactor chamber was completely
evacuated, 1.4 bar of hydrogen (purity 99.9999%) was admitted in the reactor. The
sample was heated slowly from room temperature to 450 °C with a heating rate of 2
°C/min and left at that temperature for 10 hours. During this process the temperature of

the instrument was kept constant (at 30 ‘C) and the pressure was constantly monitored.
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After the 10 hours of isotherm at 450 °C the sample was cooled down in order to
evaluate the difference of pressure at room temperature due to the presence of the

desorbed hydrogen.

The dehydrogenated sample was then subject to a hydrogenation procedure under high
pressure of hydrogen. As for the dehydrogenation experiment, the reactor chamber was
evacuated and hydrogen was then admitted in the reactor increasing the pressure up to
~100 bar. The sample was heated up with a ramp of 5 °C/min to 400 °C. The
temperature was then kept constant for 10 hours in order to allow the material do sorb
hydrogen. Also in this phase of the experiment, after the heat treatment the sample was
slowly brought back to room temperature in order to evaluate the variation of pressure
and consequently to calculate the amount of sorbed hydrogen. Dehydrogenation-
hydrogenation experiments were repeated five times on each sample in the same
conditions, in order to evaluate the cycling capacity of the materials, which is

fundamental for possible applications.

The same experiment was performed with the same instrument also on the LiK and the
LiK/carbon composite materials. Following a procedure similar to the one reported for
the LiNa composites, before starting desorption, the reactor chamber was evacuated
with a turbopump and refilled with high purity hydrogen (purity 99.9999%), with a
pressure of about 1.4 bar. In this case the dehydrogenation was performed by heating
the sample with a heating ramp of 3 °C/min from room temperature to 450 °C. The
material was kept 4 hours at 450 °C for a full dehydrogenation before cooling to room
temperature, where it was possible to evaluate the pressure change and thus the
amount of desorbed hydrogen. The rehydrogenation of the sample also in this case was
performed by means of a high temperature and high-pressure treatment. The sample, in
a reactor loaded with about 100 bar of hydrogen, was heated up with a rate of 5 °C/min
to 400 °C and left at that temperature for 12 hours, in order to let the material reach the
full hydrogenation level. Dehydrogenation and rehydrogenation were repeated with the
same procedure on the same material in order to complete 5 cycles and evaluate the

cycling sorption capacity of the samples.

4.12 Fourier-transform infrared spectroscopy (FTIR)

The carbon scaffolds, during the carbonization process at high temperatures lose most
of the heteroatoms of the original precursors. These atoms are mostly oxygen and
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hydrogen and are removed as low molecular weight volatile molecules, however, traces
of these species may remain as functional groups, typically —OH, -O-, -CO and -COOH.
The presence of functional groups reduces the chemical inertness of the scaffold as
they may react with the confined hydrides. An estimation of the surface functional
groups of a carbon is possible through Fourier-transform infrared spectroscopy (FTIR).

The analyses of the carbons were performed by irradiating the solid samples with an IR
beam after mixing the carbons manually with pestle and mortar with anhydrous KBr.
Due to the high absorbance of the carbons only a little amount (~1 mg or less) of carbon
was mixed with around 300 mg of KBr. The KBr/carbon powders were pressed with a
hydraulic press initially to 3 ton-force/in? for 30 seconds and after to around 10 ton-
force/in? for 3 minutes. After fixing the pellets in a proper window along the path of the

IR beam, it is possible to irradiate the samples and collect the absorbance data.

4.13 Scaffolds characterization results
4.13.1 Characterization of SBA-15

As already mentioned in the previous paragraphs, the preparation of SBA-15 is the first
step in order to synthesize the CMK-3 carbon scaffold. The synthesis of SBA-15 was
performed several times, giving products with almost identical characteristics, as
revealed through a series of analytical methods detailed below, highlighting the good

reproducibility of the procedure.

The pore properties of the SBA-15 were evaluated by N2 adsorption-desorption
measurements at 77 K. As shown in Figure 45, the obtained isotherm is of Type 1V,
typical for such materials. An average BET surface area slightly higher than 600 m?/g
and a total pore volume of about 0.7 cm®/g (at a P/Po of 0.97) were estimated, in
accordance with literature values. Pore size distribution was deduced using N2-silica
NLDFT kernel for cylindrical pores, revealing a narrow distribution with an average pore

diameter of 7.5 nm (Figure 46).
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Figure 45: N, adsorption (full symbols) - desorption (open symbols) isotherm at 77 K of the SBA-

15 porous silica, typical for mesoporous materials (type V).
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Figure 46: Pore size distribution of the SBA-15 via NLDFT calculations, showing a narrow

distribution centred on diameters of 7.5 nm.

The ordered mesoporous structure of the amorphous silica scaffolds was investigated
by small angle X-ray scattering (SAXS). The SAXS pattern (Figure 47) revealed three
peaks attributed to the (100), (110) and (200) reflections of the typical 2D hexagonal
structure of the SBA-15 with a very good long-range ordering of the pores.
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Figure 47: Small-angle X-ray powder diffraction pattern of the SBA-15, showing the typical peaks
of the 2D hexagonal structure.

The morphology of the materials was investigated through Scanning Electron
Microscopy (SEM) analyses. Figure 48 shows the typical stripe-like macrostructure of
the SBA-15, consisting of elongated bean-shaped aggregates in the size of um, with

long mesochannels.

DEMOKRITOS Sb:80 GB-L  SEI 20kvY 15000 WD 3.0mm 1um

Figure 48: SEM image of mesoporous SBA-15 silica, showing the typical elongated

macrostructure.
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4.13.2 Characterization of CMK-3

CMK-3 carbon, as obtained from SBA-15 via nanocasting and subsequent heat
treatment for removing surface oxygen functionalities, was fully characterized. As
revealed, the procedure followed in this work was reproducible and led to carbons with
the typical characteristics of the CMK-3 with controlled pore size, in accordance with

literature.

As in the case of SBA-15, the N2 adsorption isotherm at 77 K of CMK-3 carbon was of
Type IV, typical for mesoporous materials (Figure 49). The BET area was estimated to
be about 1100 m?/g, and the total pore volume about 1.1 cc/g (at P/Po = 0.96), both
significantly larger than those of SBA-15. DFT calculations on a carbon model with
slit/cylindrical pores revealed a narrow pore size distribution, with the average pore

diameter centred at 5 nm (Figure 50).
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Figure 49: N, adsorption (full symbols) - desorption (open symbols) isotherm at 77 K of the CMK-3

carbon, typical for mesoporous materials (type 1V).
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Figure 50: Pore size distribution of CMK-3 carbon obtained through NLDFT calculations, showing

a narrow distribution centred on diameters of 5 nm.

CMK-3 carbon is the inverse replica of the SBA-15 silica, both with 2D hexagonal
symmetry. The small-angle PXRD pattern (Figure 51) revealed the three typical peaks
of CMK-3 ascribed to the (100), (110) and (200) reflections, highlighting the long-range

ordering of the carbon nanorods in a hexagonal arrangement.
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Figure 51: Small-angle PXRD pattern of CMK-3, showing the typical peaks of the 2D hexagonal
structure.

SEM images, as shown in Figure 52, revealed the typical morphology of CMK-3 carbon,
similar to that already described for SBA-15, consisting of ym-sized agglomerated

worm-like particles with long mesochannels.
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Figure 52 SEM image of mesoporous CMK-3 carbon, showing the typical elongated

macrostructure.

CMK-3 after the standard synthesis, that includes treatment with HF acid to remove the
silica template, has a considerable number of surface oxygen functional groups. For this
reason, as mentioned above, it is necessary to reburn the carbon at 700 °C in order to
remove the functional groups that can potentially react with the hydrides. However,
despite the drastic reduction of the functional groups after heat treatment, some groups
cannot be completely removed, leaving some residues. FTIR analysis is a way to
assess these functional groups and investigate whether their presence can affect the
capacity of the composite materials. The FTIR spectrum of the thermally treated CMK-3
(Figure 53) revealed a band between 3600 and 3300 cm™ that could be ascribed to O-H
stretching vibrations, two small peaks at about 2920 and 2850 cm! that could be
assigned to the stretching vibrations of C-H bonds and a band between 1660 and 1500
cm? that could be attributed to C=C stretching vibrations.
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Figure 53: Transmittance FTIR spectrum of reburnt CMK-3 in the range of 4000 - 500 cm™.

4.13.3 Characterization of Carbon aerogel (CA-20)

The carbon aerogel CA-20 from ZAE Bayern, was used for the infiltration of both the
eutectic mixtures of LiNa and LiK borohydrides. CA-20, originally provided as large
monoliths with sizes in the order of cm, was manually crushed into powder, both to
facilitate analyses and to achieve better infiltrations. From the nitrogen
adsorption/desorption isotherm at 77 K of the outgassed sample (10 bar), it was
possible to identify the mesoporous nature of CA-20 by the Type IV shape of the
isotherm (Figure 54). By calculating the Brunauer-Emmett-Teller (BET) area in
accordance with the BET consistency criteria (ISO 9277:2010), a surface area of about
760 m?/g was obtained. The pore size distribution was deduced by using the N2- carbon
QSDFT (Quenched Solid Density Functional Theory) kernel for slit/cylinder/sphere
pores and revealed an average pore diameter of about 25 nm (Figure 55). The total

pore volume (TPV) was determined at P/Po = 0.99, giving a value of 1.36 cm?/g.
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Figure 54: N, adsorption-desorption isotherm at 77 K of the CA-20 carbon aerogel.
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Figure 55: Pore size distribution of CA-20 carbon aerogel obtained through QSDFT calculations,

showing a wide distribution centred around 25 nm.

Unlike SBA-15 and CMK-3, the pores of CA-20 are not well-ordered and therefore

SAXS cannot provide interesting structural information as in the case of the first two
materials.
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The CA-20, synthesis process can lead to incomplete elimination of some functional
groups that can interact with the infiltrated hydrides and affect the sorption properties of
the material. These functional groups, mainly oxygen based, are detectable by FTIR
analysis. FTIR spectrum of CA-20 (Figure 56) revealed an intense band between 3650
and 3200 cm™* highlighting the presence of O-H stretching vibrations, two smaller peaks
between 2850 and 2930 cm™ that could be assigned to C-H stretching vibrations of
alkanes and a series of signals at lower wavenumbers than 1630 cm* that could be
related to C=C stretching vibrations. The signals indicate the presence of several kinds
of functional groups on the carbon surface and the intensity indicates a number of
groups that may give a non-negligible contribution to the overall behaviour of the

material.
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Figure 56: Transmittance FTIR spectrum of CA-20 carbon aerogel in the range of 4000 - 500 cm™.

4.13.4 Characterization of Carbon discs (CD)

The carbon discs, obtained from n-TEC (Norway), are non-porous graphitic carbons.
This material was produced via a plasma torch process and used in this work in order to
compare the sorption capacity of the hydrides that have been infiltrated and
nanoconfined into porous materials with those simply in contact with this non-porous
carbon. The analysis of N2 (77K) adsorption-desorption isotherm in this case resulted in

negligible values of pore volume and surface area, with the latter smaller than about 50
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m?/g. On the other hand, the study of the surface chemistry could lead to useful
information about the quality of the material and the possible interactions with the

hydrides.

FTIR analysis (Figure 57) revealed only signals with very low intensity, indicating a
carbon surface poor in functional groups. The detected signals were similar to those of
the other carbon materials (Figure 58). More specifically, the FTIR spectrum of CD
revealed a broad band between 3640 and 3320 cm* related to the common stretching
vibrations of the O-H bond, two small peaks at 2920 and 2850 cm™ due to C-H
stretching vibrations and a series of signals at wavenumbers smaller than 1680 cm™

due to the presence of C=C bonds.

—CD
~
3
<
~—
Q
o
c
o}
E
=
%)
c
8
[
S
T T T T T T T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber (nm'l)

Figure 57: Transmittance FTIR spectrum of carbon discs (CD) in the range of 4000 - 500 cm™.
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Figure 58: Comparison of the FTIR spectra of CA-20 (orange), CMK-3 (blue) and CD (green).

4.14 Infiltrated eutectic mixtures of borohydrides into carbons

As explained in the previous chapters, nanoconfinement can change the inherent
behaviour of the materials in several ways. The most significant are destabilization due
to particle size reduction and the ability to prevent reaggregation, thereby preserving the
destabilized state. To achieve nanoconfinement, the use of substances that can melt to
reach a liquid form without the use of solvents is preferable to a system where wet
chemistry is necessary. In this way, post-infiltration processes to eliminate the solvent
and possible by-products such as stable complexes can be avoided. Moreover,
performing a melt infiltration usually requires easier procedures and more user-friendly
equipment than common wet infiltrations. However, when in contact with the carbon
surface, some hydrides may be further destabilised due to catalytic effects before the
completion of the infiltration, and thus treatments under high hydrogen pressure may be

necessary to avoid decomposition phenomena during the infiltration process.

Eutectic systems, such as those studied in this work, can melt entirely at a certain
temperature, allowing full infiltration into the materials without leaving any portion of

solid outside the scaffold.

Two different eutectic mixtures of borohydrides were used, both with LiBH4 as the major
and most active component. The first was a mixture of LiBH4 and NaBHa4, with a molar
ratio of 0.71: 0.29 (LiBH4 - NaBH4) and a hydrogen content of 15.25 wt%. The second
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was a mixture of LiBH4 and KBH4, with a molar ratio of 0.73: 0.27 (LiBH4 - KBH4) and a
hydrogen content of 13.2 wt%.

As already mentioned, both mixtures studied in this work and the individual hydrides of
which they are composed are not able to reversibly exchange hydrogen. Destabilization
due to nanoconfinement could play a fundamental role in changing this aspect, which is

crucial for hydrogen storage materials.

In order to investigate how the nanoconfinement affects the behaviour of the materials,
the hydrides were melt infiltrated into CMK-3 and CA-20 type porous carbons, to obtain
carbon-hydride composite materials and were further compared to both a non-porous

carbon borohydride composite and the pure bulk hydrides.
The materials were characterized by several analysis techniques.

The phase composition of the eutectic mixtures of the borohydrides as well as the
presence of any possible crystalline phase of the hydrides located outside of the pores
of the scaffold were investigated by X-ray diffraction. The instrument used was a Rigaku
Rotating Anode/R-AXIS IV Imaging Plate Detector (Cu Ka radiation, A = 1.540593 A,
transmission geometry). Due to the air-sensitivity of the borohydrides, the samples were
placed into borosilicate glass capillaries and sealed with vacuum grease. The
preparation of the samples was performed in a glovebox, under an argon atmosphere

with Oz and H20 concentrations below 0.05ppm.

A complementary method to evaluate the efficiency of the infiltration process is the
analysis of N2 adsorption/desorption at 77 K, which was performed with the aid of a
volumetric gas sorption analyser (Autosorb-1-MP, Quantachrome). Surface area, total
pore volume and pore size distribution of the carbon material before and the composite
material after the infiltration can reveal whether the hydrides effectively filled the scaffold
pores.

Differences in the decomposition of borohydrides upon heating, were detected through
Thermal Programmed Desorption Mass Spectrometry (TPD-MS) measurements. The
measurements were performed using a special temperature-controlled heating device
connected to a turbo pump and a quadrupole mass spectrometer (OmniStar GSD 301
O1 Pfeiffer). The samples were heated from room temperature to 700 °C at a heating
rate of 5 °C/min under a constant argon flow of 60 ml/min and a pressure of 1.4 bar.
The air-sensitive samples, which were handled in a glovebox under an Ar atmosphere,

were placed in a quartz sample-holder (5 mm diameter). The sample-holder was then

115



inserted into a quartz cell (9 mm diameter) with an internal gas flow, located in a furnace
and connected directly via the gas line to the mass spectrometer. The gasses released
from the decomposing samples were identified by matching the molecular masses to

the corresponding m/z values detected as described before.

The sorption capacity of the materials, the carbon-hydrides composites as well as the
bulk mixtures, were analysed with a custom volumetric device, through hydrogen
release-uptake cycles. During cycling, the samples, were transferred in a stainless-steel
reactor and were loaded with hydrogen with a purity grade of 99.9999%. The cycling
experiments were performed by heating the samples to activate the sorption reactions,

under ~1.5 bar during desorption and ~80-100 bar for rehydrogenation of the materials.

4.14.1 LiBH4 — NaBHa4 (LiNa) eutectic mixture

The bulk eutectic mixture was prepared according to the procedure descripted in
paragraph 4.6 in the inano laboratories at Aarhus University under the supervision of
Prof Torben R. Jensen. starting from pure LiBH4 and NaBHa4.LiBH4 - NaBH4 eutectic
mixture with a molar ratio 0.71: 0.29 (melting temperature 216 °C), was then subjected
to the same treatments as the carbon composites.

To determine the phase composition of the material obtained, X-ray powder diffraction
was performed, collecting data from 10 to 70° 2Theta. In Figure 59 the pattern obtained
by PXRD is reported. The preparation of the eutectic mixture involves only a physical
treatment where no chemical reactions take place. The only two phases found were the
expected ones: 0-LiBH4 and a-NaBH4, as also reported by Javadian et al., while no

impurities, oxides or reaction by-products were detected.
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Figure 59: PXRD pattern of LiBH4 and NaBH4 (LiNa) after ball milling.

The TPD-MS measurement of bulk LiNa, by heating the sample up to 700 °C, shows
that only H2 is released during the experiment, with no detectable traces of diboranes.
The dehydrogenation of the mixture occurs at temperatures intermediate between those
of the pure LiBH4 and NaBHas, in accordance with the observations reported in the
literature.3?” LiNa, after being pre-melted under Hz backpressure, decomposes in four
main stages, the first three at 290, 390 and 450 °C can be attributed to the
decomposition of LiBH4, while the last one occurring at 490 °C can be ascribed to the
NaBHs decomposition. The thermal decomposition of a mixture of LiBH4 and NaBHa
with a slightly different composition was studied by Liu et al.®?’ and two main
decomposition pathways were identified: one up to about 520 °C involves the release of
H2 and the precipitation of LiH, Li2Bi2Hi2 and B; the second, that occurs at higher

temperatures, involves the release of H2 as well as the precipitation of Na and B.

In Figure 60 the main dehydrogenation events, through the deconvolution of the MS
signals, are highlighted. The curves related to the decomposition phases of LiBH4 are
shown in green with a profile identical to that presented in the literature for this
hydride®!; at higher temperature, the high intensity signal (orange) is related to NaBHa4
decomposition. The last reaction (NaBHs — Na + B + 2H2)3?7:328 without the aid of

catalysts/additives 32°-331 is highly irreversible and for this reason it was decided to limit
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the cycling experiments to 450 °C and actually study only the decomposition of LiBH4
(in the presence of NaBH4). The decomposition of LiBH4 is governed by a complex

mechanism that can be represented by two main reactions 327:332,333
LiBHa4(s) = LiH(s) + Bs) + 3/2H2(g)

LiBHas) — 5/6 LiH(s) +1/12Li2B12H12(s) + 13/12H2(g)

H, desorption rate (a.u.)
1

T
50 100 150 200 250 300 350 400 450 500 550 600 650
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Figure 60: Signals related to the hydrogen desorption during a TPD-MS experiment.

From the deconvoluted curves we can identify LiBH4 decomposition (green) and the NaBHa4

decomposition (orange).

This explains the behavior observed during the dehydrogenation/hydrogenation cycles.
The cycling sorption capacities of the materials were investigated by experiments
performed through a manometric apparatus. The hydrogen release was triggered by
heating the sample under ~1.5 bar of hydrogen, from room temperature to 450 °C with a
heating rate of 2 °C/min and holding the material under isothermal conditions for 10
hours. The rehydrogenation was performed by heating the sample under ~100 bar of
hydrogen as the initial pressure. During the experiment the temperature was increased
from room temperature to 400 °C with a heating rate of 5 °C/min and then kept at
isothermal conditions for 10 hours. This dehydrogenation and rehydrogenation process

was repeated 5 times.

The pure LiNa shows a drastic reduction of the hydrogen released between the first and

second dehydrogenation cycle due to the formation of the stable Li2B12H12 closoborane.
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From the experimental data we can assume that only the first reaction (LiBH4 — LiH + B
+ 3/2H2) is reversible and, based on the amount of hydrogen released during the
manometric experiments, we may conclude that it occurs in a percentage of 60-70 % of
the LiBH4 decomposition. The bulk LiNa releases about 6.2 wt% of H2, an amount that
drops to 3.6 wt% already at the second dehydrogenation step and continues to
decrease at each cycle untl it reaches about 0.8 wt% of Hz at the fifth

hydrogenation/dehydrogenation cycle suggesting strong deactivation of the system
(Figure 61).
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Figure 61: Hydrogen desorption cycles performed on the bulk LiNa from room temperature to
450°C.

4.14.2 LiNa in mesoporous CMK-3

The composite LiNa/CMK-3 was obtained by the nanoconfinement of the eutectic
mixture of borohydrides trough a melt infiltration process, described in paragraph 4.6.
The pore characteristics of the plain carbon scaffold were determined by N2
adsorption/desorption isotherms at 77K. As mentioned before, the BET surface area of
the pure carbon was 1250 m? and the total pore volume was 1.2 cm3/g. Moreover, the
pore size distribution, was narrow and centred at 4.6 nm. Melt infiltration in the carbon
was performed by using a quantity of LiNa calculated to fill 60 % of the total pore

volume. The obtained sample was analysed to determine the effectiveness of the
infiltration.

119



At first, X-ray powder diffraction was applied (Figure 62), with the same instrument and

procedure already explained in the paragraph 4.8.

e O-LiBH,
= o-NaBH,
LiNa

— LiNa/CMK-3

Intensity a.u.
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Figure 62: PXRD pattern of bulk LiNa eutectic mixture (black) and LiNa/CMK-3 composite material
(blue). The peak symbols indicate the following phases: 0-LiBHs (¢), a-NaBH4 (=). Pattern of the
LiNa/CMK-3 composite, where only the most intense NaBH4 peaks are visible.

The analysis shows how after infiltration the strong NaBHs4 peaks are still visible,
implying that infiltration was incomplete, however it should be noted that even a very

small quantity of external crystal may give rise to the XRD pattern observed.

To further investigate whether the borohydrides have been infiltrated inside the pores, a
porosimetric analysis was performed (Figure 63). The instrument and methods adopted
for the determination of surface area, total pore volume and pore size distribution were
the same as those used for the plain carbon. The results were normalized with respect
to the pure carbon weight in order to avoid the “artificial” reduction of surface area and

pore volume caused by the extra dead weight of the hydride phase.
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Figure 63: Left: N2 Adsorption/desorption isotherms at 77 K on CMK-3 carbon (black line) and on
the composite material LiNa/CMK-3 (red line). Right: pore size distribution of CMK-3 carbon
(black) and of LiNa/CMK-3 (red) obtained through NLDFT calculations, showing a narrow
distribution centred on diameters of about 4.5 nm. Inset: 3D model of infiltrated CMK-3.

From the comparison of the isotherms obtained by N2 adsorption/desorption
measurements we can observe a drastic reduction of the surface area for the
LiNa/CMK-3 composite. In fact, the surface area decreased from 1250 m?/g for the pure
CMK-3 to 170 m?/g for the composite. The total pore volume dropped from 1.2 cm®/g to
0.21 cm?/g, suggesting successful penetration of the material into the pores, and
efficient filling the empty space. No changes in the pore size distribution were observed.
This is explained by considering that the LiNa phase is non-wetting and therefore, after
melt infiltration and solidification discrete LiNa particles are formed (see inset of Figure
63, right). Such patrticles reduce the accessible pore volume, but do not alter the size of

the open pores.

Using the same apparatus and procedure as for the bulk material, thermal programmed
desorption gas spectrometry (TPD-MS) experiments have also been performed on
Lina/CMK-3 systems (Figure 64). The decomposition products were analysed in the
temperature range between room temperature and 700 °C, with a constant Ar flow. Also
in this experiment the instrument was programmed to detect m/z values corresponding
to Hz, B2Hs, Ar, N2, O2, H20, and COz2 but, only hydrogen was detected during the whole
experiment. The LiNa/CMK-3 composite releases hydrogen in a similar manner to the
bulk LiNa and with a similar ratio between the signal intensities. However, the different

reaction steps have been somehow merged as decomposition occurs at much lower
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temperatures than the bulk material, with the main peaks located at 325 and 360 °C,

highlighting the contribution from the carbon surface.
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Figure 64: Temperature Programmed Desorption coupled with mass spectrometry (TPD/MS)
results for LiNa (dark red) and LiNa/CMK-3 (blue).

Additionally, the sorption capacity and cyclability of the obtained materials were tested.
As in the case of LiNa, the hydrogen release and uptake were evaluated with a custom
manometric device. The experiment included a desorption phase, under an initial
pressure of ~1.5 bar, where the sample was heated with a ramp of 2 °C/min from room
temperature to 450 °C, maintained at the same temperature for 10 hours and then
freely cooled to room temperature. This was followed by a rehydrogenation phase,
under an initial pressure of ~100 bar of hydrogen. The sample was heated at a rate of 5
°C/min, from room temperature to 400 °C, and the temperature was held constant for 12
hours, before the sample was cooled back to room temperature. The dehydrogenation
and hydrogenation procedures were repeated on the same sample 5 times.

Also in this case, we can assume that the pressure increase, associated with the gas
desorption, is only due to the release of hydrogen, as shown by the TPD-MS
experiment. In Figure 65 we see that from the first desorption about 7.3 wt% of H2 was
released in the first cycle, which drops to 4.2 wt% in the second dehydrogenation step
but stabilizes around 3.5 wt% for cycles 3-5, revealing that at least a part of the
infiltrated material retains its reversibility. The increased release during the first cycle

can be attributed to partial decomposition of NaBHs4 below 450 °C. This kinetic
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enhancement is probably due to nano-confinement and has also been detected in our
TPD measurements.®* However, the decomposed NaBHs, could not be re-
hydrogenated and the second cycle finally showed a similar release to the bulk and
LiNa/CD samples (as shown below). In contrast to the case of CDs, the
nanoconfinement in CMK-3 provides more protection and therefore a higher degree of

reversibility, probably by minimizing the formation of closo-boranes.
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Figure 65: Hydrogen desorption cycles performed on the LiNa/CMK-3 composite from room

temperature to 450°C.

After the cycling experiment, a TPD-MS analysis was performed on the same sample,
which confirmed that only hydrogen is released from the decomposition, even after 5

dehydrogenations/ hydrogenation cycles.

4.14.3 LiNa on carbon aerogel

The second composite obtained through melt infiltration on a porous material was
LiNa/CA-20. The carbon characteristics were determined via porosimetry, from N2
adsorption/desorption isotherms at 77K. Knowing the total pore volume of CA-20 (TPV
= 1.37 cm?(g) the melt infiltration was performed with carbon and borohydrides
calculated to fill 60 % of the total pore volume of the plain carbon according to the

procedure described in paragraph 4.6.
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To investigate the effectiveness of the infiltration, porosimetric analyses were
performed. The instrument and methods adopted for the determination of surface area,
total pore volume and pore size distribution were the same adopted for the carbon in

pristine conditions but considering only the carbon mass as sample mass.

However, after 30 minutes of melt infiltration it seems that LiNa was not able to fill the
carbon pores. For this reason, more infiltration attempts were performed. In the plot
below (Figure 66) the isotherms at 77 K of pure CA-20 as well as CA-20 after 30

minutes (overlapping) and 3 hours infiltration.
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Figure 66: N> adsorption/desorption isotherms performed at 77 K on pure CA-20 (red), LiNa/CA-20
after a 30 minutes long melt infiltration (blue) and LiNa/CA-20 after a 3 hours long melt infiltration

(green).

Using the same instrument and procedure adopted for the bulk material, thermal
programmed desorption gas spectrometry (TPD-MS) experiments were performed on
LiNa/CA-20 systems (Figure 67). The products of decomposition were analysed in a
range of temperatures between 25 and 700 °C, with constant Ar flow under 1.4 bar, The
m/z values corresponding to Hz, B2Hse, Ar, N2, O2, H20, and CO2 were scanned, with
only Hz detected during the entire experiment. LiNa/CA-20 releases hydrogen in three

reaction steps, with a profile that shares some similarities with the bulk. The main peak
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located at 350 °C, highlighting the carbon contribution in lowering the dehydrogenation

temperatures.
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Figure 67: Temperature Programmed Desorption coupled with mass spectrometry (TPD/MS)
results for LiNa (dark red) and LiNa/CA-20 (purple).

The sorption capacity and cyclability of the materials were also tested (Figure 68). As
for the bulk LiNa, the experiments were performed with a custom manometric device.
Desorption was monitored by keeping initially the sample at room temperature under a
pressure of hydrogen around 1.5 bar. The sample was then heated with a ramp of 2 °C/
min from room temperature to 450 °C, and this temperature was maintained for 10
hours. The sample was then cooled freely to room temperature. The following
rehydrogenation was performed under initial pressure of ~100 bar of hydrogen with the
sample heated from room temperature to 400 °C with a heating rate of 5 °C/min. The
temperature was kept constant for 12 hours before the sample was cooled back to room
temperature. The dehydrogenation/rehydrogenation procedure was repeated 5 times. In
the plot below we see that about 8.4 wt% of hydrogen is released during the first cycle,
which drops to values between 3 and 4 wt% for the following four cycles, revealing an
appreciable degree of reversibility. The important drop of hydrogenation capacity after

the first cycle can be ascribed at the formation of stable closoboranes.
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Figure 68: Hydrogen desorption cycles performed on the LiNa/CA-20 composite from room

temperature to 450°C.

4.14.4 LiNa on non-porous graphitic carbon

In order to understand whether nanoconfinement plays a greater role in improving the
sorption properties of the materials, rather than the interaction of the hydrides with the

carbon surface of the scaffold, a non-porous carbon composite was synthesized.

The carbon used for our purposes were graphitic carbon disks. The composite material
was synthesized and tested following the same procedure used for the infiltration of the

borohydrides into the porous carbons (paragraph 4.6).

The surface area of the pure carbon disks and the corresponding composite with
hydrides were evaluated by N2 sorption isotherms at 77 K and calculated using the BET
method. For both materials the surface area was found to be less than about 50 m?/g,

with the composite having a slightly lower surface area (Figure 69).
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Figure 69: N2 adsorption/desorption isotherms at 77 K of the pure CDs (black) and the LiNa/CD

sample (green).

As in the case of the other materials, TPD-MS experiments were performed in order to
investigate the effect of the carbon on the behaviour of the hydrides. Also in this case
only hydrogen desorption was detected. The experimental results (Figure 70) show an
active role of the CD in lowering the dehydrogenation temperatures of LiNa, which is
also evident in the behavior of LiNa/CD that mainly decomposes at 340 and 440 °C. In
the latter case we observed that despite the absence of nanoconfinement, the carbon
matrix still plays a role in the destabilization of the material, however with a minor
intensity than the CMK-3, probably due to the lower surface area of the carbon discs.
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Figure 70: Temperature Programmed Desorption coupled with mass spectrometry (TPD/MS)
results for LiNa (dark red) and LiNa/CD (green).

Taking into account only the mass of the active materials in the hydrogen sorption
reaction, i.e. that of LiBH4 and NaBH4 and excluding the carbon, the LiNa/CD composite
has a similar behaviour to the bulk during the first three cycles, releasing about 6 wt% of
H2 in the first, 4.2 wt% of Hz in the second and 1.7 wt% during the third cycle.
Nevertheless, the sample reaches a constant value of around 1.7 wt% of Hz in the last

three cycles (Figure 71).

500 9
—— Temperature
11— 1LiNa/CD ]
450 + 2LiNa/CD 18
1— 3LiNa/CD
400 4 — 4LiNa/CD

1——5LiNa/CD
350

300
250
200

150

Temperature (°C)
H, Released (wt%)

100

50

I e —
100 200 300 400 500 600 700 800

Time (min)

Figure 71: Hydrogen desorption cycles performed on the LiNa/CD composite from room
temperature to 450°C.
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Also in this case, similar to the nanoconfined materials, the presence of carbon provides
a certain degree of reversibility of the dehydrogenation reaction. The minimal efficiency
is probably due to the much lower surface area of the discs, allowing only partial surface

interaction with the hydrides.

4.14.5 Comparison of the experimental results: LiNa

By comparing the XRD patterns of LiNa/CMK-3 and pure LiNa, a much lower peak
intensity is observed however it is clear that some quantity of hydride has not been
infiltrated. On the other hand, successful infiltration is confirmed by the pore network
properties before and after the infiltration as derived from the N2 adsorption/desorption
isotherms at 77 K. The TPV of the CMK-3 is reduced from 1.2 cm?3/g to 0.21 cm?/g with
a loss of about the 82.5 % of the pore volume. It should be noted that the volume of the
borohydride used was 60 % of the CMK-3 pore volume and thus in principle a
corresponding reduction of the pore volume was expected. This difference can be
attributed to pore blocking caused by the molten phase in a way that some extra closed
porosity (inaccessible to N2 molecules) is created. A similar picture is obtained by
examining the dramatic decrease of the BET area of the carbon, from 1250 m? to only
170 m?/g after the melt infiltration. This reduction is even more pronounced (86.5%) in
accordance with the pore blocking mechanism. In brief, blocking of smaller pores
reduces the BET area more than the pore volume as the surface to volume ratio
increases with decreasing pore size. A similar situation is observed for the CA-20

sample.

The TPD-MS results allowed us to resolve the multiple decomposition stages
particularly evident in the bulk LiNa, from about 280 °C until the last main
dehydrogenation occurring at about 490 °C. Also the role of the carbons on the
borohydrides decomposition is highlighted by the TPD-MS results (Figure 72). The
presence of a high surface mesoporous carbon such as CMK-3 and CA-20, allows the
decomposition to take place at temperatures even 130 °C lower than the bulk hydride
mixture, in accordance with previous observations for carbon aerogels. 187 The relative
intensity of the two main dehydrogenation signals is maintained, suggesting that all the
reactive components are affected by the carbon presence. It is noteworthy that the pore
size does not seem to play a predominant role in destabilization, since the results for
CMK-3 (5 nm) and CA-20 (25 nm) are similar. We may therefore assume that

nanosizing below a certain size cannot improve further the decomposition
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kinetics/thermodynamics. In this respect the use of larger pore sizes might be preferable
as they are usually connected with larger total pore volumes and thus allow higher
loading of the borohydride phase. This in turn leads to lower scaffold dead weight
penalty and thus more efficient storage systems. On the other hand, also the composite
with the non-porous carbon (LiNa/CD) shows lower decomposition temperatures, with
the dehydrogenation events occurring in a range of temperatures between the bulk and
the LiINa/CMK or LiNa/CA-20 composites, suggesting an intermediate behavior.
Contrary to what is generally believed, the decrease of the decomposition temperature
suggests that even without nanoconfinement the carbon somehow provides a kinetic
improvement to the decomposition reaction. The inferior performance of LiNa/CD
compared to LiNa/CMK may perhaps be explained by the significantly lower surface

area of the former.
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Figure 72: Temperature Programmed Desorption coupled with mass spectrometry (TPD/MS)
compared results for LiNa/CA-20 (green), LiNa/CMK-3 (dark red), LiNa/CD (purple) and LiNa (blue).

A similar behavior is observed by the manometric study of the
dehydrogenation/rehydrogenation of the samples. While the pure eutectic LiNa mixture
decomposes at high temperatures and shows a non-reversible behavior, the carbon
composites allow lower decomposition temperatures and provide the system with a
certain degree of reversibility. For the case of LiNa/CMK-3 and LiNa/CA-20, it can be

seen that after the first two cycles the amount of hydrogen exchanged is constant, with
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a Hz uptake of about 3.5-4 wt%. The carbon discs have a comparable effect on the LiNa
but the reversible hydrogen uptake is very limited and doesn’t exceed 1.7 wt% of Ho.
Unlike the kinetic enhancement that was mainly attributed to the carbon surface, the
stability of the system under cycling may be at least attributed also to confinement since
the pore network provides a space where extended aggregation is difficult. The
reversible part of the LiNa/CD can in this respect be associated with the part of the
molten phase that is “bound” to the limited surface of the CDs avoiding thus

agglomeration.

4.14.6 LiBH4 — KBH4 eutectic mixture

The second eutectic mixture studied, similarly to LiNa, was composed for the major
fraction by LiBH4, but mixed with KBH4 instead of NaBHa.

The mixture under analysis was prepared with a molar ratio of LiBH4 and KBH4 equal to
0.72: 0.28 and it is characterized by having an extremely low melting temperature:

105°C, the lowest among the binary systems with LiBHa.

The eutectic mixture (denoted hereafter as LiK) was prepared following the procedure
descripted by Ley et al. 188 starting from the pure borohydrides (Sigma-Aldrich 95%) and
KBH4 (Sigma-Aldrich 98%). Initially hand mixed with pestle and mortar, after
mechanically milled in a planetary Fritch P4 mill. The powders were mixed in a tungsten
carbide jar with internal volume of 80 ml using 10 mm balls of the same material. The
ball milling was performed by milling the sample for 5 minutes at 400 rpm, followed by 2
minutes of pause in a programmed loop for a total milling time of 240 rpm. The sample
preparation and the milling itself has been performed under Ar atmosphere in order to

avoid any oxidation reaction.

The work on the hydrides was performed entirely in the laboratories of inano at the

university of Aarhus, under the supervision of Prof T. R. Jensen.

The phases composition of the post-ball milling eutectic mixture was evaluated through
powder X-Ray diffraction and as expected, the presence of LiBH4, KBH4 and LiK(BHa4)2
has been detected in accordance with literature (Figure 73).166
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Figure 73: Powder XRD pattern of LiBH4 and KBH4 (LiK) after ball milling Highlighted peaks
relative to: LiBH4 (o), LiK(BH.)2 (¢) and KBH4 (#).

In order to simulate the behaviour of a melt infiltrated hydride, prior the experiment the
eutectic mixture has been pre-melted. The ball milled borohydrides were melted in a
stainless-steel reactor, where the sample was heated up from room temperature to 125
°C with a heating rate of 3 °C/min and left in isotherm for 30 minutes, the treatment was
performed under an initial pressure of ~100 bar of high purity hydrogen (pure at
99.9999%).

The TPD-MS experiment was performed by heating the samples from room
temperature to 700 °C with a heating rate of 5 °C/min, under a constant flow of Argon
and back-pressure of ~1.4 bar, with the mass spectrometer programmed to detect Ho,
B2Hs, Ar, N2, O2, H20, CO2 and NHs.

From the decomposition of the sample only hydrogen and argon (the carrier gas) were
detected. In Figure 74 is represented the ion current generated from the hydrogen that
reached the spectrometer concurrently with the thermal decomposition of the sample.
The pre-melted hydrides show a first minor release of Hz2 near 290 °C, probably related

with a phase transition that happens in pure LiBH4 (=280 °C)*’, a main desorption
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between 400 °C and 525 °C and a last H2 release after 550°C in concordance with the

literature.147
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Figure74: TPD/MS results relative to the hydrogen released during the thermal decomposition of
LiK.

In order to test the initial sorption capacities and the cyclability of the pure eutectic
mixture, a series of dehydrogenation-rehydrogenation cycles have been performed. The
experiment took place on a custom made manometric apparatus based on the Sievert’s
method. It should be noted that, since KBH4 is not supposed to decompose (melting
temperature > 600°C), the maximum amount of Hz released from the bulk LiK mixture is
9.5 wt%. Moreover, the LiBH4 decomposition is usually incomplete (producing LiH, B
and Hz); a maximum of 7.2 wt% is expected in this case. Based on the results from the

mass spectrometer it was assumed that the gas released is 100 % hydrogen.

The sample, located in a quartz holder, was heated in a stainless-steel reactor in order
to trigger the material decomposition. The treatment involved a 3 °C/min heating ramp,
from room temperature to 450 °C under ~1.5 bar of high purity hydrogen (purity
99.9999%)), followed by 4 hours isotherm for the dehydrogenation of the material. The
rehydrogenation of the material was performed under an initial hydrogen pressure of
~100 bar and the process was performed by heating the sample from room temperature
to 400 °C with a rate of 5 °C/min and kept in isothermal conditions for 12 hours. The

dehydrogenation-hydrogenation process was performed on the material 5 times, and for
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all the cycles the sample was evacuated under dynamic vacuum before and after each
sorption treatment.
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Figure 75: Hydrogen desorption cycles performed on the bulk LiK
from room temperature to 450°C.

The 5 dehydrogenation cycles are reported in Figure 75. Pure LiK eutectic mixture
released in the first dehydrogenation cycle about 3.6 wt%. However, this percentage
drastically drops at every cycle and reaches about 0.9 wt% at the fifth dehydrogenation

cycle, highlighting the irreversibility of the pure LiK system as already known.

4.14.7 LiK in mesoporous CMK-3

A composite material (LIK/CMK-3) was obtained by melt infiltrating the same eutectic
mixture in CMK-3 mesoporous carbon. The characterization of the plain carbon was
performed by N2 adsorption/desorption isotherms at 77K and as reported before the
BET area was 1250 m?, the total pore volume 1.2 cm®g and the QSDFT pore size
distribution was centred at 4.6 nm.

The synthesis of the composite material was performed by infiltrating in the carbon
scaffold an amount of LiK (p = 0.86 g/cm?) calculated to be the 60 % of the TPV of the
CMK-3 carbon (1.2 cm®/g). The infiltration was performed by manually mixing carbon
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and LiK (weight ratio CMK-3 — LiK 1.59:1) to obtain a homogeneous mixture and then
melting the hydrides in a stainless-steel reactor under hydrogen back-pressure. The
melting process was performed by heating the carbon-hydrides mixture from room
temperature to 125 °C with a heating rate of 3 °C/min and keeping the sample at
isothermal conditions for 30 minutes, in order to let the melted hydrides penetrate into
the pores of the scaffold. The samples were handled in glove box, under inert
atmosphere of argon, while during the whole infiltration process, the sample in the
reactor was kept under an initial backpressure of 100 bar of high purity hydrogen in

order to avoid any decomposition reaction.

In order to evaluate quality and quantity of infiltration, a series of analyses have been
performed. Power X-ray diffraction technique was used to evaluate the presence of
crystalline material outside of the carbon scaffold after the infiltration. As shown in the
pattern below (Figure 76), all the typical crystal peaks of the bulk borohydrides are not
detectable in the composite material, proving that no crystalline borohydride is outside

of the pores.
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Figure 76: Bottom: powder X-ray diffraction pattern of the bulk LiK eutectic mixture after milling

(black line); the typical peaks relative to: LiK(BH4)2 (%),LiBH4 (o) and KBH4 (#) are labelled Top:

diffraction pattern of the composite material LiK/CMK-3.
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The alteration of the porous structure of the carbon after melt infiltration was studied by
N2 adsorption/desorption isotherms at 77 K (Figure 77). The melt infiltration with LiK led
to a significant change of the pore properties. Indeed, the LiIK/CMK-3 material exhibited
a BET area of 490 m?/g and a TPV of 0.5 cm®/g (both calculated on a pure carbon
basis). As in the case of LiNa, the mean pore size remains unchanged. This is also
explained by the non-wetting character of the LiIK phase that forms discrete particles
which reduce the accessible pore volume, but do not alter the size of the open pores

(see inset of Figure 77D).
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Figure 77: Left: N; adsorption/desorption isotherms at 77 K on CMK-3 carbon (black line) and on
the composite material LiK/CMK-3 (blue line). Right: pore size distribution of CMK-3 carbon
(black) and of LIK/CMK-3 (blue) obtained through NLDFT calculations, showing a narrow
distribution centred on diameters of about 4.5 nm. Inset: 3D model of melt infiltrated CMK-3.

The nanoconfinement effect of on the desorption temperatures of the borohydrides has
been tested with thermal programmed decomposition coupled with gas spectrometry
(TPD-MS), with the aid of the same instrument and procedure used for the bulk material
and described before. The sample was loaded in a quartz sample holder and heated
from room temperature to 700 °C, with a rate of 5 °C/min under a constant flow of Ar
and a backpressure of ~1.4 bar. The released gasses were analysed with the Mass
Spectrometer programmed to detect the m/z values corresponding to Hz, B2Hs, Ar, Nz,
02, H20 and COz2; however only hydrogen was detected along with the carrier gas
(Argon). The hydrogen release of the composite material, unlike bulk LiK, shows
practically only one hydrogen desorption peak with smooth signals of side reactions at

lower and higher temperature. The release of hydrogen starts at 180 °C, about 110 °C
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lower than the bulk, with the main peak at 360 °C (~130 °C lower than pure LiK) (Figure
78).
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Figure 78: Temperature programmed desorption with mass spectrometry (TPD/MS) results for
bulk LiK mixture (dark red) and LiK/CMK-3 composite (blue).

By following the same procedure applied to the bulk LiK, the cycling capacity of CMK-3
infiltrated LIK was also tested, revealing a much better performance than the bulk. As
shown in Figure 79, the composite released about 6.7 wt% of hydrogen (calculated over
the respective LiK mass) during the first dehydrogenation. Furthermore, in this case, the
hydrogen released decreases drastically after the first dehydrogenation, but it stabilises

right after the second cycle, releasing more than 2.6 wt% of hydrogen in all the

subsequent cycles.
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Figure 79: Hydrogen desorption cycles performed on the composite material LiK/CMK-3 from

room temperature to 450°C.
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4.14.8 LiK on carbon aerogel

The composite LIK/CA-20 was obtained through infiltrating LiK in the CA-20 carbon
aerogel according to the method described in the section 4.6. The amount of hydrides
and carbon were calculated in order to fill 60 % of the total pore volume of the carbon
(TPV=1.37 cm3/g).

Porosimetric analyses were performed on the composite material using the same
methods adopted for the pure carbon. After 30 minutes of infiltration however, only a
minor drop of pore volume is observed (LiK/CA-20 TPV= 1.25 cm®g) suggesting that a
minor part of the hydride filled the pores (Figure 80).
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Figure 80: N2 adsorption/desorption isotherms performed at 77 K on CA-20 (black)
and LiK/CA-20 (blue)

Thermal programmed desorption gas spectrometry (TPD-MS) experiments have been
performed on the LIK/CA-20 composite by using same apparatus and procedure as for
the bulk material. In the same way the instrument was programmed to detect all the m/z
values corresponding to Hz, B2Hes, Ar, N2, O2, H20, and CO:2 in the range of
temperatures between 25 and 700 °C. Also in this case, hydrogen was the only gas
detected. With the material releasing Hz at temperatures similar to those reported for

the LIK/CMK-3 and about 100 °C lower than the bulk LiK (Figure 81).
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Figure 81: Temperature Programmed Desorption coupled with mass spectrometry (TPD/MS)
results for LiK (dark red) and LiK/CA-20 (blue).

The sorption capacity and cyclability of the LiIK/CA-20 composite were tested with a
manometric device, described before. The dehydrogenation phase of the experiment
was performed by heating the sample from room temperature to 450 °C under ~ 1.5 bar
of initial pressure, the rehydrogenation was carried out by heating the sample to 400 °C
under 100 bar of Hz. The outcome, reported in the plot below, shows the release of 7.7
wt% of hydrogen during the first dehydrogenation followed by a constant uptake of Hz
between 3 and 4 wt% during the following four cycles (Figure 82).
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Figure 82: Hydrogen desorption cycles performed on the composite material LiK/CMK-3 from

room temperature to 450°C

4.14.9 LiK on non-porous graphitic carbon

In order to understand if the drastic decrease of the dehydrogenation temperatures is
due to the nanoconfinement and not to a catalytic effect related to the contact with the
carbon surface a series of experiments using non-porous carbon was performed. For
this purpose, commercial non-porous graphitic carbon disks were used to synthesize
the LIK/CD composite materials using the same synthetic methods adopted for the
LiK/CMK-3 and LiK/CA-20 samples.

The composite material was prepared by manually mixing carbon disks and hydrides
with pestle and mortar until a homogeneous mixture was obtained. The composition of
the mixture had the same mass ratio adopted in the LiIK/CMK-3 preparation (carbon-LiK
= 1.59:1). The mixture obtained was then heated in a stainless-steel reactor heating the
sample to 125 °C for 30 minutes under a back pressure of 100 bar of hydrogen, in order

to simulate the infiltration treatment.

The effects of the non-porous carbon on the hydrides were tested with TPD-MS
experiment (Figure 83). The sample was heated from room temperature to 700 °C
under a constant stream of argon. The only gas detected during the experiment was
hydrogen. The thermal decomposition of the sample takes place in a multistep reaction,

with the first minor dehydrogenations at about 240 and 270 °C, followed by a series of
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the main decomposition events at 320, 365 and 430 °C. Overall, decomposition

temperatures of about 150 °C lower than the bulk LiK were recorded.
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Figure 83: Temperature Programmed Desorption coupled with mass spectrometry (TPD/MS)
results for LiK (dark red) and LiK/CD (green).

The cyclability of LIK/CD was tested with a series of dehydrogenation-rehydrogenation
cycles in a manometric apparatus with the same procedure of the other LiK based
materials. In order to trigger the dehydrogenation reaction, the samples were heated in
a stainless-steel reactor with a 3 °C/min heating ramp, from room temperature to 450 °C
under a backpressure of hydrogen (~1.5 bar) and then kept at the same temperature for
about 4 hours. The rehydrogenation reaction was achieved by heating the samples with
a fast rate of 5 °C/min up to 400 °C and keeping the same temperature for about 12
hours. As for all the samples, 5 cycles of hydrogenation/dehydrogenation were
performed. Based on the TPD-MS results it can be safely assumed that only hydrogen
is released. Even for the first dehydrogenation a lower amount of hydrogen (about 2.7
wt%) compared to LIK/CMK-3 and even the bulk material is released. Moreover, in
close analogy with the bulk, the amount of hydrogen released at each cycle decrease;
about 1.3 wt% at the second dehydrogenation, 1 wt% at the third to around 0.7 wt% at
the fifth cycle (Figure 84). The behaviour observed lead to the conclusion that the
presence of the non-porous carbon does not affect the reversibility of the system,

suggesting thus that pore nanoconfinement can indeed enhance the LiK cyclability.
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Figure 84: Kinetics of cycling of LiK/CD.
4.14.10 Comparison of the experimental results: LiK

The comparison of the PXRD patterns of the bulk LiK and the LIK/CMK-3 composite
proves that the entire hydride permeated in the CMK-3 pores through capillarity. A
further confirmation of the successful infiltration of the LiK material within the CMK-3
porous structure was provided by the study of the pore properties of the system before
and after the melt infiltration. It should be noted at this point that the results presented
have been normalized to pure carbon basis (i.e. the reduction of surface area and pore
volume due to the “dead-weight” of LiK is not considered). Especially the reduction of
the TPV by almost 58% in the case of the LiIK/CMK-3 composite shows that almost the
whole amount of LiK used permeated inside the carbon pores rendering part of the
porous network inaccessible to N2. The pore size distribution of the pristine and melt
infiltrated CMK-3 carbon are centred on similar sizes suggesting that infiltration
proceeds by pore filling (that blocks pores) rather than surface film development (that
make the pores narrower). Partial pore blocking is also suggested by the minute yet

observable hysteresis at higher pressures that is developed in the infiltrated sample.

The presence of carbon allows the sample to release hydrogen at much lower
temperatures than the bulk. From the TPD-MS experiments both LiK/CD, LiK/CA-20

and LiK/CMK-3 show their main decomposition at a temperature about 150 °C lower
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than the pure hydrides mixture. This behaviour is most probably of kinetic nature, and
related to either a catalytic effect of the carbon surfaces on the hydrides or facilitated
heat transfer through the sample due to the higher thermal conductivity of the carbon.
The non-confined carbon composite maintains a multipeak pattern similar to the bulk,
on the other hand, for the LIK-CMK-3 and LiK/CA-20 the decomposition reactions

converge in one main dehydrogenation peak.

The manometric cycling have revealed additional information on the performance of the
bulk and the carbon composites. The bulk also in these analyses shows a multi-stage
release pattern, especially during the first dehydrogenation, which is lost in the carbon
composites. During decomposition all the samples show an initial high hydrogen release
followed by a second cycle with only a fraction of the initial gas released, suggesting the
presence of an irreversible reaction involved. Taking into account that the wt% are
referred to the only LiK weight, both bulk and the non-porous composite release a
comparable amount of hydrogen (around 3 wt%) which drops to around 0.8 wt% at the
fifth cycle. A much-improved behaviour is registered by the nanoconfined composite
LiIK/CMK-3 and LiK/CA-20 able to release about 7 wt% of hydrogen (calculated over the
respective LiK mass) during the first dehydrogenation. Also in this case the hydrogen
released decreases drastically after the first dehydrogenation, but it stabilises right after

the second cycle, releasing around 3 wt% of hydrogen in the subsequent cycles.

The enhanced performance of the nanoconfined LIK may be associated with many
factors, however the increased stability of the system is probably related with the
protection offered by the porous network since particle aggregation is severely hindered
by the pore walls. Additionally, while decomposing LiBHa4 releases gaseous and toxic
diborane (Bz2He) that at high temperatures further decomposes in B and H2z. Diborane
can also react with LiBH4 to generate stable closoboranes such as Li2BioHi0 and
Li2B12H12, with a direct negative effect on the overall capacity®3®337 as already
mentioned. In this respect the improved reversibility of the LIK/CMK-3 and LiK/CA-20
system may be related to the fact that in nanopores the release of diborane is totally

suppressed or drastically reduced. 338339
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CHAPTER 5
CONCLUSIONS

The low melting temperature of the LiBH4/NaBH4 eutectic mixture allowed the
nanoconfinement of the hydrides in 5 nm diameter carbon pores of a CMK-3 type
carbon, 25 nm pores of CA-20 carbon aerogel as well as the synthesis of a
borohydride/non-porous carbon composite. From both the porous and non-porous
systems an improvement on the sorption-release properties over the pure hydrides was
observed. All the carbon composites have a direct influence over the kinetics of
decomposition with the effect being more obvious for the nanoconfined material.
Moreover, the presence of carbon increased the reaction reversibility compared to the
bulk material. The nanoconfined LiNa shows a consistent uptake of Hz of about 3.5 wt%
after five hydrogenation/dehydrogenation cycles. It is noteworthy that the cycling
enhancement seems to be unrelated to the pore size of the scaffold, implying that below
a certain pore size not further improvement is possible. A similar behaviour but with
minor intensity is revealed by the composite material with non-porous carbon, which can
exchange about 1.7 wt% of Hz after five cycles. Overall, for the case of LiNa, the kinetic
improvement observed for the carbon composite materials is probably associated with
surface catalytic interactions, while reversibility is rather based on the confinement of

the borohydride in nanosized pores.

The melt infiltration of the LiBH4/KBHa4 eutectic mixture in an ordered mesoporous
carbon of CMK-3 type (pore diameter ~5 nm) and a carbon aerogel (CA-20, pore
diameter ~25 nm) led to the development of composite systems with improved
hydrogen storage properties. Pore confinement resulted in a substantial decrease of the
decomposition temperature (more than 100 °C) of the starting borohydride mixture.
Quite interestingly, the composite systems also showed a constant uptake of H2 around
3 wt% for at least 5 hydrogenation-dehydrogenation cycles, upturning to a significant
degree the irreversibility of the dehydrogenation reaction of the bulk LiK mixture. This
improved performance in terms of reversibility and kinetics may be associated with the
combined effect of the catalytic action of the carbon surface, the nano-sizing of
borohydride particles, or the limitation of irreversible side-reactions such as those
leading to the formation of diboranes and closoboranes.
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TABLE OF ABBREVIATIONS

BET Brunauer — Emmett - Teller

CA Carbon Aerogel

CD Carbon Disks

CMC Critical Micelle Concentration

CMK Carbon Mesostructured from Korea

COF Covalent Organic Framework

EISA Evaporation Induced Self Assembly

FC Fuel Cell

FTIR Fourier-Transform Infrared spectroscopy
HCP Hypercrosslinked Polymers

IUPAC International Union of Pure and Applied Chemistry
LiK LiBH4 — KBH4 eutectic mixture

LiNa LiBH4 — NaBH4 eutectic mixture

MCN Mesoporous Carbon Nanospheres

MOF Metal Organic Framework

MS Mass Spectrometry

MSC Molecular Sieving Carbon

NASA National Aeronautics and Space Administration
NIST National Institute of Standards and Technology
NMR Nuclear Magnetic Resonance

PIM Polymer of Intrinsic Microporosity

PEO Polyethylene oxide

PID Proportional Integral Derivative

PPO Polypropylene oxide

PTFE Polytetrafluoroethylene

PVC Polyvinyl chloride

PXRD Powder X-Ray Diffraction

QSDFT Quenched Solid Density Functional Theory
RPM Revolutions Per Minute

SAXS Small Angle X-ray Scattering

SBA Santa Barbara Amorphous

SEM Scanning Electron Microscope

TEOS Tetraethyl orthosilicate

TPD Temperature Programmed Desorption
TPV Total Pore Volume
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