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Abstract

Lithium borohydride (LiBH4) has been shown great interest as a hydrogen storage
material owing to its large hydrogen storage capacity of 18.5 wt%, but unfortunately
to release the vast majority of the stored hydrogen requires temperatures in excess
of 600 °C. To improve the temperature at which LiBH4 decomposes, and to improve
its poor reversibility, a process known as thermodynamic tuning can be used. Ther-
modynamic tuning involves creating new, more favourable reaction pathways and

in this work the addition of nickel, silicon, iron and cobalt were investigated.

The addition of nickel in the LiBH4:2Ni system was shown to be the most effective in
reducing the decomposition temperature to occur below 300 °C while also improving

reversibility to occur in the solid state at temperatures of 250 °C or lower.

The addition of silicon was found to not be effective in reducing the decomposition
temperature of LiBHy even though it was thermodynamically predicted to do so.
Attempts to improve the kinetics of the system with a titanium catalyst only showed
an improvement when large quantities of the catalyst were used implying that the

reaction with the catalyst was the driving force.

Addition of both cobalt and iron were also affective in reducing the temperature of
LiBH4 decomposition, in a similar reaction to the nickel systems by forming borides.
The mass loss in the solid state (<300 °C) was, however, inferior to the addition of

nickel.
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Chapter 1

Introduction

1.1 Fossil Fuel Domination

A growing concern for world energy production is that dwindling oil reserves will

eventually run out. This, coupled with climate change concerns from COg9 emis-

m il

M Gas

N Coal

B Nuclear

W Hydro-electricity

M Renewables

World

Figure 1.1: Schematic showing the energy mix of the world compared to the UK in 2015. [1]
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Table 1.1: Climate Change Act Targets [2].

Budget Period % Reduction on Emissions
1st Budget (2008-2012) 23%
2nd Budget (2013-2017) 29%
3rd Budget (2018-2022) 35% by 2020
4th Budget (2023-2027) 50% by 2025

sions, has encouraged many governments to seek out alternative and environmen-
tally friendly methods of producing and storing energy. Currently over 86% of the
world’s energy supply comes from fossil fuels which means significant changes need
to be made to phase out these technologies and replace them. The UK is slightly
below the global average at 84.5% fossil fuel usage [1], figure 1.1, but the government

has set targets to reduce greenhouse gas emissions by 80% by 2050.

The main driver for the UK’s reduction is carbon emissions comes from the Climate
Change Act, introduced in 2008, which established a framework for a credible car-
bon emissions reduction path [2]. This pathway is laid out with four carbon budget
periods in which a reduction is measured versus 1990 levels and is summarised in
Table 1.1. To meet these targets, new technologies must be exploited and these in-
clude renewables, CCS, nuclear and bioenergy. Renewables are seen as the preferred

option for many people owing to their perception as a clean energy source.
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1.2 Renewables

In 2011 the UK government pledged to deliver at least 15% of the UK’s energy
mix as renewables by 2020, with the Scottish government providing more ambition
by targeting 100% renewable electricity in the same period [3]. The government is
running the risk of not meeting these renewable targets by reducing incentives to
build renewables such as cutting the feed-in tariffs. The UK did fall short of targets
in 2010 by only providing 7.4% of electricity using renewables compared to its target
of 9% and this shortfall in renewables targets is attributed to poor wind conditions
in 2010 [4]. By 2012, however, the UK had become the world leader in deploying
offshore wind power generation [5] which is explained by a change in government
policy that encouraged its deployment. The Crown Estate also granted additional
planning permission for the development of offshore wind to generate revenue for

the government [6].

Another recognisable renewable technology is photovoltaics (PV). Unlike wind power,
PV installations tend be decentralised and fitted to domestic properties. This
method became extremely popular with the public owing to the feed-in-tariff scheme
developed by the government, in which a household is paid for the electricity they
generate using renewables installed on their property surplus to their own usage.
Feed-in-tariffs (FiT) financially benefit an owner in three ways: a) a generation tar-
iff in which the owner is paid for the generation of the electricity b) an export tariff

in which the owner is paid for exporting electricity back into the grid and ¢) savings
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on their electricity bill when they are using the electricity from their renewables
rather than from the grid [8]. Before FiT schemes were introduced in 2010 the UK
only produced 32 MW of electricity from photovoltaics but within a year 28,550
installations of new PV-panels had been installed which corresponded to 77.7 MW
of electricity generation. By the end of 2011 the total installations had increased
further still to 102,022 and was estimated to be generating 366 MW of power, a

ten fold increase before the FiT scheme was introduced [7]. This is shown in figure

1.2.

While uptake of renewables is on the rise their primary drawback is their intermittent
nature in that wind is not always blowing and PV panels only work during the day.
The period in which these technologies are operating at their peak efficiency does
not always correspond with peak demand for electricity, which is why wind turbine

operators are being more frequently paid to keep them switched off. One way of

8 120 ; - 400
s
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_ 759 —250%
=]

£ 60 - 200 £
5 I i
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e Capacity (MW)  —s—Installation  ——Projection at the start of FiT

Figure 1.2: Schematic showing the uptake of PV panels following the introduction of the FiT

schemes [7].
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preventing this waste of electricity would be to store it and one technology that could

accommodate this large scale storage would be the generation of hydrogen.

1.3 Hydrogen

Hydrogen is seen as one of the technologies which could one day make fossil fuels
obsolete. Hydrogen is one of the most energy dense fuels and, unlike fossil fuels, it
does not produce any CO9 while generating energy. However, using a method such
as steam-reforming to generate the hydrogen does result in the formation of COs.
There are several methods for generating electricity from hydrogen but the most

promising is the use of fuel cells.

1.3.1 Fuel Cells

A fuel cell is a device which can convert the chemical energy of a fuel into electric-
ity by reacting hydrogen with an oxidising agent, most commonly oxygen. Unlike
internal combustion engines, fuel cells are extremely efficient with typical efficien-
cies reaching 60% or even over 70% if the waste heat is utilised in systems such as
combined heat and power units [9]. There are currently several types of fuel cell
in development including: solid-oxide fuel cell (SOFC), molten-carbonate fuel cell
(MCFC), phosphoric-acid fuel cell (PAFC), polymer-electrolyte membrane fuel cell

(PEMFC) and alkaline fuel cell (AFC). The operating conditions for each of these
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Figure 1.3: Different types of fuel cells and their operating conditions [10].

is presented in figure 1.3.

The solid oxide fuel cell has a characteristic ceramic electrolyte which is a metal-
lic oxide. At the cathode Oy molecules are reduced to O%  ions which then move
through the electrolyte to react with Hyo and CO at the cathode to form HoO and
CO9. These fuel cells are typically operated at 800-1000°C, to overcome the elec-
trical resistivity of the electrolyte, but there is currently research into reducing this

to save money and use a wider variety of fuels [11].

Another high temperature fuel cell used is the molten carbonate fuel cell. This fuel
cell operates at around 650°C and transports carbonate ions through an electrolyte

that is composed of both lithium and sodium carbonate salts which liquefy at high
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temperatures. The use of a liquid electrolyte provides a lower resistivity and better

conductivity than that of the solid SOFC electrolytes [12].

Alkaline fuel cells were the first type ever developed and the only low temperature
fuel cell to conduct ions rather than protons and operate at around 70°C. This fuel
cell uses a potassium hydroxide solution to transport hydroxide ions (OH ) which
are formed at the cathode. Low CO9 oxygen feedstock is required for this fuel cell
otherwise carbonates form in the electrolyte, precipitate out and reduce the number

of available hydroxyl ions and thus the conductivity [13,14].

Phosphoric acid fuel cells, unlike previous fuel cells, conduct protons across the

electrolyte rather than as an ion and must be operated at 150-200°C [15].

The final type of fuel cell, and the most well known is the polymer electrolyte
membrane fuel cell which operates between 80-100°C to maximise fuel cell efficiency
while preventing membrane dehydration. Typically this type of fuel cell uses a
sulphated polymer that contains negatively charged sulphate ions that facilitate the

conduction of positively charged protons [16].

1.3.2 Hydrogen and Transport

Fuel cell technology is rapidly becoming mature with the first cars using the technol-
ogy coming to market in 2017 such as the Honda Clarity and Toyota Mira. However,

one of the major issues for long term implementation of fuel cells within vehicles is
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Table 1.2: DOE targets for mobile storage of hydrogen [18].

2020 2025 Ultimate
System Parameter
Target Target Target
Gravimetric Capacity (wt%) 4.5 5.5 6.5
Volumetric Capacity (gg,)L ") 30 40 50
Operational Cycles 1500 1500 1500
Max Operating Temperature (°C) 85 85 85

the difficulty of storing Ho in quantities that give fuel cell vehicles comparable range
to that of a traditional hydrocarbon/internal combustion engine vehicle. The main
driver for hydrogen storage research are the targets set by the United States Depart-
ment of Energy (DOE), in 2009 and updated in 2017, which include step-wise goals
for 2020, 2025 and an ultimate goal [17]. These targets are summarised in table 1.2.
There are currently several different technologies competing to be the state-of-the-
art hydrogen storage technology including compressed, liquefied, physisorption and

chemically bound hydrogen.

1.3.2.1 Compressed Hydrogen

Compressed storage is the most mature of all the hydrogen storage technologies
and is the most widely used in both stationary and mobile applications. With

compressed storage the hydrogen is pressurised between 350 and 700 bar and stored
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Figure 1.4: Break down of the costs for each component in a compressed hydrogen storage
cannister with 80% of the cost for the 700 bar system coming from the carbon fibre

composite. [19].

in canisters. The canisters used consist of a high density polyethylene liner wrapped
in carbon fibre composites which give excellent mechanical properties, on a par with
metals, while being lighter. This reduction means that a typical tank can now
store 5.6kg of usable hydrogen which, for a 350 bar system, translates to a weight
capacity of 5.5wt% (5.2wt% for a 700 bar system) and a volumetric capacity of
17.6 g(HZ)L’l (26.3 g(HQ)L’l for a 700 bar system). This means that compressed
storage can meet the 2017 gravimetric storage capacity target but fail to meet the
volumetric capacity targets. While considerably lighter than steel used in previous
generations, the carbon fibre cannisters now employed are much more expensive
with the carbon fibre taking up to 80% of the system cost, see figure 1.4. This
means that compressed hydrogen storage is also one of the most expensive of all

hydrogen storage technologies with costs of up to $27 kWh 1 [19].
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Another concern with compressed hydrogen storage is the safety of the technology.
The perceived risk of compressed hydrogen storage is the high risk of explosion and
fire, mostly owing to the historic Hindenburg disaster, but in reality the technology
is safer than petrol or diesel [20]. The reason that hydrogen is considered safer is
that, unlike diesel or petrol, when a leak occurs in the store the hydrogen is dispersed
into its surroundings almost immediately. However, with petrol and diesel cars the
fuel lingers and produces a greater radiant heat causing damage to both the car and

passengers [21].

1.3.2.2 Liquid Hydrogen

Although historically used for fuelling rockets, liquid hydrogen has more recently
been considered for on-board hydrogen storage in vehicles as well. This technology
relies upon cooling hydrogen to lower than 21.2 K so that it condenses out of the gas
phase and forms a liquid. The main benefit of liquid storage over compressed storage
is that it has almost double the volumetric density of compressed storage at 700 bar,
70.8 (H2)L71, and can operate at ambient pressures [22]. Liquid hydrogen is also

considerably cheaper than compressed storage with a price of $8 kWh1 [23].

The downside to liquid hydrogen storage, however, are its large energy penalties.
The first energy loss is from the cooling of the hydrogen to cryogenic temperatures in
which 30% of the stored hydrogen energy is lost. The biggest energy loss, however,

comes from the boil-off of the hydrogen. This boil-off arises from outside heat which
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causes the hydrogen to evaporate and escapes from the storage tank. This boil-off
effect contributes up to another 40% energy loss. Due to the 70% energy penalty

research into liquid hydrogen storage has all but ended [24].

1.3.2.3 Hydrogen Physisorption

Another method for storing hydrogen is to physically bind it to a surface. To ensure
that the weak van der Waal’s forces binding the diatomic hydrogen to the surface
are not overcome, low temperatures are needed (typically 77 K) although not as low
as liquid hydrogen storage (below 33 K). Metal-organic frameworks (MOFs) have
increasingly become the most popular medium for this type of storage alongside
porous carbon which is the cheaper of the two technologies. MOFs are a class
of material which are a crystalline solid, consisting of linking units, that can be
modified by organic synthesis and have a large porosity resulting in a high surface
area [25]. The synthesis of MOF's results in them being pure and is performed using
a one-pot, solvothermal method under mild conditions. The resultant surface area
for MOF's has been found to be greater than 1000 m2g 1, larger than that of zeolites,

with values of 3000 m2g’1 causing the greatest excitement [26].

To make MOFs as effective as possible and overcome the weak binding energies,
certain properties need to be manipulated. Ideally a MOF would operate at 298 K
and to do so it would need an absorption enthalpy of 13.6 kJ mol 1. Pore size of the

materials is also important, with 7 A the optimal size for room temperature opera-
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tion. Finally, the MOF’s ability to be stable in the presence of Hy gas impurities or
when exposed to atmosphere, would be ideal given that some of the best performing

MOFs demonstrate decomposition in air [27].

1.3.2.4 Chemical Storage

The final method of storing hydrogen is chemically in the solid state. These materials
are known as hydrides and come in two varieties: complex and metal hydride. Metal
hydrides are those that store hydrogen in the interstitial sites between the metal
atoms or by ionic bonding between the hydrogen and the metal. Complex hydrides
are salts that store hydrogen in the anion, bound to a metallic or semi-metallic
element covalently, which in turn is ionically bound to a metal cation. Both types of
hydrides have drawbacks with metal hydrides suffering from poor weight capacities
and complex hydrides either possessing high decomposition temperatures or poor

reversibility.

One example of a metal hydride is lanthanum nickel hydride (LaNizHg). LaNigHg
is extremely interesting as a hydrogen storage medium because it is able to liberate
all of its hydrogen at not much greater than room temperature, 298K. Downsides
to LaNigHg are that its gravimetric hydrogen storage capacity is only around 1.0
wt% and lanthanum is both rare and expensive [28,29]. Another example of a metal
hydride is magnesium hydride (MgHs). Due to using a much lighter metal the

gravimetric hydrogen storage capacity of MgHy is 7.6 wt%, however this still does not
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meet the DOE targets which involve a whole system not just the material. However,
unlike LaNigHg where the bonding involved is metallic in nature, the bonding in
MgH> is a mix of ionic and covalent. Typically ionic and covalent bonding energies
are significantly higher than metallic bonding which means that the decomposition
temperature of MgHs is far higher at around 300°C. This temperature is not ideal
for use within mobile applications using proton exchange membrane fuel cells where
they typically operate around 80°C to prevent the polymer membrane from drying
out. For this reason a metal hydride storage system will need to decompose at or
near 80°C and there are many ways to decrease this decomposition temperature
including ball milling, catalysis and using a second component in the system to tune

the thermodynamics [30,31].

While metal hydrides are interesting, complex metal hydrides such as LiBH4 and
LiAlH4 are seen as the materials more likely to meet DOE targets for hydrogen stor-
age owing to their use of light elements, resulting in much higher weight capacities.
Another advantage is that the elements used are potentially cheaper and more com-
mon than those used in metal hydrides as well. The disadvantages of complex metal
hydrides, however, come from the covalent nature of the bonding between the hy-
drogen and the host element. This usually means that decomposition temperatures
of these materials are extremely high or regenerating the original material requires

a high energy process, high hydrogen pressures or temperatures [32-34].
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1.3.3 Hydrogen Storage Comparison

When comparing hydrogen storage mediums five key areas for comparison are the
most important: cost, volumetric capacity, gravimetric capacity, operational tem-
perature and size of store. For the four mediums presented here compressed storage
operates as the most expensive owing to the cost of the carbon fibre reinforced steel
needed. Liquid storage for example comes in at over three times cheaper than com-
pressed hydrogen while physisorption and chemical storage can be cheaper still if

low cost elements can be used to form the hydrogen storage materials.

Volumetric storage capacities are superior for compressed and liquid storage while
physisorption and chemical storage have the potential to have the greatest gravi-
metric storage densities of the four mediums while also maintaining an acceptable

volumetric capacity.

A big variation is seen with the operational temperature of the different mediums
with compressed storage the only system which can operate at room temperature.
Both liquid and physisorption both require cryogenic temperatures to operate but
while liquid hydrogen is completely dependant on these temperatures to prevent ex-
cessive boil off hydrogen physisorption has the potential to operate at close to room
temperature if a suitable material with a high binding energy can be found. Chemi-
cal storage of hydrogen in metal or complex hydrides can vary massively from room
temperature up to 600 °C. While the hydrides that can release and uptake hydrogen

at low temperatures have very low gravimetric storage capacities, owing to the heavy
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elements used, complex metal hydrides, that have much higher capacities, can have
their high temperature of operation reduced by modifying the thermodynamics and

kinetics but at the cost of reducing their overall storage capacity.

Liquid, physisorption and chemical storage are of great scientific interest because
they can store hydrogen in a much smaller area compared to compressed hydrogen
which, for a typical hatchback, has a tank that is the length of the vehicle. The
other three mediums, however, have the potential to reduce this size down to what
is currently the size of a petrol car’s tank. While compressed storage has signif-
icant drawbacks, such as cost and gravimetric density, and the least potential to
improve, except potentially liquid hydrogen, currently no material that is used for
either physisorption or chemical storage can meet as many of the hydrogen stor-
age targets that compressed can such as fill time, number of cycles and operating

temperature.
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1.4 Research Aims and Objectives

The main driver for this research is the targets set United States Department of En-
ergy for the mobile storage of hydrogen as few materials are showing the potential to
reach the 2017 parameters. Lithium borohydride has shown promise as a candidate
to meet these targets but its high decomposition temperature and poor reversibility
have so far made it ineligible. Therefore, the primary aim of this research is to reduce
the decomposition temperature of lithium borohydride and improve its reversibility
through a process known as thermodynamic tuning using multi-component systems.
The secondary components used in this work will be nickel, silicon, iron and cobalt
and the ability to form either borides or silicides in a reaction with LiBHy4 will be

investigated.
The main objectives for this research will include:

e Investigate the use of elemental nickel in the destabilisation and reversibility
of LiBHy4 compared to a CaNigy alloy which has previously been shown to be

effective in improving both of these properties.

e Investigate the possibility of using elemental silicon to form either borides or
silicides in a reaction with LiBH4. The use of a TiFg catalyst will also be

studied to aid in formation of these species.

e Determine if the use of the lighter transition metals iron and cobalt can provide

a similar destabilising effect of that of nickel.
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Table 1.3: System targets for thermodynamic turning of LiBHy4.

System Parameter Target
Gravimetric Capacity (wt%) 6.5
Gravimetric Capacity (wt%) in Solid State (< 300 °C) 6.5
Reversible storage capacity (wt%) 6.5
Decomposition Temperature (°C) 85

While conducting these experiments the systems presented here will try and meet
targets closely related to those set down by the DOE, listed in table 1.3, as closely
as possible. During the discussion chapter these values will be compared against
the experimental data collected to determine the success of the investigated sys-

tems.

1.5 Thesis Overview

Chapter 2 is a literature review of published articles on the improvements into the
storage properties of LiBH4. The main focus of the review will be an assessment of
previous multi-component systems and their impact on the decomposition temper-
ature and potential reversibility with additions to LiBH4 including metals, alloys,
compounds and other hydrides. The impact of other methods to improve the hydro-

gen storage properties of LiBH4 will also be discussed including nano-confinement,
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catalysis and ball-milling.

Chapter 3 will outline the materials and methods used for this research. The mate-
rials used, their handling and sample preparation is discussed along with the theory

and experimental parameters used for the characterisation techniques.

Chapters 4 and 5 will encompass the experimental results and discussion for the
different systems studied with each chapter broken down into three distinct sec-

tions:

e The use of nickel to improve the hydrogen storage properties of LiBHy.

e Two approaches for the use of silicon in providing a destabilising effect.

e Investigations into the use of iron and cobalt and how they compare against

nickel.

Chapter 6 will conclude the research presented and chapter 7 will discuss future work

needed to further characterise each of the systems presented in this work.
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Literature Review

2.1 Introduction

In Chapter 1 it was discussed that to make hydrogen a viable replacement for fossil
fuels within the transport sector it needs to have a storage capacity with a sufficient
energy density that will compete with the range of fossil-fuel powered cars. This
chapter outlines the research that has been conducted on the solid state storage of
hydrogen using lithium borohydride (LiBH4). The focus of this review will be on
the thermodynamic tuning of LiBH4 using material groups such as metals, inter-
metallics, chlorides, oxides and other hydrides. Also there will be a discussion on
improving the reaction kinetics for LiBHy, through varying preparation methods

such as ball milling and catalysis, along with the confinement of LiBH4 to improve

40
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its overall hydrogen storage properties.

2.2 Lithium Borohydride

Lithium borohydride (LiBHy) is a salt-like, crystalline material. It was first synthe-
sised in the 1940s by Schlesinger and Brown by reacting together ethyl lithium and
diborane (BaHg) [35] but has more recently been more directly synthesised by the re-
action between lithium hydride (LiH) and BoHg [36]. During thermal decomposition

LiBHy is found to have three distinct endothermic events [37, 38]:
e A reversible polymorphic transformation of the LiBH4 at 108-112 °C.

e The fusion of the LiBH4 at 268-286 °C, at which up to 2% of the hydrogen is

lost.

e The main evolution of gas which begins at 380 °C and liberates 80% of the

stored hydrogen forming LiH.

The decomposition pathway for LiBH4 was thus proposed in equation 2.1:

3
LiBHy — LiH + B + JHy (2.1)

When LiBH, is heated at slow rates, 0.5 and 1 K min !, other intermediates are
observed during the decomposition and the most stable of these intermediates is

LisB1oH19 [39]. This compound was observed firstly by Raman spectroscopy [40]
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and later by NMR spectroscopy [41]. The formation of this intermediate was pos-

tulated and is shown in equation 2.2:

1 5 13 3
LiBHy < EL12B12H12 + gLiH + EHQ ~ LiH+ B+ §H2 (2.2)

Later another investigation also proposed that LioBioHj9 is not a true interme-
diate for the decomposition reaction but is instead a product of a side reaction
between diborane evolved during the decomposition reaction that is able to react
with remaining LiBH,4 [42]. The proposed reaction for this can be seen in equation

2.3:

2LiBHy4 + 5BoHg — LigB19H19 + 13Ho (2.3)

Pressure composition isotherms (PCI) have been able to show that the enthalpy
(AH) and entropy (AS) for the decomposition of LiBHy is 74 kJ mol ' Hy and 115
J K1 mol™! Hy respectively [43]. This means that the decomposition of LiBHy is
reversible and this has been demonstrated. The experimental conditions required
for this are a temperature of 600 °C and 350 bar of pressure [44]. However, with
these conditions the reaction takes longer than twelve hours to finish and does
not guarantee a complete reaction. To improve the de/hydrogenation properties a
method known as thermodynamic tuning can be used. Section 2.3 will detail several

systems which exemplify a thermodynamic tuning reaction.
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Figure 2.1: Enthalpy diagram demonstrating the lowering of a hydrides decomposition enthalpy

upon reaction with a secondary component. [45]

2.3 Thermodynamic Tuning

The principal of thermodynamic tuning is to make hydrides more thermodynam-
ically unstable which lowers the reaction enthalpy and thus lowering the decom-
position temperature. In the case of multi-component hydrogen storage systems a
reaction occurs between the hydride and a second material which has been added.
The mechanism of thermodynamic tuning can be explained by an enthalpy diagram,
figure 2.1, which shows the thermodynamic tuning of binary and complex hydrides.
In the case of complex hydrides (right of the digram), of which LiBH, is one, when
there is no reaction between the hydride (XYHs) and second material (Z) then the
enthalpy of decomposition is AH,;. When a reaction between one of the elements in
the hydride (Y) and Z occurs, and has a lower enthalpy of reaction AHy, than the

pure hydride decomposition, then the temperature at which the hydride decomposes
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is reduced [45]. The following sections will detail thermodynamically tuned LiBH,4
systems and discuss their success and failures in improving the thermodynamics of

the hydride.

2.3.1 Metal Addition

This section will discuss the addition of metals, such as aluminium and transition

elements, which can form metal borides by reacting with the LiBHy4.

2.3.1.1 Aluminium

The addition of aluminium to destabilise LiBHy was first reported by Kang et al.
in which they milled together LiBH4 and Al in a 2:1 ratio [46]. They found that the
system was able to release 7.2 wt% in 3 hours at 450 °C (90% of stored hydrogen).
Reversibility was also studied and found to occur at 400 °C and 100 bar of pressure
but suffered from poor cycling performance. The proposed reaction, equation 2.4,

was as follows:

1 1 3
LiBH4 + §A1 — LiH + EAIBQ + §H2 (2.4)

Friedrichs et al. conducted further research into this system by investigating the
reversibility of LiH and Al, combined ex-situ and not from decomposed LiAlHy [47].

They found that hydrogen absorption occurred at 300 °C and that it took 20 hours
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to complete while under 150 bar of Ho pressure. The total amount of absorbed
hydrogen they saw from the first cycle was 7.6 wt% (92% of theoretical maximum).
Poor cyclability occurred after three cycles and the capacity dropped to 2.4 wt%.
They postulated that the reason for the poor cycling performance was that the Al-
B reaction was incomplete upon subsequent decomposition steps owing to boron
having to perform long range diffusion to react with aluminium and that AlB9 has

a low stability.

Meggough et al. found another possible reason for the poor cycling performance for
this system by discovering the reason for the incomplete reaction between the Al
and B [48]. They discovered that during decomposition AlBy forms a passivating
layer over the aluminium which can prevent further reaction between Al and B and
that using LiAlH4 to form Al in situ provides a much more dispersed source of Al
and therefore allowed a more complete reaction every time. They discovered that
reversibility occurred at 350 °C and 85 bar of Hy pressure. The thermodynamics of
the system were calculated with the reaction enthalpy reduced to 38.2 kJ mol™! and

a T(1bar) of 240-300 °C.

Higher ratios of LiBHy to Al were studied by Ravnsbaek et al. and Hansen et
al. to investigate the further reaction of Al with the LiH formed from the LiBHy
decomposition [49,50]. It was found that this increase in Al did lead to a further
reaction, equation 2.5, but reduced the overall storage capacity to 6.4 wt%. Poor

cycling was still observed with a reduction to 1 wt% after 10 cycles (15% of original
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capacity). A TiBg catalyst was added which helped to improve the kinetics of the
system by increasing the rate at which LiAl was formed. Hansen et al. found that
this catalyst also increased the formation of LigBi9Hi9 which contributed to the

further reduction in cycling performance.

LiH + Al — LiAl 4+ Hy (2.5)

2.3.1.2 Transition Metals

Xia et al. conducted a study using nickel to improve the decomposition temperature
and reversibility of LiBHy4 [43]. In this research, 2:1, 4:1 and 6:1 LiBH4 to nickel
ratios were used and it was found that up to 17 wt% Hy could be released below
600 °C. Formation of trace amounts of nickel borides were observed and a dehydro-
genation enthalpy of -61 kJ mol ! was calculated. Reversibility of the systems were
investigated and found that up to 3.3 wt% could be recovered at 600 °C with 100

bar of pressure.

Yang et al. looked into a wide range of metals to be used in the destabilisation
of LiBHy including Titanium, Vanadium, Chromium and Scandium [51]. They
found that none of these transition metals could destabilise LiBH4 when milled in a
2:1 ratio (LiBH4 to metal) but instead formed hydrides (Titanium, Scandium and

Vanadium) as the LiBH4 decomposed or had no effect (Chromium).
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2.3.2 Intermetallic Addition

Intermetallics have long been considered as hydrogen storage materials with LaNig
being the alloy most investigated owing for its ability to de/hydrogenate 1.4 wt% of
Hs at room temperature and pressure [52]. However, there have been few reports, up
until recently, with work being performed using intermetallics in multi-component
systems to destabilise complex metal hydrides. This section will focus on two inter-
metallics, one in its alloy form and the other in its hydride form, used to destabilise

LiBH,.

2.3.2.1 Calcium Nickel Alloy

Calcium nickel alloy (CaNig) is an interesting material for hydrogen storage itself
as it has a higher storage capacity than LaNig (1.8 vs 1.5 wt%) and a lower plateau
pressure [52,53]. More recently its use as a reactant in LiBHy destabilisation has

been investigated.

Ibikunle et al. investigated the use of the hydrided form of the alloy, CaNigHy, as
an alternative source of CaHy and milled it with LiBHy4 in a ratio of 6:1 [54]. It was
hoped that the nickel would act as a dopant and aid in the decomposition reaction
but it was found that it had no effect on the reaction and only added to the weight

of the system, thus reducing its storage capacity.

Meggouh et al. found that by using the unhydrided form of the alloy in a 2:1
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Figure 2.2: In-situ PND data showing the full decomposition of LiBDy4 using the CaNis at 192

°C. This is followed by the partial regeneration of LiBD4 under 80 bar of Dg [55]

ratio that a significant reduction in the decomposition temperature of the LiBHy
occurred [55]. With this system 1.1 wt% of hydrogen was released by 220 °C and no
evidence of the LiBH4 melting was observed, implying the reaction was completely
carried out in the solid state. Partial reversibility was also observed during neutron
diffraction experiments at 192 °C and 80 bar of Do pressure, shown in figure 2.2. A

reaction, equation 2.6, was postulated:

2LiBH4 + CaNis — 2LiH 4 CaHg + Ni3B + NisB + 3Hs (2.6)

2.3.2.2 Magnesium Nickel Hydride

Vajo et al. found that magnesium nickel hydride (MgyNiHy) could induce a desta-
bilisation reaction in LiBHy [56]. They found that the reaction begins at 250 °C and

follows a stepwise reaction in which initially the LiBH, reacts with the MgoNiHy,
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equation 2.7, liberating 2.6 wt% by 340 °C, followed by the decomposition of the
MgHy which liberates a further 2.1 wt% by 370 °C. The reversibility of the sys-
tem was investigated in another paper [57] in which the rehydrogenation occurred
below 300 °C, required 160 bar of Hg pressure and recovered up to 1 wt% after 3

cycles.

4LiBHy + 5MgoNiHy — 2MgNip 5Bo + 4LiH + 8MgHo + 8Ho (2.7)

A more recent study into the system by Zhao et al. [58] investigated the addition of
a catalyst into the system, 10 wt% CeHs 99, and an additional processing step by
heating the sample in a dynamic vacuum at 300 °C after the system was ball milled.
It was found that the onset temperature for rapid dehydrogenation was reduced to
179 °C for the uncatalysed system and 102 °C for the catalysed system. Step one
of the decomposition (boride formation seen in equation 2.7 and a 2.6 wt% loss)
was completed by 197 °C and 167 °C for the uncatalysed and catalysed systems

respectively.

2.3.3 Metal Chloride Addition

Au et al. first investigated the use of several different species in the destabilisation
of LiBHy with two different chloride species showing promise [59,60]. TiClg was

used on its own in two different ratios, LiBH4 + 10 or 25% TiClz, and it was
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shown that the 25% system started to rapidly dehydride at 100 °C with a final
release of 8.2 wt% by 600 °C. The 10% system started to rapidly dehydride at
250 °C with a final mass loss of 9.2 wt% at 600°C. The group also investigated
the use of MgCls in conjunction with TiClg. The LiBH4:0.2MgCl3:0.1TiClg system
started to rapidly dehydride at 60 °C and lost 4 wt% by 400 °C. Reversibility was
investigated and found to occur at 600 °C and 70 bar of Hg pressure and recovered
up to 9 wt% Hg. The main decomposition product formed during these reactions
were LiCl. A more recent study by Au et al. discovered the mechanism for the
decomposition of LiBH4 by TiCls [61]. They found that at higher molar levels of
TiCls, LiBH4:0.5TiCls, that a cation exchange reaction occurs in the borohydride,
similar to previous experiments conducted [62], where the Ti replaces the Li in the
borohydride, equation 2.8. This unstable borohydride led to the formation of large
amounts of diborane during the decomposition indicated by a 37% mass loss by 100
°C. Reversibility was investigated for this system but was found not to be possible at
500 °C and 70 bar owing to boron loss from diborane formation. However, compared

to other systems, a pressure of 70 bar was not likely to reform LiBHy.

3LiBH, + TiCl3 — 3LiCl + Ti(BH,) (2.8)

Another study with low amounts of TiCls, by Mosegaard et al., found that there is
a solid state reaction between the two materials at room temperature [63]. When

2% TiCl3 was used, and milled together by hand, a reaction was observed to occur,
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indicated by a change in colour, unless the system was stored at -35 °C. It was also
observed that LiCl, formed during this solid state reaction, dissolved into the solid
structure of the LiBH,4 as it was no longer observed in the XRD data between 100

and 245 °C.

One study by Zhang et al. investigated the use of other transition metal chlorides in
the destabilisation of LiBHy [64]. It was found that when LiBH4 was mixed in a 2:1
ratio with NiClg, FeCly or CoCly then the dehydrogenation temperature is reduced
to between 230 and 300 °C. It was found that almost 100% of the stored hydrogen
could be released in the case of the NiCly and FeCly systems but a capacity loss
of a third was observed for the CoCly system owing to diborane formation. The
postulated destabilisation reaction was a cation exchange reaction to form unstable
borohydrides which results in the formation of metal borides and LiCl upon full
decomposition. At addition levels of 5 and 10% it was found that only NiCls,
compared to FeCly and CoCls, was able to improve system kinetics with a reduction

in reaction temperature by 50-60 °C.

2.3.4 Metal Oxide Addition

2.3.4.1 Silicon Oxide

Silicon oxide (SiO2) was one of the first materials considered for the destabilisation

of LiBHy. Ziittel et al. investigated its use in a LiBH4-SiO9 system with a 25:75
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Figure 2.3: TGA decomposition curves for three different LiBH4-Si02-TiF3 systems. [65]

mass ratio [37,38]. It was found that this system could release a total of % of the
stored Ho, starting at 200 °C, of which it could release half of the stored Hy by
400 °C. This paper, however, did not discuss whether this was a catalytic reaction
or a stoichiometric, destabilisation reaction. Zhang et al. investigated a LiBHy-
Si09-TiFg composite where the SiO9 was 20 wt% of the system and the TiFg being
either 10 or 30 wt% of the system [65]. It was found that this system could release
4 wt% by 300 °C and 10 wt% by 550 °C. For the 30% TiFg system, the onset
dehydrogenation was reduced to 70 °C. The TGA decomposition curves for these
reactions are shown in figure 2.3. A reaction was postulated, equation 2.9, that
Li4Si04 was formed, along with elemental silicon and boron, owing to no crystalline

boron species observed after the reaction. Reversibility was found to occur for the
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30% TiF3 system at 500 °C and 45 bar of Hy pressure where it was able to uptake
4 wt% in 14,000 s but no evidence of LiBHy4 was observed post-hydrogenation.
Moosegard et al. investigated the use of SiO9 in various molar amounts [63]. They
found that LisSiO3 was formed when high molar levels of SiO9 were used (25.5
mol%). When lower amounts of SiOg were used (5 and 9.9 mol%) then both the
formation of LisSiO3 and LigSiO4 were observed. Decomposition was seen to occur
at temperatures greater than 200 °C and was found that the reaction was also

irreversible in contrast to the Zhang et al. paper.

ALiBH, + SiO9 — Li4SiOy4 + 4B + Si + 8Hy (2.9)

2.3.4.2 Titanium Dioxide

Titanium dioxide (TiO2) has also been investigated in high and low stoichiometric
amounts on its ability to destabilise LiBH4. Yu et al. investigated the addition
of TiOg in a high stoichiometric ratio with LiBHy and the 1:4 by weight (1:1.1 by
moles) LiBHy to TiOg was found to be the most successful system for levels of
decomposed hydrogen [66]. It was discovered that 3.65 wt% was the total mass
loss and formed LiTiO9 upon decomposition, equation 2.10. No crystalline boron
containing species were observed during XRD indicating that it was in an amorphous
state. Reversibility of this system was not investigated. A low stoichiometric amount

of TiOg was used in the research conducted by Au et al. [67]. They used TiO9 as
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25% of the system mass or in a molar ratio LiBH4:0.09TiO9. With this system it
was found that the TiO9 decreased the decomposition temperature so that 4 wt%
was released by 400 °C with the primary phases formed during decomposition being
(LiOH)(H20), TiBs and LiOH, observed by XRD, and no LiTiO2 was observed
compared to the high stoichiometric amounts. Reversibility was investigated in this
paper and it was found that 8 wt% could be absorbed, at 600 °C and 100 bar
Hy and forms LiBH4. However, cycling performance was poor as LigBOg is also
formed upon rehydrogenation and removes Li and B from the system for subsequent

cycles.

LiBH, + TiOy — LiTiOs + B + Ho (2.10)

2.3.4.3 Other Oxides

Other oxides have been considered for the destabilization of LiBH4 and in the same
study by Au et al. [67] ZrOs, V203 and SnOs were investigated. All of these
oxides were combined with LiBHy4 as 25% by mass of the system and showed similar
decomposition profiles to that of TiO9 with 9 wt% given off by 600 °C and showing
a dehydrogenation onset at 175 °C. Yu et al. also investigated several different
oxides and found that a hierarchy for the destabilisation of LiBH,4 could be formed
where FesO3>V905>NboO5>TiO9>SiOy [68]. It was found that FesOg could

release 6 wt% by 200 °C in a 1:2 mass ratio with LiBHy (LiBHy4 to FesO3) and an



CHAPTER 2. LITERATURE REVIEW 95

overall reaction equation for the metal oxide destabilisation of LiBH, was postulated,

equation 2.11:

LiBH4 + MOy — LiMOy + B + H (2.11)

2.3.5 Binary Hydrides
2.3.5.1 Magnesium Hydride

It was first proposed by Vajo et al. that MgHs could be used to destabilise LiBHy
[69]. Tt was found that MgHs could reversibly store 8-10 wt% Ho when combined
with LiBHy, reduce the dehydrogenation enthalpy of LiBHy4 by 25 kJ mol ™ (to 40.5
kJ mol 1) and provide a T(1 bar) of 225 °C. The destabilisation reaction, equation
2.12, was found to form MgB9 but only under hydrogen back pressure and not under
dynamic vacuum. In this paper reversibility was only possible with MgBo present
and absorbed a maximum of 10 wt% at 450 °C and under 24 bar of Hg. It was
later found by Bosenberg et al. that the reaction proceeds in a two stage process,
equation 2.13, where the MgHo decomposes first to Mg, after which this reacts with
the LiBHy [70]. Reversibility was also investigated and found to occur at 250-300 °C,

under 50 bar Ho, in which both products were found to form simultaneously.

1 1
LiBHy + §MgH2 < LiH + §MgB2 + 2Ho (2.12)
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1
2LiBH, + MgHy — Mg + Hy + 2LiBH, — 2LiH + ;MgB3 + 3Hy (2.13)

A different route for the destabilisation reaction was proposed by Walker et al. in
several papers in which it was discovered that under vacuum the reaction forms an
MgLi alloy instead of MgBo [71-74]. They proposed that the originally investigated
2:1 ratio for the LiBH4 MgHs system was inferior to a 0.3:1 system where, upon
complete decomposition, it forms two different magnesium-lithium alloys, equation
2.14. This new system was able to decompose 9.8 wt% Ho and demonstrated 95%
reversibility at 400 °C and 100 bar Hy. Kinetics for the two systems were also
studied and it was found that the 0.3:1 system could decompose 90% of its stored
hydrogen, at 40 °C, within 10 minutes while the reverse reaction saw it uptake 90%
of its capacity within 15 minutes. The 2:1 system, however, performed poorly with
only 60% decomposed after 4 hours at 400 °C and rehydrogenation was equally as

slow with only 50% taken up after 4 hours.

0.3LiBH4 4+ MgHy <+ 0.37Lig.184Mgg 816 + 0.156MgBg + 0.78Lig 30Mgg 79 + 1.6Ho

(2.14)

2.3.5.2 Calcium Hydride

The use of calcium hydride (CaHs) to destabilise LiBH4 was first investigated by

Yang et al. while testing multiple systems that had previously been identified
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through thermodynamic assessments [51,75]. It was found that the system could
not fully release all of its stored hydrogen, 5.1 out of 11.7 wt%, when held at 400 °C
for 100 h and was not reversible at 350 °C and 150 bar of Hy pressure. CaBg was

formed during the decomposition and a reaction was proposed, equation 2.15.

6LiBH4 + CaHy — CaBg + 6LiH + 10Hs (2.15)

A series of papers [76-78] all investigated the decomposition and reversibility of the
system. Pinkerton et al. were the first to investigate the system and discovered that
adding 0.25 moles of TiClg to the system helped reduce the onset dehydrogenation
temperature to 150 °C with the majority of the Hg released by 350 °C and complete
by 400 °C. CaBg and LiH were formed, as expected, during the decomposition
and reversibility of 9.1 wt% was achieved at 400 °C and 83 bar of Hy. Jin et
al. used a similar system but used less TiClg (0.2 moles) and observed that the
onset temperature had increased slightly to 230 °C. System reversibility of 6 wt%
was also confirmed in this paper with it rehydriding at similar conditions of 400
°C and 100 bar Ho after 20 h. Lim et al. used a different catalyst, NbF5, which
was found to be an improvement over the TiClg systems where 9.1 wt% could be
released by 400 °C and begins at 200 °C. The thermodynamics of the system were
also investigated with a dehydrogenation reaction enthalpy of 56.5 kJ mol 1 and
T(1bar) of 309 °C presented. Lim et al. also investigated the cycling performance

of the system in a later paper [79]. The best reversibility for the system occurred
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Figure 2.4: Hydrogen uptake curves of the 6LiBHy4-CaHs (5 wt% NbF5) system at different

temperatures showing the fastest uptake at 450 °C. [79]

at 450 °C after which 9 wt% Hs was uptaken compared to 8.4 wt% at 500 °C. The
speed of hydrogen uptake is shown in figure 2.4. The system was shown to suffer
from cycling degradation where capacity is reduced from 9 wt% to 6 wt% after 5
cycles owing to the growth of the CaBg crystals. However, NbF5 was found to help
improve the cycling performance by reducing the microstructural coarsening that

occurred after repeated cycles.

2.3.5.3 Other Systems

Jin et al. discovered that cerium hydride (CeHs) could also be used to destabilise

LiBHy, equation 2.16, similarly to CaHs [80]. The system was calculated to have
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a theoretical capacity of 7.39 wt% and experimentally released 6.1 wt% by 430 °C
with dehydrogenation onset occurring at 180 °C. Hydrogenation of this system was
found to proceed at 350 °C and 100 bar of Hy and took 20 h to complete. Mauron
et al. performed a thermodynamic study of this system [81] and calculated that
the reaction enthalpy for dehydrogenation was reduced to 58 + 3 kJ mol !, entropy
reduced to 113 + 4 J K 'mol ! and a T(1 bar) bar of 240 & 32 °C (74, 115 and 370

for pure LiBHy respectively).

6LiBH, + CeHs — 6LiH + CeBg + 10Hs (2.16)

Yttrium hydride is also able to destabilise LiBHy as found by Shim et al. [82]. For
this system to have the destabilisation reaction occur, equation 2.17, a hydrogen
back pressure is required. When decomposing the system under dynamic vacuum
at 350 °C only 2 wt% could be desorbed after 24 hours, but with 3 bar of Ho
back pressure 7.2 wt% is given off at the same temperature and within the same
time frame owing to the microstructural evolution of the dehydrogenation products
formed by a solidliquid reaction. For this system the formation of YB4 was more
stable than YBg, as previously seen with CeHy and CaHg, with rehydrogenation
achieved at 350 °C, 90 bar of Hy pressure and 24 h to react in which 5.2 wt% was

uptaken.

4LiBH4 + YH3 — 4LiH + YB4 + 7.5H> (2.17)
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2.3.6 Complex Hydride Addition

This section will detail the addition of other complex metal hydrides to desta-
bilise LiBH4 with several different metal alanates ("AlH4) and amides (" NHs) dis-

cussed.

2.3.6.1 Alanate Addition

The use of an alanate to decompose LiBHy was first discussed by Jin et al. in
which they found that LiBH4 milled together with lithium alanate (LiAlHy) in a
2:1 ratio, with 3 mol% TiF3, resulted in a destabilised system [80]. Decomposition
was observed to begin at 177 °C and released a total of 7.2 wt% by 387 °C with the
formation of AlB9 observed when left for 4 h at 400°C. During the milling process
was found that the LiAlH4 decomposed leaving behind aluminium to react with
the LiBHy4. Reversibility was found to be possible at 400 °C, 70 bar of Hg and,
after 6 h, 5.2 wt% could be uptaken. Mao et al. investigated this system further
by performing catalytic and thermodynamic studies [83]. The addition of 5 mol%
TiF3 reduced the onset decomposition temperatures of the first and second steps
by 54 and 150 °C respectively. The reaction enthalpy for LiBH, was calculated to
be 60.4 kJ mol ™!, down from 74 kJ mol ™! for pure LiBH,. Reversibility was also

investigated with 4.78 wt% uptaken after 4 h at 600 °C and 40 bar of Hs.

Alternative catalysts for the LiBH4-LiAIH,4 system were proposed with TiCls show-

ing promising results [48,84]. Blanchard et al. found that milling LiBH4 with
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LiAlHy in a 1:3 ratio with 4 mol% TiClg could desorb 7 wt% Hs by 390 °C. Re-
versibility was investigated with a 2.5 wt% uptake at 350 °C and 85 bar but cycling
losses were attributed to the formation of BoHg. Meggouh et al. also used TiClg
as a catalyst but utilised the previously investigated 2:1 ratio between LiBH4 and
LiAlHy [48]. To this system 3 mol% TiCly was added and longer milling times were
used, 4 h, compared to other papers. Onset dehydrogenation occurred at 290 °C
and the dehydrogenation enthalpy was calculated to be 38.2 kJ mol ' with a cor-
responding T(1 bar) of 240-300 °C. Reversibility was superior to previous papers
using TiClg where 77% of the system storage could be reversed when left for 2 h at
350 °C and 85 bar of Ho. This improved reversibility was attributed to the lack of
LiAl formation and is shown in figure 2.5 A reaction for this system, equation 2.18,

would be as follows:

3
2LiBH, + LiAIH, — 2LiBH, + LiH + Al + JHy

9LiBH, + Al — 2LiH + AlB, + gHQ (2.18)

Other alanates studied for the destabilisation of LiBH,4 include sodium alanate,
magnesium alanate and calcium alanate. The use of sodium alanate NaAlHy to
destabilise LiBH, was investigated by Shi et al. in which they milled it together in
1:1, 2:3 and 1:3 ratios (LiBH4 to NaAlH,) with a 4 mol% TiF3 catalyst [85]. The
1:3 doped system showed the best properties in which it was able to decompose 3.9

wt% by 210 °C by following a cation exchange between the two hydrides, equation
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Figure 2.5: Formation of an AlB9 shell prevents the formation of LiAl and allows for easier

regeneration of LiBHy [48]

2.19, after which the formed LiAIH4 decomposes along its traditional decomposition
route. Uptake of 0.6 wt% occurs when reversed at 80 bar and 180 °C but does so
by forming a new product LiNagAlHg, equation 2.20, when an excess of NaAlHy is

used, equation 2.21, and decomposes to form NaH.

LiBH4 + NaAlH, — LiAlH, + NaBH, (2.19)

LiH + 2NaH + Al + gHQ <> LiNagAlHg (2.20)

3NaAlH, — NagAlHg + Al + Hy

NagAlHg — 3NaH + Al + ;HQ (2.21)

Liu et al. investigated the use of magnesium alanate (Mg(AlHy)2) to destabilise
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LiBH4 [86]. The two materials were milled in a 6:1 ratio (LiBH4 to Mg(AlHy)9)
and released 11.8 wt% of Hg after 200 min at 400 °C using a three step reaction
pathway, equation 2.22. Reversibility was also found to be possible for this system
with a 6.4 wt% uptake after 300 min at 400 °C and 30 bar. Products formed from

this included LiBHy4, MgHo and Al

Mg(AlHy)s — MgHs + 2A1 4 3Ho

3 1
MgHs + §A1 — nggAlg + Ho

1 1
6LiBH,4 + §Mg2A13 + §A1 — 6LiH + MgAlB4 + AlBy + 9H» (2.22)

Liu et al. investigated the use of calcium alanate (Ca(AlHy)2) to destabilise LiBHy
[87]. They milled together LiBHy and Ca(AlHy)o in three different molar ratios
(10:1, 6:1 and 2:1) and found that the 6LiBH4:Ca(AlHy)2 system showed the most
promising results with it releasing 8.2 wt% Ho after 35 min at 450 °C. The system
followed a three stage decomposition process in which the Ca(AlHy)o decomposed
first, equation 2.23, after which the LiBHy reacted with the in situ formed compo-
nents, equation 2.24, and finally a reaction between excess CaHy and Al, equation
2.25. Reversibility was found to be possible for this system with the 6:1 system
uptaking 4.5 wt % Hy after 600 min at 450 °C and 40 bar of Hy. Species formed

from this reaction include LiBHy and Ca(BHy)s.
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Ca(AlHy)o — CaHg + 2A1 4 6Ho (2.23)
8LiBH4 + CaHy + Al — 8LiH + CaBg + AlB9 + 13H» (2.24)
CaHy + 4Al — CaAly + Ho (2.25)

2.3.6.2 Amide Addition

This section will deal with the addition of lithium amide (LiNHs) to destabilise
LiBHy4. Aoki et al. were the first to propose this system in which they conducted
first principles calculations and experiments [88]. The enthalpy of decomposition
was calculated to be 23 kJ mol ! (a reduction of 52 kJ mol ! from as-received
LiBHy) and experimentally 7.8 wt% Hs could be desorbed at 249 °C and formed
LisBNs, equation 2.26. Additionally it was observed that upon milling a LigN-BN

compound was formed.

LiBH4 + LiNHo — Li3BNo + 4H»o (2.26)

Pinkerton et al. later found this intermediate compound to be Li3gBN9Hg and that is
was formed upon milling or heating of the two starting materials to 95 °C [89]. This

quaternary hydride was discovered to have an 11.9 wt% theoretical capacity, melt at
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190 °C and decompose above 250 °C. It was also observed that ammonia was also
released during the decomposition (2-3 mol%) and reversibility was not possible
under 80 bar of Ho pressure. Later the same group found that the quaternary
hydride had the structure LiyBN3Hq [90]. They also investigated several different
stoichiometric ratios between the two starting materials and found that the original
1:2 ratio was optimal for both hydrogen release and the suppression of ammonia

formation [91].

The addition of different transition metal catalysts were studied to improve reaction
kinetics and suppress the formation of ammonia. Pinkerton et al. investigated the
use of both palladium (Pd) and platinum (Pt) as catalytic additives [92]. The best
additive level to use was 5 wt% Pd which was able to reduce the onset decomposition
to 150 °C and showed no ammonia formation if the decomposition temperature was
kept below 210 °C. Reversibility was investigated for this system but was shown to
be poor as only 15% of the system’s capacity could be recovered and the formation
of the quaternary hydride or starting materials was not confirmed. Pinkerton et
al. later investigated the use of NiCly as a catalyst for the system [93]. The onset
dehydrogenation temperature using this catalyst was 122 °C and ammonia formation
only occurred at temperatures above 240 °C. Zhang et al. investigated the use of
CoCly-LiH catalyst and found that the system could release 9.6 wt% Hy at 160-
250 °C [94]. With this catalyst, ammonia formation was extremely low with only

80 ppm observed in the decomposition gasses.
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2.4 Kinetic Improvements

2.4.1 Ball-Milling

Ball-milling is a highly energetic process used to produce nano-structured materials
to improve their reaction properties. This technique is inexpensive, simple, widely
applicable and scalable way of forming nano-scale particles (<100 nm) by plastic
deformation or brittle fracture of coarser grains [95]. The reason that ball-milling
is particularly important for hydrogen storage materials is that when they are at
the nano-scale they have significantly more atoms close to grain boundaries as well
as better interfacial mixing of multicomponent systems and catalysts. This allows
the increased diffusion of hydrogen atoms in both hydrogenation and dehydrogena-
tion reactions while also breaking down any oxide layers formed on the hydride’s
surface [96]. Ball-milling has shown to be effective in increasing reactivity in multi-
component systems. It ensures that good mixing of the two components is occurring,
increasing the available reactable surface area of the two components, and causes
surface defects that aid in reaction and ensuring that any catalyst is well dispersed

throughout the sample [30,97].

For MgHs it has been shown that ball-milling can significantly improve its decom-
position properties. Huot et al. investigated the milling of MgH9 and found that
when the material was milled for 2 h the MgHo changed phase to orthorhombic, did

not have its storage capacity reduced but did experience an increase in the specific
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surface area of the material [98]. It was found that the decomposition temperature
was reduced by 64 °C and that the milled material fully desorbed faster at 400 °C
(700s) than the un-milled material could at 425 °C (900s). Hydrogenation was im-
proved with milling where 7.2 wt% could be reversibly uptaken at 300 °C compared
to 6.8 wt% at 400 °C for un-milled MgHs. Reuele et al. investigated the use of
additives milled with MgHs and found that upon milling the MgHs formed a layer
covering the additive with kinetic improvements attributed to the large interface

created between the MgHy and the additive [99].

2.4.2 Catalysis

The early use of catalysts in the improvement of the kinetics of LiBH4 was reported
by Vajo et al. when they used TiCls to improve the kinetics of the 2LiBH4:MgHo
destabilised system [69]. Since then many different LiBHy catalysed systems have
been reported with both pure and destabilised systems investigated. One proposed
mechanism for the catalytic activity is related to reported spillover effect. This
mechanism involves the transport of an active species (hydrogen) formed from one
surface (hydride) onto another surface (catalyst) which does not react with the active

species [100, 101].
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2.4.2.1 Platinum Group Metals

Platinum group metals, such as platinum (Pt), palladium (Pd) and ruthenium (Ru),
have been considered for use as catalysts in both as-received and destabilised sys-
tems. Usually these catalysts are dispersed as nanoparticles in carbon supports and

are loaded from anywhere between 5 and 50 % of the system weight.

Xu et al. investigated the use of both Pt and Pd nanoparticles to enhance the storage
properties of LiBH,4 [102-104]. With Pt supported in a carbon catalyst it was found
that with a 10 wt% loading the onset decomposition temperature was reduced from
420 °C to 280 °C with two major decomposition events occurring before the first one
observed at 485 °C for the as-received material. When loadings were increased up to
50 wt% of the system almost the entire 18.5 wt% Hg stored in the LiBH4 could be
released and this was attributed to the high surface area between the two materials.
Reversibility was investigated with 6.1 wt% reversibly maintained after 30 cycles at
600 °C and 30 bar of Hy over 24 h. LiC was observed to form during decomposition,
in a reaction with the carbon support, while BjgHog and LisPtHg were both formed
during the hydrogenation which helps to explain the lack of capacity by not forming
LiBH4. When graphene was used to support the Pt nanoparticles the properties
were improved further still with only two major decomposition events observed,
instead of three. With the onset decomposition still occurring at 280 °C for the 10
wt% catalyst system. System capacity was observed to be 12.1 wt% (10.7 wt% for

as-received LiBH,4 at same conditions) with BoHg formation found to be suppressed.
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Reversibility was improved with 8.1 wt% maintained after 30 cycles at 400 °C, 30
bar of Hy and 10 h reaction time. The presence of LiBH4 was confirmed after
hydrogenation but also LioB1gHjg. The same group used palladium in the same
conditions as the platinum and discovered that onset decomposition was the same
at 280 °C for the 10 wt% loaded system and that smaller nanoparticles were the
most effective. Reversibility was worse for the palladium system where only 4.3 wt%
was reversible after 4 cycles, at 600 °C, 30 bar of Hy and 24 h, and formed BigHog

instead of LiBHy.

The LiBH4 and MgHy multicomponent system catalysed by the platinum group has
also been investigated. Weng et al. used carbon supported Pd nanoparticles and
found that onset decomposition was reduced from 360 °C to 260 °C with a total
mass loss of 8 wt% possible below 400 °C [105]. Reversibility investigations found
that 7.8 wt% could be reversed at 400 °C and 35 bar after 6 h. With the catalyst
the reaction proceeds in two steps in which initially the MgHo reacts with the Pd
to liberate elemental magnesium, after which the Mg reacts with the LiBH4 to form
magnesium boride. Mao et al. investigated the use of ruthenium to destabilise the
same system [106]. The 2LiBH4:MgHs system was doped with 10 wt% Ru in a
carbon support and reduced the first and second decomposition steps from 360/380
°C to 310/360 °C respectively. A kinetics study of the system demonstrated that at
380 °C, 8.39 wt% could be desorbed after 2 h whereas the uncatalysed system could

only desorb 6.37 wt% in the same period. Reversibility was also improved with a
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7.5 wt% uptake after 8 h (at 500 °C and 40 bar of Hy) versus only a 5.3 wt% uptake
for the uncatalysed system. Cycling capacity experiments for the catalysed system

showed that 7.6 wt% could be maintained over the first three cycles.

2.4.2.2 Nickel

Negene et al. demonstrated that the combination of nano-confinement and the
addition of 3.75 wt% nickel (Ni) was effective in improving the ability to regenerate
LiBH4 [107,108]. When the samples were regenerated under 40 bar Hy at 320
°C for 2 h an uptake of 2.3 wt% was achieved with the addition of the nickel
catalyst compared to just the nano-confinement of the LiBH4. It was discovered
that the elemental nickel did not act as a catalyst during this reaction, however,
but the formation of nickel borides (NixB), formed by a reaction between the nickel
and LiBHy, provided the catalytic effect shown by the system. Evidence for the
formation of nickel borides during the decomposition was further supported with
the observation of NigBg formed when higher levels of nickel were present in the
system. Li et al. reported that with 25 wt% Ni used the decomposition temperature
of the system is reduced from 470 °C to 423 °C with NigB3 a by-product of the
reaction [109]. Regeneration of the LiBHy, performed at 550 °C under 350 bar Hy
for 24 h, demonstrated that the nickel addition allowed 10.8 wt% to be taken up
compared to 4.3 wt% for as-received LiBH4 under the same conditions. Further,

the NiyBg transformed to NigB during the regeneration process but continued to
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provide the same catalytic effect as its precursor. When Xu et al. used graphene
to support the nickel nanoparticles they discovered that decomposition began at
180 °C with the main dehydrogenation peaks occurring at 275 and 465 °C with the
formation of NigBg shown to occur [110]. Reversibility was performed for 10 h at
400 °C and 30 bar of Hy and was shown to maintain a storage capacity of 9.8 wt%
after 30 cycles. Similar to their studies with Pt and Pd, LioBjgH g formed along
with LiBH4 while the NigBg present did not transform into NigB when the nickel

was not supported.

Nickel additives have also been investigated to aid in the decomposition of the
2LiBH4:MgHs destabilised system. Mao et al. investigated the use of two varying
amount of nickel: 0.5 and 0.05 moles stoichiometrically. It was discovered that
nickel was useful in promoting the decomposition of MgHo, in particular, but higher
quantities of nickel were only found to enhance LiBH4 decomposition [111]. The
onset of decomposition for MgHs in the 0.05 Ni system was observed to occur at
310 °C (40 °C lower than the pure system) with a maximum release rate occurring
at 331 °C (34 °C lower) but no change in the LiBH, decomposition temperature was
observed. For the 0.5 Ni system the decomposition of the two hydrides was found to
occur at 313 and 410 °C (52 and 25 °C lower respectively) but this led to a drop in the
hydrogen storage capacity. Upon decomposition it was observed that a tertiary Mg-
Ni-B alloy was formed, prominently in the 0.5 Ni system, which indicates that at low

levels the Mg can act as a catalyst but at higher levels it starts to act as a reactant.
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Reversibility was improved for the system where the Mg-Ni-B alloy was present with
a 5.3 wt% uptake observed after 10 h at 400 °C and 55 bar of Hy pressure compared
to only 4.4 wt% for the pure system. Shao et al. took a different approach and used
pre-made Ni-B catalysts rather than forming them in-situ via a reaction between
the Ni and LiBHy4 [112]. They investigated using the decomposed species (LiH and
MgHs) to improve the re/dehydrogenation properties of the system with 10 wt% of
the system as Ni-B. When hydrogenated at 350 °C under 100 bar Hs it was observed
that 90% of the expected uptake occurred within 2 h compared to almost 4 h for
the undoped system. The formation of LiBH; and MgHo were confirmed by both
XRD and FTIR after hydrogenation. Upon decomposition, at 400 °C and 4 bar
Hs back pressure, the samples would decompose fully within 2 h compared to over
3 h for the system with no nickel addition. The formation of MgNigBo during the
decomposition process was found to encourage further formation of MgHs during
hydrogenation and cycling of the system was observed to reverse up to 9 wt% which

was maintained after 3 cycles.

2.4.2.3 Niobium

It was found that NbOg could improve the hydrogen storage properties of MgHso
[113,114] which led to Fan et al. investigating its use in the 2LiBH4:MgHy system
[115]. They discovered that a NboOg dopant in the system allowed 6-8 wt% Hy to be

released below 400 °C and an uptake of 5-6 wt% at the same temperature under 19
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bar Hg after 4 h. During decomposition NbHg was formed but the expected MgBo
was observed below 400 °C. Cycling was studied with 5.16 wt% maintained after
3 cycles. Xiao et al. conducted studies using a 5 mol% NbFj catalyst [116,117].
It was observed that 8.1 wt% Hs could be released below 450 °C with an almost
complete reaction of the system taking place. Only LiH and MgBo were observed
in post decomposition XRD. Reversibility was later investigated and found to be
promising with 8.5 wt% taken up within 15 minutes at 400 °C under 65 bar of Hg
pressure. Cycling was similarly good with an average capacity of 8.97 wt% Hy over
15 cycles. The improvement in properties between NbOs and NbF5 was confirmed
by Sabitu et al. when they demonstrated that the use of the NbF5 catalyst could
encourage an 80 % decomposition of the system after 6 min compared to 20 min
using the NbOj catalyst and 30 min for the pure system [118]. Mao et al. noted
that the formation of LioB19Hi9 during decomposition was suppressed when using

the NbF5 catalyst [119].
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2.5 Confinement of Lithium Borohydride

A more recent method of improving the hydrogen storage properties of LiBHy is to
use a process called confinement in which the kinetics and/or thermodynamics of the
system can be improved. It was first proposed by Vajo et al. that the confinement of
LiBH4 at the nano scale could improve the reaction kinetics for the destabilisation
of complex metal hydrides which are poor owing to their directional ionic/covalent
bonding [120]. These poor kinetics are further hampered in thermodynamically
tuned systems by the low temperatures utilised as well as the interaction between
different species. For their experiments they limited particle size, to reduce diffusion
distance, by confining the LiBHy4 in a carbon aerogel and found that the decompo-
sition temperature could be reduced by 100 °C. Zhang et al. similarly found that
mesoporous carbon could be used to nano-confine LiBH4 in which both the ther-
modynamics and the kinetics were improved [121]. For this system the reaction
enthalpy was reduced to 40 kJ mol ' and 3 wt% could be desorbed by 350 °C. An-
other benefit of using confinement was that little melting of the LiBH4 was observed

with some LigCs formed during the decomposition.

It was noted by Vajo et al. that pore size was an important factor in improving the
hydrogen storage properties of the confined LiBHy and later research investigated
the use of pores as smal as 2 nm [122-125]. Gross et al. continued the aerogel
research conducted by Vajo et al. and observed a difference between the 13 and

25 nm pore sizes [122]. It was discovered that reducing the pore size and, thus the
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particle size of the LiBHy, is able to improve the storage properties. The system
with the 13 nm pore size system showed a lower activation energy than the one
with 25 nm (103 vs 111 kJ mol 1) and a faster decomposition rate (12.5 vs 7.8 wt%
h’l). Fang et al. used LiBH4 chemically injected into activated carbon, with a pore
size between 1.7 and 3.2 nm, and found that the onset decomposition temperature
was reduced to 220 °C [123]. For this system the decomposition rate was increased
to 9 wt% h! and reversibility partially possible with a 6.6 wt% uptake at 300 °C
and 50 bar of Hy pressure. Cahen et al. used mesoporous carbon, pore size of 4
nm, and chemically injected the LiBH4 [124]. For this system 3.4 wt% was released
within 90 minutes at 300 °C with no intermediate compounds formed during the
decomposition. Liu et al. used the smallest pore sizes, 2 nm columnar pores, formed
from hard carbon during an evaporation self assembly mechanism [125]. This system
showed no phase change, usually associated with LiBH4 at 100 °C, and the onset
decomposition temperature was reduced to 220 °C. Other benefits of this system
were that diborane formation was suppressed from 10 9 Torr to zero, as was the

melting of the LiBHy4.

As well as using inert carbon to confine LiBHy, activated confinement materials have
also been considered to offer a catalytic effect while reducing particle size. The use
of titanium dioxide (TiO2) has been of particular interest with it used in a meso-
porous form, tubular and impregnated into a carbon environment [126-128]. Guo

et al. first reported the use of TiO9 as the confinement medium where they investi-
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gated it as a mesoporous material [126] . When LiBH, was chemically injected into
the mesoporous TiO9 the onset decomposition temperature was reduced to 220 °C
and peak decomposition was found to occur at 330 °C. Up to 11 wt% was desorbed
after 3 h but there was some interaction between the TiO9 and LiBH4 forming
lithium titanates which have been shown to be irreversible. Liu et al. used TiO9
micro-tubes as the confinement medium and investigated different weight loadings
between LiBHy and TiO9 [129]. For the LiBH4:2TiO9 system the onset decomposi-
tion temperature is reduced further still to 180 °C and the activation energy for the
decomposition was reduced to 122 kJ mol 1 down from 146 kJ mol ™ for bulk LiBHy4.
The LiBH4:3TiO9 system caused an onset decomposition temperature of less than
100 °C but similar to the mesoporous TiO9 lithium titanates were formed. Zhao
et al. used TiOg but impregnated it into a carbon aerogel along with nickel [128].
They found that the two materials in combination helped to release 6.75 wt% Hso
in 120 min at 350 °C and could reduce the activation energy to 118.8 kJ mol 1.
However this again showed a reaction between the LiBH4 and TiO9 to form lithium

titanates.

Destabilised systems have also been investigated for confinement with the 2LiBH4:MgHo
system being the most reported. Nielsen et al. first reported the use of the nano-
confined 2LiBH4:MgH9 system where they confined the system in an aerogel with
21 nm pores [130]. They discovered that 4.3 wt% Hy could be desorbed at 260-470

°C, close to the maximum capacity of the system. Kinetically the system released
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3.9 wt% Hs after 20 h at 390 °C and at 320 °C 74% of the system hydrogen was
liberated compared to 26% for the bulk material. Reversibility was investigated with
92% of the system capacity maintained after 3 cycles. Gosalawit-Utke et al. investi-
gated the system confined in aerogels but with larger pores of 31 nm [131,132]. They
found that 90% of the stored hydrogen could be liberated at 425 °C vs 34% for the
bulk material and that the decomposition occurred in a single step. Decomposition
started at 250 °C and finished by 400 °C. Reversibility was found to be similar to
the Nielsen paper with 3.6 wt% preserved after 4 cycles at 425 °C and 130 bar Hs.
Wang et al. later reported that when using mesoporous carbon, with pore sizes of
3.5-6 mm, the reversibility of the system was significantly worse [133]. After 3 cycles
the relative storage capacity (only taking into account the hydride capacity not sys-
tem total) had dropped from 10 wt% to 7 wt%. The author attributed this to the

two components decomposing separately from each other and not in one step.

2.6 Summary

This literature review has focused on the solid-state storage of hydrogen using the
complex metal hydride lithium borohydride. To assess whether a lithium borohy-
dride storage system can meet the DOE’s targets properties, such as decomposition
temperature, weight capacity and regeneration conditions, were reported and ways
to improve these were discussed. While lithium borohydride has an intrinsically high

storage capacity its other aspects make it a poor hydrogen storage material such as a
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high decomposition temperature and poor reversibility. Currently no modified sys-
tem has achieved all of the DOE targets, table 1.2, where usually the improvements
in reversibility and decomposition come at the expense of the storage capacity of
the system and these previously studied systems have been summarised in table 2.1.
The aim of this research will be to explores methods for the improvement of the
dehydrogenation and hydrogenation of LiBHy in the solid state while also improv-
ing the storage capacity by exploring nickel based additions to form nickel borides,
silicon to form either borides or silicides and alternative transition elements to nickel

as stated in the aims and objectives on page 32, section 1.4.
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Chapter 3

Methodology

3.1 Introduction

This chapter will deal with the experimental techniques used in both sample prepa-
ration and material characterisation. Section 3.2 will detail the starting materials
and how they were prepared for characterisation. Section 3.3 will cover the mate-
rials characterisation broken down into the thermal analysis of samples, structural

analysis, hydrogen uptake and scanning electron microscopy.

80
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Table 3.1: As-recieved materials used.

Material Purity Supplier

LiBH, >95 % Sigma Aldrich
Calcium 929 % Sigma Aldrich
Nickel 99.9 % Sigma Aldrich
Nano-nickel 99 % Sigma Aldrich

Silicon 99.999 % Alpha Aeser
Titanium Flouride N/A Sigma Aldrich
Iron 99 % Sigma Aldrich
Cobalt 99.9 % Sigma Aldrich

3.2 Sample Preperation

All samples, listed in table 3.1, were handled and stored inside an MBRAUN Unilab
argon filled glove box, to owing to their sensitivity to oxygen and water. The
oxygen and moisture levels in the glove box were maintained at less than 0.1 ppm
and samples were weighed on a Sartorius CP225D-OCE micro-balance (accuracy

0.01 mg).

Synthesis of CaNis alloy started with nickel powder (99.9%, 150m, Sigma Aldrich)
and calcium granules (99%, Sigma Aldrich) being measured in a 5:1 molar ratio, for

a total mass of 18g, and mixed by agitation. The mixture was loaded into a 22 mm
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die and pressed using a Moore hydraulic press at 240 MPa. The resulting pellet was

melted using the cold crucible section of an Induction Cold Crucible PSI Hermiga

Gas Powder Atomiser, at 450V, for 30 seconds.

For ball milling, samples of 1-2 g were loaded into stainless steel mill pots (volume

of 80cm3) with the lid sealed by a PTFE ring. Electrical tape was used to secure the

lid to the pot and to also prevent the ingress of air into the pot. Milling conditions

for the different systems are detailed in table 3.2.

Table 3.2: Milling conditions for different systems.

Ball-to-Powder

System RPM Milling Time
Ratio
2LiBH4:CaNi5 80:1 400 3 hours
LiBH4:xNi 80:1 400 3 hours
1,4,5 hours (5 hours
xLiBH,4:ySi:zTiFg 60:1 400 includes 1 hour of
soft milling)
LiBH4:xCo 80:1 400 3 hours
LiBHy:xFe 80:1 400 3 hours

Milling conditions for the nickel, iron and cobalt systems were chosen owing to

previous studies using CaNis showed that 3 hours of ball-milling to be effective in

providing sufficient mixing of the two components to encourage the reaction between
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the two components. Milling for the silicon systems was increased from 1 an initial
one hour milling to four hours to enhance the systems kinetics to increase the pos-
sibility of a reaction occurring. An extra hour soft milling to total five hours was
also used owing to studies by Abbas et al. demonstrating that it was effective in

enhancing the reaction between LiH and germanium.

3.3 Sample Characterisation

3.3.1 Thermal Analysis
3.3.1.1 Differential Scanning Calorimetry(DSC)

Different scanning calorimetry (DSC) is the thermoanaytical technique in which
changes in a sample’s state are determined by the difference in the amount of heat
required to raise its temperature compared to an inert reference material. For exam-
ple when a material starts to melt it requires more energy to be put in as the phase
change, from solid to liquid, is endothermic . This change is seen on the DSC curve
as a peak in the endothermic direction. The type of DSC used in these experiments
is a heat flux DSC with a disc-type measuring system. This set-up uses two mea-
suring discs symmetrical to the centre of the furnace with sensors integrated into
the discs which cover the area under the sample holder. When the furnace is heated

heat flows to the sample and reference material the initial differential temperature



CHAPTER 3. METHODOLOGY 84

furnace

sample reference

Figure 3.1: Scheme showing the heat flux type DSC used. [136]

signal is zero. Once the heat causes a change to the steady-state equilibrium in the
sample then a differential signal is generated proportional to the difference between
the heat flow rates of the sample and reference material [135]. A schematic showing

demonstrating the configuration of a heat flux DSC is shown in figure 3.1 [136].

For this work DSC analysis was used to identify decomposition events occurring as
the multi-component systems were heated using a set ramp rate. Events expected
to occur as LiBHy is heated include the endotherms for the phase change from
orthorhombic to hexagonal, the melting of the LiBH4 and finally its decomposition.
For the multi-component systems any changes to the temperature at which peaks
occur, loss of these peaks or new peaks appearing could all indicate a reaction
between the LiBH4 and a secondary component. DSC is also used closely alongside

Thermogravimetric analysis (TGA) to correlate mass loss to peaks occurring on the

DSC data.

DSC Analysis was performed on a Netzsch 204 HP Phoenix. Samples were prepared

in an argon filled glove box where the materials were weighed into alumina crucibles
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and sealed within an aluminium pan and lid. The sample was then transferred to
the DSC and the aluminium lid was pierced immediately before placing it inside the
DSC chamber. Once the chamber was sealed it was flushed 3 times with argon gas
(BOC, purity N6.0) after which an argon flow was applied at 100 ml™' under 1 bar of
absolute pressure. Samples were decomposed under a heating profile, unless stated
otherwise, of a temperature ramp of 30-585°C at 10°C min !. After decomposition,
samples were either removed back to the glove box for further analysis or disposed
off. Data analysis of samples was performed on Netzsch Proteus Thermal Analysis

software version 4.8.5 (17.06.2009).

3.3.1.2 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is another thermoanaytical technique which is
able to see changes in a sample by measuring the weight loss or gain of the sample
as it is heated. TGA is a useful technique for the analysis of complex metal hydride
storage materials because the primary weight loss usually corresponds to the release
of hydrogen from the sample. This technique, in combination with DSC and end
product analysis (from XRD or FTIR), can elucidate the reaction pathway as well as
the storage capacity of the system. Keeping the decomposition in the solid-state is a
key property for using these materials for on-board hydrogen storage so maximising
decomposition at temperatures lower than 300°C was prioritised. The TGA analysis

here uses a single-sided, isolated balance system, shown in figure 3.2, which means
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Figure 3.2: Scheme showing the isolated balance away from the sample in the furnace in the

TGA. [137].

that a buoyancy test is needed owing to the two different environments the sample

and balance are in [137].

TGA analysis was performed on a Netzsch 209 F1 Iris apparatus. Before testing a
buoyancy run was performed on the machine using an empty alumina crucible with
aluminium pan and lid to provide a correction factor for the separate environments.
The apparatus is able to perform an automatic evacuation cycle in which the sample
chamber is flushed with argon and vacuumed down prior to any testing performed.
A typical TGA measurement begins with a 30 minute isothermal step to allow the
balance to stabilise followed by the same heating profile as the DSC measurements
to allow direct comparison between the two. Samples were either disposed of or

returned to the glove box and data analysis was performed on the Proteus Thermal
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Analysis software. For simplicity any mass losses are assumed to be from the release
of hydrogen with any other possible species liberated to be investigated in future

experiments.

3.3.2 Structural Analysis

3.3.2.1 X-Ray Diffraction

Powder X-Ray diffraction (XRD) is a structural analysis technique that uses X-rays
to probe the crystal structure of a material. XRD operates by scattering X-rays off
of the electrons in the ordered, crystal structure of a material and measuring the
intensity of the resultant x-rays. The regular array of atoms in the crystal structure
produces spherical waves and while the majority of these waves are cancelled out
from destructive interference while at particular angles constructive interference

occurs and is determined by Bragg’s law seen in equation 3.1 [138].

2dsinf = nA\ (3.1)

Here d is the spacing between diffraction planes, 6 is the angle of the diffracted

X-ray, A is the wavelength of the wave and n is any positive integer.

For this research XRD has been used to identify the phases present in as-received,
post-milling and post-decomposition samples. For as-received samples the main ob-

servations are to determine the locations of expected peaks later on such as LiBHy
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Figure 3.3: Schematic showing the scattering of X-rays by atoms in a crystal structure. Amended

from [138].

and the metallic additions to the system. Post-milling samples are observed to deter-
mine that the peaks seen during the as-received samples are still present and to deter-
mine if any new species have formed during the milling. Finally post-decomposition
data is collected to determine if an expected species has formed which would con-
firm a thermodynamic reaction such as a metal boride. Expected species to form,
from the metallic species being added, include nickel borides, silicon borides, lithium

silicides, iron borides and cobalt borides.

Powder XRD was performed using a Bruker D8 Advanced XRD. Samples were
loaded onto a silicon wafer and covered with an amorphous polymer tape to protect
against exposure to the atmosphere. This polymer tape, however, results in an
amorphous hump to be present on all samples in the 260 region of 10-30 °. Data
was collected in the 20 range of 10-80 © in intervals of 0.05 © with a dwell time of
4s. A CuKa source (A = 1.5418 A) was used at 40 kV and 40 mA with a 0.6

mm exit slit. Samples were rotated during the experiment to improve measurement
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statistics. Data analysis was performed using the EVA software by Bruker and
indexed using diffraction data from the ICSD database. XRD was performed on all
samples including raw materials, as-milled materials, post-DSC samples and other

post-experiment samples.

3.3.2.2 Neutron Diffraction

Powder neutron diffraction (PND) is a technique that is similar to X-ray diffraction
where use of neutrons are used instead of X-rays. Neutrons have an advantage over
X-rays owing to their null magnetic charge which means they do not interact with the
electrons in atoms. This means that lighter elements, such as boron and lithium, can
be more easily detected as the neutrons are not scattered from the electron clouds
and instead scattered from the nuclei. Unfortunately for neutron diffraction studies
isotropically enriched, deuterium based versions of materials are required owing to
the large incoherent cross-section of 80.3 barns for hydrogen compared to that of

deuterium of 5.6 barns [139].

For this work PND has been used to gain information on the decomposition of LiBHy
systems that XRD cannot. Owing to the ability of PND to more easily detect light
elements the tracking of the different states of LiBH,4, and other elements present,
during in-situ testing. PND has been used to observe the phase change of LiBHy,

melting of LiBH4 and when it reacts with its secondary component.

Neutron differaction experiments were carried out on the D1B instrument at the
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Figure 3.4: Schematic showing layout of the D1B instrument used for neutron diffraction

experiments [140].

ILL neutron facility in Grenoble, France. The D1B instrument, shown in figure
3.4, is a two-axis powder diffractometer that is able to produce a high neutron
flux of 6.5 x10% n em™2 s7! using a pyrolytic graphite monochromator to produce
a wavelength of 2.52 A. The samples of 2'Lil'!BD, : CaNis and 27Lil'BD,:2Ni
(2 grams) were loaded into a 316 L stainless steel vessel inside of a glove box. A
large sample size is needed to provide sufficient signal to the detectors such that
a pattern can be achieved in 5 min with a reasonable signal to noise ratio. The

L and

sample was exposed to different conditions including ramp rates of 1°C min~
isothermal steps, where the sample was either exposed to vacuum or deuterium up

to 85 bar of pressure and data was collected in 5 minute time intervals. Pressure

above the sample was monitored to determine if deuterium was released during
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decomposition and an increase in pressure above the sample was assumed to be
solely from released deuterium for these experiments. Data analysis was performed
on the Large Array Manipulation Program (LAMP) which was designed by the ILL
facility to read and display the large amount of data generated during the neutron

diffraction experiments.

3.3.2.3 Fourier Transfer Infra-Red Spectroscopy

Fourier transform infra-red spectroscopy (FTIR) is a technique that probes a materi-
als structure by measuring the amount of absorbed of transmitted IR radiation from
a sample over a wide range of wavelengths very quickly. FTIR is able to perform
its scanning rapidly by firstly combining many different frequencies of light, using
an interferometer, to create an interferogram which is shone at the sample. The in-
cident interferogram is then collected and processed using a mathematical formula,
called a Fourier transform, which is able to convert it from an intensity-vs.-time

spectrum into an intensity-vs.-frequency spectrum [141].

The specific FTIR technique used in this work is diffuse reflectance infra-red Fourier
transform spectroscopy (DRIFTS) in which IR light is reflected off of a powdered
sample, with an uneven surface, and collected by using ellipsoid or parabolic mir-
rors to focus the incident beams, see figure 3.5. When using DRIFTS, samples are
often diluted using a non-absorbent material, such as potassium bromide (KBr), if

they are too absorbent. Commonly DRIFTS spectra are plotted as Kubelka-Munk
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Figure 3.5: Schematic showing the collection of IR radiation produced during DRIFTS. Amended

from [143].

vs wavenumber, where Kubelka-Munk is a conversion factor used because DRIFTS
bands are stronger than traditional reflectance bands. Kubleka-Munk (K/M) func-
tion is derived from the absorption (K) and scattering (S) coefficients of a material
and allows the calculation of the diffuse reflectance (R ), equation 3.2, or is more

simply displayed as the K/M transform, equation 3.3 [142,143].

K K K
Roc =143 - §<2+§> (3.2)
S 2R« '

Owing to the covalent nature of the boron-hydrogen bonding in the anion FTIR can
be used to determine the presence, or lack-of, LiBH4 in a sample. FTIR was used to

determine if decomposition of LiBH4 has occurred for the multi-component systems
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while also providing the best proof of its reformation after reversibility studies owing
to XRD being poor in observing it when mixed with large amount of heavy elements

such as nickel, iron or cobalt.

Diffuse reflectance infra-red fourier transform spectroscopy (DRIFTS) was carried
out on a Bruker Tensor 27 using a sealed Pike environment cell (HC-900) with a
DiffusIR accessory. Samples were mixed in a 1:5 ratio with potassium bromide, using
a mortar and pestle, to dilute the sample. The sample was then loaded into a crucible
and sealed inside of the environment cell. Spectra were recorded by scanning for 10

minutes after a KBr background scan had been recorded for the same time.

3.3.3 Hydrogen Uptake Analysis

Hydrogen uptake was measured using a Sieverts apparatus which is a piece of equip-
ment that allows the study of the hydrogen uptake capacity of hydrogen storage
materials using volumetric methods. A Sieverts apparatus is usually a bespoke set-
up, that varies from lab-to-lab, in which the uptake or release of hydrogen from a
sample is measured by the change of pressure when the vessel is exposed to a volume
calibrated manifold. The change in the hydrogen pressure during (de)hydrogenation
allows the construction of a pressure composition isotherm (PCI) plots which plots
the resultant pressure against the calculated weight capacity of the system [144]. A

diagram of a typical Sieverts apparatus is presented in figure 3.6.

All PCI experiments are carried out at a set temperature and begin with the Vi ef
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Figure 3.6: Schematic showing the basic set up of a Sieverts apparatus. [144]

cell being filled with a known quantity of hydrogen while being sealed from the V..
using valve S. Once the valve is opened the sample in V. will either release or
absorb hydrogen until an equilibrium pressure is reached with the V... This is
repeated in a step wise fashion over a series of measurements to construct the PCI

plot.

A PCI plot is made up of several phases and a stylised PCI plot is shown in figure

3.7. At the beginning of the experiment the material is the alpha phase and very

H, pressure

H, content (wt.%)

Figure 3.7: Schematic showing a stylised PCI plot where A is the plateau pressure of the

hydrogen storage material. [45]
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Figure 3.8: Schematic showing the formation of a van’t Hoff plot. [146]

little hydrogen is being absorbed by the sample so the equilibrium pressure rises
sharply. When the material is saturated with hydrogen a secondary beta phase
begins to form which results in a null-rise in pressure, or a plateau, with point A on
the graph representing the material’s plateau pressure. Once the material has fully
converted to the beta phase the weight capacity for the material has been reached

and the equilibrium pressure again rises sharply [45,145].

By performing these PCI measurements at different temperatures a van’t Hoff plot
can be constructed by plotting the natural logarithm of the pressures (In(peq))
against 1/T, shown in figure 3.8. Using the van’t Hoff equation, equation 3.4, which
is derived from two equations for Gibbs free energy, equations 3.5 and 3.6 , the change

in entropy (AS) and enthalpy (AH) for the system can be calculated [145].

AH AS
ln(peq/peqo) “RT R (3.4)
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AG = AH-TAS (3.5)

AG = -RTInpg, (3.6)

3.3.4 Scanning Electron Microscopy Analysis

Scanning electron microscopy (SEM) is a versatile experimental technique used in
the analysis of the microstructure of solid objects. The reason that SEM is so
widely used is that it’s resolution is high with top-end research instruments able to
achieve 1nm (10 A) resolution. When an electron beam strikes a sample it produces
two types of signals used to produce an image: secondary electrons (SE) and back
scattered electrons (BSE). These produced electrons are collected by a detector,
off to one-side of the sample, with the sample often tilted towards it. These two
types of produced electrons arise owing to different interactions the sample. When
elastic scattering occurs when the electron trajectory is changed, but no kinetic
energy is lost, this produces BSE. Inelastic scattering results in a change of energy
between the two species and thus the secondary electrons are generated. During
the interaction of electrons with the material’s surface X-rays are also produced
which allow for a technique known as energy-dispersive X-ray spectroscopy (EDX)
to be carried out. EDX is able to determine the elements present in the sample by

analysing the produced X-rays from the electron bombardment and matching them
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to their known spectrum [147].

SEM and EDX was used in this work to identify mechanistic properties of the multi-
component systems. SEM images were used to identify particles that appeared
to contain a mix of two components after which EDX was used to determine the
elemental composition of selected areas. Samples were compared between as-milled
and those which had been decomposed to determine when mixing and a reaction

between the two components has occurred.

SEM experiments were conducted on a Philips XL30 instrument. Samples were pre-
pared inside the glove box where a sticky carbon tab was fixed to an aluminium stub.
The sample powder was then either lightly pressed onto the tab or scattered over to
achieve either a dense or dispersed distribution. Samples were not coated, to achieve
maximum signal in the SEM, and were sealed inside glass vials during transfer to the
SEM. When ready to be analysed samples were removed and immediately placed
inside the SEM chamber to pump down and prevent excessive oxidation. Scans were

taken at 20 kV and using a spot size of 4.
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Results

4.1 Lithium Borohydride As-received

The characterisation of as-received lithium borohydride (LiBHy) is necessary to
compare it against the multi-component systems. Figure 4.1 shows the FTIR data
for as-received LiBH4. The three peaks observed between 1000 and 1300 cm
correspond the bending of the B-H bonds in the [BHy4| anion and the three peaks
between 2200 and 2400 cm ! correspond to B-H stretching [148]. The single peak
at 1630 cm™! corresponds to water contamination in the air. Figure 4.2 shows the
XRD data for as-received LiBH4. The four most intense peaks observed for LiBHy4

are observed at 17.8, 23.8, 24.7 and 26.9 °.

98
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Figure 4.1: FTIR data for as-received LiBHy4.
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Figure 4.2: XRD data for as-received LiBHy4.

80

99



CHAPTER 4. RESULTS 100

-
=)
!

r 100

-
=)
1

— TGA

=
]
1

=
S
1

a
™
1

-
N
h

-
=y
1

95

=
o
1

(2,) sso1 ssey

90

Heat Flow (mW/mg)

4 0o AN W A o o N ® ©
: ) h 3 i 1 i A f i

T T T T T 85
100 200 300 400 500 600

Temperature (°C)

=]

Figure 4.3: TGA and DSC data for as-received LiBH, heated to 585°C at 10 °C min ™.

Figure 4.3 shows the TGA and DSC data for as-received LiBHy. On the DSC
curve a peak is first observed at 120 °C corresponding to the phase change between
orthorhombic and hexagonal phase structure. The peak at 300 °C corresponds to
the melting of the LiBH,4 and occurs at the same time as a 1 % mass loss on the TGA
curve. A large, broad peak is next seen between 400 and 520 °C and corresponds to
the main decomposition of the LiBH, and matches the primary mass loss occurring

on the TGA curve at the same time. Total mass loss observed by 585 °C is 14%.
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4.2 Lithium borohydride and nickel systems

4.2.1 Introduction

In this work the use of elemental nickel was milled with LiBH4 in similar ratios
to compare against the use of a CaNiy alloy. A ratio of 1:3 LiBH4 to nickel was
used to investigate a more nickel rich system, a 1:2 ratio for a more nickel lean
system, a 1:2.5 system to match that of the use of CaNiz and a 1:1 system to
see whether stoichiometries between that of CaNis and previous elemental nickel
research were viable. The systems and their theoretical capacities are summarised

in table 4.1.

Table 4.1: LiBH4:xNi systems used.

Theoretical Storage Capacity (LiH

System
Formation)
9LiBH,:CaNis 1.6
LiBH4:3Ni 1.53
LiBH4:2.5Ni 1.79
LiBH4:2Ni 2.175

LiBH4:Ni 3.75




CHAPTER 4. RESULTS 102

4.2.2 Use of Calcium Nickel Alloy

The use of a calcium nickel alloy (CaNiy) is effective in reducing the decomposition
temperature of lithium borohydride (LiBH4). Figure 4.4 shows the DSC and TGA
data for the 2LiBH4:CaNiy system. From the TGA data it can be seen that onset
decomposition for this system is observed at 100°C with the majority of the decom-
position finished by 200°C. After 200 °C some decomposition still occurs, but at a
much slower rate, with a total mass loss of 1.4 wt% by 585°C. On the DSC curve
the decomposition event seen on the TGA corresponds to a small, broad exotherm
at 200-220°C. Another two events occur at 500°C and 580°C, with the endotherm

at 580°C attributed to the small mass loss at the end of the decomposition.

I 100.0

99.5

Heat Flow (mW/mg)
(%) sso sse

99.0

-3 T T T T T 98.5
0 100 200 300 400 500 600

Temperature (°C)

Figure 4.4: TGA and DSC data for the 2LiBH4:CaNis system heated to 585°C at 10 °C min !,

Dotted box indicates all decomposition occurring below 300°C.
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Figure 4.5 shows the TGA and DSC for the 2LiBH4:CaNi5 system compared to that
of as-received LiBHy4. The TGA data has been converted to show the percentage of
stored hydrogen released during decomposition owing to the large difference in the
mass losses between the two systems (1.4% vs 14%), making it difficult to compare
them. From the TGA data it can be seen that the majority of the released hydrogen
(60%) for the 2LiBH,4:CaNiy system is shown to release by 200°C compared to that
of 500°C for the as-received system. The DSC data for 2LiBH4:CaNis also lacks
two distinguishing features of the as-received system: the phase change at 120°C
and the melting of LiBHy4 at 300°C. The lack of evidence for melting of the LiBHy
is encouraging as it implies that the reaction has been completely carried out in the

solid state.

Figure 4.6 shows the powder neutron diffraction (PND) data for the 2LiBD,4:CaNis
system. PND was used to confirm the decomposition pathway for the system where
the phase change was observed to occur at 162°C, the LiBD4 was found to have
fully decomposed by 192°C and nickel borides were found to have formed by 202°C.
Evidence for the reversibility of the system was observed, when deuteriding the
system at 192°C and 80 bar of Do, where a small LiBD,4 peak started to form. The

proposed reaction for this system is presented in equation 4.1 below:

2LiBH, + CaNis — NigB + NigB + CaHs + 2LiH + 3Hs (4.1)
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Figure 4.5: TGA and DSC data for the as-received LiBHy and 2LiBH4:CaNig systems heated to
585°C at 10 °C min~'. TGA data has been converted from mass loss to percentage of hydrogen
liberated from system to more easily compare two systems.
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Figure 4.6: PND data for the 2LiBD4:CaNig system.
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Figure 4.7: XRD data for as-received micro-scale nickel and nano-scale nickel.

4.2.3 Use of Nickel

4.2.3.1 As-received Materials

Figure 4.15 shows the XRD data for as-received nickel at both the micro-scale and

nano-scale. On the XRD data three peaks can be seen at 45, 52 and 76 °.

4.2.3.2 Varying Nickel Content

Figure 4.8 shows the X-ray diffraction (XRD) data for the four different nickel
systems post-milling. It can be seen that for the Ni system that the nickel peaks

are strong and sharp whereas for the the 2, 2.5 and 3 Ni systems they become
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Figure 4.8: XRD data for the four different nickel containing systems post-milling.

less intense and more broad with increasing nickel content. For the 2, 2.5 and 3 Ni
systems a small broad peak is observed at 49° corresponding to NigB. This indicates
that some decomposition has occurred during the milling process that becomes more
apparent with increased nickel content. On the 3 Ni system a second NigB peak is
also observed at 39°. LiBHy is difficult to observe on all of the data owing to its
poor X-ray scattering cross-section but some evidence is seen on the 1:1 system with

increasing nickel content obscures the peaks further.

Figure 4.9 shows the DSC data for the four different nickel systems. Each system
shows the LiBHy phase change from orthorhombic to hexagonal at 120°C. The three

systems with the highest nickel content, 3, 2.5 and 2 Ni, each show a broad decompo-
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Figure 4.9: DSC data for the four different nickel containing systems heated to 585°C at 10 °C

min~!.

sition endotherm starting at 160°C and finishing at 280, 300 and 320°C respectively.
For each of these systems the melting of the LiBHy is still observed but with a less
intense peak than that of as-received LiBH4 and usually downshifted compared to
the temperature it should occur at, 295°C. The 2.5 and 2 Ni systems also show an
exotherm at 460°C which is attributed to a stoichiometric rearrangement and forma-
tion of NigB species seen on XRDs, figures 4.12 & 4.13. The Ni system is unique in
which, although similar endotherms corresponding to decomposition and a melting
are still observed below 300°C, it shows large, broad decomposition endotherms at

380°C and 570°C corresponding to further decomposition.
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Figure 4.10: TGA data for the four different nickel containing systems heated to 585°C at 10 °C

min~!. Dotted box indicates all decomposition occurring below 300°C.

Figure 4.10 shows the TGA data for the four nickel systems. For the Ni system onset
decomposition is observed at 200°C with an increase in the rate of decomposition
occurring at 260°C. Decomposition for this system slows by 400°C but increases
again at 500°C until the end of the reaction. For the other three systems onset
decomposition is observed at 140°C and then proceeds rapidly for each system until
260, 280 and 300°C for the 3, 2.5 and 2 Ni systems respectively. After this primary
decomposition the systems continue to decompose slowly until the end of the reaction
at 585 °C. For the 1, 2, 2.5 and 3 Ni systems the total mass loss by 585°C were

4.5, 2.3, 1.6 and 1.3 wt% respectively and by 300°C, the solid-state temperature of



CHAPTER 4. RESULTS 109

H LiBH
— At 585°C Ni
— At 300°C o9 Ni,B
— As-Milled ¢ NisB
® LiH
& Ni B,
¥ NiB
)
s
> ¢
G W & e
[ o
§ .
£
W N
m __J\s_
it p s Py 2 % A )

26 ()

Figure 4.11: FEz-situ XRD data for the Ni system showing different stages of the system’s

decomposition.

LiBHy, 1.6, 2.1, 1.4 and 1.1 wt% respectively.

Figure 4.11 shows the ex-situ XRD data for the Ni system. Post-milling the primary
species observed is nickel with weak LiBH,4 peaks also seen. Upon heating to 300 °C
nickel is still the primary species observed but the peaks are weaker. Other peaks
are observed but not distinct enough to identify. By 585 °C the nickel species is no
longer observed but is instead replaced by several nickel boride species. The stoi-

chiometrically expected species NiB is observed but also NigB, NigB, NiyBs.

Figure 4.12 shows the ex-situ XRD data for the 2Ni system. Post-milling the pri-

mary species observed is nickel with a trace amount of NigB formed during milling.
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Figure 4.12: Fz-situ XRD data for the 2Ni system showing different stages of the system’s

decomposition.

By 300°C the primary species is still nickel but after decomposition NigB has be-
come the second most intense species. Some NigB is observed but these peaks are
either weak or overlapping with NigB peaks. LiH is visible but has weak peaks
similarly to LiBH4. By 585°C the primary species now observed is NigB. This is
attributed to a stoichiometric rearrangement occurring at 470°C, observed on the
DSC data, where the NigB species react with the remaining nickel to form the more
stoichiometrically favourable species. NigB and LiH species are still observed but
are very weak compared to the primary species and no nickel is observed indicating

a complete reaction.

Figure 4.13 shows the ez-situ XRD data for the 2.5Ni system. Post-milling the
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Figure 4.13: Ez-situ XRD data for the 2.5Ni system showing different stages of the system’s

decomposition.

primary species is nickel with trace amounts of NigB formed during the milling
process. Once heated to 300°C the primary species observed is still nickel but now
Ni3B is present, shown by multiple peaks. By 585°C the nickel peaks are no longer
observed and the primary species is now a mix of NigB and NigB species. This mix
arises owing to the stoichiometry of the system and the much smaller stoichiometric
rearrangement event observed on the DSC, figure 4.9, is explained by only some of
the NigB reacting to form NigB. Some LiH is observed at both 300°C and 585°C

but is difficult to observe through XRD owing to its poor scattering ability.

Figure 4.14 shows the ez-situ XRD data for the 3Ni system. The primary phase for
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Figure 4.14: Ez-situ XRD data for the 3Ni system showing different stages of the system’s

decomposition.

the post-milling sample is nickel but unlike previous systems a second NigB peak
is observed at 38° indicating an increased reaction between the two species during
ball-milling. By 300°C nickel is still the primary species but shows a significant
decrease in intensity compared to the NigB peaks present in previous systems. By

585°C Ni3B is the primary species observed with very little NigB observed.

Figure 4.15 shows the FTIR data for the four systems post-decomposition and LiBH4
as-received for comparison. The LiBH4:Ni system does show some weak peaks in
the regions in which the LiBH4 peaks occur, with no significant shifting of peaks,
but for the other three systems no peaks are observed in the 1000-1400 cm™! region

and one small peak in the 2000-2600 cm ™ region.
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Figure 4.15: FTIR data for the four systems post decomposition up to 585 °C. Dotted lines show

any phase shifting of species.

4.2.3.3 Focus on 2Ni system

Owing to the 2Ni system showing the best balance between decomposition tempera-
ture and storage capacity it was decided to focus the research on this system. Figure
4.16 shows the DSC and TGA data for the LiBH4:2Ni system decomposed under
argon and hydrogen. Heating the sample under hydrogen showed no change in the

any of the expected events on either the TGA or DSC data.

Figure 4.17 shows SEM images comparing LiBH4:2Ni system when using micro-
scale or nano-scale nickel precursors. After ball-milling, particle size was shown to
be similar for both systems and when decomposed, figure 4.18, no significant change

in the temperature for any of the events on the DSC data were observed.
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Figure 4.16: DSC and TGA data for the LiBH4:2Ni system heated to 585°C at 10 °C min !

under flowing argon and flowing hydrogen gases.
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Figure 4.17: SEM data for the LiBH,4:2Ni system using (A) micro-scale and (B) nano-scale nickel

precursors.
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Figure 4.18: DSC data for the LiBH4:2Ni system using micro-scale and nano-scale nickel

precursors heated to 585°C at 10 °C min!.

Figure 4.19 shows the SEM/EDX data for the as-milled LiBH4:2Ni system. While
using the back scattered electron detector there is a distinct contrast between lighter
and darker areas on particles. Site 1 (A) was chosen as it was a light area implying
that it was primarily made of a heavier element. EDX analysis showed that the
boron signal was weak (red line) while the nickel signal was strong. Site 2 (B) was
chosen as it was primarily a much darker region implying that lighter elements were
present. EDX analysis showed that the boron signal was much stronger here and

the nickel signal much weaker.
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Figure 4.19: SEM data for the as-milled LiBH4:2Ni system. EDX analysis was also performed for

site 1 (A) and site 2 (B).
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Figure 4.20: SEM data for the decomposed up to 585 °C LiBH4:2Ni system. EDX analysis was

also performed for site 1 (A) and site 2 (B).

Figure 4.20 shows the SEM /EDX data for the LiBH4:2Ni system decomposed up to
585 °C. Unlike the as-milled samples dark areas were much more uncommon upon
decomposition. EDX analysis (A) on a lighter area showed a weak boron signal,
similar to the as-milled sample, but site EDX analysis (B) of a darker area did not
show a significant increases in the boron signal strength (when comparing against
the carbon signal nearby). The nickel signal was slightly weaker but can be explained

by the lower count strength of the EDX scan.

Figure 4.21 shows the in-situ powder neutron diffraction (PND) data for the LiBD,4:2Ni

system. At the start of the experiment LiBDy is observed in its orthorhombic phase
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Figure 4.21: In-situ PND data for the LiBD4:2Ni system system upon heating to 300°C.

as are two distinct nickel peaks. Upon heating the LiBD4 changed phases to its

hexagonal form after which the LiD species started to appear. As the LiD peak

continued to grow, the LiBD4(h) peak reduced in size until finally disappearing and

being replaced by a broad amorphous hump in the same region.

Figure 4.22 shows selected data from the PND data to highlight particular events

during the decomposition. The formation of the nickel boride species is now ob-

servable in the region between the two large stainless steel peaks where by 259°C

an amorphous hump is observed. However, by 300°C the nickel boride peaks have

appeared from this amorphous region. Also at 259°C the broad amorphous hump,

between 3.25 and 4 A, is more easily observed in the region where the LiBDy peaks
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Figure 4.22: In-situ PND data for the LiBD4:2Ni system upon heating to 300°C.

were present. The nickel peaks are observed to be reducing in size from 158°C

onwards.

Figure 4.23 shows the integrated peak areas for observed species during the reaction

and allows the tracking of them during the decomposition reactio