Unuversity
7/ of Glasgow

Balducci, Giulia (2015) Lightweight metal hydride — hydroxide systems
for solid state hydrogen storage. PhD thesis.

http://theses.gla.ac.uk/6534/

Copyright and moral rights for this thesis are retained by the author
A copy can be downloaded for personal non-commercial research or study

This thesis cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the Author

The content must not be changed in any way or sold commercially in any format or
medium without the formal permission of the Author

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given

Glasgow Theses Service
http://theses.qgla.ac.uk/
theses@gla.ac.uk



http://theses.gla.ac.uk/
http://theses.gla.ac.uk/6534/

Lightwelght Metal Hydride — Hydroxide

Systems for Solid State Hydrogen Storage

7] University

& of Glasgow

Giulia Balducci

'L"IA VERITAS VITA

Submitted in fulfilment of the requirements for the

Degree of Doctor of Philosophy

School of Chemistry

College of Science and Engineering

University of Glasgow
(March 2015)



Abstract

This thesis describes the preparation and chaisatien of potential ‘modular’ solid state
hydrogen storage solutions for on-board applicatidrhe systems investigated throughout
this work are based on reactions between lighthtéigdroxides and hydrides.

In many sensefight metal hydroxidesan be seen as attractive candidates for hydrogen

storage: they are low cost, present negligiblectyxand it is not possible to poison the fuel
cell with decomposition products, unlike in nitroger boron containing systems. However,
as the dehydrogenation products are the respeckides, the major drawback of such
systems lays in the fact the thermodynamics ofdedgenation are not favourable for on-
board applications. Hence, the system must be deresl as a ‘charged module’, where the
regeneration is performeek-situ Dehydrogenation can be achieved through reaetitim
light metal hydrides such as LiH or MgH
A wide range of ‘modular’ release systems can bdiastl, however the most interesting in
terms of theoretical gravimetric capacity, kinetansd thermodynamics within reasonable
temperature range (RT - 38 use magnesium and lithium hydroxide and thetrdug
forms. The present work focuses on the full ingedion of three main systems:

e Mg(OH), — MgH, system

e Mg(OH), — LiH system
e LIOH(-Hx0) — Mgh: system (both anhydrous and monohydrate LIOH weee)u

Mixtures of hydroxides and hydrides were prepargdranually grinding stoichiometric
amounts of the starting materials. Further, nanottring the reactants was investigated as a
means to control the dehydrogenation reaction ahdree the kinetics and thermodynamics
of the process. Nanostructured Mg(Q@tdhd LiOH(-HO) have been successfully obtained
using both novel and conventional synthetic rouesduction of the particle size of both
hydrides was effectively achieved by mechanicallilimy the bulk materials. As detailed
throughout Chapters 3, 4 and 5, promising resutiewbtained when employing nanosized
reactants. The onset temperatures of hydrogerseelgere decreased and the overall systems
performances enhanced. Particularly interestinglteegvere obtained for the LIOH — MgH
system, which exhibit a dramatic decrease of treeitemperature of Helease of nearly
100 K when working with milled and nanostructureatenials with respect to bulk reagents.
All systems were characterised mainly by Powdera¥X-rdiffraction (PXD) and

simultaneous thermogravimetric analysis (TG-DTA)ssapectroscopy (MS). TG-DTA-
1



MS experiments were performed to obtain informatonthe onset and peak temperature
of hydrogen release, weight loss percentage angdenand amount of the gases evolved
during the reactionEx-situ PXD studies have been performed for each systeondier to
try and identify any intermediate species forminging the dehydrogenation process and
ultimately propose a mechanism of k¢lease. Since two fundamentally different types o
reaction pathway could be proposed for the Mg(fOH)LIH system, powder neutron
diffraction (PND) was employed for following theaaionin-situ. Developing a complete
model of the dehydrogenation process in terms ofhaeistic steps was found to be

pivotal in order to understand and enhance sudemsgsfurther.
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1 Introduction

1.1 Hydrogen: a clean and renewable energy carrier

One of the major challenges facing modern socety ifind a means of sustainable fuel
generation, storage and delivery and overcome a@iance on non-renewable fossil fuels
such as oil, coal and natural gases. If the negaffects of global warming, degradation
of the ozone layer and consequent world’s climatk@nge is to be stopped, the
development and use of a green and renewable emvegypr is mandatory.Further,
projections to 2040 predict an increase of 56 %him global world energy demafd.
Hydrogenis undoubtedly one of the key alternatives toaeglfossil fuels and petroleum
products as a clean energy carrier for both tramapon and stationary applications.
Hence, over the past decades, great efforts hame mmade towards the development of
non-carbon emitting sustainable vehicular hydrog@rage solutions® However, less
than 1 % of hydrogen is available as Most of hydrogen exists inJ® and some of it is
bound to C in liquid or gaseous hydrocarbons. Tiexgy density of hydrogen, however,
is greater than that of fossil fuels or other nenewables. The production, storage,
consumption and regeneration of, iuel is known as ‘hydrogen economy’ and the
‘sustainable hydrogen cycle’ on which it is base@resented in Figure 1-1.

H2
/ Storage \
H, Fuel
Production Cell
Renewable
‘ H,0 Energy.
Energies Consumption

Figure 1-1: Schematic of a sustainable hydrogen cycle.
Current research is focused mainly on the prodoctind storage of hydrogen, the two
steps of the whole cycle which still represent @lbmeck to the usage of,;hore widely

as energy vector especially for on-board applicatio
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Today, hydrogen can be produced from renewablecesunsing different methods with
minimum environmental impact, although not veryiagéitly in many cases: for instance
solar, wind, hydro, electrolysis, photolysis, watgslitting, biomass gasification and

fermentation can be used for hydrogen productiot’

Before the hydrogen economy can become completi&ple; the safe storage and
availability of H, is an issue that must be overcome. The majorargd! in terms of using
hydrogen as a fuel is to develop effective metHfod#s storage that can not only store H
safely, but also supply it when and where it is deek Another key factor worth
considering is that the storage systems have teosécompetitive as well as energy
efficient. H, can be stored as gas, liquid or in the solid stAtepresent, in industry
hydrogen is normally stored in the form of a conspeal gas or liquid. Nevertheless, there
are issues related to the safety and volume restrscfor the storage of high pressure
hydrogen gas, preventing its application more widéf'* Recent research is thus
focusing on the development of safer solid statwage solutions. Further, the cost
advantages would be dramatic if it could be possibl store Hin the solid state using
naturally occurring, cheap or waste materials. Rk solid state hydrogen storage,
materials need to meet certain criteria: the USddepent of Energy recently adjusted its
targets in 2012 to new ones with an ultimate sygjeawimetric capacity of 2.5 wt. %,H
an ultimate volumetric capacity of 2.3 kWh/L andewmall storage system cost to be 8
$/kWh, which can be also expressed as 266 $kdElected technical system targets for

solid state on-board storage are shown in Table 1-1.

Table 1-1: Selected DoE technical system targets for orsard hydrogen storage for light-duty
hydrogen powdered vehicles. Adapted from Referenck.

Storage Parameter 2017 Ultimate
System Gravimetric Capacity / kWh kg" 1.8 2.5

(kg H, kg™ system) (0.055) (0.075)
System Volumetric Cayacity / kwh L* 1.3 2.3

(L H, L™ system) (0.040) (0.070)
Storage System Co:/ $ kWH* net 12 8

($ kg' Hy) (400)  (266)
Charging / discharging Rates 3.3 2.5

(system fill time; 5 kg)/ min
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Beside these criteria, other properties must benakto account when considering
candidate materials. They must exhibit favourabldrbigen uptake and release kinetics
and thermodynamics and must exhibit negligibledibyi Further, the poisoning of the fuel
cell due to decomposition or reaction by-produstam issue that must be avoided as it
may result in a decreased lifespan of the cell el @ a diminished efficiendy***>A
wide range of materials is currently under investimn. Research is focusing on improving
the hydrogen desorption/absorption processes vdtticplar emphasis on enhancing the
kinetics and thermodynamics of dehydrogenatfori:*®Light metal hydrides and complex
hydrides are considered the most promising canekdfr realising an on-board storage
system'>?%#1223gwever, solid state chemists must also face diseles relative to the
usage of such materials, as many are sensitivettorhoisture and air. Therefore handling
represents another challenge, which requires teehniques at all times. The most recent
progress in terms of materials for solid state bgen storage will be presented in a brief
literature review (Section 1.3) with respect to mhaterials of interest employed during this

work.

If hydrogen can be safely stored, it becomes abviailto the fuel cell for consumption. The
reaction between Hand Q to form HO and generate power is the basis of fuel cell
operation. An overview on the working principles fokel cells, categorised based on
operating temperature and the type of electrolgipleyed, will be briefly described in the

following section.

1.2 Fuel Cells

Fuel cells (FC) are quickly becoming one of thenpiging energy sources of the 21
century for both stationary and on-board applicetioFCs produce electricity via a
chemical reaction between a fuel (commonly hydrypger oxygen. Although hydrogen is
the most used fuel, other ones such as methamdhanol can be employed as well.

A typical setup of a hydrogen powered fuel cell siets of three main components: the
anode, the cathode and the electrolyte, whichcatém between the two electrodes. As can
be seen from Figure 1-2, oxygen (typicallg foom the atmosphere) is supplied to the
cathode while hydrogen is transferred to the anédi¢he anode, hydrogen is stripped of
its electrons to yield positive ions and electrddaly the positive ions are then allowed to
pass through the specifically designed electratyganbrane and flow to the cathode. The

electrons flow from anode to cathode through aerex electrical circuit creating current.
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Once protons and electrons reach the cathode #domymbine and react with the oxidant
(Oy) to form water and expel exhausted oxidizing agent

The reactions taking place respectively at the araotl cathode are presented in Equations
1-1 and 1-2, whilst Equation 1-3 shows the overaktion occurring.

Anode :2H, - 4H" + 4e” (1-1)

Cathode%Oz + 48" +4H" - 2H,0 (1-2)

Overallcell reaction H, +%O2 - H,0 (1-3)

Electricity production form a FC usually continueslong as fuel and oxidizing agents are
supplied and there is no poisoning of the appar&iGspoisoning may be caused by the
presence of impurities in the fuelel CO, CQ, H,S and NH) or air pollutants such as

NO, SO and CO, ultimately resulting in a shorter€dlifetime.

Electric Current

Le-\e_\
Euel In Air In
- A g &
e 7| e
e H,0
v
T H* e
szi T
H* 0,
E@ Unused
Excess Gases
Fuel | Fuel
H,O0 =)
&= -=)
7 T N
Anode Cathode

Electrolyte

Figure 1-2: Schematic of a hydrogen powered fuel cell.

As today, FCs can be divided into two major categodepending on their operational
temperature range: it is possible to distinguiskwben low temperature (50-350 °C),
intermediate temperature (350-600 °C) and high &atpre FCs (600-1000°&) Further,
FCs can also be classified in terms of the typeledtrolyte employeé Low temperature

fuel cells comprise Proton Membrane Exchange FelsQPEMFC), Alkaline Fuel Cells
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(AFC), Phosphoric Acid Fuel Cells (PAFC) and Dirddethanol Fuel Cells (DMFC).
High temperature fuel cells include Solid Oxide IFDells (SOFC), also known as ceramic
fuel cells, and Molten Carbonate Fuel Cells (MCF&h overview of the materials
employed for anode, cathode and electrolytes fah daC is given in the following
Sections 1.1.1 and 1.1.2.

1.2.1 Low Temperature Fuel Cells

1.2.1.1 Polymer Electrolyte Membrane Fuel Cells

The PEM fuel cells operate in the temperature rasfgg0-100 °C and therefore they are
suitable for both stationary and portable applarsito replace rechargeable batteffes.
This type of FC uses a solid polymer as electrolytsually Nafion, a Teflon-like
membrane which acts as conductor for protons anihsagator for electron%. This is
positioned between anode and cathode. The lattesually made of porous carbon. In
PEMFCs, the hydrogen is activated by a catalyswide range of catalysts has been
studied?® although platinum or platinum alloys such as P#@ still used®?” The
chemical reactions occurring at the anode and datlas well as the overall reaction are

given in Equations 1-1, 1-2 and 1-3.

A PEM fuel cell presents many advantages. An efificy in the 50-60 % range and a high
power density together with a low operating tempees makes them ideal for
transportation, especially considering their sistatt-up time. Moreover, they use a solid
electrolyte, which avoids the handling of liquidedathe relative refilling problents.
Conversely, their major drawback resides in thet fawat the FC can be easily
contaminated by impurities present in the hydroigeh (CO, CQ, H,S and NH) and also
by air pollutants such as NO, SO and CO or catmosgluced by the corrosion of the FC
components (Fé and CG").*° This sensitivity problem eventually led to the el®pment
of Direct Methanol Fuel Cells (Section 1.1.1.4)stlg it is important to remember that
they use a platinum catalyst and a solid polymembrane, both of which are very
expensive. Moreover, the Pt catalyst can also biafa deactivated by the presence of
CO. In fact, carbon monoxide blocks the active lgatasites where the hydrogen

absorption and dissociation take place, rendetieduel cell less efficient:*
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1.2.1.2 Alkaline Fuel Cells

The AFC, as its name indicates, uses an alkalintervimsed solution as an electrolyte,
usually KOH*® The operating temperature range is similar taE&FC one (60-100 °C).
Alkaline fuel cells were the first FC developed Byancis Thomas Bacon in the 1940s at
the Department of Colloid Science, University ofn@aidge®* Since their invention,
AFCs have found their major application in the apexe field. AFCs are in fact the
primary source of electricity on human spaceflights over 40 years noW. The
electrochemistry on which these types of FC aredbasesented in Equations 1-4 and 1-5,

with the overall cell reaction given in Equatior1-
Anode :2H, + 4OH™ - 4H,0 + 4e” (1-4)
Cathode: O, +2H,0 + 4~ — 40H~ (1-5)
Overallcell reaction:2H, + O, - 2H,0 (1-6)

Besides the low working temperature, which makesC#Fsuitable for transport
applications as they have a fast start-up, theggmteseveral advantages such as a high
efficiency (50%), low-weight and low-volume and ytao not present corrosion problems.
Moreover, they require a little amount of catalyshich lowers the costs of the whole FC
apparatus. The major disadvantage lies in an ertigansitivity to C@and CO, limiting

the types of fuels (both hydrogen and oxidizingragéhat can be employed. The use of
liquid electrolytes could be seen as a disadvantagé can result in handling problems of
the apparatus. They also present a low power defisit 1 kW mi®), limiting their
applications for large scale energy applicatiorchufzeet al. published several papers in
which they investigated deeply AFCs in terms ofufsing on the long term operation of
AFC electrodes and their poisoning as an effedhefpresence of CQas well as long
term investigations on the degradation of differgmpies of anodes and cathod@d’ 383>
An extensive review on the different anion exchamgambranes that can be employed for
alkaline fuel cells has been recently publishedNijyneijer et al.>® Fuel sources using

methanol and ethanol instead of pure hydrogen haea investigated as wéfl.

1.2.1.3 Phosphoric Acid Fuel Cells
Phosphoric acid fuel cells (PAFCs) use phosphanid @1:P0O,) as an electrolyte and high
surface area graphite electrodes with Pt or Pyslls catalysts: They follow the same

working principles as PEMFCs, although their opagatemperature is in the 150-200 °C
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range, due to the poor ionic conductivity of phasphacid at low temperatures. Although
PAFCs are well-developed and commercially available use of very expensive catalysts
is needed and their market has not progressed $ecal their high cost. Another
disadvantage can be identified in the corrosiveineabf the liquid electrolyte employed.
Currently, PAFC plants with size of 100, 200 an® %V are available for stationary and
heat application& Phosphoric acid FCs present several advantagesvieowSince C@
does not affect the electrolyte or cell performand®AFCs do not require pure oxygen as
fuel and atmospheric air can be used as the orgliagent. Moreover, the electrolyte the
use is stable and presents low volatility evenhat operating temperature of the FC.
Further, this FC technology is able to use the evdstat produced when working at

medium temperatures for cogeneration of electriitgt useful heat:

1.2.1.4 Direct Methanol Fuel Cells

DMFCs are based on the same working principles BMPCs, although the fuel is
methanol instead of pure hydrogen. At the anodg@His oxidised to carbon dioxide,
while the cathode is fed with atmospheric oxygemifrair. The electrochemical reactions
occurring at anode and cathode respectively arerstio Equations 1-7 and 1-8, with the

overall cell reaction given in Equation 1:9*

Anode:CH,OH+H,0 - CO, +6H" + 6e™ (1-7)

Cathodegoz +6H* + 62" - 3H,0 (1-8)

Overallcell reaction goz +CH,0OH - CO, +2H,0 (1-9)

The main advantage in employing DMFCs is the usaethanol as liquid fuel resulting in
faster refilling times. They are reasonably efiinti€30-40 %) at operating temperatures in
the 60-200 °C range. Further, they demonstrate Ideime and do not need to be
subjected to any recharging process. On the othad,itheir efficiency is lower compared
to PEMFCs. Moreover, to be operational at tempeeatas low as 60 °C, a high amount of
catalyst is needed for the electro-oxidation of raabl fuel, which reflects in increased
production costs. Ethanol has also been proposefledsfor FCs based on the same

setu pz_13,44,45
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1.2.2 High Temperature Fuel Cells

1.2.2.1 Solid Oxide Fuel Cell
Solid oxide fuel cells work at high temperaturesttie 300-1000 °C regidfi.

SOFCs use a solid ceramic electrolyte, positiomedetween porous anode and cathode.
Many electrolyte materials have been investigated @mclude perovskites and related

structures, apatites, LAMOX and fluorite-base systesuch as zirconia or ceria, although
recently YSZ (yttrium stabilized zirconia) has bestensively employed. Perovskites are
typically used for the cathode, whereas Ni and BiZYcomposites are commonly used for
the anode. A number of reviews on the state 0b68OFCs and materials employed are
available. Further, recent efforts have been fogusin exploring suitable materials for

lowering the effective operating temperature ofdht to the 300-600 °C rang&?"48:4950

The main difference between SOFCs and other FGsitathe fact that the charge carriers
are oxide ions ® and not protons; £is stripped of two electrons at the cathode, yigjd
O?. Oxygen ions then migrate to the anode, where tagt with the fuel. The majority of
SOFCs use hydrocarbons as fuel at the anode. W§drndarbons are employed (usually
CH,), O% will react with hydrogen and CO to form® and CQ. However, if the source
is pure hydrogen, the only product of the electemsital reaction will be water. The
reactions occurring at the cathode and the anodetten overall reaction occurring in a

typical SOFC are shown below.

Cathode%OZ(g) +2 - 0% (1-10)

Anode:H,, +0* -~ H,0+2  and CO, +0* - CO,+ 2 (1-11)

2(9)
Overallcell reactionH, +CO+0, - CO, +H,0 (1-12)

SOFCs have a very high efficiency that can be gis &8 60% when pure hydrogen is used
as fuel’® Solid oxide fuel cells generate electricity whevemting at temperatures as high

as 1000 °C. There is no need for an expensive nokkal catalyst and the presence of
solid electrolytes avoids handling problems relatedhe presence of liquid inside the

stacks. Further, it is not possible to poison thet €ell with CO from fossil fuels, as the FC

is able to convert it to COThe start-up of SOFCs is still slow and they sisansitivity to

sulphur’® The study of solid state electrolytes with a gamhductivity at low SOFC
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operating temperatures that are compatible withother FC components is still an open

research field.

1.2.2.2 Molten Carbonate Fuel Cells

MCFCs are fuel cells operating at high temperatimethe 600-700 °C range, which are
mainly used in stationary applications such as popwkants and other industrial
applications’? The electrolyte is usually a mixture of lithiumrianate and potassium
carbonate, impregnated inside an LiAl®@atrix>® Unlike most fuel cells, in MCFCs GO
ions migrate from the cathode to the anode. Aatimde, the carbonate ions will react with
the hydrocarbon fuel gas (typically methane ,C&hd H react to yield water, Cand 2é
via a series of reductions and oxidations. Thetedas will travel to the cathode to
generate electricity. The anode is commonly Ni &fiealloys>** whist the cathode
materials typically used include nickel oxide, Ni®mposites and LiFe3®*"*®Due to
the high working temperatures, noble metals araeguired as catalysts and Ni is usually
employed and presents good activity as well as poie. Other than this, MCFC are
characterised by high efficiency (50-60 %). Moregwbe high temperatures allow the
regeneration of the system inside the cell staichproving the overall efficiency of the
FC. However, one of the drawbacks are the long dimeeded to reach the operating
temperature, which translate to a slow start upgameration of power. Other drawbacks
include intolerance to sulphur, particularly foethnode, corrosive nature of the electrolyte
and partial dissolution of the cathode’s NiO in #lectrolyte. All these factors tend to

result in a shorter lifespan for MCFCs compare8@&FCs>>
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1.2.3 Fuel cells technologies comparison

Table 1-2: Comparison of different fuel cell types. Adaped from Reference 59.

Fuel Cell Type
Parameters PEMFC AFC PAFC DMFC SOFC MCFC
Electrolyte Solid KOH Phosphoric  Solid Stabilised Li,CO; and
polymer agueous acid (HPO,) polymer solid oxide K,COsin
membrane  solution membrane electrolyte LIAIO ,
(Nafion) matrix
Operating
Temperature 50-100 50-200 Ca.200 60-200 300-1000 Ca.650
rc
Charge H* OH H* H* o* CO?
Carrier
Fuel Pure B Pure H Pure H CH;OH H,, CO,CH H,, CO, CH
Oxidant O, from O, from O, from O, from O, from O, from
atmosphere atmosphere atmosphere atmosphere atmosphere atmosphere
Efficiency 40-50 % Ca.50 % 40 % 40 % > 50 % > 50 %
Power 3.8-6.5 Ca.l 0.8-1.9 Ca.0.6 0.1-1.5 1.5-2.6
Density
/KWm
Cogeneration — - Yes No Yes Yes
Applications  Residential, Transport, Transports, Replace Residential, Transports,
industry, space commercial batteriesin commercial industries,
transports, shuttles, cogeneration, mobile cogeneration, utility power
backup or  portable portable phones, utility power  plants
portable power power laptops and plants,
power, portable auxiliary
vehicles devices power
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1.3 Solid State Hydrogen Storage

Solid state hydrogen storage materials have bedalyinvestigated and the state of the
art on such topic is reported in various literategiews®®**"®*The storage of hydrogen
in the solid state can be divided into two mairegaties:physical storageandchemical
storage.The former requires Hto be bound or included in a host by relativelyatve
interactions commonly referred to as physisorptorphysical absorption. Most studied
materials employed for physically storing kclude MOFs (metal-organic frameworks),
COFs (covalent-organic frameworks), polymers, psroarbon and zeolit&§2%5364:6566
The study of these materials goes beyond the sabtiee present work, hence it will not
be further covered. In the latter storage categthry,hydrogen is chemically bound in a
compound and the uptake/release process involvesiichl reactions. In this scenario
hydrogen is relatively strongly bound and recentores focus on enhancing the
thermodynamics and kinetics of the dehydrogengpimtess for the materials employed
for storing hydrogen. The work carried out durifgst project focuses on chemical
hydrogen storage with particular emphasis on hgdrichydroxide systems, and therefore
recent developments on chemical storage of hydrogéme solid state are summarised in

the following section.

1.3.1 Chemical hydrogen storage

Metal hydrides have been extensively studied agleolgen store medium because of their
light weight and high theoretical gravimetric as llwas volumetric hydrogen
capacity'*°”"®® A comparison overview of some hydrogen storageriigd is given in
Figure 1-3.
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Figure 1-3: Comparison of theoretical gravimetric and volumetric capacity for solid state hydrogen

storage hydrides®®

Accordingly, studies have focused on alkali anchlalle earth metal hydrides. Most efforts
have been pointing towards the development of castlt energy-efficient solid state

hydrogen storage solutions.

1.3.1.1 Light metal hydrides

In terms of light metal hydrides, LiH, NaH, Calnd Mgh attracted the most interest in
terms of solid state hydrogen storage. In Table dre8 reported the molecular weight,
gravimetric and volumetric hydrogen capacities dedomposition temperatures for the

aforementioned hydrides.

Table 1-3: Molecular weight, theoretical gravimetric and volumetric hydrogen capacities,

temperatures of decomposition for selected light ntel binary hydrides. Adapted from Reference 70.

Theoretical Theoretical

Hydride MW /g-mol™ 5 Taec/ °C
wt. % H» volume H, / kg:m

LiH 7.95 12.59 98.60 720

NaH 23.99 417 57.73 425

MgH 26.31 7.60 110.03 327

CaH, 42.09 4.75 92.37 600
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Lithium hydride can store up to 12.59 wt. %, khilst the percentage decreases to 4.17
wt. % H, for sodium hydride. Both LiH and NaH are extremalysensitive and therefore
their manipulation and storage is more difficultemhcompared to magnesium or calcium
hydride. In addition, LiH is characterised by vdrgh decomposition temperatures of
nearly 720 °C (and a melting point of 680 *CYyendering the use of LiH on its own
unsuitable for storing Hin the solid state. However, the use of LiH hasrb&idely
investigated as a component of Li-N-H systems faeal and indirect bistorage as well as

a component for hydride — hydroxide ‘modular’ hygkeo release systems. The
employment of lithium hydride in such systems W discussed in Sections 1.3.1.3 and
1.3.2 respectively. Similarly to NaH, Cak$ able to store 4.75 wt. % of hydrogen and like
LiH is characterised by high decomposition tempeed. Like MgH, CahH the
dehydrogenation process is reversible (Equatior8)lahd calcium hydride is typically
synthesised by reaction of calcium metal with highessure hydrogen at high

temperaturé®’?
CaH, -~ Ca+H, AH°@298K)=171kJ Cmol™H , (1-13)

As per LiH, due to its high 4f, CahH is usually employed as a component in composite
systems. Its behaviour in the presence of borotlgdriamides and ammonia borane has

been investigated over the recent yéarg-"®"’

The most promising light metal hydride to be emplbyor solid state kstorage solutions
iIs MgH,, with a theoretical gravimetric capacity of 7.6@ % H,. Further, magnesium is
cheap and abundant and hence plays a pivotal nokha development of solid state
hydrogen storage solutions. However, due to itsnlé stability, Mgh decomposition
occurs at temperatures at temperature as high as@2%ia a single endothermic event

associated with hydrogen release (Equation 1%4).
MgH, ~ Mg+H, AH°@98K)= 762kJ[mol™H, (1-14)

Two main strategies have been investigated in otdeenhance the thermodynamic
performances by reducing the enthalpy of decomiposibf MgH,: nanostructuring the
material and the use of additives. Many catalydtifeves have been tested. These include
calcium hydride, lithium hydride and sodium hydrite yield ternary hydrides and
composite&’® graphite and/or silicon carbiffeas well as transition metals such as multi-

valence vanadium- and titanium-based materials, N, and Pd.31-828384886g)y,
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recently, alkali metal hydroxides have been progaseadditives for Mgkl with the aim

of improving the hydrogen desorption propertiesafiosized Mghk®’

Tailoring hydrogen storage materials is currentiye @f the major fields in solid state, H
storage research; in particular, nanostructing nadseis seen as a means to have a better
control over the dehydrogenation process and emhahe performances of ;H
release/uptak®®® The reduction of the particle size to the nan@sémlusually achieved
by mechanical milling, as chemical methods for diledy nanomaterials like
hydrothermal/solvothermal syntheses, templatingsalrgel syntheses often cannot be
employed due to the air-sensitive nature of theridgd. Nanostructured magnesium

hydride has been successfully obtained by ballimgilthe bulk materiaf®°***

1.3.1.2 Complex hydrides

The interest in the use of complex hydrides haseased recently. Boron and aluminium,
like magnesium, are cheap and light-weight andatrgriydrides containing alkaline and
alkaline-earth metals are able to store an incckaseount of hydrogen compared to the
respective binary hydrides. For these reasons higdraes and alanates have been widely
investigated as cheap and abundanstdrage mediunms:%? Table 1-4 gives an overview
of the molecular weight, gravimetric and volumetritydrogen capacities and

decomposition temperatures for the most promisorgaex hydrides.

Table 1-4: Molecular weight, theoretical gravimetric and volumetric hydrogen capacities,

temperatures of H, desorption for selected borohydrates and alanatesdapted from Reference 70.

Theoretical Theoretical

Hydride MW / g-mol™ Wt 9% H, volume Hy/ kg Taes/ °C
LiBH 4 21.75 18.39 124.02 380
NaBH, 37.81 10.58 118.02 400
Mg(BH.), 53.93 14.84 117.23 280
Ca(BH,). 69.70 11.48 124.07 347 - 497
LIAIH 4 37.95 10.55 74.02 115
NaAlH 4 53.97 7.41 97.41 220
Mg(AlH 4), 86.3 9.27 98.15 110 - 200
Ca(AlH4), 102.04 7.84 96.97 200 - 250
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As can be observed from Table 1-4, lithium borold@mland sodium borohydride are the
most promising complex hydride in terms of gtavimetric capacity (18.39 wt. %,tnd
10.58 wt. % H for LiBH, and NaBH respectively). However, they are characterised by
poor reversibility in addition to not particularfgvourable dehydrogenation kinetics and
thermodynamics. Hence, over the past years efffiae been focused on improving their
hydrogen release/uptake performance. Many appreadieve been employed for
enhancing the dehydrogenation properties of thesgplex hydrides. Nanostructuring the
materials has been investigated as a means to liheeonset temperatures of hydrogen
release for the hydrides. Ball milling the bulk eradls with one or multiple additives has
proved to be a viable approach for promoting hydrogelease by destabilising the
hydride. In this sense, promising results have bebtained for both LiBH and
NaBH,.”*%*Nanoconfinement is one of the main focuses oferurresearch. Incorporating
the borohydrides inside a porous scaffold host saghcarbon has showed promising
results in terms of lowering the dehydrogenatiomgerature when compared to the
respective bulk materials. In fact, enhanced datyemation performances were observed
when nanoconfining both LiBHand NaBH.*>® Further, through this nano-engineering
approach it was possible to increase the reveigibil the H release-uptake process with

either lithium borohydrides or sodium borohydridé®

The role of borohydrides and other complex hydrid@s not be covered in any more
detail in this thesis, hence reviews on the Igtesgiress in terms of LiBiHand NaBH for

hydrogen storage can be consulted to obtain additiaformation on the subjet!®

1.3.1.3 Nitrides, imides and amides: N-H-based materials

Nitrides and their hydrogenated compounds imides amides gained attention in 2002,
when Chenet al. discovered LN to be an extremely promising medium for storing
hydrogen in the solid stat& In fact, LN can theoretically store 10.4 wt. % Mhen

subjected to the hydrogenation process presentéduation 1-15:
Li,N+2H, o Li,NH +LiH +H, « LINH , +2LiH (1-15)

However, experimentally the system was found tceast only 9.3-10 wt. % of
hydrogen'® Further, the system suffers from poor kinetics #redthermodynamics of the
dehydrogenation step from imide to nitride occurseanperatures as high as 320 °C and
pressures as low as 1@nbar. Hence, only the imide-amide conversion (séaiep of the

overall mechanism) is reversible at practical waogkitemperatures. Nonetheless, the
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second step alone can yield 6.5 wt. % Which is a value realistically near to the tasget
set by the US DoE.

Following Chen’s discovery, a large variety of MdteH systems have been investigated,
employing light-weight materials containing alunum, magnesium, boron and

sodium!®%'%Most attention was focused on the ternary Li-Nydtem although also the

quaternary Li-Mg-N-H system has been thoroughlyestigated. Nanostructuring such
materials using different approaches was one ofithim aims in the nitride-imide-amide

research area with the ultimate goal of enhanchg pgerformances of such systems.
Reduction of the particle size of the reactantdoath milling as well as the use of catalysts
and nano-catalysts and additives have been studiddis respect. The behaviour of
complex amides and nanocomposites has been inaestigs well. Further, great effort
has been devoted to reaching a complete understpoélithe decomposition pathways of

such material§6,88,89,104,105,106

A crucial objective related to the work in this $ieeis to clarify the reaction pathways of
hydrogenation with particular focus on the secdeg sf the process, when the conversion
from imide to amide occurs. In fact, the first ste@ hydrogenation process where one H
replaces one Li inside the nitride structure toegiveNH and LiH; in the second step an
interaction between hydride and imide takes plasalting in the formation of LiNHand
LiH. In this situation, the hydrogen bonded to No@sitively charged (B because of the
electronegativity relative to nitrogen, whilst thiein hydrides is negatively charged YH
The combination betweenHind H, together with the electrostatic attraction betwtee
cation in the hydride and the ‘N anion’ in the amjiteads to the reaction between amide

and hydride, which ultimately results in the evaatof H,.

On this evidence, a whole new category of systemsed on the reaction between
negatively charged ionic hydrides and compounds$aeing protons can be identified and
hence investigated. In fact, the present work feitus on the reaction between light metal
hydroxides and light metal hydrides as a basishferso-called ‘modular’ hydrogen release
systems. The concept of ‘modular’ systems as wedvéew of the latest progress in terms

of such systems is given in the following section.
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1.3.2 Hydride — Hydroxide hydrogen release systems

As previously stated, no single material or systexs been able to meet the targets set by
the DoE yet? In many senseslight metal hydroxidescould be seen as attractive
candidates for storing hydrogen in the solid stdiey are low cost, they do not present
toxicity and moreover it is not possible to poigbe fuel cell with undesired by-products,
unlike in systems containing nitrogen or boron. ldger, as the end products of the
dehydrogenation process are their correspondingdesxi the rehydrogenation
thermodynamics are unfavourable for on-board apfptios. The system must therefore be
considered as a ‘charged module’, where its regéioercan be performed inexpensively
ex-situ These ‘charged modules’ are regenerated/recyafificle and plugged into the
desired appliance/vehicle by the user (Figure lithis sense, refuelling time may be
decreased, although the whole process of dehydatigerrehydrogenation needs to be
cost- and energy-efficient.

Hydride
+

Hydroxide

Off-site Hydrogen

Regeneration Fuel Station
A
(’G/ 3
Spent S <
Fuel &%
ue (/e/')(
Autovehicle

Figure 1-4: Schematic of the proposed ‘modular’ hydrogenelease system; kifuel source is given from

the reaction between hydride and hydroxide.

A wide range of ‘modular’ hydrogen release systeas be studied, however the most
interesting ones in terms of both theoretical greatric capacity and kinetics within
reasonable temperature range (RT — 623 K) use magnglithium and sodium hydroxide
and their hydrate forms. Dehydrogenation can beesel by reaction with light metal
hydrides, such as LiH, MgiLiBH, or NaBH,. In fact, the H - H interaction mechanism
proposed by Chen for the lithium amide — lithiundtige®” would suggest that light metal
hydroxide should effectively destabilise the hydridpromoting the dehydrogenation

process due to the'H H coupling between the proton of the hydroxide’s @Hd the
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anion of the hydride. Other evidence of this cauplreaction is reported for systems
employing nitrogen-containing compounds and hydridehere the hydrogen release is
driven by the H - H interaction forcé®1%819110ytimately, light metal hydroxide —
hydride systems could meet the criteria set byDb& since they are cheap, could be
tailored to yield high hydrogen capacities at loydiogen release temperature and could
be sustainably regenerated by reacting the dehgdedgd oxides either with water or with

high pressure hydrogen gas.

In 2004, Vajoet al. were the first ones to propose the study of tHel state reactions
between light metal hydrides and alkali hydroxitleyield the respective oxides together
with the evolution of hydrogen when heated to 6753"Kin particular the LiH — LiOH,
2LIH — NaOH, LiBH, — LIOH and LiBH, — LiOH-H,O systems were preliminarily
investigated, working under a pressure of 1.3-R@. Further, ball milling was found to be
a promising technique for the preparation of hydiex— hydride mixtures as no major
reactions occurs during the milling procedure. Hest results in terms of hydrogen
desorption were obtained when working with lithiborohydride. In particular the thermal
treatment of LiBH — LIOH was found to generate 6.6 wt. % of hydrqgehereas the
reaction between LiBHand LIOH-HBO was found to evolvea. 10 wt. % H below 543

K, with the dehydrogenation process starting atpenatures as low as 313 — 323 K. For
both borohydride — hydroxide composites the endiypets were found to be 40, LisBO;
and LiyB,Os. The reaction between lithium hydride and lithidnydroxide instead was
found to evolve ca. 5.5 wt. % of hydrogen and yiakD, when heating the mixture to 523
K: the dehydrogenation performances for the systesmne found to improve when a
catalytic amount of 2-10 mol % of TigWwas added. It was proposed that the added; TiCl
may have acted either as a catalyst, facilitatiffgsion and desorption of hydrogen, or as
a dispersant, resulting in a finer mixing of th®H and LiH phases. The less promising
results were obtained for the 2 LIH — NaOH systavhere only 3.2 wt. % KHwas
generated, with the final products beingQiand NaH. The absence of Jaas final

product was proposed to be due to its instabititg hydrogen environment below 673 K.

More recently, the use of LIOH and its hydrate fordrogen generation with facile
regeneration of the monohydrated hydroxide by reactwith water was further
investigated by Liet al!*2 Dehydrogenation is achieved by reaction withitith hydride

at temperatures below 623 K. Moreover, high capeciare possible. The theoretical

gravimetric capacity of hydrogen is 6.3 wt. % tdr the anhydrous lithium hydroxide —

44



lithium hydride system, whilst it can be as high88 wt. % H when lithium hydroxide
monohydrate is employed (Equations 1-16 and 1-17).

LIOH +LiH - Li,O+H, AH°@98K)=-1984kJCmol™H, (1-16)

LiOH [H,0+3LiH - 2Li,0+3H, AH°@98K) =-13433kJ[mol™H, (1-17)

In addition, both hydride and hydroxide can belgasgenerated from the dehydrogenated
oxide. With this hybrid approach for hydrogen stmrathe release and uptake of hydrogen
is reversible via a series of simple reaction basedhe reaction between LiOH or its
hydrates and LiH with good kinetics within a praatly reasonable temperature range.
Further, the recharge of hydrogen is accomplisheeaction with water, rather than high
pressure klgas, resulting in an overall energetically favtieaeversible cycle despite the
high temperature magnesothermic reduction stepchfersatic of the reaction cycle is

presented in Figure 1-5.

LiH + LiOH-H,0 > Li,0 + Hy by otorageor
A CENE consumption

H20 @H2O

J v

€ LiOH
Magnesothermic
reduction

LiH < LiOH + Mg ———> MgO

Figure 1-5: Proposed ‘modular’ solid state hydrogen releassystem®?

In 2009, Leardinket al. investigated the Mg(OEFIMgH, hydrogen release system, which

can theoretically release 4.7 wt. % (Equation 1-18}*3
Mg (OH), + MgH, — 2MgO +2H, AH° (298K) = —101.3J ol *H, (1-18)

In this work, hydride-hydroxide composites wereaited by exposing MghHto ambient
atmosphere for a certain amount of time. Rietvefthement against X-ray diffraction data

was used to exactly calculate the weight fractiohthe two components. Together with
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water and hydrogen releases due to magnesium hgdrcand magnesium hydride
decomposition reactions respectively, two other rbgdn desorption events were
identified, which were believed to be related tbdsstate reactions between Mg(QHind
MgH.. The three dehydrogenation events were foundki pitace at 423, 623 and 723 K.

The use of lithium borohydride and sodium borohyeras the hydride in the hydride —
hydroxide ‘modular’ hydrogen release systems hasegamomentum over recent years.
Sodium borohydride was first proposed as suitatalgisg material to be employed in the
so-calledMillennium Cell*** based on the reaction of NaBtith H,O (Equation 1-19):

NaBH , + 2H,0 O #% - NaBO, + 4H, (1-19)

The systems presents a theoretical gravimetricatigpaf 10.8 wt. % H.The reaction
products were found to be only hydrogen and NgB&hich would then be regenerated
offsite to re-obtain the borohydride. The hydrogesuld be evolved from the borohydride
aqueous solution with the help of a catalyst atoakimg temperature in the 333 — 353 K
range. However, this setup involves the use of mae it is not suitable for developing
solid state hydrogen storage on-board solutionsieMeeless the use of NaBls well as
LiBH 4 has been further investigated, also in the lighhe aforementioned results reported
in 2005 by Vajcet al!'%. In 2007, Drozcet al. investigated the NaBH- Mg(OH), system,

which can theoretically release 5.2 wt. %(Hquation 1-20}*
NaBH, + Mg (OH), — NaBO, + 2MgO +4H, AH® (298K) = ~135.%J [inol *H,, (1-20)

Hydrogen evolution was found to start at approxatyaait 563 K, with the mechanistic
steps believed to be a simultaneous brucite detigdrand hydride hydrolysis. Moreover,
ball milling was employed to reduce the particleesof the reactants: a smaller particle
size resulted in an increased reaction rate. Ttieaion energy for the whole process was
calculated and found to be 155.9 kJ thdDifferences in the dehydrogenation properties
were found when different preparative methods veangloyed. Hand mixing with mortar
and pestle resulted in a 54 wt. % release of hyelragth respect to the theoretical figure,
whereas mechanically milling the starting materfats30 minutes lead to an improved 93
wt. % mass change with respect to the theoreti@aid. % H. Further, cobalt oxide and
SiO, were tested as catalysts for the system: the fowae found to have little or no effect
on the dehydrogenation performances of the comgostilst the latter was found to have

[ 116

improvements on the hydrogen generation. In 1968h&évaet al:~ studied the thermal
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behaviour of the NaBH- NaOH system, which was found to follow the st@metry

presented in Equation 1-21.
NaBH, + 3NaOH - Na,O+ NaBO, + NaH +3H, (1-21)

The sodium borohydride — magnesium hydroxide systes further investigated in 2012
by Varin and Parviz, who additionally studied th#ium borohydride — magnesium
hydroxide composite systetY. They also investigated the addition of nanometitkel as
an additive in order to improve dehydrogenationekics and thermodynamics for both
systems. Both NaBH- Mg(OH), and LiBH, — Mg(OH), composites were prepared by
high energy ball milling. The sodium-based systems viound to undergo one single
dehydrogenation as an exothermic reaction wiglrdtease starting @a. 513 K, whereas
the lithium-based counterpart was found to undevgw distinct events, one exothermic
and one endothermic although no reaction mechamss proposed for the latter
dehydrogenation process. The hydrogen evolutionhferLiBH;-based system was found
to begin at approximately 473 K, showing a loweseainemperature of hydrogen release
with respect to the sodium-based counterpart. Iditiat, the presence of nanometric
nickel in the mixture does not seem to affect tehydirogenation behaviour for both Na-
and Li-based composites. Also, in the case of itieu borohydride — magnesium
hydroxide system, the presence of nickel additivesults in a decrease of evolved
hydrogen and specifically a 10% decrease for eatlydtogenation step with respect to

the un-doped composite.

In 2014, Panet al. systematically studied the dehydrogenation progerof non-
stoichiometric mixtures of the LiBH- x Mg(OH), systent*® The study concluded that the
optimal performances were found for the LiBH 0.3 Mg(OH) composite, which was
found to releasea. 9.6 wt. % H, with an onset temperature of hydrogen releass¥8fK.
The mechanistic steps of dehydrogenation were tigaded as well. The reaction was
believed to proceed via a series of endothermic exothermic reactions with the
intermediate species being LiMgBQ.iH, B,0O3, Li,B1,H12 and B. Reversibility studies on
the materials showed that the dehydrogenated sgsters able to uptaksa. 4.7 wt. % of
hydrogen at 723 K and 100 bas.H

At the same time, Zhwet al. investigated the dehydrogenation behaviour ofidith
borohydride when mechanically mixed with alkali hyxides*® LiOH, KOH and NaOH
were used and a destabilization due to the interabetween Hin [OH] and Hin [BH4]"

was hypothesised. This destabilisation was founbet@reatest when employing LIOH,
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reduced when using NaOH with the minimum found K®H. The most promising
composite was found to be the LiBH x LiIOH system and it was further investigated
using different stoichiometric ratios (1:1, 1:1.3®&d 1:4). Different dehydrogenation
pathways were proposed based on the stoichiomettgmieed. The fastest
dehydrogenation kinetics were observed for the LiBH4 LiOH composite. Also,
increasing the ratio resulted in a higher amounhyafrogen evolved: the weight change
associated with Krelease was found to increase from 4.1 wt. % ®w. % when
employing the 1:4 ratio, although also the onseiperature of hydrogen release was found

to increase from 480 to 523 K.

A very interesting reversible ternary system stddg Xuet al. is the NaOH-NaH-N#D-

H, system:?%*2:1221t is possible to study the dehydrogenation behaviof sodium
hydride in presence of sodium hydroxide both anbydrand monohydrate (Equation 1-22
and Equation 1-23).

NaOH+ NaH - Na,0+H, AH°@98K) = 64.3kJmol™H, (1-22)

NaOH[H,O +3NaH - 2Na,O+3H, (1-23)

Although the theoretical gravimetric capacity foetsystems is not very high (4.2 wt. %
H, when working with NaOH and 4.6 wt. %;,Hvhen using NaOH-#D), it has been
widely proved that the release/uptake of hydrogem ireversible process, with the full

system being able to desorb and absorb hydrogen.

1.4 Light metal hydroxides

As explained in the previous section, the roleigfitl metal hydroxide is becoming more
and more important in the development of noveldsstiate hydrogen storage solutions.
The prominent hydroxides used were found to be MYf{@nd LiOH and therefore their

structure, decomposition and dehydrogenation ptigsemust be understood.

1.4.1 Magnesium hydroxide: structure and dehydrogenatiorproperties

A wide variety of methods for yielding nanostruedg(OH) from MgO and HO have
been reported. Conventional heating syntheses hage studied as well as microwave
preparations to give nanosized magnesium hydroXide.use of additives and templating

48



agents was explored as well, resulting in crystath different morphologies: hexagonal
nanoplates, nanotubes, nanorods, nanosheets andixtaremof nanosheets and

nanoparticles were obtain&d12412>126.127,128,129,130

Magnesium hydroxide crystallises in the tetragoReBml space group, with lattice
parameters o = 3.15(1) A ana = 4.80(2) A (Figure 1-6)*:%32

For Mg(OH), every magnesium atom can coordinate 6 hydroxgugs, resulting in a

octahedral layered structure, with the octahedieeli together by O-O hydrogen bonds.

Figure 1-6: Crystal structure of Mg(OH),. Olive green spheres indicate magnesium, red sphes

oxygen and white spheres hydrogen respectively.

When heated to temperatures above 623 K, Mgf{O#hcomposes undergoing a

133 and

dehydration process which results in the formatadhMgO (cubic, Fm-3m)
evolution of water (Equation 1-243*'%* Magnesium hydroxide can theoretically evolve
30.8 wt. % HO. However hydrogen cannot normally be extracteg(®H), can indirectly

store 3.4 wt. % of hydrogen.
Mg (OH), — MgO +H,0 AH®°(298K) = 98.4kJ[mol™H,0 (1-24)

Due to its light weight, low cost, low toxicity aridcile synthesis, Mg(OH)can be seen as
an ideal candidate to be employed in ‘modular’ logdn release systems.
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1.4.2 Lithium hydroxide: structure and dehydrogenation properties
Anhydrous lithium hydroxide crystallises in the régonal P4/nmm space group®
whereas lithium hydroxide monohydrate crystallisasthe monoclinic C2/m space
group*®”*% Crystal structures for LiOH and LiOH,O are presented in Figure 1-7 and

Figure 1-8 respectively.

LiOH structure comprises of alternate layers dfililn atoms coordinating 4 oxygen and
hydroxyls, in which hydrogen bonding is not presémtthe LIOHH,O structure every Li
atom coordinates 4 oxygen atoms to form a tetraimeddf the 4 oxygens, 2 come from the
hydroxyl groups and 2 come from the water moleculé® chains are linked together by
hydrogen bonds O-H-O.

Figure 1-7: Crystal structure of LiOH. Blue spheres indicde lithium, red spheres oxygen and white

spheres hydrogen respectively.
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Figure 1-8: Crystal structure of LiOH-H,O. Blue spheres indicate lithium, red spheres oxygeand

white spheres hydrogen respectively.

As per Mg(OH), the decomposition of LIOH{,0) involves a dehydration processes to
yield Li,O (cubic, Fm-3m)'*® and evolution of water. Both LIOH and LiGH,O
dehydration reactions have been widely investigatadi they are given in Equations 1-25
and 1-26"%1*1%2 jOH can theoretically release 37.6 wt. % of wadad indirectly store
4.2 wt. % of H, whilst LIOH-H,O can evolve 64.4 wt. % of 8 and indirectly store 7.2
wt. % of hydrogen.

LiIOH [H,0 — LiOH +H,0 AH°(98K) = 53.1kJmol™*H,0 (1-25)

2LIOH - Li,O0+H,0 AH°((298K) = 97.4kJmol™H,0O (1-26)
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Moreover, it is common knowledge that both anhydrdithium hydroxide and its
monohydrate are characterised by an air sensiiierés Both LIOH and LiOH- D react
with CO, under ambient atmosphere in a carbonisation wmraocwhich leads to the

formation of lithium carbonate and evolves watejy&ions 1-27 and 1-28).

2LiOH +CO, - Li,CO, +H,0 AH°(298K) = -969kJmol™H, (1-27)

2LiOH [H,0+CO, - Li,CO, +3H,0 AH°(@98K) = -10.1kJmol™H, (1-28)

However this reaction can easily be overcome bykingr under a controlled inert
atmosphere, perhaps this may be the reason whitgday, no successful synthesis of
nanostructured LIOHIH,0) has been reported in the literature.

1.5 Scope of this work

The work presented in this thesis is focused onstbdy of ‘modular’ hydrogen release
systems, based on the reaction between light rhgtioxides and light metal hydrides.

Three different systems were fully investigated:

* Magnesium hydroxide — magnesium hydride system
* Magnesium hydroxide — lithium hydride system
e Lithium hydroxide — magnesium hydride system, emjipig both anhydrous LiOH

and its monohydrate

The aim of this thesis was to investigate the hgdrorelease behaviour of all systems
when subjected to thermal treatment, focusing ttienson on the onset and peak
temperature of hydrogen release events in each Thseexperimental weight change was
compared with the theoretical gravimetrig $torage capacity. The performances of each
system were studied as a function of particle arm morphology of the starting materials;
nanostructuring the reactants was seen as a meangrove the dehydrogenation kinetics
and have a better control over the overall hydrogdease process. In this sense, both
novel and conventional synthetic routes have bemplayed for the preparation of
nanosized light metal hydroxides. Mechanical mglwas identified as another route for
achieving reduction of the particle size distribatiof all hydroxides and hydrides used
throughout the whole project. Data obtained forasamuctured, milled and bulk materials
were compared, with the final goal being the idesdtion of the most promising H
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release systemsEx-situ powder X-ray diffraction was used to try and iselany
intermediate species forming during the dehydrotienareaction and to propose a
mechanism of hydrogen release for each studieckmyskurther, the Mg(OH)- LiH
system was studied using-situ powder neutron diffraction in order to elucidates t
mechanism of hydrogen release. Ultimately, undedste) the dehydrogenation process in
terms of mechanistic steps is pivotal to have &ebatsight on the reaction occurring and

therefore further improve kinetics and thermodyremfor each system.
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2 Experimental

In this work, different synthetic techniques indhgl microwave and conventional
synthetic methods have been used in order to prepanostructured hydrogen storage

materials to be used in ‘modular’ hydrogen relegstems.

A wide range of techniques has been used to imgagstihe structure and the properties of
such materials and systems fully. Powder X-rayraifion has been used as the main
method of characterisation. However, a variety aihplementary techniques have been
employed, such am-situ powder neutron diffraction, simultaneous thermugnetric
analysis, mass spectroscopy and scanning electiosoopy.

The aim of this chapter is to give an overview offbthe synthetic and characterisation

techniques used throughout the whole project.

2.1 Air Sensitive Handling Techniques

2.1.1 Dry Glove Boxes

Most materials used in this project are air andstuoe sensitive, and therefore they must
be handled inside a recirculating glove box unaemart atmosphere. During this project
two types of recirculating glove boxes have beeaduslhese were manufactured by
Saffron Scientifi¢ and mBraufi (Figure 2-1) and they were set to work respecjivelder

argon and nitrogen atmosphere.

The atmosphere inside the glove box is kept cleathb continuous flow of inert gas
through a system of molecular sieves and a catdfgstthe mBraun glove box, the typical
O, and HO levels are below 0.5 ppm, whereas for the Saf8orntific glove box, the
typical G, levels are in the 0-5 ppm range angDHevels are in the 0-30 ppm range. In
order to keep the atmosphere inside the glove bitkinvthe aforementioned levels,
regeneration processes were conducted every twohsion less, depending on the usage
of the box.

The regeneration of the Saffron glove box is cotellioff-box the molecular sieve, which

removes the moisture, is regenerated by heatingerundcuum for 12 hours. The
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commercial catalysts, which remove the oxygen,ragenerated by heating under a flow
of 5% H, in N, and subsequently heated under vacuum for 12 howunrsler to remove the
water formed as by-product of the first regeneratieaction. The regeneration of the
mBraun glove box is conducteatsitu by flowing 5% H in Ar for 16 hours. At any time

the levels in both of the glove boxes are monitdngdxygen and moisture sensors.

Samples and preparative equipment are transfemtedand out of the glove box through
an antechamber, which is vacuumed and filled wngrti gas for three times, in order to
preserve the atmosphere inside the box. The antdsrais kept under vacuum when not

in use.

Figure 2-1: a) Omega Saffron Scientific glove box and b)ABstar mBraun glove box. Adapted from

References 1 and 2.

2.2 Preparative Methods

2.2.1 Ball Milling

A mechano-chemical reaction is defined by IUPAG &hemical reaction that is induced

by the direct absorption of mechanical enerdy”

Mechanochemistry has recently become a widely usetnique, also because of its
effectiveness in promoting reaction between solidslay the term ‘mechanochemistry’
usually refers to solvent-free solid state reactjomhose driving force is the mechanical
energy produced during the grinding process takilage in ball mills. One of the most
well-established areas of mechanochemical synthesislves the use of inorganic

material§, however a wide range of materials can be studiechddition, ball milling
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techniques are one of the most used processingodwetior the developments of novel

materials as well as novel composites for hydrsjerage and release.

Ball milling can be seen also as a top-down apgrdac yielding nanomaterials. In fact,
during the mechanochemical procedures there idacten of the particle size of the
crystallites: the products are often nanopartidesamorphous phaséswhich usually

exhibit a higher surface area leading to an in@@asactivity.

The milling processes have been carried out usiRgtazch PM100 planetary ball mill.

This involves the rotation of a milling jar contaig a grinding medium and the sample to
be milled. The jar is placed on a sun wheel ananpkd with a counterweight for

balancing purposes, in order to prevent any osicifla and vibrations disturbing the

instrument. The sun wheel acts as a counter rgtatiame during the mechanical milling,

with the jar and sun wheel moving in opposite dimts with a 2:1 ratio. The grinding

balls within the jar are subjected to Coriolis fs¢ which are superimposed rotational
movements dependent on the velocity of the movisjgab together with their centrifugal

force. The difference in speeds between the batisgainding jars produces an interaction
between frictional and impact forces, resultingtlie generation of the high dynamic
energy required for the milling operations and @ffeely reduces the particle size of the
sample (Figure 2-2).

Jar Clamp

Counterweight

(a) (b)

e

/'Movement of the
™, / supporting disc

Centrifugal
Force

Clamp
Fixtures

Sun Wheel Rotation of the milling jar
Safety Closure Milling Jar Milling Jar

Device Stage

Figure 2-2: (a) Retszch PM100 planetary ball mill configuation; (b) cross section of the milling jar.
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Moreover, various reaction parameters can be cigdrosuch as the milling speed and
time, the rotation direction (clockwise and antailaise) and rotation direction reversal,
the type of milling toolsi(e. stainless steel or agate jar), the type, numbeérsare of the
grinding medium as well as the mass of the materiahaterials used. All these variables
contribute to the formation of the desired finabghuct.

The ball milling operations conducted during thi®jpct involve the reduction of the
particle size of both light metal hydrides (Mgldnd LiH) and light metal hydroxides
(Mg(OH),, LIOH and LIOHH,0). Generally, 1 gram of sample was loaded int® anb

stainless steel jar together with 10 stainless &i@és used as grinding medium (10 mm
diameter, 4 g/ball), resulting in a ball-to-powdatio of 40:1. All preparations have been
carried out under inert atmosphere inside an afijed- or nitrogen-filled recirculating

glove box. The jar was then sealed with a rubbem@-and an air sensitive clamp before

being transferred out of the glove box and exposer.

2.2.1.1 Ball Milling of Light Metal Hydrides
Slightly different milling conditions have been eloyed for the milling of magnesium
hydride and lithium hydride. Nevertheless the sd®é ball-to-powder ratio was used.

Typically, 1 gram of MgH (Aldrich, hydrogen-storage grade96.5%) was mechanically
milled for 5 hours at 450 rpm, using 10 stainlgsgldalls. A 5 minute interval for every 5
minutes of milling was usetiBy contrast, 1 gram of LiH (Sigma, 95%) was typichall

milled at 450 rpm for 4 hours using 10 stainleselsgrinding balls: a rest time of 1 minute

per every 15 minutes of ball milling was used.

Henceforth, the ball milled hydrides will be refedrto as m-Mghkl and m-LiH, whereas
the bulk materials will be named as b-Mgihd b-LiH.

2.2.1.2 Ball Milling of Light Metal Hydroxides

All light metal hydroxides were mechanically milleding the same conditions, based on
those reported by Zhet al.*® However, a 40:1 ball-to-powder ratio was used wétspect

to the 120:1 used by Zhu.
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The as-received light metal hydroxides used were:

* Mg(OH),, Sigma-Aldrich, 95%
* LiOH, Sigma-Aldrich, 98%
e LIOH-H,0, Sigma-Aldrich> 98%

Typically, 1 gram of light metal hydroxide was bailled for 5 hours at 500 rpm, using 10

stainless steel balls. A 5 minute interval for gv@minutes of milling was employed.

From this point forward, the mechanically milleddhgxides will be referred to as m-
Mg(OH),, m-LIOH and m-LiOHH,O. The bulk materials will be referred to as b-
Mg(OH),, b-LiOH and b-LIOHH,0O.

2.2.2 Synthesis of Nanostructured Light Metal Hydroxides

Different synthetic routes have been employed fi@ding nanostructure magnesium
hydroxide and lithium hydroxide, both anhydrous amahohydrate. The novel procedures
for obtaining these nanostructured light metal bydtes are discussed below and in
subsequent chapters.

Mg(OH), has been synthesised exploiting the synergistecebf microwave irradiation
and hydrothermal treatment, whereas LIOH and Li®¥@ have been prepared reacting
lithium metal with ionised water inside a Schleiviel apparatus working under dynamic

vacuum.

Henceforth, the synthesised nanostructured hydesxwill be referred to as n-Mg(OKl)
n-LIOH and n-LIOHH,0.

2.2.2.1 Microwave Synthesis of Nanostructured Magnesium Hyabxide

It is widely known that nanostructured Mg(QHxan be easily synthesised via
hydrothermal, solvothermal treatment or wet preatjjn methods'****These syntheses
require relatively long times of 12 hours or morel dhe use of surfactants as templating

agents.

Nevertheless, the use of microwaves (MW) has gatoediderable attention in solid state

as well as solvent-based chemisthy’ In fact, using MW heating allows reaction times to
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be dramatically decreased from days to even a mafteninutes when compared to

conventional heating approaches.

Microwaves belong to the part of the electromagnsfiectrum between radiowave and
infrared frequencies (0.3-300 GHz), correspondm@ twavelength range of 1mm — 1m
(Figure 2-3).

Wavelength / nm
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Figure 2-3: The electromagnetic spectrum.

A large part of this spectrum is employed for radachnologies as well as
telecommunication applications, and only the 908&2MHz range is used for heating
purposes. Common domestic microwave ovens (DMOsk wba frequency of 2.45 GHz
to avoid interferences with any wireless networe|ular phones or telecommunication
devices. Since not all materials interact with mmneaves at that frequency, a susceptor

such as silicon carbide or graphite may be useadttcoupling.

Microwaves usually interact with materials in threain ways: reflection, transmission or
absorption® Insulating materials transmit microwaves and tfeeee no heat will be
generated and they are usually employed as reaatgsels (i.e. quartz, Teflon, ceramics).
If the irradiated sample is a conducting, semi-cmichg, ionically conducting or dielectric
material, it will couple with microwaves, which Wibe absorbed and heat will be
generated. There are two microwave absorption nmésimg: ionic conduction and
dielectric heating (dipole polarisation in liquids$)

In liquids, in terms of ionic conduction, heating produced through resistance to an
electric current generated by an oscillating etenagnetic field: the molecules oscillate

under the influence of the field colliding with theighbouring particles creating heat.
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In the phenomenon of dipole polarization in liquiasolecules with electrical dipole
moments are irradiated with microwaves, they camtirsly rotate in the attempt to realign
themselves with the electromagnetic oscillatingliedpfield. The molecules will change
their directions as the field alternates, resulimgollisions with other molecules leading
to the generation of kinetic and thermal enéfgit. is important to remember that the
frequency of the oscillating field has to be callgfichosen to allow coupling to the
microwave frequency: a frequency of 2.45 GHz istadé for inorganic synthetic

chemistry™

In solid state MW heating, dielectric heating résulfrom the difference in
electronegativity values of individual atoms, ultitely resulting in a permanent electric
dipole within the molecule, formed by charge sefiana The dielectric heating leads to
the dissipation of thermal energy which is the idigvforce of the solid state reaction. The
dielectric constant describes the dielectric progeiof a material and comprises two terms
¢ ande" (Equation 2-1)2

e =¢g+je" (2-1)

Where¢' is the dielectric constant, which describes thegabdity of the material to be
polarized by the electric field, wherea$ is the dielectric loss (Equation 2-2), that
indicates the efficiency with which the electrometiyn radiation is converted into healt.
must be taken into account as it directly relateshe electrical conductivitysf of the

material (Equation 2-2).

e'=-9_ (2-2)
€,f

Further, Equation 2-3 gives the ability of a solithterial to convert electromagnetic

radiation to heat at a given frequency.
Tand =¢"/¢' (2-3)

Thereforetans is the loss factor describing the ability of thaterial to absorb MW and
dissipate them as energy at a given frequency emgeratureé? Ultimately, the coupling
of materials with microwaves depends on the digleconstant and thermal properties of
the materials, which are related to the chemicdl @mysical composition as well as their

conductivity.
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In terms of MW preparation of nanostructured Mg(@Hjreat progress has been made
over the past few years. According to the papetighdd in 2012 by Al-Hazmet al, the
rapid growth of Mg(OH) nanosheet has been proved feasible in 30 mintadgsg from
MgCl,, urea and NaOH using a multimode cavity microwasactor’> However, Al-
Gaashaniet al reportedthe first MW-assisted additive-free synthesis omature of

nanosheets and nanoparticles of Mg(@$tarting from Mg metal during the same y&ar.

The novel synthetic route for obtaining nanostreeduMg(OH) used in the present study
is based on a facile route exploiting MW heatingmed with hydrothermal treatment.

Hydrothermal (HT) techniques are commonly usedtha synthesis of new crystalline
materials and they are based on the reaction d&f mdgents inside a sealed aqueous
environment at appropriate temperature and pres3ime pressure range is 1-100 atm
whilst the temperature range is usually 373-1273&wever a subcritical temperature
range of 373-513 K is typically used in common isiial and laboratory operatidis
Typically these reactions usually occur at lowenperature with respect to traditional
solid state reactions and they are conducted insgtepressure sealed autocla?&¥' The
reagents are usually a powder and water, whichpkeed inside a Telfon-lined vessel
inside a stainless steel autoclave and heateddmperature above their boiling point. A

typical HT autoclave and its cross section is pres®in Figure 2-4°

Pressure plate j < Spring

Rupture Disc Ez X_
% = Pressure Plate
: < 7
Corrosion Disc — géi‘ %
é &b\ Screw Cap

§ xc ith
Vessel body\ % | Cup with cover

-

Bottom Disc

(b)

Figure 2-4: Typical autoclave used for hydrothermal synthsis. Figure (a) shows the full set-up, whilst

Figure (b) shows the cross section of the autoclav&dapted from Reference 24.

Nevertheless, for safety reasons, there are limitatin the amount of solvent that can be
used as well as the temperature to be reachedctnif is very important not to over-fill
the autoclave as it could result in both an expansif the volume of the solution and an
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escalation of pressure, which increases exponbntidgéually, the volume of solvent must
not exceed 2/3 of the total volume of the Teflaretl vessel. It is also important to
consider the temperature limits that the vesselreanh: these are usually 523 K for the
most common vessels and 548 K for high-strengths.oMoreover, the materials used
during the experiments must be carefully selecldee equipment may be damaged or
ruptured if the reaction is highly exothermic othe products or by-products are corrosive

or unstable.

As already mentioned, a new MW-HT synthetic procedhas been used for the
preparation of nanostructured Mg(QH)As shown in Figure 2-5, the reaction setup
comprises of a Teflon-lined vessel sealed with p ead a Teflon O-rinG*° The
autoclave body and screw cap are made from a lighgth, insulator polymer to prevent
overheating. A safety pressure release valve opemtthe event of an overpressure inside
the vessef! These autoclaves can be heated to a temperatti23o0K and can reach a

pressure limit of 1200 psi.
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Figure 2-5: Microwave autoclave used for the synthesis oFMg(OH).. Figure (a) shows the full set-up,

while Figure (b) shows the cross section of the aaglave. Adapted from Reference 24.

Typical reaction conditions for the synthesis of (#l), nanoplates are described below

and will be further specified in Chapter 3.

A certain amount of magnesium oxide was placeddens Teflon-lined autoclave for
microwave synthesis, together with deionised watbde MW autoclave is heated for a
total of 4 minutes inside a domestic microwave oVeis important to allow the autoclave
to cool and to ensure that it is not over-filledpid pressure rises during heating can lead
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to damage of the instrumentation. The rupture efwassel and the melting of the o-ring
and the vessel itself may occur. The product washe@ and centrifuged with,B three
times. The white precipitate was collected anddieair overnight® The reaction yields
single phase hydroxide. The preparation of nanottrad Mg(OD) employed in then-
situ powder neutron experiments (Chapter 4) was suiedgssarried out following the

same synthetic route. The morphology is retainednmkorking with deuterated reagents.

2.2.2.2 Selective Synthesis of Nanostructured Lithium Hydraide

The selective synthesis of nanostructured lithiymroxide was performed using Schlenk
apparatus working under dynamic vacuum. This reactetup, outlined in Figure 2-6, is
commonly used to manipulate air and moisture sgesias well as pyrophoric
materials’®*® The core of the Schlenk line consists of a twassrbraced manifold with
multiple outlets (typically 4 or 6): one end is oected to a source of inert gas (in the
present study argon was used) and the other etmhisected to a vacuum pump. A two-
way valve between gas and vacuum lines is presaitlaw choosing between vacuum and
inert gas flow during the experiment. The excesargbn delivered in the line is vented
through a mineral oil bubbler, which also acts &saier between the external atmosphere
and the internal inert atmosphere inside the Ilso, volatile reaction products and
solvent vapours are prevented entry to the vacuwmppthrough a system of two
consecutive liquid nitrogen cooled traps, condemsire gases. Moreover, great attention
must be paid to the condensed liquids inside e tn fact, if a reasonable amount of air
enters the line, liquid oxygen can condense andxgiosion may occur as a result of the
reaction between oxygen and any compound alreagbept in the trap. Schlenk glassware
Is similar to common glassware, with the additidra extra side arm with a tap which is
connected to the Schlenk line via PVC connecti@=urely tightened with o-rings. To
prevent air and oxygen contaminations and enswtégat seals, all joints and taps have to
be properly greased: a thin layer of high vacuusage must be applied on the male joint
and then inserted into the neck of the female jamd gently rotated so that the grease is

evenly distributed.
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Figure 2-6: Schematic of a typical Schlenk apparatus.

For the synthetic procedure to prepare nanostredtlwOH, lithium metal ribbon was

carefully cut into small chips inside an argorefillrecirculating glove box and put inside a
glass vial, which was sealed with parafilm priotri@ansfer from the glove box. The metal
was then quickly transferred inside a Schlenk flaski dissolved in deionised water,
minimising the exposure of the lithium metal chipsnoisture and air. Once the metal was
completely dissolved, the flask was connected te ®&chlenk apparatus and the
evaporation process started. By carefully tunirg rgaction conditions it was possible to
synthesise anhydrous LIOH and the monohydrate thedG exploiting the well-known

vacuum evaporation and thermal vacuum evaporatioregses:?

Working in a high vacuum environment at room terapge allows evaporation of only
the solvent water, yielding lithium hydroxide mowdnate. Conducting the evaporation
process at higher temperature allows to fully deatgd the LiOH forming in solution
during the first step of the reaction, leadingte formation of the anhydrous hydroxide.
Specifically, to obtain LiOH, the process was cartdd by immersing the flask in an oil
bath heated to 343 K. For the synthesis of LiJ®, vacuum evaporation was conducted
at room temperature. Typical reaction conditiornstiie synthesis of LiOH and LiOH,0

will be further specified in Chapter 5.
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2.3 Characterisation Techniques

2.3.1 Powder X-Ray Diffraction (PXD)

Powder X-ray diffraction (PXD) is a fundamental iamue for both qualitative and

quantitative analysis of crystalline solid matesil For this reason PXD was used as the
main method of characterisation during this proggtit can give information about the
phase(s) present in a mixture as well as informatabout its quantitative phase

composition.

The diffraction phenomenon is based on the fadtttrmwavelength of X-rays (1 A) is of
the same order of magnitude as the interatomiamtists ¢a. 0.5-2.5 A). Therefore, a
crystal behave as a 3-D grating to an incident beaXrays and the resulting diffraction
pattern can be used to determine the crystal steiadf a material together with its

composition.
Diffraction is usually explained using Bragg’s Léiquation 2-474%
o\ = 2sing (2-4)

Where 1 is the wavelength of the incident beadhnis the perpendicular distance between
lattice planes and, known as Bragg angle, is the angle of incideite.n parameter is an
integer number that represents the order of thectefn: whem = 1 the reflections are called
first order, whem = 2 they are called second order and so on.

As shown in Figure 2-7, two parallel X-rays beArandB with a certain wavelengthand
an incidence angle are ‘reflected’ by adjacent crystal planes.
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Figure 2-7: Schematic of diffraction of a crystal used foderiving Bragg’s law.

In order for constructive interference to occur &achys beams to be in phasemust be
an integer number corresponding to an integer nuwibgavelengths. Beai must travel
an extra distancEYZwith respect to beard: this is related to the interplanar spaciag

by the relation expressed in Equation 2-5.
XYZ = 2dsin@ (2-5)

However, as previously stated, the additional distYZcovered by bearB must be an

integer number of wavelength for the beam to ghimse (Equation 2-6).
XYZ =nA (2-6)
The combination of Equations 2-5 and 2-6 yieldsggia law.

In the case of powdered materials, the sample earobsidered as a large number of small
randomly oriented crystallites. However, if irreguties in the powder diffraction pattern
are noted, these may be due to the preferred atientof the crystallites, which can result
in the increase of the intensities of some peakibated to a particular direction.

In a crystal, the unit cell represents the simptepeating unit of the crystal structure: it
has the full symmetry of the crystal and it continsly repeats in all directions. The
common way to describe it is by defining symmestyape and size, wheagb andc are

the lengths and, # andy are the angles of the unit cell (Figure 2-8).
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X

Figure 2-8: definition of axis, unit cell dimensions and agles for a general unit ceft.

A summary of all the possible unit cell geometrigsystal systems) and respective
symmetry elements is given in Table 2-1.

Table 2-1: Summary of the seven crystal systems and respize symmetry element¥.

Unit Cell Bravais )
Crystal system Parameters Lattices Point Groups
e o p#y#90° i
Triclinic atb#c P 1, -1
Monoclinic a=y=90"; P90 P, C 2,m, 2/m
azb#c
Orthorombic a=p=y=30 P,C,I,F 222 mn2, mmm
azb#c
a=p=y=90° 4, -4, 4fn, 422,
Tetragonal a=btc P, 4mm -42m, 4fmmm
Trigonal a=p=y#90 R 3,-3, 32, B, -3m
a=b=c
a=p=90°;y=120° 6, -6, 6Mm, 622,
Hexagonal a=b=c P 6mm -6m2, 6/mmm
; a=B=y=90° P,I,F 23, 3n, 432, -43n,
Cubic a=b=c m3m

The orientation of the crystal planes can be ddflmethe Miller indiceskkl) which indicate

the reciprocal values of the positions where thenelintersects the@, b and c axes
respectively. The Miller index valuekk]) can be positive, negative or null. The valuel@f

can be determined for each of the seven cryst&msgsand the equations used are presented
in Table 2-2. The equations for calculating thenplkanar distances can be combined with

Bragg’s law to determine the unit cell dimensiospart of the indexing process.
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Table 2-2: Equations for calculating d-spacing in the diferent crystal systems.

Crystal system Expression for chy
% = iz[h ’b%c?sin® a + k?a’c®sin® B+ 1%a’b®sin’ y
dhkl V
+ 2hkabc (cosa cosP — cosy) + 2kla’bc(cosf cosy — cosa)
Triclinic + 2hlab’c(cosa cosy — cosp)]
where

V =abql-cos a —cos B-cog y+2cosu cosﬁcosy)y2

. 11 h? k2 SinZB |2 ohicos
Monoclinic ——=———|5+t——>5 t+t5—
di, sin“pla b c ac
1 h2 k2 |2
Orthorhombic ——=—+—+—
dﬁm a b ¢
Tet i S
etragona — = .
k dﬁm a’ c?
Hexagonal L —ﬂ h* +hk+k* E
) dﬁm 3 a’ c?
. 1 _h?+k*>+I?
Cubic 7 = 2
hkl

Finally, it is important to note that X-rays areatered by electrons rather than by atomic
nuclei and the active scattering centres are gbsethe electron density distributed in the
crystal lattice. Therefore, how well an atom or atenial diffracts depends upon the
number of electrons present. Atoms with a greatenber of electrons (with higher atomic
number, heavier atoms) will scatter X-rays moredftely, resulting in a greater intensity
of the observed diffraction peaks. On the otherdhamaterials containing lighter elements
such as hydrogen or lithium (the atomic numberslaaed 3 respectively) will not scatter

strongly when in presence of heavier atoms.
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2.3.1.1 PXD Instrumentation and Sample Preparation

For data collection a Bruker d8 Advance diffractéenevorking with a VANTEC detector
and a PANalytical X’Pert PRO MPD diffractometer gped with an X'Celerator solid
state detector were used. In particular, air seesgamples were analysed using the d8
instrument, whilst measurements on non-air semsitaterials were performed with the
X'Pert diffractometer. All samples were ground fotain a homogeneous powder as well
as to ensure random distribution and avoid prefeagentation of the crystallites. Both
instruments use CuKradiation { = 1.54056 A) and an X-ray tube operating at a powe
of 40 kV and 40 mA. It is important to note tha¢ greparation method of a sample could

also affect the diffraction pattern characteristics

The preparation of air sensitive samples was padr inside an Ar- or Nfilled
recirculating glove box. The ground samples weradéal into either 0.5 or 0.7 mm
diameter glass capillaries to approximately hadf bieight of the capillarycé. 2.5-3 cm).
The capillary is sealed with vacuum grease priotrémsfer from the glove box and
subsequently, flame sealed in order to prevent ®xgoto air and moisture. The sealed
capillaries were placed on the goniometer with wand aligned rotationally and
translationally on an aluminium capillary holderthwthe help of an optical microscope.
This allows the capillary to be perfectly centredthwthe X-ray beam. Typically,
diffraction patterns were collected over@range of 5-85° with a step size of 0.0167 2

for one hour for phase identification and overnifgintstructural refinement purposes.

The d8 diffractometer works in a transmission ogunfation with Debye-Scherrer

geometry (Figure 2-9), where the sample diffra¢te X-ray beam in accordance to
Bragg’'s law and produces cones of diffracted bednchvreach the detector. To achieve
better beam collimation as well as minimise backgtbscattering, a monochromator and

divergence slit of 2 mm are employed.
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Figure 2-9: Debye-Scherrer transmission geometry.

The X'Pert diffractometer works in a reflection dégration in Bragg-Brentano geometry
(Figure 2-10). In this type of configuration therXy beam is produced by a stationary
source and collected by a moving detector. The beanetrates to a certain depth in the
sample and is then diffracted. In particular thengle holder is tilted on an axis by an

angled while the detector is rotated by an angle @f Phe beam is collimated using a 10
mm mask, Soller slits, a ¥2° divergence slit and’ afti-scatter slit.

- —>Detector
Receiving

slit

-
e

Divergence ’

f slit

Figure 2-10: Bragg-Brentano reflection geometry.
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Different sample stages could be used, howevehigawork only the bracket stage has
been employed specifically for the analysis of sensitive materials. In this type of stage
the sample holder is constituted by a glass slig &n indent. The samples were
positioned on a glass slide and gentle pressuréedpwith the help of a glass slide,

resulting in a homogeneously flat powder surfadee holder is then positioned on the
goniometer where the collimated beam will irradidie sample. Standard runs were
conducted over afZrange of 5-85° with a step size of 0.01®7 and data were collected

approximately for 30 minutes for phase identificatiand three hours when structural

refinements were performed.

2.3.1.2 Data Analysis

The Bruker d8 and X'Pert PRO diffractometers pradddferent data output files; the d8
produces raw data files (.raw) while the X'Pert quoes diffraction patterns with the
characteristic PANalytical format (.xrdml). Thet&&t can be easily converted into a raw

file using the PowDLL convertor softwafteé.

PowderCell software was used to visualise the cite raw experimental data.The
collected powder patterns were subsequently cordpartd the appropriate reference ones
generated from the ICSD databd3&eference patterns present in the ICDD datdBase

were consulted when working with the PANalyticabkiscore Plus software.

Rietveld refinement against the PXD data were peréa using the General Structure
Analysis System (GSA$)with the EXPGUI interfacé as explained in Section 2.3.3.

2.3.2 In-Situ Powder Neutron Diffraction (PND)

Powder Neutron Diffraction (PND) is a powerful tp@lthough experimentally more
expensive when compared to powder X-ray diffracti¥et, the information obtained
using PND is complimentary to that obtained usiX@pPAs previously mentioned, X-rays
interact with the electron cloud of the atoms, mgkthis technique unsuitable for the
study of light elements. On the contrary, neutrioesract with the nuclei of the elements.
In this sense, powder neutron diffraction becomeasery useful probe for the study of
compounds containing light elements, such as hyirand hydrogen storage materials.
As widely known, hydrogen can exist as three isesoprotium tH), deuterium {H) and

tritium (°*H). Both hydrogen and deuterium scatter neutrons Whe scattering power is
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not strongly affected by an atom mass (atomic nun#peor the scattering anglé.
Although PND is mostly used for crystallographicrgmses (solving the structure of
crystalline solids or monitoring phase transition$)is technique can also be used for

studying reactions-situ.

During this project, PND has been used asimasitu technique to investigate the
mechanism of hydrogen release of ‘modular’ hydrogefease systemsin-situ
experiments were conducted at the ISIS facilitythecford Appleton Laboratory in
Oxfordshire, using the Polaris instrument. The ltesabtained are presented and discussed

in detail in Chapter 4.

2.3.2.1 The Polaris instrument at Rutherford Appleton Laboratory (RAL)

The neutron source at the ISIS facility of the Futbrd Appleton Laboratory in
Oxfordshire was used for PND data collection. Tifia spallation (pulsed) neutron source.
At such sources neutrons are produced by bombaedimegavy metal target (tungsten at the
ISIS facility) with highly energetic particles. Tlaecelerator consists of an injector and a
synchrotron. Firstly, hydrogen gas together with ¢eesium vapour is fed around a ring
and ionised to H Discrete bunches of kbns are then focussed and accelerated by a Radio
Frequency Quadrupole (RFQ) accelerator working 66 &keV and 202.5 MHz.
Subsequently, ions are extracted from the ion soumclong 200us pulses and their
acceleration continues in the synchrotron, a rihgawerful magnets that bend and focus
the beam into a circle. The bns are stripped of any electrons by a thin ahanfoil
resulting in a beam of only protons. Once a sudfitiamount of protons have been
collected, radio frequency electric fields accdkertnem. The protons are then separated
into two different bunches: each bunch is extradtedh the synchrotron by a ‘kicker’
magnet and collides with the tungsten target. Tdrabdmrdment of the heavy metal target
leads to the emission of neutrons from the nucfeihe target atoms. Typically, each
proton colliding with the target producea. 15 neutrons. This process is called spallation
and gives a highly intense neutron pulse with modest production from the target.
Neutrons are then slowed by hydrogenous moderatotsnd the target and redirected to
different stations for performing neutron difframtiexperiment§**

In Time-of-Flight (ToF) neutron diffraction, thersgle is irradiated with a pulsed beam of
neutrons of different wavelengths. Neutrons trantd the material and they are detected

as they emerge. In this kind of experiments, saadt@eutrons are recorded in banks of
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detectors with a fixe@6 detection angle together with the time at whichytheive at the
detector. The d-spacing and the wavelength of ¢wgrans are the variables. To calculate
the wavelengths (Equation 2-7), the linear relaiop between ToF and d-spacing is
employed and it is derived from the De Broglie tielaship (Equation 2-8) and Bragg’s
Law (Equation 2-4).

A= h (2-7)
m

n-n

A= h _ 2dsin@ (2-8)
m, v

n-n
Whereh is the Plank constanty, is the neutron mass amglis the neutron velocity.

Neutrons travel a known distance (primary flighthp&i) from the source to the sample
and subsequently from the sample to the fixed tated.,) at an angle opé for a total
distancel (L; + L,). These correspond to times of flightandt,, with a total time of flight

t given by the sum df andt,. Hence, Equation 2-6 can be rewritten withL, t; andt, to
give Equation 2-10 through Equation 2-9.

h (GH)  oyeing =) (2-9)
m, (L, +L,)
And so
t = 2dL ”;] sin@ (2-10)

Hence, time of flight is directly proportional toawelength and the values ofand6 can

be used to obtain the d-spacing values using Bsdgg*

The Polaris instrument at ISIS is a high intensitpedium resolution powder
diffractometer which was recently rebuilt after ajor upgrade and became operational
again in May 2012°** A schematic of the upgraded instrument is preseint&igure 2-1.
The upgraded Polaris has a primary flight path4friand features a large vacuum vessel
(ca. 20.000 |) inside which the detector banks are rneminThe instrument consists of 6
detector banks: bank 1 (very low anglé; B-14), bank 2 (low angle 02 19-34), bank 3
(low angle, ®° 40-67), bank 4 (90 degree® Z5-113), bank 5 (back scattering; 235-
143) and bank 6 (back scattering; 246-168). The instrument allows data to be ctdigc
in rapid time with short counting rates and withainamounts of sample. This is a very
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important feature especially when phase transitionschemical reactions are to be
monitored and diffractions patterns collected una@m-ambient conditions.€. while the
sample is heated inside a furnace or cooled irsiclgostat).

Figure 2-11: Schematic of Polaris diffractometef:* The numbers indicate the different detector banks.

2.3.2.2 Sample Preparation and Data Collection on Polaris

The preparation of the sample for PND analysis pagormed inside a recirculating
argon-filled glove box at the ISIS facility. Stoiometric mixtures of Mg(ODQ)and LiD
were ground together using agate mortar and pedtie.mixture was then loaded into a
single glass quartz tube with an outer diamete&aol0 mm, a wall thickness of 1 mm and
a total length of approximately 300 mm (Figure 3-¥stainless steel pipe (1.5 mm inner
diameter) running down the quartz tube to abounlabove the top of the incident neutron
beam ensured a flow of argon throughout the whalattbn of the experiment. The gas
circulated over the top of the sample and flowedajween the steel and quartz tube to
the top of the sample stick where can it be retigkto either a mass spectrometer of an
exhaust trap together with any evolved gaseousespethis is done through the presence
of Swagelok fittings that can also be vacuum tighteto allow the transfer of the sample
stick inside and outside of the glove box. Two exdéthermocouples to be connected to
the Polaris furnace are present and they are placegposite sides of the quartz tube just
above the incident neutron beam to provide homamenbeating. The height of the beam
at Polaris is 40 mm, which is the same height atkvthe sample is placed at the bottom

of the closed tube. The total length of the apperé approximately 450 mm. The stick is
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then inserted into the furnace in the sample afe&,thermocouples connected to the
furnace and data collected. The temperature prageand the experimental conditions
used during the PND experiments are detailed irti@ed.2.8. All measurements were

performed with the help of Dr Ron Smith.
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Figure 2-12: Polaris experiment: (a) sample placed at thkottom of the quartz tube for a total height
of ca. 40 mm; (b) full experimental setup single glass @utz tube with inner stainless steel pipe for the

flow or argon.

2.3.3 PXD and PND Data Analysis: Rietveld Refinement

The Rietveld method is a very powerful techniquethe refinement of structural data in
powder diffraction, which was first developed by M. Rietveld for constant wavelength
neutron diffractior!®*’ However, it can be utilised using time of flightutron data and
powder X-ray diffraction data. The Rietveld metheda full profile refinement that fits the
observed diffraction data to the structural modlttee powdered sampf&: Rietveld
realised that even though many individual Bragdeotions overlapped and could not be
modelled as single entities, they could be fittethg simple peak shape parameters to
calculate the total intensity of a cluster of difftion peaks. Rietveld refinements can yield
detailed crystal structure information togetherhmain accurate quantitative determination
of the weight fractions for multi-phase mixtures.

The process of structure refinement begins witkagtisg model, usually obtained from a
similar or isotypic crystal structure. Having a dogtarting model is essential; the method
is one of refinement rather than of structure sotutThe next step involves introducing
background parameters. They can be either mansedlpr calculated using a polynomial
expression. An accurate determination of Braggeotiftn positions is accomplished by

varying the lattice parameters and the zero-poimbrecorrection (and/or sample
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displacement). Subsequently the refinement of thsak pshape parameters is performed
followed by the variation of atom positions to fieak intensities. Thermal displacement
parameters are subsequently refined, intensitgufegities may be observed and they may
be caused by thermal motion of the atoms within dample. In some cases it may be
possible to vary temperature factors anisotropical final refinement of peak shape is
then performed (together with further backgroundeficients if needed) to define
asymmetry or peak broadening effects. The softwarecope with multi-phase samples,
preferred orientation, and peak asymmetry to gk $tructural data as well as to
determine weight fractions. Instrumental parametas be varied depending on the
experiment performed. Refinement is a least squagstfit method which minimises the

quantity of the function M (Equation 2-11).
M =3 w, [y -y=ef (2-11)

Wherew; is a weighting factor given by % yi°® is the observed intensity at each

step/point (20 for PXD) andy,“®“ is the calculated intensity at each step.

For PXD data,y;" values are determined from thefiFvalues calculated from the
structural model by summing the calculated contrdms from neighbouring Bragg

reflections k) plus a backgrounk.

yi=sy Lk|Fk|2q(29i —28,)RA +y, (2-12)
K

Wheres is the scale factot,x comprises Lorentz polarisation and multiplicitgtiars,® is
a reflection profile functionFy is the structure factor for thé' Bragg reflectionpPy is the
preferred orientation functior is the absorption factor amyg is the background intensity
for thei™ step. The Lorentz factors depend upon both instniat (geometry, detector,

beam size) and sample factors (sample volume amuefey).

The background intensities can be obtained by tmethods: an operator-supplied table of
background intensities, a specified background tfancor an interpolation between
operator selected background points. In GSAS thekdraund can be fitted either
manually or using one of the available backgrouadcfion. During this thesis either
Function 1 (Chebyschev polynomial) or FunctioneZiprocal interpolation function) have
been used. Function 1 is a polynomial of the type, whilst the reciprocal interpolation

Function 8 divides the pattern into equal 1/T seagsmevhere T is the location. The
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intervals are concentrated into small d-spacingoregwhere changes are more likely to

arise.

During a refinement, a comparison between integssitif experimental and calculated data
is performed at every point. Therefore it is als@al\for the construction of the profile to
describe the peak shape of the reflections acdyraisually the peak shape is governed
by the instrument and modelled using the pseudagtVinction @V, Equation 2-13),

which is a combination of Lorentzian and Gaussiarcfions.
pV =nL +(1-n)G (2-13)

Where L and G are the Lorentzian and Gaussian contributions hi® peak shape

respectively ang is the mixing parameter that can be refined aseal function of 2.
n=N, +Ng(26) (2-14)
WhereNa andNg are refinable parameters.

The Gaussian and Lorentzian contributions are sgmted by Equations 2-15 and 2-16

respectively.
G, =22 0d 4IN2 (59 _ zek)zj (2-15)
H, A/ H?

2 4 2
L., = 1+—(26, -26 2-16
k T[Hk ( i ( k) J ( )

Where 26, is the calculated position for thé' Bragg reflection corrected for the counter
zero-point andH, is the Full-Width-at-Half-Maximum (FWHM) of the&k" Bragg
reflection. The full width half maximum (FWHM) famt Hx is modelled as shown in

Equation 2-17 and it is depending on the scatteamgje26y.
HZ =Utar’ 8+Vtan+W (2-17)

WhereU, V andW are refinable factors and are both sample andument dependent.
The FWHM value takes into account peak broadenifects related to the size of the
crystallites: in fact broadening of Bragg’'s peaks dbe the result of a particle size

reduction or the presence of lattice imperfectiths.
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In order to determine whether the ‘best fit' forr@finement has been achieved and
understand whether the proposed model is correetagreement between the observed
and calculated profiles must be calculated. Fa fhirpose refinement reliability factors

are employed principallyRyrofie (Rp), Rexpected (Rexp) and Rueighted profile (Rwp). These are
described as follows.

Z y_ObS _ ypalc
=R, =|1—— | (2-18)

profile p Z yobs
i

R

%

R —r. = (N=P+C) |5 g

expected — ' “exp ( obs)2
2@
i

Where Rypis defined from statistics of the refinemeNss the number of observatiort3,

is the number of varied parameters &id the number of constrains.

From a mathematical point of view, thdgnted profile (Rwp) IS the most meaningful and
important of the R-factors because the numeratdhasresidual being minimised in the
refinement process (Equation 2-20). This makegs tRe most appropriate parameter to
reflect the quality of the refinement.

Z W [yiobs _ yicalc]z %
=10Q -

pr : ZOL)I [yiobs]z

(2-20)

The final goodness of the whole fit, minimised dgrthe refinement, is measured with the
chi-squared factorf, Equation 2-21).

2
X :{RW"} (2-21)
Rexp
In conclusion, for a good fit the R should statistically approach the,Rfactor The
quality of the fit can also be measured using gdgbhcriteria. The observed and
calculated patterns can give an immediate ided®fgbodness of the fit and at the same
time clues on the source of possible problems ptes#ile refining. The difference
between the calculated and observed profiles igqui@s well and in a good fit this should
be as flat as possible.
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All Rietveld refinements presented in this work wgrerformed using the Generalised
Structure Analysis System (GSASyith the EXPGUI interfacé

2.3.4 Simultaneous  Thermogravimetric  Analysis (STA) Mass
Spectrometry (MS)

Thermal analyses study the changes of chemicahysigal properties as a function of the
temperature. Thermogravimetric analysis (TGA) aifteential thermal analysis (DTA)
measurements were performed simultaneously in tipioject. Simultaneous
Thermogravimetric Analysis (STA: TG-DTA) was empdalyto obtain onset temperatures
and peak temperatures of hydrogen release of athlysiterials. The activation energy of
specific events occurring during heating could als® determined with appropriate
experimental procedures and data analysis. MasstriSpeetry (MS) was employed in
conjunction with thermal analysis in order to idgnthe gases evolved during thermal

treatment.

2.3.4.1 Simultaneous Thermogravimetric Analysis (STA)
STA-MS experiments were performed using a Netzs€A 809 PC instrument under

flowing argon. A schematic of the STA instrumerdatis presented in Figure 2-13.

gas outlet valve

fumace thermocouple -... hoisting device
heating element -.. B

sample carrier

protective tube -2

radiation shield

“—E— purge 1
=% g purge2
= = De protective

evacuating system

balance system —i— 111

L magnetic valve
[ { B MFC (optional)
i _] instead of the

< magnetic valve

Figure 2-13: Schematic of the Netzsch STA 409 PE.
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In a TGA measurement, the mass of a sample is dedoas a function of time and
temperature. The output, based on the weight clsaogserved, can give information on

the chemical processes the studied material istty).

In DTA the sample is heated against an inert refsematerial i(e. alumina). The
measured parameter is the temperature differeite fetween the sample and the inert
reference, with both undergoing the same thernealtitnent, as a function of temperature.
Figure 2-14 shows the arrangements of both sanmueeference crucibles on the sample
carrier. As the thermal treatment proceeds, thepézature of both crucibles should be
identical unless a thermal event such as deconigosidehydration, crystallization or a
structural phase change occurs in the sample. ghrthe DTA profile, it is also possible
to differentiate between exothermic or an endotheewent, giving important information
about the thermal behaviour of the studied material

Sample > Reference
Crucible Crucible

——sThermocouple

Figure 2-14: Schematic of the sample and reference crucéohrrangement on the DTA sample carrier.

It is more useful to record both DTA and TGA signaimultaneously. This allows
categorisation of thermal events and whether theguowith or without an associated

weight change.

First, correction files need to be created by Imgain empty alumina pan to the target
temperature at the desired heating rate. When pppte, the temperature could be held
(i.e. for one hour). In a typical experiment, approxieia20-25 mg of sample was loaded
into the sample pan inside the apparatus chambgial lexperiments involved heating

from room temperature to 873 K at 5 K miand holding at that temperature for 1 hour
before allow the sample to cool naturally. The vate data were determined using the
Proteus Analysis Software present in the Netzsch_BAsuite. Data could also be exported

to be plotted with different software.

TG-DTA experiments were performed to obtain infotim@a on the onset and peak

temperature of the thermal event occurring duriegtimg and weight loss percentage.
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Beyond, data analysis allowed the calculation dfvaton energy of specific thermal
events through the Kissinger methidd® Samples were heated to 773 K using different
heating ratesp) of 2, 5, 10 and 20 K mihrespectively and Kissinger plots were obtained

applying the mathematic expression given in Equa2«22:

|n( BZJ -_E2 5909
T RT

m

WhereR is the gas constant (8.314 J knol™Y). By plotting the left hand side of Equation
2-22 on the y-axis against 1fTon the x-axis and performing a linear fitting dmet

obtained dataset, it was possible to calculateatiivation energy for the desired event.
The equation of the linear regression (Equatior8Rvizas used to derive the Ea value from

the gradienm of the calculated equation (Equation 2-24).

y=c+mxx (2-23)

m=-E2 0.04)
R

2.3.4.2 Mass Spectrometry (MS)

The use of mass spectrometry has been employdusiwbrk to determine the gaseous
species evolved during STA experiments. A typicé Bihalysis consists of four stages.
The first process is the ionisation of the sampteah electron source. This causes the
sample to lose one of more electrons forming atpesion (Equation 2-25), whend is

the neutral species present in the sampled gas).
M+e - M"+ 2 (2-25)

These positive ions are then separated based amniass-to-charge ratio (m/z). The
separation is obtained by subjecting them to acagbm as a result of an applied potential.
The third stage involves the deflection of the itwysa magnetic field: the lighter the ion
the more it is deflected accordingly to Newton’s@®l law of motion (Equation 2-26),

which states that the acceleration of a particlavsrsely proportional to its mass.
f =mxa (2-26)

Wheref is the forcemis the mass anais the acceleration.
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In addition, the more positively charged an iorthe more it will be deflected. At last, the
ions are focussed and electrically detected asetifin of theirm/z ratio. The signal is

amplified, converted and displayed as a mass spactr

In this work a Hiden Analytical HPR 20 mass spetieter was use¥. This is a
guadrupole mass analyser designed for fast tranges analysis. The quadrupole mass
analyser was first developed by Wolfgang Paul (Rig-15)>* It presents four parallel
metal rods arranged to form a square. The paireds are connected opposite each other
and a radio frequency (RF) voltage is applied. fecti current (DC) potential is then
superimposed on the RF voltage. This results intwleeopposite rods having an applied
potential of (U+Vcosft)) whilst the other two rods having an equal appasite applied
potential of -(U+Vcosft)), where U is the DC voltage and and Ved3}(s the RF voltage.
The positive ions produced travel along the midafiehe rods and the applied voltages
affect their trajectory: only ions with the desirethss-to-charge value are stabilised and
allowed to the detector whereas other ions willidelwith the rods.

Electron beam lon beam

)

‘\‘2’

= +U, U+V cos wt

Filament

| J L J L ]
lon source Rod system Collector

Figure 2-15: Quadrupole mass analyser developed by W. Pa#ldapted from Reference™

Programmes were set up using the MASsoft Pro softvaad the detection of specific
gases evolved was enabled. Typically, the amouirt,0H,O, N, and Ar were monitored.
Before every MS experiment, a pre-run of approxatya20-30 minutes was performed to
verity the absence of air and moisture and pretlemtcontact between sample and any

non-inert environment.
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2.3.5 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a powerfol for determining the morphology as
well as the particle size of both bulk and nanadtmed materials. It can be coupled with
energy dispersive X-ray spectroscopy (EDX) to abtadlditional information about the

elemental composition of samples. During this ppJ&EM was used only for imaging.
Since the samples being investigated during thigkveonsisted of lighter elements, the
usefulness of EDX would have been minimal and floeeeno EDX analysis was

performed.

In electron microscopy the visible light sourcedige optical microscopy is replaced with
a high energy incident electron beam® The generated electrons can interact with the
sample either elastically or inelastically. Thenfier interaction occurs when scattered
electrons have the same energy as the incident, ovielst the latter occurs when the
energy of the scattered electrons is different.efgstic collision results in the emission of
high energy electrons, known as backscatteredretext They escape the surface of the
sample retaining ca. 60-80 % of their initial engngaching the detector with an energy
greater than 50 e¥f. They are used for imaging purposes and diffractpoviding both
compositional and topographic information.

However, when the electrons from the incident bstike the sample; inelastic scattering
can yield different types of signals including temission of secondary electrons, X-rays
and Auger electrons (Figure 2-16). In particulaniteed secondary electrons have low
energies (on average 3-5 eV). For this reason theybe used for obtaining topographic
information with good resolution as they escapehinita few nanometres of the sample

surface and can be used to mark the position db¢laen accurately.

Moreover, when the material is scanned, an inneitl sif electrons is ejected by the
primary beam, leaving the sample in an excitecestthen it relaxes back to the ground
state, the sample will emit both Auger electron XAdhys as a result of an electron from
an outer shell dropping down to a core level. Theyéyr electrons and X-rays will be
characteristic of the atom they are emitted frord ean be employed for the study of the
elemental composition of the material by either A&uglectron Spectroscopy (AES) or

energy dispersive X-Ray Spectroscopy (EDX).
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Unscattered Electrons

Figure 2-16: Schematic of possible scattering of electrofi®m a typical SEM experiment.

In a common scanning electron microscope, a beahnigbfenergy electrons is emitted by
an electron gun. The beam is focused by a condémseand travels through a system of
magnetic lenses before interacting with the samfeough the use of scanning coils the
focused beam is moved across the surface of th@lsastanning it. The detector then
collects the backscattered and secondary electtbesemitted signals responsible for
imaging. The microscope is usually interfaced td®@, facilitating the viewing and

manipulation of the collected images.

The equipment works under high vacuum, in ordeawoid oxidation and preserve the
filament responsible for the generation of the beAnmigh vacuum results also in lower

background noise and better image quality.

A schematic of a scanning electron microscopeaseqmted in Figure 2-17.
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Figure 2-17: Schematic of a Scanning Electron Microscope.

2.3.5.1 Preparation of samples

In order to collect SEM images, the sample to kedysed is placed onto adhesive carbon
tabs fixed to an aluminium stub. Since in this wihr& analysed materials were often found
to charge under the beam, the samples were typisplltter-coated with a 10 nm layer of

gold/palladium alloy to achieve better conductiatyd increase the quality of the collected
images. All manipulations were carried out inside@rculating glove box under either an

argon or nitrogen atmosphere. The samples weranputglass vials and sealed before
being transferred out of the glove box to minimise exposure to air and moisture. The
samples were then placed inside the vacuum coluintheomicroscope, which was shut

using an air-tight door and evacuated. The measmesnwere performed using two

different scanning electron microscopes.

The images presented in Chapters 3 and 5 wereradaat the Imaging Spectroscopy and
Analysis Centre (ISAAC), in the School of Geogragaihiand Earth Sciences (GES) at the
University of Glasgow, with the help of Dr Peteru®@iy. The instrument used was a Carl
Zeiss Sigma Variable Pressure Analytical SEM witkfd@d Microanalysis using a

Schottky thermal field emitter electron source. &atelerating voltage of 15-25 kV and a

working distance of typically 5-6 mm were used.

The images presented in Chapter 4 were collectedgua Philips XL30 ESEM
microscope, operated in high vacuum mode with gliegh accelerating voltage of 25 kV
and a working distance of 5 mm, suitable for imggin
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3 The magnesium hydride — magnesium hydroxide

‘modular’ release system

3.1 Introduction

The magnesium hydroxide — magnesium hydride systas one of the first ‘modular’
hydrogen release system to be proposed by Leagtli in 2009' More recently, Wang
et al. studied the improved hydrogen storage and relpamgeerties of mechanically milled
magnesium hydride when mixed with catalytic amounftsalkali hydroxides in 2013.
Furthermore, the use of magnesium hydroxide inethéisd of systems has also recently
been proposed in combination with lithium borohgérand sodium borohydridé.

The Mg(OH)} - MgH, dehydrogenation system, presented in Equation 31,
thermodynamically favourable. It can theoretica#lease up to 4.7 wt. % of hydrogen and
involves the reaction between magnesium hydroxideg @agnesium hydride to yield

magnesium oxide together with and the evolutiohyafrogen.
Mg (OH), + MgH, — 2MgO +2H, AH°(98K) = -101.3kJmol™H, (3-1)

The decomposition of both magnesium hydroxide amdjmesium hydride as individual
components have been widely studied. In the casdg{fOH),, the decomposition is a
dehydration process (Equation 3-2), which theoadlfideads to the release of 30.8 wt. %
H20.5'6

Mg (OH), — MgO +H,0 AH®°(298K) = 984kJmol™H,0 (3-2)

Magnesium hydride can theoretically release up.@ont. % H, although the kinetics and
thermodynamics of the dehydrogenation processEgadtion 3-3) characterised by slow

H, desorption at high temperatures.
MgH, -~ Mg+H, AH°@98K) = 762kJmol™H, (3-3)

In this work Mg(OH) and MgH have been employed together as a single system: a
stoichiometric amount of the two reagents have bemed together as shown in Equation

3-1. Bulk, mechanically-milled and chemically natnostured materials were used. First,
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mixtures of as-received Mg(OkHyand MgH were ground together manually and their
dehydrogenation investigated. Following the stufithe bulk system, mechanically milled
materials were employed: both bulk Mg(QHgnd Mgh were ball milled to reduce
particle size and subsequently manually mixed aedl @s a ‘modular’ system.

Furthermore, nanostructured Mg(QHyith an hexagonal platelet morphology has been
successfully synthesised. The hydroxide was mixgd milled MgH, and the behaviour

of the whole system investigated. As mentioned étti®n 1.3.2, the reduction of the
particle size of the materials in these kinds aftems can lead to an enhancement of the
thermodynamics and kinetics of hydrogen releasecamdpotentially yield better control
of the whole dehydrogenation process.

All starting materials and systems were chara@drisusing simultaneous
thermogravimetric analysis (TG-DTA) mass spectrpgcMS), powder X-ray diffraction
and scanning electron microscopy. TG-DTA-MS studiesre conducted to obtain
information on the onset and peak temperature pftla@rmal event occurring, weight loss
percentage and nature and amount of the gas evdlwang the reactiorEx-situPXD has
been used to monitor the various dehydrogenatiepssoccurring during the thermal
treatment and ultimately to propose a mechanisrhydifogen release for each studied
system. Scanning electron microscopy was emplogedrfaging: the morphology of both
milled and nanostructured materials have beenexudiefore and after the heating process
in order to verify any retention of the morphologgspecially for nanostructured

magnesium hydroxide.

The aim of this chapter is to give an overview e Mg(OH)} — MgH, system with
particular focus on the comparison among chemiaalyostructured, mechanically milled
materials and bulk reagents dehydrogenation pregerfTG-DTA-MS studies were
performed on each system in order to obtain onsétpeeak temperature of any thermal
event occurring, associated weight loss percentagesnature and amount of the gas
evolved during heatingex-situ PXD experiments were conducted to try and iscdertg
intermediate phases forming during dehydrogenatma propose a mechanism of
hydrogen release for bulk, milled and nano systedeanning Electron Microscopy was
employed for morphology studies of both milled arahostructured materials before and

after heating.
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3.2 Experimental

3.2.1 Preparation of the systems

All ‘modular’ systems were prepared by manually mgx materials with a mortar and
pestle stoichiometric amounts of the starting foniButes. All mixtures were prepared by
mixing 222 mg of magnesium hydroxide and 100 mgnaodgnesium hydride. All
preparations were carried out under an inert atimergpinside either an argon- or nitrogen-

filled recirculating glove box.

Three different kinds of systems were prepared:

e Bulk ‘modular system: as-received Mg(OH{Sigma-Aldrich, 95%) and MgH
(Aldrich, hydrogen-storage grade,96.5%) were mixed (denoted b-Mg(QHnd
b-MgH, respectively).

* Mechanically milled ‘modular system: mixtures of eghanically milled

magnesium hydroxide (denoted m-Mg(QHand mechanically milled magnesium
hydride (m-Mgh) were prepared.

* Nanostructured ‘modular’ system: nanostructured Otg), (denoted n-Mg(OH)

was mixed together with mechanically milled MgH

3.2.2 Microwave-Hydrothermal Synthesis of nanostructuredMg(OH)

To obtainca. 2 grams of n-Mg(OH) approximately 1.6 grams of magnesium oxide
(Sigma Aldrich, 98%) were placed inside a Teflareli autoclave for microwave synthesis
together with 30 ml of deionised water. The MW &lawe was heated for a total of 4

minutes (1 minute followed by 30 minutes of coolgach time) inside single mode cavity,

adapted domestic microwave oven. Products wereetdashd centrifuged with 4@ three

times and the white precipitate collected and diregir overnight'®

3.2.3 Ball milling of Mg(OH) ,

Magnesium hydroxide was mechanically milled usimg $ame conditions reported by Zhu
et al.” However, a 40:1 ball-to-powder ratio was used @sosed to the 120:1 employed
by Zhu.
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During a typical milling experiment, 1 gram of Mgt (Sigma-Aldrich, 95%) was ball
milled for 5 hours at 500 rpm, using 10 stainlee®lisballs. A 5 minute interval followed

every 5 minutes of milling.

3.2.4 Ball milling of MgH »

Nanostructured Mgk was produced by mechanically milling the as-reedinhydride
(Aldrich, hydrogen-storage grade 96.5%). Typically, 1 gram of MgHwas loaded into a
50 ml stainless steel jar using 10 stainless dia#é as grinding medium. The milling
process was performed for 5 hours at 450 rpm. Artuta interval was applied after every

5 minutes of milling’

3.2.5 TG-DTA-MS studies

The hydroxide — hydride system was characterisedthgymogravimetric-differential

thermal analysis coupled with mass spectroscopgsd lexperiments were performed to
obtain information on the onset and peak tempegatirthe thermal event occurring
during heating, weight loss percentage and natndeaanount of the gas evolved during
the reaction. TG-DTA experiments were carried aihg a Netzsch STA 409 PC coupled
to a Hiden HPR20 mass spectrometer as detaile@dtidd 2.3.4. All measurements were
performed under a flow of argon and all manipulagiovere conducted inside inert

atmosphere glove boxes.

First correction files were created and then théenmals analysed (Section 2.3.4.1). Initial
experiments involved heating from room temperator873 K at 5 K miit and holding
that temperature for 1 hour before undergoing m@étoooling. Subsequent experiments
were planned based on the initial TG-DTA resulttaoied and intermediate temperature
points were studied to isolate any intermediateigggorming to facilitate the proposal of
a mechanism of hydrogen release. For each expetinapproximately 20-25 mg of

sample were subjected to thermal treatment.

As mentioned in Section 2.3.4.1, TG-DTA analyses warformed in order to calculate
the activation energy for the system using the iKiggr method’*? Samples were heated
to 773 K using heating rates of 2, 5, 10 and 20 K hrespectively (Table 3-5) and

Kissinger plots were obtained.
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3.2.6 Powder X-ray diffraction (PXD) experiments

All starting materials and ‘modular’ hydrogen redessystems were analysed by PXD as
described in paragraph 2.3.1.1. Capillaries weepaed for the characterisation of air
sensitive materials and these were analysed widB 8ruker diffractometer. Data were
typically collected from @ 5-85 for one hour for phase identification. Nansensitive
materials were characterised using a PANalytic&lext powder diffractometer, employing
the bracket stage. Data were usually collected f2g9m5-85 for 30 minutes for phase

identification and for 3 hours for Rietveld refinents studies.

The data obtained were compared with the appr@pniaterence powder diffraction
patterns using the ICSD datab¥sen PowderCelf or using the ICDD PDF databd3e
with the PANalytical HighScore Plus software.

As already discussed in Section 2.3.3, Rietveltheefients against the PXD data were
performed using the General Structure Analysis Sps{(GSAS)® with the EXPGUI
interfacé’. The background was successfully modelled usingcffan 1 (Chebyschev
function, polynomial of the first type). This wasllbwed by the refinement of the cell
parameters, atomic positions, profile parametetstamperature factors. The peak shape
was modelled using Function 2, which is a multrteSimpson’s integration of the
Pseudo-Voigt function.

3.2.7 Scanning Electron Microscopy (SEM) imaging

Samples for SEM imaging were prepared accordinglgéction 2.5.2.1. In each case a
small amount of sample was placed onto an adhesikgon tab fixed on an aluminium
stub. Since the analysed materials were observechéoge under the electron beam,
samples were sputter-coated with a 10 nm layeolaf/galladium alloy in order to achieve
better conductivity and increase the quality of tm#lected images. All manipulations
were carried out inside a recirculating glove boxler inert atmosphere. The samples were
put into glass vials and sealed before being tearedl out of the glove box. The samples
were then placed inside the vacuum column of therostope, which was shut and

evacuated.

Images were acquired using a Carl Zeiss Sigma blariRressure Analytical SEM with
Oxford Microanalysis employing a Schottky thermigld emitter electron source. SEM

imaging was performed with an accelerating voltafj@5-25 kV and a working distance
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of typically 5-6 mm. The instrument is situatedfa Imaging Spectroscopy and Analysis
Centre (ISAAC), School of Geographical and EartieSges (GES) at the University of
Glasgow. All images were collected with the helpofPeter Chung.

3.2.8 Summary of samples and reactions

Table 3-1: Summary of starting materials employed in theMg(OH), — MgH, ‘modular’ release

systems.

Sample  Material

Preparation Conditions

Heating progam / K

1 n-Mg(OH),

4 min MW synthesis

2 m-Mg(OH), 5 h milling @ 500 rpm (5/5)

3 m-MgH;

5 h milling @ 450 rpm (5/5)

873 /5 K mifn+ 1 h dwell
873 /5 K mitn+ 1 h dwell

873 /5 K min+ 1 h dwell

Table 3-2: Summary of preparations carried out for the buk ‘modular’ system.

Sample Material Prepa.rr?\tlon Heating program / K
Conditions

4 b-Mg(OH), — b-MgH, 5 min manual mixing -

5 b-Mg(OH), — b-MgH, 5 min manual mixing 873 /5 K mifn+ 1 h dwell
6 b-Mg(OH), — b-MgH, 5 min manual mixing 638 /5 K miin

7 b-Mg(OH), — b-MgH, 5 min manual mixing 673 /5 K min

8 b-Mg(OH), — b-MgH, 5 min manual mixing 723 /5 K min

9 b-Mg(OH), — b-MgH, 5 min manual mixing 773 /5 K min

Table 3-3: Summary of preparations carried out for the mehanically milled ‘modular’ system.

Sample Material

Preparation

Conditions

Heating program / K

10 m-Mg(OH), — m-MgH,
11 m-Mg(OH), — m-MgH,
12 m-Mg(OH), — m-MgH,
13 m-Mg(OH), — m-MgH,

5 min manual mixing
5 min manual mixing
5 min manual mixing

5 min manual mixing

873 /5 K min+ 1 h dwell
658 /5 K miin
758 /5 K min
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Table 3-4: Summary of preparations carried out for the nanostructured ‘modular’ system.

_ Preparation _
Sample Material N Heating program / K
Conditions

14 n-Mg(OH, — m-MgH, 5 min manual mixing -

15 n-Mg(OH), — m-MgH, 5 min manual mixing 873 /5 K miin+ 1 h dwell
16 n-Mg(OH), - m-MgH, 5 min manual mixing 673 /5 K min

17 n-Mg(OH, — m-MgH, 5 min manual mixing 773 /5 K min

Table 3-5: Summary of preparations carried out for activdion energy calculations.

Preparation

Sample N Heating program / K
Conditions
18a  b-Mg(OH),—b-MgH, 5 min manual mixing 773 (2 K mim)
18b 773 (5 K min')
18c 773 (10 K mint)
18d 773 (20 K mint)
19a m-Mg(OH), - m-MgH, 5 min manual mixing 773 (2 K mi)
19b 773 (5 K min')
19c 773 (10 K mint)
19d 773 (20 K mint)
20a n-Mg(OH), — m-MgH, 5 min manual mixing 773 (2 K mi)
20b 773 (5 K min')
20c 773 (10 K mint)
20d 773 (20 K mint)
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3.3 Results and Discussion

3.3.1 Preparation of the system components

3.3.1.1 Nanostructured Mg(OH)>
Nanostructured Mg(OH)(Samplel) was successfully obtained using the synthetiderou

described in Section 3.2°1.

The synthesised nanostructured magnesium hydrox@e characterised by PXD and
SEM. As shown in the PXD pattern (Figure 3-1) pphase Mg(OH) nanoplates are
synthesised with no trace of MgO starting matepralsent. Crystallites were of hexagonal
platelet morphology with a typical thickness of 2060 nm, a diameter and diagonals
varying in the 100 nm — 300 nm and 200 — 600 nrgeaespectively (Figure 3-2).
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Figure 3-1: PXD pattern for Sample 1, synthesised n-Mg(OH)
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Figure 3-2: Collected SEM images for Sample 1: a) Aim scale b) 200 nm scale

Due to the non-uniform size distribution of the gden the Scherrer method has not been
used to give an estimation of the particle sizethwd synthesised Mg(OHKl) Rietveld
refinement was performed against PXD data with G8ASing the EXPGUY interface.
Crystallographic data are presented in Table 3-6 the cell parameters are in good
agreement with the literature valu&sThe observed, calculated and difference (OCD) plot
from the PXD Rietveld refinement for Samflés presented in Figure 3-3.

Table 3-6: Selected data from the PXD Rietveld refinemerfor Sample 1, synthesised nano Mg(OHY

Empirical Formula ~ Mg(OH) »

Crystal System Trigonal

Space Group P-3ml
Lattice Parameters
al A 3.150(4)
cl/A 4.774(9)
v /A3 41.0(1)
Z 1
Unit Cell Formula
Weight / M,, >8.319
Density / g cm® 2.360
No. of Variables 31
No. of Observations 9573
Rwp % 9.31
Rp % 3.61
e 4.43
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Figure 3-3: Observed, calculated and difference (OCD) plofrom the PXD Rietveld refinement for
Sample 1, synthesised n-Mg(OH)

A possible mechanism of nanoplates growth was megan 2003 by Ywet al, who
studied the conventional HT synthesis of Mg(@Hgxagonal nanoplates from only MgO
and HO.*® This process starts with the dissolution of bulg@lin water, forming primary
particles, and then proceeds with the aggregatfotmase particles to yield mesoporous

nanoplates.

The mechanism herein proposed for the MW-HT symshisdifferent to the one reported
above and it consists of a dissolution-precipitappoocess (Equation 3-4). The use of MW
results in a much higher rate of both heating aadlicg and this could lead to an
extremely fast initial MgO dissolution step. Evemough the solubility of MgO and
Mg(OH), is poor under ambient conditions, these increatfeincreasing temperatufé?*
The mechanism then involves the formation of maigmesydroxide on the oxide surface
via intermediate Mg(OH)species. This is then followed by the removal @f(®@H), from
MgO surface?®?

MgO +H,0,, - MgOH,,, +OH;

ag — Mg(OH), (3-4)

®)

The oxide is believed to rapidly react with® with the formation of Mg(OH)particles

being faster than their removal from the surfacthefoxide.

The final step of the process is the cooling whishwhen the agglomeration of the
particles is believed to occur. In this sense, shiggests that the mechanism is different to

the one proposed by Yat al.® Both mechanisms are presented in Figure 3-4.
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Figure 3-4: Proposed growth processes for (a) conventiondlydrothermal synthesis of Mg(OH)
nanoplates® and (b) MW-HT synthesis of Mg(OH), nanoplates performed during this project®

3.3.1.2 Ball milled Mg(OH) »
Magnesium hydroxide (Samp® was ball milled for 5 h at 500 rpm; as shown igufe

3-5, the post-milling product is still single phalskg(OH),. SEM images were collected
(Figure 3-6) and show particles with a typical et size of 70-200 nm in diameter.
However, it is also possible to notice that the ledil Mg(OH) particles tend to

agglomerate in bigger clusters with a diameteypically a fewum.
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Figure 3-5: PXD pattern for Sample 2, ball milled magnesim hydroxide.
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Figure 3-6: Collected SEM images for Sample 2: a) im scale b) 200 nm scale

3.3.1.3 Ball milled MgH »

Magnesium hydride (Samp®) was ball milled for 5 h at 450 rpm. As shown lre tPXD
pattern (Figure 3-7), no major reaction occurs myrthe milling time, although it is
possible to identify peaks assignable to diffetdgH, polymorphs$-MgH, andy-MgH-.
Nonetheless, the-MgH reflections are very low in intensity aeMgH. is still the main
phase present. Magnesium metal is also presemi@agity. Its presence was identified in
the as-received hydride, before the milling processs performed. Rietveld refinement
was performed against the collected PXD data amdc#iculated weight fractions were
found to be 96 £ 1 % MgHand 4 + 1 % Mg. The PXD pattern of the as-receivieH,
together with selected crystallographic data arel dhserved, calculated and difference
(OCD) plot from the PXD Rietveld Refinement canfbend in Appendix A.

SEM images were collected prior and after the balling (Figures 3-8 and 3-9). The
images show a dramatic reduction of the particle swith respect to the as-received
hydride. The milling process results in a typicaltcle size of 70-150 nm in diameter.
The collected SEM images show nonetheless thap#mcles tend to agglomerate in
clusters with a diameter of typically 142m, as was previously observed for milled
Mg(OH).
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Figure 3-7: PXD pattern for Sample 3, ball milled magnesim hydride (B-MgH ). Triangles and circles

indicate y-MgH , and Mg metal respectively.

Figure 3-9: Higher magnification SEM image for Sample 3 (@0 nm scale)
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3.3.1.4 TG-DTA-MS data

Prior to the study of the ‘modular’ release systdi3;DTA-MS studies were carried out
on each of the starting materials. Sample® and 3 and the commercial magnesium
hydroxide and magnesium hydride were analysed iddally in order to compare onset
and peak temperatures of dehydration and dehydabigenfor Mg(OH)» and Mgh
respectively, as well as weight losses and theutionl of gaseous species occurring during

heating.
A summary of the results obtained for magnesiunrdwide is reported in Table 3-7.

Table 3-7: Onset temperature, peak temperatures, weighbkses and identified released gaseous species
for Sample 1 (nano Mg(OH}), Sample 2 (milled Mg(OH}) and as-received Mg(OH).

. Evolved
Sample OnsetT/K Peak T/K Weight Loss /%
Gases
1
560 663 29.7 FO
n- Mg(OH)>
2
528 615 30.4 (%O
m- Mg(OH),
653
Commercial
553 603 30.6 O
Mg(OH).
631
102 2.0
100 Nano lExo Nano
98 | —— Milled 1.5 - — Milled
96 | Commercial Commercial
94 1.0
92 ] .
90 g) 0.5 4
& ::- % 0.0 -
P a2 S os]
80 [a)
78 1.0
76
74 1.5
72
() 20(b)
350 400 450 500 550 600 650 700 750 800 850 350 400 450 500 550 600 650 700 750 800 850
Temperature / K Temperature / K

Figure 3-10: (a) TG and (b) DTA data comparison for commaetial (red), nanostructured (1; blue) and

milled (2, green) magnesium hydroxide.
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Figure 3-11: MS profiles Vs time for commercial (red), nanstructured (1; blue) and milled (2, green)

magnesium hydroxide.

Figure 3-10 presents the TG-DTA data collectedSamplel (nano Mg(OH)), 2 (milled
Mg(OH),) and commercial Mg(OH) All weight losses appear to be consistent: theeki
can be observed for the nanostructured hydroxidenfe 1), where a mass loss of 29.7
wt. % is observed, corresponding to 96.4 % of theotetical 30.8 wt. %. The thermal
treatment of Sampl2 leads to a mass loss of 30.4 wt. % (98.8 % oftlleeretical one),
whereas the as-received Mg(QH)ehydration process results a weight loss of 30,6
which is 99.4 % of the theoretical figure. The Dprofiles show differences amongst the
materials: the onset temperature of dehydratiorf@ared to be 560 K, 528 K and 553 K
for nano, milled and commercial Mg(Okespectively. The profile for Samplesuggests
that the dehydration process takes place in aesiigp, with a peak temperature of 663 K.
DTA profiles for commercial magnesium hydroxide é&ample2 suggest the dehydration
to be a two-step process instead, as previoushyrtegr Turneret al. suggest that this may
be due to differences in surface energy and thsepre of crystal lattice defeégwo
different peaks may be identified with peak tempees of 603 and 631 K for as-received
Mg(OH), and 615 and 653 K for milled Mg(OfH)Sample2). However, this is not
completely in agreement with the MS spectra cadlédtFigure 3-11): the only gaseous
specie detected is water as expected, althoughllfsamples the release of water appears
to happen in a single event, with the maxima bei§, 631 and 663 K for milled,
commercial and nanostructured magnesium hydroxseactively.

Based on the data presented, San@pmilled magnesium hydroxide) appears to be most

promising of the hydroxides to be employed togethign MgH in this type of ‘modular’
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system in order to achieve the best hydrogen relpasformances, as its onset and peak
dehydration temperatures are lowered when compardéite bulk material, suggesting an

improved reactivity.

A summary of the data collected for magnesium lugldre presented in Table 3-8.

Table 3-8: Onset temperature, peak temperatures, weighbkses and identified released gaseous species

for Sample 3 (milled MgH,) and for as-received MgH.

_ Evolved
Sample OnsetT/K Peak T/K Weight Loss /%
Gases
3
580 625 6.4 bl
m-MgH
Commercial
667 696 6.9 bl
MgH >
101 10
] ——Milled . l,Exo —— Milled
100 — Commercial ] H Commercial
| 8
99 7
98 - "o 6]
] € 54
£ g 4]
o = ]
2 9 E Z ]
95 —‘ 14
94 | 0
] 14
93 4
2
92 A(a') T 1 T T T T T 1 T T T -3 (bv) T T T T T T T T T
350 400 450 500 550 600 650 700 750 800 850 350 4("0 4;0 5‘;0 5;0 61;0 6;0 7!;0 75I0 8(;0 850
Temperature / K Temperature / K

Figure 3-12: (a) TG and (b) DTA data comparison for commetial (red) and milled (3, blue)

magnesium hydride.
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Figure 3-13: MS profiles Vs time for commercial (red) andnmilled (3, blue) magnesium hydride.

As can be observed in Figure 3-12, the TG-DTA peoshows great improvement in the
dehydrogenation properties magnesium hydride assaltrof ball milling. In fact, the
milling procedure results in a decrease of the pbtemperature of hydrogen release by
almost 100 K with respect to the as-received MdHhe kinetics of Hrelease appear to be
slightly slower when compared to the bulk materiadsa broadening of the DTA peak
relative to B desorption can be observed for Santplelowever, this could be an effect of
the size distribution of particles in the samplbe ™S profiles (Figure 3-13) show that the
only gaseous species evolved during the thermatnrent is hydrogen. From the data
collected, it is also clear that the dehydrogemagicocess for milled material occura 30
minutes before the bulk one (loweredda; 90 K), although it seems to require more time
to go to completion (roughly 25 minutes for millbthH, against the 15 minutes of non-
milled MgH,). On the other hand, for the as-received hydridecaght loss of 6.9 wt. %
(nearer to the theoretical 7.6 wt. %)Han be observed. The thermal treatment of Sample
3 leads to a mass loss of 6.4 wt. %, which is 84.8f%e expected 7.6 %. (91 % of the
theoretical value for the bulk). The lower weigbsses can be attributed to the presence of
magnesium metal as an impurity in the pre-milledride as well ag-MgH; as previously

explained in Section 3.3.1.3.
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Initial TG-DTA-MS experiments were performed on $des5, 11 and 15 to determine

the onset temperature as well as the peak temperatinydrogen release and the weight

loss for bulk, milled and nanostructured systemiguifes 3-14 and 3-15). The results

obtained are summarised in Table 3-9. The mixtwese heated to 873 K and that

temperature was held for one hour (Sampldsl and15).

Table 3-9: Onset temperature, peak temperatures, weighbkses and identified released gaseous species

for Samples 5, 11 and 15. If not otherwise speciflethe thermal events are endothermic

_ Evolved
Sample Onset T/K Peak T/K Weight Loss /%
Gases
5 567 611 21.5 B H.O
b-Mg(OH) , — b-MgH> 645
688 716
737
11 527 642 (exo) 12.6 HH0O
m-Mg(OH) ; — m-MgH, 718 743
779
15 530 615 (exo) 7.9 H
n-Mg(OH) , — m-MgH- 713 753
776
100“: :l\B/ILijllll;d 1.o-lEx° HT— —m’u‘;d
ZZ : Nano 05 T, Nano
) zzz *g, -054
i 4 < 1.0
'(2 88-_ LT E .
86—_ ,‘E 154
e e

T T T T T T T T T
350 400 450 500 550 600 650 700 750 800 850

Temperature / K

g T T T T T T T T T T
350 400 450 500 550 600 650 700 750 800 850

Temperature / K

Figure 3-14: (a) TG and (b) DTA data comparison for Samplé& (bulk; red), Sample 11 (milled; green)

and Sample 15 (nano; blue).
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As can be clearly seen from Figure 3-14, intergstififerences can be appreciated among
the three studied systems in terms of both weighs land differential thermal analysis.
Although the onset temperature of t¢lease is not dramatically decreased when reducin
the particle size of the starting materials (5627 @and 530 K for Sampl§, bulk, 11,
milled, and15, nano respectively), great differences can berobden the DTA profiles.
The most important distinction between sampleglsted to the thermodynamic nature of
the events occurring. Sampeshows the presence of four main endothermic evémes
first one starting a 567 K (with a peak temperatofe511 K) and the second starting
immediately afterwards with a peak temperature4® K. The third endothermic shows an
onset temperature of 688 K and a peak temperafufd® K and the last endothermic
event occurs immediately after with a peak tempeeabf 737 K. The DTA profile for
Samplesll and 15 show that the presence of three events only. Egyrthe first event
appears now to be exothermic for both samples wihle other events remain
endothermic. In particular, for Samplé the first event starts at 527 K and shows a peak
temperature of 642 K. The second event starts &K7(@with a peak temperature of 743 K)
and it is immediately followed by the third andtl@ndothermic event which presents a
peak temperature of 779 K. A similar profile candimserved for Sampl5, with slight
shifts in temperatures with respectlth The first event presents an onset temperature of
530 K and a peak temperature of 615 K, whereasdhbend event starts at 713 K (753 K
peak temperature) with the third endothermic ewtatting immediately after with a peak

temperature of 776 K.

TGA profiles shows that the weight losses are nhigher than expected for the evolution
of hydrogen. In fact the theoretical figure forsttgystem is 4.7 wt. % 4 The observed
mass losses were found to be 21.5, 12.6 and 7.9owitr Sample$ (bulk), 11 (milled)
and B (nano) respectively. This could be explained bing into account the DTA
profiles as well as the MS spectra showing the @asspecies evolved during the thermal
treatment of each sample (Figure 3-15).
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Figure 3-15: MS profiles Vs time for Sample 5 (bulk), Samig 11 (milled) and Sample 15 (nano). The
black line denotes hydrogen release. In the insentyater release for bulk, milled and nanostructured

materials is denoted by red, green and blue lineespectively.

As previously stated, the gravimetric capacity loé system is 4.7 wt. % of hydrogen

according to Equation 3-1 presented in Section 3.1.

However, if the decomposition of the two startingterials is considered as being two
independent thermal evenis. the dehydration of Mg(OH)and the dehydrogenation of
MgH, (Equations 3-2 and 3-3 previously given in Sectih), then the system would
theoretically release 21.3 wt. %,® from Mg(OH)} and 2.4 wt. % K from MgH,,

resulting in a total weight loss of 23.5 wt. %.

This is in broad agreement with both the DTA pmofibnly endothermic events can be
identified) and the mass loss observed for Sarbplehich was found to be 21.5 % (91.5
% of the expected #D/H, weight loss of 23.5 %). The MS spectrum of sangpdiows in
fact the release of both hydrogen and water dufiGgDTA analysis. The lower mass loss
may be imputed to the Mg metal impurity presenthig hydride as well as a slight reaction
of MgH. with the HO released from the hydroxide during the first stéghe reaction,

associated with the evolution of a small amourttyafrogen.
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Both Sampled.1 and15 show a lower mass loss with respect to the bulterreds as well
as different DTA profiles as previously discuss&dveight loss of 12.6 % is observed for
the milled system1(l) and again both water and hydrogen are evolvemgldihe thermal
treatment according to the mass spectrum. NevedbeH is released in two different
steps, which coincide with the first LT exotherneieent and the second HT endothermic
event. This suggests that dehydration of hydrosidé occurs, but the water evolved is
immediately hydrolysing part of the hydride leadingH, release together with,8. Then
the remaining hydride decomposes according to kEmu&-3 and hydrogen is evolved.
The last endothermic event could be related tontleéting of Mg resulting from Mgkl
dehydrogenation. Although the melting point of megjom metal is higher (mp = 922
K)?* it may be possible to observe melting of Mg metialower temperatures due to a
depression of the melting point caused by the redygarticle size of Mgk This is
supported also by the fact that no weight changassociated with such thermal event.
However, a closer look at the DT profile could al@gest the last two events to be a
combination of an endothermic event immediatelyofeed by an exothermic one. In this
case the last exothermic event (peak temperatur@58f K) could be related to the
formation of MgO from the reaction between Mg réisgl from MgH, dehydrogenation

and the water evolved from Mg(OHjehydration.

A similar reaction pathway can be proposed for sémctured materials, however the
weight loss for Sampl&5 was found to be only 7.9 %. This figure indicatiest both H
and HO are evolved from the nanostructured mixture. Haxeonly hydrogen is detected
in the mass spectrum in a two-step process whetingeaanostructured materials. An
almost negligible signal for water was observede Tifrst mechanistic step is hypothesized
to be once again the simultaneous dehydration qfOWig and hydrolysis of most of the
MgH> and this is supported both by the evidence ofLfhexothermic event in the DTA
profile and the hydrogen peak in the mass spectilira.subsequent endothermic step of
the reaction appears to be the dehydrogenatiomeofemaining hydride, which is believed
to be followed by the melting of the newly formedyM-However, the weak water signal
observed would suggest that the evolved water cpattly react with the newly formed
Mg metal to yield MgO and release,.Hn fact, as previously observed for Samfle
(milled), it is possible the last event to be a bamtion of endothermic and exothermic
events, relative to MgHdehydrogenation and reaction of Mg to yield MgQpectively.
As observed for the milled system, the exothernviené presents a peak temperature of

758 K. However, also in this case it is not possitol observe a weight gain associated to
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such event. Moreover, the MS profile fis suggests that most hydrogen is released during

the first exothermic event rather than during theosid one.

Further, it is possible to note from DTA profiles well as MS spectra show that the
temperature of the thermal event associated withiMighydrogenation is shifted towards
higher temperatures when working with nanosizecens. This is believed to be caused
by reactions occurring at the hydroxide-hydrideeiface. In fact, it has been reported by
Bobetet al. that during the hydrolysis reaction of Mgld passive layer of hydroxide is
formed on the surface of the matefialn this case, due to the high temperature, therla

is believed to be MgO, associated withCHevolution from Mg(OHy, which leads to a
core-shell-like structure with an inner core of Mgihd an outer shell of MgO. Moreover,
reducing the particle size of the hydride resuitam increased surface area and reactivity
and thus an increased surface area of the outer Mg&. This results in a lowered
reactivity of the remaining MgHleading to a higher onset and peak temperature of
hydrogen release for milled and nanostructuredesyst This is also in good agreement
with the data previously reported by Leardnial.*

It is important to note that although the watemsigis very weak as to that compared to
that from hydrogen, the value of the integratedkpe@as are comparable. A summary of

the integrated peak area calculated from the M8tepés given in Table 3-10.

Table 3-10: Summary of the integrated peak area calculatefrom the MS spectra and normalised to

the mass weight of each sample.

H, peak area H, peak area
H,O peak area

Sample Mass / mg N (LT event) / (HT event) /
/ Torr-mg” . L
Torr-mg” Torr-mg”
1 27.11 1.54E-10 — —
2 27.88 5.77E-10 - -
Commercial
27.73 2.17E-10 — —
Mg(OH)-
3 24.49 - - 8.01E-09
Commercial
2457 - — 6.02E-09
MgH >
5 23.66 1.17E-10 4.43E-10 3.63E-10
11 2451 8.53E-11 4. 81E-10 2.26E-10
15 24.50 - 3.61E-10 1.25E-10
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The Kissinger method was employed for calculating &ctivation energies of the two
main thermal event$** The first one a low temperature (LT) is believed¢late to the
decomposition of Mg(OH) (and simultaneous MgHhydrolysis for milled and nano
mixtures) and the one at high temperature (HT) d&diebed to correspond to the
decomposition of the remaining MgHData for obtaining Kissinger plots were collected
for bulk, milled and nanostructured mixtures (Saesdl8, 19 and20) prepared using the
exact same procedure 40 10 and14 and analysed as previously stated in Section .3.2.5
Kissinger plots for both thermal events are showrrigure 3-16 (error bars omitted for
clarity). A summary of the activation energies dinéar regression equations are given in
Table 3-11. Single Kissinger plots with relativeoerbars and DTA profiles are reported in

Appendix A.

The activation energy for the LT thermal event fasd to be 9419, 155+6 and 202+8 kJ
mol™* for Samplel8 (bulk), 19 (milled) and20 (nano) respectively. The activation energy
of 9449 kJ mof found for the bulk system is consistent with tledues reported in the
literature for the dehydration of magnesium hyddexi(98+6 and 86 kJ mnibl
respectivelyy?®. However, the values calculated for milled andasanictured mixtures
were found to be higher. This could be explained thg fact that a simultaneous
dehydration of Mg(OH) and hydrolysis of Mghl is occurring, leading to an overall
increased activation energy for the whole mechanssep.

The activation energy for the HT thermal event esponding to the decomposition of
MgH., was found to be 144+9, 159+3 and 175+2 kJ tnfwr Samplel8 19 and 20
respectively. These values are in agreement wehlitbrature; the activation energy of
magnesium hydride in fact does not appear to be atbected from the particle size of the
materials. Reported Ea values for bulk Mgate 142, 1664, 156 kJ miglwhilst Ea
values for milled MgH is 120 kJ mot.?"*®?°Nonetheless, a trend can be observed in the
samples as the activation energies tend to steaditgase ota. 15 kJ mof* from bulk
(18) to nanostructured2Q) mixtures, with the intermediate point found iretimilled
sample 19). This is in good agreement also with the TG-DT/AMilata previously
collected for Sample$ (bulk), 11 (milled) and15 (nano): as a shifting of the MgH
decomposition peak towards higher temperaturesolvasrved with the decreasing of the

particle size from bulk to nano together with tifer@amentioned core-shell effect.
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Figure 3-16: Kissinger plots for Samples 18 (bulk; red trangles), 19 (milled; green dots) and 20 (nano;
blue squares): (a) plots calculated for the LT themal event; (b) plots calculated for the HT thermal

event.

Table 3-11: Kissinger plot data for Samples 18, 19 and 2Qiterature reported values for activation

energy of Mg(OH), and MgH, are given at the bottom of the table.

Sample Thermal Event Ea/KJ mol'

18 LT 94+9
HT 144+9

19 LT 155+6
HT 159+3

20 LT 202+8
HT 1752

Eavgony = 986 kJ mof Ref. 1
Eavgony = 86 kJ mof Ref. 26
Eabuk mgre = 142 kJ mot Ref. 27
Eapuk mgre = 166+4 kJ mot Ref. 28
Eapuk mgre = 156 kJ mot Ref. 29

Eamiled mgre = 120 kJ mot Ref. 29
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3.3.2 Ex-situ PXD and Proposed Mechanisms
Ex-situ PXD studies were performed for each studied systenorder to propose a
mechanism of hydrogen release and to identify affgrdnces in terms of the reaction

steps of dehydrogenation when using differentlycpssed starting materials.

Based on the STA results discussed in the preveedion, the bulk, milled and
nanostructured systems were each studied fully.rébelts obtained for each system are

discussed below.

3.3.2.1 Bulk System

Ex-situ PXD experiments were carefully planned based endidita discussed in Section
3.3.1.4. Figure 3-17 illustrates the DT-TGA profiier Sample5 and the intermediate
temperature points selected fex-situ PXD experiments. TG-DTA-MS analysis was
performed in order to try and isolate the intermagzliphases formed. The intermediate
temperature points of the individual thermal anedysare reported in Table 3-2. Six
different temperatures points were studied: 298, &3, 723, 773 and 873 K and X-ray
diffraction patterns are presented in Figure 3-I&-DTA plots of the intermediate

temperature point are presented in Appendix A.
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Figure 3-17: TG (green line) and DTA (blue line) data obtaed for Sample 5. The temperature values
are those selected for subsequent TG-DTA and PXD pa&riments.
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Figure 3-18: Ex-situ PXD patterns for Samples 4, 5, 6, 7, 8 and 9 caited at 298, 873 638, 673, 723 and
773 K respectively. Triangles denote Mg(OH) circles p-MgH,, squares Mg and crosses MgO

respectively.

During manual mixing, no reaction occurs betweedrbyide and hydride prior to thermal
treatment and MgiHand Mg(OH) were found to be the only phases observed in the
diffraction pattern together with Mg impurity. At78 K the reaction has gone to
completion and the main phase present is MgO. Redles assignable to magnesium
metal can be identified as well. PXD patterns abéld at 638 and 673 K both reveal the
presence of MgQO3-MgH, and Mg, suggesting that the complete dehydratidig{OH),

is achieved. This is in agreement with the TG-DTéfiles obtained for b-Mg(OH)
starting material (Figure 3-10). At 723 K the irgdies of reflections relative to MgO and
Mg are increased, while the peaks relative to Mgke decreased in intensity, suggesting
that the decomposition of Mghétarted. This is also in agreement with the TG-BEN&
data obtained for MgH(Figure 3-13). At 773 K the only phases preseatrangnesium
oxide and magnesium. A summary of the phases pgraseach temperature point is given
in Table 3-12.
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Table 3-12: Summary of the temperature points and respeitte phases present foex-situ PXD analysis
for Samples 4, 5, 6, 7, 8 and 9.

Sample Temperature / K Present Phases
4 298 Mg(OH}; MgH; Mg
6 638 MgH; Mg; MgO
7 673 MgH; Mg; MgO
8 723 Mgh; Mg; MgO
9 773 MgO; Mg
5 873 MgO; Mg

Based on the results shown in Sections 3.3.1.43aB@.1, the following mechanism of
hydrogen release can be proposed Equation 3-5:

Mg(OH), + MgH, — MgO+H,0+MgH, - MgO+Mg+H,0+H, (3-5)

In the proposed mechanism, the first thermal evenhe endothermic decomposition of
magnesium hydroxideAH = 84.2 KJ mof H,0) leading to the formation of magnesium
oxide and the evolution of water. This is followeg the dehydrogenation of magnesium

hydride AH = 76.2 KJ mof Hy) yielding magnesium metal and hydrogen.

3.3.2.2 Milled system

Ex-situPXD experiments for Samplel were performed based on the results reported in
Section 3.3.1.4. Diffraction data were collectedrdérmediate temperature points to try
and isolate phases formed during the thermal trewitrof the sample. In order to do this,
TG-DTA-MS experiments were performed and the intmlrate temperatures point for
which PXD data were collected are summarised inlelf&3. Four temperatures points
were studied: 298, 658, 758, and 873 K: Figure 3lidws the full DT-TGA profile for
Sample 11, indicating the intermediate temperature pointswdtich TG-DTA and
diffraction data were subsequently obtained. TG-Dpldts from room temperature to each
of the intermediate temperature point are preseintégppendix A. The respectivex-situ
PXD patterns are presented in Figure 3-20.
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Figure 3-20: Ex-situ PXD patterns for Samples 10, 11, 12 and 13 collect at 298, 873, 658 and 758 K

respectively. Triangles denote Mg(OH)), circlesp-MgH ,, squares Mg and crosses MgO respectively.
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No reaction apparently occurs between hydroxide layatide during the manual mixing
before the heating treatment as only reflectiorsigaable to Mgk and Mg(OH) are
present in the powder pattern together with Mgrasrepurity. As for the bulk materials, at
873 K the reaction has gone to completion with mh@or phase present being MgO.
However, peaks assignable to Mg metal can be addity identified. At 658 K it is not
possible to assign any peaks to magnesium hydroaxikthe only phases present are
magnesium oxide, magnesium hydride and magnesiural.mBeaching the 758 K
temperature point results in the absence of Mgéhaks with the only phases present being
MgO and Mg. From 758 to 873 K it is possible toeat decrease in the width of MgO
reflections together with increased peak intenditys would suggest that MgO is forming
as the temperature increases, while the meltinghagnesium metal is hypothesised to
occur. However, based on the TG-DTA data discussesiection 3.3.1.4, this change in
intensity of Mg and MgO reflections could also hilbutable to the reaction between Mg
and HO to yield MgO and evolve hydrogen. A summary @ fhases identified at each

temperature point throughout the heating procegven in Table 3-12.

Table 3-13: Summary of the temperature points and respentte phases present foex-situ PXD analysis
for Samples 10, 11, 12 and 13.

Sample Temperature / K Phases Present
10 298 Mg(OH}; MgH; Mg
12 658 Mgh, Mg; MgO
13 758 MgO; Mg
11 873 MgO; Mg

Equations 3-6 and 3-7 illustrate the two proposetydrogenation mechanisms for the

milled system, based on the results discusseddtidde 3.3.1.4 and 3.3.2.2:
2Mg(OH), +2MgH, - 3MgO+H,0+2H, + MgH, - 3MgO+H,O0+ Mg +3H, (3-6)

2Mg(OH), + 2MgH, — 3MgO+H,0+2H, + MgH, -

3-7
~ 3MgO +H,0+Mg +3H, — 4MgO +4H, (37

When using milled materials, the first dehydrogematstep is the simultaneous
decomposition of Mg(OH)(AH = 84.2 KJ mdfH,0) and Mgh hydrolysis AH = -138.5

KJ mol*H,) leading to the formation of magnesium oxide amel évolution of hydrogen.
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Nevertheless, traces of water can still be deteftted the MS analysis. This is followed
by the decomposition of the remaining hydrideH( = 76.2 KJ motH,) yielding
magnesium metal and hydrogen. The final step ofpilueess is yet to be completely
understood and two possible pathways are propasednechanism proposed in Equation
3-6 involves the melting of magnesium metal, whitee dehydrogenation reaction
proposed in Equation 3-7 involves the reactiorhefriewly formed Mg with water to form

MgO and release H

3.3.2.3 Nanostructured system

Once again, based on the STA data discussed ilB&:B.1.4 ex-situPXD experiments
were carefully planned to try and isolate the imediate species: TG-DTA-MS analysis
were performed and diffraction data obtained agrmediate temperature points collected
as reported in Table 3-4. The DT-TGA profile fom§de 15 is shown in Figure 3-2. As
for the milled system, four temperatures pointsenstudied: 298, 673, 773 and 873 K. Ex-
situ PXD patterns have been collected at each teanpe point and the phases present
identified (Figure 3-22). TG-DTA plots of the inteediate temperature point are presented
in Appendix A.
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Figure 3-21: TG (green line) and DTA (blue line) data obtmed for Sample 15.
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Figure 3-22: Ex-situ PXD patterns for Samples 14, 15, 16 and 17 collect at 298, 873, 673 and 773 K

respectively. Triangles denote Mg(OH)), circlesp-MgH,, crosses MgO and squares Mg respectively.

Similarly to the bulk and milled system, no reastmccurs during the manual mixing and
the PXD pattern collected at 298 K prior to thertmeatment confirms that the only phases
present in the mixture are Mg(OHind MgH together with Mg present as impurity from
the as-received hydride. Again, the pattern cadléctfter heating to 873 K shows that the
only phases present are magnesium oxide and magmeasietal, confirming that the
reaction has gone to completion. Reaching 673 Kilt®sn the complete absence of
Mg(OH), reflections together with the presence of new peatkributable to magnesium
oxide. At 773 K the reflections of MgHare completely absent, while MgO and Mg
reflections both show an increased intensity. Th8-873 K range sees a decrease in the
intensity of Mg reflections, together with an inase of the intensity of MgO peaks,
suggesting that either MgO is forming as the temfuee increase while magnesium is

melting or Mg is reacting with water to form MgO.

A summary of the phases present at each interneetBatperature point is presented in
Table 3-13.
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Table 3-14: Summary of the temperature points and respeitte phases present foex-situ PXD analysis
for Samples 14, 15, 16 and 17.

Sample Temperature / K Present Phases
14 298 Mg(OH}; MgH; Mg
16 673 MgH, Mg; MgO
17 773 MgO; Mg
15 873 MgO; Mg

The proposed mechanisms of hydrogen release whetkingowith nanostructured

materials was found to be similar to the dehydragjen process proposed for the
mechanically milled system (Equations 3-6 and 3i@).fact, the reactions steps are
essentially the same; however the two processdesretitiate by the slight changes in
temperature at which they occur.

2Mg(OH), + 2MgH, — 3MgO+H,0+2H, + MgH, - 3MgO+H,0+Mg+3H, (3-6)

2Mg(OH), +2MgH, - 3MgO+H,0+2H, + MgH, -

3-7
~ 3MgO +H,0+Mg +3H, - 4MgO +4H, 37

As for the milled mixture, the dehydrogenation tamce again with the decomposition of
Mg(OH), (AH = 84.2 KJ molH,0) which takes place simultaneously with the hygsisi

of most of the MgH (AH = -138.5 KJ motHy,). This step yields MgO and,HThis is then
followed by the decomposition of the remaining hgdr(AH = 76.2 KJ motH,) leading

to the formation magnesium metal and hydrogen. Wgdie last step of the process is not
completely clarified yet: the first proposed reantipathway involves the melting of Mg
metal (Equation 3-6), while the second one involvesreaction between magnesium and
the evolved water to give MgO and; KEquation 3-7). However, when working with
nanostructured materials, a very weak signal réledevater was detected during the TG-
DTA-MS experiments, unlike in the system employmgled materials. This evidence
favours the mechanism involving the reaction betwéég and HO to form MgO

(Equation 3-7). Data collected so far are althonghconclusive.

SEM images were collected after thermal treatmenorder to verify if the hexagonal
platelet morphology of Mg(OH)was retained. As it can be seen in Figure 3-23s it
possible to still identify hexagonal nanoplates]idved to be MgO relative to the
dehydration product of Mg(OH)However they seem to have agglomerated with st
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believed to be the melting products of Mg yieldeahi the decomposition of MgiHThis
results in the presence of clusters of Mg and Md@ne a partial hexagonal morphology
can still be observed.

Figure 3-23: Collected SEM images for Sample 15: a) 200 nscale b) 100 nm scale.

3.4 Conclusions and Future Work

Single-phase nanostructured magnesium hydroxide bessm successfully synthesised
using a facile synthetic route which combines mi@ee heating and hydrothermal
treatment that employs only MgO and@as starting material$ The synthesis results in
the production of nanostructured hydroxide withhexagonal platelet morphology of a
typical thickness 10-60 nm and a diameter and dialgovarying in the 100-300 nm and
200-600 nm range respectively. Rietveld refinem@as performed on the synthesised
hydroxide and lattice parameters have been catmlildhese were found to be in good
agreement with the literature valu&sA dissolution-precipitation process has been
proposed as mechanism of crystal growth (Equatie) 81 which the formation of
Mg(OH), takes place on the MgO surface with Mg(O#rming as intermediate species.
This is then followed by the removal of Mg(OHyom MgO surfacé®?® The oxide is
believed to react with ¥ rapidly, with the formation of Mg(OH)particles being faster
than their removal from the surface of the oxidd #re final step of the process being the
cooling and agglomeration of the particles.

Reduction of the particle size of as-received magme hydroxide has been successfully
obtained by mechanically milling the commercialateat: the typical particle size of the
milled hydroxide was found to be 70-200 nm in ditene

Nanostructured Mgkl has been successfully obtained by mechanical ngillthe

commercial reactant. Milling MgHresults in better kinetics of dehydrogenation wth
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onset temperature of hydrogen release lowered @oK58vith a peak temperature of 625
K) with respect to the 667 K (with a peak tempemtnf 696 K) of the bulk material. This
value is in agreement with the data obtained by ethal. for milled MgH: in the absence
of any additives of catalystsSEM imaging confirmed a decrease in the partide with
respect to the bulk material, with the typical paetsize being in the 70-200 nm range.

The Mg(OH) — MgH, system was studied in detail comparing bulk, rdilland
nanostructured materials. All samples were prepasedhanually mixing stoichiometric
amounts of the starting material for 5 minutes wndert atmosphere inside a recirculating
Ar- of No-filled glove box. The onset temperature of hydrogelease is not dramatically
lowered when comparing milled to nanostructuredemals, important differences were
observed in the DTA profiles and MS spectra wheduceng the particle size to the
nanometric scale. In particular, when working withik materials only endothermic peaks
can be observed. The system releases both watenyaindgen, which are evolved from
the decomposition of Mg(OH)and MgH respectively. Using milled materials or
nanomaterials results in an exothermic reactiolofi@d by an endothermic event. These
are believed to be associated with simultaneousmdposition of both Mg(OH) and
MgH., followed by the dehydrogenation of the remainiydride. Water and hydrogen are
released from both the milled and nano systemsoadth the water signal was found to be

very weak when employing nanostructured Mg(@H)

The Mg(OH) — MgH, system can theoretically release up to 4.7 wt. 2aHdwever, after

thermal treatment to 873 K the weight losses weuad to be 21.5, 12.6 and 7.9 wt. % for
bulk, milled and nano materials respectively. Aation energies were calculated for the
two main thermal events for each system. These foered to be 94+9, 155+6 and 20218
kJ mol* for the low temperature event for the bulk, milkead nano system respectively.
The activation energy values for the second HT eweme found to be 144+19, 159+3 and

175+2 kJ mot for bulk, milled and nano materials respectively.

Two different mechanisms of hydrogen release hasenbproposed: one for the bulk
materials and one for the milled and nanostructwgstems, which seem to follow the
same dehydrogenation process. In particular, irbthle system the starting materials were
found to behave independently with the first evesing the dehydration of Mg(OHKjo
yield MgO and HO, followed by the dehydrogenation of Mghb give Mg and H
(Equation 3-5).

Mg(OH), + MgH, - MgO+H,O0+MgH, - MgO+Mg+H,O0+H, (3-5)
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Milled and nano materials were found to follow gsme mechanistic steps in terms ef H
release: the first event was found to be the sanelbus dehydration of Mg(OHand
hydrolysis of MgH to give MgO and evolve both,tand HO. This step is then followed
by the decomposition of the remaining hydride r@sglin the formation of Mg and
evolution of B (Equation 3-6). It is not completely clear whethi@s is then followed by
either the reaction between the newly formed Mg thiedevolved water to yield MgO and

release hydrogen or just the melting of magnesiwetam
2Mg(OH), +2MgH, - 3MgO+H,0+2H, + MgH, - 3MgO+H,O0+ Mg +3H, (3-6)

2Mg(OH), + 2MgH, — 3MgO+H,0+2H, + MgH, -

3-7
- 3MgO +H,0+Mg +3H, —~ 4MgO +4H, (3-7)

Overall, the use of nanostructured materials had te the best performance in terms of
kinetics and thus it was identified to be the mpsimising one. Therefore all efforts
should be focused on the improvement of the nancsired system. The use of additives
or catalysts could lead to improved kinetics of togeen release. In fact, finding a suitable
candidate able to disrupt the proposed core-stralitsire forming during the hydrolysis of
MgH2 should result in an exfoliation of the MgO passiva layer which can lead to faster
hydrogen evolution. Several additives and cataliisige been tested in order to enhance
the dehydrogenation properties of magnesium hydndiself, although none of them has
been tested in the presence of both Mg(©d&hd Mgh. These include calcium-, lithium-

and sodium hydride to yield ternary hydrides anthposite$®>°

graphite and/or silicon
carbidé®, mixed-valence vanadium- and titanium-based malteriand chloride
compound®-34333435 They all could be seen as suitable candidatdsettested on the
Mg(OH), — MgH, system. Attention should also be focused on dgwaipthe system in
order to have one single hydrogen release evernte &hoiding the release of watén-
situ PXD and PND experiments should also be performeatder to fully understand the
proposed mechanism of hydrogen release for bulkeanand nanostructured systems.
Elucidating the exact reaction pathway is indeedofal in order to understand and
improve the system further, especially for the edlland nanostructured systems, for
which two different reaction mechanisms were preplos-urther, future studies should be
focused also on the recyclability of such systes,tl@e only end product is MgO.
However, magnesium Mg metal is present as impuwiftythe end product: its weight
fraction with respect to magnesium oxide shouldekactly calculatedi.g. via Rietveld

refinement). As detailed in Section 3.2.2, to yieltho-Mg(OH), MgO starting material is
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reacted with water and any Mg present would redth water as well resulting in the
formation of magnesium hydroxide and evolution pdfogen. Moreover, the morphology
of the synthesised nano Mg(OH)oes depend on the morphology of the starting niadte
employed. In this sense, magnesium oxide shouldubbg investigated as potentially
recyclable starting material for the synthesis@ivmanostructured Mg(OH)
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4 The lithium hydride — magnesium hydroxide
‘modular’ release system: anin-situ powder neutron

diffraction study

4.1 Introduction

The magnesium hydroxide — lithium hydride systera haen extensively studiéd.The
system can release up to 5.44 wt. % of hydrogenigion 3-1) and involves the reaction
between magnesium hydroxide and lithium hydridgiédd the respective oxides and the

evolution of hydrogen.
Mg (OH), + 2LiH - MgO +Li,0+2H, AH°@298K) = -469kJmol™H, (4-1)

The decomposition of both magnesium hydroxide atidum hydride as individual
components have been widely studied. In particlNég(OH), decomposes following a
dehydration process to yield MgO and(Equation 4-2). The process can theoretically
lead to the release of 30.8 wt. %0+

Mg (OH), — MgO +H,0 AH°(298K) = 984kJmol™H,0 (4-2)

Lithium hydride can theoretically store to 12.59. W& H,. However, an extremely air
sensitive nature and a very high decomposition &atpres of nearly 720 °C (with a
melting point of 680 °C)render the use of LiH on its own unsuitable folisstate
hydrogen storing solutions. Nonetheless, the udatbfhas been widely investigated as a
component of Li-N-H systems for direct and indirklgtstorage as well as a component for
hydride — hydroxide ‘modular’ hydrogen release sy&. In terms of ‘modular’ systems,
Vajo et al. were the first to propose the use of LiH in conalion with LIOH (both as
anhydrous and as the monohydrate) working underiumedacuunt. Following Vajo's
studies, in 2007 Lt al. published a much more detailed study of the Iithioydride —
lithium hydroxide system employing either LIOH doH- H,O.’

During this work, such system has been fully stddising both bulk and nanostructured
materials. The use of nanomaterials can be seennasans to have a better control over
the dehydrogenation process, leading to an enhameonf the reaction kinetics. The
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system has been characterised using simultaneeuwndgravimetric differential thermal

analysis (TG-DTA) coupled to mass spectrometry (M®wder X-ray diffraction and

scanning electron microscopy. The results obtaiaesl herein summarised and two
mechanisms of hydrogen release are proposed. Howthee data previously collected
have not been conclusive in order to prefer onehaism over another.

The aim of this chapter is to give an overviewhsd Mg(OH)» — LiH system and to clarify
the mechanism of hydrogen release. To fully undestthe mechanism of hydrogen
releasejn-situ powder neutron diffraction (PND) experiments h&veen carried out. The
use of deuterated starting materials has allowetb udentify all the components during
the various stages of the reaction, particularbséhcontaining the lightest elements Li and
H. The ability to map the transformation/depletiminLiH(D) especially has found to be
crucial to elucidate the reaction pathwhysitu PND data will be presented and discussed

in detail and a conclusive dehydrogenation mod#lbei proposed.

4.2 Experimental

4.2.1 Preparation of the Mg(OH), — LiH system
Stoichiometric amounts of the starting materialgemmixed manually using pestle and
mortar for 5 minutes. All preparations were carrged under an inert atmosphere inside a

recirculating glove box.

Typically, 375 mg of Mg(OH) was mixed with 110 mg of LiH. Bulk mixtures were
prepared using as-received Mg(QHK$igma, 95%; denoted b-Mg(Ophand LiH (Sigma,
95%; denoted b-LiH), whereas nanostructured mistuvere prepared mixing synthesised
nanostructured Mg(OH)(denoted n-Mg(OH) and milled lithium hydride (denoted m-
LiH).
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4.2.2 Preparation of the Mg(OD), — LiD system for PND experiments

Stoichiometric amounts of Mg(OR)and LiD were mixed manually using pestle and
mortar for 5 minutes inside an Argon-filled glovexb

In order to provide a sufficient amount of sampe the Polaris experiment, 1 g of LiD
and 3 g of Mg(ODywere manually mixed for 5 minutes inside a redating Argon filled

glove box at the RAL facilities.

4.2.3 Synthesis of nanostructured Mg(OH) (Mg(OD).,)

Approximately 1.6 g of magnesium oxide (Sigma Adtri 98%) were placed inside a 45
ml Teflon-lined autoclave for microwave synthesisgether with 30 ml of deionised
water. HO has been used when synthesising Mg@Mhereas heavy water,O has
been used for the synthesis of Mg(@D)he MW autoclave was then heated up for a total
of 4 minutes (1 minute of heating followed by 30notes of cooling each time) inside a
domestic microwave oven. The product was then whsainel centrifuged with either,B

or D,O three times. The white precipitate was colleaded dried in air overnight. The
reaction yieldsca. 2 grams of pure nanostructured hydroxide as pusliyodiscussed in
Section 3.2.1. The morphology of hexagonal naneplas retained when working with
deuterated reagernts.

4.2.4 Ball milling of LiH(D)

Nanostructured LiH was produced by mechanicallylingl the as-received hydride or
deuteride (LiH: Sigma, 95%; LiD: Sigma, 98%). Apyirmately 1 g of hydride was loaded
into a 50 ml stainless steel jar using 10 staingesl balls as a grinding medium, under an
Argon atmosphere inside a glove box. The jar wasesewith a rubber O-ring and an air
sensitive clamp before being transferred out of dleve box and exposed to air. The
milling process has been carried out using a Ret®100 planetary ball mill and LiH
was milled at 450 rpm for 4 hours (ball-to-powdatio of 40:1): a rest time of 1 minute
per every 15 minutes of ball milling was used.
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4.2.5 TG-DTA-MS studies

The hydroxide — hydride system was characterisethéymogravimetric analysis coupled
with mass spectroscopy in order to obtain infororatn the onset and peak temperature
of hydrogen release, weight loss percentage wigpeet to the hydrogen content of the

system and the nature and amount of the gas evdlweadg the reaction.

TG-DTA experiments were performed using a NetzsthA 809 PC, which was coupled
with a Hiden HPR20 mass spectrometer for the ifleation and analysis of the evolved
gas. Correction measurements were carried out @sirgmpty alumina crucible and were
created by setting the target temperature and pppte heating rate until the desired
temperature was reached. Where appropriate, thettemperature was typically held for
1 h. Initial experiments involved heating from rosemperature to 873 K at 5 K niirand
holding for 1 h before cooling naturally to ambi¢emperature. Subsequent experiments
were planned based on the results obtained andmetkate temperature points were
studied to isolate any intermediate phases forraimd) ultimately to propose a mechanism
of hydrogen release. All measurements were conduateler a flow of argon. For each
experiment, approximately 20-25 mg of sample wasléal into the alumina sample pan
inside the sample chamber (Section 2.4.1).

Furthermore, thermogravimetric analysis was peréatnm order to calculate the activation

energy for the system using the Kissinger meftibS8amples were heated to 773 K using
heating rates of 2, 5, 10 and 20 K thirespectively (Table 4-3) and Kissinger plots were
obtained. A summary of samples and reactions chaoug for the magnesium hydroxide —

lithium hydride system are herein reported (Taldldsand 4-2).

Table 4-1: Summary of samples and preparations carried dufor the development of the Mg(OH) —

LiH ‘modular’ system.

Sample Material Preparation Conditions Heating progam / K
1 n-Mg(OH), 4 min MW synthesis —
2 m-LiH 4 h ball milling (15/1) -
3 b-Mg(OH), — b-LiH 5 min manual mixing 873 /5 K miint 1 h dwell
4 n-Mg(OH), — m-LiH 5 min manual mixing 873 /5 K miint 1 h dwell
5 n-Mg(OH), — m-LiH 5 min manual mixing 513 /5 K mifn
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Table 4-2: Summary of reactions carried out for activation energy calculations.

Sample Material Preparation Conditions Heating progam / K
6a n-Mg(OH), — m-LiH 5 min manual mixing 773 (2 K mim
6b 773 (5 K min)
6¢C 773 (10 K min')
6d 773 (20 K min')

4.2.6 Powder X-ray diffraction (PXD) experiments

All starting materials and synthesised compoundsevemalysed by PXD as described in
Section 2.3.1.1. Capillaries were prepared forctiaracterisation of air sensitive materials:
these were analysed with a d8 Bruker diffractomel@ata were typically collected
between 5 20/° > 85 for 1 h.

Non-air sensitive materials were characterised gusin PANalytical X'Pert powder
diffractometer, working in Bragg-Brentano geometvith the bracket stage. Data were
usually collected between520/° > 85 for 30 minutes.

The data obtained were compared with the appr@pniaterence powder diffraction
patterns calculated from data in the ICSD dataflassing the PowderCell packdger
directly using the ICDD databaSevith the PANalytical HighScore Plus software.

4.2.7 Scanning Electron Microscopy (SEM) imaging

Samples for SEM imaging were prepared as discussgdction 2.3.5.1. A small amount
of sample was deposited onto aluminium stubs usitigesive carbon tabs. The preparation
of the samples was carried out inside a reciraugagiove box under inert atmosphere. The
samples were put into glass vials and sealed békirey transferred out of the glove box,
to minimise the exposure to air and moisture. Sef@rging was encountered, the samples
were sputter-coated with a 10 nm layer of goldgshlim alloy in order to achieve better

conductivity and increase the quality of the images

The samples were then placed inside the vacuurmeolf the microscope, which was
shut using an air-tight door and evacuated. Thesorements were performed using a
Philips XL30 ESEM, working in high vacuum mode wah applied accelerating voltage

of 25 kV and a working distance of 5 mm, suitaldleimaging.
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4.2.8 In-situ powder neutron diffraction (PND) experiments
In-situ powder neutron diffraction studies wereriga out on the Polaris instrument at the
ISIS facility at the Rutherford Appleton LaborataryDidcot. Polaris is a high intensity,

medium resolution powder diffractometer which iyfdescribed in Section 2.3.2.1.

A fresh hydroxide — hydride mixture using deutedlateagents was prepared on site inside
an Argon filled recirculating glove box and theaded into a single wall quartz glass tube.
The setup, already discussed in detail in SectiBr2 2, utilises Swagelok fittings enabling
the entire assembly to be made vacuum tight tavalample transfer into and out of the
glove box. Approximately 4 g of mixture were preguir

Thein-situ PND experiment in Polaris was carefully planneddabaon the results obtained

by thermogravimetric analysis (Section 4.3.1.1).

The experiment comprised a complete temperaturgeratan. Data were collected at
room temperature before heating the samples toxanman temperature of 673 K under
flowing Argon. Attention was focused on the crudemperatures of dehydrogenation in
order to follow the reaction steps individually:etimixture was heated with short
temperature steps and PND patterns collected eN®K/over the 448-548 K range.

Data were collected for approximately 1 h at eachperature point using detector banks 1
(very low angle, 2 6-14), 2 (low angle, @ 19-34), 3 (low angle, @ 40-67), 4 (90
degrees, @ 75-113) and 5 (back scattering)’ 235-143). A summary of samples can be
found in Tables 4-3 and 4-4.

Moreover, runs of the empty quartz tube at diffetemperature points were performed
starting from room temperature up to 673 K. Thisvakéd us to re-process all data sets

using a Manti& script using the empty quartz tube runs as backgto

Table 4-3: Summary of samples prepared foin-situ PND experiment at POLARIS.

Sample Material Preparations Conditions  Heating program / K
7 n-Mg(OD), 4 min MW synthesis —
8 n-LiD 4 h ball milling (15/1) -
9 n-Mg(ODy, — m-LiD 5 min manual mixing 873/ 5 K nifn+ 1 h dwell
10 n-Mg(OD), — m-LiD 5 min manual mixing Table 4-4
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Table 4-4: Summary of data collected during the variabldemperature in-situ PND experiment for the

Mg(OD), — LiD system under flowing Argon.

Sample Temperature / K Duration / min

11 298 60
12 448 60
13 458 60
14 468 60
15 478 60
16 488 60
17 498 60
18 508 60
19 518 60
20 523 60
21 528 60
22 538 60
23 548 60
24 573 60
25 673 60

4.2.9 Rietveld refinement against PND data

Rietveld refinements against the collected PND Td#a were performed using the
General Structure Analysis System (GSKSyith the EXPGUI interfac&® Prior to
Rietveld refinement, all data sets were re-prockassing a Mantitf script using the
empty quartz tube runs as background.

Data from detector banks 3, 4 and 5 were consezdytiefined. A total of 25 data sets
were collected at various temperatures. First diaten bank 5 (back scattering) were
refined, followed by the addition of banks 4 (9@ydes) and 3 (low angle) respectively.
The background was successfully modelled using ftamd (reciprocal interpolation
function). This was followed by the refinement bktcell parameters, atomic positions,
isotropic temperature factors and profile paransetdtodelling of the peak shapes was
carried out using Function 3 (an extension of Hanctl, developed by Von Dreele,
Jorgensen and Winds6t) which is a convolution of a Pseudo-Voigt functiaith two
back-to-back exponentials. This function modelsistbroadening due to sample effects

such as particle size as well as the effects ofrungental design on the width of
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reflections. Other phases were then added anderkfas appropriate. At last, the phase
fractions of the species present were refined deoto obtain an accurate overview of the

weight fractions.

4.3 Results and Discussion

4.3.1 The Mg(OH), — LiH system

4.3.1.1 Preparation of the system components

Nanostructured Mg(OH)(Samplel) has been successfully synthesised using the etynith
route described in Section 4.2.1. A detailed dismrs of the material obtained can be
found in Section 3.3.1.1.

Lithium hydride (Sampl&) was ball milled for 4 h at 450 rpm and this résdlin uniform
particles size distribution of 143 in diameter (Figure 4-1).

1.39 pars

.zlwi“ 4T

AccY  Spot Magn 1D |_! F—————— 10m
2 200KV B0 3000k SE 76 HBS10 LiH 18hr 460rpm
o = ;

Figure 4-1: SEM image of Sample 2, m-LiH.
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Powder X-ray diffraction patterns for both of tharing materials are presented in Figures
4-2 and 4-3. The former shows that the nanostradtunagnesium hydroxide starting
material is single phase. The latter shows no Bagmt reaction occurs during the milling
of LiH. Lithium oxide can be identified as impurjtjowever its presence was observed in

the pre-milled as supplied material and it is no tb the milling process.
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Figure 4-2: PXD pattern of Sample 1, synthesised n-Mg(OH)
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Figure 4-3: PXD pattern of Sample 2, m-LiH. The black cir¢es indicate the presence of LO.
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4.3.1.2 TG-DTA-MS data
TG-DTA-MS experiments were performed on Sam@Beand 4 to determine the onset
temperature as well as the peak temperature oblggdrrelease and the weight loss for the

two systems (Figures 4-4 and 4-5). The resultsiobticare summarised in Table 4-5.

Table 4-5: Onset temperature, peak temperatures and weigltosses for Samples 3 and 4.

Sample OnsetT/K Peak T/K Weight Loss /% Fvolved
Gases
3 478 525 5.1 7]
b-Mg(OH), — b-LiH 583
626
4 453 489 4.7 )
n-Mg(OH), — m-LiH 529
610

As can be seen in Figure 4-4, TG-DTA results faugd Mg(OH) — LiH mixtures show
important differences between the bulk and the stmootured samples. In fact, the
reaction between milled lithium hydride and nantgdaof magnesium hydroxide results in
a reduction in the onset temperature for hydrogégase to 453 K from 478 K for the bulk
reagents. The dehydrogenation kinetics appear tiompeoved as well, reducing the total
time over which hydrogen is evolved from the migtuiThe TG-DTA data is in good
agreement with the MS profiles (Figure 4-5): fomfpde 3 (bulk) three distinct hydrogen
releases can be identified. For Sampl@gano) also three hydrogen evolutions peaks can
be observed. The temperature at which the dehydedige event occurs are in accordance

with the differential thermal analysis results.

The weight loss appears to be closer to the thieatéd.4% wt. H when working with
bulk materials. The use of nanostructured stanmiragerials leads to a weight loss of 4.7
wt. % (87.0 % of the theoretical 5.4 %), suggestheag the dehydrogenation process starts
during the milling, rather than during the therntia@atment. For the bulk materials the
weight loss is 5.1 wt. % which is nearly 95% of #aected figure. The lower weight
losses observed for both bulk and nanostructurgdmats may also be due to the presence
of LioO impurity in the LiH phases, leading to an infereonount of hydrogen present in

the system.
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Figure 4-4: (a) TG and (b) DTA data comparison for bulk (3 red) and nanostructured (4; blue)
Mg(OH), — LiH materials.
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Figure 4-5: MS profiles Vs time for Sample 3 (bulk mixture red line) and Sample 4 (hanostructured

mixture, blue line).

Moreover, the TG-DTA data suggest that the dehyeinagjon process is a multiple-step
reaction. Once again, a noticeable difference camliserved between the nano and the
bulk materials. Examination of the DTA profile segts a three-step mechanism for the
nanomaterials, with the first event starting at 468with a temperature peak of 489 K)
and the second thermal event occurring immediatiégrwards with a peak temperature of
529 K and followed by the third event with a peakperature of 610 K. The reaction of
the bulk materials seems to follow a three-stephaesm as well. The dehydrogenation
starts at 478 K and follows 3 consecutive thermvahés, with a peak temperature of 525,

583 and 626 K respectively.

The use of nanostructured materials has lead terbggtrfomances of the system and thus

it was further investigated. The Kissinger plot fonanostructured mixture prepared in an
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identical procedure td was obtained by performing TG-DTA experiments diecent
heating rates on SampgFigure 4-6). DTA profiles are reported in Appenéi.
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Figure 4-6: a) Kissinger plots for Samples 6: (a) plots ¢eulated for the LT thermal event; (b) plots
calculated for the HT thermal event.

Table 4-6: Kissinger plot data for Samples 6. Literaturereported values for activation energy of
Mg(OH),, LiH and LiOH are given at the bottom of the table

Sample Thermal Event Ea/kJ mor*
6 LT 96+4
HT 165+9
EaugonHy = 86 kJ mol Ref. 17

Eavgony = 986 kJ mof Ref. 18
Ean = -6.7 kJ mot; Ref 19

Eaion = 123+4 kJ mol; Ref. 20

The activation energy for the low temperature eweas found to be 96+4 kJ mblThis
value is in good agreement with the literaturetf@ dehydration of magnesium hydroxide
(Eavgony = 86 kJ mol; Eagonp = 9846 kJ mof)'"*® The Ea value for the high
temperature event was calculated to be 165+4 kI nidilis is not in agreement with the
Ea value found in the literature for the decompesibof LiH, which was found to be a
barrierless reaction characterised by a negatiligevaf activation energy (g = -6.7 kJ
molY)*®. However, the value calculated for the LiH — Mg(@Kystem is higher when
compared to the activation energy of lithium hyddexdecomposition (Egn = 1234 kJ
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molY)?, suggesting that the HT event is somehow relatetheé presence of LiOH. The
higher value may be due to the fact that an intemadetween LiOH and LiH is occurring
at that temperature range, so the activation enemgyld be related to that solid state

reaction rather than LiH decomposition.

4.3.1.3 Ex-situ PXD analysis and proposed mechanisms: an intermeate study of
the nanostructured system

Based on the STA results discussed in the prev&etion,ex-situ PXD studies were

performed on the nanostructured Mg(@H)LiH system in order to propose a mechanism

of hydrogen release indentifying the mechanisépstof dehydrogenation. In order to try

and isolate the intermediate species, TG-DTA-MS lymes were performed and

intermediate temperature points in the profile waskected. The post STA products were

collected anaex-situPXD analysis carried out for each temperaturetpoin

Experiments were performed at three different teaipee points: 298, 513 and 873 K
(Figure 4-7). No reaction apparently occurs betwhgdroxide and hydride during the
manual mixing as since prior to the thermal treatihomly Mg(OH) and LiH are observed

in the diffraction pattern. At 873 K the reactioashgone to completion as the only phases
present are the respective oxides. In order tarnyisolate intermediate species, TG-DTA-
MS analysis was performed: Samplevas heated to 513 K at 2 K minPXD patterns
reveal the presence of LiH, Mg(OKMgO, LIOH and a small amount of 3. Moreover,

it is possible to note differences in peak widtbisdifferent phases: in particular the peaks
assignable to Mg species (MgO) are very broad wapect to the lithium species: this
may be due to the nanostructured nature of the rrahteading to a broadening of

diffraction peakg!#?
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Figure 4-7: Ex-situ PXD patterns of Samples 4 and 5 compared to the riure of starting materials at
room temperature (PXD patterns of Sample 4 were cladcted at 298 K, prior to thermal treatment).

Crosses denote Mg(OH) squares LiH, stars MgO, triangles LIOH and circks Li,O respectively.

Based on the results shown in Sections 4.3.1.24&hd.4, two alternative mechanisms of
hydrogen release could be proposed. The first iesthe release of gaseous water, the

second would proceed entirely in the solid state.

2Mg(OH), +4LiH - 2MgO+2H,0+4LiH — 2MgO + LiOH + LiH +Li ,O+3H,

, (4-3)
- 2MgO+2Li,0+4H,

2Mg(OH),, +4LiH - 2MgO+ LIOH+LIH+Li,0+3H, —» 2MgO+2Li,0+4H, (4-4)

In Equation 4-3 (Mechanism 1), the first therma¢m®vis the endothermic decomposition
of magnesium hydroxideAH = 84.2 KJ maf) leading to the formation of magnesium
oxide and the evolution of water. This is followey the hydrolysis of two equivalents of
the hydride AH = -178.3 KJ mol) forming lithium hydroxide and lithium oxide. By

analogy with the first step of the process, thd tagchanistic step could involve the
dehydration of LIOH to give LD and release water with a subsequent hydrolystheof

remaining hydride. However, the last step of thischanism is believed to be the solid
state reaction between LiOH and the remaining loHoarm Li,O (AH = -9.4 KJ mot).
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This involves the combination of,Hn the solid state form: Let al. suggested a similar
reaction for the LIOH-BD - LiH system, which proceeds though the initial
dehydrogenation of the hydroxide and subsequewtiozaof LiOH and LiH’ Moreover,
for the last dehydrogenation step, a similar reacpathway has been proposed by Drozd
et al. for the NaBH — Mg(OH) systent® Recently Zhuet al. investigated the
dehydrogenation behaviour of LiBkhixed with alkali hydroxides, where a destabiliaat
due to the interaction between® Hrom OH and H from the borohydride was
hypothesised? Based on this evidence, the first proposed reaciiathway, the
mechanism of hydrogen release appears to be astepgrocess.

In Equation 4-4 (Mechanism 2) instead, the fornmatwf lithium hydroxide occurs
simultaneously to the decomposition of magnesiumirdwide, implying that this process
happens entirely in the solid state. This reactgosimilar to dehydrogenation of LiNH
and LiH in the Li-N-H system, involving a proposkd combination in the solid staf2.
The first step is then followed by the reactiontioé remaining LiH with LiOH as for
Equation 4-3. Hence, for this dehydrogenation pesce¢he proposed reaction pathway

involves a two-steps mechanism.

However, since it is very difficult to identify peas containing light elements such as
lithium and hydrogen, the data collected has nognbeonclusive to identify one
mechanism over the other. If Equation 4-3 was fa@duat 513 K magnesium hydroxide
would not be present as it would dehydrate to Mg@ the magnesium oxide — lithium
hydride intermediate could be easily isolated beftfOH is formed. However, the
reaction between the water evolved and LiH could/bey fast. In fact, it is possible to
draw an analogy with the Li-N-H system. In partawlfor Li-N-H systems, it has been
proposed that the amide decomposes to ammonia lasdevolved NH mediates the
hydrogen release with an ultrafast reaction witH.t9 In the present case, it is not clear
whether decomposition followed by hydrolysis is rerpquisite for the dehydrogenation
processEx-situPXD data would suggest that Equation 4-4 is fagdwas it is not possible
to isolate the MgO — LiH intermediate before LiOdHformed. Nevertheless, TG-DTA data
previously discussed would seem to favour Equadie® it is possible to identify three
distinct thermal events which could be associabellg(OH), dehydration, LiH hydrolysis
and the LiH — LiOH solid state reaction respecivel

Moreover, the mass spectrometry coupled with difiéal thermogravimetric analysis has
not given any conclusive evidence, since no risthendetected water decomposition as

might be expected from the hydroxide was observed.
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In this sensein-situ PND data combined with the data already obtainedeveonsidered
crucial in elucidating the mechanism ot td¢lease. The PND data collected are discussed

in the following Section.

4.3.2 Powder neutron diffraction experiments

4.3.2.1 Preparation and preliminary characterisation of the system

Deuterated reagents were prepared as discusseckadmors 4.2.1, 4.2.2 and 4.2.4.
Nanostructured Mg(ODR)(Sample7) was successfully synthesised, whereas nano LiD
(Sample8) was obtained by ball milling. As shown in Figurés3 and 4-9, deuterated
magnesium hydroxide appears to be pure phase, afhemnmercial lithium deuteride,
after milling, indicates lithium oxide is preserstan impurity. However, the 1® impurity

comes from the pre-milled commercial LiD.
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Figure 4-8: PXD pattern of Sample 7, synthesised nanostrured Mg(OD),
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Figure 4-9: PXD analysis showing the experimental pattermf Sample 8, ball milled LiD. The black

circles indicate the presence of LD.

TG-DTA analysis of the deuterated mixture was penfed to determine any shift in the
onset temperature of;Delease with respect to the hydrogenated matedalsshown in
Figure 4-10, the results have been found to beistams with the ones obtained for Sample
4 (Mg(OH), — LiH) in terms of onset and peak temperaturesigbD, release: TG-DTA
profile for Sampled (Mg(OD), — LiD) shows an onset temperature ofrBlease of 442 K
and peak temperatures of 495 and 528 K respectiMelywever, as opposed to Sample 4, it
is not possible to identify the third thermal everiten working with deuterated materials.
In this sense, in-situ PND experiments are vitalomder to completely clarify the
mechanism of deuterium release for the Mg(©b)iD system. The higher weight loss of
8.8 wt. % is due to the use of deuterated mateftlaéoretical gravimetric capacity for the
deuterated system is 10.2 wt. %) HI'he lower mass change with respect to the thieate
figure is believed to be related to the presenceigd impurity in the commercial LiD.

Mass spectroscopy confirmed that the only gas edbturing the thermal treatment is. D
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Figure 4-10: TG (green line) and DTA (blue line) data obtaed for Sample 9.

4.3.3 The Polaris experiment

Initially, room temperature data were collectecetsure that no reaction occurred during
the preparation of the PND sample. The sample weased to 448 K. In order to avoid
overshooting the set temperature small temperatorements were used. PND patterns
were collected every 10 K up to a temperature 08 & The subsequent target
temperatures were set to 573 K and then to 673k Was decided after a close analysis
of the TG-DTA profile of the deuterated mixturedire 4-10), as the reaction should have
gone to completion ata. 673 K. Rietveld refinements were performed for heac
temperature point and the exact weight fraction walsulated for each phase at each
temperature point to try to elucidate the mecharo$aheuterium release.

An overview of the dehydrogenation process is givefigure 4-11: data collected from
Bank 5 (back scattered) during tiesitu PND experiment are presented. The phase

changes involved when the Mg(QD) LiD system was heated can be clearly observed.
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Figure 4-11: Bank 5 (back scattered) data obtained for théull temperature range showing the phase
changes throughout the dehydrogenation process (Sates 11, 12, 20, 24 and 25). Crosses denote
Mg(OD),, squares LiD, stars MgO, triangles LiOD and circls Li,O respectively.

A summary of the calculated weight fractions frdme PND Rietveld refinement data for

the phases present is given in Table 4-6.

Table 4-7: Calculated weight fractions from the PND Rieteld refinement data for the phases present
in Samples 11, 12, 20, 24 and 25.

Collection Mg(OD), LIiD LiOD Li,O MgO

Sample Temperature / K wt. % wt. % wt.% wt.% wt. %

11 298 75.8(2) 24.2(3) - — —
12 448 67.6(6) 21.95) -  2.3(4) 8.2(1)
20 523 - 11.2(3) 14.6(5) 17.1(5) 57.1(5)
24 573 - 6.7(3) 6.3(4) 31.2(7)55.8(8)
25 673 - 26(2) -  42.3(9)55.1(9)

At room temperature, the only phases present af@®©My and lithium deuteride: selected
data from the PND Rietveld refinement are presemddble 4-7 and Figure 4-12.
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Table 4-8: Selected data from the PND Rietveld refinemerfor Sample 11 (298 K).

Empirical Formula  Mg(OD) , LiD
Crystal System Trigonal Cubic
Space Group P-3ml Fm-3m
Lattice Parameters
alA 3.1451(1) 4.0670(1)
cl/A 4.7526(1)
v/ A3 40.712(2) 67.268(3)
Z 1 4
Unit Cell Formula
Weight / My, 60.331 35.820
Density / g cm® 2.461 0.884
Wt. % 75.8(2) 24.2(3)
Temperature / K 298
No. of Variables 73
No. of Observations 5807
Rwp % 2.49
Rp % 3.92
v 1.80

Bank 3, 2—Theta 52.2, L—S cycle 506 Obsd. and Diff. Profiles
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Figure 4-12: Observed, calculated and difference (OCD) pldrom the PND Rietveld refinement for
Sample 11 (298 K) from PND data, Bank 3 (low angle20° 40-67). The black and red tick marks

indicate reflections from Mg(OD), and LiD respectively.
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A close look at the 448 K temperature point revehés presence of very low intensity
reflections assignable to both magnesium oxideliimdm oxide (Table 4-8 and Figure 4-
13): the weight fractions of Mg(OR)and LiD decrease with respect to the wt. %
calculated for Samplél and new phases MgO and,Qi appear (weight fractions of 8.2
and 2.3 wt. % respectively).

Table 4-9: Selected data from the PND Rietveld refinemerfor Sample 12 (448 K).

Empirical Formula Mg(OD) , LiD MgO Li ,O
Crystal System Trigonal Cubic Cubic Cubic
Space Group P-3ml Fm-3m Fm-3m Fm-3m

Lattice Parameters
alA 3.1459(1) 4.0919(1) 4.237(3)  4.630(1)
cl/A 4.7856(2)
v/ A3 41.018(3) 68.514(5) 76.1(1) 99.24(9)
z 1 4 4 4
Unit Cell Formula
Weight / My, 60.331 35.820 161.216 119.524
Density / g cm® 2.442 0.868 3.518 2.000
Wt. % 67.6(6) 21.9(5) 8.2(1) 2.3(4)
Temperature / K 448
No. of Variables 94
No. of Observations 5762
Rwp % 2.84
Rp % 4.32
v 1.58

159



Bank 3, 2-Theta 52.2, L—S cycle 1296 Obsd. and Diff. Profiles
I I

T I I I
§
+
v
ol 1 .
Q0 »
It
=] T -l
<t +
ol 2 i 4
o ol il ] \ 1
3 = £oed
=} wirn o | |
?f)\ N AT ) W 1 l
E o
gok -
[&] C\‘l | | | | | |

1.0 2.0 3.0 4.0 5.0 6.0
D—spacing, &

Figure 4-13: Observed, calculated and difference (OCD) pldrom the PND Rietveld refinement for
Sample 12 (448 K) from PND data, Bank 3 (low angl@0® 40-67). The red, black, blue and green tick
marks indicate reflections from LiD, Mg(OD),, MgO and Li,O respectively.

As shown below in Table 4-9 and in Figure 4-14528 K all the Mg(OD) has converted
to MgO, whose weight fraction has now risen to 5¥t1%. A new LiOD phase (14.6 wt.
%) appears, whilst the intensity of the peaks asditg to LiD and LIO decrease and
increase respectively.
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Table 4-10: Selected data from the PND Rietveld refinemémnf Sample 20 (523 K).

Empirical Formula LiD MgO Li ,O LiOD
Crystal System Cubic Cubic Cubic Tetragonal
Space Group Fm-3m Fm-3m Fm-3m P4/nmm
Lattice Parameters
al A 4.1133(1) 4.2398(3) 4.6394(2)3.5695(2)
cl/A 4.3672(6)
v /A3 69.593(7) 76.22(1) 99.86(1) 55.64(1)
Z 4 4 4 2
Unit Cell Formula
Weight / M, 35.820 161.216 119.524 49.908
Density / g cm® 0.855 3.512 1.998 1.489
Wt. % 11.2(3) 57.1(5) 17.1(5) 14.6(5)
Temperature / K 523
No. of Variables 65
No. of Observations 5458
Rwp % 2.47
Rp % 3.64
v 1.07
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Figure 4-14: Observed, calculated and difference (OCD) pldrom the PND Rietveld refinement for
Sample 20 (523 K) from PND data, Bank 3 (low angl€0® 40-67). The green, blue, red and black tick

marks indicate reflections from LiD, MgO, Li,O and LiOD respectively.
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At 573 K there is little variation in the amountMfjO from 20, while the weight fractions

of LiOD and lithium deuteride both decrease arudiin oxide increases. Selected data for

this temperature point are presented in Table dritDFigure 4-15.

Table 4-11: Selected data from the PND Rietveld refinemeifior Sample 24 (573 K).

Empirical Formula LiD MgO Li ,O LiOD
Crystal System Cubic Cubic Cubic Tetragonal
Space Group Fm-3m Fm-3m Fm-3m P4/nmm
Lattice Parameters
al A 4.1243(2) 4.2370(2) 4.6448(1) 3.5750(2)
cl/A 4.376(1)
VA3 70.155(8) 76.06(2) 100.208(8) 55.93(2)
Z 4 4 4 2
Unit Cell Formula
Weight / M, 35.820 161.216 119.524 49.908
Density / g cm® 0.848 3.520 1.981 1.482
Wt. % 6.7(3) 55.8(8) 31.2(7) 6.3(4)
Temperature / K 573
No. of Variables 72
No. of Observations 5438
Rwp % 2.65
Rp % 4.24
¥ 0.83
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Figure 4-15: Observed, calculated and difference (OCD) pldrom the PND Rietveld refinement for
Sample 24 (573 K) from PND data, Bank 3 (low angl€0° 40-67). The green, blue, red and black tick

marks indicate reflections from LiD, Li,O, MgO and LiOD respectively.

Once the mixture is heated to 673 K, there are eakp assignable to LiOD, however a
small amount of LiD is still present (2.6 wt. %hi$ may be due to the fact that a greater
amount of sample has been employed during PND awpets with respect to the 500 mg
scale; the mixing time was not entirely adequatgrnere in order to obtain a
homogeneous sample. In this sense, no reflectissigreable to Mg(OD)are identified
due to the high target temperature: 673 K is abothgabove the dehydration temperature
of magnesium hydroxide. Nonetheless, the main ghpsesent are magnesium oxide and
lithium oxide as expected. Rietveld refinement datathe PND data collected at 673 K
are presented in Table 4-11 and Figure 4-16.
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Table 4-12: Selected data from the PND Rietveld refinemeifior Sample 25 (673 K).

Empirical Formula LiD MgO Li 2O
Crystal System Cubic Cubic Cubic
Space Group Fm-3m Fm-3m Fm-3m

Lattice Parameters

alA 4.1488(3) 4.2364(2) 4.6578(2)
v /A3 71.41(2) 76.03(1) 101.05(2)
z 4 4 4
Unit Cell Formula
Weight / My, 35.820 161.216 119.524
Density / g cm® 0.833 3.521 1.964
Wt. % 2.6(2) 55.1(9) 42.3(9)
Temperature / K 673
No. of Variables 51
No. of Observations 5425
Rwp % 4.26
Rp % 7.14
r 0.74
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Figure 4-16: Observed, calculated and difference (OCD) pldrom the PND Rietveld refinement for
Sample 25 (673 K) from PND data, Bank 3 (low angl€8° 40-67). The blue, red and black tick marks

indicate reflections from LiD, Li,O and MgO respectively.
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Therefore, at a first glance, it would appear tha system undergoes a two-step
dehydrogenation process with the first step stardin448 K and finishing at 523 K, when
all the Mg(OD) has reacted. The second step appears to startdiaelg after the first,

involving the reaction between LiD and LiOD.

Further, no major structural changes can be obddorethe phases throughout the whole
reaction, however thermal expansion for LiDQiand Mg(OD) can be observed (Figure
4-17). The lattice parameters obtained from theawveld refined data in this study are in

good agreement with the data present in the litegdt %>

An overview of the calculated weight fractions frohe PND Rietveld refinement data for
the phases present across the entire temperange & given in Figure 4-18 (error bars
omitted for clarity). It can be noted that the Mg@ight fraction is decreased for the last
two temperature points; this is believed to beilaitable to a poor resolution of the
experimental data. Beam issues were encounteradgdtlire acquisition of the 573 and

673 K temperature point, resulting in a higher algto noise ratio and lower pattern

resolution.
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Figure 4-17: Variation of lattice parameters Vs temperatue obtained by Rietveld refinement across

the complete temperature range.
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Figure 4-18: Calculated weight fractions from the PND Rieteld refinement data for all phases present

across the complete temperature range.

4.3.3.1 First mechanistic step: Mg(OD}» dehydration and LiD hydrolysis

To understand the mechanism of hydrogen release fody, the two dehydrogenation

steps have been studied in detail. The data prgentthis section focuses on the first
reaction step that occurs in the 448 — 518 K rafdD patterns were collected every 10

K. Bank 5 (back scattered) data collected duriregribsitu PND experiment are shown in

Figure 4-19.
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Figure 4-19: Bank 5 (back scattered) data obtained over gemperature range of 448-518 K (Samples
12 to 19). Crosses denote Mg(OR) squares LiD, stars MgO, triangles LiOD and circls Li,O

respectively.

A summary of the calculated weight fractions frdme PND Rietveld refinement data for

the phases present is given in Table 4-12.

Selected Rietveld refinement data and all observaldulated and difference (OCD) plots

for all intermediate points are reported in Appengli

167



Table 4-13: Calculated weight fractions from the PND Rieteld refinement data for the phases present

in Samples 12 to 19.

Collection Mg(OD), LIiD MgO Li,O LiOD

Sample Temperature /K wt. % wt. %  wt. % wt.% wt. %

12 448 67.6(6) 21.9(5) 8.2(1) 2.3(4) -

13 458 59.3(5) 19.9(4) 15.7(4) 5.1(4) -
14 468 46.8(7) 16.5(4) 25.8(6) 8.8(4) 2.1(2)
15 478 35.6(8) 15.1(4) 34.2(8) 10.4(4) 4.8(3)
16 488 21.4(5) 13.5(4) 44.1(6) 12.3(5) 8.7(4)
17 498 9.8(4) 12.6(4) 52.7(8) 13.4(5) 11.5(5)
18 508 <1 11.8(4) 59.9(9) 15.9(7) 12.4(6)
19 518 - 9.8(2) 58.8(4) 18.2(3)13.2(3)

From the data analysis, it would appear in fact tha first step of hydrogen release
involves the dehydration of Mg(OR)which decomposes to MgO and releasg®.Dr his
decomposition takes place at a lower temperatutie respect to the data reported in the
literature?*! This may be due to the synergistic effect betwientwo reactants. In fact,
the lower dehydrogenation temperature cannot bedaigqu only by the fact that
nanostructured materials are employed: as presamntgection 3.3.2, the decomposition of
Mg(OH), nanoplates alone startscat 573 K. Nonetheless, in this system, the dehydnatio
reaction starts ata. 448 K. It can be proposed that the water evolwadhédiately
hydrolyses two equivalents of LiD, leading to thmnhation of L,O and LiOD. As
reviewed by Haertling@t al, LiOH is the main product of LiH hydrolysis. Howay it has
been observed that a layer obQiforms between lithium hydroxide and lithium hyhi
(Equations 4-4 and 4-55.

2LiH +H,0 — Li,0+2H, (4-4)
Li ,0+H,0 - 2LiOH (4-5)

This hydrolysis reaction thus results in a multideed structure with a core of LiH and a
two-layer shell formed by an inner layer of lithiuoxide and a layer shell of lithium
hydroxide at the interface with,B.
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Li,O

LiH

Figure 4-20: Layered structure for LiH hydrolysis

The literature model for LiH hydrolysis is in goadreement with the PND data collected,
where at first peaks assignable tgQuiand MgO are found (448 and 458 K), followed by
presence of LIOD peaks at higher temperaturestifsjaat 468 K). As the dehydration of
Mg(OD), proceeds, so does the hydrolysis of LiD to thenp@®18 K) at which all the
Mg(OD), has decomposed to MgO and the lithium specieseptesre LiD, L3O and
LiOD.

4.3.3.2 Second mechanistic step: reaction of the remainingD
In this section, the data presented focuses omsdghend dehydrogenation step, starting at
528 K. Bank 5 (back scattered) data collected duthe in-situ PND experiment are

shown in Figure 4-21.
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Figure 4-21: Bank 5 (back scattered) data obtained at 52873 K, showing the phase changes
throughout the dehydrogenation process (Samples 222, 23 and 25). Squares denote LiD, stars MgO,

triangles LiOD and circles Li,O respectively.

A summary of the calculated weight fractions frdme PND Rietveld refinement data for

the phases present is given in Table 4-20.

Selected Rietveld refinement data and all observaldulated and difference (OCD) plots

for all intermediate points are reported in Appergli

Table 4-14: Calculated wt. % from the PND Rietveld refinenent data for the phases present in

Samples 21-25.

Collection Mg(OD), LIiD MgO Li>,O LiOD
Sample Temperature / K wt. % wt. % wt.% wt.% wt %

21 528 — 8.9(3) 59.8(6) 20.9(6) 10.4(4)
22 538 - 8.2(3) 60.6(7) 22.3(7)  8.9(4)
23 548 - 6.6(4) 60.3(6) 26.1(5)  7.0(3)
24 573 - 6.7(3) 55.8(8) 31.2(7) 6.3(4)
25 673 - 2.6(2) 55.1(9) 42.3(9) -
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As already discussed in Section 4.3.3.1, at 678dfet are no peaks assignable to LiOD,
but there is a small amount of LiD remaining (2.6 %). The other phases present are
magnesium oxide and lithium oxide as expected. Mg weight fraction remains

effectively constant throughout the whole tempemtange of 528 — 673 K.

The data collected favour a second mechanistic wteph involves reaction in the solid
state between LiOD and LiD, wheré Bnd D combine together to form,DAs mentioned
in Section 4.3.1.4 , a similar reaction pathway basn suggested by Droedl al. for the
NaBH, — Mg(OH), systen?® as well as by Ltet al. for the LiOH-HO — LiH system, in
which the second dehydrogenation step sees the sigte reaction between LIOH and
LiH.”

4.4 Conclusions

Nanostructured magnesium hydroxide has been sdallgssynthesised using the
combination of hydrothermal treatment and microwavadiation. This novel synthesis
has resulted in the production of hexagonal nateplaf Mg(OH) with a thickness of
tenths of nanometres. The same synthetic routebbaa successfully used to produce
nanostructured Mg(ODR) subsequently employed duringn-situ powder neutron
diffraction experiments at the Rutherford Appletaaboratory in Didcot. Nanostructured
LiH and LiD have been successfully obtained by naeatal milling of the bulk reactants.

The Mg(OH) — LiH modular hydrogen release system has beediestuin detall,
comparing bulk as well as nanostructured materible system has been prepared by
manually mixing stoichiometric amounts of the steytmaterials for 5 minutes. All
manipulations have been carried out inside a relating glove box under inert
atmosphere. For both systems, the theoretical wéagh of 5.4 wt. % of hydrogen was not
achieved when heated to 873 K: the mass lossesfband to be 5.1 wt. % and 4.7 % for
bulk and nanomaterials respectively. However, usiagomaterials has resulted in a
lowered onset temperature of hydrogen release (Edviegom 478 K to 453 K) and a faster
dehydrogenation process. Overall, nanomaterials fead to better performances in terms
of kinetics for the system. The calculated actmatenergy for the nanostructured system
was found to be 96+4 kJ mbfor the first (low temperature) and 165+9 kJ thédr the
second (high temperature) step. Based on the e#dcllEa values, the first event is
believed to relate to Mg(ORldehydration and the second event to the soli@ se&tction

between LiOH and LiH.
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Two mechanisms of hydrogen release were propodseel: first one involved the
dehydration of magnesium hydroxide as initial stepform MgO, followed by the
hydrolysis of 1 mole of lithium hydride and formai of lithium hydroxide, with the last
step being the solid state reaction between theaireng LiH and LIOH. The second
mechanism involves the solid state reaction betw&enquivalents of LiH and Mg(OHhl)
leading to the formation of magnesium oxide, lithioxide and lithium hydroxide, with
the second and last step of the reaction beingdahee as the final step of the first proposed
mechanismEx-situpowder X-ray diffraction experiments have beerfgrened in order to
clarify the reaction pathway, although the studiese not conclusive. Thereforg-situ
PND data combined with the data already obtaineevi@und to be pivotal to elucidate

the mechanism of hydrogeslease.

PND experiments were carried out over the compléeenperature range of
dehydrogenation, with short data collections oherdrucial dehydrogenation temperatures
to follow the reaction steps individually. Rietveldfinements against the collected PND
ToF data were performed: the results confirm thatdehydrogenation process appears to

follow the first proposed mechanism (Equation 4&8her than the second.
2Mg(OH), +4LiH - 2MgO+ LIOH+LiH +Li,0+3H, - 2MgO+2Li,0+4H, (4-4)

First the magnesium hydroxide undergoes a dehydraprocess forming MgO and
releasing HO. The evolved water then hydrolyses 1 mol of lithihydride leading to
release together with the formation of a layeredcstire with a core of LiH and a 40-
LiOH double layer (Figure 4-25). These two stepgp®a almost simultaneously. The last
reaction step involves the solid state reactiothef newly formed lithium hydroxide and
the remaining hydride, which results in hydrogeonletron and formation of lithium oxide.

Future work should focus on further enhancing tegggmances of the nanostructured
system. The use of additives or catalysts couldd®En as a feasible option in order to
improve the kinetics of hydrogen release. Disruptibthe layered structure formed during
the first dehydrogenation step should facilitatelfegen evolution. Several catalysts and
additives have been studied for promoting the hlydr® process for magnesium hydride,
although none of them has been tested in the pres#inLiH. Based on studies published
on MgH,, suitable candidates to be added to the magnesyairoxide — lithium hydride
modular system include graphite, silicon carbidenatl as multi-valence titanium and
vanadium based additives/cataly&td*>>*¢3"Further studies in order to understand which
additives and catalysts could be the most efficaatrequired.
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5 The magnesium hydride - lithium hydroxide
‘modular’ release system: H desorption properties
when working with anhydrous or monohydrate

lithium hydroxide

5.1 Introduction

Lithium hydroxide has increasingly gained attentiover the last decades in terms of
hydrogen storage solutions. In fact its use has h@®posed in several solid state
hydrogen release systems in combination with difiedight metal hydrides. Firstly, in
2005 Vajoet al. proposed the use of LiOH, both anhydrous and asrtbnohydrate, in
combination with two different light metal hydridedithium hydride, and lithium
borohydride® In 2007, Luet al. published a detailed study of the lithium hydraxid
lithium hydride system using either LiOH or LiOH,®I*> More recently Wangt al.
studied the improved hydrogen storage and releaspepies of mechanically milled
magnesium hydride when mixed with alkali hydroxidescatalytic amount3.In 2014,
based on the same idea Z&ial. further investigated the destabilisation of LiB¥a its
dehydrogenation through the"H H interaction between the hydride and light metal
hydroxide (sodium, lithium and potassium hydroxisesse employed].Furthermore, the
use of another light metal hydroxide, has been gsegd to be used in these kind of
systems, specifically the reaction between Mg(®H)Nd Na(Li)BH has been

investigated:®

However, so far the lithium hydroxide — magnesiuydride hydrogen release system has
not been studied. Two different systems can beqeeg when employing these starting
materials: both LIOH and LIOH-4# can be mixed with Mgkito release K

The LIOH — MgH system, presented in Equation 5-1, is thermodyoaligi favourable
and can theoretically release up to 5.9 wt. % afrbgen. The starting materials react to
yield magnesium oxide and lithium oxide togethethwhe evolution of hydrogen.

2LIOH +MgH, — Li,O+MgO +2H, AH°(98K)=-74.3kJmol™H, (5-1)
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When working with the monohydrate hydroxide, foe thiOH-HO — MgH, system
(Equation 5-2) the theoretical thermogravimetripawity of the whole system rises to 7.4
wt. % H,. Once again the overall reaction is thermodynalyi¢avourable and the starting

materials react to yield magnesium oxide and lithmxide, evolving hydrogen.
2LiOH H,0+3MgH, - Li,O+3MgO +6H, AH°(@98K)=-987kJmol™H, (5-2)

The decompositions of both anhydrous and lithiundrbyide monohydrate have been

widely studied and are reported in Equations 5®8%d.%°

LiIOH H,0 - LIOH +H,0 AH°(298K) = 53.1kJmol™H, (5-3)

2LIOH - Li,O+2H,0 AH°@98K) = 97.4kJmol™H, (5-4)

Further, it is well known that under ambient atnuee lithium hydroxide undergoes a
carbonisation reaction by GQOeading to the formation of $€0O; (Equations 5-5 and 5-
6).1%1112 This phenomenon can be easily overcome by workimgler controlled
atmosphere at all times: all LIOH(>8]) manipulations must be conducted under inert

atmosphere.

2LiOH +CO, - Li,CO,+H,0 AH°{298K) =-96.9kJmol*H,O (5-5)

2LiOH H,0+CO, - Li,CO, +3H,0 AH°®@98K) = -36kJmol™*H,0 (5-6)

The decomposition of MgH has been fully investigated. Magnesium hydride can
theoretically release up to 7.6 wt. %, Hlthough the kinetics and thermodynamics of the
dehydrogenation process are not favourable (Equétié) and the process is characterised
by slow H desorption at high temperaturés.

MgH, — Mg+H, AH°@98K) = 76.2kJmol™H, (5-7)

The hydrolysis reaction of MgHneanwhile follows the reaction expressed in Equali-
8.14

MgH , +2H,0 — Mg(OH), +H, AH°(298K) = -1385kJmol™*H, (5-8)
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During this project LIOH(- HO) and MghH have been used together to test their behaviour
as solid state hydrogen release systems. A stomgtiacc amount of the two reagents have
been mixed together and the resulting mixture fullyestigated. LiOH — Mgkl and
LIOH-H,O — MgH mixtures have been prepared. Bulk, mechanicallylechiand
nanostructured materials were used for each sydtemthe study of bulk systems, as-
received LIOH(-HO) and MgH have been manually ground together. Milled systems
were prepared by mixing either anhydrous or hydrateechanically milled lithium
hydroxide with ball milled magnesium hydride. Ataging materials were milled in order
to reduce their particle size prior to mixing théogether and testing their properties as

hydrogen release systems.

Further, a feasible and facile route for the salecsynthesis of nano LIOH(-J8) has
been successfully identified. Anhydrous lithium fgxlde nanosheets with a thickness of
tens of nanometres were successfully obtained.r Badiaviour as well as nanostructured

LiOH-H,O when mixed with mechanically milled Mghkas tested.

The aim of this chapter is to give an overview e LiOH(-HO) — MgH, system:
attention has been focused of the comparison of dbleydrogenation properties of
chemically nanostructured and mechanically milleaterials with respect to bulk reagents.
In particular, the onset temperature of hydrogdease and associated weight loss has
been fully studied for each system. Further, the ob structural water in LIOH-$D was
considered: the behaviour of lithium hydroxide mioydrate when mixed with MgiHwvas
investigated and compared to its corresponding @nulg hydroxide. All materials were
characterised using simultaneous thermogravimesmalysis (TG-DTA) with mass
spectroscopy (MS), powder X-ray diffraction (PXD)dascanning electron microscopy
(SEM). TG-DTA-MS studies were conducted to obtaifoimation on the onset and peak
temperature of any thermal event occurring, welgbé percentage and nature and amount
of the gas evolved during heatirigx-situPXD was employed to propose a mechanism of
hydrogen release for each studied system. SEM w@g for morphology studies of both
milled and nanostructured materials before and attating.
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5.2 Experimental

5.2.1 Preparation of the systems

Mixtures were prepared by manually mixing stoicherit amounts of the starting
materials for 5 minutes with an agate mortar arstlpeAll preparations were conducted
under an inert atmosphere inside either an Ar-gfildd recirculating glove box.

The amounts of starting materials mixed togetheeéxh system were:

e 180 mg of LiOH — 100 mg of MgH
e 216 mg of LIOHH,O — 100 mg of MgHl

For each hydroxide, three different kinds of systemere prepared and analysed:

e Bulk ‘modular_system: mixtures of as-received LiIQH,O) (LiOH: Sigma-
Aldrich, > 98%; LIOH-HO: Aldrich, 98%) and Mgkl (Aldrich, hydrogen-storage
grade> 96.5%). (b-LiOH, b-LiOH-HO)

e Mechanically milled ‘modular’ system: mixtures ofechanically milled lithium

hydroxide (m-LIOH(-HO)) and mechanically milled magnesium hydride (m-
MgH>).

* Nanostructured ‘modular’system: mixtures of systeed nanostructured
LiIOH(- H20) (n-LIOH(- H,O)) and mechanically milled MgHm-MgH,).

5.2.2 Selective Synthesis of nanostructured LIOH(: kD)

To prepare nanostructured LIOHE®) (denoted n-LiOH and n-LIOH-J@ respectively),
approximately 160 mg of lithium metal ribbon (Aldni, Lithium ribbon, thickness x width
1.5 mm x 100 mm, 99.9%) was carefully cut into snedlips inside an argon filled
recirculating glove box and put inside a glass,wdlich was sealed with parafilm prior to
transfer out of the glove box. The metal was theitldy transferred to a 50 ml Schlenk
flask and dissolved in 25 ml of deionised waternimising the exposure of the lithium
metal chips to moisture and air. Once the metal emspletely dissolved, the flask was
connected to the Schlenk apparatus and the evaporptocess started. By carefully
tuning the reaction conditions it was possible yotsesise the anhydrous LiOH and the
monohydrate hydroxide selectively, exploiting thacwum evaporation and thermal

vacuum evaporation processes®
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Working in a high vacuum environment at room terap&e allows evaporation of only
the solvent water, yielding lithium hydroxide mondmate. Conducting the evaporation
process at higher temperature allowed to dehyditade LIOH fully, resulting in the
formation of the anhydrous hydroxide.

Specifically, to obtain LiOH, the process was cartdd by immersing the flask in an oil
bath heated to 343 K. The process was completedcat 120 minutes. For the synthesis
of LIOH-H,O, vacuum evaporation was conducted at room teriyperal he process took
approximately 240 minutes to complete. For bothttsstic procedures, the crystals were

collected after the reaction flask was carefullgled and transferred inside a glove box.

5.2.3 Ball milling of LIOH(-H ,0)

Lithium hydroxides were mechanically milled broadising the same conditions reported
by Zhuet al,* although a 40:1 ball-to-powder ratio was used@meed to the 120:1 ratio
employed by Zhu. During a typical milling experinbeth gram of LIOH(-HO) (Sigma-
Aldrich, 95%) was milled for 5 hours at 500 rpmings10 stainless steel balls. A 5 minute
interval following every 5 minutes of milling wasngloyed. The milling products are
henceforth referred to as m-LiIOH and m-LiOHH

5.2.4 Ball milling of MgH »

Nanostructured Mgk was produced by mechanically milling the as-reedinhydride
(Aldrich, hydrogen-storage grade, 96.5%). 1 gram of Mgk was loaded into a 50 ml
stainless steel jar using 10 stainless steel lalls grinding medium. The process was
typically conducted by milling the starting matériar 5 hours at 450 rpm. A 5 minute
interval following every 5 minutes of milling wassed'’ Milled MgH, is henceforth
referred to as m-MgH

5.2.5 TG-DTA-MS studies

Thermogravimetric analysis coupled with mass spsctipy studies were performed to
obtain information on the onset and peak tempegataf the thermal events occurring
during heating, the change in mass (wt. %) andraatdl the gaseous species evolved

during the thermal treatment. TG-DTA experimentsesmearried out using a Netzsch STA
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409 PC instrument coupled to a Hiden HPR20 masstrgpeeter as detailed in Section
2.3.4. All measurements were performed under a 8bargon and all manipulations were

conducted under inert atmosphere inside glove boxes

Initially correction files were created and there thamples analysed. First experiments
were carried out heating the analysed material froom temperature to 873 K with a
heating rate of 5 K mih and holding that temperature for 1 hour beforeveiig the
sample to cool naturally. Subsequent experimentse iganned based on the results
obtained and intermediate temperature points werdiexl to isolate any intermediate
species forming and to propose a dehydrogenatiochamessm. For each experiment,
approximately 20-25 mg of sample were analysed.

Further, thermogravimetric analyses were perfornmedrder to calculate the activation
energy for every thermal event occurring during DGA-MS experiments: this was done
employing the Kissinger methdf'® Samples were heated to 773 K using heating rdtes o
2,5, 10 and 20 K mih(Table 5-5 and 5-9) and Kissinger plots were otadi

5.2.6 Powder X-ray diffraction (PXD) experiments

All starting materials and hydrogen release systemre analysed by PXD as described in
Section 2.3.1.1. Due to the air sensitive naturethef materials employed, all X-ray

diffraction patterns were collected with a Bruk@&rdiffractometer using sealed capillaries.
Typically, data were collected betweerx®0/° > 85 for 1 h for phase identification and

for 12 h for structural refinement purposes.

PXD patterns obtained were compared with the apf@@preference patterns using the
ICSD databas@ and generating calculated powder patterns withdeo@ell**

As already discussed in Section 2.3.3, Rietveltheefients against the PXD data were
performed using the General Structure Analysis Syps{(GSASY with the EXPGUI
interface”® The background was successfully modelled usingcfiem 8 (reciprocal
interpolation function). This was followed by thefinement of the cell parameters, atomic
positions, profile parameters and temperature facithe peak shape was modelled using

Function 2, which is a multi-term Simpson’s intagra of the Pseudo-Voigt function.
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5.2.7 Scanning Electron Microscopy (SEM) imaging

Samples for SEM imaging were prepared as discudsedSection 2.3.5.1. All
manipulations were carried out inside a recircatatargon- or nitrogen- filled glove box.
A small amount of sample was deposited onto alwminstubs using adhesive carbon tabs.
The samples were put into glass vials and sealBxdobeing transferred out of the glove
box, to minimise the exposure to air and moist&iace in this work materials were often
found to charge under the beam, the samples wereatly sputter-coated with a 10 nm
layer of gold/palladium alloy in order to achievetter conductivity and increase the
quality of the images. The samples were then plagede the vacuum column of the

microscope, which was shut using an air-tight dout evacuated.

Images have been acquired at the Imaging Specpgsmod Analysis Centre (ISAAC),
School of Geographical and Earth Sciences (GE®)eatUniversity of Glasgow. A Carl
Zeiss Sigma Variable Pressure Analytical SEM witkfd@d Microanalysis employing a
Schottky thermal field emitter electron source wesed with a working distance of
typically 5-6 mm and an accelerating voltage of2B6kV and. All images were collected

with the help of Dr Peter Chung.

5.2.8 Summary of samples and reactions

Table 5-1: Summary of starting materials employed in theLiOH — MgH , hydrogen release systems.

Sample Material Preparation Conditions Heating progam / K
1 n-LiOH Schlenk Apparatus - 343 K 873/5 K miim 1 h dwell
2 n-LiOH-H,O  Schlenk Apparatus - 298 K 873 /5 K rfin 1 h dwell
3 m-LiOH 5 h milling @ 500 rpm (5/5) 873 /5 K min+ 1 h dwell
4 m-LiOH-H,O 5 h milling @ 500 rpm (5/5) 873 /5 K min+ 1 h dwell
5 m-MgH, 5 h milling @ 450 rpm (5/5) 873 /5 K min+ 1 h dwell
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Table 5-2; Summary of preparations carried out for the buk LIOH — MgH , system.

] Preparation _
Sample Material N Heating program / K
Conditions

6 b-LiOH — b-MgH, 5 min manual mixing -

7 b-LiOH — b-MgH, 5 min manual mixing 873/ 5 K miin+ 1 h dwell
8 b-LiOH —b-MgH; 5 min manual mixing 673 /5 K miin

9 b-LiOH —b-MgH; 5 min manual mixing 758 /5 K miin

10 b-LiOH —b-MgH; 5 min manual mixing 77315 K min

Table 5-3: Summary of preparations carried out for the mehanically milled LiOH — MgH , system.

Sample

Material

Preparation

Conditions

Heating program / K

11
12
13
14
15

m-LiIOH — m-MgH,
m-LIOH — m-MgH,
m-LIOH — m-MgH,
m-LIOH — m-MgH,
m-LiIOH — m-MgH,

5 min manual mixing
5 min manual mixing
5 min manual mixing
5 min manual mixing

5 min manual mixing

873 /5 K min+ 1 h dwell

623 /5 K min
648 /5 K min
773 /5 K min

Table 5-4; Summary of preparations carried out for the nanostructured LIOH — MgH » system.

Sample

Material

Preparation
Conditions

Heating program / K

16
17
18
19

n-LIOH — m-MgH,
n-LiIOH — m-MgH,
n-LiIOH — m-MgH,
n-LIOH — m-MgH,

5 min manual mixing
5 min manual mixing
5 min manual mixing

5 min manual mixing

873 /5 K min+ 1 h dwell

648 /5 K miin
77315 K min
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Table 5-5: Summary of preparations carried out for activaion energy calculations for the LIOH —

MgH , system.
Sample Material Prepa.r:.altlon Heating program / K
Conditions
20 b-LiOH —b-MgH: 5 min manual mixing 773 (2 K mim)
773 (5 K min')
773 (10 K mint)
773 (20 K mint)
21 m-LiIOH — m-MgH, 5 min manual mixing 773 (2 K mim)
773 (5 K min')
773 (10 K mint)
773 (20 K mint)
22 n-LiIOH — m-MgH, 5 min manual mixing 773 (2 K mim)

773 (5 K min')
773 (10 K mint)
773 (20 K mint)

Table 5-6: Summary of preparations carried out for the buk LiOH-H ,O — MgH, system.

Sample

Material

Preparation
Conditions

Heating program / K

23
24
25
26
27
28

b-LiOH- H,O — b-Mgh
b-LiOH- H,O — b-Mgh
b-LiOH- H,O — b-Mgh
b-LiOH- H,O — b-Mgh
b-LiOH- H,O — b-Mgh
b-LiOH- H,O — b-Mgh

5 min manual mixing

5 min manual mixing 873 /5 K mif* + 1 h dwell

5 min manual mixing
5 min manual mixing
5 min manual mixing

5 min manual mixing

408/ 2 K mirt
673 /5 K mirt
758 / 5 K mint
773 /5 K mint
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Table 5-7: Summary of preparations carried out for the mehanically milled LiOH-H,O — MgH,

system.
Sample Material Prepa-rr?\tlon Heating program / K
Conditions
29 m-LiIOH-H,O — m-MgH 5 min manual mixing -
30 m-LiOH-H,O — m-MgH 5 min manual mixing 873 /5 K mirt + 1 h dwell
31  m-LiOH-H,O — m-MgHt 5 min manual mixing 408 / 2 K mint
32  m-LiOH-H,O — m-MgHt: 5 min manual mixing 573 /5 K min*
33 m-LiIOH-H,O — m-MgH 5 min manual mixing 673 /5 K min'*
34 m-LiIOH-H,O — m-MgH 5 min manual mixing 77315 K min'*

Table 5-8: Summary of preparations carried out for the nanostructured LiOH-H ,0 — MgH, system.

) Preparation _
Sample Material N Heating program / K
Conditions

35 N-LIOH-H,O — m-MgH 5 min manual mixing -

36 n-LiOH-H,O — m-MgH: 5 min manual mixing 873 /5 K miin+ 1 h dwell
37 n-LiIOH-H,O — m-MgH 5 min manual mixing 408 / 2 K min

38  n-LiIOH-H,O —m-MgH 5 min manual mixing 623 /5 K min

39  n-LiIOH-H,0 —m-MgH 5 min manual mixing 773 /5 K min
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Table 5-9: Summary of preparations carried out for activaion energy calculations for the LiOH-HO0

— MgH, system.

_ Preparation _
Sample Material N Heating program / K
Conditions

40 b-LiOH-H,O — b-MgH, 5 min manual mixing 773 (2 K mim
773 (5 K min')
773 (10 K min')
773 (20 K min')
41 m-LiIOH-H,O — m-MgH, 5 min manual mixing 773 (2 K mim
773 (5 K min')
773 (10 K min')
773 (20 K min')
42 n-LiIOH-H,O — m-MgH 5 min manual mixing 773 (2 K miim
773 (5 K mint)
773 (10 K min')
773 (20 K min')

5.3 Results and Discussion

5.3.1 Preparation of the system components

5.3.1.1 Nanostructured LiOH(-H20)

Nanostructured LIOH(-pD) (Samplesl and 2) were successfully obtained using the
selective synthetic route described in Section15.20 obtain LIOH vacuum evaporation
was conducted at 343 K, whereas for the synthekiki®@H-H,O, the process was
conducted at room temperature. For both synthetcqulures, the yield was found to be
lower than the theoretical onea. 73% for both hydroxides. This may be due to the
difficulty in collecting the entire amount of crgé$ from the Schlenk glassware. In
particular, in a typical synthesta. 200 mg of LiOH andta. 350 mg of LIOH-HO were

obtained with respect to the 274 mg and 480 mgrétieal figures for anhydrous and

186



monohydrate lithium hydroxide respectively. The thgsised nanostructured hydroxides

were then characterised by PXD as well as SEM.

As shown in the PXD pattern for Samfil€¢Figure 5-1), pure phase LiOH was synthesised
with no trace of either Li metal starting mateoalthe monohydrate hydroxide present.

101

001

Intensity / a.u.

— T T T T T T T T T T T T T T T T T T T T T 7
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
20/°

Figure 5-1: PXD pattern for Sample 1, synthesised n-LiOH.

SEM images of Samplé show a dramatic decrease of the particle size wegpect to the

as-received hydroxide (Figure 5-2). However, thetigas show a non-uniform size

distribution with particle size varying in the 40-8m range. Nonetheless, a closer look at

the morphology of the synthesised LiOH shows thatparticles present a stacked sheet-

like morphology with typical sheet thicknesses wagyin the 30-50 nm range (Figure 5-3).
4

B~

Figure 5-2: Collected SEM images: a) commercial LiOH (10m scale) and b) Sample 1 (20m scale).
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Figure 5-3: Collected SEM images for Sample 1: a) 2m scale b) 200 nm scale.

Rietveld refinement was performed against PXD déth GSAS? using the EXPGU?
interface. Crystallographic data are presentedahld 5-10. These were found to be in
good agreement with the literature valGésThe observed, calculated and difference
(OCD) plot from the PXD Rietveld refinement for Salel is shown in Figure 5-4.

Table 5-10: Selected data from the PXD Rietveld refinemérfor Sample 1, synthesised nano LiOH.

Empirical Formula LiOH

Crystal System Tetragonal

Space Group P4/nmm
Lattice Parameters
al A 3.548(1)
c/A 4.347(1)
v/ A3 54.71(5)
Z 2
Unit Cell Formula
Weight / M, 47.896
Density / g cm® 1.454
No. of Variables 23
No. of Observations 1056
Rwp % 9.51
Rp % 6.87
¥ 2.19
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Figure 5-4: Observed (green line), calculated (red dots)d difference (pink line) (OCD) plot from the
PXD Rietveld refinement for Sample 1, synthesised-hiOH. Black tick marks indicate n-LiOH

reflections.

As can be observed from the PXD pattern collectedSbmple2 (Figure 5-5), pure phase
LIOH-H,O crystals were successfully obtained. No traceeitiier Li metal starting

material or the anhydrous hydroxide can be idesttifn the diffraction pattern.
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Figure 5-5: PXD pattern for Sample 2, synthesised n-LiOH- EO.

Once again, SEM images were collected and they shdvamatic decrease of the particle
size with respect to the as-received hydroxideyifed-6), as previously observed for the
anhydrous hydroxide. Also for the monohydrate coumab the particles do not show a
uniform size distribution, which was found to vanythe 20-100um range. Images were
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collected at higher magnification in order to idgnthe potential presence of a sheet-like
morphology similar to that identified for n-LiOH. sAshown in Figure 5-7, smaller
particles in the 1-@um range can be identified. Although it is not pbksito identify any

sheet-like morphology, the surface of the partagpears porous and textured.

Figure 5-7: Collected SEM images for Sample 2: a) 2m scale b) 100 nm scale.

Rietveld refinement was performed for Samplagainst PXD data. Crystallographic data
are reported in Table 5-11 and were found to bgaad agreement with the literature
values®™?® The observed, calculated and difference (OCD) fitmh the PXD Rietveld

Refinement for Sampl2is presented in Figure 5-8.
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Table 5-11: Selected data from the PXD Rietveld refinemeérior Sample 2, synthesised n-LiOH- KO.

Empirical Formula LiOH-H ;0
Crystal System Monoclinic
Space Group C2/m
Lattice Parameters
7.4146(1)
alA 8.3051(12)
b/ A 3.1947(1)
cl/A
v /A3 184.742(6)
Z 4
Unit Cell Formula
Weight / M., 167.852
Density / g cm® 1.509
No. of Variables 33
No. of Observations 4423
Rwp % 6.45
Rp % 4.95
v 1.73
Lambda 1?406 A H*?‘0y0h1 153 Obﬁd and Pﬁf ProTleS
| l ]
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Figure 5-8: Observed (green line), calculated (red dots)d difference (pink line) (OCD) plot from the
PXD Rietveld refinement for Sample 2, synthesised-biOH-H ,O. Black tick marks indicate n-
LiOH-H ,0 reflections.
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5.3.1.2 Ball milled LIOH(-H ,0)
Anhydrous lithium hydroxide (Samp® and lithium hydroxide monohydrate (Samg)e

were ball milled for 5 h at 500 rpm. As shown imgliies 5-9 and 5-10, the post-milling
products are still single phase LIOHE®).
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Figure 5-9: PXD pattern for Sample 3, ball m-LiOH.
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Figure 5-10: PXD pattern for Sample 4, m-LiOH- HO.

SEM images for both milled hydroxides have beetectgéd (Figures 5-11 and 5-12). The

milled materials present similar typical particlees of 2-8 um in diameter. However,

unlike as previously observed for milled Mg(QH¥pection 3.3.1.2), milled LIOH(-4D)
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particles do not tend to agglomerate into biggersters, resulting in a homogeneous

distribution of the particles throughout the whséample.

Figure 5-12: Collected SEM images for Sample 4: a)jgm scale b) 1um scale.

5.3.1.3 Ball milled MgH »

Magnesium hydride (Sampl®) was ball milled for 5 h at 450 rpm. The PXD paite
collected after the milling procedure was carried confirms that shows that no major
reaction occurs during the milling tim@-MgH. is still the main phase present and
reflections assignable tg-MgH, and Mg metal can be identified as minor phases. A

detailed discussion of ball milled Mghan be found in Section 3.3.1.3.
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Figure 5-13: PXD pattern for Sample 5, ball milled magnesim hydride (B-MgH,). Triangles and

circles indicatey-MgH , and Mg metal respectively.

5.3.2 TG-DTA-MS data

5.3.2.1 Starting Materials

Similarly to the magnesium hydroxide — magnesiurdrite system already presented in
Chapter 3, prior to the study of the ‘modular’ ede system, TG-DTA-MS studies were
carried out on the starting materials. Samgle®, 3, and4, the commercial anhydrous as
well as monohydrate lithium hydroxide were inveateyl individually. Sampl®& and as-
received MgH were also studied individually. This allowed a gqmarison of onset and
peak temperatures of dehydration and dehydrogendto LiOH(-HO) and MgH
respectively, as well as weight losses and an sissd of the gaseous species evolved
during heating. A summary of the results obtained dnhydrous lithium hydroxide is

reported in Table 5-12.
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Table 5-12: Onset temperature, peak temperatures, weightosses and identified released gaseous
species for Sample 1 (n-LiOH), Sample 3 (m-LiOH) ashas-received LiOH (b-LiOH).

' Evolved
Sample OnsetT/K Peak T/K Weight Loss /%
Gases
1
_ 709 747 27.7 kO
n-LIOH
3
_ 713 751 35.2 28]
m-LiOH
Commercial
711 751 36.2 kO
LiOH

105 6.0

Nano

501 —— Milled
Nano \ 45 Commercial
95 | ; .
—— Milled 1
Commercial )

100

90

85

TG/ %
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Figure 5-14: (a) TG and (b) DTA data comparison for commaetial (red), nanostructured (1; blue) and

milled (2, green) anhydrous lithium hydroxide.

Figure 5-14 presents the TG-DTA data collectedSamplel (n-LiOH), 3 (m-LiOH) and
as-received LiOH (b-LiOH). From both TG and DTA fil®it is possible to identify one
single thermal event. The temperature of this dmetotic event is consistent throughout
all three samples with the dehydration and meltihiOH beginning at 709, 713 and 711
K and reaching a peak temperature of 747 K for namd 751 K for both milled and
commercial materials respectively. These data arsistent with the melting of LiOH,
which is supposed to occur at 723 K according t® Handbook of Chemistry and
Physics’’ However, the TG profiles show differences betweeterials. Nanostructured
LiOH (Samplel) displays a weight change of 27.7 %, which comesis toca. 75% of the
theoretical mass loss of 37.6%. The thermal treatroESample3 results in a mass loss of

35.2 % (93.6 % of the theoretical one), whilst doenmercial LiOH dehydration process
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yields a weight loss of 36.2 % (96.3 % with respecthe theoretical figure). It was not
possible to retrieve any sample after the thernealttnent, as the powder melted inside the
sample holder inside the STA apparatus. It is @dténg to note that all mass losses start
close to the melting point of the material and tpleee mostly during the 1 h holding time
at 873 K. It is possible to hypothesise that if tamperature of holding was held for a
longer time, this would have resulted in mass lessearer to the theoretical value of
37.6%.
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Figure 5-15: MS profiles Vs time for commercial (red), nanstructured (1; blue) and milled (3, green)

anhydrous lithium hydroxide.

The only gaseous species detected appears to lee asmtexpected. As can be seen in
Figure 5-15, the bD release appears to be a single event, with ties foases take places
during the holding time. Further, the MS peak shapen the BO release is not well-

defined, suggesting that the water release walsastilongoing process at the time the

measurement ended.

Data obtained for lithium hydroxide monohydrate smenmarised in Table 5-13. The TG-
DTA data collected for Sampl@ (n-LIOH-H,O), Sample4 (m-LiOH-H,O) and as-
received LiOH-HO (b-LiOH-H0) are presented in Figure 5-16.
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Table 5-13: Onset temperature, peak temperatures, weightosses and identified released gaseous
species for Sample 2 (n-LiOH-KO), Sample 4 (m-LiOH-HO) and as-received LIOH-HO (b-
LiOH-H ,0).

_ Evolved
Sample OnsetT/K Peak T/K Weight Loss/ %
Gases
2
) 331 383 63.5 0]
n- LIOH-H,0
716 745
4
_ 324 378 62.7 bD
m- LIOH-H 0
716 744
Commercial
) 330 390 63.4 O
LIOH-H ;0O
724 746
g —— solee "y
o0 ] Commercial 351 —— Commercial
3.0
& ::_ (E’ 1:5:
(O] ] 2 1.0
= 65 | E 05 ]
:2 :(al) T T T T T T T T T T T :;:: ] (b) T T T T T T T T T T
Temperature / K Temperature / K

Figure 5-16: (a) TG and (b) DTA data comparison for commetial (red), nanostructured (3; blue) and

milled (4, green) lithium hydroxide monohydrate.

From both TG and DTA profiles is possible to idgntivo different thermal events taking
place. The first endothermic event is believed dtate to the loss of structural water,
leading to the formation of LIOH from LIOH-J@. The onset temperature for this first
event was found to be 331, 324 and 330 K with & pemperatures of 383, 378 and 390 K
for Sample 2 (nano), 4 (milled) and commercial LiOH respectively. The ced
endothermic event can be attributed once agaihdadinal dehydration and melting of the
remaining LIOH. The onset temperature of this pssceas found to be consistent with
Samplel, 3 and commercial LiOH and was found to be 716 K ranostructured and
milled LiOH-H,O and 724 K for as-received LiOH,®, with the peak temperatures being
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746, 744 and 745 K for commercial, milled and nanmsured LIOH-HO respectively.
This values are once again in agreement with théingepoint value given in the
Handbook of Chemistry and Physf¢s-urther, all mass losses appear to be consistent;
lowest is related to the milled LiOH.8 (Sampled4), where a weight change of 62.7 %
corresponding to 97.4 % with the theoretical figigeobserved. Thermal treatment of a
nanostructure lithium hydroxide monohydrate resinita weight loss of 63.5 %, which is
98.6% of the theoretical 64.4 % loss. This valuéoisnd to be similar to the mass loss
observed for the as-received LIOB® whose weight change was found to be 63.4 %
(98.4 % of the theoretical figure).

Although the theoretical weight losses are closghe theoretical figure than was the case
with anhydrous lithium hydroxide, the combinatioh¥G and DTA profile once again
suggests that by holding the temperature of 878rkaflonger period of time, it would be
possible to completely dehydrate and melt the nateSimilarly to LiOH, it was not
possible to collect any LIOH-J® powder after the STA analysis.
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Figure 5-17: MS profiles Vs time for commercial (red), nanstructured (2; blue) and milled (4, green)

lithium hydroxide monohydrate.

MS spectra (Figure 5-17) present two events whiah be related to the release of
structural water and the dehydration/melting ofréx@aining LiOH respectively. Similarly
to LIOH, mass losses are found to take place #fiempeak temperature of the respective
thermal event is reached in the MS spectra: 398,a8id 383 K for the first event and 746,
744 and 745 K for the second event for commernidled and nanostructured LiOH»-8
respectively. As for the anhydrous LIOH, the pelafipe of the second water release is not
completely defined, suggesting that somg®Hvas still being evolved from the material

during the holding time of the 873 K temperaturépo
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As for the studies of MgHstarting material, a detailed discussion of theDTA-MS
studied performed on both ball milled and as-resgimnagnesium hydride can be found in

Section 3.3.1.4. A summary of the data obtainegivisn in Table 5-14.

Table 5-14: Onset temperature, peak temperatures, weighlosses and identified released gaseous

species for Sample 5 (milled Mghk) and for as-received MgH.

_ Evolved
Sample OnsetT/K Peak T/K Weight Loss /%
Gases
5
580 625 6.4 bl
m-MgH >
Commercial
667 696 6.9 bl
MgH >

5.3.2.2 LIOH — MgH , system

Initial TG-DTA-MS experiments were performed on $des7, 12 and17 to determine
the onset temperature as well as the peak temperattpossible hydrogen release and the
weight loss for bulk, milled and nanostructuredteyss (Figures 5-18 and 5-19). The
results obtained are summarised in Table 5-15.tftee mixtures were heated to 873 K
and that temperature held for one hour.

Table 5-15: Onset temperature, peak temperatures, weighlosses and identified released gaseous
species for Samples 7, 12 and 17.

Sample OnsetT/K Peak T/K Weight Loss /% Evolved
Gases
7 598 673 10.1 b
b-LiOH — b-MgH » 702
735
12 509 598 5.2 ]
m-LiOH — m-MgH , 629 648
711
17 512 606 5.2 ]
n-LiIOH — m-MgH » 635 649
720
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Figure 5-18: (a) TG and (b) DTA data comparison for Sampl& (bulk; red), Sample 12 (milled; green)

and Sample 17 (nano; blue).
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Figure 5-19: MS profiles Vs time for Sample 7 (bulk), Samie 12 (milled) and Sample 17 (hano).

As can be observed from Figure 5-18, interestiriipidinces can be appreciated amongst
bulk, milled and nanostructured systems in pardiciuh terms of both weight losses and
DTA profiles. It is possible to note how the onsetperature of hydrogen release is
dramatically decreased by nearly 100 K when workimgth both milled and
nanostructured materials. The onset T was foundet®09 K and 512 K for Sample
(milled) and Sampld7 (nano) respectively, whilst for Samplgbulk) it was found to be
as high as 598 K. DTA profiles for all samples shibwe presence of 2 main endothermic
events occurring one immediately after the othdthdugh a closer look at both TG and
first derivative of the DTA data suggest the seceudnt to be a combination of two. The
peak temperatures of the three events were foume 73, 702 and 735 K for Sample
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(bulk); 598, 648 and 711 K for Sampl2 (milled) and 606, 649 and 720 for Samflé

(nano).

In terms of thermogravimetric capacity, accordiogBquation 5-1, the LIOH — MgH
system can theoretically release 5.9 wt. % gafHtbwever, the weight change for Sample
(bulk) was found to be 10.1 wt %, which is a highatue than expected, whereas mass
losses for Sampl&2 and Sampld.7 were consistent for both systems and they weredou
to be 5.2 wt. %, nearly 90 % of the theoreticalifiy

If the thermal profile followed the independent dexposition of the two starting materials
then two distinct thermal events would be expeecied the TG-DTA profile would appear
different from the experimental one (and no thiveérg would be identified). Further, the
system would release 24.3 wt. %Mfrom the decomposition of LiOH and 2.7 wt. % of
H, from the decomposition of Mgiifor a total weight loss of 27.0 %. This is not in
agreement with the experimental data. In this seihse believed that the two starting

materials interact with each other rather thantrigaiividually.

The differential thermogravimetric analysis data $ample7 (bulk) suggest that an initial
solid state reaction between LIOH and Mgtd yield LbO and MgO accompanied by
hydrogen evolution and driven by arf H H interaction. In fact, if the first event were
related to the decomposition of either LIOH or MgHhe onset temperature of the thermal
event would be higher (711 and 667 K for LIOH andHd respectively). However, the
reaction may lead to the formation of MgO andQ.ion the surface of MgHand LiOH
respectively, preventing the interaction betweenttho starting materials as the reaction
proceeds. The dehydrogenation process then prooggldsthe decomposition of the
remaining hydride to evolve hydrogen and give magme metal, with the last event being
the dehydration of the remaining lithium hydroxiderelease water, which will react with
the Mg obtained from the hydride decomposition. SEhthree reaction steps are assignable
to three different mass losses for a total of 4.8% This is followed by another 5.3 wt. %
of mass loss during the holding time. Considerimg data obtained from the analysis of
LiOH by itself (Section 5.3.2.1), this is considtenth the decomposition of LiOH, and a
mass change that occurs during the holding timaemédtely, the higher mass loss may be
imputed to the release of gaseous water from LiOhickv has not reacted with MgH
during the thermal treatment. Although, this iscontrast with the collected MS data

(Figure 5-19), where the only gaseous species wetetring the analysis was hydrogen.
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Samplel2 (milled) and Sampld7 (nano) present the same mass loss of 5.2 wt. %@and
similar DTA profile. Further, no mass loss is ratsmt during the holding time of 1 h at
873 K, suggesting that the reaction has gone tgotetion when reaching the final target
temperature is reached. A similar reaction patheay be therefore proposed for bdth
and17. The reaction is believed to start with the sdlidte reaction between Mgtnd
LiOH to give LO and MgO and evolve hydrogen. The reaction shthdd proceed with
the decomposition of the remaining hydride to egohwdrogen and yield magnesium
metal. The difference between bulk and milled/n&micsured materials resides in the fact
that this reaction is believed to be simultaneouh¢ decomposition of both the remaining
magnesium hydride and lithium hydroxide. The Mg aheibtained from the hydride
decomposition will immediately react with the wategleased from the hydroxide

decomposition resulting in the formation of MgO awblution of hydrogen.

MS data are presented in Figure 5-19. The only@asspecies detected for all samples
was found to be hydrogen and evolution of water wak observed during any of the
thermal treatments. However, this is not completelagreement with the mass change
observed for Samplé (bulk): this may be due to the fact that a veryarmmount of water

is released from the dehydration of the remainim@H, still partly occurring when the
measurement was stopped. This is consistent aldotixe MS profiles of LIOH starting
material. Moreover, there are some subtle diffeesntor the nanostructured system
compared to the bulk with respect to the differ@rtthermogravimetric analysis results. In
particular, for Sampl& (bulk) and Sampld2 (milled) the MS profile shows the presence
of three distinct hydrogen releases. For the bu#itemals most hydrogen appears to be
evolved during the second and third event with anlgmall amount of Hbeing released
during the first event. For milled materials mostappears to be released during the first
two events with a small amount of gas evolved dutime last endothermic event. The
mass spectrum for Sampl& (nano) suggests hydrogen release takes placesingée
event and it is not possible to discriminate amouiiféerent H release peaks. A slightly
higher onset T of Krelease and peak temperature throughout the wiedigdrogenation
process suggests the hydrogen evolution from thesteuctured system to be subjected to

slower kinetics with respect to the milled system.

The Kissinger method was employed for calculatimg activation energies relative to the
two main thermal event§:*® The first one a low temperature (LT), believeddmate to the
solid state reaction between LIOH and Mghkind the one at high temperature (HT),

believed to correspond to the decomposition of rim@aining MgH and simultaneous
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dehydration of the remaining LIOH to yield MgO ah¢,O and evolve bl Data for
Kissinger analysis were collected for bulk, milladd nanostructured mixtures (Samples

20, 21 and22) prepared using the exact same procedui® id and16 and analysed as

previously stated in Section 5.2.5. Kissinger plats both thermal events are shown in

Figure 5-20 (error bars omitted for clarity) andwammary of the activation energies is

given in Table 5-16. Single Kissinger plots withatere error bars and DTA profiles can

be found in Appendix C. It is important to note ttlaé greater heating rates it was not

possible to discriminate between the second tworthkeevents. Hence it was not possible

to collect enough data points to construct a Kggsinplot for postulated MgH

decomposition and LiOH dehydration reactions.
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Figure 5-20: Kissinger plots for Samples 20 (bulk; red t@ngles), 21 (milled; green circles) and 22

(nano; blue squares): (a) plots calculated for th& T thermal event; (b) plots calculated for the HT

thermal event.
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Table 5-16: Calculated activation energies for Samples 2@1 and 22. Literature reported values for

activation energy for LiOH and MgH, are given at the bottom of the table.

Sample Thermal Event Ea/kJ mol*

20 LT 1666
HT 442+9
21 LT 137+9
HT 232+8
22 LT 118+9
HT 181+8

Eaion = 1234 kJ mol; Ref. 28
Eapuk mgre = 156 kJ mot; Ref 29

Eamiled mgre = 120 kJ mot; Ref 29

The activation energy for the LT thermal event flmeed solid state reaction between
LiOH and MgH) was found to be 166+6, 137+9 and 118+9 kJ hrfok Sample20, 21
and22 respectively.

The activation energy values for the HT thermalnéweere found to be 442+9, 232+8 and
181+8 kJ mof for Sample20, 21 and22 respectively. It is possible to observe a trend in
the activation energy values associated with theeMd@nt: from bulk to milled materials
the value of Ea is nearly halved, whereas betwegostructured and milled materials the
values are found to be similar, although slightlgcetased when working with
nanomaterials. This could be explained by the faat milled as well as nano systems
present a smaller particle size with respect tdothik system: in fact, reducing the particle
size of the starting materials results in an insegasurface area and reactivity of the
materials resulting in better dehydrogenation kasetand thus decreased values of
activation energies.
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5.3.2.3 LIOH-H ;0 — MgH, system

Samples24, 30 and 36 were analysed using TG-DTA-MS to determine theebns
temperature as well as the peak temperature ofolggdr release and the weight loss for
bulk, milled and nanostructured systems (Figuresl sand 5-22). The bulk, milled and

nanostructured mixtures were heated to 873 K aattémperature was held for one hour.

The results obtained are summarised in Table 5-17.

Table 5-17: Onset temperature, peak temperatures, weightosses and identified released gaseous

species for Samples 24, 30 and 36. If not otherwispecified, the thermal events are endothermic.

' Evolved
Sample Onset T/K Peak T/K Weight Loss /%
Gases
24 331 383 33.6 B H.O
b-LiOH-H ;0 — b-MgH, 669 708
732
30 323 358 (exo) 25.2 HH0
m-LiOH-H 20 — m-MgH> 490 566
615
672 707
36 313 358 (ex0) 22.8 HH0
n-LiOH-H ;0 — m-MgH: 473 573
627 680
713
:::_lE“ Bulk
25 ] —— Milled
* —— Nano
£ 2 5]
® 2 100
" E -12.5
i ™ 2
Wi w®
Temperature/K 300 350 400 450 SODTES:](;e:EreG;OK 700 750 800 850

Figure 5-21: (a) TG and (b) DTA data comparison for Sample24 (bulk; red), Sample 30 (milled;

green) and Sample 36 (nano; blue).
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Figure 5-22: MS profiles Vs time for Sample 24 (bulk), Sapie 30 (milled) and Sample 36 (nano).
Black line denotes hydrogen release. In the insertsvater release for bulk, milled and nanostructured

materials is denoted by red, green and blue lineespectively.

As can be observed from Figure 5-21, great diffeesncan be appreciated amongst the

three systems in terms of both mass change and des.

TGA profiles show that the weight losses are higtemn the expected 7.4 wt. %: the
observed mass changes were found to be 33.6, 88.2228 wt. % for Sampl24 (bulk),

30 (milled) and 36 (nano) respectively. Again, if the decompositioh tbe starting
materials were due to distinct independent evemty s1s the dehydration of LiOH-B
and the decomposition of MgHthe theoretical weight change of the system wdnalcbf
38.5 wt. %: 34.6 wt. % O from LIOH-HO (23.1 wt. % from the structural water and
11.5 wt. % from LiOH dehydration) and 3.9 % wt. % tom magnesium hydride. The
differences in terms of TG-DTA profiles could bep&ained by taking into account the MS
spectra showing the gaseous species evolved dilmnthermal treatment of each sample
(Figure 5-22).
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The most interesting feature in terms of the dédfgial thermal analysis is related to the
thermodynamic nature of the first thermal eventsuagng and the release of the gaseous
species associated with them. For San2gliébulk) the first thermal event was found to be
endothermic, starting at 331 K and with a peak temafure of 383 K, which is assignable
to the loss of structural water from LIOH,® as HO is the main species detected in the
mass spectra, however a very small amount of hyrapuld be detected as well. This
could explain the first weight loss of 29.5 %, whimay be due both the loss of structural
water from the hydroxide together with a slightesde of Hfrom the surface of the newly
formed anhydrous LiIOH. The dehydrogenation proce#isen believed to follow the same
reaction pathway as Sampfe the anhydrous lithium hydroxide — magnesium tgelri
already discussed in Section 3.3.2.2, with the galseous species detected beingTHhe
subsequent thermal event was found to have an t&xsgterature of 669 K and a peak
temperature of 708 K and it is immediately followbg the last event with a peak
temperature of 732 K.

TG-DTA data suggest a different dehydrogenatiorctrea occurring when employing
milled and nanostructured materials. Sam@le(milled) and Sample&6 (nano) present
similar weight change and similar differential ttiexgravimetric profiles and therefore it is
hypothesised that they follow similar mechanisteps in terms of hydrogen release. The
major difference with respect to bulk materialghat for both milled and nanostructured
materials the first event appears to be exothermiggesting the reaction to be a
simultaneous loss of structural water from LiOHGHand MgH hydrolysis to yield
magnesium hydroxide and evolve hydrogen rather thater, starting at temperatures as
low as 323 and 313 K (with peak temperatures of B58r both systems) for Samp&®
(milled) and36 (nano) respectively. This event is related to nw@snges of 12.5 wt. %
and 11.3 wt. % for milled and nanostructured systeespectively. If only water was
evolved that weight loss would be higher and theleswce suggests instead that water
release is accompanied by hydrogen evolution. Toleated MS data are in good
agreement with the TG-DTA profiles, showing thatstiphydrogen is released during this
event, together with the presence of a small amotintater vapour. Both Sampl&®
(milled) and36 (nano) then appear to be subjected to three neaction steps associated

with hydrogen and water release throughout the svtiidrmal treatment.

In particular, the next event for Samg@@ (milled) was found to start at 490 K with a peak
temperature of 566 K and is immediately followedthg third thermal event, with a peak

temperature of 615 K. The fourth and last event feaad to have an onset temperature of
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672 K and a peak temperature of 707 K. The massdesociated with the 3 events was
found to be 12.7 wt. %, suggesting once againtibtt H and HO are evolved during the
thermal treatment. A similar TG-DTA profile was elpged for Sampl&6 (nano), which
present temperatures consistent with the millecerrads. For nanostructured materials the
second event was found to start at 473 K and t@ lsapeak temperature of 573 K. For
nanostructured materials, it was also possiblel¢ntify the onset temperature of the third
event, which was found to be 627 K with a peak terafure of 680 K with the fourth and
last event following immediately with a peak tengiare of 713 K. These 3 events are
associated with a weight change of 11.6 %, sugygsts for milled materials, that both

hydrogen and gaseous water are being evolved.i§ banfirmed by the mass spectra.

Based on the TG-DTA-MS data collected it is posstbl hypothesise that milled and nano
materials follow the same reaction pathway. Thetfstep would correspond to the
simultaneous loss of structural water from LiOHOHand hydrolysis of 1 mole of MgHo
yield Mg(OH),, LiOH and evolution of both Hand HO. Then the reaction is believed to
proceed via the dehydration of Mg(QHbd evolve water, which hydrolyses another mole
of the hydride and at the same time evolves moreewand hydrogen. This is then
followed by the decomposition of the remaining motenagnesium hydride to give Mg,
evolving H. The last step of the reaction mechanism is betledo be the decomposition
of the remaining lithium hydroxide to release watshich will partially react with the
magnesium metal formed during the decompositiorthef hydride to yield Mg(OH)

which then almost instantly forms MgO and evolves H

Similarly, the Kissinger method was used to obth@activation energies for the different
thermal events for the LIOH-8 — MgH, systent>*° Data for obtaining Kissinger plots
were collected for bulk, milled and nanostructuractures (SampleglO, 41 and 42)
prepared using the same procedur@3029 and35 and analysed as previously stated in
Section 5.2.5. Specifically, it was possible tocoddte the activation energies for the 3
events occurring during the thermal treatment oh@a 40 and for the 4 events occurring
during thermal treatment of Sampdd and Sampled2. Kissinger plots for all thermal
events are shown in Figure 5-23 (error bars omittedclarity) and a summary of the
activation energies given in Table 5-18. Singlesifiger plots with relative error bars and

DTA profiles are presented in Appendix C.
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Figure 5-23: Kissinger plots for Samples 40 (bulk; red trangles), 41 (milled; green dots) and 42 (nano;

blue squares): (a) plots calculated for thermal evd 1; (b) plots calculated for thermal event 2; (cplots

calculated for thermal event 3; (d) plots calculate for thermal event 4.
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Table 5-18: Calculated activation energies for Samples 4@1 and 42. Literature reported values for

activation energy for LiOH-H,O, Mg(OH),, LiOH and MgH , are given at the bottom of the table.

Sample Thermal Event Ea/kJ mol*

40 1 56+2
212+7
363+9
1008
120+4
176+9
290+8
102+7
142+4
152+9
4 228+9
Eaion.r0 = 52 kJ mol; Ref. 30

41

42

W N P WODN P WODN

Eaion = 1234 kJ mol; Ref. 28
Eaugony = 12325 kJ mot; Ref 31
Eapuk mgre = 156 kJ mot; Ref 29

Eamiled mgre = 120 kJ mot; Ref 29

The activation energy values for the thermal evemtere found to be 56+2, 100+8 and
102+7 kJ mot for Sample40 (bulk), 41 (milled) and42 (nano) respectively. This event is
believed to be related to the loss of structuratewdrom the hydroxide (and partial
hydrolysis of MghH for milled and nano materials). In fact, the Edueafound for bulk
materials is in good agreement with the literatiwe the first dehydration step of
LiOH-H,0 (Ea = 52 kJ ma)*’. The values are higher in case of milled and reystems.
This is likely to be due to the fact that a simaéaus dehydration — hydrolysis process is
believed to be taking place, resulting in an ovengreased activation energy.

The second event for milled and nanostructured maddepresents an activation energy of
120+4 and 142+4 kJ mdlfor Sample4l (milled) and42 (nano) respectively: this is

believed to be related to the dehydration of magmnesydroxide formed during the first
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step of the dehydrogenation process: the calculatddes were found to be in good
agreement with the one reported by Leardihial (Ea value of Mg(OH) dehydration
123+5 kJ mof).3*

The second event for Sampl@ (bulk) relates to the third event for Sampfs(milled)
and 42 (nano) yielding activation energies of 212+6, 196and 152+9 kJ mdl
respectively. A trend can be seen, with the valoésEa decreasing from bulk to
nanomaterials. This event is believed to relatth¢éodecomposition of Mgl Although the
calculated value for Sampk0 (bulk) is high when compared to the activationrgge
values reported in the literature. The calculatedf& both Samplel (milled) and42
(nano) materials are in good agreement with theesteported for the decomposition of
both bulk and milled magnesium hydride gg@mgr = 156 kJ mot; Eamiled mghe = 120 kJ
mol™).?° The higher value for bulk materials can be exg@éiif the event in considered as
a combination of the solid state reaction betwe€H.and MgH with the decomposition
of the remaining hydride.

The activation energies for the thermal event tgkohace at the highest temperature,
believed to correspond to the dehydration of tmeaiaing LIOH were found to be 3639,
290+8 and 2288 kJ mdlfor Sample40, 41 and 42 respectively. For all samples, the
calculated Ea appears to be higher than the equivahlues given in the literature (kg

= 123+4 kJ mat).?® This may be due to the fact that in the systeneritesd in he present
work, the reaction of Mg yielded from MgHlecomposition is simultaneously reacting
with the water released from lithium hydroxide, ehnithus represents a different, more

complex process.

5.3.3 Ex-situ PXD and Proposed Mechanisms

Ex-situ PXD studies were performed for each studied systenorder to propose a
mechanism of hydrogen release as well as identify differences in terms of the
mechanistic steps of dehydrogenation when usirfgrdifit starting materials. Based on the
STA results discussed in the previous Section, ,boiiled and nanostructured system
were fully studied individually for both the LIOH MgH, and LIiOH-BO — Mgh:
systems. In order to try and isolate the intermedspecies, TG-DTA-MS analyses were
performed and intermediate temperature pointsenptiofile were selected. The post STA

products were collected aed-situPXD analysis carried out for each temperaturetpoin
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5.3.3.1 LIOH — MgH , system

5.3.3.1.1 Bulk system

Figure 3-17 illustrates the DT-TGA profile for Sal@@ and the intermediate temperature
points selected. Samples from five different terapges points were studied (see Table 5-
2): 298, 673, 758, 773 and 873 K. The collecteda)Xdiffraction patterns are presented in
Figure 5-25. TG-DTA plots for the intermediate geirof reaction are presented in

Appendix C.
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Figure 5-24: TG (green line) and DTA (blue line) data obtaed for Sample 7.
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Figure 5-25: Ex-situ PXD patterns for Samples 6, 7, 8, 9 and 10 collect at 298, 873, 673, 758 and 773
K respectively. Squares denote LiOH, circles Mgkl stars Mg, triangles L,O and crosses MgO

respectively.

During manual mixing, no reaction occurs betweedrbyide and hydride prior to thermal
treatment and Mgk and LiOH were found to be the only phases obsenvedhe
diffraction pattern together with Mg impurity frothe MgH, starting material. At 873 K
the reaction has gone to completion as the onlgharesent are 40 and MgO. The
PXD pattern collected at 673 K reveals the preseftedOH, MgH, and Mg together with
low intensity reflections assignable to,Qi and MgO. The 758 K point sees the absence of
reflections attributable to magnesium hydride andgnesium metal. The relative
intensities of reflections from MgO and.,0 increase, while the LiOH peaks are found to
decrease in intensity. At 773 K the main phasesqgmieare still magnesium oxide and
lithium oxide with weak intensity peaks attributatib LIOH. A summary of the phases

present at each temperature point is given in Tale.

213



Table 5-19: Summary of the temperature points and respeitte phases present foex-situ PXD analysis
for Samples 6, 7, 8, 9 and 10.

Sample Temperature / K Present Phases
6 298 LiOH, Mgh, Mg
8 623 LiOH, MgH,, Mg, Li,O, MgO
9 648 Li,O, LiOH, MgO
10 773 LiO, LiOH, MgO
7 873 MgO, LpO

Based on the results shown in Sections 5.3.2.5&h8.1.1, the following mechanisms of

hydrogen release can be proposed (Equation 5-9):

ALiIOH +2MgH, — 2LiOH +MgH, +Li ,0+MgO+2H, —

5-9
- 2LIOH +2MgO +Li,0+3H, - 2Li,0+2MgO +4H, 5-9)

In the proposed mechanism, the first thermal everthe reaction between LiOH and
MgH. leading to the formation of magnesium oxide atiddm oxide accompanied by the
evolution of hydrogen. This is followed by the degmosition of the remaining magnesium
hydride AH = 76.2 KJ mof H,) to yield magnesium metal and the evolution ef Fhis
step would also involve immediate reaction of Mdghat,O to give MgO. The last step of
the reaction is believed to be the decompositiothefremaining LiOH to yield LO (AH

= 97.4 KJ mofH,0).

5.3.3.1.2 Milled system

Based on the results reported for Sant2e samples from five temperature points were
studied: 298, 623, 648, 773, and 873 K (Table 5F3jure 5-26 shows the TG-DTA
profile for Samplel2 as well as the intermediate temperature pointsDI@& plots for the
intermediates studied can be found in Appendix I& Gollectecex-situPXD patterns are

presented in Figure 5-20.
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The PXD pattern collected at 298 K, after hand nmgxand prior to thermal treatment,
shows that no reaction occurs between hydroxide fayutide as the only reflections
present are assignable to LIOH and MgMith Mg metal being the impurity from the
commercial magnesium hydride). Similarly to bulk terals, the reaction has gone to
completion at 873 K with the phases present beirgODMand LyO. X-ray diffraction
patterns collected at 623 and 648 K show the poesef the same species: LIOH and
MgH, starting materials are present, together with Mgtath MgO and LiO. As the
reaction proceeds, the intensity of LIOH and Mgtdflections decreases, whereas the
intensity of the reflections attributable to Mg, Maand LpO increases. Reaching the 773
K temperature point results in the absence of aak@ssignable to the starting materials,
with the only phases present being MgO an®l isuggesting that the reaction has gone to
completion by that temperature. A summary of thagels identified at each temperature
point is given in Table 5-20.

Table 5-20: Summary of the temperature points and respeitte phases present foex-situ PXD analysis
for Samples 11, 12, 13, 14 and 15.

Sample Temperature / K Present Phases
11 298 LiOH, Mg, Mg
13 623 LiOH, MgH,, Mg, Li,O, MgO
14 648 LiOH, MgH,, Mg, Li,O, MgO
15 773 Li,O, MgO
12 873 Li,O, MgO

For milled materials, the hypothesised mechanisnhyafrogen release is presented in
Equation 5-10:

6LIOH +3MgH , — 4LIOH +MgH , + Mg + Li ,O + MgO +3H,

~ (5-10
— 2LiOH +2Li,0+3MgO +5H, - 3Li,0+3MgO +6H, (5-10)

The reaction appears to start with the interachetween lithium hydroxide and most
magnesium hydride, yielding magnesium oxide aniuih oxide accompanied by the
evolution of hydrogen. This is followed by the degmosition of the remaining magnesium
hydride AH = 76.2 KJ mofH,) to yield magnesium and the evolution of, kvhich is
believed to take place simultaneously to the deasitpn of the remaining LiOH
associated with D evolution AH = 97.4 KJ mofH,0). The water is believed to react
with Mg to give MgO. The reaction appears to be plated at 773 K.
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5.3.3.1.3 Nanostructured system

TG-DTA-MS analyses were performed and intermediateperature points collected as
reported in Table 5-4. Samples for four temperatyreints were studied: 298, 648, 773
and 873 K.Ex-situPXD patterns were collected at each temperatuirg pod the phases
present identified (Figure 5-29). The DT-TGA preffor Samplel7 is shown in Figure 5-
28, whereas TG-DTA plots for the intermediate terapge points are reported in

Appendix C.
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Figure 5-28: TG (green line) and DTA (blue line) data obtmed for Sample 17.
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Figure 5-29: Ex-situ PXD patterns for Samples 16, 17, 18 and 19 collect at 298, 873, 648 and 773 K
respectively. Squares denote LiOH, circles Mgpl stars Mg, triangles L,O and crosses MgO

respectively.

Similarly to the bulk and milled systems, no reactoccurs during the manual mixing and
the PXD pattern collected at 298 K prior to thertnehtment confirms that the only phases
present in the mixture are LIOH and Mgtégether with Mg present as impurity from the
as-received hydride. Again, the pattern collectiter deating to 873 K shows that the only
phases present are magnesium oxide and lithiumepxiohfirming that the reaction has
gone to completion. At 648 K it is possible to alveethe presence of new reflections
assignable to MgO and 10, together with the presence of peaks attributédleiOH,
MgH, and Mg metal. It is interesting to note that theemnsity of the peaks assignable to
magnesium metal has considerably increased insiyewith respect to the other phases
present, suggesting that it is possible that tharilg has almost completely decomposed
by that temperature. At 773 K the reflections ieato any of the starting materials are
completely absent, while MgO and,O reflections are present, suggesting as for the
milled materials that the reaction is completed & K. A summary of the phases present

at each intermediate temperature point is presant&dble 5-21.
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Table 5-21: Summary of the temperature points and respeitte phases present foex-situ PXD analysis
for Samples 16, 17, 18 and 19.

Sample Temperature / K Present Phases
16 298 LiOH, MgH,, Mg
18 648 LiOH, MgH,, Mg, Li,O, MgO
19 773 Li,O, MgO
17 873 L0, MgO

Nanostructured materials are believed to followalmost identical pathway to the milled
materials (Equation 5-10), with the first dehydnogton step being the solid state reaction
between LiOH and MgHto yield MgO, LpO and H. This is once again believed to be
followed by the decomposition of the remaining higdr(AH = 76.2 KJ mofl H.) to
evolve hydrogen and form Mg, being simultaneoushi® dehydration of the remaining
hydroxide AH = 97.4 KJ motl H,0). The water evolved from LIOH will immediately
react with Mg, ultimately leading to the formatiar Li,O and MgO final products.
Similarly to milled materials, the reaction is cdetpd at 773 K.

6LIOH +3MgH , — 4LIOH +MgH , + Mg + Li ,0+ MgO +3H, —

5-10
_ 2LiOH +2Li,0 +3MgO +5H, — 3Li,0+3MgO +6H, (5-10)

SEM images were collected after thermal treatmewirder to ascertain whether the sheet-
like morphology of LIOH was retained. As can bersée Figure 5-30, the sample is
composed of particles with a typical size distribntof 100-300 nm and it is not possible
to still identify any specific morphology. This még due to the fact that the temperature
employed during the thermal treatment is aboventieéting point of LIOH, resulting in a
post STA product composed of agglomerated clusiefglgO mixed with melted LO

particles.
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Figure 5-30: Collected SEM images for Sample 17: a)jgm scale b) 200 nm scale.

5.3.3.2 LIOH-H ;0 — MgH, system

5.3.3.2.1 Bulk system

Based on the results reported for Samplle sample for six temperatures points were
studied: 298, 408, 673, 758, 773, and 873 K (T&bf). Figure 5-31 illustrates the TG-
DTA profile for Sample24 and the collected intermediate temperature poin&DTA
plots for the intermediate temperature points aesgnted in Appendix C. The collected

ex-situPXD patterns are presented in Figure 5-32.
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Figure 5-31: TG (green line) and DTA (blue line) data obtaed for Sample 24.
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Figure 5-32: Ex-situ PXD patterns for Samples 23, 24, 25, 26, 27 and 28llected at 298, 873, 408, 673,
758 and 773 K respectively. Asterisks denote LIOH-J, squares LiOH, circles MgH, stars Mg,

triangles Li,O and crosses MgO respectively.

During manual mixing, no major reaction occurs kesw hydroxide and hydride prior to
thermal treatment and MgHand LIOH-HO were found to be the main phases present in
the PXD pattern. Nonetheless, it is possible tatifle peaks assignable to LiOH, although
their intensity is very weak. At 873 K the reactibas gone to completion as the only
phases present were found to be magnesium oxidbthiudn oxide. The 408 K point sees
the presence of only LIOH and MgHogether with Mg metal as impurity from the as-
received hydride. At 673 K the presence of newergibns assignable to MgO and,Qi
can be observed, together with LIOH, MgBhnd Mg metal. The 758 K point sees the
absence of peaks assignable to lithium hydroxid# magnesium hydride and the only
phases present were found to be lithium oxide, rsigm oxide and magnesium metal.

These phases remain at 773 K.

A summary of the phases present at each tempegatureis given in Table 5-22.
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Table 5-22: Summary of the temperature points and respeitte phases present foex-situ PXD analysis
for Samples 23, 24, 25, 26, 27 and 28.

Sample Temperature / K Present Phases
23 298 LIOH-HO, LIOH, MgH,, Mg
25 408 LiOH, MgH,, Mg
26 673 LiOH, Mgh, Mg, Li-O, MgO
27 758 LiO, Mg, MgO
28 773 LiL,O, Mg, MgO
24 873 MgO, LkO

Based on the results shown in Sections 5.3.2.3%&h8.2.1, the following mechanisms of

hydrogen release can be proposed (Equation 5-11):

ALIOH [H,0 +6MgH, — 4LIOH +4H,0+6MgH, —
_ 2LiOH +MgH, +Li,0+5MgO+10H, — (5-11)
_ 2LiOH + Mg +5MgO +Li,0+11H, - 2Li,0+6MgO+12H,

In the proposed mechanism, the first thermal eigetite loss of structural water leading to
LIOH and Mgt with release of waterAH = 53.1 KJ mofH,0). The system then
undergoes the same dehydrogenation process asitharhydrous lithium hydroxide —
magnesium hydride system. The first step is folldvg the solid state reaction between
LIOH and MgH leading to the formation of MgO and .0 and release H This is
followed by the decomposition of the remaining megjam hydride AH = 76.2 KJ moal
'H,) to yield magnesium and the evolution of, ith the last step of the reaction being
the decomposition of the remaining LIOH to giveQiand water AH = 97.4 KJ mol
'H,0). The HO released from the last step of the reaction seaith the Mg present,

leading to the formation of MgO and evolution oé tlast mole of K

5.3.3.2.2 Milled system

Simultaneous thermogravimetric analyses were pmddr and samples at intermediate
temperature points collected as reported in Table Bhe TG-DTA profile for Sampl80

is shown in Figure 5-28, whilst TG-DTA plots forethintermediates are reported in
Appendix C. Six temperatures points were studi®®, 208, 573, 673, 773 and 873 K-
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situ PXD patterns were collected at each temperatunet po order to identify all the

phases present (Figure 5-29).
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Figure 5-33: TG (green line) and DTA (blue line) data obtmed for Sample 30.
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Figure 5-34: Ex-situ PXD patterns for Samples 29, 30, 31, 32, 33 and 8dllected at 298, 873, 408, 573,
673 and 773 K respectively. Asterisks denote LiOH-4#, squares LiOH, circles MgH, rhombuses

Mg(OH),, triangles Li,O and crosses MgO respectively.
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The PXD pattern collected at 298 K, after mixingl grior to thermal treatment, shows
that no major reaction occurs between hydroxide laydtide as only reflections present
are assignable to LIOH-B® and MgH, however very weak peaks assignable to LiOH can
be identified. At 873 K the reaction has gone tmptetion as the only phases present were
found to be magnesium oxide and lithium oxide. A& #08 K point, the phases present
were found to be LiOH, Mgkand Mg(OH). At 573 K new reflections assignable to MgO
and LpO are observed, together with LiOH and MgMloreover, at this temperature it is
not possible to observe reflections assignable agmasium hydroxide. The 673 K point
sees the absence of peaks assignable to magnegdridehwith the only phases present
being lithium hydroxide, lithium oxide and magnesiwxide. The same composition can
be observed at 773 K, where,Qi and MgO are present together with LIOH as minor

phase.

The phases present at each temperature pointramased in Table 5-23.

Table 5-23: Summary of the temperature points and respentte phases present foex-situ PXD analysis
for Samples 29, 30, 31, 32, 33 and 34.

Sample Temperature / K Present Phases
29 298 LiOH-HO, LiOH, MgH,
31 408 LiOH, Mg, Mg(OH),
32 573 LiOH, MgH,, Li,O, MgO
33 673 LiOH, LiO, MgO
34 773 Li,O, MgO, LiOH
30 873 LiL,O, MgO

Milled materials seem to be subjected to a diffedhydrogenation process with respect
to the bulk materials. The hypothesised mechaniiydrogen release is presented in
Equation 5-12:

4LIOH [H,0+6MgH, — 4LIOH +2Mg(OH), +4MgH, +4H, —
~ 4LiOH +2MgH, + 4MgO+8H, — 2LiOH +Li,0+6MgO+11H, - (5-12)
_ 2Li ,O+6MgO+12H,
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The reaction appears to start with the simultanelmss of structural water from
LiOH-H,O (AH = 53.1 KJ motH,0) and MgH hydrolysis AH = -138.5 KJ m6tH,0) to
yield Mg(OH),, LIiOH and evolve K This is then followed by the dehydration of the
newly formed magnesium hydroxidaH = 84.2 KJ mofH,0), whose released water is
believed to hydrolyse another mole of MgHThe next step is believed to be the
decomposition of the remaining magnesium hydritld € 76.2 KJ mofH,) to yield Mg
and H. This is immediately followed by the dehydratidrtlte remaining LiOH associated
with evolution of HO (AH = 97.4 KJ mofH,0), which is believed to react with Mg to
give MgO and H.

5.3.3.2.3 Nanostructured system

Figure 5-35 illustrates the DT-TGA profile for Sal®f6 and the intermediate temperature
points collected. Samples from five different temaperes points were studied (Table 5-8):
298, 408, 623, 773 and 873 K. The collected PXDepas are presented in Figure 5-25.
TG-DTA plots of the intermediate temperature pairg presented in Appendix C.
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Figure 5-35: TG (green line) and DTA (blue line) data obtmed for Sample 36.
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Figure 5-36: Ex-situ PXD patterns for Samples 35, 36, 37, 38 and 39 laated at 298, 873, 408, 623 and
773 K respectively. Asterisks denote LIOH-KD, squares LiOH, circles MghH,, rhombuses Mg(OH),

triangles Li,O and crosses MgO respectively.

As previously observed for bulk and milled systents major reaction occurs between the
starting material during the mixing and before tinermal treatment: the main phases were
still found to be LiOH-HO and MgH, although once again weak reflections attributable
LiOH can be identified. At 873 K the only phasesgant were found to be lithium oxide
and magnesium oxide, indicating that the reactias done to completion. Similarly to the
milled systems at 408 K the phases present wemdfta be LIOH, MgH and Mg(OH).

At 623 K it is possible to observe reflections iatitable to MgO and LO, together with
LiOH and MgH. Mg(OH), reflections are completely absent at this tempegatAt 773 K

it is possible to observe the presence of reflastigelative to LIOH, LIO and MgO and
the absence of MgHpeaks.
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Table 5-24: Summary of the temperature points and respeitte phases present foex-situ PXD analysis
for Samples 35, 36, 37, 38 and 39.

Sample Temperature / K Present Phases
35 298 LIOH-HO, LIOH, MgH,
37 408 LiOH, MgH,, Mg(OH),
38 623 LiOH, MgH, Li»O, MgO
39 773 LiOH, Li,O, MgO
36 873 LiL,O, MgO

Nanostructured materials are believed to followaémost identical reaction pathway as
milled materials (Equation 5-12). Initially simut@ous loss of structural water from
LiOH-H,0 (AH = 53.1 KJ mdfH,0) and hydrolysis of 1 mole of MgHAH = -138.5 KJ
mol*H,0) occurs to yield Mg(OH) LiOH and evolve K The next mechanistic step is
once again believed to be the decomposition of M6@AH = 76.2 KJ motH,), with the
water evolved from this step believed to hydrolgsgecond mole of Mgitesulting in the
formation of MgO and Kl This is then followed by the decomposition of thst mole of
magnesium hydrideAH = 76.2 KJ mofH,) and dehydration of LIOHAH = 97.4 KJ mal
'H,0), which ultimately leads to the formation of tfieal products LiO and MgO
together with H evolution (Equation 5-12).

4LIOH [H,0+6MgH, — 4LIOH +2Mg(OH), +4MgH, +4H, —
~ 4LiOH +2MgH, + 4MgO+8H, — 2LiOH +Li,0+6MgO+11H, - (5-12)
_ 2Li ,O+6MgO+12H,

Again for Sample36, SEM images have been collected after TG-DTA-M&lysis to
determine if the morphology of LIOH-B was retained. Figure 5-30 illustrates that it is
not possible to identify any specific morphologwrtRer, it is possible to observe particles
with a typical size distribution of 100-500 nm iracheter. Similar to the LiOH — MgH
nanostructured system, this is believed to be altred the high temperature employed
during the thermal treatment of the system. Thetingelpoint of lithium hydroxide is
exceeded which is believed to result in a partialtimg of the post-STA product. This is
thus proposed to be composed of agglomerated dusteMgO particles and partially

melted LpO particles.
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Figure 5-37: Collected SEM images for Sample 36: a)jim scale b) 200 nm scale.

5.4 Conclusions and Future Work

A selective synthesis for yielding nanostructurethyalrous and monohydrate LiOH was
successfully identified. Pure LIOH(28) was synthesised and fully characterised. Ridtvel
refinements were performed on the synthesised lidks and lattice parameters were
calculated. These were found to be in good agreemith the literature values for both
LIOH and LIOH-HO respectively*?>?*® Collected SEM images show that the
nanostructuring process results in a dramatic dseref the particle size with respect to
the commercial hydroxides. In particular, the sgsth of LIOH results in the production
of hydroxide with a non-uniform morphology and siistribution with the particle size
varying in the 40-8Qum range. Further, SEM images collected at highegnifigation
show a sheet-like morphology present at the surfddbe synthesised particles, with a
typical sheet thickness varying in the 30-50 nngearThe synthesis of LIOH-B results

in particles with a diameter varying in the 20-100 range, again with a non-uniform size
distribution. Images were collected at higher magaiion in order to determine the
presence of any sheet-like morphology. Smalleriglast in the 1-6um range can be
identified, however it was not possible to obsethwe presence of sheets. Nonetheless the

surface of the particles appeared textured andusoro

Physical reduction of the particle size of as-reeeéi anhydrous and hydrated lithium
hydroxides and magnesium hydride has been sucdgssithieved by mechanically
milling the commercial reactants. For both anhydrand hydrated LiOH, the typical size
distribution of particles was found to be a rangéseen 2-8&m in diameter. The milling
process for Mghiresulted in a decreased particle size distributigh respect to the bulk

material, with a typical particle size in the 70828m range.
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The LIOH(-HO) — MgH, systems were studied in detail comparing bulk,lediland
nanostructured materials. All samples were prepasedhanually mixing stoichiometric
amounts of the starting material for 5 minutesdasa recirculating Ar- or Nfilled glove

box under an inert atmosphere.

Results obtained for the LIOH — MgHsystem, show a dramatic decrease in the onset
temperature of KHrelease of nearly 100 K when working with millegdananostructured
materials with respect to bulk reagents (an ons#t309 K and 512 K for milled and nano
systems respectively, whereas it was found to k& KYor bulk materials). TG-DTA
profiles of all samples show the presence of 2 mamdothermic events occurring
immediately one after the other, although a cldeek at the data suggests the second
event to be a combination of two processes ocayciose in temperature. It is believed
that the first event is a solid state reaction leetw LiOH and Mgh, followed by the
decomposition of the remaining hydride, with thestlanechanistic step being the
dehydration of the remaining LIOH. The LIOH — MgBlystem can theoretically release up
to 5.9 wt. % H. However, after thermal treatment to 873 K theghtiosses were found
to be 10.1 % for bulk materials and 5.2 wt. % fothbmilled and nano systems. The higher
mass loss observed for bulk materials may be dubdaelease of gaseous water from
LiOH, which has not reacted with Mghduring the thermal treatment. For milled and nano
systems no mass loss is recorded during the hotdimgof 1 h at the 873 K temperature
point during TG-DTA-MS analyses, suggesting tha thaction has gone to completion
when reaching the final target temperature. Thedeep of the reaction is believed to the
simultaneous final LIOH dehydration and reactiontbé Mg metal formed from the
decomposition of Mgkl Activation energies were calculated for the twaimthermal
events for each system: these were found to be6l6637+9 and 118+9 kJ mibffor the
low temperature event for bulk, milled and nanotesys respectively. The activation
energies for the second HT event were found to42+9, 232+8 and 181+8 kJ mbfor
bulk, milled and nano materials respectively.

Ex-situ PXD analyses were performed to elucidagenttechanism of hydrogen release for
each system. It was possible to propose two diffedehydrogenation pathways: one for
the bulk materials and one for both the milled arahostructured systems. The two

reaction mechanisms are presented in Equationrgt®d.0 respectively.

4ALiOH +2MgH, — 2LiOH +MgH, +Li ,0+MgO +2H, -

5-9
- 2LiIOH +MgO +Mg +Li ,0+3H, - 2Li,0+2MgO +4H, 5-9)
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6LIOH +3MgH , — 4LIOH +MgH , + Mg + Li ,0+ MgO +3H, —

5-10
~ 2LiOH +2Li ,0+3MgO +5H, - 3Li,0+3MgO +6H, (5-10)

Results obtained for the LiOH»,8 — MgH: system show important differences in the TG-
DTA profiles and mass spectra when reducing theigharsize from the bulk to the
nanometric scale. In particular, when working withik materials only endothermic peaks
can be observed and the system releases both amdehydrogen. The first event was
found to relate to the loss of structural watenfrbiOH- H,O, after which the system was
found to behave as the bulk LIOH — Mgkystem. Using milled or nanostructured
materials results in an initial exothermic procéstowed by three endothermic events.
Data suggest the first event to be the simultanetais/dration of LiIOH-KO to yield
LiOH and hydrolysis of Mghito give Mg(OH). This is associated with hydrogen release
and evolution of a small amount of water. The ortsetperature of KHis drastically
lowered to 323 and 313 K for milled and nano systeespectively, whereas the first
major H, release for bulk system was found to start at66Burther, the weight changes
for all systems were found to be higher than theotétical 7.4 wt. % K figure: in
particular the bulk, milled and nano systems wermé to lose 33.6, 25.2 and 22.8 wt. %
with most of the weight being lost during the firdehydration step of LIOH-4®,
suggesting that both & and H are evolved from all systems. Although the onset
temperature of hydrogen release is dramaticallyeted to nearly ambient temperature
when working with milled and nanosized reactarits,thermal treatment of such materials
always results in the evolution ob8 together with B This could make the employment
of lithium hydroxide monohydrate — magnesium hydrgystem difficult to in operational
fuel cells. Activation energies were calculated &tirthe thermal events for each system.
For bulk materials these were found to be 56+2+718nd 3639 kJ mdl Milled and
nano systems present four thermal events eachvalues of Ea were calculated to be
10048, 120+4, 176+9 and 29048 kJ mdor the milled system and 102+7, 142+4, 152+9
and 228+9 kJ mdi for the nano system.

It was possible to propose two different dehydr@gem reaction pathways; one for the
bulk materials and one for the milled and nanostmed systems. The mechanisms are
reported in Equations 5-11 and 5-12 for bulk andlemnanostructured materials

respectively.

ALiOH [H,0+6MgH, — 4LIOH +4H,0+6MgH, —
~ 2LiOH +MgH, +Li,0+5MgO+10H, — (5-11)
~ 2LiOH + Mg +5MgO+Li,0+11H, — 2Li,0+6MgO+12H,
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ALiOH [H,0+6MgH, — 4LiOH +2Mg(OH), +4MgH, +4H, —
_ 4LiOH +2MgH, + 4MgO+8H, — 2LiOH +Li,0+6MgO+11H, - (5-12)
~ 2Li ,O+6MgO+12H,

Overall, the most promising systems have been ifthtin the LIOH — MgH system
employing nanosized materials. Hence, efforts shbel focused on further enhancing the
performances of such systems. First, elucidatiegettact reaction mechanism of hydrogen
release is pivotal in order to understand and impitbe system. In this sende;situ PXD
and PND experiments should also be performed irerotd confirm the proposed
mechanism of hydrogen release for both bulk andethimaterials. The use of catalysts
and additives should be fully investigated. Findanguitable candidate for favouring the
solid-state reaction between LIOH and Mgebuld result in a single event of hydrogen
release at temperature suitable for fuel cells atpeg at low or intermediate temperatures.
Moreover, completing the reaction in a single stepld result in the release of hydrogen
as the only gaseous species evolved, suppressngldase of water as by-product of the
LiOH dehydration reaction. A wide range of addisvand catalysts have been tested in
order to enhance the dehydrogenation propertigsaginesium hydride by itself, although
no-one of them has been tested in the presencetbfNdgH, and LiOH. These include
calcium, lithium and sodium hydrides to vyield temnahydrides and composites?
graphite and/or silicon carbitfeas well as transition metals and multi-valenceagtum-
and titanium-based materidfs***>**They all could be seen as suitable candidateto b
tested on the LIOH — Mgikystem.

Studies for the further development of the systeemaeded.
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6 Conclusions and Future Work

6.1 Conclusions

This thesis describes the preparation and chaisaten of potential ‘modular’ solid state
hydrogen storage solutions for on-board applicatidine systems investigated throughout
this work are based on reactions between light melyydroxides and hydrides. In

particular, three main systems were fully investga

*  Mg(OH), — MgH, system
e Mg(OH),; — LiH system
e LIiOH(-H20) — MgH; system (both anhydrous and monohydrate LiOH weeglu

Mixtures of hydroxides and hydrides were prepargdnanually grinding stoichiometric
amounts of the starting materials under inert apheee. Further, nanostructuring the
reactants was investigated as a means to impreveethydrogenation process. All systems
were characterised by Powder X-ray diffraction (BXDand simultaneous
thermogravimetric analysis (TG-DTA) mass spectrpgc¢MS) and scanning electron
microscopy (SEM). Each system was then studiecetaildcomparing bulk and nanosized
materials. The most promising systems were idextifi

Chemically nanostructured Mg(OHand LiIOH(-HO) were successfully obtained using
both new and conventional synthetic routes. Spelfi, using a new synthetic procedure
that combines microwave irradiation and hydrothérineatment, Mg(OH) hexagonal
nanoplates were successfully obtained. Further,electve synthesis for yielding
nanostructured anhydrous LIOH and its monohydrate successfully identified. Physical
reduction of the particle size of magnesium hyddexiithium hydroxides, lithium hydride
and magnesium hydride was successfully achieved mmchanically milling the

commercial reactants.

Mqg(OH), — MgH, system

Amongst the Mg-O-H systems, the most promising ¥easd to be the nanostructured

Mg(OH), — MgH, system. Although the onset temperature is not dtzally lowered

when working with nanostructured materials (530vid)en compared to bulk reactants
(567 K), it is interesting to note that, with respt the results published by Leardatial,

the onset T of kirelease is lowered of nearly 100 K (first main togen release event was
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reported to occur at 623 K).Further, important differences were observed when
employing nanomaterials instead of bulk reagemsparticular, using nanostructured
materials resulted in an initial exothermic everitributed to a simultaneous
decomposition of both Mg(OH)and MgH, followed by the dehydrogenation of the
remaining hydride. The major drawback is that betiter and hydrogen were evolved
from the nano systems, resulting in a dilutionhed £C hydrogen fuel, which can result in
a decreased efficiency of the fuel cell apparatimvever, the water signal was found to
be very weak. This is in agreement with the weigkses observed for the system; after
thermal treatment to 873 K the mass change wagftambe 7.9 wt. % for nano materials,
which is higher than the theoretical 4.7 wt. % Based on the obtained STA resu#s;
situ PXD experiments were performed in order to propase mechanism of

dehydrogenation (Equation 6-1).

2Mg(OH), + 2MgH, — 3MgO+H,0+2H, + MgH, - (6.1)
- 3MgO+H,0+Mg+3H, - 4MgO +4H,

Mg(OH), — LiH system

Nanomaterials have lead to better performance Herslystem and were further studied.
The use of nanostructured materials resulted iedaged onset temperature of hydrogen
release (lowered from 478 K to 453 K) and fasterekcs, although the mass loss was
found to be 4.7 wt. %, lower than to the theorétted wt. % H. Based orex-situPXD
experiments performed, two mechanisms of hydrogdease were proposed: the first
involved the release of gaseous water from the digltipn of Mg(OH) as an initial step,
whilst the second proposed mechanism involved #aetion in the solid state between
magnesium hydroxide and lithium hydride to formithrespective oxides and LiOHin-
situ PND data combined with the data already obtainedewound to be essential for
elucidating the mechanistic steps of hydrogen selebn-situ PND experiments were
carried out over the complete temperature rangé#) wshort data collections over the
crucial dehydrogenation temperatures to follow teaction steps individually. Rietveld
refinements against the collected PND ToF data weréormed. Data analysis confirms

that the system follows the mechanism presentédjiration 6-2.

2Mg(OH), +4LiH — 2MgO+LiOH+LiH +Li,0+3H, — 2MgO+2Li,0+4H, (6-2)
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LIOH(-H,0) — MgH, system

The most promising system was identified as_thevs@actured LiOH — Mght it shows a

dramatic decrease of the onset temperature,akldase of nearly 100 K with respect to
bulk materials (from 598 K to 512 K) and the weiggs was found to be 5.2 wt. % (88%
of the theoretical 5.9 wt. %41 The dehydrogenation pathway is believed to stétt the
solid state reaction between LiOH and MgH yield the respective oxides and evolve H
This results in the formation of MgO andOi at the surface MgHand LiOH respectively,
preventing a further interaction between the twartstg materials. The next step is
believed to be the decomposition of the remainiydyide, followed by the dehydration of

the remaining LiOH (Equation 6-3).

6LIOH +3MgH , — 4LIOH +MgH , + Mg + Li ,0+ MgO +3H, —

6-3
~ 2LiOH +2Li ,0+3MgO +5H, - 3Li,0+3MgO +6H, (6-3)

Results obtained for the LiOH-8 — MgH, system show important differences when

reducing the particle size to the nanometric sdaildk materials appear to first release the
structural water from LiOH- D, after which the system was found to behave adbitik
LiOH — MgH, composite. The use of milled or nanostructuredenels results in a first
exothermic event which is believed to relate tinautaneous loss of structural water from
lithium hydroxide and partial hydrolysis of MgHassociated with water and hydrogen
release. The onset temperature gfrelease for nanosized material is drastically ieade
to 323 and 313 K for milled and nano systems rdaspdyg, whereas the first majorH
release for bulk system was found to start at ge&f0 K. Further, the weight changes for
all systems were found to be higher than the theater.4 wt. % H (33.6, 25.2 and 22.8
wt. % for bulk, milled and nano materials respealyy, confirming that both hydrogen and
water are evolved from all systems. The evolutibrHgO together with H renders the
employment of lithium hydroxide monohydrate difficin operative low temperature fuel
cells, as it dilutes the cell fuel reducing thaaéncy of the PEMFC.

Comparison of Li-Mg-O-H systems

It is possible to compare the dehydrogenation perdmces of the nanostructured MgH
LIOH and the LiH — Mg(OH) systems. They present similar theoretical gravimetr
capacity (5.9 wt. % Kfor the MgH-based and 5.4 wt. % Hor the LiH-based). Although
the onset temperature of hydrogen release for tgel,M- LIOH system is higher with
respect to the LiH — Mg(OH)system (512 K Vs 453 K), the weight change assedia

with hydrogen release was higher: it was possibleviolve 5.2 wt. % Hwhen working
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with MgH, — LIOH composite, whereas only 4.7 wt. % Was released when working
with the LiH — Mg(OH) system. The higher onset temperature of hydrogérase is
believed to be related to the ionic nature of tidride: being LiH more ionic than Mgk
it is more effectively destabilised by the interastwith the hydroxide, resulting in a
decreased onset T. The two systems were also fioufodlow different reaction pathways.
In the MgH, — LIiOH the reaction starts with a solid state tieecbetween the two reagents
driven by a H — H interaction, whereas in the LiH — Mg(Of$)ystem the reactions begins
with the independent decomposition of the two stgrimaterials (Mg(OH) dehydration
and LiH hydrolysis). The major drawback for bottstgyns is that the hydrogen evolution
is a multi-step reaction and efforts should be g&clion having a single;Helease event.

Overall, the_magnesium hydride — anhydrous lithioydroxide system appears to be the

most promising one and should be further investigiat

Moreover, it is possible to draw a comparison betwéhe systems studied during this
work and the systems already reported in the tileea

When magnesium hydroxide is used as component rfaydular hydrogen release

systems, it is interesting to note that the resutttsined when employing LiH are similar
to the one obtained when using LiBHh fact, in the present work the onset tempeeatiir

hydrogen release for the nanostructured LiH — Mg{Odystem was found to be 478 K

with a mass loss of 4.7 wt. %,H-or the_LiBH, — Mg(OH), system, the onset T reported

by Varinet al.was found to be 473 K and the hydrogen releaseasssciated with a mass
change of 4.5%.In 2014 however, Paet al. reported a mass loss of 9.6 wt. % with an
onset temperature of;Helease lowered to 373 K when working with a ntmickiometric
ratio of 1 LiBH, to 0.35 Mg(OH).® In the light of these results, LiH — Mg(OHhon-
stiochiometric mixtures should be investigated a#.w

Further, as previously discussed in Section 5.0H_has increasingly gained attention as a
component of solid state hydrogen storage solutemms its use has been proposed in
several systems. Its dehydrogenation properties baen tested in the presence of several
light metal hydrides such as lithium hydride arttilim borohydride. With respect to both
onset temperature of hydrogen release and weigirigeh data obtained in this work are
consistent with the results already reported inliteeature. When working with the LiOH

— LiH composite, Vajcet al. and Luet al. reported a mass loss of 5.5 and 6.6 wt. % H
with onset temperatures of hydrogen release of esiely 523 and 473 R®
Interestingly, the same onset T of 523 K was ole®iyy Vajoet al. when employing

LiOH together with LiBH, although the observed weight change in this vzse 6.6 wt.
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% H,.* Zhu et al. further investigated the LiBH— LiOH system using different
stoichiometric ratios: when working with a 1:4 ogtthe system was found to release 6.5
wt. % H, with an onset T of KHrelease as high as the one reported by ¥apl. in 2004
(523 K)? These temperatures are similar to the onset temhper of hydrogen release
observed for the LIOH — MgHsystem studied during this project (512 K), whish
however characterised by a lower mass change oiv6.2 of hydrogen. When working
with lithium hydroxide monohydrate, the onset tenaperes of hydrogen release were
found to be consistent with the ones obtained fbelosystems: both Vajet al. and Luet

al. reported an onset temperature of hydrogen releds813 K when employing
LiOH- H,O with LiBH4 and LiH respectivel§® A difference can be observed in the mass
changes of such systems: for the LIOHOH- MgH, system a weight chance of 22.8 wt. %
due to the release of both Hnd HO was observed, while the mass loss was found to be
10 and 8.8 wt. % for the LIOH-J@ — LiBH,; and LiOH-HO — LiH systems respectively

and they were related to the release of only hyelog

6.2 Future Work

From the experimental evidence, it is clear that tthost promising systems in terms of
hydrogen release properties are the nanostrucMgg®H), — MgH,, the Mg(OH) — LiH
and the LIOH — MgH systems. Future work should focus on further imprg their
performance. Attention should be also focused oreld@ing the system in order to have
one single hydrogen release event and at the sameatoiding the release of water. A
viable approach could be seen in the use of additowr catalysts, which could lead to
improved performances of hydrogen release. In gbisse, magnesium hydride has been
extensively studied and a wide range of catalysts additives have been investigated in
order to improve its dehydrogenation performandéswever, none of them has been
tested in the presence of both lithium hydroxidd aragnesium hydride. On the contrary,
lithium hydride has been studied mostly as a corapbiof solid state hydrogen release
systems i(e. Li-N-H systems) because of its very high decomipmsi temperature.
Nonetheless suitable catalysts and additives fompting the interaction between hydride
and hydroxide could be seen in calcium, lithium awdlium hydride to yield ternary
hydrides and composite$as well as transition metals including multi-valervanadium-
and titanium-based materidts®***#* Two different strategies could be followed:
composites could be prepared by adding the ap@tepwt. % of catalyst/additives (5 to

20 wt. %) to the as-received hydrides before th#ingiprocedure is carried out. The
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milled hydride is then mixed with the hydroxide aheé resulting system characterised by
thermogravimetric analysis, PXD and SEM. The otlgproach could consist in adding
the catalyst/additives to the system prior manualng and after the milling of the starting
materials: mixtures could be prepared by adding@pyate wt. % of additive/catalyst to
the stoichiometric amounts of nanostructured hydridnd hydroxide. The three
components will then be manually ground togethedeuninert atmosphere and the
resulting composite characterised by TG-DTA-MS, Patial SEM. However, destabilising
the hydride could also lead in a prevented inteacbetween hydride and hydroxide.
Moreover, catalysts or additives to be employedtrivescarefully chosen: they must not
interact with the hydroxide and they must not readbe deactivated by the presence of the
smallest amount of water that could be releasednguthe dehydrogenation process.
Additional studies in order to understand whichiadels and catalysts could be the most

efficient are required.

Moreover, future studies should focus on the reatyitity of each system. In particular, for
the Mg(OH) — MgH, system, the main phase present after the dehyadatige process
was found to be MgO with magnesium metal as impuifithus, MgO should be fully
investigated as potentially recyclable starting emnat for the synthesis of new
nanostructured Mg(OH)to be employed in a new dehydrogenation cyclethieay the
morphology of the synthesised nano Mg(@H) not dependant on the morphology of the
starting material employed. For Mg-Li-O-H systenie tstudy of the recyclability is
intrinsically more complicated as the final dehygkoation product is a mixture of
magnesium oxide and lithium oxide for both Mg(@H)LiH and LIOH — MgH systems.
Different recycling strategies should be invesiglatMgO and LiO could be separated
with a thermal treatment basing on their meltingnpg¢3125 and 1711 K for MgO and
Li,O respectivelyf. Solubility tests could be performed to identifyecor more solvents in
which either MgO or LiO is soluble and therefore selectively precipitisligO or Li,O.
MgO could then be used to regenerate nanostrucMgé®H),, whilst lithium oxide could
be employed for the regeneration of LIOH startingtenial via reaction with water.
Further, working with the LIOH — Mgksystem could prove problematic because the
dehydrogenation product consist in clusters of M@ticles mixed partially melted 10:
studies are required in order to understand whethempossible to retain the morphology
and the particle size after the recycling procésklitional studies are required to identify
a viable approach for the separation of magnesixighecand lithium oxide and subsequent
regeneration to starting materials that would reisun overall energy- and cost-efficient

cycle.
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Further, elucidating the exact reaction pathwandeed pivotal to achieve a better insight
in order to improve dehydrogenation properties afhesystem. In this respect, similar to
the Mg(OH) — LiH system,in-situ PXD and PND experiments should be performed on
Mg(OH), — MgH, and LIOH — MgH systems to confirm the proposed mechanism of
hydrogen release.
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7 Appendices

7.1 Appendix A: Tables and Figures for Chapter 3
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Figure 7-1: PXD pattern for commercial B-MgH . Circles indicate Mg metal.
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Table 7-1: Selected data from the PXD Rietveld refinemerfor commercial B-MgH ».

Empirical Formula MgH > Mg
Crystal System Tetragonal  Hexagonal
Space Group P4/mnm P6s/mmc
Lattice Parameters
al A 4.51639(5) 3.2101(2)
c/A 3.02074(3) 5.2117(4)
v /A3 61.616(2) 46.510(6)
z 2 2
Unit Cell Formula
Weight / M, 52.642 48.610
Density / g cm® 1.419 1.735
Wt. % 96(1) 4(2)
No. of Variables 30
No. of Observations 4423
Rwp % 7.29
Rp % 5.54
v 1.74
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Figure 7-3: DTA profiles used to obtain Kissinger plots fo Sample 18 (bulk). Dashed and full lines
indicate temperature and DTA profiles respectively.
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Figure 7-4: Kissinger plot for the LT thermal event for Sanple 18 (bulk).
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Figure 7-5: Kissinger plot for the HT thermal event for Sanple 18 (bulk).
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Figure 7-7: Kissinger plot for the LT thermal event for Sanple 19 (milled).
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Figure 7-8: Kissinger plot for the HT thermal event for Sanple 19 (milled).
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Figure 7-10: Kissinger plot for the LT thermal event for Sample 20 (nano).
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Figure 7-11: Kissinger plot for the HT thermal event for Sample 20 (nano).
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7.2 Appendix B: Tables and Figures for Chapter 4
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Figure 7-20: DTA profiles used to obtain Kissinger plots dr Sample 6 (nano). Dashed and full lines

indicate temperature and DTA profiles respectively.
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Table 7-2:; Selected data from the PND Rietveld refinemerfor Sample 13 (458 K).

Empirical Formula Mg(OD) , LiD MgO Li .0
Crystal System Trigonal Cubic Cubic Cubic
Space Group P-3ml Fm-3m Fm-3m Fm-3m

Lattice Parameters
al A 3.1462(1) 4.0941(1) 4.236(2) 4.6305(6)
cl/A 4.7888(2)
v /A3 41.054(3) 68.629(5) 76.04(8)  99.29(4)
Z 1 4 4 4
Unit Cell Formula
60.331 35.820 161.216 119.524
Weight / My,
Density / g cm® 2.440 0.867 3.521 1.999
Wt. % 59.3(5) 19.9(4) 15.7(4) 5.1(4)
Temperature / K 458
No. of Variables 77
No. of Observations 5965
Rwp % 2.89
Rp % 5.56
v 1.38

Bank 3, 2-Theta 52.2, L—S cycle 844 Obsd. and Diff. Profiles
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Figure 7-21: Observed, calculated and difference (OCD) pldrom the PND Rietveld refinement for
Sample 13 (458 K) from PND data, Bank 3 (low angl€0° 40-67). The green, blue, red and black tick

marks indicate reflections from Li,O, MgO, LiD and LiOD respectively.
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Table 7-3: Selected data from the PND Rietveld refinemerfor Sample 14 (468 K).

Empirical Formula Mg(OD) » LiD MgO Li .0 LiOD
Crystal System Trigonal Cubic Cubic Cubic  Tetragonal
Space Group P-3m1l Fm-3m Fm-3m Fm-3m P4/nmm
Lattice Parameters
alA 3.1463(1) 4.0965(1) 4.2359(7) 4.6295(3)3.5599(7)
c/A 4.7914(2) 4.374(4)
v /A3 41.076(3) 68.743(5) 76.01(4) 99.22(2) 55.42(5)
z 1 4 4 4 2
Unit Cell Formula
60.331 35.820 161.216  119.524 49.908
Weight / My,
Density / g cm® 2.439 0.865 3.522 2.000 1.495
Wt. % 46.8(7) 16.5(4) 25.8(6) 8.8(4) 2.1(2)
Temperature / K 468
No. of Variables 87
No. of Observations 5799
Rwp % 2.61
Rp % 4.71
v 1.12

Bank 3, 2-Theta 52.2, L-S cycle 924 Obsd. and Diff. Profiles
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Figure 7-22: Observed, calculated and difference (OCD) pldrom the PND Rietveld refinement for
Sample 14 (468 K) from PND data, Bank 3 (low angle0’® 40-67). The purple, green, blue, red and
black tick marks indicate reflections from Mg(OD),, LiOD, LiD, Li ,0 and MgO respectively.
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Table 7-4:; Selected data from the PND Rietveld refinemerfor Sample 15 (478 K).

Empirical Formula Mg(OD) » LiD MgO Li .0 LiOD
Crystal System Trigonal Cubic Cubic Cubic  Tetragonal
Space Group P-3m1l Fm-3m Fm-3m Fm-3m P4/nmm

Lattice Parameters

alA 3.1461(1) 4.0984(1) 4.2366(5) 4.6301(3)3.5606(3)
cl/A 4.7945(3) 4.361(2)
v /A3 41.097(4) 68.842(5) 76.04(3) 99.26(2) 55.30(2)
z 1 4 4 4 2
Unit Cell Formula
60.331 35.820 161.216  119.524 49.908
Weight / My,
Density / g cm® 2.438 0.864 3.521 2.000 1.499
Wt. % 35.6(8) 15.1(4) 34.2(8) 10.4(4) 4.8(3)
Temperature / K 478
No. of Variables 86
No. of Observations 5813
Rwp % 2.56
Rp % 4.68
v 1.02

Bank 3, 2—Theta
I
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Figure 7-23: Observed, calculated and difference (OCD) pldrom the PND Rietveld refinement for
Sample 15 (478 K), Bank 3 (low angle,02 40-67). The purple, green, blue, red and black ticmarks
indicate reflections from Mg(OD),, LIOD, LiD, Li ,O and MgO respectively.
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Table 7-5:; Selected data from the PND Rietveld refinemerfor Sample 16 (488 K).

Empirical Formula Mg(OD) , LiD MgO Li .0 LiOD
Crystal System Trigonal Cubic Cubic Cubic  Tetragonal
Space Group P-3m1l Fm-3m Fm-3m Fm-3m P4/nmm
Lattice Parameters
alA 3.1458(1) 4.1007(1) 4.2352(4) 4.6311(2)3.5614(2)
cl/A 4.7973(5) 4.361(1)
v /A3 41.113(6) 68.955(6) 75.97(1) 99.32(1) 55.32(1)
Z 1 4 4 4 2

Unit Cell Formula
60.331 35.820 161.216 119.524 49.908

Weight / My,

Density / g cm® 2.437 0.863 3.524 1.998 1.498
Wt. % 21.4(5) 13.5(4) 44.1(6) 12.3(5) 8.7(4)

Temperature / K 488

No. of Variables 86

No. of Observations 5882

Rwp % 2.57

Rp % 5.46

v 0.99

Bank 3, 2-Theta 52.2, L—S cycle 1096 Obsd. and Diff. Profiles
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Figure 7-24: Observed, calculated and difference (OCD) pldrom the PND Rietveld refinement for
Sample 16 (488 K) from PND data, Bank 3 (low angle0’® 40-67). The purple, green, blue, red and
black tick marks indicate reflections from Mg(OD),, LiOD, LiD, Li ,0 and MgO respectively.
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Table 7-6: Selected data from the PND Rietveld refinemerfor Sample 17 (498 K).

Empirical Formula Mg(OD) » LiD MgO Li .0 LiOD
Crystal System Trigonal Cubic Cubic Cubic  Tetragonal
Space Group P-3ml Fm-3m Fm-3m Fm-3m P4/nmm
Lattice Parameters
alA 3.1445(3) 4.1025(1) 4.2349(3) 4.6314(2) 3.5618(2)
cl/A 4.794(1) 4.3617(9)
VA3 41.05(1) 69.045(7) 75.95(2) 99.35(2) 55.33(1)
z 1 4 4 4 2
Unit Cell Formula
60.331 35.820 161.216 119.524 49.908
Weight / My,
Density / g cn® 2.441 0.861 3.525 1.998 1.498
Wt. % 9.8(4) 12.6(4) 52.7(8) 13.4(5) 11.5(5)
Temperature / K 498
No. of Variables 74
No. of Observations 5980
Rwp % 2.70
Rp % 6.46
v 1.04

Bank 3, 2-Thela 52.2, L.—3 cycle 1089 Obsd. and Diff. Profiles
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Figure 7-25: Observed, calculated and difference (OCD) pldrom the PND Rietveld refinement for
Sample 17 (498 K) from PND data, Bank 3 (low angle0’® 40-67). The purple, green, blue, red and
black tick marks indicate reflections from Mg(OD),, LiOD, LiD, Li ,0 and MgO respectively.
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Table 7-7: Selected data from the PND Rietveld refinemerfor Sample 18 (508 K).

Empirical Formula LiD MgO Li ,O LiOD
Crystal System Cubic Cubic Cubic Tetragonal
Space Group Fm-3m Fm-3m Fm-3m P4/nmm

Lattice Parameters

alA 4.1050(2) 4.2346(3) 4.6328(2)3.5635(2)
cl/A 4.3649(8)
v /A3 69.174(8) 75.94(2) 99.43(1) 55.43(1)
Z 4 4 4 2
Unit Cell Formula
35.820 161.216 119.524 49.908
Weight / My,
Density / g cm® 0.860 3.525 1.996 1.495
Wt. % 11.8(4) 59.9(9) 15.9(7) 12.4(6)
Temperature / K 508
No. of Variables 79
No. of Observations 5883
Rwp % 2.66
Rp % 5.08
v 1.08

Bank 4, 2-Theta 92.6, L-S cycle 694 Obsd. and Diff. Profiles
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Figure 7-26: Observed, calculated and difference (OCD) pldrom the PND Rietveld refinement for
Sample 18 (508 K) from PND data, Bank 4 (90 degree20° 75-113). The green, blue, red and black tick
marks indicate reflections from LiOD, LiD, Li,O and MgO respectively. The black circle indicateshe

presence of Mg(OD).
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Table 7-8: Selected data from the PND Rietveld refinemerfor Sample 19 (518 K).

Empirical Formula LiD MgO Li ,O LiOD
Crystal System Cubic Cubic Cubic Tetragonal
Space Group Fm-3m Fm-3m Fm-3m P4/nmm
Lattice Parameters
al A 4.1073(2) 4.2344(3) 4.6338(2)3.5649(2)
cl/A 4.3652(8)
v /A3 69.29(1) 75.92(2) 99.50(1) 55.47(1)
Z 4 4 4 2
Unit Cell Formula
Weight / M, 35.820 161.216 119.524 49.908
Density / g cm® 0.858 3.526 1.995 1.494
Wt. % 9.8(2) 58.8(4) 18.2(3) 13.2(3)
Temperature / K 518
No. of Variables 74
No. of Observations 5934
Rwp % 2.64
Rp % 5.37
v 1.02

Bank 3, 2-Theta

52.2, L—3 cycle 840 Obsd. and Diff. Profiles
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Figure 7-27: Observed, calculated and difference (OCD) pldrom the PND Rietveld refinement for
Sample 19 (518 K) from PND data, Bank 3 (low angl@0® 40-67). The green, blue, red and black tick

marks indicate reflections from LiOD, LiD, Li,O and MgO respectively.

260



Table 7-9: Selected data from the PND Rietveld refinemerfor Sample 21 (528 K).

Empirical Formula LiD MgO Li ,O LiOD
Crystal System Cubic Cubic Cubic Tetragonal
Space Group Fm-3m Fm-3m Fm-3m P4/nmm

Lattice Parameters

alA 4.1092(2) 4.2329(3) 4.6346(2)3.5656(2)
cl/A 4.3674(8)
v /A3 69.39(1) 75.84(1) 99.55(1) 55.52(1)
Z 4 4 4 2
Unit Cell Formula
35.820 161.216 119.524 49.908
Weight / My,
Density / g cm® 0.857 3.530 1.994 1.493
Wt. % 8.9(3) 59.8(6) 20.9(6) 10.4(4)
Temperature / K 528
No. of Variables 62
No. of Observations 5696
Rwp % 2.70
Rp % 4.47
v 1.07

Bank 3, 2-Theta 52.2, L—S cycle 1184 Obsd. and Diff. Profiles
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Figure 7-28: Observed, calculated and difference (OCD) pldrom the PND Rietveld refinement for
Sample 21 (528 K) from PND data, Bank 3 (low angl@0® 40-67). The green, blue, red and black tick

marks indicate reflections from LiOD, LiD, Li,O and MgO respectively.
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Table 7-10: Selected data from the PND Rietveld refineméifior Sample 22 (538 K).

Empirical Formula LiD MgO Li ,O LiOD
Crystal System Cubic Cubic Cubic Tetragonal
Space Group Fm-3m Fm-3m Fm-3m P4/nmm

Lattice Parameters

alA 4.1116(2) 4.2328(3) 4.6360(2)3.5670(3)
cl/A 4.369(1)
v /A3 69.51(1) 75.84(1) 99.64(1) 55.59(1)
Z 4 4 4 2
Unit Cell Formula
35.820 161.216 119.524 49.908
Weight / My,
Density / g cm® 0.856 3.530 1.992 1.491
Wt. % 8.2(3) 60.6(7) 22.3(7) 8.9(4)
Temperature / K 538
No. of Variables 65
No. of Observations 5815
Rwp % 2.67
Rp % 4.83
v 1.06

Bank 3, 2—Theta 52.2, L—S cycle 854 Obsd. and Diff. Profiles
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Figure 7-29: Observed, calculated and difference (OCD) pldrom the PND Rietveld refinement for
Sample 22 (538 K) from PND data, Bank 3 (low angle€8’ 40-67). The green, blue, red and black tick
marks indicate reflections from LiOD, LiD, Li,O and MgO respectively.
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Table 7-11: Selected data from the PND Rietveld refinemeifior Sample 23 (548 K).

Empirical Formula LiD MgO Li ,O LiOD
Crystal System Cubic Cubic Cubic Tetragonal
Space Group Fm-3m Fm-3m Fm-3m P4/nmm

Lattice Parameters

alA 4.1134(2) 4.2321(3) 4.6366(2)3.5676(3)
cl/A 4.369(1)
v /A3 69.87(1) 76.14(1) 100.03(1) 55.60(2)
Z 4 4 4 2
Unit Cell Formula
35.820 161.216 119.524 49.908
Weight / My,
Density / g cm® 0.855 3.532 1.991 1.490
Wt. % 6.6(4) 60.3(6) 26.1(5) 7.0(3)
Temperature / K 548
No. of Variables 63
No. of Observations 5728
Rwp % 2.70
Rp % 4.68
v 1.01

Bank 3, 2-Theta 52.2, L—S cycle 702 Obsd. and Diff. Profiles
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Figure 7-30: Observed, calculated and difference (OCD) pldrom the PND Rietveld refinement for
Sample 23 (548 K) from PND data, Bank 3 (low angl@0® 40-67). The green, blue, red and black tick

marks indicate reflections from LiD, Li,O, MgO and LiOD respectively.
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7.3 Appendix C: Figures for Chapter 5

[] 7
] ! / / J,Exo 780
' ’o’ L
0 b "
/>/\Jf_— 700
2 650
_ 4 e L 600
|g "'o' R
e L 550
Z 94 _
E ' L 500
< -8 I
|_
o) 11 ., 480
a0/ . —2Km|n1 i
] ,,.'/ & ——5Kmin~ 400
i/ .
12 4 ,::“,/ 10K m!n_1 | 350
1k ——20Kmin |
-14 — T T T T T 1 1 71300
0 25 50 75 100 125 150 175 200 225
Time / min

Temperature / K

Figure 7-31: DTA profiles used to obtain Kissinger plotsdr Sample 20 (bulk LiOH — MgH, system).

Dashed and full lines indicate temperature and DTAprofiles respectively.
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Figure 7-32: Kissinger plot for the LT thermal event for Sample 20 (bulk LiOH — MgH, system).
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Figure 7-33: Kissinger plot for the HT thermal event for Sample 20 (bulk LiOH — MgH, system).
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Figure 7-34: DTA profiles used to obtain Kissinger plotsdr Sample 21 (milled LiOH — MgH, system).

Dashed and full lines indicate temperature and DTAprofiles respectively.
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Figure 7-35: Kissinger plot for the LT thermal event for Sample 21 (milled LiOH — MgH, system).
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Figure 7-36: Kissinger plot for the HT thermal event for Sample 21 (milled LiOH — MgH, system).
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Figure 7-37: DTA profiles used to obtain Kissinger plotsdr Sample 22 (nano LIOH — MgH system).

Dashed and full lines indicate temperature and DTAprofiles respectively.
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Figure 7-38: Kissinger plot for the LT thermal event for Sample 22 (nano LiOH — MgH, system).
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Figure 7-39: Kissinger plot for the HT thermal event for Sample 22 (nano LiOH — MgH, system).
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Figure 7-40: DTA profiles used to obtain Kissinger plots dr Sample 40 (bulk LiOH-H,O — MgH,

system). Dashed and full lines indicate temperaturand DTA profiles respectively.
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Figure 7-41: Kissinger plot for the thermal event 1 for Seple 40 (bulk LiOH-H,0 — MgH, system).
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Figure 7-42: Kissinger plot for the thermal event 2 for Senple 40 (bulk LiOH-H,O — MgH, system).
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Figure 7-43: Kissinger plot for the thermal event 3 for Seple 40 (bulk LiOH-H,0 — MgH, system).
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Figure 7-44: DTA profiles used to obtain Kissinger plots dr Sample 41 (milled LiOH-H,O — MgH,

system). Dashed and full lines indicate temperaturand DTA profiles respectively.
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Figure 7-45: Kissinger plot for the thermal event 1 for Senple 41 (milled LiOH-H,O — MgH, system).
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Figure 7-46: Kissinger plot for the thermal event 2 for Senple 41 (milled LiOH-H,O — MgH, system).
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Figure 7-47: Kissinger plot for the thermal event 3 for Senple 41 (milled LiOH-H,O — MgH, system).
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Figure 7-48: Kissinger plot for the thermal event 4 for Senple 41 (milled LiOH-H,O — MgH, system).
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Figure 7-49: DTA profiles used to obtain Kissinger plots dr Sample 42 (nano LiOH-HO — MgH,

system). Dashed and full lines indicate temperaturand DTA profiles respectively.
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Figure 7-50: Kissinger plot for the thermal event 1 for Senple 42 (nano LiOH- H,O — MgH, system).
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Figure 7-51: Kissinger plot for the thermal event 2 for Senple 42 (nano LiOH- H,O — MgH, system).
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Figure 7-52: Kissinger plot for the thermal event 3 for Senple 42 (nano LiOH- H,O — MgH, system).
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Figure 7-53: Kissinger plot for the thermal event 4 for Senple 42 (nano LiOH- H0O — MgH, system).
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Figure 7-54: TG (dashed line) and DTA (full line) data obained for Sample 8.
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Figure 7-55: TG (dashed line) and DTA (full line) data obained for Sample 9.
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Figure 7-56: TG (dashed line) and DTA (full line) data obained for Sample 10.
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Figure 7-57: TG (dashed line) and DTA (full line) data obained for Sample 13.
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Figure 7-58: TG (dashed line) and DTA (full line) data obained for Sample 14.
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Figure 7-59: TG (dashed line) and DTA (full line) data obained for Sample 15.
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Figure 7-60: TG (dashed line) and DTA (full line) data obained for Sample 18.
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Figure 7-61: TG (dashed line) and DTA (full line) data obained for Sample 19.
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Figure 7-62: TG (dashed line) and DTA (full line) data obained for Sample 25.
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Figure 7-63: TG (dashed line) and DTA (full line) data obained for Sample 26.
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Figure 7-64: TG (dashed line) and DTA (full line) data obained for Sample 27.
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Figure 7-65: TG (dashed line) and DTA (full line) data obained for Sample 28.
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Figure 7-66: TG (dashed line) and DTA (full line) data obained for Sample 31.
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Figure 7-67: TG (dashed line) and DTA (full line) data obained for Sample 32.
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Figure 7-68: TG (dashed line) and DTA (full line) data obained for Sample 33.
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Figure 7-69: TG (dashed line) and DTA (full line) data obained for Sample 34.
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Figure 7-70: TG (dashed line) and DTA (full line) data obained for Sample 37.
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Figure 7-71: TG (dashed line) and DTA (full line) data obained for Sample 38.
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Figure 7-72: TG (dashed line) and DTA (full line) data obained for Sample 39.
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