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Abstract

Humanity must alter the way energy is consumed and it is imperative that we stop consuming fossil fuels
entirely and start using renewable energy sources. The most abundant of these renewable energy sources is
solar and Concentrating Solar Power (CSP) has been reported to be the most efficient way to employ solar
energy to generate electricity. One major advantage of CSP plants is that, when paired with a thermal energy
storage (TES) module, electricity can be generated when the sun is not shining. Molten nitrate salts are
commercially used as TES materials and are classed as the first generation of TES systems, but they have
disadvantages including low thermal storage capacity (therefore requiring large volumes), high costs, and to
avoid degradation the operating temperature is limited to 565 °C.

To overcome these disadvantages, metal hydrides can instead be employed as thermochemical energy
storage (TCES) materials. This class of materials store heat, with an energy density of between 5 and 30 times
higher than molten salts, and also have the potential to reduce heat storage costs. The system operates as
follows: during the daytime, the temperature of the high temperature metal hydrides (HTMH) reactor will
increase (due to CSP), and an endothermic chemical dissociation reaction is initiated in the TCES material.
Hydrogen is released, and stored, causing the pressure of the system to increase. At night, the temperature
of the HTMH decreases and the HTMH begins to reabsorb the hydrogen and releases heat (i.e. exothermic
reaction) to run the turbine to produce electricity. Furthermore, the US Department of Energy's Sunshot
program has defined that the next generation of CSP plants should operate between 600 and 800 °C.
Therefore, it is evidently necessary to increase the operating temperature and stability of metal hydrides to
operate them at the desired operating temperature range to be used as TES materials. In order to address
this challenge, fluorine substitution of hydrogen atoms in the metal hydrides is proposed. This is possible due
to the comparable ionic size of the hydride and fluoride ions and the structural similarity of their compounds.
In this thesis, fluorine has been substituted for hydrogen in MgH; to form a range of Mg(HxFi1-)> compounds
(x=1,0.95,0.85,0.70, 0.50, 0) and in NaMgH; to form a range of NaMg(H1_«F,)3 (x =0, 1, 2,3) solid solutions.
These materials are designed to be potential thermal energy storage materials with higher operating
efficiencies than their parent compounds MgH, and NaMgHs. Mg(HxF1-,)2, was analysed over two Chapters
(chapter 3 and 4) in this thesis. In Stage |, in situ synchrotron powder X-ray diffraction was used as a
characterisation technique to study the evolution and decomposition of crystallographic phases as a function
of temperature. Thermal analysis such as differential scanning calorimetry, thermogravimetric analysis,
temperature-programmed-desorption mass spectrometry, and Pressure—Composition—Isothermal (PCl)
analysis were carried out on all Mg(HxF1-x)2 mixtures, concluding that as F content increases the thermal

stability also increases, however, kinetics decreased compared to pure MgH,. The decomposition impact on



Mg(Ho.ssFo.15)2 shows, through DSC measurement, a maximum rate of H, desorption is achieved at 434 °C with
a practical hydrogen capacity of 4.6 £ 0.2 wt.% H, (theoretical 5.4 wt.% H,). PCl measurements have
determined that the values of enthalpy and entropy of Mg(Ho.ssFo.15)2 are 73.6 £ 1.2 k) mol™H; and 131.2 + 2
J K*mol™H,, respectively. Both values are lower than for MgH, with AHges of 74.06 k) mol™H; and ASges=
133.4 J K'mol™*H,. After the decomposition of each Mg—H—F sample, it was observed that an Mg(Ho.43Fo.s7)2
phase was formed being responsible for the H; not being released until T > 505 °C. Also, cycling studies of
Mg(Ho ssFo.15)2 were undertaken to evaluate the operating temperature and efficiency of the material. These
were completed over six absorption/desorption cycles between 425 and 480 °C, which is ~ 80 °C higher than
what can be achieved for bulk MgH,. Therefore, this increases the cycling temperature compared to that of
bulk MgH., thereby increasing efficiency.

Stage I, is a characterisation study of the Mg(Hx«F1-«)2 system by inelastic neutron spectroscopy, powder X-
ray diffraction, and thermal conductivity measurements. After performing these analyses, the results were
confirmed using density functional theory. A marked trend is observed across the series of solid solutions in
each experiment, indicating that the tunability of the MgH, properties could be adjusted. As the F-
substitution increases, the Mg-H(F) bond distance increases for the axial positions on the Mg-H(F) octahedra.
Overall, this leads to an increase in Mg-H(F) bond strength and thermal stability, improving the viability of
Mg-H-F as a potential TES material.

The NaMg(H1-xFx)3 (x =0, 1, 2, 3) system was analysed in the third study in Chapter 5 of this thesis to explore
its potential use for hydrogen storage or as a thermal energy storage material. The NaMg(H1-xFx)3 mixtures
were formed using fluorine substitution to stabilise the parent NaMgHs material. To determine if this system
would be viable as a TCES material it was examined by in situ synchrotron powder XRD, DSC-TGA-MS, and
PCl analysis. After performing thermal studies on the NaMg(Hi.xFx)s system it can be concluded that
increasing the F content in these -NaMg(H1.xFx)s- solid solutions the thermal stability increases. For the
NaMgHF, material the measurements showed that the maximum H; desorption in DSC is reached in a single
endothermic step at the temperature of 525 °C, while in TPD-MS the maximum hydrogen desorption
temperature peak is observed at 545 °C. Also the in-situ synchrotron results show that the complete
decomposition of NaMgHF, occurs at 595 °C forming NaMgFs;, NaF and MgO. The PCl measurements of
NaMgHF, determined an enthalpy of decomposition of 89 + 12 kJ/mol H, and entropy of 121 + 16 J/K/mol
Ha. In comparison with NaMgHs, these values increased from 86.60 kJ/mol H; and decreased from 132.20
J/K/mol H,, respectively. With regards to the cyclability of NaMgHF,, a reduction of ~ 18 % of the practical
hydrogen capacity was determined over four cycles at 508 °C.

Based on the information from the experimental work on the NaMgHF, sample, it is evident that NaMgHF,

is an ideal candidate for solar thermal energy storage. This is due to its high enthalpy and high operating



temperatures, meaning less hydrogen is needed to generate electrical energy, compared to other hydrides

for solar thermal storage.
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1.

Introduction

1.1.  Energy in the world

The growing world population is depleting the world’s energy resources and fossil fuels are no exception. For
this reason, if the consumption of the world energy supplies continues in this trend, it will be unsustainable
[1]. The fossil fuels (coal, oil, gas) will not cover the demand in the long term, as such, we cannot continue to
burn these resources because they are vital for fossil-based industrial applications, in other words, for other
processes and products that are critical for mankind. These products include plastics, paints, tyres, dyes,
ammonia, glass, ammonium nitrate, soap, aspirin, petrochemicals, lubricants, rubber, creosote oil and
solvents [2]. Therefore, it is evident that it is necessary to find a long-term energy solution, which should be
sustainable, reliable, limitless, clean, and of course globally scalable.

It is necessary to move towards alternative forms of energy production, but nuclear fission and fusion also
have some drawbacks, as such, they may not be taken into account as a solution. Firstly, nuclear energy has
bad publicity, it is hazardous, and is not scalable. Secondly, it has many disadvantages such as the technology
used is slow and it requires high temperatures.

This opens the door to new methods of energy production, with the focus on renewable energy sources. In
this category of energy, we have several different sources including wave tidal, ocean thermal, wind,
hydroelectric, biomass, geothermal, and solar power.

Over the past two centuries, energy supply has been based on secondary energy sources such as fossil fuels
(natural gas, naphtha, gas oil, and coking coal) derived from primary energy sources such as oil and coal.
Unfortunately, the use of these fuels has caused many problems, among which are: 1) global warming or the
greenhouse effect caused mainly by the release of CO, and subsequent climate change; 2) deterioration of
air quality in large cities where fossil fuel-based transportation, industry (such as agro-industry, cement
manufacture), and electricity is used; 3) increase in fossil fuel prices as a result of the sustained increase in
demand with a supply that in certain periods does not meet the demand. For example, in 2010 there was a
demand of 88.3 million barrels per day against a supply of 87.5 million barrels per day (Fig. 1.1). In 2016,
growth in emissions contrasts with the sharp reduction needed to meet the goals of the Paris Agreement on
climate change [3]. According to the IEA (International Energy Agency) Global Energy & CO; Status Report
2017 [4],global energy demand increased by 2.1 % in 2017, compared to 0.9 % the previous year and 0.9 %
on average over the previous five years. In fact, 72 % of this increase was met by fossil fuels, a quarter by
renewables and the remainder by nuclear energy. For these reasons, in recent decades, different alternatives

to fossil fuels have been researched.
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Figure 1.1. Evolution of world demand and supply (includes all varieties of fossil fuels; data available up to 2021) of crude oil in
millions of barrels per day in recent decades [5].

1.2.  Renewable Energy & Solar Thermal Energy

All renewable energy sources, in one way or another, are derived from the sun, geothermal being an
exception. Moreover, all of them have efficiency losses, plus their total energy capacity is too low compared
to traditional fossil fuel-based energy [1, 6] with the exception of solar that can delivered many times our
requirements.

Compared to solar power, in terms of incident solar irradiation on the Earth surface, the other renewable
energy sources supply less than 1% of energy [1]. This leaves us with solar power as the dominant solution
for generating renewable energy it fulfils all requirements (with geography taken into account) and at the
same time allows us to preserve fossil fuels for the production of industrial materials such as plastic and
chemicals. The sun radiates the Earth with 10,000 times more energy than the actual total world energy
consumption [2]. That means solar power can cover the entire world’s energy consumption and future
demand, plus itis a clean, sustainable, and reliable source. Studies show that the rate of energy consumption
is higher during daytime hours and decreases at night-time and during cloudy weather [2]. Taking this into
account, and because there is excess solar power during the day, it will be necessary, and wise, to store some
power to be used during non-sunny periods.

My belief is that humankind needs a mixture of renewable sources of energy to be sustainable and for once
stop the use of fossils. For example, use solar during the daytime, use the wind in windy places (this can also
allow producing energy at night and during cloudy days). The ideal would be to study the geography, the

climate of each place with its disadvantages and benefits because each place has its particular advantage, to
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maximize the use of the most suitable energy source in order to build a specific plant according to the needs

and properties of each place.

1.3.  Solar energy storage
Much work has been conducted in the field of solar energy. Generally, there are two main methods to collect
solar power, solar cells, and solar thermal:

Solar cells: convert the sun's energy into electricity by the photovoltaic effect. The conventional solar
cell is made of crystalline silicon and is called photovoltaic (PV) cells. A positive aspect of PV use is that it
allows energy collection in a decentralised approach. However, because of the low efficiency of the
technology, it does not exploit the sun's energy perfectly. Efficiency is the ratio between energy output and
energy input of a given system, for solar PV cells, this means the ratio of produced electrical energy to the
amount of solar energy incident on the cell under standardized testing conditions. Although some
experimental solar cells have achieved efficiencies of close to 50%, most commercial solar panels (silicon
typically) reach an efficiency of 20% [7]. PV alone will not cover the world's energy demand due to collection
inefficiencies, the present temperature limits of the materials (some materials are not able to work at high
temperatures), and because this technology uses chemicals that will present an environmental impact (e.g.
arsenic) [7].

Solar thermal: This solution is a low-tech method of concentrating solar energy. The system that is
currently used is called concentrating solar power (CSP) and is the most efficient in terms of sunlight used to
produce electricity [8]. The main concept is to set curved mirrors in such a position as to focus the sun and
collect the energy (heat) and heat a substance (such as a heat transfer fluid). Electricity can then be generated
by driving a turbine via a generator (Rankine cycle engine). Energy must be able to be supplied 24 hours a
day to maintain industrial process that run 24/7. Although during daytime we will be able to use the heat of
the sun directly, energy needs to be stored to use after sunset for producing electricity at night.

Although CSP has the convenience of thermal energy storage, solar PV is the most economical technique; to
exploit both features thermal storage could be coupled to PV. The ideal CSP plant is an energy storage system
capable of storing large amounts of heat (solar energy) for a long time and at a low cost. This can be achieved
by using thermal energy storage (TES) materials [9]. TES is a technology that stores thermal energy by heating
a storage medium so that the stored energy can be used later. The requirement for TES to allow storage of
energy from the sun and be able to use it later in order to have energy available for 24 hours a day. To address
this, a high energy density storage material will be necessary to minimise the volume of the material required
to store this energy. At the same time, to reach higher energy conversion efficiencies a higher temperature
thermal energy storage material (greater than 650 °C) will be required such as SrH; [10] and CaCOs; [11].

However, the main driver is the cost of this technology.
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1.4.  Thermal energy storage types and options for materials.

The different kinds of thermal energy storage can be divided into three basic methods: sensible heat, latent
heat, and thermo-chemical heat storage. Each of these has different advantages and disadvantages that
determine their applications. A comparison of the different types of TES methods is described in table 1.1.

Table 1.1. Frequently used solid and liquid materials for the storage of sensible heat. Energy stored per mass of different storage
materials [12, 13].

Specific Latent Reaction Gravimetric  Volumetric
Method of Material Density heat heat of enthal energy energy Temperature
thermal storage (kg.m3) capacity fusion Py density density (°C)

(kikg?)  (kl.kg) (kJ.molH>?)

Sandstone 2200 0.71 - - - R ~
Sensible Soil 1300 046 - ; ] . i

(kJ.kgt) (kWh m3)

nitrate  salts  (60%

NaNOs + 40% KNOs) 1804 1.52 ) Thot < 565

paraffin wax 1802 - 174.4 - 174 - 64

Latent

Al-Sn (MGA) - - 59 - - - 232

SiC-Si (MGA) - - 1926 - - - 14142

2CaH, + 3CaSi

) - - - c
2 CasSi; + 2H 107.3 743.4 703
Thermochemical
MgH, 2 Mg+ H, 1380 - - 74.06 2811 1110 Zgag: < 350 -

®[14], ®[11], [15], ¢ [10], ¢ [16], 7[17]

The most popular and simplest method of CSP power production uses “sensible heat” storage, and for this,
molten salts are mostly used e.g. nitrate salt (60% NaNO; + 40% KNOs) [18]. By heating these materials,
thermal energy is stored as a function of its specific heat capacity. In this case oil or molten salts are used as
heat transfer fluid to produce electricity in CSP plants, similar process that was described previously for solar
thermal. The current state-of-the-art method used in commercial plants is during sunny periods, sun rays are
focussed on to a receiver, molten salt collects the heat and flows towards the equipment to be heated (Fig.
1.2). Once warmed, the salt is stored in an insulated tank. As the energy is needed, this hot salt is moved
from the storage tank to a heat exchanger, where the heat released generates steam to drive a turbine. The

cooled salt is then stored in another tank, and it is sent once again to the receiver.
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Figure 1.2. Schematic of a CSP plant using molten salts for thermal energy storage [19].

Molten salts used in CSP technology also have some drawbacks, as the molten salts (60% NaNO; and 40%
KNOs3, for example) have low thermal and electric efficiency due to their low mass energy density 413 ki/kg
[18], are corrosive, and tend to freeze below 200 °C [9]. In addition, massive volumes are required to store
energy for several hours, and the operating temperature is limited to 565 °C [8, 19]. In all, these factors result
in high costs. For example, the construction of the Astexol 2 plant sited in Spain, which represents an
investment of over 300 million euros [20, 21], has two vertical indirect tanks, with 60% NaNOs and 40% KNOs
as the molten salt mixture. The volume for the cold tanks is 15,246 m? and the hot thank is 15,741 m3. This

plant has a nominal capacity of 50 MW of electrical power and has a storage capacity of 8 hours.

The second method for thermal energy storage is the utilisation of latent heat materials. The principle behind
this method consists of the utilisation of the energy required to change the phase of a material, e.g. melting
and freezing. These materials are often called phase change materials (PCM). Nitrate salts (e.g. KNOs), table
1.1, are often used due to their high gravimetric energy density (0.074 kWh.kg?) and their volumetric energy
density (155 kWh.m3) [12].
One strategy to implement these materials could be to use various latent heat materials to develop a
cascading energy storage system, Figure 1.3. [9, 22, 23]. Although this configuration has advantages,
including that the heat stored is the sum of the heat of fusion plus the specific heat, the thermal conductivity
in the solid phase is too low, as a consequence the heat exchangers required are very large. For instance, a
US patent for power plants using PCM method mentions that a rotary heat exchanger must have a 20 m
diameter and be 15 m in height [24]. However, a new class of thermal energy storage material based on
Miscibility Gap Alloys (MGA) was recently introduced by Sugo and Kisi et al. [14], they used an Al-Sn and Fe-
Cu system in which the heat of fusion are 59 kJ.kg* and 205 kJ.kg?, respectively (Tablel.1), and this material
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has potentially solved the problem of low thermal conductivity (paraffin wax ~0.2 W/m °C [13]), which limits

their applications.
HTFflow during charging

— > tme> tma> tma> tms

— ~ m < wy
p b= 2 = =
(& ] (& ] (&) (] (& ]
Q. (-9 a. Q. a. )
L L
_

HTF flow during discharging

Figure 1.3. Schematic diagram of multiple PCM LHTES system [24].

MGA'’s are formed between metallic (or semi-metallic) elements that are immiscible. To make a miscibility
gap alloy that is useful for thermal storage, the lower melting temperature metal is the active phase that is
dispersed as discreet particles in a thermodynamically stable matrix phase, i.e. the higher melting
temperature metal [14]. When a MGA is heated, it begins to absorb thermal energy until the melting point
of the active phase is reached. At this point, it begins to melt, and the temperature remains stable utilising
latent heat. Once this dispersed phase is completely liquid, the temperature increases again, but is kept
below the melting point of the matrix phase. The matrix phase remains solid throughout the process ensuring
the MGA storage material maintains its structure and general physical properties. The operating temperature
of the MGA is the melting temperature of the active phase and the stored energy is the latent heat plus
sensible heat. There are many systems studies, in Table 1.1 there are some examples including Fe-Cu which
has a working temperature of 1414 °C and latent heat of fusion of 1926 kJ/kg.

Thermochemical energy storage (TCES) is the third method of thermal energy storage. TCES is the storage of
heat by an endothermic reaction of break bonds within a substance at given conditions of pressure and
temperature into two (or more) compounds. This reaction must be reversible, so that the stored thermal
energy can be recovered through the reverse exothermic reaction. The energy storage density is determined
by the enthalpy of reaction (AH) of the system. In general, this method possesses the highest energy per mass
of material, examples of TCES are CaH,, SrH,, MgH,, CaCOs. For example CaH, reversibly reacts with H, at 1.2
bar back pressure at 1000 °C with an associated reaction enthalpy of 207.9 KJ.mol? H,, and SrH; reacts at 1
bar H, backpressure at 1070 °C and 183 KJ.mol? H,, respectively (Table 1.1) [12]. Reversible thermochemical
reactions are possible in materials including the oxidation of metals, the calcination of metal carbonates, the
dehydration of metal hydroxides, and hydrogen storage in metal hydrides (MH) [25]. The advantages of TCES

materials over molten salts such as nitrate salts (60% NaNOs + 40% KNOs) are high energy density 1657 kJ/kg
20



for CaCOs (413 kl/kg for nitrate salts), a more extensive range of working temperature for example 890 °C
for CaCOs and for nitrate salts it is limited at <565°C due to chemical instability (Table 1.1) [10, 11, 26].

Of these, MHs could become a promising system as they have a high energy density and can store energy
and release it reversibly when it is required [25]. The main objective is to develop TCES materials with

improved efficiency and reduced cost for use in a CSP system.

1.5.  Metal Hydrides

Hydrogen is considered to be the most promising material for energy storage, and even more so for long
term energy storage [27]. Table 1.2 details the various alternatives to store hydrogen, it compares the
energy densities and operating temperatures among different storage materials. It also details the
properties of hydrogen storage in hydrides (solid state), which is a great alternative to compressed
hydrogen storage as the density of stored hydrogen increases significantly e.g. (hydrogen storage capacity
of compressed gas is 7 — 39.1 kg.m™ at 20 °C, between 100 to 700 bar, and for MH between 40 to 150

kg.m3[28]) and in turn allows hydrogen to be supplied under lower pressure conditions.
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Table 1.2. Methods of storing hydrogen and their relevant properties [20, 22, 23, 24, 25, 26, 27].

Phase Method Hydrogen content Energy density | Energy density | Operating | Operating | Energy needed
regardless of system per unit mass per unit Temperature | Pressure to release
weight (reservoir and taking into volume (°C) (bar) hydrogen
accessories for account the considering the (MJ/kgH2)
loading and weight of the weight of the
unloading) system system (kWh/1)
(% w/w H2) (kWh/kg)
Gas
Liquid | 2 Cryogenic Tank® 100 (18)
Solid 4 Cryogenic 6.5 (-)

adsorption (zeolites
or carbon
nanotubes)

5.1 Absorption in 2(1)
interstitial material
hydrides (e.g.

FeTiHz/LaNisHs)

5.5(0.9)

5.3 Complex
hydrides (NaAlHa)'

2[29] Tank built with a structure of composite materials based on polyamide polymers. °[29] Tank built with reinforced fibers and metallic
coatings to prevent permeation. <[29] Daimler company data. 9[30-32] Data obtained from publications. ¢[31] Capacity achieved with an
experimental tank of 500 g after 20 cycles of absorption. f[29] Experimental data; extrapolation to 5 kg of H stored in sodium alanate. 8[29]
BMW data. Fuel tank plus accessories (activated carbon filter, pumps).

MHs have taken the lead from the other hydrogen storage methods as they can store large amounts of
hydrogen in a smaller volume, at low pressures (less than 1 bar), and in a safe manner but they are more
expensive. The main reason to use these materials for solar thermal storage is the high volumetric heat
capacity of the MH reaction (formation and dissociation), as such the volume of the storage tanks and the
storage material will be reduced and by consequence, the overall cost of the system will decrease.

The energy storage method of a MH for a TCES is based on a thermochemical reaction (eq. 1.1). Many metals
can react with hydrogen to form strong ionic and covalent bonds and hence form very stable MHs. Materials
that form hydrides and the different types of hydrides that are formed include: metallic materials (alkaline,
alkaline earth, transition, and rare earth), intermetallic (Mg.Ni, CaH,, etc.) and non-intermetallic compounds
(Mg-Fe, Mg-Co) and combinations of B or Al with an alkaline or alkaline earth metals [33]. These compounds
are the indicated materials to be used as hydrogen storage as they react with gaseous hydrogen forming
metal hydrides, in most of the cases through an exothermic reaction releasing heat. Moreover, the reaction
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of metal hydrides involves high formation energy, (for example, MgH, has a AH = 74.06 kJ/mol H[16]) this
characteristic allows hydrides to store heat [34]. MH’s can be considered a source of heat (by dissociation)
as they often reversibly absorb and desorb hydrogen gas from their crystal structure, and as a consequence,

the heat is reversibly stored in a chemical reaction [35, 36].
M+§H2 2MH,+ AH (1.1)

The operating principle of TCES is to use heat (from solar energy) which is to be consumed in an endothermic
dissociation reaction, where the MH will dissociate into metal and hydrogen gas (Equation 1.1). The reaction
can be carried out in a solar reactor or could also use a HTF to transfer heat from receiver to vessel. When
the MH is desorbing hydrogen, chemical energy is absorbed when the bonds are broken (endothermic), so it
absorbs heat [35]. When the MH is reformed, due to the metal reacting with hydrogen gas, heat energy is
released (exothermic). The total heat released during this process is equal to that previously stored during
the daytime. If the heat can be removed as fast as possible during the reabsorption of hydrogen, self-heating
can be avoided allowing heat to be released at a constant temperature and avoiding engineering problems.
This can readily be controlled with pressure. If the H, pressure is limited to 1 bar (for example) then the
material will only heat up until it reaches its 1 bar equilibrium temperature and cannot absorb more gas, so
therefore it cannot increase in temperature. Materials such as magnesium, calcium and titanium meet the
requirements for TCES, and for this reason, they are widely investigated and much research has been
conducted into implementing them into technology [25, 37-44]. The attractive and most exploited property
of these materials is that they can absorb and desorb hydrogen at a constant pressure. This can be done by
changing the applied hydrogen pressure (or the temperature) because a MH absorbs H, while releasing heat
(exothermic reaction) or desorbs H> while absorbing heat (endothermic reaction) [9].

As mentioned previously, MHs possess some of the highest theoretical heat storage capacities through the
reaction with hydrogen gas, which can occur at a large range of temperatures depending on the MH
employed. As illustrated in Table 1.1, many MHs have a theoretical heat storage capacity of a magnitude
higher than molten salt and PCMs. Also, these materials (molten salts, some PCM) have either high cost
and/or low reversibility.

An interesting aspect of MH materials that are to be used as TCES is their versatility, as their properties can
be tailored to suit application by either tuning by destabilization (like CaH, with Si [15]) or by stabilization
(MgH; with MgF; to form Mg(HxF1-)2 [45], NaMgHs; with NaMgFs to synthetize NaMg(H;-<Fx)s [39], NaH with
NaF to produce NaH.F1 [46, 47].
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For MH materials to be considered for TCES they need to have some preferential characteristics. Ideally, the
MH needs to be environmentally friendly, reversible, low cost, high availability, and most importantly they
must have a high dissociation temperature to have a high conversion energy efficiency.

The preferred parameters for materials to be applied to MH TCES systems should have low corrosivity, good
cyclic longevity, high metallic thermal conductivity (efficient heat transfer), and safe to store [9]. In addition
some systems can work at sufficiently high temperatures (e.g. Mg.FeHs 500 °C at 66 bar [36]), and as a
consequence of this, the efficiency to pass from thermal to electrical energy increases (e.g. Table 1.1. the
thermal energy density for nitrates salts is 250 kWh.m™ and for MgH; it is 1110 kWh.m?3). However, as a
drawback, in general they have slow sorption kinetics and oxidise easily [34]. As a consequence of these
disadvantages, sorption kinetics and cyclic capacity need to be improved and are partially the purpose of the
work done in this thesis. A more detailed explanation of these types of MH materials will be described in the

following sections.

1.5.1. Classification of hydride forming materials

A classification of hydrides is made based on the class of element that makes up the hydride-forming
material, the type of interaction between hydrogen and the material, and the crystal structure of the hydride.
This classification aims to describe concisely the different varieties of hydrides that exist and also detail those

that are considered in this thesis [37, 48-54].

1.5.1.1. Metal or interstitial metal hydrides

Hydrogen reacts with many metals (transition and rare earths) and their alloys to form hydrides. They are
called metallic hydrides because the interaction between the transition metal or intermetallic metal is of a
metallic nature; so they are also good conductors of electricity. The crystalline structure of metallic hydrides
is constituted by the metal network with hydrogen atoms chemically bound to the metal and found in
octahedral or tetrahedral interstitial sites of the metal network. Because of the location of the hydrogen in
these interstitial sites, these hydrides are also called "interstitial" [54]. These hydrides can be subclassified
into two types:

Binary metal hydrides of transition metals and rare earths:

These are composed of metals of groups 1B to 4B and 8B of the periodic table and lanthanides and actinides,
e.g. VH,, ZrH,, TiH,, ScH,, TaH, GdH, and CeHs. On many occasions they present large deviations of
stoichiometry (MH,, n = 1, 2, 3) and can exist as multiphase systems, that is hydrides of different

stoichiometric proportions [49].
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Hydrides of intermetallic compounds
These are composed of intermetallics formulated by ABH,, where A is a transition metal or a rare earth and
tends to form metallic hydrides. Element B is a transition metal that does not form hydrides or forms unstable

hydrides (x = 0.5; 1; 2; 5). Examples of these are LaNisHg and TiFeH, [55].

1.5.1.2. Binary hydrides of group 1A and 2A metals

These are composed of alkaline and alkaline earth metals (groups 1A and 2A of the periodic table). Examples
of these hydrides are NaH (4.2 theoretical H, wt.%), CaH, (4.8 theoretical H, wt.%), LiH (12.7 theoretical H;
wt.%) and MgH; (7.66 theoretical H, wt.%). The crystalline network of these hydrides tends to be composed
of metal cations and hydrogens in the form of anions and therefore they are considered "salt" type hydrides.
In general, the metal-hydrogen bond presents characteristics of ionic bonding (e.g. LiH) or a mixture between

ionic and covalent (e.g. MgH>). These types of hydrides are analysed and studied in this thesis [53].

1.5.1.3. Complex transition metal hydrides

The name complex hydride (general composition: M,* [TH,]®, where m, nand 5=1, 2, 3, ..., M: alkaline or
alkaline earth metal, T: transition metal and ¢&: charge), derives from the existence of "discrete complexes"
composed of a transition metal and hydrogen ([TH,]?) within the structure of the hydride (anions). For the
most part, these complex hydrides are mononuclear, i.e., they contain centred transition metal atoms
surrounded by hydrogens that act as ligands. The interaction between hydrogen and metals occurs in the
form of T-H within the discrete complex, as well as M*® - H". These interactions are based on the partial or
total transfer of electrons through which the complex hydride is stabilized [52].

MgzNiH; (the unit of the discrete complex is [NiH4]™) and Mg;FeHs, (the unit of the discrete complex is [FeHs]

4) [52] are examples of complex hydrides.

1.5.1.4. Complex non-transition metal hydrides

These are composed of light metals of the groups 1A, 2A, and 3A of the periodic table. Hydrogen forms
tetrahedral units with boron or aluminium, [BH4]" and [AIH4],, where the interactions of B-H or Al-H are of
covalent nature. Therefore, this class of complex hydrides is composed of the combination between such
tetrahedral units and a metal (M: alkaline or alkaline earth metal, group 1A and 2A). The character of the link
between [BH4] or [AlH4]" and the metal M* is given by the difference in electronegativities between them

[49, 52].

Hydrides of the type M[BH4]" and M*[AIH.] are also called tetrahydroborates and tetrahydroaluminates,

respectively. Examples of these are: LiBH4, Mg(BH4),, NaAlH4, and LiAlH,.
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There are also rare earth tetrahydroborates and tetrahydroaluminates such as Ce(BH4)s. However, they

cannot operate at the temperatures required for TCES (greater than 650 C).

1.6.  Medium range temperature metal hydrides — TCES metal hydrides pair

One method to permit a MH to function as a thermochemical energy storage system is to use a pair of metal
hydrides, one high temperature MH (HTMH) and the other low temperature MH (LTMH) [25]. The main
function of the HTMH is as a heat storage component, while the LTMH is a hydrogen storage component.
The general idea is that the HTMH releases hydrogen during the day, which is then absorbed by the LTMH
(Fig. 1.3). At night, the LTMH releases the H, gas to the HTMH, which is then absorbed and releases the heat
stored. In this process, the HTMH and the LTMH are stored separately in different vessels to avoid any

reaction occurring between them [9].

‘ Part A

1.1

:’Q_ HT-heat
emission
H temporary hydrogen
— I store under dissociation
MgH. My -— L pressure of HT-metal
H, hydride
HT-metal hydride store
(MgH, or Mg,FeH,)
Part B
energy flux see above
H, LT-heat
MgH.Mg o— LT-hydride —
H, LT-heat input e.g.
) Stirling engine waste
HT-metal hydride store Heat, ambient heat
(MgH, or Mg.FeH,)

(cold generation)
HT = high temperature
LT = low temperature

Figure 1.4. Schematic representation of the construction of MgH,/Mg heat stores. Part A: temporary storage of hydrogen in a
pressure container; part B: temporary storage of hydrogen in a low-temperature metal hydride [12].

The system will operate as follows: during the daytime, the temperature of the HTMH reactor will increase
(due to CSP), and the endothermic chemical dissociation reaction starts. Hydrogen is released which in turn
increases the pressure of the system. Then, the gas flows to the LTMH reactor, and when the H, pressure is
above the equilibrium pressure of the LTMH, it starts to absorb the hydrogen. This is an exothermic reaction,
so heat is released, which maintains the temperature of the vessel (this heat is of a smaller quantity than the
heat required in the HTMH), for example a HTMH such us MgH, has an enthalpy of desorption of 74 kJ.mol*

H; and a LTMH such as Ti1.2Mn1.sHs0 has an enthalpy of desorption of 28 ki mol™? H; [56]. At night, when the
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temperature of the HTMH decreases, desorption stops and the HTMH begins to reabsorb the hydrogen. At
the same time, the decrease in pressure causes the LTMH to release hydrogen and the gas moves towards
the HTMH reactor.

As absorption of hydrogen is an exothermic reaction, the heat released is used to produce electricity, when
CSP is not available, thus allowing 24/7 heat production. The ideal pair of materials is a combination in which
the LTMH releases hydrogen at a similar pressure to the operating pressure of the HTMH. Achieving this
allows the efficiency of the system to be maximised since the gas will flow permanently [35]. Moreover,
another issue that will increase the system efficiency is if the products of the endothermic reaction of the
LTMH and HTMH are stored at ambient temperature. This results in the LTMH and HTMH) operating
indefinitely without energy (thermal) losses and by consequence, the efficiency will be higher.

For a conventional CSP power plant, the operating temperature is approximately 500 °C due to
decomposition of molten salt at 565 °C [57]. However, operating temperatures between 600 °C to 800 °C are
optimal as this is the target set by the U.S. Department of Energy’s Sunshot Initiative for the next generation
CSP plants, although there are relatively few metal hydrides that can operate in this range of temperatures
[19]. Considering the most abundant and low-cost materials only, Mg-based hydrides are ideal. Magnesium
(Mg) and its hydride MgH, have been extensively studied [32, 41, 58, 59] for several years due to their
extraordinary properties and characteristics. These studies have led to its interest as a potential candidate as
a hydrogen storage material and possible implementation into CSP plants as a High Temperature Metal
Hydride (HTMH) for thermal energy storage [41, 60]. The attraction of MgH, lies in the fact that it is a low
cost, magnesium is abundant, and has a low environmental impact [25]. MgH; has a theoretical gravimetric
storage capacity of 7.6 wt% of H, and a volumetric storage density of 111 kg m™ H, [25]. Upon thermal
treatment, MgH, decomposes into Mg and H, with AHaps = -74.06 + 0.42 kl.mol™ H, and ASgps = -133.4 £ 0.7
J.KL.mol? H,[16]. There is little to no hysteresis at which the onset of hydrogen absorption lags causing the

equilibrium plateau to shift. This is exemplified in Fig. 1.4.
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Figure 1.5. PCT curves of 1-cycle at 300 °C for MgH; powders obtained after reactive ball milling for 200 h [62].

Thermodynamic properties confirm that MgH, is a good candidate for a HTMH for thermal energy storage.
However, several drawbacks limit the widespread use of this material, such as the operating temperatures
are limited to work below 500 °C because of the high hydrogen equilibrium pressure at that temperature e.g
MgH, at 500 °C has an equilibrium pressure of 92.15 bar [16, 61], and slow hydriding and dehydriding kinetics
are a negative aspect for practical applications [41, 60, 62]. Moreover, pure MgH, presents very poor cycling
stability where a significant reduction in the H, storage capacity is observed over multiple cycles
(absorption/desorption) [36]. This is due to the fact that structural and morphological changes occur to
magnesium/magnesium hydride during hydrogen cycling at higher temperatures, a phenomenon called
sintering [63]. The use of particle refinement agents such as TiB; reduces sintering and improves MgH; cycling
performance [64, 65]. Other studies with graphene also contribute to the prevention of MgH, sintering by
forming more edge sites and diffusion channels promoting an improvement in hydrogen sorption properties
[66].

Moreover, the Mg,FeHs is another compound that can be used as a TCES material, Khan et al. [67]
demonstrated on a compressed Mg,FeHs pellet a 24% improvement in the yield of the generated Mg,FeHs,
and the hydrogen sorption properties have been thoroughly investigated. Thermal analysis showed that the
decomposition of Mg,FeHg occurs in a single step and the onset decomposition temperature is 240 °C. PCI
analysis of Mg,FeHs showed that the enthalpy of formation is 68.3 and the decomposition enthalpy is 75.6

kiJ/mol H,, respectively. The hydrogen sorption kinetics of MgyFeHs occurs quite fast showing an
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absorption/release of 5 wt% H in less than 2.5 min at 400 °C. Another study carried out by Bogdanovic et
al.[68] indicates that Mg,FeHs is a highly suitable compound for TCES at = 500 °C, due to its high cyclability
(600 cycles) with 5% H,, over a theoretical value of 5.47% H,, showing negligible hysteresis pointing out a high
reversibility. The material is characterized by a high gravimetric (1921 kl/kg) and volumetric (2344 kJ/dm?3)
thermal energy density in comparison to sensible or latent heat storage materials. Mg,FeHs has a lower
hydrogen dissociation pressure compared to MgH,, for instance, at 500 °C the dissociation pressure for
Mg,HFe¢ is 65 bar and for MgH; is 100 bars. This lower pressure is quite favourable from a technical as well as
economical point of view, making this material a potential candidate for hydrogen storage as a HTMH.
However, large scale prototypes are required to understand and overcome thermal/gas management issues
and ensure that a material can cycle 10,000 times to enable a 30-year lifetime.To find application as an HTMH
for thermal energy storage in second generation CSP plants [35], it is necessary to increase the operating
temperature of MgH,to above 600 °C, increase the reaction kinetics and also the cyclic stability. To address
the development and production of a new MH, the challenge is to generate a stable component (one phase).
This issue could possibly be achieved by using the concept that fluorine substitution into metal hydrides has
the potential to increase the thermal stability of the MH and also raise the operating temperature. This will
be obtained by combining metal fluorides and metal hydrides, such as Mg(H.F:.x)> based on MgH, and MgF,,

to store hydrogen.

1.7.  Fluorine Substitution

Many MH and metal fluoride compounds are analogous in structure due to their anions sharing the same
electronic structure as Helium (1S)2. Indeed, due to the fact that the ionic radii of both anions are close (F =
1.33 A or 1.3 A for coordination number 6 or 3, respectively [67]and H™ = varies from 1.27 to 1.52 A, being
sensitive to the particular cation [33]), their structural properties are also similar between their compounds
[68]. This similarity is true for alkali and alkaline earth metals and aluminium [33].

For instance, some binary metal hydrides and its related metal fluoride are isotypic compounds (they present
the same crystal structure but not necessary the same crystal lattice dimensions nor the same chemical
composition) such as alkaline and alkaline earth metal hydrides and the corresponding metal fluoride. In the
case of the alkaline metal hydrides (LiH, KH, CsH, NaH, RbH) they have a face centred cubic structure of the
NaCl type (Pm3m). Although among the alkaline earth metals the hydride of Mg and fluoride present the
same tetragonal rutile structure (P42/mnm) [71-73], the hydrides of Ca, Ba, Sr do not share the same crystal
structure with their corresponding fluorides, however they have analogous saline character. Another
example of isostructural materials are the two polymorphs of AlH; and AlFs, as both compounds reside in the

same crystal structure (rhombohedral space group R-3c, or orthorhombic, space group Cmcm) [74, 75].
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In these compounds the comparable ionic sizes of both anions allows for partial substitution in hydrides of
H™ for F-, or vice versa in fluorides. For example, NaH — NaF and LiH — LiF present total solubility forming solid
solutions in the whole range of compositions [46, 71]. In the case of partial substitution, the CaH,-CaF,, SrH,-
SrF; and BaH;-BaF; systems can be mentioned as examples, the maximum substitution achieved for these
mixed hydrides fluoride compounds are CaHi 24Fo.76, StHo.93F1.07 and BaHo.4sF15 [76, 77]. It is noted that while
the atomic number increases the solubility decreases.

This analogy was first recognised before the 1960s, while recent studies have determined that this partial
substitution of hydrogen for fluorine is economically beneficial for heat storage applications [39]. Firstly,
metal fluorides are more stable than their equivalent metal hydrides, thus this characteristic can be used to
raise the thermal stability of the complex, its operating temperature and efficiency to produce electricity
from metal hydrides partially substituted for fluorine. Secondly, an increase in thermal stability means that
as the operating temperature of metal hydrides depends on the enthalpy of H, absorption, a metal hydride
with a higher AH can operate at higher temperatures and lower pressures. As a consequence, less quantity
of metal hydride will be required (and therefore less hydrogen) to produce the same quantity of heat energy.
As a result, the cost to store hydrogen (until it is required to generate heat) will be decreased [25]. Thirdly,
the overall cost of the MH system is reduced as the metal fluoride raw material is cheaper and so dilution
with the more expensive MH means that less MH is needed in terms of KJ of energy stored [35].

Maeland and Lahar used this analogy as a guide to synthesise new MH-ABH3; type materials based on their
known fluoride structure [68]. They also investigated the solid solution behaviour of the halide-fluoride
system. Examples of these are BaLiHs/BaLiFs, SrLiH3/SrLiF; and KMgHs/KMgFs. As such, Sheppard et al. [35]
have shown that one method to increase the operating temperature of a MH is replacing hydrogen by
fluorine, as this stabilises the corresponding metal hydrides. For this reason, these materials have been
proposed for high-temperature thermal storage applications.

Humphries et al. and Sheppard et al. also used this analogy to synthesise the NaH/NaF system [46] and the
NaMgH,F system [39], respectively.

For the NaH/NaF system Humphries et al. investigated the solid-state solutions of NaH,F1-x(x = 1, 0.95, 0.85,
0.5), and the results were that fluorine substitution increases the NaH desorption temperature. For example
the maximum H; release rate for NaHosFo.s was 443 °C versus 408 °C for pure NaH. Another discovery is that
NaHosFos has a lower enthalpy and entropy than the pure NaH (AHges=106 + 5 kJ mol™ H; and ASges- 143 £ 5
JK*mol™*H,, while for pure NaH, AHges = 117 kJ mol™ H,, and ASges = 167 JK*mol™H;) meaning that the
equilibrium temperature at which decomposition of the sample occurs is higher than NaH. Indeed, fluorine
substitution into NaH makes these materials more reversible [46]. In the case of the NaMgH,F system, it was
proven that a more stable structure was formed with partial fluorine substitution into NaMgH3; obtaining

NaMgH.F due to its high enthalpy (AHges = 96.8 kJ mol™ H, vs NaMgHs AHges = 86.6 kJ mol™ H,) of hydrogen
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absorption/desorption, as such it can be potentially used as HTMH for hydrogen thermal storage. The fluorine
substitution increases the minimum operating temperature and as a consequence the amount of hydrogen
that needs to be stored in the LTMH decreases [39].

Due to the fluorine substitution of hydrogen in a material, it has been found to generate changes in the
kinetics of hydrogen absorption/desorption of the compounds by changing the operating temperature of the
compounds. These changes make these materials to be considered capable of being used in technological
applications because of their heat storage property. Also, because these materials can react reversibly with
hydrogen, absorbing heat to release hydrogen (endothermic) and releasing heat (exothermic) when they
absorb hydrogen gas, this cyclic property makes these materials interesting energy storages.

1.8. Thesis outline

One of the objectives for developing thermal energy storage (TES) materials is to improve efficiency and
reduce the cost of current concentrating solar power plants. For this reason, the aim of this thesis is to
develop and produce a stable single-phase material based on the concept of fluorine substitution into metal
hydrides for thermal energy storage applications. This will be conducted by combining metal fluorides and
metal hydrides, such as Mg(HxFi.x)2, synthesised from MgH, and MgF,, in order to study their hydrogen
storage characteristics.

Thermodynamic properties for the system, plus gravimetric energy storage capacity and cost of the raw
material of the HTMH are important to use the material as a storage system. It has been shown that the
hydrogen absorption/desorption in a reversible reaction has a significant impact on cost [39]. However, the
larger cost for an HTMH/LTMH system is mainly due to the LTMH, equating to more than 50% of the total

TES system cost.

A summary introduction to the chapters and their contents are presented below. This thesis project is divided
into the following steps and will be presented in this document as:

e Chapter 1: Introduction

e Chapter 2: Experimentation - Characterisation techniques

A summary of the techniques and methodologies applied to the synthesis and characterisation of the
fluorine substitution into metal hydrides.

The different techniques include ball-milling of reagents, in situ and ex situ X-ray diffraction (XRD)
analysis of each sample to determine the phases and obtain their proportions. For each candidate
mixture, measurement of their hydrogen sorption properties such as thermodynamics, pressure-
composition-isotherms (PCl), temperature programmed desorption (TPD), differential scanning
calorimetry (DSC), and thermal gravimetric analysis (TGA) are presented.

e Chapter 3: The Mg(Ho.s5F0.15)> system

31



This chapter is a peer reviewed article that studied the Mg(Ho.s5F0.15)2 system. It has the potential for
sustainability, reversible and low-cost, and its cycling capacity makes this system interesting for HTMH
applications.

Chapter 4: Fluorine Substitution in Magnesium Hydride as a Tool for Thermodynamic Control

This chapter is based on a peer reviewed article in which it is demonstrated that the substitution of
hydrogen by fluorine in MgH, permits a relationship between the amount of F substituted with an
increment in Mg—H bond strength and thermal stability, improving the viability of Mg—H—F as potential
TES materials. This is validated with inelastic neutron spectroscopy, powder X-ray diffraction, and
thermal conductivity measurements, with the results being verified by density functional theory
calculations.

Chapter 5: The NaMgHF, system

In this chapter, the crystallographic studies and thermodynamics properties are measured for NaMg(Ha.
«Fx)3 system and it is found that NaMgHF, has attractive thermodynamics properties, making it a

potential candidate as a HTMH.
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2. Experimental and Characterisation Techniques

This chapter provides an introduction to the experimental techniques used in this thesis. It also includes the

equipment and devices used in the laboratory of the Hydrogen Storage Research Group (HSRG) at Curtin

University.

e 2 Argon Gloveboxes MBraun, Germany (less than 1 ppm H,0 and O,) with vacuum pumps and Argon gas
with 99.997% purity in order to maintain an inert atmosphere for manipulation of air sensitive materials.

e 3 manual Hydrogen rigs with 99.999% purity each one connected by a computer. They contain a reference
volume that is connected to a manifold with multiple valves, forming a closed system, named a Sieverts’
apparatus. This system is connected to a supply of hydrogen gas and at the other end to a reactor
containing the sample cell. One of the rigs is for high pressure (600 bar) rig. The main purpose of this
equipment is to measure the hydrogen uptake and release from a material.

e 6 tube furnaces with operating temperatures of up to 1100 °C.

e 2 ball milling machines: a Turbula T2C shaker-mixer machine with stainless-steel milling media, up to 500
rpm, and an Across International Planetary ball mill (PQ-NO4) with canisters and balls of 304 and 316

stainless steel, respectively. The volume of the canisters were 50 ml and ball diameter size 8 and 6 mm.

2.1. Synthesis

All manipulations of chemicals were undertaken in an argon atmosphere using a Mbraun Unilab glovebox to

prevent air exposure and to minimise oxygen (O, < 1 ppm) and water (H.0 < 1 ppm) contamination.

2.1.1. Sample Preparation

The reagents used for sample preparation were either obtained commercially or synthesised at Curtin

University. Details on the chemical suppliers, purity, and synthesis method of each system are described

below:

e MgH, and MgF, (Sigma-Aldrich, > 99.99 %).

e MgH; powder (95 wt% purity from Rietveld refinement) was first synthesised by annealing Mg powder
(Aldrich, > 99 %) at 400 °C under 30 bar hydrogen pressure for 18 hours. The partially hydrogenated Mg
was then ball-milled (BM) for 3 hours with a ball-to-powder mass ratio of 10:1 in a Shaker Mill (Turbula
T2C shaker-mixer) and annealed once again under identical conditions (400 °C, 30 bar Hy, 18 h).

e NaH (95%, Sigma-Aldrich) and NaF (99.99%, Sigma-Aldrich).

For chapters 3 and 4, MgH, and MgF, were used as reagent materials. In the case of chapter 5, the reagent

materials used were NaH and MgF..
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2.1.2. Planetary Ball Milling

Ball milling or mechanochemical milling is a technique that allows the synthesis of materials without the use
of solvents or additional heat. Canisters (typically stainless steel) are filled with reagents and balls (typically
stainless steel), then the machine, through centrifugal forces (circular movements), provokes friction
between the powder and balls, stressing the powders. This allows the powders to react chemically forming
new compounds and also to form solid solutions [1] or in other cases there is no reaction and the powder is
just ground into smaller particles and/or mixed homogeneously. In this thesis, mechanochemical synthesis
of materials was achieved by mixing the starting materials in a PQ-NO4 planetary ball mill (Across
International). Ball milling times were 3, 10, or 40 hours in a 316 stainless-steel canister sealed in an argon
atmosphere with 316 stainless-steel balls 8 mm and 6 mm in diameter. Rotational settings could be set to
either uni-directional or bi-directional. Materials synthesized in this thesis used the following methods:
Chapter 3 and 4: The materials used in these chapters were MgH, and MgF,. MgH, and MgF, powders. The
samples were ball milled unidirectionally for 10 hours, the machine was operated at 33 Hz, 450 rpm and the
ball to powder ratio (BTP) was 50:1. Between 1 and 2 grams of material were typically ball milled in each 50
mL canister.

Chapter 5: Samples powders of NaH and MgF, were ball milled for 3 hours in bi-directional mode with fifteen-
minute intervals (5 minutes’ pause, zero delays between directions) and were operated at 33 Hz (450 rpm

with a BTP ratio of 30:1) with 1 g of material in each 50 mL canister.

2.2 X-ray Diffraction
This is a non-destructive analytical technique that reveals information about the crystal structure, chemical

composition, and physical properties of materials and allows phase identification of unknown samples.

The data collected by powder X-ray Diffraction (XRD) can be illustrated as Bragg peaks (reflections) that have
a particular intensity at specific angles (28) and are characteristic for every individual material. In other
words, the XRD pattern for each crystalline material is unique, and therefore the position and the intensity
of the reflections can be used to identify unknown crystalline samples. As a consequence, identification of
phases can be achieved by comparing the XRD pattern with the patterns from a reference database. In
practice, peaks were initially identified using Diffract EVA® which uses the database from the International
Centre for Diffraction Data (ICDD) (PDF4+® 2016 and 2018 edition) by comparing the measured diffraction
peaks with the diffraction pattern in the database. The position of the diffraction peaks directly depends on

the atomic structure of a compound and the wavelength of X-rays used [2].
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The scattering of X-rays by atoms results in constructive interference at specific angles depending on the
arrangement of atoms in the sample. Bragg’s Law (Equation 2.1) describes the reflections of the atomic

planes of the crystal lattice from the diffraction and interference of X-rays.

2d sin@ =ni (2.1)

where d = interplanar spacing hkl/ (hkl = miller indices), 26 = angle between the incident (A and A’) and
reflected (C and C’) beam, n = an integer (normally n = 1) and A = wavelength of the incident X-ray beam.

Figure 2.1 shows a graphical representation of Bragg’s Law.

Incident x-rays Diffracted x-rays
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A ! @ /
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Figure 2.1. X-ray diffraction as described by Bragg’s Law [3].

2.2.1 Exsitu X-Ray Diffraction (XRD)
Most of the samples and starting materials were initially investigated by lab based (ex situ) powder XRD to

undertake quantitative phase analysis, identify reaction products, estimate the crystallinity of the samples
and test purity of reagents. These measurements were performed using a Bruker® D8 Advance
diffractometer (Curtin University, Australia) using Cu-Kau. radiation (A = 1.5418 A) equipped with a LynxEye
detector. The diffractometer was configured in Bragg-Brentano geometry with a primary and secondary
goniometer circle radius at 250 mm. The 26 angular range of the LynxEye detector window size was 3 mm
with a fixed divergence slit of 0.3°. The tube focal length was 12 mm that scans a 25 mm diameter of
irradiated sample. The receiving slit length was 17 mm with primary and secondary Soller slit angles of 2.5°.
Acquisition of data was subsequently restricted to 26 =20 — 80° (28), with a A26 =0.02° and 2 s/step scanning
rate with a sample rotation of 60 rpm and a total collection time of 60 minutes. The sample holders were
made of polymethyl methacrylate (PMMA) and were sealed to prevent any oxygen/moisture contamination
during data collection. The PMMA resulted in a broad hump in XRD patterns centred at 260~ 20°. Diffraction

patterns were quantitatively analysed using the Rietveld method with TOPAS software (Bruker-AXS).
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2.2.2 Insitu synchrotron X-ray Diffraction (SR-XRD)

In situ synchrotron powder X-ray diffraction (SR-XRD) was performed at the Australian Synchrotron in
Melbourne, Australia[4][4][4][75] [3, 4, 6]. Synchrotron X-ray diffraction is used to determine and quantify
phase analysis of samples. SR-XRD data can be collected in 'real’ time allowing the possibility to observe and
measure chemical processes at high temperatures as a function of time. Indeed, it can be used for fast and
high-resolution data collection on small amounts of powder samples, surfaces, or thin sections. Some
samples could suffer a phase change before the hydrogen desorption reaction occurs, resulting in valuable
information. Furthermore, these phase change events can cause difficulties when using ex situ XRD due to
phase segregation and inconsistent reaction products.

In preparation for SR-XRD, powders were densely packed into borosilicate capillaries (outer diameter 0.5 or
0.7 mm, wall thickness 0.01 mm (Charles Supper Company, Massachusetts, USA) with polyamide/graphite
ferrules (Chromalytic Technology, Victoria, Australia) and connected to a gas manifold without exposure to
air. The samples were kept under dynamic vacuum and heated with a hot air blower (Cyberstar, France) at a
rate of 5 °C min'l. One-dimensional SR-XRD patterns (monochromatic X-rays) were collected using a Mythen
microstrip detector with an exposure time of 57 s. The capillary was oscillated 120° during exposure to
improve powder averaging. The wavelength for each experiment undertaken in this thesis will be provided
in the respective chapter. An initial heat ramp was performed on a temperature standard (sodium
chloride/silver). To calibrate the actual temperature at each frame, the change in lattice parameter was
measured in correlation to the temperature (thermal expansion) recorded from SR-XRD data [5]. The
temperature was recorded in 40 second intervals using a script command that was manually matched with
each SR-XRD scan frame (using the recorded time stamps). Diffraction patterns were quantitatively analysed

using the Rietveld method with TOPAS software (Bruker-AXS).

2.3 Thermal Analysis
In this thesis three thermal analysis techniques were used, Differential Scanning Calorimetry — Thermal
Gravimetric Analysis and Temperature Program Desorption Mass Spectrometry each of which are described

below.

Differential Scanning Calorimetry (DSC) is a thermal analysis technique used to investigate the
thermodynamic properties of a material such as specific heat and enthalpy by measuring the heat flow to
the sample material as a function of temperature [6].

Temperature variation in DSC is controlled by a computer and is typically linear. In this way, the specific heat
as a function of temperature can be determined. Furthermore, the enthalpies of reactions and phase changes

can be determined from the measurement.
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In the context of hydrogen storage, DSC is primarily used to measure the desorption of hydrogen as the DSC
equipment is not typically designed to handle the high pressures required for hydrogen absorption. The
advantage of this technique is that other thermal events such as melting or crystal structure changes may be
observed. A significant limitation for testing hydrogen storage using DSC is that there is no way to determine
the amount of hydrogen desorbed by a sample, only the total enthalpy of a given reaction.

As with DSC measurements, the sample (solid or liquid) is weighed on a small crucible/sample pan. Typical
sample pans are made of graphite, aluminium, alumina, silica, platinum, stainless steel, or inconel. The
sample pan is selected based on material compatibility with the sample and products. Sample size (~ 10 mg)
should be kept to a minimum, but large enough to observe the necessary heat flows.

Thermal Gravimetric Analysis (TGA) instruments typically operate under vacuum or low-pressure flowing

gas conditions. Mass loss (or gain) from a sample is then measured as a function of temperature. It is a
gravimetric method, but it is necessary to point out a distinction, most gravimetric instruments generally
operate under isothermal conditions with a controlled overpressure of gas. TGA is a thermal analysis
technique often used in conjunction with DSC to determine the hydrogen storage properties of a sample. For
the measurements conducted in this thesis, DSC-TGA were measured simultaneously on the same
instrument. TGA is now traditionally used for the quantitative investigation of decomposition reactions.
Samples are measured by placing the sample in an environment that is heated or cooled at a controlled rate
and monitoring the weight change. The equipment necessary to perform TGA consists of an accurate balance,
a programmable furnace, a reaction chamber and a data collection system. As the temperature inside the
furnace and reaction chamber changes, the balance measures the variation in weight due to various chemical
reactions including dehydrogenation. The microbalance used in a TGA is extremely accurate (+/- 20 pg). For
this reason, TGA is one of the best methods to determine hydrogen capacity in a material and can be
measured from room temperature up to 1200 °C. A means to reduce the temperature gradients present
within the sample is to impose slower heating rates (typical heating rates rarely exceed 10 K/min).

In this thesis, the TGA experiments were performed under an inert carrier gas, Argon (99.997% purity). The
flow rates and type of gas will affect the apparent mass change. Consequently, buoyancy calibration needs
to be conducted with an empty pan for a given gas composition, heating rate, and purge/sweep gas flow
rate. Buoyancy calibrations need to be performed on a regular basis, ideally every time a sample is
performed. The corrected mass change is constructed by subtracting the apparent mass change as a function
of temperature from the sample under study. The experimentally corrected mass loss should be confirmed

and be in good agreement with the calculated mass loss from the reaction stoichiometry.

Temperature-Programmed Desorption Mass Spectrometry (TPD-MS) is a technique that allows the

detection of any gaseous species released from a material as a function of time and temperature. The sample
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is kept under dynamic vacuum for the duration of the measurement. As the temperature increases, the
material releases gas which is detected using a quadruple mass spectrometer (MS). The mass spectrometer
is set to detect selected gases with different atomic mass, e.g. hydrogen, water, methane, etc., that are
desorbed in each temperature range.

TPD measurements can be used to determine the kinetics and thermodynamic properties of a material, such
as the onset temperature Tonset Which is the temperature at which hydrogen desorption is first detected, and
Tmax Which is the temperature at which the hydrogen desorption rate reaches its maximum. From these
parameters, it is possible to quantitatively compare the hydrogen desorption kinetics between samples.
Quantitative analysis requires accurate calibration of the MS against known flow rates. It is also important to
understand that TPD or any dynamic type of measurement provides results that are a convolution of both
thermodynamic and kinetic properties of the hydrogen storage material. The sorption profile reveals indirect
information about the number of various desorption events. Furthermore, the peak shape can be used to
determine the order of the desorption reaction.

Typically, the sample is loaded into a temperature-programmed heater contained in a vacuum chamber, as
the temperature increase the gases start to be released and are evacuated through the vacuum line. A MS is
connected to the evacuation line and analyses the relative composition of the desorbed gases and quantifies
the amount of hydrogen desorbed by the sample. TPD systems can distinguish between hydrogen and other

constituents in the gas stream.

The HSRG collaborates with Prof. Kondo-Francois Aguey-Zinsou at the University of New South Wales,
Australia (UNSW). The collaboration allows for measurement of samples using simultaneous DSC, TGA and
MS (DSC-TGA-MS, Mettler Toledo TGA/DSC 1 coupled with an Omnistar MS (m/e = 2 — 100)) inside an inert
atmosphere Glovebox (argon gas). These measurements are included in Chapters 3 and 5 and were
conducted using sample masses of ~ 10 mg at a heating rate of 10 °C/min up to 850 °C under an argon flow

of 20 mL/min.

2.4 Sorption Analysis

2.4.1 The Sieverts’ Method

The volumetric method of hydrogen storage measurement, also known as the manometric method, or the
Sievert’s method in honour of the German chemist of the same name [7], uses temperature-pressure-volume
correlations to determine the hydrogen capacity and thermodynamic properties of a material. At Curtin

University the HSRG have rigs as represented by the following image (Fig 2.2).
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Figure 2.2. Schematic of the Sievert’s apparatus rig at Curtin University [8]. V1,Va, V3, V4, Vsand Vi are valves : V. reference

volume: Vs, ambient sample volume : Vs,qa: non-ambient sample volume, Sample Volume: Vs and calibration volume:V ,,.

The apparatus consists of a gas reservoir connected to a reactor (sample holder). The reference volume
(reservoir) is calibrated and filled with a gas at a measured pressure. Because the volumetric method
measures the number of moles of gas absorbed or desorbed during a reaction indirectly through
temperature-pressure-volume correlations, the volumes of the reservoirs and sample holder (system) must
be known in advance, therefore all the volumes are calibrated before an experiment. Once the reference
volume is opened to the reactor side, the gas that is absorbed by the sample placed inside the reactor is
calculated due to the pressure changes in the system, which allow for the calculation of the number of moles
of gas in the system [7]. The thermocouple should always be positioned within close contact to the sample
to measure an accurate value. The system volumes are carefully pre-calibrated, and the reservoir and sample
holder are maintained at constant temperature (but not necessarily equal). By fixing volume and sample
temperature, reservoir and sample holder pressures can be measured using pressure transducers to provide
the number of moles of gas.

The ideal gas law is altered by a compressibility hydrogen factor (Z) to be used to calculate the pressure
change [9]. (Equation 2.2).

PV
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Where n is the number of moles of gas, P is the pressure of the gas in a specific volume (Pa), Vis the volume
that the gas occupies (m3), T is the temperature of the gas in Kelvin, R is the universal gas constant (8.3145
J-K'tmol?) and Z is the compressibility factor.

The quantity of moles desorbed or absorbed during a step i is determined from the following equation

(Equation 2.3):

i . .
i _ Pref-Vrer Psa.Vsa PénaVna
Nsor = 51 pqi ZL RTE 7L RTL
ref ref sa sa sna sna

(2.3)

Where n's,, is the number of moles of gas desorbed or absorbed during each step, i, the subscript ref means
reference, sa means sample ambient and sna means sample non-ambient.

The volume of the sample cell is measured empty and then the density and mass of the sample are used to
calculate the sample volume and subtract that from the volume of the sample cell once this is heated (hot
volume).

In Figure 2.2 the rig used for the measurements conducted in this thesis is represented. The rig consists of a
reference volume (green frame), a digital pressure gauge (Rosemount 3051S) with a precision and accuracy
of 14 mbar and a sample volume (black frame). . The valves V5, V3, Vs and Vs (green frame) of the rig comprise
the reference volume V.. The sample volume has 2 parts: one at ambient temperature named ambient
sample volume Vs, (red frame) and the other part is the non-ambient sample volume Vi,,, the reactor which
contains the sample, which is heated by a furnace (blue frame). To measure, control and collect the
temperature, a K type thermocouple is attached as close as possible to the reactor. The temperatures at Vs,

and Vs are measured by two 4 wire platinum resistance temperature detectors (RTD).

2.4.2 Pressure Composition Temperature Isotherms

Pressure-composition-temperature measurements (PCTs) together with Thermal Gravimetric Analysis (TGA)
are one of the most used hydrogen storage measurement types (composition in this context is synonymous
with the concentration of hydrogen in a sample) and allows the determination of thermodynamic properties
of hydrogen absorption and desorption. A PCT measurement is a collection of data points that represents
the pressure, concentration and temperature of a sample in thermodynamic equilibrium with its hydrogen
atmosphere and relates the influence of the thermodynamic variables on concentration [7]. PCTs are also
known as PCl (Pressure-Composition Isotherms) because they are taken at isothermal conditions, in order to
minimize the number of free variables and to allow the relationship between concentration and pressure

because it will be represented in a two-dimensional graphic named a van't Hoff plot.
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For the PCT technique, the reactor which contains the sample, is positioned inside the furnace together with
the thermocouple. Once the furnace is at the correct temperature it is maintained isothermal. The pressure
gauge measures the pressure developed to measure any gas sorption. It is a step-by-step method for
establishing the thermodynamic pressure conditions at a constant temperature of a sorption reaction [7]. If
the sample releases hydrogen (desorb) the gas pressure should increase and when hydrogen absorption
occurs the system pressure should decrease.

In the case of desorption measurements, the measurement starts at an overpressure to prevent premature
hydrogen release. Once the sample is heated up and reaches isothermal temperature conditions, valve Vs is
opened and then the change in gas pressure is measured. After a pre-set time step that takes into account
the sorption behaviour, Vs is closed by a pre-set pressure step and then the pressure in the reference volume
is decreased. While waiting for the pressure to reach equilibrium, Vs is opened again to measure the pressure
change. This process is repeated until the pressure drops below the equilibrium pressure, moment in which
the metal hydride (sample) releases hydrogen. Since the step size of time and the pressure step rise have
been properly established, this means that it is necessary to wait long enough so that kinetics are not a
limiting factor, in other words achieving true equilibrium pressures is what removes any kinetics effects from
the pressure measurements. The effect of temperature on hydrogen storage properties can be determined
by comparing PCT isotherms at various temperatures. Because PCTs represent a sample in equilibrium, they
can also be used to determine the thermodynamic properties of a hydrogen storage material by conducting
various PCT measurements at different isothermal conditions, after which a van't Hoff plot can be created
and, ultimately, determine reaction enthalpies and entropies. From eq. 2.4 and 2.5 (van't Hoff equation) the

enthalpy AHreqction and entropy ASreqction Of the chemical reaction can be computed [10].

ASreaction(P'T)

Pﬂ _ AHyeqction(P.T) .
ln( P, ) = T + X Desorption (2.4)
In (Pﬁ) — AHyeqction(P.T) _ ASreaction(P,T) Absorption (25)
Py RT R

where Po=1 bar

To achieve accurate results, it is important to collect enough data points in each PCT isotherm, which will
allow the construction of precise van't Hoff plots. Moreover, it is also necessary to identify plateau pressures
and distinguish phase transitions. The van't Hoff plot shows the relationship between pressure and

temperature and is often used as a simple way to compare the stability of hydrides.
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2.4.2.1 Full Isotherm van‘t Hoff Measurements

As it was mentioned before (2.4.2), the classical method for determining the thermodynamics of hydride
formation and decomposition is to make a series of PCT isotherm measurements at different temperatures
(e.g. fig. 2.3). Then by plotting the natural log of the plateau pressures vs. 1/sample temperature to create a
van‘t Hoff diagram (e.g. Fig. 2.4). A good example of this method is exemplified Sheppard et al., who
measured the PCT curves for sodium magnesium hydride and by using the measured equilibrium pressures

and temperatures constructed a van't Hoff plot [11].
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Figure 2.3. Hydrogen desorption pressure composition isotherms (PCT) for NaMgHs performed at temperatures between 398 and
439 °C[11].
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Figure 2.4. Van’t Hoff diagram of hydrogen desorption equilibrium pressures and linear fit to the data [11, 12]. The data points plotted
come from the centre point of the plateaus from Fig 2.3.

From the graph of figure 2.4 AH and AS can be determined by:
-AH/R = slope and AS/R = intercept of linear fit
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Where R is the gas constant = 8.314 kJ/(mol H,); AH =-(1.27-0.38)/(1.405-1.49) x 8.314 = 86.6 kl/(mol H,) and
AS=15.9x8.314 =132.2 kJ/(mol H,).

There are two factors that need to be taken into account when these measurements are carried out, one is
the permeability of hydrogen through the stainless-steel walls of the reactor. At temperatures above 400 °C
corrections in the weight percent of hydrogen release are required according to the permeability @ of the
reactor since a quantity of hydrogen may diffuse during the measurement. This problem is exacerbated as a

function of temperature. The number of moles lost at each step can be calculated [13] as in (equation 2.6):

—H
n(HZ)I&Jeactorcalc. — (ﬁ) L@, - e( ‘p/R-T) f% ‘s (2.6)
t Jeff

Where n(H,) ¢ ™°r2 = calculated moles of hydrogen that has permeated through the stainless steel reactor
(mol of Hy), SA is the internal surface area of stainless steel exposed to gaseous hydrogen (m?), s is the
measurement duration (s), ¢ois the temperature dependent permeability of hydrogen (mol H,-m?*-s*-MPa

172) t is the thickness of stainless steel (m), f is the fugacity of hydrogen (MPa), Hy is the permeability
activation energy (kJ-mol?), (%)eff is a variable dependent on the geometry of the reactor. Due to the form
of the reactor, it can be complicated to calculate this value, although this can be done experimentally by

measuring the pressure drop of an empty reactor over a long period of time (Eq. 2.7):

SCR.
(ﬁ) — n(HZ)lcb (27)
t Jeff (P'fE'S

The other factor is the solubility of hydrogen in the stainless steel. H; is absorbed into the reactor walls at

each pressure and when the pressure is reduced part of the hydrogen is released through the walls and needs

to be corrected for using the following equations, 2.8 and 2.9 [13].

C,=K-f/? (2.8)

(2.9)
Where C; is the equilibrium concentration of hydrogen dissolved in the metal lattice (mol. m™), depending

on the operating temperature and pressure (or fugacity), K is the solubility, which is independent of pressure,

but dependent on temperature (mol H;:m=-MPa/2), K is the standard state solubility coefficient (mol Hy:m
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3.MPa*2) and AH = enthalpy of formation of H-atoms bound in the metal (kJ-mol™). To calculate the moles

of H, released at each step due to the solubility from the reactor equation 2.10 is used:

n(H,)3R = leinal . VSCR _ Clbeginning . yreactor (2.10)

Unfortunately, the absolute interpretation of PCT data must be kept in perspective because it is difficult to
make true equilibrium measurements due to long measurement times and permeation of hydrogen through
stainless steel [14]. This is because as the pressure approaches true equilibrium, the driving force (or
potential) becomes diminishingly small and therefore, kinetics become increasingly slower. In other words,
it would take an infinitely long time to reach equilibrium. This is the reason why it is necessary to program
these measurements with long step sizes, such as 3 hr or more.

A vital parameter for a hydrogen storage material is reversibility. The reversibility is the capacity of the
hydrogen to be absorbed and desorbed from the sample several times. This capacity can be measured by
cycling the sample in a Sieverts device. There are multiple ways to cycle the material, most commonly, by
either cycling the pressure or by cycling the temperature. In this thesis the latter was used [15]. During this
study the sample was cycled between two temperatures and then repeated several times, the lower
temperature is the minimum operating temperature at the hydrogen equilibrium pressure of the material,
and the maximum temperature is normally some tens degrees higher than the minimum operating
temperature. With the increment in temperature, hydrogen starts to de desorbed from the sample until the
maximum temperature is reached as long as the equilibrium pressure corresponding to the high temperature
level is not reached. Once fully dehydrogenation is achieved the temperature is decreased and the sample
starts to absorb the hydrogen that was released previously. The repetition of this process through the stages
of hydrogen absorption and desorption several times is called cycling.

All hydrogen sorption measurements were performed by using computer-controlled Sieverts/volumetric
apparatus. The digital pressure transducer (Rosemount 3051S) had a precision and accuracy of 14 mbar,
whilst room temperature measurements were recorded using a 4-wire platinum resistance temperature
detector (RTD). PCT measurements were monitored by a K-type thermocouple (+ 1.5 °C). PCT curves were
performed for: Chapter 3 at 437, 444, 450, and 461 °C. In addition, hydrogen absorption PCT measurements
were carried out at ~ 448.5 °C on the same apparatus. Hydrogen sorption cycles were conducted by heating
a sample of Mg(Ho.ssFo.15)2 at 4 °C/min from room temperature to 425 °C followed by a 6 h isothermal period.
The temperature was then ramped at 2 °C/min to 480 °C followed by another 6 h isothermal step; it is during
this stage the first decomposition begins. The temperature was then cycled between 425 °C (hydrogen
absorption) and 480 °C (hydrogen desorption) 6 times under a closed gas system pressure varying between

30 to 42 bar.
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For Chapter 5: PCT isotherm curves were measured at 514, 533, 543, and 554 °C. Hydrogen PCT sorption
cycles (pressure cycling) were conducted by heating a dehydrogenated sample from room temperature to
isothermal temperature with a heating ramp of 4 °C/min and kept isothermal during the entire measurement.
The pressure was changed in = 3 bar steps every 3 h from 17 to 0.2 bar during the desorption phase and

doing the opposite in the absorption stage. The sample was cycled 4 times.

2.5 Inelastic neutron scattering (INS)

Inelastic neutron scattering (INS) is a potent method for studying the vibrational properties of materials and
provides information on bonding and other properties [16]. INS is a spectroscopy method based on the
energy analysis of neutrons after they have been scattered by a sample. A perceived energy exchange can be
related to physical interaction of the respective atoms with their surroundings. An energy transfers of some
millielectronvolts (meVs) typically arises from the vibrations of the atoms. Hence, the INS spectrum provides
a density of phonon states weighted by the amplitude of movement and the incoherent neutron cross
section. Since the incoherent scattering cross section of hydrogen is much larger than that of all other
elements, INS is especially sensitive to hydrogen-based vibrations. The method is used extensively in
condensed matter physics and solid-state chemistry, because the vibrational properties of matter define
various physical properties, such as heat capacity [17]. INS can be used to classify chemical bonds both in the
bulk and at the surface. The technique takes advantage of the slightly different behaviour between bound
and free atoms during the scattering process and uses the discrepancy in energy and momentum transfer to
calculate the vibrational states of the system. The advantage of INS is its independence from optical selection
rules [18]. In addition, the advantage of INS compared to the related Raman scattering (i.e., inelastic photon
scattering) and infrared spectroscopies (IR absorption and reflectivity) is its independence on optical
selection rules. Moreover, phonons (lattice vibrations) in metals cannot readily be detected by IR techniques,
and Raman scattering from metals is weak due to the screening of electromagnetic radiation by quasi-free
electrons [19]. In contrast, neutrons do not interact with electrons and sample the entire Brillouin zone
(different k-vector and momentum transfer), while Raman and IR are restricted to the zone centre (I-point),
therefore, with INS one can exclusively obtain the full vibrational spectra of many metal hydrides [20, 21].
Inelastic neutron scattering (INS) data were collected using the Pelican cold-neutron time of-flight
spectrometer located at the OPAL reactor Lucas Heights, Australia. This technique was applied in Chapter 5,
samples were placed in a rectangular, flat plate, with aluminium sample cans. The sample cans were placed
at an angle of 45° to the beam in a vacuum chamber at room temperature. The instrument was aligned for
neutrons with a wavelength of 4.69 A with a resolution at the elastic line of 135 peV. Vanadium was used as

the standard (having the same geometry as the sample can).
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3. Thermodynamics and performance of the Mg-H-F system for

thermochemical energy storage applications

M.S. Tortoza, T.D. Humphries, D.A. Sheppard, M. Paskevicius, M.R. Rowles, M.V. Sofianos, K-F. Aguey-Zinsou,
C.E. Buckley Thermodynamics and performance of the Mg-H-F system for thermochemical energy storage

applications. Physical Chemistry Chemical Physics. 20 (2018) 2274 - 83. https://doi.org/10.1039/C7CP07433F

This chapter consists of a published article which describes the synthesis and thermal analysis of Mg(HxF1«)2
and its interaction with hydrogen. This material has been explored as a potential high temperature metal
hydride. The fluorine substitution stabilises the MgH,and improves the hydrogen absorption and desorption
properties. This hydride can release and uptake hydrogen, improving kinetics and reversibility with little to
no hysteresis. The thermodynamic analysis has been undertaken and the enthalpy and entropy determined
for a range of compositions. Furthermore, hydrogen sorption cycling was measured and analysed for
Mg(Ho.ssFo.15)2.

Hence the motivation for testing this hydride is the potential for improvement in kinetics and thermal

stabilisation as well as reversibility which means that it may potentially act as a HTMH.
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Abstract

Magnesium hydride (MgH,) is a hydrogen storage material that operates at temperatures above 300 °C.
Unfortunately, magnesium sintering occurs above 420 °C, inhibiting its application as a thermal energy
storage material. In this study, the substitution of fluorine for hydrogen in MgH; to form a range of
Mg(HxF1-)2 (x = 1, 0.95, 0.85, 0.70, 0.50, 0) composites has been utilised to thermodynamically stabilise the
material, so it can be used as a thermochemical energy storage material that can replace molten salts in
concentrating solar thermal plants. These materials have been studied by in situ synchrotron X-ray
diffraction, differential scanning calorimetry, thermogravimetric analysis, temperature-programmed-
desorption mass spectrometry and Pressure-Composition-Isothermal (PCl) analysis. Thermal analysis has
determined that the thermal stability of Mg—-H-F solid solutions increases proportionally with fluorine
content, with Mg(HossFo.15)2 having a maximum rate of H; desorption at 434 °C, with a practical hydrogen
capacity of 4.6 £ 0.19 H, wt% (theoretical 5.4 wt% H3). An extremely stable Mg(Ho.43F0.57)2 phase is formed
upon the decomposition of each Mg-H-F composition of which the remaining H; is not released until above
505 °C. PCI measurements of Mg(HossFo.15)2 have determined the enthalpy (AHqes) to be 73.6 £ 0.2 kJ/mol H,
and entropy (ASges) to be 131.2 + 0.2 J/K/mol H,, which is slightly lower than MgH, with AHges of 74.06 klJ/mol
H, and ASges = 133.4 J/K/mol H,. Cycling studies of Mg(HossFo.15)> over six absorption/desorption cycles
between 425 and 480 °C show an increased usable cycling temperature of ~80 °C compared to bulk MgH,,

increasing the thermal operating temperatures for technological applications.

3.1. Introduction

Metal hydrides have been identified as next generation storage materials for multiple applications including
hydrogen and thermal energy storage as well as solid state electrolytes [1-5]. Magnesium hydride was first
identified as a hydrogen storage material in the early 1950s with one of the first thermal decomposition
studies published in 1960 [6, 7]. Due to its high gravimetric hydrogen content (7.6 wt% H,), its high volumetric
storage density of 111 kg m= H,, and the relatively low cost of magnesium, this material, and many other
magnesium based metal hydrides have been identified has having potential for a variety of technologies [8-
12]. To date, MgH, has been targeted as a stationary hydrogen storage material and thermochemical energy
storage (TES) material due to its relatively high thermal stability. Upon thermal treatment at 330°C, MgH:
decomposes into Mg and H, with AHges = 74.06 kl.mol™ H, and ASges = 133.4 J. K'.mol ™ H; [13].

The implementation of MgH; as a TES material was discussed as early as 1987 and since this time, a number
of MgH»-based hydrogen storage tanks have been developed and prototype systems manufactured [14-20].
One of the most promising applications for MgH, is as a TES material in concentrating solar (CSP) plants [5,
19]. The current operating temperature for a conventional CSP power plant with TES is approximately 565 °C

[21], while for next-generation CSP plants, operating temperatures between 600 °C to 800 °C are proposed
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[5, 22, 23]. Although the thermal properties of MgH, confirm that it is a good candidate as a high-temperature
metal hydride (HTMH) coupled with a low-cost metal hydride pair for energy storage, the typical operating
temperature (~400 °C) is not high enough to meet the targets set by industry. In addition, other contributing
factors inhibit the use of pure MgH, as TES material due to poor cycling stability above 400 °C with a
significant reduction in the H, storage capacity over tens to hundreds of absorption/desorption cycles due to
sintering of the Mg particles [24]. Furthermore, the high H, equilibrium pressure of MgH, at 550°C, ~210 bar,
makes its use impractical from an engineering perspective [13].

The focus of the current study is to enhance the cyclic stability and to decrease the H, equilibrium pressure
of MgH, by forming a solid solution between MgH, and MgF,. Sheppard et al. recently reported that one
method to increase the operating temperature of a metal hydride (MH) is to partially replace hydrogen by
fluorine, as this thermodynamically stabilises the corresponding solid-solution metal hydride-fluoride [25-
27]. As such, many materials that operate below the target temperature of ~500 °C may become feasible for
higher temperature applications. Furthermore, the addition of fluorine can reduce the cost of a TES system
and improve metal hydride reversibility, which is a key factor given the typical 30-year lifetime of a CSP plant
[26, 28].

To increase the operating temperature of the Mg-H system, fluorine substitution to form Mg(HxF:)2 solid
solutions have been studied herein. Previous studies on mixtures of MgH, + xMF, (M = Mg, Zr, Ti, Fe, Ta, Ni,
Nb; x =5 -7 mol%,; y = 2 - 5) have concentrated on improving the kinetics of MgH, for operation at lower
temperatures [29-34]. The kinetics of decomposition were determined to be considerably faster than pure
MgH, with full H, release within 600 s [29], with negligible loss in H, cycling capacity at 310 °C. The reason
for the improved kinetics has been explored by a variety of techniques including X-ray photoemission
spectroscopy (XPS) and powder X-ray diffraction (XRD) [32, 33], although there are mixed reports on whether
the transition metal or MgF, species formed is responsible for the enhanced performance [29, 32, 33].
Recently a preliminary study has shown that MgH, and MgF,forms solid solutions with Mg(Ho.oFo.1)2 reversibly
absorbing 5.5 wt % H; in less than 3 min at 440 °C [35]. Thermal analysis by differential scanning calorimetry
(DSC) indicates that AHges for Mg(HosFo.1)2 is close to that of MgH, (74.0 ki.mol™ H,) [13], and decreases with
decreasing H content. However, without the determination of AS..s the stability of the material can’t be truly
assessed. Previous studies have shown that incremental substitution of F causes a decrease in AHges although
a concomitant decrease in ASqs causes an overall stabilisation of the material [26]. Further analysis of this
system by pressure-composition-isotherm (PCl) analysis is required to precisely determine the
decomposition pathway and the associated thermodynamics. These properties are required to assess the
viability of Mg(HxF:—)2 as a TES material, especially at temperatures > 400 °C.

In this study, MgH, has been ball-milled with MgF, followed by annealing to successfully form solid solutions

of Mg(HyF1-x)2 (x=1, 0.95, 0.85, 0.70, 0.50, 0) to determine differences in their structural and thermodynamic
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properties. Time resolved synchrotron radiation powder X-ray diffraction (SR-XRD) studies have been carried
out on a range of Mg(HxF:-«)2 compositions to ascertain the differences in thermal decomposition pathways
of these compounds. The thermodynamic and kinetic properties of these solid solutions have been
determined by PCl analysis using the van’t Hoff method, differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), temperature-programmed-desorption mass spectrometry (TPD-MS).
Cycling studies have also been carried out to determine the feasibility of the Mg-H-F system for CSP

application.

3.2.  Experimental

All manipulations of chemicals were undertaken in an argon atmosphere using an Mbraun Unilab glovebox
to prevent air exposure and to minimise oxygen (O, < 1 ppm) and water (H,O < 1 ppm) contamination.
Mg(HxF1-)2 (x = 1, 0.95, 0.85, 0.70, 0.50, 0) samples were prepared by ball milling (BM) various ratios (Table
3.1) of MgH, and MgF; (Sigma-Aldrich, >99.99 %) at room temperature. MgH, powder (95 wt% purity from
Rietveld refinement) was first synthesised by annealing Mg powder (Aldrich, >99 %) at 400 °C under 30 bar
hydrogen pressure for 18 hours. The partially hydrogenated Mg was then BM for 3 hours with a ball-to-
powder mass ratio of 10:1 in a Shaker Mill (Turbula T2C shaker-mixer) and annealed once again under
identical conditions (400 °C, 30 bar H;, 18 h). BM of MgH, and MgF, was undertaken at 400 rpm for 10 hours
(labelled S) or 40 hours (labelled L) in an Across International Planetary Ball Mill (PQ-N04) with a ball-to-
powder mass ratio of 50:1 using stainless steel vials and balls (6 and 8 mm in diameter) under an Ar
atmosphere. After milling, samples were annealed under a hydrogen atmosphere of 60 bar at 450 °C for a
period of 90 hours to form uniform solid solutions. Annealing samples under H, prevents hydrogen release
from the material [26].

Before and after annealing the Mg(HsFi-x)> powders, quantitative phase analysis was undertaken by
conducting ex-situ XRD analysis on each sample. The powders were mixed with ~10 wt% Si (-325 mesh,
Aldrich) as an internal standard (a = 5.42960(4) A), used to extract reliable lattice parameters for the solid
solutions. Ex-situ XRD was performed using a Bruker D8 Advance diffractometer (Cu-Kqz.> radiation, A=
1.5418 A) with flat-plate sample holders sealed by a polymethylmethacrylate (PMMA) dome in order to
prevent oxygen/moisture contamination during data collection. The PMMA dome resulted in a broad hump
in XRD patterns centred at ~20° 2. Acquisition of data was subsequently restricted to 2¢ = 20 - 80°, with a
A29 =0.02° and 2 s/step scanning rate with a sample rotation rate of 60 rpm.

In-situ synchrotron radiation SR-XRD was performed at the Australian Synchrotron in Melbourne,
Australia.[36] Without exposure to air, the Mg(HxF:-x). powders (ball milled for 40 h) were loaded into
borosilicate or quartz capillaries (outer diameter 0.7 mm, wall thickness 0.01 mm) that were then, using

graphite ferrules, mounted in 1/16" tube fittings connected to a gas manifold. The samples were kept under
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dynamic vacuum while heated with a hot air blower up to 615 °C (Room Temperature (RT) = 200 °C at 10
°C/min, 200 - 615 °C at 5 °C/min). Mg(Ho.s0F0.50)2 Wwas measured with a temperature heating rate of 8 °C/min
from 150 to 785 °C. One-dimensional SR-XRD patterns (monochromatic X-rays with A = 1.000389(1),
0.826307(1) or 0.774541(1) A) were collected using a Mythen microstrip detector with an exposure time of
54 s per pattern. The capillaries were continuously oscillated through 120° during exposure to improve
powder averaging. Diffraction patterns were quantitatively analysed using the Rietveld refinement method
with TOPAS software (Bruker-AXS). The temperature of the hot-air blower was calibrated against the known
thermal expansion coefficients for NaCl and Ag [37, 38].

TGA and DSC in conjunction with MS (DSC-TGA-MS) analyses were conducted using sample masses of ~10
mg at a heating rate of 10 °C/min under an argon flow of 20 mL/min using a Mettler Toledo TGA/DSC 1
coupled with an Omnistar MS. Masses (m/e = 2 — 100) were monitored up to 550 °C, however the
Mg(Ho.soF0.50)2 Was measured up to 850 °C. The instrument was installed in an Ar filled glovebox to avoid air
contamination during sample handling. The temperature accuracy of this instrument is £0.2 °C, while the
balance has an accuracy of +20 ug.

All hydrogen absorption/desorption measurements were performed by using a computer controlled

Sieverts/volumetric apparatus previously described elsewhere [13]. The digital pressure.

Table 3.1. Structural properties of Mg(HyF1-x)2-L mixtures (P42/mnm) at room temperature. Estimated standard deviations (esd’s) of
lattice parameters and H occupancies in the 4f site are in parentheses

Sample Name MgH::MgF2 Lattice Parameter (A) H Unit cell Mg:FeHs Theoretical H: capacity
Molar ratio a c Occupancy volume impurity excluding Mg;FeHe
(target) (A3) (wt%) content (Wt%)

MgH:

Mg(Ho.ssFo.0s)2 0.95:0.05 4.52109(4) 3.02306(4) 0.919(9) 61.792(1)

Mg(Ho.ssFo.s)2

m
Mg(Ho.soFo.50)2
MgF, 0:1 4.62312(2) 3.05195(2) 0(0) 65.230(1) 0 —
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Figure 3.1. In-situ SR-XRD at room temperature of Mg(HxF1.x)> samples ball milled for 40 hours and annealed. * signifies Mg,FeHs, ®
signifies Fe and A signifies MgO. All other Bragg peaks are associated with the Mg(HyF1.)2 mixtures. A = 1.000389(1) A.

transducer (Rosemount 3051S) had a precision and accuracy of 14 mbar, whilst room temperature
measurements were recorded using a 4-wire platinum resistance temperature detector (RTD). Isothermal
PCl curves were performed at 437, 444, 450 and 461 °C and monitored by a K-type thermocouple (+ 4 °C).
Above ~420 °C, the permeation of hydrogen directly through the walls of the stainless steel sample cell
becomes an issue and the measured hydrogen content at each PCl data point has to be corrected for this
loss, as previously explained [27]. In addition, hydrogen absorption PCI measurements were carried out at
~450 °C on the same apparatus.

Hydrogen absorption/desorption cycles were conducted by heating a sample of Mg(HossFo.15)2 at 4 °C/min
from room temperature to 425 °C followed by a 6 h isothermal period. The temperature was then heated at
2 °C/min to 480 °C followed by another 6 h isothermal step; it is during this stage the first decomposition
begins. The temperature was then cycled between 425 °C (hydrogen absorption) and 480 °C (hydrogen

desorption) 6 times under a closed gas system pressure varying between 30 - 42 bar.
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3.3.  Results and Discussion

3.3.1. Structure and Composition.

The BM powders were analysed by ex-situ XRD before and after annealing to confirm that a Mg(H,F:-x)2 solid
solution was formed and that neither of the MgH, and MgF, starting materials were present (Fig. I.1). Due to
the fact that MgH; and MgF, both exist in a tetragonal rutile crystal structure (P42/mnm) [39, 40], the solid
solutions of Mg(HxF:-x)2 also possess identical structures, as predicted by Messer [41]. The annealing process,
while also enhancing the crystallinity of the samples, was necessary to allow the H and F atoms to substitute
in to the 4f sites and form a uniform solid solution (Table 3.1). Milling alone is not enough to facilitate the
formation of a uniform single phase, although extended milling time aids in attaining a uniform sample
composition. However, extended milling may lead to the introduction of iron impurities from the stainless-
steel canisters and balls, resulting in the formation of small amounts of Mg,FeHs being evident after
annealing (Fig. 3.1, Table 3.1) [42, 43]. Therefore, it is important to restrict long milling times in order to
reduce the quantity of impurities. After BM for 40 h the samples were analysed by XRD and it can be seen
that the samples exhibit broad diffraction peaks suggestive of a single tetragonal phase or an extended range
of Mg(HxF:-x)2 compositions (Fig. I.1), but annealing promotes crystallisation into single phase compositions
(Fig. 3.1). Quantitative phase analysis of each the mixtures identifies that Mg(Ho.s0F0.50)2-L contains the largest
quantity of MgzFeHs [42, 43] (Table 3.1) and it is deemed that the greater hardness of MgF, compared to
stainless-steel is responsible (MgF, has a hardness of 415 kg/mm? Knoop [44], whereas stainless steel has a
hardness of 166 kg/mm? Knoop) [45]. Therefore, increased MgF, content in the sample promotes erosion of
the stainless steel and, by consequence, incremental quantities of Mg,FeHs are observed. In addition, Fe
metal is observed in only the Mg(Hos0Fo50)2-L materials. Some MgO is observed in sample Mg(Ho.70F0.30)2-L
due to an inadvertent exposure of the sample to air during mounting of the capillary before XRD. MgO and
other impurities may also be formed due to reaction with the borosilicate or quartz capillaries. In this study,

no additional impurity phases were identified to form during the in situ heating experiment.
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Figure 3.2. Refined lattice parameters of Mg(HxF1-x)-L mixtures from room temperature in-situ SR-XRD. (a) Quadratic fit for lattice
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Fig. 3.1 illustrates the SR-XRD patterns for each of the L-solid solutions at room temperature. It is noted that
the peaks for Mg(HF:—x). move to lower angles (higher d-spacing) with increased F content. This is
emphasised in Fig. .2. This shift causes a concomitant increase in unit cell volume from 61.674(2) A3 for MgH.
to 65.230(1) A3 for MgF, (Table 3.1). This is expected due to the longer Mg-F bond distances of 1.9968 A [46]
in MgF, compared to the apical Mg-H distance of 1.94(2) A and the equatorial Mg-H distance of 1.97(2) A in
MgH, [47]. The lattice parameters for the Mg—H-F solid solution are illustrated in Fig. 3.2a and clearly show
that the a and c parameters increase with increasing fluorine content, with a having a dominant influence on
the unit cell expansion. Previous studies have used the lattice parameters to predict the H/F compositions of
the materials after hydrogen absorption/desorption cycles [26], while the unit cell volume can also be utilised
(Fig. 3.2b). The H occupancy factor may also be employed as a measure of substitution between H and F (Fig.
3.2b). Despite H having a negligible scattering factor, the X-ray cross section of F allows for appreciable
determination of the occupancy of the 4f site of which the F and H share.

To avoid Fe impurities the milling time of the samples were reduced to 10 h while maintaining the annealing

conditions (90 h at 450 °Cat 60 bar H;). These samples are labelled as Mg(HxF1-x)2-S. The annealed S samples
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were analysed by XRD and show no presence of Mg,FeHg although the shape of the Mg(H,F:-x)2 solid solution

Bragg peaks were asymmetric (Fig. 1.3).

3.3.2. Thermal analysis.

In-situ SR-XRD was carried out up to 615 °C on all sample compositions with Fig. 3.3a illustrating Mg(Ho.ssFo.15)2
and exemplifying the decomposition process (also see Fig. 1.4-1.6). As temperature increases, thermal
expansion causes the lattice parameters of Mg(Ho.ssFo.15)2 (and the minor Mg,FeHs phase) to expand (26
decreases) before both materials decompose simultaneously at an onset temperature of 433 °C with total
decomposition occurring by 440 °C. The decomposition observed in XRD data is also mirrored in the TGA-
DSC-MS data (Fig. 3.3b - d). The DSC data show a single endothermic event between 350 - 450 °C for all
hydrogen containing samples (Fig. 3.3b, Table 3.2). The onset temperature for the decomposition of pure
MgH>-S is ~394 °C with a maximum H; release at ~¥413 °C. The decomposition temperature of the pure hydride
is greater than that of Mg(HossFo.0s)2-S, which has on onset temperature of 360 °C and a maximum H; release
temperature of 405 °C. From this it can be inferred that Mg(Ho.9sF0.05)2-S has faster kinetics of desorption than
pure MgH>-S, a result that has also been noted previously [31]. Further substitution of H by F appears to

kinetically and/or thermodynamically stabilise MgH, with Mg(Ho.ssFo.15)2-S having a decomposition onset of
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405 °C (peak maximum of 434 °C), while Mg(Ho 70F0.30)2-S has an onset of ~415 °C (peak maximum of 437 °C).

One of the most intriguing results is that Mg(Ho s0Fo.50)2-S shows no obvious
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Figure 3.3. (a) In-situ XRD for Mg(Ho.gsFo.15).A= 1.000389(1) A. Simultaneous thermal analysis of Mg(HxF1.x)2 samples by (b) DSC, (c)
TGA and (d) MS. AT/At = 10 °C/min. DSC and MS data are normalised to the mass of the sample.

decomposition event during DSC measurement up to 550 °C (Fig. 3.3b). This is in agreement with the in-
situ SR-XRD measurement of Mg(HosFoso)2-L up to 615°C, Fig. I.5. This particular in-situ SR-XRD pattern
also shows the presence of Mg,FeHg, which disappears at ~450 °C in conjunction with the appearance of
Mg at the same temperature. The disappearance of the Mg at ~530 °C is due to the migration of Mg

vapour from the hot-zone during measurement. The decomposition onset for the Mg;FeHs impurity phase
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determined in each of the Mg(H«F1)2 (x = 0.85, 0.70, 0.50) samples measured by in-situ XRD occurs at
~430 °C. A previous in-situ XRD decomposition study of Mg,FeHs shows the onset of decomposition to
occur at ~340 °C under 1 bar Ar [48]. To ascertain if F substitution had occurred within Mg,FeHs during
annealing, refinement of the lattice parameter and H/F occupancy factors on the 24e site in the Fm3m
unit cell was undertaken. At room temperature the unit cell dimension was determined as 6.46277(8) A,
which is only 0.25% larger than 6.44686(2) A determined in a previous study [49], while the hydrogen
occupancy was refined to be 100%. At ~380°C the hydrogen occupancy was determined to be 96.8(9) %,
which indicates that some F substitution may have occurred at higher temperatures, and in turn may have
increased the thermal stability of the Mg,FeHs material.

DSC and TPD-MS data were also collected for the samples milled for 40 h (L, Fig. .7). Upon comparing the L
and S samples measured by DSC, it appears that extended milling times reduce the observed temperature of
the endothermic peak compared to the corresponding compositions milled for 10 h. For instance, the
maximum rate of H; release for Mg(Ho.70F0.30)2-S is 437 °C, whereas it is 367 °C for Mg(Ho.70F0.30)2-L. Extended
milling decreases the crystallite and particle size, decreases diffusion pathways, increases the specific surface
area and introduces defects. All of these factors contribute to faster kinetics that allow the hydride to

decompose at a lower temperature [13].

TPD-MS was used to analyse the gases released by materials upon thermal treatment. In this study, the gases
released during DSC-TGA were analysed for all m/e up to 100 showing that only H, was released during
thermal treatment (Fig. 3.3d, log scale). The most striking result is that for Mg(Ho.soFo.50)2-S only minor H,
evolution is observed between 290 and 475 °C. In fact, all samples apart from Mg(Ho.70F0.30)2-S start to desorb

hydrogen between 290 and 340 °C, while it is only the peak rate of release that differs between the samples.

Considering that the thermal analysis experiments have indicated that increasing the F content in the samples
increases thermal stability compared to pure MgH,, it would be assumed that the Mg(Ho.soFos0)2 sample
would be the ideal candidate for further studies as a HTMH for TES applications. However, the larger practical
hydrogen capacity of Mg(Ho.ssFo.15)2 is far greater than Mg(Ho.soFo.50)2 below 550 °C (5.06 + 0.02 wt% H; and
0.77 £ 0.01 wt% H,, respectively). As such, Mg(Ho.ssFo.15)2-S was deemed an ideal candidate to be studied by
PCl between 437 and 461 °Cto determine its thermodynamics of decomposition (Fig. 3.4a). The PCl curves in
Fig. 3.4a show that decomposition follows a single step process that releases an average total of 4.6 + 0.2
wt% H, for the four temperatures measured, with equilibrium pressures between 32 and 38 bar. Each of the
curves exhibits a sloping plateau that is highly characteristic of a solid solution of this type, albeit not as
sloped as those observed in the NaHosoFos0 or NaMgH3F systems [26, 27]. Sloping plateaus are not ideal in
practical applications due to the fact that hydrogen absorption and desorption does not occur in an isobaric

process [27], and the range of operational process [27], and the range of operational system pressures over
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the equilibrium transition becomes larger. Generally, the thermodynamics of absorption/desorption are

determined by measuring the pressure at the midpoint of the equilibrium plateau and plotting this as a

Table 3.1. Decomposition temperatures and hydrogen capacities and values of Mg(HxF1-x)2-S mixtures measured by DSC-TGA up to
550 °C. AT/At = 10 °C/min.

Practical / Onset/Peak Temperature in Peak
Sample theoretical H2 Hydrogen yield (%) Temperature of middle point of Temperature of

capacity (TGA, wt Hzdesorption step (TGA, °C) * H2 desorption

%) (DSC, °C) * (MmS, °c) *
MgH: 7.50£0.03/7.66 97.9 394/413 413 412
Mg(Ho.o5F0.05)2 6.60 +0.03 /6.81 96.9 360/405 400 403
Mg(Ho.ssFo.15)2 5.06+0.02/5.4 93.7 405/434 430 435
Mg(Ho.7oF0.30)2 1.60£0.01/3.8 42.1 415/437 433 436
Mg(Ho.s0F0.50)2 0.77£0.01/2.27 33.9 -— - ~414

* Temperature reported as integers although accurate to 0.02 °C.

function of temperature in a van’t Hoff plot. In this study, due to the sloping plateau, each of the four curves
were numerically fitted throughout the plateau region so that the enthalpy and entropy could be determined
at any hydrogen content (Fig. 3.4) [27]. All of the information obtained from the PCl measurements presented
in Fig. 3.4, are summarised in Table 3.3. The enthalpy (AH4es) and entropy (ASqes) of hydrogen desorption are
also presented in Table 3.3. The uncertainties for the data were calculated using the weighted least squares
method with a 95% confidence interval as described in previous work [13]. The enthalpy, AHqes, decreases
from 74.7 to 72.2 kJ/mol H, between -1 wt% to -3 wt% H, desorption. With regards to entropy, these values
also show the same trend, decreasing in value from 133.0 to 129.1 J/K/mol H,. This means that at -2 wt% H»
(middle point of the plateau), AHges= 73.6 + 1.2 kJ/mol H; and ASges = 131.2 + 2 J/K/mol Hy, are 0.66% and
1.65% lower than that of pure MgH,, respectively. This indicates that the equilibrium pressure at which
decomposition will occur is insignificantly lower than that for MgH, at the same temperature. However, along
the plateau the equilibrium pressures change (due to the sloping plateau) resulting in AHges (Mg(Ho.s5F0.15)2-
S) > AHges MgH; while < -1.58 wt%, and after this point (> -1.58 wt%) AH (Mg(Ho.ssF0.15)2-S) < AH MgH,.
However, ASqes (Mg(HossFo.15)2-S) < AS4es MgH> all along the plateau. Although these are only small changes
in AH and AS, it is still significant and are linked with the sloping nature of the plateau. Frequently, a flat
equilibrium plateau is observed when a material decomposes into another with a different crystal structure.
In this particular case, the same space group, P42/mnm, is shared for both the starting and final products. As
a consequence, it is observed that during PCl experiments, H; is progressively desorbed allowing an F rich

phase to emerge.
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Table 3.2. Thermodynamic properties at 5 different hydrogen contents for Mg(Ho.s5F0.15)2-S

At Howt% | AHues (ki/mol Hy) ASdes (J/K/mol Hz) van’t Hoff plot In(P/Po)
-1
-2
-3
Pure
74.06 1334 -
MgH;*

*ref [13]

This F-rich phase also possesses the same crystal structure, allowing for changes to occur gradually, which
explains the nature of the sloping plateau. For this reason, the thermodynamics of decomposition change

gradually during the measurement.
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Figure 3.5b also shows that the H; equilibrium pressures of the Mg(H«F1-«)> decreases and moves closer

to that of Mg,FeHs as the temperature increases. It should be noted that during PCI measurements

the quantity of desorbed H, for Mg(Ho.s5Fo.15)2 (4.6 wt% H», Table I.1) did not reached the theoretical

hydrogen capacity of 5.4 wt%. This can be attributed to the formation of a stable Mg—H-F phase. An
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temperature.

This can be attributed to the formation of a stable Mg—H-F phase. An XRD pattern of Mg(Ho.ssFo.15)2-

S was measured before and after the PCl test (Fig.3. 6 a and b), after PClI confirmed that Mg(HxF1-.)2
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was present, supporting the hypothesis of a stable Mg—H-F phase. This finding correlates well with
the high stability observed for Mg(Ho.soFo.50)2 during thermal analysis by in-situ SR-XRD and DSC-TGA-
MS. Rietveld refinement of the XRD pattern to determine the unit cell volume provides a composition
of Mg(Ho.43F0.57)2, also corresponding to the fact that ~0.8 wt% H, remains within the sample (Table
1.1).

The thermal stability of the Mg(Hos0Fo.50)2-L composition was subsequently investigated by TGA-MS and in-
situ SR-XRD up to 850 °C to determine the temperature at which the remaining H, could be desorbed (Fig. 1.8
and 1.9). As noted previously, during TGA measurement (Fig. 3.3c) of Mg(Ho.s0F0.50)2, before 480 °C only 0.77
wt% H, is desorbed, but after 505 °C a major desorption event occurs (Fig. 1.8) releasing a total mass loss of
2.3 wt% before 830 °C. This value is slightly greater than the theoretical quantity of 2.27 wt % H, as Mg
evaporates at this temperature due to its low vapour pressure. The first step of decomposition, observed at
~400 °C during TGA-MS, Fig. 1.8, is not clearly witnessed by in-situ SR-XRD but at ~545 °C a significant
expansion of the unit cell is observed, beyond that expected from of thermal expansion alone (Fig. 1.9). At
the same time, the peaks become broader and asymmetric in shape. This is most likely a consequence of a
variety of solid-solution compositions being present during decomposition. At ~755 °C the hydrogen
occupancy factor is 2.9(5) % indicating that full decomposition has almost been achieved under vacuum
conditions.

The high thermal stability of the Mg(Ho.43F0.57)2 composition may permit this material to be implemented as
a TES material as it will operate at above 600 °C, which is above the operating temperature currently
achievable using molten salts of 565 °C [22]. The evaporation of Mg at high temperatures is a major concern
as upon decomposition, 22.7 wt% of Mg metal is formed. Over time, this will lead to a major decrease in
capacity unless a method of inhibiting segregation is utilised. One such method, previously used in studies of
Na/NaH at temperatures of up to 900 °C and H, pressures of 650 bar, is to enclose the sample in thin Fe
tubing or foil [50]. The extreme thermal stability of this material should be investigated by theoretical
methods to understand the unexpected thermodynamic stability, while the thermodynamic properties
should also be determined experimentally.

Overall, each method of thermal analysis used in this study illustrates that the thermal stability of the
Mg-H-F systems increases with addition of F. A previous report on this system mentions that data measured
by DSC indicates a destabilisation due to a decrease in AHges [35]. As stated above, ASqes is required to
ultimately determine the overall stability of the system. This study shows that for Mg(HossFo.1s)2, a
concomitant decrease in ASqs is observed during addition of F to the mixture, which causes an overall
increase in stability. This pattern has been established previously during the study of Na-H-F in which PClI
measurements determined a AHges of 106 + 5 kJ-mol™ H; and ASges of 143 + 5 J-K™:mol™ H, for NaHo.soFo.s0

compared to 117 kl-mol™* Hyand 167 J-K™:mol™ H; for pure NaH [26].
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3.3.3. Rehydrogenation studies
In order for Mg(Ho.s5F0.15)2 to be considered as potential material for hydrogen storage or thermal

energy storage applications, characteristics such as hysteresis (absorption/desorption pressure),
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cyclic stability and reversibility need to be assessed [13, 20]. After the PCI measurement at 450 °C

(Fig. 3.7a), a hydrogen absorption experiment was performed on the sample at the same
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Figure 3.7. (a) Cycling studies of Mg(Ho.s5Fo.15)2; (b) XRD after cycling in the hydrogenated state. A = 1.5418 A, at room temperature.

temperature (450 °C) (Fig. 3.7b). An initial pressure of 3 bar was increased to 55 bar in a step-wise
fashion, with 3.5 h equilibrium step times (identical to desorption measurements). According to the
AHges and ASges for Mg(Ho.ssFo.15)2 determined by PCI, the sample is predicted to start absorbing H; at
an equilibrium pressure of ~34 bar (Fig. 3.7b). As observed in Fig. 3.7c, the sample starts to absorb a
significant amount of H, above ~36 bar. Figures 3.7a and 3.7b represent the kinetic data for
desorption and absorption, respectively. These graphs show that Mg(Ho.ssFo.15); does not reach true
equilibrium after 3.5 h, indicating that reaction kinetics during absorption are appreciably slower
than observed during dehydrogenation. If a longer equilibration step time was afforded for each step
then hysteresis may not be observed. Despite the kinetics of absorption being slow, the sample
absorbed ~98% of the hydrogen that was previously desorbed and equates to “88% of the theoretical
value. At the end of the absorption PCl, quantitative Rietveld refinement of the XRD data shows that
two compositions of Mg(H«F1-x)2 are identified, although due to the asymmetry of the peaks there
are maybe a larger distribution of compositions (Fig. 3.6c). The compositions are determined, based
on the unit cell volume method (Fig. 3.2b), to be approximately 90 wt% Mg(Ho.s6Fo.14)2 and 10 wt%

Mg(Ho.s6Fo0.44)2. Macroscopic flakes are evident in the rehydrogenated sample when visually
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inspected, which are attributed to the sintering of the material at high temperature. This was
previously reported by Bogdanovic et al. [51] by observing that Mg metal agglomerates during and

is likely to be responsible for the reduced kinetics [13].

3.3.4. Cycling studies

The cyclability of Mg(Ho.ssFo.15)2-S was investigated to characterise its long-term reversibility and its potential
use in technological applications. Cycling studies were conducted over six absorption/desorption cycles
between 480 °C (desorption) and 425 °C (absorption) (Fig.3.8a). A system pressure of ~27 bar was utilised to
ensure full absorption and desorption could occur during the cycling studies. Over the course of the 6
consecutives absorption/desorption cycles, the hydrogen capacity of the sample decreased gradually, as seen
in Fig. 3.8a. For these conditions, the hydride desorbed 4.6 wt% H; for the first desorption with ~92% of
hydrogen being desorbed after ~¥35 min. The sample then absorbed 4.08 wt% H, with 97 % being absorbed
in less than 30 min. After the first cycle, the capacity of Mg(Ho.ssFo.15)2 was reduced by 19 % and over the 6
cycles the sample lost a total of ~27 % capacity. Sintering of the Mg in the sample is responsible for the
decrease in capacity (clearly impacting kinetics) and was confirmed by visual observation of flakes inside the
sample after cycling. The cycling measurement was stopped after absorption, at which point XRD was
undertaken (Fig. 3.8b). Quantitative analysis shows that two Mg(HxF:—)> phases were present, both of which
are H-rich, along with Mg metal, confirming what was previously observed in the absorption stage of the PCI

experiment. The main phase is Mg(HossFo.11)2 and the other is Mg(Ho 47F0.53)2.

3.4. Conclusions

A range of Mg(HxFi—)2 (x =1, 0.95, 0.85, 0.70, 0.50, 0) solid solutions have being synthesised by ball milling
guantitative ratios of MgH, and MgF; followed by annealing under a hydrogen backpressure. Their potential
use as hydrogen storage or thermal energy storage materials has been examined by in-situ synchrotron XRD,
DSC-TGA-MS and PCl analysis. Thermal studies were carried out on all Mg(HxF:—)> mixtures concluding that
increased F content increases the thermal stability and decreases the absorption/desorption kinetics
compared to pure MgH,. As such, decomposition occurs in a single step with DSC data showing a maximum
rate of H, desorption at 434 °C for Mg(Ho.ssFo.15)2, with a practical hydrogen capacity of 4.6 £ 0.2 H; wt%
(theoretical 5.4 wt% H,). An extremely stable Mg(Ho.43F0.57)2 phase is formed upon the decomposition of each
Mg-H-F composition of which the remaining H; is not released until after 505 °C. PCI measurements of
Mg(Ho.s5F0.15)2 determined an enthalpy of decomposition of 73.6 + 1.2 klJ/mol H,and an entropy of 131.2 £ 2
J/K/mol H,. In comparison with MgH,, these values are decreased from 74.06 kJ/mol H,and 133.4 J/K/mol
H,, respectively [13]. Cycling of Mg(Ho.ssFo.15)2 has been investigated over six cycles between 420 and 480 °C,

with a reduction of 27 % of the practical hydrogen capacity of 4.6 wt% H,. This represents an increased cycling
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temperature of ~80 °C compared to bulk MgH, which increases the thermal operating temperatures for

technological applications, thereby increasing efficiency.
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4. Fluorine Substitution in Magnesium Hydride as a Tool for Thermodynamic

Control

T.D. Humphries, J. Yang, R.A. Mole, M. Paskevicius, J.E. Bird, M.R. Rowles, M.S. Tortoza, M.V. Sofianos, C.E.
Buckley. Fluorine Substitution in Magnesium Hydride as a Tool for Thermodynamic Control. The Journal of

Physical Chemistry C. 124 (2020) 9109 - 17. https://doi.org/10.1021/acs.jpcc.9b11211

This chapter consists of a published article which describes the physical properties of the Mg(HxF1-x)2 system,
which was studied by XRD, inelastic neutron spectroscopy and thermal conductivity. Moreover, these
measurements were verified by DFT calculations. This investigation is a progression on the previous Chapter,
in which the focus is to analyse and discover other properties of this material to reach potential as a candidate
for a TES system. Furthermore, the thermal transport properties for the Mg(HxF1«)2 system, including thermal

conductivity, diffusivity, and heat capacity, were determined.
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Abstract

Metal hydrides continue to vie for attention as materials in multiple technological applications including
hydrogen storage media, thermal energy storage (TES) materials and hydrogen compressors. These
applications depend on the temperature at which the materials desorb and reabsorb hydrogen. Magnesium
hydride is ideal as a TES, although its practical operating temperature is capped at ~450 °C due to material
degradation and high operating pressure. Fluorine substitution for hydrogen in magnesium hydride has
previously been shown to increase the operating temperature of the metal hydride whilst limiting
degradation, although full characterisation is required before technological application can be ensured. The
present study characterises Mg(HxFi-x)2 solid solutions (x = 1, 0.95, 0.70, 0.85, 0.50, 0) by inelastic neutron
spectroscopy, powder X-ray diffraction and thermal conductivity measurements, with the results being
verified by density functional theory. For each experiment, a clear trend is observed throughout the series of
solid-solutions, showing the possibility of tuning the properties of MgH,. As F~ substitution increases, the
average Mg-H(F) bond distance elongates along the axial positions of the Mg-H(F) octahedra. Overall this
leads to an increase in Mg-H bond strength and thermal stability, improving the viability of Mg-H-F as

potential TES materials.

4.1.  Introduction

For the global energy network to convert to a green hydrogen economy, four challenges must be met: (i)
hydrogen production must primarily be from a renewable source; (ii) utilisation must be optimised including
refuelling station infrastructure and fuel cells; (iii) hydrogen distribution must be safe and cost effective; and
(iv) storage media for the hydrogen must be developed. There are a number of ways that hydrogen can be
stored, including as a gas, cryogenic liquid, or chemically, e.g. within a metal hydride or ammonia [1, 2]. Metal
hydrides, and in particular magnesium-based hydrides, have received enormous attention over the last 60
years for their potential as hydrogen storage materials [3-6]. This has largely been due to the relatively high
abundancy of magnesium metal in the Earth’s crust and its relatively low cost of extraction [5]. In addition,
magnesium hydride has been shown to be highly reversible when used as a hydrogen storage material at a
modest temperature. The binary hydride (MgH>) has a theoretical hydrogen storage capacity of 7.7 wt% H,,
but due to its relatively high enthalpy of hydrogen desorption of 74 kl/mol H, and entropy of 133 J/K/mol.H,,
its operational temperatures are limited to only 300 °C at 1 bar H; pressure [7], ensuring that MgH, will never
find technological application as a reversible fuel store for vehicular applications, as temperatures of ~85 °C
are preferred [8]. As such, MgH; has alternatively been considered as a material for thermal energy storage
(TES) applications, such as storing heat from the sun to use at periods of weak solar irradiation, as a thermal
battery. However, it cannot operate above ~450 °C due to the tendency for magnesium to agglomerate, thus

reducing its long term hydrogen storage capacity and also reducing the reaction kinetics [9].
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Many studies have been published in which issues with kinetics and agglomeration have been addressed by
innovative approaches including nano-sizing, infiltration into porous scaffolds, and the incorporation of
additives, including TiB, as a particle refinement agent [4, 5, 9, 10]. All of these methods have proven
successful in some regard and combinations of methods seem to be ideal. Recently, fluoride substitution for
hydrogen in the Mg-H system has been reported in which solid—solutions are synthesised by ball milling
MgH, and MgF; in various ratios and also studied by density functional theory calculations [10-12]. Fluorine
substituted magnesium hydride solid solutions, Mg(HxF:-x)2, were deemed to be stabilised compared to pure
MgH, and attributed to the positive enthalpy of mixing (AHm:x > 0) [11].

The decomposition temperature of Mg(HF:-x), was determined via simultaneous differential scanning
calorimetry —thermogravimetry (DSC-TGA) and powder X-ray diffraction (XRD) experiments. In addition, the
thermodynamics of hydrogen release for Mg(HossFo.15): were determined to be 73.6 kJ/mol.H, and 131.2
J/K/mol.H; close to that of pure MgH,. Interestingly, this material was shown to cycle at high temperatures,
between 425 and 480 °C. Despite the determination of these physical properties, little else is known
regarding the fluorine substituted materials, although a smattering of analysis techniques have been used to
study the physical properties of pure MgH, (other than thermodynamics and kinetics) including powder
neutron and X-ray diffraction [13], NMR spectroscopy [14, 15], vibrational spectroscopy [16-20] and thermal
conductivity [21, 22].

With Mg(HossFo1s)2 showing favourable operating temperatures as a thermal energy storage material,
additional exploration of the physical properties for Mg(HxF:-x)2 solid solutions have herein been undertaken
by inelastic neutron spectroscopy, powder X-ray diffraction and thermal conductivity measurement. In
addition, DFT calculations have been performed to corroborate the inelastic neutron spectroscopy and
powder X-ray diffraction results. This has allowed a full comparison on the stability of fluorine substitution in

magnesium hydride.

4.2.  Experimental Section

4.2.1. Sample Preparation

All manipulations of chemicals were undertaken in an argon atmosphere using an Mbraun Unilab glovebox
to prevent air exposure and to minimise oxygen (02 < 1 ppm) and water (H20 < 1 ppm) contamination.
Mg(HxF1-x)2 (x = 1, 0.95, 0.85, 0.70, 0.50, 0) samples were prepared by ball milling (BM) various ratios of
MgH2 and MgF2 (Sigma-Aldrich, >99.99 %) at room temperature. MgH2 powder (95 wt% purity from Rietveld
refinement of X-ray diffraction data) was synthesised by annealing Mg powder (Aldrich, >99 %) at 400 °C
under 30 bar hydrogen pressure for 18 hours. The full synthesis description is found in ref [10]. BM of MgH2
and MgF2 was undertaken at 400 rpm for 40 hours in an Across International Planetary Ball Mill (PQ-N04)
with a ball-to-powder mass ratio of 50:1 using stainless steel vials and balls (6 and 8 mm in diameter) under
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an Ar atmosphere. After milling, samples were annealed under a hydrogen atmosphere of 60 bar at 450 °C

for a period of 90 hours to form solid solutions.

4.2.2 Synchrotron X-ray Characterisations

Synchrotron powder X-ray diffraction (SR-XRD) was performed on the Powder Diffraction beamline at the
Australian Synchrotron in Melbourne, Australia [23]. Without exposure to air, the Mg(HxF:—)> powders were
loaded into borosilicate or quartz capillaries (outer diameter 0.7 mm, wall thickness 0.01 mm) that were
then, using graphite ferrules, mounted in 1/16" tube fittings connected to a gas manifold. One-dimensional
SR-XRD patterns (monochromatic X-rays with A = 1.0003896 or 0.8263076 A) were collected using a Mythen
microstrip detector [24] with an exposure time of 54 s per pattern. The wavelength and line shape
parameters were calibrated against an external standard of LaBs (NIST SRM660c). The capillaries were
continuously oscillated through 120° during exposure to improve powder averaging. Diffraction patterns
were quantitatively analysed using the Rietveld refinement method [25, 26] with TOPAS software (Bruker-
AXS) [27].

4.2.3. Inelastic Neutron Scattering Characterisations

Inelastic neutron scattering (INS) data were collected using the Pelican cold-neutron time-of-flight
spectrometer located at the OPAL reactor Lucas Heights, Australia. Samples were mounted in rectangular,
flat plate, aluminium sample cans, with the thickness optimised for a 10 % scatter, i.e. to minimise multiple
scattering. The sample cans were mounted at 45° to the incident beam and placed in a vacuum chamber at
room temperature. The instrument was aligned for 4.69 A neutrons and the choppers were run in a time
focusing configuration at either 100 or 200 Hz. The resolution at the elastic line was 135 peV. An empty can
was subtracted to determine the background contribution and the data was normalised using data collected
with a vanadium standard that had the same geometry as the sample can. All data manipulations were
performed using the freely available software Lamp [28]. Data were collected as S(Q,w) [i.e. scattering cross-
section as a function of scattering wavevectors (Q) and phonon frequency (w)], and these were transformed
to a generalised density of states using formula (4.1), where k is Boltzmann's constant, T is temperature and

h is the reduced Planck’s constant [29].

—hw

9(w) = [ 535Q w)(1 - ebT)dq (4.1)
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4.2.2.  Thermal Property Characterisation

The thermal conductivity (A+c), thermal diffusivity (k) and the heat capacity per unit volume (C) of 5 ratios of
F~ and H™ in Mg(HF:-x), were measured using a TPS 500S (Hot Disk, Thermtest). Measurements were
undertaken in an argon atmosphere at a constant ambient temperature, measured by a K type
thermocouple. 1.5 g of Mg(H\F:)2 (x = 1, 0.95, 0.85, 0.70, 0.50, 0) were pressed in a die (13 mm diameter)
using a manual hydraulic press (370 MPa of pressure for 5 minutes). A nickel double-spiral sensor (2 mm
radius), laminated by electrically insulating Kapton was firmly clamped co-centrically between the pellets. 10
measurements per sample were conducted, with 15 minutes in between each measurement to allow the

sample and sensor to cool.

4.2.3.  First-Principle Calculations

Density Functional Theory (DFT) based lattice dynamic calculations were performed to complement the INS
measurements in order to better understand the stability and bonding in Mg(HxF:)> systems. All DFT
calculations were performed with VASP [30] under a generalised gradient approximation (GGA) using the
Perdew-Burke-Ernzerhof (PBE) functionals together with the projector augmented wave (PAW) potentials
[31, 32]. The energy cut-off for planewave expansion was set to 500 eV. The minimum-energy configurations
for MgH, and MgF, were optimised with a dense (15 X 15 X 15) Monkhorst-Pack K-point mesh. For all
subsequent phonon calculations, geometry optimisations were relaxed with an energy convergence of 10”7
eV and forces less than 10°eV/atom.

In order to account for the statistically disordered nature of F-substitution in MgH,, all unique configurations
of F-substituted MgH, supercells were sampled for calculating the corresponding thermodynamic stabilities
and phonon density of states (DOS). Here, Mg(HxF:1-x), at different concentrations (x = 0.95, 0.90, 0.85, 0.80,
0.75, 0.70 and 0.50) were simulated, which led to a total number of configurations of 34, 33, 30, 27, 26, 2, 2,
respectively, for each nominated F concentration. Supercells of sizes (1 X 1 X 1) [for x =0.50], (5 X 1 X 1)
and (1 X 1 x 5) [for all other fluoride concentrations] were used with corresponding Monkhorst-Pack K-point
meshes of (6 X 6 X9), (2 X 6 X 6) and (6 X 6 X 2), respectively. Because MgH, adopts an orthorhombic
lattice, supercell expansions along both the a and c axis were considered, as well as several possible unique
F~ positions at a given x and supercell size. Thermodynamic stabilities (formation energies AEf) for the

substituted structure were modelled according to the following reaction:

Mg + xH; + (1-x)F2 = Mg(HxF1-)2 (4.2)

Such that:
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AEp = E[Mg(HyF1_x),] — E[Mg] — xE[H,] — (1 = x)E[F,] (4.3)

where E is the total energy from DFT calculations that contains both the ionic and electronic contributions.
Phonon DOS were calculated using a finite-displacement method as implemented in PHONOPY interfaced
with VASP [33]. For Mg(HxF1-x)2 systems simulated with different supercells, the corresponding supercells and
K-point meshes used in phonon calculations are summarised in Table 4.1.

The theoretically calculated phonon DOS were subsequently re-scaled to consider the differences in the
inelastic neutron scattering cross sections for different elements, as adopted by Bansal et al. [34], where the

neutron weighted DOS was calculated according to the following formula:
G = Zi;_iigi/Ntot (4.4)

Here g; is either the coherent and incoherent neutron scattering cross-section for the i-*" element, m; is the
corresponding atomic mass, g; is the partial phonon density-of-states for the i-™ element and Nio is the total
number of atoms in the supercell [35]. To effectively compare the phonon DOS across systems with different
F concentrations, the phonon DOS at any given F concentration was averaged across all supercell

configurations (Nconfig) considered at that concentration according to:

1

Nconfi
Y.V Dos;(E) (4.5)

DOS(E) =

config

No additional weighting parameter, such as the relative stabilities of different configurations (at a fixed F
concentration) was used, because the differences in the calculated formation energies were almost negligible

[see the Results section].

Table 4.1. Supercells and K-point meshes chosen for finite-displacement phonon calculations in VASP. Also shown is the I'-centred K-
point grids used for phonon density-of-states integrations. Note that the supercell for phonon simulations were specified with respect to
the supercells for calculating the substitution formation energies, not the primitive MgH unit cell.

Defect Phonon superce| Phonon K-pd DOS integration
supercell meshes

1x1x1 3x3x%3 2x2x%x3 20 x 20 x 20
5x1x1 1x2x2 2X3x%x3 10 x 10 x 10
1x1x5 2x2x1 3X3x%x2 10 x 10 x 10
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4.3.  Results and Discussion

4.3.1. Powder X-ray diffraction

MgH, and MgF, both exist in the aristotypic rutile-type structure in space group P4,/mnm. The lattice
parameters measured after ball milling and annealing in this study are provided in Tables 4.2, 1.1 and II.2.
These values agree with the literature values for MgH; and MgF,, respectively [36, 37]. Despite the larger
covalent character exhibited by MgH,, the lattice parameters for MgH, are smaller than that observed for
MgF, [12, 38, 39]. Along with the fact that MgF; is significantly more stable than MgH,, it is expected that
Mg-F bonds be shorter. In fact, the axial Mg-H bond distances are 1.935973(6) A compared to 1.98114(2) A
for the equivalent Mg-F bonds. Since F~ is highly electronegative, it will also form small covalent interactions
between neighbouring F~, which not only creates further stabilisation, but allows the Mg-F bond distance to
increase [12]. This has been illustrated using electron density maps derived from theoretical calculations and
X-ray diffraction measurements [12, 39, 40]. In MgF,, electron density between the F~ atoms is observed,
while most of the electron density has been withdrawn from the Mg?* by the F~, In MgH,, some anisotropic

charge distribution between the Mg and H and H atoms suggesting partial covalency [12].

From Table 4.2 it can be seen that the greatest difference in lattice parameters is experienced in the a-axis
of the unit cell with a 2.3 % decrease from MgF, to MgH, compared to 1.0 % in the c axis. This manifests into
an overall decrease in unit cell volume of 5.4 % for MgH,. The anisotropic nature of the lattice parameters
points to the stability of the octahedral chains that run in the direction of the c-axis (Figure 4.1) [36]. These
chains, with four coplanar equatorial Mg-H(F) bonds, are connected via corner-sharing with four
symmetrically equivalent chains, and are therefore quite stable. Thus there is only a 1.5 % change in the

equatorial Mg—H(F) bonds compared to 2.3 % for the axial Mg-H(F) bonds.

Upon ball milling and annealing MgH, and MgF; in varying ratios (Table 4.2), Mg(H«F1)2 (x = 1, 0.95, 0.85,
0.70, 0.50, 0) was produced. No peak splitting was observed in the diffraction patterns, indicating that solid
solutions were formed [10]. The lattice parameters, and by association, unit cell volume and bond distances
increase with increasing F~ content, with each following a quadratic trend. Analysis was undertaken by
guantitative Rietveld refinement of the SR-XRD data using Topas (illustrated in Figure 1.1 and Table 11.1) [27].
Fifteen individual Mg(H«F1-«)2 structure phases (11 for MgHossFo1s) were refined allowing the lattice
parameters to refine freely and H/F occupancy was calculated from the lattice parameters assuming Vegards
Law [41]. The fractional atomic coordinate of H/F in the 4f position was fixed at 0.303 as it did not move
significantly during refinement.

Table 4.2 details the weight averaged lattice parameters, while Figure 4.2 illustrates the data by focusing on the
(110) Bragg peak. The lattice parameters of each phase are detailed in Table 11.1) Phase segregation is apparently

minimal for all samples, which is in contrast with a recent study on NaH,F:-, (x =1, 0.95, 0.85, 0.70, 0.50, 0),
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Table 4.2. Structural properties of Mg(HxF1-x)2 (x = 1, 0.95, 0.85, 0.70, 0.50, 0) materials measured by SR-XRD at room temperature.
Estimated standard deviations (esd’s) are in parentheses.

Lattice parameter (A) Mg-H(F) (A)
Sample name A Axial

Equatorial

4.52458(1) 3.02345(1) 1.946(3) 1.964(2)

4.56514(4) 3.04023(3) 1.95619(2) 1.98201(1)

MgF, 4.62337(5) 3.05214(5) 1.98114(2) 1.99700(2)
4.6249(1)° 3.0520(1)° — —

 Ref [36], ?Ref [37]

Figure 4.1. Representative views of Mg(HyF1-x)2; (a) Mg—H(F)s octahedral units viewed along the a-axis and (b) along the c axis. Mg
atoms represented as red spheres, H(F) atoms as blue spheres and Mg—H(F)s octahedra represented with yellow faces.
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Figure 4.2. Phase distribution in Mg(HxF1-x)2 solid solutions determined by SR-XRD as observed at the (110) Bragg peak. T =27 °C.
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where a statistical distribution of phases was observed after annealing for 6 days [42]. The only sample
exhibiting a large dispersion of phases was Mg(Ho.70F0.3)2, Which is most likely due to insufficient annealing
during synthesis. The tail of the peak tends towards higher d spacing of which is indicative of a large spread
of phases with increased F content.

Each of these solid solutions was modelled using DFT in order to complement the XRD and INS data. The
optimised DFT supercells were first analysed to ensure that the unit cell parameters and bond distances
agreed with the experimental data. Table 1.3 details the unit cell volumes, lattice parameters and bond
distances for the supercells and compares them to the experimental data. For each of the parameters a
similar trend observed between the calculated and measured data sets. In addition, each of the respective
experimental and theoretical data sets agree to within 3.1%, of which the largest deviation is for the MgF,
unit cell volume. Overall, the significant agreement suggests that the calculated DFT data represents a quality
model to fit against the INS data.
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Figure 4.3. Phonon density-of-states of Mg(HxF1-x)2 solid solutions determined by (a) INS (intensity is normalised) and (b) DFT-based
lattice dynamic calculations. For calculated data the contributions from different constituent atoms are weighted by their
corresponding inelastic neutron scattering cross-sections. For MigF,, there are no phonon branches beyond 80 meV. Insets show the
enlarged low-energy part of the phonon density-of-states. (c-d) show the pattern of atomic vibrations for the Big, E, and Egphonon

modes for MgH; and MgF.
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4.3.2. Inelastic Neutron Spectroscopy

The INS spectra, for each of the Mg-H-F compositions, were measured to determine the similarities in the
structural dynamics between the solid solutions and pure components (Figure 4.3). The spectrum for MgH,
agrees with previously reported ones [17, 18]. There are three low intensity vibrations below 40 meV at 20,
25 and 33 (B15) meV, which have been previously ascribed primarily to in-phase vibrations of hydrogen atoms
with in-phase vibrations of the Mg atoms (lattice vibrations) [17]. The broad mode between 60 — 105 meV is
described as H-related E, optic modes, which are three-fold degenerated, and the large widths suggest a
large dispersion of the optic phonon branches and consequently strong H-H interactions [17]. Above 105
meV, a very broad region is observed that is attributed to the £, mode, which is a two-fold degenerate mode
that corresponds to the asymmetric bending of the H(F)-Mg-H(F) bond (equatorial) in the [001] plane
parallel to the c-axis [43]. A schematic illustration of these three vibrational modes for MgH, and MgF; is
shown in Figures 4.3(c) and 4.3(d). To complement the INS results, DFT-based lattice dynamics were applied
to model the generalised phonon density-of-states (GDOS). Upon weighting the results with the inelastic
neutron scattering cross-sections for different elements, Figure 4.3(b) shows an excellent agreement
between theoretical GDOS and INS spectrum for MgH,. This validates our theoretical calculations, which
allows us to extract useful information for understanding the influence of F~ doping on the lattice dynamics
for the systems as probed by the INS experiments. Notice that under harmonic approximations, GDOS for
MgH, shows a small non-vanishing GDOSat negative phonon energies, suggesting that MgH; is anharmonic
and thus MgH; is thermally stabilised at 300 K. Such a feature is not observed in all F~ doped structures.

As F~ content in the solid solution increases, a number of changes to the INS spectra are observed. The
vibration at 33 meV becomes broader and almost vanishes along with the peak at 25 meV, while the vibration
at 20 meV remains. This can be attributed to the fact that the B;; mode for MgF, is much softer than that of
MgH,, which occurs at around 9.1 meV, as revealed by lattice dynamic calculations. The most intense peak
at 75 meV gradually shifts to higher energy with higher F~ content, to 83 meV for MgHo.soFo.50, Which also
agrees well with GDOS obtained from lattice dynamic calculations. Atomic vibrations within this energy range
are typically dominated by the optical £, modes Figure 4.3(c) arising from the vibrations of H sublattices, an
upshift in the energy thus indicates this mode is significantly stiffened by the addition of fluorine in the
system. Such a shift in the frequencies of optical phonon reflects the enhancement of ionicity in the
Mg(HxF1—x)2 with increasing fluoride content, as F~ is of larger electronegativity to hydrogen, which

consequently draws more electrons from Mg compared to H™.
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Figure 4.4. Formation energies for Mg(HxF1-x),. Black squares correspond to DFT calculated formation energies, red triangles
correspond to experimentally derived formation energies [7, 10, 44].

4.3.3. Thermodynamics of Mg(HxF1-x):

DFT modelling enables the extraction of more information than just the phonon density-of-states, with
formation energy (AHrm) of Mg(HxF1—)2 solid solutions being an indicator for material stability. Figure 4.4
and Table .4 illustrate a linear trend with AHsrm becoming more negative as the concentration of F~increases
in Mg(HxFi-x)2. As such, the theoretical AHpm for MgH, and MgF, is —204 and -1178 kJ/mol of compound,
respectively. This indicates that as F~ substitution increases so does the thermal stability of the compound.
Experimental thermodynamic data do not mirror this trend. Although the experimental and DFT calculated
AHgorm for MgF, differs by only 4.5% (experimental AHgrm = ~1124 kl/mol of compound) [44], the DFT value
for MgH> is 175% the magnitude of the experimentally determined value of -74.06 * 0.42 kJ/mol [7]. These
two data points do suggest that AHsrm becomes more negative with F~ content, but the experimental value
for Mg(Ho.ssFo.15)2 of —=62.6 + 0.2 kJ/mol does not follow a linear trend and actually becomes less negative
compared to MgH,.

The experimental AHfm for MgH,; and Mg(Ho.ssFo.15)2 is derived from the enthalpy of hydrogen desorption
(AHges) determined by PCI (Pressure—concentration isotherm) analysis. Therefore an assumption must be
made in that there is no pressure hysteresis between the absorption and desorption process. For these
particular materials, hysteresis has been shown not to occur and any artefact is likely due to the slow kinetics
of the reaction process [7, 10]. As such these values can be expressed as AHsrm. Pressure—concentration
isotherm (PCI) analysis is the ideal method to determine the thermodynamics associated with the reaction
of hydrogen release, in which the enthalpic and entropic contributions can be individually identified using a
van’t Hoff plot [45]. Unfortunately, PCl analysis has only been conducted on pure MgH; (AHqes = 74.06 £ 0.42
kl/mol; ASses = 133.4 £ 0.7 J/K/mol) [7] and Mg(Ho.ssFo.15)2 (AHues = 62.6 £ 0.2 kl/mol ; ASges = 111.5 + 0.2
J/K/mol) [10]. Although at first glance, the magnitude of AHges and ASqes are both observed to decrease with

increasing F~ content, which seems to be counterintuitive when claiming the system is becoming stabilised.
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However, the magnitude of AS4.s decreases to a larger extent than the magnitude of AHges, resulting in AGges
becoming less negative as F~ content increased, implying that decomposition will occur at higher
temperatures when under the same back pressure of H,. In short, ASss has a larger impact on the
temperature of decomposition than AHges.

The difference between the DFT and experimentally determined enthalpy of formation may be attributed to
the reaction pathways employed when determining AHsm. DFT calculations assume direct formation from
the elements, whereas the measured values are determined based on the reversible reaction displayed in
equation (4.2). The endothermic AHq.s determined by PCl experiments includes the formation of pure MgF,
of which is an exothermic reaction. Therefore, the exothermic formation of additional Mg-F bonds reduces
the overall measured AHges. During the formation of Mg(HsFi—)> from MgF, + Mg the endothermic
contribution encountered during the breaking of Mg-F bonds therefore decreases the AHsm compared to
that expected if formed from the elements. As a result, AHrm determined by DFT calculations would be more
negative than those determined experimentally.

The increased thermal stability with increasing F~ content has been demonstrated using DSC-TGA and as such
the temperature of decomposition is a better measure of thermal stability than using AHsm calculated using
DFT alone. In this study, AHspm was calculated at O K and therefore it is impossible to estimate the
temperature of decomposition using these calculations, although it does provide a good qualitative estimate
of stability. ASfrm must be calculated in order to determine the temperature of formation/decomposition.
The enthalpy and entropy determined by PCl analysis the temperature of formation under 1 bar H; to be 282
and 288 °C for MgH, and MgHo ssFo.1s, respectively (AG = AH — TAS, where AG = 0).

4.3.4. Thermal Transport Properties of Mg(HxFi-x)2

If these Mg(HxFi-x)» compounds are to be implemented as thermal energy storage materials, the thermal
properties must be determined. The thermal transport properties of the Mg(HxFi«)2 compounds are
presented in Table 4.3. A non-linear relationship exists between the thermal transport properties and
amount of H/F present (Figure 4.5). The data collected for MgF, of 0.676(6) W/m.K is lower than that
measured in the literature of 11.6 W/m.K [46]. The measurement of thermal transport properties are highly
susceptible towards sample preparation and measurement conditions, in this study the samples were
measured as a pelletised powder (370 MPa), while a pre-melted MgF, pellet was used previously leading to
an increased Arc. The results provided here are all self-consistent and comparable due to the identical sample
preparation.

The thermal conductivity of MgH, was measured in this study as 2.08(3) W/m.K, where k = 1.53(7) mm?/s
and C = 1.37(8) MJ/m3-K. A7c measured in this study is therefore reasonably close with literature values of

0.40 — 1.21 W/m.K [21, 47, 48]. The literature values were obtained from samples measured as a pellet
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pressed at a pressure of 100 MPa with a A7c = 0.70 W/m-K being determined [21], while additional cold rolling
enabled a measurement of 1.21 W/m.K [48]. The variation in results is therefore attributed to the effect of
sample preparation conditions. Thermal properties are enhanced by phonon interactions,[49] hence smaller
particle size, increased pressure and pre-melting enhance thermal transport properties. The sample
measurements in this study were conducted under identical conditions under an Ar atmosphere. Thermal
conductivity and diffusivity decrease with increasing F~ content, and is at a minima for MgHosFos, before a
slight increase is observed for MgF,. The heat capacity per unit volume of these materials appears to vary
between 1.17(4) and 1.58(3) MJ/m3-K with a specific trend not being observed. In fact, the values for the F
containing materials may be considered as being almost equivalent within error.

Overall, the Arc for these F-substituted materials are highly comparable to other metal hydride materials. For
instance Arc = 0.96 W/m-K for NaBH,4 [50] and 0.06 — 4.5 W/m-K for NaAlH,; depending on conditions [51,
52]. It was determined that an optimal value of ~5 W/m.K for a hydrogenated sample of LaNissAlg3 allows
for optimal hydrogen absorption kinetics, while a larger value only has a minor incremental influence [53].
Therefore, to gain technological application, it may be beneficial to enhance Arc by the addition a material

such as exfoliated natural graphite [9, 21].

Table 4.3. Thermal Transport Properties of Mg(HxF1-x), measured at room temperature under Ar atmosphere. Arc is thermal
conductivity (W/m.K), k is thermal diffusivity (mmZ2/s), and C is the heat capacity per unit volume (MJ/m3.K).

Arc  [W/mK] K [mm?/s] C [MJ/m3K]
MgH. 2.08(3) 1.53(7) 1.37(8)
MgHo.osFo.05 1.297(6) 0.98(4) 1.32(5)
MgHo.ss5Fo.15 0.717(3) 0.49(1) 1.46(3)
MgHo.70F0.30 0.584(2) 0.42(1) 1.39(3)
MgHo.soFo.50 0.481(3) 0.41(2) 1.17(4)
MgF2 0.676(6) 0.43(1) 1.58(3)
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Figure 4.5. Thermal transport properties of Mg(HxF1-x)>. Thermal conductivity (black square), thermal diffusivity (blue triangle) and

volumetric heat capacity (red circle) measured at RT under Ar atmosphere.




4.4,  Conclusions

This study has detailed a thorough characterisation of fluorine substituted magnesium hydride (Mg(HxF1-)2
where x=1, 0.95, 0.85, 0.70, 0.50, 0), a class of materials that have potential application as hydrogen storage
or thermal energy storage materials. The physical properties of these solid solutions have been studied by
powder X-ray diffraction, inelastic neutron spectroscopy, and thermal conductivity. In addition, these
measurements have been verified by density functional theory calculations.

Using these techniques, a number of trends have been identified that can be correlated to the random
substitution of F~ into the crystal lattice. The tetragonal unit cell volume expands in a quadratic trend by 5.4
% from MgH, to MgF.. This expansion is isotropic in nature with a 2.3 % expansion in the g-axis compared to
c-axis. This is mirrored with a preferred extension of the axial Mg-H(F) bond distances over the equatorial
bond distances. Overall, the addition of F~ increases the average Mg-H(F) bond strength, which increases the
thermal stability of the material, making fluorine rich Mg-H-F compounds efficient thermal energy storage
materials. Despite the reduction in hydrogen-storage capacity, the increased thermal stability will permit
hydrogen cycling at higher temperatures and therefore greater efficiency for thermal energy storage.
Inelastic neutron diffraction data has been collected for the first time for fluorine substituted magnesium
hydride. Along with the simulated GDOS data from density functional theory calculations, these materials
have exhibited a trend in vibrational frequencies and intensities from MgH, towards MgF; that is in line with
the expansion in lattice parameters and bond distances.

The thermal transport properties, including thermal conductivity, diffusivity and heat capacity, for the range
of Mg(HxF1-x)2 samples was also determined. This was the first time that MgH, and MgF, have been measured

under the same conditions which has allowed a direct comparison with the fluorine substituted analogues.
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5. Thermodynamics and performance of the Na-Mg-H-F system for

thermochemical energy storage applications

This Chapter investigates the properties of NaMgHF, to be used as TCES material, and will be published post
acceptance of this thesis. The NaMgH.F system has been studied previously and its thermodynamic
properties were measured, while a simultaneous cost assessment was conducted. NaMgHs; has an enthalpy
of hydrogen desorption (AHges) = 86.6 = 1.0kJ/mol.H,, while NaMgH,F has a AHges = 96.6 kl/mol.H, implying
its operating temperature is considerably higher and also reduce quantities of hydrogen gas need to be stored.
To date, the NaMgHF; system has not been studied but is anticipated to have superior TES properties than its
counterparts. In this study all materials in the NaMgH1.«F« (x = 0 to 3) system have been synthesised and their
physical properties determined by thermal analysis, powder X-ray diffraction, and Sieverts analysis. As
predicted, NaMgHF; is more thermodynamically stable with an enthalpy of 89 + 12 kJ/mol H, and entropy of
121 + 16 J/K/mol H,. Hydrogen cycling of this material has also shown that this material has potential as a TES
material for multiple applications, with only NaMgFs and H; being formed during the decomposition step with

no unwanted by-products.
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5.1 Introduction

One of the safest and most durable methods to store hydrogen is in the solid state, for example as a metal
hydride. To store hydrogen in a gaseous or liquid state, high pressures and very low temperatures are
required, respectively. Also, the storage tanks must be made of special materials to be insulated, to avoid
leakage and fracture of the material, for example, to store 1 kg of hydrogen gas at 20°C, it is necessary to
have pressures of 200 bar and a volume of 68.4 L [1]. As a specific material has not been found that meets
every criterion, quality, and specification to date, there is much research still ongoing. Such requirements
are: to form a stable metal hydride compound that possesses high gravimetric and volumetric storage density
(for example MgH, contains 7.6 wt.% H, and 111 kg m™3 H,, respectively [2]) has convenient thermodynamic
and kinetic properties and should be relatively cheap [3]. Indeed, materials with these properties, such as
magnesium-based metal hydrides, have been identified for potential application in a variety of technologies
including thermal energy storage and hydrogen storage materials [4-8]. To date, materials that meet all of
these conditions have been targeted as stationary hydrogen storage materials and thermochemical energy
storage materials (TCES) due to their relatively high thermal stability [2].

Complex metal hydrides are a subgroup of metal hydrides that have been demonstrated to be promising
candidates for solid-state storage, which include NaAlH4, NaBHs and NaMgHs [9]. Furthermore, studies have
been carried out on complex metal hydride compounds to improve thermodynamic properties and
reversibility. This includes LiBH4, which when mechanically milled with MgH; and 2 - 3 mol.% TiCl; has been
demonstrated to reversibly store 8 - 10 wt.% hydrogen [10-12]. It has also been noted that many of these
complex hydrides are synthesised or decompose in multiple steps forming a variety of hydrides. Complex
hydrides with the formula ABX; are interesting materials for hydrogen storage. One material widely studied
belonging to this group is the perovskite-type NaMgHs;, which contains the lightweight elements Na and Mg
[13].

NaMgHs has a theoretical volumetric hydrogen density of 88 g L and a theoretical gravimetric hydrogen
density of 6 wt.%, however, in practice only 4 wt.% of H, is reversible [14]. This is due to the fact that NaMgH3
follows a two-step decomposition reaction (equations 6.1 and 6.2), with only the first one being reversible
[14]. Another advantage of NaMgHsis its relatively low cost (3.50 USS per kg) [15], and high thermal stability
(AH = 86.6 ki/mol.H; and AS = 132.2 J/(mol.H; K) for equation 6.1) [13]. NaMgHj3 exists in the space group
Pnma, N°. 62 with GdFeOs as the prototype structure, a twisted perovskite with a primarily orthorhombic
unit cell [14]. Due to the smaller radius of Na, the octahedral MgHe groups are tilted, generating distortion in
the structure. Figure 5.1 represents the NaMgHs structure. One H anion occupies two different Wyckoff sites
(4c, 8d) in the structure and each is coordinated by 4 Na and 2 Mg cations. In turn, one Na cation is

coordinated with 12 H anions.
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Figure 5.1. NaMgHs crystal structure, space group Pnma, N°. 62. Lattice a =5.463A, b =7.703 A, ¢ =5.411 A [16]. Na atoms are
represented with the light blue spheres, Mg with orange and H with the blue spheres.

NaMgH; @ NaH + Mg + H, -4.0 wt.% H» (5.1)

NaH + Mg 2 Na(l) + Mg + 1/2H, -2.0 wt.% H» (5.2)

In recent years, partial fluorine substitution of hydrogen has been considered as a possible solution to
improve the thermal stability of metal hydrides as hydrogen storage materials for next-generation
concentrating solar power (CSP), which requires a temperature of decomposition of the metal hydride of >
600°C [17]. Studies have been carried out on the hydrogen storage properties of NaMgH.F (fluorine
substituted NaMgHs) [15]. It presents a practical hydrogen capacity of 2.5 wt.% (theoretical: 2.95 wt.% H), a
desorption enthalpy of AHges = 96.8 kJ/mol.H, and a thermal storage capacity of 1416 kJ/kg. Although the
theoretical thermal storage capacity of NaMgH,F is ~ 18% less than the theoretical values for NaMgHs (1721
kJ/kg) and ~ 50% lower than MgH, (2814 kJ/kg) [18], the high enthalpy and operating temperatures of
NaMgH,F implies less hydrogen is needed so less gas needs to be stored, which lowers the cost of the installed
system.

As the thermodynamics of NaMgH,F have been measured to have a AHges = 96.8 kl/(mol.H,) and ASges = 138.7
J/(mol.H; K) it is potentially suitable for CSP thermal storage applications operating between 600 and 800 °C

[15]. Both thermodynamic values are larger than for NaMgH; implying NaMgH.F is more stable. Further
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fluorine substitution into the NaMgHs system has been proposed to be experimentally measured in order to
determine feasibility to be used and implemented as a thermochemical energy storage material (TCES). This
will also determine the thermodynamic properties for the entire NaMg(H:.<Fx)s series. Indeed, a previous
theoretical study determined, by the reaction of the hydride with HCl in a colorimeter, the standard
enthalpies of formation of NaMgHs, NaMgH,F and NaMgHF; to be -231 kJ mol?,-720 kJ mol™* and -1221 kJ
mol?, respectively at 25°C [19]. These values provide an indication on the stability of the series. Other,
examples of fluorine substitution in metal hydrides are NaH-NaF [20] and MgH,-MgF, [2]. In both cases, the
formation of a solid solution by the replacement of H atoms for F atoms makes for a more thermodynamically
stable material. The NaH-NaF system has a higher temperature of hydrogen release than pure NaH, with a
maximum rate of desorption at 443 °C for NaHosFos compared to 408 °C for pure NaH [20]. Additionally,
NaHosFos has @ AHges of 106 kJ mol™ Hz and ASaes of 143 J K™ mol™ Ha, compared to pure NaH (AHges = 117 kJ
mol™ Hz and ASses = 167 J K™ mol™ Hz). Although the enthalpy is lower and therefore a lower stabilisation
would be expected, the fact that the entropy is much lower also leads to a reduction in hydrogen equilibrium
pressures. Another system that has been studied is Mg(Ho.ssFo.15)2 which has an enthalpy (AHaes) of 73.6 kJ
mol™ H; and an entropy (ASqes) of 131. J K2 mol™ Ha, which is slightly lower than MgH: with AHaes of 74.06 kJ
mol? H;and ASees= 133.4 J K'mol'H; [2]. In addition, cycling studies of Mg(HossFo.1s)2 over six
absorption/desorption cycles between 425 and 480 °C show an increased usable cycling temperature of ~
80 °C compared to bulk MgH,, increasing the thermal operating temperatures for technological applications.
In this chapter, NaH has been mechanically mixed with MgF, via ball milling to successfully form a series of
solid solutions NaMg(H1.4Fx)s (x = 0, 1, 2, 3) and elucidate their structural and thermodynamic properties. In
situ synchrotron radiation powder, X-ray diffraction (SR-XRD) studies have been carried out on all ranges of
compositions to study their structures as well as to ascertain the thermal decomposition pathways of these
compounds. Moreover, thermal analysis of this Na-Mg-H-F system using differential scanning calorimetry
(DSC) and temperature-programmed-desorption mass spectrometry (TPD-MS), has also been measured and

compared with the SR-XRD data.

The thermodynamic and kinetic properties of NaMgHF, were also determined by PCl analysis using the van’t
Hoff method. Indeed, to determine its applicability in the CSP system, cycling studies have also been carried
out for the NaMgHF, compound. A cost analysis has also been carried out to determine the feasibility of this

material for industrial applications.
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5.2 Results and Discussion

5.2.1  Structure and Composition

The NaMg(H1«Fx)s (x =0, 1, 2,3) systems were prepared by ball milling NaH, NaF, MgH, and MgF, in various
ratios (Table 5.1) at room temperature. Once the starting materials were ball milled, the samples (except for
NaMgFs) were then annealed at various temperatures under a hydrogen atmosphere to promote F atoms to
substitute into the 4c and 8d sites and form single-phase compositions. Annealing samples under H, also

prevents hydrogen release from the material [20].

Table 5.1. Mixing molar ratios and preparation conditions of NaMg(H;.xFx)s. The compositions were determined by SR-XRD analysis
and Rietveld refinement. Uncertainties are in parentheses.

lAnnealing conditions Compositions (wt.%)

sample  [NaH [NaF  [MgH: |MgFz |H, PressurelTime Temperature  [NaMg(H1.«Fx)s INaH Mg INaF Fe Fe;0; [MgO
(bar) (h) Q)

NaMgHs [t | 1 30 5 350 06.20(4) p.88(3) P.91(3)

NaMgHF |- 1 k) 50 12 |aso 09.48(9) . I 0.52(9) |-

NaMgHF. |1 - - 1 65 24 400 05.51(6) 3 - B.77(6) [0.72(1) |-

NaMgFs - 1 - 1 - 5 750 08.75(5) - 0.64(4) 0.61(4)

Fig 5.2 illustrates the SR-XRD patterns for each of the solid solutions at room temperature. Due to the fact
that the NaMgH; and NaMgF; both exist in an orthorhombic crystal structure (Pnma, space group number
62) [21], the solid solutions of NaMg(H1-«Fx)3 also possess identical structures, as predicted by Messer [22].
The quantitative analysis of the data by Rietveld refinement for NaMgHF; indicates that the composition is
NaMgHo.s3F2.17and shows the presence of some impurities such as NaF and Fe, but these are less than 5 wt.%
in total. The Fe is introduced during ball milling.

In the diffraction patterns illustrated in Fig. 5.2, it is noticed that the central Bragg peak Il of the triplet at
~21.2° 29 for NaMg(H1.«Fx)s decreases in intensity as the F content in the compounds increases. At the same
time, the two satellite peaks on either side (I and 1) shift away from the central peak. As the F content
increases, Bragg peaks Il and lll move towards higher angles, while peak | shifts to lower angles, so as F
content increases the triplet peak becomes less intense and broader. In addition, it is noted that the in the
triplet the peaks are equidistant, meaning that the distance between peaks | to Il is identical to the distance
between peaks Il to Il and is consistent for all of the NaMg(H1.«Fx)3 series (Table 5.2). The opposite trend

occurs for the peak at 15° 2¢ and 16.7° 28, of which the intensity increases with the F content.
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Figure 5.2. SR-XRD data at room temperature for NaMg(H1.xFx)3 samples after ball milling and annealing. All other Bragg peaks are
associated with the NaMg(Hi.xFx)s mixtures. A = 1.000389(1) A.

Table 5.2. Peak positions for triplet at 20 = ~21.2. I: left peak, II: middle peak, and Ill: right peak.

Peak positions (23) Difference between peak positions (2:3)

NaMgFs 21.017 21.268 21.51 0.25 0.24

The shift in Bragg peak to higher angles with increasing F content, has a concomitant decrease in unit cell
volume from 227.4541(4) A® for NaMgHs to 225.4794(3) A for NaMgFs (Table 5.3). The lattice parameters for
the Na-Mg-H-F solid solution are illustrated in Fig. 5.3 a and b and clearly show that the a, b and c lattice
parameter values change (a increases, while b and ¢ decrease) with increasing fluorine content, with b and ¢
having a dominant influence on the unit cell contraction and therefore its crystallographic density mainly due
to the F mass instead of H mass. Also, this figure manifests that lattice parameters as well as density and
volume cells present a quadratic relationship with F content. The greatest difference in lattice parameters is
experienced in the c lattice parameter which decreases from NaMgHs to NaMgFs; by 0.89% (Fig. 5.4)
compared to a 0.43% decrease in the b-axis and a 0.46 % increase in a. This is evidenced by an overall

decrease in unit cell volume of 0.87% for the NaMgFs.
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In regard to bond distances, it is observed that upon fluorination the axial Mg-H(F) bond distances decrease,

while the equatorial Mg-H(F) bond distances in the octahedron increase. The changes are both in the region

of 1%. Correlating the lattice parameters and Mg-H(F) bond distances, the decrease in axial bond lengths

coincides with the contraction of lattice parameter b, while the expansion on the equatorial bonds is spread

between the contraction of ¢ and expansion of a.
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Figure 5.3. a) Represents the Crystallographic Density (g/cm3) and Unit Cell volume (cm?3) of NaMg(H1.xFx)3 solution and b)

F content F content

(y) 2 ‘e 22mE"

represents the lattice parameters a, b and c of the NaMg(H1.xFx)s series determined by Rietveld analysis of the SR-XRD data. Lattice

a: y=-0.0032x? + 0.018x + 5.46. R? = 0.9977; Lattice b: y = -0.0036x? - 0.00033x + 7.6985. R? = 0.9994; Lattice c: y =-0.0037x? -

0.0045x +5.4097. R? = 0.9999.

Table 5.3. Structural properties of NaMg(H1.xFx)3 mixtures (Pnma) at room temperature. Estimated standard deviations (esd’s) are in

parentheses.

Sample Name NaMgHF

Lattice
Parameter — 7.69926(2) 7.69392(4) 7.68399(2) 7.66643(2)
(R)

227.4541(4) | 227.4236(5) 226.9123(8) 225.4794(3)

Unit cell volume (A3)

Theoretical Hz capacity
(wt.%)

Density
(g/cm?)

1.4694(1) 2.157(6) 2.7192(2) 3.07212(1)

1.9238(3)

Bond
distances

Mg-Hx(F2)
(equatorial)

1.978(3) 1.9840(9) 1.9780(3)

97



Figure 5.4. Representation of the NaMgHF; crystal structure. Na atoms are represented with the light blue spheres, Mg with orange
and H (and F) with the blue spheres.

5.2.2 Temperature dependant powder X-ray diffraction studies

In situ synchrotron powder diffraction studies have been undertaken on the NaMg(H;Fy)s samples to study
the structural transitions and reactions which occur upon heating the sample in a capillary, under a dynamic
vacuum, from room temperature to 595 °C. The experiments were undertaken at the Australian Synchrotron
and analysed via a parametric distortion-mode refinement [23-25] in Topas [26]. NaMg(H1.xFx)s exists in a
perovskite-type structure in the space group Pnma, but can be modelled as a distortion of a parent structure,
e.g. neighborite, in space group Pm-3m. This type of refinement, in comparison to conventional
crystallographic analysis can provide detail about crystal defects as it takes into account the distortion in the
shapes of diffraction peaks. The distorted structure was generated by applying the Pnma transformation
matrix, as suggested by Howard and Stokes [27], to a generic structure of neighborite using the program
Isodistort [24]. This then provides an output to be refined using Topas [26]. There are two distortion modes
associated with Na, and five with the Mg(H/F) octahedra. The Mg positions are fixed by symmetry. Rather
than allowing atom positions to freely refine in three-dimensional space, distortion-mode refinements allow
only rigid distortions of structural units, the amplitude of which is a refinable parameter. This allows for
important modes to be refined, and others to be fixed at zero, whilst maintaining the necessary degrees of
freedom, stabilising the refinement. Furthermore, the change in the mode amplitudes with temperature can
be further stabilised by utilising parametric refinements, where the amplitude is further defined as a function

of temperature, and the function coefficients are refined, rather than the individual mode amplitudes. Such
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a parameterisation can speed up refinements but should initially be undertaken with totally free parameters
to ensure that the parameterisations introduced are supported by the data.
The in situ synchrotron data can be used to understand the decomposition process of a material. For

example, a complete decomposition reaction for NaMgHF; is expected to be as follows (equation 5.3):

2NaMgHF, = NaF + NaMgF; + 2Mg + H, (5.3)

This material (NaMgHF,) was heated from room temperature to 595 °C (Figure 5.5) and the lattice parameters
expanded a: from 5.48465 (1) to 5.53524 (2)A, b: from 7.68399(2) to 7.79782(1) A and c: from 5.38421(1) to
5.48489(4) A.

The NaMgHF; phase is stable from room temperature to ~ 320 °C. From this point, defined as the onset of
decomposition, NaF, Mg/MgO and NaMgF; are formed. MgO is not expected to form, only Mg, but this is
likely being formed from unknown amorphous impurities. At ~ 320 °C the amount of MgO (~ 9.2 wt.%) and
NaF (~ 4.5 wt.%) increases gradually, while the formation of NaMgF; also begins (~ 6.5 wt.%) along with a
concomitant reduction in NaMgHF; (~ 79 wt.%) (Table 5.4). As the temperature increases, a shift in peak
position to lower 28 occurs that is associated with thermal expansion and as consequence, the unit cell
volume increases by ~ 4% from 226.9123(8) to 236.7434 (7) A (Fig 5.6b).

After 320 °C it is evident that are two kinetic regimes of decomposition: from 320 °C to ~ 400 °C, where the
composition of the sample changes to 55 wt.% NaMgHF,, 9 wt.% NaF, 14 wt.% MgO and 21 wt.% NaMgF; at
400 °C; and then the other regime from 450 °C to 595 °C, where at 450 °C the composition is 47 wt.%
NaMgHF,, 12 wt.% NaF, 17 wt.% MgO and 23 wt.% NaMgFs. At ~ 565 °C the NaMgHF, unit cell decreases
indicating an enrichment of fluorine within the structure. The material reaches full hydrogen desorption at
595 °C with NaMgFs (~ 51 wt.%), NaF (~ 22 wt.%), and MgO (~ 26 wt.%).

Table 5.4. Composition of NaMgHF, determined by SR-XRD as a function of temperature.

Temperature (°C) NaMgHF2 NaF (wt.%) MgO (wt.%) NaMgHFs
(wt.%) (wt.%)
320 79(2) 4.5(3) 9.2(4) 6.5(6)
400 55(3) 9(2) 14(9) 21(2)
450 47(1) 12(7) 17(5) 23(8)
595 2 22(7) 26(5) 51(3)
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Figure 5.5. In situ SR-XRD data and quantitative refinement plot of NaMgHF,. Heated from room temperature to 595 °C (AT/At = 6
°C min'l, A =0.775227 A) under dynamic vacuum. Colour code: o NaMgHF;, o NaMgFs, =~ MgO, o NaF.

Figure 5.6 represents the in situ SR-XRD data for NaMgHF, as a function of F occupancy and unit cell
parameters in NaMgHF, during heating to 595 °C. The F occupancy (Fig. 5.6a) does not alter from ~ 2.2 from
room temperature to 450 °C (Fig 5.4 a). After 450°C, this behaviour changes rapidly and the F occupancy
grows exponentially, meaning that H occupancy tends to zero very quickly, and the lattice contracts whilst
still being heated. This could be due to the fact that up to 450 °C the NaMgHF, decomposes directly into
NaMgFs, while after 450 °C the initial NaMgHF, material becomes richer in F until the end (595 °C) allowing

the formation of numerous solid-solution compositions in between (eq 5.3).
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Figure 5.6. (a) NaMgHF, F occupancy as a function of temperature from synchrotron analysis. (b) Rietveld refined lattice
parameters of NaMgHF; as a function of temperature.

5.2.3 Thermal analysis

Thermal analysis was undertaken for all samples of the Na-Mg-H-F system. The differential scanning

calorimetry (DSC) and Temperature programmed desorption mass spectrometry (TPD-MS) analyses are

illustrated in figure 5.7. The conditions of these measurements are described in chapter 2: Experimental.
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Figure 5.7. Simultaneous thermal analysis of NaMg(H1xFx)3 samples by (a) DSC, (b) TPD-MS. Ramp rate = 10 °C/min. DSC and TPD-
MS data are normalised to the mass of the samples.

The DSC and TPD-MS data measured for the NaMg(H1.«Fx)s systems each show a single endothermic event.
For DSC, the onset occurs between 350 - 450 °C (Fig 5.7a), while for TPD-MS the onset temperature is ~ 315
°C except for NaMgHF, which is ~ 370°C (Table 5.5). The peaks for NaMgH,F and NaMgHF; are clearly
asymmetric for both techniques and so corroborates the SR-XRD conclusion that there are two regimes of
decomposition, which may overlap here. The NaMgHF, curve shows at least two different regimes, the rate
of H, release changes at ~ 440 and again at ~ 515 °C, while for NaMgH:F this rate change occurs at ~ 400 °C.
The onset and the maximum temperature of hydrogen release are expected to increase with increasing F
content in the sample. This hypothesis is correct as NaMgHF, has a peak temperature of H; release that is

significantly greater than NaMgHs and NaMgH,F. For DSC the peak temperature for NaMgHF, is 525 °C
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compared to 411 and 408 °C for NaMgHs; and NaMgH,F, respectively. For TPD-MS the peak temperatures are
545 °C for NaMgHF, compared to 411 and 408 °C for NaMgHs and NaMgH,F, respectively. It is noted that the
peak values for NaMgHs and NaMgH,F are similar, within error, while the NaMgHF; peak is broad. This is a
testament to its increased stability and that decomposition may be slower due to the formation of a range
of F containing phases. The same phenomenon that has also been observed for Mg(Ho.ssFo.0s)2 versus MgH,
[25]. It is also noted that in the decomposition process occurs faster for NaMgHs, then NaMgH,F and finally

NaMgHF, with a temperature range of ~ 150, ~ 275 and ~ 300 °C, respectively (by TPD-MS).

Table 5.5. Decomposition temperatures determined by DSC and TPD-MS for NaMg(H1.« Fx)3 mixtures (ramp rate = 10 °C/min).

Onset/Peak Maximum Peak
Sample Temperature of H Temperature of H
desorption (DSC, °C) desorption (TPD-MS, °C)
NaMgHs 362/411 411
NaMgHzF 385/408 407.5
NaMgHF; 430/525 545

In summary, the thermal data for NaMgHF, indicates it would be an ideal candidate for further studies as an
HTMH for TES applications. Although its H, content (1.16 theoretical wt.% H,) is lower than for NaMgHs (6
wt.% H;) and NaMgH,F (2.95 wt.% H;), DSC and TPD-MS measurements (Fig. 5.7) show that NaMgHF; is the
most stable of the NaMg(Hi.4Fx)s systems and could operate at higher temperatures. As such, NaMgHF; has
been deemed an ideal candidate to be studied by PClI to determine its thermodynamics of decomposition.
The PCl curves in Fig. 5.8a, measured between 505 and 554 °C, show that decomposition follows a single-
step process that releases an average of ~ 1.14 wt.% H,. The equilibrium pressures for the six temperatures
measured were between 0.1 and 9 bar. Each of the curves exhibit a sloping plateau which is highly
characteristic of a solid solution of this type, and correlates with the NaHosoFoso [20], MgHo.ssFo.15 [2], or
NaMgH,F systems [15, 20]. Sloping plateaus are not ideal in practical applications because hydrogen
absorption and desorption do not occur in an isobaric process [15], and the range of operating system
pressures becomes larger. This is because lower pressures are required to completely dehydrogenate the
material, while higher pressures are required for hydrogenation. One way to avoid this situation is to increase
the volume of the reactor as well as the temperature range for absorption and desorption [20].

The gradient of the plateaus in the PCI curves begins to increase at ~ -0.6 wt.% H,. This can be indicative of
different decomposition regimes (solid solution formation) that are occurring in the sample [2]. As the sample
increases in F content there are at least two behaviours observed in the PCI curves (figure 5.6). The first is
the main equilibrium plateau where desorption of H, from NaMgHF; occurs forming NaMgFs, and the second,
the tail end of the PCl’s after 0.8 wt.% H, has been desorbed, where the desorption of H, from NaMgHF;
forms various solid solutions between NaMgHF, and NaMgFs.
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Fig 5.8. (a) Pressure—Composition-Isotherms (PCl) for NaMgHF; performed between 505 °C and 554 °C. (b) van’t Hoff plot of
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In(P/P,)-

Generally, the thermodynamics of sorption are determined by measuring the pressure at the midpoint of the

equilibrium plateau and plotting this as a function of temperature in a van’t Hoff plot. In this study, due to

the sloping plateau (Fig 5.8a), each of the six curves were numerically fitted throughout the plateau, with a

double exponential distribution equation 5.4.

—(x=Xo)

+ Ayexp T2

—(x=xo)

Ln(p/Po) =y, +Aexp ™

(5.4)
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where x = wt.% Hzdesorbed, x, = is a constant, and A, Az t1, T2, and y, are fit coefficients.

This allowed the enthalpy and entropy to be determined at variable hydrogen contents over the plateau
region (Fig. 5.8b) [15]. The enthalpy (AHages) and entropy (ASqes) of hydrogen desorption are presented in Table
5.6.

Table 5.6. Thermodynamic properties at 5 different hydrogen contents for NaMgHF,

AG (kJ/mol

At H, wt.% DHges (kJ/mol Hz) ASges (J/K/mol Hy) R? H2)
-0.1 81+12 115+ 15 0.9737 -11.67
-0.275 85+12 118 +15 0.9894 -10.48
-0.45 87+12 120+ 16 0.9936 -8.95
-0.58 89+12 121+ 16 0.9932 -7.43
-0.625 90+13 121+ 16 0.9932 -6.79
-0.8 96+ 14 123 +17 0.9924 -3.22
NaMgHs? 86.6 132.20 - -19.39
NaMgH:F¢ 96.8 ~139 -14.64

*9 middle point of full desorption

*b[13] middle point of temperature is 418.6 °C

*¢[15] middle point of full desorption, values above 470 °C

The change in enthalpy, AHges, increases from 81 + 12 to 96 * 14 kJ/mol H; between - 0.1 wt.% to - 0.8 wt.%
H, (Figure 5.9). The values for the change in entropy also show the same trend, as they increase in value from
115+ 15t0 123 +17 J/K/mol H, between — 0.1 wt.% to — 0.8 wt.% H». This means that at —0.58 wt.% H, (middle
point of the plateau of full desorption), AHges= 89 + 12 ki/mol Hy and ASges= 121 + 16 J/K/mol H,, are 3.58%
higher and 8.37% lower than for NaMgHs, respectively. Moreover, there is also a difference between
NaMgH,F and NaMgHF,, with NaMgHF, being lower in AHges by 7.91% and AS by 14.74% (Fig 5.9). This
indicates that the equilibrium pressure at which decomposition will occur is significantly higher than for
NaMgHs; and NaMgH,F at the same temperature (5.9c), e.g. at 1 bar of pressure NaMgH; will decompose at
385 °C, NaMgH,F at 425 °C and NaMgHF; at 470 °C.

The nature of the sloping plateau is mainly explained by changes occurring gradually during decomposition,
possibly as the H; is being released the sample is being fluorine substituted forming a range of compositions
and, because of this, the thermodynamics of decomposition changes gradually during the measurement.
Figure 5.9 compares the change in enthalpy and entropy for NaMgHF, with NaMgHs; and NaMgH,F at
different wt.% along the plateau, where the equilibrium pressures change (from the sloping plateau) and as
a consequence the thermodynamics vary. In terms of AH (Fig 5.9a), the NaMgHF, behaviour can be divided
into two parts at -0.38 H,wt.%. If the H, wt.% is lower than -0.38 Hawt.% AHnamgrs > AHnamgrr2, Which implies
that NaMgHs is more stable than NaMgHF,. However, when H,wt.% is above -0.38% the situation for AH
changes, so that AHnamghr2 > AHNamghzr > AHnamgns, implying that at greater fluorine substitution the more

stable the sample.
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In regards to the NaMgHF; entropy (Fig 5.9b) it is < the entropy of NaMgHs and NaMgH,F for all H, wt.% (-0.1
to -0.8), resulting in the trend that the > F content the lower the ASq.s. Thermodynamically it is observed that
as F content increases the AHqes and ASqes decrease (below -0.38 wt.% H,), but the value of ASges for NaMgHF,
decreases substantially more with F substitution than does the AHq.s compared to the other two compounds
of the Na-Mg-H-F system. By consequence as the fluorine content increases AGuges is less negative, implying
that the material becomes more stable (decomposition will happen at higher temperatures), similar to what
occurs for MgHossFo.1s compared to MgH; [28]. In fact, ASqes has a larger impact on the temperature of
decomposition than AHgs. To sum up, as the fluorine content increases in the sample, decomposition will
occur at higher temperatures resulting in an increase of thermal stability. This is also demonstrated in the

DSC and TPD-MS analysis (Fig 5.7).
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Figure 5.9. (a) Enthalpy of hydrogen desorption for NaMgHF,, AHges = 78.876*(wt.% H,) — 20.268. (b) Entropy of hydrogen
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Predicted equilibrium pressures of NaMgHs NaMgHF and NaMgHF; at 6 different values of wt.% H, along the plateau. For Fig 6b:

pure NaMgH; [13] and NaMgHF [15]. Graph constructed with values above 470 °C.

5.3.4 Cycling studies
The hydrogen cyclability of NaMgHF, was investigated to characterise its reversibility and its potential use in
technological applications. Pressure cycling studies were conducted over four sorption cycles at 508 °C

(desorption and absorption). To ensure full absorption and desorption occurs during the cycling studies a
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system pressure was set at 16 bar for absorption and 1 bar for desorption. Throughout the four consecutive

sorption cycles (Fig. 5.10), the hydrogen capacity of the sample decreased gradually with the hydride

desorbing 1.07(6) wt.% H, for the first cycle and then only reabsorbing 0.82(1) wt.% H,. After the first cycle,

the capacity of NaMgHF, was reduced by 9.4 % and a total of ~ 18 % capacity was lost during the 4 cycles

(Table 5.7). Cycling was stopped after the fourth absorption, at which point XRD was undertaken (Fig. 5.11).

Quantitative analysis shows that NaMgHo.¢3F2.37 and MgO phases were present in 95.06(2) wt.%, 4.94(2) wt.%,

respectively. Si was used as an internal standard.

Table 5.7. NaMgHF; cycling measurement of 4 cycles at 508 °C between 1 and 16 bar, sorption H, wt.%

Cycle number 1 2 3 4
Desorption (H: wt.%) -1.07(6) -0.97(5) -0.95(7) -0.94(1)
Absorption (H, wt.%) 0.82(1) 0.76(1) 0.72(5) 0.67(3)
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Fig.5.10. Cycling capacity of NaMgHF; cycled at 508 °C. Each absorption and desorption were carried out at 1 to 16 bar for 3 h each.
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5.3 Conclusions

A range of NaMg(Hi-xFx)s (x = 0, 1, 2, 3) solid solutions have been synthesised by ball milling stoichiometric
ratios of NaH, NaF, MgH, and MgF, followed by annealing under hydrogen backpressure. Their potential use
as hydrogen storage or thermal energy storage materials has been examined by in situ synchrotron XRD, DSC-
TGA-MS and PCl analysis.

Thermal studies carried out on all NaMg(H1-«Fy)s mixtures determined that the thermal stability of Na-Mg-H-
F solid solutions increases with increased F content. Decomposition occurs in a single endothermic event step
with DSC data showing a maximum temperature of H, desorption of 525 °C for NaMgHF,. As regards to TPD-
MS measurements, the NaMgHF, curve shows at least two different regimes with a maximum temperature
peak of hydrogen desorption observed at 545 °C. In situ synchrotron data shows that NaMgHF; reaches full
decomposition at 595 °C forming NaMgFs;, NaF and MgO. The decomposition reaction commences at ~ 320
°C.

PCl measurements of NaMgHF, determined an enthalpy of decomposition of 89 + 12 kJ/mol H, and entropy
of 121 + 16 J/K/mol H,. In comparison with NaMgHs, these values increased from 86.60 kJ/mol H, and
decreased from 132.20 J/K/mol H,, respectively [29]. Cycling of NaMgHF, has been investigated over four

cycles at 508 °C, with a reduction of ~ 18 % of the practical hydrogen capacity.
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Using NaMgHF,, less hydrogen will be required to be stored to generate electrical power for solar thermal
storage, compared to other Mg-based hydrides, such as MgH,, Mg,FeHs, NaMgHs, due to its high enthalpy
(such us 89 compared to 74, 77 and 86.6 k) mol™ H, respectively), theoretical H, wt.% (such us 1.16 compared
t0 7.66, 5.47 and 4.01 H, wt.% respectively) and high operating temperatures. Further research on NaMgHF;
is needed to address H; loss during cycling. Once these problems are fixed this material can be evaluated as

a candidate for solar thermal energy.

110



5.4  References

[1] D.P. Broom. Hydrogen storage materials: the characterisation of their storage properties. Springer2011.
[2] M.S. Tortoza, T.D. Humphries, D.A. Sheppard, M. Paskevicius, M.R. Rowles, M.V. Sofianos, et al.
Thermodynamics and performance of the Mg-H-F system for thermochemical energy storage applications.
Physical Chemistry Chemical Physics. 20 (2018) 2274-83.

[3] D. Abbott. Keeping the Energy Debate Clean: How Do We Supply the World’s Energy Needs? Proceedings
of the IEEE. 98 (2010) 42-66.

[4] Q. Lai, M. Paskevicius, D.A. Sheppard, C.E. Buckley, A.W. Thornton, M.R. Hill, et al. Hydrogen Storage
Materials for Mobile and Stationary Applications: Current State of the Art. Chemsuschem. 8 (2015) 2789-825.
[5] J.-C. Crivello, R.V. Denys, M. Dornheim, M. Felderhoff, D.M. Grant, J. Huot, et al. Mg-based compounds
for hydrogen and energy storage. Applied Physics A. 122 (2016) 85.

[6] T.D. Humphries, D.A. Sheppard, C.E. Buckley. Recent advances in the 18-electron complex transition metal
hydrides of Ni, Fe, Co and Ru. Coordination Chemistry Reviews. 342 (2017) 19-33.

[7] McPhy Energy, http://www.mcphy.com/en/products/solid-hydrogen-storage/; [accessed 17/02/2016].
[8] D.A. Sheppard, T.D. Humphries, C.E. Buckley. Sodium-based hydrides for thermal energy applications.
Applied Physics A. 122 (2016) 406.

[9] B. Bogdanovié, M. Felderhoff, G. Streukens. Hydrogen storage in complex metal hydrides. Journal of the
Serbian Chemical Society. 74 (2009) 183-96.

[10] P. Chen, Z. Xiong, J. Luo, J. Lin, K.L. Tan. Interaction of hydrogen with metal nitrides and imides. Nature.
420 (2002) 302.

[11] G. Barkhordarian. patent pending, German Pub. No: DE102004/061286 (priority 2004); Barkhordarian
G, Klassen T, Dornheim M, Bormann R. Journal of Alloys and Compounds. 440 (2007) L18.

[12] J.). Vajo, S.L. Skeith, F. Mertens. Reversible storage of hydrogen in destabilized LiBH4. Journal of Physical
Chemistry B. 109 (2005) 3719-22.

[13] D.A. Sheppard, M. Paskevicius, C.E. Buckley. Thermodynamics of Hydrogen Desorption from NaMgH3
and Its Application As a Solar Heat Storage Medium. Chemistry of Materials. 23 (2011) 4298-300.

[14] D. Pottmaier, E.R. Pinatel, J.G. Vitillo, S. Garroni, M. Orlova, M.D. Bard, et al. Structure and
Thermodynamic Properties of the NaMgHsPerovskite: A Comprehensive Study. Chemistry of Materials. 23
(2011) 2317-26.

[15] D.A. Sheppard, C. Corgnale, B. Hardy, T. Motyka, R. Zidan, M. Paskevicius, et al. Hydriding characteristics
of NaMgH,F with preliminary technical and cost evaluation of magnesium-based metal hydride materials for
concentrating solar power thermal storage. RSC Advances. 4 (2014) 26552-62.

[16] A. Bouamrane, J. Laval, J.-P. Soulie, J. Bastide. Structural characterization of NaMgH2F and NaMgH3.
Materials Research Bulletin. 35 (2000) 545-9.

[17] U.D.o. Energy. D.O.E. ARPA-E High Energy Advanced Thermal Storage — DE-FOA-0000471.

[18] A. Reiser, B. Bogdanovié, K. Schlichte. The application of Mg-based metal-hydrides as heat energy storage
systems. International Journal of Hydrogen Energy. 25 (2000) 425-30.

[19] A. Bouamrane, C. De Brauer, J.-P. Soulié, J. Létoffé, J. Bastide. Standard enthalpies of formation of
sodium—magnesium hydride and hydridofluorides NaMgH3, NaMgH2F and NaMgF2H. Thermochimica Acta.
326 (1999) 37-41.

[20] T.D. Humphries, D.A. Sheppard, M.R. Rowles, M.V. Sofianos, C.E. Buckley. Fluoride substitution in sodium
hydride for thermal energy storage applications. Journal of Materials Chemistry A. 4 (2016) 12170-8.

[21] E. Ronnebro, D. Noréus, K. Kadir, A. Reiser, B. Bogdanovic. Investigation of the perovskite related
structures of NaMgHs, NaMgF; and NasAlHe. Journal of Alloys and Compounds. 299 (2000) 101-6.

[22] C.E. Messer. Hydrides versus fluorides: Structural comparisons. Journal of Solid State Chemistry. 2 (1970)
144-55.

[23] G.W. Stinton, J.S. Evans. Parametric Rietveld refinement. Journal of Applied Crystallography. 40 (2007)
87-95.

[24] H.T. Stokes, D.M. Hatch, B.J. Campbell, D.E. Tanner. ISODISPLACE: a web-based tool for exploring
structural distortions. Journal of Applied Crystallography. 39 (2006) 607-14.

111



[25] B.J. Campbell, J.S. Evans, F. Perselli, H.T. Stokes. Rietveld refinement of structural distortion-mode
amplitudes. IUCr Comput Comm Newsl. 8 (2007) 81-95.

[26] A. Coelho. TOPAS-Academic, Brisbane. Australia2016.

[27] C.J. Howard, H.T. Stokes. Group-theoretical analysis of octahedral tilting in perovskites. Acta
Crystallographica Section B: Structural Science. 54 (1998) 782-9.

[28] T.D. Humphries, J. Yang, R.A. Mole, M. Paskevicius, J.E. Bird, M.R. Rowles, et al. Fluorine Substitution in
Magnesium Hydride as a Tool for Thermodynamic Control. The Journal of Physical Chemistry C. 124 (2020)
9109-17.

[29] M. Paskevicius, D.A. Sheppard, C.E. Buckley. Thermodynamic Changes in Mechanochemically
Synthesized Magnesium Hydride Nanoparticles. Journal of the American Chemical Society. 132 (2010) 5077-
83.

112



6. Conclusions, future work and outlook

According to the United Nations, climate change started to occur as early as the 1800s and is mainly due to
human activities such as burning fossil fuels (coal, oil and gas), which generates greenhouse gas emissions
(GHG). The use of renewable energies such as solar, wind, tidal, hydropower, biomass, biofuels, geothermal
and hydrogen, all seem to be attractive solutions to limit the CO, emissions. However, the problem is to store
this energy so it is available 24/7.

Currently, energy produced from fossil fuels is abundantly utilised as they have been used for centuries, so
therefore, they are easy to transport, and are easily transformed into energy. In contrast, the energy
generated by renewable sources, such as solar and wind, is intermittent and often reliant on the weather
and season. As renewables are becoming increasingly prominent on the electrical grid, there is growing
interest in systems that store clean energy.

Currently the majority of development and investigations on solar thermal energy storage (TES) are focused
on high-temperature reactions. One type of TES is thermochemical energy storage (TCES), which is the
storage of heat by an endothermic reaction of a substance at given conditions of pressure and temperature
into two (or more) compounds. The energy delivered breaks the chemical bond between the atoms. This
reaction must be reversible, so that the stored thermal energy can be recovered through the reverse
exothermic reaction. Metal hydrides offer a wide range of high-operational temperatures and attractive
energy densities with the ability to absorb and release hydrogen at specific temperatures and pressures.
The focus of this thesis is the investigation, analysis, development, and synthesis of metal hydrides to be used
as TECS, by using the thermochemical reaction of their formation as a source of heat to store energy. Metal
hydrides are reversible, the metal reacts with gaseous hydrogen forming the hydride through an exothermic
reaction that releases heat, on the other hand the metal hydride absorbs heat through an endothermic
reaction and releases hydrogen gas. This property can be exploited to release and store heat on demand.
However, the reaction to form metal hydrides from metal and hydrogen involves large quantities of thermal
energy, but in some cases, this reaction happens at temperatures below 565 °

C. As a consequence, the work presented herein explored the stabilisation of metal hydrides through fluorine
substitution so that the decomposition temperature of such materials is increased. The substitution of
fluorine into metal hydrides allows the stabilisation of the metal hydrides, in turn requiring higher
temperatures of decomposition, therefore incurring greater amounts of thermal energy to be released
during the reaction between the metal fluoride and hydrogen. This means they can be used for high-
temperature thermal storage (> 565 °C). The work published in this thesis explored a range of different metal
hydrides substituted with fluorine including MgH, and NaMgH; forming Mg(H.Fi.x). and NaMg(H1Fx)s
systems, respectively. Moreover, in all cases, it was confirmed that the exchange of H and F in metal hydrides

and metal fluorides with similar characteristics and crystalline structure generates a material with increased
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thermal stability that will permit hydrogen cycling at higher temperatures and therefore greater efficiency
for thermal energy storage, despite the reduction in hydrogen-storage capacity.

Magnesium hydride (MgH,) is discussed in chapters three and four. It can generally operate as a hydrogen
storage material between 300 °C and 420 °C as sintering starts to occur above the upper temperature.
However, fluorine substitution for hydrogen in magnesium hydride increases the operating temperature of
the metal hydride whilst limiting degradation. The substitution of fluorine for hydrogen in MgH, forms a
range of Mg(HxF1-x)2> (x =1, 0.95, 0.85, 0.70, 0.50, 0) composites. This is achieved by ball milling quantitative
ratios of MgH, and MgF, followed by annealing under hydrogen backpressure. This substitution is utilised to
thermodynamically stabilise the material, so it can be used as a thermochemical energy storage material with
the potential to replace molten salts in concentrating solar thermal plants.

The potential use of these Mg(HxF1-x), composites as hydrogen storage materials was examined by in situ
synchrotron powder XRD, DSC-TGA-MS and PCl analysis. The physical properties of these solid solutions have
also been studied by powder X-ray diffraction, inelastic neutron spectroscopy, and thermal conductivity. In
addition, these measurements have been verified by density functional theory calculations. Regarding the
thermal studies, they were carried out on the Mg(HxF1-x); mixtures, which inferred that F content and thermal
stability are proportionally related, although a decrease in the absorption/desorption kinetics compared to
pure MgH, was observed. Using powder X-ray diffraction, it was discovered that the tetragonal unit cell
volume MgH, to MgF, expands by 5.4 %. Overall, an increment in F content increases the average Mg—-H(F)
bond strength, allowing the thermal stability of the material to increase, enabling fluorine-rich Mg(HyF1)»
compounds to be potentially used as thermochemical energy storage materials. In fact, this was the first time
that the Mg(HxF1-x)> system had been studied by inelastic neutron diffraction, and together with GDOS data,
it was confirmed that these materials had an expansion in lattice parameters and bond distances due to a
trend in vibrational frequencies and intensities from MgH, towards MgF..

Mg(Ho.ssFo.15)2 exhibited a maximum rate of H, desorption at 434 °C, with a practical hydrogen capacity of 4.6
+ 0.2 wt.% H; (theoretical 5.4 wt.% H,). During the decomposition of each Mg(H«F1«)2 composition, a stable
phase of Mg(Ho.a3Fo.57)2 was formed causing the remaining H, in the composites not to be released until above
505 °C. The enthalpy (AHges) of Mg(Ho.ssFo.15)2 was determined to be 73.6 + 1.2 k) mol™ H, and entropy (ASges)
131.2 + 2 J K™ mol™* H,through PCI measurements. These values are slightly lower than for pure MgH, which
has (AHges = 74.06 kJ mol™ H; and ASges = 133.4 J KX mol™ H,). Mg(HossFo.1s). was investigated over six
absorption/desorption cycles, between 420 and 480 °C at ~ 27 bar, and demonstrated a reduction of 27 % of
the practical hydrogen capacity of 4.6 wt% H,. This entails an increased usable cycling temperature of ~ 80

°C compared to bulk MgH,, increasing the thermal operating temperatures for technological applications.
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In chapter five, fluorine substitution into the NaMgHs system was performed to develop NaMg(H1.4Fx)s (x =
0, 1, 2, 3) systems. In this chapter, a range of NaMg(H:-« Fx)s solid solutions were synthesised by ball milling,
varying mixtures of NaH, NaF, MgH, and MgF, followed by annealing under hydrogen backpressure. Their
potential use as hydrogen storage or thermal energy storage materials were examined by in situ synchrotron
XRD, DSC-TGA-MS and PCl analysis.

Thermal studies were carried out on NaMg(H1«Fx)s compounds concluding that the thermal stability of Na-
Mg-H-F solid solutions increases with increased F content. For example, NaMgHF;, in DSC measurement
showed a maximum rate of H, desorption at 525 °C, and in TPD-MS measurement the curve shows at least
two different rates with a maximum peak observed at 545 °C. In situ synchrotron data shows that NaMgHF,
commences decomposition at ~ 320 °C and reaches full decomposition at 595 °C forming NaMgFs, NaF and
Mg.

As predicted, NaMgHF,, is more thermodynamically stable. The enthalpy of decomposition was determined
as AH = 89 * 12 kJ/mol H,, with an entropy of AS = 121 + 16 J/K/mol H; by PCI measurements. Indeed, in
comparison with NaMgHs, these values increased for AH = 86.60 kJ/mol H, and decreased for AS = 132.20
J/K/mol H,, respectively. Hydrogen cycling of NaMgHF, was demonstrated over four cycles at 508 °C, with a
reduction of ~ 18 % of the practical hydrogen capacity, confirming that this material holds potential as a TES
material for multiple applications. Overall, the crystallographic studies and thermodynamics properties are
measured for NaMg(H1.F)s system, and it is found that NaMgHF; has attractive thermodynamics properties,
making it a potential candidate as a high temperature metal hydride (HTMH).

All this data demonstrates that the substitution of hydrogen by fluorine in metal hydrides (MgH, and
NaMgHs) permits a relationship between the amount of F substituted with an increment in Mg—H bond
strength, making the samples F substituted more thermally stable, therefore improving the hydrogen
absorption and desorption properties by increasing the operational temperature. These hydrides can release
and uptake hydrogen, improving kinetics and reversibility with little to no hysteresis, enhancing their
potential use as TCES materials.

Based on the research in this thesis fluorine substitution into metal hydrides can help to develop new
materials with F-rich content to be considered as a potential HTMH for TCES applications. This class of
materials store heat, with an energy density of between 5 and 30 times higher than molten salts, and also
have the potential to reduce heat storage cost because the increased thermal stability of the fluorine
substituted hydride means less H; is needed to generate the same amount of heat. With less H; in the system,
the cost to store this H; (until it is needed to generate heat) is reduced and the raw material cost of the high
temperature metal hydride is reduced as metal fluorides are cheaper than the metal hydrides they partially
replace. Indeed, one major advantage of CSP plants is that, when paired with a thermal energy storage (TES)

modaule, electricity can be generated when the sun is not shining.
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Also, more experiments need to be done with MgHosFos that exhibits a high stability, abundant and low cost,
and probably could be an interesting candidate to scale up and be used as a HTMH, and it has similar
composition to the stable phase of Mg(Ho.43Fo.57); formed during sorption measurements, so it can be inferred
that despite the lowest hydrogen content this sample has potential to be an interesting candidate for energy
storage.

| believe that these materials will be useful in TCES applications in the future. The world needs to stop using
fossil fuels and this is a promising way to do so. Metal hydrides are ideal materials for heat storage with high
energy density. There is no doubt that this technology requires further innovation and development, but it
is promising and has a lot of potential. It has been proven that they can function as energy storage materials
in a wide range of temperatures from low to high. However, metal hydrides have been developed and tested
on a small scale (lab scale). Therefore, the next step will be to scale to a prototype scale of 10 — 1000 kg
according to the amount of energy required to store and deliver. Although these materials and this
technology have a great future, to successfully achieve the technological implementation on a commercial
scale there are significant challenges that must be addressed before thermochemical energy storage can
become a fundamental part of the energy infrastructure. Efficiency, types of materials, stability and
durability, corrosivity, safety, scalability, economic factors, and environmental impact, are some aspects that
need to be addressed to overcome the roadblocks. It is clear that new questions will appear and will be solved
in the future, but now it is imperative to test the system at large scale, in order to commence heat storage
system commercialisation.

It is important not to lose focus on global challenges, and that is to preserve the environment and its
resources while developing humanity and its progress, which is why it is important to generate energy
through a system of renewable sources, continuous production, and low cost, with wide coverage, safe,

sustainable and with constant availability.

6.1 Outlook

As it was mention previously, the use of these fuels has caused many problems, among which are: 1) global
warming or the greenhouse effect caused mainly by the release of CO, and subsequent climate change; 2)
deterioration of air quality in large cities where fossil fuel-based transportation, industry (such as agro-
industry, cement manufacture), and electricity is used; 3) increase in fossil fuel prices as a result of the
sustained increase in demand with a supply that in certain periods does not meet the demand.

It is critical to scale up clean energy power to avoid the potential catastrophes humanity faces if global
warming increases. Leveraging solar energy is essential to achieve this, with available technologies such as
solar photovoltaics (PV) and solar thermal electricity or concentrated solar power (CSP). For solar energy the

low-tech method and most efficient in terms of sunlight used to produce electricity is CSP. CSP has the
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convenience of TES, an energy storage system capable of storing large amounts of energy (heat) from the
sun for a long time and at a low cost. TES is a significant advantage of CSP to combat fluctuating supplies of
energy on the grid.

Most modern CSP plants operate between 290 °C and 565 °C using a 60/40 wt% mixture of sodium and
potassium nitrate, where molten salt acts as the heat transfer fluid (HTF) and sensible heat store, which is
coupled to a Rankine steam cycle [1]. However, the most efficient CSP plants are those with higher
temperatures, this implies lower costs and, as a consequence, competitiveness, with a typical temperature
range between 600 °C and 750 °C, with a storage time span of 12 - 14 h (at night) [2, 3]. Chloride salts give
the possibility to reach these higher temperatures at > 700 °C, generating corrosion and being more
expensive. For example, a two-tank nitrate system costs US S 20 - 33 kWhu?, while MgCl,/KCl is estimated
at US S 58 kWhuh?, above the CSP-TES target of < US $ 15 kWh? [2] Phase change materials (PCM) and TCES
materials, are a higher energy density technology that is used in TES allowing one to have smaller stores and
also to use less material. For example, a multi-tube heat exchanger using latent heat (chlorides) was
estimated at US $ 39 kWh 2, and this is also higher than the target value of CSP-TES [1]. Of the three TES
technologies (sensible heat, PCM, and TCES), TCES has the lowest thermal energy losses and the highest

material energy density, hence the cost is potentially low.

The advantages of TCES materials over molten, salts such as nitrate salts (60% NaNOs + 40% KNOs) are high
thermal and electric efficiency due to their high energy density 1657 ki/kg for CaCOs (413 ki/kg for nitrate
salts). Also, due toa more extensive range of working temperature, for example 890 °C for CaCOsz and nitrate
salts it is limited at <565°C due to chemical instability (Table 1.1) [4-6], and for TCES les volumes are required

to store energy for several hours.

Molten salts used in CSP technology also have some drawbacks, as the molten salts (60% NaNOs; and 40%
KNOs3, for example) have low thermal and electric efficiency due to their low mass energy density 413 ki/kg
[7], are corrosive, and tend to freeze below 200 °C [8]. In addition, large volumes are required to store energy
for several hours, and the operating temperature is limited to 565 °C [9, 10]. In all, these factors result in high

costs.

For TCES the main issue is reversibility and cyclability and a small operating temperature gap between the
forward and backward reaction (small reaction hysteresis). Of these, MHs could become a promising system
as they have a high energy density and can store energy and release it reversibly when it is required [1]. The
main objective is to develop TCES materials with improved efficiency and reduced cost for use in a CSP

system. MHs can operate at a wide range of target temperatures for solar energy (operating at higher
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temperatures such as 565 °C Na/Mg based and around 700 °C (e.g., Ca/Sr based) [6]. These MH are fully
reversible and have low hysteresis. The great advantage of TCES MHs is the possibility through stabilization

or destabilization techniques to tailor the properties to the required temperatures.

A relevant point to consider is the storage of the hydrogen gas that is released during the endothermic
process (hydrogen desorption). Hydrogen can be stored in a closed or open loop system. In a closed system,
H, storage is sized exclusively for the CSP plant. One solution could be the sorption of H, by a low temperature
metal hydride (LTMH) forming a pair of HTMH and LTMH. However, it is not the only option, and each
alternative has its advantages and disadvantages.

These materials can be integrated into large scale system. For instance, the materials studied in this thesis
are stabilized metal hydrides that can be used as HTMH and be paired with an LTMH such as NaAlH,
integrated strictly into a system such as a typical power plant. This can include a CSP plant with integrated
storage unit (in the centre) that is connected to both the solar collector and the thermal cycle. In case of
strong solar radiation, i.e. in the charging process, the heat from the collector is transferred to the thermal
cycle, and the surplus thermal energy is fed into the storage unit. In case of weak solar radiation or in other
time periods, i.e., in the unloading process, the working fluid of the thermal cycle is heated with energy from
the thermal storage system [11]. Usually, incorporating storage with a parabolic dish is challenged by that
the energy needs to be stored either on the dish or on the ground, for which the high-temperature thermal
energy should be moved efficiently from the dish by other devices. The thermal energy needs to be carried
away from the dish in the storage form of lower temperature chemical reaction products. The energy can be
added to the system via a reversible endothermic reaction to produce the heated reaction products. Then,
the reaction products can be cooled in a counter flow heat exchanger in terms of preheating the chemical
reactants. After that, it can be sent to storage until the sorption reaction is reversed to produce the heat and
thus generate a thermal power cycle. Another example of application is the integration of a TCES system to
a coal-fired power station. The basic principles are that the heat stored in the materials converts boiler water

to steam, which is then used to spin turbines that turn the generators.

The large-scale use of CSP integrated with TES systems is an effective and sustainable option to alleviate fossil

fuel scarcity and pollution problems, reducing global climate change.
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Figure I.1. Ex-situ XRD data for samples ball milled for 40 hours (L) collected at room temperature. A=1.5418 A. Red and black dot
line’s refers to main peaks of MgF, and MgH; respectively.
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Figure 1.2. In situ SR-XRD at room temperature of Mg(HyF1.x)2-L samples ball milled for 40 hours and annealed. A= 1.0003896.
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Figure 1.3. Comparison between SR-XRD of samples ball milled for 10 and 40 hours and then annealed (A). .:I\/IggFeHg, +=5i A=
1.5418 /'\’, at room temperature
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Figure 1.4. In-situ XRD for Mg(Ho.70F0.30)-L performed under vacuum using a heating rate of 10°C/min before 200 °C and 5 °C/min
after 200 °C. A= 1.0003896 A.
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Figure 1.5. In-situ XRD for Mg(Ho.s0Fo.50)-L performed under vacuum using a heating rate of 10°C/min before 200 °C and 5 °C/min
after 200 °C. A=1.0003896 A.
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Figure 1.6. In-situ XRD for Mg(Ho.95F0.05)-L performed under vacuum using a heating rate of 10°C/min before 200 °C and 5 °C/min

Table I.1. Summary of parameters and data collected from PCT desorption measurements of Mg(Ho.ssFo.15)2-S Pressure and H; wt%
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Table I1.1. Quantitative Rietveld analysis of SR-XRD data for Mg(HxF1-x); solid solutions. Errors are in parentheses. The phases in
shaded grey were used in the weight averaged calculations.

R Refined H occupa
Lattice Parameter (A) Axial Mg-H(F) b¢
R Equatorial Mg-H(F) b¢ factor
distance (A)

distance

MgF2 wt% a c Wt.av.a Wt.av.c Wt. av. Wt. av.

1 0.72 4.5582% 2.98699(5 4.62337(5 3.05214(5 1.95323(2) 1.98114(2 1.96041(2) 1.99700(2) @ 0.76
2 0.00 4.56327 2.99199(5 1.95537(2) 1.96322(2) 0.78
3 0.18 4.5682% 2.99699(5 1.95751(2) 1.96603(2) 0.80
4 0.18 4.5732% 3.00199(5 1.95966(2) 1.96884(2) 0.82
5 0.13 4.5782. 3.00699(5 1.96180(2) 1.97164(2) 0.84
6 0.17 4.5832% 3.01199(5 1.96394(2) 1.97445(2) 0.86
7 0.17 4.5882. 3.01699(5 1.96608(2) 1.97726(2) 0.89
8 0.12 4.59327 3.02199(5 1.96823(2) 1.98007(2) 0.90
9 0.25 4.5982% 3.02699(5 1.97037(2) 1.98287(2) 0.92
10 0.16 4.60327 3.03199(5 1.97251(2) 1.98568(2) 0.94
11 0.99 4.6082% 3.03699(5 1.97465(2) 1.98849(2) 0.96
12 0.88 4.6132. 3.04199(5 1.97680(2) 1.99130(2) 0.98
13 12.59  4.6182: 3.04699(5 1.97894(2) 1.99411(2) 0.99
14 67.93  4.6232. 3.05199(5 1.98108(2) 1.99692(2) 1.01
15 15.52  4.6282: 3.05699(5 1.98322(2) 1.99973(2) 1.03
MgHo.ssFo.05

1 0.59 4.5145: 3.01339(1 4.52458(1 3.02345(1 1.946(3) 1.964(2) 0.87
2 211 4.5195. 3.01839(1 1.944(3) 1.961(2) 0.89
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4.5484:
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4.5884:
4.5934;
4.5984(

3.02339(1
3.02839(1
3.03339(1
3.03839(1
3.04339(1
3.04839(1
3.05339(1
3.05839(1
3.06339(1
3.06839(1
3.07339(1
3.07839(1
3.08339(1

3.01473(1
3.01973(1
3.02473(1
3.02973(1
3.03473(1
3.03973(1
3.04473(1
3.04973(1
3.05473(1
3.05973(1
3.06473(1

3.00351(3
3.00851(3
3.01351(3
3.01851(3
3.02351(3
3.02851(3
3.03351(3
3.03851(3
3.04351(3
3.04851(3
3.05351(3
3.05851(3
3.06351(3
3.06851(3
3.07351(3

4.54284(1 3.02982(1

4.56514(4 3.04023(3

1.946(3)
1.948(3)

1.944456(4)
1.946598(4)
1.948741(4)

1.95331(2)
1.95545(2)
1.95759(2)
1.95973(2)
1.96188(2)
1.96402(2)
1.96616(2)
1.96830(2)
1.97045(2)

1.946637(

1.95619(2

1.964(2)
1.967(2)

1.971164(4)
1.973976(4)
1.976787(4)

1.97827(1)
1.98108(1)
1.98389(1)
1.98670(1)
1.98951(1)
1.99232(1)
1.99514(1)
1.99795(1)
2.00076(1)

1.974027(4)

1.98201(1)

0.75
0.77
0.79
0.80
0.82
0.84
0.86
0.88
0.90
0.92
0.94

0.46
0.48
0.50
0.52
0.54
0.56
0.57
0.59
0.61
0.63
0.65
0.67
0.69
0.71
0.73
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MgHo.soFo.50

1 0.00 | 4.53177 2.98387(2 4.59225(3 3.04441(2 1.9716(8) 1.9860(5) | 0.16
2 0.00 4.5367. 2.98887(2 0.18
3 0.00 4.54177 2.99387(2 0.20
4 0.00 4.5467. 2.99887(2 0.22
5 0.00 4.55177 3.00387(2 0.24
6 0.00 4.5567. 3.00887(2 0.26
7 0.00 4.5617. 3.01387(2 0.28
8 0.00 4.5667. 3.01887(2 0.30
9 0.00 4.5717. 3.02387(2 0.32
10 0.00 4.5767. 3.02887(2 0.34
11 0.00 4.5817. 3.03387(2 0.36
12 12.56 4.5867: 3.03887(2 1.9692(8) 1.9829(5) 0.38
13 66.89 4.5917: 3.04387(2 1.9714(8) 1.9857(5) 0.40
14 17.71  4.5967: 3.04887(2 1.9735(8) 1.9885(5) 0.41
15 2.83 4.6017. 3.05387(2 1.9757(8) 1.9913(5) 0.43
MgH:

1 99.31  4.5179F 3.02257(1 4.51795(1 3.02257(1 1.935973(6) 1.935973( 1.966804(5) 1.966804(5) 0.96
2 0.69 4.5229¢ 3.02757(1 0.98
3 0.00 4.5279¢ 3.03257(1 1.00
4 0.00 4.5329¢ 3.03757(1 1.02
5 0.00 4.5379F 3.04257(1 1.04
6 0.00 4.5429¢ 3.04757(1 1.06
7 0.00 4.5479¢ 3.05257(1 1.08
8 0.00 4.5529¢ 3.05757(1 1.10
9 0.00 4.5579¢ 3.06257(1 1.12
10 0.00 4.5629¢ 3.06757(1 1.14
11 0.00 4.5679¢ 3.07257(1 1.16
12 0.00 4.5729¢ 3.07757(1 1.18
13 0.00 4.5779¢ 3.08257(1 1.20
14 0.00 4.5829¢ 3.08757(1 1.22
15 0.00 4.5879¢ 3.09257(1 1.24

Table I1.2. Atomic coordinates and thermal parameters of Mg(HxF1-x), solid solutions. Errors are in parentheses.
Sample Mg coordinates| H coordinates (x, y, z)| Fcoordinates (x,y,{ Mg Thermal parame H Ther| FThermal parame

Y, 2) (beq) parameter (beq) | (beq)

Mg(HosFos) m 0.303, 0.303, 0 0.303,0.303, 0 0.97(1) 1.23(3)

Mg(Ho.s5Fo.15) m 0.303,0.303, 0 0.303,0.303, 0 1.215(7) 2.10(8)

MgH: 0,0,0 0.303,0.303,0 --- 1.45(2) 3 ---
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Figure I.1. SR-XRD pattern, Phase distribution and Rietveld refinement plot of Mg(HxF1-x), solid solutions focused on the (110) Bragg
peak. the Experimental data illustrated as black line, calculated diffraction pattern as blue squares, calculated phase distribution as
multi-coloured lines and the difference plot in black at the bottom of the plot. T =27 °C.
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Table I1.3. Crystallographic parameters for Mg(HxF1-x), compounds optimized by DFT calculations. Percentage difference compared

to experimental values given in parentheses.
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Table 11.4. Thermodynamics of Mg(HxF1-x)2 compounds determined by DFT calculations and physical measurements. AH¢orm is the
enthalpy of formation of Mg(HxF1-x), determined by DFT calculations. AHges is the enthalpy of desorption determined
experimentally.

Sample (x) AHform DFT AHges measured ASges measured AGdes measured

(kJ/mol compound) | (kJ/mol compound) | (J/K/mol compound) (kJ/mol compound, @

448°C)

@Ref [1]; Pref [2]; ref[3].%ref [4].

NEXAFS

Near-Edge X-Ray Absorption Fine Structure (NEXAFS) spectroscopy measurements were performed at the
Soft X-ray (SXR) beamline of the Australian Synchrotron [5]. All measurements were carried out at room
temperature with the ultra-high vacuum (UHV) analysis chamber being maintained at a base pressure of <9
x 107° mbar. Powdered samples were loaded in an argon-filled glovebox onto sample mounts and then
transferred to the SXR beamline using a purpose-built vacuum transfer vessel. The vacuum transfer vessel is
a sealed chamber that ensures that the samples are not exposed to air or moisture in the process of
introducing them to the UHV chamber of the beamline. The NEXAFS spectra were recorded at the magnesium
K-edge (1280 - 1360 eV). All spectra were obtained in total electron yield (TEY) mode and all NEXAFS spectra
were processed and normalised using the QANT software program developed at the Australian Synchrotron
[6]. Intensities have been normalised with respect to impinging photon flux.

Figure 8.2 shows the NEXAFS data collected for the Mg(HFi-x)> samples with the MgF, pattern showing
excellent agreement with literature data [7, 8]. MgF; has a relatively simple spectrum with two predominant
peaks at 1313 and 1318 eV in the full multiple scattering region, followed by several minor features in the
intermediate multiple scattering region (IMS).>® The NEXAFS spectrum of MgH, in contrast, has a
predominant peak at 1308 eV followed by a number of broad features at higher energy. The Mg(HxF1-)2
spectra each bear resemblance to the parent MgH, and MgF, spectra and vary depending on the

stoichiometry of the solid solution. It has been noted that the spectra of six-coordinate Mg compounds are
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the weighted sums of all the independent partial spectra generated by the absorber when located in each

different environment within the investigated structure [8].
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Figure I.2. NEXAFS data collected near the magnesium K-edge for the Mg(HxF1-x)> system.
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Ammonium chloride-metal hydride based reaction cycle for
vehicular applicationst

Helen G. Stewart, ¥ Terry D. Humphries 3** Drew A. Sheppard,” Mariana 5. Tortoza,® M. Veronica
Sofianos,® Shaomin Liu,"and Craig E. Buckley®

Hydrogen and ammaonia have attracted attention as potential energy vector due o their abundance and minimal
emviranmental impact when wsed a4 o fusl source. Ta be o cormmercially viable alternative to Tassil fuels, gasecus fuel Soiréey
must adhere to & wide range of standards specifying fiydrogen delivery ternperatune, gravimetric capatity and cost. In this
article, an ammanism chlaride-metal hydride reaction cycle that enables the salid thermal decompasition products to be
recyded using industrial processes is proposed. A range of metal hydrides and metasl amides were reacted with ammaniurm
chipride to determine the reaction pathways, products and overall feadibility of the cyde. The NHiCl-WM [MH = metal
hydride) and NHaCI-MNH: [MNH: = metal smide) mistures were heated to temperatures of up to 500 “C. The resulting
products were experimentally charactersed wiing temp e program desorption residusl gas analysis, simultaneais
differential scanning calorimetry and thermogravimetric anabysis and in situ powder X-ray diffraction. Simaar anabysis was
undertaken ta determine the effect of catalyst addition to the starting materials. A maximurm yield of 41 wi® af hydrogen
and ammonia gas mixiures were released from the MHCI-MM materish. This exceptional gravimetric capacity allows far
valumetric gas densities {263 — 657 kg/mi) that are much higher than pure NM;, M; or metal hydride materials. Overall, the
reaction eycle potenitially allows carbon-neutral regeneration of the starting materialy, making it a sustainable enengy option.

Introduction

With world energy consumption projected to exceed 18,000
TWh by 2035,* it has never been more important to invest n the
development of sustainable energy technologies to meet this
demand. Hydrogen is an attractive potential energy vector. Itis
universally abundant on earth, and Its combustion has minimal
environmental Impact as it does not produce any carbon
dioxide or nitrous oxides. Storing hydrogen in a high volumetric
density format that flexibly links its production and use as an
energy source |s a critical part of developing a hydrogen
economy. 4

Hydrogen |s traditionally stored in cylinders as a liquid at
cryogenic temperatures or as a gas at high pressure_® Storage of
hydrogen as a high-pressure gas is preferable in industrial
facilities and laboratories, where weight and wolume capacities
are not limiting factors. Storage of hydrogen as a liquid is also
not suitable for energy applications as liquefaction can lead to
a loss of up to 40% of hydrogen's energy content, while boil-off
and safety comcerns (throwgh high-pressure bulld up upon
cooling fallure) are also factors to consider.® Overcoming these
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Curtir Liniveraity, PO Box LIASET, Pertk, WA 6545 Awstnole.
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barriers and developing a system that can store hydrogen
efficiently would prowvide a long term solution to meeting global
energy demands In a sustaimable manner.

Metal hydrides are of special interest to the hydrogen storage
community. They have the capacity to be developed from
inexpensive or abundant materials such as sodium, magnesium,
calclum and titanium and form a variety of hydrogen containing
specles Including tonic hydrides, complex hydrides and
interstitial hydrides.”** The thermal ensrgy density of metal
hydrides Is up to thirty times more than molten salts, currently
used to store solar energy.® 1 They also have the potential to
reversibly absorb large amounts of hydrogen which makes them
ideal for fuel cell applications.

When in the form of metal hydrides, light metals such as
flithium, sodium, magnesiem and aluminium are appealing
hydrogen storage candidates due to thelr low atomic weight
and high gravimetric hydrogen content.® % % 11 35 Tha higher
the hydrogen-metal ratio and the lighter the metal elements
incorporated into these compouwnds, the higher the hydrogen
capacity of the material. Increasing the hydrogen capacity of a
maaterial Is in effect, Increasing Its gravimetric energy density.
Complex hydrides containing these Hghtweight metals such as
borohydrides, transition metal hydrides, amides, Imides and
alanates are under investigation for use in hydrogen storage
applications due to thelr potential high hydrogen weight
capacitles 2489

Ammania has also been receiving helghtened attention as a
potential medivm of Indirect hydrogen storage and as an
independent fuel sowrce ™% Ammonia releases 316.80 ki fmol

4. Mome., 2013, 00, 1-3 | 1
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of energy during combustion.® This high energy release
Insplred Green to propose It as-an emergy vector by Green in
198218 ammaonia’s combustion reaction simply releases
nitrogen and water (eq. 1), both naturally present in the earth's
atmosphere, although a small amount of NO. may be produced
a5 a8 by-product .1 Providing the nitrogen and hydrogen used to
synthesise the ammonia are derived from clean and renewable
sources, this reaction does not result in the release of hazardous
alr pollutants such as C0y, 50 and soot.20 Generally MH; has a
narrow flammability limit of 15.5% to 27% volume in air,® which
leads to a low combustion rate. However, recent studies have
shown that the presence of hydrogen during ammonia
combustion can lower combustion temperatures and increase
the burning velocity of ammonia flames. In addition, ammonia-
fed solid oxide fuel cells (SOFL) have been developed that can
directhy utilise ammonia without the requirement for cracking .#*

ANHy) + 305 = 2Ny + BH20 (3168 kifmol-NHy) 0y

The Haber-Bosch process® has made ammonia readily avallable
at a cost ranging from US5385 to 5770 per tonne ™ In fact,
global ammonia production is projected to exceed 150 mega
tonnes per annum by the end of the decade ** Infrastructure for
large-scale ammaonia transportation also exists in the form of
trucks, tank carriage, barge, ships and pipelines.®™ Therefore, an
ammaonia based fuel cycle could be expanded to an industrial
scale without the need for any new infrastructure. Many factors
have prevented the utilisation of ammonia as a large scale
commercial fuel source as it s acutely toxic If inhaled, and
highly harmful if released into marine environments.® The risk
associated with ammaonia’s toxicity can be mitigated by storing
It as a solid in the form of metal amines, ammonium chlorides,
ammonium carbonates or urea, although infrastructure to
retrteve the ammonia from the solid [such as thermal
treatment) still needs further development.*’

In recent studies, ammonium complexes of metal hydrides or
metal ammine complexes and metal amines have been under
scruting as a means of high-density ammonla and hydrogen
storage. - 5 -1 Upon thermal treatment, these complexes
produce either NH; andfor Hy Rather than uslng ammonia
directly as a fuel source, David et al. have reported a promising
method of extracting hydrogen from ammonia or "ammonia
cracking”.** By passing ammonia through a sodium amide
catalyst powder they achieved a 99.2% ammonia
decomposition efficiency at a temperature of 530 "C. Another
technology for an ammonia cracking fuel cell using a zirconium
based catalyst has also been patented.

More recently, high purity Hp (99.99 %] has been produced
using a two-step process with initial decomposithon using 1 wt
% Ru on Al:O5 catalyst, followed by purification using Pd-coated
tubular vanadium memberanes.™ The catalyst and membrane
are operated at temperatures of 430 and 340 °C, respectively.
Other reported hydrogen separation membrane systemns
include Pd, Pd-Ag, vamadium alloys and Nb.*¥ Additionally,
adsorption of ammaonia into zeolites has been shown to be an
efficient method to purify H: produced from ammonia. ™

2| i Name., 2012, 00, 1-3
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L and Hurley Investigated the effect of the presence of
palladium {1} and palladium (V) chlorides and ammonium
chioride on the reactlon between ammonla and magnesium
hydride.?® Thelr results showed that the addition of palladium
{) chloride and ammonium chloride inceased the
concentration of hydrogen In the released ammonia by up to 20
% compared to a non-doped system. This article, along with a
study on the effect of La* on the dehydrogenation of LiAIH.-
MNH.Cl,38 s one of the few articles in current Hterature that
examines ammaonium chioride in a metal hydride system.

For the ammaonla cycle to be feasible and especially allow
ammaonia based materials to be used In vehicular or stationary
applications, cracking of ammonla must be achieved at a
temperature lower than the current Hmit of 450 °C in order to
reduce energy costs.” In fact, for vehicular applications, a
conversion temperature of <100 *C would be ideal, with high
density storage of ammonia/hydrogen a necessity. In addition,
the oycle must use cost-effective materials that can be
reprocessed.

In this study, the reactions of ammonium chloride with sodium,
magnesium, lithlum and calcium hydrides and sodium and
lithium amides hawe been experimentally characterised to
determine the temperature at which gas release occurs. An
evolved gas composition of N: and H: would be ideal for
technical applications as this would allow technobogical
applications using a PEM fuel cell. To promote the formation of
H; rather than NH., addition of PdCl; as a catalyst has been
explored. A number of complementary analysis technigues
have been employed to determine the reaction pathway and
products including temperature program desorption residual
gas analysls, simultaneous differential scanning calorimetry and
thermogravimetric analysis and in sitw powder X-ray diffraction.
In addition, a coost-effective cycle has been proposed,
demonstrating the recyclability of the reaction products.

Experimental

All handling of chemicals was undertaken in am argon-
atmosphere Mbraum Untlab glovebox to minimise oxygen (0: <
1 ppmi) and water {H:0 < 1 ppm] contamination. MHLCI (=949.5
%), NaH [»95 %], UH (~30 mesh, >35.5 %), MgH: (hydrogen
storage grade), LINH; (=995 %) and PdCl; {=999 %), all
purchased from Sigma Aldrich and NaNH: (=85 %, Fluka) were
used as supplied with no further purification. CaH: powder was
prepared by the hydrogenation of Ca powder (99%, granular,
Sigma Aldrich) under a H; pressure of 30 bar and a temperature
of 400 *C for 18 h.

The ammaonium chloride and metal hydride (AMH]/metal amide
{MNHz) powders were mixed by ball milling at 450 rpm in a PO-
NO4 Planetary Ball Mill employing tempered steel viaks and balls
in an Ar atmosphere. A ball-to-powder mass ratio of 15:1 was
employed, in 15 cycles of two minutes milling and a two-minute
pause, giving a total milling time of 30 minutes. The
stolchiometry of the mixed samples are presented in Table 1.
The sample catalysed with PACl; was prepared by combining the
previously BM NHsCl + NaH powder with either 1 or 10 mol%

This journal is & The Roysl Society of Chemistny 20
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PdCl; using an agate maortar and pestle for 2 to 3 minutes under
an argon atmosphere.

ARTICLE

Table 1. & v ol samphe o

honts and seasured decomgoaition teemoeratares, mass ks during ermal trestmaent and reacthon products along with caicafabed costs. Tha

COsts are cafrutabnd from the cost af the raw materiais and the enangy prockaced from the combustion of th relative motar eguisalents of NH, and H; produced during reaction.

Sample Resction Onset | Total Theoreticalf | Solid Beaction | Gaseous Theoretical/ Cost Theoretical
Temperature Experimental [TGA) Products Reaction Experimental (USS/kWhE [ enthalpy of
{"C) {RGA} Gravimetric capatity Products | velumetric gas density cembustion
w%) kg gas/m’} [ki g reactant]
NHA + Mo a0 246/ 248 Péall Ha + NHa 360/363 [ 13 7200
MHC] + MahiH: o4 368/ 34.0 MaCi INH: 558/496 14 840
INHL = Mgh 128 206/ 404 Ml IH, + 2hH; 430/807 03 Bagi
WL + LiH 118 31.0/ 376 L1 Ha + My 364/442 5.1 0092
PbaCl + LibdH: T2 445 /381 L0 ik E40/Z190 5.7 g7
DHHAOH+ Cabs 120 255 /414 CaCh THa + 2hHa 406/E57 o5 7404
MH.C] + HaH + &0 243/288 pesil + Pd Ha + MH; — — —
PdCL (1 malk)

X-Ray diffraction (XRD) was performed using the Bruker AXS D&
Advance Discover XRD System (A = 1.5406 A) set at 40 k¥ and 40
m#A. The data was collected with a proportional counter, using
a step scan from 2° to BO® 28 with 0.03 degree steps for 0.6
sfstep. XRD  sample holders cowvered with a
polymethylmethacrylate) (PMMA] airtight dome were used to
prevent coygen/molsture contamination during data collection.
The PMMA airtight bubble results in a broad hump In XRD
patterns centred at =20° 28. In situ synchrotron powder X-ray
diffraction (%R-XRD) was performed at the Australian
Synchrotron in Mefbourne, Australia_® Powdered samples were
loaded kn a quartz capillary [outer diameter 0.7 mm, wall
thickness 0.01 mm) that were then, using graphite ferrules,
rmounted in 116" tube fittings in a glove box filled with purified
argon (< 1 ppm O3 and H:0). The sample holder was then
connected to @ Hz gas filling/vacuum manifold and the capillary
heated with a hot air blower with a heating rate of 5 "C/min in
vacug. The temperature of the hot-air blower was calibrated
against the known thermal expansion coefficlents for MaCl and
Ap A0 %1 One-dimensional SR-XRD patterns (monochromate X-
rays with A = 1.0003896{1) &) were collected using a Mythen,
microstrip detector with an exposure time of 54 s per pattern.
The capillary was rotated 120" during exposure to iImprove the
powder averaging. The crystalline phases were identified by
reference to the ICDD POF database. Diffraction patterns were
quantitatively analysed with the Rietveld method using the
TOPAS software [Bruker-AxS).

TPD-MS  (Temperature  Programmed — Desorption-Mass
Spectrometry) was performed on a gquadrupole mass
spectrometer resldual gas analyser (5tanford Research Systems
RGA 300). For each measurement, approximately 0.5 mg of
sample was outgassed at below 4 x 10¢" mbar over a minimum
of 3 hours. While still under vacuum, the samples were heated
up to 4B0 °C at a heating rate of 2 "C/min. Interpretathon of the
M5 data was carried out using RGA Version 3.218.004 (SRS
using mfe = 2 for Hy and 17 for NH;. Simultaneous Differential
Scanning Calorimetry - Thermal Gravimetric Analysis (DSC-TGA)
was performed on a Mettler Toledo DSC 3+ using sample
masses of =10 mg at a heating rate of 5 "C/min under an argon

This jourmal is © The Royal Society of Chemistry 20

flow of 20 mL/min. The temperature accuracy of this instrument
15+ 0.2 *C, while the balance has an accuracy of + 20 ug.

Results and Discussion

Thermal analysis and decompaosition pathway

The NHsCl and metal hdride mixtures were ball-milled for 30
mins to maximdse homogeneity but also minimise any potential
reaction that could occur due to the heat generated during the
milling process. Any reaction would result in capacity loss of
gases evoleed during thermal analysis. Table 1 summarises each
of the mixtures employed in this study along with primany
results of thermal experiments including DSC-TGA-RGA and also
theoretical thermodynamic caloulations.

Thermal decomposition of pure NHWCl

The decomposition of commercial ammonium chioride was
measured by in situ SR-XRD and DSC-TGA (Figs. 1 and 51%) to
allow direct comparison agalnst the decomposition pathway of
the measured NHsCl-MH and MH.Cl-MMH; powder milxtures.
The DSC data shows two endothermic events with peak maxima
at 190 "C (corresponding to the phase Il [LT-NHLCl) and phase |
{HT-MH4Cl) solid-solid phase transition), and 310 °C
{corresponding to the decomposition of NH.CE), which was in
agreement with literature values.# 91 The TGA shows a distinct
sublimatéion onset at ~208 *C, ending at ~330 °C, with a total

J. Nome., 2013, 00, 1-3 | 3
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mass loss of 94 wi¥, allowing for the purity of the starting
material.

The in situ SR-XRD data corroborates the thermal analysis
results. Phase analysis of the material shows that the material
at room temperature has Bragg peaks corresponding to LT-
NHaCl onby (space group [5G) Pm3m). At =190 “C there is a phase
change corresponding to the solid-solid phase transition from
the LT-NH to HT-NH.C (SG Fm3m) followed by the
subseguent start of decomposition at =200 "C.

Thermal decomposition of NHLCl + NaH

Quantitative analysis of the SR-XAD data of the starting material
at ropm temperature (RT} indicates that the BM material
consists of NHeO (66.3{2) wisd), MaH (29.3(2) wt¥], MaOH
[2.2(2) wi%h) and NaCl (2.1{1} wt™] (Figs. 23 and 52t). The small
quantity of Nadl ohserved at AT can only be distinguished by the
[022] reflection at 28 = 29.0° due to the [002] (24 = 20.4%)
reflectbon being overlapped by the [111] peak of NaH. At ~100
*C the [022] refiection for NaCl clearly starts to Increase in
Intensity corresponding to the onset of decomposition with a
corresponding initial gas detection at ~90 °C for the RGA and
TaA (Fig. 2b, d, Reglon (i} and Fig. 52). The first decomposktion

& | J. Mame. 2012, 00, 1-3

*Cimin. A & 1OOCEESE(1) A Encotramsic hieat fiow in the dowen direction for DSC data.

event is exothermic hawing a maximum heat flow at 161 *C and
ending at ~180 *C (Fig. 2c). Coincidentally, MaH is no longer
observed by SR-XRD after =185 *C, while any remaining LT-
NH.O tramsitions to the HT phase, which is dencted by an
endothermic peak by DSC (peak max = 187 *C). In addition, a
splitting of the NaH Bragg peaks |s observed to occur above 100
*C which Is assodated with the dissolution of MaOH Impurities
into the MNaH lattice:* From TGA, the mass loss In the first
decomposition step was measured as 16.8 %, while guantitative
Rietveld refinement determined that 85 wi: of NHLCl has been
consumed along with 100 % NaH, giving a welght loss of 16%
consisting of D.85MNH; and 0.925H:.

The remaining NHiCl decompaoses in an endothermic process,
with a maximum rate of H; and NH; release at =215 °C, leaving
NaCl as the only crystalline product. For the remaining HT-NHaCl
to not decompose inte HO and MHs, a Na source, other than
NaCl, must be present in order to form MNaCi, Hy; and NHs.
Crystalling NaOH ks still present up to =200 *C allowing fora Na
source. Beyond this temperature, it is likely that an amorphous
NalOH species may exist. This s corroborated by the fact that
only Hz and MH; were observed by RGA above 200°C. Overall, a

This jeumil i4 & The Rayal Saciety of Chemistry 2o

137



Journal Name

Tamgeratere (7 O}
150 200 280

{a) ] 100

26(")

(i)

" E?i Wi {iil)

Ll B LSFLENLI LR N FEL - B
i} 100 180 i 250 300 50
Temperaturs [ C)
Fag- 3. (4] i sifis SA-KAD cata, (5] TGA, fc) DSC and (4} AGA data for Keg,0 » LiH. Region
{i aened ) cowvtaions LiH, CT-MH, 0 and LiC phases. Regan (8] contains LI and HT-MHCI
phases Region |} contaims LiCL For cosmplete phase idantiication of ¥AD data soe Fig.
33+ AT/t = 5°Cfmin A = LOOO3E9E(1) A Endothermic heat flow in the down diraction
for 050 data.

total mass koss of 24.8 wi% was measured before 260 °C, which
Is close to the expected mass loss of 24.6 wi%.

Thermal decomposition of NH.Cl + LIH

Initial laboratory based XRD of the NH.O + UH starting
materialat AT directly after BM Indicates that the material
consisted of LT-MHCl (39(2) wi%), LiH {1042} wi%} and LICI
[1.0(2) wt3) (Fig. 53%), indicating that negligible decomposition
occurred duning the process. After eight months of storage at
RT under an Ar atmosphere SR-XKRD was conducted. At this
point some decomposition had occurred with a composition of
NHCl {78.2(5) wik], LiH [B.4[5) wii) and LICI [13.4{1) wit)
being determined (Figs. 3a, 53 and 54%). This suggests that the
mixture of these two materials is only metastable. According to
the RGA data (Fig. 3d), onset of H; desorption occurs at 115 °C,
while NH; was not detected until 145 °C. The SR-XRD data shows
that at =135 “C the LiCl phase ([111] Bragg peak at ~28 = 19.2°),
by chservation of the data, starts to Increase in intensity while
at 182 "C the LT-MHsCl phase disappears ([011) Bragg peak at
=28 = 10.8") with some undergoing a phase transformation to
HT-MHsCl. At =200 “C quantitative Rietveld refinement
determines that the sample consists of HT-NHLCI (38.9{4) wi%],
LICI [58.1(5) wt2) and LH {3.0(6) wt3]. The initlal quantity of
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LIH may be diminished compared to the theoretical value due
to the reduced M-ray scattering of the light Ul and H atoms
compared to M and €. As a result, the peaks for LiH are barely
visible im the initial diffraction pattern thus guantification by
XRD may not be totally dependable throughout.

The remaining HT-MH.Cl decomposes in an endothermic
process having @ maximum heat flow at 264 *C (Fig. 3c) and a
peak desorption rate measured by RGA for both Hy and NH; at
241 *C. The final crystalline product is LIC] although 2.5(6) wi%
LIH was also observed upon completion of the XRD experiment.
Owverall a total mass loss of 35.5 wi® was measured below 268
*C by TGA (Fig. 3b), which is close to the theoretical mass loss of
31.0 wi®. There are subtle wvarlations of an otherwise linear
wieght change in this region which are most easily observed in
the derivative of the TGA pattern (Fig. 55%). As LiH s still
observable at the end of the in sity SR-XRD experiment, the
exaggerated mass loss of an additional 4.5 % may be attributed
to the direct decomposition of NH.Cl into NH, and HE. Although
HCl was not detected by REA, the gas release profile of NHy and
H;appear to be skmilar and it may be assumed that the HCl may
react with the stainless steel tubing producing H: at the same
rate as MH, s detected.

&l tod 150 200 @0 3 M

10

!l.] 1w i) 20 0 50 B

Temperature (° C)

Fig- 4. {a] In sity SR-ERD data, (b} TEA, (¢ DSC and (4] BGA data far NHC = NalH,.
Regian §| and ill: cantaing Nah,, LT-NH, 0, N2DH, an unkeown and Kall phases. Region
] containg MaCl and HT-MH,CI phases. Rogion {iv) containg NaCl For complete phase
identfication af ¥AD data see Fig. 56+ AT/ « 5 "Cimin.  « LOO03896(1] A Endatharmic
haat Agw in thie down direction far DS daka
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Thermal decomposition of NHJCI + NaNHz

The SR-XRD pattern of the initial BM mixture of MHLCl and
NaMH; indicates that some decomposition has occurred during
milling with the observation of NaCl along with the NH.Cl and
NaMH; starting materials {Figs. 4a and 561). In addition, impurity
NaOH and another unknown phase were |dentified. Upon
reaching =146 *C during in situ SR-XRD measurements, all
remnants of NaNH; had disappeared. At this point, excluding
the wnknown phase, the composition of the material
determined by quantitative phase analysls s “42.7(5) wt™ of
NH.Cl, 2B.7{4) wi NaCl and 28.5{8) wt3 NaOH. The LT to HT
phase change for MHyCl begins at =164 *C, while the HT-phase
undergoes decomposition and (s unidentifiable by ~215 *C. The
NalH and the unknown phase are no longer detected by =190
and =200 °C, respectively, leaving NaCl as the only crystalline
phase. While it was not possible to index the Brageg peaks for
the unknown phase, it is belleved that it is a Na(OH);_.[MH,),
phase.* The formation of thic material during BM would also
ascertain why Nadl Is observed in the initial material.

Thermal decomposition of NH:Cl + LUNHz
The SR-KAD pattern of the ball milled mixture of NH,Cl andLiNH,

contains 57.4(1) wi® NHaCl, 20.3(1) wit® LINH:, 21.8{1) wi%
Licl, and 0.43{9) wi% Li;0 indicating that some decomposition

Temparatu [
(a) 0 e rmg

T T 1 T T 7
51 100 150 20 250 0
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Fag. 5: (a} In site SR-XRD data, (8] TEA, () D5Cand {6 AGA data for MH.O + LINH:. Reghon

{l @nd §): comnaing LINH;, LT-NHCT, LD, unknown and LIC) phases. Region {iE) containg

LihHy, LiCY, Ly, unknown and HT-5H,L] phases. Aegion (k) contains GCL For complete

phase wentification of ¥AD data sec Fig. 571 AT/ = 5 "C/min. A = 1.0003355{1) A.

Endatharmic haat fiow in the down dinection for DSC data
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occurred during the milling process (Figs. Sa and 57t). This
assumption is corroborated by TGA data, inwhich a 38 wi® loss
is observed rather than the theoretical value of 44.5 wit% [Fig.
5b}l. As the BM Initlal sample contaimed 21.8(1) wit% LICl,
assuming a 1:1 reactlon product of LICEMNH; (Table 1), this
equates to B.B wit% MHs desorbed during milling, which is close
to the difference between the measured and theoretical TGA
capacties.

Thermal analysis of the material by TGA indicates that the onset
temperature of decomposition occurs at 80 *C (Fig. Sb). The
broad exothermic event In the D5C data originating at 90 °C,
with a maxima of 143 °C, Is attributed to & slow reaction
betwesn MH.C and LINHz, producing MHy gas (Fig- 5c). This step
produces 3 wi¥ MH; between 80 and 152 "C. NHa, along with a
milniscule quantity of Hy, continues to be desorbed wuntil 175 “C
{Fig. 5d), at which point in sitv XRD indicates that the phase
change from LT-MHaCl to HT-MH4Cl occurs with subsequent
decomposition between <180 and 210 *C (Figs. 5a and 571). An
endothermic peak is also observed in this regime, with a peak
heat flow at 190 °C. The decomposition of LUNH; appears to be
present until =280 "C as observed In the /n situy SR-XRD
experiment, even after the decomposition of NH4Cl at =220 "C.
in addition, three Bragg peaks of a minor unknown phase are
observed at 14.6, 19.5, 208, 227 and 295% 28, This phase
increases in crystallinity from =60 *C until disappearing at =280
“C. The decomposition of NHCI, LiNH; and the unknown phase
explain the broad endothermic peak in the O5C data between
200 and 280 *C along with a concomitant slow release of NHa..
The decomposibon temperature of lithium amide is therefore
greatly reduced compared to that of the pure material, an effect
that was also moted when exploring the effect of CF on LiNH,
with the addition of LICI.*

Thermal decomposition of 2NHLCl + MgH:z

The initial composition of the BM material measured by 5R-XRD
indicates that NHsCl, MgH: and Mg are present in the powder
{Figs. 6a and 5&8t). in situ SR-XR0 of the powder shows that the
phase transition onset of LT-MH.Cl to HT-NH.Cl begins at ~176
*C with no more LT-NHsO being observed at 197 *C. Any
remnants of HT-MH.Cl disappears at 248 *C. In addition to the
WH.Cl phase change and decomposition, a new phase emerges
at 170 *C, which has a maximuom Intensity at ~242 °C and a
decomposition temperature of 258 “C. This phase can be
indexed to a tetragonal phase with lattice parameters of
5.01745(2), 5.01748(2), 16.2398(1) A at ~240 *C corresponding
to a possible space group of M/mmm. & possible structure s
{NH4):MgCly which s Isomorphous with K:MpCla®  MgH;
appears to start decomposing at 190 °C and ks last observed at
294 *C. During the decomposition regime of MgH; and the
{NH4):MgCly phase, two unknown phases begins to appear at
~248°C and disappear by 311 and 330 "C. Due to the analogous
nature of (NHej:MgCls to the K:MgCl system, the unit cefls for
K:Mg,Cly and KMgOls were evaluated but not match elther of
the unknown phases ™ In addition, Mg[NH)Cls (¥ = 1,2.4 6)
were considered as potential side products in the reaction.
Within this temperature range Mgl{MH;3}:Cl; is the only likely
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compound to exist*® and unfortunately none of the unknown
phases match the measured lattice parameters or unit cell.*®
MgCl; Is not observed untll =300 *C and Is the major crystalline
phase after 330°C, along with another minor unknown phase.

The thermal analysis data correlates extremely well with the
arystallographic data, which shows that there are three distinct
decompaosition events, each containing multiple components
(Fig. 6{b-d). The first event releases NH; and H; between ~125
1o =250 °C, as determined by RGA. DSC analysis identifies four
endothermic maxima (177, 185, 200 and 215 *C), while TGA
Indicates a corresponding mass hoss of 10.5 wt%. Between 225
and 238 “C, a mass loss of 4.5 wi is observed, along with a
tripiet of exothermic peaks at 225, 228 and 232 "C. Between
238and 264 *C a doublet of endothermic events 243 and 259 °C
and an associated mass loss of 5.2 witi s observed. After 264
“C a large exothermic peak is determined with a maximum heat
flow at 334 *C. The event continues untl! 355 °C where 108 wit
of MH; and Hy Is released. Overall, 40.4 wit loss s detected by
TGA desplte a theoretical loss of 28.6 wi%. This would indicate
a floss of a guarter of the €l content, although analysis of the
RGA for HO and My indicated no loss of gaseous € containing
products. As construed in the reaction between MHsCO + LH, it
& possible that HOl may be produced during the decomposition
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of MHLCl causing a continued detection of Hz throughout the
remalning experiment.

Thermal decomposition of 2NHLCl + CaHy

Compared to the 2MH.CI =« MgH: mixture, the decomposition of
IMNHsCl + CaH: Is relatively simple. The Initial mixture was
determined to contaim only MHC (71.8{1) wt¥) and CaH;
[28.2{1} wt%), as expected, by SR-XRD (Figs. 7a and S91). MH;
and H; are observed by RGA starting at =120 °C and both having
maxima at 230 “C (Fig. 7b). A second NH; peak is observed at
273 °C and ks no longer detected after 365 *C. H: meanwhile, is
continuously evolved throughout experiment. The first
indication of decomposition by TGA oocurs at 152 *C, in which a
mass loss of 3001 wit® ks achieved before 284 *C (Fig. Th). The
second mass loss step releases 8.6 wi™ before 335 °C giving a
total of 38.7 wt mass loss. As observed with 2MHLCI + MEH;,
the measured mass loss Is greater than the theoretical value of
255 wi and may be attributed to the loss of a quarter of the
Cl content. Again, the RGA data indicated no evolution of HCl or
N3 although H: Is observed throughout the experiment even
after mass loss from the samgple s complete.

During the DSC measurement, three endothermic events are
observed with peak heat flows at 195, 280 and 329 °C (Fig. 7h).
The peak at 195 *C comresponds to the decomposition of LT-

A

200 30
Termperatura & C)
Fig. 7. {a) fn o SRIRD data and [b] DSC-TGA-RGA data for 2HHL) + CaH,. Region |
and ii]: cofaie CaH; and LT:88H,00 phases. Region (A} contins Cad. LT-NH,C and
MH,CaCl, phases. Aegaon {iE] cotaine Cat,, HT-MHJCH and KNH,Ca0l, phases. Reglon (i)
Domtaing CaH,, and bwo Lnknowe phases. Aegion (v contains CaH,, CaHO and Cadl,. For
complets phase idenification of MAD data sew Fig. 5%, AT7f = 5 "C/min. A = 10003291}
A
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NH.Cl, which is no longer cbservable by XRD after 203 *C. On
this occasion, mo phase change s observed from LT-NHsClto HT-
MH.Cl by fn sty SR-XAD. MH.CaCls (space group Pm3m,
Isomorphous to KCall, 1?0 is observed from =170 “C. This phase
has a maxkmum Intensity at =207 "C and disappears by 227 "C.
CaHz is observed from RT to 400 “C although the corresponding
Bragg peaks begin to diminish at =239 *C. CaH; ks most likely to
be the largest contribution to the second endotherm at 280 °C
|see Fig. 7h). This ternperature Is considerably lower than that
observed for pure CaH,*" likely caused by the destabilising
effect of the added NHCI. The onset of decomposition for CaHy
calncides with the onset of formation of CaHCl [space group
Pafnmm)* and an unknown phase which are thermally stable
up to at keast 500 °C. Call; is observed to commence formation
at 286 °C along with another unlknown phase. One exothermic
event |s observed at 345 *C although the cause is unclear, it I
maost likely attributed to a phase change. The identity of the
unknown phases were considered and attempts to index the
peaks were made. Matenals that were considered also Include
CaCiyr{NHa) [X = 2, B).

Addition of Pd catalyst to NHLCl + NaH

In attempt to akter the reaction kinetics between the NH.CI and
NaH and to cause preferential formation of H: and N2 over NHs,
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Journal Name

palladium {1l) chloride was added {1 mol% and 10 mol3) as a
potential catalyst to the NH.Cl + NaH powder (Figs. B, 510 and
5111). From in situ SR-XRD data, the MHCI, MaH and 1 mol%
PdCl; material does mot show any observable Bragg peaks for
PdCl; as it is below the limit of detection (Figs. Ba and 510+). LT-
NH4O phase transitions to the HT phase at =176 “C, which also
decomposes before ~206 “C. NaH is no longer visible in the XRD
pattern by 214 °C. On the contrary, analysis of the BM mixture
of NH4Cl, MaH and 10 maol% PdCl; shows that minimal reaction
has occurred between the starting reagents and only 3 wi®
Macll ks present. As the sample Is heated in sitw, the intensity of
PdCl, starts to decrease at ~130 °C and has disappeared by 155
*C [Figs. Be and 511t). At the same time, Pd metal |s observed
and increases in intensity. The observed intensity of NaH begins
to decrease from <95 “C while It s no longer detected at the
temperature of the LT-NH.Cl to HT phase change at 178 "C
Once the HT-MHsCl has decomposed, <227 *C, no further
reactlon cccurs. Owverall, the Increment of 1 mol% PdCL to 10
mol% does mot alter the reaction pathway, but the
temperatures at which reactions ocour.

A comparison of the thermal analysis data (DSC-TGA and RGA)
shows a stark contrast between the catalysed and uncatalysed
MH.LI + MaH samples. The pure sample shows a peak gas
desorption at =170 “C while 1 mof% and 10 mol% have a

(e} Temperature {* C)
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'm' zn;o' 'z.:m: :
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Fig. B. [a = d] ia £ty SA:XA0 data and DSCTEA-AGA data for NHGC!+ NaH + 1 mol% Pa0; and jo = h) MOl = KaH + 10 mof PO0); - Reglon i 2nd i) oontaing Mak, LT 8L, PAC);
and MaCl phases. Reghon (B} cordaba KaH, LT-NHO, Pd and HaCl phases. Region [#) comtsine HT-NH,CL Pd and adl phaces (ako NaH for L mots Pddl, oomitaining materia). Reglon
{v] contains KOl For comgiens phase ident fication of XAD data see Fgs. 510and S1Et. AT/r= 5 "C/min for SRXRD. 4= 1 0003896(1) & Erdotharmic heat fiow s the down diveciion
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rmaximum H; release at 166 and 198 *C, respectively. inaddition,
for the catalysed samples, H; continues to be detected until the
end of the experiment. This is surprising as no crystaliographic
events at these temperatures during {n sifu SR-XRD. In addition,
the measured mass loss for the 1mol % and 10 mol% catalysed
systems ts much greater than the theoretical mass loss. The 1
maol % PdCl; system loses 28.8 wi% while the theoretical mass
loss Is 243, whereas 31.2 wi¥ is measured compared to a
theoretical quantity of 20.0 wit% for the 10 mol% system. As
mentioned previcusly for the MHJCl mixed with MgH: or CaHg,
the elevated practical mass loss may be attributed to HCl boss.
This gaseous ackd reacts with the stainless-steel tubing
producing hydrogen. It is noted that elevated mass loss oocurs
with increased addition of PdCl:, with no difference in mass loss
being observed when catalyst is not added to NHLCl + NaH. This
is attributed to the MaH reacting with PdCl; rather than the
intended MH4Cl. The remaining MH4Cl then decomposes as
observed for the pure material (Fig. 1) producing HE, although
NH; s mot observed during this process. Owerall, this suggests
that the addition of PACl; does not incur splitting of NH; during
desorption as discussed previously in the literature.

The DSC data exhibits the largest contrast between samples.
The pure and 1 mol% samples have a large exothermic peak
between =125 and 175 *C (Figs. 2c and &c}, whereas the 10 mal
% sample exhibits two exothermic peaks in the same reglon
with an additional sharp endothermic peak at ~165 "C (Fig. Bg).
The mass foss for all three samples is completed between 225
and 250 °C.

Technological feasibility assessment

For energy storage materials to be wtilised in technological
applcations, they must hawe a high energy density, be
Inexpensive, and usable within a practical temperature range.
The materials employed in this study hold great potential for
technological applications as they meet these demands. The US
DOE has provided targets that hydrogen storage materials must
meet to be used for vehicular applications, one of which is that
thie gas should be released between 40 and B5 “C.% The mixture
of NH.Cl + NaH has a decomposition enset temperature of =90
*C, although peak gas evolution Is not achieved until =170 *C.
Addition of 1 mol¥ PdCl: to MHsCl-MaH has a similar, albeit
Increased, onset decomposition temperature of ~65 °C
although this incurs an increase in monetary price. The other
MH's and MMHy's investigated in this study have increased
decomposition onset temperatures, compared to NHyCl-NaH,
of between T2 and 125 "C, which is potentially useful. 2MNHLC +
MEgH; has the highest onset operating temperature of above
125 *C, making it the least likely to find application.

This jaurnal is © The Rayal Socisty of Chamistry 20k

The cost of a fuel is a very important consideration when
examining its viability compared to current fuel options. The US
DOE has set an energy target cost of US510/kWh. The energy
target cost of these materlals compare fawourably to the US
DOE target. NHLCl-NaH for Instance, would cost US$1.25/kg of
raw material | = A 50:50 NH,'H, combustion ratio would
produce 14.7 Mifkg (4.1 kWh/kg) of gas produced giving an
owerall cost of USS0.6/kWh (Table 11.%* The cost of the other
mixtures would be of similar size although sourcing Industrial
prices for these materials is troublesome. These prices would
diminish further for large scale production of the materials. The
2MHsO-MH; [A = Mg, Ca) materials show excellent gravimetric
capacity (40.4 and 41.4 wt%, respectively] and practical
volumetric gas densitles (607 and 657 kg/fm®, respectively). The
cost of these MH's is also low with 2NHLCl-CaH: and ZNH.CI-
MgH: costing USS0.5/kWh and USS0.3/kWh, respectively. LiH,
LINH; and MaMH: may have agreeable energy densities and
decomposition temperatures but the price of the raw materials
excludes them from contention. in addition, the long term
utllisation of a lithium based material as a fuel source is not
sustainahble.ss

A weakness of these materials is that they decompose over
multiple steps. This may have a detrimental effect on the energy
storage capacity because if the fuel is operated at lower
temperatures, the onset of decomposition for the next step will
not be reached resulting in a major reduction in efficlency.

The decomposition pathway and thermodynamics of these
materiais have been determined using HSC Chemistry software
{Table 51t). Unfortunately, the database for this software did
not contain many of the by-products experimentally observed
including e.g. the Mg and Ca amides/imides, [MH4]:MgCly and
NHyCally. The thermodynamic propertbes of many of these
compounds are generally unknown and as a result accurate
thermodynamic  predictions could not be obtained.
Theoretically the reactions are all exothermic with NHoCl+ NaH
having the largest predicted reaction enthalpy of —86.1 ki maol
NH.CL Experimentally many of the systems exhibit endothermic
reactions although a predse determination of the
thermodynamics could not be achieved due to the multiple
steps of reaction and impurities within the samples. Comparing
the Ca and Mg systems, it 5 clear that the experimental
pathway |s predominantly endothermic rather tham exothermic.
This Is due to the mismatch between the theoretical and
experimental reaction pathway.

Since the MHLCl-MH and NHLCl-MMNH: materiaks form NHy'Hy
gas mixtures during decompositéon, the fuel produced could be
bumt in an internal combustion engine to avold polsoning of
fuel cell membranes. Generally MHy has a narrow flammability
limit of 15.5% to 27% volume in air,20 which leads to a low
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mnaterials.

g + 91k

combustion rate. However, recent studies have shown that the

presence of hydrogen during ammonia combustion can lower

combustion temperatures and Increase the burning velocity of
ammania flanes.** These mixtures are theoretically producing

a 50 mol% ratlo of H; and NH; apart from LINH; and NalNH;

which are producing nearty 100 % NHs;. Therefore, these

mixtures will allow efficient conversion of the gas fuel to energy
to propel a vehicle without the formation of large gquantities of

NO. or other products wsually assoclated with combustion

engines using petrol or diesel.

Upon refuelling the wehicle, the waste product removed would

be the solid metal salt, e.g. NaCl, which is non-hazardous. Off-

board regeneration of the waste product can also be considered
to recycle this material using methods that are already used in
large scale commercial processes. An exampie of a viable fuel
cycle utilising commercial processes s exhibited in Fig. 9 with
the reactions incorporated Into the scheme outlined below.

Ideally the hydrogen would be produced using renewable

Energy sources.

1] MHs, Hy and Mall are produced from the reaction between
NHsCl and MaH. NHy and Ha: are used for on-board fusl
applications while Nall s reprocessed.

2] Production of NaH from NaOH and CH; using the Power Ball
process ®’ NaOHy s first reacted with CHsy to form
MajgsHap and Cly,. The May, and Hay are then cooled and
combined to form MaHg; This method has the potential to
reduce production costs compared to synthesls by
common efectrolysis. The left over COyy and Hay could
then be used to produce CO4 and more Hag via the Water
Lhift reaction.™

3} Regeneration of MHLCl from Nall wvia the Solvay process
usimg NHy, CO; and H:0**

4) MH; generated from My and H: using the Haber-Bosch
process™ or electrochemical synthesis ™

Conclusions

This study has explored the reactions of four ammontum
chloride — metal hydride (NH.Cl-AMMH) and two ammonium
chloride — metal amide (NHCI-RMNH: ) powders for potential use
as solid-state ammonia and hydrogen fuel sources for wvehicular
applications. Comparison of the results to US DOE gudelines for
vehicles running on gas reveals that these materials exceed
targets with respect to cost of materals, fuel capacity and
operating temperature. DSC-TGA and RGA analysis indicates

10 | L Name., 2012, 00, 1-3
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that the onset of H: andfor MHy release occurs at ~90 *C for
NHyCH-MaH with an average of 97 °C for all materials in the
study. TGA analysis revealed a high gravimetric gas evolution
ranging between 24.8 wit% for MHsOl-NaH and 41.4 wi% for
2MHsCl-CaH; providing exceptional volumetric gas densities of
363 and 657 kg/m?, respectively. This far exceeds densities of
pure MHs, H; or metal hydride materials such as Mg:FeHs

In situ synchrotron powder X-ray diffraction of each of the
materials shows that the metal hydrides decompose at
significantly lower temperatures compared to thelr pure
counterparts with the reaction with MH.Cl enhancing the
decomposition process. The fimal products after a full reaction
are the metal hydride salts with no other by-products. This will
allow for the products to be recycled in an off-board process.
Each of the MHLJCl-MH or MHLCl-MMH, materials released NH;
and H: upon reaction apart from MaMH: and LUNH;. To
determine If the NHsCl-MaH mixture could be catabytically
prevented from forming NHy, PdCl; was added. Unfortunately,
this resulted In a slight increase in the onset temperature of
desorption with NH, still being released. Further investigation
inta alternative catalysts such as Ru based compounds may
alter the decomposition pathway. NH.C alone could not be
used in a system as the decomposition process involves the
formation of HCl. No acld was identified in the decomposition
process of the NHaCl-MH or MHLCI-ANH; systems.

The high gravimetric capacity of the materials along with the
low cost of MHCl allows for the overall cost to meet US DOE
targets of USS10/kWh. MH,O-NaH has a material cost of
uss0.6/kwh while 2MH.C-CaHy and 2NH.Cl-MgH: cost
USS0.5/wWh and USS0.3/kwWh, respectively. A recycling process
has been identified for the NHC1-NaH material using Industrial
processes already developed. This will decrease the owerall cost
of the system, which is already estimated to meet targets set by
the US DOE. If the industrial process is to be scaled up further,
the cost of these metal hydrides should decrease causing this
fuel to be even more competitive in the future. Overall, the
reaction cycle potentially aliows carbon-neutral regeneration of
the starting materials, making it a sustainable energy option.
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Table $1. Predicted reaction pathways and calculated standard enthalpy of reaction for each of the systems
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Calculated AH® at Theoretical reu;[inu weight loss
Sample Reaction Path 25%C/mol NHCl of (%)
reaction (kJ/mol) H: NH:s Total
NH4Clyy+ NaH, = o 5 -
— NaCl,, + Hyg + NHyy 86.1 6 219 246
NH4Clisy + NaHsy + PAChys _ 8 £ 5 | - e
4 NaCly, + Hyg + NHy, + PdCly, #6.1 2.6/2.1 21,7119 24.3/20.0
{ 1mol% / 10 mol %4)
NHiCliy + NaNHy; _ .
—» NaCl,, + ENH];!. 646 0.0 6.8 368
INHLCligy + MgHoay .
—15.7 25 ‘
s MgClagy+ 2Hsg + 2NHg I3 3% N 28
NH.Cl,, + LiH,, = 1 7
—+ LiCly + Hagy + NHsg 49.1 i3 273 31.0
MNHCl;,+ LiNHx, =
i E a4 5
— LiClis + Hagg + NHg ] 0.0 44.5 445
2NH,Cly,, + CaHay -
y - = 3 ) 3
—+ CaClyy + Hag + 2NHyg o = e i
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Fig. S1. In situ SR-XRD data for NH.Cl. ® LT-NH.Cl and & HT-NH.Cl. AT/t = 5 "C/min. A = 1.0003836({1) A.

Fig. §2. In situ SR-XRD data for NHCl + NaH. ® LT-NH.Cl, ® NaH, sNaOH, ® NaCl and  HT-NH.Cl. AT/t = 5 °C/min.
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Fig. 53. XRD data for NH.4Cl + LiH collected at room temperature. (3) Data collected directly after ball milling on
Bruker AXS D8 Advance Discover XRD Systern (A = 1.5406 A}, (b} data collected 8 months after ball milling using

Synchrotron radiation (A = 1.0D03896(1) A). * = NH.CI, | = LiH, + = LiC3,
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Fig. S4. In situ SR-XRD data for NH.Cl + LiH. & LT-MH.Cl, ® LiH, » LiCl and » HT-NH.CL AT/t = 5 "C/min. A =
1.0003296(1) A.
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Fig. 55. TGA and first derivative of the TGA data for NH.Cl + LiH. AT/t =5 °C/min.
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Fig. 56. In situ SR-XRD data for MHaCl + NaNHz. ® LT-MH.Cl, ® NaNH;, & NaCl, sNaOH, and ® HT-NH.Cl. AT/t =5
“C/min. A = 1.0003896{1) A.
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Fig. 57. In situ SR-XRD data for NHJCl + LiNH.. @ LT-NH4Cl, » LiNHz,  LizO, = LiCl, ® HT-NH.Cl and sunkngown.
AT/t =5 "C/min. A = 1.0003896(1) A
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Fig. 58. In situ SR-XRD data for NH,Cl + MgH,. ® LT-NH,Cl, ® MgH,, » Mg, A(NH,),MgCl, ® HT-NH,CI, +
unknown, & unknown,  unknown and & MgCla. AT/t =5 *C/min. h = 1.0003896(1) A
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Fig. 59. In situ SR-XRD data for NH,Cl+ CaH;. ® LT-NH4Cl, # CaH;,  NHaCaCls, @ unknown, ® unknown, » CaHCl|
and eCaCly. AT/t = 5 "C/min. & = 1.0003896{1) A.
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Fig. 510. In situ SR-XRD data for NH,Cl + NaH + PdCl, (1 mol%). ® LT-NH,Cl, » NaH, =NaOH, = NaCl, Pdand »
HT-NH.CL. AT/t = 5 "C/min. A = 1.0003896(1) A.
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Fig. 511. In situ SR-XRD data for NHaCl + NaH + PACl; (10 mol%). » LT-NH.Cl, ® NaH, *NaOH, = NaCl, & PdCl;,
Pd and & HT-NH.Cl. AT/t = 5 °C/min. A = 1.0003896(1) A_
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