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Abstract

This thesis explores suitable materials for energy stores for stationary applications,
specifically a prototype hydrogen store, domestic thermal store operating between
25-100 °C and a moderate thermal store for a concentrated solar power (CSP) plant
operating at 400 °C. The approach incorporated a unique coating technique to
deliver prototype hydrogen and thermal storage media, where the coating could offer
commercial advantages, for example, in the form of hydride activation and enhanced
kinetics during successive cycling.

The highly reversible Mg-MgH, system is particularly promising for thermal
storage, obtaining an enthalpy of reaction of 74.5 kJ.mol™! H, that translates to
a thermal energy capacity of approximately 2800 kJ.kg! of MgH,. Nevertheless,
magnesium is hindered by slow activation and poor kinetics of (de)hydrogenation,
even when approaching temperatures ideal for concentrated solar power applications
(in the region 400 °C). Elevated temperature cycling studies were performed on
commercial atomised Mg powder with magnetron sputtered catalysts (chromium,
iron, vanadium and stainless steel) applied to their surfaces; the aim of which was to
fabricate hydrogen storage materials that possess (de)hydrogenation characteristics
equal to or even bettering their nanocrystalline equivalents, yet in a potentially
economic and scalable manner.

Following 50 cycles at 400 °C, the coatings were found to have little to no positive

impact on the behaviour of the atomised Mg powders. In addition, for both uncoated

10



and coated samples the effects of an activation process at 400 °C are matched by
cycling the material 5 times from the outset, after which identical behaviour is
observed during subsequent cycles. At 350 °C, the benefits of catalyst coatings
on the hydrogen storage properties of atomised Mg powders are evident during
activation and successive cycling up to 90 times. The material undergoes different
microstructural evolution during cycling when in the presence of a surface catalyst,
causing an enhancement of the ‘nucleation and growth’ stage of (de)hydrogenation.
This was attributed to particle reorientation dominating particle sintering, whereas
the opposite occurs for the uncoated material.

For the domestic thermal and prototype hydrogen stores a selection of AB
and AB, intermetallic hydrides enhanced through catalysis or thermodynamic
modification were investigated. TiFe produced via powder atomisation obtained
thermodynamic properties (dehydrogenation AH = 28.9 + 0.7 kJ.mol~! H, and
AS =105 + 2 J. K 'mol ™ Hy) in line with published results. The minor substitution
of Ni into TiFe;_,Ni, resulted in different hydrogenation characteristics to TiFe, for
example, TiFeq gsNig.04 possessed a dehydrogenation of AH = 29.9 4 0.9 kJ.mol~! H,
and AS = 107 £ 5 J K 'mol™! H,. Discrepancies between maximum achieved
and theoretical capacities were observed for both atomised TiFe and TiFeq ggNig o4
and a range of possible contributing factors are discussed. A minor addition of Pd
(1.17 wt.%) magnetron sputtered to the surface of TiFeq gsNig o4 enabled successful
room temperature hydrogenation with no activation treatment required. Characteri-

sation (SEM and TEM) confirmed it is not necessary to have complete Pd coverage

11



in the form of a uniform coating and XPS was utilised to derive a theory for the
activation mechanism.

The AB, alloy comparison between the commercially available Hydralloy C5
and in house fabricated TiggZrgoMny5V2Crgs showed that Hydralloy C5 was
the most promising alloy for the hydrogen store application with the higher work-
ing capacity (ca. 0.96 wt.%) in the pressure range of 4-15 bar at 22 °C, despite
Tig.9ZrooMn; 5V 2Crg 3 obtaining a higher maximum storage capacity (1.82 wt.%).
The hydrogenation kinetics of both alloys were studied with corresponding activation
energies and hydrogen diffusion coefficients determined. The kinetics of hydrogena-
tion for both alloys is sufficiently fast that only the heat transfer of the storage system

is the rate limiting parameter for hydrogen exchange for most technical applications.
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Chapter 1

Introduction

1.1 Path to a sustainable energy future

The inevitable depletion of fossil fuel resources, coupled with the environmental
impacts accompanying their procurement and use, has resulted in the highlighting of
three key topics of concern: the future energy mix, global energy trading patterns
and the carbon emissions pathway. Significant improvements in the production and
management of energy are critical and efforts such as the 21" United Nations climate
conference (COP21) are essential to promote the transition away from conventional
energy sources and carriers towards sustainable ones.

With the exclusion of nuclear power, non-renewable energy sources amassed to
86% of the global share of primary energy (IEA, 2014a) and by 2040 the International
Energy Agency (IEA) anticipates global energy demand to rise by a further 37% (IEA,

2014b). No single fossil fuel is expected to dominate, with each contributing 26-28%

14



CHAPTER 1. INTRODUCTION 15

to meet global energy demand (BP, 2015), and the remaining quarter accounted for
by low-carbon fuels. Unfortunately, fossil fuels will persist as the prevailing form of
energy with an overall share of 81% in 2035.

A continued long-term global trend towards electrification means that by 2040
the contribution from the power sector is set to rise to about half of primary
energy consumption. Consequently, some 7200 GW of capacity needs to be built in
conjunction with the replacement of 40% of the current power plant fleet due for
retirement (IEA; 2014a) and as a result this is predicted to pave the way for strong
growth of renewables.

In spite of increasing penetration of low-carbon technologies it is unlikely to
sufficiently stem the growth in COy emissions, which may rise by a fifth by 2040
(DECC, 2015). Subsequently, the current trajectory will result in a long-term
global average temperature rise of 3.6 °C (IEA, 2014a), far exceeding the 2 °C limit
internationally agreed upon to prevent the most damaging repercussions of climate
change. Urgent action is required to tackle the fossil-fuel pillar of global energy
supply, although no single initiative or improvement will be the solution.

As well as technological efficiency advancements and a refocus away from the
importance of energy intensive industries, power generation from renewables such as
hydroelectricity, biofuels, solar, wind and geothermal energy offer potential solutions
to create a sustainable energy system. Putting aside the technical aspects associated
with improving efficiencies from renewable energy sources, there remains a host

of questions that needs addressing. Unresolved intermittency issues, mismatches
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between peak supply and demand, and the overall increase in power that electrical
grids will need to handle underlines the necessity for wide-scale energy storage
deployment.

A variety of techniques are utilised presently, in the form of physical storage
(pumped hydroelectricity and compressed air), chemical potential (batteries and
combustible fuels) and thermal storage (sensible and latent heat materials). Another
proposal receiving mounting attention is an economy centred on hydrogen. While
not a renewable source of energy itself, the vision is founded upon hydrogen as a

versatile energy carrier facilitating energy storage and distribution.

1.2 Energy storage systems

1.2.1 Electrical application

In order to have a reliance on a hydrogen economy, production needs to react to
demand. As of 2013, the refining and ammonia production industries were responsible
for approximately 90% of global hydrogen consumption (254.5 billion cubic meters).
This demand is anticipated to increase 3.5% annually, reaching over 300 billion
cubic meters by 2018, driven by clean fuel regulations and rising per capita vehicle
ownership rates especially in developing countries in Asia (Freedonia, 2014).
Hydrogen is the most abundant element in the universe; however its reactive
nature means it is seldom found in its molecular form, Hy. As a result, other naturally

occurring resources like water, fossil fuels and biomass are used for the extraction of
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hydrogen. Reformation of fossil fuels, especially natural gas, is the current leading
form of hydrogen production at 96%, with the rest accounted for by nuclear and
electrolysis (IPHE, 2011).

The superior specific energy of hydrogen (142 MJ.kg™!), compared to petrol
(46.5 MJ.kg™1), greatly strengthens its appeal as the base of a renewables-based
energy system (Wengenmayr and Biirke, 2013). In view of the current CO; emissions
trend, described in Section 1.1, hydrogen also offers an incentive of only emitting
water vapour when used as an input in a combustion engine or fuel cell to generate
electricity. The prospect of avoiding CO, emissions is particularly attractive for the
transport sector, which accounted for 28% of primary energy consumption (EIA,
2015) and 23% of COy emissions (IEA, 2014¢) globally in 2012.

Apart from its potential as a combustible fuel, hydrogen used in a fuel cell and
electric motor system can reach efficiencies of 45% (Jaccard, 2005), thus exceeding the
traditional petrol internal combustion engine (ca. 20%) (Beggs, 2009). Furthermore,
a hydrogen efficiency of up to 90% is achievable if fuel cells are configured into a
combined heat and power (CHP) system, in which captured waste heat is utilised
(FCHEA, 2015). Over the past decade fuel cell system cost ($124 kW~ in 2006) has
prevented the exploitation of automotive applications but the predicted $55 kW1,
based on producing 500,000 systems per year (DOE, 2014), shows the gap to petrol

internal combustion engine costs have significantly narrowed.
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1.2.2 Thermal application

Of all renewable energy resources, solar energy is undoubtedly the most abundant
and thus one can rationalise it should be given the highest priority (Abbott, 2010).
A technology roadmap published by the TEA (IEA, 2014d) envisions about 27%
of global electricity generation to be derived from solar energy by 2050, of which
solar photovoltaic (PV) systems and concentrated solar power (CSP) systems are
expected to contribute 60% and 40% respectively. To realise this target, economical
electricity generation from solar energy is vital, together with the implementation of
cost-effective energy storage technologies to resolve the issues mentioned in Section
1.1.

The cost of solar PV systems has sharply fallen in recent years and this trend
is widely anticipated to continue (Reichelstein and Yorston, 2013), mostly owing
to cheaper manufacturing costs. Nevertheless, the storage of electricity via battery
technology or through electrolysis conversion to hydrogen is hindered by high costs
and a low solar-to-hydrogen efficiency of about 14% on the laboratory scale (May
et al., 2015). If the gap to potential solar-to-hydrogen (17.4%) can be minimized
further it could become commercially feasible ($4 kg™!) (Pinaud et al., 2013).

CSP systems are considered to have the capability to fill the rest of the generation
target. The principle of electricity production in a CSP system and conventional
power plants are the same, in which produced steam drives turbines. Yet, to reach

comparable generation costs of $0.06 kWh™! (DOE, 2013a) CSP plants will need
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financially viable thermal storage systems designed to store appropriate amounts of
heat for sustained periods; hence enabling formerly daily and seasonal dependent
CSP plants to become dispatchable.

Existing CSP plants are only cost-effective if constructed on a utility scale
(> 50 MW) (Tian and Zhao, 2013). Although this enables established steam turbine
generation and simple solar field technologies to be employed, it does lead to one
major drawback: the transfer of electricity produced, into the existing power grid, will
necessitate large collateral investment into transmission infrastructure upgrades. To
evade this potential predicament it has been proposed that CSP plant size should be
downscaled. This is attainable by increasing the quantity of heat stored through both
higher energy storage temperatures, to improve overall solar-to-electricity efficiencies,
and the use of higher energy density storage materials, thus lowering the volume
of material needed (Harries et al., 2012). If achieved, CSP technology will be more
accessible as a distributed generation option capable of stand-alone applications and
providing supplements to existing grids.

The materials used for CSP energy storage can be classified into three categories:
sensible heat storage, latent heat storage and thermochemical storage. Sensible heat
storage is the simplest and most established technology used in conjunction with
CSP plants (Kuravi et al., 2013). This particular system relies upon thermal energy
being stored in a material, as a function of it specific heat capacity, by raising its
temperature. Materials used typically take on the form of a solid (e.g. concrete) or

a molten salt mixture (e.g. 60% NaNOs; 40% KNOj3) because they are reasonably
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. Material heat st | tri 5t
Type of thermal storage  Example material aterial heat storage - Volumetric energy  Cos

capacity [kJ/kg] density [MJ/m?®]  [£/kg]
Sensible heat Molten salt mixtures 153 290 0.7
Latent heat/PCMs LiNO; 360 860 53
Thermochemical Oxidation of Co304 1055 6450 >100
Metal hydride Mg + Hy; = MgH, 2814 4080 2.7

Table 1.1: Types of thermal storage, adapted from Harries et al. (2012).

inexpensive and obtain decent thermal conductivities (Tamme, 2003). While a
mature technology, the ultimate concern still lies with the sheer volume of molten
salt storage required. For example, Solar Millenium’s 50 MW Andosol 1 plant needs
28,500 ton of molten salt for 7.5 h storage (RWE Solar Millennium, 2009).

Latent heat storage, via phase change materials (PCMs), are seen as the next
advancement. Since these materials also utilise the heat of fusion or solidification
during phase change they offer the advantage of higher energy densities and improved
efficiency owing to the isothermal nature of the storage mechanism (Ward et al.,
2015; Yan et al., 2015). Nevertheless, concerns regarding the cycling durability and
corrosive nature of many high temperature PCMs limit their current practicality.

Thermochemical storage offers the unique prospect of more compact storage
given that energy densities can be an order of magnitude higher than those of the
two storage techniques previously described (Harries et al., 2012). If integrated
with a CSP plant, heat from the solar energy is used to initiate an endothermic
chemical decomposition reaction, in what is a reversible closed loop system. The
heat energy necessary to cause the dissociation is equivalent to the enthalpy of

formation of the chemical. If the products are kept under ambient temperatures
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there is little to no energy loss incurred, unless the reaction products initially need
to be cooled (Abedin and Rosen, 2011). Upon demand, the products are recombined
to synthesise the original chemical in an exothermic reaction. To date, materials
utilising carbonation, oxidation and hydrogenation reactions have been explored. Of
these reactions, hydrogenation of metal hydrides have the exclusive capability to
absorb/desorb large amounts of hydrogen at a constant pressure (see Section 1.3.1),

making them especially suited for thermochemical storage in CSP applications.

1.3 Hydrogen as an energy vector

1.3.1 Forms of hydrogen storage

The clean and versatile aspects of hydrogen, together with its high energy density,
undoubtedly make it an attractive technology. Yet, the fruition of a hydrogen
economy is unlikely unless a safe and cost efficient technique of storing hydrogen
can be developed. Hydrogen is naturally gaseous and under standard atmospheric
conditions (25 °C and 1.01325 bar) 1 kg of hydrogen has a volume of 11.126 m3. Even
at 350 bar the volumetric density of hydrogen is only 0.77 kWh.I™!, in comparison
with petrol (8.76 kWh.1™!), which means a larger tank size or a sacrifice of vehicle
range is required (Stolten, 2010).

To provide a clearer guide for real end-user application, the DOE set out per-
formance targets for on-board storage of hydrogen as presented in Table 1.2. It

is important to recognise the on-board targets quoted here are representative of
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Storage Parameter Revised 2010 goal 2020 goal Ultimate goal
Gravimetric capacity [wt.%] 4.5 5.5 7.5
Volumetric energy density [kWh.1™!] 0.9 1.3 2.3
Operational cycle life 1000 1500 1500
Fill time [min, 5 kg Hy store] 4.2 3.3 2.5
Storage system cost [$.gge™*] 2-4 2-4 2-4

Table 1.2: US DOE targets for on-board hydrogen storage systems for light-duty
vehicles (DOE, 2009). * gallon gasoline equivalent

the whole system, not only of the storage material, and total system densities are
generally half those of the working material (Yang et al., 2010).

Presently there are three common methods to store hydrogen: as a compressed gas,
as a cryogenic liquid, or in a solid form. Compression of hydrogen to 700 bar increases
volumetric density (1.35 kWh.I7!) but the non-ideal gas behaviour of hydrogen means
the marginal gains in energy content are not justified by the increasing demands
on tank wall thickness (Ziittel, 2003). Also, there are concerns about the safety of
high pressurised cylinders, as well as the cost of compression which is estimated at
10-15 % of the lower heating value of hydrogen (Hordeski, 2009).

Liquefaction of hydrogen to store cryogenically at -252 °C leads to a volumetric
density of 2.4 kWh.I"!. Nevertheless, this value reduces further after taking into
consideration the well-insulated storage tanks necessary to prevent the evaporation
losses from hydrogen boil-off, ranging between 0.3-3 % per day (Hirscher, 2010).
Another concern is the energy penalty associated with the liquefying process which
is equivalent to about 40% of the hydrogen energy content (Hordeski, 2009).

As a consequence of the shortcomings of compression and liquefaction of hydrogen,
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Gasoline

»

61 Tank Size and/or
] Vehicle Range Gap

Energy Density [kWh/l]
oh

LH, (20 K, 1 bar)
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Figure 1.1: Volumetric energy density of hydrogen compared with petrol, taken from
(Stolten, 2010).

solid-state storage is now at the forefront of hydrogen storage research. Solid-state
storage can be divided into two categories: physisorption - whereby hydrogen is
physically bound onto a surface, or chemisorption - through which hydrogen is

chemically bound to other elements.

Physisorption

The van der Waals interaction between molecular hydrogen and a substrate surface
form the basis of physisorption. These interactions possess a low enthalpy of adsorp-
tion ranging between 4 and 10 kJ.mol™!, so low temperatures (ca. -196 °C) are a
necessity before a notable amount of hydrogen adsorption can occur (Walker, 2008).
While this results in inevitable energy costs associated with cryogenic storage vessels

required; the weak nature of the bond is advantageous in that the kinetics of reaction
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are inherently fast (Neto et al., 2012).

Material surface area (Ziittel et al., 2004) and pore geometry (bulk density)
(Nijkamp et al., 2001) have been demonstrated as key characteristics in influencing
hydrogen storage properties. In an attempt to optimise these parameters, extensive
studies of adsorbents have been conducted including activated carbons (Yang et al.,
2012), carbon nano-tubes (CNTs) (Orindkova and Orindk, 2011), zeolites (Broom,
2011) and metal-organic frameworks (MOFs) (Thomas, 2009). At 80 bar MOF-210

obtains a total uptake of 15 wt.% Hj but only at -196 °C (Furukawa et al., 2010).
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Figure 1.2: Illustrating the differences between the physisorption and chemisorption
processes, taken from Eberle et al. (2009).

Chemisorption

Combining the innately safe behaviour of chemically bound hydrogen with relatively
moderate operating conditions and high volumetric capacities, it is understandable

why these materials are prime candidates for solid state storage of hydrogen. The
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process for chemisorption involves several stages: dissociation of molecular hydrogen
adsorbed onto the metal surface, interaction between atomic hydrogen (H) and the
metal (M) forming a strong valence bond and lastly diffusion of hydrogen, mainly
into the bulk of the material. The generic expression for reversible hydride formation

is as follows:

M+§H2#MHI+Q (1.1)

where M H is the metal hydride, x is the ratio of hydrogen to metal and @) is the
heat of reaction.

While the hydrogen concentration remains fairly low in the M-H solid solution
generated, this state is commonly recognised as the a-phase. As H-atoms saturate the
crystal lattice, the hydrogen concentration increases rapidly at an almost constant
pressure, known as the a-+f transition or plateau pressure. The dissolution of
hydrogen atoms typically leads to expansion of the metal lattice by approximately 2-
3 A per hydrogen atom (Dornheim, 2011). Following the significant rise in hydrogen
concentration, the material completely enters the stable hydride state, called the (-
phase, in which further hydrogenation occurs but with a rise in pressure. Dependent
on the specific system (see Section 2), transition to the S-phase is accompanied
by just simple expansion or a morphology change causing new crystal structure
formation.

A pressure-composition-isotherm (PCI) (see Figure 1.3) links the hydrogen capac-

ity of a metal hydride to pressure at a given temperature. If the temperature of the
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Figure 1.3: (a) A typical PCI plot, (b) phase diagram and (c) corresponding Van't
Hoff plot of a metal hydride, taken from Suib (2013).

metal hydride is kept constant, an increase in applied hydrogen pressure will result
in hydrogenation until saturation. The process can be reversed by decreasing the
applied hydrogen pressure to below the equilibrium pressure, leading to the release
of hydrogen from the hydride material until depletion. Likewise, for a given pressure,
raising the temperature will cause hydrogen to be released until the new equilibrium
pressure is reached. Thus, conversely if the temperature is reduced, the hydride will
hydrogenate until saturation.

While PCI plots with flat plateaus are attainable, the majority of metal hydrides
possess a sloping plateau to some extent, defined as dinP;/dIn(H/M). This is possibly
due to different equilibrium pressure lattice expansions and relaxation of residual
forces to relieve the stress in the metal matrix (Reilly et al., 1980). Another feature
commonly observed is hysteresis, In(P,/P;), in which the desorption isotherm has
a lower equilibrium pressure than the absorption isotherm. This is thought to be
caused by surface inhomogeneities and localized defects as Flanagan and Clewley

(1982) demonstrated using a quantitative model.
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The general approach taken to describe the hydrogen storage capability of a
material is to reference the volumetric capacity, and this defined as the amount
of hydrogen stored per unit volume, or the H/M ratio, which is the number of
hydrogen atoms (H) absorbed per metal unit (M). In reality there are often operating
constraints for practical applications prompting the citation of other definitions such
as working storage capacity.

Working storage capacity is recognised as the amount of hydrogen stored and
released between the lower and upper operating pressures of the hydrogen store
(Broom, 2011; Manickam et al., 2015). Notable discrepancies between working and
maximum storage capacities may arise if a material takes up a relatively large amount

of hydrogen at pressures outside that defined by the store design limits. As shown

' 120°C Cun=1.25 H/M

desorption

SRS e

ghsorption
’
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Figure 1.4: Comparison between the maximum (C,,,,) and reversible (C,.,) storage
capacities for the TiCry_, system, taken from Johnson (1980).
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in Figure 1.4, the TiCry_, system obtains a maximum capacity of 2.43 wt.% but
less than 20% of this is attainable reversibly between temperatures of 0-120 °C and
pressures of 10-100 bar (Johnson, 1980). In addition, irreversible hydrogen trapping
occurs in some systems causing future cycles to have a lower reversible capacity than
observed in the first cycle (Callear et al., 2014).

Knowledge about the thermodynamic properties of hydrides is fundamental when
establishing how to promote the (de)hydrogenation processes. The direction of a
reaction is relatable to the pressure and temperature of a hydride system by observing
the change in standard Gibbs free energy, AG?, a determinant for whether a reaction
will occur or not. The standard Gibbs free energy is linked to the enthalpy of
the reaction AH? (equation 1.2) and the equilibrium constant K, (equation 1.3)

(Andreasen, 2004):

AGY = AH" — TAS® (1.2)

AG" = —-RTh K, (1.3)

where AS? is the standard entropy of the reaction and R is the gas constant.
Given that K, for a solid hydride decomposing is:

Py,
K,= 0

(1.4)

where Py, is the actual hydrogen pressure and P° is the thermodynamic reference
pressure (1 bar).

By equating 1.2 with 1.3 and substituting in 1.4 the resultant equation can be
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re-arranged to:

Py, AHY AS°
In P~ R R (1.5)

This is known as the Van’t Hoff equation (Bérubé et al., 2007). If the changes
in the standard enthalpy, AH?, and entropy, AS°, are both known the equilibrium
conditions for a specific pressure or temperature can be derived. Alternatively, in
reverse, PCI data can be used to calculate the changes in enthalpy and entropy of a
metal hydride. By plotting the natural logarithm of the equilibrium pressure, InPy,,
(plateau pressures from several PCI measurements) against the reciprocal of the
corresponding temperature, 1/7°, a linear relationship between the data points should
be obtained (see Figure 1.3). The slope of the Van’t Hoff plot equates to AH?/R and
the larger the value the higher the hydride stability. The intercept represents ASY/R
and all metal hydrides have almost the same entropy change (ca. 130 J. K 'mol™1),
as it signifies the transition from atomic hydrogen into molecular hydrogen upon
dehydrogenation or the reverse process for hydrogenation (Suib, 2013).

A value often cited is Ty, which is the temperature at which the reaction ensues
spontaneously under atmospheric pressure. In this case the left side of equation 1.5
will be zero, thus giving:

AH°

T ar = x a0

(1.6)

While a material’s thermodynamics signify a vital characteristic upon decid-

ing a potential hydrogen storage application; there are other properties that are
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arguably as important for instance reaction kinetics, poisoning susceptibility, decrepi-
tation and cycling stability. Thermodynamics will govern the pressures required for
(de)hydrogenation but kinetics determine the rate of reaction, varying profoundly
with different materials and the experimental conditions utilised, such as temperature
and driving pressure. The evolution of a materials kinetics and reversible capacity,
resulting from structural degradation and grain growth during extensive cycling
studies, are equally crucial in the fabrication of a commercially successful hydride
material. This is because the hydride must be able to achieve the proposed targets
set for the desired application until the end of service life (typically 1,500 cycles for
on-board and > 10,000 cycles for CSP thermal storage). In addition, the purity of
hydrogen utilised in laboratory studies must be representative of those in commercial
application because a discrepancy whereby a lower purity grade used in real life
scenarios may result in hydrogen cycling capacities not being met, as a result of

poisoning from impurities in the gas supply.

1.4 Forms of Hydrides

Considerable effort has been spent investigating the properties of many existing
hydride materials, leading to the compilation of an extensive database listing possible
materials for application in hydrogen storage by the US DOE (DOE, 2013b). In
general, chemically bound hydrogen can be split into three main classifications:

complex hydrides, binary hydrides and intermetallic/alloy hydrides. Each has been
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reviewed in detail to explore their unique advantages and disadvantages (Sandrock,

1999; Sakintuna et al., 2007; Jain et al., 2010).

1.4.1 Complex Hydrides

Complex hydrides are generally expressed as M (M'H,,), where M is a metal cation
from Group TA or TTA (e.g. Na', Li") and M'H,, represents a hydrogen-containing
‘complex’ anion for example alanates (AlH,)~, borohydrides (BH,)~ and amides
(NH,)~. Recognised as potential candidates for on-board application, due to their
light weight and high hydrogen content (up to 20.8 wt.% for Be(BHy)s (Hirscher,
2010)), a great deal of attention has been focussed towards resolving high operating
temperatures, poor kinetics and limited reversibility with minimal energy penalty.
The complex hydride BaReHgy has been stated to decompose at less than 100 °C
but a low hydrogen content of 2.7 wt.% leaves it largely unsuitable as a storage
material (Yvon, 1998). Following key research in which NaAlH, was demonstrated
to reversibly store up to 4.2 wt.% through catalyst enhanced Ti-doping (Bogdanovic
and Schwickardi, 1997), research into multicomponent systems has yielded lower de-
hydrogenation temperatures and/or improved reversibility compared to conventional
systems. However, this is often at the expense of storage capacity (Orimo et al.,

2007; Schiith et al., 2004).
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1.4.2 Binary Hydrides

The majority of metals in the periodic table can form binary hydrides; however
most remain outside the realm of practical application. Binary hydride formation
is accompanied by essential changes in the mutual locations of the metal atoms
occurring as the crystal lattice expands. The lattice either remains invariant or as in
most cases rearranges itself, a process requiring a considerable energy contribution.
This means high pressures and temperatures are necessary or else storage capacities
remain inadequate as to render the hydrides ineffective.

As shown in Figure 1.5, vanadium has been identified as the only element whose
hydride can be attained within reasonable conditions (0-100 °C and 1-10 bar range for

PEM fuel cell application (Sandrock, 1997)); yet its difficult activation necessitating
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Figure 1.5: Van’t Hoff lines (dehydrogenation) for binary hydrides, taken from
Sandrock (1997).
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cycling under hydrogen at 350-450 °C (Reilly and Wiswall, 1970) and high cost
(ca. $25 kg™! between 2011 and 2014 (Infomine, 2015a)) has eliminated it as a
feasible storage material. Another hydride of particular interest is aluminium hydride
(alane, AlH3), which stores ca. 10 wt.% Hs but obtains a large hydrogen fugacity,
prohibiting thermodynamic stability at room temperature (Ahluwalia et al., 2009).
Conversely, magnesium hydride, MgHs,, is a highly reversible stable hydride with
dehydrogenation enthalpy of ca. -74.5 kJ.mol " 'H, (Stampfer et al., 1960) which
translates to a Ty, value of 279 °C. Although this high thermodynamic stability
hampers its potential for on-board application, the equivalent thermal energy capacity
of approximately 2800 kJ.kg™! of MgH, has a potential exploitation for thermal energy
storage purposes. Coupled with the low cost of magnesium (ca. $3 kg™! between 2011
and 2014 (Infomine, 2015b)) and a respectable storage capacity (7.66 wt.%), these

properties make magnesium especially appealing as a hydrogen storage material.

1.4.3 Intermetallic/Alloy Hydrides

The discovery of intermetallic or alloy hydrides in the mid-twentieth century (Libowitz
et al., 1958) propelled the concept of hydrogen storage into a realistic possibility,
following the classical and quite limited elementary hydrides. Since the hydrogen
binding energy varies greatly among the different elements, intermetallic hydrides
were developed with the aim to ‘tune’ thermodynamic properties more favourably.
The general theory for these alloys was that a combination of elements with opposing

thermodynamic stabilities would result in the generation of an intermetallic with
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intermediate hydride properties. A well-known example is CaNis whose dehydrogena-
tion enthalpy is -31.9 kJ.mol™'Hy (Sandrock et al., 1982) which lies between that of
CaH, (-181.5 kJ.mol™'Hy (Grochala and Edwards, 2004)) and NiH (-8.8 kJ.mol~*H,
(Sandrock, 1999)).

Intermetallic alloys can be branched into several hydride families (ABs5, ABy, AB,
A,B and solid solution alloys) where A typically represents a strong hydride forming
lanthanide element, calcium or mischmetal, and B is weak hydriding transition
element (Sandrock, 1999). Usually characterised by reversible capacities of less than
2 wt.% at near ambient temperatures, intermetallic hydrides are better suited to
stationary storage applications where system mass is not imperative and their good
volumetric hydrogen densities can be utilised, such as 117 kg.m =3 for TiFeH, ; (see

Figure 2.1).

1.5 Aims & Objectives

The principal aim of this work was to explore unique materials for stationary
applications, specifically a prototype hydrogen store, domestic thermal store operating
between 25-100 °C and a moderate thermal store for a CSP plant operating at 400 °C.
The approach incorporated a unique coating technique to deliver prototype hydrogen
and thermal stores, where the coating may offer commercial advantages, for example,
in the form of hydride activation and enhanced kinetics during successive cycling.

The main objectives of this research can be categorised into several sections:
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1) Ojectives for moderate temperature thermal storage materials
Magnesium hydride was chosen as the focal point for the moderate thermal
store to exploit the high thermal energy capacity available (ca. 2800 kJ.kg™!
of MgHs). The importance of an activation process prior to the cycling of
atomised magnesium powder with/without catalytic coatings was investigated.
In parallel, the effects of temperature and pressure on these samples were
studied. Lastly, the potential fabrication of porous magnesium structures

through successive cycling was explored.

2) Objectives for domestic thermal and hydrogen storage materials
A selection of intermetallics were considered for the prototype hydrogen store
and domestic thermal store, given that their respectable volumetric hydrogen
densities and thermodynamic properties align well with near ambient tem-
perature applications. A Pd coating was applied to a TiFe-based alloy to
explore the challenges and advantages of a coating to aid hydrogen dissociation
during activation, prevent oxidation and enhance sorption kinetics via catalytic
behaviour. The effect of Ni substitution was also investigated with the purpose
to tune the thermodynamic properties of the TiFe-based alloy for the domestic
thermal store. Lastly, an optimised AB, alloy was designed to operate within
the 4-15 bar and ca. 25 °C limits set by the prototype hydrogen store and this

was compared against a similar commercially available AB, alloy.

The basis and motivation behind these objectives are explored in Chapter 2,
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which provides a critical review of the published literature surrounding intermetallic
hydrides (in particular TiFe-based alloys and TiMnsy-based alloys), magnesium
hydride and the coating technologies currently in practice. Chapter 3 describes
the experimental processes and conditions used to produce and characterise the
range of hydride materials studied. The following two chapters presents results
and discussions, with Chapter 4 addressing the effectiveness of candidate catalyst
coatings on atomised magnesium powder under a variety of conditions and Chapter 5
focussing on intermetallic hydrides for meeting the conditions of a domestic thermal
store and prototype hydrogen store. Chapter 6 will summarise the main concluding
findings from this research and Chapter 7 will provide an outlook suggesting possible

ideas for future related research.



Chapter 2

Literature Review

2.1 Introduction

This chapter provides a critical review of the published literature surrounding
intermetallic hydrides (in particular TiFe-based alloys and TiMny-based alloys),

magnesium hydride and the coating technologies currently in practice.

2.2 Intermetallic Hydrides

2.2.1 AB; Intermetallics

The capacity to facilitate the substitution of many different elemental species, or at
least partially, into the A and B sites of their lattice structure makes ABj alloys one
of the most versatile intermetallic hydrides. A-elements commonly comprise of one

or more of the lanthanides (at. no. 57-71), Ca, Zr or Y and the B-elements tend to

37
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be Ni which can be substituted to various extents by many elements such as Al, Co,
Mn, Fe, Ti, etc.

This permutation of elements results in high thermodynamic tunability and
enables a 25 °C plateau pressure ranging between at least three orders of magnitude
depending on the composition (Sandrock, 1999). Generally ABj5 alloys have low
hysteresis, with the exception of some mischmetal combinations (Liu and Huston,
1983), and flat plateaus can be attained following annealing of as-cast alloys. Re-
versible gravimetric capacities are restricted to approximately 1.3 wt.% and high
raw material costs compared to other intermetallic systems limit their on-board
application practicality.

However, ABj5 alloys do possess a good resistance to small quantities of O5 and
H,0O impurities, and the absence of a protective oxide layer means they are easy
to activate (Sandrock and Goodell, 1984). Combined with the near-ambient PCT
properties of many ABj alloys, they are suitable for stationary and metal hydride
battery applications. A well-known example is LaNis, which has been utilized

commercially in Ni-MH battery technology for over two decades (Sakai et al., 1990).

2.2.2 A5B Intermetallics

Another class of intermetallic hydrides is in the form of A;B compounds. Here the
A-element often corresponds to a Group IVA element, like Ti, Zr, Hf or Mg and the
B-element refers to a transition metal, usually Ni. Unfortunately, the majority of

AsB compounds are too stable, resulting in their PCT properties lying outside the
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practical (PEM fuel cell) application range of 0-100 °C and 1-10 bar.

An A,B alloy that has been researched comprehensively is MgsNi, which unlike
other intermetallic compounds, converts into a transition metal complex upon
hydrogenation. This reaction involves the two Mg atoms donating their valence
electrons to stabilize the high-H transition metal complex, [NiH,]™* (Sandrock, 1999).

Possessing a high reversible storage capacity of 3.6 wt.%, substantially greater
than any other intermetallic system, it is unsurprising why Mg,Ni is considered an
attractive storage material. However, from a thermodynamics perspective the outlook
is not as promising. Apart from a high hydride stability (AH = -64.5 kJ.mol™! H,
and Tipe = 255 °C (Reilly and Wiswall, 1968)) limiting transition to practical
application, efforts to destabilize the system by elemental substitution have so far

proven futile.

2.2.3 Solid Solution Alloys

From a metallurgic viewpoint, a solid solution alloy consists of one or more minor
elements (solutes) being dissolved into a primary element (solvent). Notably, a
stoichiometric relationship is not necessary between solute and solvent, thus distin-
guishing them from standard intermetallic compounds, and the solute is present in a
disordered interstitial distribution within the crystal structure. Seeing as they are
non-stoichiometric compounds, thermodynamic modification can be achieved more
readily through substitution, eliminating the need for additional alloy components,

and hence simplifying the synthesis process.
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A selection of solid solution alloys whose primary element are based on Pd, Ti,
Zr or V are known to form reversible hydrides; many of which have been researched
from a thermodynamic perspective (Fukai, 2005). With Pd-based solid solution
alloys being prohibitively expensive and Ti- and Zr-based alloys forming too stable
hydrides (see Figure 1.5), only V-based alloys are left as a realistic hydrogen storage
material.

As mentioned in Section 1.4.2, the properties of vanadium dihydride are well-suited
to hydrogen storage at near ambient temperature and the concept of substituting in
cheaper alternative elements, such as ferrovanadium, is an appealing prospect (San-
drock, 1999). All V-based alloys possess a body-centered-cubic (A2) crystal structure
in the a-phase and following hydrogenation to the y-phase typically transform to a
face-centered-cubic (C1) structure (Maeland, 1964). A number of systems have been
investigated together with Laves phase-related BCC solid solution alloys for example
Ti-V-Cr, Ti-V-Mn and Ti-V-Cr-Mn compounds (Akiba and Okada, 2002). The high
metal concentration typically limits the gravimetric capacity to 3 wt.% and although
Ti-V-Cr-Mn has been reported to store nearly 4 wt.%, this is at the expense of high
operating temperatures (ca. 300 °C) (Yu et al., 2004). These materials have many

promising properties and research is on-going.

2.2.4 AB Intermetallics

Reversible intermetallic hydride formation was first validated with the AB compound

ZrNi (Libowitz et al., 1958). Unfortunately, ZrNiHs obtains a T4 = 300 °C, thus
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making it unviable for practical application. High decomposition temperature is
a common feature among many of the AB hydrides such as ZrCo, Ty, =~ 430 °C
(Nemirovskaya et al., 1991), TiNi, Typq, = 200 °C (Yamanaka et al., 1975) and
HfCo, T1per =~ 270 °C (Van-Essen and Buschow, 1979). In addition, potential RE-
B intermetallics, such as CeAg and GdCu, are inclined to disproportionate upon
hydrogenation (Beck and Mueller, 1962). It was only with the discovery of TiFe,
T1per = -8 °C (Hoffman et al., 1969; Reilly and Wiswall, 1974), that practical room
temperature AB hydrides were proven to exist.

During the 1980s, TiFe was viewed as one of the most promising hydrogen

storage materials due to its low cost and abundance of raw materials; however it
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Figure 2.1: Volumetric and gravimetric hydrogen density of some selected hydrides,
taken from Ziittel et al. (2010).
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was soon overlooked in favour for complex hydrides as research began to focus on
mobile application. Nevertheless, in more recent years there has been a growing
emphasis towards thermal storage and stationary applications causing volumetric
hydrogen density to become more decisive than gravimetric hydrogen density. Figure
2.1 illustrates the volumetric hydrogen densities of intermetallics, such as TiFe
and LaNis, are competitive against binary and complex hydrides and this has led
to a resurgence of interest in these systems. TiFe is particularly attractive for
stationary and near-ambient thermal storage systems because it has a moderate
enthalpy of formation (AH = 28.1 kJ.mol™* H,), storage capacity of 1.9 wt.% and
flat dehydrogenation plateau pressure of 4.1 bar at 25 °C (Reilly, 1979).

Like most AB intermetallics, TiFe has a simple B2 (CsCl-type) crystal struc-
ture thus belonging to the space group Pm3m and obtains a lattice parameter of
2.9789 A(Thompson et al., 1979). With hydrogenation two notable hydride phases
tend to form, an orthorhombic monohydride 5, phase (TiFeH.;) and a monoclinic
dihydride 7 phase (TiFeH.z) (Thompson et al., 1989). Schober (1979) later reported
that a secondary orthorhombic S5 phase (TiFeH.;4) may be visible, yet the absence
of another corresponding plateau region in PCI plots raises skepticism.

Confirmation of crystal structure by neutron diffraction investigation of TiFeD; g4
identified octahedral sites of TiyFe, and TisFey available for deuterium. Initially,
deuterium occupies the sites among TisFesy, resulting in structural distortion from
simple cubic to orthorhombic # phase with TiFeD. Further deuteration but now

among TisFey sites cause the formation of the monoclinic v phase, leaving the TisFe,
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and TisFey sites 100% and 91% occupied by deuterium respectively (Fischer et al.,
1987).

TiFe does not readily form a hydride and an activation process is essential. In
general the activation of TiFe comprises of two steps: initially heat treatment removes
the film of surface oxide covering the bulk material and secondly the generation
of new clean surfaces by cracking of the alloy during (de)hydrogenation cycling.
Reilly and Wiswall (1974) demonstrated that TiFe could be activated by heating to
400-450 °C under vacuum, applying a 7 bar Hy pressure for half an hour and then
cooling back to room temperature under vacuum before hydrogenating under high
pressure Hy (> 50 bar) over several days. Furthermore this process often needs to be
repeated several times to obtain reproducible PCI plots. The alloy is not pulverized
upon hydrogenation, although the v phase is very brittle and highly strained, thus
causing extensive micro-cracking (Reilly, 1979).

While the requirements for achieving TiFe activation are widely acknowledged,
the exact mechanisms behind this phenomenon have been subject to much debate.
Following XPS and Auger electron spectroscopy, Schlapbach et al. (1980) suggested
Ti diffuses to the surface forming TiO,, thus leaving an excess of subsurface iron
clusters in the metallic state, possibly acting as sites for Hy chemisorption.

Through SEM observations Pande et al. (1980) reported a different concept
whereby the oxide layer is physically detached from the underlying TiFe layer,
which is free to absorb hydrogen. Building upon this, Matsumoto and Amano (1981)

observed the formation of a Fe;Ti;0, phase on the alloy surface, which they suggested
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initially absorbs hydrogen along with TiFe phases, and that crack formation, a result
of varying phase expansion coefficients during heat treatment, results in an increased
rate of absorption. Schober (1979) found FeyTi, TiOs and FeTiO, (suboxide) on
the surface via TEM and thought hydrogen chemisorption occurred on the suboxide,
however no sub-surface compositional analysis was undertaken to check for metallic
iron clusters.

In addition to discovering that excess titanium in the alloy Ti,Fe (1 < z < 2)
drastically promotes activation, Mizuno and Morozumi (1982) found evidence of
iron clusters forming and disappearing during heat treatment. Combining this with
similar findings made by Kim and Lee (1985) and Sevlam et al. (1987) where heat
treatment created iron clusters, but their existence suffered continuously from oxygen
contamination, implies that Schlapbach’s segregation model for TiFe may be the
most credible.

In an attempt to overcome the difficult and time consuming activation of TiFe the
effects of various severe plastic deformation (SPD) techniques to create nanostructured
TiFe have been investigated. Ball-milled nanocrystalline TiFe was found to activate
after a single annealing at 400 °C for 0.5 h under vacuum, although careful synthesis
is required because TiFe formation during mechanical alloying is severely impacted
by small amounts of oxygen (Zaluski et al., 1993, 1994). More recent studies
demonstrated TiFe samples can remain activated even after several months exposure
to air when processed by high-pressure torsion (HPT) or groove rolling (GR). However,

the sample quantity is very limited (< 1 g) for the HPT process and GR samples
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require several cycles before full activation is achieved (Edalati et al., 2014).

There has also been research into the ball milling of TiFe with additives of proven
hydrogen dissociation catalysts, Pd (Zaluski et al., 1995) and Ni (Bououdina et al.,
1999). Zaluski et al. (1995) results were especially promising showing less than
1 wt.% Pd enables TiFe to readily absorb hydrogen at room temperature with no
activation applied. No alloying zone was detected between the TiFe powder and Pd
during TEM analysis and the catalysis mechanism was attributed to the “spillover
effect” (Kramer and Andre, 1979; Prins, 2012). Here, the catalyst is thought to aid
hydrogen dissociation and the adsorbed hydrogen atoms can then spill over onto the
substrate surface and subsequently diffuse into the material bulk. While hydrogen
spillover has been demonstrated in several solid state reactions such as Pd/MnO,
(Xu et al., 1997), Pt/CeOy (Lykhach et al., 2012) and Pd-Ti3*/TiO, (Gorodetskii
and Matveev, 2001), the precise effect has not been investigated for catalyst coated
TiFe thus far. Another viewpoint is that the Pd provides an alternate hydrogen
diffusion pathway, therefore reducing the activation barrier (discussed in more detail
in Section 2.3.1). The latter mechanism is most likely given that palladium can form
a hydride under ambient conditions (PdHgg at 0.02 bar and 25 °C) (Schlapbach and
Zittel, 2001), enabling atomic hydrogen to then diffuse directly into the substrate
bulk. Regardless of the exact mechanism, this work implies complete encapsulation of
TiFe powder with a Pd layer may be avoided and suggests small clusters or particles
of well dispersed Pd is sufficient.

Physical vapour deposition (PVD) studies revealed that a 20 nm Pd coating on



CHAPTER 2. LITERATURE REVIEW 46

a 100-200 nm thick TiFe film (deposited on Si substrate) instigates hydrogenation
without prior activation and the rate of hydrogen uptake can be increased by annealing
the Pd-capped TiFe in air up to 250 °C (Heller et al., 2006). The formation of
oxygen-containing phases (Ti4Fe;O;_,), which have been demonstrated to readily
absorb hydrogen at room temperature, have been proposed for the reason behind
this improvement (Hiebl et al.; 1979; Amano et al., 1983; Rupp, 1984).

Besides PVD, a variety of other metal coating techniques have been used to
deposit Pd on TiFe, including wet chemical autocatalytic deposition (Williams et al.,
2011) and chemical vapour deposition of metal organic substances (MOCVD) (Davids
et al., 2011). While both methods again result in hydrogenation of TiFe without
activation, wet chemical vapour deposition is a fairly inefficient use of the expensive
Pd precursor and the hydrogenation performance of surface modified TiFe was found
to be quite sensitive to MOCVD conditions.

Partial substitution of a third element for Fe in TiFe has frequently been used
to modify thermodynamic properties, enhance resistance to impurities and promote
activation during the initial hydriding process. Kim and Lee (1985) demonstrated if
TiFe is combined with transition metals, which obtain lower oxide stability than that
of Fe no activation is achievable irrespective of heat treatment. On the other hand,
elements with higher oxide stability will stimulate activation of TiFe. The formation
of TiFe;_,M, alloys where M is the transition element Mn, Zr, Cr or Ni represents
the most effective way to improve the activation characteristics of the alloy.

The TiFe;_,Ni, system has been investigated by a good number of researchers.
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Substitution of Ni (x > 0.1) has been found to enable room temperature activation
of TiFe;_,Ni, alloys and while increasing Ni content appears to accelerate the
process it can still take about one day to reach saturation when x = 0.2 (Lee and
Perng, 1999). Ni substitution of x = 0.2 almost eliminates unfavourable hysteresis
(In(P,/P4) = 0.05) (Huston and Sandrock, 1980) compared to TiFe (0.64) (Mintz
et al., 1981) and also yields flatter plateau regions compared to other third element
substitutions. This appears to be due to suppression of v-phase formation and
consequently a reduction in storage capacity. For TiFeqgNig o, a high cycling stability
was reported by Bershadsky et al. (1991) in which the capacity reduced by only 16%
after 65,000 (de)hydrogenation cycles.

From a thermodynamics viewpoint, Mintz et al. (1981) observed that as Ni
content increase from x = 0.1 to 0.5 in TiFe;_,Ni,, the plateau pressure decreased
below 1 bar at room temperature, leading to a rise in formation enthalpy (AH = 35-
45 kJ.mol~! Hy) and hydride stability relative to TiFe. Lastly, partial substitution
of Ni for Fe in TiFe results in improved hydriding kinetics and unlike TiFe the
characteristic feature of nucleation and growth mechanism is not observed (Chung
and Lee, 1986). In spite of all prior investigations, there is little information available

regarding the impact of minor Ni substitution (x < 0.1) for Fe in TiFe.

2.2.5 AB, Intermetallics

The family of AB, alloys are similar to AB5 intermetallics in that they embody a

versatile group of hydriding compounds with tunable PCI properties applicable to
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Figure 2.2: (a) The C14 Laves and (b) C15 Laves crystal structures, reproduced
using balls and sticks from Barrett (1973) and Wernick (1967) respectively.

ambient temperature applications. The A-elements are typically from Group IVA (Ti,
Zr, Hf) and/or the lanthanides (at. no. 57-71). The B-elements can be a selection
of transition or non-transition metals, although there seems to be preferentiality
towards V, Cr, Mn and Fe (Sandrock, 1999).

Nearly all AB, intermetallics are accounted by either one of two related Laves
phase crystal structures: C14 hexagonal, MgZn, structure, space group P63/mmc
and C15 cubic, MgCus structure, space group Fd-3m (see Figure 2.2). These two
crystal structures are linked by an identical basic unit layer but are differentiated by
their unit layer stacking sequences.

The discovery of the first AB,y intermetallic hydride, ZrMy where M = V., Cr, Fe,
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Figure 2.3: Correlation between cell volume V4 and -AH, replotted from Nakano
et al. (1997).

Co, Ni, Cu, Mo, Nb and Sn (Pebler and Gulbransen, 1967) led to numerous research
groups identifying a multitude of practical AB, hydrides. Among such research, a
strong correlation between unit cell volume and plateau pressure and thus enthalpy
value was demonstrated experimentally by Nakano et al. (1997), as shown in Figure
2.3.

Generally, the maximum storage capacities of AB5 alloys are greater than their
ABj5 counterparts but these capacities become more comparable if considering re-
versible capacity. ABs alloys characteristically obtain a narrower (less prominent)
plateau region and a residual capacity upon dehydrogenation due to trapping unless
the material is heated (Sandrock, 1999).

The ease with which AB, intermetallics are activated typically lies between AB
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and ABj alloys, although the necessity for heating can usually be eliminated with a
higher Zr or Mn content compared to Ti or Cr (Young et al., 2008, 2009). Furthermore,
the presence of secondary phases tends to promote activation as well hydrogenation
kinetics (Bououdina et al., 1998). Upon hydrogen cycling, AB, alloys are known to
decrepitate and those with higher Zr or Mn contents are highly pyrophoric which
raises concerns with the packing and handling of powder in vessels (Bernauer and
Halene, 1987). Once active, ABy alloys are quite susceptible to impurities such as Os
but capacity is often recoverable since the impurity acts more like a poison rather
than a reactant.

In terms of cost, ABy’s are more affordable than ABj5 alloys especially if Ti and Mn
account for most of the A-element and B-element respectively. Several Ti-Mn Laves
phase intermetallics are commercially produced. In fact one based on a (Ti-Zr);(Mn-
V-Cr-Fe), alloy was used as the metal hydride material onboard the first hydrogen
powered canal boat (Bevan et al.,; 2011) and Type 212 U-boat submarines operated
by German and Italian navies for several decades (Eberle et al.; 2009; Angstrom,
2015). It is also important to recognize the implications on the usage of V in AB,
alloys. Two AB; alloys that obtain relatable compositions (including V content) are
TiMn; 4 V62 and the GfE commercial alloy TigggZrg.02Mny 5V a3Feq00Croos5. The
capacity and enthalpy for both are similar but the raw material cost of the latter
is approximately six times less because ferrovanadium is used rather than pure
vanadium (Sandrock, 1999). On the other hand, increased ferrovandium content has

been shown to increase plateau slope in both ABy (Xu et al., 2001) and solid solution
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alloys (Ulmer et al., 2015) due to compositional inhomogeneities. This highlights
the potential implications and difficulties when attempting to produce a commercial

alloy tailored to a specific application.

TiMn, alloys

Besides their relatively low cost, as mentioned above, Ti-Mn Laves phase alloys are
regarded as a particularly promising category of ABy hydrides due to their easy
activation and good (de)hydriding kinetics. According to Gamo et al. (1985) they
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Murray (1981).
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also possess a respectable storage capacity reported to be 1.5-1.8 wt.%. However,
there are two critical concerns inhibiting their application as a hydrogen source for
fuel cells. One is a too high equilibrium plateau pressure at room temperature and
the other is a serious hysteresis effect. For instance, even after annealing TiMns,
was reported to have a hysteresis as large as 200 bar between hydrogenation and
dehydrogenation pressures at 20 °C (Klyamkin et al., 1994), meanwhile TiCrsy has
almost no hysteresis even at -76 °C (Reilly, 1978). The Mn-Ti binary phase diagram
indicated that Laves phase TiMny compound is formed over a wide composition
range (64-70 at.% Mn) (Mitrokhin et al., 2002), suggesting its hydrogen storage
properties could be strongly influenced by elemental substitution while maintaining
the same phase constitution.

The substitution of Zr for Ti has been a common method to improve hydrogenation
capacity and decrease the plateau pressure (Oesterreicher and Bittner, 1978; Li et al.,
2005). Yet increasing Zr content has also been shown to produce a distinctly steep
plateau, which is partly due to compositional inhomogeneity and requires annealing
to be removed (Liu et al., 1996). Partial substitutions of the B-elements to form
multicomponent systems have proven effective in favourably altering plateau pressure,
plateau slope and hysteresis.

Bobet et al. (2000a) examined the single substitution effect of transition metals
(M = Al V, Cr, Co and Ni) in Tigg5Zr¢05sMn; 45Mo5. Ni substitution led to an
increase of the plateau pressure which could be correlated to the decrease of cell

volume; meanwhile Co substitution barely affected the hydride properties despite
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a change in the lattice parameters. Al substitution was suitable to reduce plateau
pressure but also led to a large decrease of storage capacity (1.5 wt.%). This capacity
loss is attributed to a reduction in the available interstitial sites for hydrogen since
TisAly and TiAlj sites do not contain hydrogen, an observation previously reported
for ABj5 phase (Bobet et al., 1998). Cr substitution led to a slight reduction in
plateau pressure and an improvement of hysteresis characteristics by lowering of the
absorption plateau while leaving the desorption plateau unchanged. This outcome
is linked to the opposing hysteresis nature of TiMny and TiCry described earlier.
V substitution was effective at lowering the plateau pressure and improving the
hydrogen capacity (2.1 wt.%). This result is in agreement with the increase in lattice
parameters reported but should also be credited to the larger affinity of V with H
compared with that of Mn. Overall, substitution of Mn for Cr and V produced alloys
with the best absorption properties, a result also reported by Hong et al. (1994) who

explored similar transition metal substitutions in TiggZrgoMni Mg s.

(TiZr);(MnVCr), alloys

The simultaneous substitution of Cr and V for Mn in TiMn-based alloys has yielded
some promising results. Liu et al. (1996) studied the impact of non-stoichiometry and
Ti:Zr ratio in Tig75_1.05Z10.1-02MnCrg9Vg1 alloys. No definitive trend was found
for the hysteresis effect but flatter plateau regions were achieved with stoichiometric
compositions, highlighting a constant compromise between preferred characteristics.

The plateau pressure decreases with increasing Zr content due to increasing cell
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volume, a trend also seen in the four component systems Ti-Zr-Mn-Cr (Guo and Wu,
2008) and Ti-Zr-Mn-V (Villeroy et al., 2006). The substitution effects of Cr and V
were also similar to that found by (Bobet et al., 1998).

The majority of TiMny alloys activate fairly easily however, Yu et al. (2007) in-
vestigated the influence of V on activation performance, by comparing TiMn; 25Crg o5
against TiMng g5Crg25Vo.3. Both alloys (crushed pieces < 400 pum) activated under
10 bar Hy at 25 °C in less than 20 min and were fully activated after 2 cycles. When
exposed to air for 30 days, TiMng ¢5Crg.25 V.3 activated after a 40 min incubation
period and fully after 5 cycles but no measurable hydrogen absorption occurred
for TiMn; 95Crgo5 even after 10 activation cycles. Auger electron spectroscopy
revealed after exposure to air for 30 days, unidentified surface oxide layers of ap-
proximately 2 nm and 7 nm were formed on the top surface of TiMng g5Crg.25Vo.3
and TiMny 25Crg 95 respectively. It also highlighted a significant disparity in the
Mn/Ti ratio on the top surface with TiMn; 25Crg o5 at 11:1, while TiMng 95Cro.25Vo.3
remained closer to its bulk components. This suggested V substitution for partial
Mn could assist activation via the prevention of oxide layer formation and changes to
the surface chemistry of the alloy, although the dominant factor was not determined.
SEM images showed the average particle size of the air exposed TiMng g5Crg.25Vo.3
was reduced to 30 pum after 10 activation cycles; however TiMn; o5Crg o5 did not
undergo any change. The addition of V also caused an increase in cell volume, thus
inducing particle fragmentation upon cycling.

Xu et al. (2001) gathered thermodynamic and capacity data for a range of Ti-Zr-
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Mn-(V, VFe)-(Cr, Ni) alloys. Reversible storage capacities of up to 1.9 wt.% were
obtained although this was slightly lower when VFe replaced V. Substitutions of
V, Cr and Ni produced similar outcomes to those already discussed during single

element substitution for Mn.

2.3 Magnesium Hydride

Magnesium hydride has long been recognized as a leading candidate for solid state
hydrogen storage due to the abundance of magnesium, its low cost and possession
of one of the highest energy densities (9 MJ.kg™!) among all reversible hydrides.
Furthermore, with increased research efforts to utilize MgH, in CSP thermal energy
stores, opposed to onboard applications, the issue regarding high decomposition
temperature (> 300 °C) can largely be circumvented. Nevertheless, there are still
several factors presently hindering the transition of MgHs from laboratory prototypes
to wide-scale commercial application that requires discussion.

Synthesis of MgH, was first reported by Jolibois (1912) via the pyrolysis of ethyl
magnesium halides. Subsequent to this a number of techniques were established
including the formation of magnesium hydride in the solid state directly from
elemental magnesium and hydrogen, in a slow reaction demanding high temperature
and high hydrogen pressure (Stampfer et al., 1960).

The hydrogenation reaction of Mg + Hy = MgH, ensues when hydrogen atoms,

dissociated at sites on the magnesium surface, diffuse into the hexagonally-close
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Figure 2.5: Crystal structure of 5-MgHs reproduced using balls and sticks from
San-Martin and Manchester (1987).

packed (HCP) magnesium lattice. A solid solution («a phase) is formed as the
hydrogen atoms initially occupy tetrahedral interstitial sites, for H concentrations
up to a maximum of ca. 9 at.% near the melting point of ca. 650 °C (San-Martin
and Manchester, 1987). Upon further exposure to hydrogen, the rutile, body-centred
cubic magnesium hydride phase is formed with space group P4, /mnm and lattice
parameters a = 0.452 nm and ¢ = 0.302 nm (Noritake et al., 2002). Each Mg atom
is octahedrally coordinated to six H atoms, while each H atom is coordinated to
three Mg atoms in a planar coordination, as illustrated in Figure 2.5.

Over the past 60 years, a spread of thermodynamic data has been reported for
the decomposition of magnesium hydride (see Table 2.1). Most frequently quoted
is the dehydrogenation enthalpy of AH = 74.5 kJ.mol~! H, obtained by Stampfer
et al. (1960) using a series of PCI measurements. This value remains within error
of a recent Round Robin study performed by 14 laboratories, in which they report

a dehydrogenation enthalpy of AH = 76.3 kJ.mol™! H, with a relative standard
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Source AH [kJ.mol™" Hy] AS [J. K 'mol™! Hy]
Stampfer et al. (1960) 74.5 + 0.3 1351 £ 1.9
Reilly and Wiswall (1968) 774 £ 4.2 138.3 £ 2.9
Pedersen et al. (1983) 70 126
Friedlmeier and Bolcich (1988) 74.3 £ 0.5 136 £ 1
Klose and Stuke (1995) 81.86 146.1
Shao et al. (2004) 75.0 135.6

Table 2.1: Summary of published thermodynamic data for the decomposition of
magnesium hydride.

deviation of 8.5% (Moretto et al., 2013). Bogdanovic et al. (1999) previously
attributed these differences to be a result of the magnesium particle size, stating an
increase of ca. 2 kJ.mol™! Hs in the enthalpy value as particle size increased from
25-40 pm to 70-100 pm. The discrepancies between values are more likely to be
caused by the poor dehydrogenation kinetics of MgHy (discussed later) not being
adequately accounted for in some studies; although a dependence of thermodynamic
properties on particle size has been observed for magnesium nanoparticles (ca. 3-
25 nm) (Paskevicius et al., 2010; Liu and Kondo-Francois, 2014a; Liu et al., 2014b;
Zlota et al., 2015).

Substitution of the Stampfer et al. (1960) values into equation 1.6 corresponds to
the release of 1 bar of hydrogen at 279 °C; yet in practical usage temperatures in the
region of 350-400 °C are necessary to (de)hydrogenate magnesium (Mushinikov et al.,
2006). While such temperatures align well with CSP applications and the high heat
of formation translates to a thermal energy capacity of approximately 2800 kJ.kg™*
of MgHs,, a major drawback persists in that kinetics are very slow, taking several

hours to hydrogenate (Zaluska et al., 1999).
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Like all metal hydrides, overall sorption kinetics are controlled by the slowest step
in the reaction chain. For magnesium there are numerous aspects that can hamper
the rate of hydrogenation. Firstly, exposure to air results in surface oxidation. The
creation of a MgO barrier inhibits hydrogen molecules penetrating the magnesium. To
instigate hydrogen absorption the oxide layer must be broken down by an activation
process, which typically consists of several cycles at high temperature (400 °C) under
vacuum or hydrogen atmosphere (Chen et al., 1993).

In the 1980s, Vigeholm et al. (1983) investigated how particle structure of
starting material impacts the activation of magnesium. The effects of variation in
temperature at constant pressure and variation in pressure at constant temperature
were observed during (de)hydrogenation thermogravimetric analysis on three different
nearly spherical Mg powder particles (purity approximately 99.9 %). The samples
varied in terms of preparation technique and average particle size: the first was
atomised (12.5 + 7.5 pm), the second was mechanically comminuted (<50 pm), and
the third was mechanically manufactured (50 4 26 pum). Both surface morphology and
particle size were demonstrated to play significant roles during hydrogen activation.
As anticipated, the atomised sample underwent a slow initial reaction due to its
smooth surface, while in contrast the cracked, irregular surface of the mechanically
produced samples led to immediate hydrogen absorption. Cycling experiments
revealed no apparent changes in storage capacity for all three samples, however this
was only over the course of 10-30 cycles.

Poor dissociation of hydrogen molecules on the magnesium surface is another
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common cause for sluggish hydrogenation (Montone et al.; 2010). Even after activa-
tion, a clean surface of pure magnesium requires a very high energy for dissociation
(Norskov et al., 1981). At 327 °C the absorption mechanism of the hydride phase
was found to form at the Mg grain surface (along the Mg-MgH, interface) and its
rate of formation was controlled by the density of nucleation sites (Belkbir et al.,
1981). The nucleation rate is dependent on the hydrogen pressure, thus by increasing
the pressure, the thermodynamic driving force for reaction increases. However, if
the hydrogen pressure is too high, such as 48 bar at 400 °C (ca. 28 bar above
the plateau pressure), initial hydrogenation is sufficiently fast and results in the
formation of a MgHy shell (Vigeholm et al.; 1987). This abruptly blocks hydrogen
diffusion into the Mg lattice because diffusion through MgHs is approximately three

orders of magnitude slower than through pure Mg (Sholl, 2007). Once the hydride

(a)

Figure 2.6: SEM/BSE micrographs of partially dehydrogenated MgH, powder (a)
lower magnification showing the release of hydrogen around the particle with 5-MgH,
inside the particle and (b) higher magnification showing the extension of the hep-Mg
phase to the surface of the particle, taken from (Tanniru et al., 2010).



CHAPTER 2. LITERATURE REVIEW 60

layer thickness exceeds 30-50 um fast diffusion of hydrogen to the core of the particle
is prevented, effectively ceasing further hydrogenation (Vigeholm et al.; 1987).
Following isothermal DSC measurements, Bohmhammel et al. (1998) proposed
a decomposition model for magnesium hydride consisting of three stages. The
dehydrogenation process incorporates the initial formation of a-Mg at the surface of
the particle, followed by the formation and growth of Mg nuclei, which is consistent
with observations by Tanniru et al. (2010). Lastly, the Mg phase is formed along
with volume contraction of the particle causing crack formation, thus creating more

diffusion options.

2.3.1 Improving reaction kinetics

Improving the sorption behaviour of magnesium hydride i.e. accelerating the re-
action rate and reducing the activation energy, E,, has been the focus of many
research groups. A number of approaches have been adopted to overcome the ki-
netic limitations of MgHs such as the production of nanocrystalline structures and

catalysis.

Nanocrystalline structures

The fabrication of nanocrystalline structures via SPD techniques, most commonly
ball milling, have proven successful at speeding up both the dissociation and diffusion
kinetics of Mg. Various studies have proven a relationship exists between the particle-

and grain size of magnesium hydride and the sorption kinetics. Zaluska et al. (2001)
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reported the hydrogenation rate of micron-sized Mg powder at 300°C can be increased
from less than 0.25 wt.% to over 6 wt.% in ca. 2 h, purely through the application
of milling to generate Mg powder with an approximate grain size of 30 nm. Huot
et al. (1999) observed a similar trend for the dehydrogenation of MgHs milled for
up to 20 h. These improvements were explained by increased surface area from 1

I and the introduction of defects which increased nucleation sites and

to 10 m?.g~
shortened the diffusion path length for hydrogen leaving the hydride.

Further investigation into the properties of ball milled MgHs have validated the
effect of particle size on the desorption time of Hy as well as the decomposition
temperature. Varin et al. (2006) studied MgHs milled for time periods between

0.25 and 100 h in a planetary-style mill, finding a near linear reduction of the

decomposition onset temperature from ca. 380°C to 340°C by reducing particle sizes
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Figure 2.7: MgH, particle size effect on onset temperature of Hy desorption, plotted
from data in Varin et al. (2006).
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from 2000 to 500 nm (see Figure 2.7).

More recently, Dornheim et al. (2006) attempted to clarify whether a certain
grain size is necessary to obtain fast sorption behaviour. Their results suggested the
influence of grain size on sorption kinetics is most obvious when particle size is larger
than 700 nm but the additional benefit from grain sizes less than 80 nm on kinetics
become less substantial.

While the exact mechanism of Hy desorption from MgH, remains ambiguous
(rate limiting step proposed to be either diffusion of Hy through Mg forming at
particle surface or recombination of Hy molecules on the particle surface), these
results suggest the optimum nanocrystalline structure should combine in the right
proportion: a high surface-to-volume ratio enabling hydrogen access, with a large
number of grain boundaries and structural defects promoting hydrogen diffusion

(Bérubé et al., 2007).

Catalysis

The role of a catalyst is to modify the reaction pathway as to accelerate reaction
kinetics without being consumed or changing the products of a chemical process.
Additives combined with MgH, have been demonstrated to favourably encourage
sorption kinetics, often in conjunction with particle- and grain refinement achieved
during the milling process. Surface catalysts like palladium (Zaluski et al., 1995)
present on the bulk metal surface can significantly improve the kinetics by stimulating

hydrogen dissociation and this was often associated with the “spillover effect” (Zaluski
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Figure 2.8: Potential energy diagram for the interactions of hydrogen with a metal
surface during metal hydride formation/decomposition, adapted from Ziittel (2003).

et al., 1995; Mitchell et al., 2003). A simpler rationale is that the catalyst enables an
alternative pathway for the formation of the hydrogen metal bond by reducing the
height of the activation barrier for hydrogen molecule dissociation ca. 436 kJ.mol~'H,
(Arboleda et al., 2004; Ziittel, 2003)(see Figure 2.8). Subsequently, the chemisorbed
hydrogen atom can migrate into the subsurface layer and finally diffuse into the
bulk of the host metal. Another benefit of a surface catalyst is their capacity to
nullify a passivating oxide layer that forms on the metal surface (Zaluski et al., 1997).
This improved resistance to contaminants and air exposure can remove the need for
activation.

The precise mechanisms through which catalysts enhance rates of reaction are

not well understood (Bérubé et al., 2007). However, what is acknowledged is the
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importance of an even catalyst distribution throughout the magnesium matrix in
order to have the maximum influence (Zaluska et al., 2001; He et al., 2010). Freidrichs
et al. (2006) explored the role of nano-sizing the additive on MgHs, sorption kinetics.
They demonstrated by using a NbyO5 nanoparticulate additive (15 nm) the required
milling time could be shortened by 200 times to produce the same effect as its
micrometric counterpart, emphasizing nanocatalysts offer a larger area of contact
with the storage medium. Nonetheless, milling was still necessary for adequate
dispersion of the additive throughout the MgH,. Another important aspect is to
keep the catalyst concentration to a minimum given that it does not usually store
any hydrogen at the operating conditions and they are often heavy transition metal
elements, which decreases the overall storage capacity.

The effects on the sorption kinetics of magnesium hydride have been explored
with a wide range of catalysts, including combining magnesium with transition
metals such as Co (Bobet et al., 2000b), Cr (Bystrzycki et al., 2005), Cu (Hanada
et al., 2005), Fe (Amirkhiz et al., 2011), Mn (Liang et al., 1999a), Nb (Huot et al.,
2003), Ni (Bobet et al., 2002), Pd (Zaluska et al., 1999), Ti (Pitt et al., 2012) and V
(Oelerich et al., 2001a). There has also been substantial research into the catalysis
with intermetallics such as TiFe (Vijay et al., 2004), TiVCr (Laversenne et al., 2013)
and ZrNi (Pighin et al., 2012) to form nanocomposites when milled with magnesium
hydride.

Similar or even better hydrogen sorption kinetics have been reported when

magnesium hydride has been milled together with transition metal oxides compared
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to transition metals (Oelerich et al., 2001b; Barkhordarian et al., 2003; Croston
et al., 2010). Oelerich et al. (2001b) also suggested the kinetic effect observed was
dependent on the valence of the transition metal in the oxide compound. Oxides
that have metals that are multivalent enhance the kinetics, while those that possess
only a single oxidation state have no effect. In addition, metal oxide additives have
a positive influence on particle refinement during the milling process due to their
brittle nature (Giivendiren et al., 2004; Panzas et al., 2006).

Evidently, a collection of Mg-based hydrides of different elemental and relative
composition have been prepared from a variety of techniques. Seeing as the range
of experimental conditions used to test the hydrogen sorption kinetics of these
materials are equally as broad, including temperatures from room temperature to
approximately 400 °C and pressures from vacuum up to 200 bar, a fair comparison is
very difficult as shown by (Sakintuna et al., 2007; Jain et al., 2010). They assembled
comprehensive tables comparing the hydrogen storage kinetics, capacity and cycling
stability of a range of materials that had been measured by numerous research
groups under different conditions. To simplify and emphasize the improvements that
various catalyzed magnesium systems can exert over as-received magnesium hydride,
a comparison of their respective activation energy for the dehydrogenation reactions

has been compiled in Table 2.2.
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Composition Activation Energy [kJ.mol™! H,] Reference
70 pm MgH, as-received 206 Patah et al. (2009)
20 pm MgH, as-received 156 Huot et al. (1999)
20 pm MgH, milled 120 Huot et al. (1999)
MgHy+5 at.% Ni 88.1 Liang et al. (1999a)
MgH,+5 at.% Fe 67.6 Liang et al. (1999a)
MgHy+5 at.% V 62.3 Liang et al. (1999b)

Table 2.2: A collection of reported activation energies for as-received magnesium
hydride, milled magnesium hydride and several milled transition metal catalysed
magnesium hydride samples.

2.3.2 Cycling

Another property critical in determining the feasibility of any hydrogen storage
system is the cycling stability. Ideally, the material must cope with repeated cycles
of hydrogen absorption and desorption without suffering a detrimental impact on
storage capacity or sorption kinetics. To date, numerous studies into the cycling
behaviour of MgHs on different scales have been completed.

Verga et al. (2009) performed hydrogen cycling on a 500 g milled MgH, sample
under hydrogenation and dehydrogenation temperatures of 260 °C and 335 °C respec-
tively. A severe degradation in the specimen’s properties was reported, culminating
in an approximate 60% reduction in kinetics and a halving of storage capacity by
only the 20" cycle. The reasoning was two-fold, a compaction of the powder with
successive expansion and contraction of the particles, thus inhibiting hydrogen flow
into the bed, as well as sintering of the compacted particles leading to increased
diffusion path length for hydrogen. Garrier et al. (2011) observed a similar trend
when an intermediate scale tank (1.8 kg) of milled MgH, compacted with 5 wt.%

expanded natural graphite (ENG) was cycled over 100 times at 320 °C. During the
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initial 20 cycles the capacity decreased by about 1 wt.%, in conjunction with a slight
decline in sorption kinetics, after which the capacity stabilized at around 5 wt.% for
the remaining cycles. Delhomme et al. (2012) studied a large scale tank (10 kg) of
milled MgH, compacted with 10 wt.% ENG. An improvement in sorption kinetics
was observed during the first ten cycles owing to the material thermal conductivity
modifications. However, a decline in kinetics and capacity were observed in sub-
sequent cycles due to substantial grain recrystallization. This differs from other
metal hydrides such as LaNis, the behaviour of which has been demonstrated to be
unaffected up to 40,000 cycles due to powder decrepitation preventing grain growth
(Friedlmeier et al., 1995).

Dehouche et al. (2000, 2002) have also explored the addition of catalysts on the
cycling behaviour of MgH,. Additives of both CroO3 and V led to improved cycling
stability, with a storage capacity increase of ca. 0.5 wt.% reported for MgH, - 0.2 mol
Cry03 cycled 1000 times, while a less pronounced capacity increase of 0.2 wt.% was
noted for MgHs, - 5 at.% V cycled 2000 times. In both cases the absorption rates
remained unchanged during cycling, although slightly decreased desorption rates
were observed and attributed to crystallite growth of the MgH; phase.

The impact of various hydrogen cycling conditions on the microstructural evolu-
tion of Mg nanocomposites have also been explored. Pasquini et al. (2011) demon-
strated the formation of hollow structures associated with the metal-hydride transition
in Mg/MgO core/shell nanoparticles. The mechanism is attributed to successive

cycles at sufficiently high temperature (> 370 °C) causing core Mg to progressively
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diffuse outward and evaporate, leaving a hollow shell with the original shape and
thickness. It is proposed this phenomenon might be a general approach to the design
of materials with controlled porosity.

A further investigation, Montone et al. (2013) examined whether the described
morphological changes were a result of a cycling effect or a heating one. For this
a ball milled Fe-doped MgH, sample that had been cycled 20 times at 350 °C was
compared against two identical samples that were thermally treated at 350 °C under
0.2 bar or 10 bar of Hy pressure for the same time required as the 20 isothermal cycles.
Both thermally treated samples showed a sharper morphology then the cycled sample
and an evident lack of hollow worm-like structures, thus confirming the necessity for
cycling and the negligible effect of the isothermic and isobaric treatments.

Parallel experiments were carried out to observe how cycling temperature and
the nature of the catalyst affect the morphological modifications and reaction kinet-
ics. SEM observations of Fe-doped MgHs cycled 20 times at 300 °C, 350 °C and
380 °C confirmed cycling temperature could be correlated to eventual microstructural
changes, with higher temperatures causing a greater density of worm-like structures.
As anticipated, the presence of a catalyst in the ball milled MgHs improved sorption
kinetics and helped to prevent degradation following cycling. However, the type of
catalyst such as Fe (ductile) or NbyOj (fragile ceramic) was determined to have a

negligible effect on the main phenomenon occurring during the cycling process.
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2.4 Alternative Processing Technology

The technique of amalgamating hydrogen into nanocrystalline thin film structures
presents the opportunity to create metal hydrides that obtain considerably different
properties to their bulk counterparts. Besides the clear advantage of supplying a
large surface area, protective transition metal coatings can also be applied to thin
films to lessen surface oxidation effects and enhance kinetics (Jain et al., 1988).
The hydrogen storage properties of Mg thin film structures have been extensively
investigated in terms of pure Mg thin films (Léon et al., 2002; Akyildiz et al., 2006;
Ingason and Olafsson, 2006; Qu et al., 2010), catalyst capped Mg films (Higuchi et al.,
2002; Ouyang et al., 2007; Tan et al., 2009) and multilayered Mg films (Kalisvaart
et al., 2011; Baldi et al., 2009; Ferrer et al., 2007).

Some promising results have been demonstrated for ball milled and thin film
multilayer structures but there is considerable uncertainty surrounding the scalability
of these technologies. Both techniques are effective means of fabricating gram
quantities of hydrogen storage materials over several hours however, in the event
of the emergence of a hydrogen economy relying heavily on solid-state storage,
economical production of large quantities of metal hydride materials becomes a
critical factor (Eigen et al., 2007). Thus, alternate processing techniques must be
pursued.

Horizontal attrition mills enable more rapid saturation of crystallite refinement at

lower power consumption than traditional planetary ball mills (Krozer and Kasemo,
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1989). Yet, they remain unfavourable being another batch-manufacturing process
with relatively high investment costs. Tube vibration milling offers a continuous
processing solution and is capable of handling tonnage loads. This is a proven
method, used for comminution and activation of minerals, with milling kinematics
already optimized for low energy consumption and efficient mixing of milled material
(Gock and Kurrer, 1999). There have also been comprehensive studies into how
efficient crystallite refinement is impacted by key parameters such as milling time,
ball to powder ratio and shape of grinding bodies (Kurrer and Gock, 1986; Dornheim
et al., 2006).

Dornheim et al. (2006) showed if milled for 20 h with the same oxide catalyst
content, there is little discrepancy in the total hydrogen storage capacity, kinetics
and crystallite size (ca. 11 nm) of MgH, powder processed in a planetary ball mill
and a tube vibration mill despite milling loads being 40 g and 2 kg respectively.
Since 20 h of milling is too time consuming for an industrial process, a 2 kg batch of
the same sample was milled for only 2 h, resulting in comparable storage capacity
and charging time (<5 min). Discharging time approximately doubled but remained
under 20 min, which should be sufficient for most applications. In spite of this, the
use of fine powders, potentially on the nano-scale, exacerbates concerns associated
with safe handling of hydrogen storage materials due to the size of the powder and
potentially pyrophoric and explosive nature of Mg-based hydrides.

Nanocrystalline hydrogen storage materials can be generated via several other

SPD processes including high pressure torsion (HPT), equal channel angular pressing
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(ECAP) and cold rolling. The storage capabilities of magnesium-based hydrides have
been improved through each of these processes (Huot, 2012; Kusadome et al., 2007;
Skripnyuk et al., 2007) but the majority of literature on alternative synthesis routes
focuses on cold rolling being a mass production option.

Lang et al. (2011) demonstrated the efficacy of cold rolling by assessing the
performance of MgHy powder that was processed using vertical cold rolling apparatus
against as-received MgH, and ball milled MgH,. Further enhancement of reaction
kinetics is possible through the addition of metal- and metal oxide catalysts to MgHs
and cold rolling the mixture 5 times, resulting in performance only slightly bettered
by ball milling performed under argon for 30 min (Bellemare and Huot, 2012; Vincent
et al., 2012). Poor dispersion of the catalyst material among the magnesium matrix
was determined as the main suppressing factor, given the pre-established importance
of even catalyst distribution in Section 2.3.1. The researchers propose better sorption
kinetics may be attained with an increased number of rolls under an inert atmosphere,
thus increasing grain refinement and limiting oxidation effects.

The cold rolling process typically consolidates starting powder into sheet-like
material after a single rolling pass. Substitution of starting powder for sheet metal can
also create layered structures by repetitive cold rolling and folding of stacked layers
in a process known as accumulative roll-bonding (ARB), which may be advantageous
from a manufacturing perspective. ARB has been utilized to fabricate a variety of
Mg-based nanocomposites with high levels of strain induced grain refinement (Danaie

et al., 2011; Gupta et al., 2015), in turn typically leading to faster activation and
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enhanced hydrogen storage properties. Although, limited hydrogen capacity has
been reported in several cases and an additional filing process was deemed necessary
to overcome the very low specific surface area of the rolled materials (Lang et al.,
2011; Asselli et al., 2014).

Gas powder atomisation is another proven method of powder fabrication on
the industrial scale. This technique overcomes the low efficiencies and complicated
procedures encountered with other rapid solidification options such as melt spinning.
Details on the mechanisms involved in the process and the preceding vacuum induction
melting are described in Section 3.2.1. Gas atomisation is tailored to generate
consistently spherical powders with particle sizes typically ranging from 10-500 pm,
of which the 10-60 pm range accounts for approximately 50% of total yield (Anderson
and Terpstra, 2002).

Since being used to initially investigate the formation and decomposition of
magnesium hydride in the 1980s (Vigeholm et al., 1983), there has been no published
research into the direct feasibility of atomised Mg powder as a hydrogen storage
material. This is mainly due to the hydrogen storage benefits observed with nanocrys-
talline structures (Zaluski et al., 1997). Nevertheless, utilization of atomised Mg
powder may have multiple practical advantages, firstly spherical powders flow more
freely than coarse, irregular powders thus simplifying the filling of a hydride vessel,
and secondly micron-scale powders help to minimize safety concerns associated with
nano-particulates. In addition, the use of Mg opposed to MgH, as a starting material

and the elimination of any secondary processing technique such as milling underlines
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potential reductions in fabrication costs.

In an attempt to overcome the unfavourable smooth surfaces and low surface
area to volume ratios inherent to atomised powders, which hinder the activation and
sorption kinetics of Mg respectively, the application of a suitable coating technology
has been selected. As a result, these coated atomised powders may act as a suitable

alternative to the processed magnesium-based hydrides conventionally used.

2.5 Coating Technologies

In the past, a technique known as electroless plating was employed to encapsulate
intermetallic hydride powder in transition metals such as Cu or Ni (Hajdu et al.,
1990). Unlike classical electroplating, this process did not require the application
of an electric current through the solution. Instead, it comprises of intermetallic
powder activation in an acidic solution, after which it is submerged into a solution
containing a chemical reducing agent causing deposition of the coating on the powder.
Given the complexity of the technique and high loss of active materials, (Park,
1992) developed a simpler displacement plating process that worked best with ABs
intermetallics but could not be applied to AB intermetallics. Later, Law et al. (1996)
designed a closed-loop process minimizing waste during electroless plating, by using
the hydrogen already present in the metal hydride as the reducing agent. Whilst this
method was self-limiting because as the coating thickness increased, the diffusion of

hydrogen reduced, it also meant that the overall coating process was time consuming.
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Two other noteworthy coating technologies are gas-phase deposition and laser
surface alloying. The former differs from previously discussed coating processes in
that it does not rely on wet chemical surface treatments, with the advantage of
causing very little environmental damage, although it does demand high capital
costs. Laser surface alloying can generate metastable solid solutions on metal surfaces
where the cooling rate can reach 10'° K.s7!, thus enabling complex geometries to be
treated, however considerable control of the processing technique is necessary (Gray
and Luan, 2002).

Another common coating technique is magnetron-assisted physical vapour depo-
sition, also known magnetron sputtering. This process involves the bombardment
of a target (cathode) plate by energetic ions generated inside a discharge plasma,
situated near the target. This results in the release, or sputtering, of target atoms,
which may then condense onto a substrate (Rossnagel, 1995). The ion bombardment

onto the target also instigates the emittance of secondary electrons which is critical
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in maintaining the plasma (Kelly and Arnell, 2000).

In this research, magnetron sputtering has been chosen as the coating technique
because it has the capability of coating different morphologies including micron-scale
powders if they can be successfully tumbled. To date, several devices have been
employed for coating granulates or powders by sputtering, such as the rotating wing
drum (Ensinger and Muller, 2003), single tilted cup (Wang et al., 1997) and barrel
coater design (Fernandes et al., 2003). More recently Schmid et al. (2010) explored
the potential of a double rotating tilted cup design, which was also optimised with
an internal cup geometry that enabled complete uniform films to be deposited on
hollow glass microspheres (2-80 um diameter) which can be used for hydrogen storage.
The addition of an optimised internal cup geometry may not be necessary for the
substrate materials in this project as they are not as fragile as the glass microspheres
and the literature suggests complete uniform catalyst films are not required to have
their desired effect. This technique is also highly flexible, in that only replacement of
the target material is required for producing different coatings, which is an appealing
aspect given the variety of coatings to be tested. As a result, this may prove a useful

and commercially viable method for coating potential metal hydrides.

2.6 Summary

Extensive research into hydrogen storage materials has revealed a selection of metal

hydride systems ideal for stationary energy storage applications. Improvements in
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the hydrogen storage properties of these materials have been achieved through ther-
modynamic modification, system specific catalysis and fabrication of nanocrystalline
structures. Nonetheless, the critical concept of feasible scalability must be addressed
in order for the realization of a future hydrogen economy. As a result, there is scope
for research into economical, large-scale production of metal hydrides with properties
matching or bettering their nanocrystalline counterparts.

It has been established the slow and challenging activation of TiFe can be
circumvented by several means. The application of a well distributed Pd catalyst
via SPD techniques and PVD on to TiFe thin films have been demonstrated to
be particularly effective, enabling initial hydriding at ambient temperature and
eliminating the necessity for prior heat treatments. Another approach, as of yet
untested and appealing due to its potential scalability, is the magnetron sputtering of
Pd nanoparticles onto atomised TiFe (ca. 100 pum). It has also been established the
partial substitution of a third element (M) with higher oxide stability than Fe into
TiFe;_,M, can stimulate activation. Although the effect of Ni substitution has also
been studied from thermodynamics and impurity perspectives, there is little published
data regarding the impact of minor Ni substitution (x <0.1). From the available
information on TiMnsy-based alloys, another metal hydride system identified as a
potential prototype hydrogen store or domestic thermal store is the (TiZr); (MnVCr)s
intermetallic, as they tend to activate easily, possess respectable reversible storage
capacities (1.6-2.0 wt.% Hy) and reasonable plateau pressures at ambient temperature.

To evaluate a novel (TiZr);(MnVCr), intermetallic a comparison will be conducted
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against a commercially available AB, alloy.

The fabrication of nanocrystalline structures using SPD techniques, especially
milling, is a well validated approach for improving the typically slow activation and
cycling kinetics of MgH,. The optimum nanocrystalline structure should combine
a high surface-to-volume ratio to encourage hydrogen dissociation at the surface,
alongside a large number of grain boundaries to increase diffusion pathways into the
bulk material. Catalysts in the form of transition metal or metal oxides dispersed
evenly within a Mg matrix represent another means of accelerating sorption kinetics;
however it is unknown whether any long-term benefit will be observed when, as
proposed, magnetron sputtered catalysts are applied to the surface of atomised
Mg powder. The reason for this is two-fold: the smooth and spherical nature of
atomised Mg powder contradicts the high surface area prerequisite for fast kinetics
and secondly the sintering of compacted Mg particles through successive cycling
has been shown to degrade hydrogen storage properties. Lastly, the development of
porous structures, a phenomenon shown to be reliant on successive cycling opposed
to isothermic and isobaric treatments (Montone et al., 2013), has not yet been

conducted on atomised Mg powder.



Chapter 3

Experimental Methods

3.1 Introduction

AB and AB; alloys developed for use in a prototype hydrogen store and a domestic
thermal store were synthesised in-house through vacuum induction melting and
selected samples also underwent powder atomisation. Atomised magnesium powders
tested for a moderate temperature thermal store were sourced from two external
suppliers.

This chapter details the experimental procedures used during sample preparation
(Section 3.2), in addition to the material characterisation techniques employed to
examine hydrogen storage capabilities and microstructural evolution (Section 3.3 &

3.4).

78
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3.2 Sample Preparation

3.2.1 Production & Sourcing

The majority of AB and AB, alloys reported in the literature have been fabricated
through arc melting on a water-cooled copper hearth in an argon atmosphere (Mintz
et al., 1981; Nagai et al., 1987). Seeing as a project target was the potential scale up
of alloy production to mid-scale quantities (ca. 1-2 kg), and laboratory arc-melting
furnaces being limited typically to less than 200 g, an alternative technique known
as vacuum induction melting was employed.

A vacuum induction furnace uses the principle of induction heating to melt and
mix several metals, in turn producing alloys. The sample material to be melted is
placed within a copper crucible, which is surrounded by a water-cooled induction coil.
By passing a high frequency alternating current through the coil, a rapid alternating
magnetic field is initiated and penetrates the sample charge. This results in circular
electric currents, eddy currents, being induced within the sample charge and the
opposing electrical resistance faced leads to intense heat by Joule heating. Once
melted, the eddy currents also have a beneficial stirring effect, assuring improved
homogeneity, reducing the necessity for remelting steps usually performed during
arc-melting (Kabiri et al., 2012).

Gas powder atomisation following successful induction melting of the charge
offers the opportunity to manufacture high quality spherical powders. Powder

atomisation is achieved by forcing the molten sample through an orifice situated
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under the induction furnace at reasonable pressures (20-90 bar) (Chang and Zhao,
2013). Argon gas jets are intermixed with the melt as it exits the orifice resulting in
turbulent flow, which is further incited by filling the collection volume with the inert
gas. Undergoing rapid solidification, with cooling rates in the region of 103-10¢ °C.s71,
spherical powders are fabricated as they gradually descend and aggregate at the
bottom of the atomiser unit.

A PSIT HERMIGA 75 atomiser fitted with a hopper unit, as illustrated in Figure
3.1, was used during these studies. Prior to each melt, the melt chamber was vacuum
pumped down to a pressure of ca. 4 x 10~ mbar, and purged with Argon three times
leading to an O, level in the range of 50 4+ 20 ppm. The power was varied by altering
the voltage (400-480 V) to the induction coil depending on the sample charge. Each
sample was remelted two to three times and when required an atomisation pressure

of ca. 70 bar was utilised.

Figure 3.1: (a) PSI HERMIGA 75 atomiser with (b) hopper unit located underneath.

TiFe;_,Ni, (x = 0, 0.04 and 0.08) alloys produced in bulk (ca. 900 g) were both
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induction melted and atomised, with a sieved mesh size -100 to +140 (106-150 pm)
selected for testing and coating. For a comparison study of two AB, alloys, a
commercially available master alloy, Hydralloy C5 (Tig.95Zr0.05Mn;.5Vo.45Feq.1Croos),
was purchased from GfE and compared to an in-house melted alloy (ca. 20 g) of
composition (TiggZrgoMn; 5Vo2Crg3). Hydralloy C5 was selected as a base because
it was identified to have plateau pressures close to those desired for the prototype
hydrogen store, meanwhile TiggZrgoMny 5V(2Crg 3 was fabricated with the aim to
produce a more cost competitive alloy which also possessed better hydrogen storage
properties compared to the base. Both alloys were melted, crushed under normal
ambient conditions and a mesh size of -100 (< 150 um) was selected for testing.
Commercial grade atomised magnesium powders were purchased from Advanced
Powder Technologies (APT) and Société pour la Fabrication du Magnésium (SFM).
The two magnesium powders were passivised prior to particle size and distribution
analysis (Section 3.2.2) and being outsourced to Teer-Miba Coating Group for coating

with candidate catalysts (Section 3.2.3).

Material Form Purity [%] Source
Ti 10 mm rod >99.2 Unicorn Metals
Fe 2-10 mm chip 99.98 Sigma-Aldrich
Ni 3-25 mm shot >99.95 Alfa Aesar
Zr 3-6 mm lump 99.8 Alfa Aesar
Mn 1-3 mm chip 99.9 Alfa Aesar
\Y 1-3 mm granule 99.7 Alfa Aesar
Cr 3-12 mm piece 99.2 Alfa Aesar
Mg Atomised powder >99 University of Birmingham
Mg Atomised powder >99 SFM, Switzerland

Table 3.1: Raw materials, purity and suppliers.
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3.2.2 Particle Sizing

While scanning electron microscopy can provide an initial estimation of particle size
it is a fairly selective approach. More accurate verification of average particle size
and distribution within a powder sample was achieved using a Malvern Mastersizer
2000. This apparatus utilises laser diffraction in order to measure particle size within
a range of 0.02 um up to 2 mm. Although the Mastersizer cannot analyse particle
shape characteristics, like a CAMSIZER, this was not regarded as critical since the
Mg powders investigated were all manufactured by gas atomisation, a technique well
recognised for producing consistently spherical particles.

Laser diffraction determines particle size distributions by analysing the variation
in intensity of scattered light as a laser beam passes through the dispersed sample.
In principle, smaller particles cause the light to scatter at large angles relative to the
laser beam, whilst larger particles result in light scattered at small angles. Using Mie
theory of scattered light (Horvath, 2009) and assuming a volume equivalent sphere

diameter, the post scattered angle intensity data can be evaluated to calculate size
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Figure 3.2: (a) Scattering of light from large and small particles (b) Optical bench
within Malvern Mastersizer 2000.
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of the particles. Mie theory is dependent on knowledge of the optical properties
(refractive index and imaginary component) of both the dispersant and sample under
investigation. During this testing, dry air and magnesium were the dispersant and
sample respectively, both of which the relevant properties were readily accessible.

The Mastersizer 2000 system comprises of three main elements: a sample dis-
persion unit, an optical bench and instrument software. Prior to measurement, a
sample dispersion unit is used to suspend the sample in a flowing dry air stream, thus
ensuring the particles are delivered in the correct concentration and in a stable state
of dispersion. Once dispersed, the sample enters the measurement area within the
optical bench, where a laser beam illuminates the particles. The light scattered by
particles within the sample are recorded by a series of detectors over a wide range of
angles, as shown in Figure 3.2, and this information is interpreted by the instrument
software to generate particle size distribution information.

The commercial grade atomised magnesium powders purchased from Advanced
Powder Technologies (APT) and Société pour la Fabrication du Magnésium (SEFM)
were analysed using the Malvern Mastersizer 2000. The mean particle sizes (Dsg)
were determined to be 30 pm and 26 pm and from here forth will be referred to as

Mg30 and Mg26 respectively.

3.2.3 Magnetron Sputtering Conditions

All coating work was performed in collaboration with Teer-Miba Coating Group due

to their access to magnetron sputtering systems. Given that a thin film structure
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typically forms the substrate during magnetron sputtering; to enable the deposition of
coatings onto micron-scale powders, a Teer Coatings UDP450 closed field unbalanced
magnetron sputter ion plating system, based on an argon plasma, was modified to a
‘tilted cup’ design.

The coating system, illustrated schematically in Figure 3.3, was customised by
replacement of the traditional rotating jig with a tilted stainless-steel cup arrangement,
which was attached to the motor drive in the bottom of the chamber. The cup was
tilted at 45° from normal and could be rotated at speeds from approximately 10 to
100 rev.min—!. A secondary smaller cup containing the powder substrate, capable of
handling batches of up to 50 g, was placed inside the first cup and rotation of the
outer cup caused the inner cup to tumble. Consequently, the powder was agitated,
constantly changing the substrate orientation. Instead of using the four large linear

magnetrons (from the original UDP450 system) for the coating process an external
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Figure 3.3: ‘Tilted cup’ magnetron sputtering schematic.



CHAPTER 3. EXPERIMENTAL METHODS 85

circular two-inch magnetron was fitted to the chamber from the top flange above the
tilted cup.

A range of different target materials were used to produce the coatings, as shown
in Table 3.2. The choice of catalyst materials was derived from the literature, with
Pd proven to aid the activation of TiFe and transition metals such as vanadium, iron
and chromium recognised for enhancing the sorption kinetics of MgH,. Stainless
steel (grade 321) was also chosen as a catalyst for MgH, due to an interest into
multi-element catalytic effects (see Section 2.3.1), which could then be compared
against its main components (68 wt.% Fe and 17-19 wt.% Cr).

Following the initial feasibility study, a selection of key parameters were kept
fixed for every coating applied. This included reaching a chamber vacuum of at least
3 x 107 mbar prior to coating, an argon flow of 8.5 sccm, a magnetron-to-substrate
distance of 13.5 & 0.5 cm and a cup rotation speed of 52 rev.min~!. To draw more
ion current from the plasma to the powder substrate a -40 V substrate bias was
applied to the cup, resulting in a current of 0.06 A being drawn to the cup. The
powder load volume and mean particle size (Dsg) also required consideration; higher
powder volumes mean the exposure time of each particle to the target flux is reduced
and more critically the finer the powder the higher the total surface area. Therefore,
when possible the powder volume and mean particle size across samples were kept

consistent.
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Purity [%)] Substrate

Sample code Substrate Target Deposition conditions EDX [wt.%)]
(source) mass [g]
. . TiFeU_%NiO,M . 99.99 7
Pd_TiFeg.9Nig.0a (106 pum) Palladium (PLKEM Ltd) 20Wx2h 17 1.17 £ 0.10
, Mg Stainless steel , (100 Wx1h+
SS_Mg30 (30 om) (grade 321) (Unknown) 150 W x 4 h) 7 3.14 £ 0.66
V_Mg30 Me Vanadium 995 150 Wx 4.5h 7 0.93 £ 0.12
-8 (30 pm) (Kurt J Lesker) A ’ ’
Mg 99.9 .
Fe_Mg30 (30 pim) Iron (Kurt J Lesker) 100 Wx 2h 7 0.82 £ 0.28
. Mg . 99.95 S T .
Cr_Mg30 (30 pm) Chromium (PLKEM Ltd) 150 Wx 4.5 h 7 2.32 £ 0.40
N Mg . 99.95
Cr_Mg26 (26 jim) Chromium (PLKEM Ltd) 150 W x 3.33 h 7 1.58 £ 0.18

Table 3.2: Magnetron sputtering deposition conditions for the coated samples.

3.3 Sample Characterisation Techniques

3.3.1 X-Ray Diffraction

The microstructure of all samples as received and post hydrogen cycling were analysed
using powder X-ray diffraction (XRD). This technique was used to reveal information
about unit cell dimensions and structural phases present in a crystalline solid
compound. The incident X-ray beam is produced by bombarding a metal target (e.g.
Cu anode) with electrons that have been accelerated through a potential difference in
the range of 103-10° V within a sealed vacuum tube. XRD depends on the interaction
between the irradiated X-rays and crystallites critically altering the X-ray signal due
to scattering.

Upon satisfying two conditions where the angle of the incident beam is equivalent
to that of the scattered beam (6), and the path length difference is equal to an
integer number of wavelengths (), peaks of scattered intensity are obtained. This

can be stated by Bragg’s Law:
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nA = 2dsinf (3.1)

where n is the order of diffraction and d is the interplanar spacing.

For phase identification the raw data collected for each sample was compared
against reference diffraction data on the JCPDS-ICDD Powder Diffraction File using
Bruker EVA software.

Additionally, in cases where crystallites are sufficiently small (< 100 nm) it
is possible to deduce the average crystallite size and level of internal strain from
the substantial line broadening in an X-ray diffraction pattern (Suryanarayana and
Grant-Norton, 2013). The Scherrer equation:

K\

= 2
Bobscost (3:2)

T

relates the crystallite size 7 to the diffraction angle 0, the shape factor K, the X-ray
wavelength A and the observed line broadening [, which is the full width of the
diffracted X-ray peak at half maximum peak intensity (FWHM).

Observed line broadening [, can also arise from instrumental contributions
such as diffractometer set-up and the potential presence of a K,, component from
the X-ray source. To account for instrumental broadening effects (;,s a coarse
grained LaBg reference sample is used to obtain a diffraction pattern where size- and
strain-broadening is assumed negligible (see Figure 3.4). By subtracting f;,s from
Bops the modified 3 is determined.

Internal strain within the crystallites is another potential contribution to observed
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Figure 3.4: Instrument broadening from LaBg reference sample with 2" order
polynomial fit.

broadening of diffraction peaks (Hall, 1949). A Williamson-Hall plot can generate
approximations for the microstrain and crystallite size, however for the purposes of
this thesis XRD is utilised for phase indexing only. Strain analysis was not conducted
because accurate crystallite sizes could not be determined, as any line broadening
which resulted from cycling under hydrogen was less than those from instrumental
contributions and therefore were not observable.

Powder X-ray diffraction measurements were performed on a Bruker D8 Advance
using a monochromatic Cu K, source (A = 1.5418 A) at 40 kV and 35 mA, emitted
through a 0.6 mm slit. Samples were scanned over a 26 range of 10°-80°, with a
step size of 0.05° and a dwell time of 4 s using a Scintillation detector. Samples
were loaded in milligram quantities onto single crystal Si wafers and covered with an
amorphous polymer tape limit powder movement during XRD measurement since

the samples were rotated to improve crystallite homogenisation. The tape causes
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the resultant diffraction pattern to have an amorphous bump between 26 values of

10°-30°.

3.3.2 X-ray Photoelectron Spectroscopy

The as prepared and post cycled surfaces of TiFe and Pd_TiFeq g6Nig o4 were analysed
by X-ray photoelectron spectroscopy (XPS). This technique, which has an average
depth analysis of ca. 5 nm, was used to determine the concentration and chemical
state of each component present on the surface of a sample. During the measurement,
a monochromatic beam of X-rays is irradiated on to the sample surface, prompting
the emission of electrons of binding energy (BFE) specific to the local environment of
the atoms from which they originate. The measured kinetic energy (K FE) is directly
related to the binding energy (BE) by the relationship (equation 3.3), where hv
is the energy of a photon and ¢ is the work function also known as the minimum
energy required to move an electron from the highest occupied energy level in atom

to the vacuum level.

BE =hv—KE — ¢ (3.3)

Measurements were conducted on a VG ESCALab Mark IT XPS system with a
monochromated Al K, X-ray source (hv = 1486.6 eV) operated at 12 mA and 20 kV.
Samples were prepared by mounting powders onto double-sided tape attached to
a sample bar. Wide scans were collected for all samples across the kinetic energy

range of 300-1500 eV using a step size of 1 eV and a pass energy of 60 eV. High
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resolution scans were then run over the desired regions specific to each sample, using

a step size of 0.25 eV and a pass energy of 20 eV.

Analysis of the XPS data was carried out using CasaXPS software. The C 1s

peak at 285 eV was used for charge correction. For peak fitting, the background was

corrected using a Shirley background type and Gaussian/Lorentzian contributions

of 30/70 were utilised for the fitted components. Experimental peak positions

were cross-referenced with the NIST X-ray Photoelectron Spectroscopy Database 20

(version 4.1) with the relevant reference peaks detailed in Table 3.3.

Element  Component  Reference Binding Energy [eV]
O 1s O 1s 532.0
2p TiO, 3/2 458.6
. 2p TiO, 1/2 464.7
Ti2Zp 2p Ti 3/2 454.0
2p Ti 1/2 460.0
2p Fey05 3/2 711.0
Fe2p o Fey05 1/2 724.0
. 2p NiO 3/2 854.4
NEZpo o0 NiO 1/2 871.9
3d PdO 5/2 337.0
3d PdO 3/2 342.4
Pd3d 5y pd 52 335.2
3d Pd 3/2 340.4
2p Mn,Oj 3/2 641.6
Mi2p o Mno, 3/2 642.5
2p MnO, 1/2 653.9
2p Cry03 3/2 576.6
Cr2p o, Cr0s 12 5%6.3
3d ZrO, 5/2 182.6
Zr3d 34 700, 3/2 185.5

Table 3.3: Reference peak binding energies obtained from NIST Photoelectron
Spectroscopy Database 20.
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3.3.3 Electron Microscopy
Scanning Electron Microscopy

Scanning electron microscopy (SEM) facilitates the surface of a solid material to
be examined to a high-resolution (ca. 3 nm). The interaction between the focussed
electron beam and the sample leads to the emission of a variety of signals including
secondary electrons, back scattered electrons and X-rays. The secondary electrons,
a by-product of inelastic scattering, assist in the understanding of the surface
topology of the sample; while the back scattered electrons, a by-product of elastic
scattering, provide information about differences in atomic weight within the sample.
Also, quantitative analysis of the elemental composition within the sample can be
undertaken using an Energy Dispersive (EDX) detector to measure the number of

emitted X-rays, another resultant of elastic scattering, against their energy.

SEM and EDX measurements were conducted on a Philips XL 30 ESEM-FEG

Incident electron

beam Back-scattered
X-rays electrons
Secondary
Visible light electrons
Elastically scattered Inelastically scattered
electrons electrons

Figure 3.5: Representation of incident electrons interacting with the sample.
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with an Oxford Instruments silicon drift EDX detector to study coating concentration
and distribution, as well as post-cycling powder morphology. A 20 kV electron beam
with a spot size 4 and a working distance of 10 mm was maintained throughout
analysis. Elemental composition analysis of the AB and AB, alloys were prepared by
embedding the sample in conductive (carbon) resin followed by a polishing process
to establish a smooth surface. Catalyst coated samples were mounted on adhesive-
coated carbon tabs for analysis of coating concentrations and distributions. Samples
were also mounted on to adhesive-coated carbon tabs for post cycling morphology
observations. Each porous Mg sample produced by cycling at 350 °C (which had
taken on the cylindrical shape of the sample holder) was cut into half using a scalpel.
One half of the remaining segments of material was mounted on to an Al stub
using conductive carbon cement and carbon coated to improve conductivity during
cross-sectional SEM analysis of the fractured surface at what was the midpoint of

the sample.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) enables visualisation and analysis up to a
very high resolution of 0.1-0.5 nm by passing an electron beam through a sufficiently
thin (< 100 nm) sample. Similar to SEM, an assortment of signals are emitted
when the electron beam interacts with the specimen; although in this case the beam
contribution that transmits through the specimen is used and focussed on to a

fluorescent screen or a charged couple device (CCD) camera.
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After passing through the TEM specimen, this portion of the beam comprises of
three potential components, these include unscattered electrons, elastically scattered
electrons and inelastically scattered electrons. Unscattered electrons are those
which transmit directly through the sample without any interaction, while scattered
electrons occur from interactions with the crystal structure of the sample.

Various types of images can be generated depending on whether directly trans-
mitted electrons or scattered electrons are selected. Bright field images are the
most commonly produced and arise when the objective aperture is used to select the
unscattered electron beam, whilst filtering out the scattered electrons, thus enhancing
the contrast in the image. On the other hand, if the unscattered electron beam is
excluded as opposed to the scattered electrons, this results in a dark field image.
Dark field imaging can be used to highlight crystal defects and produce selected
area electron diffraction (SAED) patterns which reveal information about the crystal
structure of the specimen.

By inserting a selective area aperture to delimit the region of interest this
guarantees an area specific electron diffraction pattern. Depending whether the
region under examination is crystalline or amorphous, the pattern will be represented
around the electron beam focal point by a number of bright dots or set of diffuse rings
respectively. Due to the geometry of the TEM set-up, Bragg’s law can be manipulated
to calculate the interplanar spacing corresponding to a specific diffraction ring in the

SAED, see equation 3.4.
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AL = Rd (3.4)

Both the camera length L, which is the distance between the sample and photo-
graphic film or CCD, and the incident electron wavelength A are fixed, leading to a
term known as camera constant. Once the camera constant has been determined by
using a reference sample of known lattice parameters, the diffraction ring radius R
can be used to obtain the corresponding interplanar spacing d.

This technique was performed on Pd_FeTiNi to confirm the presence of Pd on the
alloy powder surface. Preparation entailed sandwiching a small amount of powder
between two copper grids each with a fine carbon grid (mesh size 300) and imaging
was carried out using a Joel 2000FXII microscope with a camera length of 1.00 m
and an electron beam accelerated by a 200 kV potential. A ‘glancing angle” approach
was utilised which involved the imaging of particles’ edges and, due to their spherical
nature, a change in the image contrast helped to identify the thickness of the catalyst

on the alloy.

3.4 Hydrogen Storage Measurements

To accurately determine the hydrogen storage properties of the samples investigated
a combination of volumetric and calorimetric analyses were undertaken. Manually
operated and automated Sievert’s apparatus as well as differential scanning calorime-

try (DSC) and thermogravimetric analysis (TGA) were used to obtain information
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regarding hydrogen capacities, kinetics, thermodynamics and cycling behaviour.

3.4.1 Volumetric Sorption Methods

The volumetric sorption technique utilises the virial equation (equation 3.5) to
convert changes in gas pressure within a reaction vessel into the equivalent amount

of gas absorbed or released by the sample.

PV n n?
—— =14+ B(T)— T)— .
PV B om (35)

This links the pressure P, gas constant R, volume V', moles n and temperature 7'
to temperature dependent virial coefficients B(T) and C(7T'). The virial coefficients
for He and H, gases at the desired temperature can be found from the Nist Standard
Reference Database 134 (NIST, 2009). Multiplication of molar mass of the gas and
the volume calculated from the virial equation enabled the density of gas in the
system to be determined.

Under isothermal conditions, if a calibrated reference volume (manifold) filled
to a known hydrogen pressure is then opened to a secondary volume containing
the sample under vacuum (sample holder), the new equilibrium pressure resulting
from expansion of the fixed quantity of hydrogen gas across the two volumes can
be determined. If a further pressure drop is observed, the sample has absorbed a
fraction of the hydrogen. Given the known sample mass, the hydrogen capacity of
the sample can be obtained from this pressure drop. Similarly, in the reverse case in

which a pressure rise ensues between the two volumes beyond the initial equilibrium
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pressure, the sample has released hydrogen.

Shown in Figure 3.6 is a schematic of the manually operated double-manifold
Sievert’s apparatus. The system consisted of a stainless steel sample cell (A), which
could be removed and handled inside the Ar glove box, connected to a manifold
(volume represented by dashed box C) via stainless steel piping and a ball valve
(V1). If additional manifold volume (D) was required the ball valve (V3) could
be opened. The sample cell was fitted into a Watlow ring heater (B) capable of
heating a sample to 760 °C with a temperature control of + 1 °C. To account for
heat transfer discrepancies between ring heater and sample, the heater was controlled
by a thermocouple inserted into the base of the sample holder (ca. 1 cm from the
sample).

A General Electric PTX 5000 pressure transducer (E) with an accuracy of +

0.04% of full scale reading and pressure range of 0-150 bar was fitted to the top of the

Inlet
He H;

Key:

A - Sample cell

B - Ring heater

C - Manifold volume

D - Extra manifold volume
E - Pressure transducer

F - Heater & Fan

G - Enclosure thermocouple
H - Scroll pump

I- Gas inlets

] - Perspex enclosure

Figure 3.6: Schematic of double-manifold Sievert’s apparatus.
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manifold and using Labview software the pressure could be continuously tracked, thus
enabling accurate kinetics measurements. The system was enclosed inside a Perspex
box (J) fitted with a heater and fan (F) to maintain a fixed manifold temperature
(20 °C), monitored by a thermocouple (G). Via ball valve (V2) the apparatus was
also connected to an Edwards XDS-5 oil free dry scroll pump (H) and gas inlets
(I) for He (purity 99.996 %, BOC) and Ultra Pure Plus Hy (purity 99.99996 %, Air
Products).

Prior to any measurements, volume calibration of the sample cell and manifold
was undertaken using He gas. By adding different pre-determined volumes of stainless
steel ball bearings Vp to the sample cell volume Vs, its volume decreased by known
quantities. Since the mass of gas in the system remains constant, upon exposing
the pressurised manifold volume V), to the evacuated sample cell containing ball

bearings (Vs — xVp), it can be stated:

Vipsr = (Vi + Vs — 2VB) protal (3.6)

where z is the number of ball bearings added to the sample cell, and py; and pipra
are the densities of the manifold gas and equilibrium gas across the two volumes
respectively. These densities were calculated by converting the pressure values prior
and post expansion into the sample cell using equation 3.5. Rearrangement of

equation 3.6 gives:

(Pletel _ 1)y = Vs — 2V (3.7)
PM
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Figure 3.7: Volume calibration data with fitted linear regression lines for the double-
manifold Sievert’s apparatus used.

By plotting the density ratio (pua/par) against the added volume (zVg), the
manifold V), and sample cell Vs volumes were deduced from the slope and intercept
of the linear fit obtained. The calibration curves illustrated in Figure 3.7 correspond
to volumes of 9.9 & 0.1 cm?® and 49.8 & 0.2 cm? for the small and large manifolds
respectively. Using these manifold volumes and a known sample mass the effective
sample cell volume was ascertainable at a given temperature and pressure via equation
3.5.

The availability of two manifold volumes permitted a greater accuracy in both
pressure-composition isotherms and kinetics measurements. During PCI measure-
ments in which a step-wise approach was taken, the smaller manifold volume was

beneficial as a greater pressure change occurred upon exposure to the sample, in turn
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making it easier to distinguish when an equilibrium pressure had been reached. In
contrast, a larger manifold volume during kinetics measurements enabled an adequate
over /under pressure to be maintained throughout hydrogenation or dehydrogenation
because the pressure change was sufficiently small.

The manually operated Sievert’s system was used to obtain activation, kinetic and
PCI data for the AB and AB, alloys, the results of which are presented in Chapter 5.
No explicit rule states where the plateau pressure at any given temperature should be
measured although it should be close to the plateau mid-point. For this reason the
plateau pressures of the TiFe based alloys and AB; alloys were measured at 0.5 wt.%
and 0.85 wt.% respectively. It should be noted if different plateau pressure values
are chosen this would impact the calculated enthalpy and entropy. The magnitude
of this impact would be greater for metal hydrides that possess increasingly sloped
plateaus and significant capacity reductions when exposed to only minor temperature
increases.

A commercial, fully automated Setaram PCTpro 2000 Sieverts system was used
for extended hydrogen cycling experiments. The instrument offered greater flexibility
than the manually operated Sieverts system, allowing the user to select from five
possible manifold volumes ranging from 6 ml up to 1000 ml and was able to conduct
hydrogen cycling and PCI measurements. Throughout all experiments the manifold
temperature was fixed at 30 £ 1 °C, although a sinusoidal temperature deviation of
+ 0.4 °C within the instrument was recorded. The system used an identical sample

heating control mechanism to the manual Sieverts apparatus but under the test
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conditions of 350-400 °C it was less stable and had an accuracy of + 3 °C. The
pressure measured by a capacitance manometer had an accuracy of 1% of reading.
The PCTpro 2000 was used to collect activation, kinetic, cycling stability and PCI
data for the atomised magnesium powders with/without catalytic coatings, the

results of which are presented in Chapter 4.

3.4.2 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a technique that can reveal the exothermic
and /or endothermic behaviour of a chemical reaction, through analysis of the heat
flux in and out of a sample. Weighed samples (typically < 10 mg) are placed
into an alumina crucible, which in turn is sealed within an aluminium pan and lid
arrangement to minimise sample oxidation during transfer between the argon glovebox
and instrument. Prior to loading the sample into the DSC the aluminium lid was
pierced with a needle to enable gas flow into the sample during the experiment. By
placing a reference sample, which consisted of an empty alumina crucible sealed within
an aluminium pan and lid, alongside the test sample, both could be simultaneously
heated at a controlled rate under a chosen atmosphere. Since both the sample and
reference undergo identical experimental conditions any differences in the heat flow
rates between the two represent a transition within the sample.

While the enthalpy of transition can be estimated through integration of the area
within a curve, the activation energy of a reaction can also be calculated using DSC.

The Arrhenius equation, given below, links temperature dependence to reaction rates
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(Blaine and Kissinger, 2012):

EG/B =Ea
= A RTp .
RI? e (3.8)
can be rearranged to:
g AR E,
In(=—=) =1 — .
i) = () ~ (39)

This relates the activation energy F, to the heating rate 8 (d7'/dt), gas constant
R, pre-exponential factor also known as the frequency factor A and temperature of
the dehydrogenation maximum 7),. Using different heating rates a Kissinger plot can
be constructed, where In(3/T7) is plotted against 1/T},, and the activation energy
E, can be derived from the slope of the linear fit.

A Netzsch 204 HP Pheonix was utilized to study the atomised magnesium powders
with /without catalytic coatings following cycling on the PCTpro 2000. The hydrided
samples were heated from room temperature up to 550 °C under ramps of 3, 5, 10
and 20 °C.min~! with 1 bar of flowing Ar at a rate of 100 ml.min~!. The results
obtained were used to construct Kissinger plots to determine the activation energy

of dehydrogenation for each sample.

3.4.3 Thermogravimetric Analysis

Gravimetric methods were used to verify the hydrogen storage capacity of the
atomised magnesium powders with/without catalytic coatings obtained by volumetric

methods following cycling on the PCTpro 2000. Thermogravimetric analysis (TGA)
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of the hydride samples were performed on a Netzsch 209 F1 Iris with a similar
sample preparation procedure to DSC samples. To account for buoyancy, a blank
test consisting a reference sample (identical to that in DSC experiments) was run
under conditions matching those employed for the hydride samples. Subtraction of
the blank test from the sample test, meant the true mass loss of the sample due
to dehydrogenation was determinable. Samples were held at 30 °C to allow system
stabilisation and formation of a baseline under 1 bar of flowing Ar at a rate of
1

100 ml.min—!, after which mass loss was measured during heating at 10 °C.min~* up

to 550 °C.



Chapter 4

Moderate temperature thermal

storage

4.1 Introduction

The highly reversible Mg-MgH, system is particularly promising for thermal storage,
obtaining an enthalpy of reaction of 74.5 kJ.mol™! H, that translates to a thermal
energy capacity of approximately 2800 kJ.kg=! of MgH,. Nevertheless, magnesium
is hindered by slow activation and poor kinetics of (de)hydrogenation, even when
approaching temperatures ideal for concentrated solar power applications (in the
region 400 °C) (Zaluska et al., 1999).

Elevated temperature cycling studies (350 & 400 °C) were performed on com-
mercial atomised Mg powder with magnetron sputtered catalysts (chromium, iron,

vanadium and stainless steel) applied to their surfaces; the aim of which was to

103
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fabricate hydrogen storage materials that possess (de)hydrogenation characteristics
equal to or even bettering their nanocrystalline equivalents (Hanada et al., 2005),
yet in a potentially economic and scalable manner. The reasoning for conducting
studies at these temperatures was to replicate conditions of a CSP plant in which the
typical temperature of the heat transfer fluid as it exits the solar field is ca. 400 °C
and as steam exits the generator, flowing back to the metal hydride store, it is at ca.
350 °C.

The hydrogen storage cycling behaviour of the samples were investigated using
the Setaram PCTpro 2000, thermogravimetric analysis and differential scanning
calorimetry, which are reported in Section 4.2.1. Structural analysis of the as received
and cycled powders includes particle size analysis, XRD and SEM which is detailed
in Section 4.2.2. Discussion of findings and the proposal of a mechanism explaining
the differing results between uncoated and coated Mg powders is explained in Section

4.3.

4.2 Results

4.2.1 Hydrogen Storage Characteristics
Cycling behaviour

The hydrogen storage capacity results (example shown in Figure 4.1(a)) have been

converted into normalized capacity ranging from ca. 20-80% depending on cycling



CHAPTER 4. MODERATE TEMPERATURE THERMAL STORAGE 105

Nucleation & growth Diffusion-controlled bulk
[l [l

6 — T T 60 - ] i :
Sr ] 50 F =~
— X i
= = 40
2 g
= e I
z =
Q (9]
a = :
3 g 20f
o
b4 L
10 |
0 L L ol
0 10 20 30 10
Time [min] Time [min]

Figure 4.1: (a) Hydrogen storage capacity and (b) Normalized capacity versus time
for activated & cycled Mg30 and V_Mg30 during the 10" hydrogenation cycle at
400 °C. Data points have been used in the plots so each sample is distinguishable.
Data was actually collected asymptotically reaching a maximum of 20 s between
measurements. There is a 1% error in all of the normalized capacities measured.

variables such as temperature and catalyst material and concentration. Normalized
values were determined by deducting the catalyst concentrations from the theoretical
capacity of MgH, and rescaling the measured hydrogen storage capacities against
these new theoretical maximums. The theoretical capacities of all of the catalyst
coated Mg powders were lower than pure MgH, (7.66 wt.%) since all of the catalyst
materials (chromium (Pan, 1991), vanadium (Reilly and Wiswall, 1970) and iron
(Antonov et al., 1998)) require pressures far exceeding 10,000 bar to form thier
elemental hydrides in the region of 300-400 °C.

The kinetics of reaction is typically defined by the time to achieve 90% of the
available reaction value Verga et al. (2009); Sabitu and Goudy (2012). Figure 4.1(b)
illustrates the typical hydrogenation kinetics for both the uncoated Mg30 and coated

V_Mg30 during the 10" cycle at 400 °C where normalized capacity is displayed on the
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y-axis. The 3 min marker helps to highlight the distinct change in the hydrogenation
kinetics in both samples, characteristic of the transition in reaction mechanism
between magnesium and hydrogen from the initial ‘nucleation and growth’ region
to the ‘diffusion-controlled bulk’ process Vigeholm et al. (1987) (see Figure 4.1(b)).
Although only a small uptake disparity exists between 90% of the available reactions
(marked A) and the 3 min capacities of both samples (marked B), the bearing on
time is more significant. This is because for these atomised powders 90% of the
available reaction appears to be well into the slower ‘diffusion-controlled bulk’ stage

of hydrogenation. Based on these results, it was judged more appropriate to define
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Figure 4.2: Normalized capacity versus time for each sample during the activation
process at 400 °C and a starting pressure 40 bar. Data points have been used in the
plots so each sample is distinguishable. Data was actually collected asymptotically
reaching a maximum of 20 s between measurements and the slight fluctuations
represent temperature variations within the system. There is a 1% error in all of the
normalized capacities measured.
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the hydrogenation kinetics after 3 min and capacities during cycling after 30 minutes.

Figure 4.2 displays the initial hydrogenation of samples at 400 °C during activation.
Uptake of hydrogen can be seen to occur within the first 30 minutes and saturation
is either completed or being approached by all samples within the first 5 h of
measurement. All of the coated samples obtain faster kinetics than their uncoated
counterparts, for example Cr_Mg26 obtained the highest initial rate of hydrogenation
(2.1 %.min~! during the initial 90% of uptake) compared to Mg26 (0.47 %.min"!
during the initial 90% of uptake).

Figure 4.3 demonstrates the impact of the activation process prior to cycling at
400 °C by examining hydrogenation kinetics and total capacity as a function of cycle
number. By the 5 cycle, both the hydrogenation kinetics and total capacity of
the cycled Mg30 match those of the activated & cycled Mg30, after which they are
observed to follow the same trend with increasing cycle number. Almost identical

behaviour can be seen for the catalyst coated Mg samples (Figure 4.3 b,c,d and f).
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Figure 4.3: Comparing the normalized hydrogen capacity after 3 and 30 min against
cycle number for (a) Mg30, (b) V_-Mg30, (c¢) SS_-Mg30, (d) Fe_-Mg30, (e) Mg26 and (f)
Cr_Mg26 when cycled at 400 °C with/without undergoing a prior activation process.
There is a 1% error in all of the normalized capacities measured.
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Figure 4.4: Normalized capacity after 3 and 30 min for each ‘activated & cycled’

sample at (a) 400 °C during the 50" hydrogenation cycle and (b) 350 °C during the
90" hydrogenation cycle.

The hydrogenation characteristics of the activated & cycled samples during their
50" cycle at 400 °C have been compared in Figure 4.4(a). As anticipated, cycling of
the finer Mg26 led to an improvement in both kinetics and capacity by approximately
6.5 + 0.1 % when compared to Mg30. The kinetics of the coated samples were found
to improve by only 3-4% and in the case of Cr_-Mg26 no kinetic improvement was
exhibited with respect to Mg26. No clear trend is evident between the capacities of
the uncoated and coated Mg samples after 30 minutes, with SS_Mg30 and Fe_Mg30
exceeding the capacity of Mg30 but the opposite occurred for Cr-Mg30 and V_Mg30.

The effect of the coatings on total capacity can be seen more clearly in Figure 4.5,
in which uptake was monitored over a 14 h period following the 50 cycles. All of the
catalyst concentrations, with the exception of Fe, were found to have a detrimental
impact by up to 6.5% on the final capacity of the Mg powders. Overall, the uncoated
Mg26 continued to display the best hydrogenation characteristics achieving a final

capacity of 82.5 £+ 0.8 % after 14 h.
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Figure 4.5: Normalized capacity versus time for each ‘activated & cycled’ sample
at 400 °C during an extended final hydrogenation cycle post 50 cycles. Data was
actually collected asymptotically reaching a maximum of 20 s between measurements.
There is a 1% error in all of the normalized capacities measured.
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Figure 4.6: Normalized capacity versus time for each sample during the activation
process at 350 °C and a starting pressure 40 bar. The activation curve of Mg30 at
400 °C has been included as a reference. Data was actually collected asymptotically
reaching a maximum of 20 s between measurements and the slight fluctuations
represent temperature variations within the system. There is a 1% error in all of the
normalized capacities measured.
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Figure 4.6 displays the initial hydrogenation of samples at 350 °C versus Mg30 at
400 °C also undergoing the activation process. Prior to hydrogenation both Mg26 and
Mg30 at 350 °C undergo an incubation period lasting a minimum of 2.5 h. Subsequent
to this, Mg26 approaches complete saturation after 44 h, however Mg30 is yet to
reach 90% of normalized capacity in the same duration. In contrast, an increase in
temperature to 400 °C enabled hydrogenation of Mg30 from the outset and resulted
in the time to achieve saturation being approximately quartered. The influence of
catalytic coatings to promote activation is unmistakable with a significant reduction
in the incubation periods and all coated samples requiring, at most, half as long to
complete hydrogenation compared to Mg30 at 350 °C. In fact, the incubation period
appears to be completely eliminated for SS_Mg30, in turn causing it to obtain the
highest initial rate of hydrogenation (0.52 %.min"! during the initial 90% of uptake)
and accomplish saturation more rapidly than even Mg30 at 400 °C (0.30 %.min"*
during the initial 90% of uptake).

Figure 4.7 shows the 1%, 274 10", 30", 45" and final 90" cycle as a function of
time for all samples cycled at 350 °C. Mg_30 (a) and V_Mg30 (b) were chosen for the
particular focus of the following analysis. In the 15¢ cycle, while both samples exhibit
a crossover in hydrogenation mechanism during the initial 3-5 minutes, the total
capacity of V_Mg30 exceeded Mg30 by approximately 18.5 + 0.4 %. Contrasting
trends are observed in successive cycles demonstrating the fundamentally different
hydrogenation behaviour experienced by the two samples. In the case of Mg30, the

capacity rose marginally in the 2"? cycle before eventually dropping to slightly below
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Figure 4.7: Comparing the normalized capacity versus time during selected cycles
for (a) Mg30, (b) V_Mg30, (c) SS_-Mg30, (d) Fe_Mg30, (e) Mg26 and (f) Cr_-Mg26

when cycled at 350 °C.
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that measured during the 1% cycle. A much more drastic change is seen for V_Mg30,
with the normalized capacity reducing from 45.5 £ 0.5 % to 42.5 & 0.4 % in the 2"
cycle after which uptake continued to markedly improve, approaching 65.5 & 0.7 %
by the 90 cycle. Unlike Mg30, with continued cycling not only does the duration of
the fast nucleation and growth region of V_Mg30 continue to higher capacity, the
rate itself improves from 16.02 %.min"! in cycle 1 to 18.23 %.min"! in cycle 90, as
indicated by the increase in the slope of the initial part of the curve.

Given the large quantity of data, the hydrogenation characteristics were selected
for samples during their 90" cycle at 350 °C, as illustrated in Figure 4.4(b). As
observed in Figure 4.4(a), cycling of the finer Mg26 led to faster kinetics and a higher
capacity relative to Mg30 but at 350 °C the variation between these samples appeared
to be more profound with a 17.0 £ 0.3 % higher normalized capacity, opposed to an
increase of 6.5 + 0.1 % at 400 °C. Unlike in Figure 4.4(a), a definite trend is visible
with all coated samples drastically outperforming their uncoated versions despite
undergoing 40 more cycles than the samples tested at 400 °C. Interestingly, V_Mg30
and Cr_Mg26 exhibit higher total capacities then when they were cycled at 400 °C
reaching 65.5 + 0.7 % and 73 + 0.7 % respectively. Furthermore, the capacity of
Cr_Mg26 was found to even exceed the best sample at 400 °C, Mg26, despite being
cycled at 50 °C lower.

Figure 4.8 provides further confirmation the total capacity all of the coated
samples exceed that of their uncoated versions when cycled at 350 °C and after 14 h

Cr_Mg26 continues to obtain the highest capacity at approximately 84.6 + 0.8 %.
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Figure 4.8: Normalized capacity versus time for each ‘activated & cycled’ sample
at 350 °C during an extended final hydrogenation cycle post 90 cycles. Data was
actually collected asymptotically reaching a maximum of 20 s between measurements.

There is a 1% error in all of the normalized capacities measured.

Thermogravimetric analysis

The final storage capacities obtained during the extended hydrogenation post 90

cycles were validated by gravimetric measurements during heating of the samples to

550 °C in the TGA, as shown in Figure 4.9(a-f). A comparison of the results from

Figure 4.8 and Figure 4.9(a-f) have been summarised in Table 4.1.

Sample name

PCTpro capacity at 350 °C

TGA capacity

Actual [wt.% Hy]

Normalized [%)]

Actual [wt.% H,]

Normalized [%)]

Mg30
V_Mg30
SS_Mg30
Fe_Mg30

Mg26
Cr_Mg26

5.6 £0.1
5.9 £ 0.1
5.6 £0.1
5.8 £0.1
6.4 £0.1
6.4 £0.1

729 £ 0.7
77.9 £ 0.8
4.7 £ 0.7
76.3 £ 0.8
83.0 £ 0.8
84.6 £ 0.8

5.5+ 0.1
5.6 £0.1
54+ 0.1
5.8 £ 0.1
6.3 £ 0.1
6.2 £0.1

722 +£13
73.9 £ 1.3
73.1£13
76.0 £1.3
81.7 £ 1.3
82.6 £ 1.3

Table 4.1: Table comparing the materials’ capacities measured by volumetric (PCT-
pro) and gravimetric (TGA) methods.



CHAPTER 4. MODERATE TEMPERATURE THERMAL STORAGE 115

40 — T ——— 110 50 : . T 110
- o R o -
DSC 10 °C.min TGA 10 °C.min 0 DSC 10 °C.min"" TGA 10 °C.min"'
c------7- 4
(a) ! 40 (b)
30 : 4% z
z
| 1e 3 S
— | = 30 |- 3
‘@ | 5 L 53
€ 20| | 470 o g’ ®
z | 722413% E 3 Q
E ! Jeo & % 20 |- 3
o 1 = = a
2 ' = 3 2
o 10} ) 150 @2 2 3
1 3 10 L
| 440 = =
3
' =
ofF ) 430 ok
1 ! 1 20 L L 1 20
350 4 500 350 450 500
Temperature [°C] Temperature [°C]
40 ™ T T 110 40 : . r 110
——DSC 10 °C.min’ ——TGA 10 °C.min’ — DSC 10 °C.min” — TGA 10 C.min"
_____________ - 100 N
[
30 490 - |
5 1 z
180 % 1 g
o S X 5
E2 470 & g h N
< 731+ 14% g ; 1 76.0413% 2‘
3 60 Q e 1 @
&) = = | =%
3 5 3 ! =
10 | 50 2 a \ g
= | =
0 = : =
of 30
1 1 1 20 1 L L 10
350 400 450 500 350 0 450 500
Temperature [°C] Temperature [°C]
40 T T T 110 T . T 110
——DSC 10 °C.min" ——TGA 10°C.min” ——DSC 10 °C.min" ——TGA 10 °C.min”
------ - 100 80 Nt - 100
(e) f 1
30| 490 > o | 490
E) \ Je &
— {e0 3 60 - ! ]
"o N 470 &
§ 20| 170 & 2 | g
81.7+1.3% E : 1826:13% | g0
R L <
s g E | g
2 = g ! 12
10 50 5
3 a | q40 &
= 20
40 : a0 2
o 30 ; 420
5
1 1 L 20 1 L 1 10
350 400 450 500 350 400 450 500
Temperature [°C] Temperature [°C]

Figure 4.9: Graphs illustrating the weight loss due to dehydrogenation post extended
final hydrogenation, upon heating at 10 °C.min"! for (a) Mg30, (b) V_Mg30, (c)
SS-Mg30, (d) Fe-Mg30, (e) Mg26 and (f) Cr-Mg26. Overlaid are DSC traces at the
same heating rates for each sample.
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Differential scanning calorimetry
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Kissinger plots (Figure 4.11) were constructed with the peak temperatures from the

DSC endotherms of the 350 °C hydride samples post 90 cycles (Figure 4.10). The

resulting activation energy of dehydrogenation for each sample is shown in Table 4.2.
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Figure 4.10: DSC endotherms produced under 1 bar of flowing Ar at a rate of 100
ml.min~!, using heatings rates of 3, 5, 10 and 20 °C.min~! for (a) Mg30, (b) V_Mg30,
(c) SS-Mg30, (d) Fe-Mg30, (e) Mg26 and (f) Cr-Mg26.
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Figure 4.11: Kissinger plots produced via DSC endotherms of the samples post 90
cycles at 350 °C where (a) Mg30, (b) V_-Mg30, (c) SS-Mg30, (d) Fe_Mg30, (e) Mg26
and (f) Cr-Mg26.
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Sample name E, [kJ.mol™!|

Mg30 169 + 16
V_Mg30 124 + 8
SS_Mg30 118 + 22
Fe_Mg30 137 + 20

Mg26 169 £ 9
Cr_Mg26 112 + 13

Table 4.2: Table showing the activation energies of the samples’ dehydrogenation
reaction derived from Kissinger plots.

Thermodynamics

The hydrogenation and dehydrogenation pressure-composition-isotherms of Cr_Mg26
following 90 cycles at 350 °C is shown in Figure 4.12. Hydrogenation plateau pressures
of 8.0, 13.9 and 23.5 bar were obtained at temperatures of at 350, 375 and 400 °C.
For the dehydrogenation process at same temperatures the corresponding plateau
pressures were 6.5, 11.5 and 19.5 bar. A van’t Hoff plot was produced as shown
in Figure 4.13 with the slope and intercept of the linear regression line used to
determine the enthalpies and entropies for the (de)hydrogenation processes. For the
hydrogenation process an enthalpy AH of -75.6 4 0.9 kJ.mol~! Hy and entropy AS
of -138 & 2 J.K 'mol~! H; were calculated. For the dehydrogenation process an
enthalpy AH of 77.0 & 0.9 kJ.mol™! H, and entropy AS of 139 £ 2 J. K 'mol~! H,

were calculated.
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Figure 4.12: Pressure-composition hydrogenation and dehydrogenation isotherms of
Cr_-Mg26 post 90 cycles at 350 °C in the temperature range 350-400 °C.
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Figure 4.13: van’t Hoff plot of InP versus 1/T for the hydrogenation and dehydro-
genation process of Cr-Mg26 post 90 cycles at 350 °C.
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4.2.2 Structural Analysis
Particle size analysis

The particle size distributions of the as received uncoated powders are shown in
Figure 4.14. In laser diffraction a common value stated to express distribution width
is the span and this is defined as Dgg-Dg1/Do5. The span of Mg26 was 1.73 and for
Mg30 it was 1.97. More detailed analysis of the overall powder compositions shows
Mg26 has 11% more within a range of 8 um to 36 pm, while Mg30 has 10% more
within a range of 36 um to 120 um, as shown by the red and black striped regions
respectively. Mg26 also possessed a lower Dgg value of 55 ym compared to 68 pum for

Mg30.
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——Mg30
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Figure 4.14: Particle size distributions of the two as received magnesium powders.
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X-ray diffraction

Figure 4.15 shows the X-ray diffraction pattern of V_Mg30 in its dehydrogenated
state following cycling at 400 °C. The identified peaks correspond only to Mg, with

no presence of V, although there are possibly traces of MgQO.
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Figure 4.15: Powder X-ray diffraction pattern of V_Mg30 dehydrogenated following

cycling at 400 °C. Peaks correspond only to Mg although there may be a trace
presence of MgQO.

Scanning electron microscopy

Images (a) and (b) in Figure 4.16 display SEM micrographs of the as received uncoated
powders Mg30 and Mg26, validating the high density of spherical particulates present
with sizes that agree with the particle size analysis in Figure 4.14. As expected,

after cycling at 350 °C (images (c) and (d) in Figure 4.16) both powders underwent
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almost identical microstructural evolution, with the original spherical particulates
still discernible among the sintered clusters that have formed. The surface topology
of these surrounding clusters is highly irregular compared to the smooth particulates
in images (a) and (b) and is associated with the conjoining of numerous smaller
particles during cycling.

Porous structures were also fabricated during the cycling of the coated samples at
350 °C, however substantial morphological differences are evident as presented by the
cross-sectional images (e) to (h) in Figure 4.16. Both V_Mg30 and SS_Mg30 shown
in images (e) and (f) respectively, exhibit significant microstructural changes with
no noticeable retention of the starting spherical particulates and instead resemble a
series of spheroid globules (ca. 5 um) sintered together. Image (d) reveals Fe_Mg30
displays distinct similarities to the cycled uncoated powders as some starting spherical
particulates remain distinguishable, although there is also more pronounced surface
evolution in line with V_Mg30 and SS_Mg30. Cr_Mg26 shown in image (h) experienced
the most extensive transformation with the creation of elongated particulates (ca.
10 pm) that are entwined into larger agglomerations.

Lastly, it is clear that following cycling the uncoated samples possess considerable
voids (ca. 50 pm) between the sintered clusters, where as the agglomerations
formed among the coated samples are more evenly distributed throughout the overall

structures, with the possible exclusion of Fe_Mg30.
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(c) 20 um (d) 20 pm

(e) 20 um (f) 20 pm

(g) 20 um (h) 20 um

Figure 4.16: SEM images of the as received powders (a) Mg30 (AR) and (b) Mg26
(AR). Cross-sectional fracture surface SEM images at the midpoints of the porous
samples produced following 90 cycles at 350 °C where (c¢) Mg30; (d) Mg26; (e)
V_Mg30; (f) SS_-Mg30; (g) Fe_Mg30 and (h) Cr_-Mg26.
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4.3 Discussion

Cycling at 400 °C

Besides minor improvements in the hydrogenation kinetics of the samples, it may
be argued the coatings have an overall detrimental impact on the final capacity,
as highlighted in Figure 4.5. These findings are in agreement with Huhn et al.
(2005) who reported a drastic reduction in kinetics and capacity of ball milled MgH,
with 0.5 mol% NbyOs5 at 300 °C when annealed for 5 h at temperatures greater
than 370 °C. This suggests regardless of the processing technique, type of additive
and experimental conditions utilised, if catalyst-doped magnesium is exposed to
temperatures exceeding 370 °C for extended periods (>5 h) there is a significant
deterioration in sorption properties, even below that of uncatalysed material.
Huhn et al. (2005) proposed since MgO is more stable than NbyOj, at these
temperatures Mg reduces NbyO5 forming MgO which impedes hydrogen transport.
MgO is also more stable than the metal oxide states of the catalysts used here,
although no distinct MgO peak was distinguishable in the post cycling XRD analysis
of the coated samples such as V_Mg30 (Figure 4.15). This was not unexpected given
the low catalyst concentrations used in these experiments and suggests poisoning
of Mg causing the capacity reduction may be a smaller secondary effect. Instead
the primary cause may relate to the lack of multivalency of the catalysts, brought
about by this reduction action leading to the catalysts being in their metallic states.

Research has indicated transition metal oxides act as better catalysts than their
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metal counterparts Barkhordarian et al. (2003); Croston et al. (2010); Oelerich
et al. (2001b), yet metal catalysts have still been reported to the enhance sorption
kinetics of MgHy Bystrzycki et al. (2005); Bobet et al. (2000b). Therefore, even if
the catalysts were reduced completely to their metallic states, improved sorption
properties compared to Mg26 and Mg30 would still be anticipated. However, as this
was not the case, this lends support to the idea that the kinetic benefits is dependent
on the multivalency of the transition metal in the oxide compound Oeclerich et al.
(2001Db).

At 400 °C, the activation process can be circumvented by cycling the sample up
to 5 times, which in total lasted 5 h (Figure 4.3). This was approximately equivalent
to the time needed for activated & cycled samples to reach saturation during the
activation stage (Figure 4.2). Therefore, this implies the expansion/contraction
process that the Mg lattice underwent during successive cycling is as effective at
breaking down the initial surface oxide layer, as a single extended hydrogenation
in which all of the material reached the hydride state. Nevertheless, if the best
performing sample (Mg26) was selected for a practical large scale storage system
operating at 400 °C it may more suitable to activate the sample prior to cycling
because it would ensure respectable hydrogenation characteristics from the 1%¢ cycle,

as well as consume a smaller quantity of hydrogen.
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Cycling at 350 °C

The disparity between the capacities of the uncoated powders at different tempera-
tures, in which Mg26 betters Mg30 by 17% at 350 °C (Figure 4.4(a)) but only by
6.5% at 400 °C (Figure 4.4(b)), has been associated with variations in the particle
sizes (Figure 4.14). The span of Mg30 exceeded Mg26 by 14% demonstrating that the
latter had a narrower powder distribution width. In addition, Mg30 possessed 10%
more powder within the range of 36-200 pm. Combining these factors may have led
to the powder sample selected to represent Mg30 in the 350 °C experiment to consist
of an average powder size larger than its determined D5y value. This would cause
the diffusion distance for hydrogen into the bulk Mg to increase, thus potentially
leading to the 10.5% greater capacity disparity between Mg30 and Mg26, compared
to the same samples cycled at 400 °C.

The behaviour of Mg30 with successive cycling at 350 °C (Figure 4.7(a)) is
validated by Garrier et al. (2011) who observed a similar trend when an intermediate
scale tank (1.8 kg) of milled MgHy compacted with 5 wt.% expanded natural
graphite was cycled over 100 times at 320 °C. Following a slight decline in sorption
kinetics and capacity during the initial 20 cycles, the capacity then stabilised for the
remaining cycles, much like Mg30. Contrastingly, Pedersen et al. (1984) reported a
consistent drop in capacity, totalling approximately 1 wt.%, after the first 100 cycles
at 390 °C. This difference has been attributed to the lower cycling temperature of

Mg30 restricting the degree of excess sintering in the sample and thus also grain
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recrystallisation.

The behaviour of V_Mg30 with successive cycling at 350 °C (Figure 4.7(b)) agrees
with literature in that catalysts prevented the degeneration of the materials, but
to significantly opposing extents. Dehouche et al. (2000, 2002) reported catalyst
dependent rises in capacity of 0.2-0.5 wt.% and little change in the microstructure
and specific surface area of the milled materials were detectable even after 2000
cycles. On the other hand, following only 90 cycles the microstructure of V_Mg30
(Figure 4.16 (e)) drastically diverges from its as received state (Figure 4.16 (a)) and is
speculated to have caused the much larger increase in capacity of 20% (ca. 1.5 wt.%).

By lowering the temperature to 350 °C the advantages of catalyst coatings on
atomised magnesium are clear, not only in terms of initial activation (Figure 4.6)
but also the kinetic and capacity improvements with respect to uncoated samples
during successive cycling up to 90 times (Figure 4.4(b)). Comparison of Mg30 and
V_Mg30 at 350 °C, in Figure 4.7, highlights how the presence of a catalyst promotes
faster reaction kinetics and increased capacity until approaching stabilisation by the
90 cycle. In the 1% cycle V_Mg30 demonstrates a rate of reaction of 19.87 %.min"
during the initial 30% of uptake that is indeed faster than the diffusion limited, latter
section of the curve (0.21 %.min~! from 10 min onwards). By the 90 cycle the rate
of reaction reached 24.15 %.min~! during the initial 50% of uptake and the transition
between hydrogenation mechanisms is more pronounced, suggesting that nucleation
and growth is becoming dominant for the majority of uptake. Excluding Fe_Mg30

(Figure 4.7(d)), similar results are observed for the remaining coated samples (Figure
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4.7(c & 1)).

As anticipated, the activation energies (Table 4.2) determined for uncoated Mg30
and Mg26 were found to lie between that of published values for as received 70 pm
MgH, (206 kJ.mol™* (Patah et al., 2009)) and 20 pum MgH, (156 kJ.mol~! (Huot
et al.; 1999)). The addition of coating catalysts prompted reductions in activation
energy and while they remain greater than similar thin film structures, such as
Mg+3.3 wt.% Cr (65.7 £ 2.5 kJ.mol™! (Fry et al., 2014)) and Mg+5.2 wt.% V
(67.6 + 1.2 kJ.mol™! (Fry et al., 2014)), it must be noted the catalyst concentrations
used in these experiments were between 20-50% less than those in the reported thin
film materials. Furthermore, Amirkhiz et al. (2011) demonstrated that the reduced
activation energies of catalysed as-milled Mg returns back to its initial unmilled
value upon annealing treatment and successive cycling. For example, they reported
the activation energy of milled Mg+10at.% Fe to increase from 92 kJ.mol™! to
119 kJ.mol = following 75 cycles at 250 °C. This latter activation energy is consistent
with the values reported for these samples which had undergone 15 more cycles at a
100 °C higher.

The evolution of the coated spherical magnesium particulates into sintered elon-
gated structures congregated in twisting branches (Figure 4.16 (e), (f) & (h)) appears
to generate new nucleation sites and maintains a good catalyst distribution through-
out the material, as illustrated by the evolution of kinetics (Figure 4.4(b)) and
the determined activation energies in Table 4.2. This higher density of nucleation

sites means more hydrogen can avoid having to diffuse through layers of hydride to
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reach new Mg. For example, at around 400 °C the diffusion coefficient of hydrogen
within the hydride phase (2.78 x 1077 cm?.s™! (Cemak and Kral, 2008)) is three
orders of magnitude lower compared to the unhydrided phase (3 x 10~ cm?.s7!
(Renner and Grabke, 1978; Ramzan et al., 2009)), thus the reaction rate during initial
stages was substantially improved. Furthermore, the lack of large voids (<50 pm) in
cycled coated samples may help to the prevent the hydride layer thickness exceeding
30-50 pm, a known cause for ceasing further hydrogenation Vigeholm et al. (1987)
but this may not be applicable for the cycled uncoated samples with their larger
voids (Figure 4.16 (c) & (d)).

The cause of the different microstructural evolution between the coated and
uncoated samples during cycling at 350 °C is speculated to be an extension of a
complex process in which particle sintering competes with particle reorientation (see
Figure 4.17). A degree of structure in the sample can be created by restriction of
particle reorientation during successive cycling under hydrogen. Given the reasonable
self-diffusion coefficient of Mg atoms at 350 °C (9.26 x 10716 m? s~ Kalkarni et al.
(2014)), this may occur through the prior formation of sintered bridges at points
of contact between particles, which remain in the metallic state for longer, due to
slower hydrogenation kinetics as shown. Reinforcement of the bridges occurs upon
the onset of dehydrogenation when the surface of the particles transform to the
metallic state, yet their cores are still hydrogenated and thus have not undergone
particle contraction. Successive cycling causes the process to renew.

For the cycled coated samples at 350 °C, we postulate particle reorientation may
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dominate the evolution process. Due to their faster kinetics, the formation and
growth of the hydride state during hydrogenation may occur too rapidly to enable
the generation of sintered bridges at contact points. In addition, sintered bridge
formation was not possible at contact points where the catalysts were present given
their immiscibility with magnesium at these temperatures and significantly higher
melting points. Upon dehydrogenation, complete transition to the metallic state
is too fast preventing sintering and instead particle contraction and reorientation
ensues. In conjunction, decrepitation of the particles to 5 um spheroid globules
enables the catalysts, formerly on the outer surfaces of particles, to diffuse into freshly
exposed Mg surface which is likely to have given rise to the progressive hydrogenation
improvements observed with cycling. Furthermore, the specimens produced following

cycling would be expected to obtain smaller voids, which was confirmed by Figure

Uncoated Mg Sintering of Mg Reinforced sintered
Mg bridges

MgH, I
H, H,

(a) (b)

(c) MeH, Contraction
of Mg particle

H H

2 2

“' MgH, Particle .‘,
reorientation
ahel Fresh Mg
™ Smaller . exposed
catalyst Mg core upon
H
(b) ®;

2 decrepitation
()

(a)

Figure 4.17: Schematic illustrating the different suggested mechanisms for the
evolution of Mg and catalysed Mg samples through cycling (a) prior to cycling (b)
the onset of hydrogenation and (c) during dehydrogenation.
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4.16 (e), (f) & (h).

The results of Fe_Mg30 help to validate this concept acting as a midpoint between
the uncoated and coated samples given its low catalyst concentration. During the
activation process at 350 °C (Figure 4.6) it was clearly the slowest of the coated
samples to reach saturation and it also underwent an incubation period like Mg26
and Mg30. While some benefits of the Fe catalyst were seen during cycling (Figure
4.4(b)), the evolution of kinetics follows a similar trend to Mg30 in that nucleation
and growth does not become more prominent upon cycling (Figure 4.7(d)), with an
activation energy and microstructural traits (Figure 4.16 (g)) that lie midway between
that of the uncoated and coated samples. Therefore, for Fe_ Mg30 a steady state

point may have been reached between particle sintering and particle reorientation.

Thermodynamics

A range of pressure-composition-isotherms at temperatures between 350 and 400 °C
were measured for Cr_Mg26 post 90 cycles at 350 °C, which were used to derive
the thermodynamic properties of the material. The PCI curves presented in Figure
4.12 show flat (de)hydrogenation plateaus, characteristic of magnesium hydride. The
corresponding van’t Hoff plot (Figure 4.13) demonstrates a very good fit of the linear
regression lines that were utilized to determine the enthalpies and entropies of the
(de)hydrogenation reactions.

At AH = 77.0 4 0.9 kJ.mol™! Hy, the enthalpy of the dehydrogenation reaction is

very close to a recently published value for magnesium hydride of AH = 76.3 kJ.mol~! H,
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(Moretto et al., 2013), as well as other literature values stated in Table 2.1. This
confirms the pathway of reaction is that of Mg + Hy = MgH,, which was expected
given the catalyst and magnesium are immiscible at these temperatures. Similarly,
the dehydrogenation entropy AS = 139 £ 2 J.K 'mol~! Hj is close to published
values for magnesium hydride such as 138.3 4 2.9 J. K~'mol~! H, (Reilly and Wiswall,
1968) and 135.1 & 1.9 J.K 'mol™" H, (Stampfer et al., 1960). Using equation 1.6,
the temperature at which Cr_Mg26 releases 1 bar of hydrogen was calculated to be
281.0 £+ 5.2 °C, which is in strong agreement with the literature value of 279 °C
(Stampfer et al., 1960). Combining these findings confirm the pathway reaction is
that of Mg + Hy = MgH,, which was expected given the catalyst and magnesium

are immiscible at these temperatures.



Chapter 5

Domestic thermal and hydrogen

stores

5.1 Introduction

Intermetallic hydrides offer respectable volumetric hydrogen densities and thermody-
namic properties that align well with near ambient temperature stationary storage
applications. In Section 5.2.1 the effects of catalyst coatings and minor Ni substitu-
tion on the activation, kinetics and thermodynamic behaviour of TiFe-based alloys
were explored. Structural analysis was performed in the form of XRD, SEM, TEM
and XPS, as presented in Section 5.2.2. The properties of the TiFe-based alloys,
effect of minor Ni substitution and improvement of activation ease is discussed in
Section 5.3.

The hydrogen storage properties of two ABs alloys were explored for their potential

133
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use in a hydrogen store. In Section 5.4.1 the kinetics and thermodynamics of the
commercially available Hydralloy C5 was compared to an in house fabricated alloy
of composition TiggZrgsMn; 5Vy2Crgs. Characterisation of both alloys is detailed
in Section 5.4.2. Thermodynamic properties and kinetic reaction mechanisms are

discussed in Section 5.5.

5.2 TiFe Alloy Results

5.2.1 Hydrogen Storage Characteristics
Hydrogenation kinetics (activation & cycling)

Figure 5.1 showed successful room temperature activation of TiFe only occurred
once it had been exposed to 40 bar Hy at 500 °C for 95 h. Prior activation attempts
by exposing the same TiFe sample to 40 bar Hs for similar extended durations at
100, 200, 300 and 400 °C had all failed and even after successful activation post
soaking at 500 °C an incubation period of 30 h was observed. On the same sample,
a second exposure to 40 bar Hy at 500 °C, but for 1 h, led to this incubation period
being eradicated, although the sample still took about 75 h to approach saturation.
Subsequent to a third soak at 500 °C, again for 1 h, the kinetics of the TiFe sample
improved substantially approaching saturation in less than 1 h.

The activation behaviour of TiFeqggNig g4 varies considerably with the presence

of 1.17 wt.% Pd surface catalyst. Pd_TiFeggNig o4 began to hydrogenate at room
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Figure 5.1: Amount of hydrogenation during the initial hydriding process versus
time at room temperature for TiFe and TiFegggNig g4 with/without a Pd coating.

temperature after 20 min before reaching 1.3 wt.% after 90 h, which was taken to be
complete activation. Meanwhile, under identical conditions uncoated TiFeg ggNig g4
failed to hydrogenate even after 72 h. Only following exposure to 40 bar Hy at 400 °C
for 70 h did TiFe9Nig o4 hydrogenate, although an incubation period lasting 5 h
was still observed. After a second exposure to 40 bar Hy at 400 °C but for 1 h, the
incubation period for hydrogenation at room temperature was completely eliminated.

Upon completion of the initial hydriding process, the hydrogenation kinetics
of TiFeqggNigos with and without a Pd coating are observed to possess almost
identical uptake behaviour, although the final capacity of TiFeq ggNig o4 did exceed

Pd_TiFeq g6Nig04 by approximately 0.05 wt.% (Figure 5.2). No significant changes
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Figure 5.2: Hydrogen uptake versus time at room temperature during the 1%¢, 5

and 10" cycles following the initial hydriding process for TiFeg oNig o4 with /without
a Pd coating.

were seen in the uptake behaviour of either sample over 10 successive cycles. For
both samples, over 90% of total hydrogen uptake occurred within the first 40 s,
leading to hydrogenation rates between (1.44-1.50 wt.% Hy.min™!). The remainder
of hydrogenation ensued much slower (2.4-3.0 x 1073 wt.% Hy.min™!), as indicated
by the decrease in the gradient of the curve after approximately 60 s. To verify
the kinetic similarities of both samples, a second sample of Pd_TiFeq¢sNig o4 was
activated at a higher temperature of 200 °C. It displayed almost identical kinetics
to the Pd_TiFeq gsNip o4 sample activated at room temperature, for instance in the
5 cycle it obtained a final capacity of about 1.13 wt.% and reached 90% of total

hydrogen uptake within 37 s.
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PCI characteristics

The hydrogenation and dehydrogenation pressure-composition-isotherms of TiFe,
TiFey.96Nig 04 and Pd_TiFeg 9Nig g4 are shown in Figures 5.3, 5.4 and 5.6 respectively.
The PCIs for TiFeq ggNig g4 and Pd_TiFeq ¢gNig 04 show the existence of three different
regions, the o, a4 and  phase. The additional « phase is evident in the PCI of
TiFe at 45 °C between hydrogen concentrations 0.8-1.4 wt.%. The plateau pressure
(Ppiat) of these alloys were measured at 0.5 wt.%. From these PClIs, it was found that
the dehydrogenation plateau pressure at 45 °C decreased from 5.6 bar to 4.5 bar as
the Ni content increased from 0 to 0.04. In addition, the maximum hydrogen storage

capacity was observed to be approximately 1.39 wt.% at 50 bar and 45 °C for TiFe

100 ———4———F——F+——F——7——7——7——7——— 100

Hydrogenation Dehydrogenation
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o
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Figure 5.3: Pressure-composition hydrogenation and dehydrogenation isotherms of
TiFe in the temperature range 45-75 °C.
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Figure 5.4: Pressure-composition hydrogenation and dehydrogenation isotherms of
TiFeg gsNigp4 in the temperature range 45-75 °C.

but this fell to 1.08 wt.% with a Ni presence of 0.04 for Fe. TiFeg gsNig g4 possessed
the best hydrogenation kinetics, with the alloy achieving 95% of maximum capacity
approximately 15 times faster than TiFe (Table 5.1).

In an attempt to maximise the storage capacity of the fabricated TiFe, a 2 g
batch of atomised powder was sealed under vacuum inside a quartz ampule and
annealed at 950 °C for 120 h. Despite following the same activation procedure as for
the unannealed TiFe sample (repeated exposure to 40 bar Hy at 500 °C for 95 h) the
annealed TiFe did not take up any hydrogen within 40 h at room temperature.

The values of (de)hydrogenation plateau pressure at 45 °C, 60 °C and 75 °C,

activation temperature, maximum hydrogen storage capacity and charge time both
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Figure 5.5: Pressure-composition hydrogenation and dehydrogenation isotherms of
Pd_TiFey 96Nig.04 in the temperature range 45-75 °C.

at 45 °C for the three alloys investigated are listed in Table 5.1. The hydrogenation
and dehydrogenation isotherms of these alloys display the presence of hysteresis
which decreased as the Ni content increased from 0 to 0.04. The plateau slope factors
were calculated using In(Py/P;) where Py is @ & a+/ phase transition pressure
and pressure P, is a+f = [ phase transition pressure, as shown in Figure 5.4. The
increase in Ni content from 0 to 0.04 resulted in the plateau slope factor increasing
by 0.09 for hydrogenation at 45 °C, while the corresponding variation plateau slope
factors for dehydrogenation were minor (Table 5.2).

The thermodynamic properties of dissolved hydrogen in these hydrides have been

determined using the van’t Hoff equation (see equation 1.5). The AH and AS for
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Figure 5.6: van’t Hoff plot of InP versus 1/T for hydrogenation and dehydrogenation
process for TiFe, TiFeyggNiggs and Pd_TiFeqgsNiggs. Errors in InP contained in

symbols.

the de(hydrogenation) processes of these alloys have been calculated from the slope

and intercept of the van’t Hoff plot respectively (Figure 5.6). The values of AH and

AS in TiFe; ,Ni, (x = 0 and 0.04) are -24.8 and -26.2 kJ.mol™! H,, and -99 and

-100 J. K~ 'mol™! H, for the hydrogenation process. For the dehydrogenation process

AH is 28.9 and 29.9 kJ.mol~! Hy and AS is 105 and 107 J. K 'mol~! Hs, as detailed

in Table 5.2. Pd_TiFeq9sNig o4 was observed to have similar hydrogen storage and

thermodynamic characteristics to its uncoated counterpart (TiFeggsNigo4), the only

difference being the temperature required for activation, as described earlier.
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Allo Plateau Pressure [bar] Activation Max. storage capacity Charge time:
Y 45°C 60 °C 75 °c temperature [°C]  [wt.%] at ~ 50 bar 95% [min]
. 13.3 207 29.8
TiFe 550 930 149 500 1.39 13
. . 8.0 12.8 18.8
TiFeq.96Nig.o4 45 819 120 400 1.08 0.83

447 804  12.2¢

d - dehydrogenation plateau pressure

Table 5.1: The values of plateau pressure at 45 °C, 60 °C and 75 °C for
(de)hydrogenation, activation temperature, maximum storage capacity and charge
time both at 45 °C for TiFe, TiFeO.gﬁNiO.(M and Pd,TiFeO.96Ni0.04.

Plateau slope factor

i -1 -1 -1
Alloy In(P,/P;) Hysteresis AH [kJ.mol™" H,] AS [J K 'mol™" Hy]

In(P,/Py)
Hyd Dehyd at 45 °C Hyd Dehyd Hyd Dehyd
TiFe 0.34 0.34 0.86 -24.8+ 0.7 28907 -99+£2 105 £ 2
TiFeq.96Nig.04 0.43 0.32 0.58 -26.2+09 299+09 -100£3 107+£5
Pd_TiFepgsNigos 0.44 0.32 0.62 -26.0 £ 0.8 31.1+09 -99+2 110 £ 7

P1 is a = a4+ phase transition pressure and pressure Ps is a+8 = S phase transition
pressure, respectively Figure 5.4.

Table 5.2: The values of plateau slope factor and hysteresis at 45 °C, molar enthalpy
(AH) and molar entropy (AS) for the (de)hydrogenation processes obtained from
PCI measurements for TiFe, TiFeo.%Nio.M and Pd,TiFeo.gﬁNio.(M.
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5.2.2 Structural Analysis
X-ray diffraction

X-ray diffraction patterns of TiFe; ,Ni, (x = 0, 0.04 and 0.08) reveal the single
phase formation of these alloys (Figure 5.7), which crystallizes in the simple B2
cubic structure with the space group of Pm3m. The X-ray diffraction patterns show
the diffraction peaks shift towards a lower angle as the Ni content x increases from
0 to 0.08. The lattice parameters of these alloys were calculated from the X-ray
diffraction peak positions. The lattice parameter (a) for TiFe was determined to be
2.9759 (2) A and found to increase to 2.981 (1) A with increasing Ni content up to
x = 0.08. The unit cell volume, calculated from the lattice parameters, for TiFe was
found to be 26.355 (9) A3, and increases linearly to 26.49 (2) A® with the amount of

Ni at the B site (Figure 5.8).

Alloy Lattice parameter (a) [A] Unit cell volume (V) [A%]  Composition (EDX)
TiFe 29759(2) 26355(9) Ti1,04F60_96
TiFeO.gﬁNio_(M 2979(1) 2644(2) TiFe0.95NiO_04CO_01
TiF60492N10_08 2981(1) 2649(2) Til_OQFeo.ggNi()_ogC()_ol

Table 5.3: The unit cell parameter, unit cell volume and elemental composition of
TiFe, TiFeO.96NiOA04 and TiFe().gQNi0.0g.
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Figure 5.7: Powder X-ray diffraction patterns for TiFe; _,Ni, (x = 0, 0.04 and 0.08)
alloys using Cu K, radiation (A = 1.5418 A).
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Scanning electron microscopy

As anticipated, atomised TiFe possessed consistently spherical and smooth surfaced
particles, although there was a small addition of irregular flaky particulates, as seen
in Figure 5.9(a & b). This is a common feature among all of the as prepared samples
(Figure 5.10(a) & 5.11(b)). Post cycling, no change in the overall microstructural
evolution could be detected (Figure 5.9(d)) but micro cracks did appear along the
particle surface as evident in Figure 5.9(e). Back scattered cross sectional analysis
verified no internal change in the microstructure occurred during activation or
successive cycling with the powder maintaining a TiFe single phase. In addition, the
majority of micro cracks were found to penetrate approximately 20 um in to the
particulate bulk, however several longer micro cracks (ca. 60 pum) were also visible.

The surfaces of the as prepared and cycled TiFey ggNig.04 were much like TiFe in
that a number of micro cracks were created due to activation and cycling (Figure
5.10(e)). A noticeable difference in the internal microstructure compared to TiFe was
the presence of Ti rich spots, as highlighted by the arrows in Figure 5.10(c). These
Ti rich regions remained a feature following activation and cycling (Figure 5.10(f)).

The arrows in Figure 5.11(c) indicate the presence of Pd sputtered on to the
surface of Pd_TiFeqgsNiggs. The Pd appeared to be reasonably well distributed
across the alloy surface, with particles in clusters (<1 pum diameter) and a radial
separation distance typically of 10-20 pm. Due to Pd being present in clusters

as opposed to complete encompassing layers on TiFegggNig o4, the concentration
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throughout the sample was determined by averaging the Pd content measured during
area scans (ca. 600 um x 500 um) across 10 sites, leading to a value of 1.17 wt.%.
Post cycling, micro cracks are again visible along the particle surface (Figure 5.11(f)),
as well as the maintained presence of Pd spots (Figure 5.11(g)). The cross-sectional
images (Figure 5.11(d) & (h)) revealed the Ti rich spots also observed in that of the

uncoated TiFeO.%NiO.M .
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(c) 20pm (f) 20 pm

Figure 5.9: Scanning electron images of TiFe as prepared (a & b) and following
cycling (d & e). Back scattered cross-sectional images of TiFe as prepared and
following cycling are shown in (¢) and (f) respectively.
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Figure 5.10: Scanning electron images of TiFeqgsNig g4 as prepared (a & b) and
following cycling (d & e). Back scattered cross-sectional images of TiFeq ¢sNig 04 as
prepared and following cycling are shown in (¢) and (f) respectively.
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Figure 5.11: Back scattered images of Pd_TiFeq 9sNig o4 as prepared (a, b & ¢) and
following cycling (e, f & g). Back scattered cross-sectional images of Pd_TiFeg ¢6Nig.o4
as prepared and following cycling are shown in (d) and (h) respectively.
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Transmission electron microscopy

The ‘glancing angle’” approach (see Section 3.3.3) utilised during TEM analysis of
Pd_TiFeg gsNig.04 enabled the detection of the catalyst thickness and distribution on
the surface of the TiFe¢sNig o4 powder. As seen in Figure 5.12(a), a translucent
layer ranging between 20-30 nm in thickness is visible on the surface of the alloy
(black region). This layer was confirmed to be a combination of Pd and PdO via
determination of the d-spacing values (Table 5.4) obtained from the SAED pattern
shown in Figure 5.12(b). Figure 5.12(c) illustrates the Pd coating present on a
different Pd_TiFeggsNig o4 particle. In contrast to Figure 5.12(a), this Pd layer was
only ca. 10 nm thick and regions of the alloy appear free of Pd, thus leaving these

surfaces exposed to atmosphere.
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Figure 5.12: TEM images (a) and (c) reveal the Pd catalyst present on the surface
of Pd_TiFey9sNig g4 on two different particles using a ‘glancing angle’ approach.
Image (b) is a SAED pattern taken from the coating seen in image (a) to verify its
composition.
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Miller Index Reference d-spacing [A] Calculated d-spacing [A]

PdO (110) 2.152 2.2052
PdO (200) 1.5215 1.5186
Pd (311) 1.1702 1.1627
PdO (301) 0.9965 0.9892

Table 5.4: Comparison of the d-spacing values determined from the SAED pattern
shown in Figure 5.12(b).

X-ray photoelectron spectroscopy

For as prepared TiFe (Figure 5.13), the Ti and Fe surface contributions were alike
at 9.4 at.% and 9.7 at.% respectively. Fitting of the high resolution scans for each
element (examples shown in Figure 5.17) led to identification of the contributions
from the metallic and oxide states, of which the reference binding energy peak
positions were given in Table 3.3. From the Ti 2p high resolution scan, TiOy was seen
to dominate contributing to ca. 84% of the total and in the Fe 2p high resolution
scan no metallic Fe was detected.

Following activation and cycling of TiFe (Figure 5.14), the surface contribution
of Ti more than doubled to 22 at.%, meanwhile surface Fe decreased by about
40%. Examining the components of the Ti high resolution scan revealed the TiO,
contribution was largely unaffected at ca. 82% and in the Fe 2p high resolution scan
no metallic Fe was detected again.

For as prepared Pd_TiFeqgsNigos (Figure 5.15), again the initial Ti and Fe
surface contributions were similar at 2.7 at.% and 2.3 at.% respectively and the Pd

contribution was found to be 20.3 at.%. As anticipated, the ratio of metallic to oxide
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state contributions of the Ti and Fe matched the as prepared TiFe. Peak fitting of
Pd 3d (see Figure 5.17) revealed the ratio of components Pd:PdO was 54:46.

Following activation and cycling of Pd_TiFej gsNig o4 (Figure 5.16), both Ti and
Fe surface concentrations were observed to increase but to significantly differing
proportions, resulting in the Ti:Fe ratio altering from 1:0.85 to 1:2.36. From the Ti
2p high resolution scan, the TiOs contribution was seen to increase by 8% following
activation and cycling, while again no metallic Fe was detected in the high resolution
scan of Fe 2p. The overall presence of surface Pd was found to reduce by ca. 60%
post activation and cycling, and through component fitting of the high resolution Pd
3d scan it was indicated that only metallic Pd was present and PdO was no longer
measurable.

Investigations into other potential magnetron sputtered catalysts on TiFe were
also undertaken. To assist the decision of what catalysts to explore, the XPS spectra
of an ABs alloy (TigZro4MnCr), shown in Figure 5.18, was analysed to better
understand the surface behaviour, seeing as the alloy readily absorbed hydrogen at
room temperature. Table 5.9 revealed the highly oxidised as prepared surface was
dominated by Mn at 17.6 at.% and this was at least double that of any other metal
present in the alloy.

For this reason, four TiFe samples with various concentrations of Mn applied
to the surface ranging from 0.96 to 3.56 wt.% were tested for room temperature
activation. Unfortunately, even the highest Mn catalyst concentration of 3.56 wt.%

failed to activate TiFe and this was also in spite of exposing the sample to 40 bar H,
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at 350 °C for 20 h prior to attempting initial hydrogenation at room temperature.

10°

40 |
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1000 800 800 400 200 0
Binding Energy (eV)

Figure 5.13: XPS wide spectrum scan of TiFe as prepared.

FWHM Area Component relative Element relative
Element  Component

[eV] [%]  concentration [at.%] concentration [at.%)]

O 1s O 1s 3.41 100 80.9 80.9
2p TiO, 3/2 2.26 66 5.3
. 2p TiOs 1/2 3.06 33 2.6

T2o T3 252 66 1.0 04
2p Ti 1/2 1.98 33 0.5
op FeyO3 3/2 456 66 6.4

Fe 20 o Fe05 1/2 649 33 3.3 o7

Table 5.5: Summary of FWHM, areas and relative component and elemental concen-
trations measured from high resolution scans of TiFe as prepared.
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Figure 5.14: XPS wide spectrum scan of TiFe following activation and cycling under
hydrogen.

FWHM Area Component relative Element relative
Element Component

[eV] (%]  concentration [at.%] concentration [at.%]

O 1s O 1s 2.30 100 72.3 72.3
2p TiO9 3/2 1.86 66 12.0
. 2p TiOs 1/2 2.66 33 6.0

T2o 1132 393 66 2.7 22
2p Ti 1/2 2.62 33 1.3
2p Fe, O3 3/2 4.90 66 3.8

Fe2p o Fe0, 172 660 33 1.9 o1

Table 5.6: Summary of FWHM, areas and relative component and elemental con-
centrations measured from high resolution scans of TiFe following activation and
cycling under hydrogen.
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Figure 5.15: XPS wide spectrum scan of Pd_TiFeg ¢¢Nig 4 as prepared.

Bl ¢ C ¢ FWHM Area Component relative Element relative
emen omponen [eV] [%]  concentration [at.%] concentration [at.%)]
O 1s O 1s 3.65 100 73.5 73.5

2p TiO, 3/2 2.86 66 1.5
. 2p TiO, 1/2 3.16 33 0.8
Ti2e o i3 239 66 0.3 21
2p Ti 1/2 2.12 33 0.1
2p Fe; 03 3/2 8.06 66 1.5
Fe 2D o Fe05 1/2 759 33 0.8 23
. 2p NiO 3/2 16.89 66 0.8
NiZp o ooNiO1/2 949 33 0.4 1.2
3d PdO 5/2 2.91 60 5.6
3d PdO 3/2 2.72 40 3.7
Pd 3d 3d Pd 5/2 1.58 60 6.6 20.3
3d Pd 3/2 1.64 40 4.4

Table 5.7: Summary of FWHM, areas and relative component and elemental concen-
trations measured from high resolution scans of Pd_TiFeggsNig 4 as prepared.



CHAPTER 5. DOMESTIC THERMAL AND HYDROGEN STORES 155

10

20 |

15 |

CPS

10

Niz2p

Fe2p

O1ls

=
L]
=
=8

T
1000

T
400

Binding Energy (eV)

Figure 5.16: XPS wide spectrum scan of Pd_TiFeqgsNig g4 following activation and

cycling under hydrogen.

o) e ¢ FWHM Area Component relative Element relative
et omponen [eV] [%]  concentration [at.%] concentration [at.%)]
O 1s O 1s 4.18 100 78.9 78.9

2p TiO, 3/2 3.06 66 2.2
. op TiOy 1/2 350 33 1.1
T2 Ti3)2 1.61 66 0.2 3.0
2p Ti 1/2 0.97 33 0.1
2p Fe,O3 3/2 6.21 66 5.6
Fe 2D o Fe051/2 916 33 2.9 85
. 2p NiO 3/2 6.62 66 0.5
NiZp o ooNiO1/2 374 33 0.3 08
3d Pd 5/2 9.02 60 4.9
Pd 3d 3d Pd 3/2 6.48 40 3.3 8.2

Table 5.8: Summary of FWHM, areas and relative component and elemental concen-
trations measured from high resolution scans of Pd_TiFeg gNig 4 following activation
and cycling under hydrogen.
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Figure 5.17: XPS high resolution spectra of Ti 2p, Fe 2p and Pd 3d from
Pd_TiFe 96Nig.04 as prepared, with fittings applied to determine metallic and oxide
state contributions.
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Figure 5.18: XPS wide spectrum scan of TiggZrg4MnCr as prepared.

Element  C ot FWHM Area Component relative Element relative
e ompone [eV] [%]  concentration [at.%] concentration [at.%]
O 1s O 1s 3.01 100 63.0 63.0

2p Mn,03 3/2 3.26 66 7.6
op Mn,O3 1/2  6.24 33 3.8
Mn2p o o Mu0,3/2 571 66 41 176
2p MnO, 1/2 2.80 33 2.1
90 Crs05 3/2 411 66 5.3
Cr2p O 1/2 448 33 2.7 8.0
2p TiOq 3/2 2.72 66 3.1
. op TiO, 1/2 340 33 1.5
Tizp 2p Ti 3/2 292 66 0.6 08
2p Ti1/2 2.38 33 0.6
3d ZrOq 5/2 2.40 60 3.4
w3d sy 70,3/2 222 40 2.2 50

Table 5.9: Summary of FWHM, areas and relative component and elemental concen-
trations measured from high resolution scans of TiygZro4MnCr as prepared.
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Figure 5.19: XPS high resolution spectra of Ti 2p, Zr 3d, Mn 2p and Cr 2p from
TigZro4MnCr as prepared, with fittings applied to determine metallic and oxide

state contributions.
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5.3 TiFe Alloy Discussion

5.3.1 Properties of TiFe

X-ray diffraction analysis (Figure 5.7) revealed the TiFe sample studied here ob-
tained the well known B2 cubic structure. The lattice parameter calculated (a) =
2.9759 (2) Awas in very good agreement with the literature value of 2.980 (2) A
(Thompson et al., 1979). In turn, the determined unit cell volume V = 26.355 (9) A?
agreed well with the literature value of 26.365(3) A% (Reilly et al., 1980). From
a thermodynamics perspective, the plateau pressures obtained for TiFe in the
temperature range of 45-75 °C revealed the resultant dehydrogenation enthalpy
AH = 28.9 £ 0.7 kJ.mol~! Hy and entropy AS = 105 £ 2 J. K 'mol~! H, are close
to published values of AH = 28.1 kJ.mol™! Hy and AS = 106 J. K 'mol™! Hy (Reilly,
1979).

This being said, there was a clear problem achieving total theoretical capacity.
Reilly (1979) showed the capacity of TiFe between 40-55 °C is about 1.8-1.85 wt.%,
however the maximum capacity measured for our sample was 1.39 wt.%. There was
also a reduction in the size of the a+/5 phase (monohydride) which only extended to
0.8 wt.% at 45 °C. Cross sectional compositional (EDX) analysis of the as prepared
TiFe revealed no carbon impurities, as pure raw materials (not a base Fe alloy) was
used for fabrication, but the capacity loss may be attributed to the actual sample
composition, Tij g4Fegos (Table 5.3). Reilly and Wiswall (1972) demonstrated once

TiFe becomes Ti rich the alloy departs from a single-phase region to a mixture of



CHAPTER 5. DOMESTIC THERMAL AND HYDROGEN STORES 160

TiFe and an unhydriding phase TiFey, thus reducing storage capacity. Nevertheless,
only trace amounts of TiFe; could be present in the alloy, given that it was not
detected during XRD or cross sectional analysis (Figure 5.7 & 5.9(c)), and so this
does not completely explain the large capacity reduction of ca. 0.4 wt.%.

The capacity disparity may also be linked to the alloy fabrication method. A
difference in our powder atomisation route compared to conventional preparation
during arc melting was the exclusion of a heat treatment stage, where the re-melted
TiFe ingots are exposed to annealing at ca. 1000 °C for >12 h (Reilly et al., 1980).
This implies that while re-melting an ingot several times prior to atomisation produces
a single phase alloy, an annealing stage is still necessary. This idea corroborated with
the higher than typical plateau slope factor of 0.34 and hysteresis of 0.86 measured
for our TiFe sample compared to literature values of 0 and 0.64 respectively (Huston
and Sandrock, 1980).

For this reason a TiFe sample was sealed under vacuum inside a quartz ampule
and annealed at 950 °C for 120 h. Unfortunately the annealed sample did not take up
any hydrogen even when undergoing the same activation process as the unannealed
TiFe (repeated exposure to 40 bar Hy at 500 °C for 95 h). Interestingly, this suggests
the annealing process actually had a negative impact on ease of activation, as well as
failing to remove internal stresses in the TiFe structure which would have potentially

improved the storage properties of the atomised TiFe.
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5.3.2 Effect of Minor Ni Substitution

Although all of the TiFe;_,Ni, (x = 0.04 and 0.08) alloys studied here formed
complete solid solutions with the same lattice as TiFe (Figure 5.7), their pressure-
composition isotherms illustrate quite different hydrogenation characteristics. The
plateau pressures of TiFeqgsNig g4 were considerably lower than those of TiFe in the
range of 45-75 °C (Table 5.1). As described in Section 2.2.4, TiFe has a CsCl-type
structure with 12 tetrahedral and 6 octahedral sites per unit cell. Hydrogen atoms
primarily occupy the octahedral sites which are surrounded by four titanium atoms
and two iron atoms (Fischer et al., 1987). As a result, the stabilities of TiFe;_,Ni,
alloys are closely linked to the size of the octahedral sites and compositions of the
alloys.

Ni obtains a slightly larger atomic radius (0.1246 nm) compared to Fe (0.1241 nm).
As more Ni atoms are substituted in for Fe atoms an increase in unit cell volume is
observed (Figure 5.8), which is thought to increase the size of the interstitial sites.
Larger interstitial sites results in a lower energy requirement to accommodate hydro-
gen atoms in these interstitial sites, thus leading to a reduction in the plateau pressure.
As expected, this led to a rise in the formation enthalpy (AH) calculated from the
PCI measurements compared to TiFe, as shown in Table 5.2, and demonstrate the
increased hydride stability of the Ni substituted alloys. The calculated hydrogenation
AH = -26.2 £ 0.9 kJ.mol™! H, and dehydrogenation AH = 29.9 & 0.9 kJ.mol~! H,

were also found to follow the same linear enthalpy trends as those in TiFe;_,Ni,
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Figure 5.20: Comparing the hydrogenation and dehydrogenation enthalpies of

TiFeg96Niggs to those of TiFe;_,Ni, where x = 0.1, 0.15 and 0.2 as published
by Mintz et al. (1981).

alloys with greater Ni content (x = 0.1, 0.15 & 0.2) (Mintz et al., 1981), as illustrated
in Figure 5.20.

The measured hysteresis of 0.58 lies closer to that of TiFe (0.64) compared to
TiFegsNip2 (0.05) (Huston and Sandrock, 1980) given only the minor addition of Ni.
The slight increase of 0.09 in the hydrogenation plateau slope compared to TiFe is due
to the introduction of a ternary element creating a more complex multicomponent
alloy possessing various interstitial sites with various different radii. The measured
dehydrogenation slope factor 0.32 was surprisingly high, almost equal to the 0.36
found for TiFeygNigo. As with the TiFe sample, this again may be associated with
the lack of an annealing stage to improve homogeneity because Ti rich spots were

visible during cross sectional analysis of the atomised TiFeq gsNig o4 (Figure 5.10(c &
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f)).

TiFeg.96Nig.04 was also observed to suffer from a severe capacity reduction. Lit-
erature has shown the capacities of TiFeygNig; to be ca. 1.6 wt.% (Reilly and
Wiswall, 1972) and TiFeggNig s to be ca. 1.2-1.3 wt.% (Huston and Sandrock, 1980;
Oguro et al., 1983), meanwhile we found TiFej ggNig 4 was limited to ca. 1.08 wt.%
at 45 °C. This capacity loss could derive from the 0.5 at.% carbon contamination
found in the alloy during compositional analysis (Table 5.3). Lee and Perng (2000)
demonstrated even a carbon presence of 0.05 at.% in TiFe was sufficient to reduce
the capacity by ca. 0.5 wt.%. The introduction of carbon into the TiFe; ,Ni, alloys
is likely to be a resultant of using a base Fe alloy with trace amounts of carbon
and emphasises the importance of fabricating TiFe based alloys from pure elements.
Without neutron diffraction data and Rietveld refinement to accurately determine
the position of different atoms in the structure it is difficult to verify the locations of
the carbon atoms; however given the large capacity loss it may be suggested that
they primarily occupy Ti sites as Fischer et al. (1987) demonstrated Ti Fe, sites are

initially occupied by hydrogen in TiFe.

5.3.3 Improving Ease of Activation

The activation of the TiFe sample investigated in this study demanded more extreme
heat treatment conditions than those published in the literature. While Reilly
and Wiswall (1974) demonstrated successful activation was possible via heating to

400-450 °C under vacuum and applying a 7 bar Hy pressure for 0.5 h, in our case
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the required heat treatment temperature was 100 °C higher over an exposure time
lasting almost four days. This disparity is likely to be associated with the alternate
alloy fabrication method utilised in this study. In previous reports, TiFe ingots
were commonly prepared in an arc furnace, being re-melted several times to ensure
homogeneity. In addition, ingots were typically annealed at ca. 1000 °C for >12 h
prior to being crushed (ca. 2 mm) ready for testing (Reilly et al., 1980). In contrast,
our TiFe sample comprised of 106 um atomised powder that was not handled in
an inert atmosphere following production. Given that the atomised powder would
possess a thicker oxide layer compared to crushed ingot powder with fresh surfaces,
the reported activation results are unsurprising.

The mechanism behind the initial stage of activation in TiFe was investigated by
comparison of XPS surface spectra of the as prepared and cycled samples (Figure 5.13
& 5.14). Air exposed atomised 106 pm TiFe, which did not readily absorb hydrogen,
was covered with an oxide layer consisting of Ti!V" and Fe’!!. The as prepared sample
obtained an initial Ti:Fe ratio of 1:1, which is agreement with Schober and Westlake
(1981); Schlapbach and Riesterer (1983). The XPS results following activation and
cycling of TiFe are in partial agreement with findings by Schlapbach and Riesterer
(1983). Ti segregation at the surface was observed as the Ti:Fe ratio increased to
approximately 4:1, which is between the 2:1 and 10:1 range at a probing depth of 2 nm
stated by Schlapbach and Riesterer (1983). However, there was a lack of elemental
Fe visible at the surface of the cycled TiFe sample, in agreement with Sevlam et al.

(1987). This creates some doubts regarding Schlapbach’s theory of excess metallic
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iron clusters, formed via the redox reaction of Ti to TiOs, acting as sites for hydrogen
dissociation on top of activated TiFe and diffusion as atomic hydrogen across TiOs,
or migration along Fe/TiO, grain boundaries before being dissolved into underlying
TiFe. An alternative theory may involve hydrogen molecules penetrating the two
phase surface layer and dissociating on TiFe or elemental Fe on the subsurface, yet
depth profiling would be necessary to provide confirmation.

The ease of activation was not drastically improved with the substitution of 0.04
Ni for Fe in TiFe;_,Ni,, as the required heat treatment temperature reduced by
only 100 °C to 400 °C. This was not a completely unexpected result given that
Lee and Perng (1999) reported even with a Ni content of 0.2 in TiFe;_,Ni, room
temperature activation still took about one day to reach saturation. Therefore, it
may be argued if the TiFeg gsNig g4 sample was exposed to 40 bar Hy for greater than
72 h, unlike the case here, it may eventually begin to hydrogenate. Nevertheless,
following this procedure when aiming to produce a commercial metal hydride remains
highly impractical.

On the other hand, with only a minor addition of Pd (1.17 wt.%) magnetron
sputtered to the surface of TiFeqggNig g4 successful room temperature hydrogenation
is achieved with no activation treatment required. Pd clusters of <1 pym diameter,
identified in the back scattered images (Figure 5.11(b & c)), were verified upon
closer examination via the ‘glancing angle’ approach during TEM analysis. The
reasonably large radial separation between Pd clusters (ca. 10-20 pum) and variation

in cluster thickness (ca. 10-30 nm) demonstrate it is not necessary to have complete
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Pd coverage in the form of a uniform coating. Many factors can affect the grain size
and density of sputtered thin film structures (Harsha, 2006) and some are also likely
to be applicable in controlling the size of sputtered particle clusters on atomized
powders. For example, higher substrate temperature would increase the nucleation
rate of sputtered particles, higher power would lead to increased ion bombardment
and higher vacuum conditions cause larger particle clusters due to fewer sputtered
particles colliding with the discharge plasma as they travel towards the substrate.
This minimal Pd catalyst concentration of 1.17 wt.% is in agreement with Zaluski
et al. (1995) who reported nanocrystalline and amorphous TiFe could readily absorb
hydrogen at room temperature when ball milled with <1 wt.% Pd. Furthermore, it
confirms Zaluski et al. (1995) findings that the effectiveness of the Pd does not rely
upon it alloying with the TiFe powder, which is also seen in Figure 5.12(a & ¢).
The mechanism explaining how Pd enhances activation of TiFe has been commonly
been attributed to the spillover effect, as described in Section 2.2.4, however to date
no research into the characterisation of hydrogen spillover on to TiFe via a Pd catalyst
has been published. As with the TiFe sample, the role of Pd was investigated by
comparison of XPS surface spectra of the as prepared and cycled samples (Figure
5.15 & 5.16). XPS analysis revealed the Pd in the as prepared Pd_TiFeqgsNig o4
composed of both Pd and PdO (Table 5.7) which is consistent with the findings from
the SAED pattern taken of the Pd catalyst during TEM analysis (Figure 5.12(b)).
Following activation and cycling, in contrast to TiFe, no Ti segregation at the surface

was observed in Pd_TiFeqgNig 4. This was anticipated given that the sample did
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not undergo any activation heat treatment and confirms the initial hydrogenation
path for the Pd-catalysed sample is different.

At 25 °C, PdO obtains a AG = -164.1 kJ.mol™!, while the corresponding values
for Fe,O3, NiO and TiO, are -492.9 kJ.mol™!, -419.9 kJ.mol~! and -888.0 kJ.mol~*
respectively. Given AG for PdO is a third of Fe;O3 and under a fifth of TiOs,
PdO is the most easily reduced and changes to Pd. This corresponds with the XPS
findings of Pd_TiFeggsNig o4 in which the PdO initially present was all converted
to metallic Pd post activation and cycling, meanwhile there was little change in
the metallic to oxide ratios in the other metals (Table 5.8). The Pd then adsorbs
hydrogen molecules and dissociates it into atomic hydrogen, which may then spillover
onto Fe;O3, a phenomenon demonstrated by Xu et al. (1997) during temperature
programmed reduction (TPR) of Pd/Fe;O3 systems. Another simpler interpretation
is for the atomic hydrogen to diffuse through the thin Pd layer and directly into
the alloy, without spillover, because hydrogen diffusion through Pd is high at room
temperature (1.3-1.6 x 1077 em?.s7!) (Stackelberg and Ludwig, 1964; Devanathan
and Stachurski, 1962) especially compared to TiFe (1.2 x 107*? cm?.s7!) (Bowman
and Tadlock, 1979).

The superior kinetics possessed by Pd_TiFeqgNig o4 compared to TiFeq gsNig o4
in initial hydrogenation may have been expected to continue during cycling, given
the maintained presence of Pd on the surface of TiFey¢sNig g4 particles after several
cycles (Figure 5.11(g)), yet this was not observed. In fact, Pd_TiFeqgsNig o4 and

TiFeq.96Nig.04 obtained almost matching hydrogenation cycling kinetics, as shown in
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Figure 5.2. Therefore, while the dissociation of hydrogen molecules at the surface
was rate limiting during initial hydrogenation, the micro cracks evidently produced in
both samples (Figure 5.10(e) and 5.11(e)) appear to overcome this barrier providing
alternative pathways for hydrogen to possibly reach Fe sites in the subsurface at
which diffusion into the particle bulk occurs and becomes rate determining.

Based on commodity prices, the addition of only 1.17 wt.% Pd to TiFe is estimated
to increase the alloy cost by about 17 times per kilogram and so it was decided that
alternative cheaper catalyst materials would be investigated. The activation of TiFe
can be enhanced by the substitution of x >0.2 Mn for Fe in TiFe;_,Mn, alloys (Nagai
et al., 1987). XPS analysis was also undertaken on an AB, alloy (TigZro4MnCr)
which was found to require no activation for hydrogenation. The surface was found
to be dominated by 17.6 at.% Mn (see Table 5.9), a feature also seen in TiFeqogMng 4
(Shenzhong et al., 1988). Based on this, it was judged testing magnetron sputtered
Mn on TiFe would be a sensible approach.

Unfortunately, even the sample obtaining the highest Mn catalyst concentration
of 3.56 wt.% failed to activate TiFe and this was despite exposing the sample to
40 bar Hy at 350 °C for 20 h prior to attempting initial hydrogenation at room
temperature. It remains unknown whether a critical concentration of magnetron
sputtered Mn can enable successful room temperature hydrogenation of TiFe, or if
the process demands alloying between Ti and Mn.

Furthermore, if this problem was solved, a solution would still need to be found

to enable the TiFe and TiFe;_,Ni, atomised powders to reach their theoretical ca-
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pacities. Magnetron sputtering using the modified ‘tilted cup’ design was successfully
demonstrated as a fairly rudimental technique for applying catalysts to the surface
of micron sized atomised powders; however given the time constraints of the project
it was decided a pair of AB, alloys would be investigated as potential alternatives to
the catalysed TiFe-based alloys for application in domestic thermal and hydrogen

stores, and this is discussed in Section 5.4.
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5.4 AB, Alloy Results

5.4.1 Hydrogen Storage Characteristics
Hydrogenation kinetics

Figure 5.21 shows Hydralloy C5 and Tig.9ZrgoMn; 5V 2Crg3 hydrogenated at room
temperature with no heat treatment prerequisite. During their first hydrogenations
neither sample experienced an incubation period however TiggZrgoMn; 5V2Crgs
did reach saturation within 30 min, approximately half that of Hydralloy C5. Fur-

thermore, Tig gZrgoMn; 5V 2Cro3 obtained a total capacity of 2.00 wt.%, exceeding
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Figure 5.21: Hydrogenation kinetics during cycles 1-5 for Hydralloy C5 and
Tig.9Zrg.oMn; 5V(2Crg3 at room temperature.
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Hydralloy C5 by 0.32 wt.%.

Successive cycling resulted in the kinetics of both samples improving significantly
and by the 5" cycle the hydrogenation rates during the initial 90% of uptake were
1.53 wt.%.min"! and 2.86 wt.%.min"! for Hydralloy C5 and Tig9ZrgoMn; 5V2Crg3
respectively. Although both alloys undergo similar kinetic improvements with cycling,
different trends in total capacity are observed for each sample. The total capacity of
Hydralloy C5 remained largely constant from the first cycle varying by a maximum
of 0.06 wt.%, meanwhile for TiggZrgoMn;5V(2Crg 3 the total capacity was observed
to reduce by 0.2 wt.%, before stabilising at 1.80 wt.% in the 5" cycle.

The hydrogenation kinetics of Hydralloy C5 and TiggZrgoMn; 5Vy2Crgs in the
temperature range of 25-50 °C after 5 (de)hydrogenation cycles are shown Figure
5.22. The initial pressure was adjusted at each reaction temperature to help maintain
a similar reaction driving pressure. For Hydralloy C5 the initial and equilibrium
pressures (in bar) were 22.60 and 21.45 at 25 °C, 34.49 and 33.46 at 35 °C, and
46.98 and 45.98 at 50 °C. For Tigg¢Zrg.oMn; 5Vy2Crg3 the initial and equilibrium
pressures (in bar) were 23.26 and 21.94 at 25 °C, 27.56 and 26.33 at 35 °C, and
33.24 and 32.07 at 50 °C. As the temperature increases the saturation capacity is
reached sooner, which is due to the increased kinetic energy of the hydrogen atoms
at high temperature, which leads to the higher diffusion coefficient. Study into the
hydrogenation reaction mechanisms of the two alloys are discussed in more detail in

Section 5.5.2.
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Figure 5.22: Hydrogenation kinetics of Hydralloy C5 and TiggZrgoMn; 5V2Crg3 in
the temperature range of 25-50 °C after 5 (de)hydrogenation cycles.

PCI characteristics

The hydrogenation and dehydrogenation pressure-composition-isotherms of Hydralloy
C5 and TiggZrgsMny 5V 2Crg3 are shown in Figures 5.23 and 5.24 respectively. The
PCIs demonstrate the existence of the three regions - «, a+( and [ phase. The
plateau pressure (P,4) of these alloys were measured at 0.85 wt.%. From these
PCls, it was observed that the dehydrogenation plateau pressure at 22 °C decreased
from 7.6 bar for Hydralloy C5 to 2.0 bar for TiggZrgoMny 5V 2Crg3. Furthermore,
the in-house fabricated alloy was found to possess a maximum storage capacity

of 1.82 wt.% after cycling, an increase of 0.09 wt.% compared to the commercial
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Figure 5.23: Pressure-composition hydrogenation and dehydrogenation isotherms of

Hydralloy C5 in the temperature range 22-50 °C. Horizontal lines signify the working
pressure region of 4-15 bar for the hydrogen store application.

Hydralloy C5.

For potential application in a hydrogen store, the commercial electrolyser is
capable of producing hydrogen gas at a maximum pressure of 15 bar and the fuel cell
can operate with a minimum inlet hydrogen gas pressure of 4 bar. Hence the working
pressure limit is 4-15 bar for the hydrogenation and dehydrogenation process for this
stationary application. The working capacity is the amount of useable reversible
hydrogen storage capacity in the pressure range 4-15 bar. Based on this, the working
capacity at 22 °C for Hydralloy C5 was seen to exceed TiggZrgoMn; 5Vg2Crgs by
twelve times, at 0.96 wt.%. As the temperature increases however, the working

capacity of Hydralloy C5 reduces where as it increases for TiggZrgoMn; 5V 2Crg s
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Figure 5.24: Pressure-composition hydrogenation and dehydrogenation isotherms of

TiggZrgoMn; 5Vo2Cro3 in the temperature range 22-50 °C. Horizontal lines signify
the working pressure region of 4-15 bar for the hydrogen store application.

and by 50 °C its working capacity exceeds Hydralloy C5 by 0.91 wt.%.

The values of (de)hydrogenation plateau pressure at 22 °C, 30 °C, 40 °C and
50 °C, maximum hydrogen storage capacity, working capacity and charge time all at
22 °C for both alloys are listed in Table 5.10. The hydrogenation and dehydrogenation
isotherms of these alloys exhibit the presence of hysteresis, which was 0.15 higher at
22 °C for TiggZrgoMny5Vg2Crg3. The plateau slope factors of hydrogenation and
dehydrogenation at 22 °C, calculated using In(P5/P1), were found to be higher by
0.3 and 0.1 for TiggZrgoMn; 5V(2Crg 3 compared to Hydralloy C5.

As described in Section 5.2.1 the van’t Hoff equation was utilised to determine

thermodynamic properties of the alloys. The AH and AS for the (de)hydrogenation
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Figure 5.25: van’t Hoff plot of InP versus 1/T for the hydrogenation and dehy-

drogenation process of Hydralloy C5 and TiggZrgoMn; 5Vg2Crgs. Errors in InP
contained in symbols.

processes of these alloys have been calculated from the slope and intercept of the
van’'t Hoff plot respectively (Figure 5.25). The hydrogenation AH and AS for
Tip 9ZrooMn; 5V 2Cros was -29.5 + 1.4 kJ.mol™! H, and -111 £+ 5 J. K~'mol~' H,
respectively. This was a rise of 3.4 kJ.mol™! Hy in enthalpy and a 1 J. K 'mol™! H,
increase in entropy compared to the hydrogenation values of Hydralloy C5. A similar
trend was seen for the corresponding dehydrogenation AH and AS values for the

alloys, as detailed in Table 5.11.
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Allo Plateau Pressure [bar] Max. storage capacity Working capacity Charge time:
Y 29 °C 30°C 40 °C 50 °C [wt.%] at 22 °C [wt.%] (4-15 bar)  95% [min]
8 128 159 232 317
Hydralloy C5 760 1050 1560 2294 1.73 1.40 2.7
Tip.9Zrg2Mny 5V 2Cro 3 5.9 50 o 108 1.82 0.13 0.9

207 277 447 657

d - dehydrogenation plateau pressure

Table 5.10: The values of plateau pressure in the temperature range 22-50 °C for
(de)hydrogenation, maximum storage capacity, working capacity and charge time all
at 22 °C for Hydralloy C5 and TiggZrgoMny 5Vg2Crgs.

Plateau slope factor Hysteresis AH [kJ.mol™! Hy] AS [J. K mol~! Hy]

Alloy In(Py/Py) at 22 °C In(P, /P,)
Hyd Dehyd at 22 °C Hyd Dehyd Hyd Dehyd
Hydralloy C5 0.7 0.9 0.52 -26.1 1.3 30505 -110+4 120+ 2
Tig.gZrgoMny 5V 2Crgs 1.0 0.8 0.67 -295+14 340+13 -111+5 121 +£ 4

P1 is @ & o+ phase transition pressure and pressure Py is o+ = S phase transition
pressure, respectively Figure 5.23.

Table 5.11: The values of plateau slope factor and hysteresis at 22 °C, molar enthalpy
(AH) and molar entropy (AS) for the (de)hydrogenation processes obtained from
PCI measurements for Hydralloy C5 and TiggZrgoMn; 5V(.2Crqs.
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5.4.2 Structural Analysis

X-ray diffraction

X-ray diffraction patterns of Hydralloy C5 (Tig.95Zr0.05Mny 5Vo.a5Feq.01Croos) and
Tig9Zr92Mny 5V(2Crg3 reveal the single phase formation of these alloys, although
trace amounts of Mn are detected (Figure 5.26). Both alloys crystallize in the C14
Laves phase hexagonal structure with the space group of P63/mmec. Comparison
of X-ray diffraction patterns show the diffraction peaks shift towards a lower angle
for the TiggZrgoMn;5Vg2Cros alloy. The lattice parameters of these alloys were

determined from the X-ray diffraction peak positions. Both lattice parameters of
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Figure 5.26: Powder X-ray diffraction patterns for Hydralloy C5 and
Tip.9Zr92Mny 5V 2Crg 3 using Cu K, radiation (A = 1.5418 A)



CHAPTER 5. DOMESTIC THERMAL AND HYDROGEN STORES 178

Tig.9ZrgoMny 5V 2Cros alloy were calculated to be larger than in Hydralloy C5,
with a 0.028 A increase in (a) and a 0.089 A increase in (c). Correspondingly, this
also resulted in a larger unit cell volume of 168.2(6) A3 for TipgZre2Mnj 5V 2Cro 3

compared to 164.5(3) A% for Hydralloy C5.

Alloy Lattice Parameters Unit cell volume Composition
V) [A3 EDX
@A @i W (EDX)
Hydralloy C5 . . ;
(Tiolg(r,Zro'os1\/1111.5\/0.45];‘60‘01 Cro'os) 4874(1) 7995(3) 1640(3) T11402Zr0.051\1111.43V0.50F00.09Cr0,01
Ti()‘gZI'OAQ1\/’1111_5\/0_201'0‘3 4902(2) 8084(5) 1682(6) Tio(gb‘ZrU‘Ql1\”]:n1_43v0‘220r[)‘28

Table 5.12: The unit cell parameters, unit cell volume and the elemental composition
of Hydralloy C5 and TiggZrgoMn; 5Vo2Crgs.

Scanning electron microscopy

Comparison of SEM images (a) and (d) shown in Figure 5.27 reveal the as prepared
forms of Hydralloy C5 and TiggZrgoMn; 5V2Crg 3 both consisted of a wide range of
crushed pieces, varying in length from about 20 ym up to 150 um. Both samples
also possessed a high density of uneven rough surfaces generated via the crushing
process. The evolution in microstructure of both samples following five cycles under
hydrogen at room temperature are illustrated in images (b) and (e) . At higher
magnification (images (¢ & f)), the microstructure of both samples are still similar,
with clear decrepitation of the crushed pieces in turn forming highly irregular shaped
powders. The particulate size ranges about from 5 to 20 um, although most were
observed to have an approximate diameter of 15 ym. Furthermore, a high proportion
of the larger particulates in both samples obtain cracks along the surfaces, which

appears to demonstrate the initial stages of the decrepitation process.
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Figure 5.27: SEM images showing Hydralloy C5 and TiggZrgoMn; 5V 2Cros in as
prepared forms in (a) and (d) respectively. Also following five cycles under hydrogen
in (b & C) Hydralloy C5 and (e & f) TiO.QZrO.QMn1.5VO‘QCI‘O.3 .
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5.5 AB, Alloys Discussion

5.5.1 Properties of Alloys

The AB, alloy, TiggZrgoMn; 5V2Crgs, was fabricated in house in an attempt to
produce an alloy which was not only cost competitive but also obtained better
hydrogen storage properties than the commercially available Hydralloy C5. SEM
and EDX analysis revealed that both alloys were largely homogeneous in nature
and the actual compositions were similar to the theoretical compositions (see Table
5.12). The trace presence of Mn phase in both alloys (Figure 5.26) is thought to
have aided the fast initial hydrogenation observed in Figure 5.21 because Bououdina
et al. (1998) suggested the existence of a secondary phase can promote activation.
From the PCI measurements post cycling, it was found that the hydrogen storage
capacity of TiygZrgoMn; 5V(2Crg 3 exceeded Hydralloy C5 by 0.09 wt.% at 22 °C,
which agrees with Oesterreicher and Bittner (1978); Li et al. (2005) who demonstrated
increasing Zr content at the A site improves storage capacity. TiggZrgsMn; 5Vg2Crg s
was also observed to possess significantly lower plateau pressures compared to
Hydralloy C5, as seen in Table 5.10. This is likely to be a result of a change in the
chemical environment of the interstitial sites. The increased substitution of Zr and
Cr into TiMns, based alloys are well documented to lower the plateau pressure and
this has been attributed to the increase in size of the unit cell volume (Oesterreicher
and Bittner, 1978; Bobet et al., 2000a). The 3.7 A® increase in unit cell volume

of Tip.gZrgoMn; 5V 2Crg s compared to Hydralloy C5 (Table 5.12) further validates
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this concept, suggesting the energy required to accommodate hydrogen atoms in the
interstitial sites has decreased causing a reduction in the plateau pressure.

The dehydrogenation AH = 30.5 4 0.5 kJ.mol™' Hy and AS =120 + 2 J. K~ 'mol !
H, for Hydralloy C5 calculated from the PCI measurements (Table 5.11) are compara-
ble with those previously reported such as, 27.4 kJ.mol™! Hy and 112 J. K 'mol~! H,
for Tig.08Z10.02Mny 5Vo.43Fe0.00Cro.05 (Bernauer, 1989a), and 29.2 kJ.mol~! H, and
121.2 J K 'mol™' Hy for TigggZrooeMny.46Vo.41CroosFeges (Skripnyuk and Ron,
2003). Similarly, the hydrogenation AH = -29.5 + 1.4 kJ.mol™! Hy and AS =
-111 £ 5 J. K 'mol™" H, for Tigp¢ZrooMn; 5V2Crg 3 calculated from the PCI mea-
surements is comparable with that of -26.7 kJ.mol~! H, and -96.2 J. K 'mol~! H, for
Tig.9ZrooMn; 4Crp4Voo (Xu et al., 2001). The values of AH and AS are different for
hydrogenation and dehydrogenation, a common behaviour reported for these alloys
(Hagstrom et al., 1995) also known as the hysteresis effect.

Tig.9ZrgoMny 5V 2Crg 3 may have been expected to display a lower hysteresis than
Hydralloy C5, seeing as increased Cr substitution was reported to reduce the hysteresis
effect (Bobet et al., 2000a; Liu et al., 1996). While this was not the case, the 0.67
determined for Tig ¢ZrgoMn; 5V 2Crp 3 remains in line with hysteresis values of similar
alloys such as, 0.58 for TiggZrgoMny 4Crg4Voo and 1.06 for TiggZrg15Mny 6CrgoVo.o
(Xu et al., 2001). The sloping plateau of these alloys is due to the multicomponent
alloys obtaining various interstitial sites with different radii. The hydrogenation
plateau slope factor of TiggZrgoMn; 5Vo2Crg3 exceeded Hydralloy C5 by 0.3 and

this has been attributed to the higher Zr content causing increased compositional
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inhomogeneity (Liu et al., 1996).

5.5.2 Kinetic Reaction Mechanisms

A number of kinetic models have been developed to describe the mechanisms of
the (de)hydrogenation process. When the models are fitted to experimental data
they can reveal the rate-limiting mechanism because the faster mechanisms will
not affect the actual kinetics of the sample. In the surface controlled model the
rate-limiting step is the dissociation or re-combination of hydrogen molecules on the
material’s surface (Mintz and Zeiri, 1995). The Avrami-Erofeev model dictates that
nucleation and growth occurs at random points in the bulk and on the surface of the
material, where the rate-limiting step is the velocity of the moving interface between
the metal and the hydride (Kelton, 1997). The contracting volume models is based
upon nucleation starting at the surface of the sample and then moving towards the
particle core through the bulk (Barkhordarian et al., 2006).

AB, alloys of similar composition to those investigated here were found to follow
the Avrami-Erofeev model (Kandavel and Ramaprabhu, 2004; Manickam et al.,
2015). Therefore, the hydrogenation reaction mechanisms of Hydralloy C5 and
Tig.9ZrgoMny 5V 2Crgs were also analysed using the Avrami-Erofeev rate equation

(Kelton, 1997):

F =1—exp(—kt") (5.1)

where, F' is the fractional hydrogen concentration at a given time ¢ and k is the
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reaction rate constant. The exponent n provides information about the dimensionality
of the transformation, with n = 2 and n = 3 representing two and three-dimensional
growth of existing nuclei with constant interface velocity respectively (Mintz and
Zeiri, 1995; Barkhordarian et al., 2006). To determine what reaction order best
fitted the experimental hydrogenation kinetics of both alloys (Figure 5.22), the
hydrogenation kinetics at 35 °C were fitted to the Avrami-Erofeev equation (5.1)
with n = 1, 2 and 3, as presented in Figure 5.28.

Each curve was found to fit two linear segments with a gradual change in slope

and, by referring to the hydrogen concentration, this was observed to correspond

to the transition region from the a+/ phase (solid lines) to the § phase (dashed
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Figure 5.28: [-In(1-F)]'/" vs. time for Hydralloy C5 and TiggZrgsMn; 5V2Cros at
35 °C. The solid fitted lines correspond to the reaction rate constant k during the
a+ phase and the dashed fitted lines correspond to k£ during the § phase. The
values for k and corresponding linear fit regression R? are shown in Table 5.13.
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Avrami-Erofeev Hydralloy C5 Tio_gZro_Ql\/InlAg,VOAQCI‘O'g
F =1 - exp(-kt") otf b otf b
k | R? k | R? k | R? k | R?
n=1 1.69636 | 0.99793 | 0.18136 | 0.94759 | 2.84414 | 0.99407 | 0.17305 | 0.97645
n=2 0.69521 | 0.98338 | 0.04606 | 0.94559 | 1.06687 | 0.97858 | 0.04343 | 0.97352
n=23 0.43585 | 0.97508 | 0.02451 | 0.94466 | 0.64919 | 0.97049 | 0.02300 | 0.97273

Table 5.13: Gradient value (k) and the linear fit regression (R?) of the Avrami-Erofeev
kinetic model (with n = 1, 2 & 3) for the hydrogenation curves of Hydralloy C5 and
Tio.gZTO‘QMD1‘5VQ'QCIO‘3 at 35 °C.

lines). The « phase is not detectable as a result of the fast kinetics under these
experiment conditions (Manickam et al., 2015). The rate constant k for the a4/
phase and /3 phase were obtained from the slope of the two linear segments (Figure
5.28) respectively. From the linear fit regression R? values, both alloys were found to
best follow a first order rate equation (5.2) in both the a+/ and 3 phases (see Table

5.13):

—In(l —F) =kt (5.2)

The first order fittings of the kinetics data at different temperatures for both alloys
and the corresponding rate constants k are presented in Figure 5.29 and Table 5.14
respectively. Interestingly, the temperature dependence of the rate constant in the
a+ phase does not show an Arrhenius relationship (5.3) as would be expected

(Kandavel and Ramaprabhu, 2004).

E,
k= kgexp(—ka) (5.3)

The is likely to be associated with the fast hydrogenation kinetics of these two alloys

and the experimental setup utilised. For investigation of isothermal kinetics the heat
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Figure 5.29: Kinetic data for the hydrogenation of Hydralloy C5 and
TiggZrgoMny 5V(2Crgs in the temperature range 25-50 °C, fitted to a first order
model. Solid fitted lines correspond to the reaction rate constant k in the a4/ phase
and the dashed fitted lines correspond to k£ in the $ phase. The values for k and
corresponding linear fit regression R? are shown in Table 5.14.

exchange of the experimental setup must be faster than the heat production due to
hydriding enthalpy (Bernauer et al., 1989b). For both alloys, during the initial stages
of the hydrogenation kinetic measurements, the temperature of the experimental set
up was found to increase by up to 3 °C above the set temperature, implying there
was a temperature gradient through the material despite only using a sample mass
of ca. 0.6 g. As a result, a reliable activation energy value for the a+/ phase was
unobtainable because the k values were inaccurate of the true behaviour of each alloy
during the initial stage of hydrogenation (see Table 5.14).

In the § phase region, the rate of hydrogenation was much slower (Figure 5.22)
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TeHlpeI'atuI‘e a—’_ﬁ Hydralloy Ch 6 CE[‘_'I_(E)ZI.O'ZMHLE’VOQCI'%B
cl k| R k| R k| R k| R
25 1.01868 | 0.99408 | 0.11764 | 0.97744 | 2.53982 | 0.98887 | 0.12918 | 0.97435
35 1.69636 | 0.99793 | 0.18136 | 0.94759 | 2.84414 | 0.99407 | 0.17305 | 0.97645
50 1.45519 | 0.99658 | 0.26205 | 0.97305 | 2.92874 | 0.99876 | 0.27137 | 0.96156

Table 5.14: Gradient value (k) and the linear fit regression (R?) using the 1** order
rate equation (n = 1) for the isothermal hydrogenation curves of Hydralloy C5 and
Tig.9Zro2Mn; 5V 2Cro 3.

and by this point the heat due to hydriding enthalpy had dissipated, meaning the
sample was again at the set temperature. During the 3 phase, diffusion of hydrogen
atoms is the dominating and rate determining process. The rate constant £k at
different temperatures for the § phase of both alloys are shown in Table 5.14. The
rate constant is directly related to the diffusion coefficient of hydrogen in the g phase

(Lee et al., 1982) and the diffusion coefficient can be determined from:

/{5 2
D="2 (5.4)

2

where r is the average particle radius. Microstructural analysis of Hydralloy C5
and TiggZrgoMn; 5V 2Crg g after 5 (de)hydrogenation cycles revealed most particles
had an approximate size of 15 um (Figure 5.27 (¢ & f)), therefore a value of 7.5
pm was used for r in the diffusion coefficient calculations. The calculated diffusion
coefficients of hydrogen in the g phase in the temperature range of 25-50 °C was found
to range from 6.7 x 107 to 1.5 x 107® cm?.s™! for Hydralloy C5 and from 7.4 x 10~
to 1.6 x 107 cm?.s7! for Tig9ZrooMn;5Vo2Cros. The temperature dependence of

diffusion coefficient shows an Arrhenius relation:
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The related activation energy FE, for each alloy has been calculated from the

slope of the Arrhenius plot InD versus 1/T (Figure 5.30). The activation energy

value in the § phase obtained for Hydralloy C5 and TiggZrgoMny 5V2Crgs was

25.8 + 0.3 kJ.mol Hy and 23.3 &+ 0.4 kJ.mol Hy respectively. These determined

values are comparable to the activation energy and self-diffusion coefficient of

Tig.8Z1r92MnCrHs measured by neutron scattering (21.2 + 2.0 kJ.mol Hy and 6 x 1078

cm?.s7! at 27 °C) (Hempelmann et al., 1983) and Tig.98Zr.02Vo.43Fe0.00Cro.0sMny 5

measured by neutron scattering (18.3 & 3.0 kJ.mol Hy and 1.2 x 1077 cm?.s™! at

20 °C) (Bernauer et al., 1989b).
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Figure 5.30: Arrhenius plot of InD versus 1/T for the 8 phase for Hydralloy C5 and

Tig.9Zro2Mny 5V2Crg 3.
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5.5.3 Summary of AB, alloy comparison

An in house fabricated AB, alloy of composition TiggZrgsMny5Vo2Crgs was suc-
cessfully produced and obtained a higher maximum storage capacity (1.82 wt.%)
than the commercially available Hydralloy C5. Hydralloy C5 remained the most
promising alloy for the hydrogen store application with the highest working capacity,
ca. 0.88 wt.% greater than TipgZrgoMn; 5V2Crg3 in the pressure range of 4-15 bar
at 22 °C. However as shown in Figure 5.31, increasing temperature has a detrimental
impact on the working capacity of Hydralloy C5, while the opposite is seen for
Tig9ZrgoMny 5V 2Crgs. For temperatures above 34 °C TiggZrgoMny 5Vy2Crg3 is
the best performing alloy under the given pressure conditions and therefore it is
proposed TiggZrgoMn; 5V 2Crg 3 may be better suited for a hydrogen store in hotter

climates such as Southeast Asia or the Middle East.
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Figure 5.31: Comparison of working capacities in the temperature and pressure
ranges (22-50 °C and 4-15 bar) for Hydralloy C5 and Ti9Zrg2Mn; 5V 2Crg 3.
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The kinetics of hydrogenation for both alloys is so fast that for technical applica-
tion only the heat transfer of the storage system is the rate limiting parameter for
hydrogen exchange. Therefore, before commercialisation of an application containing
either of these alloys is possible a study into improving the heat management of the
system is also required.

The aim of producing an AB, alloy that is cost competitive with Hydralloy C5
has also been achieved. Analysis of metal commodities between June and November
2015 revealed average prices of £7 kg=! for Ti, £19 kg=! for Zr, £2 kg=! for Mn,
£6 kg™! for Cr, £10 kg™! for Fe and £327 kg™! for V (Metalpages, 2015; Pureiron,
2015). The rise in cost due to increasing Zr content from 0.05 to 0.2 is offset by the
reduction in V content from 0.45 to 0.2. This leads to an approximate commodity
price of £25 kg~! for TiggZry2Mn; 5V 2Crgs compared to £51 kg=! for Hydralloy

C5.



Chapter 6

Conclusions

The aim of this thesis was to explore suitable materials for stationary applications,
specifically a prototype hydrogen store, domestic thermal store operating between
25-100 °C and a moderate thermal store for a CSP plant operating at 400 °C. The
approach incorporated a unique coating technique to deliver prototype hydrogen and
thermal stores, where the coating could offer commercial advantages, for example, in
the form of hydride activation and enhanced kinetics during successive cycling. The
research was categorised into two key areas: the moderate temperature thermal store
which explored the use of magnetron sputtered catalysts applied to the surfaces of
commercial atomised magnesium powder, and the domestic thermal and hydrogen
stores which included a selection of AB and ABs, intermetallics that were enhanced
through catalysis or thermodynamic modification.

Elevated temperature cycling studies were performed on commercial atomised Mg

powder with magnetron sputtered catalysts (chromium, iron, vanadium and stainless
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steel) applied to their surfaces; the aim of which was to fabricate hydrogen storage
materials that possess (de)hydrogenation characteristics equal to or even bettering
their nanocrystalline equivalents, yet in a potentially economic and scalable manner.
Following 50 cycles at 400 °C, the coatings were found to have little to no positive
impact on the behaviour of the atomised Mg powders and this was mainly attributed
to the lack of multivalency in the catalysts. In addition, for both uncoated and
coated samples the effects of an activation process at 400 °C (exposing the material
to 40 bar Hy until saturation) are matched by cycling the material 5 times from the
outset, after which identical behaviour is observed during subsequent cycles.

At 350 °C, the benefit of catalyst coatings, in particular vanadium and chromium,
on the hydrogen storage properties of atomised Mg powders are evident during
activation and successive cycling up to 90 times. The material undergoes different
microstructural evolution during cycling when in the presence of a surface catalyst,
causing an enhancement of the ‘nucleation and growth’ stage of (de)hydrogenation.
This was attributed to particle reorientation dominating particle sintering, whereas
the opposite occurs for the uncoated material. Therefore, by combining these findings
it proposed this increased density of nucleation sites causes a sufficient number of
particles to transform into the metallic state and contract before adequate generation
of sintered particle bridges is possible, which would otherwise act to restrict particle
reorientation.

TiFe produced via powder atomisation obtained thermodynamic properties (de-

hydrogenation AH = 28.9 & 0.7 kJ.mol™* Hy and AS = 105 4+ 2 J. K 'mol™! H) in
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line with published results. However, the maximum capacity achieved was ca. 0.4
wt.% lower than the theoretical value and this was attributed to several possible
factors: the minor presence of an unhydriding TiFes; phase and the inability to
remove internal stresses in the crystal structure despite undergoing an annealing
stage post powder fabrication, which could be a key flaw in this powder atomisation
route.

The minor substitution of Ni into TiFe;_,Ni, resulted in different hydrogenation
characteristics to TiFe. For example, TiFey6Nig s possessed a dehydrogenation
of AH = 29.9 + 0.9 kJ.mol™! Hy and AS = 107 £+ 5 J. K 'mol™' H, which was
also demonstrated to follow the same linear enthalpy trend as those in TiFe;_,Ni,
alloys with greater Ni content (x = 0.1, 0.15 & 0.2) (Mintz et al., 1981). Like TiFe,
TiFeg.96Nig.04 Was also observed to suffer a severe capacity reduction (0.5 wt.%) but
this was mainly associated with minor carbon contamination. The introduction of
carbon into the alloy was likely caused by the utilization a base Fe alloy with trace
amounts of carbon and emphasises the importance of fabricating TiFe based alloys
from pure elements.

The difficulties of activating atomised TiFe powder was demonstrated and the
substitution of 0.04 Ni for Fe in TiFe;_,Ni, was not found to produce the necessary
activation requirements. Yet, with only a minor addition of Pd (1.17 wt.%) magnetron
sputtered to the surface of TiFeyggNig o4 successful room temperature hydrogenation
is achieved with no activation treatment required. The reasonably large radial

separation between Pd clusters (ca. 10-20 pum) and variation in cluster thickness (ca.
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10-30 nm) demonstrate it is not necessary to have complete Pd coverage in the form
of a uniform coating. In addition, it confirmed Zaluski et al. (1995) findings that the
effectiveness of the Pd does not rely upon it alloying with the TiFe powder. Through
XPS analysis, the activation of Pd_TiFeyggNig o4 is suggested to be linked to the
reduction of PdO to Pd, which then adsorbs hydrogen molecules and dissociates it
into atomic hydrogen. The hydrogen atoms are then likely to diffuse through the
thin Pd layer, given its high hydrogen diffusibility, and directly into the alloy.

A comparison of the selected ABy alloys revealed that TiggZrgoMn; 5V 2Crgs
obtained a higher maximum storage capacity (1.82 wt.%) but Hydralloy C5 re-
mained the most promising alloy for the hydrogen store application with the higher
working capacity (ca. 0.96 wt.%) in the pressure range of 4-15 bar at 22 °C. Nev-
ertheless, TiggZrgoMny 5V 2Crgs3 may be suitable for a hydrogen store in hotter
climates as the working capacity rises with temperature in these pressure ranges,
for example 0.18 wt.% at 30 °C compared to 0.94 wt.% at 40 °C. Analysis of
the hydrogenation kinetics revealed both alloys best fitted the first order Avrami-
Erofeev reaction rate model. Hydralloy C5 found to have an activation energy of
25.8 £+ 0.3 kJ.mol Hy and diffusion coefficients of hydrogen in the S phase rang-
ing from 6.7 x 1072 to 1.5 x 107® cm?.s7! between 25-50 °C. The corresponding
values for TipgZrosMn;5Vp2Cros were 23.3 £ 0.4 kJ.mol Hy and 7.4 x 107° to
1.6 x 107® em?.s7!. The kinetics of hydrogenation for both alloys is sufficiently fast
that only the heat transfer of the storage system is the rate limiting parameter for

hydrogen exchange for most technical applications.



Chapter 7

Future Work

A series of hydrogen storage studies were conducted which incorporated the magnetron
sputtering of catalyst materials onto atomised powders via a Teer Coatings UDP450
system modified to a ‘tilted cup’ design. The potential application of this fairly
rudimental coating technique has been demonstrated through the improvement
in the activation properties of TiFe-based intermetallics with Pd and the kinetic
enhancement of catalysed atomised magnesium powders during successive cycling
at 350 °C. A project desirable was to explore the scale up of the coating technique
with atomised powders, given that the ‘tilted cup’ design was limited to batches of
up to 50 g. It would be of interest to validate the next development in the coating
technique which utilized a ‘barrel coater’ design, capable of handling powder batches
ca. 200 g.

Further analysis through XPS depth profiling is necessary to quantify subsurface

elemental quantities and oxidation states, as this will help to clarify whether the
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mechanisms of TiFe activation involves the dissociation of hydrogen molecules on
to TiFe or elemental Fe in the subsurface. Despite the failing of Mn coatings to
enable room temperature activation of TiFe, it may be worthwhile to investigate
magnetron sputtered vanadium on TiFe-based alloys, especially since Oguro et al.
(1983) found only a minor addition of V in TiFeqgNig 15V 05 can have a marked
effect on activation.

Although Hydralloy C5 was demonstrated to be the more promising AB, alloy for
the hydrogen store up to ca. 34 °C, new compositions based on Tig gZrgoMn; 5V 2Crg s
could be formulated and tested. If the working capacity can be improved to match
or better that of Hydralloy C5, the alloy may become commercially attractive given
the lower vanadium content. In order to maximise the working capacity in the
pressure range of 4-15 bar the plateau pressure needs to be increased and this may
be achieved through minor substitution of Fe for either Mn or Cr (Hong et al., 1994;
Komazaki et al., 1983). Therefore, compositions of TiggZrgoMn; 5,V 2CrgsFe, and
Tig.9ZrgoMny 5V(2Crgs_,Fe, where x = 0.05 and 0.1 are proposed for future testing.

Cycling stability is also of great importance and while Bernauer et al. (1989h)
demonstrated that after 2000 cycles the capacity loss of Tig.9gZrg.02Mny 5 V.43Cro.05Feq 09
was less than 5%, this was only performed on a small laboratory sample. A 600 g
prototype hydrogen store containing Hydralloy C5 was produced as part of the
project. By connecting the store to a commercial electrolyser and an automated
Sieverts apparatus both designed by I'TM Power, cycling experiments were started

however remained someway off the number of cycles required to replicate a commer-
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cial application (>10,000 cycles). For this reason it is suggested the extended cycling
experiments should be continued or another study with the new formulation should
be undertaken.

To gain a better understanding of the porous structures generated from successive
cycling of uncoated/coated magnesium powders at 350 °C, high resolution micro-CT
and mercury porosimetry is suggested. This would enable quantification of the
pore size distribution throughout the samples as opposed to the only the sample
cross-section during SEM analysis. In addition, since the porous Mg structures
produced by cycling at 350 °C were too large to fit inside the standard ASAP 2020
N, adsorption sample cell, another possibility may be to conduct Ny adsorption
measurements at 77 K on the Sievert’s apparatus immediately after the Hy cycling
experiments. This would provide an estimation of the surface area and therefore the
porosity within the structures formed.

Lastly, it would be of interest to investigate the effects of transition metal oxide
catalysts sputtered on to atomized Mg powders. The literature reports similar or even
better hydrogen sorption kinetics when MgH, has been milled with transition metal
oxides compared to transition metals (see Section 2.3.1). This was not achievable
in this project because the sputter targets utilized by Teer-Miba Coating Group
were also being used in other coating projects and reactive sputtering can lead to

undesirable target poisoning.
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