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Abstract

On the long list of solid-state hydrogen storage materials, magnesium hy-
dride stands out for its relatively high hydrogen storage capacity of 7.7 wt%,
combined with the low cost and abundance of magnesium. For practical ap-
plications however, issues such as the slow kinetics and the high stability of
magnesium hydride must be resolved in order to reduce the potential operat-
ing temperatures of a magnesium-based solid-state hydrogen storage system.
Catalysis has been widely used to improve the hydrogen storage kinetics and
thin film techniques have been used to explore novel structures and combina-
tions of materials in order to improve both the kinetics and thermodynamics
of hydrogen storage in magnesium.

The original contribution to knowledge of this work lies in the study
and understanding of the evolution of a range of novel thin film multilayer
coatings and the effect of the structure, structural evolution and materials
on the hydrogen storage properties of these materials, each consisting of 150
layers of magnesium, ă 20 nm thick, separated by ă 3 nm thick layers of a
nickel-rich, iron-based transition metal mix, chromium and vanadium.

The samples, as well as a non-catalysed control sample, were produced
by means of magnetron-assisted physical vapour deposition and delaminated
from the substrate for volumetric, gravimetric and calorimetric hydrogen
cycling measurements. The coatings were analysed both before and after
hydrogen cycling to understand the structural evolution of the coatings from
highly structured thin film multilayers to flaky thin film particles containing
finely distributed nano-crystalline catalyst particles.

The formation of the intermetallic Mg2Ni in one of the samples was found
to be beneficial for the hydrogenation kinetics, whilst the dehydrogenation
kinetics were found to be affected mostly by the nano-crystalline transition
metal phases that formed in the catalysed samples during hydrogen cycling.
This resulted in hydrogenation and dehydrogenation of magnesium hydride
in less than 4 and 13 minutes at 250˝C with activation energies as low as
60.6 ˘ 2.5 kJmol´1.
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Chapter 1

Introduction

1.1 Sustainable Energy for the 21st Century

In essence most scientists agree upon two simple facts: the fact that the

worlds ever-rising CO2 emissions need to be cut, and the fact that fossil

fuel supplies are not endless. Therefore, it is vital that all players within

the Energy System, nationally and internationally, find and pave a pathway

from conventional (mostly fossil) sources of energy to sustainable ones, thus

creating a stable and sustainable energy system.

Many ways of doing this have been proposed and to date none alone can

provide the world with an easy, quick, and cost-effective way to solve the

energy dilemma it is facing. The available technologies, even in combination,

are not able to provide the amount of energy needed to make fossil fuel tech-

nologies obsolete; hence for the immediate future solutions need to be found

to combine renewable energy technology with clean fossil fuel technology

(MacKay, 2009).

With its 2008 climate change act (Great Britain, 2008) the UK govern-

ment set itself the target of reducing greenhouse gas emissions by 80% with
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Chapter 1 Introduction

respect to the levels generated in 1990, which is a phenomenal challenge.

Indeed, the year 2012 saw a 3.5% increase in emissions to an equivalent of

552.5 million tonnes of CO2 (UK DECC, 2013) as a result of an increased

use of coal for electricity generation, highlighting, 10 years since the first

government white paper on reducing greenhouse gas emissions in 2003, that

there is still a long way to go before meeting the 2050 target (DTI, 2003).

The largest single proportion of energy use in the UK is taken up by

the transport sector, accounting for 38% of the UK’s energy consumption

in 2008 (UK DECC, 2009) and 24% of UK CO2 emissions in 2012 (UK

DECC, 2013). The electricity supply sector in contrast accounted for nearly

a third of the UK’s 2012 CO2 emissions (UK DECC, 2009), whilst, in 2008,

electricity provided only 18% of the UK energy demand (UK DECC, 2009).

This highlights one of the potential dangers associated with the current trend

towards electrification of the UK’s automotive sector — the numbers suggest

this might result in a migration of an enormous share of the energy demand

onto a more polluting system. Without a dramatic increase in the proportion

of clean renewable energy adding to the fuel mix for the UK’s electricity

generation, a mere 3.3% in 2010 (European Commission and others, 2013),

this might result in the opposite of the sought-after reduction in greenhouse

gas emissions. There is hope however that the UK will meet its renewables

target of 15% by 2020 (European Commission and others, 2013), although

an increased electricity demand caused by continued electrification of the

transport sector might add to the challenge.

Potential solutions to help de-carbonise the UK’s energy system include

power generation from wind, solar and geothermal energy, hydroelectricity

2



Chapter 1 Introduction

(including from tidal and wave kinetics) and renewable biofuels. Technical

challenges of harvesting the energy from these sources of renewable energy

aside, the intermittency of a lot of these technologies creates a need for energy

storage on an enormous scale. Several methods exist, including chemical

storage in batteries and combustible fuels, and physical storage in the form

of potential or thermal energy. One of the proposed routes to a sustainable

energy system is via hydrogen. Not a source of renewable energy in itself,

hydrogen may be used as a versatile vector to store and distribute energy

from renewable sources.

3



Chapter 1 Introduction

1.1.1 The Hydrogen Economy

Section 1.1 highlights the need for a change to the UK’s energy system in

order to reach the country’s greenhouse gas emission reduction targets by

2050. This change will be required on a large scale and will involve a great

deal of technological as well as political, social and financial challenges.

Fuel
Specific Energy Energy Density
(kWh kg´1) (kWh l´3)

Liquid Hydrogen 33.3 2.4
Liquid Natural Gas 13.9 5.6
Petrol 12.8 9.5
Diesel 12.6 10.6
Methanol 5.5 4.4

Table 1.1: A comparison between the specific energy and system energy
density of different liquid fuels (Edwards et al., 2008)

The large specific energy density of hydrogen compared with other fuels,

highlighted in table 1.1, along with the versatility of hydrogen as an energy

vector make it attractive as a foundation for a new, renewables-based energy

system. Hydrogen can act not only as a combustible fuel, providing heat

which can be used directly or converted into useful kinetic and electrical

energy, but also in fuel cells, directly producing electricity and heat. This

leads to many domestic, transport and industrial applications that can be

directly fuelled by hydrogen gas.

Provided the sustainable production and transmission of hydrogen to the

end-user can be guaranteed, technical challenges still exist in the efficient

and reliable use and storage of hydrogen. Whilst fuel cells are very expensive

($ 1833 kW´1 in 2004 (Tsuchiya, 2004)) and, using automotive applications

as an example, cannot yet compete with the most modern, diesel-fuelled

4



Chapter 1 Introduction

internal combustion engines in terms of well-to-wheel efficiency (Rousseau

and Sharer, 2004), there is a lot of scope for future development. Tsuchiya

(2004) predict a cost of $ 38 kW´1 in 2020, which is comparable to the cost

of internal combustion engines.

Bossel (2006) describes the scale of the challenge in replacing the current

energy system with one based on a hydrogen economy. The same issues,

including for example the enormous scale of hydrogen generation however,

are also present with the alternative: full electrification of the energy system

would require an increase of electricity generation on a similar scale. Both

systems have potential advantages and disadvantages but both have in com-

mon a chicken-and-egg scenario which is keeping the world’s energy system

in a vicious circle of fossil-fuel dependence. The impasse can be broken, but

that requires a level of commitment to one or more technologies which must

be carefully judged in order to avoid a ‘lock-in’ scenario whereby a large in-

vestment is made in one technology making it very difficult to adapt other

technologies in years to come. This highlights the importance of continued

research into hydrogen and fuel cell technology which can contribute to an in-

cremental process of continuous decarbonisation of the world’s energy system

and thus help break the vicious circle.

5



Chapter 1 Introduction

1.2 Hydrogen Storage

Despite the high specific energy of hydrogen (33.3 kWhkg´1) compared with

fossil fuels, as shown in table 1.1, the volumetric energy density of hydrogen

gas, even at 200 bar, is only 0.53 kWh l´1, compared with 9.5 kWh l´1 and

10.6 kWh l´1 for petrol and diesel, and even liquid hydrogen has an energy

density of only 2.37 kWh l´1 (Edwards et al., 2008). This highlights the ne-

cessity for the development of alternative, more compact and energy efficient

methods of storing hydrogen.

Often cited are the targets for on-board hydrogen storage presented by

the U.S. Department of Energy (DOE) in 2009 (US DOE, 2009) which are

summarised in table 1.2.

Storage Parameter 2017 Target Ultimate Target
Gravimetric Capacity 5.5 wt% 7.5 wt%
Volumetric Capacity 0.04 kg(H2) l

´1 0.07 kg(H2) l
´1

Storage System Cost $ 2-4 gge´1˚

$ 2-4 gge´1˚

System Fill Time˚˚ 3.3 min 2.5 min

Table 1.2: United States Department of Energy hydrogen storage system
targets (US DOE, 2009) ˚gallon gasoline equivalent ˚˚for a 5 kg H2 store

Hydrogen can be stored either in the form of compressed gas, as a liquid,

or in a solid form. Whilst, depending on pressure, compressed hydrogen gas

can far exceed the gravimetric storage capacity DOE targets with a gravimet-

ric capacity of up to 13 wt% at 800 bar in a lightweight composite cylinder,

the volumetric targets cannot be met (Züttel, 2004). Liquefaction of hydro-

gen can enhance the volumetric storage capacity of hydrogen to up to 0.07

kg(H2) l
´1, well beyond the DOE targets outlined in table 1.2 whilst gravi-

metric capacities are said to vary with the size of the tank (Züttel, 2004). By
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combining liquefaction and compression technologies, Aceves et al. (2010)

have been able to produce a storage solution storing ca. 5.7 wt% with a

volumetric capacity of 0.033 kg(H2) l
´1. Liquid storage does however suffer

from evaporative losses when the store is not being used (Berry and Aceves,

1998) which necessitates the need for thermally well-insulated storage vessels

which will reduce the volumetric capacity of 0.07 kg(H2) l
´1 listed by Züttel

(2004). In addition, both compressed and liquid hydrogen storage systems

have energy penalties associated with the compression and liquefaction of

hydrogen gas which, depending on the pressures and temperatures employed

can exceed 40% lower heating value (LHV) (Heung and Stamford, 2003), as

would be the case for the 800 bar storage solution suggested by Züttel (2004).

Added to this are safety concerns with high-pressure hydrogen vessels (Varin

et al., 2008), venting of the evaporative losses from liquid hydrogen stores

(Aceves et al., 2010) and hydrogen embrittlement of metallic pressure vessels

and cryogenic containers (Sand́ı, 2004).

Due to the physical limitations and the energy penalties imposed by com-

pression and liquefaction of hydrogen gas, solid-state hydrogen storage has

seen a lot of attention in research laboratories. There are a range of ways

to store hydrogen in a solid form, either by physisorption in metal-organic

frameworks (MOF), porous carbons, carbon nano-tubes (CNT) and zeolites,

or by chemically binding hydrogen to other elements. This can be in the form

of complex metal hydrides such as LiBH4, interstitial metal hydrides such as

LaNi5 or binary hydride materials such as magnesium (di-)hydride. These

materials have the potential of storing large quantities of hydrogen in small

volumes and at moderate pressures and temperatures, closer to those required

7
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(a) (b)

Figure 1.1: Graph illustrating the processes behind physisorption and
chemisorption, adapted from Eberle et al. (2009)

for the end application. Figure 1.1 shows a schematic of the the processes

behind physisorption and chemisorption adapted from Eberle et al. (2009).

1.2.1 Physisorption

Physisorption relies on van der Waals interaction between molecular hy-

drogen and surfaces. The low enthalpy of adsorption of between 4 and 10

kJmol´1 H2 associated with this type of bond means that hydrogen storage

has to take place at low temperatures (Sandrock, 1999). Typical excess hy-

drogen storage capacities, i.e. the hydrogen that is adsorbed onto the porous

material, of up to ca. 7 wt% (Yan et al., 2009) are commonly measured at

77 K which requires a cryogenic storage system incurring energy penalties,

albeit notably lower than those incurred by liquefaction. The hydrogen stor-

age capacities of these materials are largely dependent on the surface area of

the materials (Züttel, 2004), but the pore geometry has also been shown to

8
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affect the hydrogen storage properties of porous materials (Nijkamp et al.,

2001).

Despite the high theoretical gravimetric capacities of up to 7 wt% that

have been reported for some of these materials (Yan et al., 2009), volumetric

capacities fall short of the DOE targets (Walker, 2008, chapt. 10). Since these

porous materials require low temperatures of around 77 K to reach their high

gravimetric capacities, in practical applications the cryogenic storage vessel

as well as additional heat management hardware will further reduce both the

volumetric and gravimetric capacities of these systems.

1.2.2 Chemically Bound Hydrogen

Inherently safe due the high stability of hydride materials, and providing

the highest volumetric capacities, chemically bound, solid-state hydrogen

storage materials can reversibly store hydrogen without the energy penalties

associated with high pressures or low temperatures. Although materials such

as LiBH4 can provide as much as 18.5 wt% hydrogen (Orimo et al., 2005),

the gravimetric capacity of hydride materials is strongly dependent on the

operating temperature, i.e. high-capacity materials generally demand high

temperatures to release hydrogen at the required pressures in a short amount

of time, and some of the high-capacity, complex hydrides suffer from poor

reversibility (Züttel, 2004).

In general, reversible hydrogen storage in metals and alloys is governed

by the following equation

2M ` xH
2

∆H
ÝÝáâÝÝ 2MHx. (1.1)

9
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In order for the reaction between hydrogen and a suitable metal to occur,

the correct thermodynamic conditions must be fulfilled. The change in the

standard Gibbs free energy, which indicates whether or not a reaction will oc-

cur, can be used to relate the pressure and temperature of a hydride storage

system to the direction of the reaction, i.e. whether, given sufficient metallic

or hydride material, hydrogen is released or stored. Given the relationship

of the equilibrium constant K with pressure, the following relationship be-

tween the equilibrium constant K and the hydrogen pressure can be derived

(Andreasen, 2004)

K´1 “
pH2

p0
(1.2)

where p0 is the the thermodynamic reference pressure (1 bar) and pH2
is the

actual hydrogen pressure.

The change in the standard Gibbs free energy ∆G0 shares the relationship

´RT lnK “ ∆G0 (1.3)

with the equilibrium constant K (Andreasen, 2004).

The change in the standard Gibbs free energy is defined as (Amann et al.,

1989)

∆G0 “ ∆H0 ´ T∆S0 (1.4)

which, in conjunction with equation 1.3 can be rearranged to

ln
pH2

p0
“

∆H0

RT
´

∆S0

R
(1.5)

which is known as the van’t Hoff equation (Varin et al., 2008).

10
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Given the standard enthalpy ∆H0 and entropy ∆S0, this relationship can

be used to derive the equilibrium conditions of the system for a given temper-

ature or pressure, including the often quoted T1bar which is the temperature

at which the reaction will occur under atmospheric pressure. By plotting

empirical data of ln ppq vs T´1 from the mid-points of the dehydrogenation

plateaus of a series of pressure-composition isotherms (PCI), the enthalpy

and entropy of the dehydrogenation reaction can be derived from the slope

and intercept of the straight line relationship between the data points. The

slope of the van’t Hoff plot is equal to ∆HR´1, highlighting the thermal

stability of the material tested, whilst the intercept is equal to ∆SR´1. ∆S

is near-constant for most metal hydrides as it describes the entropy change

due to the evolution of hydrogen gas from the hydride material (Grochala

and Edwards, 2004).

The mid-point of the dehydrogenation plateau is used to gain an average

value for the equilibrium pressure, accounting for the slope and hysteresis

often seen in equilibrium curves. The reason for the sloping and hysteresis of

the equilibrium curves is explained both in terms of measurement errors and

in terms of physical properties. Kinetic limitations result in measurements

taken for incomplete reactions which will worsen both the hysteresis and

sloping effects which are physically explained by localised defects and surface

inhomogeneities in the case of hysteresis and stress due to lattice expansion

in the case of the slope of the plateau (Walker, 2008, chapt. 12).

The relationship between the composition of a hydrogen storage material,

temperature and pressure is illustrated in figure 1.2, showing a series of PCI

measurements with equilibrium curves for a magnesium-based material at

11
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Figure 1.2: Graph showing the general relationship between the pressure,
temperature and composition of a hydride material using the values of a
catalysed MgH2 sample

280˝C, 300˝C and 320˝C, taken from this work. For a given temperature, an

increase in hydrogen pressure will lead to hydrogen absorption, a decrease

in hydrogen pressure will lead to a hydrogen release from a hydride material

until the material is either saturated with, or depleted of hydrogen. Simi-

larly, for a given hydrogen pressure, raising the temperature will lead to a

release of hydrogen until the equilibrium pressure at the elevated tempera-

ture is reached, reducing the temperature leads to hydrogen absorption until

the the equilibrium pressure at the reduced temperature is reached, or until

saturation or depletion are achieved.

Although the thermodynamics present a very important material prop-

erty that needs to be considered when choosing materials for hydrogen stor-

age applications, there are other factors that need to be considered. The

12
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reversibility, capacity, cycling stability and the reaction kinetics of materials

are arguably equally important (Sandrock, 1999). Whilst the thermodynam-

ics determine the theoretical pressure at which hydrogen is released from a

hydride material at a certain temperature, the reaction kinetics determine

whether the reaction will happen in a course of minutes, hours, days, months

or years, sharing a relationship with temperature. In practise this means,

even though a material might in theory release 1 bar of hydrogen at room

temperature, the kinetics of the dehydrogenation might require the material

to be heated to several hundred ˝C for any release of hydrogen to occur.

1.2.3 Types of Hydrides

Hydrogen reacts with a whole range of different elements and compounds to

form hydrides, with an equally large range of different hydrogen storage prop-

erties, cost and abundance. Much research has been done in understanding

the properties of many of these hydride materials that exist, assembled in a

comprehensive database of existing metal hydride systems and their proper-

ties, looked after by the US Department of Energy’s Fuel Cell Technologies

Program (US DOE, 2013).

The properties of these materials have been widely discussed in the pub-

lished literature (Grochala and Edwards, 2004; Sakintuna et al., 2007; San-

drock, 1999) and broadly speaking, metal hydrides fall into the three cate-

gories of binary hydrides, intermetallic hydrides and complex hydrides, all

of which have different properties with associated advantages and disadvan-

tages.

13
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Figure 1.3: Graph comparing the pressure-temperature relationship for a
range of different elemental hydrides, adapted from Sandrock (1999)

Binary Hydrides

Binary hydrides are hydrides formed by a single, elemental metal and hydro-

gen. Many of these hydrides are formed at temperatures and pressures well

outside the range for any feasible application or have capacities too low to

prove useful. Figure 1.3 highlights the pressure-temperature relationship for

a range of different elemental metal hydrides, illustrating that only vanadium

(di-)hydride lies within the 1-10 atm, 0-100˝C range indicated on the graph

(Sandrock, 1999). The low hydrogen storage capacity of 1.9 wt% and the

high cost of around $ 30 kg´1 between 2010 and 2013 (Infomine, 2013c) put

it well out of reach of hydrogen storage targets as discussed in section 1.2.

Grochala and Edwards (2004) identify a range of these binary hydrides

that, based on their potential hydrogen storage capacity, have potential for

14
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future hydrogen storage applications, including lithium, boron, carbon, ni-

trogen, oxygen, sodium, aluminium and magnesium. The only elemental

hydrides that are reversible are identified as LiH and MgH2 with respec-

tive theoretical capacities of 12.7 and 7.7 wt%. Unfortunately, due to the

high stability of the compound, lithium hydride releases 1 bar of hydrogen

at 910˝C which makes it unsuitable for most hydrogen storage applications

(Vajo et al., 2004), especially since the material releases aggressive vapours at

these temperatures (Grochala and Edwards, 2004). That leaves magnesium

as the only fully reversible, high-capacity binary hydrogen storage material

that is practical for use in solid-state hydrogen storage applications.

Hydrides of Alloys

In an attempt to alter the extreme nature of either high stability or low

stability of many of the hydrides formed by single elements, alloys and solid-

solutions of hydride forming materials have been employed to create hydrogen

storage materials that will reversibly store hydrogen at the conditions set out

by the DOE (Sandrock, 1999). Stoichiometric alloys include compositions

of AB5, AB2, AB and A2B, where A is generally a stable hydride forming

lanthanide element, calcium or mischmetal, whilst B is a transition metal that

forms unstable hydrides (Sandrock, 1999). Much like the hydrides formed by

solid-solution alloys which are non-stoichiometric, hydride forming alloys of

transition metals which can be ‘tuned’ to promote hydrogen storage at near-

ambient temperatures, the hydrides formed by intermetallics are generally

characterised by low hydrogen storage capacities (typically ă 2 wt%) due to

the heavy elements they are composed of (Sandrock, 1999).
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Complex Hydrides

Complex hydrides fall into two groups of ionic compounds formed between

transition metals and elements from Group IA or IIA (e.g. Mg2NiH4) and

those formed by non-transition elements (e.g. NaBH4). Although these

complexes can have very high hydrogen storage capacities (up to 18.5 wt%

(Orimo et al., 2005)), most suffer from poor reversibility, making them un-

suitable for applications where repeated storage and release of hydrogen is

required (Sandrock, 1999). Bogdanovic and Schwickardi (1997) show, for

their titanium-doped NaAlH4 sample, that the addition of catalysts may

allow reversible storage of up to 4.2 wt%, however, the re-hydrogenation re-

quires high pressures exceeding 100 bar and the dehydrogenation kinetics are

very slow (ą 4 h).

The trade-off between hydrogen storage capacity, weight, cost and energy

that is associated with metal hydride systems makes magnesium hydride a

prime candidate for the development of new hydrogen storage materials due

to its good reversibility coupled with its relatively high hydrogen storage

capacity of 7.7 wt% at moderate temperatures (T1bar=284.8˝C), the low cost

of magnesium ($ 2-6 kg´1 between 2008 and 2013 (Infomine, 2013a)) and its

abundance in the earth’s crust (1.9 wt% (Fleischer, 1954)). It is for these

reasons that magnesium was chosen as a main point of focus for this work.
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1.3 Thesis Outline, Aims and Objectives

Following a critical review of the current literature surrounding the use of

thin film technology to develop magnesium-based hydrogen storage materials

and the effect of transition metal catalysts on the hydrogen storage proper-

ties of magnesium hydride in chapter 2, this work primarily explores novel

hydrogen storage materials based on thin film multilayer technology. The

principal aim is to study the effect of different transition metal catalysts,

including nickel, chromium and vanadium, on the hydrogen storage prop-

erties of magnesium-based thin film multilayers with a view to understand

and improve the hydrogenation and dehydrogenation kinetics of the chemical

reaction between magnesium and hydrogen.

The main objectives of this work are to

• Develop a process to enable the production of thin film multilayer ma-

terials in a form and quantity suitable for characterisation using ma-

chinery designed for analysing powder samples

• Characterise the microstructure, hydrogen storage properties and the

resulting microstructural evolution of these materials

• Explore the effects of different catalyst materials on the thermodynam-

ics, capacity and activation of hydrogen storage in magnesium-based

thin film multilayers

• Investigate and model the hydrogen storage kinetics and reaction mech-
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anisms of transition metal-catalysed magnesium-based thin film multi-

layers

• Investigate potential advantages of transition metal-catalysed thin film

multilayer materials over materials of similar composition in the liter-

ature

• Understand the effect of and relationship between the process em-

ployed, the materials used, the structural evolution and the hydrogen

storage properties of the materials generated

Chapter 3 describes in detail the equipment and parameters used to man-

ufacture and characterise a range of magnesium-based multilayer hydrogen

storage materials. Chapter 4 presents the results of in-depth structural char-

acterisation as well as a detailed study of the hydrogen storage properties

of these materials which are then discussed in chapter 5 in order to assess

the materials’ performance and to understand the effect of their composition

and microstructure on the hydrogen storage properties. Finally, chapter 6

draws on the findings made and suggests options for future development of

next-generation hydrogen storage materials, based on conclusions that are

made from this work.
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Literature Review

2.1 Magnesium Hydride

Having established that magnesium hydride is one of the prime candidates for

solid-state hydrogen storage materials due to the many virtues including its

low cost, high capacity and reversibility, and the abundance of magnesium,

it is necessary to look at some of the reasons that are holding researchers

back from marketing magnesium hydride as the one-stop quick-fix for the

hydrogen storage problem.

Magnesium hydride was first fabricated by pyrolysis of ethyl magnesium

halides in 1912 by Jolibois (1912) and many other routes of magnesium hy-

dride production have since been proposed including the direct synthesis of

magnesium hydride from elemental magnesium and hydrogen which requires

high temperatures and hydrogen pressures (Walker, 2008, chapt. 13). Re-

active milling (Huot et al., 1995) has been shown to accelerate the process

substantially to a matter of hours as opposed to days (Bouaricha et al., 2001).

Eigen et al. (2007) stress the importance of economical production of large

quantities of light metal hydride materials in the event of the emergence of
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Figure 2.1: Crystal structure of rutile, body-centred tetragonal MgH2 created
using Balls and Sticks (Ozawa and Kang, 2004)

a hydrogen economy including solid-state hydrogen storage. This is an addi-

tional factor which adds a further level of complexity to the hydrogen storage

problem.

The reaction Mg ` H
2

∆H
ÝÝáâÝÝ MgH2 occurs when hydrogen atoms, disso-

ciated at the surface of hexagonal close-packed (HCP) magnesium, diffuse

into the magnesium lattice, forming a solid solution (α-phase) where hydro-

gen atoms occupy tetrahedral interstitial sites. This is then followed by the

formation of rutile, body-centred tetragonal magnesium hydride (β-phase),

with the space group P42{mnm, and lattice parameters a = 0.452 nm and

c = 0.302 nm (San-Martin and Manchester, 1987), illustrated in figure 2.1.

The hydrogen storage properties of magnesium hydride are characterised

by a dehydrogenation enthalpy of ∆H = 72.9 kJmol´1H2 and an entropy of
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∆S = 132.2 JK´1mol´1H2 (Bogdanovic et al., 1999), which, using equation

1.5, results in the release of 1 bar of hydrogen at 278.4˝C (T1bar). In reality

however, temperatures as high as 400˝C are required to hydrogenate and

dehydrogenate magnesium, and even at these temperatures the kinetics are

very slow, taking several hours to hydrogenate (Zaluska and Zaluski, 1999).

Multiple ways of improving the hydrogen storage properties of magnesium

hydride have been proposed, including attempts to speed-up the hydrogena-

tion and dehydrogenation kinetics by modification of the microstructure and

catalysis, and the use of thermodynamic destabilisation to promote a drop

in T1bar.

2.1.1 Thermodynamic Destabilisation

Following the first synthesis of magnesium hydride from elemental magne-

sium and hydrogen by Wiberg et al. (1951) using a magnesium iodide cat-

alyst, the thermodynamics and kinetics of the reaction between magnesium

and hydrogen were first reported by Ellinger et al. (1955). Fine magnesium

turnings were hydrided under 71 bar of hydrogen at up to 450˝C, showing

that the materials will react without a catalyst. The hydrogenation enthalpy

was measured at ∆H = -67 kJmol´1H2 and the kinetics of the reaction were

quantified with an activation energy of Ea = 221.9 kJmol´1. Vigeholm et al.

(1983) further studied the behaviour of magnesium hydride and established

a dehydrogenation enthalpy of ∆H = 70 kJmol´1H2 with a corresponding

entropy of ∆S = 126 JK´1mol´1H2. Given that the entropy of hydrogen re-

lease from magnesium hydride is governed by the evolution of hydrogen from

the hydride material (Grochala and Edwards, 2004), with an entropy of ∆S =
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130.7 JK´1mol´1H2, the true value of enthalpy is likely to be slightly higher,

in line with the generally accepted enthalpy of dehydrogenation between ∆H

= 72.9 kJmol´1H2 (Bogdanovic et al., 1999) and ∆H = 74.5 kJmol´1H2

(Stampfer et al., 1960). A degree of variation might be expected given that

these values were measured by different means. Whilst Stampfer et al. (1960)

used a series of PCIs to measure the enthalpy and entropy of the dehydro-

genation reaction as described in section 1.2.2, Bogdanovic et al. (1999) used

calorimetric methods, showing that, unlike the PCI method, the results are

not affected by the particle size of the hydride material.

In order to reduce T1bar it is necessary to reduce the enthalpy of dehydro-

genation as the two are directly proportional according to equation 1.5. This

has been with done with some success by alloying magnesium with elements

such as copper (Reilly and Wiswall, 1967), nickel (Reilly and Wiswall, 1968),

aluminium (Tanniru et al., 2010), silicon (Vajo et al., 2004) and germanium

(Walker et al., 2011). A dehydrogenation enthalpy of ∆H = 14 kJmol´1H2

was measured for a mixture of magnesium and germanium, corresponding to

a T1bar of -91.6
˝C (Walker et al., 2011).

This is achieved by changing the reaction pathway from MgH
2

∆H
ÝÝÑ Mg`

H2 to 2MgH
2

`Ge
∆H
ÝÝÑ Mg2Ge` 2H2, whereby hydrogen is released via the

formation of a new intermetallic Mg2Ge alloy phase, illustrated in figure 2.2.

This considerable reduction however means that hydrogenation of the sample

at temperatures that allow sufficiently fast kinetics would have to occur at

very high pressures further highlighting the trade-off nature of solid state

hydrogen storage media.

An alternative way of reducing the enthalpy of dehydrogenation is pro-

22



Chapter 2 Literature Review

Figure 2.2: Diagram illustrating the destabilisation of a metal hydride
through alloy formation (Vajo et al., 2004)

vided by introducing nanostructure and structural defects into magnesium

hydride by ball milling. Ball milling is a process whereby the hydride mate-

rial is ground, often in a planetary arrangement, by a number of steel ball

bearings which collide with the hydride material causing repeated fracturing

and cold welding of the sample, resulting in a reduced particle- and grain

size (Berube et al., 2007). Due to the high-energy nature, the technique can

also be used to some degree to promote alloying between different elements

and incorporation of catalysts into the hydrogen storage medium.

Varin et al. (2006a) manage to reduce the dehydrogenation enthalpy of

magnesium hydride with a grain size of 8 nm to ∆H = 57 kJmol´1H2 by

controlled reactive milling for 150 hours, and this reduction in enthalpy has

been thoroughly analysed by Berube et al. (2008), who use three mechanisms
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to explain the phenomenon. They establish a connection between the particle

size and the corresponding surface area, the grain size and the corresponding

grain boundary energy, and excess volume caused by the formation of non-

crystalline regions due to the deformation of the material during ball-milling.

This suggests that any destabilisation observed in nano-sized magnesium

hydride is a result of excess energy from the ball milling process.

This is supported by calculations showing that, although grain sizes below

10 nm reduce the dehydrogenation enthalpy of magnesium hydride, a reduc-

tion to 1 nm lowers the enthalpy by only 5 kJmol´1H2 (Dai et al., 2009).

These calculations have been verified by the use of nanoconfinement of mag-

nesium hydride in a matrix of lithium chloride, which results in a reduction

of the dehydrogenation enthalpy of magnesium hydride of 2.84 kJmol´1H2

for a grain size of 7 nm (Vajo, 2011). This supports the argument that the

destabilisation measured by Varin et al. (2006a) is a result of excess energy

rather than a true destabilisation of the hydride.

In practise most of these systems have proven to have difficulty with

reversibility and cycling stability as well as slow kinetics, which results in

the actual temperatures at which hydrogen may be released being well above

the theoretical equilibrium temperature for hydrogen release at 1 bar.
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2.1.2 Improving Reaction Kinetics

Since, as is established in section 2.1.1, changing the thermodynamic proper-

ties of the interaction between magnesium and hydrogen is difficult, alterna-

tive ways of improving the hydrogen storage properties of magnesium hydride

have been widely studied. By modifying the kinetics of the hydrogenation

and dehydrogenation reactions, i.e. accelerating the rate of reaction and re-

ducing the activation energy Ea, hydrogen storage and release in magnesium

hydride in less than 2.5 minutes, as demanded by the DOE for transport

applications (see table 1.2), might be possible closer to the equilibrium tem-

perature at atmospheric pressure, as opposed to the slow kinetics (ą 1 h)

observed even at temperatures above 400˝C (Zaluska and Zaluski, 1999).

Ball-Milling

There exists a relationship between the particle- and grain size of magnesium

hydride and the reaction kinetics, which can be exploited by ball-milling and

various other processing routes. Zaluska et al. (2001) show a dramatic re-

duction in the hydrogenation time of ball-milled magnesium powder with a

grain size size of less than 50 nm which absorbs 6 wt% in ca. two hours at

300˝C, compared with ă 0.5 wt% for the micron-sized control sample. A fur-

ther increase of the reaction rate is achieved with increased grain refinement

and Berube et al. (2007) conclude that this improvement in hydrogenation

kinetics is a result of a combination of the reduced grain size shortening the

diffusion pathways of hydrogen through magnesium hydride and the intro-

duction of lattice defects and new surfaces speeding up the nucleation of

the hydride phase, limited by the interface energy barrier that has to be
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overcome during the nucleation of a new hydride particle. Similarly, the

dehydrogenation kinetics are improved by ball milling due to the creation

of new surfaces improving the recombination of hydrogen atoms, nucleation

sites and diffusion pathways (Berube et al., 2007).

Catalysis

Catalysts modify reaction kinetics and reaction routes without changing the

reactants and products of a chemical process, and the addition of catalysts

to magnesium hydride has been shown to promote favourable reaction kinet-

ics, often in combination with the reduced particle-and grain size achieved

by ball-milling. At the surface of metals, certain catalysts like palladium

(Zaluski et al., 1995a) can accelerate the hydrogenation kinetics by promot-

ing the dissociation of hydrogen atoms by what is called the ‘spillover effect’

(Berube et al., 2007; Mitchell et al., 2003; Zaluska and Zaluski, 1999). This

is understood to be the dissociation and chemisorption of hydrogen on and

into the catalyst particle followed by the transfer of hydrogen atoms into the

bulk of the catalysed material (Gross et al., 2008). In addition, surface cata-

lysts are believed to negate the effect of any passivating layer on the surface

of the metal, increasing the resistance to contamination by oxygen (Zaluski

et al., 1997). Figure 2.3 illustrates the spillover mechanism by which surface

catalysts are believed to accelerate hydrogenation reactions and activation

of hydrogen storage materials.

Oxygen contamination has been shown to be responsible for reduced ki-

netics due to poor dissociation of hydrogen on magnesium oxide (Bazzanella

et al., 2011), which can be reversed by activation, involving repeated evacua-
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Figure 2.3: Diagram illustrating the ‘spillover’ effect of a surface catalyst

tion and pressurisation of the sample at temperatures around 400˝C (Danaie

et al., 2011). This is said to be a result of the exposure of metal surfaces due

to breaking of the oxide layer caused by volume expansion upon hydrogena-

tion. The need for activation may be removed by the addition of catalysts

(Zaluski et al., 1997).

The bulk of research on the combination of magnesium hydride with a

range of catalysts lies in catalysts well-distributed throughout the particu-

lates. The mechanisms by which these catalysts modify the reaction rates

and mechanisms are not well understood (Berube et al., 2007), but many

systems and their benefits for hydrogen storage kinetics in magnesium hy-

dride have been explored, including mixtures of magnesium with transition

metals such as chromium (Bystrzycki et al., 2005), cobalt (Hanada et al.,

2005), copper (Hanada et al., 2005), iron (Montone et al., 2012), manganese
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(Liang et al., 1999a), nickel (Liang et al., 1999a), niobium (Huot et al., 2002),

palladium (Zaluska and Zaluski, 1999), titanium (Liang et al., 1999a), vana-

dium (Liang et al., 2000) and zirconium (Zaluska et al., 2001). There have

also been reports of systems using additives of other elements such as carbon

(Amirkhiz et al., 2009), and catalysis with intermetallics such as FeTi (Wang

et al., 2002), TiMn (Hu et al., 2003), CrV (Kalisvaart et al., 2012) and PdFe3

(Von Zeppelin et al., 2002).

Similarly, metal oxides have beneficial effects on the hydrogen storage

kinetics of magnesium hydride allowing fast (ă 1 h) hydrogenation and de-

hydrogenation at temperatures as low as 300˝C (Dehouche et al., 2002). As

well as improving the hydrogen storage kinetics of magnesium hydride by pro-

viding pathways, depending on their oxidation state (Oelerich et al., 2001),

hard metal oxide catalysts enhance the ball milling process, creating defects

in the hydride phase which provide further pathways for hydrogen diffusion

(Jung et al., 2006). Clearly, a whole range of materials of different elemental

and relative composition have been produced and tested for their hydrogen

storage kinetics and, given the equally broad range of conditions under which

these materials have been tested, including temperatures between room tem-

perature and over 400˝C, and pressures between vacuum conditions and 200

bar, a comparison is very difficult as shown by Jain et al. (2010) who compiled

a comprehensive table comparing the hydrogen storage kinetics and capacity

of a range of materials which were all measured by different research groups

and under different conditions. Using the activation energy of the dehy-

drogenation reaction, which can be established both from the reaction rate

which will be discussed in section 5.7, and by using calorimetric data which
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will be discussed in section 5.8, a comparison can be made. Table 2.1 com-

pares a selection of different catalysed magnesium systems with as-received

magnesium hydride, highlighting the improvements that can be made over

as-received magnesium hydride using various transition metal catalysts.

Composition Activation energy Reference
MgH2 120-156 kJmol´1 (Huot et al., 1999)
MgH2+5 at.% Ti 71.1 kJmol´1 (Liang et al., 1999a)
MgH2+5 at.% V 62.3 kJmol´1 (Liang et al., 1999b)
MgH2+5 at.% Mn 104.6 kJmol´1 (Liang et al., 1999a)
MgH2+5 at.% Fe 67.6 kJmol´1 (Liang et al., 1999a)
MgH2+5 at.% Ni 88.1 kJmol´1 (Liang et al., 1999a)
MgH2+1-5 at.% Nb˚ 51-78 kJmol´1 (Bazzanella et al., 2011)

Table 2.1: A collection of activation energies reported for magnesium hydride
and different transition metal catalysed magnesium hydride samples ˚thin
film

Of great importance is the size and distribution of the catalyst throughout

the magnesium matrix as the catalytic reaction is said to occur mainly at

the interface between the catalyst and the magnesium(-hydride) (He et al.,

2010; Zaluska et al., 2001). Small, well distributed (nano-)catalysts offer a

large area of contact with the storage medium which is often achieved by a

short, low-energy ball-milling process following the main, high-energy milling

process (Berube et al., 2007). Similarly, the amount of catalyst material

must be kept to a minimum since it does not usually store any hydrogen

at the operating conditions and they often consist of heavy transition metal

elements, which reduces the hydrogen storage capacity.
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Cycling Properties

One important hydrogen storage property of any hydrogen storage system is

its cycling behaviour. Ideally, the hydrogen storage properties of any system

would remain at their optimum for a large number of cycles, approaching

10,000 for a system that is used daily for a lifetime of 25 years. In reality,

this is rarely the case for solid-state systems.

Improving the kinetics of the hydrogenation and dehydrogenation of mag-

nesium hydride involving the processes discussed requires modification of the

microstructure and composition of the materials used, and it has been shown

that care must be taken to ensure the improved kinetics do not deteriorate

during many cycles at elevated temperatures.

For example, there have been conflicting reports regarding the cycling

stability of ball-milled nano-MgH2. Whilst some authors warn of and report

degradation of the nanostructure and the associated kinetic benefits (Berube

et al., 2007; Dal Toè et al., 2004; Huhn et al., 2005; Pelletier et al., 2001),

others claim that ball-milled nano-structures, including those of magnesium

hydride, can be stable even at temperatures above the re-crystallisation tem-

perature (Eckert et al., 1993; Zaluska and Zaluski, 1999). One study shows

a dramatic increase in the grain size of ball milled magnesium hydride, in-

creasing from ca. 32-79 nm to ca. 279-284 nm, depending on the milling

conditions, during the first dehydrogenation at 300˝C (Paik et al., 2010).

Furthermore, there have been reports of an inverse relationship between the

hydrogen storage capacity of magnesium hydride and milling time. Although

this may well be a result of contamination with heavy transition metal ele-
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ments such as iron and tungsten from the milling process (Huot et al., 2013),

this might also be caused by the increase in grain boundaries which might

have a reduced hydrogen storage capacity (Hanada et al., 2004). Since catal-

ysed samples are often synthesised by ball-milling and are presented in a

similar nano-crystalline form, their cycling behaviour is affected in a similar

way and can also vary greatly between different samples.

Nickel and Magnesium Hydride

Small additions of well-dispersed nickel (ă 2 at.%) to magnesium have been

shown to result in favourable hydrogen storage kinetics as a result of surface

catalysis (Holtz and Imam, 1999) but, given the right thermal conditions,

nickel and magnesium can also interact chemically. Unlike the thermody-

namic destabilisation promoted by elements such as silicon (Vajo et al.,

2004), where the reaction pathway Mg ` H
2

∆H
ÝÝáâÝÝ MgH2 is changed to one

of ABx ` H
2

∆H
ÝÝáâÝÝ AH2 ` xB, nickel forms an A2B alloy with magnesium

that reversibly stores hydrogen in the reaction Mg2Ni ` 2H
2

∆H
ÝÝáâÝÝ Mg2NiH4

with a reported dehydrogenation enthalpy of ∆H = 64.4 kJmol´1H2 and

an entropy of ∆S = 122.2 JK´1mol´1H2 (Reilly and Wiswall, 1968) for the

ternary hydride. This leads to a reduced equilibrium temperature T1bar of

254˝C.

Furthermore, Mg2Ni has much faster hydrogenation and dehydrogena-

tion kinetics compared with magnesium hydride, hydriding in ca. 15 min as

opposed to ą 1h at 350˝C (Holtz and Imam, 1999), which can be further

improved by mechanical grinding (Zaluska et al., 2001). Since stoichiometric

Mg2NiH4 has a theoretical hydrogen storage capacity of only 3.6 wt% due to
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the 2:1 ratio of magnesium to nickel, efforts have been made to exploit the

low-temperature kinetic benefits of the alloy in mixtures with magnesium

hydride, whereby the kinetic properties of the ternary hydride are retained

for the whole system, lowering the binary hydride’s kinetic dehydrogena-

tion temperature whilst providing a capacity proportional to the amount of

Mg2Ni added to the system (Berube et al., 2007). Examples include hy-

dride mixture capacities above 5 wt% (Zaluska et al., 2001). Finally, the

addition of transition metal catalysts to Mg2Ni has been shown to further

improve the hydrogen storage kinetics of the alloy (Bobet et al., 2002; Zaluski

et al., 1995b), which raises the question of how a mixed system of MgH2 and

Mg2NiH4 would react to the addition of a transition metal catalyst.

2.2 Thin Films

Thin films offer an alternative route to creating hydrogen storage materials

with potential for different properties compared to their bulk-counterparts.

A whole range of magnesium-based thin films have been produced using dif-

ferent methods and additives in an attempt to improve the hydrogen storage

properties of the hydride.

Thin film technology offers several advantages that can be exploited in

order to improve the hydrogen storage properties of metal hydrides. Using

thin film deposition techniques it is possible to control the microstructure of

coatings as well as synthesising alloys, composites and nano-scale multilayers

of metals at (near-)room temperature (Baldi and Dam, 2011; Ouyang et al.,

2006). Co-deposition techniques also allow the creation of metastable phases

of materials that are normally immiscible, with a high level of homogeneity
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(Baldi et al., 2009b), and provide materials with a high surface area. Thin

film techniques offer good control over process contamination, and protective

coatings can be applied to prevent oxidation during transfer of samples in

air (Jain et al., 2010).

This section explores a range of thin film systems for hydrogen storage

applications that can be found in the literature, focussing on those aiming

to improve the hydrogen storage properties of magnesium hydride.

2.2.1 Thin Film Techniques

A number of ways of generating thin film coatings for hydrogen storage appli-

cations have been employed, including electron-beam evaporation (He et al.,

2010; Niessen and Notten, 2005), pulsed-laser deposition (Barcelo et al., 2010;

Patel et al., 2008), arc vapour deposition (Blawert et al., 2008), ion beam

sputtering (Chen et al., 2002) and magnetron-assisted physical vapour depo-

sition (Baldi et al., 2009a; Kalisvaart et al., 2012).

One of the major benefits of vapour deposition processes is the high

cooling rates of up to 106 K s´1 which can be achieved, allowing the for-

mation of homogeneous solid solutions of materials that might have very

different melting temperatures, without precipitation (Blawert et al., 2008).

For magnesium-based hydrogen storage applications this might enable better

catalyst distribution.

Electron-Beam Physical Vapour Deposition

Electron-beam evaporation is a thermal evaporation process which employs

a high-energy electron beam to vaporise materials, a schematic of which is
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Figure 2.4: Schematic of a typical electron-beam coating process (Sree Har-
sha, 2005, chapt. 5)

shown in figure 2.4.

Situated in a high-vacuum environment of around 10´2 Pa, the beam,

emitted from the cathode with a potential of between 4 and 20 kV, is con-

trolled by an electro-magnetic field, re-directing it onto the target material

which acts as an anode, where some of the kinetic energy the electrons carry

is converted into thermal energy, melting and vaporising the target mate-

rial. The vapour forms a coating on the substrate that is placed in front

of the vapour source with typical deposition rates of around 100 Å s´1 for

magnesium (Ohring, 2002; Sree Harsha, 2005).

Arc Vapour Deposition

A thermal evaporation process similar to electron-beam vapour deposition,

cathodic arc vapour deposition relies on a high-current, low voltage arc that
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is struck between a cathodic target material and an anode under vacuum,

resulting in a highly energetic region known as the cathode spot, which results

in vaporisation of the cathode material with a high degree of ionisation (ą

85% of the vaporised material), which can be exploited by the use of a nega-

tive bias on the substrate, which results in dense coatings even at non-normal

angles. The cathode spots will move randomly between different locations

on the cathode unless they are controlled by an electromagnetic system, re-

sulting in more even erosion of the target material. Compound targets can

be used and the stoichiometry is generally retained whilst anode erosion and

vaporisation can be minimised by the choice of a high-melting temperature

anode material in combination with sufficient anode cooling (Sanders and

Anders, 2000; Sree Harsha, 2005).

Pulsed-Laser Deposition

A further thermal evaporation process, pulsed-laser deposition forms coatings

by vaporising materials under high-vacuum. Pulses of high-powered laser

beams are focussed onto the target material, causing electronic excitation

and ablation of the target material into a directional plume of target material

that forms a coating on a substrate placed in its path (Ohring, 2002, chapt.

3). The composition of the plume and the deposited coating is generally the

same as that of the target material, which allows deposition of composite

materials.

Ion Beam Sputtering

Sputtering is the process of momentum exchange between particles (Penning

and Moubis, 1940), resulting in a release of particles from the target material
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Figure 2.5: Schematic of the effect of an impact by high-energy particles
(Sree Harsha, 2005, chapt. 7)

(Wehner, 1955), mostly in the form of neutral atoms (Urbassek and Hofer,

1993). When an energetic ion impacts a surface it may be reflected back,

adsorb onto the surface, scatter, eject and sputter surface atoms, or become

implanted in the target material, depending on the energy of the ion (Ohring,

2002, chapt. 4). Figure 2.5 shows a schematic of the different interactions

that might occur upon impact of a high energy particle on a sputtering target.

When an energetic ion is accelerated towards the cathode target, the kinetic

particle can cause the emission of light, X-rays and secondary electrons in

electronic collisions with the target. Nuclear collisions between the impacting

particles and the sputtering target result in atoms being ejected (sputtered)

from the cathode whilst the ions are either reflected or become implanted in

the target material (Sree Harsha, 2005, chapt. 7).

In the case of ion beam sputtering it is an external ion beam that provides

a source of ions which are accelerated onto the surface of the target material

in a vacuum environment. This ion flux is charge-neutralised, which allows
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sputtering of non-conductive materials, and the flux, incident angle and en-

ergy of the ions are independent of one another, which allows a high degree

of control over the process conditions. The flux of sputtered target material

has an energy of typically one order of magnitude higher than evaporation

processes, which results in coatings with better adhesion to the substrate and

higher density (Sree Harsha, 2005, chapt. 7).

Magnetron-Assisted Physical Vapour Deposition

Magnetron-assisted physical vapour deposition, also known as magnetron

sputtering, is a sputtering process that does not rely on an external ion-

source but creates and interacts with a plasma. Figure 2.6 shows a schematic

of a magnetron sputtering process showing the main hardware elements as

well as a schematic of the interaction between the plasma and the sputtering

process.

Plasma is the 4th aggregate state of matter, describing a weakly ionised

gas consisting of atoms as well as equal numbers of positively charged ions and

electrons, resulting in an electrically neutral but conductive phase (Sree Har-

sha, 2005, chapt. 3). In magnetron sputtering an inert gas, e.g. argon, is

injected into a vacuum chamber at pressures around 10´3 mbar. The mag-

netron, which is a water-cooled device supporting the target material that

contains an arrangement of magnets employed to generate a magnetic field

in front of the target material, acts as a high-voltage cathode (typically in

the range of 100s of volts).

In a DC plasma, stray electrons near the cathode are accelerated towards

the anode and ionise gas atoms in their paths, releasing two electrons in the
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Figure 2.6: Schematic of a simple magnetron sputtering set-up

process. These are accelerated and, in a cascading effect, cause further ion-

isation which releases further electrons and so on. Meanwhile the ions are

accelerated towards the cathode where, in a sputtering process as described

in section 2.2.1, electrons are released which set-off a new cascade of ionisa-

tion. This process, known as Townsend discharge, governs the formation of

a plasma (Ohring, 2002, chapt. 4).

Figure 2.7 shows the structure of a DC plasma. In the highly active area

near the cathode, the very thin Aston dark space contains low energy elec-

trons being accelerated away from the cathode, and high energy ions about

to collide with the cathode. Moving away from the cathode, the cathode glow

area is thought to emit light via the de-excitation of positive ions through

neutralisation. The cathode dark space, also known as Crookes dark space,

provides most of the drop in potential between the cathode and the neutral
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Figure 2.7: Schematic of a DC plasma (Ohring, 2002, chapt. 4)

plasma. This region sees the acceleration of electrons emitted from the cath-

ode which causes the formation of plasma, and the acceleration of ions from

the plasma in the opposite direction. The negative glow region is caused

by photon emission as a result of gas ionisation caused by the collision of

high-energy electrons with the gas. The Faraday dark space and positive

column are not normally seen as the substrate is placed inside the negative

glow (Ohring, 2002, chapt. 4).

The introduction into the system of a magnetic field from an arrangement

of magnets, as found e.g. in a planar magnetron, results in the creation of

an E ˆ B field. These are usually arranged in such a way that the magnetic

field lines run parallel to the surface of the cathode, resulting in the emitted

electrons, entering the magnetic field perpendicular to the magnetic field
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lines, being deflected into a cycloidal path, constraining them to a small area

in front of the target.

The electrons are effectively trapped in this small region in front of the

target known as the race track where the gas ionisation is increased, leading

to a very intense plasma. This then results in a series of interconnected

benefits for the sputtering process. The increased ionisation increases the

ion bombardment of the target, resulting in a higher sputtering rate which

in turn leads to more ionisation due to higher emission of secondary electrons,

ultimately leading to a higher deposition rate at reduced voltages (Kelly and

Arnell, 2000). Similarly, due to the higher ionisation efficiency, the process

can operate at pressures one order of magnitude lower than a conventional

DC plasma, which results in reduced collisions of the sputtered flux with the

gas phase, leading to a more directional, less scattered flux producing denser

coatings with a faster deposition rate, further increasing the efficiency of the

system by concentrating the flux in a smaller area (Kelly and Arnell, 2000;

Ohring, 2002, chapt. 5).

The techniques have all shown to provide useful means for generating

novel hydrogen storage materials and some might have certain financial and

technological advantages such as the ease of co-sputtering from multiple tar-

gets and/or composite targets, but there has to date not been a direct com-

parison assessing the direct benefit of one coating technique over another on

the hydrogen storage properties of a coating.
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2.2.2 Magnesium Coatings

The structure and hydrogen storage behaviour of thin film coatings has been

the subject of many reports in the literature. In an attempt to understand

the hydrogenation behaviour of pure magnesium thin films Léon et al. (2002)

identify the effect of sample geometry, particle size, oxygen content, material

preparation and particle morphology on the (de-)hydrogenation behaviour of

magnesium hydride, discussed in section 2.1.2, as the reason that no general

mechanism has been proposed for the reaction between magnesium and hy-

drogen. This highlights the complexity of the topic even before addition of

catalysts and alloying elements to the magnesium-hydrogen system.

The structure of magnesium coatings is generally one with a high level

of grain orientation and is highly dependent on the process conditions em-

ployed during deposition (Blawert et al., 2008; Léon et al., 2002). Störmer

et al. (2007) discuss the effect that the gas pressure and deposition angle have

on the corrosion properties of pure magnesium thin films. The coatings, pro-

duced by magnetron sputtering, all exhibit a strong crystal orientation with

the ă001ą direction coinciding with the axis of growth, which is character-

istic of magnesium coatings (Blawert et al., 2008; Higuchi et al., 2002; Qu

et al., 2010a). The paper exposes a strong relationship between the depo-

sition pressure and angle, and the surface roughness, density, and corrosion

rate of magnesium coatings. In addition, Blawert et al. (2008) study the

effect different coating techniques including magnetron sputtering, ion beam

sputtering and vacuum arc deposition have on the structure and corrosion re-

sistance of pure magnesium coatings, concluding that there is no relationship
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between the latter and the deposition technique employed.

It has been shown that different magnesium microstructures created using

thin film techniques can promote different hydrogen storage properties. He

et al. (2010) produced a series of highly oriented magnesium “nanoblades”

by glancing angle deposition, some of which were coated with, and some of

which were co-deposited with 4.6 at.% vanadium. A relationship between the

size of vanadium clusters that formed upon hydrogen cycling and the angle of

deposition of the coating was found, and it was concluded that a high angle

of deposition results in fast kinetics with activation energies improving from

69.4 ˘ 0.6 kJmol´1 to 35.3 ˘ 0.9 kJmol´1 due to increased levels of porosity

and improved contact between the magnesium and vanadium catalyst phases.

A number of reports exist that study the hydrogen storage behaviour of

pure magnesium coatings. Akyildiz et al. (2006) studied the hydrogenation

behaviour of a pure magnesium thin film with a thickness of 420 nm, pro-

duced by thermal evaporation, which did not fully hydrogenate in 6 hours at

400˝C. The authors also noticed a significant amount of grain growth due to

the elevated temperatures the thin film was subjected to. In contrast, Léon

et al. (2002) manage to fully hydrogenate an air-exposed 30 µm coating of

pure magnesium, similarly prepared by thermal evaporation, at 350˝C in less

than 17 h, absorbing the first 6 wt% in 400 min. The second cycle of hydro-

genation took place at a much faster rate, absorbing the first 6 wt% in only

200 min, which is explained by defects introduced into the structure during

the first cycle facilitating hydrogen penetration in the second. The authors

show that the microstructure of the magnesium coating is not restored after

dehydrogenation, transforming the highly oriented coating to a crystalline
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structure with random grain orientation. The grain size however increases

only slightly within the experimental error (not quantified) from 54 to 60 nm

during the two cycles.

The air-exposed sample discussed by Léon et al. (2002) highlights that

small amounts of oxide contamination are not necessarily detrimental to the

hydrogen storage properties of magnesium hydride, as discussed in section

2.1.2. Studies on the effect of magnesium oxide on the hydrogen storage prop-

erties of magnesium thin films have shown that small amounts of nanocrys-

talline magnesium oxide, inserted between a magnesium coating and a pal-

ladium surface catalyst, can in fact improve the hydrogen storage kinetics

by providing nucleation sites for hydride growth in an Mg-MgO-Pd thin film

structure (Hjort et al., 1996). Increased levels of oxygen in the interface re-

gion between the magnesium and palladium layers in this thin film structure

however were shown to present a diffusion barrier, slowing the hydrogena-

tion kinetics. Ingason and Olafsson (2006) observe similar properties for a

magnesium thin film deposited by sputtering under argon for 30 minutes

with varying amounts of oxygen contamination in three two-minute inter-

vals. Again, an initial improvement in reaction kinetics is measured with

increasing oxygen:argon ratios of 0, 0.32:40 and 0.56:40, followed by slow-

ing kinetics at a ratio of 0.64:40. Improved hydrogen storage kinetics are

explained in this case by oxide crystallites dispersed in the magnesium film

providing diffusion pathways for hydrogen. Similarly, oxide crystallites may

well act as nucleation sites for hydride growth.
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2.2.3 The Mg/Pd System

Much research has been done on magnesium/palladium coatings. In fact

most thin films systems to date include a capping layer of palladium in order

to prevent oxygen contamination of the underlying thin film during transfer

of the sample from the vacuum deposition system to the material charac-

terisation machinery, and to promote dissociation of hydrogen in a surface

catalyst role (Siviero et al., 2009; Yamamoto et al., 2002).

It has been shown that magnesium coatings, capped with, or sandwiched

between layers of palladium will reversibly hydrogenate at room temperature

(Higuchi et al., 1999, 2002; Yoshimura et al., 2004). The hydrogen storage

behaviour of these thin films is affected both by the sputtering conditions

(Higuchi et al., 1999), where a lower degree of crystallisation reduces the

dehydrogenation temperature of palladium-capped magnesium coatings, and

the thickness of the magnesium layer (Higuchi et al., 2002). An increase

in thickness from 25 nm to 800 nm of a magnesium coating sandwiched

between two 50 nm layers of palladium was shown to result in a decrease in

dehydrogenation temperature of over 100˝C.

The optical reflectance of thin, magnesium-based films changes depend-

ing on the state of hydrogenation and this is used in hydrogenography where

the hydrogenation and dehydrogenation behaviour of such coatings is as-

sessed by means of measuring the change in reflectance and transmission of

light where a hydrogenated film transmits light as opposed to a metallic film

which reflects it (Dam et al., 2007). Yoshimura et al. (2004) show that the

transformation from a metallic film to a hydrogenated one can occur at room
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temperature in less than 4 seconds, which is useful for sensor devices that

require optical switching.

The effect of palladium on the hydrogen storage behaviour of magnesium

thin films has been explained by an elastic constraint process whereby, as the

hydrogenated film is heated, the hydrided palladium layer releases hydrogen

and applies a compressive stress on the magnesium hydride layer beneath it,

making it unstable and causing it to release hydrogen at temperatures as low

as 87˝C (Higuchi et al., 2002). Baldi et al. (2009a) take this further, showing

that alloy formation by the magnesium and palladium layers at the interfaces

between the two causes this compressive stress in the magnesium layer, effec-

tively destabilising the thermodynamics and increasing the plateau pressure

of the dehydrogenation reaction. They show that a decreased magnesium

layer thickness results in an increased plateau pressure at the same temper-

ature and thus an increased level of destabilisation which is contrary to the

results presented by Higuchi et al. (2002). Crucially however, Higuchi et al.

(2002) produce films an order of magnitude thicker than those presented by

Baldi et al. (2009a) and their explanation for the effect of thickness on dehy-

drogenation behaviour lies in the levels of anisotropic deformation of thinner,

more oriented films, resulting in lower levels of hydrogen-induced expansion

in the stress direction.

Despite the promising hydrogen storage properties of these thin films

of magnesium and palladium, especially for switchable mirror applications,

there are two major drawbacks. The cost of palladium is prohibitively high

at $ 500-900 kg´1 between 2010 and 2013 (Infomine, 2013b), which means

up-scaling such materials would make little economic sense. From a techno-
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logical point of view it has been shown that the alloy formation between the

magnesium and palladium phase is not restricted to the interface region but

will continue to grow an Mg6Pd phase which results in poor cycling behaviour

with a large loss of capacity (Siviero et al., 2009).

In an attempt to further develop and improve these thin film composites,

a range of different magnesium-based thin film systems have been developed.

This includes similar layered structures as well as composite structures.

2.2.4 Next Generation Switchable Mirror Systems

Several alternative magnesium-based switchable mirror systems have been

shown to promote fast hydrogenation and dehydrogenation kinetics at low

temperatures, including multilayers of magnesium and titanium (Baldi et al.,

2010; Tajima et al., 2009), and alloys of magnesium/manganese (Richardson

et al., 2001), magnesium/iron (Richardson et al., 2001), magnesium/cobalt

(Richardson et al., 2002), magnesium/nickel (Richardson et al., 2001) and

magnesium/chromium/vanadium (Kalisvaart et al., 2012).

The magnesium/nickel system has seen a great deal of attention, due to

alloy formation of magnesium and nickel, and the formation of the ternary

Mg2NiH4, as discussed in section 2.1.2. Much like magnesium/palladium thin

films, palladium-capped magnesium/nickel coatings can readily hydrogenate

and dehydrogenate at room temperature and, much like magnesium/palladium

coatings, degradation of the switching process is observed, albeit after more

than 100 cycles (Bao et al., 2006).

Inserting a thin layer of a metal immiscible in both magnesium and palla-

dium has been shown to prevent Mg6Pd alloy formation, thus improving the
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cycling behaviour of the thin film and retaining the surface catalyst activity

of the palladium cap. Baldi et al. (2009c) show that depositing a 2 nm layer

of titanium between a magnesium coating and a palladium cap reduces the

plateau pressure of the thin film at a given temperature with respect to a

magnesium/palladium thin film without the titanium ‘buffer’. This results

in faster kinetics and better cycling stability of the switchable mirror coating

over 4 cycles at 60˝C. Similarly, Bao et al. (2006) show that a 2 nm titanium

layer in-between their magnesium/nickel alloy with a thickness of 40 nm and

its palladium cap of 6 nm thickness increases the cycling stability of their

switchable mirror well beyond 400 cycles. This confirms the Mg6Pd alloy

formation is responsible for the poor cycling properties seen in magnesium-

palladium thin film composites as well as the change in the thermodynamics

of the interaction between the thin films and hydrogen.

Fritzsche et al. (2009) show that the insertion of 5 nm of tantalum between

a magnesium-aluminium thin film produced by magnetron sputtering and

a palladium cap can effectively prevent magnesium-palladium alloy forma-

tion. In contrast, the insertion of 7.5 nm of tantalum between a magnesium-

chromium-vanadium thin film and a palladium cap, similarly deposited by

magnetron sputtering, was shown to degrade due to magnesium-palladium

alloy formation despite this tantalum interlayer (Zahiri et al., 2012). Tan

et al. (2009) studied the cycling behaviour of magnesium coatings with a

palladium capping layer separated by a layer of different transition met-

als. Whilst, under the same conditions, some of the films’ hydrogen stor-

age properties degrade rapidly due to Mg6Pd alloy formation (those with

an iron interlayer or with no interlayer at all), others (including interlayers
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of titanium and niobium) do not. The authors explain that this is caused

by the different enthalpies of hydride formation of the metals, causing the

niobium and titanium coatings to form and remain as hydrides during cy-

cling experiments whilst the palladium and iron coatings remain metallic

during cycling at 250˝C. The metallic coatings allow rapid inter-diffusion re-

sulting in the formation of Mg6Pd and the resulting degradation of of the

hydrogen storage properties of the thin films. Tantalum on the other hand,

with an enthalpy of hydride formation of ∆Hf = -76 kJmol´1H2, will hy-

drogenate and dehydrogenate under very similar conditions to magnesium

(∆Hf = -72.9 kJmol´1H2) (Tan et al., 2009), which is a likely explanation

for why different results have been reported for the suitability of tantalum

as a diffusion barrier for Mg6Pd alloy formation.

2.2.5 Micron-Scale Coatings

Nano-scale thin films have favourable properties that make them valuable

candidates for sensor applications. For hydrogen storage applications how-

ever, taking into account the substrate, the ratio of thin film to substrate

must be increased. This can be achieved by delaminating micron-thick thin

films from their substrate, resulting in free-standing thin films. The hydro-

gen storage properties of the gram quantities achievable using these thin films

can then be tested using volumetric and gravimetric methods, comparable

with those used for powder-based storage materials.

A range of micron-scale, magnesium-based coatings have been explored

including multilayers of magnesium/nickel/palladium (1.7 µm thick and weigh-

ing 169 mg) (Ouyang et al., 2006), magnesium/palladium (ca. 18 µm thick
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and weighing 220 mg) (Ye et al., 2010) and magnesium/iron/titanium (1.5

µm thick and weighing 10-15 mg) (Kalisvaart et al., 2011), magnesium coat-

ings with a thin surface catalyst (1.5 µm thick, weight not published) (Tan

et al., 2009) and magnesium coatings co-deposited with small amounts of

transition metals such as nickel (0.6 µm thick, weight not published) (Chen

et al., 2002), iron (0.6 µm thick, weight not published) (Tan et al., 2011) and

mixtures of transition metals such as chromium with vanadium (1.5 µm thick,

weight not published) (Zahiri et al., 2012) and iron with chromium (1.5 µm

thick, weight not published) (Fritzsche et al., 2012). Unlike the nano-scale

thin films which are only limited by the thermodynamics of the interaction

between hydrogen and magnesium, these thicker coatings all require higher

hydrogenation and dehydrogenation temperatures, due to kinetic constraints.
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2.2.6 Multilayer and Co-Deposited Coatings

It has been established that both the grain size of the magnesium phase

and the size and distribution of a catalyst phase has a large impact on the

hydrogen storage kinetics of magnesium-based hydrogen storage materials.

Nano-dispersion of transition metal catalysts in magnesium thin films can

be achieved by co-depositing magnesium and the desired catalyst, or by de-

positing the film in alternating layers of magnesium and the desired catalyst

in a multilayer structure. The latter allows tight control over the resulting

microstructure as well as the overall composition of the thin film. It is also

possible that, unlike with homogeneous, co-deposited thin films, depending

on the materials used, the layer interfaces between the magnesium and cata-

lyst layers might act as diffusion pathways, providing fast hydrogenation and

dehydrogenation kinetics.

Furthermore, multilayering might constrain the grain size by keeping the

magnesium in separated layers so grain growth in the bulk cannot occur.

Kalisvaart et al. (2011) show, for a multilayer coating with alternating layers

of magnesium and an iron-titanium composite, that a crystalline, or even

amorphous layer of the transition metal composite can remain in-tact af-

ter hydrogen cycling at up to 300˝C, and preserve the kinetic benefits of

nanostructured materials.

The low content of catalytic material needed in order to retain a high

hydrogen storage capacity restricts the thickness ratio of magnesium and

catalyst layers in a multilayer structure, resulting in either thick magnesium

layers or extremely thin catalyst material layers. This restricts the level of
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catalyst distribution within the thin film structure which can be improved

by co-deposition. The thickness of magnesium layers in multilayers has been

shown to have a considerable impact on the kinetics and cycling stability

of multilayer coatings whereby thinner magnesium layers have shown to be

beneficial (Kalisvaart et al., 2011).

In magnesium co-deposited with transition metal catalysts, the homoge-

neous distribution of the catalyst material is quickly lost to the formation of

precipitates in the structure. It has been shown that segregation of magne-

sium and transition metal phases occurs after only one cycle of hydrogenation

and dehydrogenation for a magnesium coating co-deposited with a chromium-

vanadium mixture (Kalisvaart et al., 2012). Baldi et al. (2009b) show a

cluster-like structure in their co-deposited magnesium-titanium composite

thin film, and although this means that the perfect homogeneous distribu-

tion of a catalyst material in a magnesium matrix created by co-deposition is

rapidly lost, advantages over multilayer structures have been shown. Kalis-

vaart et al. (2011) compare their magnesium/iron-titanium multilayer struc-

ture to a co-sputtered sample of similar composition which exhibits a higher

cycling stability both in terms of hydrogen storage properties and grain size.

This is explained by iron-titanium precipitates forming, which, provided they

are sufficiently small, help prevent the grain growth of the magnesium phase.

The suggested mechanism is pinning which relies on the intersection of grain

boundaries with suitably small particles. This results in a reduction of grain

boundary energy which needs to be overcome, thus ‘pinning’ the grain size

(Gladman, 1966).
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2.2.7 Summary

Having established the scope of the hydrogen storage dilemma, the range

of options for improvement, and the potential benefits of using thin film

technology to develop novel, improved magnesium-based hydrogen storage

materials, several options for further research and development arise.

It has been established that alloy formation in thin films can have a detri-

mental effect on the cycling stability of magnesium/palladium composites.

It has also been shown however, that alloy formation of magnesium with

certain other elements, such as nickel, can have potential advantages such as

faster kinetics at lower temperature. Furthermore, it has been established

that a fine distribution of metal or metal oxide catalysts within a magnesium

matrix can promote very fast hydrogenation and dehydrogenation kinetics

at reduced temperatures compared with pure magnesium hydride. Finally, a

reduced grain size and increased diffusion pathways have proven to be bene-

ficial for the hydrogen storage kinetics of magnesium hydride, which can be

promoted by nanostructuring magnesium-based thin films in multilayers.

The effect of single catalyst materials in multilayers with magnesium has

not been widely studied, certainly not with respect to gravimetric and vol-

umetric hydrogen storage measurements in micron-thick coatings. Research

on a magnesium/iron-titanium multilayer has shown some promising results,

but the lower limits of the magnesium layer thickness might be further ex-

panded. Furthermore, it has been shown that the multilayer structure is

held together at temperatures below the recrystallisation temperature of the

catalyst interlayer (Kalisvaart et al., 2011), which severely restricts the types
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of catalyst materials that can be used. The effect of recrystallisation of an

immiscible transition metal interlayer has not yet been shown in magne-

sium/transition metal coatings.

The following chapter explains the equipment and processes used for thin

film processing, microstructural testing and analysis of the hydrogen storage

properties of the thin films that are presented in chapter 4. In order to meet

the objectives outlined in section 1.3 these coatings explore the effect of pure

vanadium and chromium catalyst layers on the hydrogen storage properties

of thick, magnesium-based multilayer coatings. Similarly, the effect of re-

crystallisation of amorphous interlayers on the hydrogen storage properties

and the corresponding structural evolution of these thin film structures is

studied and a transition-metal catalysed, magnesium-rich magnesium/nickel

alloy thin film multilayer is produced in order to study the effect of transition

metal catalysts on magnesium/nickel thin films. A non-catalysed magnesium

control sample is produced in order to identify any effects of the coating pro-

cess on the hydrogen storage behaviour of these novel thin film materials.
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Experimental Methods

3.1 Introduction

Magnesium-based, transition metal catalysed thin films were fabricated by

magnetron sputtering and then characterised both in terms of their mi-

crostructural evolution and their hydrogen storage properties.

This chapter details the processes involved in making the thin film multi-

layer samples and preparing them for structural- and hydrogen storage test-

ing, and the characterisation methods employed.

3.2 Magnetron-Assisted Physical Vapour De-

position

A Teer Coatings UDP 650 closed field unbalanced magnetron-assisted physi-

cal vapour deposition (PVD) system, based on an argon plasma, was used to

produce a range of different thin film multilayer coatings, consisting of layers

of magnesium, separated by layers of different transition metal catalysts, and

capped on both surfaces with a thin layer of palladium to prevent oxidation

of the thin film and interaction with the substrate.
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(a)

(b)

Figure 3.1: a) Top view schematic showing the 4-magnetron PVD system
set-up around a central rotating sample stage and b) a photograph showing
coated samples mounted on the sample holder post-deposition

The coating system, schematically depicted in figure 3.1a, was equipped

with two opposing circular magnetrons (small target I + II), holding sputter-

ing targets of 57 mm diameter. The other two opposing, planar magnetrons
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(large target I + II) were of 175 by 380 mm dimension. Only one of these was

employed during the coating processes (large target I) whilst the other (large

target II) was covered with aluminium foil in order to prevent contamination

of the underlying target. These magnetrons were arranged around a circular

sample stage which could be rotated around a central axis inside the vacuum

chamber and a single shutter would rotate around the same axis, both of

which can be seen in figure 3.1b. Multilayer coatings were thus generated by

rotating the sample holder, passing the substrates through the sputter flux

of each of the magnetrons in turn.

This work discusses the structural evolution and hydrogen storage prop-

erties of 4 magnesium-based coatings, produced using this set-up. A range of

different target materials were used in generating these coatings, tabulated

in table 3.1.

Material Dimensions Purity Source
Magnesium 3 mm ˆ 57 mm dia. 99.95% Testbourne
Nickel 3 mm ˆ 57 mm dia. 99.95% Goodfellow
Chromium 1 mm ˆ 57 mm dia. 99.95% Testbourne
Vanadium 1 mm ˆ 57 mm dia. 99.95% Testbourne
Palladium 3 mm ˆ 57 mm dia. 99.99% B’ham Metal
Stainless Steel (316L) 175 ˆ 380 mm N.A. Unicorn Metals

Table 3.1: Table showing the size, purity and source of the different sputter-
ing targets used in making the thin films presented in this work

3.2.1 Coating Conditions

A range of multilayer thin films consisting of 150 layers of magnesium, sep-

arated by thin layers of transition metal catalysts, were produced using this

set-up. All samples were capped with a thin layer of palladium using the
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coating conditions detailed in table 3.2 to prevent oxidation during sample

transfer from the PVD vacuum chamber and the delamination process. Af-

ter reaching a vacuum of 1 ˆ 10´5 mTorr, each target was sputter-etched

for 10 minutes at the final operating conditions shown in table 3.1 behind

the shutter in order to remove any oxide layer generated during loading of

the samples. A nickel-rich transition metal mixture (TM) was produced by

co-sputtering nickel from the stainless steel 316L target (SS). The nickel tar-

get was mounted in a circular recess on the face of the stainless steel target,

located in-line with the sample holder and centrally on the race track area of

the target. As shown in figure 3.1a, a steel co-sputter shield arrangement was

fixed in front of the entire target leaving only a circular window directly in

front of the nickel target for the sputter flux to escape, in order to increase the

ratio of nickel to stainless steel in the sputter flux. This nickel-rich transition

metal mix separated the magnesium layers in the Mg/TM sample.

The magnesium multilayers and the palladium capping layers were de-

posited from each of the circular magnetrons neighbouring the stainless steel

planar target. The multilayering was achieved by mounting the substrates

on the circular sample holder, ca. 0.5 m in diameter, inside the PVD cham-

ber, which was then set to rotate at 1 RPM for the duration of the process,

creating layers of material as the substrates passed through the sputter flux

of the magnetrons. During the deposition of the Mg/TM multilayer, the

shutter was placed in front of the palladium target in order to prevent con-

tamination by the sputter flux from the magnesium and TM targets. The

palladium capping layer was deposited in two rotations using the conditions

listed in table 3.2.
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For the Mg/Cr and Mg/V samples that are discussed in this work, 150

magnesium layers were separated by thin layers of chromium and vanadium.

In these cases the magnesium layers and the interlayers of chromium and

vanadium were deposited using the two opposing circular magnetrons with

a magnesium target mounted on one and a chromium or vanadium target

mounted on the other. The Mg/TM, Mg/Cr and Mg/V samples were all

given two coatings of their respective transition metal(-mix) between the

top and bottom magnesium layer and the palladium cap in an attempt to

prevent the formation of a magnesium-palladium alloy as discussed in section

2.2.3. A magnesium control sample (Mgcontrol) sample was produced using

the same set-up; however, the transition metal targets were not employed,

leading to 150 layers of magnesium being deposited without separating layers

of a transition metal.

The palladium capping layers deposited on both surfaces of the Mg/Cr,

Mg/V and Mgcontrol samples were co-deposited in 5 revolutions from the

stainless steel target using the arrangement employed in generating the nickel-

rich transition metal mix. This was necessary due to the set-up of the PVD

coating system. During sputter deposition of the multilayers, the shutter was

kept in front of the palladium target in order to prevent contamination.

Tables 3.2a to 3.2d list the sputtering conditions employed during the

deposition of the 4 samples, including the argon pressure and current on each

of the magnetrons. These conditions resulted form a series of preliminary

multilayer coatings consisting of 150 bi-layers of magnesium and titanium,

using the same physical set-up that was employed for the Mg/Cr, Mg/V and

Mgcontrol sample.
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Mg/TM

Target Current
Ar

Pressure
Magnesium 0.3 A

1.7 mTorrNickel (SS) 1 A
Palladium 0.2 A

(a)

Mg/Cr

Target Current
Ar

Pressure
Magnesium 0.35 A

1.7 mTorrChromium 0.04 A
Palladium˚ 1 A

(b)

Mg/V

Target Current
Ar

Pressure
Magnesium 0.3 A

1.7 mTorrVanadium 0.07 A
Palladium˚ 1 A

(c)

Mgcontrol

Target Current
Ar

Pressure
Magnesium 0.3 A

1.7 mTorr
Palladium˚ 1 A

(d)

Table 3.2: Tables showing the sputtering conditions used during deposition
of a) the Mg/TM sample, b) the Mg/Cr sample, c) the Mg/V sample and d)
the Mgcontrol sample. ˚co-sputtered from a stainless steel target

Table 3.3 lists the coating conditions that were employed for the Mg/Ti

multilayer sample that was deposited onto a glass cover slip. The peak broad-

ening of the Mg(002), Mg(004), Ti(002) and Ti(004) reflections in an XRD

diffractogram that was produced was used to estimate the crystallite size of

the magnesium and titanium phases at 13 ˘ 2 nm and 6 ˘ 1 nm respectively,

as detailed in section 3.3. From SEM measurements of the cross-section of

the coating, a coating thickness of 3 ˘ 0.1 µm was established, which allows

ca. 20 ˘ 1 nm per layer, confirming the thickness of the magnesium/titanium

bi-layers. This information was then used to derive the relative sputter rate

of magnesium and titanium, for the given power settings, and to estimate

the required target current for chromium, vanadium and palladium, given

the relative sputter rates which were taken from the Gencoa Sputter Rate
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Calculator (Gencoa Ltd., 2013).

Target Current
Ar

Pressure
Magnesium 0.27 A

1.7 mTorr
Titanium 0.45 A

Table 3.3: Table showing the PVD system settings employed for the deposi-
tion of the magnesium/titanium calibration multilayer sample

The sputter yield for the co-sputter arrangement was calculated using

the relative sputter yield of palladium, nickel and titanium of 3.1:1.6:1, given

the known sputter rate of titanium from the small targets. The race track

area of the small and large targets was measured at 1810 mm2 and 16650

mm2 respectively which was then used to calculate the current required to

achieve the same current density calculated for the small target (2.5 ˆ 10 ´4

A mm´2).

3.2.2 Sample Preparation

The coatings were all deposited onto 2.5 ˆ 7.6 cm glass microscope slides,

which were coated with a layer of nitrocellulose to allow delamination. The

nitrocellulose layer was produced by diluting nail varnish in acetone in a

1:5 ratio, and the solution was applied to the slides using a pipette. It was

allowed to dry fully in air for 24 hours prior to the application of the PVD

coating. For each sample a number of 19 mm diameter glass cover slips were

also placed on the rotary sample holder to allow characterisation of the thin

film by XRD, SEM and TEM.

After deposition of the magnesium-based thin films, the samples were

submerged in acetone and subjected to up to 1 hour of ultrasound treatment
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in a Camlab Transsonic TP690 Ultrasound bath to aid the dissolution of the

nitrocellulose layer separating the coating form the glass substrate, resulting

in the delamination of the thin film coatings from the substrate. The samples

were then carefully rinsed in acetone up to 5 times, resulting in thin film

flakes. Due to the high specific surface area of these flakes, they were placed

into glass vials whilst still somewhat wet from the acetone treatment. The

remaining acetone was then evaporated at 0.5 bar and the samples were

placed and stored in an MBRAUN Unilab argon (purity 99.9999%) glove

box (O2 ă 0.1 ppm, H2O ă 0.1 ppm).

3.3 Structural Characterisation Techniques

3.3.1 X-Ray Diffraction

The microstructure of the thin films was assessed both before and after hydro-

gen cycling using X-ray diffraction. The technique relies on the interaction

between X-rays and crystallites changing the X-ray signal via constructive

and destructive interference. The geometry of the interaction is linked to the

geometry of the crystal structure via Bragg’s law

nλ “ 2d sin θ (3.1)

where n is the order of diffraction, λ represents the wavelength of the X-ray

signal, d is the distance between planes of atoms in a crystallite and θ is the

angle between the line of the incident X-ray and the scattered X-ray signal.

The data collected for the different samples was compared with database
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diffraction patterns for the different phases that were studied, including the

JCPDS-ICDD Powder Diffraction File (Smith and Jenkins, 1996). The data

was used for phase identification as well as to extract information about the

microstructure of the coatings.

As well as the geometry of the thin films, the X-ray diffraction signal

can provide information about the size and level of microstrain within the

crystallites. The Scherrer equation (Klug and Alexander, 1974)

τ “
Kλ

βP cos θ
(3.2)

relates the full peak width βP of the diffracted X-ray signal at half the max-

imum intensity (FWHM), the diffraction angle θ, the shape factor K, and

the wavelength of the X-ray signal to the crystallite size τ .

Since line broadening can also be caused by inconsistencies in the diffrac-

tometer set-up and X-ray source, a coarse-grained, microstrain-free LaB6

reference sample was used to produce a diffraction pattern with strain- and

size broadening-free diffraction peaks over a wide range of angles of 2θ. Using

the FWHM of these peaks a 2nd order polynomial fit line was established for

the relationship between the diffraction angle and the FWHM which equates

to the instrument broadening βI , which is subtracted from the FWHM to

give the peak broadening caused by the crystallites studied. Figure 3.2 shows

this 2nd order polynomial fit line through the instrument broadening data.

Broadening of the diffraction peaks can also be caused by microstrain,

which makes equation 3.2 valid only when there is no strain in the sample.

Hall (1949) establishes that the line broadening βS caused by microstrain,
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Figure 3.2: 2nd order polynomial fit line through the instrument broadening
data for a LaB6 reference sample

measured in values of 2θ, is linked with the broadening caused by small

crystallites, βP , via the relationship

β “ βP ` βS (3.3)

which, given the relationship

βS “ ´2
∆d

d
tan θ (3.4)

derived by differentiating Bragg’s law (equation 3.1), where the term ∆d
d

is

the effective strain, can be rearranged to give

β cos θ

λ
“

1

τ
´ 2

∆d

d

sin θ

λ
(3.5)
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which is known as the Williamson-Hall equation.

By plotting β cos θ

λ
against sin θ

λ
for a series of diffraction peaks, the micros-

train and crystallite size can be derived from the slope and intercept of the

resulting straight line Williamson-Hall plot (Cullity and Stock, 2001, chapt.

14), a representative example of which is shown in figure 3.3.

Figure 3.3: Williamson-Hall plot of the peak broadening data for the hydro-
genated Mg/Cr sample

All samples were X-rayed on a Bruker D8 Advance diffractometer using

monochromatic CuKα radiation with a wavelength λ of 1.5418 nm, emitted

through a 0.6 mm slit at 40 kV and 40 mA, in a Bragg-Bentano θ – 2θ

configuration.

All samples were spun at the instrument-set speed of ca. 0.5 RPM during

measurement to allow better crystallite homogenisation, and in the case of

the as-deposited Mg/TM coating, the scan was complimented by a series of
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unlocked-coupled scans. Since powder X-ray diffraction detects only planes

of atoms which are parallel to the instruments horizontal plane, and assumes

a random crystallite orientation, in a sample with strong crystal alignment

this effectively tilts the sample, allowing the detection of planes of crystals

that are not parallel to the horizontal plane.

Both the as-deposited thin film coatings and hydrogenated powders were

scanned over a range of 20 – 100˝ 2θ, with a step size of 0.05˝ and a dwell

time of 5 s for the coatings and with a step size of 0.03˝ and a dwell time of

10 s for the powders. The hydrogenated Mg/TM sample was scanned over a

range of 20 – 85˝ 2θ, and the incident angles and 2θ ranges for the unlocked-

coupled scans that were performed on the as-deposited Mg/TM sample with

a step size of 0.05˝ and a dwell time of 15 s for the palladium peaks and 40

s for the magnesium peaks are presented in table 3.4.

Peak Incident Angle 2θ range
Mg(104) 14.47˝ 79.10 – 84.50˝

Mg(114) 9.38˝ 96.82 – 102.22˝

Mg(105) 30.45˝ 101.95 – 107.35˝

Pd(311) 9.93˝ 78.85 – 84.85˝

Table 3.4: Table showing the scan parameters employed for the unlocked-
coupled scans performed on the as-deposited Mg/TM coating

The as-deposited coatings were analysed on their glass substrate, which,

due to the thickness of the coatings, did not interfere with the X-ray signal.

During hydrogen cycling the samples decrepitated into a fine, flaky powder

which was placed onto a single crystal silicone wafer in milligram quantities,

oriented in such a way that it does not produce an X-ray diffraction signal

using the θ – 2θ Bragg-Bentano configuration. The hydrided powder samples
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were placed onto the silicon wafers under argon and then covered with an

amorphous polymer tape to limit oxidation of the hydride sample during the

X-ray diffraction measurements.

3.3.2 Electron Microscopy

The microstructure and composition of the samples both before and after

hydrogen cycling was analysed using a variety of electron microscopy imag-

ing techniques including scanning electron microscopy (SEM), transmission

electron microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDX)

Scanning Electron Microscopy

Scanning electron microscopy works by scanning an electron beam across

the surface of a sample. The interaction between the electron beam and the

sample results in the emission of a range of waves and particles including

secondary electrons, backscattered electrons and X-rays. In SEM, the sec-

ondary electrons provide information about the surface topography of the

sample, whilst the backscattered electrons provide information about the

atomic weight of the sample, resulting in Z-contrast. The X-rays emitted are

a result of elastic collisions of the electron beam with the sample, providing

information about the elemental composition of the sample.

The as-deposited thin film coatings’ cross-sections and the hydrided pow-

ders were analysed by SEM using a Philips XL30 ESEM-FEG which was

fitted with an Oxford Instruments silicon drift EDX detector. All imaging

was done with an electron-beam voltage of 20 kV and at a working distance

of 10 mm. The nitrocellulose-free glass coverslips that were coated alongside
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the samples intended for delamination were fractured and mounted vertically

on an SEM sample holder in order to observe and measure the thickness of

the coatings. Charging of the non-conductive glass substrate was avoided by

coating the fractured samples with a ă 10 nm thick layer of platinum. EDX

analysis was performed with the electron beam scanning an area of between

10 and 100 µm2 on the surface of the coatings.

The hydrogenated coatings were imaged by dusting carbon tabs with a

small amount of the thin film powders inside the argon glove box. The carbon

tabs were then coated with a ă 10 nm thick layer of platinum, in order to

reduce oxidation of the powders during transfer into the electron microscope.

A series of secondary electron images as well as backscattered electron images

were produced in order to study the morphology of the hydrogenated samples.

EDX analysis was used to study the elemental composition of the thin film

powders.

Transmission Electron Microscopy

TEM analysis works by passing an electron beam through a sufficiently thin

(typically ă 100 nm) sample. As in SEM, a range of particles and waves, in-

cluding secondary and backscattered electrons, and X-rays are emitted which

can be used to analyse the elemental composition of the TEM sample. For

TEM imaging however, the portion of the beam that is transmitted through

the sample is used. A portion of the beam is scattered by the sample’s crys-

tal structure, resulting in contrast coming from the crystal structure of the

sample in the remaining part of the electron beam.

The portion of the electron beam which is scattered by the crystal struc-
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ture can be used to produce selected area electron diffraction patterns (SAED),

which provide information about the crystal structure of the sample. These

patterns appear in the form of a number of spots arranged in a circular

fashion around the main electron beam, depending on the orientation of the

crystallites present. Given a sufficient number of randomly oriented crys-

tallites in the sample, producing a large number of spots, these can merge

together to form a ring.

Bragg’s law (equation 3.1) can be applied to these patterns, using the

geometry between the the radius R of a diffraction ring, the camera length

L which is fixed by the distance between the specimen and the photographic

film or CCD used to record the TEM images, and the angle 2θ between the

transmitted and the diffracted electron beam. Since θ is generally very small

the approximation sin θ « θ can be made.

Therefore Bragg’s law (equation 3.1) can be written as

nλ “ 2dθ. (3.6)

The geometry of the TEM set-up dictates that tan 2θ “ R{L so that given

tan θ « θ the equation

nλL “ Rd (3.7)

can be derived by substituting θ in equation 3.6. Given the camera constant

of 1.11 and 1.00 m respectively for both the JEOL 2100F and JEOL 2000FX

II microscopes that were used in this work, and a wavelength of 2.5 pm for

an electron accelerated by the 200 kV potential that was employed for TEM

imaging, the radius of a diffraction ring can be used to calculate the d-spacing
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Figure 3.4: TEM image showing a FIB lift-out attached to a TEM grid

of the crystal plane it originates from.

TEM analysis was performed on the as-deposited Mg/TM, Mg/Cr and

Mg/V samples, as well as on the hydrogenated Mg/TM, Mg/Cr and Mg/V

samples. For the as-deposited thin film samples, FEI Quanta200 FIB/SEM

and FEI Quanta 3D FEG FIB/SEM systems were used in the case of the

Mg/TM and Mg/Cr samples, and the Mg/V sample respectively to produce

TEM samples. In order to protect the multilayer structure, the samples were

first coated with ca. 6 µm of tungsten following which a section was then

milled out of the as-deposited samples using an ion beam. Figure 3.4 shows

an example of one of the lift-outs which were were all 15 µm wide by 6 µm

high (encompassing the multilayer as well as some of the glass substrate) and

250 nm thick. The ion beam was then used to thin the sample, to ă 150 nm

in a wedge shape, producing regions of varying thickness. The lift-outs were
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then mounted onto a copper TEM grid, in order to allow TEM imaging of

the cross-section of the coatings. The samples were placed in liquid nitrogen

and mounted onto a TEM sample holder in order to reduce oxidation during

transfer into the JEOL 2100F transmission electron microscope that was used

for the Mg/TM and Mg/Cr samples and the Philips Tecnai F20 microscope

that was used for the Mg/V sample, fitted with Oxford Instruments INCA

and ISIS EDX systems respectively.

A series of bright-field images were produced as well as electron diffrac-

tion patterns, confirming the microstructure of the thin film samples. In

addition, scanning transmission electron microscopy (STEM) was used to

generate high-angle annular dark field (HAADF) images which provide el-

emental (Z-)contrast, and nanometer-resolution EDX maps of the coatings’

cross-section.

For TEM imaging of the hydrogenated powders a small amount (ă 1 mg)

of each of the samples was suspended in acetone in an argon environment.

Outside the glove box, in a sealed glass vial, the suspension was treated in

an ultrasound bath for 5 minutes and once the large particles, visible to the

human eye, had settled to the bottom, a drop of the suspension was pipetted

onto a holey carbon grid. With the carbon grid still moist with acetone in an

attempt to minimise sample oxidation, the sample holder was mounted onto

the TEM and evacuated. This caused the remaining acetone to evaporate,

leaving very small thin film particles dispersed on the TEM grid.

The Mg/TM sample was imaged using the JEOL 2000FX II microscope,

fitted with an Oxford Instruments INCA EDX system, whilst the Mg/Cr

and Mg/V samples were imaged on the JEOL 2100F microscope. A series
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of bright field images and diffraction patterns were collected for all samples,

and the STEM functionality of the JEOL 2100F microscope was used for the

Mg/Cr and Mg/V samples to generate EDX maps and HAADF images of

the thin film particles.

3.4 Hydrogen Storage Measurements

The hydrogen storage properties of the thin film multilayers were measured

using a range of volumetric, gravimetric and calorimetric methods including

manually operated and automated Sievert’s apparatuses, thermogravimetric

analysis (TGA) and differential scanning calorimetry (DSC) in order to assess

the capacity, thermodynamics, kinetics and cycling behaviour of the thin film

materials.

3.4.1 Volumetric Sorption Methods

For a given volume, temperature and hydrogen pressure, the amount of hy-

drogen gas contained in the volume can be calculated using the virial equation

(equation 3.8)

pV

RT
“ 1 ` BpT q

1

V
` CpT q

1

V
2

(3.8)

relating the pressure p, molar volume V , gas constant R, number of moles

n and temperature T to the temperature dependent virial coefficients BpT q

and CpT q which can be found in databases such as the one published by

NIST (NIST, 2009).

If the volume of hydrogen gas (manifold) is then connected to a second vol-

ume containing a hydrogen storage material under vacuum (sample holder),
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the pressure of the same amount of hydrogen gas expanded into the sum of

the two volumes can be calculated. If the hydrogen storage material then

absorbs a portion of the gas, a pressure drop will ensue. This pressure drop

can be measured and used to calculate the quantity and mass of gas that has

been absorbed by the hydrogen storage material and, given the mass of the

hydride material (typically around 150 mg), the hydrogen storage capacity

can be derived.

A twin-manifold Sievert’s system, a schematic of which is shown in figure

3.5, was built using a Druck PTX 620-I pressure transducer with an accuracy

of 0.08% FS and a range of 0 – 100 bar. The system was encased in an acrylic

glass box and mounted on an aluminium frame in order to allow an arrange-

ment of heaters, fans and thermocouples to maintain a constant temperature

of 35 ˘ 0.5˝C. The switchable manifold volume allowed switching between

two different-sized manifold volumes by opening or closing the associated

ball valve. The manifold was connected to hydrogen (purity 99.9999%) and

helium (purity 99.996%) gas supplies as well as a Pfeiffer TPS 100 turbo-

molecular vacuum system, backed by an oil-free diaphragm pump.

The sample holder was fitted with a Watlow ring heater, which allowed

temperature control within ˘ 1˝C. Heat transfer between the ring heater and

the sample was accounted for by measuring the temperature of the inner wall

of the sample holder and recording it against the heater temperature. In the

range of 250 – 350˝C that was used for hydrogen storage measurements an

offset of +7˝C was measured between the temperature on the in- and outside

of the sample vessel, which was used to estimate the sample temperature

from the heater temperature.
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Figure 3.5: Schematic showing the twin-manifold Sievert’s apparatus

The system volume was calibrated using stainless steel ball bearings and

helium gas. The diameter of these ball bearings was measured in order to

establish their volume, VB, and they were then added to the sample holder

volume VS in three portions, providing 4 different sample volumes with a

known ∆V . The mass of the gas in the system remains constant and hence,

when opening the pressurised manifold volume VM into the evacuated sample

volume containing ball bearings (VS - xVB)

VMρM “ pVM ` VS ´ xVBqρtotal (3.9)

is valid for the density ρM of the gas in the manifold and ρtotal for the gas

expanded into the sample holder.
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Figure 3.6: Graph showing the calibration data and linear regression lines
for the twin-manifold Sievert’s apparatus used in this work

This can be re-arranged to form

rp
ρtotal

ρM
q ´ 1sVM “ pVS ´ xVBq (3.10)

where x is the number of ball bearings added to the sample holder, and

by noting the pressure before and after expanding the helium gas from the

manifold into the sample holder, using equation 3.8, the densities ρM and

ρtotal of the gas can be calculated. By plotting pρtotal
ρM

q against xVB for a range

of x, the volumes VM and VS can be derived from the slope and intercept of

the resulting straight line.

Figure 3.6 shows the calibration curves with two values measured for each

of the 4 different sample volumes for the twin-manifold Sievert’s apparatus

that was used in this work. The manifold volumes were determined to be
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42.76 ˘ 0.5 cm3 and 8.76 ˘ 0.1 cm3 for the large and small manifold respec-

tively. Given the manifold volume, pressure and temperature, the effective

volume of any sample holder containing an amount of hydrogen storage ma-

terial at elevated temperature can be calculated using equation 3.10. This

was done twice for every sample at every temperature in order to obtain an

average value of the effective sample holder volume for each set of experi-

ments.

Having two manifold volumes allows the more accurate measurement

of both pressure-composition isotherms, since in a smaller volume a small

amount of gas creates a larger change in pressure, and kinetic curves, since

a larger manifold will allow the complete hydrogenation and dehydrogena-

tion of a sample, providing a sufficiently small drop or increase in pressure

to ensure sufficient over- or under pressure is present to complete the reac-

tion. The lab-built Sievert’s apparatus was used for the activation of the

Mg/TM sample, presented in section 4.3.4, and to produce the dehydrogena-

tion isotherms for the Mg/Cr, Mg/V and Mgcontrol samples, presented in

section 4.3.1.

In addition, a commercial, fully automatic Setaram PCTpro2000 Siev-

ert’s apparatus was used for hydrogen cycling experiments. The automation

feature facilitated hydrogen cycling and PCI experiments whilst the large

manifold volumes available on this instrument allowed the measurement of

hydrogenation and dehydrogenation kinetics at reduced temperatures. The

instrument has a known error of 1% of the reading of pressure and an accu-

racy of ˘ 5˝C for the sample temperature control. The manifold temperature

is set to 30 ˘ 1˝C and in addition it was noticed that the temperature inside
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the instrument follows a sinusoidal pattern varying ˘ 0.25 ˝C in a period

of 40 min which gives rise to a degree of noise, especially for measurements

taken using large manifold volumes. The PCTpro2000 was used to mea-

sure the pressure-composition isotherms for the Mg/TM sample, presented

in section 4.3.1 and for the measurements of activation, kinetics and cycling

stability presented in sections 4.3.4, 4.3.2 and 4.3.6.

3.4.2 Gravimetric Capacity Measurements

In addition to volumetric methods, gravimetric methods were used to asses

the hydrogen storage capacity of the thin film multilayer samples. A Netzsch

209 F1 Iris thermobalance was used for thermogravimetric analysis (TGA)

of the samples which has a resolution of 1 µg and a temperature range of

20 – 1000˝C.

After 50 – 60 cycles of hydrogenation and dehydrogenation, approxi-

mately 2 – 3 mg of each hydrided sample was placed into an alumina crucible,

which was encapsulated by an aluminium pan and lid arrangement, which was

sealed in order to minimise oxidation of the samples during transfer from the

argon glovebox to the instrument. The aluminium casings were then pierced

with a needle to allow hydrogen gas to escape during the dehydrogenation

experiments and the samples were placed on the instrument’s sample carrier.

The instrument then went through several cycles of evacuation and purging

with argon, before starting the dehydrogenation experiments. The sample

was held at a constant temperature of 30˝C for 1 h in order to allow the

system to stabilise and to establish a baseline under a flow of 100 mlmin´1

of argon at atmospheric pressure, before measuring the mass loss during a
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continuous heating process at 10˝Cmin´1 from room temperature to up to

500˝C under the same conditions.

In order to account for buoyancy, heat convection and gas flow effects

interacting with the sample, an empty alumina crucible, encapsulated in

an aluminium pan and lid, was placed on the microbalance and run under

identical conditions to those employed for the hydride samples. From the

difference between the two curves the true mass loss of the sample due to

hydrogen evolution was determined.

3.4.3 Calorimetric Measurements

Differential scanning calorimetry (DSC) measures the heat flux into and out

of a sample, providing information about the exothermic and/or endothermic

nature of a chemical reaction. By heating a small amount (2 – 3 mg) of the

hydrogenated thin film samples, placed in an alumina crucible encapsulated

by an aluminium pan and lid arrangement identical to that used for the

TGA measurements, at a controlled rate in a controlled atmosphere and

comparing the heat flux to that into and from a reference sample consisting

of a blank alumina crucible encapsulated in aluminium identical to the one

used to account for buoyancy effects during TGAmeasurements, the heat flux

necessary to undergo a chemical reaction in the hydrogen storage material

can be measured.

After 50 – 60 cycles of hydrogenation and dehydrogenation, the hydrided

samples were heated from room temperature under a 100 mlmin´1 flow of

argon at atmospheric pressure, at rates of 2, 5, 10 and 20˝Cmin´1 to tem-

peratures of up to 450˝C in a series of dehydrogenation experiments. Upon
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completion of each dehydrogenation experiment, the flow of argon was cut

and hydrogen was introduced into the reaction chamber at 10 bar, after 3

cycles of purging the chamber with 3 bar of hydrogen. The sample was held

for 30 minutes at 310˝C under a flow of 200 mlmin´1 of hydrogen to allow

complete hydrogenation, as established previously from the volumetric kinet-

ics experiments that were done at similar temperatures. Once the samples

had cooled to room temperature, the chamber was purged 3 times with 3 bar

of argon. The argon flow was once again set to 100 mlmin´1 for the next de-

hydrogenation experiment. This data was then used in the evaluation of the

reaction kinetics of the thin film multilayer samples using Kissinger analysis.

Homer Kissinger (Kissinger, 1956) describes a method of establishing the

activation energy of a reaction using DSC. Using the equation Murray and

White (1955) derive from the Arrhenius equation (4.3), where

Ae´ E
RT “

E

RT 2
m

dT

dt
(3.11)

he states that
dpln φ

T 2
m

q

dp 1

Tm
q

“ ´
E

R
(3.12)

where the heating rate φ “ dT {dt, also referred to as β (Varin et al., 2008) or

Q (Kelton, 1997), whilst E is the activation energy referred to in this work

as Ea and Tm is the temperature at which a local maximum occurs for a DSC

curve, referred to here as Tpeak. This relationship is then used to derive the

activation energy Ea from plots of 1{Tpeak against lnpβ{T 2

peakq as shown in

section 4.3.3.
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Results

4.1 Introduction

Thin film technology is becoming ever more common in the development of

magnesium-based hydrogen storage materials due to the high level of flexi-

bility and control the process offers in manufacturing nano-scale structures.

As established in section 2, in an attempt to promote faster hydrogen storage

kinetics at reduced temperatures, researchers have produced a range of thin

film composites, alloys and multilayers with some success. It is well known

that certain transition metals such as Cr, Fe, Ni, V, Ti and their oxides can

act as catalysts, improving the reaction kinetics of hydrogen storage in mag-

nesium. It is also well known that having a good dispersion of very small

catalyst particulates in very fine-grained magnesium is favourable for fast ki-

netics whilst retaining as much hydrogen storage capacity as possible (Varin

et al., 2006b; Zaluska et al., 2001). These conditions are fulfilled by thin film

multilayers made up of very thin (ă 20 nm) layers of magnesium separated by

extremely thin (ă 3 nm) layers of transition metal, with the exact thickness

of the layers depending on the desired magnesium-to-transition metal ratio.
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This promotes a very high area of contact between the active magnesium

and the catalyst. Magnetron-assisted physical vapour deposition (PVD) is

a thin film technique that allows atom-by-atom “tailoring of structures”(Qu

et al., 2010c), enabling the controlled and repeatable manufacture of highly

structured multilayer thin films. The work presented in this chapter inves-

tigates the interaction of a range of such magnesium/transition metal thin

film multilayers with hydrogen and the structural evolution of the materials

during hydrogen cycling at elevated temperatures.

Sections 4.2 and 4.3 present the structural characterisation and hydro-

gen storage properties of the multilayer samples of magnesium multilayered

with a nickel-rich transition metal mix (Mg/TM), chromium (Mg/Cr) and

vanadium (Mg/V) as well as a non-catalysed magnesium control sample

(Mgcontrol), prepared as discussed in section 3.2.1. The materials were in-

vestigated using XRD, SEM, TEM and EDX to determine the structural

evolution the materials underwent during over 60 cycles of hydrogenation

and dehydrogenation, and a combination of Sievert’s-type apparatuses, DSC

and TGA was used to determine the kinetic and thermodynamic properties

of the thin film samples. Chapter 5 will then discuss the findings relating how

the structural evolution and the different materials used affect the hydrogen

storage properties of these materials.
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4.2 Structural Characterisation of Thin Film

Multilayers

4.2.1 X-Ray Diffraction

XRD studies were carried out in order to study the microstructural changes

that the different multilayer materials underwent during hydrogen cycling

at elevated temperatures. Diffractograms produced by performing locked-

coupled scans of the Mg/TM, Mg/Cr, Mg/V and Mgcontrol samples in their

as-deposited state are presented in figure 4.1.

Figure 4.1: XRD pattern in the as-deposited state of the a) Mgcontrol, b)
Mg/V, c) Mg/Cr and d) Mg/TM samples.

All 4 samples show clear diffraction peaks from the (002) and (004) planes

of the magnesium phase at 34.4 and 72.5˝ 2θ, as well as from the (111) and,
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in the case of the Mg/TM coating, also the (222) planes from the palladium

capping layers at 40.1 and 86.6˝ 2θ. The samples exhibit signs of strong

directional growth of magnesium crystals in the ă001ą direction and growth

in the ă111ą direction for the palladium layers and there is no evidence

of diffraction from any of the transition metal interlayers in the Mg/TM,

Mg/Cr and Mg/V diffraction patterns. There is however evidence for a shift

to higher angles of 2θ by ca. 0.4 ˘ 0.05˝ (fl 0.01 Å) of the palladium (111)

peaks coming from the Mg/Cr, Mg/V and Mgcontrol samples.

Figure 4.2 shows a series of unlocked-coupled scans that were performed

on the Mg/TM sample to confirm the crystal structure and orientation of the

magnesium and palladium crystals superimposed on a section of the original

locked-coupled scan of the same sample. Diffraction peaks can be observed

from the (311) planes in the palladium layers (82.1˝ 2θ) and the (104), (114)

and (105) planes in the magnesium layers (81.54, 99.22 and 104.25˝ 2θ) by

adjusting the incident angle of the X-ray source by the interplanar angle

between the basal planes and the planes in question.

As described in section 3.3.1, the Scherrer equation (equation 3.2) was

applied to the full width at half of the maximum intensity (FWHM) of the

magnesium (002) and (004) diffraction peaks and an average value for the

crystalline size of ca. 16 ˘ 3 nm was estimated. The palladium (111) and

(222) peaks were used in a similar fashion to calculate an average grain size of

the palladium crystallites of ca. 14 ˘ 2 nm. Peak broadening measurements

were also done for the Mg/Cr, Mg/V and Mgcontrol samples and from the

peak broadening at FWHM of the respective diffraction peaks of the (002)

and (004) planes the average crystallite size for the Mg phase was estimated
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Figure 4.2: XRD pattern showing a series of unlocked-coupled scans overlaid
on the original locked-coupled scan of the as-deposited Mg/TM thin film
between 2θ values of 80 ´ 120˝

at ca. 17 ˘ 3 nm for the Mg/Cr coating, 16 ˘ 3 nm for the Mg/V coating

and 50 ˘ 16 nm in the case of the Mgcontrol sample.

The as-deposited and then delaminated samples were all of shiny, metallic

appearance but, after up to 60 cycles of hydrogen cycling at up to 350˝C, all 4

samples had undergone significant morphological changes. To the naked eye,

the samples seemed to have disintegrated into very fine, grey, flaky powders

which facilitated further characterisation using SEM, TEM, XRD, DSC and

TGA. X-ray diffraction patterns from these powders reveal that there was

significant change, not only in the morphology of the samples, but also in

the microstructure.
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Figure 4.3: XRD pattern of the hydrogenated Mg/TM sample after 60 cycles
of hydrogenation and dehydrogenation

The diffraction pattern for the hydrogenated Mg/TM sample shown in

figure 4.3 suggests a significant change of the material’s crystal structure after

hydrogen cycling. As well as diffraction lines corresponding to magnesium

hydride, magnesium oxide (periclase) and traces of unreacted magnesium,

the diffraction pattern suggests the presence of Mg6Pd and Mg2NiH4 phases

as well as a crystalline, body centred cubic (BCC) iron. Furthermore, the

diffraction peaks have become sharper which suggests that, as well as the for-

mation of new phases, a degree of grain growth has occurred during hydrogen

cycling.
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The peak broadening of the magnesium hydride peak at around 54.7˝

2θ was used to calculate an average grain size of the magnesium hydride

phase post cycling of around 85 ˘ 35 nm. The broadening of the iron peak

at around 36.6˝ 2θ corresponds to a grain size of ca. 50 ˘ 16 nm. The

peaks corresponding to the Mg2NiH4, Mg6Pd and periclase phases were too

convoluted and weak in intensity to extract any useful information about the

grain size of these phases.

Figure 4.4: XRD pattern of the hydrogenated Mg/Cr sample after 60 cycles
of hydrogenation and dehydrogenation

Similar measurements were performed for the Mg/Cr, Mg/V and Mgcontrol

samples. Figure 4.4 shows a diffraction pattern for the hydrided MgCr sample
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after 60 cycles of hydrogenation and dehydrogenation. The pattern reveals

significant changes in the material’s crystal structure during hydrogen cy-

cling. Diffraction peaks matching database values of magnesium hydride, as

well as much lower intensity peaks corresponding to patterns of magnesium,

magnesium oxide (periclase), Mg6Pd and crystalline, BCC chromium can be

identified. The average grain size of the magnesium hydride phase was esti-

mated to be ca. 136 ˘ 50 nm from the peak broadening at full width half

maximum using theWilliamson-Hall plot shown in figure 3.3. The Scherrer

equation was applied to the chromium peak from which a crystallite size

of ca. 20 ˘ 5 nm was derived. The magnesium oxide peaks, although de-

tectable, were, in the case of the peak at 62.4˝ 2θ, too low in intensity and,

in the case of the peak at 43˝ 2θ, too convoluted with the Mg6Pd peak at

41.7˝ 2θ to extract useable information about the crystallite size of the oxide

phase.

After hydrogen cycling the now hydrided Mg/V sample exhibited a very

different diffraction pattern from that of the as-deposited sample. Shown

in figure 4.5, the pattern exhibits a series of intense, sharp looking peaks

that match database values for magnesium hydride. In addition the pattern

contains a range of smaller peaks that match database values for magnesium,

magnesium oxide (periclase), V and Mg6Pd. UsingWilliamson-Hall plots the

average grain size of the magnesium hydride phase was estimated to be ca.

100 ˘ 39 nm from the peak broadening of the corresponding peaks. The

magnesium oxide, vanadium and Mg6Pd peaks are too convoluted with the

neighbouring peaks to be able to extract the FWHM.

Figure 4.6 shows a diffraction pattern of the Mgcontrol sample after hy-
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Figure 4.5: XRD pattern of the hydrogenated Mg/V sample after 60 cycles
of hydrogenation and dehydrogenation

drogen cycling and one of as-received magnesium hydride (Alfa Aesar, 98%

MgH2). The Mgcontrol sample’s pattern contains low intensity peaks matching

database patterns for magnesium, magnesium oxide (periclase) and Mg6Pd

in addition to a strong magnesium hydride pattern. The magnesium hydride

peaks are very sharp and thus make an estimation of the grain size using

the peak broadening impossible as the grain size exceeds the limit of grain

size that can be measured using XRD. The Scherrer equation was used to

estimate the crystallite size of the periclase phase at around 22 ˘ 6 nm from

the FWHM of the magnesium oxide peak at around 43˝ 2θ.
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Figure 4.6: XRD patterns of a) the hydrogenated Mgcontrol sample after 60
cycles of hydrogenation and dehydrogenation and b) as-received magnesium
hydride

Similarly the pattern of the as-received magnesium hydride powder ex-

hibits sharp peaks matching database values for magnesium hydride as well

as low-intensity peaks corresponding to the diffraction pattern of magnesium.
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4.2.2 Electron Microscopy

SEM

Electron microscopy studies by SEM and TEM were conducted to understand

the structural changes the different multilayer materials underwent during

hydrogen cycling.

(a) (b)

(c) (d)

Figure 4.7: Cross-sectional SEM images of the a) Mg/TM, b) Mg/Cr, c)
Mg/V and d) Mgcontrol samples showing the thickness of the as-deposited
thin films
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Figure 4.7 shows SEM micrographs of the cross-section of the Mg/TM,

Mg/Cr, Mg/V and Mgcontrol multilayer thin films in their as-deposited state,

revealing the total film thicknesses of the samples as 2.81 ˘ 0.1, 2.74 ˘ 0.1,

2.6 ˘ 0.1 and 2.53 ˘ 0.1 µm respectively. The thickness of the 4 samples

in the region of 2.53 – 2.81 µm, given that around 40 25.4 ˆ 76.2 mm glass

slides were coated for each sample, resulted in around 300 mg of useable hy-

drogen storage material after sample delamination. This allowed volumetric

and gravimetric hydrogen uptake measurements using conventional Sievert’s

and thermogravimetric apparatuses as opposed to using resistive or optical

methods which, as discussed in section 2.2.3, are often relied upon to measure

hydrogen uptake in thin films.

Figure 4.8a shows SEM images of the Mg/TM powder after 60 cycles

of hydrogenation and dehydrogenation in its hydrogenated state. The im-

age reveals that the powder-like sample retained some of its thin-film struc-

ture, containing flaky particles of a wide range of sizes ranging from tens of

nanometres to tens of millimetres. Figure 4.8b and 4.8c show backscattered

and secondary electron images of an Mg/TM particle that is representative of

the smallest particles in the sample. By comparing the two images it becomes

evident that there are a large number of very small, bright, circular features

in, on or under the particle which, given the backscattered electron contrast,

is indicative of nano-sized particles of elements heavier than the bulk of the

material. This might suggest that the amorphous, uniformly distributed lay-

ers of catalyst material have formed a number of nano-sized particles during

hydrogen cycling. Figure 4.8d shows one of the larger flakes in the Mg/TM

sample, highlighting that these particles are porous and appear to be made
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(a) (b)

(c) (d)

Figure 4.8: SEM images of the Mg/TM sample in its hydrogenated state
after 60 cycles of hydrogenation and dehydrogenation showing a) a low-
magnification view of the powder morphology, b) a high-magnification
backscattered electron image of a small Mg/TM particle, c) a high-
magnification secondary electron image of a small Mg/TM particle and d)
an image of a larger Mg/TM flake

up of much smaller flakes in random orientation.

Figures 4.9 and 4.10 contain a collection of images showing the morphol-

ogy of the Mg/Cr, Mg/V and Mgcontrol samples after 60 cycles of hydro-
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(a) (b)

(c) (d)

Figure 4.9: SEM images of the Mg/Cr and Mg/V samples in their hydro-
genated state after 60 cycles of hydrogenation and dehydrogenation showing
a) a low-magnification view of the Mg/V powder morphology, b) a larger
Mg/V flake illustrating the cross-section of a hydrogenated thin film flake, c)
a high-magnification secondary electron image showing a small Mg/Cr par-
ticle and d) a high-magnification secondary electron image showing a small
Mg/V particle

genation and dehydrogenation in their hydrogenated state. Figure 4.9a is

representative for both the Mg/Cr and Mg/V samples, and both samples

appear to be made up of a mixture of what looks like porous thin film flakes

and smaller particles which, as shown in the higher magnification image in
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(a) (b)

Figure 4.10: SEM images of the Mgcontrol sample in its hydrogenated state
after 60 cycles of hydrogenation and dehydrogenation showing a) a low-
magnification view of the Mgcontrol sample’s morphology and b) a high-
magnification secondary electron image highlighting the smaller Mgcontrol
particles

figures 4.9c and 4.9d, themselves appear to be made up of thin plates of

material. The Mgcontrol sample on the other hand, although similar in terms

of particle size, exhibits different morphological features. As demonstrated

in figure 4.10a the sample also contains what looks like porous flakes. These

flakes differ from the catalysed samples however in that they appear to have

a smoother surface. The smaller particles shown in figure 4.10b have a dif-

ferent texture to that found in the catalysed samples. The sample is porous

in appearance and lacks the plate-like structures seen in the other samples.

All particles have in common the fact that they have retained a large

width to thickness ratio where the thickness is consistently significantly

smaller than the width and height, resulting in the flat, flake-like appear-

ance of the powder. Figure 4.9b is representative for all samples, showing

that this thickness is not the same thickness as the original, as deposited
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thin film or indeed the same for all particles and suggests the thin film has

disintegrated not only in the thin film growth direction but also in planes

parallel to the thin film surface. The thickness of this particle, one of the

the largest and therefore most intact thin film flakes from the Mg/V sample,

was measured at 3.7 ˘ 0.2 µm.

EDX data was collected both for the thin film samples and the hydro-

genated powders in order to assess the composition of the samples. In the

case of the as-deposited thin films EDX data was collected in a selected area

in the range of 10-100 µm2 on the surface of the thin film whilst the data

for the thin film powders was collected from the bulk in an area covering

5-10 thin film flakes. Tables 4.1 and 4.2 show a comparison of the 4 different

samples’ compositions, both in the thin film state and in the hydrogenated

state post cycling.

Mg/TM Mg/Cr Mg/V Mg
at.% at.% at.% at.%

Mg 87.7 ˘ 0.5 96.3 ˘ 0.4 94.1 ˘ 0.4 99.4 ˘ 0.4
Ni 6.9 ˘ 0.1 0 0 0
Fe 3.5 ˘ 0.1 0 0 0
V 0 0 5.2 ˘ 0.2 0
Cr 0.9 ˘ 0.1 3.3 ˘ 0.1 0 0
Mn 0.1 ˘ 0.1 0 0 0
Pd 0.9 ˘ 0.1 0.4 ˘ 0.1 0.7 ˘ 0.1 0.6 ˘ 0.1

Table 4.1: Composition of the 4 thin film multilayer samples in their as-
deposited form measured by EDX
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Mg/TM Mg/Cr Mg/V Mg
at.% at.% at.% at.%

Mg 87.8 ˘ 0.4 95.1 ˘ 0.4 93.0 ˘ 0.4 99.2 ˘ 0.4
Ni 6.3 ˘ 0.1 0 0 0
Fe 3.3 ˘ 0.1 0 0 0
V 0 0 6.4 ˘ 0.2 0
Cr 0.9 ˘ 0.2 4.3 ˘ 0.2 0 0
Mn 0.1 ˘ 0.1 0 0 0
Pd 1.6 ˘ 0.1 0.6 ˘ 0.1 0.6 ˘ 0.1 0.8 ˘ 0.1

Table 4.2: Relative composition of the metal elements in the 4 thin film
multilayer samples in their hydrogenated powder form after 60 cycles of hy-
drogenation and dehydrogenation measured by EDX

TEM

The physical set-up of the PVD coating unit as described in section 3.2

dictates that a layer of transition metal is deposited onto the palladium

coated substrate, followed by a layer of magnesium, which in turn is followed

by a layer of transition metal and so on, until the process is completed with

a final transition metal and palladium capping layer.

The TEM images presented in figures 4.11 and 4.12 show a series of images

of a FIB-SEM lift-out taken from the Mg/TM sample. These images confirm

that the coating conditions did in fact result in 150 bi-layers in the thin

film with alternating magnesium and transition metal layers. Figure 4.11a

shows the full cross-section through the Mg/TM thin film showing clearly

the uniform, orderly nanostructure of the thin film throughout the entire

coating. The convergent beam electron diffraction pattern shown in inlay i)

was taken from the small area, centrally located within the cross section of the

sample, highlighted in inlay ii), incorporating a transition metal interlayer

and about half of the two neighbouring magnesium layers, in the central
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(a) (b)

Figure 4.11: Cross-sectional TEM images of a FIB-SEM lift-out of the
Mg/TM thin film multilayer in its as-deposited state showing a) a view of
the entire multilayer structure on the glass substrate with i) a convergent
beam electron diffraction pattern from the area highlighted in ii), located in
the central region of the multilayer structure and b) a high-angle annular
dark-field (Z-contrast) image of the first 14 bi-layers

region of the sample. The pattern exhibits only characteristic discs for HCP

magnesium crystallites with no evidence of crystallinity in the transition

metal interlayer. Figure 4.12a shows a high-resolution TEM image of the

uppermost 4 bi-layers of the thin film coating which highlights the uniform

structure of layer separation present throughout the entire cross-section of

the Mg/TM sample.

The thickness of the individual magnesium and transition metal layers

was measured by intensity profiling across several multilayers using high-

resolution TEM images such as the one shown in figure 4.12b. An average

thickness of 16.5 ˘ 0.1 nm/layer was measured for the magnesium layers and

2.5 ˘ 0.1 nm/layer for the transition metal interlayers. The palladium layer
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(a) (b)

Figure 4.12: Cross-sectional TEM images of a FIB-SEM lift-out of the
Mg/TM thin film multilayer in its as-deposited state showing a) a high-
resolution TEM image of the top 4 bi-layers and b) a high-resolution TEM
image of a magnesium-transition metal interface

at the top of the sample had been coated with tungsten in the FIB TEM

sample preparation process, which made measuring its thickness difficult.

The thickness of the palladium layer at the bottom of the sample however

was measured to be 14.4 ˘ 0.1 nm.

High resolution images of the Mg/TM coating such as the one shown in

figure 4.12b exhibit lattice fringes in the thin film growth direction, which is

perpendicular to the substrate. Using these lattice fringes a d-spacing of 2.58

˘ 0.03 Å was measured, which matches the database value of 2.605 Å for the

Mg(002) planes. These lattice fringes are interrupted at each magnesium-

transition metal interface and, unlike for the magnesium layers, the electron

signal coming from the transition metal interlayers does not provide evidence

of any form of crystallinity.

Figure 4.11b show a Z-contrast, high-angle annular dark-field TEM im-
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(a) (b)

Figure 4.13: Cross-sectional TEM images of a FIB-SEM lift-out of the Mg/Cr
thin film multilayer in its as-deposited state showing a) a view of the entire
multilayer structure on the glass substrate with i) a STEM image of the
bottom 18 bi-layers and b) a high-resolution TEM image of 4 bi-layers located
towards the top of the coating

age of the bottom 14 layers of the Mg/TM multilayer including the bottom

capping layer of palladium. The image also highlights the area of the sample

that features in the series of EDX maps shown in figure 4.15.

Similar studies were undertaken for the Mg/Cr and Mg/V thin film mul-

tilayers in their as-deposited state. Shown in figure 4.13 are TEM images

showing the cross-section of the Mg/Cr coating which reveal that the coat-

ing is made up of 150 layers of magnesium with a thickness of ca. 18.0 ˘

0.1 nm, separated by chromium layers with a thickness of ca. 0.8 ˘ 0.1 nm.

Figure 4.13a shows that the Mg/Cr sample is nano-structured by uniform

layers throughout the entire cross-section of the coating. This layer sepa-

ration is evident throughout the entire structure, including the uppermost

layers. Figure 4.13b shows layers 142-146 which show no signs of homogeni-
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(a) (b)

Figure 4.14: Cross-sectional TEM images of a FIB-SEM lift-out of the Mg/V
thin film multilayer in its as-deposited state showing a) a view of the entire
multilayer structure on the glass substrate with and b) a high-resolution
TEM image of 2 bi-layers from the central part of the coating

sation of the layers. The inlay in figure 4.13a shows a STEM image of a the

bottom 18 bi-layers of the sample, including the bottom palladium capping

layer. This region of the sample was used for EDX mapping.

Figure 4.14 shows cross-sectional TEM images of the Mg/V sample. Fig-

ure 4.14a reveals that the coating is made up of 150 layers of magnesium,

with a thickness of 17.0 ˘ 0.1 nm, separated by layers of vanadium that are

1.2 ˘ 0.1 nm thick. Lattice fringes in the growth direction of the thin film,

coming from the magnesium layers shown in figure 4.14b, correspond to a

d-spacing of 2.61 ˘ 0.03 Å which matches the database value of 2.605 Å

for Mg(002) planes. The image also shows lattice fringes corresponding to a

d-spacing of 1.94 ˘ 0.03 Å which matches the database value of 1.900 Å for

planes of Mg(102). The magnesium crystal structure is interrupted at the

interface with the vanadium layers which show no evidence of crystallinity.
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(a) (b)

(c) (d)

Figure 4.15: STEM EDX map of the bottom 14 bi-layers of the Mg/TM
multilayer in its as-deposited state showing the EDX signal of a) magnesium,
b) nickel, c) iron and d) chromium originating from the region of the sample
highlighted in figure 4.11b

Figure 4.15 shows a collection of EDX maps of the Mg/TM sample area

highlighted in figure 4.11b showing the non-homogeneous X-ray signal coming

from the different elements in the sample. Distinct lines can be seen for the

X-ray signal of nickel (figure 4.15b), iron (figure 4.15c) and chromium (figure
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4.15d) corresponding to the bright lines coming from the transition metal

interlayers shown in figure 4.11b.

(a) (b)

(c) (d)

Figure 4.16: STEM EDX map of the bottom 18 bi-layers of the Mg/Cr
multilayer in its as-deposited state showing the EDX signal of a) magnesium,
b) chromium, c) palladium and d) iron

Figure 4.16 contains EDX maps of the Mg/Cr sample area presented

in the inlay of figure 4.13a, showing the X-ray signal corresponding to the

elemental magnesium, chromium, iron and palladium present in the sample.
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The catalysed samples were examined by TEM, post cycling in their hy-

drogenated state. Figure 4.17 shows a collection of TEM images which high-

light some of the structural changes the Mg/TM sample underwent during

hydrogen cycling.

(a) (b)

Figure 4.17: TEM images showing a) an Mg/TM multilayer thin film particle
in its hydrogenated state and b) a catalyst-rich region of such a particle

Figure 4.17a suggests that the Mg/TM particles exhibit a level of hetero-

geneity with darker regions and circular features in parts of the sample such

as the one highlighted by an arrow in figure 4.17a. Figure 4.17b presents a

higher resolution image of such a darker region which, like the region high-

lighted in figure 4.17a, contains small circular features. EDX analysis showed

that the composition of these darker regions differs from the bulk of the thin

film particles. Measured in the central region and the darker region of the

particle shown in figure 4.17a the magnesium content drops from around 91.0

˘ 0.4 at.% to 81.0 ˘ 0.4 at.% whilst the nickel, iron and chromium content

rises. The results of the EDX study are presented in table 4.3
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Element Central Region Dark Region
Mg 91.0 ˘ 0.4 at.% 81.0 ˘ 0.4 at.%
Ni 3.7 ˘ 0.1 at.% 6.9 ˘ 0.1 at.%
Fe trace 8.0 ˘ 0.1 at.%
Cr trace 2.6 ˘ 0.1 at.%
Mn trace trace
Pd 5.2 ˘ 0.1 at.% 1.5 ˘ 0.1 at.%

Table 4.3: EDX post cycling

EDX analysis on the area rich in small, circular features shown in figure

4.17b suggests these features are rich in iron with the magnesium content

having dropped to 50.0 ˘ 0.3 at.% whilst the iron and chromium content

were 42.8 ˘ 0.3 at.% and 6.1 ˘ 0.1 at.% respectively, with traces of nickel

and palladium.

Figure 4.18 compares an electron diffraction pattern from the magnesium-

rich area of the Mg/TM thin film particle shown in 4.17a with one from a

particle containing iron-rich circular features as highlighted in figure 4.17b.

Both patterns exhibit strong diffraction rings which were indexed to match

database values for magnesium oxide. The pattern in figure 4.18b however

exhibits additional diffraction spots which match database d-spacings for iron

and chromium.
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(a)

(b)

Figure 4.18: SAED images of a) a magnesium-rich area of an Mg/TM thin
film particle in its hydrogenated state indexed to periclase (white arrows) and
b) an iron-rich area of such a particle indexed to BCC iron (black arrows)
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(a) (b)

Figure 4.19: Bright-field TEM images showing a) an Mg/Cr thin film particle
in its hydrogenated state after 60 cycles of hydrogenation and dehydrogena-
tion along with an SAED pattern from the area highlighted, indexed for
chromium and b) lattice fringes in high-resolution TEM coming from a dark
feature in the sample and the surrounding material

A representative collection of TEM images of the Mg/Cr sample in its

hydrogenated state is shown in figure 4.19. Figure 4.19a highlights that the

Mg/Cr sample has a heterogeneous distribution of darker features through-

out the bulk of the material. Figure 4.19b shows a high-resolution TEM

image of such a dark feature which exhibits lattice fringes. Using intensity

profiling, the distance between these lines was measured at 2.05 ˘ 0.03 Å

which matches the database d-spacing of BCC chromium (110) planes (d =

2.039 Å). The image also exhibits lattice fringes coming from the material sur-

rounding the dark feature which correspond to the (200) planes of magnesium

oxide (d = 2.106 Å) with a measured d-spacing of 2.14 ˘ 0.03 Å. The elec-

tron diffraction pattern in figure 4.19a was taken from the area highlighted

in the figure. It shows clearly a series of diffraction rings that correspond to
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the diffraction pattern for magnesium oxide. In addition, several spots have

been identified and matched to the diffraction pattern of chromium.

(a) (b) (c)

Figure 4.20: STEM images showing a) an HAADF image of an Mg/Cr par-
ticle in its hydrogenated state, b) an EDX map of the magnesium signal
coming from the same particle and c) an EDX map of the chromium signal
coming from the same particle

Scanning transmission electron microscopy was used to generate high-

angle annular dark field images of the Mg/Cr sample as well as a series

of EDX maps in order to produce the images in figure 4.20. The atomic

contrast in figure 4.20a highlights the locations in the sample that are made

up of heavier elements and the EDX maps in images 4.20b and 4.20c show

that the areas of high Z-contrast correspond with the chromium EDX signal

coming from the same locations in the sample.

Figure 4.21 shows a series of TEM images of the Mg/V sample in its

hydrogenated state. Figure 4.21a shows that the Mg/V sample also has

a heterogeneous distribution of darker features throughout the bulk of the

structure. Figure 4.21b shows a high-resolution TEM image of one of these

dark features with clearly visible lattice fringes. The separation of these

lattice fringes was measured using intensity profiling and corresponds to a
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(a) (b)

Figure 4.21: Bright-field TEM images showing a) an Mg/V thin film par-
ticle in its hydrogenated state after 60 cycles of hydrogenation and dehy-
drogenation along with an SAED pattern from the area highlighted indexed
for vanadium and b) lattice fringes in high-resolution TEM coming from the
dark region of the sample

d-spacing of 2.14 ˘ 0.03 Å which is in agreement with database values of the

d-spacing of the (110) planes of BCC vanadium (d = 2.141 Å). The SAED

pattern overlaid onto figure 4.21a originated from the area highlighted in the

image and shows a series of spots that correspond to database d-spacings of

magnesium oxide (periclase). In addition several spots, highlighted in figure

4.21a, can be identified that match database d-spacings of BCC vanadium.

The images shown in figure 4.22, similar to those shown in figure 4.20,

show high-resolution elemental composition maps for magnesium and vana-

dium in figures 4.22c and 4.22b which are matched to the Z-contrast image

shown in figure 4.22a. These images show clearly that, what are darker fea-

tures in the bright-field images in figure 4.21, appear as bright features in

Z-contrast, which is indicative of heavier elements. The EDX maps then
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(a) (b) (c)

Figure 4.22: STEM images showing a) an HAADF image of an Mg/V particle
in its hydrogenated state, b) an EDX map of the magnesium signal coming
from the same particle and c) an EDX map of the vanadium signal coming
from the same particle

confirm that these bright features are in fact vanadium.

4.3 Hydrogen Storage Properties of Thin Film

Multilayers

4.3.1 Thermodynamics

A range of hydrogenation and dehydrogenation experiments were undertaken

to understand the behaviour of the four thin film materials during their re-

action with hydrogen. Pressure-composition isotherms were taken for the

Mg/TM sample at temperatures between 250˝C and 350˝C in 20˝C steps re-

sulting in 6 isotherms, three of which are presented in figure 4.23a for clarity.

The three graphs, and especially the smaller aliquot step dehydrogenation re-

action at 250˝C, exhibit two distinct plateaus, measured for all temperatures

between cycles 10 and 20.

From the midpoints of two plateaus for the dehydrogenation reactions at
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(a)

(b)

Figure 4.23: a) Pressure-composition isotherm of the Mg/TM sample at a
range of different temperatures and b) the corresponding van’t Hoff plots for
the two dehydrogenation plateaus
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the 6 different temperatures, two van’t Hoff plots were produced as shown

in figure 4.23b. The slope and intercept of the linear regression line for the

two plots were used to calculate the enthalpies and entropies for the dehydro-

genation reactions. For the lower plateau, a dehydrogenation enthalpy ∆H of

78.0˘ 2.3 kJmol´1H2 and an entropy ∆S of 137.9˘ 3.7 JK´1mol´1H2 were

calculated, whereas for the higher plateau an enthalpy of 66.1˘ 1.0 kJmol´1H2

and an entropy of 122.1˘ 1.6 JK´1mol´1H2 were determined.

Figures 4.24, 4.25 and 4.26 show dehydrogenation isotherms for the Mg/Cr,

Mg/V and Mgcontrol samples at a range of different temperatures and their

corresponding van’t Hoff plots. These pressure-composition isotherms ex-

hibit plateaus with no indication of a multi-phase hydrogen storage material.

The enthalpies and entropies of the dehydrogenation reactions were calcu-

lated and for the Mg/Cr sample the van’t Hoff plots produced a ∆H of

73.6 ˘ 0.6 kJmol´1H2 and ∆S of 133.7˘ 1.0 JK´1mol´1H2.

For the Mg/V sample the enthalpy and entropy were calculated with a ∆H

of 73.3 ˘ 0.3 kJmol´1H2 and ∆S of 133.4˘ 0.5 JK´1mol´1H2. The Mgcontrol

sample had plateau pressures that resulted in an enthalpy and entropy ∆H

of 73.9 ˘ 0.6 kJmol´1H2 and ∆S of 134.8˘ 0.9 JK´1mol´1H2.
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(a)

(b)

Figure 4.24: a) Pressure-composition isotherm of the Mg/Cr sample at a
range of different temperatures and b) the corresponding van’t Hoff plots for
the dehydrogenation plateau
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(a)

(b)

Figure 4.25: a) Pressure-composition isotherm of the Mg/V sample at a range
of different temperatures and b) the corresponding van’t Hoff plots for the
dehydrogenation plateau
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(a)

(b)

Figure 4.26: a) Pressure-composition isotherm of the Mgcontrol sample at a
range of different temperatures and b) the corresponding van’t Hoff plots for
the dehydrogenation plateau
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4.3.2 Hydrogen Storage Kinetics

A number of hydrogenation experiments were done at a range of temperatures

between 250˝C and 350˝C to investigate the fast hydrogenation kinetics of

the thin film samples at different temperatures.

Sample Temperature (˝C) Time (min)

Mg/TM

250 3.1
270 2.5
310 1.2
350 0.6

Mg/Cr

250 29.0
270 7.5
300 3.5
320 2.5

Mg/V

250 17.5
270 10.4
300 3.6
320 2.1

Mgcontrol

270 36.0
300 11.6
320 2.2
350 1.5

Table 4.4: Time taken to hydrogenate the 4 samples to 90% (Mg/TM) and
80% (Mg/Cr, Mg/V and Mgcontrol) of their maximum capacity between cycles
50 and 60

Table 4.4 compares the time taken to hydrogenate the Mg/TM sample

to 90% of its maximum capacity and, due to kinetic limitations, the time

taken to hydrogenate the Mg/Cr, Mg/V and Mgcontrol samples to 80% of

their maximum capacity at the different temperatures once the activation

process described in section 4.3.4 was completed.

Similarly, a number of dehydrogenation experiments were performed on

the 4 samples at a range of temperatures between 250˝C and 350˝C. Figures
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4.27, 4.28, 4.29 and 4.30 compare the dehydrogenation kinetics of the samples

at different temperatures, showing the data collected for 90% dehydrogena-

tion of all samples, linearised using JMAK (equation 4.1) and CV (equation

4.2) kinetic models where

kt “ r´ ln p1 ´ αqs1{n (4.1)

and

kt “ 1 ´ p1 ´ αq1{2. (4.2)

From the slopes of linear regression lines for the different materials’ kinetic

model at different temperatures, Arrhenius plots of ln pkq vs 1{T were gen-

erated, linearising the Arrhenius equation

k “ k0e
´Ea{RT (4.3)

and allowing the calculation of the activation energy (Ea) from the gradient

of the linear regression line.
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(a) (b)

Figure 4.27: a) Dehydrogenation kinetics linearised using the JMAK model
of the Mg/TM thin film sample at 250˝C, 290˝C and 350˝C and b) the
corresponding Arrhenius plot

(a) (b)

Figure 4.28: a) Dehydrogenation kinetics linearised using the CV model of
the Mg/Cr thin film sample at 250˝C, 270˝C, 300˝C and 320˝C and b) the
corresponding Arrhenius plot
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(a) (b)

Figure 4.29: a) Dehydrogenation kinetics linearised using the JMAK model
of the Mg/V thin film sample at 250˝C, 270˝C, 300˝C and 320˝C and b) the
corresponding Arrhenius plot

(a) (b)

Figure 4.30: a) Dehydrogenation kinetics linearised using the JMAK model
of the Mgcontrol thin film sample at 300˝C, 320˝C and 350˝C and b) the
corresponding Arrhenius plot

From the slope of these Arrhenius plots, shown in figures 4.27b, 4.28b,

4.29b and 4.30b, the activation energies for the dehydrogenation reactions of

the 4 materials were derived, which are presented in table 4.5.
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Sample Activation Energy
Mg/TM 80.0 ˘ 4.4 kJmol´1

Mg/Cr 69.7 ˘ 5.8 kJmol´1

Mg/V 71.1 ˘ 5.0 kJmol´1

Mgcontrol 142.9 ˘ 5.0 kJmol´1

Table 4.5: Table showing the activation energies of the 4 multilayer samples
derived, using the Arrhenius equation, from the modelled dehydrogenation
rates of the samples at a range of temperatures between 250˝C and 350˝C

The actual times measured for the 4 samples to dehydrogenate 90% of

their total capacity, at the temperatures used in the activation energy calcu-

lations, are presented in table 4.6.

Sample Temperature (˝C) Time (min)

Mg/TM
250 12.5
290 2.5
350 0.6

Mg/Cr

250 13.2
270 5.2
300 3.0
320 1.8

Mg/V

250 12.1
270 8.3
300 2.9
320 1.7

Mgcontrol

300 79.0
320 23.4
350 6.6

Table 4.6: Time taken to dehydrogenate 90% of the 4 samples’ maximum
capacity between cycles 50 and 60
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4.3.3 Differential Scanning Calorimetry

In order to verify the modelling data presented in section 4.3.2, a number of

differential scanning calorimetry endotherms were measured. The results are

presented in figures 4.31 - 4.35 for heating rates of between 2˝C and 20˝C

min´1.

(a) (b)

Figure 4.31: a) DSC endotherms and b) the corresponding Kissinger plot for
the Mg/TM sample

Shown in figure 4.31a, the DSC experiments revealed two clearly separate

peaks for the Mg/TM sample at all three heating rates. In the case of

the Mg/Cr (figure 4.32a) and Mg/V (figure 4.33a) samples these two peaks

were identifiable, but overlapping required deconvolution using MagicPlot

peak fitting software. The Mgcontrol sample however, shown in figure 4.34a,

produced only a single peak during the dehydrogenation reaction.

To avoid sintering the samples, as discussed in section 2.2.2, the maxi-

mum temperature was limited to 350˝C, which meant limiting the maximum
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(a) (b)

Figure 4.32: a) DSC endotherms and b) the corresponding Kissinger plot for
the Mg/Cr sample

(a) (b)

Figure 4.33: a) DSC endotherms and b) the corresponding Kissinger plot for
the Mg/V sample

ramp rate to 10˝C min´1 in order provide enough time to allow full dehy-

drogenation at reduced temperatures. In the case of Mgcontrol sample, the

maximum temperature was raised to 390˝C for the 10˝C min´1 measurement
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(a) (b)

Figure 4.34: a) DSC endotherms and b) the corresponding Kissinger plot for
the Mgcontrol sample

(a) (b)

Figure 4.35: a) DSC endotherms and b) the corresponding Kissinger plot for
an as-received MgH2 sample

to allow full dehydrogenation. The 5˝C min´1 and 2˝C min´1 measurements’

maximum temperatures were also adjusted to 375˝C to ensure full dehydro-

genation. The peak temperatures were used for all samples at all heating
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rates to plot a series of Kissinger plots of 1{Tpeak against ln pβ{Tpeak
2q. From

the slopes of these Kissinger plots, shown in figures 4.31 - 4.34 the activation

energies of the different samples’ dehydrogenation reactions were calculated

as discussed in section 5.8. For comparison to a known standard, DSC mea-

surements were also taken for an as-received MgH2 sample (Alfa Aesar, 98%

MgH2), plotted together with its corresponding Kissinger curve in figure 4.35.

Tabulated in figure 4.7 are the activation energies of the dehydrogenation re-

actions of all 4 samples as derived from the DSC experiments.

Activation Energy
Sample Lower Temperature Peak Higher Temperature Peak
MgTM 71.6 ˘ 1.8 kJmol´1 92.9 ˘ 6.8 kJmol´1

Mg/Cr 60.6 ˘ 2.5 kJmol´1 119.0 ˘ 2.5 kJmol´1

Mg/V 65.9 ˘ 1.1 kJmol´1 80.8 ˘ 2.0 kJmol´1

Mgcontrol 141.6 ˘ 3.2 kJmol´1 N/A
MgH2 147.7 ˘ 6.0 kJmol´1 N/A

Table 4.7: Table showing the activation energies of the dehydrogenation
reactions of the 4 thin film samples and as-received magnesium hydride
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4.3.4 Kinetic Evolution

Data between the 50th and 60th cycles were used to measure the hydrogena-

tion and dehydrogenation times and to model the dehydrogenation kinetics to

ensure the hydrogenation and dehydrogenation kinetics had stabilised, allow-

ing repeatable and consistent measurements. Figures 4.36 to 4.39 highlight

the activation process the 4 samples underwent during the first 50 cycles that

each sample was subjected to. A general increase in hydrogenation kinetics

is observed during the first few cycles, followed by stability throughout the

rest of the cycles in each case.

Figure 4.36: Activation and kinetic evolution of the hydrogenation of the
Mg/TM sample with an inset showing the same graph on a shorter time
scale

Figure 4.36 shows the Mg/TM sample fully hydrogenates to a maximum
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reversible capacity of 4.6 ˘ 0.2 wt% at 350˝C in the first cycle, followed by

a significant increase in hydrogenation kinetics in the following cycles. From

the 5th cycle onwards, the hydrogenation kinetics remain unchanged.

Figure 4.37: Activation and kinetic evolution of the hydrogenation of the
Mg/Cr sample

The Mg/Cr and Mg/V samples were activated at 320˝C and figures 4.37

and 4.38 show how the kinetics evolve during activation of the materials.

In both cases the initial hydrogenation to a full reversible capacity of 6.1

˘ 0.3 wt% for the Mg/Cr sample and 5.4 ˘ 0.3 wt% for the Mg/V sample

takes more than 10 hours, followed by a significant increase in hydrogenation

kinetics for the second cycle. From the fifth cycle onwards, the hydrogenation

kinetics of both materials remain constant.

Figure 4.39 highlights the activation process of the Mgcontrol sample at
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Figure 4.38: Activation and kinetic evolution of the hydrogenation of the
Mg/V sample with an inset showing the same graph on a shorter time scale

350˝C. The first hydrogenation cycle plateaued at around 10% of the maxi-

mum capacity of the sample which was measured at 5.4 ˘ 0.2 wt%. In the

second cycle the material absorbed 40% of its maximum capacity and from

the third cycle the material reached its full measured capacity of 5.4 ˘ 0.2

wt%. This was followed by a slow increase in hydrogenation kinetics until

about cycle 20 (shown in figure 4.39), after which the hydrogenation kinetics

remained unchanged.

The evolution of the dehydrogenation kinetics of the 4 thin film samples

is presented in figures 4.40 and 4.41, and shows the change in the dehy-

drogenation kinetics of the samples during the first 50 hydrogenation and

dehydrogenation cycles that the materials were subjected to. Illustrated in
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Figure 4.39: Activation and kinetic evolution of the hydrogenation of the
Mgcontrol sample

figure 4.40a, the Mg/TM sample shows an initial increase in dehydrogena-

tion during the first 5 cycles, followed by stable dehydrogenation kinetics

throughout the tested lifetime of the material at 350˝C.

The Mg/Cr and Mg/V samples were activated at 320˝C and, as shown in

figures 4.40b and 4.41a, exhibit no change in the kinetics during the first 5

cycles. In both cases there is a small but measurable slowing of dehydrogena-

tion at the 50th cycle compared with the first 5 cycles of around 1 minute

for dehydrogenation of 90% of the reversible capacity. The evolution of the

dehydrogenation kinetics of the Mgcontrol sample, studied at 350˝C, is shown

in figure 4.41b. The first dehydrogenation cycle following the very small up-

take in the first hydrogenation cycle is characterised by a very slow release of
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(a) (b)

Figure 4.40: Activation and kinetic evolution of the dehydrogenation of a)
the Mg/TM and b) the Mg/Cr samples

(a) (b)

Figure 4.41: Activation and kinetic evolution of the dehydrogenation of a)
the Mg/V and b) the Mgcontrol samples

hydrogen. The second cycle exhibits much faster dehydrogenation kinetics

followed by even faster kinetics in the third cycle which dehydrogenates the

full 5.4 wt%. Shown also are cycles 5 and 50 which suggest an increase in
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dehydrogenation kinetics throughout the tested lifetime of the material of

around 3 minutes for dehydrogenation of 90% of the reversible capacity.

4.3.5 Thermogravimetric Analysis

Controlled heating of all 4 samples at 10˝C min´1 during thermogravimet-

ric analysis (TGA) to 400˝C for the catalysed samples and 500˝C for the

Mgcontrol sample provided a second, independent measurement of the hydro-

gen storage capacity of the thin film materials. Figures 4.42 and 4.43 show

TGA traces of the 4 materials together with the DSC data of the materials,

both at 10˝C min´1. The Mg/TM sample releases 4.2 ˘ 0.1 wt% of hydro-

gen between 240˝C and 340˝C, overlapping both DSC peaks, indicative of a

full dehydrogenation. A graph showing the TGA and DSC data is shown in

figure 4.42a.

The Mg/Cr sample releases 5.7 ˘ 0.1 wt% of hydrogen between ca. 270˝C

and 370˝C, overlapping the matching DSC endotherm taken at the same

heating rate of 10˝C min´1 as shown in figure 4.43a. Figure 4.43a highlights

the TGA and DSC data for the Mg/V sample at a 10˝C min´1 heating rate

showing a hydrogen release of 5.2 ˘ 0.1 wt% from the sample between ca.

260˝C and 340˝C. The Mgcontrol sample releases 5.1 ˘ 0.1wt% of hydrogen

between ca. 310˝C and 390˝C at a heating rate of 10˝C min´1 which corre-

sponds to the DSC endotherm for the same heating rate as shown in figure

4.43b.
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Figure 4.42: Graphs illustrating the weight loss due to dehydrogenation upon
heating at 10˝C min´1 overlaid onto the DSC traces at the same heating rates
of a) the Mg/TM sample and b) the Mg/Cr sample
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Figure 4.43: Graphs illustrating the weight loss due to dehydrogenation upon
heating at 10˝C min´1 overlaid onto the DSC traces at the same heating rates
of a) the Mg/V sample and b) the Mgcontrol sample
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4.3.6 Cycling Behaviour

Presented in figure 4.44 is a graph illustrating the cycling behaviour of the

Mg/TM sample. The measurements were taken initially on the manual Siev-

ert’s type apparatus described in section 3.4.1 (cycles 1-19) and the sample

was then transferred to the PCTpro2000 described in section 3.4.1.

Figure 4.44: Cycling behaviour over 50 cycles of hydrogenation and dehy-
drogenation of the Mg/TM sample

The graph suggests a constant capacity of about 4.6 ˘ 0.2 wt%, within

experimental errors. There is also a good match between the two instru-

ments’ measurements of hydrogen storage capacity, with both the lab-built

Sievert’s and the PCTpro2000 measuring 4.6 ˘ 0.2 wt% in cycles 19 and 20

respectively.
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Figure 4.45: Cycling behaviour over 50 cycles of hydrogenation and dehy-
drogenation of the Mg/Cr sample

The Mg/Cr, Mg/V and Mgcontrol samples were activated and cycled on

the PCTpro2000 at various temperatures between 250˝C and 320˝C in the

case of the Mg/Cr and Mg/V samples and between 270˝C and 350˝C in

the case of the Mgcontrol sample, and the results of the cycle life studies are

presented in figures 4.45, 4.46 and 4.47. Figure 4.45 shows that the Mg/Cr

sample maintains a constant capacity of around 6.1 ˘ 0.3 wt%.
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Figure 4.46: Cycling behaviour over 50 cycles of hydrogenation and dehy-
drogenation of the Mg/V sample

The capacity of the Mg/V sample does not change throughout the first

50 cycles remaining within experimental error of 5.4 ˘ 0.3 wt%, as shown in

figure 4.46.
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Figure 4.47: Cycling behaviour over 50 cycles of hydrogenation and dehy-
drogenation of the Mgcontrol sample

Similarly, figure 4.47 shows that the Mgcontrol sample’s capacity remains

constant at 5.4 ˘ 0.2 wt% throughout the first 50 cycles.
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Discussion

5.1 Introduction

Section 2.1.2 shows that a good way of achieving favourable operating con-

ditions for a magnesium-based hydrogen storage system is by catalysing the

reaction. This improves the reaction kinetics, allowing fast and reversible

hydrogen storage at temperatures closer to the temperature at which mag-

nesium hydride releases 1 bar of hydrogen (T1bar), as opposed to the 400˝C

required for uncatalysed magnesium hydride (Zaluska and Zaluski, 1999).

The following sections will review the evidence presented in chapter 4

with a view to explain and understand how the materials’ composition and

structure evolved during hydrogen cycling and how the structure and evolu-

tion affects the hydrogen storage properties that are of concern for hydrogen

storage applications in order to meet the objectives set out in chapter 1.

Section 5.2 discusses the results of the XRD studies undertaken on the

thin film samples both in their as-deposited and hydrogenated state. The

results of the electron microscopy analysis of the samples are then discussed

in sections 5.3 and 5.4 before sections 5.5 and 5.6 discuss the results of the
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hydrogen cycling experiments that were carried out on the thin film samples.

Sections 5.7, 5.8 and 5.9 then draw together and further analyse the struc-

tural evolution and hydrogen storage properties of the samples in order to

understand the effect of and relationship between the process employed, the

materials used and the structural evolution and hydrogen storage properties

of these thin film materials.

5.2 X-Ray Diffraction

Section 4.2 presents results on the microstructural properties of the thin film

samples and their microstructural evolution caused by hydrogen cycling at

elevated temperatures. With the exception of the palladium capping layers of

the Mg/TM sample, and after careful calibration, all 4 samples were produced

using the same coating conditions changing only the power on the different

magnetrons to adjust the ratio between magnesium and transition metal

sputtering rates in order to achieve the desired compositions. As detailed in

section 3.2.1, the Mg/TM capping layers were sputtered from a palladium

target mounted directly on a suitably-sized (57 mm) magnetron, as opposed

to co-sputtered from a stainless steel 316L target (175 ˆ 380 mm) as was

the case for the capping layers of the Mg/Cr, Mg/V and Mgcontrol samples

due to the configuration of the Teer Coatings UDP650 PVD coating unit.

This is reflected in the X-ray diffraction patterns of the as-deposited thin

film sample shown in figure 4.2. The diffraction patterns for the Mg/TM,

Mg/Cr, Mg/V and Mgcontrol samples are very similar in that they all exhibit

a single, intense and broad peak around 34.5˝ 2θ, corresponding to the (002)

planes of HCP magnesium. A second peak at around 72.7˝ 2θ is visible on
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all 4 patterns coming from the Mg(004) planes. The locked-coupled set-up

of the scans makes them sensitive to those planes of atoms that are parallel

to the surface of the substrate, indicating a strong directionality in the thin

film samples where the (002) planes of atoms are parallel to the surface of the

substrate following columnar crystal growth during deposition in the ă001ą

direction.

For the Mg/TM sample this was further confirmed by the unlocked-

coupled scans that are shown in figure 4.2. As explained in section 3.3.1, with

the sample effectively tilted by the inter-planar angle between the Mg(002)

and Mg(104), Mg(114), Mg(105) and Pd(311) planes, these same planes were

observed in the diffraction pattern which confirms the crystal structure as

well as the strong orientation and direction of crystal growth in the Mg/TM

thin film. This directional growth of the magnesium phase is also widely

supported in the literature Higuchi et al. (1999), Yamamoto et al. (2002),

Blawert et al. (2008) and Qu et al. (2009b) showing only reflections from the

Mg(002) and Mg(004) planes of HCP magnesium crystallites in their XRD

patterns.

In addition, the scans show broad humps corresponding to diffraction

from the Pd(111) planes at around 40˝ 2θ. These peaks are very similar in

the Mg/Cr, Mg/V and Mgcontrol scans and in all three cases there is a small

shift of these peaks to higher angles of 2θ of ca. 0.6˝ 2θ. The Pd (111) peak

from the palladium phase in the Mg/TM sample’s diffraction pattern has a

higher intensity relative to the same peak in the other three samples and in

addition there is a second palladium peak at around 86.4˝ 2θ coming from

the Pd(222) planes. The lower intensity and shift in the Pd(111) position,
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as well as the lack of a detectable Pd(222) peak in the Mg/Cr, Mg/V and

Mgcontrol samples might be a result of co-sputtering the palladium capping

layers from the stainless steel 316L target as described in section 3.2. If a

small amount of stainless steel was co-sputtered with the palladium, despite

the high relative sputtering yield ratio of palladium and stainless steel 316L

(ca. 2.1:1) and the shutter arrangement employed to reduce the amount of

steel contamination to a minimum, then, looking at iron-palladium (Ghosh

et al., 1999), nickel-palladium (Ghosh et al., 1999) and chromium-palladium

(Ghosh and Olson, 2000) phase diagrams, it is conceivable that one or more

of the elements present in the steel has formed a solid solution with the

palladium, which, given the smaller atomic radius of iron (126 pm), nickel

(124 pm) and chromium (128 pm) compared with palladium (137 pm), would

cause the peak to shift to higher values of 2θ.

The intensity of the magnesium peaks is very similar for the Mg/TM,

Mg/Cr and Mg/V samples. In comparison, the Mgcontrol sample has more

intense peaks coming from the magnesium phase, relative not only to the

scans of the other thin films but also to the intensity of the Pd(111) peaks.

Twice as intense as the Mg(002) peaks measured for the Mg/TM, Mg/Cr and

Mg/V samples, this is caused by the larger crystallites in the Mgcontrol thin

film, estimated using the Scherrer equation (equation 3.2) at around 50 nm

as opposed to the 16 – 17 nm estimated for the catalysed samples, causing a

lower degree of peak broadening in the diffracted beam. This suggests that

the insertion of a thin layer of transition metal between layers of magnesium

limits the grain size of the magnesium phase to the thickness of the layers.

In none of the scans performed on the as-deposited thin films was there
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any evidence of a crystalline transition metal phase. Given the composition

of the thin films (table 4.1), which are known to contain transition metal,

this could be a result of the low concentration of transition metal in the

thin films, the thickness of the transition metal layers and the associated

peak broadening due to the small crystallite size in the growth direction and

therefore detectable orientation, and the absence of a crystalline transition

metal phase.

After hydrogen cycling, the shiny, metallic-looking flakes that the delami-

nation of the thin films from their substrates produced had disintegrated into

flaky, grey powders. The XRD traces of these powders shown in figures 4.3

– 4.6 show similar trends of highly complex diffraction patterns containing

sharp peaks as well as broad ones. This sharpening of the diffraction peaks,

corresponding to a 10-fold increase in grain size from ă 20 nm to ą 100 nm

for the magnesium(-hydride) phase has been widely reported in the litera-

ture. Dal Toè et al. (2004) report an increase in grain size from 5 to 120 nm

during activation at 350˝C for magnesium hydride ball milled with 1 wt%

graphite whilst Huhn et al. (2005) witness an increase from 11 to 200 nm

for their Nb2O5-catalysed magnesium hydride sample at temperatures above

300˝C. Similarly, Pelletier et al. (2001) report an increase from 9 to 30 nm

for the magnesium hydride phase during dehydrogenation of their niobium-

catalysed sample, followed by an increase to 57 nm for the magnesium phase

at up to 310˝C.

Apart from the transformation of the magnesium phase observed in the

XRD patterns of the as-deposited samples to magnesium hydride, all four

samples showed evidence of alloying of the palladium capping layers with
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some of the magnesium in the form of Mg6Pd, despite, in the case of the

Mg/TM, Mg/Cr and Mg/V samples, the deposition of a double-thickness

transition metal layer between the magnesium layers and the palladium caps.

This was evident from the disappearance of the reflections corresponding to

palladium and the presence of reflections from the Mg6Pd(422), Mg6Pd(820),

Mg6Pd(822) and Mg6Pd(664) reflections at 21.68, 36.87, 37.96 and 42.23˝

2θ. Based on the evidence presented in section 2.2.4, this might be expected

as the hydrides of iron, chromium and vanadium have much higher dehy-

drogenation enthalpies of -10 kJmol´1H2 (Tan et al., 2009), 4 kJmol´1H2

(Zahiri et al., 2010) and 40.1 kJmol´1H2 (US DOE, 2013) and will there-

fore be in a metallic state at equilibrium conditions for magnesium hydride.

This is in agreement with the findings Tan et al. (2009) make where metallic

interlayers allow magnesium-palladium inter-diffusion and alloy formation,

discussed in section 2.2.4.

The emergence of new, crystalline transition metal phases was also ob-

served in the catalysed samples after hydrogen cycling. In the XRD pattern

of the Mg/TM sample (figure 4.3) there is evidence of a crystalline phase of

FCC Mg2NiH4 in the form of broad peaks for reflections from Mg2NiH4(111),

Mg2NiH4(200), Mg2NiH4(311) and Mg2NiH4(400) at 23.61, 27.34, 46.14 and

56.41˝ 2θ, but visible especially at around 39˝ 2θ with a peak corresponding

to reflections from Mg2NiH4(220), as well as a crystalline phase of BCC iron,

also represented by very broad peaks. The main reflection from the Fe(110)

planes at 44.71˝ 2θ was sufficiently strong and unaffected by neighbouring

peaks to derive an estimate of the average grain size of the iron phase in

the material at around 50 nm. Together with the average grain size calcu-
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lated for the magnesium hydride phase (ca. 85 nm), this then leads to the

suggestion that the Mg/TM thin film underwent a transformation whereby

the amorphous nickel-rich transition metal interlayers disintegrated, with the

nickel diffusing into the magnesium phase. Mg2Ni and Mg2NiH4 were then

formed, depending on the state of hydrogenation, whilst the iron formed

BCC nano-crystallites. The magnesium layers were allowed to hydrogenate

and de-hydrogenate repeatedly, whilst undergoing grain growth during cy-

cling between HCP magnesium and rutile, β-phase magnesium hydride at

elevated temperatures.

Very similar observations can be made for the Mg/Cr and Mg/V samples.

In the hydrogenated state both samples produce strong diffraction lines for

β-phase magnesium hydride, which are significantly sharper than those of the

thin films’ magnesium phases in their as-deposited state. This sharpening is

more pronounced than in the case of the Mg/TM sample and, as a result of

the scans being of better quality, due to more of the sample being scanned,

there are more, less convoluted peaks for magnesium hydride that enabled

the quantification of the peak broadening using Williamson-Hall plots, as

presented in section 4.2.1. The results show that, despite the lower tempera-

tures at which the Mg/Cr and Mg/V samples were cycled, with a maximum

temperature of 320˝C as opposed to the 350˝C at which the Mg/TM sample

was cycled, there was a larger increase in average crystallite size at ca. 136

nm and ca. 100 nm for the Mg/Cr and Mg/V samples respectively. Strain

broadening was measured at only 0.04% for both samples, which supports

the approximation used to estimate the crystallite size of the Mg/TM sample

which did not account for strain broadening. It needs to be noted that this
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method of estimating grain size from peak broadening loses accuracy very

fast for crystallites larger than 100 nm, putting these results at the outer

limit of what can be measured reliably using peak broadening (Klug and

Alexander, 1974).

For the Mg/Cr sample, the chromium peak at 44.4˝ 2θ however was very

broad at ca. 0.56˝ 2θ and, using the Scherrer equation (equation 3.2), an av-

erage crystallite size of around 20 nm was calculated. This indicates that, as

with the Mg/TM sample, the possibly amorphous layers of chromium inter-

spersed between the magnesium layers formed nano-crystals during hydrogen

cycling of the sample at elevated temperatures.

The vanadium diffraction lines in the Mg/V sample’s XRD pattern are too

convoluted with the neighbouring Mg6Pd, magnesium and periclase peaks to

extract any information about the crystallite size of the vanadium phase.

However, the presence of a large, broad, hump between the magnesium hy-

dride peak at 39.8˝ 2θ and the periclase peak at 43˝ 2θ, not present in the

Mg/Cr and Mgcontrol samples’ XRD patterns suggests there might be a nano

crystalline phase of vanadium present in the Mg/V sample after hydrogen

cycling.

The Mgcontrol sample was produced to separate the effects the coating pro-

cess and material handling have on the properties of the thin film samples

studied to better understand the effect the transition metal catalysts have on

the hydrogen storage behaviour of the thin film multilayers. The Mgcontrol

sample’s XRD pattern, after hydrogen cycling at up to 350˝C, exhibits very

similar features to those of the Mg/TM, Mg/Cr and Mg/V samples’ diffrac-

tion patterns. The diffraction lines for the magnesium hydride phase in the
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Mgcontrol sample are very sharp, which puts the grain size well outside the

range suitable for peak broadening analysis. The sample does however also

produce diffraction lines corresponding to the database pattern of Mg6Pd

similar to the other three samples. Other than the magnesium oxide peaks,

this is the only main difference detectable when comparing the Mgcontrol sam-

ple’s XRD pattern with that of as-received magnesium hydride, as shown in

figure 4.6.

The detected levels of grain growth in the magnesium phase above and

beyond 100 nm after hydrogen cycling at elevated temperatures match those

reported in the literature. Although some authors claim to observe no grain

growth in ball-milled magnesium hydride at temperatures as high as 450˝C

(Zaluska and Zaluski, 1999), others have reported grain growth increasing

with temperature, with grain sizes of around 100 nm for magnetron-sputtered

magnesium thin films annealed at 300˝C (Qu et al., 2009a), which compares

to grain growth from 32 nm to 422 nm for a ball milled magnesium hydride

powder (Paik et al., 2010). The thin films reported in this work are consistent

within themselves but also with these results in terms of crystallite size.

143



Chapter 5 Discussion

5.3 Scanning Electron Microscopy

In order to better understand the structural changes the materials underwent

during hydrogen cycling, a series of SEM images are shown in section 4.2.2

which highlight the morphological change from a thin film (figure 4.7) to a

(flaky) powder (figures 4.8 – 4.10) that all 4 samples underwent.

The SEM images of the hydrogenated samples reveal that the powders

are made up of particles with sizes ranging from sub-micron, evident from the

TEM study on the hydrogenated powders, to millimetre size. As exemplified

in figures 4.8 to 4.10, the particles all have in common the fact that they have

retained a large width-to-thickness ratio, where the thickness is consistently

significantly smaller than the width and height, resulting in the flat, flake-like

appearance of the powder particles. Figure 4.8c shows one of the thinnest

particles found in the Mg/TM sample which appears to have a degree of

transparency towards electrons making the smallest particles in the powders

suitable for TEM analysis. Noteworthy is the comparison with the backscat-

tered electron image of the same particle in figure 4.8b, which enhances the

contrast between the bulk of the material and a series of bright, circular

features (indicating the presence of heavier elements) that are uniformly dis-

tributed throughout the bulk of the specimen. Given the composition of the

sample, this suggests fine particles of higher atomic number catalyst material

distributed in or on the bulk of the lower atomic number magnesium parti-

cles. Figures 4.8d and 4.9b show an Mg/TM and an Mg/V thin film hydride

flake respectively. These illustrate not only the thickness of larger flakes of

thin film hydride, thicker than the original thin films in their as-deposited
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states, but also the porous nature of these thin film flakes, suggesting they

might be an agglomeration of much smaller particles.

The Mgcontrol sample is of slightly different appearance than the catal-

ysed samples. Even though the sample disintegrated into porous flakes, in

a similar manner to the catalysed samples, the Mgcontrol hydride particles

appear to have a smoother surface and less of a plate-like structure. The

principal difference between the Mgcontrol sample and the catalysed samples

is the absence of transition metal in magnesium structure. It is likely then

that the formation of nano-crystalline transition metal phases, as observed

for the Mg/TM, Mg/Cr and Mg/V samples, caused some disintegration of

the thin film structure along the layer interfaces, resulting in the plate-like

morphology observed in figure 4.9c and the very thin flakes shown in figure

4.8c.

Coupled with the transformation of the interlayers from amorphous to

(nano-)crystalline, discussed in section 5.2 and, in the case of the Mg/TM

sample, the formation of a new, intermetallic Mg2Ni phase, is the volume

expansion and contraction upon hydrogenation and dehydrogenation of the

magnesium layers. This expansion, which has been reported at over 30%

(Kalisvaart et al., 2011; Singh et al., 2007), might also play a part in the

decrepitation process, transforming the dense, thin film materials to porous,

flaky powders. This decrepitation has been observed for co-sputtered mate-

rials (Tan et al., 2009) as well as multilayered materials (Kalisvaart et al.,

2011). The morphological changes observed in the latter are said to have

been caused by repeated expansion and contraction of the magnesium layers

during hydrogen cycling whilst the former is merely observed.
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Figure 5.1: Schematic showing the suggested mechanism of the thin films’
transformation and breakup with a) the as-deposited coating, b) deformed by
hydrogen cycling and c) the transition metal layers forming nano-crystallites
leading to the breaking up of the samples into a flaky powder

Figure 5.1 shows a schematic of the suggested mechanism where the as-

deposited structure is first distorted by hydrogen cycling followed by the

formation of nano-crystallites which leads to decrepitation of the thin film

structure along some of the magnesium-transition metal interfaces. The vol-

ume expansion, recrystallisation and grain growth of the magnesium phase

results in further decrepitation of the thin film flakes, breaking them up into

smaller particles.

The EDX analysis shown in tables 4.1 and 4.2 compares the composition

of the 4 samples, both in their as-deposited and their hydrogenated state.

While the as-deposited Mg/TM sample has a total content of about 87.7 at.%

magnesium, this is 96.3 at.% and 94.0 at.% for the Mg/Cr and Mg/V samples

and 99.4 at.% for the Mgcontrol sample. These values were measured with the

electron beam penetrating the sample through the top, palladium-coated

surface of the thin films. For comparison purposes, table 4.2 shows the 4

samples’ elemental composition post cycling, as measured via EDX on several

thin film particles. Comparing the as-deposited and hydrogenated samples,
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there is a maximum variation of 1.2 at.% in the magnesium content measured

for the Mg/Cr sample, as well a variation in the transition metal content,

measured at 1 at.%. There seems to be no pattern to this variation, which

suggests the hydrogenated powders are not perfectly homogeneous.

The as-deposited samples are all very similar in appearance as mirror

finish, metallic looking coatings on glass substrates when observed optically.

The electron images of their cross-sections in figure 4.7 show that they are

all of uniform thickness and appear fully dense. There is some variation in

thickness of the 4 coatings, which might to some extent be expected given

the different compositions and sputtering conditions that were employed to

achieve these compositions. Noteworthy is the reduced thickness of the Mg/V

sample over that of the Mg/Cr sample, both of which were sputtered under

the same conditions. The interlayer content of 5.2 at.% in the Mg/V sample

as opposed to 3.3 at.% in the Mg/Cr sample was achieved by retaining the

sputtering conditions on the magnesium target, whilst increasing the power

on the vanadium target. An unused magnesium sputtering target was used in

making the Mg/Cr coating, as opposed to a part-worn target in the case of the

Mg/V sample, which might have caused the ă 1 nm reduction in thickness of

each magnesium layer that would make up the 140 nm difference between the

two coatings. It is conceivable that the changing angle of the target surface

due to the erosion of the target material in the race track area leads to an

increased number of collisions within the sputter flux. This would result in

a less directional flux with increased scattering and thus a decreased sputter

rate, similar to the effect of gas pressure on the sputter rate, as detailed in

section 2.2.1.
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5.4 Transmission Electron Microscopy

The TEM study on the Mg/TM multilayer in its as-deposited state reveals

that the sample is in fact what the set-up of the coating process aimed to

make — a micron-sized, nanostructured thin film multilayer of magnesium

layers interspersed with thin layers of a nickel-rich transition metal mix. The

hypothesis that the average crystallite size of the Mg(002) planes of atoms

in the Mg/TM sample (estimated at ca. 16 nm using the Scherrer equation

(equation 3.2)) might be representative of the magnesium layer thickness in

the thin film structure, was proven to be within 0.5 nm of the true magnesium

layer thickness, which was measured at 16.5 nm by high-resolution TEM.

Together with the measured 2.5 nm for the interlayer region, shown in figure

4.12b, 150 bi-layers of 16.5 + 2.5 nm equates to 2.85 µm, which is in good

agreement with the total thin film thickness of 2.84 ˘ 0.1 µm measured using

SEM.

Since the crystallite size calculated from the peak broadening of the mag-

nesium peaks using the Scherrer equation (equation 3.2) corresponds well to

the thickness of the magnesium layers in the thin film as measured by TEM

on the cross-section of the sample, it can be concluded that there is only a

very small amount of micro-strain contributing to the peak broadening of the

diffraction lines in the as-deposited sample. Similarly, a thickness of 14.4 nm

was measured for the palladium capping layer by TEM, which matches well

with the value established from the peak broadening of the palladium peaks

in the XRD study of the as-deposited thin film, determined at 14 ˘ 2 nm.

The magnesium layers shown in figure 4.12b exhibit strong lattice fringes
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corresponding to the Mg(002) planes of atoms, as indicated by the measured

d-spacing of ca. 2.58 Å. This confirms the directionality and direction of the

thin film growth that was seen in the XRD measurement for the Mg/TM

coating as well as the other three coatings shown in figure 4.2. This matches

with the diffraction pattern shown in 4.11a which exhibits a number of spots

coming from the Mg(002) and Mg(101) planes of atoms, showing no evidence

however for any level of crystallinity in the transition metal layers.

Further supporting the argument that the interlayers are in fact made

up of an amorphous transition metal mix is the fact that in the transition

metal layer, shown in figure 4.12b, there is an absence of lattice fringes.

The figure clearly shows how the transition metal layer, deposited onto a

magnesium crystal, interrupts the crystal structure of the magnesium layer,

forming an amorphous interlayer of transition metal upon which the next

layer of magnesium crystals can form. The fact that these interlayers appear

to have no detectable level of crystallinity explains why they do not result

in any diffraction lines in the XRD pattern of the Mg/TM sample in its

as-deposited state.

The image however also hints at the potential growth mechanism behind

the magnesium thin film growth. Figure 5.2 shows that the lattice fringes

from the Mg(002) planes of atoms are not seen until ca. 2 nm into the

magnesium layer in its growth direction. It can be seen that there are islands

of amorphous-looking magnesium (highlighted with an arrow) in-between the

orderly magnesium crystals. These crystals themselves may have been formed

from islands of magnesium that were clustered on the transition metal layer,

whilst the space in-between the growing crystals was filled with a few atomic
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Figure 5.2: High-resolution TEM image of the magnesium-transition metal
interface showing evidence of the prominent thin film growth mechanism

layers of amorphous magnesium. About 3 nm into the layer, the growing

crystals would then meet and continue to grow side-by side into columnar

structures such as those observed widely in the literature (Higuchi et al.,

2002; Singh et al., 2007; Siviero et al., 2009). The Stransky and Krastanov

model of thin film formation, discussed by Sree Harsha (2005, chap. 9),

describes thin film growth as an initial layer-by-layer deposition of a finite

number of layers of atoms, followed by the formation of discrete nuclei and

three-dimensional growth of the thin film. This theory matches well with the

observations that were made in high-resolution TEM, which suggests that

this is the dominant growth mechanism behind the magnesium layer growth.

Both the Mg/Cr and Mg/V samples are very similar in appearance to

the Mg/TM sample in cross-sectional TEM. Once again it can be seen that
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the samples are made up of 150 distinct layers of magnesium separated by

layers of chromium and vanadium.

Due to a fault with the FIB instrument used to prepare the Mg/Cr TEM

sample, the sample was left with high levels of amorphisation due to the ion

beam milling process which did not allow high-resolution imaging. For the

Mg/V sample however, a distinct discontinuity in crystal structure can be

seen in the high-resolution TEM image shown in figure 4.14b. Magnesium

crystal growth in the ă001ą direction, as shown by the strong lattice fringes

coming from the (002) planes of HCP magnesium, appears to be followed by

an interruption in the crystal structure by an amorphous layer of vanadium.

This in turn is followed by renewed nucleation and growth of new magnesium

crystallites, as described for the Mg/TM sample. This suggests that even for

vanadium layers as thin as 1.2 nm, an interruption of the magnesium crystal

growth and crystal structure occurs and renewed nucleation has to take place

before crystalline layers of magnesium may grow again.

This structural separation of the magnesium layers contradicts results

reported for similar structures in the literature by Baldi et al. (2010). They

report a level of structural coherence across several multilayers of magnesium

and titanium, as well as a degree of homogenisation in the uppermost 6

layers of their thin film. This consisted of only 20 multilayers of magnesium

separated by interlayers of titanium. Figures 4.12a and 4.13b show clearly

that there is no homogenisation in the top 4 layers of the Mg/TM multilayer,

nor in the top 8 layers of the Mg/Cr coating. This might be explained by

the similar, HCP crystal structure and lattice spacing of both Mg(002) and

Ti(002) at 2.605 Å and 2.341 Å respectively which is not present for the BCC
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transition metal elements used in this work.

From the elemental separation of the multilayers, shown in figure 4.15,

it is clearly visible that the transition metal is heterogeneously distributed

throughout the Mg/TM multilayer structure in separate interlayers. The

thickness of the interlayers, at around 2.5 nm, is very close to the STEM

beam’s spot size of 1 nm, which causes blurring of the EDX signal. In ad-

dition, any buckling of the sample through its thickness or a slight misalign-

ment would angle the plane of the layer interfaces towards the electron beam

which, together with the limited resolution, explains why no layer separa-

tion of the magnesium layers can be observed by EDX. The brighter bottom

line in the EDX signal, coming from the transition metal elements shown in

figures 4.15a to 4.15d, shows that the bottom layer has a higher concentra-

tion of transition metal than the layers that follow. This may be due to the

double-thickness layer of transition metal that was deposited, in an attempt

to provide separation of the palladium capping layer and the magnesium

in the thin film in order to prevent alloying between the two, described in

section 3.2.1.

Similar results were found for the Mg/Cr sample which shows a non-

homogeneous distribution of chromium throughout the coating in the form

of distinct layers.

The palladium capping layers of the Mg/Cr, Mg/V and Mgcontrol samples

produced a broad, low intensity XRD peak at ca. 0.6˝ 2θ above the diffrac-

tion angle that can be expected from database Pd(111) diffraction patterns.

The EDX maps in figures 4.16d and 4.16c show that, as well as a palla-

dium signal, there is an X-ray signal characteristic of iron coming from the
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palladium-cap layer region at the thin film-glass interface of the Mg/Cr thin

film cross-section which is much stronger than the underlying iron-signal in

the noise that can be seen in the bulk of the Mg/Cr sample. This suggests a

degree of iron contamination in the palladium capping layers, which supports

the argument made in section 5.2 that co-sputtering of steel from the 316L

backing plate, on which the palladium target was mounted, has caused sub-

stitution of iron into palladium, resulting in a shift of the palladium peaks in

the XRD patterns of the Mg/Cr, Mg/V and Mgcontrol samples, each of which

were capped with co-sputtered palladium.

The TEM images of the hydrogenated samples in section 4.2.2 help un-

derstand better the microstructural changes the samples underwent during

hydrogen cycling. There is a distinct similarity between the SEM images of

very small Mg/TM samples, as shown in figure 4.8, and the TEM images

of the same sample, shown in figure 4.17. The backscattered-electron SEM

image in figure 4.8b reveals a very thin Mg/TM multilayer flake, which in

parts has a degree of transparency towards the electron beam, similar to the

particles shown in the TEM images in figure 4.17. The TEM images exhibit

a number of dark, circular features, which were shown to produce an EDX

signal characteristic for iron, as well as diffraction spots corresponding to the

d-spacing of BCC iron. These dark, circular features can be seen in the SEM

image in figure 4.8b where they appear as bright, circular features due to

iron having a higher atomic number than magnesium.

The three catalysed samples all exhibit these nano-sized transition metal

features. Dark, circular features similar to those in the Mg/TM sample shown

in figure 4.17b can be seen both in the Mg/Cr sample, highlighted in figure
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4.19, and the Mg/V sample, shown in figure 4.21. The XRD patterns of

the hydrogenated powders presented in section 4.2.1, showing broad transi-

tion metal peaks, indicate that these are crystalline. Selected area electron

diffraction patterns (SAED) of all three catalysed samples are shown in fig-

ures 4.18, 4.19a and 4.21a, exhibiting spots corresponding to the d-spacings

of their respective transition metal catalysts. Diffraction patterns taken from

areas with a low concentration of these dark transition metal features lack

these diffraction spots and exhibit only diffraction patterns coming from the

magnesium oxide phase that is present in all three samples. For example,

the pattern in figure 4.18a shows very clear diffraction rings coming from

a magnesium rich region of the Mg/TM particle, such as the one shown in

figure 4.17a. These rings indicate a level of polycrystallinity which, given the

volume of the sample, suggests a very small crystallite size.

The XRD pattern of the Mg/TM multilayer and, more importantly, the

PCI measurements presented in section 4.3.1 indicate the presence of an

Mg2NiH4 phase which has also been confirmed by TEM. Figure 5.3 shows

an image of an Mg/TM particle and a corresponding diffraction pattern.

EDX analysis suggested the darker region of the image contains nickel. The

diffraction pattern was analysed and a series of bright spots overlaying the

magnesium oxide diffraction rings were indexed to the diffraction pattern

of MgNiO2 which has an FCC crystal structure and d-spacings within ˘

0.01 Å of those of magnesium oxide, which has also got an FCC crystal

structure. This makes differentiation between the two difficult. A series of

unidentified spots were also found that match diffraction patterns of Mg2NiH4

and magnesium hydride. These were not found in any of the other, more
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Figure 5.3: SAED pattern showing diffraction rings corresponding to magne-
sium oxide and a series of spots that can be matches to the pattern of FCC
MgNiO2

transparent-looking samples, suggesting that only the smallest particles and

the thinnest sections of particles have oxidised.

The nature of the catalyst features in the Mg/Cr and Mg/V samples

was further investigated by high-resolution TEM. Figures 4.19b and 4.21b

exhibit a series of lattice fringes, with d-spacings matching those of Cr(110)

and V(110), obtained from the dark transition metal features in both samples

confirming the spots indexed on the diffraction patterns in figures 4.19 and

4.21. This leaves little doubt that what were amorphous layers of transition

metal, are now crystalline nano-particles, finely distributed throughout the

bulk of the material. Finally, the EDX maps shown in figures 4.20 and

4.22 provide two-dimensional information about the location of elemental

chromium and vanadium within the samples. Comparing the corresponding
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Z-contrast images with the EDX maps, it is clear that the bright features,

which replace the dark features seen in the bright-field images, correspond

strongly with the transition metal EDX signal, providing further evidence of

the size and location of the transition metal nano-crystals.

The evidence from the XRD, SEM and TEM studies clearly suggests

that hydrogen cycling of the thin film material at elevated temperature has

caused a significant transformation of the thin films’ morphology and mi-

crostructure. Kalisvaart et al. (2011) compare a number of multilayered and

co-sputtered Mg/FeTi thin films that, like the samples presented in this work,

were produced by magnetron sputtering. The conditions used were compa-

rable to the ones used in this work with an argon pressure of 5 ˆ 10´3 mbar

and continuous sample rotation. 1.5 microns thick, they too were delami-

nated from the substrate and repeatedly hydrogen cycled. Their multilayer,

built from 28 nm thick magnesium layers sandwiched between 5 nm layers

of an FeTi alloy, capped on both sides with palladium (Mg/FeTi), is closest

in composition to the transition-metal catalysed samples presented in this

work and, as such, provides the basis of this comparison. Like the Mg/TM,

Mg/Cr and Mg/V samples presented in this work, the Mg/FeTi thin film

was subjected to a number of cycles of hydrogenation and dehydrogenation

at temperatures of up to 300˝C and, after an initial activation period, trans-

forms into a flaky powder. Similarly, the initial microstructure is highly

structured in TEM, with highly oriented layers of magnesium separated by

FeTi layers that produce neither electron- nor X-ray diffraction. After cy-

cling however the Mg/FeTi particles are reported to have retained some of

the layered structure, whereas in the case of the Mg/TM, Mg/Cr and Mg/V
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samples there is no clear evidence of any retained layering of magnesium and

transition metal layers. This is explained as being a result of cycling the

material at temperatures below the re-crystallisation temperature, which is

defined as the temperature at which full recrystallisation occurs within 1

hour and it is typically a function of the melting temperature of a given

metal or alloy (Callister and Rethwisch, 2011, chap. 8). Upon examining

the iron-titanium phase diagram, it can be seen that the melting point for

FeTi is 1317˝C — far below the melting point of iron (1538˝C), let alone

chromium (1907˝C) and vanadium (1910˝C). Thus, given the hypothesis of

Kalisvaart et al. (2011), it would be expected to see similar behaviour in

the materials presented here. Tsai (1989) show that amorphous chromium

coatings form crystallites at temperatures as low as 300˝C and, given the

evidence for crystalline iron and vanadium in the TEM and XRD studies of

the Mg/TM and Mg/V coatings in their hydride state, the two transition

metal elements appear to behave in a similar manner.

The results presented in this work on the reaction of the palladium

capping layers with the magnesium metal to Mg6Pd agree with the find-

ings Kalisvaart et al. (2011) make, both for their multilayers and their co-

sputtered Mg80Fe10Ti10 thin film. This is despite the insertion of a tantalum

layer between the magnesium and the palladium layers, reported by Tan

et al. (2009) as being an effective barrier for Mg6Pd alloy formation.

The findings presented by Wang et al. (2008) on a 250 nm multilayer,

composed of 5 bi-layers of magnesium and nickel, show that annealing of

alternating layers of magnesium and nickel for just 4 hours at 200˝C is suf-

ficient for the magnesium and nickel phases to disappear from the XRD
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pattern and form Mg2Ni. This concurs with the findings presented in this

work on the Mg/TM sample, which was repeatedly cycled at above 250˝C

for several weeks, forming Mg2Ni and its hydride Mg2NiH4.

Similar to the co-sputtered Mg80Fe10Ti10 sample that Kalisvaart et al.

(2011) compare their Mg/FeTi multilayer sample to, there exist a range of

thick, magnesium-based, co-sputtered, transition metal catalysed coatings

including one of Mg80Cr10V10 (Kalisvaart et al., 2012), one of Mg80Fe10Cr10

(Fritzsche et al., 2012) and one of Mg70Al12Fe18 (Kalisvaart et al., 2010), that

have undergone a structural evolution upon hydrogen cycling to produce

hydrogen storage materials with microstructural characteristics similar to

the ones presented in this work, caused by a precipitation of transition metal

nano-crystallites within the bulk, resulting in small thin film particles with an

even distribution of nano-sized transition metal crystallites. For example, the

TEM data presented by Fritzsche et al. (2012) in their paper on the catalytic

effect of FeCr intermetallics shows evidence of FeCr nano-crystallites. The

authors suggest they are precipitates, from which it can be inferred that these

crystallites were not present in the as-deposited structure.

This opens up questions as to the potential advantages and disadvantages

of using multilayer structures over co-deposition of magnesium and catalyst

materials, as discussed in section 2.2.6.
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5.5 Thermodynamics

Section 4.3.1 describes a range of experiments that were undertaken to study

the interaction of the 4 thin film structures with hydrogen. A range of

pressure-composition isotherms at temperatures between 250˝C and 350˝C

were measured which were used to derive the thermodynamic properties of

the different materials. Whilst the Mg/Cr, Mg/V and Mgcontrol samples’ ther-

modynamics were studied using the manual Sievert’s apparatus described in

section 3.4.1, the Mg/TM sample’s thermodynamics were studied using the

PCTpro2000 instrument described in section 3.4.1.

The Mg/Cr, Mg/V and Mgcontrol samples’ PCI curves, presented in fig-

ures 4.24 to 4.26, show flat dehydrogenation plateaus, characteristic for mag-

nesium hydride. The corresponding van’t Hoff plots show a very good fit

of the linear regression lines that were used to calculate the enthalpies and

entropies of the dehydrogenation reactions of the three thin film materi-

als. At ∆H = 72.9 ˘ 0.5 kJmol´1H2 for the Mg/Cr sample, ∆H = 72.6 ˘

0.3 kJmol´1H2 for the Mg/V sample and ∆H = 72.7 ˘ 0.5 kJmol´1H2 for

the Mgcontrol sample, the enthalpies of the dehydrogenation reactions are very

close to literature values for magnesium hydride of ∆H = 72.9 kJmol´1H2

(Bogdanovic et al., 1999) which suggests that the reactions observed are that

of Mg`H
2

∆H
ÝÝáâÝÝ MgH2. Similarly, the entropies of the reactions are very close

to the theoretical value for magnesium hydride of ∆S = 130.7 JK´1mol´1H2

(Grochala and Edwards, 2004) at ∆S = 133.1˘ 1.6 JK´1mol´1H2, ∆S =

132.8˘ 1.6 JK´1mol´1H2 and ∆S=133.9˘ 1.6 JK´1mol´1H2 for the Mg/Cr,

Mg/V and Mgcontrol samples respectively. Unlike many of the palladium
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capped thin films in the literature (Baldi et al., 2009a; Barcelo et al., 2010),

the thermodynamics of these multilayer structures do not appear to be af-

fected by the choice of process. Regardless of the nano-structure that the

samples were given, or the combination of materials, the samples behave

like as-received magnesium hydride. Similar behaviour was also observed by

Kalisvaart et al. (2011), who state an enthalpy of -79 kJmol´1H2 for their

Mg/FeTi multilayer which, depending on the errors in their measurements

which were not quantified, is in the acceptable range for magnesium hydride.

The formation of Mg2NiH4 in the Mg/TM sample is evident from both

the X-ray and electron diffraction studies discussed in sections 5.2 and 5.4.

It is well known however that the hydride forming alloy Mg2Ni has ther-

modynamic properties different to those of magnesium hydride (Reilly and

Wiswall, 1968), which is reflected in the PCI study presented in section 4.3.1.

Unlike the Mg/Cr, Mg/V and Mgcontrol samples, the Mg/TM sample exhibits

a double plateau, which is indicative of either a partial destabilisation of the

magnesium hydride phase or a two-phase material. Given the respective en-

thalpies and entropies derived for the two plateaus from the van’t Hoff plots,

shown in figure 4.23b, of ∆H = 78.0 ˘ 2.3 kJmol´1H2 and ∆S = 137.9

˘ 3.7 JK´1mol´1H2 for the lower plateau and ∆H = 66.1˘ 1 kJmol´1H2

and ∆S = 122.1˘ 1.6 JK´1mol´1H2 for the higher plateau, and by com-

paring these figures with the literature, it is evident that the lower plateau

corresponds to the reaction Mg ` H
2

∆H
ÝÝáâÝÝ MgH2. This reaction has widely

been reported to have an enthalpy of between 72.9 kJmol´1H2 (Bogdanovic

et al., 1999) and 79 kJmol´1H2 (Kalisvaart et al., 2011). The higher pres-

sure, lower enthalpy plateau corresponds to reported values of between ∆H

160



Chapter 5 Discussion

= 64.4 kJmol´1H2 (Reilly and Wiswall, 1968) and ∆H = 69.3 kJmol´1H2

(Liang et al., 1998) for the reaction Mg2Ni ` 2H
2

∆H
ÝÝáâÝÝ Mg2NiH4. The en-

tropy change during the dehydrogenation reaction is generally known to be

governed by the release of hydrogen gas which has been shown to be ∆S

= 130.7 JK´1mol´1H2 (Grochala and Edwards, 2004). Literature values of

the entropy of hydrogen release from magnesium hydride have been reported

as high as ∆S = 142.1 JK´1mol´1H2 (Liang et al., 1998), which is in good

agreement with the value calculated for the lower plateau. The value for

the higher plateau of ∆S = 122.1 JK´1mol´1H2 agrees with the value of

∆S = 122.2 JK´1mol´1H2 that Reilly and Wiswall (1968) report for the

dehydrogenation of Mg2NiH4.

Comparing the thermodynamic data of the Mg/Cr, Mg/V and Mgcontrol

samples with that of the Mg/TM sample, in the light also of the structural

study of the materials, it is evident that the alloy formation of the magne-

sium and nickel phases in the as-deposited thin films resulted in a two-phase

hydrogen storage material with two distinct plateau pressures. Derived from

equations 1.3 and 1.4, the temperature at which the different materials re-

lease 1 bar of hydrogen can be calculated from the relationship

T1bar “
∆H

∆S
(5.1)

and table 5.1 lists the T1bar for the different materials and, in the case of the

Mg/TM sample, the separate phases.

The literature value of T1bar of magnesium hydride is 278.4˝C, and from

these results it can clearly be seen that the measured T1bar of the coatings is
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Sample T1bar

Mg/TM
MgH2 phase 292.6˘ 22.5˝C
Mg2NiH4 phase 268.4˘ 10.8˝C

Mg/Cr 277.5˘ 7.6˝C
Mg/V 276.5˘ 7.0˝C
Mgcontrol 275.2˘ 7.6˝C

Table 5.1: T1bar of the 4 multilayer samples

within measurement errors of the theoretical value.

5.6 Kinetics

Having established the thermodynamics of the chemical reactions forming

the underlying mechanism by which the materials presented store and re-

lease hydrogen, section 4.3.2 looks at a range of experiments that were un-

dertaken to establish, given the thermodynamic constraints, the kinetics of

the 4 materials’ reaction with hydrogen at realistic operating temperatures.

The hydrogenation experiments carried out at different temperatures

show that all 4 samples are sensitive to changes in temperature within the

measured range and the time taken to hydrogenate the samples to 80%, and

90% in the case of the Mg/TM sample, slows significantly as the temperature

decreases. The 80% and 90% cut-off points for the completion of the reaction

were chosen because above this point, especially in the case of the Mg/Cr,

Mg/V and Mgcontrol samples, the reaction becomes very slow, possibly due to

a change in the mechanism that limits the reaction rate. Given the reduction

of the diffusion coefficient during hydrogenation, as discussed by Kalisvaart

et al. (2011), this phenomenon can be put down to diffusion of hydrogen

through the hydride phase slowly taking over from the dissociation of hy-
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drogen and nucleation and growth of the hydride phase as the predominant

reaction-rate limiting factor, slowing down the reaction progressively.

From the results presented in table 4.4, it is evident that the Mg/TM

sample is consistently much faster than the other 3 samples, hydrogenat-

ing to 90% of its maximum capacity at 310˝C in almost half the time it

takes to hydrogenate the next-fastest sample, the Mg/V coating, to only

80% at 320˝C. If diffusion through the hydride phase in the Mg/Cr, Mg/V

and Mgcontrol samples is the rate-limiting factor during the later stages of the

reaction, this might be explained by the fact that the Mg/TM sample has

two hydride-forming phases, one of which forms Mg2NiH4. In an Mg-23.5

wt% Ni alloy, Mg2NiH4 has been shown to have a more favourable coeffi-

cient for the diffusion of hydrogen through the hydride phase compared with

magnesium hydride (Čermák and Král, 2008).

Comparing the hydrogenation kinetics of the Mg/Cr and Mg/V samples

with the Mgcontrol sample, it is clear that at 320˝C there is no significant dif-

ference between the three materials. At the lower temperatures however the

Mgcontrol sample’s hydrogenation kinetics slow down substantially compared

with the two catalysed samples. Given the relationship of the reaction rate

and temperature used in the Arrhenius equation (equation 4.3) to establish

the activation energy of a chemical reaction, this implies a lower activation

energy for the hydrogenation reaction of the catalysed samples. This could be

caused by the smaller grain size compared with the Mgcontrol sample, allow-

ing faster diffusion of hydrogen through the growing hydride phase (Siviero

et al., 2009), as well as improved dissociation of hydrogen at the catalyst

sites (Yang et al., 2010) and an increase in the rate of nucleation and growth

163



Chapter 5 Discussion

of the hydride phase (Croston et al., 2010).

Since a practical hydrogen store has to be able to release the stored hydro-

gen as well as store it, a range of similar experiments were done to measure

the rate of hydrogen release from the 4 samples at different temperatures.

Since the dehydrogenation of the Mg/Cr, Mg/V and Mgcontrol samples was

much faster than the hydrogenation, the cut-off point for the measurement

was set to 90% for all 4 samples. It is evident comparing the 4 samples that

the three catalysed samples have very similar dehydrogenation kinetics, dehy-

drogenating 90% of their maximum capacity between 12.1 and 13.2 minutes

at 250˝C. The Mgcontrol sample in contrast is significantly slower, taking 6

times as long to dehydrogenate, which implies that both the increased grain

size and the absence of a (nano-)crystalline transition metal catalyst phase

result in a significant slowing of the dehydrogenation kinetics of magnesium

thin films.

The Mg/Cr and Mg/V samples are several minutes faster in dehydro-

genating 90% of their maximum capacity at the lower temperatures than

they are in hydrogenating only 80% of their maximum capacity at the same

temperatures, which supports the argument that the hydrogenation kinet-

ics of these two samples are limited not only by the thermodynamics of the

(de-)hydrogenation reaction but also somewhat by the different diffusivity of

hydrogen atoms through the magnesium and magnesium hydride phases.

Whilst it has kinetics comparable to the Mg/Cr and Mg/V samples in

dehydrogenation, the Mg/TM sample has superior hydrogenation behaviour.

Given that in general, as will be shown in section 5.7, transition metal cat-

alysts including the ones used in this work promote similar kinetic benefits,
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the much improved hydrogenation kinetics in the Mg/TM sample compared

with the Mg/Cr and Mg/V samples can only be due to the formation of the

Mg2Ni phase in addition to the formation of transition metal nano-crystals,

which was also seen in the Mg/Cr and Mg/V samples.

5.7 Reaction Mechanisms

Other than the diffusion of hydrogen through the metal or hydride phase,

the mechanism and rate of growth of the hydride phase, in the case of the

hydrogenation reaction, and the metal phase, in the case of the dehydrogena-

tion reaction, and their relationship with temperature are important factors

that determine the kinetics that govern the reactions and result in the times

measured. Since the rate of the reaction changes with the degree of hydro-

genation, given a known mechanism, mathematical models can be used to

linearise the (de-)hydrogenation curves from which the rate constant k can

be derived. A plot of lnpkq vs 1{T , as described in section 4.3.2 then allows

calculation of the activation energy Ea which, as part of the Arrhenius equa-

tion 4.3, describes the relationship between the reaction rate of any given

reaction and temperature, and provides a measure of the effectiveness of a

catalyst in catalysing a reaction.

Three different models exist that have been widely used to describe the

(de-)hydrogenation kinetics of hydrogen storage materials (Varin et al., 2008).

These models describe the relationship between the fraction converted, α,

and time, linked by the rate constant k and, when fitted to experimental

data, reveal the rate-limiting mechanism (Barkhordarian et al., 2004) since

the faster mechanisms won’t affect the actual kinetics of the sample.
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If the dissociation or re-combination of hydrogen molecules on the ma-

terial’s surface is the rate-limiting mechanism, the surface-controlled (SC)

reaction model applies (Barkhordarian et al., 2006), in which the converted

fraction α has a linear relationship with time through

α “ kt. (5.2)

The contracting volume (CV) model assumes nucleation at the surface of the

a particle has already occurred and describes the growth of the new phase

from the surface into the bulk of a particle with a constant interface velocity

(Barkhordarian et al., 2006; Varin et al., 2008). This is assuming that the

initial nucleation is fast in comparison with the bulk of the reaction and that

the diffusion of hydrogen through the bulk is not rate-limiting. This model

is represented by the relationship

1 ´ r1 ´ αs
1

x “ kt (5.3)

where x is either 2 or 3 depending on whether the growth occurs in two or

three dimensions.

Mintz and Zeiri (1994) derive an equation, similar to equation 5.3, that

takes into account a slowing of the CV growth interface by diffusion which

might occur in samples where diffusion of hydrogen through the transformed

phase might become rate-limiting. The equation that describes this situation
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for three-dimensional CV growth is

1 ´ p
2α

3
q ´ p1 ´ αq

2

3 “ kt (5.4)

which is also known as the Ginstling-Brounshtein model (Khawam and Flana-

gan, 2006).

Finally, the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model is a math-

ematical model for random nucleation of a new phase in the bulk and on the

surface of a material and assumes that the sample size is significantly larger

than any individual transformed region (Kelton, 1997). This sigmoidal reac-

tion curve is described by

α “ 1 ´ e´pktqn (5.5)

which can be linearised to

´ lnp1 ´ αq
1

n “ kt (5.6)

where n is the Avrami exponent. This exponent provides information about

the dimensionality of the transformation and whether the phase transforma-

tion is diffusion- or interface limited (Kelton, 1997), with n “ 2 for two-

dimensional growth of existing nuclei with a constant interface velocity, and

n “ 3 for three-dimensional growth with a constant interface velocity (Varin

et al., 2008).

Data for the converted fraction α from the dehydrogenation experiments

described in section 4.3.2 was entered into the left hand side of these models’
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equations and plotted against time to generate a series of graphs. A good

fit with a particular model was then judged from the shape of the resulting

curve in comparison to a straight line.

Khawam and Flanagan (2006) show and compare typical reaction curves

that the different models describe for the different mechanisms. Reactions

that follow the JMAK model generally follow a sigmoidal curve, the exact

shape of which is determined not only by the rate of the reaction but also by

the Avrami exponent, n. As a result of this, double-logarithm fitting (Kelton,

1997) is generally recommended over simple fitting to equation (5.6) (Varin

et al., 2008) to ensure the best fit which results in

lnrlnp
1

1 ´ α
qs “ n lnpkq ` n lnptq. (5.7)

Fitting this equation to the experimental data should produce a straight line

from which both the Avrami exponent n and the rate constant k can be

calculated.

Re-arranging the Arrhenius equation (equation 4.3) reveals the linear

relationship

lnpkq “ ´
Ea

R

1

T
` lnpAq (5.8)

from which, by a plotting of lnpkq vs 1

T
, the activation energy of the reactions

can be calculated from the slope of the linear regression line.

A reasonable fit was established between the JMAK model and the data

for the Mg/TM sample. Table 5.2 compares the n and k values calculated

from the slopes and intercepts of the straight lines, shown in figure 4.27a

that were fitted to the data linearised using equation 5.7. These n and k
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Temperature (˝C) n k

250 1.1 0.143
290 1.1 0.668
350 1 0.319

Table 5.2: n and k values derived from the JMAK model for the Mg/TM
sample

Figure 5.4: Dehydrogenation kinetics of the Mg/TM sample showing the
experimental data and the data derived from the JMAK model using the
parameters from table 5.2 at 250˝C, 290˝C and 350˝C

values were then used to produce the graph in figure 5.4, which compares

the experimental dehydrogenation data for the Mg/TM sample with data

modelled using the JMAK parameters shown in table 5.2.

The figure shows a good fit between the experimental data and the model,

verifying the linear correlation of the model and the experimental data shown

in figure 4.27a.

The Mg/Cr sample did not fit the JMAK model well, resulting in a con-
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Figure 5.5: Dehydrogenation kinetics of the Mg/Cr sample showing the ex-
perimental data and the data derived from the CV model with x “ 2 at
250˝C, 270˝C, 300˝C and 320˝C

tinuous curve rather than the straight line that is prescribed for a good fit.

Kelton (1997) explains this is a symptom of a violation of the basic assump-

tions that are made in the model and means a different model has to be

chosen. In this case, the CV model with x “ 2 was chosen (equation 5.3)

since it provided the best fit at all temperatures. At 250˝C however, the

Ginstling-Brounshtein model (equation 5.4) provided the best fit, which sug-

gests that the tailing-off of the CV model is due to diffusion taking over as the

rate-limiting factor, resulting in a slowing of the reaction beyond what the

CV model dictates. Figure 5.5 compares the experimental data with data

modelled using the rate-exponents k, calculated from the linear-regression

lines shown shown in figure 4.28a.

For the lower temperature reaction at 250˝C, the modelled data using the
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Ginstling-Brounshtein model (equation 5.4) is also shown, which indicates

that the experimental data lies between the two models. The Ginstling-

Brounshtein model produces a continuous curve, which is true for the later

part of the reaction, but for the first half of the reaction the shape of the

CVx“2 curve matches the experimental data more closely. This suggests that

the CVx“2 model is valid for the first part of the reaction, with a higher value

for k and therefore a steeper gradient, since the value derived from fitting the

experimental data to the model is reduced by the later part of the reaction

being slowed by diffusion.

For the Mg/V sample, the JMAK model seemed to provide the best

straight-line fit for the dehydrogenation data, except for the dehydrogenation

at 250˝C, where diffusion was the rate-limiting factor. This results in the

tailing-off of the curve above ca. 80% dehydrogenation.

Temperature (˝C) n k

250 1.3 0.179
270 1.4 0.25
300 1.4 0.766
320 1.6 1.09

Table 5.3: n and k values derived from the JMAK model for the Mg/V
sample

Table 5.3 compares the n and k values for the Mg/V samples at different

temperatures which were used to plot the reaction curves in figure 5.6, com-

paring the actual experimental data with data modelled using the JMAK

parameters shown in table 5.3.

A good match between the experimental and simulated data is evident

from the plot, except for the measurement at 250˝C where diffusion slows the
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Figure 5.6: Dehydrogenation kinetics of the Mg/V sample showing the ex-
perimental data and the data derived from the JMAK model using the pa-
rameters from table 5.3 at 250˝C, 270˝C, 300˝C and 320˝C

experimental data beyond 80% dehydrogenation. A similar slowing of the ex-

perimental kinetics towards the final stages of dehydrogenation is noticeable

also at 270˝C but to a much lesser extent.

As with the Mg/TM and Mg/V samples, the Mgcontrol sample has a good

fit with the JMAK model, resulting in the n and k values which are presented

in table 5.4.

Temperature (˝C) n k

300 1.6 0.019
320 1.5 0.061
350 1.9 0.219

Table 5.4: n and k values derived from the JMAK model for the Mgcontrol
sample

These values were used to produce the modelled dehydrogenation curves
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Figure 5.7: Dehydrogenation kinetics of the Mgcontrol sample showing the
experimental data and the data derived from the JMAK model using the
parameters from table 5.4 at 300˝C, 320˝C and 350˝C

that are compared with the experimental curves presented in figure 5.7. Since

the kinetics were prohibitively slow at temperatures below 300˝C, no mea-

surements were possible below this temperature and, as a result, no influence

of diffusion was noticed. This suggests that the influence of diffusion on the

dehydrogenation kinetics of the presented hydrogen storage materials plays

a role only at temperatures below 300˝C. In the case of the Mg/TM sam-

ple, no limitation of the dehydrogenation by diffusion was measured, which

might further support the argument of the magnesium-nickel intermetallic

providing diffusion pathways inside the material that are not present in the

other three samples.

One of the main differences between the JMAK and CV models is the

assumption in the CV model that nucleation is fast, and therefore negligible.
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Since the only difference between the Mg/Cr, Mg/V and Mgcontrol samples

is the presence and composition of catalyst interlayers this might suggest

that the element chromium as a catalyst is the cause of the change in the

rate-limiting mechanism of the reaction that is observed.

Liang et al. (1999a) suggest the catalytic activity of 3d-transition met-

als in magnesium-based hydrogen storage materials occurs by chemisorption

of hydrogen by the catalyst, which then transfers the dissociated hydrogen

to the magnesium. They claim that the interface between the magnesium

and catalyst material provides an active nucleation site for the formation of

magnesium hydride, with the transition metal catalyst acting to reduce the

nucleation barrier. The authors observe no nucleation period which, judg-

ing by the sigmoidal shape of their dehydrogenation curves, is potentially

incorrect, but no best-fit data with kinetic models is shown and instead the

authors claim a change from a JMAK-type reaction mechanism to a CV-

type mechanism that limits the rate of their reactions. This was seen for the

Mg/Cr sample presented in this work, which agrees with the hypothesis that

the catalyst materials affect the reaction mechanisms as well as the rate of

the reactions.

The Mg/Cr and Mg/V samples presented in this study exhibit very sim-

ilar kinetic properties both in terms of dehydrogenation time and activation

energy for the dehydrogenation reaction. The difference in reaction mech-

anism however, coupled with the slightly lower activation energy, suggests

that the chromium catalyst might be more effective in reducing the nucle-

ation barrier for the dehydrogenation reaction. The difference in activation

energy is small (1.4 kJmol´1) but consistent with the DSC measurements,
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presented in section 4.3.3, which show a reduced activation energy (∆Ea =

5.3 kJmol´1) for the Mg/Cr sample compared with the Mg/V sample.

Although very little is known about the properties of elemental chromium

in catalysing the hydrogen storage in magnesium (Zahiri et al., 2012), oxides

of chromium have been known to possess very good catalytic properties for

magnesium-based hydrogen storage materials (Varin et al., 2011). Whilst

Zahiri et al. (2012) claim, based on an electrochemical study by Niessen and

Notten (2005), that chromium is a poor catalyst in comparison with vana-

dium and conclude that combining the two is beneficial, Vincent et al. (2011)

study and compare the characteristics of magnesium, cold rolled and ball

milled with various transition metal catalysts. They conclude that chromium

and vanadium have very similar kinetics in terms of the dehydrogenation time

at 350˝C for their cold rolled samples, whereas for their ball milled samples

they notice a considerable improvement of kinetics with the vanadium cata-

lyst over the chromium one. The results shown in chapter 4 shows however,

that elemental chromium promotes favourable hydrogenation and dehydro-

genation kinetics in magnesium hydride, compared with elemental vanadium.

It has been suggested that the reaction mechanism of hydrogen storage

materials might change with temperature (Jensen et al., 2006), shown also

by the small increase in n for the JMAK-governed materials presented in

this work, most likely caused by the changing influence of diffusion on the

dehydrogenation kinetics. The Avrami exponent n has been discussed in the

literature and it is often said to be linked to the geometry of the phase trans-

formation (Varin et al., 2008), the nucleation rate and growth morphology

(Sun et al., 2003), and to whether it is interface or diffusion limited (Kel-
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ton, 1997). Bazzanella et al. (2011) on the other hand state that a value of

n “ 4, measured for pure MgH2, indicates that nucleation of magnesium in

the hydride phase limits the reaction rate whilst a value of n “ 1, measured

for samples catalysed with up to 5 at.% of niobium, is indicative of instanta-

neous nucleation, followed a diffusion limited reaction. It is therefore unwise

to interpret a lot of meaning into a number that can have such a wide range

of meanings. The validity of the model to the reactions presented is however

confirmed by the fact that the Avrami exponent is consistent across the dif-

ferent samples, as well as the fact that the data has a very good fit with the

model shown in figures 5.4, 5.6 and 5.7.

5.8 Kissinger Analysis

The results of the Kissinger analysis confirm the findings that were derived

from the kinetic modelling. The three catalysed samples have, for the lower

temperature peaks, activation energies that are ca. 10 kJmol´1 lower than

the values that were established from the models. The relative energies are

however, within the errors, the same, indicative of a possible systematic

error. For the catalysed samples, the DSC curves exhibit multiple peaks

with different activation energies, as shown in section 4.3.3. The larger,

lower temperature peaks have a consistently lower activation energy than

the small, higher temperature peaks, which might be explained by a portion

of the material not being catalysed as efficiently as the rest. In the Mg/TM

sample this second peak is far more intense than in the Mg/Cr and Mg/V

samples and might also be caused by the Mg2NiH4 phase.

The presence of these multiple peaks however suggests that multiple re-
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actions are occurring upon dehydrogenation of the samples, which might

have subsequently caused the shift in the activation energy derived from the

kinetic models to higher values since this will provide an average of both

reactions. By multiplying the two activation energies for each sample with

the relative peak area calculated from the fitted peaks, corrected values for

the activation energy were calculated. Presented in table 5.5, these values

match much more closely the values derived from the kinetic models.

Sample
Ea

DSCcorrected Kinetic model
Mg/TM 78.5 ˘ 3.5 kJmol´1 80.0 ˘ 4.4 kJmol´1

Mg/Cr 65.7 ˘ 2.5 kJmol´1 69.7 ˘ 5.8 kJmol´1

Mg/V 67.6 ˘ 1.2 kJmol´1 71.1 ˘ 5.0 kJmol´1

Table 5.5: Comparison between the activation energy derived from the kinetic
models and the corrected activation energy derived from Kissinger curves for
the Mg/TM, Mg/Cr and Mg/V samples

The Mgcontrol sample confirms the validity of both the DSC and modelling

data for the activation energy, since the values of 141.6 ˘ 3.2 kJmol´1 and

142.9 ˘ 5 kJmol´1, which were derived from the calorimetric and volumetric

measurements presented in sections 4.3.2 and 4.3.3, are within the quoted

errors of each other and well within the range quoted in the literature, with

values between 120 kJmol´1 and 156 kJmol´1 (Huot et al., 1999; Walker,

2008). Finally, a sample of as-received MgH2 was run in the DSC under

the same conditions as the 4 thin film samples. With an activation energy

of 147.7 kJmol´1, the results validate the claim that the Mgcontrol sample’s

kinetics are not catalysed and that the sample therefore provides a good

base-line to compare the catalysed samples with.

The activation energies of the thin film samples are comparable also with
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Composition Activation energy Reference
Mg/TM 71.6 kJmol´1 (Fry et al., 2013)
Mg/Cr 60.6 kJmol´1 this work
Mg/V 65.9 kJmol´1 this work
MgH2milled

96 kJmol´1 (Lu et al., 2009)
Mg0.8Cr0.07V0.13thinfilm

91.5 kJmol´1 (Zahiri et al., 2012)
Mg-Pdthinfilm 48-80.4 kJmol´1 (Qu et al., 2009b, 2010b)
MgH2+Ti 71.1 kJmol´1 (Liang et al., 1999a)
MgH2+TiO2 72 kJmol´1 (Croston et al., 2010)
MgH2+V 62.3 kJmol´1 (Liang et al., 1999b)
MgH2+Mn 104.6 kJmol´1 (Liang et al., 1999a)
MgH2+Fe 67.6 kJmol´1 (Liang et al., 1999a)
MgH2+Ni 88.1 kJmol´1 (Liang et al., 1999a)
MgH2+Nbthinfilm 51-78 kJmol´1 (Bazzanella et al., 2011)
MgH2+Nb2O5 61 kJmol´1 (Barkhordarian et al., 2004)

Table 5.6: Comparison of the catalysed samples’ activation energies with
literature values for materials of similar composition

the literature. Table 5.6 compares the thin film samples’ activation energies

with literature values for materials of similar composition. While most of

these materials are ball-milled, there are a few thin film samples included in

the list which were produced by co-sputtering of magnesium with the respec-

tive transition metal(-mix) (Zahiri et al., 2012) or composed of magnesium

with a palladium cap (Qu et al., 2009b). The samples presented in this work

compare well with the lowest activation energies from the literature, notably

the ball-milled magnesium hydride samples catalysed with metallic iron and

vanadium (Liang et al., 1999a) and niobium oxide (Barkhordarian et al.,

2004).

It is also noteworthy that both the DSC and Sieverts measurements of

the dehydrogenation kinetics were done after ca. 50-60 cycles of hydrogena-

tion and dehydrogenation. Whilst Huhn et al. (2005) observe a degradation
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of the storage kinetics of their niobium oxide-catalysed, ball-milled mag-

nesium hydride material, the values of activation energy measured for the

samples presented in this work tally with literature values of similar materi-

als, as shown in table 5.6. This suggests the dehydrogenation kinetics remain

favourable even after 50-60 cycles of hydrogenation and dehydrogenation.

5.9 Activation and Cycling Behaviour

Looking at the kinetic evolution of the samples, shown in section 4.3.4, an

evolution of the hydrogenation and dehydrogenation kinetics, in terms of the

(de-)hydrogenation rate, is evident. Whilst the Mg/TM sample sees stability

and improvement of the dehydrogenation kinetics between the 1st and the

5th and also between the 5th and the 50th cycles, the Mg/Cr and Mg/V

samples see an overall deterioration in their dehydrogenation kinetics, with

a decreasing reaction rate after an initial activation period during the first 5

cycles.

An explanation might be found in the structural evolution the materi-

als underwent. Similar behaviour was noticed by Kalisvaart et al. (2011)

who describe an initial acceleration of the dehydrogenation kinetics followed

by a slowing of kinetics between the 10th and 25th cycles for their Mg/FeTi

multilayer samples. This is not the case for their co-sputtered sample which

shows an improvement in kinetics followed by near-constant kinetics, sup-

porting the argument that the structural evolution in multilayer thin films

and subsequent grain growth in the magnesium phase influences the dehy-

drogenation kinetics by increasing diffusion pathways.

It has been established that diffusion plays an important part in shaping
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the hydrogenation behaviour of all 4 materials and it has been demonstrated

in section 5.6 that the formation of Mg2Ni provides favourable conditions

for the Mg/TM sample’s hydrogenation kinetics. Similarly, the large initial

improvement of the Mg/TM sample’s dehydrogenation kinetics, relative to

the virtually unchanged dehydrogenation kinetics during the first 5 cycles

for the Mg/Cr and Mg/V samples, might be explained by the formation

of Mg2Ni providing improved diffusion and thus improved kinetic stability

during hydrogen cycling.

The levels of grain growth were shown to be higher for the Mg/Cr sample

than for the Mg/TM and Mg/V samples, as shown in section 4.2. This in-

creased diffusion distance might then explain the increased dehydrogenation

time between the 5th and 50th cycle between the Mg/Cr and Mg/V samples

of 75 s and 37 s. The grain growth of the Mg/TM sample is less pronounced,

which might contribute to the kinetic cycling stability, discussed as a result

of the formation of of Mg2Ni.

All three catalysed samples exhibit stable hydrogenation kinetics after the

5th cycle compared with the first 5 cycles. After the first cycle the kinetics im-

prove drastically, followed by a small improvement up to cycle 5. This might

be a result of the structural transformation the thin films underwent during

hydrogen cycling. This includes the formation of new intermetallic phases

such as Mg6Pd in all samples and Mg2Ni in the Mg/TM sample, the forma-

tion of (nano-)crystalline transition metal particles in the transition metal

catalysed samples and the resulting breaking up of the thin film structures

into flaky powders, exposing a much larger surface area to hydrogen, which

allows better dissociation of hydrogen at the surface. Indeed, Atias-Adrian
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et al. (2013) and Andreasen et al. (2005) credit the activation processes they

observe in their Mg2Ni and magnesium-based samples respectively, to the

creation of new surfaces and reduced diffusion pathways during initial hy-

drogen cycles. The initial formation of MgH2 might also introduce crystal

defects into the coatings, which may act as new nucleation sites for hydride

formation, speeding up the nucleation and ultimately growth of the hydride

phase.

In the case of the Mgcontrol sample, the activation process takes much

longer, with the sample reaching only 80% of its maximum capacity in cycle

3 compared with full hydrogenation in the catalysed samples. This might sup-

port the argument that the formation of (nano-)crystalline transition metal

phases assists the decrepitation of the thin film material, speeding up the

rate of activation. This is further supported by the SEM images shown in

section 4.2.2, where the Mgcontrol sample appears to have retained more of its

original thin film structure than the catalysed samples. Finally, the Mgcontrol

sample has a bigger crystallite size to start with and experiences a higher

level of grain growth during hydrogen cycling which leads to an increased

length of diffusion pathways.

This then also explains the Mgcontrol sample’s continuous activation pro-

cess for the dehydrogenation reaction. Incomplete hydrogenation, due to

reduced kinetics, is continually improved by decrepitation of the thin film

structure, but at a much slower rate than for the catalysed samples due

to the absence of amorphous transition metal interlayers, which distort the

structure through the formation of (nano-)crystallites.

The TGA results shown in section 4.3.5 confirm, within errors, the ca-
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pacities measured by volumetric methods as described in section 3.4.2.

A third, theoretical measure of capacity for the four samples was cal-

culated from the elemental composition of the thin film samples presented

in tables 4.1 and 4.2. Theoretical capacities were derived from the atomic

composition of the samples, presented in section 4.2.2. All hydrogenated

powders exhibit diffraction lines of Mg6Pd, as shown in section 4.2, and

there is no evidence of hydrogen storage in the magnesium-palladium in-

termetallic phase which would have presented itself as diffraction lines for

Mg2Pd5 (Dufour and Huot, 2007). The formation of Mg6Pd will therefore

have contributed to the capacity loss observed, since any magnesium alloyed

with the palladium capping layers will no longer be able to contribute to

the (de-)hydrogenation reactions. Kalisvaart et al. (2011) also show XRD

peaks for Mg6Pd in their hydrogenated Mg/FeTi multilayer, suggesting their

magnesium-palladium intermetallic is inactive, as seen with the materials

presented in this work. Hence, adjustments were made for the formation of

Mg6Pd, which was treated as inactive material.

Sample
Capacity (wt%)

Theoretical TGA Sieverts
Mg/TM 5.1 ˘ 0.3 4.2 ˘ 0.1 4.6 ˘ 0.2
Mg/Cr 6.6 ˘ 0.4 5.7 ˘ 0.1 6.1 ˘ 0.3
Mg/V 6.3 ˘ 0.4 5.2 ˘ 0.1 5.4 ˘ 0.3

Mgcontrol 7.1 ˘ 0.4 5.1 ˘ 0.1 5.4 ˘ 0.2

Table 5.7: Comparison between the calculated, theoretical capacity of the 4
samples and the capacity measured by gravimetric and volumetric methods

Table 5.7 compares the 4 samples’ theoretical capacities with those mea-

sured by gravimetric and volumetric methods. It is evident, even after ac-

counting for the losses shown during cycling due to kinetics, that there is
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a discrepancy between the theoretical capacity and measured capacity. The

XRD patterns in section 4.2.1 show evidence of magnesium oxide, which,

an inactive phase in itself, might also act as an activation barrier, further

reducing the actual capacity of the material (Sandrock, 1999).

The discrepancy between the theoretical and measured capacity is partic-

ularly pronounced in the Mgcontrol sample at 2 wt%. A possible explanation

might be an incomplete reaction caused by poor kinetics due to the lack of

an active catalyst which would enable better dissociation and diffusion of

hydrogen and thus facilitate hydrogen cycling.

Comparing the materials presented in this work with co-sputtered thin

film materials of similar composition it becomes clear that the distribution

of catalyst material throughout the bulk is very important. Whilst the de-

hydrogenation kinetics are comparable with those of the Mg/Cr and Mg/V

multilayers, co-sputtered materials of similar composition exhibit far supe-

rior hydrogenation kinetics at lower temperatures. Fritzsche et al. (2012)

present a co-sputtered Mg-Fe-Cr composite which hydrogenates at 200˝C in

ca. 2 minutes, compared with a dehydrogenation at the same temperature

in around 20 minutes. The authors suggest the catalytic effect of the BCC

alloy comes from its greater ability to permit diffusion of deuterium in the

thin film structure. Similar findings were made by Kalisvaart et al. (2011)

and Zahiri et al. (2012), who have produced co-sputtered hydrogen storage

materials with well-distributed catalyst precipitates in a magnesium matrix,

which have excellent hydrogenation kinetics. This might also support the

argument that the Mg2Ni, formed due to alloying of the magnesium and

transition metal layers in the Mg/TM sample, assists the diffusion of hy-
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drogen through the hydriding sample, thus speeding up the hydrogenation

kinetics drastically compared with the samples that have transition metal

interlayers that are immiscible in magnesium.

5.10 Summary

A process has been developed for the University of Nottingham allowing

the use of thin film technology to generate thin film multilayer materials for

hydrogen storage in quantities sufficient for analysis using volumetric and

gravimetric hydrogen sorption equipment. This enables the characterisation

of these novel materials using existing equipment.

It has been shown that these materials are comparable in performance

to materials synthesised by mechanical methods, including high-energy ball

milling, which is a much more energy- and time intensive process compared

with PVD technology. Furthermore PVD provides greater levels of control

over the (nano-)structure of the resulting material as well as the composition.

Co-deposition and multilayering techniques add a further dimension which

allows “tailoring” of structures far beyond the capabilities of mechanical

synthesis.

The thin film materials presented in this work have the unique charac-

teristic whereby thin, amorphous layers of transition metal catalysts form

nano-crystallites during hydrogen cycling, resulting in the decrepitation of

the thin film multilayer structure. It has been shown that a fine distribu-

tion of these catalyst phases in the magnesium matrix is achieved, resulting

in fast hydrogen storage kinetics. It has also been shown that the addition

of magnesium-miscible nickel into the interlayer leads to fast hydrogenation
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kinetics, due to an increase in diffusion pathways. Although several exam-

ples of magnesium thin films with nickel exist in the literature, none study

the kinetics, and none combine nickel with other transition metal catalysts,

bar a MgNi/Pd system presented by Ouyang et al. (2006). Crucially how-

ever, palladium is miscible in magnesium, whilst the transition metals added

to the nickel interlayer in the Mg/TM sample are not. This leads to fur-

ther catalysis of the already well studied Mg2Ni, resulting in fast hydrogen

storage kinetics. The magnesium-rich, non-stoichiometric composition of the

magnesium-transition metal composite enables a higher capacity compared

with stoichiometric Mg2Ni, providing a cheap and abundant hydrogen stor-

age material with fast kinetics and a high cycling stability.
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Final Thoughts

6.1 Introduction

This chapter aims to draw together the findings presented in chapter 4 in the

light of the discussion of these results in chapter 5. The main findings are

summarised and conclusions are drawn in order to make this body of work

a self-sufficient entity. The conclusions are then used, in conjunction with

evidence from the literature, to suggest future work which might be done,

placing this body of work at the forefront of future developments, driving

forward the development of new technology and linking the processes and

ideas used on a laboratory scale to industrial processes.

6.2 Conclusions

The main objective of this work was to produce a novel body of work, using

thin film technology, to develop magnesium-based hydrogen storage mate-

rials and to study their hydrogen storage behaviour, and hydrogen storage

kinetics in particular, in order to understand the effect of transition metal

catalysts thereupon. In-depth microstructural characterisation was carried
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out in order to understand not only the mechanisms behind the performance

and transformation of the thin film coatings, but also the relationship be-

tween the processes employed, the materials used and the structural evolution

and hydrogen storage properties of the materials generated.

The original contribution to knowledge of this work lies in the develop-

ment and testing of thin film hydrogen storage materials with novel structures

and combinations of materials. Using the findings from the literature, it was

identified that, although multilayers of magnesium and transition metals have

been studied, the effect of a combination of an alloy forming element (nickel)

and elements immiscible in magnesium (iron, chromium, vanadium) on the

hydrogen storage behaviour of these thin films has not been studied. In ad-

dition, this work pushes the limits of the transition metal layer thickness and

the resulting possibilities in terms of reducing the thickness of the magne-

sium layers in multilayer structures have been explored, showing the effect of

re-crystallisation of amorphous layers of transition metals on the structural

evolution of these thin films as well as the hydrogen storage properties.

6.2.1 Structural Evolution

It was found that very thin, amorphous layers (ă 3 nm) of transition metal

catalysts composed of nickel co-sputtered from stainless steel as well as el-

emental chromium and vanadium form nano-crystallites upon hydrogen cy-

cling of magnesium/transition metal multilayers at temperatures between

250 and 350˝C which are finely distributed throughout the bulk of the sam-

ple. As a result, the thin films undergo pronounced decrepitation, caused

by this microstructural evolution in addition to the cyclic volume expansion
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due to hydrogen uptake and release. It was also found that capping layers

of palladium, included to prevent oxidation of the thin film structures, are

detrimental to the hydrogen storage capacity of the materials presented here

due to the formation of an Mg6Pd alloy upon hydrogen cycling at elevated

temperatures.

The processing conditions that were used resulted in highly oriented, dis-

continuous microstructures consisting of 150 crystalline layers of magnesium

(thickness ă 20 nm). The crystal growth in the direction of thin film de-

position is interrupted at regular intervals by amorphous layers of transition

metal catalyst, resulting in highly ordered polycrystallinity in the growth

direction. Although the recrystallisation of the transition metal interlayers

produces finely distributed catalyst nanocrystallites, conducive to fast hydro-

gen storage kinetics, the separation of the magnesium layers is lost, leading

to grain growth in the magnesium bulk up to an average grain size of ca. 100

nm.

6.2.2 Hydrogen Storage Kinetics

The structural evolution, as well as the elemental composition of the thin film

multilayers was used to explain the fast hydrogen storage kinetics that were

observed. A substantial reduction in the hydrogenation time of the catalysed

thin film samples, compared with the non-catalysed Mgcontrol sample was

measured. The latter absorbed 80% of its maximum measured capacity (5.4

˘ 0.2 wt%) in 36 minutes at 270˝C, compared with as little as 2.5 minutes

for the absorption of 90% of its maximum measured capacity for the Mg/TM

(4.6 ˘ 0.2 wt%) sample at the same temperature. At the same temperature,
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the Mg/Cr sample absorbed 80% of its maximum measured capacity (6.1

˘ 0.3 wt%) in 7.5 minutes, whilst the Mg/V sample absorbed 80% of its

maximum measured capacity (5.4 ˘ 0.3 wt%) in 10.4 minutes.

Given the identical processing conditions of all 4 samples, the improve-

ments in hydrogenation kinetics at reduced temperatures for the three catal-

ysed samples over the Mgcontrol sample was explained in part by the catalytic

effect of the transition metal elements that were included in the multilayer

structures, forming high surface area nanocatalysts upon cycling. The re-

duced grain growth in these structures that was measured helped shorten

and increase the number of diffusion pathways for hydrogen, since the hy-

drogenation rate was shown to be limited largely by diffusion.

This was further supported by the inclusion of the Mg2Ni alloy-forming

nickel in the Mg/TM multilayer structure vastly improving the hydrogena-

tion kinetics compared with the chromium- and vanadium catalysed samples,

resulting in hydrogenation times an order of magnitude shorter at 250˝C. The

literature suggests this might be a result of a favourable diffusion coefficient

for the diffusion of hydrogen through Mg2NiH4 compared with MgH2.

Similar results were shown for the dehydrogenation reaction. Although

diffusion was shown to impact the reactions at the lower end of the temper-

ature range which was used (250 – 350˝C), the dehydrogenation reactions

are affected largely by the choice of catalyst material. From the measure-

ments of the dehydrogenation reaction rates and activation energies for the

four samples it is clear that the inclusion of transition metal catalysts has a

dramatic effect in improving both the dehydrogenation rates and activation

energies for the release of hydrogen from the thin film structures. Impor-
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tantly, it has been found that these results match closely with materials of

similar composition found in the literature. Therefore, the processing and

nano structuring employed in this work does not appear to affect the mate-

rials’ hydrogen storage properties, making the technique a viable, versatile

and highly controllable lab-scale method of producing novel hydrogen storage

materials.

6.3 Future Work

Comparison of the structural evolution and hydrogen storage properties of

the thin film structures presented in this work with structures of similar com-

position in the literature has shown that there are many similarities. This

work expands the body of knowledge by investigating new elemental composi-

tions of thin film materials and by pushing the limits of physical composition

by including extremely thin, amorphous layers of transition metal catalysts

between layers of magnesium.

The samples were compared in-depth with similar structures presented

by Kalisvaart et al. (2011). The crucial difference lies in the recrystallisation

of the transition metal interlayer which in this work leads to the formation

of nanocrystallites and increased decrepitation of the sample into a fine flaky

powder. Kalisvaart et al. (2011) did not however push the boundaries towards

very thin layers of magnesium, which, in order to maintain a high hydrogen

storage capacity, would result in extremely thin layers of transition metal as

shown in this work.

Future work might therefore include exploring the possible effect of re-

crystallisation of the transition metal interlayers in magnesium multilayer
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structures on the hydrogen storage properties, along with a comparison of

different multilayer thicknesses. Similarly, the deposition of crystalline in-

terlayers and in-situ crystallisation of the interlayers using a heater arrange-

ment might shed more light on the benefits of the formation of nanocrys-

tallites shown in this work. Furthermore, it is suggested that the formation

of nanocrystalline catalyst particulates in this work is partially responsible

for the decrepitation of the thin film structures and, as well as studying

the hydrogen storage properties of amorphous, re-crystallised and in-situ-

crystallised magnesium-transition metal multilayers, much might be learnt

by studying the decrepitation process and to what extent the hydrogen stor-

age properties are affected by the structural evolution of the transition metal

interlayers. Similarly, the structural evolution of the magnesium phase might

also provide an insight into potential future-generation thin film materials.

Section 2.2.6 shows a potential advantage of using co-sputtered thin film

structures over multilayers. A comparison between co-sputtered structures of

similar composition and the ones presented in this work might be beneficial to

further understand the effect of multilayering on the hydrogen storage prop-

erties and structural evolution of micron-thick, transition metal-catalysed

magnesium coatings.

6.3.1 Processing of Metal Hydrides

Having shown and discussed in-depth research on thin film multilayer struc-

tures with some promising results, and having suggested options for further

development, the question remains how, if at all, this research may be used

in commercial applications. Although the PVD coating process employed in
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this work is ideal to produce gram-quantities of hydrogen storage material

in 2 – 3 hours, on an industrial scale this seems highly impractical, given the

financial constraints for a hydride store, exemplified in section 1.2.

Ball-milling, discussed in section 2.1.2, has the similar problem of be-

ing an effective lab-scale means of synthesising hydrogen storage materials

with improved properties, but using this batch-manufacturing process for

mass-production is not likely to be cost-efficient. Several other manufactur-

ing processes have been proposed in an attempt to produce nanostructured

hydrogen storage materials with similar levels of grain refinement to those

achieved with ball-milling and thin film processes. These severe plastic defor-

mation (SPD) processes include high-pressure torsion (HPT), equal channel

angular pressing (ECAP) and cold rolling, all of which have been shown to

have positive effects on the hydrogen storage behaviour of magnesium-based

hydrogen storage materials (Huot, 2012; Vincent et al., 2011). For mass-

production, a continuous production process is favourable which is why much

of the literature on alternative routes to nanostructured metal hydrides uses

cold rolling to synthesise hydride materials.

6.3.2 Rolling

Lang and Huot (2011) compare the performance of magnesium hydride pow-

ders that have been cold rolled with both as-received magnesium hydride

powders and ones that have been ball-milled, showing that cold rolling is

an effective means of improving reaction kinetics in magnesium-based hydro-

gen storage materials. Bellemare and Huot (2012) and Vincent et al. (2011)

show that this can be further improved by the addition of metal- and metal
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oxide catalysts to magnesium hydride and cold colling the mixture 5 times,

resulting in similar performance seen for the ball-milled systems described in

section 2.1.2.

The main issue that was observed with these systems was the poor dis-

tribution of the catalyst material in the magnesium matrix which, as estab-

lished in section 2.1.2, is strongly linked to the efficiency of a catalyst in

magnesium-based hydride materials. The authors suggest that this might be

improved with an increased number of rolling passes in an inert atmosphere,

limiting the amount of oxidation and increasing the level of grain refinement,

potentially further improving the reaction kinetics.

Layered structures have also been processed by cold rolling, in an accu-

mulative roll-bonding (ARB) process. Magnesium-titanium and magnesium-

stainless steel composites were produced by repeated folding and rolling of

magnesium, titanium and stainless steel sheet (Danaie et al., 2011). This

produced composite materials with high levels of grain refinement. Using

sheet metal has many advantages over powders from a manufacturing point

of view, since this is what the cold rolling process is designed to produce and

indeed, cold rolled powders consolidate into sheet-like material after a single

rolling pass. Due to work hardening effects combined with different levels

of ductility in the raw materials, different levels of plastic deformation in

magnesium- and catalyst phases leads to ‘islands’ of catalyst material within

the magnesium matrix, with no indication of nanostructuring or homogeni-

sation in the elemental composition of the materials even after 90 folding and

rolling operations.

Ueda et al. (2005) presents similar results for a magnesium-nickel compos-
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ite produced by ARB. Upon heat-treatment at 350˝C, the ‘islands’ of nickel

that are formed within the magnesium matrix react with the surrounding

magnesium, forming Mg2Ni, with improved reaction kinetics over cast mate-

rials of similar composition.

6.3.3 Rolling Second-Generation Hydrides Using the
Mg/TM System

Using the lessons learnt from the thin films study presented in this work

and the literature on SPD processing of magnesium-based hydrogen storage

materials, promising prospects might be found in combining thin film tech-

niques with SPD techniques to create second generation composites with

improved properties, one step closer to the mass-production of affordable,

high-capacity hydrogen storage materials with improved reaction kinetics.

Initial experiments have shown that the low ductility of magnesium hy-

dride compared with magnesium leads to the high levels of grain refinement

that has been reported in the literature with a crystallite size of 31.3 ˘ 0.4

nm (Lang and Huot, 2011) for the hydride and 15 µm for the metal (Chang

et al., 2010). By mixing magnesium with a brittle phase such as Mg2Ni,

Skripnyuk et al. (2007) managed to reduce the grain size of the metallic

magnesium phase to a nanometer scale using an ECAP process. This was

shown to have a positive effect on accelerating the hydrogenation kinetics of

this eutectic magnesium-Mg2Ni alloy.

The results of this work suggests that the formation of Mg2Ni is ben-

eficial for fast hydrogen diffusion into the expanding hydride phase, whilst

transition metal catalysts have a significant impact on the actual reaction
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kinetics. Since the presence of a brittle Mg2Ni phase promotes grain re-

finement in magnesium processed by SPD, another important factor for fast

hydrogen storage kinetics, it makes sense to combine the findings to develop

a system based on a transition-metal catalysed Mg-Mg2Ni composite which

can be processed by SPD techniques, enabling economical, industrial-scale

production.

By rolling metallic magnesium and nickel, sheet metal processing rather

than powder processing might be possible. Hot rolling in an inert atmosphere

might prevent work-hardening, avoiding rolling defects and promoting Mg2Ni

alloy formation between the magnesium and nickel phases. This improves

the catalyst distribution that first-generation cold rolled hydrides suffer from

(Vincent et al., 2011), whilst producing a brittle phase that promotes grain

refinement in a cold rolling process that might follow.

By rolling magnesium with nickel-alloys such as NiCr, this might produce

a transition-metal catalysed Mg-Mg2Ni nano-composite with hydrogen stor-

age properties similar to those observed for the Mg/TM thin film presented

in this work.

The role of thin film technologies remains not only in the lab for testing

novel compositions of different materials, but has potential to play a part

in such an ARB process. It might prove beneficial to coat thin magnesium

sheet with alloys such as NiCr in order to achieve improved laminate struc-

tures since the compositions required for high hydrogen storage capacities

will require a high ratio of thickness between the two materials. Thin film

technology might allow much thinner magnesium sheet to be used leading to

higher levels of homogenisation in the finished product.
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