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Chapter 1
Introduction

This chapter deals with the importance of hydrogen as a future energy carrier and various
methodologies to store hydrogen. It also presents the importance of magnesium as a
hydrogen-storage material, and the advantages and disadvantages of magnesium hydride.
Furthermore, a brief description about the methods to modify pure magnesium to overcome
the limitations will be presented. Moreover, a detailed explanation and importance of
modifications made by alloying magnesium with transition metals is added. This method is
used in this research work.

Chapter 1

1.1 Introduction
The depleting fossil fuel resources and altering climate conditions increase the
necessity for alternative sustainable energy technologies. Among the green-house
gases, CO2 emission from burning fossil fuels has been especially identified as the
main perpetrator for the undesirable climate change. The CO2 emission has
increased from 20.7 billion tons in 1990 to 36.5 billion tons in 2012.[1] Furthermore,
the oil and natural gas reserves are expected to decrease within a few decades.
Among the available alternative energy sources such as solar, wind, tidal,
geothermal, etc. the hydrogen economy seems advantageous, considering its widespread availability, utilization, efficiency, and environmental compatibility.[2]
Eventhough until the 1960s, hydrogen was used in the form of town gas for street
lights as well as for home energy needs (cooking and heating), the crucial idea of a
hydrogen-based energy system was formulated after the oil crisis in the 1970s. The
breakthroughs in fuel cell technologies in 1990s are the main reasons for accelerating
the hydrogen research. The energy per mass of hydrogen (142 MJ.kg–1) is favorably
much higher than that of other chemical fuels, such as liquid hydrocarbons (47
MJ.kg−1).[3,4]
Hydrogen is therefore expected to play a dominant role in future energy scenarios
as a promising energy carrier. It undergoes a clean combustion reaction with oxygen,
producing energy and water only, according to

2H2(g) +O2(g)  2H2O(l) ( ΔH°f = -285.8 kJ.mol-1 at 25 ˚C)

(1.1)

On the other hand, for example, in the combustion reaction of the natural gas
methane, CO2 is the dominant byproduct, which obviously is an undesirable greenhouse gas.
CH4(g) + 2O2(g)  CO2(g) + 2H2O(g) ( ΔH°f = -803.3 kJ.mol-1 at 25 ˚C)
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Although hydrogen is advantageous for future energy scenarios the complexity in
hydrogen production and storage are the major disadvantages, which remains as a
major hindrance in implementing a hydrogen-based energy system. Hydrogen is an
energy carrier, eventhough it is abundant in the form of water it has to be produced.
The storage of hydrogen is a more complicated issue compared to the production.
Large-scale hydrogen-storage methods should be safe, compact, light, long lasting
and economical; The U.S. Department of Energy has imposed certain criteria for
commercial application of hydrogen-storage systems. The conditions are as follows[5]


Gravimetric capacity: By 2017, the expected amount of hydrogen to be stored
in the light weight storage media leading to a high wt. % [1.8 kWh kg-1 (5.5
wt.%)] of hydrogen.



Reversibility: Without any significant material and capacity degradation the
system should be able to withstand more than 1500 cycles.



Operating conditions: Close to ambient condition with operating temperature
ranging from -40 ºC to 60 ºC and maximum delivery pressure of 12 bars.



(De)Hydrogenation rate: The filling rate should be high (5 kg in 3.3 minutes).



Other: Should be cheap, abundant, environment friendly, safe and
recyclability with good energy efficiency.

1.2 Hydrogen Storing Methods
Hydrogen can be stored in different ways, such as, highly pressurized gas, liquid
at cryogenic temperature, and hydrides in metals and compounds. There are certain
merits and demerits for each method with regard to safety, volumetric and
gravimetric capacities.

1.2.1 Compressed Hydrogen Gas
The energy density of gaseous hydrogen can be improved by storing hydrogen at
higher pressures. This higher pressure requires material and design improvements
in order to ensure tank integrity. These high-pressure tanks are made of carbon3|Page
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fiber-reinforced composite materials and tested up to 600 bar and filled up to 450 bar
for regular use. Such tanks are already in use in prototype hydrogen-powered
vehicles. Issues with compressed hydrogen gas tanks revolve around high pressure,
weight, volume, conformability and cost. The cost of high-pressure compressed gas
tanks is essentially dictated by the cost of the carbon fiber that must be used for
light-weight structural reinforcement.
The driving range of fuel cell vehicles with compressed hydrogen tanks depends
on vehicle type, design, and the amount and pressure of stored hydrogen. By
increasing the amount and pressure of hydrogen, a greater driving range can be
achieved but at the expense of cost and valuable space within the vehicle.
Volumetric capacity, high pressure, and cost are thus key challenges for compressed
hydrogen tanks. These high-pressure containers, when full, would contain about 4%
hydrogen by mass, but with significant disadvantages: the fuel would be available at
a pressure dropping from 450 bar to zero overpressure, so additional pressure
control would be essential. High-pressure vessels present a considerable risk, the
compression itself is the most dangerous and complicated part.[6,4]

1.2.2 Liquid Hydrogen
Condensation into liquid is attractive because the mass per container volume is
better than in the case of high pressure cylinders. The density of liquid hydrogen is
70.8 kg.m–3 which is twice as much as pressurized at 800 bar gas. Liquid hydrogen is
a fuel in the launching process of the Space Shuttle. The disadvantages are the
energetically expensive liquefaction process (15.2 kWh.kg-1) and the requirement of
thermal insulation to keep hydrogen at the very low temperature of 20 K. In addition
some amount of the stored hydrogen in liquid form will be lost due to evaporation
or “boil off”, especially when small tanks with large surface to volume ratio are
used. Larger containers have a smaller surface-to-volume ratio than small containers,
so the loss of hydrogen is smaller.[6,4]

4|Page
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1.2.3 Metal Hydrides
The reversible hydrogen absorption and desorption capability of numerous
metals and intermetallic compounds have already been known for a long period of
time.[7] The discovery in the late 1960s at the Dutch Philips Research laboratories
showed that the intermetallic compound LaNi5 is able to absorb a significant amount
of hydrogen gas reversibly. Soon after this discovery it was realized that electrodes
made of LaNi5 could serve as new electrochemical storage medium and could
become a competitive alternative for the cadmium electrode in conventional Ni-Cd
batteries. Even though LaNi5 can reversibly absorb and desorb a large amount of
hydrogen under ambient conditions, the gravimetric capacity is still relatively low,
about 1.2 wt.% of Hydrogen.[8] Considering the cost, availability and gravimetric
storage capacity, magnesium is therefore, in principle, a much more suitable
candidate with a storage capacity of up to 7.6 wt.% of hydrogen (see Table 1.1).
In comparison to the other metal-hydrides, MgH2 has a relatively high energy
density of 9.92 MJ.kg-1.[9] Although Mg fulfills the major requirements for serving as
a novel hydrogen-storage material, it cannot be used in practical applications due to
its poor (de)sorption kinetics and high (de)hydrogenation reaction temperature (350400 °C).

Table 1.1 Hydrogen content and energy density in various media.[9]

Medium

Hydrogen

Volume Density*

Energy Density**

Content

(H atoms l−1)

(wt. %)

(1019)

MJ.kg−1

MJ.l−1

H2 (g) (150 atm)

100.00

0.5

141.90

1.02

H2 (l) (−253 °C)

100.00

4.2

141.90

9.92

MgH2

7.65

6.7

9.92

14.32

VH2

2.10

11.4

-

-

Mg2NiH4

3.60

5.9

4.48

11.49
5|Page
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TiFeH1.95

1.95

5.5

2.47

13.56

LaNi5H6.7

1.50

7.6

1.94

12.77

ZrMn2H3.6

1.75

6.0

-

-

ZrMn2Fe0.8H3.4

1.38

4.8

-

-

* Does

not include container weight or void volumes

** Refers

to the value equivalent to hydrogen in metal hydrides

The poor kinetics for the hydrogenation has been ascribed to two consecutive facts:
the dissociation of the hydrogen molecules is hindered by the oxidation of the Mg
surface and the hydrogen diffusion is limited in the rutile structure.[10] Despite these
drawbacks, the lightweight property, high energy density and low cost make Mghydride a potentially promising hydrogen-storage material for mobile applications.
Mg-based systems can be modified to improve the sorption properties, such as
temperature (thermodynamics) and reaction rate (kinetics). It has been recognized
that magnesium can be modified in different ways, i.e. forming nano-particles,
alloying Mg with transition metals and adding catalysts.

1.3 Gas Phase versus Electrochemical Hydrogen-storage
Many metals and alloys are capable of reversibly absorbing and desorbing large
amounts of hydrogen. Loading can be done either by introducing molecular
hydrogen gas or reducing water in an electrolyte, as schematically indicated in Fig.
1.1a and b, respectively. In the gas phase, molecular hydrogen is dissociated at the
surface and is subsequently absorbed inside the host lattice while two H atoms
recombine to H2 molecules during the desorption process (Fig. 1.1a) according to

2M + H2

MHad

6|Page
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MHabs
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(1.4)
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The thermodynamics of hydride formation via the gas phase can be elegantly
described by Pressure–Composition–Isotherms (PCI) as shown in Fig. 1.2. Initially a
small amount of hydrogen (H/M < 0.1) is dissolved in the metal lattice during the
absorption process and forms a solid solution, which is generally denoted as αphase. In this hydrogen concentration range the pressure increases as a function of
hydrogen content. As the hydrogen concentration increases beyond a certain critical
value (H/M > 0.1), the local interaction between hydrogen atoms dominates which
leads to the nucleation and growth of a new hydride phase called β-phase. When the
two phases coexists the isotherm exhibits a plateau region and, according to the
phase rule, pressure independent characteristics are indeed expected in the plateau
region. The length of the plateau is a function of hydrogen content. When all the αphase has been converted into the β-phase the pressure dependence is again rather
strong and the hydrogen pressure rises steeply with hydrogen concentration. The
plateau level is experimentally found to be a clear function of the temperature.
Beyond the critical temperature (Tc), no clear phase transition occurs anymore and
only a solid solution is then present.

7|Page
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Fig. 1.1 Schematic model for hydrogenation via (a) gas phase and (b) electrolyte.

The equilibrium pressure depends on the temperature and is related to the change
in both enthalpy (∆H) and entropy (∆S). The entropy change is mainly associated
with the dissociation of hydrogen molecules into adsorbed H-atoms at the surface of
the hydride-forming material. As the entropy of the gas is the most dominant
parameter, the entropy change is more or less the same for all known hydride
systems and is dictated by the hydrogen in the gas phase. The enthalpy term is
associated with the bond strength of hydrogen with the host material. The entropy
and enthalpy values can be experimentally obtained from the Van ‘t Hoff
relationship, according to

8|Page
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 Peq  ΔH
ln 
- ΔS o /R
=
P
RT
 o

where

and

(1.5)

are equilibrium and standard pressures, respectively,

standard enthalpy change,

the gas constant,

the temperature and

is the

is the entropy

change. The operating temperatures of the metal hydrides are determined by both the
equilibrium pressure and the overall reaction kinetics.

Fig. 1.2 Pressure composition isotherms for hydrogen absorption.[6]

Another way to hydrogenate the host metal is by electrochemical reduction of
water at a metallic electrode immersed in an alkaline solution, according to

M + H2 O + e -

MHad + OH-

(1.6)

This reversible process is also schematically indicated in Fig. 1.1b. Subsequently, the
adsorbed hydrogen atoms (Had) are absorbed by the metal, leading to Habs. In both
cases, Pd addition prevents surface oxidation.

MHad

MHabs

(1.7)

9|Page
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By changing the direction of the current, Eqs. (1.6) and (1.7) can be reversed and
the absorbed hydrogen can reversibly be extracted from the host electrode. An
advantage of this electrochemical method is that the hydrogen content can be
precisely calculated from the amount of charge (Q) that is used during
electrochemical (de)hydrogenation. Q can be quantified by integrating the current (I)
with respect to time (t) according to equation (1.8)
t end

Q=



Idt

(1.8)

0

As every electron corresponds to a single H atom that is inserted or extracted, the
number of absorbed/desorbed hydrogen atoms can easily be calculated from Q by
using the Faraday constant (F)

Q
= mole H
F

(1.9)

The exact hydrogen-storage capacity per mass unit can then be calculated with
respect to the total mass of the electrode material.
To obtain the thermodynamic characteristics, the electrochemical absorption and
desorption properties in the equilibrium state of the metal-hydride system, the socalled Galvanostatic Intermittent Titration Technique (GITT) is often used. This
method is based on collecting equilibrium potential data during partial
(dis)charging–resting cycles in which short current pulses are followed by currentoff voltage relaxation periods. It has been derived that the equilibrium potential (Eeq)
of the fully relaxed metal-hydride electrode can be related to the partial hydrogen
pressure ( PH )
2

Eeq =

RT  PH2
ln 
nF  Pref

10 | P a g e
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where Pref is the reference pressure (1 bar) and RHE refers to the reversible hydrogen
electrode as reference voltage.[12]

1.4 Magnesium Based Alloys
The importance of light-weight materials in hydrogen-storage technology is
obvious. Magnesium-based alloys offer this potential. Therefore, a lot of effort has
been put into this research over a long period of time. For example, the extremely
poor (de)hydrogenation kinetics of pure Mg have been significantly improved by the
discovery of nano-structured alloying materials. In particular, ball-milling was
successfully adopted by several research groups to produce interesting storage
materials.
It has been shown that alloying Mg with transition metals has also a significant
impact on the thermodynamics and kinetics of the hydride-formation reaction.
Mg2Ni was the first alloy that was extensively studied in this respect.[13,14,15] Even
though, this alloy has a better performance in terms of thermodynamics and kinetics,
the hydrogen content in Mg2NiH4 is only about 3.6 wt.%, which is less than half of
that of pure MgH2.

Fig. 1.3 Rutile MgH2 (a) and fluorite-structured MgxTM(1-x)H2 (b).
Under standard conditions, magnesium-dihydride has the rutile structure (see
MgH2 in Fig. 1.3a) with space group P42/mnm (136). Magnesium and hydrogen
atoms are located in 2a and 4f Wyckoff positions, respectively. Each magnesium

11 | P a g e
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atom is octahedral coordinated by hydrogen atoms. Mainly, the hydrides of the
transition metals in the 4th and 5th row of the 3B to 6B groups crystallize in a fluorite
structure (MgTMH2 in Fig. 1.3b with space group Fm3m (225) and transition metal
atoms in 4a and hydrogen atoms in 8c Wyckoff positions).[16] Alloying these
transition metals helps to preserve the fluorite structure in MgxTM(1-x)H2 while MgH2
has the rutile structure which is denser. Consequently, the hydrogen mobility is
limited, whereas MgxTM(1-x)H2 (x < 0.8) adopts the fluorite structure, which is more
open for hydrogen transportation.
The hydrogen-storage capacity of these fluorite-structured compounds was
shown to have a much larger reversible electrochemical storage capacity with
respect to Mischmetal-based AB5 compounds in both thin film and bulk form.
Comparing the extracted amount of charge of a fully hydrogenated AB5-type
hydride-forming electrode (curve (a) in Fig. 1.4) with that of a fluorite-stabilized
magnesium-based compound (curve (b) in Fig. 1.4) reveals that the latter has about
four times higher storage capacity. In addition, the rates at which hydrogen can be
electrochemically loaded and removed in fluorite-structured Mg-alloys were
substantial, making these fluorite-stabilized materials very interesting.

Fig. 1.4 Comparison between (a) AB5 type compound and (b) Mg0.72Sc0.28(Pd0.012Rh0.012).

12 | P a g e
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1.5 Applications of Metal Hydride
1.5.1 NiMH Batteries
Electrochemical hydrogen-storage in metal hydrides (MH) is primarily applied in
aqueous Nickel-Metal Hydride (NiMH) secondary batteries. The alternative MH
electrode is aimed to replace the Cd-electrode which is widely used in Ni-Cd
batteries and is highly toxic. Moreover, MH electrodes reveal significantly improved
storage capacities and (dis)charge kinetics.
A schematic representation of a complete NiMH battery, containing a hydrideforming electrode and a nickel electrode, is shown in Fig. 1.5. Both the electrically
insulating separator and porous electrodes are impregnated with a strong alkaline
solution (concentrated KOH) that provides the ionic conductivity between the two
electrodes. The basic electrochemical reactions, occurring at both electrodes during
charging and discharging can be represented by equations (1.11) and (1.12),
respectively

Ni(OH)2 + OH -

M + H2O + e -

charging
discharging

charging
discharging

NiOOH + H2O + e -

MH + OH -

(1.11)

(1.12)

During charging, divalent Ni(II) is oxidized to the trivalent Ni(III) state and water
is reduced to hydrogen atoms which are first adsorbed on the metal electrode, which
are then subsequently absorbed by the hydride-forming compound. The reverse
reactions take place during discharging. The net effect of this reaction sequence (Eqs.
1.11 and 1.12) is that electrical charge is chemically stored in the electrode in the form
of hydrogen. The reaction takes place without any water consumption preventing
drying out of the battery unlike Ni-Cd batteries. The hydrogen-storage alloy
currently used in NiMH batteries is a mischmetal-based LaNi5 compound.
Researchers are still aiming to improve the properties of these materials mainly by
13 | P a g e
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focusing on the (dis)charge kinetics, storage capacity and corrosion resistance during
over(dis)charging. Currently, the target sector of the NiMH battery technology is
mainly mobile applications specifically Hybrid Electrical Vehicles (HEV) in the
automotive industry.[17]

Fig. 1.5 Schematic representation of a sealed rechargeable NiMH battery.[17]

1.5.2 Hydrogen-driven Fuel Cells
Hydrogen can also be delivered via the gas phase to fuel cells (see Fig. 1.6).
Presently NiMH batteries are applied in the hybrid cars as hydrogen-storage system.
The fuel cell uses hydrogen and oxygen as input to produce electricity. The principle
behind the working of a fuel cell is represented in the Fig. 1.6. A fuel cell consists of
two electrodes and an electrolyte.
The chemical reactions taking place inside a fuel cell are as follows; On one
electrode, H2 gas is converted into protons and electrons, according to

14 | P a g e
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2H2(g)  4H+ + 4e-

(1.13)

At the counter-electrode, oxygen is recombined with the electrons and protons to
form water, according to

O2(g) + 4H+ + 4e-  2H2O



(1.14)

NiMH uses Ni(OH)2 as anode material which is quite heavy, whereas fuel
cells use oxygen from the air.



The reaction rate is also a limitation in batteries. If the batteries are recharged
too fast the oxygen and hydrogen gas is liberated at the cost of water in
NiMH batteries. Li-ion batteries also suffer irreversible damage during higher
rate of charging. In a fuel-cell powered car, the hydrogen-storage tank can be
separately optimized to be recharged with hydrogen as fast as possible,
without affecting the properties of the energy conversion device.



The aqueous alkaline electrolyte used in the battery is quite aggressive and
often hydrogen-storage materials are too reactive with water to apply in
NiMH batteries. Gas phase storage media do not suffer from this limitation
and the range of candidate materials is therefore much larger for fuel-cell
powered vehicles.

15 | P a g e
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Load

Fuel (H2) In

Oxygen (O2) In

Oxygen + Water Out

Fuel(H2)Out

Gas Diffusion Layer

Catalyst Layer/Electrode(Anode)

Gas Diffusion Layer

Membrane

Catalyst Layer/Electrode(Cathode)

Fig. 1.6 Schematic overview of a hydrogen-driven PEM fuel cell.

1.5.3 Electrochromic Applications
Conceptually, ‘electrochromism’ is the reversible optical change of specific
compounds in response to a change in the oxidation state of the involved electroactive species. The introduction of optically active metal-hydride thin films was
reported by Huiberts et al. in 1996 and was based on yttrium- and lanthanum
hydrides.[18] Metal-hydrides expanded the classes of electrochromic materials and
were listed among advanced optically switching inorganic compounds. Unlike most
of the electrochromic color changing materials, metal hydrides even showed all three
optical states (reflecting, absorbing and transmitting states) during the reversible
(de)hydrogenation processes.[19] In the extensive work of Griessen et al., metalhydride switchable mirrors can be classified into three generations: rare earth (RE)
metal hydrides, magnesium-rare earth (MgRE) metal hydrides and magnesiumtransition metal (MgTM) hydrides.[20] The leading work of Huiberts et al. focuses on

16 | P a g e
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the hydrogenation of rare earth yttrium thin films via the gas phase and in situ
optical characterization of the transmission of the sample. The first electrochemical
hydrogenation experiments with combined optical analyses of yttrium film proved
that optical switching can also be induced electrochemically in alkaline media.[20]
The second generation Mg-RE switchable mirrors, Gd-Mg alloys with different
Gd-to-Mg ratios were optically examined during gas phase (de) hydrogenation.[21]
The effect of the alloy composition for Gd1-xMgx binary alloys (0 ≤ x ≤ 0.9) on the
transmission is reported in Fig. 1.7 for a wide wavelength spectrum in the range of
200 to 1000 nm.

Fig. 1.7 Influence of the Gd-Mg composition on the transmission of GdxMg(1-x)H3 thin
films.[21]
All samples in Fig. 1.7 were 200 nm thick films, capped with 10 nm Pd and
hydrogenated under a constant pressure of 5 bar of hydrogen at room temperature.
In this work, magnesium was intended to be used as alloying element for the rare
earth element Gd. Moreover, the color neutrality and transparency for gadoliniummagnesium hydride were remarkable and of significant importance for optical

17 | P a g e
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applications. In Fig. 1.8 all three possible optical states can be seen during the
transition from metallic GdMg to semiconducting GdMgH3. These different optical
states could be used to tune, for example, the amount of sunlight entering office
buildings, saving energy costs for heating and/or cooling.

Fig. 1.8 Three optical states of Mg-Gd switchable mirror: reflecting (a), absorbing (b) and
transmitting (c) states.[22]
1.6 Outline of This Thesis
Chapter 2 provides a general overview on Mg-based hydrogen-storage materials.
The advantages and disadvantages of Mg as hydrogen-storage material will be
discussed. The idea behind the necessity for alloying Mg with transition metals and
literature results on advantages of alloying are discussed in detail. Advantages and
disadvantages of Sc and Ti as alloying element will be outlined.
In Chapter 3, a theoretical introduction will be given on the electrochemical
methods applied to hydrogen-storage materials, such as constant-current charging
and discharging, galvanostatic intermittent titration technique (GITT) and
impedance spectroscopy. Diffraction techniques, NMR spectroscopy and mechanical
alloying will also be introduced in sufficient detail to facilitate the reader to
understand how the results have been obtained and interpreted.
In Chapter 4, the synthesis and electrochemical properties of MgTi binary and
MgTiX (X = Ni, Si) ternary alloys will be introduced. Various compositions of MgTi
binary and ternary alloys are synthesized through ball-milling and characterized by
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XRD to obtain information about phase formation. The synthesized alloys are
subjected to constant-current (dis)charging, GITT and impedance spectroscopy.
In Chapter 5, the 2H NMR results of Mg0.65Ti0.35D1.2, Mg0.63Ti0.27Ni0.10D1.3 and
Mg0.63Ti0.27Si0.10D1.1 will be discussed. Two-dimensional exchange NMR spectroscopy
is performed to explore possibility of deuterium exchange between different sites.
One-dimensional exchange NMR spectroscopy is employed to quantify the
deuterium exchange process and to find out the temperature dependence and
effective energy barrier for hydrogen mobility.
In Chapter 6, the electrochemical properties of Mg2Ni and Ti modified Mg2Ni
will be discussed. The Mg2Ni is synthesized via ball-milling and Ti is added after the
formation of Mg2Ni. The electrochemical properties of Mg2Ni and (Mg2Ni)0.90Ti0.10
and (Mg2Ni)0.80Ti0.20 will be described in detail.
Chapter 7 summarizes the results and conclusions drawn from this thesis.
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Chapter 2
Overview of Mg-Based
Hydrogen-storage Materials

This chapter deals with the importance of Mg as potential hydrogen-storage material. It also
presents the importance of alloying magnesium with transition metals to overcome the kinetic
and thermodynamic limitations. Furthermore, a brief literature survey on Mg-based binary
and ternary alloys is given.

Chapter 2

2.1 Introduction
As potential hydrogen-storage media, magnesium-based hydrides have been
systematically studied in order to improve reversibility, storage capacity, kinetics
and thermodynamics. The present chapter deals with the electrochemical and optical
properties of Mg alloy hydrides. Electrochemical hydrogenation, compared to
conventional gas phase hydrogen loading, provides precise control with only
moderate reaction conditions. Interestingly, the alloy composition determines the
crystallographic nature of the metal-hydride: a structural change is induced from
rutile to fluorite at 80 at.% of Mg in Mg-TM alloys, with ensuing improved hydrogen
mobility and storage capacity. So far, a maximal gravimetric hydrogen-storage
capacity of 6 wt.% (equivalent to 1600 mAh.g-1) of reversibly stored hydrogen in
MgyTM(1-y)Hx (TM: Sc, Ti) has been reported.

2.2 Magnesium Scandium Alloys
The specific fluorite-type of magnesium-based compounds alloyed with
scandium has been studied electrochemically with compositions ranging from 50 to
100 at.%, both in thin film and bulk forms. The thin film electrodes were prepared
with a thickness of 200 nm on quartz substrates capped with a 10 nm Pd layer,
whereas the bulk powders were prepared through arc melting in a molybdenum
crucible. The XRD results of the thin films confirm the formation of HCP solid
solution irrespective of the composition. This is far from the equilibrium state
reported in the phase diagram, where a Cs-Cl type solid solution is found between x
= 50-65 at.% Mg and single phase α-Mg is only formed beyond 80 at.% of Mg. The
XRD results of bulk powders, on the other hand, confirm the equilibrium phase
diagram.
However, the electrochemical properties of MgSc thin films and bulk materials
are very similar. Both thin film and bulk materials show similar trends in storage
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capacity and the shape of the discharge curves are also very similar for the various
compositions (Fig. 2.1). The maximum storage capacity was reached at a
composition of 80 at.% Mg and was 1740 mAh.g-1 (6.5 wt.% of hydrogen) for thin
films and 1495 mAh.g-1 (5.6 wt.% of hydrogen) for bulk materials. The rate capability
of the thin films is, however, much better than that of the bulk materials due to
shorter diffusion lengths.[1,2]
It was found that the favorable discharge kinetics was retained up to 80 at.% of
magnesium. The improvement of the (de)hydriding kinetics compared to pure
magnesium has been attributed to the more open fluorite structure of scandiumhydride instead of the more compact rutile structure of the conventional
magnesium-hydrides. The plateau pressure is not a function of composition and
almost equal to the equilibrium pressure of pure MgH2. Diffraction data obtained
from the bulk system elucidate that the fully charged hydride is a single-phase fccstructured hydride and no phase segregation into MgH2 and ScH2 has taken place.[2]
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Fig. 2.1 Galvanostatic discharge curves of thin films (a) and bulk materials (b);
the current density was 1000 mA.g-1 for the thin films and 50 mA.g-1 for the bulk
materials.[2]

Recently, the crystal structure of a palladium-containing Mg65Sc35 compound has
been studied upon hydrogenation by neutron diffraction.[3] The metallic phase
adopts a pseudo-CsCl-type structure. When hydrogenated, the structure changes
from pseudo-CsCl to fcc involving an elongation along the c-axis and shrinkage
along the a-axis (Fig. 2.2). Upon deuteration, a two-phase domain is subsequently
observed between 0.85 and 1.55 [D/M] with two hydrides in equilibrium. Above this
value, a pressure increase becomes apparent in the isotherm, leading to fully
occupied tetrahedral sites and partially filled octahedral sites.[4]
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Fig. 2.2 Neutron diffraction of Mg0.65Sc0.35 (a) before deuterium loading and (b) after
deuterium loading.[4]
It has been argued that interstitial hydrogen is highly mobile, due to the large and
partially occupied octahedral sites that favorably influence the transportation
properties. Using 1H NMR relaxometry, the crystal structure has been proven to be
responsible for the beneficial transportation properties of the fluorite-structured
magnesium compounds. The frequency hopping rate of hydrogen in the fluoritestructured compounds at the relevant temperatures was found to be many orders of
magnitude higher than that for the rutile-structured material. At any given
temperature, the hopping rate of hydrogen in Mg(1-y)ScyHx is faster than in ScH2 and
much faster than in the ionic MgH2, but still slower than in LaNi5H6.8 (Fig. 2.3).[5]
First principle calculations were done on Mg(1-y)Scy alloys by Pauw et al.[6] Fig. 2.4
shows that the decrease in the formation enthalpy with increasing Sc-content is more
pronounced for the fluorite structure than for the rutile structure. The crossing point
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of the two curves is located around 20% Sc (y = 0.20 in Fig. 2.4), which is the exact
composition where the electrochemical results showed the maximum rate capability
and hence electrochemical storage capacity. The first principle calculations are in
good agreement with these experimental findings.

Fig. 2.3 Relaxation map showing rate ωH of H hopping as a function of reciprocal
temperature in MgH2, ScH2, Mg(1-y)ScyHx, and LaNi5H6.8.[5]

Fig. 2.4 Enthalpies of formation of Mg1-yScyH2. (a) Rutile and (b) fluorite.[6]
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2.3 Magnesium Titanium Alloys
Since scandium is a rare and therefore expensive element, attempts to find
cheaper substitutes were recently undertaken. Titanium dihydrides are also
promising candidates because of having the same fluorite structure as that of
scandium dihydride. Experiments performed with Mg0.80Ti0.20 thin film electrodes
indeed showed a similar drastic improvement of the discharge (dehydrogenation)
kinetics compared to pure magnesium hydride (MgH2). A more elaborate study on
the Mg-Ti system (Fig. 2.5) revealed that the composition dependence of the
hydrogen-storage capacity was quite similar to that of the Mg-Sc system, also
showing a maximum capacity around 80 at.% magnesium.[7]

Fig. 2.5 Electrochemical determined reversible electrochemical capacity at room
temperature as a function of magnesium content in Mg-Ti thin film electrodes.
Pauw et al.[6] also investigated the formation enthalpies of metal hydrides in both
the rutile and fluorite structure. The calculations showed that the addition of Ti
induces a remarkable change in the crystal structure compared to pure MgH2. The
formation enthalpy of rutile Mg0.50Ti0.50H2 is −0.421 eV/H2, which is 22.7 kJ.mol−1
less negative than that of pure MgH2. The rutile structure with composition
Mg0.25Ti0.75H2 is also less stable than MgH2, which means that Ti destabilizes the
rutile structure over almost the entire compositional range. The formation enthalpy
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of the fluorite structure shows a tendency towards more negative values over the
entire compositional range, the same as for the Mg-Sc system. The fluorite structure
becomes the most stable phase around y = 0.20, which is also very similar to Mg-Sc
and these theoretical results are therefore in good agreement with the experimental
results. The crystal structure of the resulting hydrides seems to play a crucial role in
determining the (de)hydrogenation kinetics for this interesting new class of
hydrogen-storage materials.[6]
In situ electrochemical XRD was carried out by Vermeulen et al. to investigate the
crystallographic phase transformation during the electrochemical hydrogenation of
the Mg-Ti alloys.[8] While hydrogenating Mg0.90Ti0.10 thin films electrochemically, the
hexagonal reflections decrease with increasing hydrogen content (Fig. 2.6a).
Simultaneously, the bct reflections evolve, indicating the formation of a body
centered tetragonal phase which is the same as for pure MgH2. On the other hand,
hydrogenation of Mg0.70Ti0.30 showed an increase in the fcc phase (Fig. 2.6b).
Substantial electrochemical storage capacities of more than 1500 mAh.g-1 have been
reported for the Mg-Ti system at room temperature. This corresponds to a reversible
hydrogen content of about 6 wt.%. In addition, it has been shown that these
metastable materials cannot only be produced by thin film evaporation and
sputtering techniques but also by mechanical alloying.
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Fig. 2.6 In situ electrochemical XRD measurements of Mg0.90Ti0.10 (a) and Mg0.70Ti0.30 (b)
during hydrogenation.[8]
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Several attempts have been made by researchers to produce Mg-Ti alloys by
mechanical alloying. Rousselot et al. investigated the phase transformation during
electrochemical hydrogenation.[9] The metastable hcp Mg0.50Ti0.50 alloy was formed
through mechanical alloying. XRD was performed on the electrochemically
hydrogenated alloy. Upon cycling, the intensity of the hcp phase decreases and a
new peak arises, which corresponds to hydrided fcc phase. The fcc phase is
irreversibly formed and does not disappear after dehydrogenation, instead a slight
decrease in the lattice constant was observed upon discharge. Kalisvaart et al.
reported the formation of two fcc phases of the Mg-Ti alloy when the milling process
was carried out with stearic acid as process control agent.[10,11] Among the two fcc
phases only one was concluded to be electrochemically active. The storage capacity
of this bulk material was reported to be 500 mAh.g-1.
Kyoi et al. synthesized Mg-Ti-H compound at 600 °C in a high-pressure anvil cell
above 8 GPa by mixing MgH2 and TiH1.9.[12] The metal atom structure was found to
be close to the Ca7Ge type fcc structure. This is in line with the findings of
Vermeulen et al.[8] It could be concluded from in situ XRD studies that the hydrogen
atoms occupy the tetrahedral sites.
The Mg-Ti system has a positive heat of mixing and must therefore be considered
as an immiscible system.[13] The alloy can therefore, in principle, not be synthesized
under equilibrium conditions and thus the only way to produce these metastable
materials is by making use of non-equilibrium preparation methods. The stability of
the metastable alloys is still questionable at high temperature and pressure
conditions. Liang et al. reported an extended solubility of Ti in Mg, during
mechanical alloying of Mg and Ti.[14] In the case of Mg with 20 at.% Ti, about 12.5
at.% Ti is dissolved in the Mg lattice when the mechanical alloying process reaches
saturation, while the rest remains as fine particles of size 50–150 nm in diameter.
Dissolution of Ti in the Mg lattice causes a decrease in unit cell volume. The phase
segregation begins at high temperature and the supersaturated Mg-Ti alloys start to
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decompose at 200 °C. Hydrogenation is an exothermic reaction and enhances the
decomposition process.
Srinivasan et al. investigated the structure of bulk magnesium-titanium deuteride
Mg0.65Ti0.35Dx prepared via mechanical alloying and deuterium gas-phase loading at
75 bars and 175 °C.[15] The structural analysis was made with XRD, NMR and
neutron diffraction. Deuterium loading causes the formation of both interdispersed
rutile MgD2 – TiDy nano-domains and a separate fluorite TiDz phase. Exchange NMR
spectroscopy indicates complete deuterium exchange between the MgD2 and TiDy
phase within one second. Gas phase hydrogenation of the Mg-Ti alloys at higher
temperatures increases the risk of phase segregation.
Even though the kinetics of the fluorite-structured compounds is faster compared
to the MgH2, the thermodynamic properties are not improved by the addition of
these transition metals. For instance, the dehydrogenation enthalpy of MgxSc(1-x)H2
and MgxTi(1-x)H2 is higher compared to MgH2. Thus, high temperature is required to
dehydrogenate these compounds in case of gas phase loading. However, only Mg-Sc
alloys are stable with respect to decomposition into its elemental metallic form. Since
Sc is rare and expensive, its abundant neighbour Ti in the transition-metal series is a
natural candidate for mixing with Mg, also because of the higher gravimetric storage
capacity of Mg-Ti alloys compared to Mg-based alloys with heavier transitionmetals, like Cr and V. Due to the high stability of the Mg-Ti hydrides and low
thermal stability of Mg-Ti alloy, the addition of a third element into the binary alloys
is required to stabilize the host materials and, consequently, to destabilize the alloy
hydrides. Careful selection of the third alloying element could assist in improving the
thermodynamic properties while maintaining the storage capacities.
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2.4 Mg-Based Ternary Alloys
Increasing the plateau pressure of the metal-hydrogen system can be
accomplished by destabilization of the metal hydride. Miedema proposed a
mathematical model to calculate the effect on the thermodynamic stability of an
additional element(s) to the metallic compound.[16,17] The Miedema model was used
by Vermeulen et al. to screen elements that stabilize the metallic Mg-Ti system.[18] Al
and Si were selected to destabilize the Mg-Ti alloy, due to their advantageous
lightweight mass to maintain the high gravimetric capacity of the overall Mg-Ti
alloy. The isothermal curves of the Mg0.69Ti0.21Al0.10 alloy show two plateau regions, a
plateau up to 4 wt.% of hydrogen at 10−6 bars and a second sloping plateau which
lies at higher pressures (Fig. 2.7).
Addition of higher Al content in the Mg-Ti lattice leads to a decrease in the
reversible storage capacity. If only 10 at.% is incorporated in Mg-Ti alloy with a high
Mg-content, it does not seem to significantly affect the reversible capacity. The
declining capacity at high Al content could be due to kinetic limitations imposed by
the material. Additionally, Si also clearly affects the isotherms compared to Mg-Ti
alloys. The length of the first plateau decreases, when

increases steeply and soon

reaches a sloping plateau. Since Si is heavier than Al, the storage capacity is lower
than that of the Al-containing ternary alloys. The occurrence of the second plateau
was also observed in other systems, such as Mg2CuAl0.375, LaCo6, Ti-Fe and NdCo5.
Interestingly, the Mg-Ti-Al-H system shows a plateau near atmospheric pressure
and temperature.
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Fig. 2.7 Electrochemically determined dehydrogenation isotherms of 200 nm;
Upper figure:(a) Mg0.69Ti0.21Al0.10 and b) Mg0.80Ti0.20 thin films with a 10 nm Pd
top-coat; Lower figure:(a) Mg0.55Ti0.35Si0.10 and (b) Mg0.69Ti0.21Si0.10 films capped
with 10 nm Pd.[18]

2.5 Hydrogenography
The introduction of hydrogenography by Griessen et al. in 2007 was an interesting
approach to analyze gradient alloy compositions during the (de)hydrogenation
cycles of alloy thin films.[19] This combinatorial method enables optically monitoring
of

the

(de)hydrogenation

of

numerous

compositions

of

alloying

metals
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simultaneously under the same experimental conditions. Controlling the metal alloy
composition is the key step in the hydrogenography technique. Off-centered, cosputterred two or more metals generate a series of heterogeneously deposited
gradient compositions on the same substrate. Then, the different optical responses
that are generated by multiple alloy compositions with respect to the hydrogen
content are spatially analyzed via a CCD camera. Hydrogenography can be used as
an in situ screening test to quickly find the optimal composition which performs
faster optical conversion or higher transmission during hydrogen (un)loading.
Depending on the research of interest, all optical responses (transparent, absorbent
and reflecting states) with respect to the hydrogen content can be studied.
For instance, by applying combinatorial hydrogenography, multi-compositional
optical analyses can be performed in a single run by focusing on the spatially
defined heterogeneous metal-hydride composition, as can be seen in Fig. 2.8. In (a)
and (b) binary Mg(1-y)Tiy alloys (0.11 ≤ y ≤ 0.4) and in (c) ternary gradient alloys with
composition MgyNizTi(1-y-z) (0.4 ≤ y ≤ 0.9 and 0 ≤ y ≤ 0.5) are analyzed by combined
gas phase hydrogenation and in situ hydrogenography. The gradually varying
optical responses upon hydrogenation can clearly be seen with respect to the
different binary and ternary alloy compositions, indicating that the hydrogenation
properties are strongly dependent on the materials composition.[19]
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Fig. 2.8 Pressure-optical transmission isotherms of (a) continuously gradient
MgyTi(1-y); (b) discrete compositions of MgyTi(1-y) and (c) phase image of ternary
gradient Mg-Ni-Ti alloy hydrides. [19]

2.6 Conclusions
Metal-hydrides are promising candidates in terms of energy density,
lightweight, safety and reversibility. Specifically, intensive work has been done upon
magnesium-based alloy systems (up to 7.6 wt.% of hydrogen-storage capacity) to
improve hydrogen-storage properties. Electrochemical hydrogenation, which is
widely analyzed in this work, does not only enable reversible, precise (dis)charging
under ambient temperature and pressure but also combines fundamental studies of
potential battery and fuel cell applications. Conceptually, stability modification of
the metal/metal-hydride systems has been achieved by adding a second or even a
third element to Mg. Binary MgxTM(1-x)(TM = Sc, Ti) reveal better kinetics compared
to pure MgH2. However, these alloy-hydrides suffer from relatively poor thermal
stability. Thus, the necessity of further alloying with foreign elements is emerging in
order to adjust the thermal characteristics of the alloy-hydrides. Both Al and Si were
found to be suitable ternary additives to binary alloys for achieving better
thermodynamic properties.
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Chapter 3
Theory
This chapter gives a brief outline of the basic theory behind the characterization techniques
used in this thesis. The reactions applicable to electrochemical hydrogen-storage are explained
and the electrochemical characterization methods, such as Constant Current Experiment,
Galvanostatic Intermittent Titration Technique and Electrochemical Impedance Spectroscopy
are introduced. The rest of the chapter describes the aspects of X-ray diffraction and Nuclear
Magnetic Resonance relevant to the experimental work on hydrogen-storage alloys.

Chapter 3

3.1 Introduction
The present chapter enunciates the underlying principles of characterization
techniques used in this thesis. The electrochemical hydrogen-storage principles are
described with relevant equations, and three electrochemical characterization
techniques,

namely

Intermittent

Titration

Constant-Current
Technique

(CC)

(GITT)

and

measurements,
Electrochemical

Galvanostatic
Impedance

Spectroscopy (EIS), will be introduced. A description of the experimental
electrochemical setup and experimental details of alloy synthesis by ball-milling and
of electrode preparation for the electrochemical measurements are also included. The
basic aspects of X-ray diffraction (XRD) and Nuclear Magnetic Resonance (NMR)
that are most relevant to the work presented in this thesis are introduced to a level
that is sufficient to understand how the results have been obtained and interpreted.

3.2 Electrochemical Hydrogen-storage
The hydrogenation can be done via two methods, gas phase hydrogen-storage
and electrochemical hydrogen-storage as explained in section 1.2 (Chapter 1). This
section deals with the background theory and principles behind the electrochemical
(de)hydrogenation and associated experimental details.

3.2.1 Electrochemical Hydrogen-storage Principles
The electrochemical hydrogenation is carried out using a three-electrode
electrochemical cell (Fig. 3.1a and c). The three-electrode cell consists of a working
electrode with active material (hydrogen-storage alloy + conducting material),
counter electrode (Pd rod) and reference electrode (Hg/HgO). The electrodes are
connected to a galvanostat through which a constant current can be applied. The
hydrogenation and dehydrogenation process can be represented by
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(a)

(b)

Potentiostat
Potentiostat
Counter Electrode
( Pd Rod)

Electrode with
active Material
Reference
Electrode
Hg/HgO

Electrolyte

D2O
OD-

Dabs
D
abs

D2

Active
Material

Pd
Electrolyte

Working Electrode
Silver rod

MgyTi1-y

(c)

Fig. 3.1 (a) Schematic view of the three-electrode electrochemical setup with working
electrode, reference electrode and counter electrode. (b) The zoomed view of the porous
electrode in contact with the electrolyte. (c) Photograph of three-electrode electrochemical
setup.
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M + H2O + e-

charging

MH ad + OH -

(3.1)

discharging

This reaction is known as the Volmer reaction where water is reduced to
hydroxyl ions and hydrogen atoms that are adsorbed at the materials’ surface.[1] This
adsorbed hydrogen then becomes absorbed inside the material in the layer just
below the surface, forming subsurface hydrogen(Hss),[2] according to

MHad

MHss

(3.2)

MHss

MHabs

(3.3)

Once the metal reaches its maximum storage capacity, any additional
adsorbed hydrogen atoms obtained via water reduction recombine at the surface of
the electrode and evolve as hydrogen gas.[3]

2MHad

2M + H2(g) 

(3.4)

3.2.2 Constant-Current (CC) Measurements
In a galvanostatic experiment a constant current is applied to the working
electrode (WE) consisting of the material to be studied and the resulting potential of
the WE versus a reference electrode (RE) is measured. This type of experiment is also
called chronopotentiometry as it records the potential over time. Fig. 3.2 shows the
possible response of the working electrode potential to an applied constant charging
current at t = 0. In this example, there is one well-defined potential region where the
hydrogen-storage reactions (Eqs. 3.1-3.3) take place (region a). The applied current
will drive reactions involving electron transfer at the electrode surface; reaction (Eq.
3.1). It can be seen in this charge-transfer reaction that 1 transferred electron
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corresponds to 1 stored H atom. The amount of absorbed hydrogen can be
determined, simply by integrating the current over time. The electrochemical charge
capacity Q (mAh·g-1) can be converted into a hydrogen weight fraction (VH),
according to

VH = 360

Q
MH
F

(3.5)

where MH is the molar mass of hydrogen (1.008 g·mol-1) and F is Faraday’s constant
(9.65 × 10-4 C·mol-1). After the hydrogenation is complete, the voltage saturates at
more negative potentials (region b) where H2 gas evolution becomes visible at the
electrode.

(a)

(b)

I(A)

E(V)

b

a

t=0

t=0
Time

Time

Fig. 3.2 Schematic illustration of a constant current experiment. (a) Current vs Time (b)
Voltage vs Time.

3.2.3 Galvanostatic Intermittent Titration Technique
To construct equilibrium pressure-composition isotherms (PCI) an advanced
technique is required. GITT is one such technique through which the equilibrium
potential can be determined. The equilibrium pressure can be calculated using
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equilibrium potential values. To obtain the equilibrium potential the system should
be at rest and no current should be flowing through it. Therefore, short constant
current pulses alternated with relaxation periods (Fig. 3.3) are applied. During the
relaxation period, system is under rest and no current is flowing through the system,
hence, allowed to attain the equilibrium potential value. For instance, initial
equilibrium state of the system is E1eq , the change in the potential of the metal
hydride (E) occurs while the constant current is applied at t = 0. The current is
switched off at t = tend and potential E relaxes toward a new equilibrium state ( E2eq ).
The hydrogen insertion or extraction during the constant current pulse causes
changes in the equilibrium potential E1eq and E2eq and is due to the difference in
hydrogen content which can be exactly calculated from the amount of charge (Q)
that is inserted or extracted during the constant current pulse. As was pointed out in
chapter 1, the electrochemical equilibrium potential can be converted into a partial
hydrogen pressure (see Eq. 3.6). The equilibrium hydrogen pressure and equilibrium
electrode potential is related to each other, according to[4]

μH,MH =

 PH 
1 ο
1
μH2 ,g + RTln  2 
2
2
 Pref 

(3.6)

where  Ho 2 is the standard chemical potential of hydrogen gas, which is equal to
zero. The chemical potential of the metal hydride system is indeed related to
equilibrium potential, according to[5]

μMH = -FEeq
MH

(3.7)

eq
where EMH
is the equilibrium potential of metal hydride. Due to practical difficulties

Hg/HgO reference electrodes were used in all experiments described in this thesis,
instead of the Reversible Hydrogen Electrode (RHE) electrode. Accordingly, a
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constant to account for the equilibrium potential of the Hg/HgO redox couple has to
be added to Eq. 1.10, resulting in

Eeq
MH = -0.926 -

RT  PH2 
ln 

2F  Pref 

(3.8)

in 1M KOH electrolyte solution and

Eeq
MH = -0.931 -

RT  PH2 
ln 

2F  Pref 

(3.9)

for 6M KOH solution.

(a)

(b)

I(A)

E(V)

Overpotential

tend

eq
1

E2eq

E

t=0

Time

t=0

Time

Fig. 3.3 Schematic representation of (a) alternatively applied current pulses and resting
periods (b) possible voltage response of the working electrode during a GITT experiment.

3.2.4 Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) is a technique that is used to
distinct and quantify the impedance of electrochemical processes and reactions.[6]
The principle of EIS is to apply a small alternating potential Eac at a certain frequency
ω on an electrochemical system which is at equilibrium at potential Eeq and to
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measure the current response of the system as a consequence of this perturbation. In
order to maintain the linear I-E behavior of the system the amplitude Em of the
alternating potential should be kept small (less than 10 mV). The electrode potential
can then be represented by
(3.10)

E = Eeq + Eac = Eeq + Emsin(ωt)

Variation of the frequency over several orders of magnitude ranging from 10510-3Hz reveals information on the various electrochemical reactions (Eqs. 3.1 to 3.3).
The current response to the sinusoidal perturbation comprises of two parts IAC and
IDC, according to

(3.11)

I = IDC + IAC = IDC + I msin(ωt +φ)

If the amplitude Em is kept small the resulting current response IAC will be linear
(Fig. 3.4).

I
E

Fig. 3.4 Current voltage response showing pseudo-linearity
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Depending on the electrochemical behavior of the system the current response
might be in phase (φ = 0; Fig. 3.5a) or phase shifted (φ = 90°; Fig. 3.5b) by an angle
with respect to the potential perturbation. These phase shift responses can be
compared to the behavior of various electrical components. The total electrochemical
system can be well illustrated using an equivalent circuit model (ECM).[7] For
instance, here we discuss for two different components such as resistor and
capacitor.
The current across the resistor is defined as

I resistor =

E EDC Em
=
+
sin(ωt)
Z
Z
Z

(3.12)

(b)

I or V

(a)
V

V

0

0

I

Time

I

Time

Fig. 3.5 Sinusoidal current and voltage behavior where φ = 0° (a) and φ = 90° (b).
Current through a resistor is real and is equal to R.

The impedance is given by

ZResistor =

Em Em sin(ωt)
=
=R
Im
I m sin(ωt)

(3.13)
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The response is purely ohmic, i.e. the current is in phase with the applied potential.
The current through a capacitor C can be represented by

I Capacitor = C

dE
π

= IAC = C Em ωcos(ωt) = C Em sin  ωt + 
dt
2


ICapacitor = iCEmωeiωt

(3.14)
(3.15)

The current response is purely capacitive, the current is out of phase by  or 90°
2

with respect to the applied potential. This behavior is typical for a solid/liquid
interface and a capacitor is often used to describe the electrical double layer, hence
the name double layer capacitance. The impedance is

ZCapacitor =

Em sin(ωt)
j
e(jωt)
1
=
=
=(jωt)
π  Cjωe
jωC
ωC

C Em sin  ωt + 
2


(3.16)

During hydrogenation/dehydrogenation, a charge transfer reaction occurs at
the electrolyte/electrode interface. The total current (Itot) is the summation of the
current flowing into the electrical double layer (Idl) and Faradaic reactions (Ifar)
which is associated with charge transfer reaction

Itot = I far + Idl

(3.17)

The impedance results are often represented in a so-called Nyquist plot
showing the results of the imaginary part of the impedance (Zim) and the real part of
the impedance (Zre). The total impedance can then be represented by


1
1  
1  R ct (1 - jωCdl R ct )
Ztot = 
+
=  jωCdl +

=
2
 Zcapacitor Zreaction  
R ct 
1+ ω2 Cdl
R 2ct
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and the shape of the Nyquist plot is a semicircle. Zreaction is the impedance associated
with charge transfer resistance. However, in a real electrochemical setup, there will
always be an addition resistance component Rs caused by the electrolyte solution
(Fig. 3.6a and b). This resistance is in series to the charge transfer resistance and
hence shifts the semicircle along the real axis over a distance corresponding to Rs.
An electrochemical system can be translated to an equivalent electronic circuit,
which in this case consists of a resistance (= electrolyte) arranged in series with a
parallel arrangement of a capacitor (electrical double layer) and a resistance (charge
transfer reaction).

Cdl

(a)

(b)

ω=1/RctCdl

Rs
ω=∞

ω=0

RS

RS+Rct

Rct

ZRe

Fig. 3.6 (a) Equivalent circuit representing an electrode immersed in an electrolyte where a
redox takes place at the electrode/electrolyte interface (b) Nyquist plot.

Another important step is bulk diffusion of hydrogen. Mass transport is often
explained with Warburg impedance (W). Using Fick’s first law, The Warburg
impedance element can be described as follows

W=σ

1
1
= -jσ
ω
ω

(3.19)

The constant σ is
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σ=


RT 
1
1
+


bulk
bulk
n 2F 2 2  Cox
Dox C red
Dred 

(3.20)

where the subscripts ox and red stands for the oxidized and reduced species,
respectively, cbulk is the bulk concentration of the species in the solid and D denotes
the diffusion coefficients in the solid. Eq. 3.19 shows that the real and imaginary
parts of the Warburg impedances are equal. In a Nyquist plot, this will result in a
straight line with a constant phase angle of 45° for all frequencies.
Cdl

(b)
-Zim

(a)

Kinetically controlled



1
Cdl Rct
Diffusion controlled

Rs
Rs  Rct

Rct

W

-ZRe

Fig. 3.7 (a) Equivalent circuit and the (b) Nyquist plot including the Warburg impedance
element (W).

3.3 X-ray Crystallography
The arrangements of atoms in the crystal are periodic in nature and present in
three dimensional lattice called crystal lattice. It possible to explain the atomic
arrangement in a form of fundamental repeating unit called unit cell that describes
the structure of the entire crystal by translation into the three dimensions. The unit
cell is characterized by the lattice parameter a, b and c that represent the lengths of
the crystallographic unit cell, while α, β and γ are the angles between them.
Directions and planes in the crystals are described using the Miller indices h, k and l,
which define a set of lattice planes (hkl) in that direction.
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The incident characteristic X-ray radiation from the collimator gets diffracted
from the crystal plane Fig. 3.8. The angle of incident is the same as angle of
diffraction. The constructive interference of the diffracted x-ray beams from different
crystal plans sums up to form resulting reflections. The diffracted x-rays which are
out of phase cancels out. The interplanar distance forms the basis for the bragg’s
law. The x-rays with wavelength (λ) and an angle of incidence (θ) exactly fits n times
between the crystal planes separated by a interplanar distance (d) undergoes a
constructive interference and results in reflections.[8] This is represented by Bragg’s
Equation

n  2d sin 

(3.21)

.

X-rays
θ

d

θ

θ

θ

Crystal plane

Fig. 3.8 Schematic description of Bragg’s law

3.4 NMR Spectroscopy
3.4.1 Basic Principles
Nuclear Magnetic Resonance (NMR) spectroscopy is a widely used technique
to study the chemical environment of specific isotopes of elements that are present in
the compound. The more important, as well as interesting advantage of NMR as
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structural investigation tool is that it can be applied both to crystalline and
amorphous materials. The principle of NMR involves magnetic resonance behavior
of atomic nuclei in a magnetic field. In an external static magnetic field B0 along the z
direction, the nuclear spin ensemble becomes polarized, and a net magnetization
arises. The nuclear spin precesses in the fixed B0 field with a frequency which is
called Larmor frequency (ω0). This phenomenon is observed for atomic nuclei which
have non-zero spin I.[9]
The nuclear magnetic moment corresponding to the nuclear spin interacts
with the applied field results in splitting of the energy levels into 2I+1 energy levels.

ΔE = ωO = γBO

(3.22)

with γ the gyromagnetic ratio of the nucleus under study, and ћ the reduced
Planck’s constant.
The energy which is required for a transition between two energy levels can be
supplied by radio-frequency (RF) photons with a frequency matching the Zeeman
splitting which is proportional to the size of the static magnetic field. If the RF
frequency matches the energy difference of the nuclear spin transition between the
two levels, then the energy can be absorbed. The RF field is generally applied
perpendicular to Z and Bo. When a 90 degree RF pulse is applied, the magnetization
is rotated over 90 degrees into the xy plane perpendicular to B0. This magnetization
will thus subsequently precess and the conducting RF coil placed in the precession
plane registers an induced current. In this way the free induction decay (FID as a
function of time is recorded), typically a sinusoidal, exponentially damped function.
Fourier transformation of the FID results in a final frequency dependent spectrum.
Depending on the frequency of the RF pulse different nuclear isotopes can be
detected. The NMR spectra and lineshapes provide much information on chemistry,
structure and dynamics in the solids.
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Fig. 3.9 The change in the population of the nuclei before and after the application of
magnetic field.

3.4.2 Quadrupole Coupling
If the nuclear spin I> , the nuclear quadrupole moment of the nucleus
interacts with the electric field gradient generated by surrounding electron cloud
and positive atomic nuclei. In solid materials, electric field gradients are generally
generated by the asymmetric charge distribution around the nuclei observed with
NMR. In the presence of strong applied magnetic field the quadrupolar interaction
can be treated as a perturbation to the Zeeman interaction and can be expressed as a
sum of first- and second-order terms.

HQ = HQ1 + HQ2

(3.23)

The first order Hamiltonian is given by,

HQ1 =

1
ωq (β, γ)[(3I z2 - (I + 1) + η(I x2 - I 2y )]
6

(3.24)

where q (β,γ) is the orientation dependent quadrupolar frequency given by
ω
(3.25)
ωq (β, γ) = Q (3cos 2β - 1+ ηsin 2βcos2γ)
2
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where β and γ denote the polar angles defining the orientation of the quadrupolar
tensor V in the laboratory frame. The quadrupolar constant Q and asymmetry
parameters η are given by

ωQ =

3e 2 qQ
Vzz
2I(2I - 1)

(3.26)

and



Vxx  Vyy
Vzz

(3.27)

where Vxx, Vyy and Vzz are the principal axis values of the electric field gradient
tensor.

3.4.3 Magic Angle Spinning
The chemical shielding anisotropy and nuclear dipolar interactions causes
broadening of the resonance lineshape. Magic Angle Spinning (MAS) reduces the
linewidth broadening and helps to attain higher chemical resolution. This technique
involves rotating the sample at an angular velocity around an axis inclined at a
Magic angle with respect to the Magnetic field. The value of magic angle is 54.74°.
The sample holder (rotor) rotating with a high spinning speed at a specific angle
called Magic Angle averages the anisotropic parts of the interactions that depend on
the crystalline orientation in the magnetic field. Additionally if the spinning rate is
lower than the static line width spinning side bands appear at intervals of the
spinning frequency.[9]
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54.74

Fig. 3.10 Magic Angle Spinning.

3.4.4 Two-dimensional NMR Spectroscopy
In one-dimensional (1D) NMR the signal is recorded as a function of one time
variable and then Fourier transformed to give a spectrum which is a function of one
frequency variable. In two-dimensional (2D) NMR the signal is recorded as a
function of two time variables, t1 and t2, and the resulting data Fourier transformed
twice to yield a spectrum which is a function of two frequency variables. A 2D NMR
experiment comprises of four steps: preparation, evolution, mixing, and detection.
For the type of 2D 2H NMR used in this study, 2D Exchange NMR spectroscopy (2D
Exsy), the situation is as follows. In first step, called the preparation time, the sample
is excited by a pulse. During the second step, called the evolution time, the
magnetization caused from the initial pulse is allowed to evolve for time period t 1. In
the third “mixing” stage the evolved coherence in the xy plane is stored along the z
axis, allowed to undergo chemical exchange during a controlled mixing time, and
then rotated back into the xy plane. As a final step after the mixing period the signal
is recorded as a function of the second time variable, t2.
The 2D Exsy signal is recorded in the following way. First, t1 is set to zero, the
pulse sequence is executed and the resulting free induction decay recorded. Then the
nuclear spins are allowed to return to equilibrium. t1 is then set to ∆1, the sampling
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interval in t1, the sequence is repeated and a free induction decay is recorded and
stored separately from the first. Again the spins are allowed to equilibrate, t1 is set to
2∆1, the pulse sequence repeated and free induction decay recorded and stored. The
whole process s repeated again for t1 = 3∆1, 4∆1 and so on until sufficient data is
recorded, typically 50 to 500 increments of t1. Thus recording a two-dimensional data
set involves repeating a pulse sequence for increasing values of t1 and recording free
induction decay as a function of t2 for each value of t1.


2

t1


2

τm


2

t2

Fig. 3.11 Schematic representation of 2D Exchange NMR experiment.

3.4.5 One-dimensional Exchange Spectroscopy
2D Exsy is highly informative and can often be interpreted in a model-free
way. However, it tends to be time consuming. For a systematic study of (chemical)
exchange, therefore 2D Exsy is used in conjunction with 1D Exsy.

Once the

exchange model is quantitatively determined from 2D Exsy, 1D Exsy with varied
mixing time and temperature is used for obtaining the exchange rate constant. In this
exchange experiment, the polarization of hydrogen atoms from one of the sites is
selectively perturbed. During the following mixing time the hydrogen exchange
takes place, hydrogen atoms with perturbed polarization will replace hydrogen
atoms at the “unperturbed” sites and vice versa. As a result, the signal intensity of
the originally nonperturbed sites will decrease, and that of the initially perturbed
sites will increase as function of the mixing time. Even without deuterium exchange,
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any perturbed spin polarization of the deuterium nuclei will relax to the thermal
equilibrium value.
The polarization of deuterium atoms from the site A is selectively perturbed
while the site B is not perturbed and monitored as function of mixing time. Fig.
shows the polarization of deuterium atoms from site A and B. As a result of dynamic
exchange between A and B, the polarization of B site decreases initially and increases
afterwards as the recovery process was dominated by spin-lattice relaxation. The
magnetization recovery of site A follows a bi-exponential behaviour, the fast
component is related to deuterium exchange and the slow component to T1
relaxation time. 1D Exsy was performed at different temperatures and the exchange
rate was obtained at different temperatures. The activation barrier for deuterium
exchange between different sites was calculated using exchange rate monitored at
different temperatures.[10]
The selective perturbation was achieved by applying special NMR pulse
sequence called DANTE (Delays Alternating with Nutations for Tailored). This
consists of series of RF pulses separated by time, τ. The number of pulses and power
of the pulse can be varied to achieve a perturbation for particular site. For MAS
experiments, the value of τ = τMAS (τMAS is sample-rotation time, i.e. the time it takes
for the NMR sample holder to rotate one complete turn) is chosen in such way so as
to perturb the centerband and the sidebands (if present) of the signal in a similar
way.[11]
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Fig. 3.12 (a) Polarization of deuterium atoms as a function of time from distinct sites A, B, C
after perturbation of only the A site. (b) Schematic representation of Selective Excitation
using DANTE pulse sequence (sequence of pulses).

3.5 Material Preparation
Magnesium and titanium are immiscible in nature and have positive enthalpy
of mixing.[12] Fig. 3.13 shows the alloying phase diagram of MgTi system.[13] There is
no evidence of solid solution and intermetallic formation at room temperature, it is
impossible to form the solid solution via conventional alloying technique. Therefore
it is mandatory to look for non-equilibrium synthesis. There are several nonequilibrium synthesis techniques such as rapid solidification, vapour deposition,
spark discharge synthesis and mechanical alloying (ball-milling). In this thesis ballmilling technique was used for synthesis of MgTi solid solution.
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Fig. 3.13 MgTi binary phase diagram.

During high-energy milling the powder particles are repeatedly flattened,
cold welded, fractured and rewelded. Whenever two milling balls collide, some
amount of powder is trapped in between them. The force of the impact plastically
deforms the powder particles leading to work hardening and fracture. During
repeated forceful impact of fresh surface on each collision the atoms from one lattice
is forced into another lattice via grain boundary diffusion. Therefore, an extension in
solid solution is achieved. The alloy formed under this non-equilibrium processing
routes are mostly metastable in nature. The Fig. 3.14 shows the mechanism of
mechanical alloying.
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Fig. 3.14 Schematic representation of mechanism of alloying.
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Chapter 4
Synthesis and Electrochemical Properties of
Binary MgTi and Ternary MgTiX(X = Ni, Si)
Hydrogen-storage Alloys

Fluorite-structured Mg-Ti hydrides are promising hydrogen-storage materials because of the high
gravimetric hydrogen-storage capacity and favourable (de)hydrogenation kinetics. In the present study
we have investigated the synthesis and electrochemical properties of metastable binary MgyTi1-y (y =
0.80-0.60) and ternary Mg0.63Ti0.27X0.10 (X = Ni and Si) alloys. The preparation of crystalline, singlephase, materials has been accomplished by means of mechanical alloying under controlled atmospheric
conditions. Electrodes made of ball-milled Mg0.80Ti0.20 powders show a reduced storage capacity in
comparison to thin films with the same composition. Interestingly, for a Ti content lower than 30 at.%
the reversible storage capacity increases with increasing Ti content to reach a maximum at Mg0.70Ti0.30.
The charge transfer coefficients (α) and charge transfer rate constants (K 1 and K2) of the electrochemical
(de)hydrogenation reaction have been determined, using a theoretical model relating the equilibrium
hydrogen pressure, measured by Galvanostatic Intermittent Titration Technique, and the exchange
current. These simulation results reveal improved values for Mg 0.65Ti0.35 compared to those of
Mg0.80Ti0.20. The addition of Ni even more positively affects the hydrogenation kinetics as is evident
from the increase in exchange current and, consequently, the overpotential decrease.

Chapter 4

4.1 Introduction
The rapidly decreasing amount of fossil fuels and altering environment conditions
have led to the development of alternative fuel economy.[1,2,3] Hydrogen is one of the
major energy carriers considered in developing strategies to fulfil the future energy
demands.[4,5,6] However, feasibility of the hydrogen production, storage and onboard usage are still under debate.
Hydrogen-storage is a crucial step in the hydrogen economy.[7,8] Hydrogen can be
stored in three different ways, such as compressed gas in lightweight composite
cylinders (up to 800 bars), as a liquid at cryogenic conditions or as a solid in metal or
other chemical hydrides.[9] Even though new lightweight composite cylinders are
expected to withstand even higher pressures in the near future, their large volumes
and high energy required to compress hydrogen limits their practical usage. In
contrast to storing hydrogen in molecular form, it can also be stored chemically in
the

metal

hydrides

(MH),

which

can

reduce

the

volume

significantly.

Advantageously, MH provide relatively safe storage compared to compressed
hydrogen gas and can be handled without extensive safety precautions.[10]
MgH2 is an interesting material for hydrogen-storage, due to its high gravimetric
hydrogen-storage capacity of 7.6 wt.% and low cost.[11,12] Despites these advantages,
MgH2 has its own limitations such as slow rate of (de)hydrogenation and high
thermodynamic stability, i.e. MgH2 is too stable with a partial hydrogen pressure of 1
bar at 300 °C.[11,12] To overcome this limitation one of the proposed solutions is to
alloy Mg with transition metal (TM). It is proven theoretically and experimentally
that Mg alloyed with > 20 at.% TM (Sc, Ti, V, Cr, Y, Zr, Nb, Hf) reveals excellent
reversible storage capacities.[13,14] The reason for this remarkable increase in the
reversible capacity is the formation of the favourable fluorite crystal structure after
hydrogenation.[15] The hydrogen mobility is significantly higher in fluoritestructured MgTMHx compared to that in rutile-structured MgH2. It has been proven
that MgSc hydrides show the rutile-to-fluorite phase transformation when Sc content
exceeds 20 at.%.[15] However, the rare-earth metal Sc is expensive. It therefore
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remains inevitable to replace Sc with a more abundant and less expensive
alternative.
Ti was investigated and found to exhibit similar phase transformation. [15] Mg1yTiyH

thin films show a maximum reversible capacity when y = 0.20. For

compositions y > 0.20, the crystal structure is fluorite and for y < 0.20 the crystal
structure is rutile. Even though addition of Ti increases the rate of (de) absorption,
thermodynamics properties, such as, equilibrium pressure of MgH2 is not altered.[16]
Addition of a ternary alloying element could achieve thermodynamic destabilisation
and improve the kinetics further.[17] In our investigation we have selected two
ternary metals Ni and Si to add as a ternary element to MgTi alloys. Addition of Ni
is expected to show a destabilizing effect according to rule of reversed stability,
which states that more stable alloys or intermetallic compounds form a less stable
hydrides.[18] Ni is having negative enthalpy of mixing both with Mg and Ti, which
when added could stably bind with both Mg and Ti and increase the stability of the
ternary alloy.[19] Si has been screened and selected according to Miedema model[18,20]
as a suitable ternary alloying element to achieve thermodynamic destabilization. It
has been experimentally proven to be the case in thin films that the addition of Si
increases the stability of MgTi alloy and, therefore, an increase in partial hydrogen
pressure during dehydrogenation was observed.[17]
Inspired by the above interesting facts and developments, we aim to understand
the alloy formation and electrochemical hydrogen-storage properties of binary MgTi
and ternary MgTiX(X:Ni,Si) alloys. Considering the positive enthalpy of mixing of
Mg and Ti,[21] they are expected to form a metastable alloy which tends to phase
segregate at higher temperatures and pressures. Several attempts has been made to
synthesize Mg-Ti thin film alloy, bulk alloy powders and nanoparticle/composites
via

sputtering,[22]

ball-milling[23,24,25,26,27]

and

spark

discharge

generation.[28]

Electrochemical hydrogenation/deuteration offers a solution to phase segregation
problem as the reaction takes place at room temperature. It is proven that MgTiD
single phase fluorite structured compound is formed with no large scale phase
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segregation.[29] Moreover, unlike

gas phase hydrogenation, electrochemical

hydrogenation can be successfully applied to accurately monitor and control the
hydrogen

content

during

hydrogenation.

The

equilibrium

pressure,

a

thermodynamic property, is directly related to equilibrium potential measured
during GITT experiment.[30] MgTi binary and ternary alloys of various composition
were synthesized via mechanochemical synthesis route and investigated using XRD
and electrochemical characterisation.

4.2 Experimental
The alloys were prepared by mechanical alloying pure magnesium (Alfa Aesar
with particle size of ~50 µm and 98.5% purity), titanium (Sigma Aldrich: ~ 50 µm,
99.5%), nickel (Alfa Aesar: ~50 µm, 99%) and silicon (Alfa Aesar: ~50 µm, 99%). Ballmilling was carried out in a SPEX mill installed inside an Argon glove box to avoid
oxygen and water contamination. A 55 ml tungsten carbide milling vial and 10 mm
diameter tungsten carbide balls as milling media were used in the milling process. In
order to avoid other contaminations and undesired reaction products no process
control agents were used. The milling process was stopped every 60 minutes and
checked for cold-welding. The as-milled alloys were finally milled with 5 at % Pd
(Sigma Aldrich: ~ 50 µm, 99.5%), acting as electrocatalyst, for 120 minutes. The asprepared active materials were mixed with silver powder (Sigma Aldrich: ~ 50 µm,
99.5%) in a 4:1 ratio and pressed into 8 mm pellets which were used as MHelectrodes.
Standard double-walled three-electrode electrochemical cells were used for the
electrochemical investigations. The electrochemical cells were filled with 6 M KOH
electrolyte and purged with argon to remove oxygen. The counter electrode is a
partly hydrogenated palladium rod. The potential of the powder electrode was
measured with respect to a Hg/HgO reference electrode filled with 6M KOH. All
experiments were performed under thermostatic conditions at 25 C. Galvanostatic
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(dis)charging was performed using automated cycling equipment (Maccor). The cutoff potential for the dehydrogenation (discharging) process was -0.1 V in all cases.
Galvanostatic Intermittent Titration Technique (GITT) and Electrochemical
Impedance Spectroscopy (EIS) measurements were carried out with a potentiostat
equipped with a frequency response analyser (Autolab). GITT was performed
during charging with a constant current of 50 mA.g-1 active (MH) electrode material.
A charging pulse consisted of one hour followed by a resting period of 3 hours. GITT
during discharging was performed with 10 mA.g-1 for 3 hours followed by a resting
period of 3 hours. EIS measurements were performed under potentiostatic control at
the end of each resting period, using an ac amplitude of 5 mV rms in the frequency
range of 50 kHz to 1 mHz.

4.3 Results and Discussion
4.3.1 X-ray Diffraction
Fig. 4.1a shows the X-ray diffraction pattern of Mg0.80Ti0.20 at various stages of the
milling process. The lattice constants of pure Mg are a = 3.20 Å and c = 5.20 Å. As a
result of the alloying process the Mg reflections clearly shift towards higher angles
and the intensity of Ti reflections decreases with increasing milling time. This shift
and decrease in Ti reflections are caused by partial substitution of Mg by Ti.[23] Shifts
in the reflections of Mg towards higher angles are an indication of a Mg unit cell
decrease. This lattice shrinking is indeed to be expected when Mg is alloyed with Ti,
which has lower molar volume (MTi = 10.64 cm3/mol) in comparison to that of Mg
(MMg = 14.00 cm3/mol). The milling process attains saturation after 28 hours as there
is no change in lattice parameters thereafter. Furthermore, the Ti reflections are
hardly invisible anymore after 28 hours. A hcp-type solid solution is formed with
lattice constants a = 3.15 Å and b = 5.07 Å. A similar alloying trend was also found
with the other binary compositions. However, this was accompanied with clear peak
broadening at increasing Ti content (Fig. 4.1b), indicating that the material start to
become amorphous at higher Ti content.
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Fig. 4.1 X-ray diffractograms of (a) Mg0.80Ti0.20 at various stages of the milling process
(dashed line is marked along the high intense Mg(101) and Ti(101) refections) (b) binary
MgTi alloys of various composition after completion of the alloying process (28 hours), (c)
ternary Mg0.63Ti0.27Ni0.10 (dashed line is marked along the high intense Mg0.70Ti0.30(101) and
Ni(100) reflections) and (d) Mg0.63Ti0.27Si0.10 (dashed line is marked along the high intense
Mg0.70Ti0.30(101) and Si(111) reflections)at various stages of the milling process.
The addition of a ternary element (10 wt.% of either Ni or Si) was done separately
after the formation of Mg0.70Ti0.30 was completed. The MgTi reflections shift towards
lower angles and the intensity of Ni reflections are decreasing with increasing
milling time (Fig. 4.1c). After 12 hours of additional milling the Ni reflections are no
longer invisible in the XRD pattern. A similar trend was observed in for the
Mg0.63Ti0.27Si0.10 alloy (Fig. 4.1d). All as-milled powders were finally milled with 5
at.% Pd, which was added to obtain good electrochemical (de)hydrogenation
properties and also to protect the underlying Mg alloy from oxidation.
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4.3.2 Electrochemical Properties
Galvanostatic (dis)charging
Electrochemical (de)hydrogenation of binary MgyTi1-y (y = 0.80-0.60) and ternary
Mg0.63Ti0.27X0.10 (X = Ni and Si) electrodes was carried out by applying a constant
(dis)charging current. Application of a constant charging current results in the
reduction of H2O at the metal (M)/electrolyte interface, according to[31]

M + H2O + e -

charging(Kc)
discharging(Ka)

MHad + OH -

( 4.1)

where Kc and Ka are the rate constants for the reduction and oxidation reaction,
respectively. After the formation of adsorbed hydrogen atoms (Had) at the electrode
surface, Had is absorbed by Pd and, subsequently, by the underlying MH materials
resulting in absorbed hydrogen (MHabs)

MHad

MHabs

(4.2)

Once the Mg alloy reaches it maximum storage capacity any further supply of Had
will result in recombination at the surface leading to hydrogen gas evolution[31]

2MHad

2M + H2(g) 

(4.3)

According to Eq. 4.1 each hydrogen atom requires a single electron transfer.
Therefore, coulomb counting can conveniently be used to determine the exact
hydrogen content in the electrode, simply by integrating the current over time. The
electrochemical storage capacity Q (mAh.g-1) can easily be converted into a
hydrogen weight fraction VH (%), according to

VH = 360

Q
MH
F

(4.4)
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where MH is the molar mass of hydrogen (1.008 g.mol-1) and F is the Faraday
constant (9.65 × 104 C.mol-1).
Fig. 4.2 shows the electrochemical charging (a) and discharging (b) voltage curves
of the various binary MgyTi1-y (y = 0.80-0.60) alloys. The current density used for
charging, discharging (high-current) and deep discharging (low-current) are 50
mA.g-1, 50 mA.g-1 and 10 mA.g-1, respectively. The reversible storage capacity
obtained from these results is defined as the summation of the high- and low-current
discharge capacity. The charging curves (Fig. 4.2a) generally consist of three voltage
regions. The sloping voltage regions generally found during the initial stages of
charging can be attributed to hydrogen absorbed in the solid solution of the α-phase.
As the reaction proceeds a hydrogen-rich β-phase starts to nucleate and grow and,
consequently, a flat voltage plateau is formed in this two-phase coexistence region.
Once the β-phase is fully formed the alloy reaches its maximum storage capacity and
Had atoms start to recombine to H2 gas at more negative potentials, according to Eq.
4.3.
In order to quantify the absorption capacity of each phase, voltage derivative
plots are very useful as indicated in the upper curves of Fig. 4.2a. In line with the αto-β solid solution and β-H2 transition regions two maxima can generally be
discerned. The second β-H2 maxima can be related to the materials absorption
capacity. The as-determined electrochemical hydrogen-storage capacities are 720
mAh.g-1 (2.7 wt.%) for Mg0.80Ti0.20, 1020 mAh.g-1 (3.9 wt.%) for Mg0.70Ti0.30, 920
mAh.g-1 (3.5 wt.%) for Mg0.65Ti0.35 and 915 (3.5 wt.%) mAh.g-1 for Mg0.60Ti0.40. The
absorption capacities show an increasing trend with increasing Ti content up to
Mg0.70Ti0.30 and decreases thereafter. Furthermore it is clear that higher Ti contents
generally induce the voltage curves to “lower” (more positive) potentials. The
position of these voltage curves can be attributed to a change in the thermodynamic
and/or the absorption kinetics of the MH material by the addition of Ti.
The reversible dehydrogenation capacities (summation of high-current and lowcurrent charge) can be obtained from the voltage discharge curves shown in Fig.
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4.2b. 470 mAh.g-1 (1.8 wt.%) is found for Mg0.80Ti0.20 (a2+a3), 800 mAh.g-1 (3 wt.%) for
Mg0.70Ti0.30 (b2+b3), 730 mAh.g-1 (2.8 wt.%) for Mg0.65Ti0.35 (c2+c3) and 570 (2.2 wt.%)
mAh.g-1 for Mg0.60Ti0.40 (d2+d3). Comparing the charge and discharge capacities it is
clear that for all materials quite some hydrogen remains irreversibly bound to the
host material, which cannot be removed from the electrodes under the given
electrochemical conditions. This has been related to the strongly bound hydrogen
atoms at the Ti sites.[29] Mg0.80Ti0.20 reveal a significantly lower reversible hydrogenstorage capacity compared to its thin film equivalent.[16] This might be due to the
incomplete conversion of the hcp-to-fluorite structure in the present Mg0.80Ti0.20
powder electrodes. Similar to the absorption capacity, the reversible desorption
capacity is also increased with increasing Ti content and attains a maximum for
Mg0.70Ti0.30 at 800 mAh.g-1. Interestingly, the dehydrogenation kinetics increases
remarkably for Mg0.65Ti0.35, which is evident from the high-current discharge
capacity (see curve c2 in Fig. 4.2b) of 550 mAh.g-1, about 75% of the total reversible
capacity (730 mAh.g-1). This is significantly higher compared to the other
compositions.
The absorption voltage (derivative) curves of the ternary Mg0.63Ti0.27Ni0.10 (curves
e1) and Mg0.63Ti0.27Si0.10 (curves f1) are compared with those of Mg0.65Ti0.35 (curves c1)
in Fig. 4.2c. Based on the derivative curves the storage capacities of the ternary
compounds are determined to be 910 mAh.g-1 (3.4 wt.%) and 713 mAh.g-1 (2.7 wt.%),
respectively. The charging curve of Mg0.63Ti0.27Ni0.10 (curve f1) reveals a well-defined
plateau at significantly “lower” potentials than Mg0.65Ti0.35, which must be attributed
the catalytic effect of Ni. In contrast the charging curve of Mg0.63Ti0.27Si0.10 (curve e1)
shows a substantial “higher” (more negative) charging voltage curve compared to
those of Mg0.65Ti0.35 (curve c1) and Mg0.63Ti0.27Ni0.10 (curve f1). The measured
(reversible) discharge capacities (Fig. 4.2d) of Mg0.63Ti0.27Ni0.10 and Mg0.63Ti0.27Si0.10
are 760 mAh.g-1 (2.9 wt.%) and 500 mAh.g-1 (1.9 wt.%), respectively.
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Fig. 4.2 (a) Constant-current (50 mA.g-1) charging of Mg0.80Ti0.20 (a1), Mg0.70Ti0.30 (b1),
Mg0.65Ti0.35 (c1) and Mg0.60Ti0.40 (d1); Right-hand axis: Derivative of voltage with respect to
capacity (dV/dQ) vs the storage capacity. (b) high- and additionally low-current discharging
of Mg0.80Ti0.20 (a2, a3), Mg0.70Ti0.30(b2, b3), Mg0.65Ti0.35 (c2, c3) and Mg0.60Ti0.40(d2, d3). (c)
Comparison of charging (50 mA.g-1) binary Mg0.65Ti0.35 (c1) and ternary Mg0.63Ti0.27 Si0.10
(e1) and Mg0.63Ti0.27 Ni0.10 (f1); Right-hand axis shows dV/dQ vs the storage capacity. (d)
High- and low-current discharging of Mg0.65Ti0.35 (c2, c3), Mg0.63Ti0.27 Si0.10 (e2, e3) and
Mg0.63Ti0.27 Ni0.10 (f2, f3).

4.3.3 GITT Measurements
Voltage relaxation model
Determination of the equilibrium potential of MH electrodes as function of hydrogen
content is highly relevant to get information of both the thermodynamic (Veq) and
kinetic (overpotentials, η) electrode properties. In both cases the determination of Veq
as a function of hydrogen content is essential. It has been shown that GITT is
effective in experimentally determining the equilibrium voltage after current
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interruption. However, long relaxation times are often required to reach equilibrium,
especially when solid-state diffusion processes are involved. To avoid long voltagerelaxation times it is proposed to mathematically predict Veq by making use of
limited relaxation times.[32] The experimental current interruption period can
mathematically be drastically reduced as will be shown below.
Consider the moments of time ( t1 ,
( Vt1 ,

, t N ) at which the MH-electrode voltage

,VtN ) are measured during the relaxation process. According to the GITT-

method, an asymptotic equilibrium potential can be predicted on the basis of N
subsequent voltage measurements by using a model with multiplicative error
structure, according to

Vt = Veq -

Γγ
eεt /2
δ
t log (t)
α

(4.5)

in which Veq is the final asymptotic relaxation voltage, α, γ, δ are the positive ratedetermining decaying constants, εt is the random error term and Γ is equal to +1 for
the increasing voltages after current interruption during the discharge process and -1
for the decreasing voltages after current interruption during charging. The
parameters Veq ,  ,  , and  can be estimated by applying the concentrated
Ordinary Least Squares (OLS) scheme. At least 4 observations are required (N≥4) to
predict the asymptotic equilibrium potentials.[33] Obviously, the benefit is that much
shorter relaxation times are required to obtain reliable values for Veq.
Fig. 4.3 shows, as an example, the comparison between the experimentally
observed and mathematically predicted Veq. In the experiment the electrode was
charged for one hour and allowed to equilibrate for 12 hours after current
interruption, which is four times longer than the resting period used in our GITT
experiments. The relaxation potential after 3 hours is -826 mV and after 12 hours 817.2 mV. The predicted voltage curve is based on the experimental 3 hours
relaxation time and the predicted VEq of -818.7 mV matches well with the
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experimentally obtained value with a difference of only ±1.5 mV. It can therefore be
concluded that the voltage prediction model is very helpful in accurately predicting
VEq.

Fig. 4.3 Experimental evidence for the reliability of the voltage prediction model. The
measured voltage relaxation after current interruption (black line) is compared with the
theoretical relaxation curve (red curve). Blue line shows the voltage dependence upon
charging prior to current interruption.

Thermodynamic characteristics
Fig. 4.4 shows the as-determined Veq values (symbols) as a function of hydrogen
content during charging and discharging together with the corresponding
equilibrium voltage curves (black lines) and the dynamic potential responses during
current flowing conditions (grey lines) for Mg0.80Ti0.20 (a), Mg0.65Ti035 (b),
Mg0.67Ti0.27Ni0.10 (c) and Mg0.67Ti0.27Si0.10 (d) during charging (50 mA.g-1) and
discharging (10 mA.g-1). The solid solution regions at the beginning of charging are
clearly dependent on the Ti content in the binary compounds (Fig. 4.4a and b). The
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equilibrium potential in the two-phase coexistence region, on the other hand, is
found to be independent of the Mg-to-Ti ratio for the binary compounds. The
equilibrium voltages at the two-phase plateaux for charging and discharging are 820 mV and -740 mV, respectively, indicating that a significant hysteresis is
apparent, which is often found in phase transition regions.[34]
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Fig. 4.4. Electrochemically (GITT) measured equilibrium absorption and desorption curves
(black lines) of Mg0.80Ti0.20 (a), Mg0.65Ti0.35(b), Mg0.63Ti0.27Ni0.10 (c) and Mg0.63Ti0.27Si0.10 (d).
The grey lines show the current-driven periods of the (dis)charging GITT pulses.

The electrode equilibrium potential can be converted to equilibrium pressure,
according to[35]

Veq = -

RT  PH2
ln 
nF  Pref


 - 0.931


(4.6)

The equilibrium plateau pressure during discharging is of the order of 10-6 bar for all
alloys and this is similar to that of pure MgH2 suggesting that the thermodynamics
of Mg-hydride is dominating. Similar observation was found in MgTiX (X = Ni, Si)
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alloys. Therefore no thermodynamic destabilization occurs in ball-milled MgTiX (X =
Ni, Si) in contrast to MgTiX (X = Al, Si) thin films which revealed an increase in the
partial pressure during discharging.[36,37]

Kinetic materials properties
Information about the electrode kinetics can also be obtained from Fig. 4.4 by
considering the difference between the electrode potential under current flowing
conditions (grey lines) and Veq (black lines). Fig. 4.5 summarises the development of
the overpotential during charging for the alloys shown in Fig. 4.4. In all cases the
overpotentials are significantly higher in the initial stages of the hydrogenation
process, i.e. in the solid solution region, and decreases with increasing hydrogen
content to become more or less constant in the two-phase coexistence (plateau)
region. In the case of Mg0.80Ti0.20 (+) the overpotential is much higher in the plateau
region than for Mg0.65Ti0.35 (◦), indicating that the formation of the fluorite structure
is kinetically much more favourable than the rutile structure.
During desorption the overpotential increases quickly during dehydrogenation in
the case of Mg0.80Ti0.20 as a result of the poor hydrogen diffusion in this binary alloy
(Fig. 4.5a). The overpotential is again much smaller (~ 30 mV) in the case of
Mg0.65Ti0.35 (Fig. 4.5b) and remains more or less constant throughout the desorption
process, only at the end of the dehydrogenation process where hydrogen becomes
depleted it becomes more dominant.
The addition of Ni in the ternary compound (Fig. 4.5) even reduces the
overpotentials to very low values, of the order of < 8 mV, compared to all other
compositions, indicating that Ni is very favourable in improving the electrode
kinetics during charging.
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Fig. 4.5 Overpotential dependence of the various indicated MgyTi1-y(X) electrode materials
upon charging using GITT. The ternary Mg0.63Ti0.27Ni0.10 compound reveals the lowest
overpotentials
4.3.4 Impedance Spectroscopy
Electrochemical impedance spectroscopy is used to identify the various processes
occurring in the electrolyte, at the electrolyte/electrode interface and in the bulk of
the electrode. The EIS spectra are measured at the end of each resting period of the
GITT measurements. Fig. 4.6 shows the Nyquist plots at various stages of the
electrochemical (de)hydrogenation process. Suppressed semi-circles are found in all
cases and it is clear that the radii of these semi-circles are significantly reduced at
higher hydrogen content, which is in line with the overpotential development
reported in Fig. 4.4. During hydrogenation the radii of the semicircle decreases with
increase in the hydrogen content, whereas during dehydrogenation the radii of the
semicircles increases with decrease in the hydrogen content. Interestingly, an
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additional semicircle is visible during dehydrogenation and the radius of the second
semi-circles also increases with decrease in the hydrogen content (Fig 4.7).
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Fig. 4.6 Electrochemical impedance spectra measured with a Mg0.65Ti0.35 electrode after
voltage relaxation at different indicated (see symbols) stages of charging and discharging. The
electrode particle morphology is indicated for each (1 to 6) measurement.
Fig. 4.8a shows schematically the various processes taking place at/inside an MH
electrode particle. An equivalent circuit (EQC) is often used to quantify the various
reaction steps. MacDonald, Montella and Gabrielli et al. identified several steps in
the (de)hydrogenation process of MH electrodes.[38,39,40] The equivalent circuit of
such a complex process is shown in Fig. 4.8b. Apart from the electrical double layer
(Cdl) established at the interface of the MH electrode and electrolyte, the following
detailed steps can be distinguished during (de)hydrogenation:

1. Reduction of H2O at the Pd/electrolyte interface
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2. Diffusion of adsorbed hydrogen atoms (Had) into the Pd sub-surface to form
PdHss
3. Transfer of hydrogen across the Pd/MgTi interface
4. Solid-state diffusion of hydrogen into MgTi to form MgTiHx.
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Fig 4.7 Nyquist plot of Mg0.65Ti0.35 measured at different steps of GITT-dehydrogenation.
The development of second semicircle is marked with an arrow.

In the EQC of Fig. 4.8b, Rs represents the series electrolyte resistance between the
working and reference electrode, Rct is the charge transfer resistance (step 1)
resulting in the formation of adsorbed hydrogen (Had) at the Pd surface. Herewith it
is assumed that charge transfer hardly take place at the uncovered MgTi. Had is then
absorbed by the subsurface of Pd denoted as Hss (step 2). The resistance
corresponding to hydrogen absorption in Pd surface is negligible and therefore
omitted in this scheme. Moreover, the diffusion in the Pd top surface is neglected as

81 | P a g e

Chapter 4

this is very fast compared to other reaction steps. The Rtr and Ctr correspond to
resistance and capacitance associated to transfer of hydrogen from Pd top surface to
MgTi bulk respectively (step 3). WMgTi is the Warburg element explaining the semiinfinite diffusion (step 4).
The impedance measured during charging consists of a single semicircle and a
Warburg component at low frequencies. The semicircle corresponds to the charge
transfer resistance at the Pd/electrolyte interface. The double layer capacitance is
more of a surface property and expected to remain constant throughout the charging
and discharging process. The radius of the semicircle depends on the hydrogen
content. As hydrogenation (charging) proceeds the radius of the semicircle
decreases. The semicircle is fitted with the EQC for estimating R ct. During
dehydrogenation the radius of the semicircle develops and strongly dependent on
the hydrogen content. Interestingly, the radius of the second semicircle at lower
frequencies which corresponds to Rtr, also increases with increasing depth of
discharge.
At the initial stages of the hydrogenation the α-phase is formed at the particle
surface and grows as the hydrogenation proceeds. The increase in the hydrogen
content at the peripheral layers leads to nucleation and growth of the hydrogen rich
β-phase. The α-to-β boundary moves inwards at higher hydrogen content. At the
end of the hydrogenation process the conversion into the β-phase is completed. At
the initial stages of dehydrogenation the hydrogen at the peripheral layers of the
hydride starts to oxidize first and, consecutively, α-phase forms at the outer layers of
the hydride. As the dehydrogenation proceeds the    boundary migrates
towards outward direction. The transfer resistance Rtr at the Pd/MgTi interface is
more pronounced when the α-phase is formed at peripheral layers of MgTi during
dehydrogenation. Although during initial stages of the hydrogenation the α-phase is
formed at the peripheral layer of MgTi, Rtr is less pronounced or even absent.
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WMgTi

Fig. 4.8 (a) Schematic representation of a MgyTi1-y particle (grey area) partly covered with
Pd-electrocatalyst at the outer surface (white area), the indicated reactions relate to hydrogen
absorption. (b) Equivalent circuit simulating hydrogen absorption of a Pd-covered MgyTi1−y
electrode. The charge transfer reaction is coupled to solid-state diffusion of hydrogen in Pd,
followed by transfer of hydrogen across the Pd/MgyTi1−y interface and solid-state diffusion of
hydrogen in MgyTi1−y.

Relationship between exchange current and partial hydrogen pressure
The exchange current density IO is an important parameter describing kinetics of
the electrochemical (de)hydrogenation reaction. It characterizes the ability of
hydrogen-storage material to deliver current at high rates. IO has been related to the
charge transfer resistance Rct, according to[41]

Io =

RT
R ct F

(4.7)

The equilibrium pressure is another important MH material characteristic. To
achieve a high energy density coupled with high power density, it is necessary that
the hydrogen-storage material combines an appropriate plateau pressure with
excellent electrocatalytic activity for the (de)hydrogenation reaction. Notten et al. has
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developed and validated a model to define the relationship between the equilibrium
hydrogen pressure and the exchange current.[42,43] According to that model, the
exchange current density is

Io = FAoK 2





PH2



x(1-α)

PH2 + K 1

K 1α



x(1-α)+α]

y(1-α) Zα
α OH
- aH O
2

(4.8)

where Ao is the electrode surface area, aOH  and aH 2O are the activities of OH- and
H2O species, respectively, x, y, and z their corresponding reaction orders, α the
charge-transfer coefficient, and F the Faraday constant. K1 is a constant whose value

depend on the chemical potential of adsorbed hydrogen atom ( ad
) and standard

chemical potential of hydrogen (  H 2 ( m ) )

 2μoHad - μoH2(m)
. K 1 = P exp 

2RT

ref
H2






(4.9)

PHref2 is the equilibrium pressure at reference state. K2 is another constant whose
value depends on the rate constants of reduction Kc and oxidation Ka according to

K 2 = K(1-α)
K αc
a

(4.10)

The activities of OH- and H2O species are considered as constant, assuming that the
diffusion limitations of H2O and OH- in the electrolyte are negligible due to their
high concentrations in 6 M KOH solution. The values of the known parameters are
listed in the Table 1.
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Table 1. Fixed parameters used in the simulations.
Property

Symbol

Value

Faraday constant

F

96485

Surface area

Ao

0.12 m2·g-1

Activity of OH-

aOH 

10.4 mol·l-1

Activity of OH-

a H 2O

0.649 mol·l-1

x,y and z

1,1,1

Reaction orders for Had, OHand H2O

(b)

(a)
2

10

10

10

10

2

10

1

Io (mA.g-1)

Io (mA.g-1)

10

(c)

3

Mg0.80Ti0.20

0

10

-10

10

-5

10

10

10

0

10

Io (mA.g-1)

10

1

Mg0.65Ti0.35

0

10

-1

10

-10

PH2 (mPa)

10

-5

10

10

0

10

3

2

1

Mg0.63Ti0.27Ni0.10

0

-1

10

-10

10

-5

10

0

PH2 (mPa)

PH2 (mPa)

Fig. 4.9. Measured (symbols) and simulated (lines) exchange current as a function of
equilibrium hydrogen pressure (symbols) for Mg0.80Ti0.20 (a), Mg0.65Ti0.35 (b) and
Mg0.63Ti0.27Ni0.10 (c) upon discharging (1/150 C-rate) at 25°C.
Table 2. Charge transfer coefficient (α), rate constants K1, K2 (see Eq. 4.10) for
Mg0.80Ti0.20 and Mg0.65Ti0.35,Mg0.63Ti0.27Ni0.10.

Composition

Α

K1

K2 (· 10-11 cm·s-1)

Mg0.80Ti0.20

1.05·10-5

0.0004

0.04

Mg0.65Ti0.35

0.80

0.26

0.99

Mg0.63Ti0.27Ni0.10

0.35

0.06

3.14
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The fig 4.9 shows the measured and simulated exchange current values as a function
of equilibrium hydrogen pressure (symbols) for Mg0.80Ti0.20, Mg0.65Ti0.35 and
Mg0.63Ti0.27Ni0.10 during discharging. The fitted parameters are summarized in Table
2. From this table, it can be concluded that α assumes a reasonable value for all
electrodes, which is similar to those found for MmNi3.9-xMn0.4AlxCo0.7 (0 ≤ x ≤ 0.8).[43]
The values indicate that the contribution of overpotential in the powder electrodes is
changed by changing the composition. Interestingly, α is drastically changing for
Mg0.65Ti0.35 and Mg0.63Ti0.27Ni0.10, which are fluorite in structure, compared to
Mg0.80Ti0.20 where complete fluorite conversion is still questionable. The k1 takes a
value below unity indicating the hydrogen can be is more easily transferred from the
absorbed into the adsorbed state. K1 is too lower for Mg0.80Ti0.20 indicating the
hydrogen is more inhibited. K2 is directly proportional to IO, the K2 value is higher
for Mg0.63Ti0.27Ni0.10 and Mg0.65Ti0.35 compared to Mg80Ti20 indicating better
electrochemical activity for these two alloy compositions.

Diffusion coefficient
It has been identified that the diffusion coefficient is related to the Warburg
factor.[44] The apparent hydrogen diffusion coefficient has been expressed by

Zim = σω-1/2

D=

(RT)2
2(An 2F 2Cσ)2

(4.11)

(4.12)

where R is the gas constant, T is the absolute temperature, A is the surface area of the
electrode, n is the number of charge species transferred during redox reaction, C is
the concentration of hydrogen and α is the Warburg factor can be calculated from
Eq. 4.13. To compare the diffusion processes in all four alloys, the Warburg factors in
the Nyquist plots are compared. Fig. 4.10 shows the relationship between the
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imaginary part of the impedance (Zim) and ω-1/2 in the low frequency region. The
slopes of the lines are 0.7089, 0.2812, 0.0788 and 0.166 for Mg80Ti20, Mg0.65Ti0.35,
Mg0.63Ti0.27Ni0.10 and Mg0.63Ti0.27Si0.10 respectively.

40

Mg0.80Ti0.20
Mg0.65Ti0.35
Mg0.63Ti0.27Ni0.10
Mg0.63Ti0.27Si0.10

Zim(Ω)

30

20

10

0
0

10

20

30

40

ω-1/2(Hz-1/2)
Fig. 4.10 Dependence of Zim on the reciprocal square root of the frequency in the lowfrequency region for the various electrode materials.
The diffusion coefficient which is inversely proportional to Warburg factor is higher
for Mg0.80Ti0.20 compared to Mg0.65Ti0.35 indicating diffusion limitation in the former.
Warburg factor (σ) decreases further by addition of Ni to Mg-Ti, therefore, Ni
addition enhances the hydrogen diffusion in the bulk. In contrast addition of Si
limits the hydrogen diffusion to certain extent as evident from slight increase in σ.

4.4 Conclusions
The hydrogen-storage properties of MgTi and MgTiX have been investigated. The
preparation of binary MgyTi1-y and ternary MgTiX (X = Ni and Si) was achieved via
mechanical alloying. Based on the XRD results it was concluded that single phase
alloys were obtained. The reversible capacity of binary MgyTi1-y increases with
increasing Ti content until Mg0.70Ti0.30 and decreases subsequently. The equilibrium
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hydrogen pressure and exchange current were determined by GITT and Impedance
spectroscopy, respectively. Rate constants for charge transfer reaction and charge
transfer coefficient were optimized by fitting a theoretical model relating the
hydrogen

equilibrium

pressure

and

exchange

current.

The

kinetics

of

(de)hydrogenation reaction of Mg0.65Ti0.35 is better compared to Mg0.80Ti0.20, as
evident from the favourable charge transfer reaction and higher exchange current.
Addition of Ni reduces the overpotential and consecutively increases the exchange
current, and therefore, alters the kinetics of the (de)hydrogenation reaction
positively. Addition of Si, however reduces the overpotential only marginally during
hydrogenation, while the dehydrogenation behavior is not favorable, because the
overpotential which dramatically lowers the reversible storage capacity. The
hydrogen diffusivities were determined and found that hydrogen diffusion in bulk
is better in Ni containing Mg0.63Ti0.27Ni0.10 alloy.
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Chapter 5
Influence of Ni and Si Addition on the Deuterium
Siting and Mobility in fcc Mg-Ti Hydride studied
with 2H MAS NMR
Fluorite-structured Mg-Ti hydrides are interesting for hydrogen-storage applications because of their high
gravimetric hydrogen-storage capacity, and improved (de)hydrogenation kinetics compared to MgH 2. Here
we report a Magic Angle Spinning (MAS) 2H NMR study on electrochemically deuterated Mg-Ti electrodes
at room temperature, leading to the conclusion that phase segregation does not occur under these low
temperature conditions. In the present study we have also investigated the potential catalytic effect of Ni and
Si as third element on the siting and mobility of electrochemically loaded deuterium in ball-milled
Mg0.63Ti0.27Ni0.10 and Mg0.63Ti0.27Si0.10 alloys. MAS 2H NMR reveals that Ni and Si induce new types of
deuterium sites in addition to the Mg-rich and Ti-rich sites already present in Mg0.65Ti0.35D1.2. 2D exchange
NMR spectroscopy shows a substantial deuterium exchange between the various types of sites, which reflect
their close interconnectivity in the crystal structure. Furthermore, the timescale and temperature
dependence of the deuterium mobility have been quantified by 1D exchange NMR. The obtained effective
residence times for deuterium atoms in the Mg-rich and Ti-rich nanodomains in Mg0.65Ti0.35D1.2,
Mg0.63Ti0.27Ni0.10D1.3 and Mg0.63Ti0.27Si0.10D1.1 at 300 K are 0.4, 0.3 and 0.8 s, respectively, and the
respective apparent activation energies 17, 21, 27 kJ.mol -1. The addition of Ni promotes deuterium mobility
inside Mg-Ti hydrides, which is in agreement with the observed catalytic effect of Ni on the electrochemical
(de)hydrogenation of these materials.

Chapter 5

5.1 Introduction
Hydrogen is a promising candidate as energy carrier for application in, for
example, automotive and portable devices.[1,2,3] One of the major challenges for
introducing the hydrogen technology in our present-day society is related to storing
hydrogen in a compact and safe way suitable to serve stationary and mobile
applications.[4] Hydrogen can be stored in both molecular and atomic form. The
former can be achieved by storing hydrogen gas at high pressures, as liquefied
hydrogen at low temperature and in porous solids, such as Molecular Organic
Frameworks.[5,6,7] The second volumetrically denser form is to bind atomic hydrogen
in chemical hydrides, such as metal hydrides.[8,9,10]
MgH2 is an interesting material with a high gravimetric hydrogen-storage
capacity of 7.7 wt.%. However, pure MgH2 suffers from low (de)hydrogenation
kinetics.[11,12,13] MgH2 is a rutile-structured compound in which the hydrogen
mobility is limited.[14] To overcome these kinetic limitations Mg can be modified
either by alloying with transition metals (TM) like Sc, Ti, V, Cr and Zr, by making
use of nanoparticles or by adding a catalyst.[15,16,17,18,19,20] Notten et al. have
investigated the hydrogen-storage properties of Mg-Sc alloys and proved the
formation of a favorable fluorite structure after hydrogenation.[15,21] According to
experimental and theoretical investigations, the homogenous Mg-TM alloys with TM
> 20 at.% tend to adopt the fluorite structure, while at TM < 20 at.% the rutile
structure is maintained.[15,22,23,24] The hydrogen mobility in fluorite-structured
Mg0.65Sc0.35H2 is significantly faster than in MgH2.[25] As proven by X-ray diffraction
and neutron diffraction, Mg-Sc alloys do not undergo phase segregation during
deuteration/hydrogenation and the deuterium atoms are located at tetrahedral
positions between the metal atoms in the fcc lattice.[26] However, a major
disadvantage of using Sc is its low abundance and high cost. It is therefore desirable
to replace Sc with a more abundant, less precious metal. The most suitable
replacements are expected to be found with the elements that form dihydrides
having the fluorite structure, such as, Ti, V, Zr, La, Cr and rare earths, Hf and Ta.
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Titanium is an abundant element and therefore particularly interesting to
investigate as promoter of the hydrogen mobility in Mg-based alloys. Mg and Ti
have a positive enthalpy of mixing and do therefore not form thermodynamically
stable alloys. However, metastable alloys can be prepared by non-equilibrium
techniques, such as co-sputtering and ball milling.[27,28] Indeed, Mg-Ti thin films
show remarkably improved (de)hydrogenation kinetics during electrochemical
hydrogenation, compared to pure Mg films. The improvement is due to the fact that
Mg-Ti alloys with a Ti to Mg ratio > 0.25 adopt a fluorite crystal structure after
hydrogenation, whereas MgH2 has a bct (rutile) crystal structure.[29,30] Co-sputtered
films are interesting for dedicated purposes but bulk Mg-Ti powders prepared by
ball milling[31,32,33,34,35] would be more interesting for large-scale applications.
However, such ball-milled Mg-Ti alloys suffer from phase segregation during gasphase hydrogenation which unavoidably takes place at elevated temperatures.[36] In
contrast,

electrochemical

hydrogenation/deuteration

takes

place

at

room

temperature, which prevents the ball-milled Mg-Ti alloy from phase segregation, as
we have recently shown.[37] In this way single phase fcc-structured hydride
compounds can be formed.[38]
Addition of Ti to Mg certainly improves the (de)hydrogenation kinetics, but
will not raise the partial hydrogen pressure (a thermodynamic property) in
desorption applications as a consequence of the high stability of TiH2 (-144 kJ·mol-1
H2) compared to that of MgH2 (-77 kJ·mol-1 H2). According to the rule of reversed
stability, which states that more stable metal alloys form less stable hydrides,[39]
addition of Ni is expected to show a destabilizing effect, because Ni has a negative
enthalpy of formation with both Mg and Ti. It has been proven that the addition of
Al and Si to Mg-Ti thin films increases the equilibrium potential during discharging,
which is equivalent to raising the partial hydrogen pressure.[40] In the current paper,
we will describe the effect of adding Si and Ni to ballmilled Mg-Ti alloys in the form
of bulk powders.
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Magic angle spinning

1,2H

NMR gives information about the chemical

environment and also about the hydrogen/deuterium mobility inside the host
lattice. Solid-state NMR is nowadays frequently used to investigate hydrogenstorage materials, such as metal hydrides, alanates and borohydrides.[41,42,43,44]
Although at a given magnetic field the NMR frequency of 1H spins is higher than
that of 2H spins, 2H magic angle spinning (MAS) NMR spectra of metal deuterides
reveal a better chemical resolution than 1H NMR. This is caused by the fact that the
dipole coupling between 2H nuclei is weaker than that between the 1H nuclei.[45,46]
We have investigated siting and mobility of deuterium in electrochemically loaded
Mg0.65Ti0.35D1.2 via Solid-state NMR. Following this we have also studied the effect of
Ni or Si in electrochemically deuterated Mg0.63Ti0.27Ni0.10 and Mg0.63Ti0.27Si0.10
compounds. 2H MAS NMR yields interesting information about the chemically
different deuterium host sites and their relative occupancy. As a measure for the
internal hydrogen mobility, we have also investigated the deuterium dynamicequilibrium transfer between the various sites by use of exchange NMR
spectroscopy.

5.2 Experimental
The alloy powders were prepared by mechanical alloying using pure
magnesium (Alfa Aesar with particle size: ~50 µm and Purity: 98.5%), titanium
(Sigma Aldrich: ~ 50 µm, 99.5% ) Nickel (Alfa Aesar: ~50 µm, 99%) and Silicon (Alfa
Aesar: ~50 µm, 99%). The Mg-Ti binary alloy was prepared by milling elemental
magnesium (65 at.%) and titanium (35 at.%) under Argon in a 55 ml tungstencarbide milling vial using tungsten-carbide balls of 1 cm diameter as milling media
with a ball-to-powder ratio of 30:1. The type of mill used for the mechanical alloying
process was SPEX shaker. The alloying process was closely monitored by observing
the shift in the Mg reflections towards higher angle and decrease in the intensity of
Ti reflections in XRD pattern. After 28 hours of milling the alloying process was
completed, when the resulting XRD pattern did not change any more. A Mg-Ti solid
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solution was clearly formed, which was concluded from the decrease in the hcp
lattice parameter compared to that of Mg upon milling.
Ternary alloys were prepared by adding nickel and silicon separately after the
formation of Mg0.70Ti0.30. The milling process was continued for another 12 hours
when the ternary element was added. A decrease in the reflections of the ternary
elements Ni and Si was clearly observed. The reflections of the ternary elements
have completely disappeared after 12 hours in the Ni system and after 6 hours in the
case of Si. Finally, 5 at.% of Pd was added to the homogenous Mg0.65Ti0.35,
Mg0.63Ti0.27Ni0.10 and Mg0.63Ti0.27Si0.10 alloys and shortly milled for 2 hours. In this
way, Pd forms a separate phase at the external particle surface acting as an
(electro)catalyst for the hydrogenation/deuteration reaction and also protecting the
underlying alloy from oxidation.[47] For typographic brevity we do not specify Pd0.05
in the compound names. However, we do take the weight fraction of the Pd phase
(expected not to contain deuterium under our experimental conditions) into account
when

estimating

the

overall

deuterium

content

x

from

electrochemical

measurements. The alloy powders are mixed with either carbon black (1 wt.%
carbon black and 2 wt.% PTFE as binder) or silver (Ag/alloy wt. ratio of 4:1) and
subsequently pressed (pressure = 400 MPa) into pellets with 8 mm diameter prior to
electrochemical deuteration. A Maccor (Model 2300) testing system was used for the
deuterium loading. The electrochemical deuterium loading, denoted here as
charging, was carried out in a conventional three-electrode electrochemical cell
which was thermostated at 25 ºC, using 6 M KOH in D2O as electrolyte. A pure Pd
metal rod was used as counter electrode while Hg/HgO was used as reference
electrode. All electrode potentials are referring to this reference electrode. The alloy
powders were subjected to constant current charging and discharging with a current
density of 50 mA.g-1. For low current discharge 10 mA.g-1 was used. Powder
electrodes made with silver resulted in well-defined voltage plateaus and lower
electrochemical overpotentials. Therefore silver was used as conducting material to
study the electrochemical (dis) charging behaviour of the alloy powders (Fig .5.1).
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However, the high weight and conductivity of Ag causes sample-rotation instability
and skin depth problems in the MAS NMR experiments. To overcome these
problems carbon black (CB) was used as additive, instead of Ag, for the materials
studied with NMR. Even though the electrodes made with carbon black reveal much
higher overpotentials during electrochemical charging experiment than those with
silver, the deuterium capacities of the CB based electrode materials are similar to
those of electrodes containing silver (appendix 1; Fig A1).[37]
Magic angle spinning (MAS) 2H NMR experiments were performed with a
Bruker DMX500 spectrometer, operating at 76.77 MHz for deuterium. The 2.5-mm
NMR sample holder was packed in the glove box under argon, closed with a gastight cap and rotated in a flow of dry nitrogen inside the spectrometer. The typical
sample spinning rate was between 8 to 12 kHz. The deuterium weight content of the
Mg-Ti deuteride was estimated by comparison with the spectral integral of the
quantitative

2H

NMR spectrum (interscan delay of 20 s) of Sodium 3-

(trimethylsilyl)pro-poinate-2,2,3,3-d4, which was used as external reference
compound with four deuterium atoms per molecule.
Two-dimensional exchange spectroscopy (2D Exsy) was carried out by use of
a pulse sequence with three 90º pulses of 5 µs. The evolution time interval t1 between
the first two pulses was systematically incremented during the experiments. The
time interval between the second and third pulse, called mixing time tmix, was fixed
at 0.01, 1 and 2 s.[48] One-dimensional exchange spectroscopic (1D Exsy)
measurements were performed by selectively perturbing the polarization of the
deuterium nuclei at the Mg-rich sites resonating at 4 ppm, using a rotorsynchronized DANTE pulse train of five pulses of 2 µs (50 kHz nutation frequency)
and monitoring the polarization after a variable time interval tmix by means of a
nonselective 90º pulse of 5 µs.[49] The 1D exchange spectra were recorded for 12 tmix
values up to 10 s at four temperatures: 300, 318, 337 and 355 K. Temperature
calibration is done by measuring the peak separation for ethylene glycol.
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5.3 Results and Discussion
Fig 5.1 shows the electrochemical charging and discharging of Mg0.65Ti0.35,
Mg0.63Ti0.27Ni0.10 and Mg0.63Ti0.27Si0.10. Electrochemical deuterium loading was done
by applying a constant current to the working electrode. The deuterium oxide in the
electrolyte is reduced, according to

M + D2 O + e -

charging
discharging

MDad + OD-

(5.1a)

Subsequently, MDad is absorbed to form the hydride according to

MDad

MDabs

(5.1b)

The constant-current charging of the three electrode materials clearly exhibits
limiting negative voltage plateaus corresponding to complete deuteration of the
metal composites. At more negative potentials D2 gas evolves from the surface of the
electrode according to,

2MDad

2M + D2(g) 

(5.2)

Obviously, from a thermodynamic point of view D2 evolution can only take place
beyond the stability window of D2O. As proposed before, the amount of deuterium
absorbed in the material can be calculated from the transition between the second
and third voltage plateau.[37] A maximum at voltage derivative curve (Fig 1a right
axis)

gives

the

exact

transition

between

different

plateau

regions.

The

electrochemical storage capacity of Mg0.65Ti0.35 (825 mAh.g-1), Mg0.63Ti0.27Ni0.10 (820
mAh.g-1) and Mg0.63Ti0.27Si0.10 (760 mAh.g-1) corresponds to 6.2, 6.2 and 5.7 wt.%
deuterium, respectively. The theoretical capacity of Mg0.65Ti0.35 (1292 mAh.g-1),
Mg0.63Ti0.27Ni0.10 (1245 mAh.g-1) and Mg0.63Ti0.27Si0.10 (1339 mAh.g-1) corresponds to
9.7, 9.4, and 10.1 wt.% deuterium, respectively.
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Fig.5.1 (a) Charging voltage (left axis) and derivative (right axis) during electrochemical
deuteration of Mg0.65Ti0.35 (a1, a1), Mg0.63Ti0.27Ni0.10 (b1, b1) and Mg0.63Ti0.27Si0.10 (c1, c1) at
50 mAh.g-1. (b) High-current and low-current discharge of Mg0.65Ti0.35 (a2, a3),
Mg0.63Ti0.27Ni0.10 (b2, b3) and Mg0.63Ti0.27Si0.10 (c2,c3) at 50 and 10 mA.g-1, respectively. Lowcurrent discharging is performed consecutively after high-current discharging to extract the
maximum amount of deuterium from the electrode. The discharge capacities reported in the
text is the summation of the high- and low-current discharge capacities.

The theoretical capacities are based on absorption of 2 D/M. The charging
curve of Mg0.63Ti0.27Ni0.10 (curve b1 in Fig. 1) reveals a well-defined plateau at
significantly lower overpotential than Mg0.65Ti0.35 (curve a1), which can be ascribed to
the catalytic effect of Ni. The charging curve of Mg0.63Ti0.27Si0.10 (c1), in contrast,
shows substantial higher overpotential compared to Mg0.65Ti0.35 and Mg0.63Ti0.27Ni0.10.
The discharge capacities (summation of high- and low-current discharge capacities)

100 | P a g e

Influence of Ni and Si Addition

of Mg0.65Ti0.35D1.2, Mg0.63Ti0.27Ni0.10D1.3 and Mg0.63Ti0.27Si0.10D1.1 are calculated to be
600 (curve a3 in Fig.1), 620 (curve b3) and 380 mAh.g-1 (curve c3), respectively. The
difference between the respective charging and discharging capacities is attributed
to the “irreversibly” bound deuterium in Ti-rich sites, as indicated by the more
negative formation enthalpy of TiH2 than that of MgH2. The lower deuteriumloading potential for Mg0.63Ti0.27Ni0.10 can be indicative for a relative thermodynamic
destabilization of the Mg-Ti hydride resulting from Ni addition, or improved
hydrogen (de)sorption kinetics caused by Ni as a catalyst. This is advantageous for
the hydrogen release properties. In contrast, Si addition has a negative effect on the
overall kinetics, as is also evident from the much lower reversible deuterium-storage
capacity of Mg0.63Ti0.27Si0.10. All compounds have lower deuterium content than the
theoretically expected D/M ratio 2. A possible explanation could be that the Pd
coating in the final ballmilling step of MgTi, MgTiSi and MgTiNi particles is not
homogeneous. Particles without Pd coating would not readily be hydrogenated.
Selected area electron diffraction (SAED) of electrochemically deuterated
Mg0.65Ti0.35D

1.2

(Fig. 5.2) shows three reflections corresponding to d-spacing values

of 4.78, 2.75 and 2.38 Å. This suggests close similarity to the Ca7Ge-type fcc super
structure reported for the high-pressure phase of Mg7TiHx.[50] These corresponding
reflections have been labeled 200, 222, and 400. The d-spacing derived from the
strongest 222 reflection (2.38 Å) is close to the reported value from the 111 reflection
observed for Mg0.70Ti0.30Hx thin films, for which a simple fcc structure was assumed.
[51]
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(a)
(400)
(222)
(200)

5 1/nm

(b)

0.2 µm

Fig 5.2 SAED patterns of electrochemically deuterated Mg0.65Ti0.35D1.12 with reflections of
the Ca7Ge-type fcc superstructure indicated (a) and the corresponding plan-view TEM
images of a selected particle (b).

The nanostructures of the electrochemically hydrogenated MgTi-based
materials were investigated in more detail with 2H NMR. The spin-1 nuclei of
deuterium atoms interact with local electric field gradients, which in the fluorite
crystal structure arise from metal coordination asymmetry around the D atoms at the
tetrahedral interstitial sites. The interaction with these gradients causes quadrupolar
line broadening in 2H NMR spectra without sample rotation. This broadening is
removed by rotating the sample at the magic angle with respect to the magnetic
field. In this way, magic angle spinning (MAS) increases the chemical resolution in
the 2H NMR spectra. At intermediate sample-rotation rates, spinning sidebands are
visible. The extent of these spinning sideband patterns reflects the stationary 2H
NMR linewidth, and thus the deuterium-coordination symmetry in the respective
host crystal lattice.
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Fig.5.3 2H NMR spectrum of (a) MgD2, (b) Mg0.65Ti0.35D1.2, (c) Mg0.63Ti0.27Ni0.10D1.3, (d)
Mg0.63Ti0.27Si0.10D1.1 and (e) TiD2. Spinning sidebands are marked with *. Sample rotation
rates were between 8 and 12.5 kHz.

Fig. 5.3 shows 2H MAS NMR spectra of Mg0.65Ti0.35D1.2, Mg0.63Ti0.27Ni0.10D1.3
and Mg0.63Ti0.27Si0.10D1.1, as well as earlier published[37] spectra of MgD2 and TiD2, for
comparison. The latter two single-component materials were prepared by gas-phase
hydrogenation, because no phase segregation can occur. The 2H NMR spectrum of
MgD2 exhibits an extensive sideband pattern over a wide frequency range (Fig. 5.3a).
This is in agreement with the threefold coordination of deuterium by Mg atoms in
rutile MgD2. The overall deuterium-to-metal ratio D/M has been estimated from the
total NMR integral and was found to be significantly smaller than 2. At D/M < 2
MgD2 splits into a 2H NMR visible MgD2 phase and a 2H NMR invisible MgD< 0.001
phase.[20] TiD2 has a fluorite structure with deuterium atoms located at tetrahedral
interstitial sites. The high coordination symmetry results in weak sidebands
surrounding the centerband at -150 ppm for gas-phase deuterated TiD2 (Fig 5.3e).
The large, negative Knight shift for TiD2 is typical for the conductive bulk material.
Fig. 5.3 also shows the 2H NMR spectra of the electrochemically deuterated
Mg0.65Ti0.35D1.2 (b), Mg0.63Ti0.27Ni0.10D1.3(c) and Mg0.63Ti0.27Si0.10D1.1 (d). The overall
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deuterium content estimated from the total spectral integral (5.7, 5.1 and 5.4 wt.%,
respectively) is in all these cases in good agreement with the electrochemically
determined deuterium content. The fact that no signal of bulk TiD2 is visible at -150
ppm (Fig. 5.3e) shows that no phase segregation takes places during the lowtemperature electrochemical deuteration. Still, the signal at -73 ppm signifies the
presence of TiD2 nanodomains similar to those found in co-sputtered Mg0.65Ti0.35D1.1.
[52]

A centerband at 4 ppm also appears similar to that found for pure MgD2 which

can therefore be assigned to deuterium atoms located at Mg-rich sites. The 2H MAS
NMR sideband patterns in Fig. 5.3 reflect the local electric field at the position of the
deuterium atoms in the respective crystal structures. For the alloys the sideband
pattern extends over a narrower frequency range than for MgD2 (Fig. 5.3a). In fact, it
is closely similar to that of the single-phase fluorite materials melt-cast
Mg0.65Sc0.35D2.2[53] and co-sputtered Mg0.65Ti0.35D1.1.[50] XRD reflections of the current
three electrochemically deuterated materials are too broad to prove the fluorite
nano-structure, but for Mg0.65Ti0.35D1.2 confirmation comes from selected-area
electron diffraction.[37] The tetrahedral metal coordination of deuterium in the
fluorite structure causes weaker 2H MAS NMR sidebands than the threefold
coordination in rutile MgD2. Despite the similar tetrahedral metal coordination of
deuterium atoms in the fluorite structure, the sidebands of Mg0.65Ti0.35,
Mg0.63Ti0.27Ni0.10 and Mg0.63Ti0.27Si0.10 are stronger than those of TiD2 (Fig. 5.3e). This is
ascribed to the broken symmetry caused by mixed metal coordination and local
distortions in the crystal structure, resulting from the co-presence of different metal
atoms Mg and Ti, as well as Ni in Mg0.63Ti0.27Ni0.10 and Si in Mg0.63Ti0.27Si0.10.
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Fig.5.4 Deconvoluted 2H NMR spectra of (a) Mg0.65Ti0.35D1.2, (b) Mg0.63Ti0.27Ni0.10D1.3 and
(c) Mg0.63Ti0.27Si0.10D1.1.
Table 1. Lineshape components used for deconvolution of the 2H MAS NMR
spectra.
lineshape

shift

width

component

(ppm)

(ppm)

A

7

12

B

3

4

C

-30

64

D

-73

49

E

-40

20

F

-47

22

G

-95

40
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Component E only in Mg0.63Ti0.27Ni0.10D1.3; component F only in Mg0.63Ti0.27Si0.10D1.1;
component G only in Mg0.65Ti0.35D1.2 at T  318 K: *: G: Gaussian; L: Lorentzian
2H

NMR spectra of the alloys electrochemically deuterated at room

temperature are shown in Fig. 5.4. The 2H NMR spectrum of Mg0.65Ti0.35D1.2 (Fig.
5.3a) can be decomposed into four overlapping lineshape components with
centerband signals positioned at 7, 4, -30 and -73 ppm. The 4 ppm component has a
chemical shift close to that of Mg-rich deuterium sites in melt-cast co-sputtered
Mg0.65Ti0.35D1.1 and Mg0.65Sc0.35D2.2.[50,51] It is therefore assigned to deuterium with
tetrahedral MgnTi4-n (0n4) coordination in the diamagnetic Mg-rich nano-domains.
The assignment of the minor 7 ppm signal is less evident. Unlike for the 4
ppm component, there are no spinning sidebands associated with this component
and it may therefore belong to deuterium atoms with tetrahedrally symmetric Mg 4
coordination. However, this signal remains invariant upon electrochemical
discharging[37] and it is unclear why Mg4 coordinated deuterium would be
irreversibly bound. Because the 7 ppm component has not been observed for cosputtered and gas-phase loaded Mg0.65Ti0.35D1.1, the 7 ppm component could also be
due to residual D2O or OD- traces left over from the electrochemical treatment.
However, this does not explain why this signal does not vary in intensity between
the charged and discharged material, which were independently collected and dried.
The components at -30 and -73 ppm are comparable to those attributed to the Ti-rich
nanodomains found in co-sputtered Mg0.65Ti0.35D1.1.[49] Their different Knight shifts
reflect the different distance of the respective deuterium sites from the Mg-Ti
interface. The “deeper” the site to more negative the Knight shift will be with -150
ppm as limiting Knight shift value for bulk TiD2 (Fig. 5.3e). The sideband pattern of
the 2H NMR spectra for Mg0.63Ti0.27Ni0.10D1.3 and Mg0.63Ti0.27Si0.10D1.1 is similar to that
of Mg0.65Ti0.35D1.2 and co-sputtered Mg0.65Ti0.35D1.1.[50]
The 4 ppm component is also present in the spectra for both the Ni and Simodified compounds (Figs. 5.4b,c). The minor downfield component is much less
pronounced in these spectra compared to the spectrum of Mg0.65Ti0.35D1.2 and has
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shifted to 12 ppm. The -30 ppm component is still present, whereas the relative peak
area of the -73 ppm component has reduced. A new component at -40 ppm is present
in 2H NMR spectrum of Mg0.63Ti0.27Ni0.10D1.3 and, for that reason, can be assigned to
deuterium sites with one or more Ni neighbors. The chemical shift is lower than that
reported for other Ni-containing hydrides, like Mg2NiHx and ZrNiDx.[52,53] We
therefore assume the -40 ppm shift to reflect the Knight shift of deuterium sites with
mixed Ti-Ni coordination (TiNi) in the Ti-rich nano-domains. Similarly, a new
component at -47 ppm is present in 2H NMR spectrum of Mg0.63Ti0.27Si0.10D1.1, which
can be attributed to deuterium coordinated by both Ti and Si (TiSi). The new TiNi and
TiSi components present in the 2H NMR spectra of both Mg0.63Ti0.27Ni0.10D1.3 and
Mg0.63Ti0.27Si0.10D1.1 are narrower than the -30 and -73 ppm components in all three
spectra shown in Fig. 5.4. With the heterogeneity of deuterium sites expected to
increase as a result of the Ni or Si additive, the actually observed smaller linewidth
can be indicative for increased motional averaging caused by a higher mobility of
deuterium at these sites.
The interconnectivity and deuterium self-diffusion between different
deuterium sites have been studied by 2D exchange NMR spectroscopy (2D Exsy; Fig.
5.5). More specifically, 2D Exsy correlates the chemical shift of deuterium atoms
before and after a selected time interval called mixing time (tmix). During tmix the
deuterium atoms have the opportunity to hop between different sites. Deuterium
atoms which are stably bound or present within a spatially separate phase do not
participate in the exchange process. These deuterium atoms do not undergo a
chemical-shift change during tmix and will give rise to peaks at the spectral diagonal
only. Deuterium atoms which are reversibly bound in a single host lattice will
participate in the exchange process. The deuterium atoms, which exchange between
different sites, such as Mg-rich and Ti-rich sites, during mixing time tmix will give
rise to a change in chemical shift, which results in off-diagonal “cross-peaks” in the
2D spectrum.
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Fig.5.5 2D exchange spectra at 300 K of (a) Mg0.65Ti0.35D1.2 tmix = 2 s, (b)
Mg0.63Ti0.27Ni0.10D1.3 tmix = 1 s and (c) Mg0.63Ti0.27Si0.10D1.1 tmix = 1 s. Projections P and
cross-sections S for δ1 = 4 ppm are shown above the 2D spectra. P illustrates the overall
deuterium distribution, while S reveals the redistribution of deuterium atoms initially at the
Mg-rich sites.
Fig. 5.5 shows the 2D spectra of the electrochemically deuterated alloys for
long mixing times tmix. The clearly visible cross-peaks indicate intensive deuterium
exchange between Mg-rich and Ti-rich sites at the time scale of seconds. For short
mixing time tmix = 0.01 s, the cross-peaks are absent (Appendix 1;Fig. A2 a), which
confirms that there is no exchange between the Mg-rich and Ti-rich sites at this time
scale. At this short mixing time the 2D exchange 2H NMR spectrum (Appendix 1;
Fig. A1 b) of Mg0.63Ti0.27Ni0.10D1.3 reflects a strong homogenous broadening of the -40
ppm component. This is probably due to the presence of Ni, which causes
shortening of the deuterium transversal relaxation time T2. A complete exchange can
be recognized in 2D Exsy from the similarity between cross-section S in the 2D
spectrum and projections P onto the frequency axes. The projections P reflect the
distribution of deuterium among various sites, while a horizontal cross section is
indicative of the redistribution of deuterium atoms, which are initially located at one
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type of sites, during tmix. The similarity between the cross-sections and the projection
indicates a homogenous redistribution of deuterium atoms at the timescale probed.
The projections P and cross-sections S in the 2D spectra of the three materials shown
in Fig. 5.5 are similar and therefore illustrative for a complete exchange at the
timescale of seconds. Apparently, the different deuterium sites recognized in the 2H
NMR spectra are connected by diffusion pathways, as consistent with a
nanostructured composite material of Mg-rich and Ti-rich nanodomains.
Mg0.63Ti0.27Ni0.10D1.3

Mg0.65Ti0.35D1.2
(a)

355 K

Mg0.63Ti0.27Si0.10D1.1

(b)

(c)

337 K

318 K

300 K
200

100

0

-100

-200

200

100
2H

0
-100
NMR shift (ppm)

-200

200

100

0

-100
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Fig.5.6 2H MAS NMR spectra of (a) Mg0.65Ti0.35D1.2, (b) Mg0.63Ti0.27Ni0.10D1.3 and (c)
Mg0.63Ti0.27Si0.10D1.1 at varied temperature, ranging from 300 K (bottom) to 355 K (top). The
spectra are deconvoluted with lineshape components specified in Table 1.

Fig. 5.6 shows 2H NMR spectra of Mg0.65Ti0.35D1.2, Mg0.65Ti0.27Ni0.1D1.3 and
Mg0.65Ti0.27Si0.1D1.1 at varied temperature between 300 and 355 K, along with the
deconvolution in terms of the lineshape components specified in Table 1. The
spectral changes are relatively small and fully reversible upon cooling. For
Mg0.65Ti0.35D1.2 (Fig. 5.6a), a relative increase of the -30 ppm signal component and a
decrease of the 4 ppm component (combined with the minor 7 ppm component) is
observed at increasing temperature. In contrast, the relative intensity of the -73 ppm
component (combined with a minor -95-ppm component above 350 K) stays
approximately constant. At first sight, the enhanced -30 ppm intensity may seem to
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be caused by a deuterium fraction, which exchanges fast between Mg-rich (4 ppm)
and Ti-rich (-73 ppm) nanodomains at elevated temperatures. However, the fact that
only the 4 ppm component decreases, but not the -73 ppm component, is
inconsistent with such explanation. The apparent correlation between the decrease of
the combined 7 and 4 ppm components and the increase of the -30 ppm component
suggests that at increasing temperature there is a net redistribution of deuterium
atoms from the Mg-rich nanodomains to sites close to the Mg-Ti interface in the Tirich nanodomains. This may be compared with our previous observation for cosputtered Mg0.65Ti0.35D1.1. At increasing temperature, the latter material showed a
similar decrease of the 4 and 7 ppm components, and a new signal without spinning
sidebands appeared at -10 ppm, while the relative intensities of -29 and -68 ppm
components stayed almost constant.[50] In the present study, no temperature induced
increase of the -30 ppm component, nor substantial decrease of the 4 ppm
component is observed for the Ni-containing and Si-containing ternary hydrides.
The most remarkable features are the increasing component at -40 ppm for
Mg0.63Ti0.27Ni0.10D1.3 (Fig. 5.6b) and the one at -47 ppm for Mg0.63Ti0.27Si0.10D1.1 (Fig.
5.6c), which we have above assigned to deuterium sites with Ti-Ni and Ti-Si
coordination, respectively.
To study the deuterium exchange as a function of mixing time, onedimensional (1D) Exsy was performed. The 1D Exsy experiments comprise an initial
selective polarization perturbation of the deuterium spins in Mg-rich sites resonating
around 4 ppm. This is followed by variable mixing time tmix during which the
deuterium atoms with initially perturbed nuclear spin polarization at the Mg-rich
sites will replace the deuterium atoms with unperturbed polarization at the Ti-rich
sites and vice versa. As a consequence of this dynamic equilibrium exchange of
deuterium atoms with opposite spin polarization, the signal intensity of the initially
perturbed sites will increase and the unperturbed sites will decrease as a function of
mixing time. The recovery of the signal also depends on spin-lattice relaxation,
which is generally slow. Thus even without deuterium exchange the perturbed
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polarization will relax to its thermal equilibrium value. Therefore, the longest
deuterium-exchange timescale that can be probed by use of 1D Exsy is determined
by spin-lattice relaxation.
Mg0.65Ti0.35D1.2

Mg0.63Ti0.27Ni0.10D1.3

(a)

Mg0.63Ti0.27Si0.10D1.1

(b)

(c)
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Fig.5.7 1D Exsy spectra at 300 K of (a) Mg0.65Ti0.35D1.2, (b) Mg0.63Ti0.27Ni0.10D1.3 and (c)
Mg0.63Ti0.27Si0.10D1.1 at varied mixing times tmix (0.001, 0.3, 1, 10 s). For comparison, the
fully relaxed spectrum after 10 s mixing time is also shown (grey curves). (d-f) Combined
peak areas IMg of the Mg signal components at 4 and 7 ppm, and combined peak areas (d) ITi
(-30 and -73 ppm), (e) ITi-Ni (-30, -40, -73 ppm) and (f) ITi-Si (30, -47, -73 ppm) as function of
tmix together with the total spectral intensity Itot. The curves in d-f are based on least-square
fits of the coupled bi-exponential model described by Eq.5. 3.

From the series of 1D exchange spectra for the three alloys obtained with 12
different mixing times, only the spectra measured at tmix = 0.001, 0.3, 1 and 10 s at 300
K are shown in Fig. 5.7a,b and c. The spectra for tmix= 0.001 s show the initially
negative intensity IMg of deuterium atoms at the Mg-rich sites resonating at 4 ppm.
This signal intensity has already partly recovered after 0.3 s as a result of dynamicequilibrium exchange with deuterium atoms with initially unperturbed spin
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polarization at Ti-rich sites. Simultaneously with the fast recovery of IMg, the
combined signal intensity ITi, ITi-Ni and ITi-Si of deuterium at Ti-rich sites in
Mg0.65Ti0.35D1.2 (-30 and -73 ppm), Mg0.63Ti0.27Ni0.10D1.3 (-30, -40, -73 ppm) and
Mg0.63Ti0.27Si0.10D1.1 (-30, -47, -73 ppm) initially decreases, indeed. After the initial
intensity changes, the final restoration of all signal components occurs under
influence of the spin-lattice relaxation. Beyond 1 s all signal components increase at
the same rate as the spin polarization relaxation is dominated by spin-lattice
relaxation. The 1D Exsy is analyzed in a quantitative manner by deconvoluting the
spectra in terms of Gaussian-Lorentzian lineshape components with fixed positions
and fixed linewidths derived from the respective one-dimensional spectra (Fig. 5.4,
Table 1). Fig. 5.7 d, e & f illustrate how the relative peak area of deuterium at Mgrich and Ti –rich sites develop as a function of the mixing time. Deuterium selfdiffusion between Mg-rich and Ti-rich nanodomains expectedly involves multiple
hopping steps between neighboring interstitial sites. Careful modelling of the
exchange curves resulting from this multi-step diffusion would require detailed
assumptions about parameters, such as the shape and size (distribution) of the
nanodomains, as well as the respective deuterium occupation and diffusion in the
Mg-rich and Ti-rich nanodomains. The relatively simple shape of the observed 1D
Exsy curves (Figs. 5.7d-f), however, makes such detailed interpretation ambiguous.
Phenomenologically, the combined behavior of IMg(tmix) and ITi(tmix) turns out to be
well described by the coupled bi-exponential curves for two-site exchange:
eq



IMg (t mix ) = {I Mg (0) - I Mg
}exp(-t mix / τ ex ) - {IMg
- Ieq
Mg }  exp(-t mix /T1 ) + I Mg

(5.3a)

eq
I Ti (t mix ) = {ITi (0) - I Ti }exp(-t mix / τ ex ) - {ITi - Ieq
Ti } 
 exp(-t mix /T1 ) + I Ti

(5.3b)

eq
where the thermal-equilibrium intensities ( I eq
Mg and I Ti ) are proportional to the

respective

I


Mg

densities

= {IMg (0)+ I Ti (0)}I
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eq
Ti
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and


Ti
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Ti

I = {IMg (0)+ I Ti (0)}I /(I
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eq
Mg

eq
Ti
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and
are the

signal intensities in the intermediate state when the combined initial polarization
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IMg (0)+ I Ti (0) is homogeneously distributed over the Mg- and Ti-rich sites by
deuterium exchange. The use of a single spin-lattice relaxation time T1 in Eq. 5.3
tacitly assumes that any intrinsic 2H T1 relaxation differences between the Mg-rich

100
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(b) 10

1 / T1 (s-1)

(a)

1 / tex (s-1)

and Ti-rich nanodomains are averaged by relatively fast deuterium exchange.

1

0.1
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Fig.5.8 Arrhenius plot of (a) effective deuterium-exchange rates τex-1 and (b) 2H NMR spin-lattice
relaxation rates 1/T1 for () Mg0.65Ti0.35D1.2, () Mg0.63Ti0.17Ni0.10D1.3 and (□) Mg0.63Ti0.17Si0.10D1.1.
The relaxation rates (b), obtained from inversion-recovery NMR experiments at varied temperature,
were inserted into the coupled bi-exponential fit (Eq. 5.3) of the 1D exchange results (Fig. 6) at the
corresponding temperatures to extract the exchange rate (a).

The effective deuterium residence time τex determined by fitting the biexponential model to the data recorded at 300 K equals 0.4, 0.3 and 0.8 s for
Mg0.65Ti0.35D1.2, Mg0.63Ti0.27Ni0.10D1.3 and Mg0.63Ti0.27Si0.10D1.1, respectively. These are
the timescales at which the deuterium atoms move in dynamic equilibrium between
Mg-rich and Ti nanodomains in the above three compounds.
To determine the activation barrier for deuterium motion, 1D Exsy and spinlattice relaxometry was carried out as a function of temperature (Fig. 5.8). Before
applying Eq. 5.3 as a fit model to the 1D exchange curves (such as the ones at 300 K
in Fig. 5.6) we have measured spin-lattice relaxation (T1) of the three materials by use
of the inversion-recovery NMR method (Fig. 5.8b). 2H NMR spin-lattice relaxation is
controlled by fast deuterium motions with correlation times τc in the range 10-10 – 10-
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s, tentatively associated with deuterium hopping between neighboring interstitial

sites in the fcc lattice. The exponential decrease with inverse temperature (Fig. 5.8b)
indicates, that in this temperature range T1-1 is inversely proportional to τc. This
permits extracting the activation barriers from the slopes in the Arrhenius plot, as 15,
11 and 9 kJ.mol-1 for Mg0.65Ti0.35D1.2, Mg0.63Ti0.27Ni0.10D1.3 and Mg0.63Ti0.27Si0.10D1.1,
respectively. Addition of Ni or Si thus lowers the effective energy barriers for the
fast deuterium motions. The observed deuterium exchange observed in 1D Exsy
becomes faster with increasing temperature (Fig. 5.8a). For instance, for
Mg0.63Ti0.27Ni0.10D1.3 τex changes from 0.3 s at 300 K to 0.07 s at 355 K. The faster
exchange at increasing temperature is consistent with actual deuterium selfdiffusion, and not, for instance, spin diffusion of deuterium magnetization. The
latter mechanism based on magnetic dipole-coupling would expectedly be weak
anyway, because of the low magnetic dipole moment of deuterium nuclei and the
magic angle spinning applied. Between 300 and 355 K deuterium exchange is faster
in Mg0.63Ti0.27Ni0.10D1.3 and slower in Mg0.63Ti0.27Si0.10D1.1 than in Mg0.65Ti0.35D1.2. This
in agreement with the improved electrochemical kinetic results for the deuteration of
the Ni alloy and the inhibited kinetic results found for the Si-containing alloy.
The temperature trends of the exchange rates τex-1 for Mg0.65Ti0.35D1.2,
Mg0.63Ti0.27Ni0.10D1.3 and Mg0.63Ti0.27Si0.10D1.1 correspond to activation energies of 17,
21, 27 kJ.mol-1, respectively. The faster deuterium exchange in Mg0.63Ti0.27Ni0.10D1.3
can thus not be explained by lower energy barriers. For Mg0.65Ti0.35D1.2 the effective
barriers for the deuterium exchange and spin-lattice relaxation are similar. This
suggests that the motions at the 10-10 – 10-8 s timescale, underlying T1 relaxation are
the elementary steps of deuterium exchange between at Mg-rich and Ti-rich
nanodomains in the three materials. The extracted exchange times in the order of 0.1
sec then indicate that 107 – 109 jumps are necessary to move between the
nanodomains. With the tetrahedral deuterium sites separated by half a lattice
constant, this seems inconsistent with nanodomains smaller than the XRD coherence
length. In an almost full lattice, however, deuterium atoms may spent large part of
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the time jumping back and forth between neighboring sites, so called “flicker
events”.[54-56][54,55,56] Such “flicker events” contribute to spin-lattice relaxation, but are
insufficient in causing deuterium diffusion beyond the length scale of the lattice
spacing.
The unequal Arrhenius slopes for T1 relaxation and deuterium exchange for
the Ni- and Si-containing materials (Fig. 5.8), however, shows that the above picture
for Mg0.65Ti0.35D1.2 is not the full story. The observed deuterium exchange between
Mg-rich and Ti-rich nanodomains in these complex hydride materials is probably
the result of a combination of several factors, including, indeed, deuterium hopping
between neighboring interstitial sites (as probed with T1 relaxation), but also the size
of the nanodomains and the nature of their interfaces, which may be affected by the
addition of Ni and Si during the ballmilling prior to the electrochemical
hydrogenation.

5.4 Conclusions
In contrast to gas phase loading of meta-stable Mg-Ti alloys at high
temperatures, electrochemical deuteration/hydrogenation at room temperature does
not induce phase segregation. The 2H NMR spectrum of electrochemically loaded
Mg0.65Ti0.35D1.2 consist of Mg-rich (4 ppm) and Ti-rich sites (-30 ppm and -75 ppm).
Addition of Ni or Si leads to new deuterium sites with partial Ni or Si coordination
with respective chemical shifts of -40 or -47 ppm. 2D Exsy shows substantial
deuterium exchange between the Mg- and Ti-rich sites at a timescale of seconds. The
deuterium exchange process has been quantified by use of 1D Exsy at temperatures
in the range of 300 to 355 K. The deuterium residence time for Mg0.65Ti0.35D1.2 is 0.33 s
at 300 K and decreases with increasing temperature. The addition of Ni decreases the
deuterium residence time in Mg0.63Ti0.27Ni0.10D1.3 to 0.24 s at 300 K, while addition of
Si increases the deuterium residence time in Mg0.63Ti0.27Si0.10D1.1 to 0.6 s at 300 K. The
rate of deuterium mobility is therefore significantly increased by the addition of Ni,
and decreased by the addition of Si to the Mg-Ti hydride materials. The 2H NMR
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results are in good agreement with the electrochemical kinetic results. Especially, the
addition of Ni turned out to be favorable to improve the mobility of
deuterium/hydrogen for application of fcc Mg-Ti hydride materials for hydrogenstorage.
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Chapter 6
Destabilization of Mg2NiHx by Ti Addition

MgH2 is an interesting hydrogen-storage material as its gravimetric hydrogen-storage capacity amounts to
7.6 wt.%. The sluggish (de)hydrogenation kinetics and the thermodynamic stability of MgH 2 make it,
however, not viable for on-board usage. To overcome these kinetic and thermodynamic limitations, alloying
Mg with transition metals might be one of the solutions. Mg2NiH4 is one of the well investigated
compounds. Even though the (de)hydrogenation kinetics is slightly better than that of MgH 2 the
thermodynamic stability is even higher. The hydrogen-storage properties of Mg2Ni have been modified by
ball-milling by adding a ternary element, such as Ti, Cu, V, etc. In the present work Mg 2Ni was synthesized
via mechanical alloying and Ti was added as ternary dopant to improve the hydrogen-storage properties.
Addition of 10 and 20 at.% Ti to Mg2Ni improved the electrochemical (de)hydrogenation kinetics
remarkably. The high-current discharge capacity increased from 120 mAh.g -1 to 550 mAh.g-1 for 10 at.% Ti
and up to 600 mAh.g-1 in the case of 20 at.% Ti addition. The equilibrium potential during discharging
changes from -730 mV to -790 mV. The corresponding equilibrium pressure during dehydrogenation of the
Ti-modified Mg2Ni is therefore 10-5 bar which is one order magnitude higher than that of MgH 2.
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6.1 Introduction
Soon after the discovery of LaNi5, hydride-forming materials emerged as new
class of materials in electrochemical storage devices.[1] These hydride-forming
materials were used as negative electrode in NiMH batteries, replacing the toxic Cd
electrode in NiCd batteries.[2] As discussed in previous chapters Mg is one of the
most promising hydrogen-storage materials as the gravimetric storage capacity is as
high as 7.6 wt.%. Considering the major disadvantages of MgH2, such as the sluggish
(de)hydrogenation kinetics and the high thermodynamic stability, it turned out that
modification of Mg is one of the interesting options. One of the ways to improve its
materials properties is alloying Mg with a transition metal. Mg2NiH4 compound is
known to absorb up to 3.6 wt.% of hydrogen.[3] Although this hydride reveals a
slightly better (de)hydrogenation kinetics compared to MgH2, the enthalpy of
formation of ΔH = -60 kJ.mol-1 H2 is still too negative for practical applications.
Mg2Ni can be synthesized via induction melting,[4] melt spinning[5] and arc
melting.[6] Mechanical alloying is known as a non-equilibrium synthesis route which
is able to successfully produce metastable alloys and intermetallic compounds.[7] It
has been reported that Mg2Ni powders can also be synthesized via mechanical
alloying. The as-produced material showed significantly improved kinetics,
resulting from surface modification and amorphous phase formation.[8]
Various investigations has been carried out to study the influences of ternary
addition such as graphite, V, Nb, Cu and Ti on the electrochemical properties of
Mg2Ni.[9,10,11,12,13] Ball-milling graphite with Mg2Ni improved the electrochemical
activity.[8] Vanadium addition fairly suppresses the oxide formation of Mg2Ni, thus
enhancing the kinetics and cyclic stability of the compound. Niobium addition leads
to formation of nano-crystallites, thereby increasing the discharge capacity and
lowering the capacity decay.[9] Cu and Ti seem to be more promising in terms of
favourably changing the kinetics and thermodynamics.[13] It has been shown that the
addition of Ti leads to the formation of amorphous TiNi which acts as a rapid
diffusion path for hydrogen.[14] Hydrogenography, a combinatorial technique,
revealed that Mg-Ni-Ti-H is an interesting material which has a partial hydrogen
pressure two orders of magnitude higher than that of pure MgH2.[15] The enthalpy of
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hydride formation for these compounds turned out to be less negative (ΔH = -40
kJ.mol-1 H2) compared to that of pure MgH2.
In the present study Mg2Ni was synthesized via ball-milling and the influence of
Ti addition on the electrochemical properties was investigated.
6.2 Experimental
The alloys were synthesized via mechanical alloying using pure magnesium (Alfa
Aesar with particle size of ~50 µm and 98.5% purity), titanium (Sigma Aldrich: ~50
µm, 99.5%) and nickel (Alfa Aesar: ~50 µm, 99%). Ball-milling was carried out in a
SPEX mill installed inside an Argon glove box to avoid oxygen and water
contamination. A 55 ml tungsten carbide milling vial and 10 mm diameter tungsten
carbide balls as milling media were used in the milling process. No process control
agent was used to avoid contaminations and undesired reaction products. The ballto-powder ratio was 30:1. The milling process was interrupted every 60 minutes and
checked for any cold-welding. The as-milled alloys were finally milled with 5 at.%
Pd (Sigma Aldrich: ~50 µm, 99.5%), acting as electrocatalyst, for 120 minutes. The asprepared active materials were mixed with silver powder (Sigma Aldrich: ~50 µm,
99.5%) in a 4:1 ratio and pressed into 8 mm pellets which were used as MHelectrodes. The galvanostatic charging and discharging was carried out with
automated cycling equipment (Maccor). The GITT and impedance were performed
using an Autolab.
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6.3 Results and Discussion
6.3.1 X-Ray Diffraction
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Fig. 6.1 X-ray diffraction patterns of Mg2Ni after 4 hours (a) and 8 hours (b) milling. The
various reflection are indicated: Ni (•), Mg (▲) and Mg2Ni (■).
Fig. 6.1 shows the X-ray diffraction patterns of Mg2Ni synthesized via
mechanical alloying. Pure Mg and Ni metal powders were mixed in the
stoichiometric ratio along with the milling media in a milling vial. Milling was
carried out in repeated intervals of 60 minutes. The powder samples were analysed
by XRD for phase identification after 4 and 8 hours of milling. After 4 hours the Mg
and Ni reflections are still clearly visible (curve (a)), indicating incomplete
conversion to Mg2Ni. Minor traces of Mg2Ni reflections are, however, becoming
visible, indicating the beginning of Mg2Ni phase formation. After 8 hours the Ni
reflections completely disappeared and the Mg2Ni reflections are becoming clearly
visible, indicating complete conversion into Mg2Ni. In Fig. 6.1, curve (b) three broad
peaks are observed at 37˚, 40˚ and 45˚. The number and the size of the reflections are
quite different from those of the Mg2Ni compound prepared by induction melting.
This is ascribed to nano-crystallite formation, resulting from the mechanical alloying
process.
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Fig. 6.2a shows the X-ray diffraction pattern of (Mg2Ni)0.90Ti0.10 during
milling. 10 at.% of Ti was added after the formation of Mg2Ni, i.e. after 8 hours Ti
was added and the milling process was continued. The Ti reflections clearly
decreased upon milling. After two hours the Ti (101) and (100) reflections are still
visible at the 35˚ and 41˚ 2θ positions, respectively. These Ti reflections are
completely absent after 4 hours milling. This implies that Ti is either completely
introduced in the Mg2Ni lattice or that Ti forms a separate amorphous secondary
phase.
Fig. 6.2b shows the X-Ray diffraction pattern of (Mg2Ni)0.80Ti0.20 during the
milling process. In this case the Ti (100) reflections are still visible after 8 hours of
milling and even after 20 hours. The as-produced ternary compounds were further
milled with 5 at.% of Pd to improve the electrochemical charge transfer kinetics.
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Fig. 6.2 XRD patterns of (Mg2Ni)0.90Ti0.10 (a) and (Mg2Ni)0.80Ti0.20 (b) at different stages of
the milling process.
6.3.2 Electrochemical Characterisation
Galvanostatic (dis)charging
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Fig. 6.3 (a) Galvanostatic voltage curves during charging of Mg2Ni (a1), (Mg2Ni)0.90Ti0.10
(b1) and (Mg2Ni)0.80Ti0.20 (c1). The derivative charging voltage curves (right-hand axis) are
indicated with primes. (b) The high-current and low-current discharging voltage curves are
indicated for Mg2Ni (a2, a3), (Mg2Ni)0.90Ti0.10 (b2, b3) and (Mg2Ni)0.80Ti0.20 (c2, c3).
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Fig. 6.3 shows the galvanostatic charging (a) and discharging (b) voltage
curves of Mg2Ni, (Mg2Ni)0.90Ti0.10 and (Mg2Ni)0.80Ti0.20. The current density used for
charging (a1, b1 and c1), high-current discharging (a2, b2 and c2) and low-current
deep-discharging (a3, b3 and c3) are 50 mA.g-1, 50 mA.g-1 and 10 mA.g-1, respectively.
The reversible storage capacities obtained from these results is defined as the
summation of the high- and low-current discharge capacity. The three voltage
regions during charging found in MgTi alloys (Fig. 4.2a) are not clearly visible here.
At the end of the charging process flat voltage plateaux are again visual for all
electrodes which can be attributed to hydrogen gas evolution.
The theoretical storage capacity of Mg2Ni can store up to 950 mAh.g-1 (3.6
wt.% of hydrogen) considering H/M = 4. It is proven that the compounds
synthesized via induction melting exhibit poor reversible capacity. Ball-milling the
induction melted compound showed an improved reversible capacity upto 600
mAh.g-1. In the present work Mg2Ni synthesized via mechanical alloying. However,
the observed electrochemical capacity in the present ball-milled Mg2Ni is 400 mAh.g1

(1.5 wt.% of hydrogen) which is much less than the theoretical capacity of 950

mAh.g-1 (3.6 wt.% of hydrogen) but it is much better than the induction melted
material.
Addition of 10 at.% of Ti increases the reversible electrochemical capacity to
600 mAh.g-1 (b2+b3), which corresponds to 2.4 wt.% of hydrogen. Addition of 20 at.%
of Ti increases the reversible capacity further to 660 mAh.g-1, which corresponds to
2.6 wt.% of hydrogen (c2+c3). The high-current discharge capacity of Mg2Ni is only
120 mAh.g-1 which is 30% of the total reversible storage capacity. Addition of Ti
remarkably increases the kinetics as the high-current discharge capacity of the 10
at.% and 20 at.% Ti-containing compounds increases to 550 and 600 mAh.g-1
respectively. These capacities correspond to more than 90% of the total reversible
capacities for these Ti-containing materials. This kinetics improvement makes these
materials interesting for NiMH battery application as the conventional LaNi5 has a
reversible storage capacity of only 372 mAh.g-1.
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Thermodynamic properties
The current pulses during GITT charging were performed with 50 mAh.g -1
and during discharging with 10 mAh.g-1. The current was interrupted after one hour
and the electrode was allowed to equilibrate for 3 hours. It was found that the
electrode voltage did not reach full equilibrium after 3 hours. Therefore the
equilibrium potential is predicted using the voltage relaxation model presented in
Chapter 4. Fig. 6.4 shows the as-determined values for Veq (symbols and black lines)
as a function of hydrogen content during charging and discharging and the dynamic
potential responses during the current flowing conditions (grey lines) for Mg2Ni,
(Mg2Ni)0.90Ti0.10 and (Mg2Ni)0.80Ti0.20. Unlike MgTiX alloy mentioned in chapter 4, in
Mg2Ni type compounds does not show a solid solution region at the initial stages of
charging. The two-phase co-existing regions reveal well-defined plateaux for theses
Mg2Nitype compounds. The equilibrium voltages for charging and discharging of
Mg2Ni (Fig. 6.4 a,b) are -870 mV and -730 mV, respectively. The corresponding
equivalent equilibrium pressure during discharging is 1.59*10-7 bar, which is very
similar to that of MgH2. The equilibrium voltages for charging (Fig. 6.4 c,e) and
discharging (Fig. 6.4 d,f) when Ti is added to Mg2Ni are -880 mV and -790 mV . The
equilibrium potential during discharging corresponds to an equilibrium pressure of
1.7*10-5 which is substantially higher than the 10-6 bar found for MgH2.
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Fig. 6.4 GITT curves during constant current charging and discharging Mg2Ni (a) and (b),
respectively; (Mg2Ni)0.90Ti0.10 (c) and (d); (Mg2Ni)0.80Ti0.20 (e) and (f).
Impedance spectroscopy
Fig. 6.5 shows the Nyquist plots of Mg2Ni (a), (Mg2Ni)0.90Ti0.10 (b) and
(Mg2Ni)0.80Ti0.20 (c). The Nyquist plots of these materials show one semicircle and a
diffusion transmission line. The second semicircle found in the high frequency range
for the MgTi alloys (Fig. 4.7) is not observed here. This semicircle corresponds to the
charge transfer resistance occurring at the Pd/electrolyte interface. The radius of the
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semicircle increases with decreasing hydrogen content. The linear responses at lower
frequencies can be attributed to the Warburg impedance, which corresponds to the
hydrogen diffusion in the bulk of the materials.
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Fig. 6.5 Nyquist plots of Mg2Ni(a), (Mg2Ni)0.90Ti0.10 (b) and (Mg2Ni)0.80Ti0.20 (c).(%
mentioned in the figure is % of Depth of discharge)
6.4 Conclusions
Mg2Ni intermetallic compound has been successfully synthesized via ball
milling. The reversible storage capacity of Mg2Ni synthesized via ball-milling is
better compared to that prepared by induction melting. The reversible storage
capacity of Mg2Ni increases by the addition of Ti from 400 mAh.g-1 to 600 mAh.g-1 in
(Mg2Ni)0.90Ti0.10 and 660 mAh.g-1 in (Mg2Ni)0.80Ti0.20. The kinetics of the
(de)hydrogenation improves remarkably as result of Ti addition to Mg2Ni. The highcurrent discharge capacity was found to be larger than 90% of the total reversible
capacities. The equilibrium potential of Ti-modified Mg2Ni during discharging is -
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790 mV, which corresponds to 10-5 bar equilibrium hydrogen pressure. The obtained
equilibrium pressure is significantly improved compared to that of pure MgH2.
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Summary
Metastable Magnesium-based Hydrogen-storage Alloys
The availability of energy for future mobility is becoming an important issue
as traditional fossil fuels are rapidly decreasing. Hydrogen may play an important
role in the future energy supply chain due to its high volumetric density and clean
combustion. However, implementing a hydrogen-based economy is facing a variety
of challenges, ranging from production to implementation.
Hydrogen-storage is a crucial step in the hydrogen economy. A number of
different technologies to store gaseous hydrogen have been under intense
investigation. Hydrogen can be stored in different forms: under high pressure in
specially designed containers; as a liquid at cryogenic temperatures; via
physisorption at large surface area materials like activated carbons and MetalOrganic-Frameworks, and in the form of reversible metal-hydrides. For a hydrogenstorage technology to become viable, it must at least store 5.5 wt.% of hydrogen as
stated by the U.S. Department of Energy (DoE) target for 2015. Commercially
available AB5-type storage materials that are used as negative electrode material in
NiMH batteries can only store up to 1.2 wt.% of hydrogen. Therefore materials
which can store larger amounts of hydrogen have been under investigation for
decades.
The gravimetric hydrogen-storage capacity of magnesium is 7.6 wt.%, which
makes it as one of the most interesting materials for hydrogen-storage. However, the
major disadvantages of magnesium are the slow (de)hydrogenation rate and the
thermal stability of Mg-hydride. MgH2 has an equilibrium hydrogen pressure of 1
bar at 300 ˚C. Hence, desorption of hydrogen requires very high temperatures which
makes on-board usage of Mg-hydride complicated. Several attempts have been
made to improve the hydrogen-storage properties of Mg. To overcome these kinetic
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and thermodynamic limitations, Mg has been modified in different ways, i.e.
forming nanoparticles, alloying Mg with transition metals and adding catalysts.
Chapter 2 gives an overview of the Mg-based hydrogen-storage materials.
One of the main reasons for the sluggish (de) hydrogenation rates of MgH2 is the
limited hydrogen mobility in the rutile-structured host lattice. Alloying Mg with a
transition metal (TM), such as Sc, Ti, V, or Cr has a remarkably positive effect on the
(de)hydrogenation rates. Well-mixed MgTM alloys with TM > 20 at.% tend to adopt
the fluorite structure after hydrogenation, which was shown to increase the
hydrogen mobility significantly compared to that in rutile-structured MgH2.
MgySc(1-y) turned out to be an interesting system, which revealed excellent
(de) hydrogenation rates for y > 0.20. It has been shown by XRD, neutron diffraction
and NMR investigations that for compositions with y higher than 0.20 these
materials adopt the fluorite structure while for y compositions smaller than 0.20 it
maintained the conventional rutile structure. The NMR-determined frequency
hopping rate of hydrogen in fluorite-structured compounds (MgySc(1-y)Hx) was
indeed found to be much higher than that for the rutile-structured MgH2. However,
Sc is a very expensive rare-earth metal which needs to be replaced by a cheaper
metal.
Due to its relatively high abundance and low atomic weight, Ti is particularly
interesting as alloying element for large-scale applications. Mg and Ti have a
positive enthalpy of mixing and, consequently, no thermodynamically stable
intermetallic alloys can be formed. However, metastable alloys composed of Mg and
Ti have been successfully synthesized in thin films by making use of advanced
deposition techniques, such as co-sputtering, physical vapor- and electron-beam (ebeam) deposition. The MgyTi(1-y) thin films revealed an excellent reversible storage
capacity and remarkable (de)hydrogenation kinetics. Although the results for thin
films are scientifically interesting as a proof of principle for large-scale applications,
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bulk powders are much more expedient because of the readily available synthesis
and processing routes.
In chapter 3, Electrochemistry which is used as a main tool to investigate the
hydrogen-storage properties of the alloys in this thesis was described in detail. The
electrochemical hydrogen-storage reactions and measurement techniques such as
constant-current (CC) measurements, galvanostatic intermittent titration technique
(GITT) and electrochemical impedance spectroscopy (EIS) were described. The basic
principle of X-Ray Diffraction and Solid-State NMR were discussed in brief. NMR
gives insight into the chemical environment of the hydrogen/deuterium atoms and
we have an opportunity to investigate the hydrogen/ deuterium exchange process
happening between different sites. Electrochemical techniques, X-Ray Diffraction
and solid-state NMR are introduced to a sufficient extent to understand how the
results presented in subsequent chapters are obtained and interpreted.
Ball-milling has been successfully employed in the present work for the
preparation of metastable Mg-Ti powders. The synthesis and electrochemical
properties of Mg-Ti binary alloys are described in Chapter 4. Based on XRD results it
is shown that homogenous single phase Mg-Ti solid solutions are obtained in this
way. In contrast to thin films, which revealed the highest reversible storage capacity
at around 20 at.% Ti, Mg-Ti powders show the maximum reversible storage capacity
at 30 at.% Ti (Mg0.70Ti0.30). Mg0.65Ti0.35 turned out to be an interesting composition
because of its remarkable (de)hydrogenation kinetics. For example, almost 75% of
the hydrogen could be electrochemically extracted during high-current discharge.
The influence of Ni and Si on the electrochemical properties was also
investigated and described in Chapter 4. It was found that the addition of Ni reduces
the overpotential substantially and consecutively increases the exchange current,
thereby positively affecting the kinetics of the (de)hydrogenation reaction. Unlike Ni,
the addition of Si turned out to be unfavorable as the overpotential increases
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dramatically during dehydrogenation, decreasing the reversible storage capacity
significantly.
Hydrogenation can also be performed via the gas phase at higher
temperatures. Disadvantageously, the elevated temperatures required for H2 gas
absorption and desorption induce phase segregation in these metastable alloys. In
contrast, electrochemical hydrogenation of thin Mg(1-x)Tix films can be achieved at
room temperature without inducing phase segregation, thereby preserving the
single-phase fluorite-structured compounds. However, for bulk MgTi there is no
evidence found for the formation of single-phase fluorite-structured compounds
during hydrogenation.
An attempt to investigate the siting and mobility of deuterium in MgTi binary
and MgTiX ternary alloys by solid state NMR has been described in Chapter 5. It
turned out that during electrochemical deuteration of binary MgTi and ternary
MgTiX (X=Ni and Si) does not induce phase segregation at room temperature, which
makes electrochemistry an excellent tool for characterizing these metastable
hydrides. The

2H

NMR spectrum of electrochemically loaded Mg0.65Ti0.35D1.2

revealed two different environments, denoted as Mg-rich (4 ppm) and Ti-rich sites
(−30 ppm and −75 ppm). 2D Exsy showed substantial deuterium exchange between
the Mg- and Ti-rich sites on a time scale of seconds. Addition of Ni and Si leads to
new chemical shifts of -40 and -47 ppm, respectively. Interestingly, these two sites
also showed substantial deuterium exchange in 2D Exsy. The deuterium exchange
has been quantified using 1D Exsy performed at different temperatures in the range
of 300 to 355 K. The deuterium residence time for Mg0.65Ti0.35D1.2 is 0.33 s at 300 K
and decreases with increasing temperature. Addition of Ni to MgTi decreases the
residence time in Mg0.63Ti0.27Ni0.10D1.3 to 0.24 s whereas the addition of Si to MgTi
increases the residence time to 0.60 s. It can therefore be concluded that the
deuterium mobility rate is increased by the addition of Ni and decreased by the
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addition of Si. This is in good agreement with the electrochemical results described
in Chapter 4.
The hydrogenation properties of Mg2Ni were among the first described in the
literature. Even though the (de)hydrogenation kinetics of Mg2NiHx is slightly better
than that of the pure MgH2, the thermal stability of this compound is poorer. Ballmilling can improve the (de)hydrogenation rates considerably. It is shown that
Mg2Ni synthesized via induction melting showed a much lower storage capacity
compared to ball-milled Mg2Ni. The synthesis and electrochemical characteristics of
Mg2Ni and Ti modified Mg2Ni were discussed in chapter 6. The hydrogen-storage
capacity for the ball-milled material amounts to 400 mAh.g-1. The addition of 10 and
20 at.% Ti to Mg2Ni substantially increases the (de)hydrogenation rates and
reversible storage capacity up to 600 and 660 mAh.g-1, respectively. Strikingly, the
high-current discharge capacity is more than 90% of the total storage capacity. The
equilibrium potential during discharging is -790 mV, corresponding to 10-5 bar,
which is at least one order of magnitude higher compared to that of MgH2.
In conclusion the research described in this thesis clearly shows that the
crystal structure and alloying element plays a vital role in determining the
hydrogen-storage properties of Mg-based alloys. Electrochemical hydrogenation at
room temperature turned out to be very beneficial to characterize the hydrogenstorage properties of metastable alloys as they do not tend to phase segregate as in
the case of high temperature gas phase loading.
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Samenvatting
In verband met de snel afnemende beschikbaarheid van fossiele brandstoffen
wordt de toekomstige beschikbaarheid van alternatieve energiebronnen ten behoeve
van mobiliteit in toenemende mate van belang. Waterstof, met zijn hoge
volumetrische energiedichtheid en schone verbranding zou in de toekomst een
belangrijke rol kunnen spelen in onze energievoorziening. De transitie naar een, op
waterstof gebaseerde, economie stelt ons echter voor een groot aantal uitdagingen.
Zowel

wat

betreft

de

keuze

van

het

productieproces

als

ook

de

toepassingsmogelijkheden en de implementatie hiervan.
Een cruciale stap om een levensvatbare waterstofeconomie te kunnen
realiseren, is het vinden van een geschikte opslagmethodiek. Momenteel worden
diverse technologieën om gasvormig waterstof op te slaan intensief onderzocht.
Verschillende varianten van waterstofopslag zijn mogelijk: Onder hoge druk in een
speciaal ontworpen container; als cryogene vloeistof; door middel van fysisorptie
aan groot oppervlakte-materialen zoals geactiveerde kool en Metal-OrganicFrameworks, en in de vorm van reversibele metaalhydriden. In hun doelstellingen
voor 2015 stelt het US Department of Energy (DoE) dat het voor een geschikte
opslagmethode noodzakelijk is minimaal 5,5 gewichtsprocenten waterstof te kunnen
opslaan. Ter illustratie: commercieel beschikbare AB5-type opslagmaterialen die
momenteel grootschalig worden toegepast als negatieve elektrode in Nikkel MetaalHydride batterijen kunnen maximaal 1.2 gew.% waterstof opslaan! Onderzoek naar
materialen die grotere hoeveelheden waterstof kunnen opslaan vindt dan ook al
ettelijke decennia plaats.
De gravimetrische opslagcapaciteit van waterstof in Mg bedraagt 7.6 gew.%.
Daarmee is het een van de meest interessante waterstof-opslagmaterialen. De lage
(de)hydrogenatiesnelheid van magnesium en de thermische stabiliteit van z’n
hydride zijn echter aanzienlijke nadelen. MgH2 heeft een evenwichtswaterstofdruk
van 1 bar bij 300˚C. Dientengevolge zijn voor de desorptie van waterstof dermate
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hoge temperaturen vereist dat “on board” toepassing van Mg-hydride als
opslagmedium in voertuigen moeilijk wordt. Diverse pogingen zijn ondernomen om
de waterstofopslag- eigenschappen van Mg te verbeteren. Om deze kinetische en
thermodynamische beperkingen te omzeilen kan Mg op verschillende manieren
worden gemodificeerd. Onder andere door de vorming van bijvoorbeeld
nanodeeltjes, legeren met overgangsmetalen en het toevoegen van katalysatoren.
Hoofdstuk 2 geeft een overzicht van de op Magnesium gebaseerde waterstofopslagmaterialen. Een van de voornaamste redenen voor de lage (de)hydrogenatie
snelheid van MgH2 is de beperkte mobiliteit van waterstof in de rutielstructuur van
het zogenoemde gastkristalrooster. Legeren van Mg met overgangsmetalen, zoals Sc,
Ti, V, of Cr heeft een opmerkelijk positieve invloed op de (de)hydrogenatiesnelheid.
Goed gemengde legeringen van magnesium met deze metalen, waarbij het atomaire
percentage van het overgangsmetaal groter is dan 20%, tenderen ertoe de fluoriet
structuur aan te nemen tijdens de hydrogenatie. Daarbij neemt de mobiliteit van
waterstof in vergelijking met de rutiel structuur van MgH2 aanzienlijk toe.
Het is gebleken dat MgySc(1-y) een interessant systeem is dat een uitstekende
(de)hydrogenatie kinetiek bezit voor materialen met y > 0.20. Door middel van
Röntgendiffractie, Neutronen diffractie en NMR analyses is aangetoond dat de
onderzochte materialen met een mengverhouding waarin y groter is dan 0.20 de
fluoriet structuur aannemen. Terwijl bij composities met een mengverhouding
waarin y kleiner is dan 0.20 de oorspronkelijke rutiel structuur behouden bleef. De
door middel van NMR analyse bepaalde "frequency hopping rate" van waterstof in
legeringen met een fluoriet structuur (MgySc(1-y)Hx) bleek inderdaad veel hoger te
zijn dan die in rutiel-gestructureerd MgH2. Scandium is echter een zeer kostbare
zeldzame aard metaal (Rare Earth Metal) en zal derhalve door een goedkoper metaal
vervangen moeten worden.
Door z'n relatief overvloedige beschikbaarheid en laag atoomgewicht is Ti
buitengewoon interessant als legeringselement voor grootschalige toepassingen. Mg
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en Ti hebben echter een positieve meng-enthalpie waardoor de vorming van stabiele
inter-metallische legeringen niet mogelijk is. Daarentegen is het wel mogelijk
gebleken om meta-stabiele legeringen van Mg en Ti te synthetiseren in dunne films
door gebruik te maken van geavanceerde depositie technieken zoals: co-sputtering,
physical vapor- en elektronenbundel- (e-beam) depositie. De zo verkregen MgyTi(1-y)
dunne films vertoonden excellente reversibele opslagcapaciteiten en opmerkelijk
goede (de)hydrogenatie kinetiek. Ondanks dat de resultaten voor dunne films
wetenschappelijk interessant zijn als praktisch bewijs (Proof of Principle) is de
vorming van bulk poeders essentieel voor grootschalige toepassingen en moet men
dus op zoek naar goedkope synthese- en verwerkingsroutes.
In hoofdstuk 3 word de elektrochemie, het belangrijkste instrument bij het
bepalen van de waterstofopslag-eigenschappen van de in dit proefschrift
onderzochte legeringen, in detail beschreven. De elektrochemische waterstof-opslag
reacties en de toegepaste meetmethoden, zoals: constant current (CC) metingen,
galvanostatische intermitterende titratie techniek (GITT) en elektrochemische
impedantie spectroscopie (EIS) worden beschreven. Ook worden de basisprincipes
van Röntgendiffractie (XRD) en vaste-stof (Solid-State) NMR kort besproken. NMR
maakt de chemische omgeving van de waterstof/deuterium atomen in hun
kristalrooster inzichtelijk en biedt ons de mogelijkheid om het proces van
waterstof/deuterium uitwisseling te onderzoeken, zoals dat tussen verschillende
locaties in het kristalrooster

plaatsvindt. De elektrochemische technieken,

Röntgendiffractie en vaste-stof NMR worden op een zodanige manier toegelicht dat
het de interpretatie van de resultaten, die in de opeenvolgende hoofdstukken
besproken worden, eenvoudiger maakt.
Het mechanisch legeren met behulp van een kogelmolen (ball-milling) is in
het gepresenteerde werk succesvol toegepast bij de bereiding van metastabiele MgTi poeders. De synthese en elektrochemische eigenschappen van binaire Mg-Ti
legeringen worden in hoofdstuk 4 beschreven. Uitgaande van de Röntgendiffractie

142 | P a g e

Samenvatting

(XRD) resultaten wordt aangetoond dat op deze manier homogene éénfasige vaste
oplossingen (solid solutions) van Mg-Ti

te verkrijgen zijn. In tegenstelling met

dunne films, waar de hoogste reversibele waterstofopslagcapaciteit is gevonden bij
20 at.% Ti, vertonen de Mg-Ti poeders deze bij 30 at.% Ti (Mg0.70Ti0.30). Mg0.65Ti0.35
bleek

een

interessante

(de)hydrogenatie

samenstelling

kinetiek.

Zo

kan

in

verband

bijvoorbeeld

met
75%

z’n
van

opmerkelijke
de

waterstof

elektrochemisch onttrokken worden tijdens hoge stroom ontlading (high current
discharge).
In hoofdstuk 4 word ook de invloed van Ni en Si op de elektrochemische
eigenschappen onderzocht en beschreven. Er is waargenomen dat door de
toevoeging van Ni de elektrochemische overpotentiaal substantieel lager wordt,
hetgeen zich ook weerspiegeld in de toename van de uitwisselingsstroom, dat een
positief effect heeft op de kinetiek van de (de)hydrogenatie reactie. In tegenstelling
tot Ni bleek de toevoeging van Si onvoordelig doordat de overpotentiaal dramatisch
toeneemt tijdens de dehydrogenatie waardoor de reversibele opslagcapaciteit
significant afneemt.
Bij hogere temperaturen kan de hydrogenatie ook uitgevoerd worden via de
gasfase. De verhoogde temperaturen die in dat geval nodig zijn voor de absorptie en
desorptie van H2 gas hebben het nadeel dat ze tot fasescheiding leiden in deze
metastabiele legeringen. In tegenstelling tot de gasfase experimenten kan de
elektrochemische

(de)hydrogenatie

van

dunne

Mg(1-x)Tix

films

echter

bij

kamertemperatuur plaatsvinden zonder dat dit tot fasescheiding leidt en de
éénfasige fluoriet-structuur daardoor bewaard blijft. Voor bulk MgTi is echter geen
bewijs gevonden dat tijdens (de)hydrogenatie éénfasige verbindingen met fluorietstructuur gevormd worden.
Een poging om de positionering en mobiliteit van deuterium in binaire MgTi
en ternaire MgTiX legeringen te onderzoeken met behulp van vaste-stof NMR word
in hoofdstuk 5 beschreven. Gevonden is dat door het elektrochemisch deutereren
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van binaire MgTi en ternaire MgTiX legeringen bij kamertemperatuur geen
fasescheiding

wordt

geïnduceerd.

Waarmee

elektrochemie

een

uitstekend

instrument is om deze metastabiele hydrides te karakteriseren. Het 2H NMR
spectrum van elektrochemisch beladen Mg0.65Ti0.35D1.2 toonde twee omgevingen aan,
benoemd als Mg-rijk (4 ppm) en Ti-rijk (-30 en -75 ppm). 2D Exsy (Exchange
Spectroscopy) metingen laten zien dat er,

op een tijdschaal van seconden,

substantiële deuterium uitwisseling plaatsvindt tussen de Mg-rijke en Ti-rijke
posities. Toevoeging van Ni en Si leidt tot een nieuwe chemische omgeving bij
respectievelijk -40 en -47 ppm. Interessant is dat 2D Exsy voor deze twee posities ook
substantiële deuterium uitwisseling laten zien. Deze deuterium uitwisseling werd
met behulp van 1D Exsy gekwantificeerd bij verschillende temperaturen in het
bereik tussen 300 en 355 K. Voor Mg0.65Ti0.35D1.2 is de verblijfstijd van Deuterium 0.33
s bij 300 K en deze neemt af met toenemende temperatuur. De toevoeging van Ni
aan MgTi verkort de verblijfstijd in Mg0.63Ti0.27Ni0.10D1.3 tot 0.24 s.

Terwijl de

toevoeging van Si aan MgTi tot een verlenging van de verblijfstijd naar 0.60 s leidt.
Derhalve kan geconcludeerd worden dat de mobiliteit van deuterium, qua snelheid,
door toevoeging van Ni toeneemt en met Si afneemt, hetgeen goed overeenkomt met
de elektrochemische resultaten die in hoofdstuk 4 zijn beschreven.
De hydrogenatie-eigenschappen van Mg2Ni werden als een van de eerste in
de literatuur beschreven. Hoewel de (de)hydrogenatie kinetiek van Mg2NiHx iets
beter is dan die van puur MgH2 heeft het een slechtere thermische stabiliteit. Door
middel van

mechanisch legeren (ball-milling) kunnen de (de)hydrogenatie

snelheden aanzienlijk worden verbeterd. Mg2Ni dat door inductie smelten werd
gesynthetiseerd vertoonde een veel kleinere opslagcapaciteit dan mechanisch
gelegeerd Mg2Ni. De synthese en elektrochemische karakterisering van Mg2Ni en
met

Ti

gemodificeerd

Mg2Ni

worden

in

hoofdstuk

6

besproken.

De

waterstofopslagcapaciteit van het door mechanisch legeren verkregen materiaal
bedroeg 400 mAh.g-1. Toevoeging van 10 en 20 at.% Ti aan Mg2Ni leidt tot een
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substantiële

toename

van

de

(de)hydrogenatie

snelheden

en

reversibele

opslagcapaciteiten van respectievelijk 600 en 660 mAh.g-1. Omvallend is dat de
"high-current discharge capacity" meer dan 90% van de totale opslagcapaciteit
bedraagt. De evenwichtspotentiaal is -790 mV hetgeen overeenkomt met een
waterstofdruk van 10-5 bar. Dit is minimaal een orde van grootte beter in vergelijking
met MgH2.
Concluderend kan gesteld worden dat het in dit proefschrift beschreven
onderzoek duidelijk aantoont dat de kristalstructuur en het legeringselement
bepalend zijn voor de waterstofopslag-eigenschappen van Mg legeringen.
Elektrochemisch hydrogeneren bij kamertemperatuur is zeer voordelig voor het
karakteriseren van de waterstofopslag-eigenschappen van metastabiele legeringen
omdat hierbij, in tegenstelling tot het bij hoge temperaturen beladen via de gasfase,
geen fasescheiding plaats vindt.
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Powder electrodes, made with silver as conducting material, resulted in
mechanically stable electrodes, revealing well-defined voltage plateaus and low
electrochemical over-potentials. From an electrochemical point of view this electrode
configuration is therefore preferred. However, the use of silver (heavy and highly
conductive) causes unstable sample rotation and radio-frequency skin depth
problems in MAS NMR. To overcome these problems carbon black (CB) was used as
additive instead of Ag. This electrode configuration was found to be excellent for the
NMR measurements. The constant-current charging (Fig. A1(I), curve a) of the
Mg0.65Ti0.35/Ag electrode clearly exhibits three voltage plateaus. The first two can be
attributed to the deuteration of Ti and Mg, respectively.
After the deuteration is complete, the voltage saturates at more negative
potentials where D2 gas evolution becomes visible at the electrode. The amount of
deuterium absorbed in the material can be calculated from the transition between
the second and third voltage plateau. This position is defined by the gravimetric
capacity where the voltage derivative is maximum (Fig. A1 (II)). The amount of
deuterium absorbed in Mg0.65Ti0.35-deuteride is equivalent to 825 mAh∙g-1. Curve b of
Fig. A1(I) shows the result of the same experiment but now with a Mg 0.65Ti0.35/CB
electrode. Since the electrode voltages are more negative in this case, the charge
transfer kinetics is poorer than for the electrode with Ag. As a result of the higher
overpotentials the distinction between the plateaus has vanished. However, the
purpose of this experiment is not to investigate the electrochemistry of the
deuteration reaction in detail, but to electrochemically deuterate the meta-stable
Mg0.65Ti0.35 alloy, and characterize its nano-structure and deuterium mobility with
NMR afterwards. To check whether the Mg0.65Ti0.35/CB has indeed absorbed
deuterium, the electrode was discharged in two current steps, i.e. with a high and
low current (curves c and d, respectively in Fig. A1 (I)), until the cut-off voltage of 0
V vs the Hg/HgO reference electrode had been reached. The total charge extracted
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from the electrode was 630 mAh∙g-1. This is in good agreement with the extracted
charge (600 mAh∙g-1) measured for the Ag electrode.

Fig. A1 (I) Electrochemical deuteration (50 mA/g) of a Mg0.65Ti0.35 powder electrode pressed
with silver (a) and carbon black (b) as additive. High-current (50 mA/g) (c) and low-current
(10 mA/g) (d) discharging of the Mg0.65Ti0.35/carbon black electrode. Low-current
discharging is performed to extract the maximum amount of deuterium stored in the
electrode. The discharge capacities mentioned in text is the summation of the high- and lowcurrent discharge capacities. (II) Derivative of voltage with respect to capacity versus
capacity.
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Fig A1. 2D exchange spectra of (a) Mg0.63Ti0.27Ni0.10D1.2 (b) Mg0.65Ti0.35D1.2 at tmix = 10 ms

149 | P a g e

Appendix

150 | P a g e

List of Publications and Conferences

List of Publications
1. Thirugnasambandam G. Manivasagam and P. H. L. Notten, The
electrochemistry of hydrogen storage materials, Journal of Materials Chemistry
A, Invited feature article. In preparation.
2. Thirugnasambandam G. Manivasagam, Merve Iliksu, Dimtry Danilov Kamil
Kiraz and P. H. L. Synthesis and Electrochemical Properties of Binary MgTi
and Ternary MgTiX(X=Ni,Si) Hydrogen Storage Alloys. In preparation.
3. Thirugnasambandam G. Manivasagam, Pieter. C. M. M. Magusin and P. H.
L Notten, Influence of Ni and Si addition on the deuterium siting and
mobility in fcc Mg-Ti hydride studied with 2H MAS NMR, Journal of Physical
Chemistry C. Revised. 2014, 118, 10606–10615.
4. Thirugnasambandam G. Manivasagam, Pieter. C. M. M. Magusin,
Subramanian Srinivasan, Gopi Krishnan and P. H. L. Notten, Electrochemical
deuteration of meta-stable MgTi alloys: An effective way to inhibit phase
segregation. Advanced Energy Materials. 2014, 4, 1300590.
5. Thirugnasambandam G. Manivasagam, Kamil Kiraz and P. H. L. Notten,
Electrochemical and optical properties of Magnesium-alloy hydrides
reviewed, Crystals, 2012, 2(4), 1410-1433.

Other Publications
6. K. Jayasayee, JAR. Van Veen, Thirugnasambandam G. Manivasagam, S.
Celebi, E. J. M. Hensen and FA. de Bruijn, Oxygen reduction reaction (ORR)
activity and durability of carbon supported PtM (Co, Ni, Cu) alloys: Influence
of particle size and non-noble metals; Applied catalysis B- environmental, 2012,
111, 515-526.
7. M. Thirumurugan, Thirugnasambandam G. Manivasagam, S.Kumaran, T.
Srinivasa Rao, Microstructural refinement and mechanical properties of direct
extruded ZM21 magnesium alloys, Transactions of Nonferrous Metals Society of
China, 2011, 21(10), 2154.

151 | P a g e

List of Publications and Conferences

Conferences (oral presentations)
1. Thirugnasambandam G. Manivasagam, Pieter C.M.M.Magusin, Gopi
Krishnan and P.H.L. Notten, Sitting and dynamics of electrochemically
deuterated Mg0.65Ti0.35D1.12:A 2HNMR study, MRS-ICYRAM2012, Singapore,
2012.
2. K. Kiraz, Thirugnasambandam G. Manivasagam, B. Dam, P.H.L. Notten,
Hydrogen Storage and Optical Switching Abilities of Magnesium Alloy
Hydrides, MRS-ICYRAM2012, Singapore, 2012.
3. Thirugnasambandam G. Manivasagam, K. Kiraz, P.H.L. Notten, Multicomponent Mg based Hydrogen storage materials, ICMAT 2011, Singapore,
2011.
4. Thirugnasambandam G. Manivasagam and P.H.L. Notten, Multi-component
Mg based Hydrogen storage materials, Advances in Dutch Hydrogen and
Fuel cell research, Eindhoven, The Netherlands, 2011.

152 | P a g e

Curriculum Vitae

Curriculum Vitae
Thirugnasambandam Gobichettipalayam Manivasagam was born on July 7th 1982 in
Gopichettipalayam, India. After his graduation from high school in 1999, he
continued studying physics at the Bharathiar University, Coimbatore, India. He
obtained his Masters’ degree in materials science from Anna University in 2004 after
completion of the thesis “Investigations on the formation of alloy phases in
immiscible Cu-Fe and Cu-Co systems by Mechanical alloying”. He obtained another
Masters’ degree in Technology (materials) from National Institute of Technology,
Tiruchirappalli, India in 2007 after successfully defending his master project
“Structure-property correlation of hot extruded ZM21 Magnesium alloy”. During
2008-2009, he worked as a senior research fellow in Department of Metallurgical and
Materials Engineering, Indian Institute of Technology Madras, India on a project
entitled “Investigation of molten salt attack on thermal barrier coatings”. In February
2009, he started his PhD-study in the Energy Materials and Devices Group,
Eindhoven University of Technology, under the supervision of Prof. Peter H.L.
Notten. The aim of the project is to Synthesize and Characterise Mg-based alloys for
hydrogen- storage applications. The most important results of the research project
are described in this thesis.

153 | P a g e

154 | P a g e

Acknowledgements

Acknowledgements
I would like to take this opportunity to express my gratitude to all people who have
contributed directly or indirectly to this thesis and my stay at Eindhoven.
First and foremost, my sincerest thanks go to Prof. P. H. L. Notten for giving me this
opportunity to work in the Energy Materials and Devices group at Eindhoven
University of Technology, The Netherlands. I am thankful to his enduring guidance
for last five years. He has supported me during all my difficult situations. His
valuable suggestions, appreciation and motivation have helped me to shape my
knowledge and improve the quality of this thesis. His in-depth knowledge in
Chemistry and his critical comments on my interpretations continue to astound me.
He patiently shaped my skills in analysis and coherent presentation of results. He is
a great teacher from whom I have gained not only scientific knowledge, but also
philosophical approach to handle stressful situations in career and life. He has
inspired me a lot to become a good scientist. It is a great pleasure working with him.
I am glad and looking forward to continuing collaboration with him.
I am thankful to my co-supervisor Dr. P. C. M. M. Magusin for his guidance and
contributions towards my thesis. It would have been much more difficult to develop
my understanding in NMR without his guidance. His knowledge in materials
chemistry and NMR has amazed me. He has persistently motivated me to explore
ways in which NMR could be used to improve the understanding of materials
chemistry. His critical remarks have played a major role in the quality of the thesis. I
would like to thank him for his tireless corrections of the manuscripts and attention
to fine details. I cherish his guidance. This thesis would not have been possible
without my two supervisors. I would like to thank both of them again for all their
encouragement, guidance and support.
I would like to express my sincere gratitude to Prof. K.V. Ramanujachary, Rowan
University who spent his sabbatical period at Eindhoven. We have interacted on
various topics. His motivation and philosophical guidance has changed my
perception towards career and personal life. Discussions with him on the scientific
aspects of the thesis were very useful. His persistent care and guidance on my
research career has always kept me in a right track. Thanks to Prof. Notten for
introducing me to Prof. Chary.
I am very grateful to my PhD thesis committee members Prof. Mulder, Prof.
Ramanujachary, Prof. Kooi, Prof. Van Santen and Dr. Kelder for spending time on
reviewing my thesis and providing valuable comments.
I would like to thank Prof. B.V.R. Chowdari, NUS, Singapore for his motivation and
appreciation on my research activities. My hearty thanks to him for hosting me
during ICMAT and ICYRAM conferences. I also would like to thank Dr. M.V.V.
Reddy, NUS, Singapore for his suggestions during my oral presentations.
155 | P a g e

Acknowledgements

I am thankful to Prof. A.K. Ganguli, INST, India. I spent a cherished time with him at
Eindhoven. I appreciate his encouragement towards my research work. I would like
to thank Prof. Arunava Gupta, University of Alabama for his care towards my
research career.
My sincere thanks go to my present colleagues Prof. Sriram Devanathan, Prof.
Shantau Bhowmik, Dr. Murali Rangarajan, Dr. Udaya Baskar Reddy Ragula, Dr.
Nikhil Kothurkar, Dr. Kumaresan for their encouragement during final writing part
of my thesis and facilitating my future research career.
Thank you, my officemates Kamil, Ilkin, and Dongjiang who had made the office
environment so friendly and interesting during my stay at Eindhoven. I am glad that
this friendship is extending beyond the PhD period. I very much appreciate the
fruitful collaboration with Dmitry.
Thanks to my friends Merijn, Joanna, Jos, Jie, Lu, Peter-Paul, and Merve who paid
particular attention to my personal life and career. I thank our technical staffs
Anneke, Jan and Brahim for facilitating my experiments at lab. My special thanks to
Marcel, my friend, for his interest and care towards the developments in my life. I
appreciate his timely help in translation of the thesis summary. I would like to thank
our office secretary Jose for her care towards my thesis and personal life
developments.
My friends Kaushik, Kamakshmi, Murugamani, Gopi, Yamini, Dilip, Radika, Rajesh,
Sneha, Arun, Chitra, Manivannan, Babu, Mahendran, Bhagesvar Mohan, Thej,
Thenraj, Karthick, and Subbu played a substantial role in supporting this thesis
development and for my stay at Eindhoven.
I am grateful to my parents Manivasagam, Karunambal and my brother
Sathyaprakash who supported me in all situations. My hearty thanks go to my
spouse Sowmiya for her emotional support during final stages of the thesis. Last but
not least, I am thankful to my little son Sivachenthur who has waited patiently for
more than a year, expecting that I will perform my parental duties properly after my
PhD graduation.

Thiru

156 | P a g e

