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Abstract

To tailor the hydrogen sorption properties of magnesium, improve its poor kinetics
and alter its thermodynamics properties, sputtered multilayer Mg-based thin films
were prepared in which Mg layers were confined by AlTi layers. Multilayer samples
of different Mg thickness showed relatively long activation periods compared to the
conventional co-sputtered alloys thin films. This activation period is attributed to the
formation of voids and new surfaces which facilitate hydrogen transportation and its
interaction with base metal. It has been found that the cyclability performance of
materials is strictly connected to the stability of microstructure and resistance of
multilayer structure to grain growth. At a certain Mg:AlTi thickness ratio (10:2),
sintering of Mg layer could be prevented and long cyclability over 250 cycles has
been achieved. Multilayers of few nm Mg thicknesses possess equilibrium pressures

higher than pure Mg and the plateau pressure is a function of Mg thickness.
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1 Introduction

1.1 Hydrogen Energy

The global concerns regarding the use of fossil fuels include their scarcity and
environmental impact. This has led to a search for a cleaner and more abundant
source of energy to eliminate or reduce greenhouse gas emissions. Hydrogen and
fuel cell technologies are considered by many as promising energy system solutions
to provide sustainable energy. The by-product of hydrogen combustion, whether it is
used in combustion engines or in fuel cells, is water, which is not harmful to

environment [1, 2].

The closed energy chain for hydrogen system starts from its production, passes
through storage and ends up with its utilization (figure 1-1) [3]. Hydrogen is mainly
produced from natural gases and coal through steam reforming. The main problem
of this method is CO, emission. Other techniques are electrolysis of water and
photolytic splitting using electricity produced from renewable resources such as wind
and solar energy, or from high-temperature thermochemical cycles of biomass [4]. In
the second step, hydrogen needs to be stored, a key challenge for most of on-board
applications. Basically, hydrogen storage requires reduction in volume of hydrogen
gas, since a small amount of hydrogen occupies considerable volume. In order to
increase hydrogen density in a storage system, hydrogen storage technologies have
been developed. Compressing hydrogen to high pressures or decreasing the

temperature below critical gas temperature can be applied for storage. Another way



to store hydrogen is to reduce repulsion between hydrogen molecules by reaction
with other materials. In this case, hydrogen can be stored in a relatively low volume.
Irrespective of the method used to store hydrogen, an ideal hydrogen storage
medium should be able to be reversibly charged and discharged over 1000 cycles

without considerable cost or material degradation [5].

39 kWhkg! storage

M+1iH, > MH

sun

85%

25%

energy

electrolysis
2H,O — 2H, + O,
82%

50% energy

combustion

Figure 1-1 An ideal closed energy cycle starting with hydrogen production using solar energy,
moving through storage and finishing with delivery for consumption [3].

1.2 Hydrogen storage

Hydrogen has the highest energy per mass of material, a value three times higher
than gasoline. However, its low volumetric density, low temperature of liquefaction
and its destructive influence on the properties of most design material leads to

demand for development of safe and efficient storage systems. Most particularly for



on-board applications such automobile, it is very demanding to store sufficient
amount of hydrogen to fuel the automobile [6]. Traditionally, hydrogen is physically
stored in gaseous form in steel cylinders, or as a liquid in cryogenic tanks. Both
methods have their own drawbacks. In the case of hydrogen gas compression,
energy required for reaching high operating pressures and cost of lightweight high
strength materials are still high. Additionally, safety issue is still a concern. Boil-off is
the major problem in liquid hydrogen tanks which leads to hydrogen loss [5, 0].
Alternatively, in chemical methods for hydrogen storage, hydrogen is adsorbed or
absorbed into the structure of suitable materials. In this case, hydrogen is released
under certain conditions, depending on the materials’ sorption properties. Metal
hydrides, chemical hydrides and carbon-based materials are mostly used media in
chemical storage methods. The high surface area of some forms of carbon materials
allow to hydrogen molecules to adsorb on the surfaces. Usually, low temperatures
and high pressure are required for making such a weak bonding. As a result of
reaction of chemical hydrides with water or alcohol, hydrogen can be released.
However, in most cases the reaction is not reversible. This is while the reaction is

reversible for most metal hydirdes.

While physical methods of hydrogen storage have been well developed and utilized
for practical applications, they do not still meet all requirements of DOERE
(Department of Energy) 2015 targets which is 6 wt. hydrogen capacity [7]. Hydrogen
even in high pressure gas cylinders (e.g. 70 MPa tanks) still has a much lower energy

density than that of gasoline. One liter gasoline has six times higher energy compared



to one liter hydrogen compressed to 700 bar. Furthermore, increasing the hydrogen
pressure in cylinders to increases the volumetric capacity is sacrificed with reduction
in gravimetric capacity ( the amount of hydrogen stored per mass of material) as
thicker walls are required [8]. Although currently high pressure cylinders can be made
of lightweight carbon fibers which provide sufficient gravimetric capacity, the
material itself is costly [9]. Metal hydrides are very interesting for hydrogen storage
because of number of hydrogen atoms per metal atom, i.e., having high volumetric
capacity. They can reversibly store hydrogen, and if chosen from lightweight metals,

they can provide high amount of hydrogen per mass (> 7 wt%).

1.3 Metal Hydrides

Hydrogen storage in metal hydrides is a high volume and safe storage method. As a
result of chemical reaction of hydrogen with metal, hydrides are formed. The heat
released or absorbed during reaction is a characteristic of metal hydride and indicates
how weak or strong the bonding between the metal and the hydrogen is. An ideal
storage material needs to have: high gravimetric and volumetric capacity, good
cyclability and reversibility, low dissociation temperature and pressure, good thermal
conductivity for heat transfer and fast kinetics. Currently, no candidate has been
found to meet all above requirements; however research studies are being focused on

the improvement of properties of known candidates or on developing new materials.

Group I and II elements of periodic table form hydrides with covalent or ionic

bonding characteristics. These types of metal form stable hydrides, and dehydriding



only takes place at high temperatures. Among all, lithium and magnesium-based
hydrides have been the focus of most studies. In contrast to group I and II, the
transition metals forms metallic bonds with hydrogen at high hydrogen pressures.
Transition metals are known for their intrinsic property in dissociation of hydrogen
and forming unstable hydride. Because of this property, studies have been conducted
on the addition of TMs to light weight metal hydride such as MgH,. In this regard,
many researchers have proven the ability of TMs to tailor the kinetics and
thermodynamics of light weight hydrides 10, 11, 12, 13]. Mg,Cu is an example of a
destabilized hydride in which the addition of Cu to Mg results in formation of a less
stable hydride. The plateau pressure of 1 bar occurs at 240 °C for Mg,Cu, however

the isotherm is around 280 °C at the same pressure for pure MgH, [14].

Hydrogen storage in metals is a complex process and several steps are involved in
this process. Each step may govern the overall kinetics of reaction. In this case,
surface and bulk characteristics of solid materials play an important role in dictating
the sorption properties, in terms of both kinetics and thermodynamics.
Understanding the fundamental of metal-hydrogen reaction and also the
thermodynamics of metal to hydride transformation help us select appropriate

approach toward tailoring sorption properties of hydrogen storage materials.

1.3.1 Interaction of hydrogen with surface
The hydrogen interaction with a metal consists of several steps each of which has its

own characteristics energy barrier. Applying the Lennard-Jones potential [15], one



can describe these steps in a single one-dimensional potential energy curve as seen in
figure 1-2. Depending on the condition, ie. temperature, pressure and surface
energetics, molecular hydrogen can physisorb or chemisorb on the surface. If the
intersection of the molecular H, potential energy curve with that of atomic hydrogen
is above zero, there will be an activation energy barrier (E,) for hydrogen

dissociation (the required work to split hydrogen molecules into atoms). If this

GAS
Interface Bulk
2ZH+ M
h
---- Activated
@ ---- Non-activated
Z
[h.a]
|
g .
b< a
== L Endothermic
Ol—-- ) AN
H+ M

Figure 1-2 The potential energy curve demonstrates corresponding energy barriers for
interaction of hydrogen with two different metals, one with positive (Endothermic) and the

other with negative (exothermic) heat of solution AHs. [22].

activation energy is not available, molecular hydrogen physisorbs on the surface
through weak bonds in the form of van der Waals forces or electrostatic attraction
with energy levels ranging between 1 and 5 Kj.mol" (Ep) [16]. The coverage ratio ©

which is defined as the number of physisorbed hydrogen molecules divided by the



number of the adsorption sites is related to temperature (T), pressure (P), binding

energy (€) and rate constant () as follows;

O KP 1-1

T P+1
~ 05 - i
Ky ~ T exp (KBT) 12

According to above equation, for carbon-based materials with high surface area,

enormous interaction is achieved when cryogenic temperatures are applied.

In case where the intersection occurs below zero line, the molecular hydrogen and
the host interact chemically and form a new compound. This process is called
chemisorption which has binding energy level well above 50 KJ.mol" [Ec in figure 1-
2]. The formation of chemical bonding requires firstly splitting of molecular
hydrogen and secondly electron transfer between the metal and hydrogen. If the
potential energy of hydrogen in bulk stays below zero line, the solid solution is said
to be exothermic; whereas the solid solution is endothermic if the potential energy of

hydrogen in metal is higher than that of molecular hydrogen.

Some transition metals possess d-orbitals which can interact with the hydrogen
antibonding orbital to facilitate the dissociation process. Examples are Ni and Pd
with low dissociation energy barrier. However, for some metals such as magnesium,

this energy barrier is high on the order of 432 KJ.mol" [17].

In cases where a surface reaction is the rate limiting step, the kinetic model which is

applied is as follows:
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f=kt

fis the fraction of reaction completed and k is a rate constant and t is time.

1.3.2 Penetration and diffusion of hydrogen inside metallic matrix

If a hydrogen molecule can be split on the surface, it diffuses into the metal and is
dissolved in the a-phase. Above a specific hydrogen concentration, 3-phase nucleates
and grows into the metal phase. The energy barriers in this step are associated with
energies required for nucleation and diffusion processes. In most cases, the
nucleation and growth of hydride phase is modeled by the Johnson-Mehl-Avrami

(KML) equation [18]:

f=1-exp [-(kt)"] 1-4

Where f is the fraction of transformation completed, k is the rate constant, n is the
Avrami constant giving information about dimensionality of growth and rate limiting

step and t is the time.

In general, the reaction rate depends not only on the temperature but also on the

prSSqu

K,=K(P).K(T)=K(P). Aexp (iT) 1.5

This equation shows an exponential dependency of overall reaction rate (K,) with

temperature. The pressure term, also known as the driving force function has to be



taken into account for determination of activation energy of transformation [19]. For
metal/hydride transformation, the pressure term is selected based on the rate-

limiting step. Table 1 summarizes the different form of K(P).

Table 1-1 wvarious relationships of pressure term based on different limiting

steps

K®P) Absorption Desorption

Rate limiting step

Phase transformation K@) =In (P/P,) K@) = In (P.,/P)

In order to obtain the activation energy E,, after determining the rate limiting step

using kinetics models, the K(T) is calculated at different temperatures considering
the fact that pressure term (K(P)) should be same for all temperatures. Plotting the
of rate constant logarithm versus reciprocal temperature (figure 1-3) gives a straight

line of which the slope is equal to E,./R.

act



“.‘Slope = Eact/R

Ln K
.4

/T

Figure 1-3 Plot of logarithmic rate constant

Vs reciprocal temperature.

1.3.3 Thermodynamics of metal hydrides formation

The thermodynamics of hydrogen reaction with metal can be depicted in a pressure-

composition isotherm. The reaction with hydrogen can be described as follows:

P2
Plateau pressure
N \
N
/\ \
/N \
/

7

A
T3 Ln (Pu2)

/
a
/
‘l

[

H concentration

(b)

Slope = AH°/R

>
YT

Figure 1-4 Pressure-composition isotherms diagram for a typical Metal-Hydride transformation (a)

and corresponding van’t Hoff plot (b).
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M(s) + xH,(g) —> MHx(s) 16

Figure 1-4 depicts a typical pressure-composition isotherm (PCT) curve of metal
hydrides. Three distinct regions exist in the diagram. In region 1, the a-phase can
dissolve hydrogen up to the solubility limit. Since two phases are in equilibrium, the

chemical potential (;,Lf_l) of hydrogen in gas and in solid solution (uf}) should be

equal:

L —
5 My (P,’T) —Hy (PaT,X) 1-7

The chemical potential of an ideal gas using statistical thermodynamics calculations

1s:

_ P
by, (PT)=KTIn (p—) - By 1-8
7 5
o 8(nkBT)E_ M2 1,2 1.9
hb

Where E,is the dissociation energy of hydrogen molecule, k; is the Boltzmann

r is the atomic distance in

2> “o

constant, T is temperature in kelvin, M is the mass of H

H, molecule and h is Planck’s constant. P° is the pressure at room temperature.

The Gibbs free energy term (G;I) for hydrogen atoms in solid solution of a-phase

can be expressed as:

G¥4= HY-TSY 1-10
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The entropy part can be divided to excess entropy and partial ideal configurational

entropy (S)

S=S=+S! -1

Considering b as the number of interstitial sites and x as the number of hydrogen

atoms in these sites, the configuration entropy can be written

i b!
S'=k In (—X!(b_x)!) 1-12
Applying Sterling’s approximation we have
i b X B
S'=kbln () -kxln () 1-13
Therefore we have
Gy= Hy-TSS+ kbTln (bi) kxT In (b—) 114

Thus the chemical potential of hydrogen atom will be,

i, (PT)= 0 =hy T i +KTIn (b—) 1-15

X

Where hy, is the partial enthalpy and s~ is the non-configurational part of the partial

entropy of hydrogen in a-phase. Assuming low concentration of hydrogen i.e. x<<b
In (=) =lnx-Inb 1-16

Finally, equating eq. 8 and eq. 15 gives
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%kBTln:;O ; %Ed:hH ST s + kyTlax - kgTlnb 117

This is Sievert’s law [20] for dilute solution which can be written in the following

form:

XZK\E 1-18

And K is

kpTln b+ Ts- hyy 5Eq

kpT

K=exp( ) 1-19

The solubility limit (x) of hydrogen can vary in a specific system at a fixed
temperature due to microstructural changes effecting b, sifand hyy parameters. It has
been shown for palladium that a nanocrystalline structure can dissolve hydrogen
more than polycrystalline Pd [21]. This behavior is attributed to higher density of

grain boundaries in nanocrystalline palladium.

Above the solubility limit, it is thermodynamically favourable for the formation of a
second phase (B-phase) which in most cases has different structure than that of host
metal. This transition is accompanied with a change in crystalline structure and
volume expansion. The volume expansion upon hydiridng results in a transform of

metal to micro size powder.

According to Gibbs phase rule, in the second region in figure 1-4a, when three
phases (i.e. hydrogen gas, metal and metal hydride) are in equilibrium the degree of

freedom is one:
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f=C-P+2
f=2-3+2=1 1-21

Note that C is the number of components and P is the number of phases. A Degree
of freedom one at this region requires that pressure and temperature is related. This

relation can be found through following calculations:

For reaction 1-6 we have

a P°
AG= AG°+RT1n ( —2—) 1-22

ang Pr,

Activity of every pure phase is equal one. Knowing at equilibrium AG = 0, thus,

RT In Py, )=AG” 1-23

RT In (Py, )= AH®-TAS® 1.24
AH®  AS®

In <PH2 ):E - E 1-25

This is the known as the van’t Hoff equation, which shows the relation of
equilibrium pressure and temperature. AH represents the heat which is absorbed or
released during reaction. For most of metal hydrides it is negative, which points out
that heat is released at the price of metal-hydrogen bond formation. The main
constitutive part in AS comes from the entropy reduction in hydrogen when gaseous
hydrogen is converted to chemisorbed H at the surface (-130 KJ.mol'K") [22].

Plotting In (P,;,) versus reciprocal temperature results in a linear plot of which the
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slope gives the enthalpy and the x intersect gives the entropy of hydride formation. A

typical van’t Hoff plot is shown in figure 1-4b.

As mentioned above, the main force which drives the hydriding transition is the
Gibbs free energy. However, there is always a kinetics barrier for the hydriding
transformation. Figure 1-5 schematically demonstrates the kinetic energy barriers
(activation energy) involved in the transformation and the difference between
enthalpy of metal and metal hydride. Studies have shown that size reduction and
addition of alloying elements can be utilized to decrease both kinetic energy barrier

and bonding energy of metal-hydrogen [22, 23, 24, 25].

One way to destabilize a hydride is to alloy a metal with a strong hydrogen bond
affinity with element such as Ni, Pd and Si. By the formation of an intermetallic
hydride, the heat of formation is reduced while at the same time there is a
considerable loss in capacity and the kinetics become slown in most cases. Another
route to the destabilization of hydride is the utilization of nanotechnology.
Nanomaterials exhibit properties different from those of bulk. Because of high
surface area to volume ratio, the contribution of the surface to total free Gibbs
energy of system is non-negligible in nanomaterials. A simple modified van’t Hoff

equation for nano-structure metal can be expressed as follows:

P

eq, nano 1 A% A% ASO -
q, — —(AHO+( MYM_ MHZYM) )__ 1-26

PH 5 RT 'n 'NH 5 R

In
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Where y is the surface energy, r is the radius of metal/hydride particle and V is the
molar volume. When the contribution from size effect become negative enough, it
reduces the enthalpy term and hydride is destabilized. Theoretical calculations predict
that particles of 2 nm size have enthalpy which is much lower than that of the bulk

version of same material [26, 27].

A h
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Figure 1-5 Energy diagram for (de)hydrogenation of metal (metal hydride). When catalyzed,
the energy barrier decreases for bot absorption and desorption. When destabilized, the
temperature can be reduced for desorption due to less stable bonding between metal and

hydrogen.

1.4 Magnesium Hydride
When considering a medium for hydrogen storage, it is important to take into
account the capacity of that medium. Magnesium with 7.6 wt.% hydrogen capacity

has attracted much attention [17]. However, slow kinetics and high stability of the
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hydride formed are main issues for magneisum. Magnesium has hexagonal structure
(194 space group P63/mmc, a=3.2089 A, ¢=5.2101A). Upon hydrogenation it
transforms to tetragonal rutile-type magnesium hydride (136 space group P42/mnm,
a=4.5147A, ¢=3.0193A). MgH, has an enthalpy on the order of 74.7 KJ.mol". This
is relatively a high value and makes it impossible for hydrogen to be released at low
temperature and ambient pressure. In fact, MgH, transforms to magnesium at

temperature around 300 °C for powder samples.

Several approaches have been proposed to improve the poor kinetics and
thermodynamics of Mg-based hydrogen storage systems. One can obtain faster
kinetic rates by the reduction of particle and grains size. Size reduction can shorten
diffusion distances and higher surface area can change the surface energy and
hydrogen sorption properties. It has been reported that the desorption temperature
of as-received MgH, powder can be reduced by reducing the size of Mg powder to
the nano-scale [17]. The most common and practical method for the implementation
of such an idea is through ball milling of powder samples. Ball milling not only
refines the microstructure and increases surface area, but also it creates defects such
twins and dislocations in microstructure which have been identified as effective
routes for tuning sorption properties [28, 29]. However, the major issue is that all
above affects will increase the free Gibbs energy and drive recrystallization. The
driven coalescing and grain growth result in loss of improved properties. To
overcome this obstacle, magnesium hydride is mixed with additives, especially

transition metals, which help ease the dissociation of hydrogen, improve the
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cyclability of Mg powder and stabilize the tuned microstructure during cycling.
Nonetheless, maintaining reduced particle size during cycling and obtaining good
dispersion of catalyst are key challenges to achieve good performance through ball

milling.

The use of Mg-based thin films for hydrogen storage has emerged as an alternative
to tune properties of magnesium for hydrogen storage [30, 31, 32, 33]. Thin films are
attractive due to their higher surface area and better heat management than bulk
samples. The main concern with thin films is that they must be deposited on to a
substrate and even though significant properties enhancement are achieved, the final
weight is the summation of both the substrate and the storage material. In addition,

the microstructure in thin film might not be stable as it can deteriorate during cycling

[34].

Magnesium—3rd transition metal thin films have been investigated in last decades. Ti,
Fe, V and Nb are alloying elements that have been mostly used for tailoring
properties of Mg-based thin films [32, 33, 346 37, 38, 39]. Griessen et.al has been
studying hydrogen sorption properties of Mg-Ti alloy thin films at low temperatures.
Due to formation of a metastable face-centered cubic phase in Mg-Ti-H thin films
compared with rutile-type structure in Mg, the kinetics significantly improved [40].
However, upon cycling at higher temperature around 200 °C , the metastable hydride
phase decomposes to a binary hydride phase with a noticeable loss in capacity and
degradation in kinetics [35]. In his research on Nb-doped magnesium, Miotello

found that a good distribution of Nb in a metal matrix results in a considerable
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reduction in activation energy of sorption and they suggested that the rate limiting
step in desorption reaction changed from surface dissociation for Mg to diffusion-
controlled for catalyzed Mg [37]. The activation energy for catalyzed Mg was 51
kJ/mol H, compared to pure Mg, which was reported to be 141 kj/mol H,. It has
been shown that ternary alloy systems behave significantly better in term of
cyclability and accelerated kinetics than binary alloys [35, 41]. In this regard, Mg-Fe-
Ti, Mg-Al-Ti, Mg-Fe-Zr display better performance than binary systems, such as Mg-

Fe, Mg-Al, Mg-Ti, Mg-Zr.

Magnesium-based multilayer thin films are subject to extensive research due to their
unique structural properties. When capped with Pd, Mg film shows significant
thermodynamics enhancement due to the elastic strain interaction at the interface
between Mg and Pd [42, 43]. The material can absorb/desorb hydrogen at 100 °C,
demonstrating substantial reduction in sorption temperature compared to pure Mg,
As for the Mg-Ti alloys, studies have been done on the hydrogen storage properties
of Mg/Ti multilayer thin films [33, 43, 44]. The catalytic effect of Ti layers was found
to be responsible for the improved kinetics behavior while those layers forming
alloys with Mg such as Ni and Pd have an effect on the thermodynamics property of

films.

1.5 Scope of this project
Thin film materials can be used to explore the effect of catalyst in the form of

dispersed particles and layered structure in tuning sorption properties of magnesium.
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Multilayered structure of magnesium confined between secondary layers enables us
to reduce size of magnesium and control it as a key role in long-term performance of
fine structure materials. In addition, one is able to tune the thermodynamics of Mg-
based material by introducing new interface energy which can change the energy of
Mg/MgH, interface and ontribute to total energy of hydriding reaction. To achieve

the mentioned enhancement, multilayer Mg/ AlTi thin films were synthesized to:

1. Reduce the size of Mg particles and prevent its grain growth during cycling
2. Increase the effect of surface energies and their contribution to sorption

properties of magnesium

The addition of Al to magnesium-titanium system has been reported to significantly
improve the kinetics behavior [45]. While it shows significant enhancement in
kinetics properties, the enthalpy of system is similar to pure Mg and remains
unchanged. By sandwiching Mg between AITi layers, we first investigate the
possibility of increasing the cycle-life of multilayer structure without kinetics
degradation. Secondly, we explore the effect of increasing Mg/AlTi interface energy
to lower the energy bond interaction between Mg and H, i.e. reducing the heat of

formation.
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2 Microstructural evolution during low temperature sorption

cycling of Mg-AlTi multilayer nanocomposites

A version of this chapter has been published in: Zahiri R, Zahiri B, Kubis A,
Kalisvaart P, Amirkhiz B, Mitlin D. International Journal of Hydrogen Energy 2012;

37(5): 4215—-4226.

2.1 Introduction

Magnesium with a high gravimetric capacity (7.6 wt %) has been considered as a
strong candidate for hydrogen storage. However, because of the sluggish sorption
kinetics and high thermodynamic stability of magnesium hydride, high temperatures
of around 573 K are needed for sorption of magnesium (hydride). Attempts to alter
the thermodynamics of magnesium hydride by forming intermetallic compounds
with lower enthalpy of hydride formation with elements such as Ni, Cu, Al and Si [1,
2, 3, 4, 5, 0], have not resulted in any viable way to produce large quantities of a
practical hydrogen storage material. As a consequence, most research efforts have
been directed at improving the sorption kinetics of magnesium hydride. Transition
metals in particular have been intensively studied theoretically and experimentally as
suitable catalysts for sorption of magnesium (hydride) [7, 89, 10, 11, 12, 13, 14]. The

use of carbon materials in combination with transition metals toward a better

26



dispersion of catalyst along with controlling the size of the particles and the grains
has been proposed [15, 16]. Most of these studies in enhancing the sorption kinetics
of magnesium have been aimed at reducing the particle size or grain size and
incorporating well dispersed catalyst distribution using ball milling technique. In
practice, the enhancement achieved through ball milling can be annealed out during

sorption cycling [14].

Use of bi-metallic catalysts has been introduced, as metallic additions can form
intermetallics during sorption cycling and improve the kinetics via catalysis or in a
synergetic way, they act as both catalyst and size control agent [17, 18, 19, 20, 21]. In
these works, the most important factors in the stabilization of the kinetics were the
prevention of sintering of the magnesium particles and keeping the high free surface
area accessible to hydrogen gas for rapid (de)-hydrogenation; and also maintain a
uniform dispersion of fine catalyst particles in Mg matrix. However, the challenge to
make a Mg-based composite which is catalytically active and stable over many cycles,
have a high surface area and is resistance against sintering and agglomeration still

remains.

Layered structures, where the catalyst layers can at the same time act as a diffusion
barrier against sintering of Mg while simultaneously catalyzing the dissociation of
hydrogen are proposed. Mg-based materials with layered morphologies can be
produced by cold-rolling techniques [22, 23, 24 25, 20], sputtering [27, 28], pulsed
laser deposition [29] or thermal evaporation and electron gun evaporation [30]. By

arranging the Mg and catalyst in a layered structure, the catalyst layers can prevent
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sintering of Mg while simultaneously catalyzing the dissociation of hydrogen. In
order to preserve the layered structure, the catalyst phase must be chosen from those
metals which form no intermetallic compound with Mg [27]. For instance, Pd has
been shown to be a poor choice for Mg/Pd multilayers since it forms Mg Pd even at
373K which leads to disintegration of the multilayer composite in first hydrogenation
[28]. Moreover, it has recently been reported that by sandwiching nanosized Mg
alloys between layers of transition metals or catalysts such as Pd or generally by
fabricating nanoconfined hydrides, not only are the kinetics of sorption enhanced,
but the thermodynamics of hydride formation may potentially be altered [29, 31, 32,

33, 34, 35].

In this study, we propose Mg-AlTi multilayered structures. Both Al and Ti are widely
used to enhance sorption behavior of magnesium hydrogen systems. Kalisvaart et al
showed for cosputtered Mg-based thin films, the ternary Mg-Al-Ti system has
enhanced performance compared to binary Mg-Ti or Mg-Al in terms of cycling
stability and kinetics [36, 37]. Since Al reacts more strongly with Ti than Mg, the
intermetallic AlTi forms which enhances the kinetic and hydrogen sorption behavior
[37]. Employing AlTi layers seems desirable due to good catalyst activity and high
mechanical properties rather than individual Ti or Al layers. Moreover, AlTi forms
no hydride while it has negligible interaction with hydrogen and thus it has a very
low solubility of hydrogen [37]. Thus, AlTi can act as high diffusivity channels for
hydrogen while it can hinder the sintering of magnesium when it is used in the form

of layers between Mg layers. The kinetics and capacity of the multilayers are studied
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as a function of Mg layer thickness, and the evolution of their microstructure is
studied by electron microscopy techniques and X-ray diffraction (XRD) in this
chapter. The ability of AlTi layers to act as coarsening barriers is evaluated.
Furthermore, the effect of addition of Al and Ti to the individual magnesium layers
is investigated. It is expected that multilayers consisting of cosputtered Mg-Al-Ti
layers sandwiched between AlTi layers show enhanced kinetics and improved

cyclability and mechanical stability.

2.2 Experimental techniques

Magnetron sputtering system (AJA International) was used to deposit Mg/AlTi
multilayer thin films of 1.5 mm thickness coated with 7.5 nm Pd/Ta bi-layers.
Palladium can protect samples from oxidation and catalyze hydrogen dissociation
while tantalum suppresses the interdiffusion of magnesium and palladium [38]. All
samples were prepared under mean base pressure of approximately 8¥10° bar and
argon (purity of 99.999%) pressure of 4 torr and flow rate of of 20 sccm. To ease
film lift-off after the deposition process, a very thin layer of photoresist is applied on
the surface of wafers. To do so, wafers are thoroughly cleaned using a 3:1 mixture of
H,SO, and H,O,. Approximately, 5 ml of HPR 504 is poured into the center of
wafer and it is spun for 10 seconds at the rate of 500 rpm. After 10 seconds, the rate
increases to 4000 rpm for 40 seconds to dry the photoresist. Finally, the wafer is
baked for 90 seconds at 120 °C to remove the residual solvent and achieve good

adhesion. The final thickness of photoresist is 1.25 pm. Through acetone dissolution
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of photoresist for one hour, free standing thin films are achieved which are ready for

testing sorption properties.

We made different Mg/AlTi multilayer thin films with the fixed 2 nm AlTi (Al:Ti
ratio of 1) layers and different magnesium layers of 10, 20 and 34 nm. In choosing
these thicknesses for Mg layers, final capacities and overall compositions were
considered. For simplicity we denote samples X/Y name in which X is the thickness
of magnesium and Y is the thickness of intermetallic AITi layers in nm. We prepared
one sample with the Mg layers cosputtered with Al and Ti. This sample consisted of
cosputtered 20 nm Mg-7% at Al-7% Ti layeres and 2 nm AlTi layers which has the
same number of layers as 20/2 multilayers and the capacity close to that of 10/2
multilayer. This sample is denoted cosputtered 20/2 multilayer. Sievert’s apparatus
(HyEnergy LLC. PCTPro 2000) was used to run cyclic kinetic measurements as well
as PCT measurements. Test samples mass varied between 10 and 15 mg. Absorption
Pressure was 2.5-0.1 bar, while desorption was run under low vacuum in a 1025 ml
reservoir. The sorption process was automatically cut when the sorption rate fell
below 0.005 wt.%/min. All sorption tests were done at 473 K. For PCT
measurements, the pressure-composition isotherms were acquired after the samples

were activated.

For X-ray diffraction analysis, we used a Bruker AXS diffractometer (Bruker
Discover 8) operating with Cu-Ka radiation with wavelength of 1.5405 A. To
determine the grain size, we incorporated integral breath analysis (IBA) in which the

following relation is used:
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While 820 is the integral breath of each peak and O, is the position of peak
maximum. The slope of linear fitted curve from the plot of (820)°/(tan” ©,) vs
(620)/(sinO, tan®,) being kA=D was used to determine the grain size (D) and
microstrain (e). The value of k was assumed as 0.9 for cubic structures and x-ray
wavelength (A) was 1.5406 A. We performed transmission electron microscopy
(TEM) using JEOL 2010 and JEOL 2200FS operating at 200 kV. JEOL 2200FS
enabled us to run energy-dispersive X-ray spectroscopy (EDX) elemental mapping in
scanning TEM mode (STEM). We used high angle annular dark field (HAADF)
imaging to form z-contrast images where heavier atoms of Al and Ti are in contrast
with lighter Mg atoms. With the help of focused ion beam (FIB) lift-out technique
using a two beam FIB-SEM system (Zeiss NVision 40) we were able to take cross-
sectional images of multilayered samples even after cycling. FIB technique was also

incorporated to prepare cross sectional TEM ready samples.

2.3 Results

2.3.1 Kinetics
Figures 2-1 and 2-2 depict the absorption and desorption behavior of 10/2 and
cosputtered 20/2 multilayer samples up to 250 cycles. An activation period is a

common feature of every sample which increases as the thickness of magnesium
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layer decreases, that is, when the periodicity increases. In this case, 34/2 multilayer

has the lowest activation period in which only 4 cycles were needed to activate the
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Figute 2-1 Absorption and desotption behavior of 10/2 (A,C), co-sputtered 20/2 (B,D)
multilayer samples.
material; albeit the initial cycles during activation period are very slow and more than
1 h is required to obtain fully absorbed material. As shown in the time to 90%
capacity as a function of cycling in the inset of figure 2-3A, during activation the
kinetics of absorption is very sluggish for all the composites; after activation, it
occurs within seconds. As for desorption, as also illustrated in figure 2-3B, it takes

approximately 25 min for the samples to desorb in the initial cycles, while after
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activation desorption time reduced by a factor of 2 for 10/2 multilayer and 2.5 for

co-sputtered 20/2 multilayer to desorb completely.
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Figute 2-2 Absotption and desorption behavior of 20/2 (A,C) and 34/2 (B,D) multilayer

samples.

According to figure 2-3 co-sputtered 20/2 multilayer shows the best cycling
performance being stable up to 250 cycles, while the samples with pure magnesium
layers tend to degrade slowly after having a stable cycling period. Among samples
with pure Mg layers, 10/2 multilayer has comparable behavior to co-sputtered 20/2

multilayer; however, the former starts to degrade eventually which is clearly reflected
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in the absorption curves. Apparently, with increasing the magnesium thickness, the
onset for degradation moves toward lower cycle numbers. Comparing the co-

sputtered 20/2 to 20/2 multilayer, it appears that co-sputtering of magnesium layers

with Al and Ti (Mg-7% Al-7T1) remarkably enhances the stability of the material.
The inset, in the absorption plot, shows the first 40 cycles which points out the
remarkably longer activation period for sample with thinner magnesium layers with
the thinner magnesium layers with the exception of co-sputtered multilayer which

has the longest activation period; although during activation it has faster kinetics.

2.3.2 Thermodynamics

Theoretical work by Wagemans et al. suggests that reducing the particle size of
Mg(H,) to extremely small sizes can change the thermodynamic properties for
particles with fewer than 10 Mg atoms [39]. In the present deposition configuration,
this theoretical limit corresponds to a layer thickness of approximately 2 nm which is
below the dimensions used in the current study. However, studies by Baldi et al.
showed destabilization of 20 nm Mg layer sandwiched between Pd and TiH, layers
[34, 35]. The destabilization effect was attributed to clamping effects at the Mg/Pd
interface due to the strong alloying tendency between Mg and Pd. In a more recent
work they showed that alloying tendency is not necessary for thermodynamics
alteration since for Mg/ Ti multilayers, where the Ti layers hydrogenate before Mg,

destabilization takes place for an Mg layer thinner than 10 nm [40].
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Figutre 2-4 Pressure-composition isotherms of (A) cosputtered 20/2 and (B) 10/2multilayers.

In the current system we evaluated the possible thermodynamics alteration by
performing a PCT measurement. Figure 2-4 shows desorption pressure-composition

isotherms at three different temperatures for the 10/2 and the 20/2 multi-layer
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samples and after 20 activation cycles at 473 K. For the 10/2, the plateau pressutes
are 0.05, 0.20 and 0.44 bar at 473, 505 and 535 K, respectively, giving a value for the
heat of hydride formation of -78.5 kJ/H2 molecule. For the 20/2, the plateau
pressures are 0.05, 0.14 and 0.41 bar at 473, 503 and 533 K, respectively, giving a
value for the heat of hydride formation of -79.1 kJ/H, molecule. These values ate in
good agreement with values for the hydrogenation enthalpy of Mg reported widely in
the literature [41] and no sign of destabilization is observed. Thus, the improved
performance of these samples is merely kinetics and the thermodynamics is not

altered.

2.3.3 Microstructural analysis

Bright Field and dark field TEM images of a 10/2 multilayer sample after 10
sorption cycles are depicted in figure 2-5 along with its selected area diffraction
pattern (SAD) and a high resolution image showing a stack of a few Mg and AlTi
layers. The diffraction pattern represents [121] zone axis of hcp magnesium. The
high resolution image shows how Mg and AlTi layers are in intimate contact with a
smooth transition in the interface. After 10 cycles, as can be seen in figure 2-5A
some deformation is apparent in some parts of the sample. Considering the nominal
layers thickness, a small expansion is observed. Figure 2-5E show a cross section

SEM images of 10/2 sample demonstrating a solid structure of multilayer.

In the as deposited state, as shown in figure 2-6B, (002) peak of Mg from 20/2
multilayer is close to that of hexagonal Mg, while for the co-sputtered 20/2 this peak

is shifted to 35° indicating complete solid solution of Ti and Al with Mg. This shift
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Figure 2-5 (A) Bright field and (B) dark field images and (C) cortesponding SAD of 10/2 multilayer
after 10 cycles. The SAD shows a [121] zone axis of Mg and the bright field is taken using (010)
reflection. (D) HRTEM image shows intimate contact between Mg atomic planes and AlTi
amorphous/nanoctystalline layers. (E) Cross section SEM image of as-prepared 10/2 muldlayer.
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Figure 2-6 (A) X-ray diffraction patterns of the studied multilayer composites after cycling; (B) a
compatison between as deposited samples 20/2 and co-sputtered 20/2 showing the shift in
Mg(002) crystalline peak from 34.3 to 35 due to formation of metastable solid solution between
Mg, Al and Ti through sputtering; (C) XRD pattern of a multilayer sample with extra thick (50
nm) Al-Ti layer after 121 sorption cycles before and after cycling to highlight the AITi
intermetallic nanoctystalline/amorphous hump. The inset in (C) shows XRD scan of a 50 nm co-
sputtered Al-Ti film treated at same condition as the multilayers in absorbed state.



in the position of (002) peak is in agreement with Vegard’s law. Segregation of
alloying element at elevated temperatures and in the presence of hydrogen has been
reported elsewhere [42]. After cycling, as seen in figure 2-6A, all assigned MgH,
reflections in samples with pure Mg layers represent rutile a-MgH,. Since no shift in
the position of hydride peaks is observed in the co-sputtered case, we can conclude
that neither Al nor Ti are in solid solution with Mg and they most probably have
formed intermetallic AITi. Formation of AlTi intermetallic is reported in a similar
condition for co-sputtered Mg-Al15Til5 thin film [36]. Despite the attempt to
prohibit the interaction of Mg and Pd using Ta, Mg.Pd, reflections with the strongest
peaks of (301), (212), and (201), also appeart in the diffraction patterns of 20/2 and
34/2 multilayers. However, the patterns of 10/2 and co-sputtered 20/2 multilayers
do not show evidence of Mg-Pd compound formation. The presence of Mg in the
fully absorbed state of 20/2, and 34/2 is because there is still some unreacted Mg left
when the 0.005 wt. %/min cut off rate is reached, due to slower sorption kinetics in
these composites. Note that the samples were tested right after kinetic

measurements.

The hump appeared in the X-ray diffraction pattern of samples is most likely related
to an amorphous or nanocrystalline AlTi phase. However, it overlaps with Mg.Pd,
reflections. To have a more intense peak of AlTi, a 10/2 sample with an extra thick
AlTi layer (50 nm) below Pd/Ta protective layer was produced and cycled under the
same conditions. The 121" ab-and desorption are shown in Fig. 2-6C. In the absence

of Mg.Pd,, aside from MgH, and Mg, the only detectable phase which has a broad
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Figure 2-7 Variation of MgH> grain size as a function of cycle number.

reflection centered at 20 =39 © is suggested to be amorphous/nanoctystalline AlTi
intermetallic compound. Also, a 50 nm thick film of co-sputtered Al-Ti was
produced and treated with the same condition as absorbed samples and a similar
hump was observed as shown in the inset of Fig 2-6C, emphasizing formation of an

amorphous/nanoctystalline AITi phase.

The variation of MgH, grain size as a function of cycle number is depicted in figure
2-7. For 34/2 multilayer, the grain size increases from 32 to 75 nm during cycling.
However, the grain growth is much slower for 10/2 where thin Mg layers are
constrained by AlTi layers; which shows a growth from 15 to about 30 nm during
activation and remains almost constant through the rest of the cycles. Grain growth

is less pronounced for co-sputtered 20/2 multilayer and only reaches 25 nm by the
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end of cycling. It is also worth mentioning that the XRD results from this sample at
the early stages of cycling demonstrated the textured characteristics of sputtered thin

films and the grain size measurements were not conclusive.

Upon cycling, the initial structure of multilayers with continuous Mg and AlTi layers
transforms to a porous structure. It has been shown that upon hydrogenation of a
Mg layer capped with Pd at 373 K and 0.2 MPa H,, the Mg film swells and after
dehydrogenation (at 343-423 K), the Mg film retains the swelled thickness by
incorporating voids [43]. A similar phenomenon was seen in present multilayer
composites as seen in cross sectional SEM images of samples. The SEM micrograph
of 10/2, 20/2, co-sputtered 20/2 and 34/2 samples after 250 cycles are illustrated in
figures 2-8 and 2-9. Macroscopic views of 10/2, co-sputtered 20/2 and to some
extent 20/2 multilayers in figure 2-8A, C and figure 2-9A, show that these multilayer
samples could keep the initial thin film forms with almost no disintegration. As for
34/2 sample, the original films are disintegrated into small flakes and the top Ta/Pd

layers are completely removed as seen in images 2-9D.

The cross section images of 10/2, co-sputtered 20/2 multi-layers after 250 cycles
(figure 2-8B and D respectively) show that despite the fact that repetitive volume
expansion/ contraction during sorption cycling causes the AlITi barrier layers to
severely deform, the layered structure is somehow preserved and the sintering occurs
in very localized sections of some neighboring layers. Even the Ta/Pd layers are seen
intact which is in agreement with absence of Mg-Pd compound in the XRD results.

However, for 20/2 multilayer (figure 2-9B) with the same configuration as co-
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sputtered 20/2, isolated Mg particles has formed. Comparing the structure of co-
sputtered 20/2 and 20/2 samples suggests the significant effect of Al and Ti addition
to Mg layers of co-sputtered 20/2 on the integtity of multilayers. It should be noted
that microstructure becomes porous after cycling compared with as deposited

structure (Figure 2-5E)

STEM Bright-field and high annular dark field images of co-sputtered 20/2 sample
after 60 cycles along with the elemental mapping of Mg, Ti and Al are shown in
figure 2-10. Note that in order to prepare electron transparent particles for TEM,
original films had to be pulverized by mechanical means. These images show that
even after mechanical pulverization particles preserved their layered structure. Z-
contrast high annular dark field STEM images show brighter spots where Al and/or
Ti are present in Mg matrix. This is further confirmed by EDS elemental maps given
in figure 2-10. Figure 2-11 shows a large Mg particle after 260 cycles of co-sputtered
20/2. Higher concentration of Al and Ti on the edges of the particle as shown in
elemental map of Al and Ti in figure 2-11, suggests formation of nanometric AlTi
particles on the surface; since according to XRD results and thermodynamics data,
they do not stay in solid solution with Mg when conditions for equilibrium reached

at cycling temperature.

2.4 Discussion
Constraining the Mg layer by reducing its thickness and employing more AlTi layers

resulted in better performance as seen for multilayers of 10 nm Mg thickness (10/2)
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as opposed to 20/2 and 34/2. Adding Al and Ti to Mg layers enabled co-sputtered
20/2 composite to have a comparable performance, if not improved, with 10/2
without sactificing much capacity. Note that co-sputtered 20/2 and 10/2 have
relatively the same amount of Al-Ti catalyst addition. Using AlTi layers proved
effective in keeping the multilayer Mg-based thin films from disintegration during
cycling. However, although successful size limitation of Mg grains to below 50 nm,
no appreciable thermodynamic destabilization occurred. The kinetic data shown in

figure 2-1 and 2-3 when combined with characterization data shown in figure 2-7

Figure 2-8 SEM images of cycled composites: (A) macroscopic view of 10/2 showing multilayer

films preserving their original shapes, (B) FIB image of the cross section showing expansion
and void formation between the AlTi layers and a few particles diffused through the AlTi layers
and coalesced; (C) macroscopic view of co-sputtered 20/2 showing multlayer films preserving
their original shapes, (D) FIB image of the cross sectional view of co-sputtered 20/2 showing
void formation between the AlTi layers.
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and 2-8 suggest that the co-sputtered 20/2 sample with the most stable kinetics was
also the most resistant against decrepitation. The AlTi layers in this sample kept the
Mg particles from expansion in thickness direction to some extent, as can be seen in
figure 2-8D, while AITi particles formed on the surface and probably in grain
boundaries (figure 2-10 and 2-11) kept the grains from growing too large and

coalescing together.

Cross sectional image shown in figure 2-8B and D and figure 2-9B suggest that
formation of small voids is a necessary process for activation. It also suggests that
for multilayers with higher number of layers (e.g. 10/2) the reason the activation
takes higher number of cycles, as implied by figure 2-3, lies in the difficulty of void
formation in more compact samples of thinner Mg layers. It seems that further
cycling induces a network of voids which facilitate hydrogen transportation. Thus,
we attribute the activation period to the cycles required for the material to reach a
steady state cyclability in which the hydrogen transportation through voids is easily
achieved and more AITi surfaces are exposed to hydrogen. This process leads to
faster sorption rates after activation. It should be noted that formation of voids is a
result of expansion of Mg layers during hydrogenation and their contraction in the

reverse reaction.

It can be seen in the SEM images of 10/2 (figute 2-8B) and 20/2 (figure 2-9B) that
magnesium layers can coalesce and form relatively large Mg particles and lose their
contact with AlTi catalyst layers. This effect is more severe for 20/2 multilayer which

has more isolated Mg particles. Thicker Mg layers can induce higher expansion
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stresses. In this scenario the dissociated hydrogen has to diffuse through larger Mg
particles, which in turn have larger grains. In larger grains hydrogen diffusion could
be a sluggish process due to low diffusivity of hydrogen through the growing hydride
layer [44, 45]. However, samples 20/2 and co-sputtered 20/2 with identical
structures and number of layers behaved differently in activation. From the inset in
figure 2-3A it is clear that the former needs approximately 25 cycles to activate while

it takes about 15 cycles for the latter to fully activate.

Mg particle

Figure 2-9 (A) macroscopic view of 20/2 multdlayer showing some disintegration in original films
shapes, (B) FIB image of the cross section view of 20/2 showing severe expansion and void
formation between the AlTi layers and deformation and rupture of AITi layers while new large
intetlayer particles formed; (C) macroscopic view of 34/2 showing original films disintegrated into
small flakes, (D) microscopic top view of the 34/2 flakes showing spongy structute after cycling.

On the other hand, the time to reach 90 wt.% capacity plot shows that after a stable
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Mg Al Ti

Figure 2-10 (A,C) Bright-field and (B,D)high angle annular dark field images of co-sputtered
20/2 sample after 60 cycles along with the elemental mapping of Mg, Ti and Al (E,F,G).
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cycling period, the 10/2, 20/2 and 34/2 samples starts to degrade slightly and
sorption increases consequently. Besides, IBA grain analysis results show that in
degraded samples, grain growth is a common phenomenon. 10/2 has better
petformance than 34/2 multi-layer by further constraining Mg layers and restraining
grain growth. As seen in figure 2-7, the grain size for co-sputtered 20/2 multdlayer
does not change in an appreciable manner from cycle 60 to 250 and as figure 2-3
implies, the corresponding sorption times remain steady during cycling. This
indicates that the cycling stability of the material is to some extent dependent on its
resistant against grain growth which in general is a bi-product of structural

disintegration.

Similar to what suggested for the role of CrV precipitates in Mg-Cr-V co-sputtered
thin films [46], AlTi patticles formed in co-sputtered 20/2 composites can have a
positive effect on Mg(H,) grain size in a way that a network structure of AlTi in
grain boundaries reduces MgH, grain size and limits the formation of blocking
hydride layer. A similar behavior has also been observed in studying multilayers of
Mg/FeTi [27]. When compared to cosputtered Mg-Fe-Ti thin films, FeTi layers
seemed not to be as effective as FeTi particles to restrict the grain growth. Similar to
the present case, magnesium grains grew more rapidly in Mg/FeTi multilayer than in
Mg-Fe-Ti co-sputtered thin films. It seems that FeTi particles formed in grain
boundaries were responsible for limiting the Mg grain growth. Here, similarly, AITi
nano-particles were detected using STEM combined with HAADF and EDS and are

shown in figure 2-10. The SEM image of co-sputtered 20/2 also shows that
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Figure 2-11 (A) STEM Bright-field and (B) high angle annular dark field images of a Mg particle

of co-sputtered 20/2 sample after 260 cycles along with the elemental mapping of Mg, Ti and
Al

agglomeration of magnesium is prevented when compared to 10/2 and 20/2

multilayers.

When Al and Ti are added to the layers of magnesium, the network structure of
precipitated AlTi nano-particles would act as a barrier to boundary motion and limit
the formation of large isolated pure Mg particles which are detrimental to
performance of the material. This exceptional behavior of AlTi can be well

understood when it is known that diffusion of hydrogen in AITi is much faster than
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Mg [37] helping rapid hydrogenation of Mg through the network of AlTi
nanoparticles and also AlTi layers. More interestingly, the 2 nm AlITi will not be
affected by hydrogen since it has negligible affinity for hydrogen and can remain

intact during cycling, sustaining its catalytic activity and mechanical integrity.

By combining these effects we could produce multilayers with controlled expansion
of Mg layers by constraining them with AlTi layers and controlled grain size by
incorporating nanometric AlTi particles on the surface of Mg grains and in grain
boundaries. The sputtered multilayer composites have identical cycling performance
compared to the single layer co-sputtered thin films, and the resistance of multilayer
structure to disintegration protect them against agglomeration and sintering which

leads to degradation in storage systems.

2.5 Summary

The multilayers of Mg-AlTi showed cyclability with remarkable kinetics. By
restricting the particle size and controlling the grain size of Mg in multilayers of
cosputtered Mg-Al-Ti sandwiched by AlTi layers we were able to achieve composites
with high cycling stability as well as mechanical integrity. We showed that Al and Ti,
when cosputtered, form an amorphous/nanocrystalline AlTi intermetallic that does
not react with magnesium and is mechanically stable enough to preserve multilayers
during hydrogen sorption cycling. In the case of pure Mg layers, when the thickness
of layers is higher than 20 nm, although activation occurs faster, the degradation is

also more severe. For multilayers of 34 nm Mg, expansion of Mg layers upon cycling
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leads in disintegration of multilayers and formation of porous flakes. By combining
the effect of AlTi layers in constraining the Mg layers from uncontrolled expansion
and the effect of AlTi particles in limiting Mg grain growth we were able to produce
composites with rapid sorption kinetics and high cyclability and mechanical stability

in over 250 cycles.
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3 Thermodynamics destabilization of Mg-based multilayers for

hydrogen storage

3.1 Introduction

As described in chapter 1, one of the main barriers for magnesium as material for
hydrogen storage is its high affinity with hydrogen, which results in formation of
strong M-H bond. Thus, high temperatures are required to release the absorbed
hydrogen from hydride. For magnesium with formation enthalpy of -76 kJ/mol H,,

the hydrogen desorption pressure of 1 bar can be obtained at 250 °C.

To tune the thermodynamics properties of magnesium and lower the (de)hydriding
reaction, one may use chemical methods to alloy magnesium [1, 2]. The additives can
form alloys or compounds with Mg in either the hydrogenated or dehydrogenated
state. Mg,Ni, as a well-known example, is transformed to Mg,NiH, upon
hydrogenation with the reversible capacity of 3.6 wt% hydrogen and 1 bar plateau
pressure at 245 °C [3]. Another example is Mg-Al alloy which transforms to Al and
MgH, upon hydrogenation. The plateau pressure for this system is three times higher
than that of pure Mg at 280 °C [4]. Similar to Mg-Al system, studies on Mg-Si have
shown a considerable destabilization of the hydride. The dehydrogenation enthalpy
was reduced from 75.3 to 36.4 kJ/mol H, for MgH,/Si system with 5% capacity [1].
In the mentioned cases, formation of more stable compound resulted in formation

of a less stable or destabilized hydride upon hydrogenation according to the rule of
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revered stability [5]. However, despite achieving improved thermodynamics

properties, the kinetics behavior of stabilized hydrides was still poor [1].

The model established by Griessen on relationship between the heat of formation of
metal hydrides with the band structure energy difference has motivated research on
changing the enthalpy by confining the equilibrium volume expansion upon
hydrogenation [6]. In this case, Mg film constrained by layers of elements capable of
forming stable alloy with Mg such as Ni and Pd show destabilization of hydride
formation [7]. The destabilization is attributed to the elastic constraint or clamping
effect exerted from formed alloy at the interface between Mg and the alloying
element. Nonetheless, recent publication by Chung e/ a/ attributed this
destabilization to the chemical energy associated with Mg-Pd bonds in the layered
film [8]. This is the same explanation described above for the chemical
destabilization method in which formation of a more stable compound results in
destabilization of its hydride. They argued that the strain energy effect resulted from
constraining the volume expansion in the in-plane direction is insufficient to increase

the plateau pressure substantially [§].

Aside from the chemical approach to destabilize the magnesium hydride, studies
have been conducted to investigate the effect of eatly transition metals additives,
which are immiscible with Mg, on the hydrogen sorption of its hydride [9, 10, 11,
12]. Experiments have shown considerable kinetics enhancements for Mg, -X|
(X=Ti, V, Cr, Sc) alloys, even though no significant thermodynamics alteration has

been achieved [13]. The observed improvement in kinetics was correlated with the
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formation of a fluorite-type hydride phase instead of the tetragonal rutile phase of
MgH, for y>0.2. For example, repeated (de)hydrogenation cycles have been reported
for co-sputtered Mg-Ti thin films using electrochemical hydrogen sorption cycling
method at room temperature [14]. Recent studies on MgH,/TiH, system revealed
the possibility of tuning thermodynamics properties of thin films in a multilayer
structure [9, 15]. While there is an agreement with the fact that the degree of
destabilization is strongly dependent on the magnesium thickness and Mg:Ti ratio,
there are different explanations describing the mechanism of destabilization. Some
groups attribute the destabilization to the strain induced by TiH, layer in the lattice
of Mg and corresponding structural deformations [15, 16]. Others, on the other
hand, correlate the observed destabilization to the contribution of interface energy to
the total heat of hydride formation [9, 17]. Following is the model developed by
Griessen [17] to explain the effect of interface energy. The energy associated with the
formation of a new interface can contribute to the formation energy of the new

phase. If we assume that the new phase is MgH,, the phase transformation is
Mg+H, — MgH, 3-1

The energy associated with the formation of this phase is the Gibbs free energy

difference of the reaction:
AfG(]i/[gHZI _RTInK=-RTIn (%) 3.0

Where K is the equilibrium constant, a function of Py, the equilibrium hydrogen

partial pressure of the hydride formation in bulk Mg. Considering that the system
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consists of each Mg layer sandwiched between two layers of i (1 =TiH,), the change
in the interfacial energy associated with the transformation of one Mg layer of area A

to one MgH, layer of same area, can be written as:
(o) p— Pnano — ()
AfGnanO_ RT 11’1 (?) — AfGMgH2+ ZAYNIgHz |i - z AYl\Ig|i 3-3

Assuming that the interface energy is associated with certain crystallographic
orientations of textured layers, in this case Mg(002)|TiH,(111) for the

dehydrogenated state and MgH,(110) | TiH,(111) for the hydrogenated state, we have

)= AYMgHZ\i R IYAR 3.4
Phuik RT

ln Pnam)

If the interface area between different layers is assumed to be constant and does not

change upon hydrogenation which is the case for TiH,, we have

PHQHO — i _
In ﬁ) — RT AY 3-5

The interface area per mole of thin film is proportional to the molar volume (V) of
magnesium divided by its thickness d (V/d), and since each Mg layer is sandwiched
between two layers, there are two interfaces contributing to the total energy of the

system. Thus, A is equal to 2V/d.

In (-5) = == Ay 3-6

Phulk R

When the energy of the new interfaces is higher than that of original interfaces

(Mg/TiH,), Ay is positive and results in the destabilization of the hydride phase.
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Using pressure-composition isotherms measurements of multilayers at different Mg
thicknesses, one can measure the equilibrium pressure of the thin Mg layers (P),
which is expected to be higher than that of bulk due to contributing effect of the
interface. Therefore, considering equation 3-6 it is possible to calculate both Ay and

P, from a plot of In (P,) as a function of inverse thickness (1/d).

The effect of interface energy has been investigated in model thin films of Mg/TiH,
deposited on a quartz substrate with very small mass loadings which could only be
accurately measured using optical techniques [17]. In the present study, we synthesize
sputtered multilayers with tens of layers which are peeled off the substrate and yield
high mass loadings, good enough for accurate measurements using standard Sievert’s
apparatus. Our main goal is to investigate thermodynamics properties of Mg/AlTi
multilayer system and compare the result to the baseline system (Mg/Ti multilayers).
In fact, recent theoretical study predicts that incorporating Al or Si to Mg/Ti thin
films can significantly improve their hydrogen storage properties [18]. Calculations
show that the layered structure of Mg/TiSi or Mg/AlTi ate more stable than co-
sputtered ones (Mg/Ti-ALSi alloys); thus, hydrides in the layered structure will be

less stable than those in alloyed structures.

3.2  Experimental
Mg/AlTi and Mg/ Ti multlayer thin films of total 0.5 um thickness with vatious
thicknesses of Mg and AlTi or Ti layers were prepared using Magnetron sputtering

system (AJA International) on silicon wafers. AlTi layers were prepared through co-
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sputtering of Al and Ti in 1:1 atomic ratio. All samples were coated with 7 nm
Pd/AITi bilayer to protect samples from oxidation and catalyze hydrogen
dissociation and to prevent interdiffusion of Mg in Pd [19]. Deposition was
performed under mean base pressure of 5 x10® bar. For sputtering, argon gas of
99.999 % purity was used at pressure of 5 upbar. Samples were removed from
substrate by acetone dissolution of photoresist which has already been coated on the

substrate.

Mg/AlTi and Mg/ Ti samples were deposited at fixed 2 nm thickness of secondary
layers (AITi or Ti — unless mentioned otherwise) and various thicknesses of Mg
layers. In addition, to further investigate the effect of size reduction and surface
contribution in extreme cases, we prepared a different sample of Mg/AlTi with very
low thicknesses of both AlTi and Mg layers as low as 0.5 nm. For simplicity we
denote samples X/Y labels in which X is the thickness of magnesium and Y is the

thickness of the secondary layers (AlT1 or T1) in nm.

A Sievert’s apparatus (HyEnergy LLC. PCTPro 2000) was used to measure
thermodynamics properties of the specimens. Test samples mass varied between 5
and 10 mg. A small 4 ml reservoir was used to set up the equilibrium pressure for
both absorption and desorption processes. For samples with 2 nm secondary layers,
thermodynamics measurements were run at 473 K, while for samples with thinner
Mg layers, where the equilibrium pressure was higher than the pressure measurable
accurately by low pressure transducer (around 5 atm), temperature was adjusted at a

temperature between room temperature to 373 K.
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To characterize the microstructure of as-prepared and hydrogen exposed samples,
we used X-ray diffraction (XRD) and transmission electron microscopy (TEM).
Focused ion beam (FIB) technique was used to prepare cross sectioned samples for
TEM and a FIB-SEM (Zeiss NV vision 400 Focused Ion Bean equipped SEM) was
used for preliminary characterization of multilayers and verify the soundness of the
interfaces and thicknesses. The XRD system was a Bruker AXS diffractomer (Bruker
Discover 8) operating with Cu-Ka radiation. We performed TEM analysis using

JEOL 2010 and JEOL 2200FS operating at 200 kV.

3.3 Results and discussion

X-ray diffraction patterns of the as deposited Mg/AlTi and Mg/ Ti multilayers with
different configurations can be seen in Figure 3-l1a and 3-1b respectively. Thre
textured structure of Mg is evident. It is already known that co-sputtered AlTi form a
nanoctystalline/amorphous mixture with the main <111> peak at 20=40° [20].
While the initial dominant orientation seen in samples with Mg layers thinner than 2
nm is <0 1 1>, it appears that <0 0 2> is the fastest growing orientation which is
biased away from the initial orientation for thicker Mg layers (see ref. [21]). At Mg
thickness of 2 nm, both orientations are observed. For 2/2 and 5/2 Mg/Ti

multilayer configurations as can be seen in Figure 3-1b, X-ray diffraction patterns
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Figure 3-1 XRD patterns of as deposited Mg/ AlTi samples of different configurations. At very thin
thicknesses the preferred orientation for Mg changes from <0 2 2> to <0 1 1> (a) XRD patterns
of as deposited 2/2 and 5/2 nm Mg/Ti samples (b) XRD patterns of Mg/AlTi samples after first
absorption (c) and XRD patterns of 5/2 Mg/Ti after first absorption and first desorption (d).
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indicate that <0 1 1> and <0 0 2> are the dominant growth direction for Mg and Ti

layers, respectively.

2 4 6
d! [103m]

Figure 3-2 Absorption pressure — temperature isoterms of Mg-AlTi samples of three
different Mg thicknesses (d) with constant AITi thickness of 2 nm at 473 K (A) and the
cortesponding In(P) as a function of 1/d (B).

Pressure—composition isotherms of Mg/AlTi multilayers at different thicknesses are
shown in figure 3-2A. With decreasing the thickness of Mg, the equilibrium pressure
becomes larger due to the increasing effect of interface energy, an effect which has
been theoretically predicted in previous studies [18, 23]. The linear dependency of In
(P, versus inverse thickness (1/d) is depicted in Figure 3-2B. The fit gives values of
0.81 J/m’® and 0.075 atm for Ay and P, respectively. The value for P, is in
agreement with the one obtained experimentally using enthalpy and entropy of bulk
MgH, (AH=74.06£0.42 kJ/mol H, and AS=133.4£0.7 J/mol H2) [22], which is

0.064 atm at 473 K.

The sloping plateau observed in the PCT of the multilayer with 2 nm Mg thickness is

attributed to the fact that the Mg does not possess a single preferred orientation in
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this sample; thus, there could be a range of interfacial energies contributing to the
heat of formation that causes a short range sloping plateau. The calculated interface
energies formations for Mg|TiH, and MgH,|TiH, interfaces with different
orientation relationships have been found to be the same in range [16]. This might
explain why the sloping plateau is in a short pressure range as the difference in
interface energies (Ay) raised from distinct orientations of Mg | AlTi and MgH, | AIT1

is probably small.

It is worth mentioning that in our multilayer configurations, Mg layers can freely
expand in the z direction and the effect of substrate is eliminated. In addition, all
experiments were done at 473 K to enhance the kinetics and also minimize the
hysteresis effect caused by plastic deformation; since according to Mooij et al, the
hysteresis induces an increase in the plateau pressure in absorption and a decrease in
equilibrium pressure in desorption which can be minimized at elevated temperatures
[17]. Thus, we considered the absorption plateau pressures to calculate the interface

energy.

Furthermore, we investigated the effect of decreasing the AlTi layer thickness, or in
other words, increasing Mg:AlTi ratio, on the thermodynamics properties of
Mg/AlTi films. It should be noted that any reduction in the AlTi layer thickness is
accompanied with an increase in the hydrogen capacity which is favourable. Figure 3-
3 depicts the PCT results for multilayers of 5 nm thick Mg and 8, 2 and 0.5 nm AITi.
All three samples have almost the same plateaus. The expected theoretical

calculations imply that lower Mg:Ti ratio results in lower desorption energies, and
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Figure 3-3 Absorption PCT of three multilayers with the Mg layers thickness constant at 5 nm
and AlTi layers of 0.5, 2, and 8 nm measured at 473 K.

authors attribute this to the contributing effect of structural deformations rather than
the positive interfacial energy effect [23]. Here, we could not find any significant
change in PCT results of samples with different AITi thicknesses, and hence the
observed change in the equilibrium pressure could be merely caused by interfacial

energy effect and it is thickness dependent.

To evaluate our thermodynamics results with those obtained from thin films on the
substrate, we measured the thermodynamics propetties of free standing Mg/Ti thin
films as the baseline. Figure 3-4A depicts the PCT results for multilayer structure of
10, 5 and 2 nm Mg thick at fixed Ti thickness (Ti = 2 nm). Similar to Mg/AlTi, the
higher plateau is achieved for lower Mg thickness. The more stability of Ti-H bonds
dictates the presence of a lower plateau pressure for the hydride formation of

titanium as can be seen in figure 3-4. This plateau can be clearly seen for three
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samples with an expected more width for multilayers of low Mg thicknesses due to a
higher Ti content. Upon hydrogenation, TiH, forms primarily in <111> direction
(figure 1d) as reported elsewhere [9]. Thus, the interface affecting the
thermodynamics property will be Mg(101) | TiH,(111). Figure 3-4B depicts the plot
of In (P,) versus 1/d for Mg/Ti films giving the value of 0.44 J/m” for the interface
energy difference which matches with the published result [17]. Thus, AlTi can
contribute more energy to the heat of formation of hydride compared with Ti as

predicted by theoretical calculations [18].
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Figure 3-4 Absorption pressure — temperature isoterms of Mg-Ti samples of three different Mg
thicknesses (d) with constant Ti thickness of 2 nm at 473 K (A) and the corresponding In(p) as a
function of 1/d (B).

The following absorption tests, we performed desorption PCT tests on the hydrided
samples as can be seen in figure 3-5A. Niether Mg/Ti nor Mg/AlTi samples
demonstrated a significant change in the thermodynamics of the desorption process.
This could be attributed to the fact that Mg layers tend to disintegrate and detach

from AlTi surface upon hydrogenation at high temperatures [24]. In such situation,
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full contact between the AlTi and Mg is lost and Mg becomes pulverized. In fact,
emergence of other diffraction peaks in the XRD pattern of Mg/AlTi and Mg/ Ti
samples in the absorbed state (Figure 3-1c and d) indicates that Mg(MgH,) has lost
the original textured/oriented structure with the AlTi layer. An SEM image (figure 3-
5B) captured from a partially 2/2 Mg/AlTi multilayer reveals the disintegration of
Mg at the interfaces in the top and bottom layers while the middle unabsorbed

section remained intact.

In order to show the extreme amount of feasible destabilization, absorption PCT

measurements were performed at room temperature (293 K) on a 0.5/0.5 Mg/AlTi
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Figure 3-5 Desorption PCT of Mg/AlTi (2/2) and Mg/ Ti (2/2) at 473 K (A). A SEM image of
2/2 Mg/ AlTi after first absorption (B).

multilayer sample. The result is depicted in Figure 3-6A. The plateau pressure is
around 0.05 atm corresponding to a formation enthalpy of 48 kJ/mol H,. It was
assumed that entropy of the reaction does not change. This enthalpy corresponds to
a decomposition temperature of 75 °C at P, =1 bar. Note that the Mg/ AlTi ratio for
this sample is similar to 2/2 or 1/1 and the only difference is the configuration and

periodicity of Mg/AlITi layers which in this sample is 1 nm. However, a significant
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property change has been achieved by introducing more interfaces and their positive
energy effect on the hydriding reaction. Interestingly for this sample, the kinetics is
relatively fast. The absorption at room temperature occurs in less than 30 minutes
and we were able to desorb the sample at 423 K in 25 minutes. The result of this
experiment is shown in figure 3-6B and C. Similar low temperature sorption
measurements have been investigated for co-sputtered thin films [25, 20].
Nonetheless, for multilayered structures, the reversibility of sorption processes and
maintaining the achieved tuned properties should be investigated as their properties

can be ruined at high temperatures due to the interface destruction.
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Figute 3-6 Absorption PCT of 0.5/0.5 Mg/ AlTi measured at 293 K corresponding with enthalpy
of 48 kJ /mole Hy (A). Absorption (B) and desorption (C) cutve at 293 K and 423 K respectively.

3.4 Summary
By making sputtered multilayers thin films where Mg layers are confined by
secondary layers of AlTi (Ti), it was possible to scale up the destabilized structures

where the interfacial energy between Mg and the secondary layer contributes to the
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overall heat of hydride formation. The degree of destabilization is larger in the case
of AlTi layers because of higher interface energy change during hydride nucleation
on AlTi than on TiH,. The amount of destabilization has a direct dependency on the
thickness of Mg layer. The lower the thickness, the less the heat of hydride formation
will be. Also, it was found that a change in the thickness of AITi did not result in a
significant change in the equilibrium pressure. Hence, by decreasing the thickness of
AITi layers, it is possible to maximize the capacity of material in a destabilized

multilayer system.
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4 Conclusions

In this thesis, multilayers of Mg/AlTi thin films have been studied to investigate
hydrogen storage properties. A significant enhancement in the kinetics and
thermodynamics were achieved. There was an activation period before the thin films
show a good kinetics behavior. This activation is relatively longer in comparison to
the co-sputtered thin films. During activation, void formation and Mg pulverization
were the main processes occurring simultaneously. This results in faster kinetics by
exposing new Mg/AlTi surface to the hydrogen. Through appropriate construction
of multilayers and thickness selection, we were able to achieve a material with 5.5
wt% H, capacity with long cycle life over 250 cycles. It was also found that addition
of both Al and Ti to pure Mg layers has a significant effect on the stability of
multilayered structure. TEM and EDX along with XRD results point out that Al and
Ti segregated out during initial cycles and formed AlTi nanoparticles on surfaces or
grain boundaries. We conclude that the AlTi addition to Mg and thickness reduction

of Mg layers are the key factors in preventing structural deterioration.

It was also shown that decreasing the thickness of Mg layers to very few nanometers
could potentially change the thermodynamics properties. By keeping the thickness of
AlTi1 fixed at 2 nm and reducing the thickness of Mg layers, a less stable hydride was
achieved. The destabilization is attributed to the effect of interface energy difference
between Mg | AlTi and MgH, | AITi. Furthermore, the interface energy difference for

Mg/AlTi system was found to be higher than that of Mg/Ti indicating that Al
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addition to Mg/Ti system results in improved properties. Room temperature
measurement for 0.5 nm thick Mg multilayer not only showed significant change in
the thermodynamics properties, but also it demonstrated good kinetic behavior. The
material absorbed in room temperature and could desorb at 423 K. However, further

investigations are still required to achieve long cycle life stability.
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