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ABSTRACT

ISOCHRONAL HYDROGENATION OF TEXTURED
MAGNESIUM/PALLADIUM THIN FILMS

Ozgit, Cagla
M.Sc., Department of Metallurgical and Materials Engineering

Supervisor: Prof. Dr. Tayfur Oztiirk

February 2009, 78 pages

Pure and palladium-covered 350 nm thick magnesium thin films were deposited
on glass substrates via thermal evaporation. In the as-deposited state, films were
highly textured with Mg (001) parallel to the substrate. Hydrogen loading
experiments were carried out in two different conditions; namely isothermal and
isochronal. Hydrogenation behaviors of the thin films were followed by two-
point probe electrical resistance and optical transmittance measurements, as well
as x-ray diffraction studies. Isothermal hydrogenation experiments conducted on
Pd-covered Mg thin films have revealed that these films can absorb hydrogen at
temperatures starting from 333 K, producing MgH: with a random texture. When
the films were heated slowly starting from the room temperature, on the other
hand, hydrogenation gives rise to a textured MgH:, where (110) parallel to the
substrate with a minor (101) component. Formation of the textured hydride in
isochronal loading was discussed within the context of lattice mismatch in Mg to
MgH: transformation. It was further shown that formation of such a textured

hydride in Mg thin films minimizes in-plane lattice distortion.

Keywords: Magnesium; Magnesium hydride; Hydrogen absorption; Lattice
mismatch; Textured thin film.
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Oz

DOKULU MAGNEZYUM/PALADYUM INCE FILMLERDE
HIDRUR OLUSUMU

Ozgit, Cagla
Y. Lisans, Metalurji ve Malzeme Miihendisligi Boliimti

Tez Yoneticisi: Prof. Dr. Tayfur Oztiirk

Subat 2009, 78 sayfa

350 nm kalinhigindaki saf ve paladyum kapli magnezyum ince filmler cam
altliklar iizerine 1s1l buharlastirma yontemi ile ¢oktiiriilmiistiir. Filmlerin Mg
(001) diizlemi cam althga parallel olacak sekilde dokulu bir yapida olduklari
gozlemlenmistir. Hidriirleme deneyleri esisil ve essiireli olmak {tizere iki farkl
kosulda gerceklestirilmistir. Hidriir olusumu elektriksel diren¢ ve optik
gecirgenlik Olcitimlerine ilave olarak x-isinlari kirmimi ile de takip edilmistir.
Yapilan deneyler, 333 K’'den baglayan sicakliklarda esisil hidriirleme sonucu Mg
filmlerin dokusuz MgH>'ye doniistiigiinii gostermektedir. Ote yandan, ayni
filmler essiireli kosulda hidriirlendigi taktirde MgH2'nin dokulu oldugu tespit
edilmistir. (110) diizleminin cam althga paralel olarak yonlendigi bu dokuda, az
olmakla beraber (101)'in de mevcut oldugu gozlenmistir. Egstireli hidriirleme
sonucu goriilen bu dokulu yapi, Mg-MgH: doniisiimiinde gergeklesen kafes
uyusmazligl esas almnarak irdelenmis ve dokunun diizlem ig¢i boyutsal

uyumsuzlugu en aza indirgedigi gosterilmistir.

Anahtar Kelimeler: Magnezyum; Magnezyum hidriir; Hidrojen emilimi; Kafes

uyusmazligl; Dokulu ince film.
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CHAPTER 1

INTRODUCTION

With a high gravimetric storage capacity of 7.6 wt.% hydrogen and low cost,
magnesium is a promising candidate for hydrogen storage applications.
However, its high stability and sluggish reaction kinetics obstruct its widespread
use. Although considerable progress has been made in accelerating the reaction
rates, the high stability of MgHo is still needed to be reduced. Several attempts
have been made in order to destabilize this hydride by mainly following the
powder-processing routes. Aiming the same goal, thin film processing has been
recently emerged as an alternative method for producing nano-sized structures
with well controlled chemical make-up and morphology. Furthermore, thin film
systems are also known to be advantageous due to their large surface-to-volume
ratio, ease of catalyst introduction in systems and better heat transfer

arrangements.

Magnesium films reported in the literature were mostly covered by a thin layer
of palladium in order to protect the underlying film against oxidation as well as
promoting hydrogen dissociation at the surface. Extensive work on these thin
films has revealed that temperatures required for hydrogen sorption can be
significantly reduced. It has been further shown that both absorption and

desorption are possible at temperatures as low as room temperature. However,



studies on Mg thin films are still lacking in terms of correlating the structural

properties with their hydrogenation behavior.

In the current study, hydrogenation behavior of Pd-covered Mg thin films
deposited on a glass substrate with a strong texture was investigated. Conversion
of these films to MgH: was examined under both isothermal and isochronal

hydrogenation conditions.

Following this brief introduction, in Chapter 2, a literature review on the
hydrogen sorption behavior of magnesium thin films — including the details of
Mg to MgH: phase transition, thermodynamics and kinetics of hydrogen uptake,
optical switching upon hydrogenation — is presented. Chapter 3 reports the
experimental details on deposition, hydrogenation and characterization of the
thin film samples. Here, a short section is dedicated to the design of a custom-
made resistance measurement set-up. In Chapter 4, experimental results are
given and discussed in detail. At the beginning of that chapter, a comparative
study is presented, in which the data obtained from two-point probe electrical
resistance and optical transmittance measurement techniques are questioned in
terms of how well they represent the amount of MgH: formed in the samples.
Following this, hydrogenation behaviors of pure and Pd-covered textured Mg
thin films are reported for isothermal and isochronal conditions. Moreover,
different orientations of the nucleating MgH: phase in the case of different
hydrogenation conditions are also shown and discussed in detail in terms of

lattice mismatch calculations. Conclusions are finally given in Chapter 5.



CHAPTER 2

LITERATURE REVIEW

During the last few decades hydrogen attracted worldwide interest as the rapidly
diminishing non-renewable energy resources and greater environmental
awareness give rise to the need for more efficient and environmentally friendly
fuels. The main problem of using hydrogen as an energy carrier for commercial
applications lies in economical and convenient storage. Hydrogen can be stored
in the form of gas, liquid or solid (i.e. metal hydride). Among these, metal
hydrides received considerable attention since the hydrogen can be stored safely
inside the metal itself and the amount of hydrogen stored per volume is greater
than either gaseous or liquid storage as emphasized by Ivey and Northwood

(1983).

With a high gravimetric storage capacity of 7.6 wt.% hydrogen and low cost,
magnesium is a promising candidate for hydrogen storage applications.
However, there are several thermodynamic and kinetic limitations preventing its

use in industrial applications.

The most significant thermodynamic drawback is the high desorption
temperature of ~623 K, which is related to the high stability of the Mg-H bonds
in MgH: (Buschow et al, 1982). The other drawback is slow hydrogen

absorption/desorption kinetics. Paillier et al. (2006) have attributed the slow
3



kinetics as being the result of: (i) presence of a native surface oxide preventing
the access of hydrogen to metallic magnesium, (ii) high energy barrier for Ha

dissociation on Mg, and (iii) slow hydrogen diffusion through the MgHo.

2.1 Hydrogen Sorption in Magnesium Thin Films

The main benefits of thin film metal hydrides can be summarized as follows: (i)
thin films provide large surface area with fast charging/discharging rate for
hydrogen, (ii) pulverization is slower, (iii) both critical pressure and critical
temperature are significantly lower, (iv) they provide better heat transfer
arrangements, and (v) protective surface coating could be carried out with ease to
stop poisoning by oxygen and activation of thin film hydrides is possible by
coating them with a thin layer of catalytic material (Jain et al., 1988). In the light of
these advantages, numerous studies were undertaken concerning hydrogen

storage in magnesium thin films.

The first study reporting the hydrogen sorption behavior of Pd-covered Mg thin
films was published by Krozer and Kasemo in 1987. They observed unusual
kinetics in their study: (i) the hydrogen uptake saturated far from MgH: at room
temperature, and (ii) the saturation uptake decreased with increasing H->
pressure. They explained their results in terms of a hydride formation at the
Pd/Mg interface, which blocks hydrogen diffusion. Two years later, Rydén et al.
(1989) verified and investigated the existence of this interface hydride by
applying hydrogen depth profiling. In their study, Rydén et al. (1989) concluded
that there is a significant thermodynamic driving force for the interface hydride

formation.



In 1989, Krozer and Kasemo measured the hydrogen equilibrium uptake and
associated kinetics of magnesium films in the temperature range 260-360 K and
pressure range 0.03-30 Torr, and demonstrated that equilibrium can be
established between H: gas and magnesium at much lower pressures and
temperatures than previously reported, by the use of thin, UHV-prepared and
palladium-coated samples. Here, Krozer and Kasemo used a thin palladium
overlayer for (i) its catalytic effect on H2 dissociation, (ii) its increase of the
hydrogen sticking coefficient, and (iii) its effective protection against oxidation in
the case of exposure of samples to air. Just a year later, in 1990, Krozer and
Kasemo published another article, in which they reviewed all their experimental

data on the hydrogen sorption characteristics of the thin film Mg-H system.

Hjort et al. (1996a) performed resistivity measurements during hydriding-
dehydriding cycles of UHV-prepared Mg films. This was the first study in which
electrical resistivity (or resistance) measurements were used to follow hydrogen
concentration in Mg thin film samples. In their study, resistivity versus hydrogen
concentration relation was found to be linear up to x = (H/Mg) (atom ratio) = 0.4
according to the formula p(x) = p(0) (I + c:x), where p is the resistivity and c =1.08
+0.25. Hjort et al. (1996a) further stated that, for x > 0.4, the variation of p(x) with
hydrogen concentration became stronger than linear, but remained still rather
weak until x reached values around 1-1.5, where resistivity increased very
rapidly by about a factor of 5. In the context of their study, the resistivity data
were also compared with those obtained from quartz crystal microbalance
(QCM) measurements. As a result, the general behavior obtained with both

methods was found to be the same.

In another study, Hjort et al. (1996b) investigated the influence of oxygen on the
hydrogen uptake by Pd-coated Mg films. As a result of their study, they

concluded that oxygen at the Mg/Pd interface has two functions: (i) at low



concentrations its main effect is to accelerate the hydrogen uptake and thereby
cause an earlier blocking of the interface, and (ii) at large concentrations the
oxygen instead reduces the uptake rate, which prevents total hydride blocking

and leads to higher total uptake.

In 1999, Higuchi et al. investigated the hydrogen sorption properties of 200 nm
thick Mg thin films coated with 25 nm Pd, having different degree of
crystallization in the Mg layer. In this study, dehydrogenation temperature was
found to become lower as the degree of Mg crystallization decreases. The same
group of researchers (Yamamoto et al., 2002) continued their work on Mg thin
films, this time, by focusing on the optical and structural properties. In their
study, they showed that fully hydrogenated films were in a color-neutral
transparent state. In another study (Higuchi et al., 2002), they investigated
hydrogen storage properties of three-layered Pd/Mg/Pd films prepared by RF-
associated magnetron sputtering method. Their results indicated that the
dehydrogenation behavior can be improved significantly by the use of such a

three-layered structure.

The hydrogenation characteristics of 30 um thick air-exposed magnesium thin
films were studied by Léon et al. (2002). They showed that these films can absorb
7.5 wt.% of hydrogen at 623 K under a hydrogen pressure of 10 bar and desorb
all the hydrogen at the same temperature under a hydrogen pressure of 0.21 bar,
emphasizing that the hydrogenation-dehydrogenation occurs even though the
films were exposed to air. In their following study, Léon et al. (2003) investigated
the hydrogen sorption properties of vanadium- and palladium-implanted
magnesium films. They pointed out that vanadium-implanted films exhibit faster
hydrogen absorption compared to pure magnesium and to palladium-implanted

films and the (de)hydrogenation kinetics depend on the ion dose implanted.



In 2004, Yoshimura et al. reported that magnesium thin films were hydrogenated

upon exposure to 4% hydrogen gas diluted by argon at room temperature.

A similar study to that of Hjort et al. (1996a) was conducted nine years later by
Ingason and Olafsson (2005), in which resistance measurements were done on
100 nm Mg films covered with 10 nm Pd in temperatures ranging from 333 to 373
K. Results obtained from this study showed a thermodynamic behavior similar to
that found in bulk magnesium and magnesium-based samples made by ball

milling.

Paillier and Roué (2005), on the other hand, studied the structure and
electrochemical hydriding behavior of Mg/Pd thin films prepared using pulsed
laser deposition (PLD) technique. In their following study, Paillier et al. (2006)
investigated the influence of the deposition atmosphere on the film morphology
and electrochemical hydrogenation characteristics of Mg/Pd thin films elaborated

by PLD.

Akyildiz et al. (2006) studied on the hydrogenation behavior of Mg based thin
films produced via thermal evaporation. Experiments conducted on Au-Pd
capped Mg thin films at 473 K revealed that upon exposure to hydrogen gas (P2
= 10 bar) for 1 hour, considerable amount of MgH: forms in the film, though

some fraction still remains as Mg.

The surface science investigations performed by Ostenfeld and Chorkendorff
(2006) implied that the post-oxidizing of Mg films increases the apparent
desorption energy from 146 kJ/mol to 314 kJ/mol. The authors also pointed out
that magnesium oxide overlayers serve as a cap, preventing magnesium

sublimation and delay the hydrogen desorption from the hydride phase.



In another study, Shalaan and Schmitt (2006) investigated the optical and
structural properties of Mg nanoparticle thin films coated with Pd. They
succeeded to load thin films of Mg with hydrogen at room temperature and
normal pressure of hydrogen gas. In their study, transparent MgH> was obtained
in less than 100 seconds. In the meantime, Pasturel et al. (2006) reported that Pd-
doped Mg can also absorb hydrogen at room temperature and less than 1 bar

pressure in a few minutes.

The influence of oxygen contamination on the hydride formation in Pd-covered
thin films of Mg has been studied via resistance measurements by Ingason and
Olafsson (2006). Their work showed that the presence of oxygen contamination
initially increases the rate of uptake greatly but decreases it when the Mg film is

contaminated further with oxygen.

The structural and hydrogen storage properties of nanostructured Pd-capped Mg
thin films prepared by two different methods, namely plasma sputter deposition
and pulsed laser deposition, were studied by Singh et al. (2007). The authors
stated that a maximum hydrogen uptake of 4 to 7.5 wt.% is reached under
optimum hydrogen loading conditions of pressures between 2.5-10 bar at a

temperature of ~470 K for both types of films.

In 2007, Domenech-Ferrer et al. showed that nanostructured Mg films can be
hydrogenated at temperatures as low as 323 K in few minutes. It was also
pointed out that aluminum addition has a beneficial effect on the hydrogenation
characteristics of the Mg films, without a significant decrease in the desorption

temperature.

In another study, hydrogenation properties of 40 nm thick Mg films, grown

under UHV conditions, have been studied at elevated temperatures and



pressures, i.e. conditions relevant for hydrogen storage, by Ostenfeld et al. (2007).
It has been shown that the addition of a small amount of Pt to the magnesium
surface increases the sticking coefficient, whereas decreases the influence of self
blocking caused by the adsorbed hydrogen. Ostenfeld et al. (2007) further stated
that atomic hydrogen diffuses through post-oxidized magnesium oxide films, but

not through stoichiometric magnesium oxide.

Kelekar et al. (2007), in their study, emphasized that kinetics of hydrogen
absorption and desorption depend on the surface orientation and degree of
crystallinity of the original magnesium layer. They further pointed out that

hydrogen diffusion is an important factor governing the desorption kinetics.

Recently, Qu et al. (2009) reported the superior hydrogen sorption properties of
Pd-capped Mg thin films. The authors stated that their samples became
transparent and insulating after hydrogenation at 353 K and reverted to the

metallic mirror state completely and rapidly on exposure to air at 298 K.

2.1.1 Magnesium to Magnesium Hydride Phase Transformation in Thin Films

Metal to metal hydride phase transition in the Mg-H system involves not only
substantial volume expansion, but also a structural transformation. Upon
hydrogenation, the hexagonal close-packed structure of magnesium metal
changes into the tetragonal structure of magnesium hydride, while the overlying
palladium lattice retains the same face-centered cubic structure, where hydrogen

atoms are located in the interstitial octahedral sites.

X-ray diffraction studies performed on magnesium hydride (MgH-) by Ellinger et
al. (1955) revealed that this ionic compound, with an appreciable covalent

contribution (Stander and Pacey, 1978), crystallizes in the tetragonal system with
9



a =4.5168 + 0.0005 A and c = 3.0205 + 0.0005 A. Ellinger et al. (1955) also reported
measured density as 1.45 + 0.03 g/cm?®, showing that there are two molecules in
the unit cell. They further pointed out that two magnesium atoms in the unit cell
are in a body-centered configuration, i.e. 2 Mg in (000) (Y2 %2 2). Space group of
this compound was found to be P4o/mnm (Dj}) and the positions of the 4 H
atoms were given as + (x, x, 0) (x+%2, ¥2-x, ¥2) with x = 0.306. Moreover, in this
structure, given by Ellinger ef al. (1955), each magnesium is coordinated to six
hydrogens at a distance of 1.95 A and each hydrogen is coordinated to three

magnesiums. One H-H distance is 2.49 A and the others are 2.76 A.

Since the hydrogen atoms had no measurable effect on the diffraction intensities,
there was no experimental proof for the hydrogen positions proposed by Ellinger
et al. (1955). In this respect, a direct determination of the hydrogen sites by means
of neutron diffraction was undertaken by Zachariasen et al. (1963), using the
deuteride in preference to the hydride. As a result of their work, hydrogen
positions within the tetragonal MgH> compound were identified, i.e. x = 0.306 +
0.003. The unit cells of hexagonal close-packed magnesium and tetragonal (rutile-
type) magnesium hydride are shown schematically in Figure 2.1(a) and (b),

respectively.

The nature of Mg to MgH: transformation has been the subject of several
investigations. In 1981, Schober studied the exothermic formation of MgH: in Mg
by transmission electron microscopy (TEM). The sample investigated was high
purity magnesium foil hydrogenated at 543 K for about 16 hours under a
hydrogen pressure of 50 bar. The morphology and also the crystallography
observed in this TEM work was representative of bulk. The orientation
relationship between Mg and the nucleating MgH: phases was found to be as Mg
(001) // MgH: (100) and Mg [110] // MgH: [001] as demonstrated in Figure 2.2,

from the selected area diffraction patterns (SAD) showing both phases.
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(@) (b)
Figure 2.1 The representative unit cells of (a) hexagonal close-packed magnesium and (b)

tetragonal magnesium hydride.

* Mg
o MgH,

Figure 2.2 Graphical presentation of the Mg (001)[110] // MgH: (100)[001] orientation
relationship between two unit cells of Mg and one unit cell of MgH2 (only the metal

atoms are shown). (Schober, 1981)
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Bokhonov et al. (1987) carried out a similar TEM study, in which they
investigated the decomposition induced by an electron beam in MgHo: single
crystals and whiskers. In their study, the orientation relationship between MgH>

and Mg lattices was found to be as Mg (001) // MgH: (110) (see Figure 2.3).

Kelekar et al. (2007) studied the hydride formation in epitaxial and textured
magnesium thin films capped with palladium. They grew epitaxial Mg in the
(001) orientation on Al20s (001) and in the (110) orientation on LiGaO: (320) as
well as a textured Mg (001) on glass, and studied the formation of hydride at 373
K'in 6 bar hydrogen gas by using x-ray diffraction techniques. As a result, it was
shown that the hydride forms epitaxially relative to the Mg and the epitaxial
relationship was given as Mg (001)[100] // MgH2 (110)[001] on AL:Os (as shown in
Figure 2.4) and Mg (110)[111] // MgH2(200)[001] on LiGaO..

O O

O O O

O O
O MgH, (110) . Mg (0001)

Figure 2.3 Graphical presentation of the Mg (001) // MgH: (110) orientation relationship
along the phase boundary (only the Mg atoms are shown). (Bokhonov et al., 1987)
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o2 0% 0% 0% 0 wmgom

Figure 2.4 Schematic drawn to scale of the epitaxial growth mode of MgH: on Mg on
(001) Al20s in the Mg (001)[100] // MgH2 (110)[001] configuration. For clarity, only the Mg
atoms in MgH: are shown. (Kelekar et al., 2007)

Magnesium thin films, in the as-deposited state, could be crystalline with or
without a texture or amorphous depending on the conditions of deposition.
Singh et al. (2007) and Vermeulen et al. (2008) have sputter deposited films with a
random texture, i.e. all reflections appeared in the x-ray diffraction pattern. Léon
et al. (2002) and Akyildiz et al. (2006) using a thermal evaporation technique have
obtained similar structures, i.e. films with a random texture. Upon
hydrogenation of these films, normally carried out under isothermal conditions,
Mg was converted into MgH: again with a random texture. In the majority of
cases in the literature, however, thin films that have been deposited are strongly
textured with (001) parallel to the substrate (Kumar et al., 2008; Yamamoto et al.,
2002; Higuchi et al., 2002). Hydrogenation, under such conditions, leads to

formation of a textured MgH: with (110) parallel to the substrate.
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Kelekar et al. (2007) pointed out that Mg on glass exhibited a single (001) out-of-
plane orientation in the as-deposited state. Only (110) reflections of MgH> were
seen after the hydrogen uptake, showing that the MgH: phase grows in a specific

orientation relative to the Mg.

Recently, Singh et al. (2007) studied the structural and hydrogen storage
properties of nanostructured Mg thin films deposited on Si (001) substrates. In
their study, x-ray diffraction results revealed that the Mg to MgH: transformation
follows a martensitic-like orientation relationship with Mg (002) // MgH: (110)
and Mg [1-20] // MgH: [111], which was further confirmed by using selected area
electron diffraction (SAED).

A similar relationship was also reported by Higuchi et al. (1999, 2002). In both of
their studies, they emphasized that magnesium hydride formation in Mg thin
films deposited on glass substrates follows a martensite-like transformation in

which Mg (00I) relates with MgH- (hh0).

2.1.2 Thermodynamics of Hydrogen Uptake

Krozer and Kasemo (1989, 1990) and Rydén et al. (1989) concentrated on
obtaining equilibrium data for thin film Mg-H system and therefore designating

a region in the temperature-pressure plane where such data can be obtained.

After an extensive research, the limits of this region were demystified by Krozer
and Kasemo (1990): the lower temperature limit is pressure-dependent and it is
the maximum temperature at which an interface hydride forms, the upper
temperature limit is the temperature at which intermixing/alloying between
palladium and magnesium starts, and the pressures employed must be moderate

since at too low pressures the uptake rate becomes so small resulting in
14



impractically long equilibration times and at too high pressures the uptake
becomes so rapid that the dissipated chemical energy of the exothermic
hydrogenation reaction raises the temperature of the sample and thus preventing
measurements under isothermal conditions. By studying thermodynamics of
hydrogen uptake within the specified limits, Krozer and Kasemo (1989, 1990)
also determined the enthalpies of hydride formation and decomposition for
magnesium thin films as 60.7 + 6.3 k] mol! H> and 71.2 + 4.2 k] mol! Ho,
respectively. The Van't Hoff plot representing the hydrogenation properties of

magnesium thin films is given in Figure 2.5.

Temperature [K]

P, [Pal

15 20 25 30 34
1000/Temperature [K™']

Figure 2.5 Van't Hoff plots for the hydrogenation of some Mg-based materials systems.
The numbers between parentheses refer to: (1) Liang et al. (1999), (2) Liang et al. (1998) for
nanocrystalline hydrides, and (3) Krozer and Kasemo (1989) for thin films (TF). (Dam et
al., 2007)
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2.1.3 The Pressure Dependent Kinetics of Hydrogen Uptake

As already mentioned previously, the experimental results on the hydriding
behavior of palladium-covered magnesium thin films were first reported by
Krozer and Kasemo in 1987. Unusual kinetics was observed in their study: the
hydrogen uptake saturated far from stoichiometric MgH: at room temperature
and the saturation uptake decreased with increasing hydrogen pressure. This
negative pressure dependency of hydrogenation was attributed to the formation
of a thin hydride layer at the Pd/Mg interface that blocks further hydrogen

uptake because of the slow hydrogen diffusion in the magnesium hydride.

In order to support this argument, Krozer and Kasemo (1987) designed a basic
experiment in which they examined the hydriding characteristics of a
Pd/Mg/Pd/Mg sandwich layer that has three Pd/Mg interfaces. Their idea was
quite simple: if all the hydrogen were trapped in the form of interface hydride,
then this structure would be expected to take up three times more hydrogen than
the Pd/Mg structure, since it has three Pd/Mg interfaces whereas Pd/Mg structure
has only one. The result of this experiment supported the interface hydride
formation hypothesis: the uptake increased in the Pd/Mg/Pd/Mg structure by
more than a factor of two, suggesting a hydrogen distribution where majority of

hydrogen atoms are trapped at the Pd/Mg interface(s).

Although the formation of an interface hydride was inferred from the kinetic
results obtained by Krozer and Kasemo (1987), the definitive proof was given
two years later by Rydén et al. (1989). In their study, hydrogen depth profiling
using a resonant nuclear reaction verified the existence of an interface hydride.
The hydrogen depth profiling results obtained with the structures having

multiple Pd/Mg interfaces also showed a strong increase in hydrogen
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concentration at the interfaces, suggesting a thermodynamic driving force for the

formation of this interface hydride.

Further experiments done by Rydén et al. (1989) revealed that the nucleation rate
and the growth of the hydride is faster at higher pressures, which results in the
formation of a thinner interface hydride, i.e. decreased hydrogen uptake.
Contrastingly, hydrogenation at lower pressures resulted in a hydride region

which is thicker and containing a larger amount of hydrogen.

The effect of temperature on this pressure dependent behavior was investigated
by Krozer and Kasemo (1989) as well as Rydén et al. (1989). Both studies
concluded that the formation of an interface hydride can be prevented by
increasing the temperature. As temperature increases the interface hydride is less
possible to form, however at temperatures above 400 K intermixing and/or
alloying between palladium and magnesium becomes significant as reported by
Krozer and Kasemo (1987). Although it was suggested that the interface hydride
formation can be related to the formation of a Mg-Pd alloy, experiments done by

Krozer and Kasemo (1987) eliminated that possibility.

In their following study, Krozer and Kasemo (1990) showed that the temperature
required to prevent interface hydride formation is also pressure dependent: the
higher the pressure is, the higher the temperature. They also emphasized that

significant Pd-Mg intermixing and/or alloying does not occur below 380 K.

There are only few publications that discussed the mechanism of hydride
formation and the resulting negative pressure dependency. Krozer and Kasemo
(1987) suggested that the formation of an interface hydride might be linked to the
high hydrogen concentration gradient perpendicular to the surface. It was

argued that the diffusion speed of hydrogen atoms in palladium is very high,
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whereas diffusion is slower at the Pd/Mg interface and in magnesium. At higher
pressures the hydrogen concentration in palladium therefore becomes larger,
inducing interface hydride formation at a smaller total hydrogen uptake, than at
low pressures where the gradients become successively weaker. However, this
argument was invalidated by Rydén et al. (1989) since it could not explain the

appearance of high hydrogen concentrations at the internal Pd/Mg interfaces.

Krozer and Kasemo (1987) also stated that the mechanism of hydride formation
can alternatively be discussed in terms of how the hydrogen heat of solution
depends on local electron density. In their study, it was emphasized that the
lattice mismatch at the Pd/Mg interface certainly creates defects with low atomic
density/electron density, which gives an enrichment of hydrogen at the Pd/Mg
interface(s) during hydriding. Nucleation occurs when the hydrogen
concentration reaches a critical value, followed by hydride growth,
predominantly along the interface. It was also stated that lowering in electron
density due to the lattice expansion during hydriding possibly contributes to the

growth and eventually a coherent interface hydride forms.

Rydén et al. (1989), on the other hand, pointed out three possible mechanisms of
interface hydride formation: (i) trapping of hydrogen at defects on the surface or
interface as already suggested by Krozer and Kasemo (1987), (ii) easier formation
of hydride nuclei at the surface due to the lower energy requirement (in terms of
lattice strain) of expansion during hydrogenation at the surface than in the bulk,
and (iii) occurrence of Mg-Pd local alloying over a few atomic layers at the
interface and thereby creation of hydride nuclei formation centers which
subsequently grow to form the hydride layer. There, it was also emphasized that
surface hydride formation seen to be more frequent than expected and it is not
unlikely that the high temperatures required for hydriding of magnesium is at

least partly caused by surface hydride formation. These studies also successfully

18



showed that an interface between two metals can induce nucleation and growth

of an interface hydride.

2.1.4 Optical Switching Upon Hydrogen Sorption

Huiberts et al. (1996a) discovered that rare earth (RE) thin films coated with a thin
layer of palladium exhibit a reversible metal-to-insulator transition accompanied
by drastic changes in their optical properties when exposed to hydrogen gas. In
the meantime, it was found by van der Sluis et al. (1997) that also the hydrides of
rare earth-magnesium alloys show a similar behavior upon absorption of
hydrogen. Differently from the RE hydrides, Mg-RE alloy thin films exhibited
three different optical states: a color-neutral transparent state at high hydrogen
concentrations, a non-transparent dark absorbing state at intermediate hydrogen
pressures and a highly reflective metallic state at low hydrogen pressures, see
Figure 2.6. In 2001, Richardson et al. reported switchable mirror effects in thin
films of Mg and 3d transition metals (TM), which avoid the use of rare earth
metals and may therefore be more cost-effective and stable. This development

resulted in tremendous amount of research on Mg-TM alloys.

Since MgH: is a transparent, color-neutral insulator with a band gap of 5.6 eV as
reported by Isidorsson et al. (2003), magnesium films capped with a thin layer of
palladium is expected to become transparent upon exposure to hydrogen.
However, van der Sluis et al. (1997) reported that pure Mg films could not be
loaded with enough hydrogen to become transparent, presumably due to the
slow diffusion of hydrogen in MgH-. Several years later, Yamamoto et al. (2002)
studied the hydrogenation behaviors of 200 nm thick Mg films with Pd
overlayers at 373 K under 0.1 MPa (i.e. 1 bar) H2 gas. At the end of 24 hours, Mg

thin films changed from shiny mirror state into a color-neutral transparent state.
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The first study, in which the optical properties of magnesium thin films were
used to represent the hydrogen concentrations within the samples, was reported
by Yoshimura et al. (2004). In their study, Yoshimura et al. (2004) investigated the
hydrogenation properties of Pd-capped pure Mg thin films by monitoring the
optical reflectance of the sample surface. Similarly, Qu et al. (2009) studied the
hydrogen sorption properties of Pd-capped Mg thin films by monitoring the
optical transmittances. Shalaan and Schmitt (2006) found that Mg nanoparticle
films show improved absorption-desorption kinetics and switching properties in
comparison to Mg polycrystalline films. By exposing these films to normal
pressure of hydrogen gas at room temperature, they obtained transparent MgH->

in less than 100 seconds.

Recently, Gremaud et al. (2007) proposed a new combinatorial method (i.e.
hydrogenography) based on the fact that hydrogen absorption in a metal leads to
large optical changes. They further showed that besides being a monitoring
technique, “hydrogenography” also provides a high-throughput method to
quantitatively measure the key thermodynamic properties such as enthalpy and

entropy of hydride formation.

Figure 2.6 Transparent, dark and reflective states of a GdsMg alloy. The states can be
switched by pumping hydrogen in and out of a cell that contains the alloy film. (Ball,
1998)
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CHAPTER 3

EXPERIMENTAL DETAILS

3.1 Materials

Magnesium turnings (-4 mesh) from Alfa Aesar and a palladium rod (0.125”
diameter x 10 cm long) from Kurt J. Lesker Co. were used in the experiments. The
purities of magnesium and palladium were 99.98 and 99.95%, respectively.
Magnesium turnings were evaporated in their original form, whereas small chips
were cut from the palladium rod. Hydrogen gas used in the experiments was

typically 99.995% pure.

3.2 Deposition of Magnesium Thin Films

Pure and palladium-covered magnesium thin films were deposited on glass
substrates by using a custom-made thermal evaporation unit (Akyildiz, 2009).
This apparatus is made up of a stainless steel base plate (278 mm in diameter, 160
mm in depth) and a stainless steel bell jar with a height of 430 mm. The unit has
four evaporation sources (Sorensen DCS8-350E, manual/automatic current (0-350
A) or voltage control (0-8 V)), which could be controlled independently with four
rotational shutters.
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Ultra high vacuum (UHV) conditions inside the unit are established by the
cooperative action of dry mechanical (Adixen ACP15) and turbo-molecular
(Adixen ATP150) pumps. A vacuum gauge (Adixen AHC2010) and its display
unit (Adixen ACM2000) are also attached to the system in order to monitor the
vacuum level during deposition. Photograph of this custom-made thermal

evaporation unit is given in Figure 3.1.

Substrates were commercial grade soda lime glass with an approximate chemical
composition of 72.20% SiOz, 14.30% Na:0, 6.40% CaO, 4.30% MgO, 1.20% Al0s,
1.20% K20, 0.03% SOs and 0.03% Fe20s. They were 0.17 mm thick, 24 mm in
diameter. Prior to deposition, substrates were cleaned ultrasonically. The
procedure was as follows: (i) ultrasonic cleaning in heated deionized water and
detergent solution for an hour, (ii) rinsing under tap water for 5-10 minutes, (iii)
ultrasonic rinsing in tap water for 15 minutes, (iv) rinsing with deionized water,
(v) ultrasonic rinsing in deionized water for 15 minutes, (vi) rinsing with ethanol,
and (vii) ultrasonic cleaning in ethanol bath for 15 minutes. The substrates were
then dried by a hot-air dryer and subsequently placed on the substrate holder

inside the thermal evaporation unit.

An alumina (ALlQOs) crucible within a tungsten basket heater was used as the
evaporation source for magnesium turnings. Palladium, on the other hand, was
evaporated in the form of chips by using a tungsten boat. Schematic
representation of the deposition chamber indicating the relative positions of
these evaporation sources is given in Figure 3.2. Before deposition, the whole
system was baked-out by the use of an infrared quartz heater in order to degas
and remove impurities which are adsorbed/absorbed by the evaporation
materials. The system was then cooled down to room temperature and
deposition was initiated. Substrate temperature recorded as a function of time

during the deposition of Pd-covered Mg thin films is shown in Figure 3.3.

22



Figure 3.1 The custom-made thermal evaporation unit. (Akyildiz, 2009)

All thin films in this study were produced under UHV conditions with a base
pressure of 1x107 mbar. Source to substrate distance was typically 350 mm. The
deposition rate during evaporation was monitored by using a quartz crystal
thickness monitor (SQC-310 Deposition Controller, Sigma Instruments). Typical
deposition rate of magnesium was 1 nm/s. A thin layer of palladium was
subsequently deposited on magnesium by flash evaporation. The thickness of the
underlying Mg layer was typically 350 nm, where present Pd overlayer thickness

ranged from 6 to 48 nm.
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Figure 3.3 Variation in substrate temperature during the deposition of Pd-covered Mg

thin films via thermal evaporation.

3.3 Hydrogenation of Magnesium Thin Films

A set-up was constructed for measuring the hydrogen sorption properties of
magnesium thin films by means of resistance measurements. During the design
stage of this resistance measurement set-up (RMS), following requirements were
taken into account: (i) the set-up must stand an internal gas pressure of at least 10
bar at the temperatures ranging from room temperature to 473 K, (ii) it must be
leak-tight down to the lowest testable level both under vacuum conditions (104

mbar) and for pressures up to 10 bar, and must remain so for the temperatures
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up to 473 K, and (iii) the volume inside the set-up must be as small as possible.

The schematic representation of this set-up is given in Figure 3.4.

The body of the set-up consists of four main parts, where the numbering refers to
Figure 3.4. Unless stated otherwise, all parts of the set-up were made up of 316
stainless steel. The essential part of this set-up is the main chamber (1) which
houses the sample stage and the gas feed-through. The gas feed-through is
closeable by a miniature ball valve and therefore the whole set-up, if needed, can

be disconnected from the gas supply.

The second part is the probe-holder (2), which was produced by molding two
spring loaded gold-plated probes (INGUN Test Probes, GKS-100-201-90-A) in
cold-setting embedding resin within a custom-made stainless steel die that is
capable of molding up to four probes. The general view and dimensional details
of this die are given in Figure 3.5 and Figure 3.6, respectively. Prior to molding
process, a thin layer of wax was applied on the inner surfaces of the die in order
to ensure a safe removal. In the as-produced probe-holder, a probe spacing of 12
mm was obtained. As the final steps, tips of the probes were rounded by
mounting tiny drops of gold (approximately 2 mm in diameter) and electrical
connections were established by soldering copper cables to the back sides of the
probes. The following part of this set-up is the “connector” (3), only function of it
being connecting the probe-holder to the main chamber. Last major component is
the lid (4), which is in fact a slightly modified standard 2% inch CF flange.
Dimensional details of the lid, main chamber and connector are given in Figure

3.7.

26
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Figure 3.4 Cross-sectional schematic of the custom-made resistance measurement set-up.
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In order to assure leak-tight seals in the pressure range from 10+ mbar to 10 bar
and temperature range from room temperature to 473 K, two viton o-rings (inner
diameter of 22.50 mm, cross-sectional diameter of 2.20 or 2.40 mm) were placed
into the o-ring grooves existent on the lower and upper surfaces of the main
chamber and the connector, respectively. The probe-holder was then inserted
into the main chamber and the connector (3) was placed against its lower surface.
The main chamber and the connector were then tightly fixed together by the use
of six bolts (metric 4 x 20 mm). Whenever a thin film sample was inserted on the
sample stage, the set-up was closed by tightly bolting the lid and the main
chamber together, with a copper gasket in between, by again using six bolts

(metric 6 x 20 mm).

Dimensions of the lid ensured full contact between the gold probes and the film
surface. Resistance of the thin film sample was therefore easily measured at

desired temperatures and hydrogen pressures by the use of a multimeter.

Figure 3.5 General view of the custom-made die used for the production of probe-holder.
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Figure 3.7 Dimensional details of the lid, main chamber and the connector.
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During the experiments, temperature of the sample was controlled through a
cylindrical copper block (27 mm diameter x 200 mm height) that was
permanently nailed into the cylindrical cavity existing on the upper surface of the
lid (see Figure 3.4 on page 27). Heating was accomplished by the use of a
resistive coil, which was connected to a solid state relay (GEMO, 25A) and then

attached to the temperature controller (Tetcis PC771).

In order to prevent temperature fluctuations at relatively high temperatures, a
thermocouple (named as the “controller thermocouple”) was placed close to the
resistive heater coil and attached to a temperature controller. The actual
temperature of the sample was then monitored by the use of a K-type nickel-
chrome-nickel thermocouple that was inserted into the thermocouple receptacle

existing inside the nailed copper block.

In order to access to the turbo-molecular pump system (Leybold AG PT 50) as
well as to high purity argon and hydrogen gas sources, resistance measurement
unit was connected to the main hydrogen sorption measurement set-up, which
had originally developed by Baybdérii (2001) and then improved by Giivendiren
(2003), and was not disconnected unless it is mandatory. The photograph and the
schematic layout of the main hydrogen sorption measurement set-up together
with the resistance measurement unit are given in Figure 3.8 and Figure 3.9,

respectively.

A piezoresistive pressure transmitter (KELLER PAA-23) and a relief valve were
also connected near to the resistance measurement set-up (RMS) in order to
perform experiments within the desired pressure limits, as well as monitoring

the pressure inside the RMS.
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Figure 3.8 General view of the main hydrogen sorption measurement set-up together

with the resistance measurement unit.

3.3.1 Isothermal Hydrogenation

Pd-covered Mg thin film sample was inserted onto the sample stage inside the
resistance measurement set-up (RMS) and the set-up was then closed. The whole
system was evacuated by opening vacuum (V), control (Ci, Cz, C3, and Cs) and
pressure transmitter (P) valves and flushed with argon gas (see Figure 3.9).
Flushing was accomplished by closing the vacuum valve (V) and then
introducing argon gas (99.998% pure, Par = 1 bar) into the system by opening the

argon valve (A). The system was then again evacuated by closing the argon valve
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(A) and opening the vacuum valve (V). This procedure was repeated for three
times in order to completely remove air within the RMS. The system was then
slowly heated to the desired temperature in the evacuated state. Experiments

were not initiated until the temperature of the sample was stabilized.

Vacuum (V) and control (Ci1) valves were closed and the hydrogen gas of desired
pressure was introduced into the system by opening the hydrogen valve (H).
Immediately afterwards, the sample was exposed to hydrogen gas by opening
the control valve (Ci1). The pressure within the RMS was kept constant for 10
minutes. After 10 minutes, resistance of the sample was recorded and the
pressure was adjusted to its next value. This procedure was repeated up to 1000
or 1500 mbar (i.e. 1 or 1.5 bar) with 20 mbar intervals. At the end of the
experiment, thin film sample was cooled down to room temperature under the

maximum hydrogen pressure applied.

3.3.2 Isochronal Hydrogenation

The sample was inserted onto the stage inside the RMS and the set-up was
closed. After flushing with argon gas for three times, the system was evacuated
for an hour. Vacuum (V) and control (Ci) valves were then closed and the
hydrogen gas of desired pressure (i.e. 0.1, 0.5, 1 or 10 bar) was introduced into
the system by opening the hydrogen valve (H). After the desired pressure was
maintained within the system, the sample was exposed to hydrogen gas by
simply opening the control valve (Ci). The pressure within the RMS was kept

constant during the experiment.
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The system was then slowly heated - with a rate of 25 K/hour - up to 453 K at
constant hydrogen pressure and the electrical resistance change was monitored.
Higher temperatures were avoided in order to maintain the integrity of the
resistance measurement set-up. At the end of six hours (i.e. at 453 K) experiment
was terminated and the sample was cooled down to room temperature under the

same (constant) hydrogen pressure.

3.4 Characterization of Magnesium Thin Films

X-ray diffraction measurements using Cu Ka radiation (A = 1.54056 A) were
performed in ULTIMA* D/MAX2200/PC Rigaku Diffractometer with Bragg-
Brentano para-focusing beam configuration. Scan rate and sampling width were

1°/min and 0.02°, respectively.

Where needed, elemental analyses of the Pd-covered Mg thin films were
accomplished by the use of an energy dispersive system (NORAN System 6 X-
Ray Microanalysis System) that is attached to a Jeol JSM-6400 Scanning
Microscope. For the structural characterization a FEI Quanta 400 Field Emission

Scanning Electron Microscope (FESEM) was used.
Optical transmittances of the thin films at wavelengths from 300 to 1100 nm were

measured from film sides by the use of UV1900 UV-VIS spectrophotometer with

a scan interval of 0.5 nm.
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CHAPTER 4

RESULTS AND DISCUSSION

The chapter starts with the as-deposited characterization of pure and palladium-
covered magnesium thin films. Following this, a comparative study will be
presented, in which the data obtained from two-point probe electrical resistance
and optical transmittance measurement techniques will be questioned in terms of
how well they represent the amount of MgH: formed in the samples. Finally,
experimental results on the isothermal and isochronal hydrogenation behaviors

of magnesium thin films will be reported, compared and discussed in detail.

4.1 As-Deposited Magnesium Thin Films

X-ray diffraction (XRD) profiles of 350 nm thick as-deposited Mg and Pd-covered
Mg thin films are given in Figure 4.1 and Figure 4.2, respectively. It is seen that
the patterns in both films contain only (002) and (004) reflections implying that
the films have grown along the c-axes, i.e. (001) // glass substrate. The strongest
peak is (002) reflection of the hexagonal close-packed (h.c.p.) Mg. X-ray
diffraction pattern of pure magnesium powder, in which all the possible
reflection planes of Mg are seen, is also given for comparison in Figure 4.3.
Where present, Pd overlayer appears with all reflections; (111), (200) and (220),
implying that Pd has formed and grown in a variety of orientations. Reflections
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that belong to Pd start to appear as the overlayer thickness increases from 6 to 21

nm and become more intense with a further increase in thickness.

Figure 4.4 refers to a Mg thin film with 21 nm Pd overlayer, shows a typical
image of the as-deposited thin film surface that displays a faceted structure.
Surface elemental mapping of an as-deposited Mg/11 nm Pd thin film is given in

Figure 4.5, showing that the Pd overlayer is homogenously deposited over the

underlying Mg.
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Figure 4.1 X-ray diffraction profile of an as-deposited 350 nm thick pure Mg thin film.

37



Intensity (a.u.)

Figure 4.2 X-ray diffraction profiles of as-deposited 350 nm Mg/Pd thin films.
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Figure 4.3 X-ray diffraction profile of pure magnesium powder.
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Figure 4.4 SEM surface image of an as-deposited 350 nm Mg/21 nm Pd thin film.
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Figure 4.5 Surface elemental mapping (obtained at x15,000 magnification) of a Mg/11 nm

Pd thin film. The blue and red colors correspond to Mg and Pd elements, respectively.
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4.2 Hydrogen Absorption in Palladium-Covered Magnesium Thin Films

Followed by Electrical Resistance and Optical Transmittance Measurements

In the context of this study, the amounts of MgH: formed within the samples
were estimated by using the data obtained from electrical resistance and optical
transmittance measurements, as well as x-ray diffraction studies. The procedure
followed in the current study will be explained through a specific sample; 350 nm
thick Mg thin film with a 10 nm Pd overlayer, hydrogenated isothermally at 363

K and 1 bar Ha pressure for 6 hours.

A typical resistance vs. time plot obtained for this thin film sample is given in
Figure 4.6. Following an incubation period, thin film sample shows a gradual
increase in its resistance, implying that a considerable amount of Mg was
transformed into MgHo. Since any increase in resistance upon hydrogenation is
directly related to the amount of hydride phase formed, relative hydrogen
concentrations were estimated for Pd-covered Mg thin films by using their initial
(Ri) and final (R¢) resistance values. In order to eliminate the anomalies arising
from the differences in initial resistance values, data was represented in the form

of percent resistance change with respect to initial resistance, i.e. (R-Ri) / Ri * 100.

It is also worth to mention that for the samples having a thicker Pd overlayer,
same hydrogenation behavior was observed with a decreased resistance change.
This is probably due to the negative contribution of Pd layer to overall resistance
of the film, as it is known that Pd is always metallic irrespective of its hydrogen
concentration (Huiberts ef al., 1996b). Since it is very difficult to correct this effect,
only the samples having the same Pd overlayer thickness were evaluated with
respect to each other. This was accomplished by expressing the largest value in

each set as 100%.
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Figure 4.6 Relative resistance vs. time plot for 350 nm Mg/10 nm Pd thin film
hydrogenated (1 bar) isothermally at 363 K.

Typical optical transmittance spectra obtained in as-deposited and hydrogenated
states are both given in Figure 4.7. The amount of MgH: formed in a thin film
sample was calculated from its transmission spectra by averaging the percent
transmittance within the visible spectrum, i.e. 400-700 nm. Since transmittance
data were not corrected for the effect of Pd overlayer, they were given for a

constant Pd thickness.
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Figure 4.7 Optical transmittance spectra obtained for as-deposited and hydrogenated
states of a 350 nm Mg/15 nm Pd thin film. Hydrogen loading was carried out

isothermally.

X-ray diffraction profiles of the same sample in as-deposited and hydrogenated
states are given in Figure 4.8(a) and (b), respectively. It is seen that Mg peaks
coming from the basal plane has weakened considerably and instead MgH:
peaks have developed upon hydrogenation. In the hydrogenated state, (110),
(101), (200) and (211) peaks of the MgH: were observed.

Volume fractions of MgH> formed within the thin film samples were calculated
from their x-ray diffraction profiles by applying the well-known quantitative
phase analysis (QPA). The basis of this analysis is that the integrated intensity of

reflections for a phase in a multiphase XRD pattern is related to the abundance of
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that phase in the sample. Relying on this, (002) reflection of Mg with (110) and

(101) reflections of MgH-: are considered for the existing multiphase samples.

Throughout this study, 350 nm thick Mg thin films capped with 6, 10, 14, 15, 21
or 48 nm Pd were loaded with hydrogen at temperatures ranging from 298 to 453
K and pressures from 0.1 to 10 bar in a custom-made resistance measurement set-
up. Hydrogenation behaviors of the samples were followed by in situ
measurement of the film resistance. Optical transmittance spectrum and x-ray

diffraction pattern were also obtained for the hydrogenated sample in question.
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Figure 4.8 X-ray diffraction patterns of 350 nm Mg/10 nm Pd thin film; (a) in as-deposited

state, (b) after isothermal hydrogenation (1 bar) at 363 K.
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Results obtained from two-point probe electrical resistance and optical
transmittance measurements were then both plotted as a function of x-ray
diffraction (XRD) quantitative phase analysis (QPA) results for samples having
the same palladium overlayer thickness, as shown in Figure 4.9. The data were
then fitted linearly with an intercept at zero. Table 4.1 summarizes the R-squared
values of these linear regressions, showing the strengths of the trends. As the R-
squared value increases, the linear trend strengthens. To rephrase, the higher the
R-squared value, the more closely “% resistance change” or “% transmittance”
move in a linear relationship with the fraction transformed that was given in

terms of volume %.

Figure 4.9 shows that data obtained from both measurement techniques behave
linearly with those obtained from XRD QPA. However, for all the Pd thicknesses
studied here, results of resistance measurements show larger scattering from the
linear regression with respect to data obtained via optical transmittance
measurements. In the case of optical transmittance measurements, the effect of
Pd overlayer is clearly seen, i.e. the slope of the fit increases with an increase in

Pd overlayer thickness.

The data obtained from both electrical resistance and optical transmittance
measurements showed that best fit belongs to the sample with a 14 nm thick Pd
overlayer. Moreover, resistance data obtained from Mg thin films showed good
tits, i.e. above 90%, for all Pd overlayer thicknesses studied here. Good fits, above
85%, were obtained for samples having 6 to 14 nm Pd overlayers for both types
of measurement technique. Also note that fits obtained for resistance
measurements are superior in all cases (see Table 4.1), implying that the effect of
palladium overlayer on transmittance of magnesium thin films is much
pronounced than that on resistance. The worst fit, i.e. -0.809, was seen for the

transmittance data of the sample having a 15 nm Pd overlayer.
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Figure 4.9 Data points and linear fits for the amount of MgH: formed in the samples,

measured via two-point probe resistance and optical transmittance techniques in

comparison with the XRD QPA results for 350 nm thick Mg thin films covered with (a) 6,

(b) 10, (c) 14, (d) 15, (e) 21 and (f) 48 nm Pd.
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Table 4.1 R-squared values of the linear regressions given in Figure 4.9.

Pd QOverlayer R-Squared Values
Thickness (nm) % Resistance Change % Transmittance
6 0.9138 0.8827
10 0.9103 0.9014
14 0.9663 0.9565
15 0.9015 -0.809
21 0.8989 0.4191
48 0.9029 0.6865

Therefore, it seems like both two-point probe electrical resistance and optical

transmittance measurements can be used to estimate the amount of MgH->

formed in palladium-covered magnesium thin films. However, the effect of Pd

overlayer is inevitable, especially in the case of optical transmittance

measurements. These results suggest that fast and reliable experimentation with

Mg thin film samples on their hydrogen sorption kinetics as well as

thermodynamics are possible with one of these measurement techniques.

4.3 Hydrogenation of Magnesium Thin Films

350 nm thick magnesium thin films were hydrogenated in two different

conditions; namely isothermal and isochronal. In the following sections,

experimental results associated with the hydrogenation behavior of these films

will be given and discussed in detail.

47



4.3.1 Isothermal Hydrogenation of Magnesium Thin Films

Pressure vs. relative resistance curves for isothermal hydrogenation of Pd-
covered Mg thin films at 313, 333, 353 and 373 K are given in Figure 4.10. Here,
the x-axis (namely relative resistance) was constructed by normalizing the values
with respect to the highest resistance data observed in all four hydrogen loading
experiments. It should be noted that, all experiments were performed under a
maximum hydrogen pressure of 1 bar; except for the one that conducted at 373 K,

in which the hydrogenation was carried on up to 1.5 bar.
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Figure 4.10 Hydrogen pressure vs. resistance curves of Mg/15 nm Pd thin films

hydrogenated isothermally at temperatures 313, 333, 353 and 373 K.
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It is clearly seen that isothermal hydrogenations at 313, 333 and 353 K start in the
vicinity of 0.4 bar. The total hydrogen uptakes are, however, small for 313 and
333 K. Here, hydrogen uptake at 353 K is quite remarkable with approximately
62% change in its resistance. The uptake saturated at 0.6 bar for this sample, i.e.
higher hydrogen pressures did not lead to a further increase in film resistance.
Isothermal hydrogenation at a higher temperature, i.e. 373 K, on the other hand,
exhibited a somewhat different behavior than the previous. For this sample,
hydrogen uptake did not reach to saturation until 1.25 bar, but eventually
resulted in the highest uptake. Here, the hydrogen uptake increased with

increasing temperature.

Optical transmittance spectra of the hydrogenated thin films are shown in Figure
4.11. These data verify the resistance measurements by showing that the
hydrogenation at higher temperatures (353 and 373 K) leads to a higher increase

in transmittance, i.e. a higher amount of MgH: formed in the sample.

X-ray diffraction profiles of the current films hydrogenated at 313, 333, 353 and
373 K are given in Figure 4.12. It is seen that the MgH: has been formed in all
cases, producing (110), (101), (200) and (211) reflections in general. Here,
hydrogenation at 313 K differs from the others; only the (110) and (101)
reflections of the hydride phase are seen in its diffractogram. According to the x-
ray diffraction patterns, only the one at 353 K resulted in full hydrogenation, i.e.
all Mg has been transformed into MgH-:. It is also worth mentioning that
isothermal hydrogenations at 313 and 353 K were much more successful than the
hydrogenations at 333 and 373 K, respectively, in terms of the fractions
transformed. This finding, then, invalidated the previous results obtained by
electrical resistance and optical transmittance measurements. Such a discrepancy
has appeared presumably due to the negative contribution of Pd overlayer as

already discussed in detail in the previous section.
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Figure 4.11 Optical transmittance spectra of 350 nm Mg/15 nm Pd thin films
hydrogenated isothermally at temperatures 313, 333, 353 and 373 K. Transmittance

spectrum of the as-deposited sample is also given for reference.

In order to study the effect of pressure on isothermal loading behaviors of Pd-
covered Mg thin films, samples were loaded at much lower hydrogen pressures
for extended exposure times. In the first experiment, hydrogen loading was
carried out at 393 K under 0.2 bar pressure for 10 hours. X-ray diffraction profile
obtained for this sample is given in Figure 4.13(a). It is seen that the greater
portion of Mg has been transformed into MgH:, producing (110), (101) and (200)
reflections. However, (002) reflection that belong to Mg is still present — yet with
a reduced intensity — indicating that the sample did not fully transform into

magnesium hydride.
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Figure 4.12 X-ray diffraction profiles of 350 nm Mg/15 nm Pd thin films hydrogenated

isothermally at temperatures (a) 313, (b) 333, (c) 353 and (d) 373 K.
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In another experiment again conducted at 393 K, the sample was exposed to 0.01
bar hydrogen gas for 80 hours. X-ray diffraction profile of this sample is shown
in Figure 4.13(b). Only the (110), (101) and (200) peaks of MgH: are seen, showing
that the sample is fully transformed into MgHo:. Therefore, it can be concluded
that it is possible to obtain fully hydrogenated thin films by isothermal loading
under hydrogen pressures as low as 0.01 bar. However, since the reaction
kinetics strongly depend on the hydrogenation pressure, temperature and
exposure time must be well-adjusted; i.e. exposure duration must be extended

for low-pressure hydrogenation.

MgH_ (110)

MgH_ (101)
MgH_ (200)

(b)

Intensity (a.u.)

Mg (002)

(a)

20
Figure 4.13 X-ray diffraction profiles of 350 nm Mg/11 nm Pd thin films hydrogenated

isothermally at 393 K; (a) under 0.2 bar for 10 hours, (b) under 0.01 bar for 80 hours.
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4.3.2 Isochronal Hydrogenation of Magnesium Thin Films

In order to determine the hydrogenation temperatures, Mg and Pd-covered Mg
thin films were exposed to hydrogen gas at various pressures; i.e. 0.1, 0.5, 1 or 10
bar, under isochronal conditions. X-ray diffraction profiles obtained for 350 nm
thick pure magnesium thin films isochronally hydrogenated up to 453 K are
given in Figure 4.14. There is no sign of MgH: phase in none of these
diffractograms, implying that pure magnesium films do not react with hydrogen
under the given conditions. This is plausible, as it is known that there is a
significant activation barrier for hydrogen dissociation on clean magnesium

surfaces (Narskov et al., 1981; Johansson et al., 2006).

Moreover, formation of a thin blocking oxide layer at the surface might be
responsible from this behavior; considering that these thin film samples were
transferred from deposition chamber to the resistance measurement set-up
without any special handling. It is well-known that magnesium is very reactive
to oxygen and therefore exposure to air certainly starts a fast oxidation reaction

at the surface.

Since x-ray diffraction patterns show no evidence for the formation of neither
hydride nor oxide phases, it is not irrational to assume a very thin oxide layer at
the magnesium surface. Despite of its negligible thickness, this layer probably
blocks further oxygen diffusion and somehow preserves the underlying
magnesium lattice. Such an oxide layer on magnesium generally behaves like a
barrier to hydrogen absorption by preventing the access of hydrogen to metallic

magnesium as emphasized by Hjort et al. (1996b).
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Figure 4.14 X-ray diffraction profiles of 350 nm thick pure Mg films exposed to hydrogen
gas at pressures (a) 0.1, (b) 0.5, (c) 1 and (d) 10 bar.

Palladium cap layers (thicknesses ranging from 6 to 48 nm) were deposited on
magnesium thin films in order to enhance hydrogen absorption by promoting Hz
dissociation as well as to protect the underlying film against oxidation. The
deposited Pd-covered Mg thin films, therefore, possess the surface characteristics
of palladium together with the bulk properties of magnesium. This was first
proposed for bulk niobium by Pick et al. (1979) and then applied to magnesium
thin films by Krozer and Kasemo (1987). Here, the catalytic effect of palladium
cap layer can be explained in terms of its high sticking coefficient, i.e. low
activation energy required for the dissociation of molecular hydrogen, as well as

fast hydrogen diffusion in palladium towards the underlying magnesium layer.
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The isochronal hydrogenation behaviors of Pd-covered 350 nm thick Mg thin
films were followed by in situ resistance measurements. Whenever the loss of
good electrical contact resulted in anomaly of the measured resistance value,

inconsistent data were excluded.

Here, the procedure followed will be explained through a specific sample; 350
nm thick Mg thin film with 6 nm Pd overlayer. The volume fraction transformed,
i.e. volume fraction hydrogenated, versus time (or temperature) graph of this
sample hydrogenated isochronally up to 453 K under 1 bar hydrogen pressure is
given in Figure 4.15. In this graph, the y-axis refers to “volume fraction
transformed” as calculated from “% resistance change”. Here, this calculation
was carried out by using the equation of the linear fit given in Figure 4.9(a) on
page 46. Hydrogenation temperature of this sample under 1 bar hydrogen
pressure was determined to be 413 K from Figure 4.15 by simply reading the

temperature corresponding to the half maximum of the vertical uptake line.
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Figure 4.15 Volume fraction transformed vs. time (or temperature) graph of a 350 nm Mg

thin film with 6 nm Pd overlayer, hydrogenated under 1 bar pressure.
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SEM surface image of the same sample after isochronal hydrogenation under 1
bar pressure for 6 hours is given in Figure 4.16, revealing the hydrogen-induced
morphological changes occurring in the thin film. See also Figure 4.4 on page 39

for comparison.

Figure 4.17, Figure 4.18, Figure 4.19 and Figure 4.20 show volume fraction
transformed, i.e. volume fraction hydrogenated, versus time (or temperature)
graphs of Pd-covered Mg thin films hydrogenated at 0.1, 0.5, 1 and 10 bar
pressure, respectively. Hydrogenation temperatures as deduced from these plots
are summarized in Table 4.2. It is seen that hydrogenation temperatures of Mg
films with different Pd thicknesses loaded under isochronal conditions are in the

range of 381-443 K.

1/13/2009 HV mag WD det | spot| mode — 500 hm —
1:59:47 PM |30.00 kV| 100 000 x |[13.6 mm|ETD | 5.0 | SE Quanta FEG

Figure 4.16 SEM surface image of a 350 nm Mg/6 nm Pd thin film hydrogenated (1 bar)

under isochronal conditions.
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Figure 4.17 Volume fraction transformed vs. time (or temperature) graphs of 350 nm Mg

thin films hydrogenated at 0.1 bar pressure for Pd overlayer thicknesses of 6, 21 and 48

nm.
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Figure 4.18 Volume fraction transformed vs. time (or temperature) graphs of 350 nm Mg

thin films hydrogenated at 0.5 bar pressure for Pd overlayer thicknesses of 6, 21 and 48

nm.
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Figure 4.19 Volume fraction transformed vs. time (or temperature) graphs of 350 nm Mg

thin films hydrogenated at 1 bar pressure for Pd overlayer thicknesses of 6, 21 and 48 nm.

Temperature (K)

303 328 353 378 403 428 453
1.0 1 1 1 1 1
—O—6nm Hydrogenation at 10 bar
099 —e—21nm
0 8_' —e—48nm
_@-
] /.-._.,.\.\._._._._._._._. ¢
T 074 o« S
g |
< 064
g
; 05] [} O—O-O‘O'O_O_O-O-o-‘
g |
I3]
s 044 O
= | ® O/
(9]
g
E 0.3 4 =]
o 4
>
0.2 /. /JO
o o/4
1 o oo e
0.1 oo O
] _e=g,.’ o o—O’O—O
0.0 )-0-8:8:0= :9-9:9:8"822.0_0-0-0-0-
60 120 180 240 300 360

Time (minutes)

Figure 4.20 Volume fraction transformed vs. time (or temperature) graphs of 350 nm Mg
thin films hydrogenated at 10 bar pressure for Pd overlayer thicknesses of 6, 21 and 48

nm.
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Table 4.2 Hydrogenation temperatures deduced from Figure 4.17 to Figure 4.20 for Pd-

covered Mg thin films hydrogenated at 0.1, 0.5, 1 and 10 bar pressure, respectively.

Hydrogenation Palladium Hydrogenation
Pressure (bar) Thickness (nm) Temperature (K)

6 443

0.1 21 436

48 425

6 398

0.5 21 396

48 393

6 413

1 21 401

48 404

6 421

10 21 409

48 381

The variation of the hydrogenation temperature with the applied pressure is not
exactly reproducible, though the temperature is always in this reported range.
Here, one of the most striking observations is that the hydrogenation
temperature strictly depends on Pd overlayer thickness in the case of high
pressure hydrogenation (see Figure 4.20 on page 58). In order to clearly
demonstrate this behavior, hydrogenation temperatures were plotted as a
function of palladium overlayer thickness, as shown in Figure 4.21. It is seen that
as the thickness of the Pd overlayer increases hydrogenation temperature
decreases for all pressures, for thicknesses up to 20 nm. Here, only the variation
of temperature with Pd overlayer thickness in the case of hydrogenation under

10 bar pressure is noteworthy, indicating a strong dependence.
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Figure 4.21 Variation of hydrogenation temperature with palladium overlayer thickness.

X-ray diffraction profiles of Pd-covered Mg thin film samples hydrogenated at
0.1, 0.5 and 1 bar pressure are given in Figure 4.22, Figure 4.23 and Figure 4.24,
respectively. As the samples react with hydrogen, (110) and (101) reflections of
the MgH: phase start to appear. However, reflections that belong to Mg are still
present — yet with a reduced intensity — indicating that samples did not fully
transform into magnesium hydride. For the samples hydrogenated under 10 bar
pressure, on the other hand, only (110) and (220) reflections belonging to MgH->
are seen (see Figure 4.25), implying preferred orientation of the nucleating
hydride phase along this direction. It should be also emphasized that within all
the samples studied here, only the 350 nm thick Mg thin film covered with 48 nm
Pd was fully transformed into magnesium hydride upon hydrogenation under 10
bar. Since the concentration of dissolved hydrogen in metals increases with
increasing hydrogen pressure according to the well-known Sievert’s law, it is
plausible that films exhibit fast kinetics and larger hydrogen uptakes at 10 bar

hydrogen pressure.
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Figure 4.22 X-ray diffraction profiles of Pd-covered 350 nm thick Mg thin films

hydrogenated under 0.1 bar pressure.

MgH_ (110)
Mg (002)
Pd (111)
Pd (200)

~
o
N
o
~
el
a9

48 nm Pd

- =
3 2
= —
2 S
é = 21 nm Pd
L
A
6 nm Pd
nnnnnnnnn N TS ST YO WO TR WO WY WO SN NN VY VN ST ST Y VN WU ST W NN WY WY WY TN TN WY WO ST TN Y N SO SN SN ST WY WA U S T N S S S WY U SN W1
20 30 40 50 60 70 80

Figure 4.23 X-ray diffraction profiles of Pd-covered 350 nm thick Mg thin films

hydrogenated under 0.5 bar pressure.
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Figure 4.24 X-ray diffraction profiles of Pd-covered 350 nm thick Mg thin films

hydrogenated under 1 bar pressure.
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Figure 4.25 X-ray diffraction profiles of Pd-covered 350 nm thick Mg thin films

hydrogenated under 10 bar pressure.
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4.3.3 Isothermal vs. Isochronal Hydrogenation

Representative x-ray diffraction patterns of Pd-covered Mg thin film samples

hydrogenated under isothermal and isochronal conditions are given in Figure

4.26(a) and (b), respectively. After an isothermal hydrogenation at 353 K under

pressures up to 1 bar, the hydride phase forms with a random texture, i.e. (110),

(101), (200) and (211) reflections of MgH: are observed.

MgH, (110)

Intensity (a.u.)

MgH_ (101)

Pd (111)

MgH_ (200)

Pd (200)

MgH_ (220)

MgH_ (211)

d (220)

(a)

Figure 4.26 X-ray diffraction profiles of Pd-covered Mg thin films; (a) after isothermal

hydrogenation (353 K) up to 1 bar, and (b) after isochronal hydrogenation (10 bar) up to

453 K.
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For the samples hydrogenated via isochronal route, on the other hand, two peaks
of MgH:> were observed in general; (110) and (101), the former being far more
dominant. It should be emphasized that MgH: occurring mainly with (110)
reflection implies a textured structure. Figure 4.26(b) shows such an example
where especially under 10 bar hydrogen pressure MgH: forms with (110) // glass
substrate. The reflections belonging to Pd are more apparent in this
diffractogram due to the much thicker Pd overlayer deposited on this sample, i.e.

15 vs. 48 nm.

Among all the samples studied here, only one showed an opposite behavior than
that reported above. The diffractogram obtained for that sample has already been
given in Figure 4.12(a) on page 51. Only (110) and (101) peaks of MgH: phase are
seen here, although the hydrogenation was carried out under an isothermal
condition. This is plausible since the hydrogenation temperature in this
experiment, i.e. 313 K, is rather low, resembling the early stages of isochronal

hydrogenation.

According to Schober (1981), Mg to MgH: transformation follows the relationship
Mg (001) // MgH: (100) and Mg [110] // MgH: [001]. According to this orientation
relation, since as-deposited film has (001) texture, i.e. basal plane // glass
substrate, the hydrogenated film is expected to develop MgH-: (100) texture. This,
however, is not the case. A schematic representation of this orientation
relationship has been already given in Figure 2.2 on page 11. As shown by
Schober (1981), atomic displacements in Mg to MgH: transformation is rather
small giving rise to contractions of 13.6% and 6% along the [100] and [001]
directions in MgHo>, respectively. If MgH:2 were to be formed with (100) texture,
then this would lead to 13.6% contraction in the through thickness direction.
Since Mg to MgH: accompanies a substantial volume expansion of 32.57%, such a

transformation would lead to a severe in-plane lattice mismatch.
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The accommodation of in-plane lattice mismatch would be difficult in thin films
due to their geometry. In this respect, the easiest direction which could tolerate
such a distortion would be the through thickness direction. According to current
observation, Mg to MgH: transformation converts Mg (001) to mainly MgH>
(110). Such a relationship has also been reported by Bokhonov et al. (1987) for Mg
single crystals and whiskers. The schematic representation of this conversion is
given in Figure 4.27, where Mg (001)[100] // MgH: (110)[001]. Here, the lattice
mismatch, as reported by Kelekar ef al. (2007), is highest in the through thickness
direction. As could be verified in Figure 4.27, this transformation leads to a
through thickness lattice expansion of 22.58%, leaving a very little distortion for

the in-plane accommodation of volume expansion.

The (110) texture in MgH> is mostly accompanied with a weak (101) component.
This implies that a certain fraction of Mg (001) is converted to MgH (101).
Schematic representations of this transformation are shown in Figure 4.28 and
Figure 4.29, respectively. Here, it appears that the lattices have relatively good
match when Mg [210] // MgH: [-101]. Calculations show that, for this case, the
lattice contracts by 3.64% along the thickness direction, a value which is
intermediate between those for Mg (001) // MgH: (100) and Mg (001) // MgH=
(110). This implies that in-plane distortion for Mg (001)[210] // MgH: (101)[-101] is

also intermediate between the two.

Distortions as they occur in the above transformations can be represented by
assuming a spherical volume element of Mg. Upon hydrogenation, spherical Mg
transforms into an ellipsoidal MgH: as a result of the distortions produced along
the x-, y- and z-axes. This is demonstrated for Mg (001) // MgH: (100), Mg (001) //
MgH: (110) and Mg (001) // MgH: (101) transformations in Figure 4.30(a), (b) and

(), respectively.
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Figure 4.27 The schematic representation of Mg to MgH: transformation with Mg
(001)[100] // MgH2 (110)[001]; (a) Mg crystal, paper-plane (110), (b) MgH: crystal, paper-
plane (001) (only Mg atoms are shown). Drawings above the figures refer to the same
crystals tilted slightly to display the respective planes, i.e. Mg (001) and MgH: (110). This

transformation leads to lattice expansion of 22.58% along the through thickness direction.
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Figure 4.28 Schematic representation of atomic displacements associated with the Mg
(001) // MgH: (101) and Mg [210] // MgH: [-101] orientation relation of transformation

(only the Mg atoms are shown).

Observation reported above implies that Mg to MgH: transformation follows
different routes depending on the type of hydrogen loading. Isothermal loading
would lead to a prolific nucleation in a variety of orientations. However, the case
of isochronal hydrogenation is different. This type of loading would be expected
to favor the growth of MgH: phase as they first nucleate. It appears that among
the various Mg to MgH: transformations, the nuclei which form first are those
that minimize the in-plane lattice distortion. Thus, for the current case of strongly
(001) textured Mg, the transformation selected is Mg (001)[100] // MgH-
(110)[001]. Even though the in-plane lattice mismatch is relatively small, still with
the progress of hydrogenation, the distortion builds up which leads to

morphological changes as well as to formation of microcracks.
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Figure 4.29 The schematic representation of Mg to MgH: transformation with Mg
(001)[210] // MgH: (101)[-101]; (a) Mg crystal, paper-plane (110), (b) MgHo2 crystal, paper-
plane (-101) (only Mg atoms are shown). Drawings above the figures refer to the same
crystals tilted slightly to display the respective planes, i.e. Mg (001) and MgH- (101). This

transformation leads to lattice contraction of 3.64% along the through thickness direction.

68



MgH, [100] MgH, [100]

T—» MgH, [001] L> MgH,[010] @

MgH, [110] MgH, [110]

L» MgH, [001] T—» MgH, [-110] )

through thickness direction

MgH, [101] MgH, [101]

L» MgH, [010] T—» MgH, [101]

Figure 4.30 Distortions produced along the x-, y- and z-axes for (a) Mg (001) // MgH:
(100), (b) Mg (001) // MgH-2 (110) and (c) Mg (001) // MgH: (101) transformations. Green

and purple regions correspond to MgH2 and Mg phases, respectively.
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CHAPTER 5

CONCLUSIONS

In this study, pure and palladium-covered 350 nm thick magnesium thin films
were deposited on glass substrates via thermal evaporation. The hydrogenation
behaviors of these films were studied with a purpose built set-up for resistance
measurements. The aspects of hydrogenation were also followed by optical
transmittance measurements and x-ray diffraction studies. A comparative study
was presented, in which the data obtained from two-point probe electrical
resistance and optical transmittance measurement techniques have been
questioned in terms of how well they represent the amount of MgH: formed in
the samples. Results showed that both techniques provide fast and reliable

measure with regard to hydrogenation behaviors of the Mg thin films.

Films in the as-deposited state were highly textured with Mg (001) parallel to the
substrate. Hydrogen loading experiments on these films were carried out in two
different conditions; namely isothermal and isochronal. Isothermal
hydrogenation experiments conducted on Pd-covered Mg thin films have
revealed that these films can absorb hydrogen at temperatures starting from 333
K, producing MgH: with a random texture. When the films were heated slowly
starting from the room temperature, on the other hand, hydrogenation gives rise
to a textured MgH>, where (110) parallel to the substrate with a minor (101)

component. The origin of this behavior was explained in terms of different routes
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followed in Mg to MgH: transformation depending on the type of hydrogen
loading; i.e. isothermal loading leads to a prolific nucleation which favors
random texture, whereas isochronal loading favors the growth of MgH: phase as
they first nucleate resulting in preferred orientation. It was further shown that
the formation of this textured MgH: with isochronal loading is due to

minimization of in-plane lattice distortion in Mg to MgH: transformation.
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