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1. Introduction

There is a growing necessity of reducing greenhouse gases emissions to the atmosphere. A
renewable energy system based on the use of electricity and hydrogen as energy carriers
does not result in harmful pollutants being released to the natural environment. Hydrogen
and fuels cells satisfy all requirements for an environmentally friendly vehicle. However,
on-board hydrogen storage remains a key problem. It still remains to understand better the
mechanisms involved in the interaction of hydrogen with matter. The search of an optimal
storage material is a complicated process, were an interplay of many variables need to be
considered.

In recent years, magnesium hydride (MgH2) has attracted considerable attention as
hydrogen storage material because of its large gravimetric density of 7.7 wt%, reversible
hydrogen storage and low cost. The research has been focused on improving poor hydrogen
sorption kinetics and lowering high dissociation temperature (~ 673 K). Strategies to reduce
the stability of MgH> include alloying with various elements and nanostructuring. It was
shown that mechanical ball milling can reduce particle size up to ~10 nm, introduce defects,
large surface areas, and grain boundaries and in turn decrease the strength of the metal-
hydrogen bond. Milling with different catalysts has improved noticeably hydrogen sorption
kinetics.

Although the ultimate goal is the production of large amounts of hydrogen storing materials
to be used in the transport sector, thin film processing is an alternative method that provides
the opportunity to synthesize nanostructured materials in specific compositions, well-
defined microstructures and dimensions. This, in turn, offers the possibility of more rational
approach to the problem which might contribute to progress in hydrogen technology. Upon
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226 Hydrogen Energy — Challenges and Perspectives

the size reduction to the nanoscale, the analysis of the finite-size effects, such as: surface or
interface contributions to the hydrogenation thermodynamics and quantum-size effects, is
possible. Moreover, cooperative phenomena (elastic interaction within the interfacial region)
can be introduced through the synthesis of multilayer films and kinetic limitations can be
minimized, leading to novel materials with unique properties. Thin films do not suffer as
much from embrittlement and/or decrepitation as bulk materials, allowing to study cyclic
absorption and desorption. Buckling of the film due to hydrogen loading occurs when the
elastic energy stored in the film exceeds the adhesion energy. In case of weak adhesive
forces between the film and the substrate the mechanical stress generated during the
hydride formation relaxes by a buckle-and-cracks network formation. If the stress is high,
but the adhesion still strong enough to hinder detachment of the film, the film will remain
intact but the stress relaxes via plastic deformations (e. g. dislocations etc.). As a result of the
dominant elastic out of plane expansion of a strongly clamped film, the morphology of the
film does not alter. Thanks to a well-defined structure, composition and dimension of thin
films, the thin film approach allows to study: the reaction pathways, the role of catalysts, the
phase segregation and diffusion phenomena occurring during hydrogen absorption and
release, which are of great importance in the rational design of the hydrogen storage
materials for practical applications.

The chapter will briefly review the techniques and methods used to investigate the
interaction of hydrogen with matter. Next, the hydrogen properties of Pd-capped Mg thin
tilms will be presented. The most important achievements in the research of the Mg-based
alloy thin films will be described in detail. Alloying Mg with small quantity of 3d transition
metals (Sc, Ti, V, Cr, Ni, Fe, Cu, Co) can tailor the hydrogen reaction enthalpy and
consequently reduce the operating temperatures during hydrogen absorption and
desorption. High-throughput screening methods have allowed to select many promising
Mg-based alloys with specific chemical compositions which are characterized by very good
kinetics and high hydrogen capacity.

2. Methods and measurements

The techniques applied to research the hydrogen interaction with matter in bulk materials
are usually not applicable in thin films. Classical methods such as volumetric and
gravimetric techniques, in which the hydrogen is measured via the pressure drop or by the
increased weight of the sample, are difficult to apply to thin films due to the small quantities
of hydrogen involved. Hydrogen concentration within the thin films can be measured by:
electrochemical loading, nuclear reaction analysis (NRA), elastic recoil detection analysis
(ERDA), or neutron reflectivity (NR) [1].

In the electrochemical loading the metal film is used as a negative electrode. The
electrochemical reaction corresponds to the reduction of water and involves one electron per
absorbed hydrogen atom. As a result of the reaction hydrogenation of the thin film occurs.
For a material able to absorb a quantity of hydrogen Cs; by solid—gas reaction, an equivalent
electrochemical capacity, Ce, can be calculated according to the Equation:
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where F is the Faraday constant, Cs; is expressed in H atoms per formula unit (H/f.u.), and
M is the molecular weight of the alloy in g/f.u. [2].

The ion beam analytical methods, such as NRA or ERDA, are nondestructive,
straightforward and completely quantitative. The high accuracy of the techniques is mainly
due to the precision with which cross-sections of the involved atomic and nuclear processes
are known. During the bombardment the interaction of the particle beam with a material
(elastic and inelastic scattering, nuclear reactions and electromagnetic excitation) takes
place. The material composition can be deduced from the number of observed events per
incident beam particle.

In NRA, the ion beams of MeV (up to ~50 MeV) is applied for materials analysis. When the
light projectiles impinge on light to medium heavy atoms, nuclear reactions in the target
nuclei can occur. The yield of the reaction products (y, p, n, d, 3He, “He, etc.) is
proportional to the concentration of the specific elements in the sample. Absolute
concentrations can be calculated easily with the help of simple standards (e.g. bulk
material or compounds of the analyzed elements). NRA is most often applied for the
analysis of H, Li, Be, B, C, N, O, F, Na, Al, P with detection limits range from 10- to 107.
Reactions with narrow resonances (100 eV to 1 keV) can be found for many of the
aforementioned elements. By stepping up the accelerator energy and thus shifting the
depth (d) within the target at which the reaction takes place, the depth profiling with a
resolution of the order of 10 nm is measured (Figure 1).
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Figure 1. A scheme of hydrogen depth profiling with the >N ions.

Within the film the ®N ions are slow down to the resonant energy E = 6.4 MeV and react
with hydrogen according to the formula: 'H(**N,?C)ay. The detected number of y quants, of
a characteristic energy of 4.965 MeV, is proportional to the hydrogen concentration at a
certain depth.

ERDA is one of the few fully quantitative hydrogen profiling methods. Elements lighter
than the incident beam particles (2 MeV “He beam for hydrogen detection) are analyzed (e.g.
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hydrogen profiling) by detection of the recoiling target atoms in a grazing angle geometry
(Figure 2). Absorber foils or mass discriminating detectors are used in order to discriminate
between forward scattered projectiles and different types of recoiling particles. The depth
profiles of all light target elements can be obtained simultaneously well separated from each
other.

Energy dispersive
particie detector

5

MeV incident ion / ’
s Recoiled ion

N\

Thin film

Figure 2. A scheme for ERDA experiment

Neutron reflectivity (NR) method is based on the fact the neutrons obey the same laws as
electromagnetic waves and as such display reaction and refraction on passing from one
medium to another. The sample is exposed to a beam of neutrons and the reflectivity is
measured as a function of the momentum transfer q. A specular reflectivity experiment
measures the scattered intensity as a function of g: = 2k: (perpendicular to the interface). As
such, the reflectometry experiment provides information about structure perpendicular to
the interface. For specular reflection (the reflection which is defined as reflection in which
the angle of reflection equals the angle of incidence, Figure 3) the critical angle is given by

o
%=ﬁ; @

where A is the neutron wavelength 4.75 A, § is the scattering length density, which is

Equation 2:

defined by the Equation 3:

s="L1 3)

where bi is the scattering length of the relevant atom and V is the volume containing the n
atoms [3]. The hydrogen concentration can be, thus, calculated directly from a measure of
the critical angle [4].

There are many indirect methods exploiting hydrogen induced changes of other physical
properties of the film. The hydrogen uptake has often been monitored by measuring the
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sample resistance. To study the hydrogen loading and the thermodynamic properties four
point probe measurement is commonly used [5]. Under applied hydrogen pressure at
constant temperature, the resistance of metal thin film increases due to a decrease in electron
mobility with H acting as scattering centers. Also the changes of the elastic, the magnetic
and the optical propertied could be used to follow the hydrogen uptake. The conversion to
hydrogen concentrations must then be carried out by another independent calibration
measurement.
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Figure 3. A thin film of refractive index n1 between two bulk media of refractive indices no, nz.

Thin films open new fields of research such as screening for new composite materials.
Matrix samples or samples with defined chemical composition allow the simultaneous
investigation of hydrogen sorption by means of combinatorial approaches. Two of them rely
on changes in the optical response, as measured by the emissivity in the IR, or the optical
transmission in the visible region, during the change from the metal to hydride, or hydride
to metal, phase. The third one is carried out by X-ray microdiffraction, a sequential
characterization which aimed at identification of structural phases rather the decomposition
temperatures and storage capacities.

IR screening technique is based on the change of the apparent temperature due to the
surface emissivity variations. According to Stefan-Boltzmann law (Eq. 4) the radiation
power of the material is proportional to its emissivity (¢):

W =oeT? (4)

Emissivity, in turn, depends on the resistivity of the material (p), as defined by the Hagen-
Rubens low (Eq. 5):
172

£=2Q2¢,mp) (5)
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Since metal hydrides are characterized by higher resistivity than their corresponding pure
metals, it is possible to measure hydrogenation/dehydrogenation process by monitoring the
emissivity of a given material. During the measurement a large part of the radiation emitted
by the material is partially reabsorbed by the atmosphere either inside or outside the
chamber where the experiment is being performed and is reflected by the IR camera lenses.
Thus, the apparatus measures in fact the effective radiation (W’) which is automatically
converted into an apparent temperature (Ta) [6]:

7= (Kj ~T(e)" 6)
o

The metal thin film blocks IR radiation and appears black in the IR camera. Upon
hydrogenation the material becomes optically transparent and the IR camera will see the
bright region at the point where the hydride is forming. The IR screening method was
introduced by Olk [7, 8]. Oguchi et.al used the method, combined with structural
characterization, to determine the rate of a hydride phase growth [9]. Although the
hydrogen content cannot be quantify directly, the IR screening is a valuable tool for
studying the kinetics of the hydrogen sorption or fast identification of catalyst.

The method based on the change of optical transmission upon hydrogen loading is called
“Hydrogenography” and was developed by Gremaud and coworkers [10]. The amount of
light transmitted through a thin film is measured by means of a 3CCD camera as a function
of hydrogen pressure at constant temperature. Moreover, the optical transmission can be
related to the hydrogen concentration via Lambert-Beer's law [11]. Therefore, the
hydrogenography allows for a detailed quantitative study of both kinetics and the
thermodynamics of hydrogenation/dehydrogenation process. The concentration depends
linearly with the logarithm of the optical transmission T [12]:

m[%}c c 7)

Pressure vs. In(T/To) isotherms (PTI's which are equivalent to the standard PCI’s) of
thousands of different samples can be measured simultaneously. Based on these
measurements performed at various temperatures Van’'t Hoff plots can be built and the
thermodynamic parameters, such as enthalpy of the hydrogen-induced phase transitions,
can be determined (Figure 4). An advantage of the method is that it can works equally for
both materials which perform the metal-to-insulator transition upon hydrogen uptake and
for materials which remain metallic after the process [13]. The stresses associated with the
clamping of a thin film to a substrate must be taken, however, into account when
transferring the experimental data to bulk samples.

The other combinatorial methods which make use of the stresses was developed by Ludwig
and coworkers [14]. Thin films are deposited onto the array of 24 Si cantilevers and are
exposed to Hz gas. As a result of the in-plane stresses and out-of-plain strains induced by
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the volume expansion occurring during the Hz loading, the bending of the cantilevers takes
place. The cantilever bending is monitored by an optical approach: a laser diode beam is
split into parallel lines by the optics and the lines are projected on the cantilevers. The
individual reflections from each cantilever are projected on a semitransparent screen and are
recorded by CCD camera (Figure 5).

0.4 05 086 Q.7 08 09 1
Mg at. fraction y

Figure 4. a) Optical transmission image of a MgyNi:Tii.y gradient film during loading at 333K and b)
Hydride formation enthalpies of the Mg-Ni-Ti-H system, determined from the Van’t Hoff plots for each
pixel of the MgyNi.Ti1y-- gradient film (from Ref. [10]).
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Figure 5. a) A cantilever material library: 24 cantilevers are arranged in 4 quadrates, 16 cantilevers are
simultaneously observable; uncoated cantilevers serve as reference, b) schematic of the gas phase
apparatus (from Ref. [14]).

The method was successfully applied to Mg-Ni system: the hydrogen induced stress was
correlated with the composition and microstructure of the films [15]. Similar technique
based on measurement of the surface curvature of a dense array of 2500 MEMS-fabricated
cantilevers was developed by Woo et al. [16].

A different screening method was presented by Guerin and coworkers [17]. The technique
uses a silicon microfabricated MEMS array with 49 heaters, independently controllable,
which allow both temperature programmed desorption and infrared thermography
measurements. The integrals of the TPD (Temperature Programmed Desorption) provide a
direct measure of the hydrogen storage capacity as a function of composition. Due to the
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application of high heating rates to detect hydrogen with sufficient sensitivity, the
measurements are performed far away from the equilibrium conditions. Therefore, the
method is complementary to the techniques which allow for the determination of
thermodynamic parameters.

3. Pd-capped Mg thin films

Hydride uptake by metal is governed by a thermodynamic process as described by pressure
— concentration isotherm (Figure 6) [18]. At the beginning of the process the host metal
dissolves some portion of hydrogen to form solid state solution (a-phase). Upon the H
concentration increase in the metal, the H-H interaction become dominant and the
nucleation of the hydride (B-phase) occurs. The region where the two phases coexist (the
plateau pressure in the isotherm) defines the amount of hydrogen that can be stored
reversibly at a given pressure and temperature. The H content decreases with increasing H>
pressure and temperature [19]. The equilibrium pressure, pe, (the plateau pressure) depends
strongly on the temperature. The relation is expressed by the Van't Hoff equation (Eq. 8):

in o :(_ﬂjﬁﬂi ®)

P, R )\T) R
where R is the gas constant, the AH and the AS are the changes of enthalpy and entropy,
respectively, and pe = 1.013 x 10° Pa is the standard pressure. Thus, the slope of the van’t

Hoff curve determines the enthalpy, whereas the intercept gives the values of the entropy of
the process.
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Figure 6. Pressure-concentration-temperature plot and a van’t Hoff curve (logarithm of the equilibrium
or plateau pressure vs. the reciprocal temperature) for an intermetallic compound (from Ref. [18]).

MgH:2 decomposes into Mg bulk and H: gas, the reaction being endothermic (AH>0), while
the reaction of the formation of MgH: from Mg bulk and H: gas is exothermic (AH<0). The
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value of the enthalpy for MgH:> formation/decomposition is ~ 75 kJ/mol, which means that
at ambient pressure (~1 bar) the operating temperature is of ca. 600K [20, 21]. This is much
too high for the practical application. It is not easy to lower the enthalpy of hydrogenation
(or dehydrogenation) process since it involves the binding energy between the hydrogen
atom and a metal. Recent DFT and HF calculations made for the Mg/MgH:> system clearly
show that considerable changes in the thermochemistry of hydrogen absorption/desorption
can be achieved only if the particle size is reduced below 2 nm. A steep decrease in the
enthalpy of MgH> formation was found within the ultrasmall MgHo> particle region (0.62-
0.92 nm) [22]. The desorption enthalpies were calculated to be -20.64, 34.54, and 61.86
kJ/mol H2 for the MgH> nanowires with diameter of: 0.68 nm, 0.85 nm, and 1.24 nm, which
were derived from the Mg nanowires with diameter of 0.32 nm, 0.71 nm, and 1.04 nm,
respectively (Figure 7) [23]. The phenomena was explained by the fact that in the case of
such an extreme downsizing the vast majority of Mg and H atoms are exposed to the
surface, where hydrogen atoms occupy the less stable top and bridges sites. In larger
crystals the hydrogen resides in the more stable, three-coordinate sites. Consequently,
surface Mg atoms are left uncoordinated and the hydrogen atoms are more easily
absorbed/desorbed from these energetically less favored sites. The same trend was
observed for the Mg/MgHo: thin films: the enthalpy reduction of 5kJ/mol as compared to
the bulk value was calculated for the film thickness of 2 unit cell (0.16 nm Mg/ 0.30 nm
MgH?) [24]. It is not surprising, thus, that in thin films the AH is still very close to the value
for bulk materials. Giving an example, the AH for hydrogen uptake by Pd capped 1 pm
thick Mg thin films, as determined by resistance measurements, was similar to the value
for bulk Mg [25]. The desorption enthalpy of ~ 67 kJ/mol was estimated for 600 nm -thick
iron-doped Mg thin film [26]. Almost the same value of 68 kJ/mol was determined for
MgH: formation in sandwiched Pd/Mg/Pd thin film delaminated from the substrate (to get
rid of any effect related to the film clamping) [27]. The small change of AH in the latter two
cases was probably due to the additional lattice defects introduced by doping with Fe and

Pd metals.

Al_Mg nanowire

Al_MgH:z nanowire

—

A2_Mg nanowire

—p
Mg (0001) surface
d .

.'! Mg nanowire gz nanowire
Figure 7. (a) Mg(0001) surface. Magnesium nanowires of infinite length along [0001] and the diameter
size increase in the order: (b) 0.32 nm Mg nanowire; (c) 0.71 nm Mg nanowire and (d) 1.04 nm Mg
nanowire. Optimized structure for (e) 0.68 nm MgH> nanowire; (f) 0.85 nm MgH2 nanowire and

(g) 1.24 nm MgH> nanowire (from Ref. [23]).
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On the other hand, Baldi and coworkers showed, using hydrogenography, that it is possible
to tune the thermodynamics of hydrogen absorption in Mg by means of elastic clamping
[28]. They prepared the block layer 2x[Ti(10nm)/Mg(20nm)]/Pd(10nm) and proved that Pd is
able to increase the hydrogen plateau pressure more than 200 times with respect to bulk Mg
via the elastic constrain exerted on the expanding Mg layer. Furthermore, it was
demonstrated the Mg-alloy-forming elements, such as Pd and Ni, increase substantially the
hydrogen absorption plateau pressure, whereas the elements such as Ti, Nb and V, which
are immiscible with Mg, are elastically disconnected from Mg and have little effect on
thermodynamics properties of Mg (Figure 8). The model, based on the elastic interaction,
predicted also the increase of an equilibrium hydrogen pressure with increasing Mg
thickness.

. —o—Ni —=—Ti —<—V
10°F —o—Pd ——Nb

H, pressure (Pa)

Figure 8. Effect of cap layer: PTI's measured at 333 K for Ti(10 nm)Mg(20 nm)X(10 nm)Pd(10 nm)
samples deposited on glass with X = Ni, Pd, Ti, Nb, and V. The dashed line is the pressure at which
coexistence of a and 3 phases begins to appear upon hydrogen absorption in bulk Mg. ox and oy are
compressive stresses in the x and y direction due to the cap layer (from Ref. [28]).

The change in the equilibrium pressure plateaus may be also caused by clamping to the
substrate which creates severe in-plane stresses in thin films during hydrogen uptake. The
large impact on the thermodynamics was observed for rigid substrates which cause
resistance toward volume expansion [29, 30]. The increase of p.; due to the stresses caused
by capping layer or a substrate would be very desirable with respect to practical application
if these stresses would not relax after few hydrogen absorption/desorption cycles drawing
back the pe to its original value. Moreover, the stresses relax by the formation of buckle-to-
crack network, changing the structure of the thin films [31, 32]. This feature impedes the
systematic studies of the interaction of the hydrogen with a metal. Recently, it was
demonstrated that thin films built up on the porous, regular hexagonal AAO template,
contains enough free space to allow for metals lattice unhindered expansion and, therefore,
a reduction of the mechanical stress in the layer [33]. After hydrogenation, some prominent
differences between two films deposited on the non-porous and porous substrate are
observed (Figure 9). While in the layer deposited on the rigid glass many cracks and bulges
can be observed after hydrogen absorption, the same layer deposited on the porous AAO
template remains completely smooth without any cracks (compare Figure 9 (A) with (E) and
(B) with (F)). In the thin film deposited on the glass locally some protrusions have appeared
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as an effect of swelling of the layer (Figure 9 (C)). Based on these observations it can be
concluded that a porous substrate may offer an effective way to release the stress without
layer deterioration.

Figure 9. SEM images of Pd/Mg/Pd films on (A, B, C, D) non-porous glass substrate and (E, F, G, H)
porous AAO template after hydrogenation at room temperature. Mg develops a plate-like structures of
a hexagonal shape, suggesting a preferential growth along c-axis. The arrows in Figure 9(H)
demonstrate that each platelet, in fact, consists of two identical hexagonal crystals stacked perfectly
along their basal planes (from Ref. [33])
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Another serious problem related with the hydrogenation of pure Mg is poor kinetics of
process and an easiness of Mg to oxidation. The kinetics of a metal to hydride
transformation is typically described by an Arrhenius type expression (Eq. 9):

E
k(T)= Aexp(— kBTJ )
where k is the rate of the hydrogen absorption or desorption process, ks is the Boltzmann
constant, T is temperature, A the apparent pre-exponential factor and E. — the apparent
activation energy. The plot In(k) vs. 1/ksT gives, thus, the E: value. The lower the activation
energy, the faster the process. The E. is 115-122 kJ/mol for hydrogen absorption and 126-160
kJ/mol for hydrogen desorption, as calculated for pure Mg [34]. The relation between E. and
AH is demonstrated graphically in Figure 10.
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Figure 10. The relation between E. and AH for Mg/MgHo.

Reducing distances in nanoscale materials translate into faster overall reaction kinetics. Pd
coating is usually applied to facilitate hydrogenation and to avoid oxidation of Mg.
Hydrogen uptake for Pd-capped Mg thin films can occur at room temperature thanks to the
high H> dissociation rate and high hydrogen diffusivity in the Pd outermost layer [35].
MgH:> formation in thin films occurs mostly at the Pd/Mg interface where the Pd-Mg
interaction is maximized. The thicker the Pd-Mg intermixing region the higher the number
of Pd/Mg interfaces and the higher the hydrogen uptake can be expected [36-38]. The lattice
mismatch at the interface creates defect sites with a low local electron density which
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weakens the hydrogen bonding and therefore, within this interface hydrogenation of Mg
occurs very fast. It was shown that the reaction at the interface control the growth of MgH->
for the hydride layer thickness smaller than 60 nm [39]. Above the thickness hydrogenation
is limited by hydrogen diffusion in the hydride layer. The overall diffusion coefficient for
the Mg-to-MgHD: transition, including nucleation and growth, was determined to be as low
as D = 1.1 x 102 m?/s [40]. Due to the extremely slow diffusion, the hydride nucleation and
growth above a certain film’s thickness will be practically stopped. In other words, there is a
limited amount of hydrogen that can be loaded into the Mg layer above a certain thickness.
It was demonstrated that the thinner Mg layer the better the hydrogen uptake rate and the
higher hydrogen content at the beginning of the process. The Mg layer of 20 nm thickness
has shown the best absorption kinetics with saturated hydrogen content of 5.5 wt% at 298 K
and 0.7 bar Hz [41]. The E. for desorption process for Pd capped 100 nm thick Mg layer was
determined to be 80 kJ/mol [42]. Beneficial effect of Pd was studied by hydrogenography:
the rate of hydrogen absorption by Mg layer increased with Pd doping [43]. The Pd-doped
Mg can absorb hydrogen at room temperature and under less than 1 bar pressure in few
minutes. On the other hand, no significant influence of Pd was observed on hydrogen
desorption at room temperature in air. The hydrogen release from the layer was no
completed after 5h.

The enhancement of the H2 absorption process was achieved by an electric current. The 100
nm thick Mg/Pd film, exposed to 1 bar of Hz pressure and simultaneously to a voltage of 20-
30 V, was easily hydrogenated without an external heat source [44]. Better hydriding
kinetics was also observed for the films heated up to 473 K prior to hydrogenation. The
annealing optimized the morphology and structure of the film in terms of finer particles size
and better crystallinity [45]. No influence of the crystallization degree on absorption kinetics
was, however, found by Higuchi and coworkers [46]. Yet, the crystallinity affected the
hydrogen desorption kinetics which was manifested by lower desorption temperature. The
lower the degree of Mg crystallization, as estimated from the intensity of Mg(002) peak in X-
ray diffraction spectra, the lower the temperature at which the hydrogen was releasing. The
most amorphous Mg in Pd/Mg films desorbed H: at a temperature lower than 463 K in
vacuum of 7.0 x 10! Pa.

The annealing at elevated temperature can cause the alloying of Mg and Pd elements.
The Mg/Pd multilayered films activated at 474 K for 2 h under 30 bar of H2 pressure
transformed completely into the MgsPd phase [47]. After three cycles the films consisted
of a mixture of MgPd, MgsPd>, and MgePd intermetallics phases. Qu et al. annealed the
Pd/Mg film at various temperature up to 473 K in vacuum for 2 h and did not find the
presence of the intermetallics [34]. It seems that in the metals interdiffusion and alloying
occur dependent on whether the annealing is performed under H: pressure or in
vacuum. To avoid the formation of the Pd-Mg intermetallics phases the tantalum (Ta)
layer can be used [48]. The Ta is well-known as an excellent diffusion barrier for metals
[49]. Moreover, it possesses a very high hydrogen permeability (1,3 x 107 mol/ms Pa* at
500 °C) [50].



238 Hydrogen Energy — Challenges and Perspectives

In order to increase the Pd-Mg intermixing region, the sandwiched Pd/Mg/Pd thin films
were prepared. Such systems demonstrate optimal hydrogen sorption properties not only
thanks to the extended Pd/Mg interactions but also due to the cooperative phenomena. The
cooperative phenomena is an elastic interaction between the two metals [51]. Upon the
hydriding/dehydriding cycles both metals experience the lattice expansion/contraction.
During desorption the hydrogen is first released from the Pd layers. The stress induced on
the top and down surface of the Mg film, force desorption of hydrogen from Mg (Figure 11).
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Figure 11. a) TEM micrograph for the cross section of Pd/Mg/Pd film before hydrogenation; b) scheme
of hydrogenated Pd/Mg/Pd film demonstrating the cooperative effect (from Ref. [51]).

The sandwiched Pd/Mg (100 nm)/Pd thin films were fully hydrogenated at room
temperature for 4h under 0.04 bar and could dehydrogenate completely and rapidly in air
[52]. Hydrogen desorption process took only 20 min at 338 K, while at room temperature it
lasted approximately 300 min. The overall activation energy for desorption process was
estimated to be 48 kJ/mol, thus, significantly smaller than the value for pure Mg. Similar
Pd/Mg/Pd films, but hydrogenated at 353K for 4h under 1 bar of Hz pressure, exhibited the
E: of ca. 60 kJ/mol [53]. The discrepancy between the E. values suggests that the
hydrogenation conditions influence the desorption process. Faster kinetics and lower
activation energy was attributed both to more extended Pd/Mg interface and to the
cooperation effect.

The Mg crystallographic patterns of as-deposited Mg thin films exhibits usually strong (002)
and (004) reflections implying a preferential growth along the c-axis, i.e. a single (001) out-
of-plane orientation [33, 54]. MgH-: transforms epitaxially relative to Mg according to the
relation: Mg(001)//MgH2(110) for the glass substrate and for the Al:Os (001), whereas for the
LiGaO: (320) substrate the relation Mg(110)//MgH2(200) was found [55]. Due to a
preferential growth along c-axis the Mg develops into a shape of hexagonal platelets (Fig. 9)
forming closely packed columns (Figure 11) containing a number of polycrystalline and
grain boundary defects [56, 57]. It was observed that the hydrogenation leads to a reduction
of the defects. Since the defects provide the sites where hydrogen bonds are weakened and,
consequently, the hydrogen migration energy is lowered leading to faster diffusion, the
reduction of the defects is rather disadvantageous with respect to the
hydriding/dehydriding properties. The evolution of the lattice defects in Mg during the
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hydriding/dehydriding cycles was also studied by the positron annihilation spectroscopy
(PAS) [58]. After the very first decomposition of MgD2 the increase of void-like defects was
observed accompanied by the decrease in deuterium storage capacity. Upon subsequent
absorption and desorption cycles the concentration of these defects was reduced without,
however, restoring the original storage capacity. The activation energy of desorption process
decreased with the film thickness which was ascribed to a higher concentration of void-like
defects in thinner layers [34].

First principle calculations show that hydrogen diffusion in MgH> is dominated by motions of
charged defects such as positively charged vacancies at H sites, and negative H interstitials.
The data are supported by some experimental observations (like for instance the enhancement
of Hz absorption by an electric current [44]). The latter type of defects dominates diffusion
because the activation energy for motion of this defect is small [59]. Therefore, it should be
possible to improve H diffusion by doping of Mg with charged elements which are able to
increase the concentration of the diffusion defects. The DFT calculations demonstrate that only
a small number of dopants have these properties [60]. In particular, the diffusion in MgH> can
be significantly enhanced only by Co, which act as a n-type dopant that increase the
concentration of negatively charged H interstitials. Nevertheless, the overall kinetics of H2
uptake or release is also affected by lattice defects accumulated around grain boundaries and
surfaces or by isolated dislocations. And the dissociation or recombination process taking
place around these defects may be enhanced by other dopants.

The hydrogen sorption kinetics was significantly improved by addition of Cr-Ti bimetallic
compounds [61]. At 200 °C Mg-Cr-Ti nanocomposites absorb 5 wt% hydrogen in several
seconds, and desorb in 10-20 min. The influence of Ti and Fe dopants on the hydride
formation was studied by infrared emission imaging of wedge-shaped thin films during
hydrogen loading [62]. Ti addition did not influence Mg hydride growth rate, however, it
resulted in the formation of thicker hydride layer on top of the films as compared to the un-
doped Mg films. The addition of atomic fraction of 3.1% of Fe increased the hydrogenation
rate by an order of magnitude and twice the MgH> layer thickness as compared to pure Mg.
A Dbeneficial effect of Fe on Mg hydrogenation process was thoroughly studied at
temperature ranging from 363 K to 423 K by Tan et al. [26] The results suggest that Mg-Fe
powders of 1-2 um size can be fully hydrogenated within 1 min at temperature of 150 °C
(423K). Catalytic effect of other transition metals was also investigated. Molybdenum plays
a significant role in Mg hydrogenation [63, 64]. Mo and Ti act mainly as catalysts. The
catalytic affect of NbOx as a function of the oxygen concentration was studied [65]. The
lowest activation energy for hydrogen absorption was found for the highest oxygen content
(Nb20s). Pure Nb does not display a considerable catalytic effect [66]. Hydrogenation
kinetics was also speed up by vanadium (V) implementation into magnesium films [67]. The
effect was, however, small as compared to the addition of Fe or Ti. Better effect was
achieved for Mg-Cu multilayered films: Mg was fully converted to MgH: at temperature of
473K [68]. As will be seen in the next paragraph, a significant effect on the hydrogenation
process of Mg may be exerted by the 3D transition metals which may form binary hydrides
with Mg, including Co, Ni or Mn [69-71].
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4. Binary and ternary Mg-based alloys

The attempts to destabilize MgH: (lower the desorption enthalpy) and to improve its
kinetics by alloying it with transitions metals has led to discovery of many binary systems,
including Mg-Ni, Mg-Fe, Mg-Co or Mg-Mn. Among these systems the magnesium — nickel
hydride phases seem to be very promising candidates for hydrogen storage materials owing
to a relatively high hydrogen storage capacity and low cost. The stoichiometric Mg2Ni, due
to the existence of the parent metal alloy, can be easily and reversibly hydrogenated even at
room temperature. Mg:NiHs has a storage capacity of 3.6 wt% and the desorption enthalpy
of ~ 64 kJ/mol [72]. However, because hydrogen loading capacity increases with the Mg
content, other, non-stoichiometric Mg-Ni compositions are of a special interest with respect
to hydrogen storage and were intensively investigated.

An interesting hydriding properties was demonstrated for amorphous Mgi2Niwo films
deposited on molybdenum [73]. It undergoes reversible hydriding/dehydriding reaction at
about 150 °C and under 3.3 MPa of H: pressure. Moreover, based on the DSC
measurement, the enthalpies for hydrogen absorption and desorption process were
estimated to be -39.9 and 42.0 kJ/mole, respectively, and therefore, substantially lower than
for pure Mg. The TPS (Thermal Desorption Spectroscopy) measurement for an amorphous,
1.7 nm thick, MgsNii1 thin films deposited on molybdenum, shows that hydrogen
desorption starts already at 77 °C and has its maximum at around 147 °C, similarly to the
Mg12Niwo films [74]. Furthermore, the PES (Photoelectron Spectroscopy) demonstrated that
no Mg segregation or desorption occurs when hydrogen is desorbed from the film,
rendering the system reversible. The PCI measurement of amorphous MgNi/Pd multilayer
thin films deposited on Ni substrate by magnetron sputtering revealed that up to 4.6 wt%
of hydrogen can be loaded to the films at room temperature [75]. Approximately the same,
reversible hydrogen content of 4.45 wt% at 224 °C has been obtained for the 1160 nm thick
Mg29Ni film [76]. The Mg29Ni thin film was composed of nanocrystalline Mg:Ni and Mg
phase being of about 20-50 nm in size. The lower absorption/desorption temperature, as
compared to pure Mg:Ni and Mg systems, was attributed to the extra free energy in the
interfacial region between the two nanocrystalline phases and the stress exerted on the
MgH: phase by the adjacent Mg:Ni, which decomposes from its hydride prior to Mg.
Structural and optical properties of the MgyNiiy system in the composition range
0.5<y<0.95 was studied by Gremaud and coworkers [77]. For 0.6<y<0.8 crystalline Mg>Ni
coexists with amorphous Mg and/or Ni. After hydrogenation mostly Mg:NiH4 phase is
present and some MgH:2 on the Mg-rich side. The abrupt structural changes is observed
around the Mg-Mg:Ni eutectic point (y = 0.886) which are accompanied by the drastic
change in optical properties in the hydride state (Figure 12). Above the eutectic point
amorphous Ni is embedded in crystalline Mg and hydrogen absorption is hampered by
slow diffusion in the MgH: phase. Consequently a large part of Mg remains metallic. This
is followed by a sudden drop in transmittance for y > 0.886, which one should expect to be
high upon hydrogenation (Figure 12). Moreover, owing to the intimately mixed
microstructure around the eutectic point, hydrogenation reaction is destabilized (the
reaction occurs at lower temperature) with respect to the Mg:Ni — Mg2NiH4 reaction, and
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the hydrogen sorption mechanism is changed from being governed by hydrogen
dissociation at the Pd capping layer to being limited by diffusion in MgyNiiyHx [78].

Optical properties of Pd-capped MgyNii thin films for the Mg-rich side of the Mg-Ni
system (0.7<y<0.9) was also investigated by Yoshimura et al.[79]. The films showed much
better optical transmittance upon hydrogen exposure compared to the stoichiometric Mg2Ni
compound (indicated in Figure 12 by dashed, vertical line for y = 0.667), contrary to the
results obtained by Gremaud et al. which showed rather constant transmittance in the
0.7<y<0.9 region ( see Figure 12 [77]). The reason for this discrepancy may lay in the
difference between the films thickness or in subtle dissimilarities between their
microstructure. In agreement with the results given in Figure 12, the decrease of
transmittance for Mg-poor side of the Mg-Ni system was observed by Johansson and
coworkers [80]. The change in the effective optical band gap from 3.6 eV for Mg-rich to 2.4
eV for Mg-poor hydrogenated Mg-Ni alloys, was determined. Furthermore, almost linear
increase of hydrogen capacity with increasing Mg content was observed.
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Figure 12. MgyNii-yHx compositional dependence of the optical reflectance (R) and transmittance (T) for
two photo energies (a) iw =1.6 eV and (b) iw =3.0 eV. (c) Corresponding absorption coefficient « for
both photon energies. At the top the optical appearance (in transmission) of a MgyNii1yHx gradient thin
film in the hydrogenated state is shown. For y > 0.883 the film appears to be black as a result of a
sudden drop in transmission (from ref. [77])
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The dependence of optical properties of MgyNii,Hx on the alloy composition, slightly
deviated from the stoichiometric Mg:Ni, was investigated by Baldi et al. [81]. A large
difference in optical behavior upon hydrogenation was explained by different hydrogen
uptake mechanisms, namely, different nucleation and growth process of the hydride. Apart
from a self-organized double layer structure (so-called black state): a transparent Mg2NiH4
layer at the substrate - film interface and a top layer of Mg2NiHos, which is always present at
the beginning of hydrogenation process irrespective of the film composition, the following
hydrogenation depends critically on the composition of the parent metal alloy. In slightly
Mg-rich Mg2:sNi films the hydrogenation proceeds by random nucleation and growth of the
Mg:NiHs4 phase within the upper metallic layer (slow process). For slightly Mg-poor
Mg2:sNi films hydrogenation occurs via the growth of the transparent Mg:NiHa layer
formed at the substrate interface (fast process). The reason for the slow hydrogenation in
Mg-rich MgyNiiy films was explained by the presence of MgH> which forms prior to
Mg>NiHy, and acts as blocking impurities for the growth of the Mg:NiH4 phase.

The black-state, present at a low hydrogen concentration, is characterized by low reflectance
and zero transmittance in the whole visible region and suggests the application of Mg-Ni
hydrides as a termochromic device for temperature control of hybrid solar collectors [82, 83].
The origin of the black state comes from preferred nucleation of Mg:NiHs near the
substrate/film interface after a solid solution Mg:NiHos is formed. For achieving the black
state, only a change in the first 30 nm of the films is necessary. The mixed double layer at the
substrate/film interface consists of approximately 20 vol% of Mg:NiHos and 80 vol% of
Mg:NiHa. It was shown that the unusual hydrogen loading sequence, which starts near the
substrate and not close to the catalytic Pd layer capping layer as one would expect, is due to
locally enhanced kinetics [84]. Microstructural analysis revealed that up to film thickness of
50 nm, the film is built up of small grains located near the substrate, which most probably
lower the activation energy, favoring nucleation of Mg2NiHa [85]. The grains size increases
upon further deposition, until a columnar microstructure is developed (Figure 13). After the
nucleating layer is fully loaded to Mg:NiHs, subsequent hydrogenation process, slow or fast
dependent on the composition of Mg2sNi, takes place, until the entire film is loaded to
semiconducting, transparent Mg:NiHa (Figure 13).

The similar hydrogenation mechanism was observed for Mg-Co system [86]. Likewise the
Mg-Ni, the nucleation of hydrogen rich phase (Mg:CoHs in this case) initiates at the film-
substrate interface. Consequently, a double layer is formed leading to the appearance of the
optical black state at intermediate hydrogen concentration. In contrast, Mg-Fe showed more
homogeneous hydrogen absorption. In fully loaded state in Mg-Ni and Mg-Co systems the
ternary hydrides: Mg:NiHs and Mg2CoHs, respectively, were detected, while in Mg-Fe
system MgH> is mainly formed. The difference in hydrogen absorption mechanism is
probably caused by the absence of any intermediate compound in the Mg-Fe system which
does not favor the formation of Mg:FeHs. The presence of the black states was also observed
in Mg-Mn alloys [87, 88].
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Figure 13. (a) Schematic representation of the MgaNi thin film microstructure and hydrogenation
mechanism for Mg-poor Mg2:5Ni film (fast process). The first 30-50 nm thick layer consists of small
grains. From this layer, a columnar microstructure develops. At the first stage after the exposure to
hydrogen a homogeneous Mg:NiHos solid solution is formed. Nucleation of the Mg2NiH4 phase starts in
this 30-50 nm sub-layer resulting in the optical black state (b). This layer hydrogenates to Mg2NiHs and
increases in thickness upon further hydrogenation resulting in a bilayer system (c). This continues until
the whole film is loaded to semiconducting, transparent Mg2NiHa (d) (from ref. [85]).

Mg was also alloyed with Cu to get an improved hydrogen storage properties. It was
demonstrated that Pd-capped MgoCuio amorphous thin film can reversibly store 5.8 wt%
hydrogen in near ambient condition and could desorb it at temperature around 100 °C [89].
A comprehensive study of several metastable, crystalline single-phase MgsoX20 (X = Sc, Ti,
V, Cr) thin film alloys was presented by Niessen and Notten [90]. These compounds
showed high reversible hydrogen storage capacities. The best hydrogen absorption and
desorption kinetics, with respect to pure Mg, was obtained in the case of Sc and Ti doping.
By means of electrochemical loading MggoSc20 and MggoTizo can reversibly store 6.7 wt%
and 6.53 wt% hydrogen, respectively [91, 92]. Furthermore, it was noticed that after
hydrogenation a homogeneous fcc - structured hydride is formed in both MgyScu.y) and
MgyTia-y) alloys.

The structural, optical and electrical properties of the MgyTiiyHx thin films was thoroughly
studied by Borsa et al. [93]. In metallic state all the films have zero transmission and a
relatively high reflection that decreases with increasing Ti content. After hydrogen
absorption under 10° Pa H2 at room temperature, the reflection is low for all compositions,
whereas the transmission decreases continuously with the metal ratio in the parent alloy: for
y 2 90 the transmission is significant, for y < 90 it becomes very low. Gremaued et al has
presented the hydrogenography results in a form of the change of optical transmission vs
p(Hz) Pa for continuous gradient in the alloy composition, hydrogenated at 363K (Figure 14,
ref [10]). There, a somewhat different trend was observed: the transmission is low at p(Hz) <
103 Pa but is getting higher upon decreasing y, while for the pressure approximately within
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the range of 1x103 Pa < p(H2) < 4x10° Pa the transmission becomes high for all compositions
studied (0.60 <y < 0.89).
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Figure 14. PTI's of MgyTiiy thin films with a continuous gradient in an alloy composition. a) Logarithm
of the optical transmission T plotted in false colors as a function of the hydrogen pressure p(H2) and Mg
atomic fraction y during hydrogenation at 363 K. Red corresponds to a high transmission and blue to a
low transmission. As each column of pixels corresponds to one composition value y, the color map
contains the isotherms of about 500 compositions. b) PTI's for the representative Mg-Ti alloy
compositions indicated by colored vertical lines in a). c) PTI's for Mgo.ssTio.1s at five different
temperatures. The transmission T is normalized to the transmission in the metallic state TO

(from ref. [10]).

The combination of low reflection and low transmission in the hydrogenated state
contributes to the highly absorbing state. Such a highly absorbing state was accounted for
the presence of a mixed double layer: metallic TiH2 and semiconducting MgH> phase.
Based on the experimental data it was suggested that the phases do not form a composite
material consisted of independent TiH> and MgH>, but constitute rather a coherent
structure. Hydrogenation process of the MgyTiiy thin films was described as follows: at
very low hydrogen pressure a solid solution is formed in the Mgy Tiiy alloy, causing a small
expansion of the host lattice; with increasing pressure Ti-related sites are hydrogenated at
first, giving rise to the internal lattice strains release, thanks to the equality of the molar
volume of TiH2 and Mg; upon further hydrogen pressure increase, Mg is hydrogenated
(Figure 15). Due to the coherent coupling between Mg and TiH: and the local stress
induced, the Mg crystallizes to a cubic, fluorite MgH> structure, for y < 0.87. The complete
reversibility of the system suggested that this ordering is robust and preserves upon
hydrogen cycling most probably owing to the accidental equality of the molar volume of
Mg and TiHo>.

Structurally, as-prepared films for all compositions have one crystalline phase that
corresponds to a hexagonal Mg-Ti alloy. In the hydrogenated states the structure differs
depending on the metal ratio in the parent alloy. Three regimes where identified: (1)
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single fluorite phase for y < 0.87; (2) single phase rutile for y > 0.9 and (3) two phase
coexistence for 0.87 <y < 0.90. The presence of a chemically partially segregated but
structurally coherent metastable phase in Mg-Ti-H thin films was further confirmed by
Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy and by the positron
Doppler broadening depth profiling method [94, 95]. Positron depth-profiling was also
applied to monitor the effects of hydrogenation on thin films [96]. The analysis revealed a
single homogenous layer for most metal and metal hydride films, except for the
Mgo.sTio.1Hx film, where a double layer was detected: a thin unloaded Mgo.9Tio.1 or Mg-Ti-
Pd alloy layer on top of a hydrogenated MgosTio1Hx. X-ray diffraction pattern confirmed
the presence of two phases in the hydrogenated MgosTio1 film: one, identified as
hexagonal MgosTio1 and a second, recognized as the rutile MgosTio1H2 phase. For Ti
fraction larger than about 15% only a single, broad peak in the X-ray pattern was detected,
the position of which was typical for the fluorite metal hydride phase. The
crystallographic analysis was confirmed by in situ recording diffraction patterns at
various tilt angles, which allowed a precise identification of the crystal structures of the
MgyTiiy thin films [97]. In the as-deposited state the film alloys have a hexagonal closed
packed crystal structure. Hydrogenation under 10> Pa H: transformed the structures of
Mgo.7Tios and Mgo.sTio2 films into a rhombohedrally distorted unit cell with face-centered
cubic (fcc) symmetry, whereas hydrogenated Mgo.sTio1 has a body-centered tetragonal
(bct) structure. Moreover, it was noticed that the hydrogen desorption kinetics changes
along with the crystal structure from rapid for fcc-structures hydrides to sluggish for
hydrides with a bct symmetry.

Figure 15. (a) Schematic representation of a coherent crystalline grain consisting of a Mg and Ti region.
(b) The same crystalline grain after hydrogen uptake in the Ti-related sites. The accidental equality of
the molar volumes of TiHz and Mg leads to an almost perfect crystal in situation (c).

Fully hydrogenated state (from ref. [93]).

The enthalpy of hydrogenation process was established by hydrogenography [10]. For
y<0.87, when the Mg-Ti hydrides have a fcc symmetry, the AH=-65 k]J/mol and does not
differ much from the enthalpy for a bct symmetry (AH=-61 kJ/mol). The advantage of the fcc
crystal is, however, a favorable kinetics of hydrogen diffusion within the fcc structure. The
properties of the Mg-Ti thin films are very attractive for the design of hydrogen sensors,
solar absorbers, or color-neutral switchable mirrors [98, 99].
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The appealing kinetics of the MgyTiiy material has entailed the research to improve the
thermodynamic of the hydrogenation process. The plateau pressure of the Mg-Ti-H system
is very low (~ 0.1 Pa at room temperature). To increase the equilibrium pressure, the alloy
has to be destabilized by adding additional elements. Substitution of Mg and Ti by
lightweight Al or Si resulted in a shift of the plateau to higher pressures, while remaining at
room temperature and maintaining a high gravimetric storage capacity of approximately 6
wt% [100]. By means of hydrogenopraphy an optimal composition in Mg-Ni-Ti system was
found, MgeNizsTis, with a relatively high hydrogen capacity (3.2 wt%) and the formation
enthalpy value of -40 kJ/mol [12]. Adding Fe to the Mg-Ti system has resulted in excellent
kinetics and reversible hydrogen sorption [101]. At 200 °C the Mg-Fe-Ti thin films absorbed
~ 5 wt% hydrogen in seconds and desorbed in minutes. However, rather no effect on
thermodynamics of Mg-Fe-Ti was observed. The high-throughput screening technique was
applied to search for an optimal material in Mg-Ti-B system [102]. The material with the
composition MgosTio.0sBoss was identified, with 10.6 wt% Ha capacity. However, only partial
reversibility was observed for the compound in the thin film.

In order to keep high hydrogen capacity of the Mg-based systems, Mg has to be destabilized
with light metals, which posses a lower affinity for hydrogen. Aluminum was very often the
element of choice. Beside its potential beneficial effect on kinetics and thermodynamics, the
addition of Al to Mg may lead to the formation of complex hydrides, such as Mg(AlHa)2
with hydrogen storage capacities of 9.3 wt%. The magnesium alanate releases hydrogen in
two steps upon heating. In the first step it desorbs 7 wt% H: leading to the formation of
MgH: and AL

Combinatorial synthesis and hydrogenation of Mg/Al libraries was prepared by electron
beam physical vapor deposition at room temperature and was studied by wavelength
dispersive spectroscopy (WDS) and micro-X-ray diffraction [103]. As-prepared thin films
did not contain any MgyAli.y intermetallics or solid solution. For all MgyAli-y compositions
full hydrogenation was obtained. MgH> was the main phase observed for all compositions
above 20 at.% Mg. It was found that Al can act as a catalyst for hydrogenation reaction of
magnesium. The hydrogenation/dehydrogenation of Pd/(Fe, Ti)/Mg-Al/(Fe, Ti)/Pd thin films
was investigated [104]. The films absorb hydrogen at low temperature (~50 °C) and with
excellent kinetics (few minutes). The addition of Al has improved the Hz sorption properties
and hydrogen capacities, and the catalytic effect of Ti and Fe was acknowledged.

Absorption and desorption properties of Pd-covered MgyAli.y alloy thin films was studied as
a function of temperature and alloy composition by means of neutron reflectivity technique
(NR) [105]. Hydrogen absorption was performed at 430K for 20h at 6.8 MPa. Hydrogen
content and distribution in the MgyAliy thin films was determined in situ. For all
compositions the hydrogen was uniformly distributed throughout the MgAl film thickness
(of about 52 nm for the MgAl layer and ~ 10 nm for Pd coating), whereas no hydrogen was
found in the Pd layer. The MgosAlos film could store 4.1 wt% hydrogen with complete H
desorption at a temperature of 448 K. A superior absorption and desorption properties of
MgozAlos over those of MgosAlos was observed. Except lower hydrogen content (3.1 wt%),
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MgosAlos released the hydrogen at temperature around 25 K higher than MgosAlos.
Moreover, along with the higher hydrogen desorption temperature, the Pd interdiffusion
into the MgAl film was noticed. A systematic study of structural change of the films during
hydrogen desorption was performed later by the same group of researchers [106]. It was
concluded that the Pd interdiffusion into hydrogenated MgAl film occurs for both Mgo.sAlo4
and Mgo~Alos alloy thin films, leading to a complete destruction of the films structure. In
contrast, for the as-prepared hydrogen-free Pd-coated MgosAlos thin film, the Pd layer
remained almost intact and only small zone in the Pd/MgAl interface was infiltrated by Pd.

To prevent the interdiffusion, the Ta layer was added between the Pd and the Mgo7Alos
layers (Figure 16) [107]. Tantalum was found to improve significantly hydrogen absorption
kinetics due to lowering of the nucleation barrier for the formation of the hydride phase in
the MgozAlos layer. Hydrogenation of the alloy could occur at pressure 10 time lower than
for the Ta-free sample, without reducing the storage capacity. It was observed that between
the catalysts (either Pd or Ta/Pd) and the MgosAlos layer a non-absorbing region appears,
which was attributed to interfacial stress. According to the measurement ~5 wt% H can be
stored in the MgozAlos alloy thin film under mild conditions (at room temperature and

under 0.13 MPa).
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Figure 16. The structure of the film with the single Pd catalyst layer (left) and the Ta/Pd catalyst bilayer
(right) (from ref. [107]).

Structure and electrochemical hydrogen storage properties of sandwiched Pd/MgixAlx/Pd
(x=0, 0.13, 0.1, 0.39) thin films were investigated [108]. The improvement of both
thermodynamics and kinetics of Mg-Al alloys as compared to pure Mg was confirmed. X-
ray analysis showed that the layer was constituted of a single phase Mg(Al) solid solution.
All films demonstrates a globular surface structure (Figure 17). The surface roughness of the
films depends on the Al concentration. In the absence of Al (x=0) the surface was very rough
and consisted of large particles. Upon the Al increase the surface was becoming smoother.
Also porosity depends on the Al concentration. The best hydriding properties was detected
for the Pd/Mgo9Alo21/Pd thin films (storage capacity of ~ 1.9 wt%), which was related to a
high porosity of the film (28%).

The complex Mg(AlH4)2 hydride was experimentally observed by Jain et al. [109]. A
sandwiched-like Pd/Al/Mg/Pd thin film was hydrogenated at 150 °C under 0.2 MPa H>
pressure for 2h. The formation of the Mg(AlH4)2 along with MgH>, formed mostly at the
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Pd/Mg interface, has eliminated the generation of MgxPdy intermetallics and reduced the
oxygen content in the film. Moreover, an increment in hydrogen storage capacity was
noticed. The Mg(AlH4)2 was also obtained under high-flux, low-energy hydrogen ion
irradiation of Mg/Al bilayer films [110, 111]. Its synthesis takes place under intensive
intermixing of Mg and Al atoms and with continuous supply of hydrogen. The 2 keV
hydrogen ions pass the naturally formed 2 — 4 nm thick Al:Os layer without destroying it.
Moreover, it was suggested that the magnesium alanate was protected by the AlOs layer.
The experimental results have confirmed a two-step decomposition mechanism of the
Mg(AlH4)2 and demonstrated that dehydrogenation is controlled by transport process
through the oxide layer.
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Figure 17. 3D AFM images, surface and cross-section SEM images of the Pd/MgixAlx/Pd films with
x =0, 0.13, 0.21 and 0.39 from top to bottom (from ref. [108]).
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5. Conclusion

Notwithstanding the remarkable achievements in hydrogen absorption—desorption attained
for thin films, it remains difficult to transfer the results to bulk materials (powders), which
are thought to be used in transport sector. The difficulties originates from the fact that the
hydrogen interaction with mater depends strongly on a subtle tuning between parameters
such as: a number and type of defects, microstructure, size and morphology of crystallites,
which are not easy controllable by the application of the powders preparation methods, like
for instance mechanical milling, as compared to the thin films deposition techniques. As an
example, mechanically milled Mg-Ti powders display much slower kinetics, reduced
storage capacities and lower structural stability as compare to the Mg-Ti thin films [112].
The thin films synthesis methods can lead to the formation of non-equilibrium phases,
which are rather not accessible by bulk preparation methods. In contrast to bulk preparation
techniques, in a thin film approach it is relatively easy to control the size and morphology of
material. The size reduction to the nanoscale leads to the energy contributions which are
typically negligible in bulk, including the interaction of the sample with the substrate,
surface or interface energies and quantum size effects. These contributions allows one to
overcome the hydrogenation kinetics limitations and to study the intrinsic thermodynamic
properties of hydrogen absorption. Thin films are particularly suited for combinatorial
techniques: allowing one to perform combinatorial research on thousands of different
concentrations of elements at once. It helps to identify an optimal alloy’s composition and to
find the best catalyst for hydrogen sorption. Moreover, other technological applications for
thin films, such as in batteries, coatings, or solar collectors, have been proposed due to
discovered spectacular changes in the optical properties of metal-hydride films near their
metal-insulator transition (“switchable mirror” behavior). The transition is reversible and
can be simply induced by changing the surrounding hydrogen gas pressure or electrolytic
cell potential.
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