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Summary

Hydrogenography

The search for new lightweight metal hydride storage materials is essentially
looking for a needle in a haystack. This thesis addresses this issue by the devel-
opment of a new thin film optical combinatorial approach, Hydrogenography,
that greatly facilitates the identification and characterization of new hydrogen
storage materials. The fact that absorption of hydrogen in a metal leads to
large optical changes is at the basis of the method. We produce thousands of
samples at once by sputter-depositing thin films with a compositional gradient.
With a a straightforward optical setup, Hydrogenography makes it possible
to monitor hydrogen ab/desorption simultaneously on all the samples under
exactly the same experimental conditions. We show that Hydrogenography is
much more than a monitoring technique, as it provides also a high-throughput
method to measure quantitatively the key thermodynamic properties (enthalpy
and entropy) of hydride formation, as well as the kinetics of hydrogen sorption.
We apply a large panel of complementary techniques and models to understand
the nature, boundaries, structure and morphology of the metal and hydride
phases formed in compositional gradient thin films.

Stress relaxation in PdHx

As a proof of concept for the Hydrogenography method, we consider first the
thin film PdHx system (Chapter 3). Although both the Pd metal and its
hydride are metallic, we demonstrate that the optical transmission change
during hydrogen sorption is high enough to record pressure-optical transmis-
sion-isotherms (PTI). Similarly to what is done with conventional pressure-
concentration-isotherms, this allows us to obtain the thermodynamic parame-
ters (enthalpy and entropy) of the hydrogen sorption reactions.

The evolution with the number of hydrogenation cycles of the ab- and
desorption isotherms, correlated with the film morphology and microstructure
evolution, provides essential information on the stress relaxation processes ac-
tive in thin hydride films initially clamped to a substrate. Buckling relaxes
the H-induced stress build up in thin films effectively. However, buckling does
not relax stress homogeneously in the film. It is only after the formation of

257



258 Summary

a buckle-and-crack network that the film surface is fractionalized enough to
enable a more homogeneous stress relaxation. This is clearly seen upon cycling
in the isotherms, as a flat section progressively appears to replace the initially
sloping plateaus, which corresponds to the transition from inhomogeneous to
homogeneous stress distribution in the film. The enthalpy and entropy val-
ues of hydride formation for homogeneously relaxed films are in very good
agreement with bulk literature values.

MgyNi1−yHx: thermodynamic-kinetic interplay

In chapter 4, we expand the optical isotherm acquisition method to MgyNi1−yHx

thin films with a compositional gradient in the Mg fraction y. This system is
particularly interesting, as two semiconducting hydrides, MgH2 and the com-
plex Mg2NiH4, are likely to coexist in the film. Additionally, we study the
effect of Mg- or Ni-doping, as a well as of specific compositons (phase bound-
aries, eutectics) on the hydrogenation properties. We focus especially on the
rate of hydrogen absorption, for which we develop a two-step model to describe
the experimental results.

Phase identification
In the metallic state, Mg2Ni is the only crystalline phase observed for Mg
fractions y below the Mg-Mg2Ni eutectics (y < 0.89). Conversely, above the
eutectics, the rutile Mg 002-reflection is the only one detected. After hydro-
genation, the hydride consists of Ni-doped Mg2NiH4 below the [Mg]:[Ni] = 2
(y < 0.67) stoichiometric composition, and Mg-doped Mg2NiH4 between the
stoichiometric and eutectic compositions (0.67 < y < 0.89). For y > 0.89, the
main hydride phase is MgHx, although some traces of Mg2NiH4 are found close
to the eutectic composition. Full hydrogenation of Mg is hampered by the slow
diffusion of H in the MgH2 phase, and a large amount of metallic Mg remains
in the layer. It is remarkable that the Mg2Ni-Mg eutectic composition, that
only concerns the metallic phases, has such an impact on the hydrogenation
properties.

Thermodynamics
Pressure–optical-transmission–isotherms are recorded for all MgyNi1−y compo-
sitions simultaneously. We are thus able to compare the relative stability of the
different hydrides forming in the MgyNi1−yHx layer at different compositions.
While MgH2 forms first, at higher pressures the plateau corresponding to the
Mg2NiH4 complex hydride formation is visible. Ni- and Mg-doping slightly in-
creases the equilibrium pressure of Mg2NiH4, the lowest peq being found close to
the stoichiometry (y ' 0.7). The enthalpy values, though approximately con-
stant within most of the measured compositional range, diverge then strongly
for compositions close to the eutectic (0.8 < y < 0.88). Although a destabiliza-
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tion with increasing Mg content is predicted by density functional calculations,
the sharp divergence close to a major microstructural change at the eutectic
indicates that the interfacial energy stored in the Mg2Ni and Mg phases bound-
aries might contribute to the total hydrogenation enthalpy.

Kinetics: results and modeling
Thanks to the in situ deposition of a PTFE overlayer, it is possible to record
reproducible rates during different hydrogenation cycles, on the same sample,
under exactly the same conditions and for all compositions. The H2 pressure
dependence of the rate makes it possible to extrapolate the true equilibrium
coexistence plateau pressure peq as a function of composition y.

Recent measurements of activation energies of various hydrogen storage
materials posed intriguing questions about their physical meaning. In order
to rationalize the experimental results, a one-dimensional model is set up to
estimate the time-, temperature- and pressure dependence of sorption kinetics
and the relevance of several materials parameters involved in the process. The
model, which incorporates explicitly surface and diffusion processes, results in
three main conclusions:

1. It is impossible to distinguish between dissociation- or diffusion processes
on/in a thin cover layer via the time dependence of the total kinetics.

2. In most cases, a single rate limiting step does not exist.

3. The apparent activation energy and the pressure dependence of the rate
are functions of the relative importance of the elementary processes in-
volved in H-sorption and EAA is thus not an intrinsic materials property.

The optical measurements of the H sorption rate as a function of composition
y in MgyNi1−yHx, hydrogen pressure and temperature serve to validate the
two-step modeling of the kinetics. From the temperature dependence of the
rate, we obtain the surface activation energy of the Pd-capped MgyNi1−yHx

films.
This joint kinetics and thermodynamics study draws a comprehensive pic-

ture of the hydrogenation of MgyNi1−yHx gradient thin films. It furthermore
shows that multi-phase hydride systems containing complex hydrides with low
or no crystallinity can by effectively addressed, and their kinetics and thermo-
dynamcis measured using the all-optical Hydrogenography approach.

Chemical short-range order in MgyTi1−yHx

Contrary to Mg and Ni, Mg and Ti are immiscible, and no stable bulk com-
pound is expected at any composition in the metallic phase diagram. However,
one of the most surprising properties of the MgyTi1−yHx films studied in chap-
ter 5 is their structural stability: the initial high degree of mixing is maintained
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upon hydrogen cycling. This property is reflected in the optical isotherms,
which show an unusual shape, incompatible with a sequential hydrogenation
of Ti and Mg in the film.

The contribution of Hydrogenography to this chapter is twofold: First, we
show that pressure–optical-transmission–isotherms, the enthalpy and entropy
of hydride formation can be measured optically and simultaneously on a large
number of samples. The two hydride phases (rutile and fluorite MgH2-like)
found by XRD depending on composition are seen in the isotherms as two
distinct plateaus that are coexisting in the 0.85 < y < 0.89 range. The very
small pressure difference between these two plateaus confirms that the local
geometry around a hydrogen atom (rutile or fcc) has little influence on the
site energy in MgH2. Finally, the unprecedent range of temperatures mea-
sured confirms the stability of the metastable MgyTi1−yHx microstructure and
opens up the systematic investigation of enthalpy-entropy compensation ef-
fects in metal-hydrides.
Secondly, we show that optical isotherms recorded by Hydrogenography also
contain information about the microstructure of MgyTi1−yHx alloys. By mod-
eling of the pressure–optical-transmission–isotherms with a multi-site lattice
gas model including chemical short-range order, we effectively use hydrogen
as a probe for tracking the degree of chemical segregation in the immiscible
MgyTi1−yHx alloy system. The unusual shape of the experimental PTIs and
the plateau pressures at various Mg atomic fractions y and temperatures are
well reproduced by the multi-site lattice gas model, assuming the chemical
short-range order parameter s as only free varying parameter. We find that
the sloping behavior in the isotherms is reproduced assuming the hydrogen-
sites surrounded by one or more Ti atoms fill first, while the plateaus are due
to the hydrogenation of sites surrounded only by Mg atoms. The CSRO s val-
ues derived from the multi-site modeling of Hydrogenography data agree well
with s values determined from EXAFS measurements. The non-zero L param-
eter shows that the volume of interstitial sites depends on the local chemical
composition, and therefore indicates the presence of local modulations of the
crystal lattice size.
This multi-site lattice-gas model, by determining two essential characteris-
tics of an alloy microstructure that are the CSRO parameter s and the lattice
modulation parameter L, is complementary to experimental local-environment
probes such as EXAFS or more elaborate modeling approaches using Reverse
Monte Carlo simulation and Molecular Dynamics to characterize alloys created
between immiscible elements.

Optimization of MgyNizTi1−y−zHx

We show in chapter 6 that Hydrogenography is also a very valuable method
for performing exploratory searches for new hydrogen storage materials. The



261

deposition of a large portion of the Mg-Ni-Ti phase diagram at once makes
it possible to quickly identify the range of composition with favorable ther-
modynamics and kinetics properties. The composition Mg0.69Ni0.26Ti0.05 opti-
mally combines a favorable thermodynamics with a fast kinetics comparable
to Mg2NiH4 and a reasonable hydrogen storage capacity (3.2 weight %). The
entropy change ∆S0 = −92 J K−1 (mol H2)

−1, however, is significantly smaller
than the standard hydrogen gas value S0

H2
= 131 J K−1 (mol H2)

−1. This has
the undesired effect of lowering the equilibrium pressure.

The experiments also reveal a remarkable linear correlation between the
∆H and ∆S0 data. This phenomenon, which is not understood, is known as
enthalpy-entropy compensation. Hydrogenography provides excellent means
to study this effect, as all samples are produced and measured under exactly
the same conditions.

In addition to the the fundamental interest, compensation effects may be
of crucial importance for hydrogen storage applications, since compensation
constraints the tuning possibilities of the operating conditions of materials by
doping.

Towards alanates with MgyAl1−yHx

Alkali alanates form a promising class of complex hydrides in view of hydrogen
storage, and in chapter 7 we aim at the synthesis of the Mg(AlH4)2 alanate
from the elements. We use Hydrogenography to map simultaneously all the
hydride forming compositions and the kinetics thereof in MgyAl1−yHx gradi-
ent thin films. Additionally, we combine dc resistivity, X-ray diffraction, vis-
ible/ultraviolet spectrophotometry, resonant nuclear analysis and Rutherford
backscattering spectrometry to identify the metal and hydride phases formed.
This complex approach is made necessary by the large-scale hydrogen-induced
segregation of MgH2 and Al that occurs in the Al-rich part of the film.

The first important result is that hydrogenation of MgyAl1−y thin films oc-
curs at much milder conditions than in the corresponding bulk samples. Under
these conditions, MgH2 is found to form at all alloy compositions investigated.
(0.2 ≤ y ≤ 0.9).

Resistivity and XRD measurements in the as-deposited metallic state as
a function of the Mg fraction y show that in thin films MgyAl1−y alloys do
not follow the bulk phase diagram. Extended metallic solubility ranges and
the absence of ordered phases in the as-deposited state determine the overall
behavior of the kinetics. The best kinetics of hydrogen absorption is achieved
for the Mg-richer composition containing the amorphous (or nanocrystalline)
Mg-Al alloy. Although the morphology of the as-deposited film clarifies the
kinetics of the Mg-rich part of the sample, it does not explain the complex
pattern behavior of the optical transmission observed for Al-rich compositions
in the hydrogenated state. Joined NRA, RBS and optical spectra measure-
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ments provide complementary information on the large-scale hydrogen-induced
segregation that occurs at these compositions.

The occurrence and direction of the MgH2 migration is found to depend
strongly on the Mg fraction y :

1. For Mg dissolved in the Al lattice (y < 0.21), MgH2 strongly segre-
gates towards the substrate. Unreacted Mg, as well as the degree of
(in)homogeneity of the whole MgyAl1−y layer are also detected by an
optical transmission-energy spectrum. This shows the complementarity
of optical transmission, that probes directly the full stack of layers, with
depth sensitive ion beam techniques like NRA and RBS.

2. For Mg fractions 0.25 < y < 0.36, the film is found to be homogeneous in
depth. The observed optical transmission would account for a mixture
of MgH2 and Al. However, the [Al]/[Mg] ratio of 2, the higher hydrogen
content and the anomalous conductivity all indicate that a fraction of
the whole layer has transformed into Mg(AlH4)2 .

3. For Mg fractions (0.36 < y < 0.5), the starting alloy is an amorphous
Mg-Al alloy, and the MgH2 forms preferentially towards the Pd interface.

With Hydrogenography, we are thus able to screen on a broad scale the
phase transformation processes that occur upon hydrogenation. Hydrogeno-
graphy is complementary to other thin film techniques, giving essential infor-
mation about the kinetics and thermodynamics of hydrogenation. Thin films
can therefore be used as model systems to find new, tailored metal-hydrides
for hydrogen storage.


