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DEVICE, METHOD AND SYSTEM FOR IMPROVED UPTAKE, STORAGE AND
RELEASE OF HYDROGEN

TECHNICAL FIELD

The invention pertains to the technical field of hydrogen storage, more in particular
the invention provides devices, methods and systems for the improved uptake,

storage and release of hydrogen for hydrogen fuel cell applications.

BACKGROUND

It is generally recognised that, with an ever increasing energy demand for mobility
and transport applications, hydrogen appears to be a good fuel candidate to replace
conventional hydrocarbons. The intrinsic obstacle to industrial applications is the
hydrogen volatility, which makes hydrogen storage technologically challenging.
Many potential solutions already exist, but most of them suffer from a lack of
economic competitiveness as compared to current fuels. Metallic hydrides bring a
totally different perspective to this debate. They may allow a solid-state hydrogen

storage application.

With the perspective of hydrogen being used as the major future energy carrier for
transport applications, its storage is a critical technological issue. Consensus still
needs to be reached by industry on the exact chemical composition of the most
suitable material for solid-state hydrogen storage. However, the current invention
provides a novel and inventive way to increase both the hydrogen storage capacity,
as well as the rate of hydrogen uptake and release for any given solid material, by
applying a mechanical stress. The effect of the mechanical stress is to alter the
crystal structure of material of which a solid-state hydrogen storage device is made,
in such a way that the physical and chemical properties of the material are more apt
to take up, release or store hydrogen. More in particular, by controlling the
mechanical stress, the adsorption of H, at the surface, the dissociation of H, into
2H, the migration and absorption of hydrogen into the bulk of a thin-film layer, and
the equilibrium concentration of H or H-storing capacity in the layer can be
improved, thereby increasing the uptake and storage of hydrogen in a thin film; by
changing the mechanical stress, the equilibrium concentration of H or H-storing

capacity in the layer can be changed, the migration of hydrogen from the bulk of the



10

15

20

25

30

35

WO 2012/156332 PCT/EP2012/058832

thin film to the surface can be increased, the forming of H, from 2H at the surface
and the desorption of H, can be improved, thereby increasing the rate of hydrogen

release.

The current major bottleneck in solid state hydrogen storage technology, which is
the technology envisioned for future electrical vehicles, is the intrinsic compromise
between the ease of hydrogen uptake and the ability for a quick hydrogen release.
Both requirements are indeed difficult to combine, since a material with a high
chemical affinity for hydrogen, i.e. a material which easily takes up hydrogen, will
most likely have great difficulty to release it. This is due to the processes governing
the hydrogen uptake, storage and release, which are typically equilibrium reactions
determined by thermodynamic properties on the one hand and by the activation
energies which are characteristic for the processes involved on the other hand.
These activation energies are determined by the composition and structure of the
material, and in previous applications, the reactions were steered by controlling the
thermodynamic properties of the environment, such as temperature, pressure and
H, partial pressure, while the activation energies remained constant. In these
applications, e.g. a high uptake rate can be achieved at low temperature, while a
reasonable high release rate can only be achieved at increased temperature, or vice
versa. For instance, Mg and its alloys, being one the major candidates for solid state
hydrogen storage, currently needs to be heated up by more than 200°C before it is
able to release its stored hydrogen. This temperature increase is technologically not

realistic for electrical vehicles.

Baldi et al. (Phys. Rev. Lett. 102, 226102 (2009)) tuned the thermodynamics of
hydrogen absorption in Mg by means of elastic clamping. The loading isotherms
measured by hydrogenography show that Mg films covered with Mg-alloy-forming
elements, such as Pd and Ni, have hydrogen plateau pressures more than 2 orders
of magnitude higher than bulk Mg at the same temperature (see fig. 15). An elastic
model allows to interpret the Mg thickness dependence of the hydrogen plateau
pressure. Their results suggest an alternative route for the development of new
hydrogen storage materials with optimized thermodynamic properties. However,

Baldi et al. do not disclose how the uptake and release rate can be improved.

The present invention provides a different approach in order to get both large
uptake and large release rates, and at the same time increase the storage capacity

of the active elements of a hydrogen fuel cell. In the present invention, the
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structure of the active element can be altered by stress-inducing means. By
altering the stress, the lattice of the solid-state active element can be deformed,
thereby altering the electronic state of both the surface and the bulk, which
determines the activation energies for the different reactions involved, such as H,-
adsorption/desorption at the surface, dissociation at the surface, H-migration or
diffusion from the surface to the bulk and vice versa. Thus by controlling the stress
induced in the active element, one can control the activation energies, and one is
thus able to increase the uptake rate, the storage capacity or the release rate of
hydrogen when desired. More in particular, when an active element is depleted of
hydrogen, one may reload such an element by altering the induced stress to
increase the hydrogen uptake rate whilst exposing the element to a H,-rich
environment. When in a later phase hydrogen is needed for producing energy, the
stress applied to a hydrogen-loaded active element can be altered in order to

increase the hydrogen release rate of this active element.

The stress can be induced by applying the appropriate mechanical load, like a
biaxial tension or compression, during either the hydrogen uptake or the release
phase. Then, it would become possible to accelerate either the uptake or release
phase without having to apply a temperature increase. Fundamentally, our tests and
calculations demonstrate that this is related to a so-called mechano-chemical
coupling effect, i.e. a mechanical modulation of the activation energy characteristic
for hydrogen uptake or release. Such a modulation has, to the best of our
knowledge, never been tested before for hydrogen storage applications. A potential
implementation could in our opinion consist of adapting existing hydrogen storage
devices so that they can support the appropriate mechanical load, preferably biaxial

tension and/or compression.

In a first aspect, the present invention thus provides a device or active element for

the improved uptake, release and storage of hydrogen.

In a second aspect, the present invention provides a system for the improved

uptake, release and storage of hydrogen.

In a third aspect, the present invention provides methods for the improved uptake,
release and storage of hydrogen.
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SUMMARY OF THE INVENTION

The present invention provides a device for the improved uptake, storage and
release of hydrogen, comprising:

- a solid-state active element capable of taking up, storing and releasing hydrogen;
and

- stress-inducing means attached to the active element,

characterized in that said stress-inducing means are capable of applying a

mechanical load to the active element.

By controlling the internal stress in the active element by the stress-inducing
means, one can:

- improve the hydrogen uptake rate of the active element;

- improve the hydrogen storage capability of the active element; and/or

- improve the hydrogen release rate of the active element,

due to the mechano-chemical coupling effect described above. Furthermore, the use
of a solid-state active element increases security, stability and easiness of

manufacturing.

The mechanical load that can be induced by the stress-inducing means can be any
kind of load which is beneficial for the improved uptake, storage and/or release of
hydrogen by the active element. In a preferred embodiment, the load leads to
uniaxial tension or compression, biaxial tension or compression, triaxial tension or

compression, bending, torsion, or any combination thereof.

In an embodiment, the present invention provides a device such as described
before, whereby said stress-inducing means comprise an electromechanical device
attached to at least one side of the active element, said electromechanical device
capable of pushing and pulling at said side of said active element thereby capable of
inducing compressive or tensile stress in the active element, said electromechanical

device controlled by an electrical control circuit.

In another embodiment, the present invention provides a device such as described
before, whereby said solid-state active element comprises a thin-film on a

substrate.
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In a preferred embodiment, the thin film may be a metallic thin film or it may
comprise metals or an alloy. In a more preferred embodiment, the thin film may
comprise Mg, Pd, transition metal hydrides, borohydrides, amidoboranes and

combinations or alloys thereof.

In a preferred embodiment, the substrate of an active element may comprise a
metal, an alloy, a polymer, a ceramic, a monocrystalline solid, Si, KBr or any

combination thereof.

In an embodiment, the present invention provides a device such as described
before, whereby said active element is mounted on a fixed frame at or near the in-
plane sides of said active element and said stress-inducing means comprise at least
one piezo-electric crystal located at or near the middle of said active element and
capable of pushing or pulling at said substrate and said thin film of said active

element, thereby capable of bending said active element out of its plane.

If the active element comprises a thin film on a substrate, the thin film identifies a
two-dimensional surface which is flat or has a very small curvature, i.e. the radius
of curvature is much larger than the width or length of the thin film-surface. With
“in-plane sides” are meant the sides of the active element which are basically in the
plane of the thin film surface. For example, if the active element has the form of a
cylinder with large radius and small height, the in-plane side is the side-surface of

the cylinder and not the top or bottom.

When the active element is thusly attached to a frame, it suffices to apply a
mechanical load at one or more places near the middle of the surface in order to
induce a stress everywhere in the thin film. One way of doing this is by placing a
piezo-electric crystal at or near the middle of the thin film, which one can electrically
control to push or pull the substrate and thin film, thereby bending the active
element. The bending induces mechanical stress in the thin film and thereby alters

the hydrogen uptake, storage and release capabilities of the thin film as desired.

In an embodiment, the present invention provides a device such as described
before, whereby said stress-inducing means comprise a lattice mismatch between

said thin film and said substrate of said active element.
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Internal stress in the thin film can be induced by a lattice mismatch,
microstructurally, thermally, etc. or a combination thereof. This stress can be tensile
or compressive stress or a combination, e.g. whereby the film is compressed along
one axis and stretched along another. In a preferred embodiment, the lattice
mismatch, microstructures, thermal conditions, etc. are chosen such that the
induced internal stress is optimized for hydrogen storage, i.e. when no external
stress-inducing means are present or applied, the hydrogen storage capacity of the
thin film is maximized. This has the advantage of not having to apply a mechanical
load by an external stress-inducing means when the active element is not being
loaded or depleted, i.e. when it is not being used or recharged. Furthermore, this
has the extra advantage of being more secure in that when the external stress-
inducing means should fail during operation, the hydrogen is kept stored in the

active element and is not released uncontrollably.

The internal stress caused by e.g. lattice mismatch, can be controlled by careful
preparation of the film. When sputtering is used, the internal stress may be
controlled by e.g. the Argon pressure during sputtering. Figure 19 illustrates that a
different Argon pressure results in a different internal stress, even for equal
thickness and grain size of thin films. This is because of the formation of columnar
grains. The properties of differently prepared thin film samples such as internal
stress, Pd thickness, density, grain size and texture factor, are summarized in fig.
20. It is clear that while film thickness, density, grain size and texture factor are
similar for the different film samples, the internal stress displays a large dependence

on the Argon pressure during sputtering.

In a second aspect, the present invention provides a system for the improved
uptake, storage and release of hydrogen, comprising:

- one or more devices as described above; and

- an air-tight container in which said devices are mounted,

characterized in that said air-tight container comprises one or more in- and/or
outlets for H,-gas and one or more control mechanisms for the stress-inducing

means of said one or more devices.

In a preferred embodiment the outlets of such a system are connected to a
hydrogen fuel cell and are capable of feeding the fuel well with hydrogen at a
predetermined temperature, pressure, partial pressure and flow rate. In another

preferred embodiment, the stress-inducing means of the devices of the system are
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controlled by the control mechanisms such that the uptake, storage and
release of the hydrogen gas is improved for the whole system. In another
embodiment, the control mechanisms comprise an electrical control circuit and/or

wiring.

In a further aspect, the present invention provides a method for the improved
uptake of hydrogen in a device as described above, comprising the steps of:

- applying a mechanical load to said active element of said device by said stress-
inducing means; and

- bringing the surface of said active element into contact with H,-gas under a

predetermined temperature and pressure.

Such a method can be used to charge or recharge a hydrogen depleted or partially
depleted active element. In a preferred embodiment, the stress induced by the
stress-inducing means is optimized to allow for a maximal hydrogen uptake rate. In
another preferred embodiment, the hydrogen pressure, partial pressure and/or
temperature are optimized for the hydrogen uptake, i.e. the hydrogen uptake rate is
maximized by controlling the thermodynamic properties during the charging of the

active element.

In still a further aspect, the present invention provides a method for the improved
storage of hydrogen in a device as described above, comprising the steps of:
- applying a mechanical load to said active element of said device by said stress-

inducing means;

In a preferred embodiment, the stress induced by the stress-inducing means is

optimized to allow for a maximal hydrogen storage capacity.

In yet a further aspect, the present invention provides a method for the improved
release of hydrogen in a device as described above, comprising the steps of:

- applying a mechanical load to said active element of said device by said stress-
inducing means; and

- evacuating the H,-gas which is released by said active element.

Such a method can be used to discharge a hydrogen charged or partially charged
active element. In a preferred embodiment, the stress induced by the stress-

inducing means is optimized to allow for a maximal hydrogen release rate. In
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another preferred embodiment, the ambient pressure, H,-partial pressure
and/or temperature are optimized for the hydrogen release, i.e. the hydrogen
release rate is maximized by controlling the thermodynamic properties during the

discharging of the active element.

In yet a further aspect, the present invention provides a method for providing a fuel
cell with hydrogen gas, comprising the steps of:

- loading the active elements of a system as described above, by means of a
charging method as described above, whereby the H,-gas is provided via said in- or
outlets of said system;

- storing hydrogen in the active elements of said system by means of a method as
described above; and

- releasing hydrogen from the active elements by means of a method as described
above whereby the released H,-gas is evacuated via said in- or outlets of said

system and provided to said fuel cell.

DESCRIPTION OF FIGURES

Figure 1a shows a schematic representation of the principal kinetic steps involved
in Pd hydriding.

Figure 1b shows a schematic representation of the principal kinetic steps involved
in Pd hydriding with an extra de-hydriding step compared to fig. 1a.

Figure 2a shows the evolution of the absolute internal stress as a function of time
during a hydriding cycle recorded at py, = 6 mbar. Inset: hydriding cycle recorded
at py> = 5.5 mbar, including venting with air after dehydriding in vacuum.

Figure 2b shows the inset of fig. 2a separately.

Figure 3 shows the equilibrium absolute stress as a function of py,. The average
initial tensile growth stress in the as-deposited films was 409 + 2 MPa.

Figure 4 shows the equilibrium absolute stress as a function of (pw)” in the a
phase region.

Figure 5a shows the slope of the first linear kinetic regime as a function of
1/(pw2)”.

Figure 5b shows the slope of the first linear kinetic regime as a function of 1/(p)"
for samples under different mechanical stress.

Figure 6a shows the slope of the second linear kinetic regime as a function of pu,.

Figure 6b shows the slope of the second linear kinetic regime as a function of py»

for samples under different mechanical stress.
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Figure 7 shows the transition time between the first and second kinetic
regime as a function of py,. A schematic construction indicating the definition of &
and I, in Eq. (24) is included as well.
Figure 8 shows the evolution of the bulk atomic concentration n in the third, non-
linear kinetic regime for different values of py,. The time scale has been shifted so
that £ = 0 sec corresponds to the transition between the second and third kinetic
regime. The coarse solid lines correspond to a fit using Eq. (30).
Figure 9 shows a schematic representation of the 8-dependencies of the adsorption
(rag) and absorption (ra») velocities, superimposed on the experimentally measured
hydriding cycle at py, = 6 mbar. Fits to the experimental data have been included as
well, using constitutive eq. (30) for the absorption-controlled first and third regime,
and eq. (19) for the second, adsorption-limited regime. The values mentioned for
k'sp in regime I and III represent average values derived from the fitting parameter
G (cfr. eq. (29)) when including all experiments.
Figure 10a shows the measured curvature change of a Pd thin film during a first
period of a hydriding cycle, whereby two samples have been measured: one sample
had an internal stress of 100 MPa, the other had an internal stress of 358 MPa;
these stresses were induced due to lattice mismatches between thin film and
substrate.

Figure 10b shows similar curves as fig. 10a, but for three samples under different
internal tensile and compressive stresses 272 MPa, 61 MPa and -55 MPa.
Figure 11 shows the kinetics involved in a hydriding cycle of a Pd thin film as
known from previous work.
Figure 12 shows the compressive stress change of a Pd thin film and of a substrate
without Pd film during a first period of a hydriding cycle.
Figure 13 shows the kinetics involved in a hydriding cycle of a Pd thin film when
being submitted to tensile stress.
Figure 14 shows the measured hydrogen uptake of a Pd thin film during a first
period of a hydriding cycle, whereby two samples have been measured: one sample
had an internal stress of 100 MPa, the other had an internal stress of 358 MPa;
these stresses were induced due to lattice mismatches between thin film and
substrate.

Figure 15 shows loading isotherms measured by hydrogenography in which Mg
films covered with Mg-alloy-forming elements, such as Pd and Ni, have hydrogen
plateau pressures more than 2 orders of magnitude higher than bulk Mg at the

same temperature.
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Figure 16 shows the Pd-H phase diagram.

Figure 17 shows the curvature measurement setup and the reflected laser spots in
the CCD which change with the curvature of the sample.

Figure 18 shows the change in internal stress in a Pd layer, which is a result of the
prohibited volume change during Pd-H interaction in the thin film geometry with a
Pd film on a substrate.

Figure 19 shows that a different Argon pressure results in a different internal
stress, even for equal thickness and grain size of thin films.

Figure 20 summarizes the properties of differently prepared thin film samples such
as internal stress, Pd thickness, density, grain size and texture factor.

Figure 21 shows the evolution of the heat of adsorption and the decrease of the

heat of adsorption caused by the mechanical stress on the film.
Figure 22 shows the linear evolution of the absorption rate constant k;b,] in the

first kinetic regime with the hydrogen partial pressure and its dependence on the
mechanical stress.

Figure 23 shows how applying mechanical stress may improve the activation
volume for hydrogen absorption.

Figure 24 shows the dependence of Sievert’s constant on the internal stress.
Figure 25 illustrates the evolution of the stress*thickness product as a function of
time (before and during Ti layer deposition, as well as after Pd deposition) and Pd
thickness (during Pd deposition) using different argon sputtering pressures.

Figure 26 illustrates the evolution of the compressive stress change as a function
of time during three hydriding cycles recorded using samples exhibiting different
growth-induced stresses.

Figure 27 illustrates the room temperature pressure-absolute stress isotherms of
the 5 sets of samples presented in Table 2, obtained by successively introducing
small amounts of hydrogen into the chamber and waiting for equilibrium.

Figure 28 illustrates the slope of the first linear kinetic regime as a function of pya,
fitted with Eq. (18) and including the py,-dependence of k', (Eq. (32)).

Figure 29 illustrates the slope of the second linear kinetic regime as a function of
Pz, fitted with Eq. (19) with one single fit for the three sets of samples.

Figure 30 illustrates the rate constant for hydrogen absorption as a function of pp,.
Linear fits are shown for each set of samples.

Figure 31 illustrates a schematic energy level diagram for H adsorption/absorption
into palladium, showing the effect of internal stress on the activation enthalpy for

hydrogen absorption.
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Figure 32 illustrates the slopes of the linear fits of Fig. 30 as a function of go.

Figure 33 illustrates the evolution of the bulk atomic hydrogen concentration n in
the third, non-linear kinetic regime for different values of py, (0o = 61 MPa). The
time scale is normalised to represent for each experiment the first 40s of the third

kinetic regime. The coarse solid lines correspond to a fit using Eqg. (30).

DETAILED DESCRIPTION OF THE INVENTION

The present invention concerns a device, a system and a method for the improved
uptake, storage and release of hydrogen, which can be used in hydrogen fuel cells
for the production of energy.

Unless otherwise defined, all terms used in disclosing the invention, including
technical and scientific terms, have the meaning as commonly understood by one of
ordinary skill in the art to which this invention belongs. By means of further
guidance, term definitions are included to better appreciate the teaching of the
present invention.

As used herein, the following terms have the following meanings:

"A", "an", and "the" as used herein refers to both singular and plural referents
unless the context clearly dictates otherwise. By way of example, "a compartment”

refers to one or more than one compartment.

“About" as used herein referring to a measurable value such as a parameter, an
amount, a temporal duration, and the like, is meant to encompass variations of +/-
20% or less, preferably +/-10% or less, more preferably +/-5% or less, even more
preferably +/-1% or less, and still more preferably +/-0.1% or less of and from the
specified value, in so far such variations are appropriate to perform in the disclosed
invention. However, it is to be understood that the value to which the modifier
"about" refers is itself also specifically disclosed.

"Comprise," "comprising," and "comprises" and “comprised of” as used herein are
synonymous with “include”, “including”, “includes” or “contain”, “containing”,
“contains” and are inclusive or open-ended terms that specifies the presence of

what follows e.g. component and do not exclude or preclude the presence of
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additional, non-recited components, features, element, members, steps,

known in the art or disclosed therein.

The recitation of numerical ranges by endpoints includes all humbers and fractions

subsumed within that range, as well as the recited endpoints.

The expression “% by weight” (weight percent), here and throughout the
description unless otherwise defined, refers to the relative weight of the respective
component based on the overall weight of the formulation.

The expression “stress” refers to all kinds of mechanical stresses in a material,
independently of whether it is normal or shear stress, tensile or compressive stress,
or any combination thereof. Furthermore, the stress can relate to stress in all
possible directions and can be direction dependent. In general, the stress in a
material can be parameterized by a symmetric 3 by 3 stress tensor, of which the

elements can be real-valued functions depending on position.

The expression “active element” refers to a part of the device or system in which

the hydrogen can be taken up, stored for a certain period and released.

With the perspective of hydrogen being used as the major future energy carrier for
transport applications, especially electric cars, its storage is still a critical
technological issue. While consensus still needs to be reached by industry on the
exact chemical composition of the most suitable material for solid state hydrogen
storage, the current invention provides a novel way to increase both the hydrogen
storage capacity, as well as the rate of hydrogen uptake and release for any given
solid material, by applying a mechanical stress. In this respect, our tests have
demonstrated that for a model nano-crystalline metallic thin film system, a 30%
increase in the rate of hydrogen uptake, and a 3% increase in storage capacity at
ambient temperature for a given hydrogen partial pressure can be achieved. These
numbers are significant, as they are of the same order of magnitude as currently

reported improvements by optimising the chemical composition.

Moreover, by applying the appropriate mechanical load during either the hydrogen
uptake or the release phase, it would become possible to accelerate either the
uptake or release phase without having to apply a temperature increase.
Fundamentally, our tests and calculations demonstrate that this is related to a so-

called mechano-chemical coupling effect, i.e. a mechanical modulation of the
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activation energy characteristic for hydrogen uptake or release. Such a modulation
has, to the best of our knowledge, never been tested before for hydrogen storage

applications.

The effect is universally applicable to any solid material, as long as the applied load
stays in the elastic regime. The potential benefit can therefore also be expected to
scale with the ability of the candidate storage material to deform elastically. A
potential implementation could in our opinion consist of adapting existing hydrogen

storage devices so that they can support the appropriate mechanical load.

In a first aspect, the invention provides a device for the improved uptake, storage
and release of hydrogen. Such device comprises an active element and stress-

inducing means.

The stress-inducing means may comprise a mechanical load, a magnetic installation,
an electric installation, an electromagnetic installation, a piezo-electric installation,
etc.

In a preferred embodiment, the active element is fixed near its sides to a solid
frame and can be bent by at least one mechanical, magnetic, electric,
electromagnetic, piezo-electric, hydraulic, pneumatic or other type of device which

is capable of pushing or pulling the active element at or near the middle.

In another preferred embodiment, the chemical composition of the active element is

optimized for the uptake, storage and release of hydrogen.

In an embodiment, the active element comprises a thin film, which may be a
metallic film, which may comprise Pd or Mg and the active element may comprise a
substrate which may comprise a polymer, a ceramic or a monocrystalline material

and may comprise Si and/or KBr.

Internal stresses in the active element may be due to film-substrate lattice
mismatch, mechanically, magnetically, electrically, electromagnetically,
microstructurally, thermally induced stresses. The induced stresses may be biaxial
tensile/compression stress, bending stresses, torsion stress, tensile and/or

compressive uniaxial or tri-axial stresses, etc.
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The use of thin film model systems generally allows to separate more easily the
different rate-controlling kinetic steps involved during hydriding. A recent study by
S. Wagner and A. Pundt, (Applied Physics Letters 92, 051914/1-3 (2008)) has
suggested that some of the thermodynamic parameters governing such thin film
hydriding cycles are influenced by mechanical stress in the as-deposited film. In
order to come to the present invention, we have first measured this effect in
quantitative detail, using a high resolution curvature measurement setup (R.
Delmelle, G. Bamba, J. Proost, International Journal of Hydrogen Energy 35 (2010),
p. 9888-9892). In the thin film geometry, such curvature changes during hydriding
arise from the constrained volume expansion upon interaction of hydrogen with the
thin film. In the case of room temperature Pd hydriding, shown as an example in
Figs. 10a and 10b, the first kinetic regime observed directly after H, introduction in
a high vacuum chamber is significantly enhanced by the presence of tensile internal
stress, while the second one essentially remains unaffected. Figures 10a and 10b in
this example also show that tensile stresses may accelerate kinetics while
compressive stresses may slow down the kinetics. In previous work (Renaud
Delmelle and Joris Proost, Physical Chemistry Chemical Physics (2011) DOI:
10.1039/c0cp02773a), we have presented a quantitative kinetic of full hydriding
cycles, allowing to extract relevant kinetic and thermodynamic hydriding
parameters, like the equilibrium H-concentration, the « to B phase transition
pressure and the hydrogen ad- and absorption velocities, based on a self-consistent

kinetic model able to describe the complete room temperature Pd hydriding cycle.

Study A: In-situ study of the hydriding kinetics of Pd thin films

An in situ study of the hydriding kinetics of Pd thin films was performed recently. In
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The hydriding kinetics of Pd thin films has been investigated in detail. The in-situ
experimental technique used in this work consists of a high resolution curvature
measurement setup, which continuously monitors the reflections of multiple laser
beams reflecting off a cantilevered sample. After mounting the sample inside a
vacuum chamber, a H-containing gas mixture is introduced to instantaneously
generate a given hydrogen partial pressure (py;) inside the chamber. The resulting
interaction of hydrogen with the Pd layer then leads to a volume expansion of the
thin film system. This induces in turn changes in the sample curvature as a result of
internal stresses developing in the Pd film during a hydriding cycle. Based on such
in-situ curvature data, three different kinetic regimes have been resolved. The first
two exhibited a linear increase of the internal stress in the compressive direction
with time. A systematic study of the py,-dependency of the two constant slopes was
performed, based on newly derived constitutive kinetic equations. This resulted in
the identification of the first linear regime to be limited by absorption and the
second one by adsorption. After adsorption equilibrium is reached at the end of the
second regime, a third, non-linear kinetic regime, limited by absorption, was found
to precede the final hydriding equilibrium. This switch back to absorption-limited
kinetics likely occurs due to a coverage dependent change in the adsorption
enthalpy of the surface hydrogen. Furthermore, from our in-situ experimental data,
relevant kinetic and thermodynamic hydriding parameters have been derived. As a
result, this study was able to provide a self-consistent quantitative interpretation of

the entire Pd room temperature hydriding cycle in the alpha-phase domain.
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The interaction of hydrogen with metals has since long been a topic of scientific and
technological interest [1]. In particular, the palladium-hydrogen system has
attracted intensive research efforts in physical chemistry as a model system
because of its high storage capacity, its high sensitivity and selectivity to H, gas,
and its ability to easily release hydrogen at room temperature [2]. While for
hydrogen-storage materials, intermetallic compounds are nowadays considered to
be more promising [3-5], Pd is currently still considered to be a good candidate,
especially in thin film form, for applications like hydrogen sensors [6] and gas
purification membranes [7]. Additionally, pure Pd is often being used as well in thin

film form as a catalytic coating [8].

Despite the model status of the Pd-H system, the exact kinetic details and the rate-
limiting step(s) of room temperature Pd hydriding are still a matter of debate [6,9].
As illustrated schematically in Figure 1a, the Pd hydriding mechanism can be divided
into four steps. Firstly, gaseous H, molecules need to be adsorbed onto the metallic
Pd surface. These adsorbed H, molecules then dissociate and the resulting H-atoms
slip along a minimum energy path towards atomic well positions, from which they
can diffuse into the Pd bulk. A Pd hydride is finally formed, with H-atoms mainly
occupying the octahedral interstitial sites of the fcc Pd lattice. Consequently, the
composition of the palladium hydride is PdH when all bulk sites are occupied. The
configuration of those sites is equivalent to the positions occupied by strongly
chemisorbed H-atoms on a Pd (111) surface [8]. Depending on the amount of
absorbed H, expressed as the bulk H/Pd atomic ratio n, there exist, according to the
Pd-H phase diagram, two crystalline Pd-H phases, both keeping the fcc structure of
the Pd host [1]: a-PdH, with a relatively low hydrogen solubility (nmx(a) = 0.008 at
298 K) and B-PdH, being a non-stoichiometric hydride with n.n(8) = 0.607 at 298
K. Note that the above-cited room temperature phase stability limits are referring to
bulk palladium samples. In the case of Pd nanoparticles, it is now well-established
that the miscibility gap becomes narrowed [10,11], while for thin film samples, the
film thickness has been reported to have a significant effect as well on the shape of
the pressure-concentration isotherms [12]. In fig. 1b, a fifth step in the process is
shown, which describes a de-hydriding step in which the hydrogen can be released.
This de-hydriding step also illustrates the reversibility of the hydriding process. The
kinetics of the whole hydriding/de-hydriding process are spontaneous and

reversible.
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Determining which of those four kinetic steps in fig. 1a is rate-limiting is typically
based on measuring, preferably in-situ, the time-evolution of a H-sensitive
parameter with respect to py,. Such studies have already been reported, based for
instance on measurements of Pd cantilever bending [9], optical reflection or
transmission [6,13,14], dilatometry [15] and resistivity [16]. However, no
consensus on an appropriate kinetic model seems to be available yet, neither
qualitatively nor quantitatively. For instance, Hu et al. [9] claimed a bending rate of

their Pd thin film samples depending on (px,)?

, in agreement with Sievert’s law. On
the other hand, Zhao et al. [6] observed a linear dependence of the hydriding rate
with py, and therefore concluded that the Pd hydriding mechanism was rather
controlled by surface interactions.

In this paper, we report on the use of a high resolution curvature measurement
technique to perform more accurate quantitative in-situ kinetic studies of Pd
hydriding than have previously been reported. Although a few other studies have
considered curvature monitoring as well [6,14], none of them have, to the best of
our knowledge, been able to reach the same curvature and time resolution as
demonstrated in the current paper. This is related to the fact that, unlike current
state-of-the-art single-beam curvature measurement techniques, our optical set-up
is based on the simultaneous detection of the positions of multiply reflected laser
beams into a CCD camera. This has already been shown in a previously published
feasibility study to allow for unraveling the kinetics of hydride formation in much
more detail [17]. As a result, the presence of different rate-limiting regimes could
be recognised for the first time during a single hydriding cycle at constant py,. In
our previous publication [17], these were associated, on a rather speculative basis,
with the rate of H-absorption and dissociative H-adsorption, respectively.

The current article extends our initial efforts by systematically studying in-situ the
pr2 dependence of Pd hydriding, and analysing the results with newly derived
constitutive kinetic equations. This will allow for a full interpretation of the hydriding
kinetics, including the identification of different rate-limiting steps. Moreover, its
quantitative consistency was confirmed by calculating relevant thermodynamic and

kinetic hydriding parameters.

Our experimental setup has already been presented in detail in a previous
publication [17]. After pumping down a vacuum chamber to base pressures better

than 10°® mbar, ultra-pure Ar/H, gas mixtures (Alphagaz-grade from Air Liquide) are
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introduced into the chamber to instantaneously impose a desired total
pressure. The latter is continuously measured by two electronic gauges and one
back-up manometer. The compositions of the gas mixtures used in this work are 1%
and 100ppm H,, which allows to further adjust the accessible range of hydrogen
partial pressures in the chamber. While hydriding experiments will be reported for

P2

values up to 100 mbar, the quantitative kinetic analysis, which is the main objective
of the current paper, has been limited to the low py, range (2-10 mbar or even 1-
10mbar). As will be shown below, this allows to avoid the a to B hydride phase
transition, and the sample remains in the o phase (see also fig. 16 for the Pd-H
phase diagram). All experiments have been carried out at room temperature.

A high resolution curvature measurement setup, the optical details of which have
already been described earlier as well [18] and which is shown in fig. 17, is
mounted onto the hydriding chamber. It continuously detects the positions of
multiple laser beams reflecting off a cantilevered sample, thus allowing to monitor

the sample curvature Ax in real time [19]:

o - oosa AD
2L D,

(1)

In Eq. (1), AD/D, is the mean differential spacing between the reflected laser spots
in the CCD which change with the curvature of the sample, as is illustrated in fig.
17, L is the distance between the sample and the CCD and « is the angle of laser
incidence on the sample. The factor 2L/cosa was calibrated as 1.336 m, based on
curvature measurements on mirrors with known radius of curvature. As compared
to other curvature or deflection measurement techniques, which are generally based
on the position detection of a single reflecting laser beam, our set-up has a
significantly improved dynamic resolution for the radius of curvature on the order of
10 km, thanks to the noise minimization resulting from the concurrent use of
multiple laser beams. Moreover, thanks to the use of a CCD camera, curvature
measurements can be performed with a time resolution better than 100 ms. The
change in internal stress in the Pd layer, which is simply a result of the prohibited
volume change during Pd-H interaction in the thin film geometry as illustrated in fig.
18 for a Pd film on a substrate, can be straightforwardly derived from the measured

changes in sample curvature [19]:
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(2)

with Ys=Eg/(1-vs) the biaxial elastic modulus of the substrate, and ts and ¢t the
substrate and Pd film thickness, respectively. Eq. (2) is the Stoney equation.

The cantilevered samples used for the kinetic analysis were cut approximately 3x0.5
cm? in size from oxidized, 425 um thick Si wafers. These were coated by e-gun
evaporation with a Pd thin film, on top of a 5 nm Ti adhesion layer. The purity and
thickness of the Pd films were characterized by ICP/OES measurements on layers
dissolved in an acid mixture. No contaminant was detected in concentrations
exceeding 10 ppb. The Pd thin film thickness, averaged over ten samples from the
same wafer, was found to be 128 £ 1 nm. Our Pd thin films were also shown by X-
ray diffraction to exhibit a pronounced (111) texture, typical for vacuum deposited
fcc metallic thin films [20-22]. Cu Ka radiation was used and the diffractograms
were recorded with an angle step of 0.02°. No secondary (200) peak was detected.
The texture factor was then calculated using the third peak in terms of standard
intensity, resulting in (Ia11)/Izin)am™*(I311/I111)stand = 38, where the standard
intensity ratio (I(111/I311))stana Was taken from Ref. [23]. The initial growth stress in
the as-deposited Pd films, which determines the initial baseline stress level for the
hydriding cycle, has been determined as well by recording the sample curvature
before and after dissolving the Pd layer from the substrate. Such ex-situ
measurements resulted in an average initial tensile growth stress value of 435 + 3
MPa. Finally, plane-view SEM observations revealed an average grain size of 18 nm.
A second batch of Pd films have been deposited under the same conditions in order
to perform the experiments that will be reported later to study the hydriding
equilibrium. These films had an average thickness of 112 + 1 nm, an average grain
size of 20 nm, a texture factor of 37 and an average initial tensile growth stress of
409 £ 2 MPa, very similar to the films from the other Pd batch.

Fig. 2a shows a typical hydriding cycle performed at py, = 6 mbar. After an initial
baseline curvature measurement in high vacuum, the Ar/H, gas mixture was
instantaneously introduced in the chamber. As a result of the constrained volume
expansion during Pd-H interaction, the internal stress in the Pd thin film increases

rapidly in the compressive direction and gradually reaches a constant value. The gas
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mixture was then pumped out of the chamber, resulting in a gradual decrease in the
internal stress as a result of room temperature dehydriding.

As to the latter, it appears that the internal stress does not go back to its initial
value when the gas mixture is pumped out of the vacuum chamber. In other words,
a residual hydriding-induced stress is systematically observed when leaving the
sample under vacuum after hydriding. In a previous study performed on the same
batch of samples [17], a multiple cycling experiment was studied in order to get
more insight in this phenomenon. It was shown that this residual stress remains
constant from cycle to cycle, even if py, is changed from one cycle to another.
However, the origin of the irreversible part of hydriding under vacuum was not
discussed at that stage. An additional single hydriding cycle at py>, = 5.5 mbar is
therefore presented in the inset of Fig. 2a and in Fig. 2b, including venting with
ambient air after dehydriding in vacuum. It is clearly seen that the residual stress is
fully released when the sample is brought into contact with ambient air. This
observation indicates that the residual stress observed after dehydriding in vacuum
can be attributed to a small residual H-concentration in the Pd lattice, the removal
of which can be achieved by venting with air so that a fully reversible hydriding
cycle is finally obtained.

From Fig. 2a, two distinct kinetic regimes can be distinguished from the two
apparently linear regions of the stress-time curve at the beginning of the hydriding
cycle. We believe these two slopes to reveal the presence of different rate-limiting
steps in the course of a single hydriding cycle. A third regime is resolved in Fig. 2a
as well, characterized by a gradual decrease of the hydriding rate with time until a
constant equilibrium stress level is reached. The latter can be associated with
chemical equilibrium between atomic H inside the Pd thin film sample and gaseous
H, available in the chamber. Such a characteristic hydriding behaviour with three
distinct kinetic regimes has been observed over the entire py, interval considered in

this paper, and will now be analysed in more detail.

Figure 3 shows the absolute stress levels corresponding to the equilibrium plateau
during hydriding experiments up to py> = 92 mbar. From these results, the a —
phase transition of Pd-hydride can be identified to start at room temperature
between 10 and 20 mbar, in agreement with earlier equilibrium hydriding studies on
Pd thin films [14]. As a result, the equilibrium stress levels reached in the py,-range
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that will be considered in the present Kkinetic study (2-10 mbar) correspond to
hydrogen concentrations located in the a phase region of the Pd-H system.

For a quantitative kinetic analysis, a link between the bulk H/Pd atomic ratio n and
the measured internal compressive stress change Ac in our Pd thin films needs to be
established. This can be done by linking Ac to the relative volume change AV/V
during hydriding [24]:

e B (AV}Z E, (Av]nEQ‘n
31-v ol ¥ 31-v )\ Qpy -

where Ef and v¢ are, respectively, the Young modulus and Poisson ratio of the Pd

film. The ratio between AV/V and n is equal to Av/Qpy, where Av is the characteristic
volume change per hydrogen atom, and ©p, is the mean atomic volume of a
palladium atom. This ratio, describing the lattice expansion due to hydrogen uptake,
has been the object of many studies in the past, from which a value of 0.19 + 0.01
can be derived [25]. Eg. (3) then enables to link the measured hydriding-induced
internal stress changes Ac to the bulk H/Pd atomic ratio n via some mechano-
physical constants, which for convenience are grouped together into a single
proportionality factor Q.

It should be noted that a possible complicating factor in Eq. (3) is the occurrence of
an o to B phase transformation during Pd hydriding, each having their own
characteristic lattice expansion behaviour so that the measured stress change will
depend on the exact proportions of the a and B phases. Although the value of 0.19
has been suggested by Peisl for the whole compositional range in the Pd-H system,
the collected data are too scarce to state that there is no effect of the « to § phase
transformation on the lattice expansion. However, as already indicated with Fig. 3,
this complicating factor does not need to be dealt with in the present study because
the « to B phase transformation is avoided by limiting the py,-range.

Eqg. (3) also makes the explicit assumption that the deformation resulting from the
hydriding-induced internal stress is elastic [26]. Thanks to the relatively high initial
tensile growth stress of our as-deposited Pd films, and the fact that the kinetic
studies have been limited to the « phase region, this condition has been verified as
well. In Fig. 2a for instance, it is seen that the equilibrium compressive stress
change of this cycle is about 435 MPa. Taking into account the initial tensile growth
stress level of 435 MPa in the as-deposited Pd film, this leads to an almost zero

equilibrium stress value. Similarly, Fig. 3 shows that, over the entire o phase region,
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the maximum absolute value of the equilibrium stress level is smaller than 200 MPa,
therefore well below the Pd theoretical yield stress [27]. Plastic deformation of our
Pd thin films during hydriding in the o phase region can therefore be reasonably
excluded. As a result, the time derivative of the hydriding curves obtained
experimentally can be considered as directly proportional to the hydriding velocity
dn/dt. We can point out as well that these observations also confirm our earlier
finding that the residual stress observed in Fig. 2a after dehydriding in vacuum can

be attributed to a small residual H-concentration in the Pd lattice.

Based on the above considerations, we can already use Eq. (3) to determine
Sievert's constant K; from our experimentally determined equilibrium stress data in
the o phase region of Fig. 3. Indeed, when linearising these data as a function of

(pH2)", according to Sievert's law in a-PdH [1]:

JPm

K, (4)

(Ad)eq = Q'neq = Q

with neq the equilibrium atomic hydrogen concentration in the bulk. The slope of the
linear fit shown in Figure 4 yields a K; value of 3.3 + 0.7 atm"” (using Eps = 121 GPa
and wg = 0.39 [28]). Room temperature K. values for Pd hydriding have been
reported in a rigorous study by Bucur [29] to be in the range 2-20 atm™, the higher
value corresponding to a perfect crystal structure (i.e. well-annealed bulk palladium
samples) and the lower one corresponding to a relatively large concentration of
structural defects, typical for as-evaporated thin Pd films [29]. Our own value is
therefore in excellent agreement with the data from Bucur, recognising that our
evaporated Pd thin films probably contain a large defect concentration as well
resulting from the deposition process. Since the defect concentration and the mean
internal stress are related, Sievert's constant depends on the internal stress, as

illustrated for our samples in fig. 24.

Following our previously reported hydriding study at fixed py, [17], we will consider
the possibility of 2 mechanistic steps to be rate-limiting during Pd thin film
hydriding. One of these steps includes H, adsorption and its dissociative
chemisorption on the Pd thin film surface, and will conveniently be called
adsorption. The other one, denoted as absorption, is seen as an equilibrium reaction

between atomic hydrogen at, respectively, the surface sites and the interstitial sites
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of the Pd hydride. In his classical hydriding model, Wagner wrote down the following
reactions to describe each of these steps [1]:

H,+2s < 2H —s 5)

H-s+ieoH—-i+s (6)

where s and i are a free surface adsorption site and an interstitial bulk absorption
site, respectively, while H-s and H-i represent, respectively, a surface and bulk site

occupied by atomic H.

More rigorously, earlier studies claimed the existence of two possible adsorption
sites on the Pd (111) surface [1]: the so-called strong and weak adsorption sites,
which correspond to, respectively, very deep and rather flat potential wells. The
strong adsorption sites are octahedral sites, also called fcc sites [8]. Despite the
existence of three other highly exothermic surface sites (called bridge, top and hcp
sites), it has been claimed that only the fcc sites need to be taken into account for
strong chemisorption on (111) planes of Pd. As indeed suggested by Bucur in one of
his thin film hydriding models [30], the strong adsorption sites are filled well before
and much faster than the weak ones.

More recently, Johansson et al. obtained accurate computational data for the heat of
adsorption on Pd (111) surfaces [31]. The heat of adsorption starts from about -100
kJ/mol H, at zero surface coverage 8, 8 being the number of adsorbed hydrogen
atoms divided by the number of adsorbed hydrogen atoms in a filled monolayer. It
then gradually becomes less negative as 8 increases, and rather abruptly takes on
positive values somewhere in the range 0.75 < 8 < 1. This result clearly suggests a
more complex adsorption behavior than the one proposed by Bucur. Hong and
Rahman arrived at a similar conclusion in their first-principles electronic structure
calculations [32], showing that it is only after a substantial amount of hydrogen is
adsorbed on the Pd (111) surface that hydrogen is able to further absorb into the
bulk. Similarly, the potential energy surface for hydrogen adsorption/absorption
[33] also indicates that a surface that is already substantially covered with hydrogen
helps the hydrogen atoms to overcome the energy barrier to move into the bulk.

With respect to the schematics of Fig. 1a, no hydrogen diffusion step will be taken
into account in the present kinetic model, simply because of the Pd thin film

geometry considered in our work. Indeed, one gets a first-order diffusion time on
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the order of milliseconds when dividing the square of the Pd film thickness by the

diffusion coefficient of H-atoms in a-PdH (D, = 10”7 cm?/s [6]). This is five orders of

magnitude below the time scale of the hydriding kinetics experimentally observed in
S  Fig. 2a for our Pd thin films.

As to the adsorption step, described by reaction (5), an adsorption equilibrium

constant Kzq can be defined as follows:

k:zd o [H_S]iq Qezq 1

K d = = =
a " 2 2

10 kad sz [S]eq (1_0911) sz (7)
where B¢, is the equilibrium surface coverage. From reaction (5), the adsorption
velocity r.q then takes on the following form [34] :

, . : 0°
rad:kad(l_e)szz_kadezzkad|:(l_6)2sz_K :|

15 ad (8)
In a similar way, the absorption equilibrium constant K, can be deduced from
reaction (6):

K _ k:zb _ [H_i]eq[s]eq _ 1_96(1 . neq
ab — ;v T . -

20 kab [H_S]eq[l]eq Qeq l_neq (9)
Note that the equilibrium constants K,; and K, can be linked together with Sievert’s
constant by grouping Egs. (4), (7) and (9), and by assuming that n; << 1 in a-
PdH:

25
Kad 'Kjb =3

Ks (10)
From reaction (6), the absorption velocity r.p, can then be written as:
] " ' 1_6
Fo = iy (1=~ (1= 0) = {(l— mo -2 )}
30 ab (11)
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Finally, the evolution of the surface coverage 6 and bulk H/Pd atomic ratio n can
then be deduced by combining the expressions (8) and (11) for the ad- and

absorption velocities :

do

- :2rad _rab

dt (12)
dn_

e v (13)

When dealing with complex second order reactions as is the case here, the
derivation of general rate expressions taking into account each of the two reaction
steps is exceedingly tedious or even impossible to derive. The common alternative
method in chemical kinetics then consists in assuming a specific rate-controlling
step right from the beginning, and considering the other reaction step to be in a
pseudo steady-state [35]. In our case, if we assume that the two constant slopes
observed in Fig. 2a during the first and second kinetic regimes reveal the presence
of two different rate-limiting steps, we can then derive simplified expressions for the
adsorption and absorption velocities by assuming that, respectively, the absorption
or adsorption step is in pseudo steady-state.

Let us first assume that adsorption is the rate-limiting step. In that case, we can
consider k, — 0, and as r.,, must remain finite according to Eq. (11) [35], this
leads to (1-n)6 — n(1- 68)/K,, — 0, that is to say:

n (14)

This equation then enables to eliminate the unobservable variable 8, since in our
experimental approach based on assessing hydriding-induced volume changes, we
are only able to access the bulk H/Pd atomic ratio n and not the surface coverage 6

(cfr. eq. (3)). Inserting Eq. (14) into Eq. (8) finally gives:

2 2
, K 1 n
r.,=k ab —
ad — Tad sz[Kab—l—nj Kad[KabJrnj

(15)



10

15

20

25

30

WO 2012/156332 PCT/EP2012/058832

27

On the other hand, if it is assumed that absorption is the rate-limiting step, one can
write kg — © so that from Eq. (8), similarly as in the reasoning above, pu,(1-6)? -
8?/K.q — 0. This equation then leads to the following solution for the pseudo steady-

state surface coverage 6 :

0= VP2 K
1+\/pH2Kad (16)

Inserting Eqg. (16) into Eqg. (11) finally gives:

—k' Kab(l_n)vazKad —-n (17)
- Mab
Kab(l—i_vazKad)

rab

Note that equations (15) and (17), predicting the py,-dependences of the adsorption
and absorption velocities, have been derived while explicitly assuming n << 1. This
is indeed the case for the range of py,-values considered in the present work for

room temperature hydriding in the alpha phase region (nnax(@) = 0.008 in bulk Pd).

After recognising the existence of 2 possible rate-controlling reaction steps, one can
reasonably assume, as a starting point for a rigorous kinetic analysis, that the two
constant slopes that are systematically observed in the beginning of our hydriding
cycles (cfr. Fig. 2a) would correspond to a different kinetic regime, with either ad-
or absorption being the rate-limiting step. Since at the beginning of the experiment
(when 6 = 0 and n = 0) the adsorption velocity has already a finite value (cfr. eq.
(8)) while the absorption velocity is still 0 (cfr. eq. (11), and since adsorption can be
considered as relatively unconstrained on a freshly exposed surface, one could
reasonably imagine that the first linear kinetic regime corresponds to an absorption-
limited step. The second slope would then be indicative for adsorption to become
rate-controlling further on in the hydriding cycle. In order to confirm this
assumption, a systematic study of the py,-dependence of the measured constant
slopes was first carried out.

According to eq. (3), these slopes can be taken proportional to (dn/dt)., and
(dn/dt).¢ in each of the 2 "linear" kinetic regimes, respectively. Constitutive
equations for these quantities therefore still need to be derived first. As to (dn/dt)as
= rap (cfr. eq. (13)), Eq. (17) can be further simplified with the additional
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assumption that py,-Ksg >> 1. At this stage, the latter can be justified from Eq. (7),
since, from the state-of-the-art discussion above, the equilibrium surface coverage
can be considered to be close to one. We will be able to explicitly verify this
assumption later in this work, based on derived values for K,q. Combining Eq. (17)
with Egs. (10) and (13) then gives

: K
2] k-
ab

dt Pu, (18)

An absorption-limited hydriding mechanism can therefore be expected to exhibit a
hydriding velocity proportional to (py) ™.

The slope (dn/dt),s of the second linear regime can be derived by linking the
differentials of the surface coverage 8 and bulk H/Pd atomic ratio n thanks to Eq.
(14), resulting in d8 = (K./(Kap+n)?)-dn. Combining Eq. (15) with Egs. (10), (12)
and (13) then provides

dn 2k K2, >
e o ~(k
(dtld (K, +n) +K, [sz (Ksn) ]

(19)

indicating that an adsorption-limited hydriding mechanism exhibits a hydriding

velocity which can be expected to increase linearly with py».

In Figures 5a and 5b, the slopes of the first linear kinetic regime have been plotted
as a function of 1/(py2)", following constitutive Eq. (18) for an absorption-limited
hydriding velocity. Figure 5b clearly shows the effect of mechanical stress on the
first kinetic regime (the absorption kinetics are effected by mechanical stress).
Similarly, Figures 6a and 6b show the slopes of the second linear regime, which
exhibit a linear relationship with p,,, in agreement with Eq. (19). Figure 6b shows
that there no clear effect in the studied samples of the mechanical stress on the
second kinetic regime (the adsorption kinetics are largely unaffected by mechanical
stress). All these figures therefore provide additional, although still qualitative,
experimental evidence that the first kinetic hydriding regime is indeed likely to be
limited by absorption and the second one by adsorption. It has to be recognised
though that, although the py, dependencies shown in Figs. (5a), (5b), (6a) and (6b)

are consistent with our kinetic interpretation, the same graphs would still look more
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or less linear when claiming other reaction orders, like proportional with py, for Fig.
5a and 5b or proportional to 1/(py2)" for Fig. 6a and 6b. Therefore, if one defines,
respectively, S, and S,; as the slopes and I,, and I,; as the intercepts of the
claimed linear fits in Fig. 5a and 6a, these parameters should as such also result in
quantitatively relevant kinetic and thermodynamic hydriding parameters. This can

be verified based on the following expressions:

Saa _ 2k Ko
0 (Kab +”)2 +K, (20)
! -2k K
ad _ kad2 ab '(Ksn)2
0 (Kab +n) + Ky (21)
S =—k,K.n
Q (22)

Lo =k, (l - n)
0 (23)

Note that the proportionality constant Q has already been introduced before with
Eq. (3) in order to convert the measured velocities (dn/dt)aq.p (€xpressed in s) to
the units of the data points in Figs. 5a and 6a (expressed in MPa/s). The evolution

of the absorption rate constant k;b,] in the first kinetic regime with the hydrogen

partial pressure and its dependence on the mechanical stress is illustrated in fig. 22.
From Egs. (20-23), it is clear that S,s and I, should be positive, while S,, and I,y
should be negative. This is indeed observed in the experimental fits obtained in Figs.
5a and 6a. Before trying to solve the 4-equation system involving Egs. (20-23), one
can first define a time ¢, to indicate the transition between the first and second
kinetic regime. As indicated in the inset of Figure 7, this time should respect the

following geometrical relationship:

SIS
dt ad ;= ! Q dt ab

where I, is the intercept of the linear fit through the second kinetic regime relative

o (24)

to the initial, as-deposited growth stress value (cfr. inset of Fig. 7). The latter
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parameter has been determined experimentally for all hydriding experiments,
resulting in an average value of 446 £ 27 MPa, independent of py, in the range 2-10
mbar considered here (cfr. supporting information). By combining Egs. (20-23) with
Eqg. (24), we obtain

t,. = =

i
(S'ade2 _Sab +I

ad _Iab)

Figure 7 shows the experimental transition times, determined from the intersection
of the linear fits in the first and second kinetic regime, as well as their py;-
dependence predicted by Eq. (25). For the latter, the S, and I; values were taken
from the linear fits of Figs. 5 and 6. The excellent correlation obtained between the
predicted and experimental ¢, values confirms that our kinetic model makes sense,

both qualitatively and quantitatively.

The 4-equation system involving Egs. (20-23) then provides a first access to some
relevant kinetic and thermodynamic parameters, simply by dividing the slope and

intercept values corresponding to the ad- and absorption limited regime:

ad __ 1
- 2
Ly, (Kn) (26)
S - K, n
1, l-n (27)

Since we already determined the value of Sievert’s constant K, (cfr. Fig. 4), Eq. (26)
gives a calculated average value for n of (1.3 = 0.3)-107 for the second, adsorption-
limited kinetic regime, while Eq. (27) results in a calculated average n-value of (1.4
+ 0.4)-10°2 for the first, absorption-limited regime. These average values can indeed
be considered to be sufficiently small in order for Egs. (18) and (19) to result in the
seemingly constant slopes observed in the first and second Kkinetic regimes.
Moreover, its implication that n at t = ¢, is independent of py, is not surprising if
one considers the constant compressive stress level of our samples at £ = ¢, which
was found to be - 94 £ 6 MPa relative to the initial, as-deposited growth stress
value, independent of py, (cfr. supporting information).
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As we now explicitly confirmed that n << 1 in this work, Eq. (23) immediately
results in k%sp, = (7.4 £ 0.8)-10 s for the first regime. When taking k", = 1.10°s™?,
calculated at 298.15 K from Ref. [33], and knowing that K, = k’.s/ k", we obtain a
value of K = (7.4 £ 0.8)-10'*, and therefore K.y = (1.6 £ 0.8)-10*> mbar™! from

Eqg. (10). The latter therefore also validates our earlier hypothesis of py,-Ksg >> 1,

needed for arriving at eq. (18). Moreover, inserting the calculated K., value and the
previously obtained value of n into Eq. (20) gives k’sy = (5 + 3)-10" mbar!s. As a
value of K,,; has already been derived, and since Ky = k'ao/ k"4, ONe also arrives at

“¢ = (3 £ 2) -10° s}, in good agreement with the value of kg = 6.9:10° s™
calculated at 298.15 K from Ref. [33].

Besides the presence of the two linear kinetic regimes analysed above, a third non-
linear regime was resolved in Fig. 2a as well to precede the final hydriding
equilibrium. Fig. 8 shows, for different py,-values, the evolution of the bulk
hydrogen concentration in this third kinetic regime, as calculated from the internal
stress data using Eq. (3). The time scale has been normalised to represent for each
experiment the first 500 s of this regime. If we assume that absorption is the rate-
limiting step in this regime, the temporal evolution of n can be deduced from Eq.
(18) by solving what is known as a basic Cauchy problem [36]:

dn(t
%zn(t)-q +C,
n(to) = nO (28)

where t; refers to the transition time between the second and third kinetic regime,

and

(29)

The general solution of this problem is as follows [36]:
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n(t) = _52 + (no + %} exp(C, (1 —1y))

1 1 (30)

The coarse solid lines in Fig. 8 correspond to the fits obtained with the absorption-
related Eqg. (30). Intuitively, it can be understood that the third kinetic regime must
indeed be limited by absorption because at the end of the second regime, the

surface coverage has already reached its equilibrium value. In this case, the
constant C, in Eq. (29) then directly provides an estimate for k’,.
The thus obtained average value of C, for all experiments, calculated from fitting eq.
(30) to the third kinetic regime, results in an average value of k7, = (4.1 £ 0.9)-10°
* s for the third kinetic regime. Moreover, when repeating this procedure for the
first kinetic regime, one gets k%, = (3.3 + 0.8)-10° s}, consistent with the value of
“ = (7.4 £ 0.8)-10” s* previously obtained with the approximate eq. (23). The
value of k’;, for the first kinetic regime is however about one order of magnitude
lower than the one characteristic for the third kinetic regime. Therefore, the major
outcome of our kinetic study is that the absorption-controlled regimes I and III are
characterised by very different values for k's». In our opinion, this is related to the
fact that the end of region I is being determined by a rather abrupt increase in the
positive direction of the heat of adsorption. This is in line with ref. [31], where such
an increase was reported to occur somewhere in the range 0.75 < 6 <1. In that
case, k% must increase as well since the potential energy surface for hydrogen
adsorption/absorption indicates that the activation energy for hydrogen absorption
should decrease if the heat of adsorption becomes less negative [33]. In this
respect, we can also point out that the factor of 10 difference observed between k',
in regions 1 and 3 implies a coverage dependent change in activation energy on the
order of RT.In(10), corresponding to 6 kJ/molK at 298 K. This number can indeed be
considered to be a realistic change for a coverage dependant heat of adsorption,

and is within the range of coverage dependence published for Pd surfaces [31].

As a summary, Figure 9 schematically represents the evolution of the adsorption
and absorption velocities as a function of surface coverage, as can be anticipated
from the current Kkinetic study. The velocities are superimposed on the
experimentally measured hydriding cycle already shown in Fig. 2a. The latter has
also been simulated/fitted according to eq. (30) and (19). According to Eq. (8), the
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B-dependency of the adsorption velocity is a decreasing parabola, while,
according to Eq. (11), the absorption velocity increases linearly with 8. In the
beginning of the experiment, the initial adsorption and absorption velocities are,
respectively, r.s = Kaq'prz and ra., = 0. In the first linear kinetic regime, r.y then
rapidly decreases as 8 reaches a value close to B.4. In this zone, Eq. (11) predicts
the rate-limiting absorption velocity dn/dt to increase linearly with 8 and to
decrease linearly with n, which is probably the reason why a constant average
velocity is observed experimentally. When a critical value of the surface coverage is
reached at the end of the first kinetic regime (denoted 6. in Fig. 9), the heat of
adsorption is believed to suddenly change in the positive direction. This is illustrated
in fig. 21, which also shows the decrease of the heat of adsorption caused by the
mechanical stress on the film. As a result, adsorption then becomes the new rate-
limiting step, and the second kinetic regime starts. In this second zone, a plausible
explanation for the observation of a constant average velocity is the fact that an
increase in 8 implies an increase in dn/dt. The increase of surface coverage is thus
counterbalanced by the increasing absorption velocity, so that the apparent rate-
limiting velocity appears as constant until adsorption equilibrium is reached. When
the latter occurs at the end of the second stage (8 = 8), the absorption velocity
becomes rate-limiting again in the third kinetic regime. In fig. 23, one can see how
applying mechanical stress may improve the activation volume for hydrogen
absorption. In this regime, dn/dt decreases with n and the kinetics are not linear
anymore (cfr. Eq. (30)). An equilibrium stress plateau finally appears when
absorption equilibrium is reached (n = neg).

Finally, Table 1 shows all the relevant kinetic and thermodynamic parameters
calculated in this work, as well as the kinetic regimes to which they apply. Some
literature values are also included, like the constant k”,;, that we used in this study
for some of the related calculations. Other reference values from the literature show

the overall consistency of the obtained results.

Table 1:
Overview of the kinetic and thermodynamic hydriding parameters calculated in this
work for Pd hydriding in the a phase region at 298K, with the kinetic regimes which
they apply to. Some values taken from the literature are displayed for comparison.
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Parameter Origin 1¥ regime 2" regime 3" regime Overall
k. [mbar's'] | This work (5+3)-10"
kw[s7] This work (3+2)-10°
Ref. [33] 6.9-107
K,s[mbar'] | This work (1.6 £ 0.8)-10%
ko [s] This work | (7.4+0.8)-10° | (4.1£0.9)-10" | (4.1 £0.9)-.10"
kw[s7] Ref. [33] 1-10°
Ko [-] This work (7.4 +0.8)-10™"
K, [atm'] This work 33+£0.7
Ref. [29] 2

A new in-situ diagnostic tool, based on the real-time monitoring of hydriding-
induced internal stresses, has been used for the in-situ study of the hydriding
kinetics of Pd thin films. Three different kinetic regimes have been resolved. The
first two exhibited a linear increase of the internal stress in the compressive
direction with time. A systematic study of the py,-dependency of these two constant
slopes, based on newly derived constitutive equations, resulted in the identification
of the first linear regime to be limited by absorption and the second one by
adsorption. After adsorption equilibrium is reached at the end of the second stage, a
third, non-linear kinetic regime, limited by absorption, was found to preceed the
final equilibrium. The quantitative analysis of these different regimes resulted in the
calculation of a number of relevant kinetic and thermodynamic hydriding
parameters. One of the major outcomes in this respect is that the rate constant for
hydrogen absorption k% in the first and third kinetic regimes differ by almost one
order of magnitude. This has been attributed to the fact that the end of the first
regime is being determined by a rather abrupt increase in the positive direction of
the heat of adsorption. As a result, this study was able to provide a self-consistent
quantitative interpretation of the entire room temperature Pd hydriding cycle in the

a-phase domain.

Study B: effect of internal stress on the hydriding kinetics of nanocrystalline Pd thin

films

A further study of the effect of internal stress on the hydriding kinetics of
nanocrystalline Pd thin films was conducted and is described below. In what follows,
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Internal stresses are a key issue in the design of materials that interact with
hydrogen, for instance for sensing or storage applications. While an increasing
amount of evidence in the literature points to an effect of internal stress on the
equilibrium H-uptake, it is still an open question to what extent the hydriding
kinetics can be stress-affected as well. This is the main objective of the current
paper, using nanocrystalline Pd thin films with varying degrees of growth-induced
internal stress levels as a model system. The key experimental technique used
consists of a high resolution curvature measurement setup. After mounting the
sample inside a high vacuum chamber, a H-containing gas mixture is introduced to

instantaneously generate a given hydrogen partial pressure (pH2) inside the
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chamber. The resulting interaction of H with the Pd layer then leads to a prohibited
volume expansion of the thin film system, inducing in turn changes in the sample
curvature. Such curvature data, obtained in-situ at different pH2, have first been
interpreted with a self-consistent kinetic model in order to identify the different
rate-limiting steps during a hydriding cycle. Next, the corresponding rate constants
have been calculated, as well as their variation with internal stress. It was found
that internal stress does not affect the rate constant of the adsorption-limited
regime in the range 60-450 MPa, leading to an average value of (1.1 £ 0.2) mbar
1s1 over the experimentally covered py, range 1-10 mbar. As to the absorption-
limited regime, a significant stress effect was recorded on the absorption rate
constant of the very initial stages of hydriding, leading to an activation volume of
17.6 + 2.3 A3 for H-absorption into our Pd thin films. This value, combined with an

internal tensile stress on the order of 450 MPa in our nanocrystalline Pd films, leads

to a decrease of the activation energy for H-absorption of 3 kJ/mol. This effect
induces up to a factor 3 increase in the room-temperature absorption rate in the

initial stages of hydriding.

Although often considered as an undesirable source of embrittlement in metallic
alloys, the interaction between hydrogen and metals has also been widely studied
for applications like gas purification membranes and hydrogen storage or sensor
systems. In the field of hydrogen embrittlement in metals, fracture mechanisms
involve accumulation of hydrogen atoms in the local tensile strain field around
dislocations and crack tips, either invoking hydrogen-enhanced local plasticity
(HELP) [1,2] or hydride formation and cleavage [3,4]. In these mechanisms,
distortion of the host metal matrix caused by a local tensile strain field favors
hydrogen accumulation in the available lattice sites as well as the formation of
hydrogen trapping sites. In the case of HELP, H forms Cottrell atmospheres around
dislocation cores and in the case of hydride formation and cleavage, brittle hydrides
grow around dislocations, possibly leading to the formation of micro-cracks even at
dilute bulk H-concentrations. Similar relationships between the mechanism of
hydrogen uptake and the stress/strain state of the host metallic lattice are of
primary importance as well in hydrogen sensors, membranes or storage
applications. In these systems, an effect of internal stress on the hydriding

thermodynamics has been reported for both thin films [5-8] and powders [9-11]. In
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thin films, internal stress can be (enerated in different ways, like
clamping metallic layers and using different types of substrates [5], using layers

partially or totally

detached from their substrates [6], and through elastic constraints using
sandwiched metallic layers [7]. In powders, the stress-related parameter is usually
the milling time, for which an optimum exists, claimed to correspond to a state of
the maximum internal stress [10,11]. The above studies provide clear evidence that
both global and local internal stresses can have a non-negligible effect on the
equilibrium hydriding behavior of metallic compounds, affecting thermodynamic
parameters like equilibrium H-uptake and miscibility gaps [6,7]. On the other hand,
a possible effect of internal stress on the kinetics of hydriding has to the best of our
knowledge not been considered so far. This is the main objective of the current

paper.

Among the metals of which the interaction with hydrogen has since long been a
topic of scientific and technological interest [12], the palladium-hydrogen system

has particularly attracted intensive research efforts as a model system because of
its high storage capacity, its high sensitivity and selectivity to H, gas, and its ability
to easily release hydrogen at room temperature [13]. For hydrogen-storage
materials, other inorganic compounds are nowadays considered to be more
promising [14-16]. However, Pd is currently still being considered to be a good
candidate for applications like hydrogen sensors [17] and gas purification
membranes [18], especially in thin film form. Additionally, pure Pd is often being

used as well as a catalytic coating [19].

In this study, a high-resolution in-situ curvature measurement set-up [20] has been
used on model Pd thin films for two purposes. Firstly, it allowed to measure in-situ
the evolution of the growth-induced internal stress in our Pd thin films during
deposition. Secondly, it was then also used to study the hydriding kinetics of these
Pd thin films, allowing to unravel each kinetic regime in quantitative detail. Firstly,
the rate-limiting steps of these regimes have been identified through the systematic
study of the pp,-dependencies of the hydriding velocity. Next, the effect of a
growth-induced internal stress on both the ad- and absorption rate constants has
been identified as well. The experimental setup used here has already been

presented in detail in a previous publication [20]. A vacuum chamber is first
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pumped to a base pressure on the order of 10-6 mbar. Ultra-pure Ar/H, gas
mixtures (Alphagaz grade from Air Liquide) are then introduced into the chamber to
instantaneously impose a desired total pressure, which is continuously measured by
two electronic gauges and one back-up manometer. The compositions of the gas
mixtures used in this work are 1% and 10%, thereby allowing to further adjust the
accessible range of hydrogen partial pressures in the chamber. Although
experiments will be reported for py, values up to 100 mbar, the quantitative stress-
affected kinetic analysis - which is the main objective of this study - has been
limited to the low py, range [1 - 10 mbar]. As will be shown below, this allows to
avoid the o — B hydride phase transition. All the experiments presented here have

been carried out at room temperature.

A high resolution curvature measurement setup (Multi-Beam Optical Sensor from k-
Space Inc.) was mounted onto the hydriding chamber, allowing to continuously
detect the positions of multiple laser beams reflecting off a cantilevered sample into
a CCD camera. The sample curvature can then be derived from the differential
positions of the laser spots [21] as in eq. (1) above. Herein, AD/Do is the mean
differential spacing between the reflected laser spots in the CCD, L the distance
between the sample and the CCD and « the angle of incidence of the laser beams on
the sample. The factor 2L/cos « was calibrated as 1.336 m, based on curvature
measurements on mirrors with known radius of curvature. As compared to other
curvature or deflection measurement techniques, which are generally based on the
position detection of a single reflecting laser beam, our set-up has a significantly
improved dynamic curvature resolution on the order of 10 km, thanks to the noise
minimization resulting from the use of multiple laser beams. Moreover, thanks to
the use of a CCD camera, curvature measurements can be performed with a time
resolution better than 100 ms. More details can be found in study A and in [22]. The
measured changes in sample curvature, which are a result of the prohibited volume
change during Pd-H interaction in the thin film geometry, can be straightforwardly
related to a change in internal stress in the Pd layer as in eq. (2) above or in [21],
with Ys = Es/(1-vs) the biaxial elastic modulus of the substrate, and ts and t; the

substrate and Pd film thickness, respectively.

Finally, a direct proportionality can be established between the stress change state
and the bulk hydrogen content n in the Pd film, as long as the deformation resulting

from these hydriding-induced stresses remains elastic (a condition that will be
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explicitly validated below) [23]. This proportionality is given by eq. (3) above, E;
and v¢ being, respectively, the Young modulus and Poisson ratio of the Pd film, and
n the bulk H/Pd atomic ratio. The ratio between AV/V and n is equal to Av/Qpq,
where Av is the characteristic volume change per hydrogen atom and Qpq is the
mean atomic volume of a Pd atom. Eq. (3) then enables a link between the
measured hydriding-induced stress changes Ac and the bulk H/Pd atomic ratio n,
involving a number of mechano-physical constants, which for convenience are

grouped together into a single proportionality factor Q.

The cantilevered samples used for the kinetic analysis were cut approximately 3x0.5
cm? in size from oxidized, 380 um thick Si wafers. These were coated by sputtering
with @ 170 nm thick Pd thin film, on top of a 5 nm Ti adhesion layer. A high
resolution curvature measurement setup, identical to the one described above for
the study of the hydriding kinetics of our Pd thin films, has been coupled to the
sputtering setup (AJA International, Inc.). As the sputtered films have all been
deposited at room temperature in this work (T/T, = 0.16, where T, is the Pd
melting point [24]), and according to the well-known Thornton diagram [25], the
low surface mobility of the atoms at such a deposition temperature does not allow
for grain boundary migration or recrystallisation and therefore can be expected to
result in the formation of nanocrystalline films with columnar grains. The growth-
induced stress in the deposit, which will be used as parameter to study the effect of
internal stress on the hydriding kinetics, was varied by changing the argon
sputtering pressure (par). It can indeed be expected that the lower the sputtering
pressure, the higher the mean free path and therefore also the higher the impact
energy of sputtered atoms arriving at the surface of the deposit. This will in turn
result in an increased compressive component of the growth stress in the film [26].
This is confirmed in Figure 25, which shows the stress*thickness product as a
function of time (before and during Ti layer deposition, as well as after Pd
deposition) and Pd thickness (during Pd deposition). An initial baseline curvature
measurement was first carried out before Ti deposition at pa = 3 mTorr for all
samples. Although a detailed interpretation of these growth stress curves is outside
the scope of the current paper, we can point out that the stress in the Ti film is
slightly tensile during the first stages of deposition, and then becomes compressive
after the deposit has turned from isolated aggregates to a continuous layer [27].
The growth-induced stress in the Pd layer is slightly compressive in the first tens of

nanometers, and then reaches a constant value given by the constant slope of the
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stress*thickness vs. thickness curves. Both the sign and magnitude of the latter is
indeed observed to strongly depend on the value of pa- used during Pd deposition.
The resulting mean internal stress values of the as-deposited Pd films, further
denoted as 0y, are given in Table 2, and vary from -152 MPa to 453 MPa for par
ranging from 1.5 to 8 mTorr.

Table 2:
Argon plasma pressure pa, average growth-induced stress o, thickness t;, density

pr, grain size and (111) texture factor of the Pd films studied in this work.

Par 0o te [oF grain size (111) texture
[mTorr] [MPa] [nm] [g/cm3] [nm] factor [-]

1.5 -152 180 10.4 29 59

3 -55 170 11.0 26 107

4 61 173 10.5 29 93

5 272 160 11.5 27 115

8 453 171 9.8 24 66

The same table 2 also includes results from elementary microstructural
characterizations. Cross-sectional and plane-view SEM observations allowed to
measure the thickness and grain size of all Pd samples, leading to average values
of, respectively, 170 £ 7 and 27 £ 1 nm. Knowing the Pd thin film thickness,
Inductively Coupled Plasma (ICP) measurements have been performed on layers
dissolved in a HCI/HNO3/CHsCOOH mixture in order to obtain their density pr. These
data indicate an average density for our Pd films of 10.6 £ 0.3 g/cm3, slightly lower
than the Pd bulk density of 12 g/cm3 [24]. No trend however is visible in the density
data as a function of par. Finally, X-ray diffractograms, using Cu Ko radiation and
recorded with an angle step of 0.02°, showed that the Pd films are strongly (111)
textured, as can be expected for vacuum deposited fcc metallic thin films [28-30].
The texture factor reported in Table 2 was calculated as the ratio of the intensity
parameter (I(111)/(I200y*+1(311)) Mmeasured on our Pd films with respect to the same
quantity based on tabulated intensity values for randomised polycrystalline samples

in Ref. [31]. Here again, no trend was visible as a function of pa.

In the following, the hydriding cycles derived from our in-situ curvature
measurement setup are presented first and analyzed in terms of equilibrium

hydrogen uptake. Next, kinetic rate expressions are presented and applied to
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analyze in more detail the complete hydriding cycle. Finally, the kinetic model is
extended to address the effect of internal stress on the hydriding kinetics, based on

activation volume theory.

Figure 26 shows typical hydriding cycles recorded at, respectively, py2 = 1.4 mbar
and 1.5 mbar using samples cut out from Pd films initially exhibiting, respectively, a
61 MPa and 272 MPa tensile internal stress. As the Pd thin film sample is attached
to a substrate, its volume expansion is constrained upon hydriding, leading to the
generation of an increasing amount of compressive hydriding-induced stress. This
stress then levels off when equilibrium is reached between gaseous hydrogen in the
chamber and atomic hydrogen in the film. The initial stage of a hydriding cycle is
also shown for a sample initially at -55 MPa, to already show the dramatic slowing
down of the hydriding kinetics that occurs when using Pd thin films initially in

compression.

In order to proceed with the equilibrium analysis of such hydriding cycles, the
explicit assumption underlying eq. (3) of elastic deformation in the Pd film must first
be addressed. Besides the hydriding-induced compressive stress change, also the
initial, growth-induced stress state of the Pd thin films needs to be considered. As to
the latter, Table 2 indicated already that our Pd films show growth-induced stress
levels ranging from -152 to 453 MPa. The latter value is above the theoretical
tensile yield stress of bulk Pd measured by Sanders et al. [32], but below the yield
stress of 550 MPa that they reported for nanocrystalline Pd samples. As to the
hydriding-induced stresses, Figure 27 shows room temperature pressure-stress
isotherms, obtained by successively increasing the hydrogen partial pressure py, in
the chamber and waiting for equilibrium. It is observed that all the samples end up
at about -950 MPa in compression for py, = 100 mbar, regardless of their initial
growth-induced stress state. This observation is in agreement with the
measurements of Youngdahl et al. [33], who reported that the compressive yield
stress of nanocrystalline Pd is on the order of 1 GPa. In other words, when this yield
stress level is reached in our Pd thin films, the direct proportionality between
internal stress and hydrogen content as given by eq. (3) vanishes, and the films
may still absorb hydrogen without giving rise to a curvature or stress change.
Moreover, on the same Fig. 27, the a — B phase transition can be identified to start
at room temperature between 10 and 20 mbar for the film initially at 435 MPa in
tension and between 30 and 40 mbar for the film initially at 272 MPa in tension. The
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films initially in compression do not exhibit any phase transition between 1
and 100 mbar, while the « — B phase transition for the film initially at 61 MPa is
interrupted when the absolute stress reaches -950 MPa. This shift of the o« — B
phase transition lower limit towards higher values of py, when the initial stress state
in the metal increases in the compressive direction, has already been observed for
Fe-Pd [6] and Mg [7] compounds. In order to avoid such complicating plasticity and
phase transition effects, the present kinetic analysis has therefore been limited to
the py, interval [1 - 10 mbar]. In this range, the equilibrium absolute stress does
not exceed -700 MPa for any of our samples, staying well below the compressive
yvield stress for nanocrystalline Pd thin films [33]. Under these conditions, the
proportionality between the hydriding-induced stress change and the bulk hydrogen
content n, as given by eq. (3), will remain valid throughout this study.

Based on the above considerations, it is now possible to calculate Sievert’s constant
Ks in the a-PdH region from the data of Fig. 27, based on Sievert's law K, =
(pH2)*?/neq [12]. The subscript “eq” refers here to the equilibrium H-uptake, so that
Neg can be derived directly from Fig. 27 using Eq. (3). The resulting K¢ values,
obtained with Av/Qpq = 0.19 [34], Epg = 121 GPa and vpy = 0.39 [24], are listed in
Table 3. The latter don’t show any trend as a function of the initial, growth-induced
stress state of the Pd films before hydriding, except for the higher K¢ value observed
for the sample with the most compressive growth stress. We can already point out
here that this sample will not be further considered for the kinetic analysis, as its
hydriding behaviour is excessively slow (cfr. Fig. 26). Since K¢ has been reported to
be a function of the concentration of structural defects in the host metal lattice [35],
the data in Table 3 indicate that, while obtaining different growth-induced stress
levels in the Pd films by changing the Ar sputtering pressure, one may still arrive to
keep the for hydriding most relevant microstructural parameters constant. The
same statement was already inferred from the similar elementary characterisation

results reported for the different samples in Table 2.
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Table 3:
Sievert’s constant of the Pd films studied in this work, calculated from the
data of Fig. 27 in the a-PdH region.

0o Ks
[MPa] [*m™2]
-152 4.79+0.18

-55 3.53+0.15

61 3.74+0.22
272 3.19+0.12
453 3.94+0.12

Coming back once more to the raw data in Fig. 26, when the equilibrium
compressive stress is reached in the sample, the gas mixture is pumped out of the
chamber. As a result, the hydriding-induced compressive stress gradually
decreases, until a second plateau is reached. This is believed to reflect the presence
of residual hydrogen in the thin film under the new low vacuum conditions. For all
the hydriding cycles presented here, this residual compressive stress change, i.e.
the difference between the absolute stress at the beginning and at the end of the
hydriding cycle, is on the order of 200 MPa. It has already been shown before to
disappear upon venting [23], and therefore cannot be attributed to a plasticity
effect.

Before, we already presented a kinetic model able to provide a self-consistent
interpretation of the entire room temperature hydriding cycle of Pd thin films in the
a-phase domain [23]. Its constitutive equations have been derived starting from the
observation that two mechanistic steps are potentially rate-limiting during Pd thin
film hydriding. One of them includes H, adsorption and its dissociative
chemisorption on the Pd surface. The second one is absorption and involves an
equilibrium reaction between atomic hydrogen at, respectively, surface and
interstitial bulk sites. These two steps can be written as in egs. (5) and (6). No
diffusion step is taken into account in this model because of the very small room-
temperature diffusion time on the order of milliseconds in the case of Pd films that
are only 170 nm thin [23]. The derivation of rate expressions corresponding to the
ad- and absorption limited regime has been carried out by assuming a specific rate-
controlling step, and by considering the other one to be in a pseudo steady-state.

This method is the common way to proceed in chemical kinetics when dealing with
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complex second order reactions [36]. The time evolution dn/dt of the bulk
H/Pd atomic ratio when the rate-limiting step is, respectively, adsorption and
absorption have thus been shown to take on the form of egs. (19) and (18) [23]. In
these equations, K.q = K’aa/k"’aq and Ka, = K'an/K”ap are, respectively, the equilibrium

constants of reactions (5) and (6).

The hydriding cycles in Fig. 26 for the samples with an initial tensile growth-induced
internal stress exhibit three characteristic kinetic regimes. At the beginning, a first
linear region is observed in the stress-time curves. This has been shown before to
correspond to an absorption-limited kinetic regime, adsorption still being relatively
unconstrained on the freshly exposed Pd surface. A transition to a second linear
kinetic regime is then observed, which we have already attributed before to a
change of the heat of adsorption in the positive direction as the surface coverage
reaches a critical value [37]. As a result of the associated decrease in stability of the
adsorbed hydrogen atoms, adsorption then becomes the new rate-limiting step in
this second kinetic regime. The amount of hydrogen in the sample continues to
increase linearly with time until adsorption equilibrium is reached. This marks the
end of the second linear kinetic regime. Absorption then becomes rate-limiting again
and a third, nonlinear kinetic regime is observed until absorption equilibrium is

reached (n = Neq).

The slopes of the first and second linear kinetic regimes have been plotted as a
function of py, in, respectively, Figures 28 and 29. Since the time scale involved in
the hydriding of samples initially under compression was excessively large (cfr. Fig.
26), our kinetic analysis has been limited to samples with an initial tensile growth-
induced stress, as already mentioned before. In Fig. 28, the effect of the initial
internal stress state of the Pd films is clearly visible. This indicates that at least one
of the parameters of the absorption-limited rate equation Eq. (18) is affected by
internal stress. Since Ks; was shown before in Table 3 to be stress-independent in
the oo-range considered here, the stress-affected kinetic parameter in Eq. (18)
should be k';p. As was already inferred from Fig. 26, increasing the internal stress in
the tensile direction leads to a faster rate of hydrogen uptake in the first,
absorption-limited kinetic regime. From the results in Figure 29, it is seen that this
is not the case in the second, adsorption-limited regime. Indeed, no statistical
differences could be observed between data points coming from the three batches,
leading to one single linear fit. As a result, the parameters of the adsorption-limited

rate equation (19) can be considered to be independent of the internal stress state
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of the film. The observed linear py, dependence as such observed in both
Figure 28 and 29 will be justified below. The above observations agree with
intuition, in that the stress due to hydrogen uptake by the Pd films is compressive,
so that one may expect an additional driving force for hydriding when stretching the
host lattice in the tensile direction. At the free surface however, no significant
volume expansion occurs during adsorption, making the latter much less sensitive
to internal stress effects inside the film.

We now proceed with a quantitative analysis of the absorption rate constant k',,. For
this purpose, the temporal evolution of n for an absorption-limited kinetic regime
has first been deduced by integrating Eq. (18), which is known as a basic Cauchy
problem and results in a solution according to eq. (30) with constants as specified in
eq. (29) [38]. The fitting constant C, thereby gives direct access to the parameter
of interest k',,. Figure 30 shows the thus obtained values of k’,, in the first kinetic
regime for the same experiments already presented in Fig. 28. As expected from the
data in Fig. 28, k', increases for a given py, when increasing the growth-induced
internal stress in the tensile direction. Besides being stress-affected, k’;, also turns
out to exhibit a linear dependence with py.. In their hydrogen membrane
permeation model [39], Ward et al. suggested that k’,, may indeed depend on
surface coverage at freshly exposed surfaces, which is the case in the first kinetic
regime.

The dependence of k'y, on both internal stress and py,, as unraveled in Fig. 30, can
be quantified as follows. Firstly, based on the general expression for the hydrogen
absorption rate constant k', [39-41]

, ~AH%
k' =A, .exp —— 31
ab ab p|: RT :| ( )

where AH; represents the standard activation enthalpy change related to

hydrogen absorption, its linear py,-dependence unraveled in Fig. 30 can simply be
taken into account by writing the pre-exponential factor for hydrogen absorption A,y

as a product A'.p.pn2

+

, , —AH%
kab = Aab ‘sz ‘eXp|:Tab:| (32)

We can now also justify the observed linear py, dependence of the data in Fig. 28.
The latter are proportional to the hydrogen absorption rate (dn/dt)., given by eq.
(18), where the parameter k'y, is now known to include an additional linear pu»

dependence.
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Moreover, the last term can be shown to vanish when n << 1, as is indeed the case
for the initial stages of hydriding in the py;-range 1-10 mbar corresponding to the «-

PdH phase considered here.

With respect to the stress-dependence, according to the schematic energy diagram
for hydrogen ad- and absorption, reproduced from ref. [39] in Figure 31, the

standard activation enthalpy change AH’; in the absence of an internal stress field

is equal to the activation energy E, needed for a hydrogen surface-to-bulk
transition. In order to take into account that the host lattice undergoes a biaxial
stress o, the standard activation enthalpy change of absorption can be written as
[42] :

aml =, - 22 (33)

3

where V represents the activation volume for hydrogen absorption, and 20/3 is the
hydrostatic stress on the Pd crystalline lattice. Hence, the presence of internal stress
will decrease the energy barrier for H-absorption, thereby increasing the rate
constant k’,,. The representative activation volume V for hydrogen absorption can

be extracted by combining Eqgs. (32) and (33):

omlk',, /py ) 2w
= (34)
oo 3RT

In Fig. 32, the slopes of the ks, curves corresponding to the samples presented in

Fig. 30 have been plotted as a function of the growth-induced internal stress in the
Pd thin films. The slope of the linear fit in this graph leads to an activation volume V
= 17.6 + 2.3 A3 for H-absorption into our Pd thin films. This value, for which to the
best of our knowledge no other experimental literature data exist, is high with

respect to the value of 2.0 + 0.3 A3 obtained by Baranowski and Majorowski for the

activation volume for hydrogen diffusion in palladium hydride [43]. This observation
seems meaningful because in the case of diffusion, the hydrogen atoms jump
between equivalent bulk interstitials sites. In the case of H-absorption, the
hydrogen atoms jump from Pd surface sites, where the lattice is highly distorted, to
bulk interstitial sites, where the hydrogen concentration is much smaller and the
lattice is much less distorted [44]. This mechanism may therefore require a much
higher activation volume. Our measured activation volume for H-absorption,
combined with an internal tensile stress on the order of 450 MPa in our

nanocrystalline Pd films, leads to a decrease of the activation energy E, for H-
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absorption of 3 klJ/mol. This decrease may seem small with respect to typical
values for E; =@ 66 kJ/mol [39] reported in the literature. However, its effect is not
all negligible, leading to a factor 3.3 increase in the room-temperature absorption
rate in the initial stages of hydriding corresponding to the first kinetic regime.
Therefore, it may lead to interesting applications, increasing for instance the
response time of integrated hydrogen sensors, or allowing to decrease the
temperature of charging/discharging in storage applications.
With respect to the data of the second, adsorption-limited kinetic regime, the rate
constant for hydrogen adsorption k’;qy has been calculated as well, based on Eqg. (19)
and using a 4" order Runge-Kutta algorithm to simulate the temporal evolution of n.
As expected from the data already presented in Fig. 29, the fitted k’,4 values do not
show any trend as a function of the growth-induced internal stress. Their mean
values, averaged over the experimentally-covered py, range 1-10 mbar, are,
respectively,

(1.1 £ 0.1) x 10** [mbar?s?] for g, = 61 MPa,

(1.0 £ 0.2) x 10?* [mbars™?] for g, = 272 MPa and

(1.3 + 0.2) x 10*! [mbar's™'] for g, = 453 MPa.
The absence of any pupp-dependence for k'yy can be expected from the basic
expression of its pre-exponential factor [37,39]. The latter can indeed be written as
1/(2rmiksT)Y?, where my, is the molecular mass of H, and kg is the Boltzmann
constant. This also allows to justify the linear fit used in Fig. 29, confirming the
linear pyy-dependence of (dn/dt).q predicted in eq. (19).

Finally, the rate constant for hydrogen absorption k’,, has been calculated as well in
the third kinetic regime, using the same algorithm as in the first regime. Figure 33
shows the evolution of the bulk hydrogen concentration in this case, as calculated at
different py,-values from the internal stress data for the batch of samples initially at
0o = 61 MPa. The time scale was normalised to represent for each experiment the
first 40s of the third kinetic regime. Excellent agreement is obtained in all cases with
the constitutive eq. (30), confirming that the third kinetic regime is indeed limited
by absorption. The mean k’y, values for the three batches of samples, averaged
over the experimentally-covered py, range 1-10 mbar, are, respectively,

(3.6 = 0.8) x 103 [s] for 0, = 61 MPa,

(3.4 £ 0.8) x 1023 [s*] for g, = 272 MPa and

(3.9 £ 0.9) x 107 [s7!] for g = 453 MPa.
Contrary to the k’,, values obtained in the first kinetic regime, no trend is visible in

this case, neither as a function of the initial, growth-induced internal stress, nor as a
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function of py,. As to the independence with py,, this can be understood as follows:
while k’;, may depend on the surface coverage and thus on py, at low surface
coverage [39], this cannot be the case anymore when the surface coverage is at
equilibrium, as is the case in the third kinetic regime. The independence with
internal stress might at first seem more surprising, in view of the results obtained
for the first kinetic regime which was also absorption-limited. However, some
important differences exist with respect to the hydriding state of the Pd films in the
first and the third regimes. First of all, the absolute stress in the films in the third
regime is a compressive one (cfr. Fig. 26). Our results therefore seem to indicate
that any stress-affect on the absorption kinetics might only become significant for
samples under tension. Secondly, in the third regime, samples are close to the
equilibrium state of hydrogen uptake (n = ne). This may suggest that the
absorption rate only becomes stress-modulated in a sample volume that is still
relatively free of hydrogen. Finally, the values of k', calculated for the third kinetic
regime are roughly one order of magnitude higher than those of the first kinetic
regime. This is in agreement with our earlier observations [23], and was attributed
to a change of the heat of adsorption of about 6 kJ/mol when the surface coverage
reaches a critical value at the end of the first kinetic regime. This change being
twice as much as the stress-affected change in activation energy, the kinetics of
hydrogen absorption in the third kinetic regime can therefore be expected to be
mainly driven by an increased surface repulsion of dissociatively chemisorbed

hydrogen.

A high resolution in-situ curvature measurement set-up has been used in this study
to study the effect of pre-existing growth-induced internal stress on the hydriding
kinetics of nanocrystalline Pd thin films. Three kinetic regimes have been resolved.

The first kinetic regime has been found to be limited by absorption, and the second

one by adsorption. A switch back to absorption-limited kinetics is finally observed
before the final equilibrium. The analysis of the effect of internal stress on the
absorption kinetics in the first kinetic regime shows that tensile stresses accelerate
the hydriding kinetics, while compressive stresses dramatically slow down the
hydriding kinetics. No effect of internal stress on the adsorption kinetics has been
observed. A quantitative analysis of the py,- and internal stress dependence of the
rate constant of the first kinetic regime enabled to calculate the activation volume

for hydrogen absorption into our nanocrystalline Pd thin films.
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It is supposed that the present invention is not restricted to any form of realization
described previously and that some modifications can be added to the presented
example of fabrication without reappraisal of the appended claims. For example, the
present invention has been described referring to a Pd thin film, but it is clear that
the invention can be applied to a Mg thin film for instance or to a metallic alloy or a

ceramic.
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CLAIMS

1. A device for the improved uptake, storage and release of hydrogen, comprising:
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- a solid-state active element capable of taking up, storing and releasing
hydrogen; and

- stress-inducing means attached to the active element,

characterized in that

said stress-inducing means are capable of applying a mechanical load to the

active element.

A device according to claim 1, whereby said stress-inducing means comprise an
electromechanical device attached to at least one side of the active element,
said electromechanical device capable of pushing and pulling at said side of said
active element thereby capable of inducing compressive or tensile stress in the
active element, said electromechanical device controlled by an electrical control

circuit.

A device according to any of claim 1 or 2, whereby said solid-state active

element comprises a thin-film on a substrate.

A device according to claim 3, whereby said active element is mounted on a
fixed frame at or near the in-plane sides of said active element and said stress-
inducing means comprise at least one piezo-electric crystal located at or near
the middle of said active element and capable of pushing or pulling at said
substrate and said thin film of said active element, thereby capable of bending

said active element out of its plane.

A device according to any of claims 3 or 4, whereby said stress-inducing means
comprise a lattice mismatch between said thin film and said substrate of said
active element and/or any other microstructural or thermal origin leading to

internal stress inside the thin film.

A system for the improved uptake, storage and release of hydrogen, comprising:
- one or more devices according to any of claims 1 to 5; and
- an air-tight container in which said devices are mounted,

characterized in that
said air-tight container comprises one or more in- and/or outlets for H,-gas and
one or more control mechanisms for the stress-inducing means of said one or

more devices.
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A method for the improved uptake of hydrogen in a device according to any of

claims 1 to 5, comprising the steps of:

- applying a mechanical load to said active element of said device by said
stress-inducing means; and

- bringing the surface of said active element into contact with H,-gas under a

predetermined temperature and pressure.

A method for the improved storage of hydrogen in a device according to any of
claims 1 to 5, comprising the steps of:
- applying a mechanical load to said active element of said device by said

stress-inducing means;

A method for the improved release of hydrogen in a device according to any of

claims 1 to 5, comprising the steps of:

- applying a mechanical load to said active element of said device by said
stress-inducing means; and

- evacuating the H,-gas which is released by said active element.

A method for providing a fuel cell with hydrogen gas, comprising the steps of:

- loading the active elements of a system according to claim 6, by means of a
method according to claim 7, whereby the H,-gas is provided via said in- or
outlets of said system;

- storing hydrogen in the active elements of said system by means of a
method according to claim 8; and

- releasing hydrogen from the active elements by means of a method
according to claim 9 whereby the released H,-gas is evacuated via said in- or

outlets of said system and provided to said fuel cell;
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