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ABSTRACT

Deuterium absorption in Mg;oAlso thin films coated with a Pd layer and a Ta/Pd bilayer
were investigated using in situ neutron reflectometry at room temperature and deuterium
pressures up to 1.3 bar. The approach used provides a detailed profile, at the nanoscale, of
the deuterium content inside the specific layers that constitute the films. It is found that
MgzoAlsp can store up to 5 wt.% under these mild conditions following a two-step mech-
anism. The latter involves the deuteration of the top and bottom catalyst layers first, fol-
lowed by the main Mg;oAls, layer. The presence of deuterium throughout the films in the
early absorption stages evidences atomic deuterium spillover from the catalyst layers. The
addition of a Ta layer between the Pd and Mg;0Al;, was found to allow observable
absorption at a pressure 10 times lower than on the Ta-free sample, without affecting the
storage capacity. Our measurements imply that this improvement in kinetics is due to
a lowering of the nucleation barrier for the formation of the hydride phase in the Mg;oAlsg

layer.
Crown Copyright © 2010 Published by Elsevier Ltd on behalf of Professor T. Nejat Veziroglu. All
rights reserved.

1. Introduction

hydrogenation of magnesium is commonly described with
two models: (i) a nucleation and growth model where the

Magnesium and its alloys are amongst the most promising
candidates for solid-state hydrogen storage applications
owing to their high hydrogen capacity of 7.6 wt.% and their
low cost [1]. The main drawback seen by Mg is the high
temperature, on the order of 300°C typically required to
obtain fast hydrogen absorption and desorption kinetics. This
temperature is deemed too high for mobile applications and
its reduction by means of catalysts addition and nano-
structuring is now widely investigated [2-5]. The
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hydride grains may impinge before the whole Mg particle is
hydrided and (ii) the three-dimensional diffusion-controlled
shrinking-core model, where a continuous layer of hydride
forms immediately on the surface and reduces significantly
the hydride formation because of the reduced diffusion rate
through the hydride layer [6]. The addition of catalysts may
alter significantly the hydriding kinetics by lowering hydrogen
dissociation and diffusion barriers [7]. To investigate these
effects, thin films are very interesting model systems which
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allow incorporation of catalysts in a well controlled manner at
the nanoscale. Recent studies of hydrogen absorption in Mg
thin films capped with a Pd catalyst layer showed that
absorption is possible near ambient temperature and pressure
[8]. A theoretical study suggested room temperature absorp-
tion on such systems may be promoted by a spillover mech-
anism from the Pd into the Mg alloy phase [9]. Nevertheless,
a detailed representation of the hydrogen absorption mecha-
nism in such systems lacks of experimental measurements at
the nanoscale. Neutron reflectivity (NR) has proved to
constitute a powerful tool for profiling the hydrogen or
deuterium content with nanometer resolution in the distinct
layers that constitute films [10,11]. It has recently been shown
using NR that the use of a Ta/Pd bilayer catalyst on a Mg;cAlso
film layer improves its kinetics properties [12], leading to
hydrogen desorption at 100 °C compared to 170 °C for a single
Pd layer [13]. The addition of Ta did not lead to a diminution of
the gravimetric hydrogen storage capacity of the film,
a somehow expected consequence of catalytic enhancement.
The effect of the Ta catalyst layer on the absorption properties
at room temperature remains, however, an open question. In
order to investigate the absorption mechanism and the
effectiveness of a Ta/Pd bilayer as a catalyst for room
temperature absorption, we used NR to observe and compare
the deuteration mechanism of two Mg;oAlso thin films with
a Pd-layer and Ta/Pd-bilayer catalyst, respectively. We chose
the Mg;oAlzo alloy because it is the composition with the
optimum desorption properties as was determined in
previous studies [13,14]. The measurements were performed
in situ at distinct stages of the absorption process, under
quasi-equilibrium conditions, from the early deuteration
stepsin catalyst layers up to the full saturation of the samples.
The concentration profiles thus obtained offer new insights in
how absorption proceeds on such metal systems, and how the
use of certain catalysts may lead to improved materials.

2. Experimental

To study the influence of a Ta catalyst layer, we compare a 50-
nm thick Mg;0Als, film capped with a 10-nm thick Pd catalyst
layer with a 50-nm thick Mg;Als, film capped with a 5-nm/5-
nm thick Ta/Pd bilayer. The thin film samples used in this
study were fabricated by co-sputtering onto a native oxide
(100) silicon wafer in a confocal sputtering chamber (Orion 5
instrument from AJA International) [15] operating at an Ar
(purity 99.999% pure) pressure of 5 x 10 > mbar which had
been previously evacuated to a pressure less than
3 x 10" mbar. First a 10-nm Ta buffer layer was deposited
onto the wafer and, without interruption, a 50-nm Mg;0Al3,
layer was co-sputtered followed by either a 10-nm Pd layer or
a 5-nm Ta/5-nm Pd bilayer. The sample structure is depicted
in Fig. 1. The investigated films have the same structure as
previously reported [12,16], i.e., no intermetallics in the as-
prepared state and the first absorption cycle. The micro-
structure consists of a supersaturated solid solution of Al in
Mg with a strong texture along the surface normal, i.e., Mg
(002) is parallel to Si(100), but we do not observe a single
crystal growth. The HCP structure of the Mg is maintained
with a contracted lattice parameter due to Al in solution. The

10 nm Pd 5 nm Ta

50 nm Mg Al .

50 nm Mg Al .

10 nm Ta 10 nm Ta

Fig. 1 — Illustration of the structure of the film with the
single Pd catalyst layer (left) and the Ta/Pd catalyst bilayer
(right).

lattice parameter follows a Vegard’s law wherein the lattice
contracts proportional to the Al concentration in the Mg. A
contracted lattice is only noticed in the as-prepared material
and is not noticed in the material once hydride — the Al
precipitates out of MgH, and remains as a precipitate.

Neutron Reflectometry (NR) experiments were conducted
on the NG7 reflectometer at the National Institute of Stan-
dards and Technology, Center for Neutron Research, Gai-
thersburg MD, USA. This instrument has a resolution of
Aq/q =4% using a 4.75-A wavelength. The deuterium absorp-
tion was performed in situ, using an aluminum sample cell, at
room temperature from a deuterium pressure of ~10~* mbar
up to 1.3 bar using ultra high purity deuterium (99.999%). The
reflectivity curves were measured at grazing incidence, in
specular geometry as a function of the incident angle ¢. In this
configuration, the neutron interaction with the films is
reduced to a one-dimensional problem that can be described
with a neutron index of refraction analogous to optical
reflectivity. The neutron index of refraction depends on the
strength of the interaction of neutrons with a specific isotope
in the film and can be represented by [17]:

2 IS
n=1- ;N)'b]’ (1)

where 1 is the neutron wavelength, N;is the number density, b;
is the coherent nuclear scattering length and the product
Njb; =S is the scattering length density (SLD) of the layer. The
SLD of each layer depends on their elements and their
isotopes in the sample [18,19]. Deuterium is used because of
its large coherent scattering length, which leads to a dramatic
increase in the layers’ SLD, creating a strong contrast in the
SLD of the deuterated layers with respect to the as-prepared
material. Total reflection of neutrons occurs up to a critical
scattering vector q. calculated as [17]:

g = i;sinﬂc — 4V/xNb @)

The evolution of q. upon deuteration is a good indicator of
the average deuterium content in the film. Short measure-
ments showing the movement of the critical edge upon
deuteration were helpful in monitoring the absorption
kinetics. Typically, the measurements over the q=0—0.1 A™?
range were considered as quasi-equilibrium when the kinetics
was sufficiently slow, i.e., with the critical edge, or the full NR
curve showing no major changes over a 1-2 h measurement
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time. Some measurements not satisfying this condition could
not be fitted and were rejected.

The reflectivity curves were modeled using Parratt’s
recursive algorithm, which involves a slab model and yields
the SLD as a function of depth [20]. Interfacial roughness is
accounted for in this approach. From the modeled SLD
profiles, the corresponding atomic deuterium concentration
Cp in each layer can be approximated by taking into account
film expansion according to the relationship [11]:

_ [ Smip tmsp 2%
= {Swpzm e 1] bp @
where Sy, p is the SLD of the deuterium-charged layer,
Sm(p — o) is the SLD of the metal in absence of deuterium, ty 4 p
and ty are the corresponding thicknesses, and by and bp are
the coherent scattering lengths of the metal and deuterium,
respectively. It is important to mention that the NR technique
measures the deuterium/hydrogen content in the layers and
cannot discriminate between the existence of a metal hydride
and a solid solution.

3. Results

In Fig. 2 the measured and calculated reflectivity curves (open
circles and solid line, respectively) of the Ta/Mg;0Alzo/Pd film
structure are shown as a function of the scattering vector q. The
visible oscillations, referred to as Kiessig fringes, are associated
with a characteristic thickness of the film. The calculated SLD
profiles, i.e., the SLD as a function of z, the direction parallel to
the surface normal of the film, are displayed in the insets. These
insets provide a real space representation of the film. The as-
prepared sample measured in air (Fig. 2a) clearly indicates the
as-synthesized structure as a 10-nm Pd, 50-nm Mg;0Al3o, and 10-
nm Tabuffer layer on top of a Si(100) substrate. Itis worth noting
the SLDs of the different layers (4.0 x 10°° A2 2.4 x 107 A2,
and 3.8 x 107° A2, respectively) are within 10% of the expected
individual bulk values that further supports the measurement
and calculation procedure. The sharp delimitation of the
distinct layers indicates that there is very little interfacial
roughness between each layer. Subsequently, deuterium was
introduced into the sample cell and reflectometry measure-
ments taken. As a consequence of the large coherent scattering
length of deuterium [19], the SLD of the absorbing layer
increases, as seeninFig. 2. In particular, at a pressure of 20 mbar
(Fig. 2b), itis striking that little, or no deuterium, is presentin the
Mg;oAls, layer (SLD = 2.4 x 10 A2, as initially), while the SLD
of the surrounding Pd and Ta is ~50x10°A2 and
~4.6 x 10° A2, respectively, corresponding to a deuterium to
metal ratio of D/M =0.2. After a further deuterium pressure
increase to 1.3 bar the SLD of the Pd and Ta increase further to
6.5x10°°A2 and 5x 10 ®A~2 corresponding to D/M=0.46
and D/M = 0.2, respectively.

At a deuterium pressure of 1.3bar (Fig. 2c) there is
a slight increase in the SLD of the Mg,0Al; layer corre-
sponding to D/M = 0.12. This deuterium concentration in the
MgoAlsg layer is consistent with a solid solution with no re-
arrangement (phase transformation) of the Mg,0Also. After
immersion in a 1.3 bar deuterium for 10+ hours (Fig. 2d), the
MgoAls, layer SLD saturates at 5.5 x 10°° A=2 and expands

by ~23%, corresponding to D/M=1.35. This deuterium
concentration in the Mg layer is consistent with MgD,
formation (a maximum of D/M=14 is possible in our
MgsoAl3o layer), an observation previously observed on
similar samples [16]. This large amount of deuterium
absorption in the Mg;0Als, layer can also be easily deduced
from the shift of the critical edge to larger g, as described in
equation (2). Noticeably, a small concentration gradient is
visible in the deuterated Mg;0Also phase (see Fig. 3), and
small interfacial layers between MgAlso and the Ta and Pd
layers remain free of deuterium in these conditions.

In Fig. 4 the measured and calculated reflectivity curves
(open circles and solid line, respectively) of the Ta/MgoAlzo/
Ta/Pd film are shown as a function of the scattering vector g,
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Fig. 2 — Reflectivity curve of Si/Ta/Mg;oAl;¢/Pd: (a) as
prepared, (b) at a deuterium pressure of 20 mbar, (c) at

a deuterium pressure of 1.3 bar for 1 h, (d) at a deuterium
pressure of 1.3 bar for 10+ hours. The open circles
represent the measured data with errors always smaller
than the circles, the solid lines represent a fit as described
in the text.
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Fig. 3 — Overview of the deuterium concentration profile in
D/M during the different deuteration stages in Si/Ta/
Mg;0Alz,/Pd: at a deuterium pressure of 20 mbar after 1h
(dotted curve); at 1.3 bar after 1 h (solid curve); at 1.3 bar
after 10+ hours (dashed curve).

similar to measurements performed on the sample with the
single Pd catalyst layer. The SLD profile of the as-prepared
sample (Fig. 4a) clearly indicates the structure as 5nm Pd,
5nm Ta, 50 nm Mg0Also, and 10 nm Ta on top of a Si(100)
substrate. This SLD profile is in accordance with expected SLD
values from bulk SLD values and deposition parameters.
Following the introduction of D, up to 6.5 mbar (Fig. 4b), it is
visible that both the top and bottom layers contain deuterium,
while the Mg;0Al3, phase has little, or no, deuterium. In that
respect, absorption in this sample seems to follow the same
early filling steps as observed in the Pd-capped sample,
however, the subsequent deuterium absorption of the
Mg0Alsp phase (Fig. 4c) occurs at a much lower pressure,
about ~140 mbar. Also, at this pressure, the deuterium
concentration profile in the Mg;oAlso layer exhibits a signifi-
cant gradient as illustrated by a varying SLD profile (Fig. 4c) in
the film, corresponding to D/M = 1.27 at the top Ta layer to 0.73
at the bottom Ta layer (Fig. 5). This gradient may be due, in
part, to the low applied pressure which results in a low driving
force for diffusion through the Mg;0Also layer. After several
hours at 140 mbar the SLD profile shows a reduced gradient
with an average SLD of about 5.5 x 10~® A2 in the MgoAlso,
corresponding to D/M=1.35. Also, the thickness of the
Mg;0Als, from the as-prepared material to the final absorp-
tion, expanded by ~23%, a value comparable to that observed
in the Pd-capped film. The SLD of the top Pd and Ta layers are
47x10°A2 and 6.1x10°A2 respectively, while the
bottom Ta layer has a reduced SLD (compared to the catalyst
layer) of 4.7 x 10~% A2, corresponding to D/M = 0.2, 0.6, and 0.2
in the top Pd, Ta, and bottom Ta layer, respectively.

4, Discussion

The present observation of the early stages of deuterium
absorption in the films illustrates that the absorption

mechanism of deuterium involves the absorption in the top
and bottom layers, followed by absorption in the MgsoAlsg
layer. The early presence of D throughout the film in these
conditions evidences the occurrence of a spillover mechanism
associated with a significant lowering of dissociation and
diffusion barriers due to the catalyst layers [9]. Therefore,
our measurements confirm that the dissociation barrier of D,
on Pd is essentially negligible [21] and the diffusion is fast
through Pd and Mg layers on the nanometer scale [22]. On the
other hand, the late formation of MgD, is surprising since it
is much more thermodynamically favorable compared to Pd
and Ta hydrides, i.e., the enthalpies of formation for these
hydrides are AHyg=—75kJ/mol [23], AHpg=—35kJ/mol [24]
and AHr, =—70k]J/mol [25]. In fact, from these equilibrium
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Fig. 4 — Reflectivity curve of Si/Ta/Mg;¢Al;o/Ta/Pd: (a) as
prepared, (b) at a 6.5 mbar deuterium pressure for 1 h, (c) at
a deuterium pressure of 140 mbar after 1 h, (d) at

a deuterium pressure of 140 mbar at saturation after 10+
hours. The open circles represent the measured data with
errors always smaller than the circles, the solid lines
represent a fit as described in the text.
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Fig. 5 — Overview of the deuterium concentration profile in
D/M during the different deuterium absorption stages in Si/
Ta/Mg;0Al3¢/Ta/Pd: at a 6.5 mbar deuterium pressure for
1h (dotted curve); at a deuterium pressure of 140 mbar for

1h (solid curve); at saturation after 10+ hours at 140 mbar
(dashed curve).

thermodynamics considerations, it appears that the initial
pressure is sufficiently high for the formation of MgD,, i.e., the
plateau pressure for bulk Mg is 1 x 107> mbar. This leaves the
deuterium absorption hindered mainly by a phase trans-
formation (Mg to MgH,) nucleation barrier. The latter may
include a volume expansion barrier, as well as a phase inter-
face barrier [3]. In the present case, the volume expansion
work required to form the new phase might represent the
main contribution. This is supported by a large ~23%
expansion of the Mg;0Als, layer observed upon absorption,
a value much larger than those of the easily deuterated Pd and
Ta layers. The latter expand by about 2% and 6%, respectively.
The reduced pressure used to absorb deuterium into Mg;oAl3o/
Ta/Pd may be due to a better elastic disconnection [26]
between the Mg;,0Alyy and the Ta/Pd bilayer leading to
a reduction of the nucleation barrier. This better elastic
disconnection cannot be attributed to less interdiffusion of
the Mgy0Al30/Ta compared to Mg,0Al/Pd because our
samples clearly show sharp Mg;0Al0/Ta and MgyoAlso/Pd
interfaces with an rms roughness of about 0.5 nm, as deduced
from the NR curves shown in Figs. 2a and 4a. Moreover, it
should be noted that the reduced required pressure to
deuterate the Mg0Al30/Ta/Pd film cannot be associated with
thermodynamic changes due to different compositions and
structure as the starting SLD (composition) and thicknesses of
the Mg;0Also layers in each case are similar.

The observed large deuterium concentration gradientin the
Mg;0Als films during the absorption process (see Fig. 4c) might
be due to the MgD, acting as a diffusion barrier at this low
pressure (1 bar) and room temperature. In our previous studies
on Mg;oAlsg films [12,13] we charged the samples at 40 bar and
125°C and always observed a homogeneous hydrogen
concentration. The remaining small MgD, gradient at satura-
tion might be due to a preferred segregation of MgD, at one
interface as was observed earlier in Mg;oAlso films [27]. The
measured D/M ratio of 1.35 at saturation in the Mg;oAl;o layeris

a little bit higher than previously determined on similar
Mg;oAls films [12,13] because the experiments reported here
were done in situ in D, atmosphere, whereas the previous NR
experiments had been performed in an Ar atmosphere after an
ex situ hydrogen absorption. A slight hydrogen desorption at
room temperature [12] is the cause for the smaller hydrogen
content in these ex situ charged samples.

The deuterium concentration in the Pd (D/M = 0.4) and Ta
(D/M =0.2) layer at saturation is lower than values for bulk
hydrides (H/M =0.7—0.8). This is in agreement with the Pd
thickness dependence of the thermodynamic properties as
determined by electrochemical measurements [28] which
show a narrowing of the miscibility gap for decreasing Pd film
thickness. The same narrowing of the miscibility gap,
accompanied by a reduced hydrogen storage capacity was
observed in Pd nano-particles with 8—12 nm grain size [29].

From the SLD curves we can deduce the existence of
a region (2—4 nm) devoid of deuterium at the Mg;oAl30/Pd and
Mg;0Alyo/Ta interfaces. The presence of such a hydrogen
depletion zone is consistent with previous investigations of
a Ti/Mg/Pd stack by Baldi et al. [26,30] who found that an
approximate 6 nm of the Mg layer did not hydrogenate and
assumed that it is due to Mg—Pd alloying. As mentioned
above, the present samples clearly show sharp interfaces (see
Figs. 2a and 4a), as well as consistency in the shape and
thickness of the Pd and Ta layers upon deuterium absorption.
Therefore, we can conclude alloying is not the cause of the
observed depletion zones in our samples. In a previous NR
study we clearly showed that Mg—Pd interdiffusion occurs in
MgAl thin films, but only at elevated temperatures (~200 °C)
[31]. Therefore, the observed interfacial regions devoid of
deuterium are likely due to elastic constraints between layers
hindering Mg expansion and resulting in a higher required
absorption pressure in that region [32,33].

5. Conclusions

In conclusion, the present study provides new insights into
the early stages of hydrogen absorption mechanism in nano-
scale films at room temperature. In particular these
measurements suggest that hydrogenation of Mg;cAls, thin
films with different catalyst layers can occur through a two-
step mechanism. One of the mechanisms likely mirrors the
peculiarity of the interfaces in which elastic constraints at the
interfaces may affect the nucleation barrier for the formation
of hydrides. The addition of a Ta layer in the top catalyst was
found to improve the sorption kinetics significantly, leading to
a reduction of the required D, pressure by a factor 10 without
significantly reducing the hydrogen storage capacity.
Furthermore, it was observed that non-absorbing regions
developed between the catalyst (either Pd or Ta/Pd catalyst)
and the Mg;oAl; layer. These regions are attributed to inter-
facial stress, as alloy formation is not consistent with the
observed results. Finally, the deuterium absorption in the
Mg;0Also phase reaches D/M = 1.35 or the equivalent of about
5 wt.% H, a considerable value under the mild present condi-
tions. These findings clearly illustrate the absorption process
and a degree of optimization that can be achieved with
a nanoscale model system under highly controlled conditions.
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