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a b s t r a c t

We present a neutron reflectometry study of deuterium absorption in thin films of Al-containing Mg
alloys capped with a Ta/Pd, Ni/Pd and Ti/Pd-catalyst bilayer. The measurements were performed at room
vailable online 24 February 2011

eywords:
hin films

temperature over the 0–1 bar pressure range under quasi-equilibrium conditions. The modeling of the
measurements provided a nanoscale representation of the deuterium profile in the layers at different
stages of the absorption process. The absorption mechanism observed was found to involve spillover
of atomic deuterium from the catalyst layer to the Mg alloy phase, followed by the deuteration of the
Mg alloy. Complete deuteration of the Mg alloy occurs in a pressure range between 100 and 500 mbar,

f bilay
sity a
etal hydrides
eutron reflectometry
atalysts

dependent on the type o
terms of both storage den

. Introduction

Hydrogen-powered vehicles are foreseen as the ultimate
olution to mitigate environmental impacts associated with trans-
ortation needs. Their practicality, however, depends on the
evelopment of a high capacity hydrogen storage system that can
e charged quickly and efficiently at moderate pressures and tem-
eratures (P,T). A hydrogen fuel-cell vehicle meeting these criteria
ould offer the advantages of electrical propulsion, while reaching
anges and refueling times comparable to gasoline vehicles. As part
f the ongoing research on solid state hydrogen storage, absorption
n Mg alloys have attracted a lot of interest. Mg offers high gravimet-
ic and volumetric hydrogen densities, as well as a low cost due to
ts abundance. One of the main issues with Mg is the high operating
emperatures (∼300 ◦C) required for fast kinetics during absorp-
ion and desorption [1]. Therefore, recent efforts have focused on

he addition of catalysts, formation of nanocrystalline phases (e.g.
y ball-milling), and destabilization agents in order to improve the
inetics, and possibly the thermodynamics of hydrogen absorption
2–4]. The effectiveness of these approaches can be better assessed
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er catalyst. The use of a Ti/Pd bilayer catalyst yielded the best results in
nd kinetic properties.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

when a detailed nanoscale representation of the system is available.
In that respect, thin Mg films constitute very interesting model sys-
tems to study fundamentals of absorption and catalysis as they can
be synthesized with nanoscale layers of specific composition and
dimension. Their synthesis, under well-controlled conditions, also
minimizes detrimental contamination and surface oxidation.

It is well-known that a Pd layer improves the kinetics of hydro-
gen absorption in many metals [5–8] including thin MgAl films [9].
The Pd layer prevents the formation of an oxide layer, and is likely
to lower hydrogen dissociation and diffusion barriers prompting
atomic hydrogen spillover into the bulk hydrogen absorbing phase
[10]. Improvement is achieved through a two-step mechanism
involving absorption in the Pd layer and subsequent spillover in
the main phase. This mechanism was evidenced by neutron reflec-
tometry (NR) measurements on catalyzed Mg70Al30 thin films at
room temperature and low pressure (<1.3 bar) [11]. The same NR
experiments also revealed depletion zones near the Mg70Al30 inter-
faces, which were attributed to the elastic connection between
the Mg alloy and adjacent layers. Deuterium concentration up to
5 wt.% was found in the Mg70Al30 layer, a significant value under
these very mild conditions. At elevated temperatures Pd tends to
form an alloy with the underlying Mg phase that hinders or pre-

vents further hydrogen absorption. In order to reduce Pd alloying,
the introduction of Fe, Ti or Ta interlayer underneath the Pd cap
to form a bilayer catalyst has been considered [12–14]. Interest-
ingly, the use of 5 nm Ta/5 nm Pd bilayer catalyst was also found
to decrease the desorption temperature [14], and to improve the

hts reserved.

dx.doi.org/10.1016/j.jallcom.2011.02.111
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. Schematic of a film’s structure; the symbol M in the top bilayer stands for Ta,
i or Ti.

bsorption rate at low pressures [11]. The improved kinetics at low
ressure was attributed to a reduction of the nucleation barrier for
he deuteration of the Mg alloy layer [11]. Similarly, the addition of

etal interlayer was found to improve to various degrees the cycla-
ility [13], and the kinetics [13,15]. The kinetics, in particular, was
lso found to depend on the enthalpy of solution (or formation) and
hickness of the metallic interlayer, as found on interlayers exceed-
ng 30 nm [15]. It should be pointed out that the use of a bilayer
atalyst will affect the gravimetric storage capacity and materials
osts as well. In this context, it appears important to get a better
nderstanding of the mechanism by which minimal (5 nm M/5 nm
d) bilayer catalysts involving different metals (M) could influence
bsorption properties.

In this report, we present NR measurements made on catalyzed
g70Al30 thin films absorbing deuterium under quasi-equilibrium

onditions. The measurements were performed in situ, at room
emperature and over a 0–1 bar D2 pressure range. NR is a pow-
rful tool to determine the deuterium concentration profiles in
he various layers with nanometer resolution [14,16,17]. The NR
xperiments were conducted on Mg70Al30 alloy films with catalyst
ilayers containing M = Ta, Ni and Ti in order to investigate specif-

cally the effect of these metals. A composition of 70 at.% Mg and
0 at.% Al was used as it was previously found to be optimal with
espect to both capacity and kinetics [16,17]. Aluminum may also
educe the stability of the hydride, leading to improved dehydro-
enation conditions [18,19]. We used X-ray reflectometry (XRR) to
erify the film structure following the in situ NR measurements.
RR is a valuable complementary technique as it is not sensitive to
euterium and therefore provides information on the position of
he metal atoms, i.e. metal interdiffusion.

. Experimental

.1. Sample preparation

The thin film samples used in this study were fabricated by co-sputtering onto a
1 0 0) silicon wafer in a confocal sputtering chamber (Orion 5 instrument from AJA
nternational) operating at an Ar (purity 99.999% pure) pressure of 5 × 10−3 mbar,

hich had been previously evacuated to a pressure less than 3 × 10−8 mbar. The
xide was removed in situ by reverse etching the native oxide prior to film deposi-
ions. First a 10 nm Ta layer was deposited onto the wafer and, without interruption,
50 nm Mg70Al30 layer was co-sputtered followed by 5 nm Ta (or Ni, Ti) and a 5 nm
d top layer. The film structure is represented in Fig. 1.
.2. In situ neutron reflectometry

The NR experiments were performed on the V6 horizontal reflectometer at the
elmholtz Zentrum, Berlin. This instrument is operated using a 0.466 nm neutron
avelength. The instrument involves an aluminum sample cell, allowing for in situ
mpounds 509 (2011) 5466–5471 5467

gas absorption measurements. The measurements were performed at room tem-
perature, from a deuterium pressure of 1 mbar up to 1 bar, using ultra high purity
deuterium (99.999%). Absorption under these mild conditions is relatively slow,
allowing for quasi-equilibrium absorption measurements. Consequently, such NR
experiments uniquely capture the evolution of the deuterium concentration profile
during the absorption process, allowing for a detailed, i.e. nanoscale, representation
of the absorption mechanism. This hydrogen profiling is usually not possible with
other techniques, either at high temperature and/or on powder samples.

The NR reflectivity curves were measured in a specular configuration, i.e. with
the interface of the films perpendicular to the scattering vector qz . In this configura-
tion, the neutron interaction with the films is reduced to a one-dimensional problem
that can be described with a neutron index of refraction n analogous to optical reflec-
tivity. The value of n depends on the strength of the interaction of neutrons with
specific isotopes in the films and is given by [20]:

n =
√

1 − �2

�
Njbj (1)

where � is the neutron wavelength, Nj is the number density, bj is the coherent
nuclear scattering length, and the product Njbj = S is the scattering length density
(SLD) in layer j. The SLD depends on the elements and their isotopes present in the
sample. Deuterium is used because of its large coherent scattering length, which
leads to a significant increase in the layers’ SLD upon absorption. The measured
reflectometry curves were analyzed using the Motofit software involving genetic
optimization with least square [21,22]. The analysis was performed using slab mod-
els, containing four to seven layers. The measured data were fitted by the models
by varying the SLD, layer thickness, and interface roughness of each individual layer
j. Total neutron reflection occurs up to a critical angle, or scattering vector qc . The
latter depends on the average scattering length density S of the materials such as
[20]:

qc = 4�

�
sin �c = 4

√
�S (2)

This implies the critical edge angle increases as a result of deuterium absorp-
tion. Corresponding displacements of qc were measured in short scans to quickly
estimate the average amount of deuterium absorbed and identify quasi-equilibrium
conditions. Typically, measurements over the q = 0 − 0.5 nm−1 range were assumed
in quasi-equilibrium when the critical edge, or the full NR curve, showed no major
changes over a 1–2 h measurement period. Some measurements not satisfying this
condition could not be fitted and were discarded. The deuterium content in each
layer can be estimated from the scattering length density using the expression [6]:

CD ∼=
[

SM+D

SM(p=0)

tM+D

tM
− 1

]
bM

bD
(3)

where SM+D is the scattering length density of the deuterium-charged layer, SM(p=0)

is the scattering length density of the layer in absence of deuterium, tM+D and tM are
the corresponding thicknesses, and bM and bD are the scattering length of the metal
and deuterium respectively.

2.3. X-ray measurements

X-ray reflectometry and diffraction measurements were also performed to con-
firm the structure and composition of the samples. These measurements were
performed about 60 days following the NR measurements and hence, give some
information on the stability of the absorbed phases. The measurements were made
with a commercial Rigaku Ultima III X-ray diffractometer used in a high resolution
configuration with the Cu K�1 wavelength of 0.15406 nm.

3. Results

3.1. Neutron reflectometry

3.1.1. Mg70Al30/Ta/Pd
Neutron reflectivity curves and SLD profiles on the

Mg70Al30/Ta/Pd sample are shown in Fig. 2. The correspond-
ing SLD profiles, i.e. the SLD as a function of the direction z parallel
to the surface normal of the film, are displayed in the insets. These
insets provide a real space representation of the film. Fig. 2a refers
to the as-prepared sample, as measured in air. The curve exhibits
the characteristic Kiessig fringes associated with multiple reflec-
tions [23]. It was successfully fit using a four layers model. The

scattering length density and the thickness of the Mg70Al30 phase
are 2.2 × 10−4 nm−2 and 54 nm, respectively. The SLD corresponds
to the value calculated from tabulated data (2.2 × 10−4 nm−2)
and the measured thickness is within 10% of the expected value
(∼50 nm). Following this measurement, deuterium was slowly
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over the 20–50 mbar range (Fig. 5b and c), the sample absorbs deu-
terium mainly in the top Pd layer, as well as in the bottom Ta layer
to a smaller extent. Negligible amounts of deuterium are found in
the main Mg70Al30 phase at this point. Significant absorption in the
Mg70Al30 layer is observable at 500 mbar (Fig. 5d). At this pressure,
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ig. 2. Neutron reflectivity curves and corresponding SLD profiles on the
a/Mg70Al30/Ta/Pd sample: (a) as prepared, and at D2 pressures of: (b) 20 mbar,
c) 50 mbar, and (d) 100 mbar.

ntroduced into the sample cell and measurements were per-
ormed at different pressures. Fig. 2b represents the reflectivity
urve measured at a D2 pressure of 20 mbar. The SLD profile shows
n increase of the SLD for both, the top and bottom layers, while
he SLD of the Mg70Al30 layer remains essentially unchanged. From
hat we can conclude that both, the top and bottom layers, contain
euterium, while the Mg70Al30 phase contains virtually none.
urther increase in the D2 pressure up to 50 mbar (Fig. 2c) resulted
n some deuterium absorption in the Mg70Al30 phase. The latter
xhibits a deuterium concentration gradient as illustrated by the
arying SLD profile in this layer over the ∼10–20 nm range. Note
hat a fifth layer had to be introduced within the Mg70Al30 phase to
t the NR curve at this point. As will be shown later, such gradient

s not due to changes in the Mg70Al30/Ta/Pd layer structure, but
ost likely results from the slow evolution of the deuterium

oncentration under these very mild (P,T) conditions. The average
LD in the Mg70Al30 phase is 2.6 × 10−4 nm−2, and the corre-
ponding deuterium-to-metal ratio, as calculated using Eq. (3), is
/M = 0.09. At a pressure of 100 mbar (Fig. 2d) dramatic changes
re apparent in both, the reflectivity curve and the SLD profile
hich reveal the quasi saturation of the main Mg70Al30 phase.

he SLD profile in the Mg70Al30 layer also shows, at 100 mbar, a
educed gradient with an average value of about 5.3 × 10−4 nm−2,

hich corresponds to D/M = 1.26. The sample absorbs most of the
euterium (∼90% of the maximum value) at this pressure within
bout 7.5 h, as revealed by the evolution of the critical edge shown
n Fig. 3. Further increases over the 500–1000 mbar range lead to
Fig. 3. Neutron reflectivity curves measured on Ta/Mg70Al30/Ta/Pd showing the evo-
lution of the critical edge region at 100 mbar. The sample absorbed most of the
deuterium after about 7.5 h as shown in the inset.

incremental changes in both, the SLDs and thickness of the layers
(not shown) indicating the sample was already close to saturation.
Near saturation (Fig. 2d), the reflectivity curve was fit with a seven
layers model involving small gaps of about 1–2 nm on each side
of the Mg70Al30 phase. These two gaps, which will be discussed
later, had to be introduced in the model at this point; otherwise
the measured curves could not be fit correctly as shown in Fig. 4.
The Mg70Al30 layer ultimately reaches an average SLD of about
5.55 × 10−4 nm−2, and at a thickness of about 67 nm revealing a
23% expansion. The corresponding deuterium absorption in the
Mg70Al30 phase reaches a ratio of D/M = 1.3, or the equivalent of
5 wt.%. This value is about 20% higher than the 4.1 wt.%, reported
previously [17], a likely result of the in situ approach, which
prevents partial desorption of deuterium in air.

3.1.2. Mg70Al30/Ni/Pd
Reflectivity curves and SLD profiles of the Mg70Al30/Ni/Pd sam-

ple are presented in Fig. 5 for various D2 pressures. Fig. 5a shows
the reflectivity curves as well as the corresponding SLD for the as-
prepared sample. As for the previous sample, SLD values were found
in agreement with expected ones from tabulated data. The high
SLD observable around 5 nm is due to the presence of Ni, which has
a large coherent scattering length. Following deuterium exposure
q (nm )

Fig. 4. Neutron reflectivity curve on Ta/Mg70Al30/Ta/Pd sample at 100 mbar fitted
with a 5 layers model (with no gaps). This shows that this model could not fit the
experimental data near saturation.
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ig. 5. Neutron reflectivity curves and corresponding SLD profiles of the
a/Mg70Al30/Ni/Pd sample: (a) as prepared, and at D2 pressures of: (b) 20 mbar,
c) 50 mbar, and (d) 500 mbar.

he SLD in the hydrogen containing Mg70Al30 phase reaches about
.3 × 10−4 nm−2 or D/M = 1.3 and the whole layer has expanded by
bout 21%, i.e. from 52 nm (as-prepared) to 63 nm. The kinetics is
elatively fast at 500 mbar, with most of the deuterium absorbed
fter about 1 h. The absorption process is accompanied by devoid
aps of about 2 nm on both sides of the Mg70Al30 layer, as noted
n the previous sample. Further increase of the D2 pressure up to
bar did not lead to any further increase of the hydrogen content in

he film. It could be emphasized that, in contrast to the previous Ta
atalyst layer, the Ni catalyst layer did not absorb deuterium at any
tage during the experiment, in accordance with reported bulk Ni
ydrogen absorption properties under the current (P,T) conditions
24].

.1.3. Mg70Al30/Ti/Pd
Reflectivity curves and SLD profiles of the Mg70Al30/Ti/Pd sam-

le are presented in Fig. 6 for increasing D2 pressures. Fig. 6a shows
he results obtained on the as-prepared Mg70Al30/Ti/Pd sample.
he SLD values were found, as for the previous samples, in agree-
ent with expected ones from tabulated data. The dip in the SLD

rofile observable around 5 nm is due to the negative coherent
cattering length of titanium. Following deuterium introduction

ver the 1–20 mbar range (Fig. 6b and c), the sample absorbs
euterium mainly in the top Ti/Pd bilayer. The Ti layer, in partic-
lar, absorbs visibly significant amounts of deuterium in this low
ressure range, with a SLD increasing from −1.9 × 10−4 nm−2 to
.9 × 10−4 nm−2. The latter value corresponds to a deuterium to
Fig. 6. Neutron reflectivity curves and corresponding SLD profiles on the
Ta/Mg70Al30/Ti/Pd sample: (a) as prepared, and at D2 pressures of: (b) 1 mbar, (c)
20 mbar, and (d) 100 mbar.

metal ratio D/M = 1.8, which is very close to the stochiometric ratio
for titanium hydride (H/M = 1.97) [25]. Such rapid absorption in
the Ti layer is consistent with other observations.15 The high affin-
ity of Ti for hydrogen/deuterium possibly explains this important
absorption at such low pressure; Ti has an enthalpy of formation
of �fH = −164 kJ/mol, more than twice that of Mg (−74.5 kJ/mol)
[25]. Small but observable amounts of deuterium are also found in
the main Mg70Al30 phase with an SLD of about 2.5 × 10−4 nm−2 or
D/M ≈ 0.1. Significant absorption is observed in the Mg70Al30 layer
around 100 mbar (Fig. 6d) where the SLD reaches 5.3 × 10−4 nm−2

or D/M = 1.3. This ratio is reached after about 7.5 h at this pressure, a
time comparable to the Ta/Pd-catalyzed material at the same pres-
sure. Further increase of the pressure lead to incremental changes
in the SLD, the latter ultimately reaches about 5.5 × 10−4 nm−2

or D/M = 1.32 at 1 bar. The whole Mg70Al30 layer has ultimately
expanded by about 23%, i.e. from 54 nm (as-prepared) to 66 nm.
Gaps devoid of deuterium of about 2 nm are observable on each
side of the Mg70Al30 layer.

3.1.4. Mg70Al30/Ta/Ni
The influence of the top catalyst layer was also investigated on

another sample in which Ni was used as the top layer catalyst, i.e. a

Ta/Mg70Al30 sample capped with a Ta/Ni top bilayer. The resulting
NR curve and SLD profile are shown in Fig. 7. In this case, the D2
pressure was increased up to 8 bar at room temperature. The result-
ing curves were found to be exactly the same as the as-prepared
material, showing that no deuterium was absorbed in this sample.
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his result obtained using a Ta/Ni bilayer only confirms the effec-
iveness of Pd as a dissociation catalyst on the previous samples.

.2. X-ray reflectometry

XRR measurements were performed on the same deuterium-
xposed films used in the previous NR measurements. The XRR
easurements were performed about 2 months after the NR exper-

ments. Fig. 8a and b shows the XRR curves for the Ta/Pd and
i/Pd-catalyzed materials, and the corresponding SLD profiles as
odeled using four layers slab models. The simple model was found

o fit the measured reflectivity curves well. The deduced Mg70Al30
ayer thicknesses, in the 60–62.5 nm range, are the same as the
nes obtained from NR measurements confirming the large expan-
ion of this layer upon deuterium absorption. In contrast to NR,
he XRR measurements do not show gaps in the SLD profile at the

g Al interfaces. As hydrogen and deuterium are nearly invis-
70 30
ble for X-rays because of their low scattering lengths, these XRR

easurements confirm that the metal interfaces are still intact after
he deuterium absorption and that no metal interdiffusion is taking
lace. Hence, from this perspective, the devoid gaps and the con-
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centration gradients observed in the previous neutron SLD profiles
are only due to changes, in time, of the deuterium distribution in
the films.

3.3. X-ray diffraction (XRD)

From XRD measurements, we were able to detect the ˛-MgD2
(1 1 0) peak at 2� = 27.9◦ in the sample with the Ni/Pd catalyst, the
other samples did not show any hydride peaks. That means that
the samples with the Ta/Pd and Ti/Pd bilayer desorbed over the 2
months at room temperature.

4. Discussion

The present observations show that the absorption mechanism
involves first the absorption of deuterium in the catalyst layers,
followed by the absorption in the main Mg70Al30 layer. Some
deuterium observed early in the bottom Ta layer reveals atomic
deuterium has been transported through the Mg alloy phase with-
out accumulating in it. These observations are consistent with a
reduction of the dissociation barriers due to the bilayer catalysts,
and suggest a spillover mechanism. The Mg70Al30 phase on all three
samples consistently absorbed up to D/M values between ∼1.30 and
1.35. From a stoichiometric standpoint, such uptakes are compat-
ible with the formation of a MgD2 phase, considering the 70% Mg
content of the alloy. The slow formation of this phase in all cases
suggests a significant nucleation barrier for the formation of MgD2.
In fact, the Mg70Al30 layers on the different samples have expanded
by up to 23% after saturation, implying a considerable work asso-
ciated with deuteride formation. Near saturation, it was found that
the usual four (or five) layer model could not fit the experimental
data, and that gaps in the SLD profiles at the Mg70Al30 interfaces
had to be introduced to get a good fit. The presence of these gaps,
which extend within the 1–2.5 nm range, indicates the presence
of poorly or non-absorbing metallic phases. Compressive stress at
the interface, known to be detrimental to hydrogen solubility [26],
may prevent the formation of MgD2 in these regions. It should be
noted that these gaps were not visible using the XRR, supporting the
assumption that they truly result from a deuterium depletion only
revealed by neutrons. The presence of such gaps is qualitatively
consistent with observations made by another team on comparable
samples [27].

A comparison of the absorption pressures on the different sam-
ples shows that the Ta- and Ti-catalyzed films behave similarly as
they both absorb most of the deuterium at the lowest pressures
(p ∼= 100 mbar), and with similar kinetics. These two metals, which
are poorly miscible in Mg, may offer elastically disconnected inter-
faces favoring the formation of MgD2 [27]. The easy deuteration
of the Ti layer at low pressures is consistent with a high affinity
for deuterium. In contrast, exposure of the Ni-catalyzed sample to
100 mbar D2 did not lead to observable deuteration, revealing much
slower kinetics at this pressure comparatively to the other sam-
ples. As mentioned previously, this sample required p ∼= 500 mbar
to fully absorb. It could be noted that Ni alloys easily with Mg and
that may be at the origin of elastic constraints potentially detri-
mental to the formation of MgD2 at interfaces [27]. On the other
hand, XRD measurements showed that the Ni-containing sample,
unlike the other samples, still had deuterium absorbed in it more
than 60 days after the in situ experiments. These results suggest Ni
may act like a diffusion barrier to both absorption and desorption in

the present sample, implying a symmetry in the two mechanisms.
These results somewhat contrast with some findings by Pasturel
et al. [15] from which no significant differences in the hydrogena-
tion time can be extrapolated for very small interlayers made of
different metals. But then again, the present results are consistent



nd Co

w
l
a
w
t

5

w
r
a
a
l
o
m
m
c
p
p
m
t
m
t
o
a
i
b

R

[

[

[

[

[

[

[

[

[
[

[
[
[
[
[

E. Poirier et al. / Journal of Alloys a

ith the longer dehydrogenation times obtained using a Ni inter-
ayer [15]. It is interesting to note that all the current samples have
bsorbed at much lower pressure than a Mg70Al30 sample catalyzed
ith a single (10 nm) Pd layer, which required a pressure of ∼1.3 bar

o fully absorb deuterium at room temperature [11].

. Conclusions

The absorption mechanism on Mg70Al30 thin films catalyzed
ith different metal bilayers was investigated using neutron

eflectometry. The presented experiments clearly evidenced, in
nanoscale representation, a two-steps mechanism involving

bsorption in the catalyst followed by spillover in the Mg70Al30
ayer and subsequent formation of MgD2. Such mechanism was
bserved independently of the type of bilayer used, but the for-
ation of MgD2 occurred at different pressures dependent on the
etal catalyst used. With respect to a single layer Pd catalyst, the

urrent bilayer catalysts can help improve the hydrogen absorption
roperties of such films while reducing by half the Pd content. In
articular, it was found that the Ti/Pd catalyzed material offers the
ilder absorption conditions, i.e. saturation at 100 mbar at room

emperature, and an improved total hydrogen uptake. Finally, the
easurements have revealed the presence of gaps devoid of deu-

erium at Mg70Al30 interfaces near saturation, a possible result
f compressive stress at the same interfaces. In future works,
bsorption and desorption properties on these materials will be
nvestigated at higher temperatures, where usable pressures can
e obtained and thermodynamics can be investigated.
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