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bstract

We have studied the hydrogenation/dehydrogenation behaviour of multilayered stacks of Pd/Mg/Pd and Pd–Fe(Ti)–Mg–Al–Mg–Fe(Ti)–Pd
rown by electron beam physical vapour deposition. The palladium coating was deposited at both sides of the structure to ensure a fast dis-
ociation rate and good transport properties for hydrogen as well as to avoid oxidation of magnesium either from atmosphere as from the
ubstrate surface. Fe and Ti layers were included in the stack composition in order to assess their possible catalyst effect as well as to prevent
he formation of MgxPdy intermetallics during the thermal treatments. We have studied the structure evolution after thermal treatments as well
s after the hydrogenation and dehydrogenation processes using XRD. We have also followed the reactions kinetics by resistometry and dif-
erential scanning calorimetry. The nanostructured Mg films have been hydrogenated at temperature as low as 50 ◦C in few minutes. Adding

luminium to magnesium has improved its hydrogenation capacity. We have also observed that the formation of an MgxAly intermetallic before
ydrogenation improves the storage capacity. We have confirmed that titanium is a better catalyst for the hydrogenation/dehydrogenation of the
g films.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Metal hydrides represent a promising way of storing hydro-
en but major drawbacks due to poor gravimetric efficiency have
o be overcome. Among possible candidates, magnesium and

agnesium-based alloys are one of the most attractive materials
ecause of their high hydrogen storage capacity (7.6 wt.% for
gH2), low density and low cost. However, the high enthalpy

f formation of MgH2, responsible for the high-temperature of
ydrogen release (552 K at 1 bar), as well as the slow hydriding
nd dehydriding kinetics difficult its application into real sys-
ems [1,2]. A possible solution could come from adding light

etal, such as Al or other light group elements. According to
uo and co-workers [3,4] addition of Al to MgH2 reduces the

tability of the hydride leading to an improvement in the dehy-

� This paper was presented at the 2nd National Congress on Fuel Cells,
ONAPPICE 2006, Madrid, Spain, 18–20 October 2006.
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rogenation conditions. Moreover, it has also been reported that
ixing magnesium with minor amounts of catalytic transition

lements, such as Ti or Fe, effectively improves the hydriding
nd dehydriding kinetics of magnesium at high temperatures [4].
esides, the addition of light elements may also lead to the for-
ation of complex hydrides, such as Mg(AlH4)2 with 9.3 wt.%

ydrogen storage capacity [5–10].
This paper focuses on the hydrogenation and dehydro-

enation behaviour of magnesium and magnesium/aluminium
hin films prepared by electron beam evaporation. Thin film
reparation would lead to an enhanced control of materials sto-
chiometry, structural order and grain size. Furthermore, glassy
etastable phases with unknown hydrogenation behaviour may

e encountered during growth or upon annealing treatments
n H2 atmosphere. In addition, in those systems hydrogena-
ion/dehydrogenation is not kinetically limited lowering the

de)hydrogenation reaction temperatures. X-ray diffraction, dif-
erential scanning calorimetry, resistivity and scanning electron
icroscopy have been used to characterize the structural evolu-

ion of the samples before and after the hydrogenation processes

mailto:javirod@vega.uab.es
dx.doi.org/10.1016/j.jpowsour.2007.01.049
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or different aluminium to magnesium ratios. The influence of
revious thermal treatments as well as the catalysing effect of
e and Ti is also described.

. Experimental

The films were prepared in a Leybold UNIVEX 450 e-
eam evaporation set-up at room temperature on both bare
nd photoresist-coated silicon wafers at room temperature. The
vaporation parameters were optimised individually to con-
rol the growth rate of the different metals using a quartz

icrobalance located inside the deposition chamber. Values
etween 0.1–0.2 nm s−1 were used for all the components. When
luminium is added to magnesium, Mg/Al/Mg stacks were sand-
iched between Pd/Fe or Ti bilayers at both faces forming a
ultilayered system: Pd/Fe–Ti/(Mg/Al/Mg)/Fe–Ti/Pd, in order

o ensure the correct intimacy of the elements. The Palladium
oating of 10 nm was deposited to warrant a fast dissociation
ate and good transport properties for hydrogen as well as to
void oxidation of magnesium either from atmosphere as from
he substrate surface. The Fe or Ti layers were deposited in order
o assess their possible effect as catalysts of the reaction as well
s to prevent the formation of MgxPdy intermetallics during the
hermal treatments.

Hydrogenation was typically carried out on as-deposited
amples at 150 ◦C and 1 bar of hydrogen pressure during 1 h.
reviously annealed samples were also hydrogenated under the
ame conditions to study the influence of MgxAly intermetallic
n the hydrogenation properties. Some samples have also been
ydrided in a 5% H2/argon mixture.

Differential scanning calorimetry was performed using a
erkin-Elmer DSC-7, with detection limit of 4 �W. Free-
tanding films, obtained by dissolving the photoresist resin in
cetone, were used to improve the DSC signal-to-noise ratio in
omparison with the films on substrates. In order to increase the
nalysed mass, trimmed portions of the samples were stacked
nto an aluminium pan for the measurements. For hydrogenation
rocesses realised at 1 bar, aluminium pans containing ∼1 mg
ample were heated up to the desired temperature and main-
ained at this temperature for one hour in a special chamber.
ubsequently, the aluminium pan was transferred to the DSC
pparatus where the dehydrogenation reactions were studied by
eating up the samples at 10 K min−1 under a purified flowing
r atmosphere. In some cases, in situ treatments and mea-

urements of hydrogenation/dehydrogenation in a 5% H2/Ar
tmosphere were also carried out in the DSC system. The
arge difference in thermal conductivity between the hydro-
en that is released in the sample cell with respect to the Ar
as in the reference cell difficults a quantitative determina-
ion of the enthalpy of hydrogen desorption. Complementary
our-point probe resistivity measurements were performed to
etect the resistivity changes expected from the formation or
ecomposition of hydride phases. Before those measurements

he chamber was purged three times with Nitrogen and evac-
ated to 10−3 Torr. A blank test on samples only heated in
acuum to 150 ◦C was conducted before each hydrogenation.
he morphology of the films was studied by scanning electron

c
t
t
i

ig. 1. XRD patterns of 300 nm thick Mg layers (a) as-prepared, (b) after hydro-
enation treatment at 150 ◦C during 4 h in 1.0 bar of pure H2 and (c) after
ehydrogenation process annealing up to 350 ◦C with a heating rate of 10 K/min.

icroscopy with a JEOL JSM-6300 microscope before and after
reatments.

. Results and discussion

.1. Pure Mg films

In order to study the hydrogenation of pure magnesium films
e prepare 50–300 nm thick films embedded in 10 nm of Pd onto

esin coated silicon substrates. Fig. 1 shows the XRD pattern of
he thin film sample in the as-deposited state (a), after hydro-
enation at 150 ◦C in pure H2 (b) and after a thermal treatment
p to 250 ◦C in Ar. In the as-deposited state only reflections cor-
esponding to the Mg and Pd were observed along with a small
ignal of the silicon substrate. We notice that only the 0 0 0 2
eflection of the Mg was observed confirming the 0 0 0 l preferred
rientation of the layers. Using the Scherrer formula we estimate
he grain size of our magnesium layers between 30 and 180 nm
or thinner and thicker films, respectively. Upon hydrogenation
eflections corresponding to MgH2 clearly appear but still some

g traces are detected. After the dehydrogenation process no
ignal of MgH2 was detected and large amount of Mg reappears
long with the Mg6Pd intermetallic that has been formed due to
he high temperature attained during the dehydrogenation pro-
ess. It is important to notice that the complete disappearance
f the Mg peak as a consequence of the H2 treatment is not a
uarantee of full theoretical hydrogenation (7.6 wt.% H2) as has
een already stated by other authors [11].

The electrical characterisation of magnesium samples was
erformed from room temperature to 150 ◦C in pure H2 atmo-
phere for hydrogenation (Fig. 2(a)) followed by a heating up
n vacuum for dehydrogenation (Fig. 2(b)). Upon exposure to
ydrogen the thin Mg film resistance increases sharply from val-
es as low as 50 ◦C. These changes in the electrical properties are
elated to a metallic to a semi-insulating state transition, which

orresponds to a phase change from Mg to MgH2. Dehydrogena-
ion was also tested under dynamic heating. On the contrary to
he former case, resistance decreases considerably upon heat-
ng. Fig. 2(b) shows that H2 desorption starts around 130 ◦C
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ig. 2. Resistivity measurement heating up the sample from room temperature
o 140 ◦C in (a) hydrogen atmosphere and (b) vacuum atmosphere.

nd evolves during the isothermal annealing at 140 ◦C reach-
ng similar resistance values as the as-deposited metallic sample
ithin 100 s. This is due to the removal of hydrogen from the
agnesium hydride phase formed during hydrogenation. The

ehydrogenation temperature was lowered to avoid the forma-
ion of Mg6Pd alloy. The enhanced kinetics, compared to bulk
amples [1], of the hydrogenation/dehydrogenation process is
elated to the nanocrystalline nature of the samples, i.e. diffusion
f H2 through MgH2 is not a rate limiting step. Nevertheless, we
ave to mention that no remarkable differences in the hydrogena-
ion/dehydrogenation temperatures were detected as a function
f grain size at least for the studied Mg film thicknesses.

In situ hydrogenation (heating to 160 ◦C in 5% H2/Ar) /dehy-
rogenation (heating to 210 ◦C in pure Ar) experiments were
lso performed within the DSC using samples detached from
he silicon substrate as described in Section 2. Fig. 3 shows the
esults after three consecutive dehydrogenation cycles. In the
hree cases, we can observe the endothermic reaction assigned
o the dehydrogenation process. The desorption temperature
lightly above 140 ◦C closely agrees with the value extracted
rom the resistivity measurements for samples hydrided in 1 atm
f pure H2. We can also observe that during cycling there is a
ecrease of the hydrogen content, as the area of the measured
eak is significantly reduced. This phenomenon could be due to
agnesium oxidation along the cracks formed during previous

ycling. The inset in Fig. 3 shows the DSC trace of a commercial

gH2 powder where the desorprtion at the same experimental

onditions started around 440 ◦C. The slower kinetics of dehy-
rogenation compared to the nanocrystalline thin films is clearly
dentified by the higher desorption temperature.

o
h
d
A

ig. 3. DSC traces showing the dehydrogenation behaviour of 300 nm thick Mg
ayers covered by 10 nm Pd during cycling. Inset shows the DSC dehydrogena-
ion curve of commercial MgH2.

.2. Mg–Al films

As we have seen in Fig. 1, some traces of Mg are still present
fter the hydrogenation process. In order to increase the perfor-
ance of the system and thus be able to hydride larger quantities

f magnesium we analyze the influence of aluminium in mag-
esium samples. As described in the introduction, aluminium
an also improve the thermodynamics of the desorption process
2,3].

Different Al/Mg ratio were studied by preparing multilay-
rs of Mg/Al/Mg varying the thickness of both aluminium and
agnesium layers. A poor magnesium sample (38.5 at%) was

repared by sandwiching 127 nm of aluminium between two
5 nm thick Mg layers, a 56 at% sample was prepared with
27 nm Al and two 115 nm Mg layers, and a rich magnesium
ayer was obtained with only 4 nm of aluminium separating two
15 nm magnesium layers. As-deposited samples, as well as
fter thermal treatments of hydrogenation and/or dehydrogena-
ion were characterized by XRD (Fig. 4). In the as-deposited
lms, only the reflections corresponding to the pure elements
ere detected. The Mg layer grows with a strong preferred ori-

ntation along the [0 0 0 2] direction as already mentioned. Ten
anometers of iron were added between Pd and Mg to avoid the
ossible formation of intermetallics. Because of the nanomet-
ic thickness of the palladium and iron layers the corresponding
RD peaks were rather wide.
After annealing at 150 ◦C in vacuum, the Mg2Al3

2θ = 36.37◦) was generally observed except in the 98% at sam-
le, where the ratio of aluminium was to poor to give rise to the
lloy formation. For the same reason in the 56% samples some
races of free magnesium are also detected. In the rich aluminium
amples, the Al 1 1 1 reflection completely vanishes after thermal
reatment. For the 98% Mg sample aluminium was not directly
dentified by XRD, but after the thermal treatment the Mg 0 0 0 2
eak shifted to higher angles probably because of the formation

f an (Al)Mg solid solution. Previously annealed samples were
ydrogenated in 1 bar H2 at 150 ◦C during 1 h. The XRD patterns
isplay some differences as a function of the aluminium content.
s expected the Mg2Al3 was converted into MgH2 and Al fol-
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Fig. 4. XRD pattern of Mg–Al samples varying the Al contain from 38, 56.4 and
98 at% Mg in the (a) as-deposited; (b) after thermal treatment at 250 ◦C during
1
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on the library. We have to notice that the Al 1 1 1 and Ti 1 1 0
peaks are superposed and very difficult to be distinguished. In
the thermal treated samples (b), the reflections assigned to Mg
and Al vanished and the reflections clearly assigned to Mg2Al3
h in vacuum; (c) b samples hydrogenated at 150 ◦C during 1 h in 1 bar of pure

2; (d) c samples dehydrogenated at 120 ◦C during 1 h in vacuum.

owing the reaction: Mg2Al3 + 2H2 � 2MgH2 + 3Al, and in
he 98 at%. Mg along with the MgH2 we still detected traces of
on hydrided Mg.

It is worth noting that if we compare samples with 38 and
6.4 with those with 98% at Mg, we can see the positive effect
f adding aluminium to magnesium. Specially, if we compare
6.4 with 98% samples, where the total magnesium thickness
as 250 nm in both cases, but separated by 127 or 4 nm of alu-
inium, respectively, we can see that in the first case magnesium

s completely hydrogenated. The aluminium layer seems thus to

ct as an activator for the hydrogenation reaction. On the con-
rary, we did not desorb hydrogen from the samples at 120 ◦C,
hich shows that the addition of aluminium did not significantly

mprove the desorption temperature compared to pure Mg films,
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ith a desorption temperature around 130–140 ◦C. These results
ill be further discussed below.
In order to still improve the stack composition we have

ested the influence of Ti on the hydrogenation/dehydrogenation
ehaviour of the Mg–Al samples. We prepared by e-beam mag-
esium and aluminium thin films with the following structure:
0 nm Pd/10 nm Fe or Ti/50 nm Mg/143 nm Al/50 nm Mg/10 nm
e or Ti/10 nm Pd. Those thickness were selected to prepare sam-
les with a composition around the 33% at of magnesium which
s close to Mg(AlH4)2 alanate. The as-prepared samples fol-
owed different treatments: hydrogenation in pure hydrogen and
n a 5% hydrogen–argon mixture. Even that in the former study
e have seen that the magnesium hydride could be formed from

he intermetallic MgxAly phase, the hydride peak intensities
ere rather weak, and it is expected that a direct hydrogenation
f the pure metals may result in an enhanced behaviour. XRD
as used to determine the structural evolution of the samples as

hown in Fig. 5.
In both cases as-deposited samples (a) only showed the reflec-

ions corresponding to the Mg, Al, Pd and Fe or Ti depending
ig. 5. XRD patterns of Mg–Al samples with 33 at% Mg adding Ti or Fe (a) in
he as-deposited state; (b) after thermal treatment 250 ◦C during 1 h in vacuum,
c) a samples hydrogenated at 150 ◦C during 1 h in 1 bar of pure H2; (d) a
amples hydrogenated at 150 ◦C in 5% H2–Ar mixture during 1 h; (e) c samples
ehydrogenated at 190 ◦C during 20 min in vacuum.
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Fig. 6. (a) Calorimetric traces of the dehydrogenation behaviour of Pd/Mg/Pd
and Pd/Fe/Mg–Al/Fe/Pd films (continous line) in Ar atmosphere and
(
P
s

a
t
r
I
r
c
s
t
t
t
r
t
c
M
r
s
a
s
H
a
d
n
b
F
a
M
l
p
M
c
c
w

t
P
h
s

l
t

h
i
s
h
s
t
s
t
1
a

a
s
T
d
t
a
o
t
w
t
h

doped hydrogenated sample confirmed the higher hydrogenation
of those films. It is well known that Mg tends to disintegrate due
to volume expansion upon hydrogenation. In the case of Mg
thin films; this phenomenon is accompanied by the formation of
b) DSC comparison between Pd/Fe/Mg/Fe/Pd films (continous line) and
d/Ti/Mg–Al/Ti/Pd (dashed line) during dehydrogenation in a 5% H2/Ar atmo-
phere.

ppeared. In the case of Ti doped samples, an unassigned reflec-
ion was also observed around 38◦, we believe that it can be
elated to the presence a solid solution formed by MgxAlyTiz.
n the samples hydrogenated at 150 ◦C in pure H2 (Fig. 5c), the
esults were quite different from one sample to the other. In the
ase of samples with Fe, along the Pd and Fe reflections and
ome traces of Mg 0 0 0 2, 1 0 1 1, 1 0 1 2 and Al 1 1 1, we detect
he appearance of MgH2. Nevertheless, we have also observed
wo other peaks marked with an asterisk (*) at 31.8◦ and 56.5◦
hat have not been unambiguously assigned yet, but that may cor-
espond to a new hydride phase. It is tempting to relate this phase
o Mg alanate, (Mg(AlH4)2) [PDF 470980], as angle reflections
orresponded and as we are working with samples with 33 at%.
g approximately, which is close to the expected Mg/Al atomic

atio in this complex hydride. On the contrary, hydrogenated Ti
amples only show the MgH2 peak and high intensity of Ti/Al
nd Pd reflections. Very small traces of Mg 0 0 0 2 and 1 1 2 0
till coexist with the hydride. Samples hydrogenated with 5%
2/Ar showed different behaviour, no MgH2 was detected in

ny sample but the signal of Mg vanished and the Al (Al/Ti)
iminishes to form intermetallic compounds. Although we did
ot detect crystallized MgH2 its presence has been demonstrated
y calorimetric experiments, as will be discussed below (see
ig. 6). Fig. 5(e) corresponds to the samples shown in Fig. 5(c)
fter dehydrogenation at 190 ◦C during 20 min in vacuum. The
gH2 peak vanishes, however no recovery of the Mg 0 0 0 2

ine is seen, which may be attributed to the nanocrystallization
rocess that occurs due to volume differences between Mg and
gH2. The Al or Al/Ti signal also vanishes and thus the peak

orresponding to the intermetallic shifted to low angles, espe-
ially in the case of Ti samples new glassy alloys has been formed
ith Mg, Al and Ti.
Fig. 6(a) shows a comparison of the dehydrogena-
ion behaviour between a pure Pd/Mg/Pd film and a
d/Fe/Mg–Al/Fe/Pd (33 at% Mg) film after being submitted to
ydrogenation at 150 ◦C for 1 h in 1 bar of H2. Both samples
how a similar behaviour which clearly indicates neither the Fe
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ayer nor the presence of Al seems to improve the dehydrogena-
ion behaviour of the films.

Comparing results from Figs. 4 and 5, it turns clear that
ydrogenating the samples forming previously the alloys as an
ntermediate step give rise to apparently better hydrogenated
amples as almost no trace of free magnesium persist after the
ydrogenation treatment while hydriding from the as-deposited
tate give rise to magnesium hydride mixed with alloys and
races of pure Mg. We can also mention that in the hydrogenated
amples from the as-deposited state, the magnesium grains lost
heir preferential 0 0 0 2 orientation as we detect Mg 0 0 0 2 and
0 1 2 reflections. The direct hydrogenation process seems to be
ccompanied by a nanocrystallization process in the Mg films.

From Fig. 5, we can also see that after treatment in pure H2 the
mount of non hydrogenated Mg is lower in the case of Ti doped
amples than in the Fe samples, confirming the catalyser effect of
i. The improved desorption temperature (T = 195 ◦C) of the Ti-
oped sample with respect to pure Mg (215 ◦C) estimated from
he thermograms obtained in a 5% H2/Ar atmosphere (Fig. 6(b))
ssess the catalytic effect of the thin Ti films. In Fig. 6(b), we can
bserve both the exothermic and endothermic features related
o absorption and desorption of hydrogen, respectively. As the
hole thermogram is registered in a reduced hydrogen pressure

he onset temperatures for hydrogen release and absorption are
igher than those measured in pure Ar or hydrogen, respectively.

Images of the surface morphology obtained by SEM of the Ti
ig. 7. SEM micrographs of the surface morphology of 33 at%. Mg sample
oped with titanium after the dehydrogenation process (Fig. 5e). Inset shows a
etail of the produced bubbles.
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racks and detachment of the layers because of the build up of
ompressive stresses during the hydrogenation process. As can
e seen in Fig. 7, Ti doped samples after hydrogenation, showed
eeling-off that are not present in the as-deposited state neither
n the Fe hydrogenated samples. In that case, the peeling has a
ubble form that has already been observed by Pranevicius and
ilcius [5,6]. They assess that this morphology comes from the

ydrogen release in the MgH2 layers. In our case, the density of
uckled regions increases during the hydrogenation treatment.
he dehydrogenation process releases the stress of the layers
nd the surface flattens again.

. Conclusions

This study shows that Pd/Mg/Pd and Pd/(Fe, Ti)/Mg–Al/(Fe,
i)/Pd thin films absorb hydrogen at low temperatures and 1 atm
2 with excellent kinetics. The Al addition has a beneficial effect
n the hydrogenation characteristics of the Mg films, without a
ignificant difference in the desorption temperature. Samples
ith a Fe overlayer and a Mg content around 33% at showed

he presence of additional X-ray peaks which match those of a
omplex hydride with an alanate structure. The incorporation
f Ti enhances the hydrogenation of the films at the expense of

nducing their partial detachment from the substrate after hydro-
enation. The addition of a Ti thin film also lowers the onset
f temperature for dehydrogenation compared to Pd/Mg/Pd and
d/Fe/Mg–Al/Fe/Pd films, confirming the catalysing effect of Ti.

[
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Schereuders, A. Züttel, B. Hjörvarsson, B. Dam, R. Griessen, Appl. Phys.
A 84 (2006) 77–85.

[8] R. Gremaud, A. Borgschulte, H. Schereuders, A. Züttel, B. Dam, R.
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