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a b s t r a c t

Hydrogen desorption process of Pd-capped magnesium hydride thin films of different thicknesses was
investigated. Decomposition of magnesium hydride into magnesium under air exposure is observed
in all investigated films. During decomposition no novel crystalline phases are detected. Desorption
process was qualitatively analysed and it was concluded that is thermodynamically driven controlled by
vailable online 24 October 2009
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a nucleation and growth or by an interphase controlled mechanism. Moreover, H-kinetics investigation
of desorption process was carried out by thermal desorption spectroscopy. Decomposition of MgH2 films
occurs at Td ∼ 148 ◦C and the process seems to be controlled by a bidimensional interphase mechanism
with an activation energy of 135 ± 20 kJ/mol H2. No significant influence of thickness and crystallite size
on desorption temperature is observed and obtained activation energy is similar to that of milled bulk
inetics
hermal analysis

magnesium.

. Introduction

Magnesium hydride (MgH2) is an archetypical system used to
nvestigate hydrogen storage for transport purposes [1,2]. How-
ver, up to now, its utilization has been prevented due to its
oorly kinetics and high stability (76 kJ/mol H2). In order to over-
ome those drawbacks, research is starting to be focused on
g-nanostructures i.e. nanowires and nanoparticles [3–5] because

f the better predicted thermodynamic and kinetics properties [6]
han those exhibited by bulk-Mg. Among those nanostructures,
apped Pd magnesium thin films seem to be an excellent tool to
nvestigate those predicted improvements and other related phe-
omena such as influence of microstructure or/and additives on
agnesium hydride properties in a better controlled way. More-

ver, magnesium thin films could also be used in other hydrogen
elated systems such as switchable mirrors [7] and hydrogen sen-
ors [8].

However, despite H-absorption process in capped palladium
agnesium film is, basically, well understood [9], H-desorption

rocess shows much more discrepancies within the scarce previous

iterature. For instance, the desorption temperature of magnesium
ydride thin films (Td) varies into a wide range from 80 ◦C to
50 ◦C [10–13], the influence of structural parameters (for instance
he crystallite size) on desorption temperature is revealed contra-
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dictory in different works [10,12] and, finally, the H-desorption
mechanism has not been deeply investigated [13].

Those discrepancies are complex to explain due to different rea-
sons, i.e. scarce literature, different preparation and experimental
conditions used, the influence of oxides, hydroxides on kinetics
and thermodynamic properties (much more important than those
in bulk [14]). Therefore, previously to further investigations, it is
needed to clarify the causes of those discrepancies and afterwards,
the influence of structural and morphological parameters (thick-
ness, crystallite size, strain, etc.) on H-desorption mechanism.

In this paper, we provide a first approach about the desorption
process of magnesium hydride films with different thicknesses.
We have found that films desorb spontaneously hydrogen when
exposed to air. Desorption process has been characterized by differ-
ent techniques (GRXD, RBS, TDS, etc.). A qualitatively explanation to
the desorption mechanism is discussed as well as the main reasons
of the discrepancies of previous data.

2. Experimental

Magnesium films of nominal thicknesses of 300 nm and 100 nm respectively,
were prepared by e-beam evaporation at RT on aluminium and glass substrates
under a background pressure of 10−6 mbar. In order to protect against oxidation

and facilitate dissociation/recombination process of H2 [15] Mg-films were capped
by a palladium layer of 10 nm. Evaporation rates of 1 nm/s and 0.02 nm/s were used
in magnesium and palladium, respectively. Nominal thicknesses were determined
“in situ” by a quartz microbalance.

Structural characterization of films was carried out by glancing angle X-ray
diffraction (Panalytical X’pert Pro diffractometer) with Cu K� radiation at an

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:joser.ares@uam.es
dx.doi.org/10.1016/j.jallcom.2009.10.110
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ncidence angle of 1.7◦ . “Ex situ” thickness and roughness of films were obtained
y a Sloan Dektak IIA Profilometer (accuracy ±1 nm).

Morphological characterization was carried out by SEM-FEG mod. FEI XL-30.
ompositional depth profile was investigated by Rutherford Backscattering Spec-
roscopy (RBS) at 5 MeV Cocktroft–Walton tandentron accelerator. He+ ions were
sed. Analysis of the results was performed with RBX software [16].

Films were hydrogenated into a Sievert type apparatus at 1 MPa of hydrogen
uring 20 h at 100 ◦C. The desorption process was performed by thermal desorption
pectroscopy (TDS) measurements with a quadrupole mass spectrometer (QMS 200
alzers) under an Argon flux of 56 sccm [17]. Films were heated with a heating
ate of 20 ◦C/min. Calibration experiments have been performed to determine the
etection sensitivity of the TDS system (�) for H2. This sensitivity relates the H2 flow
volved from the samples (FH2 ) to the mass spectrometric ionic signal i2 is:

H2 = �(i2 − i02) (1)

here i02 is the ionic signal corresponding to the residual H2 atmosphere in the
xperimental system. � values have been obtained by using MgH2 powders (Alfa
esar, 95%) and relating the time integrals of the ionic signals to the H2 mol num-
er desorbed from the samples (determined by gravimetric measurements). The
btained sensitivity is � = 22,900 ± 500 mol/C.

. Results and discussion

.1. Mg–Pd films characterization

Fig. 1a and b shows the X-ray diffraction pattern as well as SEM
icrographs of the as-prepared Pd capped-Mg films with mea-
ured thicknesses of 320 ± 20 nm and 110 ± 10 nm, respectively.
oth films show an average roughness of 3 ± 0.5 nm. Magnesium
nd palladium phases are detected by XRD measurements in all
nvestigated films. No other crystalline phases are detected.

ig. 1. (a) X-ray diffraction pattern of magnesium film with nominal thickness
f 300 nm. Inset shows a micrograph of the film surface obtained by SEM. (b) X-
ay diffraction pattern of magnesium film with nominal thickness of 100 nm. Inset
hows a SEM micrograph of the film surface.
ompounds 495 (2010) 650–654 651

A preferred orientation of magnesium crystallites along (0 0 2)
plane in the thick films (nominal thickness of 300 nm) is observed
in the XRD pattern (Fig. 1a). The orientation along the basal plane
is also observed at the SEM micrograph in a clear way (crystallites
exhibit a characteristic hexagonal shape parallel to the surface).
However, concerning thinner films (nominal thickness of 100 nm),
they exhibit less preferred orientation as X-ray diffraction pattern
and the SEM micrograph reveal in Fig. 1b. Columnar growing has
been previously reported in magnesium films deposited with other
evaporation methods as sputtering [18] indicating that this sort of
growing along (0 0 2) plane is energetically more favourable than
those along other directions.

As concerns microstructure, magnesium crystallite sizes
obtained by Scherrer formulae [19] agree reasonable well to those
observed by SEM. A significant diminution of magnesium crystallite
size (from 300 nm to 120 nm) when magnesium film thicknesses is
decreased from 320 nm to 110 nm is observed. As regards palladium
crystallite size, it remains constant (8 ± 3 nm).

3.2. Dehydriding process at room temperature

Once hydrogenated, magnesium films increase their thickness
due to hydrogenation process, i.e. thicker films increase from
320 ± 20 nm to 380 ± 20 nm and thinner films from 110 ± 20 nm
to 135 ± 15 nm. Increase is related to cell volume expansion of
Mg to become MgH2 (a cell volume ratio (VMgH2 /VMg) of ∼1.32 is
expected). Moreover, it was observed that films desorbed sponta-
neously hydrogen at RT under air. This result confirms the previous
qualitative observations reported by Checchetto et al. [13]. TDS
measurements were carried out to quantify the amount of hydro-
gen remaining in films after exposing different times under air.
Fig. 2a and b shows the influence of exposure time on hydrogen
content in films with different thickness. It is observed that films
desorb hydrogen. For instance, whereas the thinner MgH2-films
are completely desorbed in 2000 min, the thicker ones just desorb
around 40% of its initial H-capacity at that time.

H-desorption process of magnesium hydride films at RT is
clearly related to decomposition of MgH2 into Mg as revealed by
XRD. XRD patterns of the hydrided samples performed at different
exposure times in air are shown in Figs. 3 and 4. As regards thick
films (Fig. 3a), after a short exposure to air MgH2, Mg and Pd crys-
talline phases are already detected. No other crystalline phases are
detected. An initial crystallite size ∼80 ± 20 nm of MgH2 is obtained
by Scherrer formulae [19]. Longer exposure times lead to a decrease
of MgH2 diffraction peak (Fig. 3b and c) whereas magnesium crys-
talline phase increases. It is remarkable that magnesium formed
after decomposition exhibits similar preferred orientation (along
0 0 2 plane) and crystallite size as the as-growth magnesium films.
Similar behaviour is observed at thinner films, i.e. decomposition
from MgH2 into Mg (Fig. 4a and b), with the difference that initial
crystallite size of MgH2 is smaller (30 ± 10 nm) than that of thicker
hydrided films.

Moreover, after H-desorption, bumps on the surface of the films
are detected in both samples. Figs. 5 and 6 show the SEM pic-
tures of the films after hydrogen desorption. Those bumps have
already been observed by other authors [12] and they are usu-
ally attributed to strain effects because of expansion/contraction
of the lattice during the H-absorption/desorption process. These
results agree with our data because those bumps are more numer-
ous in thinner films (Figs. 5 and 6) than thicker ones suggesting
that could be related to strain effects induced by substrate on films.

It is remarkable, however, that palladium layer remains practi-
cally identical after H-desorption process. Palladium crystallite size
remains constant and, besides, RBS measurements do not show any
appreciable change on palladium layer as Figs. 7a and b show. Only
a small increase of oxygen amount (from ∼5% to ∼12%) is detected
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Fig. 3. X-ray diffraction pattern of hydrogenated magnesium film after air exposure
of (a) 300 min (b) 1800 min and (c) 12,000 min. Nominal thickness of the film is
300 nm.
ig. 2. Time evolution of hydrogen content in hydrogenated magnesium films under
ir exposure with nominal thickness of (a) 300 nm and (b) 100 nm. Grey regions
orrespond to H-amount related to a complete MgH2 layer.

nto magnesium layer compared to non-hydrogenate films. More-
ver, RBS measurements indicate that films density is lower than
ulk density (i.e. magnesium layer densities is ∼1.48 g/cm3) as it is
xpected due to great amount of defects usually exhibited by thin
lms.

The RT decomposition of MgH2 thin films observed in Fig. 2a
nd b imply that this process is not so drastically kinetically
imited as occurs in bulk. Magnesium hydride decomposition is
hermodynamically favourable because partial hydrogen pressure
t RT in air is lower (∼5 × 10−7 mb) [20] than the equilibrium
ressure of MgH2 (∼10−6 mb) i.e. magnesium hydride is unsta-
le in air and a thermodynamically driven decomposition is
xpected.

As occurs in bulk MgH2, the desorption mechanism of mag-
esium hydride films could be controlled by different processes:
ydrogen recombination on the surface, hydrogen diffusion and/or
ucleation and growth of �-Mg phase. In principle, surface effects
ay be disregard because magnesium surface is covered by a palla-

ium layer. Palladium seems to improve hydrogen recombination
nd protect the surface against oxidation [15,21]. Moreover, in our
ase, palladium layer seems practically to be unaltered during the
esorption process as RBS and XRD measurements show (due to

ow temperatures used) which should keep its catalytic properties

naltered.

Concerning hydrogen diffusion, we could expect that hydro-
en diffusion into �-Mg could be the rate limiting mechanism.
owever, the calculated value of the diffusion coefficient (apply-

Fig. 4. X-ray diffraction pattern of magnesium hydride film after air exposure of (a)
200 min and (b) 6000 min. Nominal thickness of the film is 100 nm.
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Fig. 5. (a) SEM micrograph of desorbed magnesium film with nominal thickness of 300 nm and (b) SEM image of holes at the surface.

minal

i
(
a
b
b

F
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3.3. Thermal desorption spectroscopy measurements
Fig. 6. (a) SEM micrograph of desorbed magnesium film with no

ng the 1D diffusion equation (x = √
Dt)), at room temperature
D = 2 × 10−12 cm2/s) is much lower that those reported in the liter-
ture [22,23]. Therefore, the rate limiting step should be controlled
y interphase or by nucleation and growth mechanism as occurs in
ulk magnesium hydride [24].

ig. 7. RBS measurements of a magnesium film with nominal thickness of 300 nm
a) as-prepared (b) after absorption/desorption cycle.
thickness of 100 nm and (b) SEM image of bumps at the surface.
In order to get more information about the desorption pro-
cess such as activation energies, TDS measurements were done
after being hydrogenated to avoid a non-controlled H-desorption

Fig. 8. Thermal desorption spectra of hydrogenated magnesium films with nominal
thicknesses of (a) 300 nm and (b) 100 nm. Best fit to both curves correspond to a
2D-interphase control mechanism given by Eq. (2).
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rocess. Fig. 8a and b shows the thermal desorption spectra of
lms with different thicknesses. No other species but hydrogen are
etected. Films of different thicknesses exhibit only one desorption
eak with similar desorption temperature (148 ± 5 ◦C). Previous

iterature shows desorption process occurs with more than one
eaks which is attributed to different causes (hydrogen in Pd–Mg

nterface, hydrogen in grain boundaries, etc.) and a wide range of
esorption temperatures is observed [10]. This influence could be
ue to H-desorption produced in hydrides films which has not been
onsidered.

By solid-state reaction theory [25], both curves may be fitted by
two-dimensional interphase controlled process given by Eq. (2)

s Fig. 8a and b show.

H2 ˛
(

d˛

dt

)
= Ae−Ea/kT (1 − ˛)1/2 (2)

here ˛ is the reacted fraction; Ea is the activation energy.
This control process seems to be related to the hexagonal shape

f the magnesium crystallites which enhanced a preferred growing
irection (along the basal plane). As regards the activation energies
Ea) related to this model, they exhibit values of 130 ± 20 kJ/mol H2
nd 140 ± 10 kJ/mol H2 for thinner and thicker films respectively.
hese values are similar to the only reported in the literature [13].
alues also are similar to those obtained in milled magnesium
ydride [24] which could indicate the importance of defects such as
acancies and dislocations on the desorption kinetics. In fact, films
xhibit much more defects than bulk materials because of the own
anocrystalline nature of films. However, other reasons such as the

ormation of a Mg–Pd phases at the interface between magnesium
nd palladium layer should not be disregard in further analysis.

. Conclusions

It has been shown that capped Pd magnesium hydride films
esorb hydrogen under air exposure because of thermodynamic
easons. For instance, films with thickness of 100 nm are completely

esorbed after 2000 min. Therefore, for comparison purposes, it is
elevant to consider films exposed similar times to air. Moreover,
his could be one of the reasons of some discrepancies observed
t previous reported results. TDS measurements point out that
-desorption process seems to be controlled by a 2D-interphase

[
[
[

[

ompounds 495 (2010) 650–654

control which could be related to preferential hexagonal growing
of magnesium crystallites. Finally, magnesium hydride films des-
orb at 148 ◦C and desorption temperature and activation energy
(135 ± 20 kJ/mol H2) seems not to be influenced by thickness and/or
crystallite size.
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