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bstract

Composite transition metal (TM)-doped magnesium samples (TM = Nb, Fe and Zr) were produced by r.f. magnetron sputtering. The hydrogen
esorption kinetics of the TM-doped MgH2 samples was studied by Sievert analysis and its thermal stability by thermal desorption spectroscopy
TDS). Energy dispersive spectroscopy (EDS) analysis indicates that the additive is contained in the magnesium bulk at 10−2 atomic concentration.
he microstructural characterization of the sample was carried out by X-rays diffraction spectroscopy (XRD) and the obtained spectra indicate

hat, in the activated MgH2 samples, the TM additive is contained in form of nanosized clusters. TDS spectra and isothermal H2 desorption curves

ndicate that the TM nanoclusters dispersed in the MgH2 matrix reduce its thermal stability and accelerate the H2 desorption kinetics as compared
o the pure MgH2 samples. The improved H2 desorption properties can be explained by the presence of extended interfaces between MgH2 and
M nanoclusters acting as heterogeneous nucleation sites, with reduced activation energy, for the h-Mg phase and fast diffusion channels for H
igrating atoms.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Due to the high hydrogen storage capacity of MgH2,
7.6 wt.%, the low cost and weight, magnesium is an important

andidate for H2 storage applications. Most research efforts are
edicated to the catalysis of the H2 sorption processes that is too
low even at temperatures larger than 500 K because: (i) the usual
resence of a surface oxide Mg layer [1], (ii) the poor ability of
he oxidized and pure Mg surface to dissociate H2 molecules [2]
nd (iii) the formation of a continuous MgH2 layer at the Mg
urface during hydrogenation acting as hydrogen diffusion bar-
ier [3]. The hydrogen absorption and desorption kinetic in Mg
an be significantly improved by microstructural refinements as
ell as with the nanocrystalline structure of the Mg particles
ecause grain boundaries are: (i) active sites for the nucleation

rocesses in the metal to hydride (or reverse) phase transition
nd (ii) preferential diffusion paths for H atoms [4].
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Mixing Mg or MgH2 powders with transition metals or metal
xides gives rise to a further improvement of the H2 sorption
inetics. Liang et al. [5] have shown that the composite material
ormed by milling MgH2 and V powders (5 at.% concentration)
ompletely desorbs H2 in 200 s at 573 K while about 2000 s
re required by milled MgH2. XRD analysis showed the forma-
ion, during the H2 absorption process, of the MgH2 and VHx

x < 0.81) phases and the authors suggested that the V catalyst
avours the dissociation of the H2 molecule and the transfer of H
toms to the nanocrystalline Mg layers by a mechanism involv-
ng the H atomic migration through the catalyst. The microscopic

echanism leading to the catalytic effect is under debate. To
nalyse whether the transport of the reactive H atoms to the
g layers is related to the H diffusion through the catalyst lay-

rs (“hydrogen pump”) or to the catalyst surface (“spill-over”),
elletier et al. carried out in situ time resolved synchrotron
easurement during H2 desorption of the MgH2 + 5 at.% Nb

omposite material at 583 K; during the H2 desorption process

he authors observed the transformation of the catalyst nanoclus-
er from the �-NbH phase to the metastable �-NbHx phase [6].
he catalytic effect of Nb was thus explained as consisting on the

ast hydrogen transport through the �-NbH nanoclusters where
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he interstitial migration of hydrogen atoms is a fast process due
o the large interatomic distances in the �-NbHx unit cell. The
xistence of the �-NbH phase at temperatures ∼600 K is difficult
o explain because it is stable under 204 K and its role in the cat-
lytic process was questioned by Yavari et al. [7]; using a high
rilliance X-rays beam for diffraction analysis of MgH2 + 5 at.%
b composites during H2 desorption above 573 K, the authors
bserved the formation of a supersaturated Nb–H solid solution
nd thus excluded the formation of the � phase. They suggested
hat H atoms dissociated at the Nb surface are attracted to the
b/Mg interface because the formation of Mg–H and Nb–H
onds reduces the high Nb–Mg interfacial energy and that the
ccelerated H2 sorption kinetics can be explained by the fast H
iffusion kinetics along such extended defects.

We have recently studied the H2 desorption process from
gH2 samples where the metallic additive was completely

ncluded in the MgH2 matrix [8,9]. Microcrystalline Nb-doped
g samples grown by co-sputtering Nb and Mg targets showed

n improved H2 desorption kinetics as compared to that of pure
g; the time required for 50% MgH2 transformation at 623 K,

or example, was reduced from ∼3200 to ∼110 s in MgH2 sam-
les containing 5 at.% Nb. While in MgH2 samples, the H2
esorption kinetics was controlled by the nucleation and growth
f the h-Mg phase with activation energy of 141 kJ/mol, the
esorption process in Nb-doped samples showed an activation
nergy value of 51 kJ/mol, close to that of the H atomic diffusion
hrough transformed h-Mg layers. Structural analysis by EXAFS
nd TEM proved that the catalytic activity of Nb doping was
onnected with Nb clustering producing, in the hydrogenated
aterial, Nb:H nanoclusters dispersed in the MgH2 matrix [10].

t was suggested that Nb doping accelerates the hydrogen des-
rption by the presence of extended interfaces between MgH2
nd additive nanoclusters which act as heterogeneous sites for
-Mg nucleation and fast diffusion channels for H migrating
toms.

In this paper, we present a comparative study on the H2 des-
rption from the MgH2 matrix doped with different metallic
lements dispersed in atomic concentration, 2–5%; we have cho-
en Fe, Nb and Zr because: (i) they are transition metals (TM)
ith catalytic properties for the H2 sorption kinetics in Mg, (ii)

hey do not form binary phases with Mg and show negligible sol-
bility [11] and (iii) they allow a comparison between elements
hat in the examined temperature range (400 K < T < 700 K): (1)
orms interstitial alloys with hydrogen (Nb: � phase that is a ran-
om interstitial alloy of H in bcc Nb, for XH < 0.31), (2) forms
table phase (Zr: � phase having fcc structure with 1.31 < XH < 2)
nd (3) Fe, that does not form any binary hydride phase and
hows negligible H solubility [12].

. Experimental details

Mg and metal-doped Mg samples (metal = Nb, Fe and Zr) were deposited
n form of thick films (thickness of 10–20 �m) on graphite wafers (g-C) by r.f.

agnetron sputtering using 99.97% purity Ar as working gas and 99.95% purity
g as target material. The background pressure in the chamber was in the low

0−5 Pa order; the deposition process was carried out at 0.5 Pa Ar pressure and
50 W r.f. power without substrate heating. The metal doping of the Mg films
as obtained by inserting small TM fragments (squares with ∼3 mm side) over
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hat part of the Mg target which is preferentially eroded and the metal content
as controlled after deposition by EDS technique. To prevent surface oxidation

nd stimulate the H2 dissociation, the pure Mg and the TM-doped Mg samples
ere coated with a ∼20 nm thick Pd capping layer by rotating the sample holder
ver a 99.9 at.% purity Pd target without interrupting the vacuum conditions.
he film samples deposited on g-C peeled off from the substrates after exposure

o air at ambient conditions. The self-supporting samples were thus introduced
n a Sievert-type apparatus for H2 cycling and the study of the isothermal sorp-
ion kinetics [13]. The activation procedure of the samples consisted on repeated
bsorption and desorption cycles at 623 K and 1.0 or 0.015 MPa H2 (or D2) pres-
ure for absorption and desorption, respectively. The activated samples are then
xposed at temperatures between 583 and 623 K to H2 (or D2) gas at 1.2 MPa and
acuum for H2 absorption and desorption, respectively. The structural and kinetic
nalysis presented in this paper refer to completely activated samples; upon H2

ycling the activation was considered as complete when the H2 absorption and
esorption curves resulted repeatable upon further cycling. The structural char-
cterization of the pure and metal-doped Mg film samples was carried out by
-rays diffraction spectroscopy (XRD) in Bragg–Brentano (θ–2θ) configuration

t 40 kV and 40 mA using the Cu K� radiation. The thermal stability of pure and
M-doped MgD2 samples were studied by TDS analysis. Measurements were
arried out by heating the sample in a UHV chamber with a linear temperature
amp of ∼0.16 K/s and recording the D2

+ mass signal (m/e = 4) of a quadrupole
ass spectrometer equipped with secondary electron multiplayer at constant

umping speed of the pumping apparatus [14]; for the TDS analysis deuterium
as chosen rather than hydrogen to improve the signal-to-noise ratio; at 2% of

he TDS peak height the signal-to-noise ratio of the m/e = 4 signal was better
han 102.

. Results and discussion

EDS analyses on the metal additive content in the Mg
amples show doping in the at.% level: ∼5 at.% for Fe and Nb
nd ∼3 at.% for Zr; these concentrations are larger than the
aximum solubility of the TM in Mg, 0.00043 at.% for Fe at

he eutectoid temperature of 920 K, close to 1.3 × 10−4 for Nb
n liquid Mg at 1500 K, and lower than 0.1 at.% for Zr at tem-
eratures lower than 700 K [11]. These equilibrium properties
ndicate that precipitation of the metal additive atoms is expected
pon the thermal treatment leading to the sample activation at
23 K and/or during H2 cycling. The room temperature XRD
pectra of the TM-doped samples, partially de-hydrogenated,
onfirm cluster formation, see Fig. 1. It can be observed that
he Mg layers in all the TM-doped samples maintain the
referential (0 0 2) orientation as in the as-deposited sample [8].
his preferential orientation of the Mg layers does not change
lso after repeated absorption and desorption cycles. While Fe
emains in the metallic state, Nb and Zr form hydride phase as
hown by the NbH0.89 and ZrH1.66 reflection peaks; no evidence
f metallic Nb or Zr was found in the hydrogenated samples.
he obtained TM–H phases are appropriate to equilibrium
hase diagram at room temperature [12]. The Debye–Scherrer
nalysis of the XRD peak indicates the formation of TM
anoclusters having dimensions in the 10–20 nm range,
hile Mg and MgH2 maintain a microcrystalline structure

8,9].
In Fig. 2, we present the isothermal H2 desorption curves of

he pure and metal-doped MgH2 samples at the representative

emperature of 623 K. The curves show a strong improvement
f the H2 desorption kinetics in the examined TM-doped sam-
les when compared to the pure MgH2; at this temperature the
nterval time required for 50% transformation decreases from
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port of H atoms to the Mg surface where their recombinative
desorption occurs. The strong reduction of the nucleation time
shown by the isothermal desorption curves of the TM-doped
ig. 1. Room temperature XRD spectra of the TM-doped MgH2 samples, par-
ially de-hydrogenated after their fully activation.

3000 s for pure MgH2 to ∼100 s form Nb- and Fe-doped
amples and ∼200 s for the Zr-doped one.

In Fig. 3, we present the TDS spectra of the pure and TM-
oped MgD2 samples after their complete activation. The most

mportant information provided by the spectra is the position of
he peak temperature TP at which the desorption rate reaches its

aximum; this temperature allows a direct comparison of the
nfluence of the TM additive on the thermal stability of the MgD2

F
a

ig. 2. Isothermal H2 desorption curves of the pure and TM-doped MgH2

amples at 623 K, after their fully activation.

hase. The obtained spectra confirm the trend observed in the
sothermal curves evidencing lower thermal stability of the TM-
oped samples compared to pure MgD2. The Fe- and Nb-doped
amples show TDS peaks at ∼470 and ∼480 K, respectively,
hile the Zr-doped samples shows TDS peak at ∼535 K. Pure
gD2 shows the TDS peak at a larger temperature, close to

30 K.
Before going on with the discussion, it is important to remark

hat the Pd capping layer was deposited on the surface of all
he prepared Mg films and consequently cannot explain the
ifferences in the H2 (or D2) desorption kinetics of pure and
M-doped MgH2 (or MgD2) see Figs. 2 and 3.

The present H2 (or D2) desorption results show that the dis-
ersion of different TM nanoclusters inside the MgH2 matrix
ccelerate the H2 desorption process. The catalytic process is
hus connected with the acceleration of bulk processes, such as
he nucleation and the growth of the h-Mg phase or the trans-
ig. 3. TDS spectra of the pure and TM-doped MgD2 samples after their fully
ctivation.
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amples (∼10 s for Nb and Fe, ∼50 s for Zr) compared to that
ertinent to the pure MgD2, ∼1000 s (see Fig. 3) suggests that
he TM doping accelerates the nucleation process of the h-Mg
hase. This indication is in line with previously published results
n the isothermal H2 desorption kinetics from Nb-doped MgH2
amples indicating a change of the rate limiting step from the
ucleation and growth of the h-Mg phase in pure MgH2 to

atomic diffusion through interconnected h-Mg domains for
b doping ranging between 2 and 5 at.% [15]. In solid-state

eactions, such as the MgH2 to h-Mg phase transition, new
hases (h-Mg in the present H2 desorption process) nucleate
t extended defects of the parent one, such as grain boundaries,
islocations or interfaces with existing secondary phases. In the
resent samples the TM clusters dispersed in the MgH2 matrix
orm extended MgH2–TM interfaces. The efficiency of these
nterfaces in the h-Mg nucleation process is connected to the
nergetic features of the interface; an embryo of the h-Mg phase
an reduce its energetic formation cost in MgH2–TM interface
s discussed, in general framework, in Ref. [16]. The important
ole of the interfaces in the catalysis of the hydrogen desorp-
ion process was indicated in a paper of Reule et al. [17] and
on Zeppelin et al. [18]. The authors studied by TDS analy-
is the hydrogen desorption from MgH2 powders catalysed by
etallic additives; the maximum of the TDS peak was observed

t 720 K for the pure MgH2 while shifted to 500 K for MgH2
atalysed by La(Ni0.7Fe0.3)5 and to 570 K for MgH2 catalysed
y (Fe0.8Mn0.2)Ti. The microstructure of their samples, as stud-
ed by scanning electron microscopy (SEM), consisted on MgH2
overing the additive particle like a film of irregular thickness.
he authors attributed the improved desorption kinetics to the
hort diffusion path for H atoms inside MgH2 layers and the large
nterface formed by MgH2 and the metallic additive; the second
oint appeared as the most relevant because different additives
ay led to different catalytic effects. The MgH2–TM interface

an be a preferential nucleation site for the h-Mg phase also
ecause of kinetic effects. In diffusional phase transitions where
he transport of an atomic component occurs over paths longer
hat the interatomic distance, new phases are often observed to
ucleate at grain boundaries of the parent phase; these extended
efects result, in fact, fast diffusion channels for migrating atoms
hus giving rise, in the lattice layers around them, to the crit-
cal solute concentration for the phase transition [19]. In the
resent TM-doped MgH2 samples, the MgH2–TM interface can
lay a similar role allowing an effective removal of the H atoms
issociated from adjacent MgH2 layers and thus favouring the
ormation of h-Mg nuclei having critical size.

In the 400 to 700 K temperature range, where TDS peaks are
bserved, the equilibrium phase diagram of the Nb–H system
ndicates the formation of an interstitial solid solution of H in
cc Nb, the Zr–H phase diagram indicates the presence of both
he stable hydride phase and the interstitial solid solution of H
n hcp Zr, while Fe does not form any binary hydride phase and
hows negligible H solubility. Figs. 2 and 3, thus, show that the

M nanoclusters catalyse the h-Mg phase nucleation even if they
resent different chemical affinity with hydrogen.

As indicated in the introduction, the rate limiting step in the
ydrogen desorption from the Nb-doped MgH2 samples (5 at.%)

[
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s given by the H atomic diffusion through h-Mg layers [8,9];
his mechanism was suggested by the evaluated value of the
ctivation energy for desorption, 51 kJ/mol, close to that of the
ctivation energy for H diffusion in h-Mg, 40 kJ/mol. Prelim-
nary analyses indicate the same rate limiting step also in the
e- and Zr-doped samples. This can be explained assuming that

he h-Mg domains nucleated at the MgH2–TM interfaces, grow
nd rapidly join together forming interconnected h-Mg domains
here preferential diffusion of H atoms occurs. This mechanism

s different from that occurring in pure microcrystalline MgH2.
ernandez and Sanchez [20] suggested that the growth of the
-Mg nuclei was controlled by the hydrogen diffusion through
-MgH2 layers and evaluated an activation energy value of about
00 kJ/mol for this process; the h-Mg phase nucleates in the
ulk of MgH2 (grain boundaries) and H atoms dissociated at
he Mg–MgH2 interface have to diffuse through the not reacted

gH2 layers to reach the surface. In this case, the desorption
aths give rise to a slower desorption kinetics as compared to
hat in TM-doped samples.

. Conclusions

Composite materials consisting on TM-doped Mg (TM = Nb,
e and Zr) with TM content in the 10−2 atomic concentration
how reduced thermodynamic stability and accelerated H2 des-
rption kinetics when compared to the pure MgH2 samples.
hile in the pure MgH2, the H2 desorption kinetics is controlled

y the nucleation and growth of the h-Mg phase with 141 kJ/mol
ctivation energy, in TM-doped samples the H2 release is con-
rolled by the H diffusion through h-Mg layers with 51 kJ/mol
ctivation energy. XRD analyses indicate the formation of TM
anoclusters in the hydride forming matrix; the improved H2
esorption kinetics can be explained by the presence of extended
nterfaces between MgH2 and TM nanoclusters acting as het-
rogeneous sites for the nucleation of the h-Mg phase and fast
iffusion channels for H migrating atoms.
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