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The thermodynamics of hydrogen absorption in Pd-capped Mg films are strongly dependent on the
magnesium thickness. In the present work, we suppress such dependency by inserting a thin Ti layer
between Mg and Pd. By means of optical measurements, we show that the surface energy
contribution to the destabilization of MgH2 is negligible. The inserted Ti layer prevents Mg–Pd alloy
formation at the Mg/Pd interface, leading to quasifree Mg films and enhancing the kinetics of
hydrogen desorption. Our observations are important for the development of thin film devices.
© 2009 American Institute of Physics. �DOI: 10.1063/1.3210791�

The thermodynamic and kinetic properties of metal-
hydrides need to be drastically improved to make them a
viable solution for hydrogen storage. Thanks to its relatively
high volumetric and gravimetric capacities and its low cost,
magnesium hydride has been proposed as an excellent hy-
drogen storage system.1 However, the kinetics of hydrogen
uptake and release in magnesium are poor and the thermal
stability of its hydride, MgH2, is too high. For practical ap-
plications in fact, assuming that the only relevant entropic
contribution is due to the entropy loss of gaseous hydrogen,
an ideal hydrogen storage system should have an enthalpy of
hydride formation of about −40 kJ /mol H2, in order to re-
lease hydrogen at a pressure of 105 Pa at room temperature.
The formation of MgH2, however, releases 74.4 kJ /mol H2,
leading to an equilibrium pressure of 105 Pa at �300 °C.
Tuning the thermodynamics of hydrogen absorption in Mg
has so far been achieved by means of proper doping,2,3 al-
though this generally results in a reduction of the material’s
storage capacity. Some destabilization upon reduction of the
Mg particle size has also been observed experimentally4 and
predicted theoretically.5,6 In our group, we have recently
demonstrated the possibility of tuning the thermodynamics
of hydrogen absorption in Mg thin films by means of elastic
clamping.7 By “sandwiching” thin Mg films between layers
of elements which form stable alloys with Mg �such as Pd or
Ni�, we were able to increase the equilibrium pressure of
hydrogen absorption by more than two orders of magnitude
with respect to pure Mg in bulk. This destabilization is of
elastic nature and it originates from the formation of Mg–Pd
�or Mg–Ni� alloy at the interface between the two elements.
On the contrary, Mg films sandwiched between layers of
elements which are immiscible with Mg �such as Ti, Nb, and
V� do not feel significant elastic clamping. In the present
work, we compare the absorption isotherms already obtained
for “Pd-capped” Mg films of different thicknesses, in which
the elastic clamping has a significant effect, with layers of
identical thickness but in which the Pd/Mg interface has been
removed by the insertion of a thin layer of Ti, which we will
call “Ti-buffer” samples. The samples are deposited in a

ultra-high vacuum system �base pressure of 10−6 Pa� by
dc/rf magnetron sputtering of Mg �99.95%�, Ti �99.999%�,
and Pd �99.98%� targets in argon atmosphere, on transparent
substrates kept at room temperature. The films are covered
with Pd to prevent oxidation and promote hydrogen dissocia-
tion and absorption. In all the samples discussed in the
present work a 10 nm layer of Ti is deposited before Mg in
order to reduce clamping effects from the substrate.7 Hydro-
gen loading isotherms are measured at 333 K by means of
hydrogenography,2 an optical technique in which the amount
of light transmitted through a thin film is continuously
monitored while slowly increasing the hydrogen pressure at
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FIG. 1. Effect of a Ti buffer layer on the thermodynamic properties of
Mg thin films. �a� PTIs measured at 333 K for �lines� Pd-capped
Ti�10 nm�Mg�z nm�Pd�40 nm� samples, as already published in Ref. 7
and �symbols� Ti-buffer Ti�10 nm�Mg�z nm�Ti�10 nm�Pd�40 nm�
samples. The Mg thicknesses are in both cases z=10, 20, 30, and 40 nm. �b�
Thickness dependence of the plateau width, w, expressed in optical trans-
mission, of Pd-capped and Ti-buffer samples.
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constant temperature. The output of a hydrogenography ex-
periment is therefore a pressure-optical transmission-
isotherm �PTI�. A PTI is equivalent to a standard
pressure-composition-isotherm,8 thanks to the Beer–Lambert
law, according to which the logarithm of the optical trans-
mission, normalized to the transmission of the film in its
metallic state, is proportional to the hydrogen concentra-
tion in the film, cH, times the film’s thickness, d. Thus,
ln�T /TM��cH·d. In a PTI the width of the pressure plateau,
indicating the magnitude of the optical change occurring in
the film upon hydrogen absorption, is therefore directly pro-
portional to the film’s thickness. Figure 1�a� shows
the isotherms obtained at 333 K for Ti-buffer samples,
together with the results already obtained for Pd-capped
ones.7 The samples have the following
geometries: Ti-buffer=substrate /Ti�10 nm� /Mg�z nm� /
Ti�10 nm� /Pd�40 nm�, Pd-capped=substrate /Ti�10 nm� /
Mg�z nm� /Pd�40 nm�, with z=10, 20, 30, and 40 nm in
both cases. The dashed line in Fig. 1�a� represents the pres-
sure at which the MgH2 phase begins to nucleate in thick,
bulklike Mg layers.9 The insertion of a Ti layer drastically
reduces the equilibrium pressure, leading to “quasifree” Mg.
The equilibrium pressure of the Ti-buffered films is indepen-
dent on the thickness of the Mg layers, indicating that sur-
face energy effects, which would produce a thickness depen-
dence similar to the one observed for the Pd-capped samples,
are negligible.10 The plateaus shown in Fig. 1�a�, correspond-
ing to the regions of the isotherms at almost constant pres-
sure, have widths, w, expressed in terms of optical transmis-
sion and proportional to the nominal thickness of the Mg
films, dMg. In Pd-capped samples we found a relation of the
type w=A�dMg−d0�, with d0�6 nm.7 These “missing” 6 nm
are due to the formation of Mg–Pd alloy at the Mg/Pd

interface. Figure 1�b� shows the thickness dependence of the
plateau width for both the Pd-capped7 and the Ti-buffer
samples. Although the nominal thickness of the Pd-capped
and Ti-buffer samples is the same, the plateau width
of the former ones is constantly larger: the presence of a Ti
layer between Mg and Pd leads to a smaller d0, indicating
either a reduction of interalloying or a smaller roughness
at the Mg/Cap interface. A flatter interface in the Ti-buffer
samples is reasonable, considering that Mg and Ti are
thermodynamically immiscible, while Mg and Pd form
stable intermetallic compounds for a wide range of compo-
sitions. Figure 2 shows the PTIs for four subsequent
hydrogen loadings of a 20 nm thick Mg layer, both
in the Pd-capped=Ti�10 nm�Mg�20 nm�Pd�40 nm� and
Ti-buffer=Ti�10 nm�Mg�20 nm�Ti�10 nm�Pd�40 nm� ge-
ometries. The plateau width of the Pd-capped sample shrinks
upon cycling indicating that the alloying between Mg and
Pd, triggered by the absorption of hydrogen, continues even
after the first hydrogen absorption. On the contrary in the
Ti-buffer sample the Ti layer acts as a blocking barrier for
atomic diffusion, preventing the formation of Mg–Pd alloy
and resulting in pressure plateaus of practically constant
width. The decrease in plateau pressure observed for the Pd-
capped sample between the first and second cycle is most
likely due to the partial release of stresses generated by the
Pd clamping. Such relaxation is in fact absent in the Ti-
buffer sample. In Fig. 3 we show the loading isotherms mea-
sured on a Mg sample deposited in the following way: 10 nm
of Ti are deposited on a 3 in. wide glass wafer, then 20 nm of
Mg are added on top of Ti, subsequently 2 nm of Ti are
deposited with the use of a mask only on certain regions of
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FIG. 2. �Color online� �a� PTIs of 20 nm thick Mg films both in the Pd-
capped �top bundle of curves� and Ti-buffer �bottom bundle� geometries, for
the first 4 hydrogenation cycles at 333 K. Note that the plateau pressures for
all the cycles, except the first one, remain unchanged. �b� Evolution of the
plateau width upon cycling.
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FIG. 3. �Color online� Mg sample deposited on a glass wafer and partially
covered with a 2 nm thin Ti layer. �a� Sketch of the sample architecture. �b�
PTIs measured during loading at 333 K. �c� Unloading sequence of the same
sample when exposed to 105 Pa of 20%O2 /Ar mixture at 333 K.
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the wafer in order to write “H2”, finally 40 nm of Pd are
added to protect the film from oxidation �Fig. 3�a��. With this
sample architecture we are able to compare the behavior of a
Pd-capped and a Ti-buffer Mg film, in the same specimen
and under identical experimental conditions. When exposed
to increasing hydrogen pressures at 333 K the film exhibits
the following loading sequence �Fig. 3�b��: �1� for hydrogen
pressures pH2

�40 Pa the film is everywhere metallic and no
light is transmitted through it; �2� for 40� pH2

�150 Pa the
regions of the sample containing a Ti-buffer layer load com-
pletely, forming the transparent MgH2, while the Pd-capped
regions remain metallic; �3� for pH2

�150 Pa also the Pd-
capped regions form the hydride and the sample becomes
completely transparent. The plateau width for the loading
isotherms of the Ti-buffer areas in Fig. 3�b� is wider than for
the Pd-capped regions. This indicates that Mg–Pd alloy has
been significantly formed only in the latter. A Ti layer as thin
as 2 nm is apparently thick enough to prevent Mg–Pd alloy
formation and to produce remarkably different thermody-
namic properties. The presence of a Ti-buffer layer also in-
duces different kinetics of hydrogen desorption, as shown in
Fig. 3�c�. When the sample is exposed to oxygen in a
20%O2 /Ar mixture at 333 K, the Ti-buffer regions unload
much faster than the Pd-capped ones. This kinetic effect is on
one end due to the absence of Mg–Pd alloy at the Mg/Pd
interface. Doping Mg with Pd, in fact, enhances the kinetics
of hydrogen absorption, but the desorption rates for these
alloys are very low.11 On the other hand it is well known12

that a hydrogen absorbing material �M� covered with a tran-
sition metal �TM� exhibits a fast unloading rate when the
enthalpies of hydride formation for the two materials are
such that �HTM��HM �0. In our samples, Mg covered
with Ti ��HTi=−130 kJ /molH2��HMg=−74.4 kJ /molH2�
shows indeed faster kinetics than Mg covered with Pd
��HPd=−38 kJ /mol H2��HMg=−74.4 kJ /mol H2�.

In conclusion, we have shown that it is possible to dra-
matically change the thermodynamic properties of a thin me-
tallic film by means of very little changes in the architecture
of the samples. Surface energy effects are to be ruled out as
a possible source of destabilization in clamped Mg films. The
insertion of a buffer layer suppresses the formation of

Mg–Pd alloy at the Mg/Pd interface. This effect is respon-
sible for the enhanced cycling stability and improved
performances reported for buffer-layer-inserted switchable
mirrors.13–15 Our results provide insights into the microstruc-
tural, thermodynamic, and kinetic aspects of Pd-capped
hydrogen-absorbing thin films used in technological applica-
tions, such as switchable mirrors16 and optical hydrogen
sensors.17
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