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was 150(%10) kJ/mol.

The catalytic effect of titanium on the hydrogen sorption properties of a Mg-Y-Ti alloy has been inves-
tigated. The alloy is formed by a majority phase Mg,4.xYs, @ minor phase of solid solution of Y in Mg
and Ti clusters randomly dispersed in the sample. During the first hydrogen absorption cycle 5.6 wt.%
hydrogen was absorbed at temperatures above 613 K. The alloy decomposed almost completely to MgH,
and YHs. After hydrogen desorption pure Mg and YH;, were formed. For further absorption/desorption
cycles the material had a reversible hydrogen capacity of 4.8 wt.%. The MgH, decomposition enthalpy
was determined to —68 k]/mol Hy, and the calculated activation energy of hydrogen desorption of MgH;

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Mg-based materials have been the object of intensive research
due to their promising hydrogen storage properties [1,2]. MgH; has
a reversible hydrogen storage capacity of 7.6 wt.%. However, pure
Mg shows drawbacks for the use in sustainable storage devices,
such as very slow kinetics and poor thermodynamics. In order to
overcome these limitations two pathways have been developed.
First, the sorption kinetic has been showed to be improved by
reducing the Mg particle size by mechanical milling and adding
catalysts [3,4]. Mg-based materials milled with Ti catalysts have
proven to have faster sorption kinetics as compared to pure Mg
[2,4]. The thermodynamics is not changed by milling, but the acti-
vation energy of desorption for MgH, can be reduced. Secondly,
Mg can be thermodynamically destabilized by alloying with other
elements. For example, Mg,NiH4 has improved thermodynamic
and kinetic properties on the expenses of the total capacity [5].
Along with thermodynamic changes, alloying can also improve the
hydrogen diffusion properties. Our previous study on solid solu-
tion Mgy_,Yx (x=0-0.17) thin films has demonstrated improved
hydrogen diffusion [6].

Recently, we have discovered that one-dimensional nanos-
tructures of MgH, can be produced by hydrogenation and
subsequent decomposition of the intermetallic compound Mg,4Y5
[7]. Hydrogen desorption from one-dimensional MgH, nanostruc-
tures produced carved tubes of pure Mg with nano-sized walls [8].
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The elements Y and Ti have previously proven to have an impor-
tant effect on hydrogen sorption kinetics of Mg-based materials.
However, the Mg-Y-Ti ternary phase diagram has received lit-
tle attention and to our knowledge, no previous report has been
published. In the present study, structural, microstructural and
hydrogen sorption properties of a bulk Mg-14.5 at%Y-0.5 at%Ti
ternary alloy are presented and discussed.

2. Experimental details
2.1. Synthesis

A Mg-rich alloy with 14.5at%Y and 0.5 at%Ti was prepared from appropriate
amounts of the elements. In order to avoid Mg evaporation and contamination, the
pure metals were sealed inside a Ta crucible under Ar atmosphere. The tantalum
tubes were heated up to 1073 K in a high frequency induction furnace filled with
30 kPa Ar. No reaction between the tantalum tube and the sample could be observed.
The sample was kept and handled inside a glove box under Ar atmosphere.

2.2. Structural and microstructural characterizations

Structural and microstructural characterizations were performed by X-rays
diffraction (XRD) and scanning electron microscopy (SEM). The XRD experiments
were carried out on a Bruker D8 equipped with a Vantec position sensitive detec-
tor and a Philips diffractometer with Bragg-Brentano geometry both with Cu Koy
radiation. The lattice parameters were refined using the UNITCELL software (°BeN
Systems, 2000). Silicon was used as internal calibration standard.

The microstructural and elemental investigations were performed in a high
resolution LEO Supra 50 scanning electron microscope equipped with an in-lens
detector and an energy dispersion detector (EDS). The specimens were prepared
either by polishing a bulk piece of the pristine sample or by dispersing the powder
material (after hydrogen absorption and desorption) on a carbon tape.

2.3. Pressure-composition-isotherm and thermal desorption spectroscopy
measurements

Pressure-composition-isotherms (PCI) and thermal desorption spectroscopy
(TDS) were performed in a volumetric instrument (Hiden Isochema) designed for
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Fig. 1. Backscattered electron image of the Mg-Y-Ti alloy. The chemical composi-
tion of each phase, as determined by EDS, is indicated.

measurements of hydrogen absorption/desorption isotherms and the total amount
of the thermally desorbed hydrogen. The reactor is equipped with a cryo-furnace
(77-773K) and the volumes of dosing and reactor chambers are approximately
5cm?3. The reactor is connected to a high sensitivity dynamic sampling mass spec-
trometer by a flexible quartz capillary. Prior to measurements, the reactor was
evacuated to a base pressure of 10~2 Pa and flushed several times with hydrogen
and/or helium gases.

The PCI measurements were recorded by the static volumetric method (Sieverts
method) by a step-wise increase/decrease of the hydrogen pressure. The maximum
hydrogen pressure and temperature are 8 MPa and 673 K, respectively. Prior to the
PCI measurements, a gas leak test was performed at high pressure for several hours
at room temperature. Thermal gradient corrections and the real equation of state
for hydrogen are applied for the calculation of the hydrogen uptake [9]. The thermal
stability during the isothermal measurements is +0.3 K. All PCI curves are confirmed
by a second measurement in a similar volumetric instrument with comparable
results.

The hydrogen was thermally desorbed in a constant helium flow of 100 ml/min
and 100 kPa by heating the sample with a linear temperature rate. The desorbed
hydrogen was measured as the hydrogen partial pressure of the mass spectrometer
in function of time.

3. Results and discussion
3.1. The Mg-Y-Ti alloy

The SEM investigations proved that no ternary alloy had been
formed, as seenin Fig. 1. Magnesium-rich Mg,4+xYs5 (x=5.5) was the
majority phase. Second and third phases were identified as Mg-rich
with Y in a solid solution and small grains of pure Ti, respectively.
The Y content in the Mg solid solution could not be reliably esti-
mated from EDS due to the small amount. Ti dendritic particles,
with thicknesses of several tens of micrometers, were randomly
distributed in the sample. According to these results Ti did not react
with the other elements during melting.

The XRD pattern (Fig. 2) showed that the sample contained
Mg,4+xYs5 as the main phase and a small fraction of Mg. The small
amount of Ti, 0.5 at%, was not possible to be detected in the powder
diffraction profiles.

The lattice parameter of Mgy4.xYs, space group 143 m, was
determined to a=11.2584(5) A, which was in good agreement with
previous studies of the homogeneity range of Mgy4.+xYs5 [10,11].

The unit cell parameters of hexagonal Mg were determined to
a=3.2293(3)A and c=5.2167(4) A, which were larger than elemen-
tal Mg, a=3.209 A and c=5.211 A[12] indicating a solid solution of
Y in Mg. The solid solubility was estimated to 3.3 at%, from Veg-
ard’s law by the use of the unit cell volumes of elemental Mg and
Y [12,13]. The results were in accordance with previous investiga-
tions of the Mg-Y phase diagram [10,11].
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Fig. 2. XRD pattern of the Mg-Y-Ti alloy. The diffraction peaks of the Mg>4+xY5 and
Mg phases are also indicated. Si is used as internal calibration standard.

3.2. Structural and microstructural changes by hydrogen
absorption and desorption

The Mg-Y-Ti alloy absorbed hydrogen at temperatures above
613 K. Hydrogen desorption occurred in the same temperature
range under a continuous He flow of 100 ml/min at 100 kPa. The
XRD patterns of hydrogenated sample at 2 MPa and 643K (bot-
tom) and the corresponding desorbed sample (top) are shown in
Fig. 3. The hydrogen absorption at 2 MPa and 643 K induced a dis-
sociation of the initial alloy into YH3 and MgH,. Traces of Mg
and YH, were noticed, which indicated that the sample was not
fully hydrogenated under these temperature and pressure condi-
tions. The decomposition of this alloy under hydrogen pressure was
in agreement with our previous results obtained for Mgy4Ys [7].
Mg,4Ys5 reacted irreversibly with hydrogen in two-steps. The first
step occurred at a moderate hydrogen pressure (50 kPa) and YH,
and Mg were formed. The second step, at higher hydrogen pres-
sures, promoted the formation of YH3 and MgH,. Hydrogen was
thermally released from the two-phase sample by heating at sim-
ilar temperatures and pure Mg and YH, were formed. Therefore,
hydrogen desorption comprises two desorption reactions: from
MgH, to Mg and from YH3 to YH,. YH; is a very stable hydride
and temperatures above 1063 K are needed to desorb the hydrogen
[14].
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Fig. 3. XRD patterns of the Mg-Y-Ti alloy after hydrogen absorption at 2 MPa and
643 K (bottom) and desorption (top).
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Fig.4. Secondary electrons image of Mg tubes formed by hydrogen desorption from
MgH, whiskers.

One-dimensional structures, in the form of MgH, whiskers,
were grown during hydrogen absorption in the Mg-Y-Ti sam-
ple. During hydrogen desorption the whiskers were transformed
to one-dimensional Mg carved tubes, as shown by SEM picture,
Fig. 4. A similar behavior was previously discovered for hydrogen
absorption and desorption in Mg,4Y5 [7,8].

3.3. Thermodynamic properties of hydrogen sorption

Pressure-composition-isotherm curves, recorded during the
first and second hydrogen absorption cycles at 648 K are shown
in Fig. 5. The first isotherm absorption curve had a small plateau
at a very low pressure, which corresponded to YH, formation
[15,16]. The maximum hydrogen content of this first transition
was ~0.8 wt.%, due to the formation of YH, from all available Y
in the sample. A second plateau was obtained at 1.2 MPa hydrogen
pressure, due to MgH, formation. This plateau remained for the
second and following cycles. The maximum hydrogen content for
the first absorption cycle was 5.6 wt.%, which was slightly lower
than the maximum theoretical capacity of 6 wt.% corresponding to
the complete hydrogenation of the available Mg and Y to MgH,
and YHs, respectively. For further absorption cycles, the maximum
reversible capacity decreased to 4.8 wt.%, since YH, was stable
under these experimental conditions. The reversible hydrogenation
reactions were Mg < MgH, and YH, < YH3, which was confirmed
by XRD results. The phase transition YH, <> YH3 was not verified
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Fig. 5. Pressure-composition-isotherms recorded at 648 K for the first and second
hydrogen absorption cycles of Mg-Y-Ti.
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Fig.6. Van't Hoff plot of the hydrogen desorption from hydrogenated Mg-Y-Ti alloy.
The calculated enthalpy of desorption is indicated.

in the PCI measurements, probably due to the small amount of
involved hydrogen. Therefore, the maximum reversible hydrogen
capacity was 4.8 wt.% at temperature 648 K.

Several absorption and desorption PCI curves were measured at
temperatures between 618 and 658 K. The enthalpy of hydrogen
desorption (AH) was calculated for the values of the plateau pres-
sures (p) of desorption isotherms as a function of temperature (T)
using the Van'f Hoff relation:

AH AS
R TR (1)
where AS is the entropy of reaction and R is the universal gas con-
stant. The enthalpy of desorption was calculated from the slope of
the linear interpolation of the Van't Hoff plot (Fig. 6). The correla-
tion coefficient for the linear regression was 0.998. The calculated
AH=-68Kk]/molH, was in good agreement with the previously
reported values of MgH, decomposition [17]. The results showed
that the thermodynamic properties of magnesium hydride did not
significantly change by the presence of Y and Ti in the pristine
Mg-Y-Ti alloy.

In(p) =

3.4. Kinetic properties of the hydrogen desorption

The kinetic properties of the hydrogen desorption were studied
by thermal desorption spectroscopy. The recorded and normalized
TDS spectra from hydrogenated Mg-Y-Ti alloy at different heating
rates (0.5-17 K/min) are displayed in Fig. 7. The temperature where
the desorption rate reached its maximum, shifts to higher temper-
atures for faster heating rates. All TDS spectra showed one main
peak, which corresponds to hydrogen desorption from MgH, [18].
The phase transition YH3 — YH, could not be verified either by TDS
or PCI methods.

The activation energy of desorption was calculated according to
the Kissinger method by using the temperature of the maximum
hydrogen desorption rate, Ty, at different linear heating rates, h
[19,20]. The Kissinger equation is:

h Eq
In <Tr%> _—m-i-ln ko (2)
where E; is the activation energy of desorption and kg is a reac-
tion constant. The activation energy E, was calculated from the
logarithmic plot of /T2 versus 1/Ty, (Fig. 8). The correlation coef-
ficient for the linear regression was 0.975. The obtained value
Eq=150(410) k]J/mol, was in good agreement with earlier reported
values for MgH,: 160 (10) k]/mol (by volumetric technique) [21],
142 kJ/mol (by TDS) [18], 161 (15) kJ/mol (by TDS) [22]. Thus, there
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Fig. 7. Hydrogen thermal desorption spectra from hydrogenated Mg-Y-Ti alloy
recorded at different heating rates.
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Fig. 8. Kissinger plots for the calculation of the activation energy of hydrogen des-
orption from hydrogenated Mg-Y-Ti.

were no indications for kinetic improvements due to the presence
of metallic Ti clusters dispersed within the pristine Mg-Y-Ti alloy.

4. Conclusions

Structural, microstructural and hydrogen sorption properties of
a Mg-Y-Ti ternary alloy with 85.0 at.% Mg, 14.5at.% Y and 0.5 at.%
Ti composition have been determined by XRD, SEM, PCI and TDS
methods. Three phases, Mg,4+xYs5 (x=5.5), a solid solution of Y in
Mg, and Ti particles, were identified. There were no indications of
any reactions with titanium. The alloy absorbed hydrogen at tem-
peratures above 613 K. At 20 MPa hydrogen gas and 643 K the alloy
completely decomposes into YH3 and MgH,. Hydrogen was des-
orbed in a He flow at the same temperature range and the Mg and

YH; phases were formed. Hydrogen was not desorbed from YH, at
this temperature.

The maximum reversible hydrogen capacity was 4.8 wt.% after
the second cycle, which was lower than the first cycle capacity
5.6 wt.%. The MgH, decomposition enthalpy was determined to
—68 k]/molH,, which is in good agreement with previously pub-
lished values.

The calculated activation energy of hydrogen desorption of
MgH,, 150(£10) kJ/mol, in good agreement with decomposition of
pure MgH,.

Finally, the presence of both Y and Ti in this Mg-rich alloy did not
show any thermodynamic nor kineticimprovement with respect to
the hydrogen sorption properties of pure magnesium hydride.
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