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�¡¸μ·¡Í¨Ö ¢μ¤μ·μ¤  ¢ Éμ´±¨Ì ¶²¥´± Ì MgÄPd

� ¸¸³ É·¨¢ ¥É¸Ö ¢μ¶·μ¸ μ ¢μ§³μ¦´μ¸É¨ ¸´¨¦¥´¨Ö Ô´¥·£¨¨, ´ ¡²Õ¤ ¥³μ° ¶·¨
μ¡· §μ¢ ´¨¨ £¨¤·¨¤ , ¢ ¸¶² ¢¥ ³¥É ²²¨Î¥¸±μ£μ ³ £´¨Ö ¸ ¶¥·¥Ìμ¤´Ò³ ³¥É ²²μ³
¶ ²² ¤¨¥³. �¡¸μ·¡Í¨Ö ¢μ¤μ·μ¤  ¢ Éμ´±¨Ì ¶²¥´± Ì MgÄPd ¸ ¸μ¸É ¢μ³, ¢ ·Ó¨·ÊÕ-
Ð¨³¸Ö μÉ Mg0,95Pd0,05 ¤μ Mg0,5Pd0,5, ¨¸¸²¥¤μ¢ ´  ³¥Éμ¤μ³ ¨§³¥·¥´¨Ö ¸μ¶·μÉ¨-
¢²¥´¨Ö ¢ ·¥¦¨³¥ ®in-situ¯. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò ¶·¨
¢ÒÎ¨¸²¥´¨¨ § ¢¨¸¨³μ¸É¨ p−ΔR−T , ÎÉμ ¶μ§¢μ²¨²μ ¶μ¸É·μ¨ÉÓ ¨§μÉ¥·³Ò, ¶μ¤-
É¢¥·¦¤ ÕÐ¨¥ ¨§³¥´¥´¨¥ Ô´É ²Ó¶¨¨. ‘μ¶μ¸É ¢¨¢ ¶μ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ c μ¸´μ¢-
´Ò³¨ §´ Î¥´¨Ö³¨ ¤²Ö MgH2 ¨ PdH0,6,  ¢Éμ·Ò ¶μ± § ²¨, ÎÉμ ¶·¨ ¨§³¥´¥´¨¨
Ô´É ²Ó¶¨¨ ¢ ¨¸¸²¥¤μ¢ ´´ÒÌ ¸É·Ê±ÉÊ· Ì Ô´¥·£¨Ö, ´ ¡²Õ¤ ¥³ Ö ¶·¨ μ¡· §μ¢ ´¨¨
³¥É ²²¨Î¥¸±μ£μ £¨¤·¨¤ , ¸É·¥³¨É¸Ö ± Ê³¥´ÓÏ¥´¨Õ §´ Î¥´¨° μÉ −0,77 Ô‚/H2 ¤μ
−0,65 ÷−0,5 Ô‚/H2.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ ¨³. ˆ.Œ. ”· ´± 
�ˆŸˆ.
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Hydrogen Uptake in MgÄPd Thin Films

The work is focused on the study of the possibility to reduce the binding energy
of hydride formation by alloying metal magnesium with transition metal palladium.
Hydrogen uptake in MgÄPd ˇlms, with composition ranging from Mg0.95Pd0.05 to
Mg0.5Pd0.5 was investigated by in-situ resistance measurements. Experimental data
were used to calculate the dependence p−ΔR−T and isotherms showing the enthalpy
change were drawn. The data were then compared with the bulk values for MgH2

and PdH0.6. As a result, the authors were bound to conclude that the enthalpy change
or the binding energy of hydride formation was reduced from −0.77 eV/H2 down to
−0.65÷−0.5 eV/H2.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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INTRODUCTION

Hydrogen storage materials such as metal hydrides, chemical hydrides and
nanostructured carbons have attracted considerable scientiˇc attention in relation
to their application in fuel-cell electric vehicles [1]. The latter have to be compact,
light, safe and give affordable containment for on board storage. For development
of high-performance hydrogen storage materials applicable to FCEV new mate-
rials with lighter elements have been looked for in recent years. It is expected
that they are able to overcome the disadvantages of conventional heavy-weight
metal hydrides.

One attractive light metal hydride is MgH2, because it is formed directly by
the reaction of bulk Mg with gaseous hydrogen, reaching hydrogen concentrations
up to 7.6 wt. % of hydrogen. However, there appear to be some disadvantages
of MgH2 for hydrogen storage due to its slow kinetics of hydrogen absorptionÄ
desorption and a relatively large amount of heat required to displace the hydro-
gen [2]. Indeed, the enthalpy change of magnesium hydride or binding energy of
hydride formation, −0.77 eV/H2, is too high compared to a hydride that releases
hydrogen at pressure of 1 bar at room temperature (−0.4 eV/H2) [3]. Thus,
the binding energy of hydrogen atoms needs to be reduced by 0.37 eV/H2. The
problem of slow kinetics of hydrogen absorption can be solved by depositing a
catalytic layer, comprising such material as palladium, on the magnesium surface.

For further investigation of the matter, the hydrogen uptake in thin metallic
ˇlms can be used. Only a few studies concerning the absorption of hydrogen into
metal alloys have been carried out using this approach. Some of them are fo-
cused on detailed measurements of hydrogen uptake and description of hydrogenÄ
hydrogen interaction in thin vanadium layers [4, 5]. These works represent initial
studies of hydrogen uptake in multilayers by conductance measurements and in-
troduce such basic thermodynamic properties of hydrides as enthalpy and entropy
of formation. Until now the measurements have been performed for a limited
number of alloys, such as vanadium and niobium, and for pure magnesium and
palladium. Furthermore, enthalpy change bulk values for Mg and Pd hydride were
stated. The present paper can be regarded as the ˇrst one to address the matter
of enthalpy changes caused by the uptake of hydrogen in these thin ˇlm systems.

The main objective of this paper is to investigate the behavior of MgÄPd thin
ˇlms exposed to hydrogen. The enthalpy change is compared to the bulk values
for the magnesium and palladium hydride [6Ä8].
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1. SAMPLE PREPARATION AND EXPERIMENTS

MgÄPd thin ˇlms were grown on a polished MgO (001) substrate with DC
magnetron sputtering under the condition of argon pressure of 3.6 · 10−8 mbar.
All samples were grown at room temperature with total thickness of 100 nm. The
deposition rate during the process of growing equaled to 0.1 nm/s. Finally, the
samples were covered with a 10 nm thick Pd layer, which served as a catalyst
and oxidation protection layer. Then, the samples were cleaved to dimensions
of 10 × 5 mm for the in-situ resistance measurement. The resistance of the
samples was measured with a resistance meter, which applies a 1Ä2 mA AC
current and measures the voltage drop with a four-point probe technique. The
sample temperature was controlled by the Eurotherm 94C heating unit driven by
a feedback loop through a PID controller. A turbomolecular pump lowered the
pressure over the sample down to 10−6 mbar before hydrogen was introduced
into the chamber. A capacitance pressure gauge was used to monitor hydrogen
gas pressure. It was observed that with the increasing hydrogen pressure the
resistance of thin ˇlms tended to increase as well. The measurements carried out
revealed that after unloading the hydrogen gas from the hydrogenation system the
resistance of the samples changed within 3.6 % of the initial resistance value.

2. RESULTS AND DISCUSSIONS

2.1. Mg0.95 Pd0.05 Film. In the current work, resistance measurements were
used to monitor the hydrogen uptake in Mg0.95Pd0.05 ˇlms. Two different pres-
sure ranges were studied at the temperature of 60−100 ◦C, the ˇrst pressure range
being 0Ä1 mbar, the second one 0Ä10 mbar. According to the bulk data, MgH2

formation begins at the pressure of at least 0.4 mbar and at the temperature of
60−100 ◦C [2]. The hydrogenation pressure for bulk PdH0.6 was determined out
of the solubility isotherms and it is higher than 60 mbar for the same temperature
interval [9].

The phase diagram for MgÄPd system shows that below the temperature
of 540 ◦C the Mg0.95Pd0.05 alloy consists of solid solution of Mg and Pd. This
means that in the pressure range of 0Ä10 mbar only α-phase of PdÄH system is
present. For the chosen pressure ranges the behavior of MgH2 can be expected at
the low-pressure range (p = 0−1 mbar), while the behavior of PdH0.6 is expected
at the high end of the high-pressure range (p > 60 mbar).

The ˇrst experiments were performed at the low pressure range to prevent
the samples from cracking and peeling, which is possible to happen due to lattice
expansion and stress formation. In the experiment the sample was heated up
to a chosen temperature between 60−100 ◦C. When the initial resistance had
stabilized and the vacuum pressure inside the system had set below ∼ 10−6 mbar
the hydrogen gas was introduced into the system.
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Fig. 1. Kinetics of hydrogen uptake at T = 60 ◦C

Figure 1 shows the plot resistance versus time for a Mg0.95Pd0.05 thin ˇlm
sample.

The plot shows hydrogenation kinetics at low hydrogen concentrations and
low hydrogen gas pressure. Fast and slow kinetics are visible in the thin ˇlm. The
pressure is increased in steps and the resistance change is indicated. Response
to pressure increase shows fast and slow behavior. At this temperature the bulk
Mg has a phase transformation hydrogenation pressure of 0.022 mbar which is
higher than the pressure used here. The hydrogen should therefore enter the low
concentration α-phase of the 100 nm MgPd material layer or the Pd capping layer.

The fast resistance increase indicates that hydrogen can enter all parts of the
sample relatively fast. The slow kinetics in the resistance change indicates the
ocurrence of a slow structural relaxation. The repeatability of the measurement
is therefore not good as it is in the case of a crystalline ˇlm since the initial
resistance value increased by 5 % when the hydrogen was removed.

MgH2 hydride could be formed at the Pd, MgPd interface in similar way
as seen in Pd capped Mg ˇlms [4], however low concentration Pd alloying of
Mg could move that boundary throughout the whole ˇlm. Since the MgH2

hydride is an insulator the resistivity increases in proportion to the ratio of the
sample reacted.

The resistance isotherms are presented in Fig. 2, where the low concentration
phase is characterized by a region of small resistance changes.

It is difˇcult to obtain thermodynamic information from the resistance isotherms
due to the lack of information concerning absolute hydrogen concentration. How-
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ever, if the plateau pressure for the formation of the hydride is observed, the
binding energy of hydride formation or enthalpy change (ΔH) of the system can
be obtained using the Van't Hoff relation,

ln p
1
2 =

ΔH

kBT
− ΔS

kB
.

Here, p is the plateau pressure of hydride formation, T is the hydrogenation
temperature, kB is the Boltzman constant, ΔH and ΔS are the enthalpy and
entropy changes, respectively.

The plateau pressure cannot be perceived from the resistance isotherms
in Fig. 2, since the resistance change is not seen to increase much faster when
the hydride formation starts. Here, Fig. 3 below shows the Van't Hoff or the Ar-
rhenius plot analysis from the isotherm data, where the information of hydrogen
concentration is implied by the resistance change.

The data of the resistance change is plotted and analyzed, where the slope and
intercept of the lines are the enthalpy change and the entropy change, respectively.

Figure 4 represents the enthalpy obtained from the analysis plotted versus the
resistance change. The enthalpy change for bulk Mg and Pd hydride are marked
in the plot with the solid and the dashed lines, respectively. The ˇlled circles in
the plot represent the enthalpy changes in the pressure range of 0Ä1 mbar. The
enthalpy changes vary from Ä0.65 to Ä0.70 eV/H2. These indices are close to the
bulk value of the MgH2, −0.77 ± 0.07 eV/H2 [2] and are signiˇcantly smaller
than the bulk value of the PdH0.6, Ä0.4 eV/H2 [6, 7]. The enthalpy changes in the

Fig. 2. The p−ΔR−T isotherms for the Mg0.95Pd0.05 ˇlm
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Fig. 3. Van't Hoff plot for Mg0.95Pd0.05 ˇlm. The plateau pressure is plotted as a function
of 1/T . The slope and the intercept of the linear ˇts are the enthalpy change and the
entropy change, respectively

Fig. 4. Enthalpy change for Mg0.95Pd0.05 thin ˇlm as a function of the resistance change

pressure range of 0Ä10 mbar, depicted with the open circles in the ˇgure, vary
from Ä0.45 to Ä0.40 eV/H2, which slightly differs from the value obtained for
bulk PdH0.6 and is much higher than the enthalpy changes for bulk MgH2.
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The results show that we observe two different entalphy behaviours in the
Mg0.95Pd0.05 thin ˇlm: at low gas pressure it corresponds to MgH2 phase for-
mation showing small resistance change indicating small formation volume of
MgH2 phase possibly only at the interface. At higher gas pressures the behavior
corresponds to formation of new MgH2 phase with lowered enthalpy change or
binding energy and also at the same time possible contribution from the hydrogen
uptake of the low concentration αÄPdHx phase.

The formation of new MgH2 phase with lowered enthalpy change or binding
energy is due to the clamping stress induced by the substrate and lattice expansion
of MgH2 phase already formed in the ˇlm [10].

2.2. Mg0.5 Pd0.5 Film. In this part, the in-situ resistance measurements
were carried out for the purpose of investigation of the enthalpy changes for the
Mg0.5Pd0.5 thin ˇlm, a large part of which had an alloy phase of MgÄPdÄH. The
measurement procedure is similar to that described earlier for the Mg0.95Pd0.05

thin ˇlm sample. Experimental work was performed in two different pressure
ranges that we describe as low and high.

The ˇrst one is the pressure range of 0Ä1 mbar, the same as discussed in
the previous section. The second one is much higher than the previous one, and
it is the pressure range of 0Ä100 mbar of hydrogen gas. The phase diagram for
MgÄPd system shows that below the temperature of 700 ◦C the Mg0.5Pd0.5 alloy
is in the form of solid solution of MgÄPd. Therefore, the high pressure values
were chosen for examination as the MgÄPdÄH and PdH0.6 behavior is expected at
pressure higher than 60 mbar, as was mentioned before. The hydrogen pressure
increased in square root steps, and fast and slow resistance change behavior can
also be observed. All measurements were repeated twice, the results were then
compared. It allowed one to reveal that the initial resistance values for the ˇlms
increased by less than 5 % from the ˇrst to the last measurement.

Thermodynamics information for the ˇlm was obtained through an Arrhenius
plot, which is not given here. These values were deduced using the Van't Hoff
relation. The slope on the Arrhenius plot gives the enthalpy change, while the
intercept with the x axis gives the entropy change.

Figure 5 represents the enthalpy change for both pressure ranges as a function
of resistance change. The lines for the enthalpy change of bulk magnesium and
palladium hydrides were also used for comparison.

However, the hydrogen in the ˇlm showed a strange concentration behavior
in both pressure ranges. Here, the resistance change was the same for both
pressure ranges. This indicates that the structure of the sample has possibly
changed during the ˇrst measurement in the high pressure range. Two possible
factors could have caused this change in the sample. The ˇrst one is segregation
of the MgÄPd phase by hydride formation of MgH2 or PdH0.6 urged by high
temperature. The second factor could be oxygen contamination in the sample.
In the unaffected sample the enthalpy change equals to Ä0.20 eV/H2, which is
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Fig. 5. The enthalpy change versus resistance change plot for Mg0.5Pd0.5. The solid line
shows the value of the enthalpy change for bulk MgH2, while the dashed line presents the
value of the enthalpy change for bulk Pd hydride

closer to the values for bulk PdH0.6 and indicates the presence of that phase in
the given pressure range.

In the high pressure range (high temperature 60−200 ◦C), where this value
is determined to be between the values of the two bulk hydrides, the enthalpy
change equals to Ä0.5 eV/H2. Indication of that mixed behavior of MgH2 and
PdH0.6, and the MgÄPdÄH phases can be observed here.

CONCLUSIONS

We have investigated the hydrogen uptake in the Mg0.95Pd0.05 and Mg0.5Pd0.5

thin ˇlms with thickness of 100 nm. The results obtained are summarized as fol-
lows:

1) In the Mg0.95Pd0.05 ˇlm the enthalpy change or the binding energy of
hydride formation is found to be Ä0.65 eV/H2 in the low concentration regime,
which is lower than the values for bulk MgH2. In the high pressure regime it was
determined to be Ä0.40 eV/H2, which is due to the clamping stress induced by the
substrate and lattice expansion of MgH2 phase already formed in the ˇlm [10].

2) The Mg0.5Pd0.5 ˇlm was affected by hydrogen induced MgÄPd phase seg-
regation. The enthalpy changes were deduced for both pressure ranges. In
the unsegregated sample at low concentration the enthalpy change equals to
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−0.20 eV/H2, which is lower than the values for bulk PdH0.6 but closer to
the PdHx α-phase value and indicates the presence of those phases in the given
pressure range. The Pd alloying hinders the formation of the MgH2 phases in the
low-gas pressure range. In the high-pressure range or in the highly phase segre-
gated sample the enthalphy value is Ä0.5 eV/H2 that indicates hydrogen induced
segregation and formation of clamped MgH2 phase in the ˇlm.

This is the ˇrst attempt of performing hydrogen uptake measurements in
MgÄPd thin ˇlms using resistance as a H-concentration probe. In this investi-
gation we have taken some initial steps, which are believed to be necessary for
further research of the given problem and a more detailed interpretation of the
data obtained in the experiment. Hydrogenography [10] of this alloy system is
expected to give improved informtion on the the hydrogen uptake and segregation
mechanism.
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