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In situ study of hydriding–dehydriding properties in some Pd/Mg thin
films with different degree of Mg crystallization
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Abstract

A new in situ system with the functions of thin film formation and analysis of hydrogen absorption–desorption properties has been
developed to clarify hydrogen storage properties in nano-scaled composites. In this work, some Pd/Mg films (Pd (25 nm)-coated Mg (200
nm) films) with different degree of crystallization in the Mg layer were prepared in different sputtering conditions by changing RF coil
powers and argon pressures. Hydrogenation under hydrogen gas pressure of 0.1 MPa at 373 K for 24 h indicated that MgH and2

non-crystalline Mg hydrides were formed in all the Pd/Mg films and the hydrogen content reached 2.9|6.6 mass% independent of the
degree of Mg crystallization. From the thermal desorption spectrum, it was deduced that the dehydriding temperature decreased with
decreasing the degree of crystallization in the Mg layer in Pd/Mg films and the Pd/Mg film with lowest crystallization absorbed 5.6
mass% of hydrogen and all the hydrogen desorbed at a temperature lower than 463 K in vacuum.  1999 Elsevier Science S.A. All
rights reserved.
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1. Introduction attractive as one of the hydrogen storage materials because
of having a very high capacity of 7.6 mass% in MgH .2

Hydrogen absorbing alloys are promising as functional To clarify this point, we have developed a new in situ
materials for hydrogen batteries, hydrogen and thermal system with the functions of thin film formation and
storage, and heat pumps. Many searching studies of new analysis of hydrogen absorption–desorption properties
alloys have been done for developing new high-perform- under high vacuum without exposing in air. Thin film is
ance hydrogen storage materials that desorb hydrogen at the most suitable for synthesizing the nano-scaled compos-
temperatures lower than 373 K and have more than 3 ites because we can control well interface, thickness,
mass% hydrogen capacity. As one of the methods for composition and degree of crystallization.
synthesizing the high-performance alloys, we propose to Thin films for hydrogen storage have been studied so far
make two kinds of the alloys /metals with different hydro- [1–6]. Krozer et al. have reported unusual kinetics of the
gen storage properties into composite in nano-meter scale, hydrogen uptake on the Pd/Mg film that the saturation
because advantageous hydriding–dehydriding properties in hydrogen content decreases with increasing H -gas2

both materials are extracted through elastic interactions in pressures. This result has been explained in terms of
between nano-sublattices. One is a metal /alloy with high formation of the MgH at the Pd/Mg interface, which2

hydrogen absorbed capacity but high temperature desorb- blocks hydrogen diffusion [1]. The LaNi film has been5

ing temperature, while the other is that with just the investigated for application to electrodes of batteries [6], in
opposite properties. For instance, the former is Mg and the which the crystalline film has a higher capacity than the
later is Pd or LaNi . Especially, Mg is very much amorphous film but has a lower capacity than the bulk5

alloy. However, the relationships between the structural
and hydrogenation properties in thin films have not been
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studied yet in detail.1131.
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Table 1erties of the Pd-coated Mg film (Pd/Mg film) with
Sputtering condition and deposition rate of the Mg layerdifferent degree of Mg crystallization, and discuss whether
Condition (I) (II) (III) (IV)some advantageous properties are extracted or not in nano-

22 22 21 21composite Pd/Mg films. Ar pressure (Pa) 7.0310 7.0310 7.0310 7.0310
RF coil power (W) 0 100 0 200
D.C. current (A) 0.05 0.05 0.05 0.05

2. Experimental details
Deposition rate 0.13 0.13 0.04 0.08

21(nm s )
2.1. Outline of the in situ system

A schematic diagram of the in situ system with the also used for the sample introducing room. A mass
functions of film formation and analysis of hydrogen spectrometer and a pressure gauge are set at the down-
absorption–desorption properties is shown in Fig. 1. The stream room. The amount of desorbed hydrogen gas from
system consists of three units. The center unit is a the sample is measured by mass spectroscopy method and
sputtering chamber, the right one is a hydriding chamber through put (orifice) methods in the heating process of the
and the left one is an analysis chamber for evaluating sample, which is called a thermal desorption spectroscopy
dehydriding properties. The substrate in the holder can be (TDS) method [8].
moved among the three units with two magnetic man-
ipulators. The residual gas pressure in this system can be 2.2. Film preparation

25kept at the order of 10 Pa. Three RF associated
magnetron sputtering units [7] are set in the sputtering The Pd/Mg films were prepared on the glass substrate
chamber. The main features of the sputtering unit with RF (Corning [7059 2032030.5 mm) by the RF associated
coil just above the target are that (1) sputtering can be magnetron sputtering at room temperature. Before sputter-

22realized even at the argon (Ar) pressure of 7.031.0 Pa, ing, the sputtering chamber was baked out and the residual
27because ionization of Ar and metal is strongly facilitated, gas pressure was kept at the order of 10 Pa. The Mg and

and (2) RF coil power can be independently controlled for Pd targets with 4 N purity and the Ar gas with 6 N purity
D.C. power. The targets are tilted 308 from the perpen- were used for the sputtering. Mg films ((A),(B),(C) and
dicular axis of the substrate and the target-to-substrate (D)) are prepared under Mg sputtering conditions ((I), (II),
distance is 153 mm. (III) and (IV)) given in Table 1, respectively, and their

The hydrogenation of thin films can be performed in the deposition rates are also shown in Table 1. The Pd film
22hydriding chamber. The chamber can be heated up to 773 was prepared at the Ar pressure of 7.0310 Pa with a

K from room temperature by a mantle heater, and hydro- target D.C. current of 0.10 A and the RF coil power of 50
21gen gas can be introduced up to a pressure of 0.2 MPa. W, and the deposition rate was 0.22 nm s . The Pd/Mg

The analysis chamber of dehydriding properties consists films ((a), (b), (c) and (d)) are prepared by coating with the
of the upstream and downstream rooms. The orifice of 30 Pd layer on Mg films ((A),(B),(C) and (D)), respectively.

21l s is located between both the rooms. The upstream Mg layers are 200 nm and Pd layers are 25 nm thick in the
room with a molybdenum-heater and a pressure gauge is Pd/Mg films.

Fig. 1. A schematic diagram of the new in situ system with the functions of thin film formation and analysis of hydrogen absorption–desorption properties.
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After film formation, the Pd/Mg films were hydro- compact. The appearance of all the films is mirror-like the
same as the glass substrate. These morphologies corre-genated at 373 K for 24 h, and the dehydriding properties
spond to Zone-T of the structure zone model proposed bywere examined by TDS-analysis in the heating process at 4

21 Thornton [9]. This suggests that the interface of the Pd/K min up to 773 K from room temperature.
Mg film is so flat and comfortable that hydrogen can easilyThe film thickness was measured by a surface-measur-
transfer at the interface.ing instrument. The degree of crystallization of the films

The X-ray diffraction profiles of Pd/Mg films ((a), (b),were characterized by the X-ray diffraction method using
(c) and (d)) are shown in Fig. 3, together with that of theCu Ka radiation. The morphologies of the Mg and Pd
glass substrate as background. The profiles of Pd/Mg filmsfilms were observed by a scanning electron microscope
reveal the (002) preferred orientation for Mg films, but no(SEM).
preferential orientation for the Pd layer on the Mg films. It
should be noted that the preferential orientation of the
c-axis in the Pd/Mg films is not affected by the Ar3. Results and discussion
pressure and RF power. However, the Mg (002) peak
intensity is dramatically changed by the sputtering con-3.1. Formation of Mg, Pd and Pd /Mg films
ditions, while the full width at half maximum is almost the
same as ca. 0.23 (p /180) radian for all the Pd/Mg films.Prior to formation of the Pd/Mg films, the Mg films
The Mg (002) peak intensity is lower at the Ar pressure ofwith 200 nm and Pd film with 100 nm in thickness were

21 22prepared. The SEM images for the top surface of these 7.0310 Pa than 7.0310 Pa with no RF coil power,
films are shown in Fig. 2, together with that of the Pd film. indicating that the degree of Mg crystallization decreases
All the Mg films and Pd film are very smooth and with increasing Ar pressure with no RF power. At the high

Fig. 2. SEM images for the top surface of the Mg films ((A), (B), (C) and (D)) and Pd film (Pd). Mg films ((A), (B), (C) and (D)) were prepared under the
22sputtering conditions ((I), (II), (III) and (IV)) in Table 1, respectively. The Pd film was prepared at the Ar pressure of 7.0310 Pa with a target D.C.

current of 0.10 A and RF coil power of 50 W.
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Fig. 4. X-ray diffraction profiles of the hydriding Pd/Mg films ((a9), (b9),Fig. 3. X-ray diffraction profiles of the Pd/Mg films ((a), (b), (c) and (d))
(c9) and (d9)) at 373 K for 24 h. These films were prepared under thebefore hydrogenation and glass substrate (s). Mg layers of these films ((a),
same conditions ((a), (b), (c) and (d)) as in Fig. 3, respectively.(b), (c) and (d)) were prepared under the sputtering conditions ((I), (II),

(III) and (IV)) in Table 1, respectively, and coated by the Pd layer under
the same conditions as in Fig. 2.

(110) direction could be realized. (4) The X-ray peak
positions of the Pd layers in (a9), (b9), (c9) and (d9) do not

Ar-pressure, the Mg (002) peak intensity decreases drasti- change from the corresponding ones in Fig. 3, and the
cally with increasing RF coil power. X-ray peak of the Pd hydride is not observed. It seems that

hydrogen in the Pd layer has been completely desorbed,
3.2. Hydrogenation of Pd /Mg films since the hydriding Pd/Mg films have been kept in

vacuum at once before X-ray examination. (5) On the
The X-ray diffraction profiles of the Pd/Mg films after other hand, the non-Pd-coated Mg film did not absorb

hydrogenation are shown in Fig. 4. These films are not the hydrogen at all even in the same hydriding condition (at
same as those in Fig. 3, but have been prepared under the 373 K under 0.1 MPa H -gas atmosphere). This confirms2

same sputtering conditions and hydrogenated. The interest- that Pd acts as a catalyst for dissociating the hydrogen
ing points are summarized as follows: (1) The (110) peak molecule into protium (hydrogen atom).
of MgH becomes significant after hydrogenation, but the2

Mg (002) peak still exists except for the film (d). This 3.3. Dehydriding properties of Pd /Mg films
suggests that MgH has been formed in the upper part but2

not formed at the bottom part of the Mg layer in the TDS spectra of the hydriding Pd/Mg films are shown in
Pd/Mg films. (2) The Mg (002) peak position in Fig. 4 Fig. 5. These films are not the same as those in Fig. 4, but
does not change after hydrogenation, indicating that no the preparation conditions are the same. The shape of the
hydrogen is soluble in the hcp-Mg lattice. This supports spectra with a small peak at low temperature and a large
the model that the Mg hydride begins to grow from the peak at high temperature is similar for all the films.
interface between Pd and Mg and the MgH hydride layer However, the peak position of TDS spectra depends on the2

grows into the Mg layer [5]. (3) The MgH (110) peak Mg sputtering conditions. The start and end points of2

intensities of (a9), (b9), (c9) and (d9) in Fig. 4 are almost hydrogen desorption temperatures are summarized in Table
proportional to those of the Mg (002) peak intensities of 2, together with the integrated value of ion current (m /e 5

(a), (b), (c) and (d) in Fig. 3, respectively. This suggests 2) and total hydrogen content H/Mg (mass%). These
that the structure change from the hcp-structure of Mg to dehydriding temperatures are much lower than that of pure
the rutile one of MgH occurs so as to minimize the Mg [10], but are close to those obtained in the hydriding2

average transfer distance of Mg atoms. At this transforma- Pd/Mg films with a1b phases by Krozer et al. [2]. The
tion, the relationship between the crystalline orientations small peak at lower temperature might be due to desorp-
such that the Mg (002) direction corresponds to the MgH tion of hydrogen in the interface boundary between Pd and2
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which can be used at a temperature lower than 373 K and
have more than 3 mass% hydrogen capacity.

Finally, we describe about durability. After dehydriding
the hydriding Pd/Mg film (d9) by heating to 473 K using
TDS method, the same film was hydrogenated again in the
hydriding chamber at the same conditions and was ex-
amined by TDS method again. The second TDS profile
was similar to the first TDS profile. This suggests that the
hydriding–dehydriding cycles in the Pd/Mg films (d) can
be reproduced at a lower temperature than 473 K.

4. Summary

We have developed the new in situ system with the
functions of thin film formation and analysis of hydriding–
dehydriding properties. Using this system, we prepared
four kinds of Pd/Mg films with different RF sputtering
conditions and examined hydriding–dehydriding properties
in the temperature range from room temperature to 773 K.

Fig. 5. TDS spectra of the hydriding Pd/Mg films ((a0), (b0), (c0) and The results obtained are summarized as follows.
(d0)). These films were prepared under the same conditions ((a9), (b9), (c9)
and (d9)) as in Fig. 4, respectively.

1. The profiles of Pd/Mg films reveal the (002) preferred
orientation for the Mg films. The Mg (002) peak
intensity can be controlled by the sputtering conditions.Mg. The total hydrogen contents (H/Mg) in the hydriding

2. The MgH (110) peak intensity in the hydriding Pd/Mg2Pd/Mg films are between 2.9 and 6.6 mass%, and these do
films correlates to the Mg (002) peak intensity in thenot correspond to the peak intensities of MgH in the2
pre-hydriding Pd/Mg films.X-ray profiles. This indicates that non-crystalline Mg

3. The dehydriding temperature is strongly affected by thehydride with no X-ray diffraction peak, i.e. amorphous-like
degree of Mg crystallization, while the hydrogenMg hydride, is formed in the Pd/Mg films with the weak
capacity in the Mg layer is not. The dehydridingMg (002) peak intensity. We believe that since hydrogen
temperature becomes lower as much as the degree ofcan be easily soluble in the amorphous phase, the amor-
Mg crystallization for the Pd/Mg films decrease.phous hydride might be usually more unstable than the

4. The advantageous properties of Pd and Mg itself forcrystal hydride. The amorphous-like Mg hydride is found
hydrogen storage can be extracted in the nano-compo-to desorb hydrogen at lower temperatures than that of
site Pd/Mg films with the lowest degree of Mgcrystalline MgH , as is shown in Fig. 5(c0) and (d0). From2
crystallization, and the resultant hydriding–dehydridingthe above experimental results, we conclude that the high
properties are close to the goal of NEDO for thehydrogen content and low hydriding–dehydriding tempera-
practical use of hydrogen storage material.ture in the Pd/Mg film with the lowest degree of Mg

5. Hydriding–dehydriding cycles in the Pd/Mg film withcrystallization gives proof of the possibility to extract some
the lowest degree of Mg crystallization can be re-advantageous properties of Mg and Pd itself in the nano-
produced for lower temperatures than 473 K.scaled films. The hydriding–dehydriding properties ob-

tained in the Pd/Mg film (d) are very close to the goal of
NEDO for practical use of hydrogen storage material
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