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In this work, we examine the microstructural and hydrogen storage properties of 60 multilayer Mg/Pd
and Ti/Mg/Ti/Pd films using an ultra-high-vacuum (UHV) DC magnetron sputtering system. The hydrogen
absorption capacity of the Ti/Mg/Ti/Pd film was found to be 1.7, 3.5, and 4.7 wt% at 50, 100, and 150 �C,
respectively, while that of the Mg/Pd film was measured at significantly lower values, 0.18, 0.65, and
1.35 wt%. The hydrogen absorption capacity for the Mg/Pd and Ti/Mg/Ti/Pd films is greatly dependent
upon the formation of Mg–Pd intermetallic phases, formed during the hydrogenation process. Our results
demonstrate that Ti interlayers in the Ti/Mg/Ti/Pd film play a crucial role in preventing the formation of
Mg–Pd intermetallic phases, which originate from the inter-diffusion of Mg and Pd atoms during hydro-
genation, and thus result in an improved hydrogen storage capacity.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Magnesium (Mg) has recently drawn significant attention as a
promising candidate material for future hydrogen storage applica-
tions, due to its low cost and relatively high reversible hydrogen
storage capacity (7.6 wt%, MgH2). However, bulk MgH2 is limited
in its ability to release hydrogen due to its high hydrogen-
desorption temperature (>350 �C), high thermodynamic stability
(DH = �75 kJ/mol), and slow hydrogenation/dehydrogenation
kinetics [1]. Thus, alternative approaches have been studied to im-
prove the reaction kinetics of Mg and Pd, and decrease hydrogen
desorption temperatures. These include Mg-based, bulk powder-
ball milling [2,3], additives [4,5], catalysts [6–9], and Mg-based
thin films [10–26]. Among these techniques, the Mg-based thin
films with 3d-transition metals are reported to reduce absorp-
tion/desorption hydrogen temperatures and enhance hydrogena-
tion/dehydrogenation properties.

Mg/Pd bilayer films [10–16] were studied, as Pd is known to not
only protect Mg from oxidation in the Mg/Pd films, but also to
function as a catalyst, facilitating hydrogenation kinetics by
improving the hydrogen storage performance of Mg. Poor hydroge-
nation kinetics were observed, however, due to the formation of
binary intermetallic Mg–Pd alloys at the interface between the
Mg and Pd layers [12,15]. Recently, Mg-based trilayer films such
as MgAl [21], MgNi [22], and Mg-based multilayer films such as
MgTi [24,25,27] and MgFeTi [20] have also been reported to im-
prove the hydrogenation of Mg at lower temperatures. These films
have also been utilized to explain the role of hydrogen solution en-
thalpy in the transition metal layer as it relates to hydrogen
absorption/desorption kinetics.

In this paper, we have investigated the effects of Ti interlayers
on the microstructures and hydrogen storage capacity of Mg/Pd
multilayer thin films. We intend to utilize a Ti interlayer between
the Mg and Pd to enhance the hydrogen storage capacity, as well as
to prevent interdiffusion at the Mg/Pd interface during the hydro-
genation process at elevated temperatures. We found that the
overall hydrogen absorption capacity of a Ti/Mg/Ti/Pd multilayer
film obtained at 50, 100, and 150 �C was significantly larger than
that of a Mg/Pd multilayer film without Ti interlayers. We discuss
how to enhance the hydrogen storage capacity in the Mg/Pd mul-
tilayer films by inserting a Ti interlayer between the Mg and Pd
layers, preventing the formation of Mg–Pd intermetallic phases
originating from the inter-diffusion of Mg and Pd.
2. Experiment

The depositions of 60 multilayers composed of Mg(360)/Pd(40) and Ti(10)/
Mg(360)/Ti(10)/Pd(40) thin films (in nm) were conducted via ultra-high-vacuum
(UHV) DC magnetron sputtering, on a glass substrate (25 � 75 mm) in Ar atmo-
sphere. The base pressure was 4 � 10�8 Torr, and the deposition process was carried
out below 2.3 � 10�3 Torr with a 34 sccm Ar flow. The details of the deposition
process were explained by Lee et al. [28]. Typical deposition rates of multilayer
films at room temperature (RT) were �12.9 ÅA

0

/s for Mg at 50 W, �1.7 ÅA
0

/s for Ti at
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50 W and �4 ÅA
0

/s for Pd at 20 W. The purity of the Mg, Ti, and Pd targets was 4 N. All
samples were easily peeled from the glass substrates following deposition, as the
glass with the Pd film had weak adhesion. Multilayer samples were heated from
ambient temperature to 200 �C for 2 h in H2 at a rate of 3 �C/min.

X-ray diffraction (XRD) was performed using an Ultima IV/ ME 200DX (Rigaku),
and Transmission Electron Microscopy (TEM) was carried out using a JEM-2100F
(JEOL). Prior to cross-sectional TEM observation, the samples were sliced in a direc-
tion perpendicular to the surface using a focused ion beam system (FIB, Quanta 3D
FEG-FED). Hydrogen uptake measurements were carried out using a magnetic sus-
pension microbalance (Rubotherm, Isosorp) via a gravimetric method performed
under a vacuum pressure range up to 40 bar and temperature range of 50–150 �C.
The amount of sample used for the measurements was 0.1–0.3 g. All sorption iso-
therms were obtained using ultrahigh purity gases (H2: 99.999%; He: 99.99%).
3. Results and discussion

Fig. 1 presents the XRD patterns of a Mg/Pd multilayer thin film
and a Ti/Mg/Ti/Pd multilayer thin film before and after hydrogena-
tion at 200 �C for 2 h. Fig. 1(a) indicates the formation of both the
Mg hexagonal phase (JCPDS: #35-0821) and Pd cubic phase
(JCPDS: #46-1043). Following exposure to H2 at 200 �C for 2 h, this
Mg/Pd film shows significant changes in the phases present, with
the appearance of MgH2, Mg5Pd2, and Mg6Pd intermetallic com-
pounds, as shown in Fig. 1(b). These secondary phases are presum-
ably a result of the reaction between a Pd surface layer and the
underlying Mg film, and are caused by the interdiffusion of Mg
and Pd atoms. Given the lightness of Mg, it is assumed that the
Mg atoms can diffuse significantly faster than the Pd atoms. In
Fig. 1(c), the dominant XRD peaks of the as-deposited Mg/Pd film
with the Ti interlayer are from Mg, Pd, and the hexagonal Ti
(JCPDS: #44-1294) crystal structures, with an overlap of strong
peaks corresponding to the Pd (111) and Ti (101) planes. After
exposure of the Ti/Mg/Ti/Pd film to H2 under the above conditions,
no intermetallic Mg–Pd peaks were observed (with the exception
of MgH2 as a hydrogen storing phase in the film), as shown in
Fig. 1(d). Our results indicate that the Ti interlayers effectively pro-
Fig. 1. XRD patterns of Mg/Pd and Ti/Mg/Ti/Pd multilayer
tect against the interdiffusion of Mg–Pd alloys; however, some
intermixing of layers occurred forming a negligible intermetallic
TiPd3 phase.

Fig. 2 shows cross-sectional TEM images of the multilayered
Mg/Pd and Ti/Mg/Ti/Pd films. The average layer thicknesses of
the Mg and Pd films in the TEM image are �40 nm and �16 nm,
respectively. As shown in Fig. 2(a), the films show dense, clear,
and smooth layers with no intermixing observed during deposi-
tion. Interestingly, the Mg/Pd sample annealed in hydrogen for
2 h at 200 �C can be distinguished via two distinct regimes (see
Fig. 2(b)), which are clearly-observed intermetallic compounds
such as MgxPdy phase (marked arrows) in the film. We infer that
regime 1 drives the interdiffusion of Mg and Pd through the diluted
alloy at regime 2 during annealing, with the subsequent formation
of Mg5Pd2 (regime 1) and Mg6Pd (regime 2) resulting from a tem-
perature gradient under H2 flow, as shown in Fig. 2(c). This is in
good agreement with the XRD results shown above. Both Fig. 2(c
and d) shows cross-sectional TEM images of a Ti/Mg/Ti/Pd film
after exposure to H2 at 200 �C for 2 h. Fig. 2(c) displays well-lay-
ered films with slightly wavy lines. The EDS line scan profiles (inset
in Fig. 2(c)) also indicate that the Ti interlayers can play a role as an
effective barrier layer due to the immiscibility of the Mg–Pd alloys.
The high-resolution TEM image demonstrates obvious Ti/Mg/Ti/Pd
layers with no interdiffusion, as seen in Fig. 2(d).

Fig. 3 illustrates the schematics of (a) the Mg/Pd and (b) Ti/Mg/
Ti/Pd thin films before and after hydrogenation at 200 �C, based on
TEM observations. The as-deposited Mg/Pd film on the substrate
shows multiple Mg and Pd layers, whereas new phases appear in
the film during annealing in H2 at 200 �C, such as the formation
of the MgxPdy phases, Mg6Pd and Mg5Pd2, as sketched in
Fig. 3(a). The addition of the Ti interlayers is believed to effectively
prevent intermixing between the Mg and Pd layers (see Fig. 3(b)).
Both the Ti and Pd layers can also function as effective catalysts for
hydrogen dissociation and recombination.
films before and after hydrogenation at 200 �C for 2 h.



Fig. 2. Cross-sectional TEM images of (a) an as-deposited Mg/Pd multilayer film, (b) the Mg/ Pd multilayer film after hydrogenation, (c) low-resolution (inset: EDS line scan
profiles) and (d) high-resolution images of a Ti/Mg/Ti/Pd multilayer film after hydrogenation at 200 �C.

Fig. 3. Schematic diagrams of (a) a Mg/Pd multilayered film and (b) a Ti/Mg/Ti/Pd multilayer film on a substrate, before and after hydrogenation at 200 �C.
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For the hydrogen storage capacity measurements, 60 multilayer
Mg(360)/Pd(40) and Ti(10)/Mg(360)/Ti(10)/Pd(40) thin films (in
nm) were delaminated from substrates, and then tested under a
vacuum below 40 bar at 150, 100, and 50 �C, in serial order.
Fig. 4 illustrates the hydrogen absorption properties of (a) the
Mg/Pd and (b) Ti/Mg/Ti/Pd films as a function of pressure.
Fig. 4(a) shows a plot of the hydrogen gas pressure isotherm versus
hydrogen absorption capacity for the Mg/Pd film, indicating hydro-
gen absorption capacities of 0.18, 0.65, and 1.35 wt% at 50, 100,
and 150 �C, respectively. Lower values for the hydrogen absorption
capacity were found at each temperature when compared to the
theoretical capacity of MgH2 which indicates a decrease in hydro-
gen storage. This is fundamentally due to the formation of Mg6Pd
and Mg5Pd2 phases. Such Mg–Pd alloy phases are likely to contrib-
ute to a decrease in the interfacial free energy between the Mg and
Pd layers, leading to structural instability in the multilayered film
[24].

As compared to the Mg/Pd film without the Ti interlayers, the
absorption capacities in a Ti/Mg/Ti/Pd film are found to be 1.7,
3.5, and 4.7 wt% at 50, 100, and 150 �C, respectively, as shown in



Fig. 4. Hydrogen absorption capacity of (a) a Mg/Pd multilayered film and (b) a Ti/Mg/Ti/Pd multilayered film as a function of pressure at 50, 100, and 150 �C.
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Fig. 4(b). Accordingly, the overall hydrogen absorption capacities of
the Ti/Mg/Ti/Pd films obtained at 50, 100, and 150 �C were signif-
icantly larger than those of the Mg/Pd films without the Ti interlay-
ers. We found that the hydrogen absorption capacity (3.5 wt%) of
the Ti/Mg/Ti/Pd film in this study is higher than that of a Mg/Pd
film (2.6 wt%) reported in a previous study [15] at the same tem-
perature, 100 �C. The formation of Mg/Pd alloys during the hydro-
genation process at elevated temperatures prevents the formation
of MgH2, resulting in a lower Mg/Pd film hydrogen storage capabil-
ity. On the other hand, the higher hydrogen storage capacity of the
Ti/Mg/Ti/Pd film is attributed to the Ti interlayers playing the role
of an effective blocking layer between the Mg and Pd layers. The
extra interfacial energy in the Ti interlayers is likely to decrease
the energy barrier required for the formation of MgH2 at the inter-
face [24], providing microstructural stability during hydrogen
absorption-desorption.

4. Conclusions

We have fabricated 60 multilayers composed of Mg/Pd and
Ti/Mg/Ti/Pd films using an ultra-high-vacuum (UHV) DC magne-
tron sputtering system in order to measure the hydrogen storage
capacity. The hydrogen absorption capacities of the Ti/Mg/Ti/Pd
film are 1.7, 3.5, and 4.7 wt% at 50, 100, and 150 �C, respectively,
while those of the Mg/Pd film are significantly lower, 0.18, 0.65,
and 1.35 wt%, respectively, due to the formation of Mg–Pd inter-
metallic phases during the hydrogenation process. XRD and TEM
confirmed the existence of these Mg–Pd intermetallic phases,
which are detrimental to hydrogen storage, in the Mg/Pd film with-
out Ti interlayers after exposure to H2 at 200 �C. No Mg–Pd inter-
metallic phases were observed in the Ti/Mg/Ti/Pd film after
hydrogenation, indicating that a Ti interlayer between the Mg
and Pd layers can prevent the formation of Mg–Pd intermetallic
phases originating from the inter-diffusion of Mg and Pd during
hydrogenation. We conclude that the hydrogen storage capacity
in the Mg/Pd multilayer films can be significantly enhanced by
inserting a Ti interlayer between the Mg and Pd. The Ti interlayer
plays the important role of blocking the inter-diffusion of Mg
and Pd atoms during hydrogenation at elevated temperatures.
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