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Abstract Three-layered Pd/Mg1-xAlx/Pd (x = 0, 0.13,

0.21, 0.39) thin films were prepared by means of pulsed

laser deposition. In the present Al concentration range,

X-ray diffraction analyses showed that the Mg1-xAlx layer

was constituted of a single phase Mg(Al) solid solution.

The Mg(Al) grains are preferentially orientated along the

c-axis and their size decreased (from 18.5 to 10.5 nm) as

the Al content increased. Scanning electron microscopy

and atomic force microscopy observations indicated that all

the films exhibited a globular surface structure. However,

the surface roughness of the films decreased as the Al

concentration increased. Rutherford backscattering spec-

troscopy revealed that the Mg–Al layer density (porosity)

was strongly dependent on the Al content. Successive

hydriding charge/discharge cycles were performed on the

different Pd/Mg1-xAlx/Pd films in alkaline media. The

highest discharge capacity was obtained with the Pd/

Mg0.79Al0.21/Pd film, namely *85 lAh cm-2 lm-1 or 320

mAh g-1, which corresponds to a H/M atomic ratio of

*0.48 in the Mg–Al layer.

Introduction

As H2 sources for fuel cells, metal hydrides are a good

alternative to conventional high-pressure hydrogen storage

vessels thanks to their high hydrogen storage capacities and

safety aspects [1]. Moreover, metal hydrides are potential

candidates for other applications as well [2], including gas

purifiers, isotope separators, hydrogen sensors, thermal

compressors, optical windows, Ni-MH batteries and more

recently Li-ion batteries [3].

Magnesium is one of the best materials for hydrogen

storage due to its high H-storage capacity (7.6 wt% for

MgH2) and low cost. However, it suffers from several

drawbacks: (i) the high thermodynamic stability of MgH2

(DHf * -75 kJ mol-1) necessitates high temperatures

(*300 �C) for hydrogen desorption at 1 bar, (ii) the

energy barrier for H2 dissociation on Mg is high

(Ea * 72 kJ mol-1 H2) [4] and hydrogen diffusion in

MgH2 phase is very slow (DH * 10-16 cm2 s-1) [5],

leading to slow hydrogen absorption/desorption kinetics,

(iii) magnesium is very air sensitive, creating a native

oxide surface layer which makes Mg hard to activate.

A number of strategies have been explored to improve

the hydrogenation thermodynamics and kinetics of Mg [6]:

reducing the Mg grain size to the nanometer scale, adding

hydrogenation catalysts (Pd, V, Cr2O3, etc.) and alloying

Mg with various elements (Ni, Pd, Co, Al, etc.). Most of

these Mg-based materials have been produced in powder

form by high energy ball milling [7]. However, thin film

processing is an alternate method that offers the possibility

to synthesise nanostructured Mg-based materials in well-

defined compositions, microstructures and dimensions.

Moreover, kinetic limitations can be minimised and

cooperative phenomena can be induced through the syn-

thesis of multilayered films, leading to novel materials with

unique hydrogen storage properties [8–13].

We have recently shown that pulsed laser deposition

(PLD) is a suitable technique to prepare nanostructured Pd/

Mg/Pd thin films with variable microstructures depending

on the deposition parameters [13]. It was demonstrated that

the increase in pressure of the background helium gas in

the PLD chamber for Mg deposition increased the rough-

ness of the Mg layer, leading to an unsharp Pdout/Mg
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interface region. This has a positive influence on the

electrochemical hydriding properties of the films. How-

ever, the maximum H-solubility in the Mg layer (170 nm in

thickness) remains low (H/Mg *0.26) because the for-

mation of MgH2 is confined to the Pdout/Mg interface

region and thus, a large part of the Mg layer does not

participate in the electrochemical hydriding process.

Here, we report the structure and electrochemical hyd-

riding behaviour of three-layered Pd/Mg1-xAlx/Pd thin

films synthesised by means of pulsed laser deposition using

optimum He pressure in the PLD chamber as determined

previously from Pd/Mg/Pd films [13]. The addition of Al to

Mg was inspired by several studies (see Andreasen’s recent

review on the hydrogenation properties of Mg–Al alloys

[14]) which showed that the thermodynamics and kinetics

of hydrogenation/dehydrogenation of Mg–Al alloys are

generally improved compared to Mg alone.

Experimental

Film preparation

Three-layered Pd/Mg1-xAlx/Pd (x = 0, 0.13, 0.21, 0.39)

thin films were prepared by means of pulsed laser depo-

sition at room temperature using a pulsed KrF excimer

laser (k = 248 nm, pulse width = 20 ns, repetition

rate = 50 Hz). The deposition times were controlled in

order to achieve Pd and Mg–Al layer thicknesses of ca. 15

and 200 nm, respectively, for all films. The Mg–Al layer

with controlled Al content was deposited using composite

Mg–Al targets consisting on separate zones of magnesium

(99.95%; Alfa Æsar) and aluminium (99.9%; Alfa Æsar)

foils, in which the surface area of each element was

determined on the basis of their deposition rate calculated

after a preliminary set of ablation tests on the separate

metals. The alternate targets for ablation were a composite

Mg–Al target and a palladium foil (99.9%; Alfa Æsar).

Prior to deposition, the chamber was evacuated to a pres-

sure of ca. 10-4 Pa. Depositions were made in the presence

of helium (4.8 grade) at a partial pressure of 200 mTorr

(*27 Pa) for the Pd layers and a partial pressure of

600 mTorr (*80 Pa) for the Mg–Al layer. The laser beam

was focused at a 45� angle on the target with a spot area of

1.7 mm2. The targets were moved continuously via a dual

rotation and translation motion during ablation to ensure

uniform ablation of the target. During the deposition, the

laser fluence was kept at 5.0 ± 0.1 J/cm2 (250 MW/cm2).

The substrate holder was spun around its normal axis

during deposition. The target and the substrate holder were

parallel and the distance between them was set to 4 cm.

Films were deposited on mirror-polished nickel disks

(geometric surface area = 1 cm2). Eight substrates were

placed symmetrically around the centre of the substrate

holder at a radial distance of 2 cm.

Film characterisation

The total thickness of the films was determined by using a

Dektak profilometer and the thickness of each layer was

measured from scanning electron microscopy (SEM)

observations in cross-section.

Atomic force microscopy (AFM) investigations were

performed under ambient conditions with a Nanoscope III

microscope from Digital Instruments operated in contact

mode using standard Si3N4 tips.

Rutherford backscattering spectroscopy (RBS) with

2 MeV 4He?? was used to determine the film composition

and density. The Mg/Al atomic ratios of the films were also

determined by energy dispersive X-ray spectroscopy (EDS)

and were consistent with the RBS analyses.

The film structure was analysed by X-ray diffraction

(XRD) measurements in Bragg–Brentano h–2h configura-

tion using the Cu Ka radiation (k = 1.5414 Å).

The electrochemical experiments were carried out using

a Voltalab40 (Radiometer Analytical) potentiostat/galva-

nostat. Tests were performed at room temperature in 1 M

KOH solution with a three-electrode cell. The counter-

electrode was a Pt wire and the reference electrode was an

Hg/HgO electrode (Koslow).

Results and discussion

The main characteristics of the different samples presented

below are summarised in Table 1.

Table 1 Main characteristics of

the Mg–Al layer in the different

Pd/Mg1-xAlx/Pd samples

Al content

(at.%)

c Lattice

constant (Å)

Crystallite

size (nm)

Density

(g cm-3)

Porosity

(%)

Max. discharge capacity

(lA cm-2 lm-1)

0 5.189 18.5 1.39 20 55

13 5.166 15.1 2.15 0 36

21 5.154 14.6 1.28 28 85

39 5.143 10.5 1.83 0 48
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Film structure

XRD patterns of the Pd/Mg1-xAlx/Pd (x = 0, 0.13, 0.21,

0.39) are shown in Fig. 1. Peaks related to hcp Mg and fcc

Pd phases are clearly discernable. The XRD patterns show

no evidence of the formation of Mg17Al12, Mg2Al3 or pure

Al phase, as confirmed on XRD patterns in the 2h region

extending from 30� to 60� (not shown). The crystal struc-

ture of the Pd layer is similar for the different films with a

crystallite size of 13 ± 1 nm (calculated from (111) peak

broadening using Scherrer’s formula), a preferential ori-

entation in the h111i direction and no significant lattice

deformation (a = 3.895 Å compared to 3.890 Å for stan-

dard Pd).

As clearly shown in Fig. 1, the most intense peak of the

Mg phase is the (002)-peak for all films. This indicates a

preferential orientation of the Mg grains along the c-axis,

i.e. perpendicular to the substrate surface. This corrobo-

rates previous studies on Mg [8, 13] and Mg–Al [15, 16]

thin films and it reflects the lowest surface energy plane of

the (001)-plane in Mg crystal. On the basis of the Mg (002)

peak position, the lattice parameter c of Mg in the Pd/Mg/

Pd sample (c = 5.19 Å) is smaller than that of standard Mg

(c = 5.21 Å), indicating that the film is strained, as com-

monly observed on metal films prepared by PLD [17].

Moreover, a shift in the Mg peak position towards larger 2h
angles with increasing Al content is clearly apparent in

Fig. 1. The resulting change of the lattice constant c of Mg

with respect to the Al content is shown in Fig. 2. The

c-lattice value varies approximately linearly from 5.19 to

5.14 Å as the Al content increases from 0 to 39 at.%. This

is consistent with the fact that the atomic radius of Al is

smaller than that of Mg (1.43 and 1.60 Å, respectively) and

it confirms the formation of a Mg(Al) solid solution in the

0–39 at.% aluminium concentration range. This strongly

contrasts with the equilibrium limit of solubility of Al in

hcp Mg which is \5 at.%, according to the Mg–Al phase

diagram [18] and highlights the remarkable ability of the

PLD technique to produce supersaturated single phase solid

solution of Mg(Al) in a large Al concentration range.

A solid solubility extension of Al in Mg was also achieved

by magnetron sputtering [19, 20]. Furthermore, as shown in

Fig. 3, the Mg(Al) crystallite size (evaluated from (002)
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peak broadening using Scherrer’s formula) decreases

approximately linearly from 18.5 to 10.5 nm with the

increasing Al content. This crystallinity deterioration of the

Mg–Al layer as the Al concentration increases may be due

to the segregation of Al atoms in grain boundaries,

affecting the grain coalescence.

Film morphology

SEM and AFM observations of the different Pd/Mg1-xAlx/

Pd films are shown in Fig. 4. All films exhibit a globular

surface structure. However, the surface roughness of the

films decreases as the Al concentration increases. In the

absence of Al (x = 0), the film is very rough (root-mean-

square roughness Rq = 79 nm) and consists of large par-

ticles (mean lateral size Øl [100 nm). Moreover, the

outermost Pd/Mg interface is not well-defined and irregular

whereas a sharp and flat interface is distinguishable

between the Mg layer and the Pd underlayer as observed in

a previous study [13]. As the Al content increases in the

Mg–Al layer, the Rq and Øl values decreases, namely

Rq = 44, 15, 12 nm and Øl * 100, 80 and 60 nm for

x = 0.13, 0.21 and 0.39, respectively. Few droplets with a

diameter in the range of several hundred nanometers (see

SEM cross-section images) are formed on the films. Such

droplets are often observed on thin films prepared by PLD

and are due to the explosive-like character of the target

atomization upon PLD [17]. No evident differences in the

morphology of the Mg–Al layer between the films are

observed from SEM cross-section images. However, on the

basis of the RBS measurements, the density of the Mg–Al

layer significantly differs from the different samples:

Fig. 4 3D AFM images,

surface and cross-section SEM

images of the Pd/Mg1-xAlx/Pd

films with x = 0, 0.13, 0.21 and

0.39
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namely, 1.39, 2.15, 1.27 and 1.83 g cm-3 for x = 0, 0.13,

0.21 and 0.39, respectively. By comparing with the density

of the Mg(Al) phases calculated from their unit cell volume

determined from XRD analyses, the degree of porosity of

the Mg–Al layer is estimated at *20% for x = 0, 28% for

x = 0.21, whereas no porosity was obtained for x = 0.13

and 0.39. The erratic evolution of the Mg–Al layer porosity

with its Al content is presently unclear. It may be related to

the macroscopic inhomogeneity in the composition of the

Mg–Al targets, affecting in an uncontrolled way the dis-

tribution of the Mg and Al species in the ablation plume.

This may influence the film growing mode and thus, its

density. The uncontrolled formation of droplets during film

deposition as stated previously may also affect its density.

On the other hand, the densities of the inner and outer Pd

layers are similar for the different films (*12 g cm-3) and

in accordance with that of bulk Pd (12.02 g cm-3), sug-

gesting the absence of porosity in the Pd layers.

Electrochemical hydriding behaviour

Successive galvanostatic charge/discharge cycles were

performed on the different Pd/Mg1-xAlx/Pd films. For the

charge, the electrode was fully hydrogenated by applying a

current of -500 lA cm-2 for 10 min while the discharge

was done at 50 lA cm-2 with an end-discharge potential

fixed at -0.2 V. The experiments were carried out under

stirring and Ar bubbling in order to eliminate H2 molecules

accumulated near the electrode (formed during the charge

step through the hydrogen evolution reaction) that could be

oxidised during the discharge step. Moreover, between

each charge/discharge cycle, the electrode was cycled 5

times between -0.45 and 0.45 V at 50 mV s-1 for strip-

ping the metallic impurities (coming from the electrolyte)

that may be accumulated on the electrode during the charge

step, affecting the discharge response as shown previously

on Pd thin films [21]. The obtained E–t discharge curves at

the 1st, 5th and 10th cycles are presented in Fig. 5 for the

different Pd/Mg1-xAlx/Pd films. No major evolution in the

discharge curves was observed between the 10th and 35th

cycles (not shown) and thus, it is assumed that at the 10th

cycle, the electrodes have reached their steady state.

For x = 0 (Fig. 5a), the discharge curve at the 10th cycle

displays a well-defined plateau at about -0.75 V attributed

to the H-desorption reaction. Note that no distinctive

H-desorption steps related, respectively, to the Pd and Mg

layers are clearly discernable. When the hydrogen desorp-

tion reaction is completed, a rapid increase of the potential is

observed. Between the 1st and the 10th discharge, a pro-

gressive increase of the discharge duration from 630 to 920 s

is observed in addition to a modification of the E–t curve

shape resulting in the disappearance of the discontinuities of

the discharge curve. It might reflect some microstructural
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reorganization in the film due to its expansion–contraction

upon H-absorption/desorption cycling. On the basis of the

maximum discharge duration (920 s), the discharge capacity

of the Pd/Mg/Pd film is estimated at *55 lAh cm-2 lm-1

(where ‘‘cm-2’’ and ‘‘lm-1’’ refer to the geometric sur-

face area and the whole thickness of the film, respec-

tively), which corresponds to a discharge capacity of ca.

200 mAh g-1 (calculated from the Pd and Mg layer densi-

ties determined previously by RBS). Assuming, as a first

approximation, that the inner and outer Pd layer were H-

saturated (i.e. PdH0.7) after charging, the H/Mg atomic ratio

in the fully H-charged Pd/Mg/Pd film is estimated at *0.21,

which is lower than the expected value for H-saturated Mg

(H/Mg = 2). As stated in a previous study [13], this indi-

cates that the formation of MgH2 is confined at the Pdout/Mg

interface region (i.e. where the Mg–Pd interaction is maxi-

mal) and thus, a large part of the Mg layer does not partic-

ipate in the electrochemical hydriding process.

For x = 0.13 (Fig. 5b), the discharge curves appear

more discontinuous than for x = 0 with the presence of

three short and not well-defined plateaus at ca. -0.8, -0.7

and -0.45 V, respectively. The discontinuities in the dis-

charge curves reveal the presence of different types of

H-occupation sites in the Pd/Mg0.87Al0.13/Pd film but the

specific origin of these sites is presently unknown. More-

over, the discharge curve shape and duration do not change

significantly with cycling, leading to a low H-discharge

capacity (*36 lAh cm-2 lm-1 at the 10th cycle). Similar

behaviour is observed for x = 0.39 (Fig. 5d) with the

presence of a discontinuous discharge curve which evolves

little with cycling, leading to a maximal discharge capacity

of *48 lAh cm-2 lm-1 at the 10th cycle. The low

hydrogen storage capacity of these films may be related to

the absence of porosity in the Mg1-xAlx layer for x = 0.13

and 0.39 (see RBS data), leading to a sharp Pdout/Mg(Al)

interface which is unfavourable for their hydriding as

shown previously on dense Pd/Mg/Pd films [13]. In con-

trast, for x = 0.21 (Fig. 5c), major evolution in the dis-

charge curve occurs upon cycling. After 10 cycles, the

discharge curve displays an extended sloping plateau in the

-0.9/-0.7 V potential region followed by a second shorter

discharge plateau at ca. -0.4 V. The duration of the first

plateau largely increases with cycling whereas the second

one evolves much less during the successive charge/dis-

charge cycles. On the basis of the discharge duration

reached after 10 cycles (1400 s), the discharge capacity of

the Pd/Mg0.79Al0.21/Pd film is estimated at *85 lAh cm-2

lm-1 or 320 mAh g-1, which corresponds to a H/M atomic

ratio of *0.48 (i.e. 1.9 wt% H) in the Mg–Al layer. This

value is higher than the one obtained previously for x = 0

(H/M= 0.21 or 0.9 wt% H). It may be related to its higher

porosity (28%) favouring the Pdout/Mg(Al) interaction but

also to the dissolution of Al in Mg phase that may induce

the formation of an additional type of H-occupation site

as illustrated by the presence of a second discharge step at

-0.4 V (Fig. 5c). Note that the potential of this second

discharge step is surprisingly high, reflecting its slow

H-desorption kinetic and/or the high thermodynamic sta-

bility of the corresponding MH phase.

In addition, as seen in Fig. 6, XRD analysis performed

on cycled Pd/Mg0.79Al0.21/Pd film (5th cycle, discharge

state) shows the disappearance of the Mg(Al) phase peaks,

which may result from an amorphyzation of the Mg(Al)

layer upon cycling. On the other hand, a new peak attrib-

uted to the MgH2 phase is observed at 28.0�. Its presence in

the discharged electrode state demonstrates that the

hydrogen discharge reaction is partially irreversible in the

present discharge conditions and thus, the H concentrations

in the films determined previously form the discharge

capacities must be underestimated. Further experiments

(e.g. in situ XRD analyses upon cycling) are planned to

clarify this issue.
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