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unique structure enables a physical and temporal decoupling of

nucleation and growth processes, by allowing the nucleation to

occur only under the Pd nanoparticles, followed by growth due to

hydrogen flux through the Pd catalyst nanoparticle ‘portals’. As a

result, it can be employed to study hydrogenation reactions under

a wide variety of carefully controllable experimental conditions.

This has potential to provide great insight into the underlying

reaction mechanisms.

The nanoportal structure also allows examination of the reac-

tion using Scanning Electron Microscopy (SEM) and an optical

transmission technique based on hydrogenography21, since the

catalyst nanoparticles do not obscure the observation of the un-

derlying phase transformation. We propose a reaction mecha-

nism for this structure and then correlate a kinetic model that we

have developed based on the Johnson-Mehl-Avrami-Kolmogorov

(JMAK) formalism22, with the experimental observations. The

results suggest that the overall reaction rate depends on the flux

of hydrogen atoms through the interface between the Pd catalyst

nanoparticle and the underlying Mg film.

We found that, even for the thin Mg films studied here, Pd

nanoparticles representing a mass fraction of only a few percent

can be effective catalysts, increasing reaction rates by orders of

magnitude over bare Mg. The investigation of reaction mecha-

nisms with this novel nanostructure can pave the way to rational

designs of hydrogen storage systems with better storage proper-

ties for future on-board applications.

2 Experimental

2.1 Sputtering of Pd Nanoparticles and Sample Preparation

Samples were prepared in a UHV sputtering chamber consisting

of two sputter zones; one was for conventional thin film growth

and the second was a high-pressure condensation zone for

producing nanoparticles.23 Epitaxial Mg films 22 nm thick, in

the (001) orientation were grown on (001) Al2O3 at room tem-

perature (more details here24) using DC magnetron sputtering

in a chamber zone with a base pressure of 5× 10−9 torr and an

Ar deposition pressure of 1.3 millitorr. In order to investigate the

effect of grain structure on hydrogenation kinetics, non-epitaxial

Mg films of the same thickness were grown on oxidized (100)

Si wafers using the same growth conditions. Pd nanoparticles

were generated by a nanoparticle source from Mantis Deposition

Ltd., consisting of a sputter source operating in a condensation

zone held at high (hundreds of millitorr) Ar pressure, and a

quadrupole mass filter. By controlling the condensation zone

length and pressure, and by using the mass filter, particle sizes

in the range of 1-20 nm can be produced. The generated Pd

nanoclusters were then impinged upon the as-deposited Mg film.

A detailed description of the sputtering conditions is provided in

the Electronic Supplementary Information (ESI).

2.2 X-Ray Diffraction

Symmetric θ -2θ scans and rocking curve scans were performed

to examine the overall structure and preference of out-of-plane

texture, while φ scans after aligning on known peaks away from

the sample normal swere used to determine the presence of in-

plane orientation induced by epitaxial alignment with the sub-

strate. More information is provided in the ESI.

2.3 Optical Transmission Measurement

The samples were charged with hydrogen (99.999%) in an optical

measurement chamber. A high-power LED with wavelength 625

nm was used as the light source in the measurements. The LED

output was modulated at 316 Hz to allow for lock-in detection

in order to increase the signal-to-noise ratio. Since the 635 nm

light was strongly absorbed by Mg but not MgH2, monitoring the

optical transmission allowed real-time, direct measurement of the

fraction of the Mg converted to hydride21. The schematic of the

setup and the pictures of the sample before/after hydrogenation

can be found in the ESI.

3 Results and Discussion

3.1 Construction of the Nanoportal Structure

The nanoportal structure consists of Pd nanoparticle catalysts

forming portals for the dissociated H atoms to diffuse through

and then nucleate and grow the hydride in the underlying Mg

film. To form this structure we first deposit a Mg film using

conventional UHV sputter deposition onto either sapphire or ox-

idized Si substrates (the Mg growth process is described in more

detail here24). This is followed by deposition of Pd nanoparti-

cles, formed by inert gas condensation23 of a sputtered Pd atom

flux, combined with in-situ mass filtering to produce uniformly-

distributed, size-selected Pd nanoparticles. The Pd nanoparticle

deposition immediately follows the Mg film growth in the same

deposition environment without breaking vacuum, leading to an

intimate contact (and presumably some reaction8) between the

Pd nanoparticles and the Mg film. The resulting structure is then

exposed to air, whereupon a ∼ 2 nm thick native MgO layer forms

on the remaining Mg film that is not covered by the Pd nanopar-

ticles. This oxide layer effectively blocks hydrogen from reacting

with the underlying Mg. The final structure is shown schemati-

cally in fig. 1(a).

Structural Characterization of Mg Films

The as-grown Mg thin films were analyzed with x-ray diffraction

to determine the relative crystallographic orientations of Mg films

and sapphire substrates. For both samples grown on sapphire and

oxidized silicon substrates, the Mg films exhibited a single (001)

out-of-plane orientation, as shown in the x-ray high-angle θ -2θ

diffraction pattern of Fig. 2. The rocking curve of Mg (002) had

FWHM ∼ 1◦ on (001) Al2O3 and ∼ 6◦ on oxidized Si, which indi-

cates that the Mg (002) planes were more closely aligned with the

substrate for the samples deposited on sapphire. For the samples

grown on sapphire substrates, the φ scan of Al2O3 (202) and Mg

(101) in Fig. 2(c) shows six Mg peaks of FWHM ∼6◦, indicating

that the Mg had an epitaxial, in-plane alignment, with a 30◦ rota-

tion relative to the sapphire substrate. Although the Mg films on

the sapphire substrates were not single crystal, they had a high

degree of out-of-plane and in-plane alignment, and hence were

free of high-angle grain boundaries. We refer to these Mg films as
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