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The application of Mg as a potential hydrogen storage material has been hindered due to the
slow absorption rate of hydrogen in Mg films. Herein, we explore the hydrogenation process
theoretically using DFT calculations, and compare the energy barriers for hydrogen diffusion

through Pd nanoparticle/Mg film interfaces and their variations, i.e. Pd(H)/Mg(O).
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Decomposing the mechanism into basic steps, we show that Pd undergoes a strain-induced
crystallographic phase transformation near the interface, and indicate that hydrogen saturation
of Pd nanoparticles enhances their efficiency as nanoportals. Using energetic arguments, we
explain why hydrogen diffusion is practically prohibited through native Mg oxide, and
seriously suppressed through existing hydride domains. We experimentally investigate
hydrogen flux through the nanoportals in Pd nanoparticle-decorated Mg films by PCT
hydrogenation measurements, and demonstrate the effect of the surface oxide layer and film

thickness on hydrogenation kinetics. We theoretically calculate an r~t'3

relationship for the
radial growth of hemispherical hydride domains, and confirm this relationship by AFM. The
diffusion constant of hydrogen in Mg films is estimated as Dy""m~8x10®m?™, based on
TEM characterization. Our unique nanoportal configuration allows direct measurement of

hydride domain sizes, thus forming a model system for the experimental investigation of the

hydrogenation process in any material.

1. Introduction

The often-cited hydrogen economy relies heavily on the efficient extraction of hydrogen gas
from the gas mixture produced from fossil fuels, and its storage in an appropriate medium.
Regarding the latter, metal hydrides are promising materials, given their low cost, abundance,
and high weight-percent hydrogen absorption.[l'zl Magnesium hydride, in particular, is an
attractive candidate at 7.6 wt.% hydrogen mass capacity.® However, to date, commercial
application of metal hydrides has been limited by slow absorption and desorption Kinetics,
requiring high pressure and high temperature, respectively.[4'5] The sluggish absorption rate of
hydrogen in Mg, which limits its practical use, can be attributed (i) to surface-adsorbed oxides
and impurity gases (such as CO,, H,O, CiHy), and (ii) to the low diffusion constant of

hydrogen into existing MgH,. The former are considered to deprive Mg of active sites for
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catalytic dissociation of hydrogen molecules by covering the nucleation sites for hydride
formation, whereas the latter can affect the overall hydrogen uptake capacity substantially.!*?
Over the last decade, multiple attempts have been aimed to resolve these issues, including
nanostructuring of Mg-based hydrides.!® Nevertheless, hitherto, a coherent description of vital

aspects of these relevant hydrogen sorption factors is still missing or remains unexplored at

the nanoscale.

To begin with, thin Mg films are prone to oxidation and spontaneously form an
oxide/hydroxide layer on the surface under humid air or even under high vacuum.! Upon air-
exposure, the Mg surface is covered with 1-2nm of oxide layer within minutes, which reaches
to approximately 3nm after 2h. With time, the oxide layer continues to grow slowly following
a logarithmic growth rate and reaches 4-5nm within 10 months.B?® Notably, both
temperature and moisture can expedite the oxide growth.!™! Once formed, the MgO surface
layer remains non-catalytic for dissociation of hydrogen molecules due to the high activation

energy barrier (2.34-2.94eV) .12 %

In addition, the hydrogen diffusion coefficient is an important Kkinetic parameter that
determines the suitability of a system for hydrogen storage applications. In general, this value
is extremely small in existing MgH, (e.g., DyM"2=1.1x10%®m?s™ at T=305K),™™ but can be
greatly affected by grain boundaries and other imperfections in the material. The slow
absorption kinetics of hydrogen in Mg samples is mainly attributed to the diffusion resistance
offered by a blocking layer of MgH, "% Consequently, the extremely slow mass transport of
atomic hydrogen through this near-impermeable hydride layer becomes the rate-controlling

reaction step.!?%!
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A capping layer (~10nm) of transition metals such as Pd or Ti has been proposed as a possible
solution in order to overcome the former obstacle, i.e. the early oxidation of Mg films, and
facilitate the catalytic dissociation of hydrogen molecules.'**?"?®] However, in doing so, this
actually expedites the formation of a surface MgH, blocking layer, thus stumbling upon the
latter hurdle. After studying the effect of oxygen contamination on hydrogen uptake in Pd-
covered Mg films, it was found that the presence of a thin native oxide layer could actually
increase the hydrogen uptake **?% by preventing the formation of a surface MgH. layer;™*8%!
as long as hydrogen atoms could still penetrate the MgO/Mg interface at certain positions.
Hence, the idea of Pd nanoparticles (NPs) acting as nanoportals for hydrogen diffusion into
oxidized Mg films was introduced to enable the decoupling and simultaneous study of both

obstacles.[?”8l

Herein, we investigate the crucial factors that can affect the hydrogen sorption behavior in a
Pd NP-catalyzed Mg film. In doing so, we explore all the implicit and explicit assumptions of
the proposed mechanism, both theoretically and experimentally, with an emphasis on the role
of the various potential interfaces. In order to understand the effect of the interfacial MgO
layer on the hydrogenation mechanism, we deposit size-controlled Pd NPs on the surface of
both oxidized and non-oxidized Mg films within the soft-landing regime; specifically, we
investigate the kinetics of both samples (Pd/Mg and Pd/MgQO) and validate their differences
based on density functional theory (DFT) calculations of hydrogen diffusion barriers through
the interface. We employ atomic force microscopy (AFM) to observe the growth rate and the
dimensions of localized hydride nanodomains for various film thicknesses. In addition, we
explicitly demonstrate the diffusion-induced hydrogen concentration in a single hydride
domain by showing the cross-section of a hydrogenated Mg film using transmission electron
microscopy analysis of a focused ion beam-prepared sample (henceforth referred to as FIB-

TEM), and estimate the apparent diffusion coefficient using MATLAB codes.
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2. Results and Discussion

2.1. Model for the hydrogenation of a Mg film through Pd nanoportals

Pd NPs overlaid on the surface of a Mg film can locally inhibit the oxidation of Mg,*"!

forming localized metal-metal interfaces on otherwise surface-oxidized Mg films. In this
context, a potential hydrogenation mechanism through Pd NP nanoportals was proposed for
an underlying surface-oxidized Mg film, as summarized in Figure 1.°"?! Upon hydrogen
exposure, hydrogen molecules adsorb and dissociate to individual atoms on the surface of the
Pd NPs (A), which subsequently diffuse through interstitial octahedral sites of the Pd NPs
toward the interface with the substrate.””*! If this is a Pd/MgO interface (B), hydrogen
penetration is suppressed; if it is a Pd/Mg interface (C), hydrogen atoms diffuse through it,
eventually forming MgH,. Hydride growth beneath the Pd NPs leads to a volumetric
expansion as a result of the Mg-to-MgH, transformation. Consequently, such expansion
ruptures the surface of the surrounding MgO layer, allowing additional hydrogen atoms to

spillover through the cracks and react with underlying fresh Mg (D).

2.2. Theoretical investigation of hydrogen diffusion through oxidized and non-oxidized

interfaces

In order to elucidate the hydrogenation process theoretically, we used DFT calculations to
explore hydrogen diffusion through Pd/Mg and Pd/MgO interfaces (corresponding to our
experimental pristine and air-exposed samples, respectively; see sections 2.3 and 2.4, below).
Details regarding the simulation method can be found in the Experimental Section. For
comparison, we also built PdH/Mg and PdH/MgO interfaces, to study the effect of
hydrogenation of the Pd NPs, as the interstitial diffusion of hydrogen through Pd NPs is a

preliminary step in the hydrogenation of Mg films.
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During the Pd/Mg interfacial relaxations, the initially cubic Pd structure (space group: Fm3m
225) always switched to a hexagonal one, similar to the hexagonal structure of the underlying
Mg film (space group: P6s/mmc 194). The structural transformation was driven by the strain
arising from the accommaodation of Pd on the hexagonal Mg substrate, since the energy of the
strained hexagonal structure is much lower than the energy of the strained cubic structure. The
resulting lattice parameters, respective unit cells, and cohesive energies are provided in

Figure S1.

Interlayer distances near and at the four aforementioned sharp interfaces are compared in
Figure 2(a) and (c). As expected, in all cases internal layers of all atomic types are almost
regularly spaced up to the interface area. However, at the Pd/Mg and PdH/Mg interfaces, both
topmost layers expand perpendicularly toward the interface, resulting in a closer distance
between the two interfacial components. The behavior is different for the Pd/MgO and
PdH/MgO interfaces, where the expansion of the topmost layers is accompanied by larger

interfacial distances.

Subsequently, we investigated the potential hydrogen diffusion pathways and barriers for all
interfaces. At the Pd/Mg interface, the hydrogen atom needs to overcome a barrier of 0.90eV
to penetrate into the Mg region (Figure 2(b)-black curve). The same barrier is lower for
PdH/Mg, at 0.49eV, showing that there is a strong correlation between the diffusion barrier
and hydrogen saturation of Pd (Figure 2(b)-orange curve). The lower barrier may be
attributed to the larger interfacial distance mentioned above, which results in more space for
the hydrogen atom to diffuse through. The Pd(H)/Mg interfaces facilitate the diffusion
through the first and second Mg layer and hence a sudden drop in the energy can be observed.

The diffusion barrier between the first and second Mg layer is reduced to 0.43eV. In the
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PdH/Mg case, the energy for the hydrogen position between the first and second Mg layer is
even lower than the energy for the hydrogen atom between the last two PdH layers. Finally,
the diffusion behavior is stabilized in the following layers, and the barrier becomes 0.15-
0.27eV for both cases, close to the diffusion barrier for hydrogen in bulk Mg. Energy minima
are located between the Mg layers, where the hydrogen atom can be easily accommodated.
The diffusion path of hydrogen in a pristine sample is clearly demonstrated in Supplementary
Information Movie S1. It should also be mentioned that in the case of partial interfacial

alloying the diffusion barrier is further reduced by ~12%, as explained in Figure S2.

On the contrary, the diffusion barriers are markedly higher for Pd/MgO and PdH/MgO, being
2.54eV and 2.21eV respectively (Figure 2(d)). In this case, the hydrogen atom is strongly
attracted by the oxygen atoms in MgO. Since the attractive forces by the surrounding left and
right oxygen atoms are equal, the hydrogen atom stays on a straight-line, perpendicular path,
while the oxygen atoms are pulled closer to it (see Movie S2). The minimum distance
recorded between the hydrogen and oxygen atoms is only 1.25A. Energy maxima are located
between Mg layers where the hydrogen atom is interacting with four neighboring oxygen
atoms, while minima are located on layers where hydrogen interacts with just two oxygen
atoms. The configuration energy keeps increasing as the hydrogen atom moves deeper into
the MgO region, with the diffusion barriers becoming ~0.99-1.18 eV. This suggests that the

oxide layer inhibits hydrogen diffusion; especially so with increasing oxide layer thickness.

In the case of pristine samples, where hydrogen diffusion through the interface is much more
likely, the region of the Mg film directly below the nanoportal is transformed into Mg hydride
very early on in the hydrogenation process. This transformation is accompanied by a
crystallographic phase transition, as hexagonal Mg (space group: P6s/mmc 194) turns into

tetragonal MgH, (space group: P4,/ mnm 136) (for more details, see Supplementary
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Information, Figure S3). A series of models with different orientation combinations was
examined and a conclusion was reached that MgH, is accommodated on Mg with the (110)
surface parallel to the Mg (001) surface. This combination is of the lowest total energy and
causes the lowest strain on MgH,. Experimental evidence supporting this result can be found
in literature.**) Full hydrogenation into MgH; is also accompanied by volumetric expansion
of ~329%.1* It should be noted that a consequent transformation of hexagonal PdH back to its
original cubic structure, following the crystallographic phase transition of the underlying Mg
substrate into MgH,, was deemed energetically non-preferable by a large margin, suggesting

that PdH retains the hexagonal structure near the interface even after Mg transforms to MgH..

The inter-layer distances of this newly formed PdH/MgH;, interface are shown in Figure 2(e).
The distance between the last two layers before the interface slightly increases for PdH and
decreases for MgH,, whereas, the distance between the adjacent PdH and MgH layers at the
interface is much smaller. The hydrogen atom needs to overcome a barrier of approximately
0.81eV and then 0.17eV to jump from its initial position to the position between the last PdH
and the first MgH, layers, right in the middle of the interface, as shown in Figure 2(f).
Globally, this is the energetically favored position. An additional 1.63eV (compare with
0.90eV for Pd/Mg and 0.50eV for PdH/Mg) is required for the hydrogen atom to penetrate
into the MgH, region. The configuration energy increases as the hydrogen atom moves into
the MgH. region. The diffusion barriers drop from 0.88eV for the first layers to 0.28eV for
consecutive layers deeper into MgH,. The corresponding meandering diffusion path through
the PdH/MgH;, interface is shown in Movie S3. Eventually, after roaming the hydride domain,
the hydrogen atom can readily diffuse into a yet non-hydrogenated region of the Mg film, as

the diffusion barrier from MgH, to Mg is virtually non-existent, see Figure S4.
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All diffusion barriers for the pristine, oxidized and hydrogenated samples are summarized in
Figure 2(g); for easy comparison, the energy axes are redrawn to scale. It is evident that the
assumptions of the aforementioned hydrogenation model hold true: oxidation of the Mg
surface leads to prohibitively high-energy barriers for hydrogen diffusion, whereas

hydrogenation becomes increasingly difficult through already existing hydride domains.

Next, we calculated the diffusion barriers along different crystallographic directions parallel
to the PdH/Mg interface, as well as perpendicular to it, as shown above, both near the
interface and deeper in the Mg film. Variations in barrier heights imply preferential directions

of hydrogen atoms during their diffusion, and may determine the shapes of hydride
nanodomain seeds. For diffusion along the [0001], [1150], and [1010] directions just one
layer below the interface, hydrogen atoms need to overcome barriers of 0.49eV, 0.50eV and
0.17eV, respectively, as shown in Figure 2(b) and 3(a). Farther down in the pure Mg matrix,

these barriers become 0.21eV, 0.54eV and 0.24eV, respectively (Figure 2(b) and 3(b)). The

differences between these sets of values are due to the strain imposed to the first Mg layers by

the interface with PdH. Clearly, the [1010] direction seems to be easier for hydrogen
diffusion than the [1150], leading to ellipsoidal hydride domain seeds, as schematically

depicted in Figure 3(c). Interestingly, near the interface the [1010] barrier is significantly

lower than that along [0001], implying the probable growth of a thin hydride layer just below

the interface prior to the hydrogenation of the bulk of the Mg film, in agreement with

previously reported observations.”%

Naturally, on a coarser scale, deviations from the perfect crystalline structure of the Mg films

cancel out any directionality in the growth of hydride domains, which, for thick films, can be

9



WILEY-VCH

assumed roughly hemispherical, as schematically illustrated in Figure 4(a). As more
hydrogen penetrates the Mg film with time, the radius of the hydride domain increases.
Observing hydrogen mass conservation, and assuming a hydrogen flux, ju, through a constant
active nanoportal area, Aqp, it can be easily derived that the radius, r, of the hemispherical
hydride nanodomain at any given time, t, is given by

3
r= JLAM (1)
2rcC,,

where cy is the concentration of hydrogen in the hydride region. This r ~ t

dependence
describes three-dimensional hydride growth.

In the limiting case of thin films, however, where MgH, expands all the way to the substrate
before reaching either film grain boundaries or other nucleation sites, hydride growth can be
approximated by two-dimensional lateral growth, since vertical growth is suppressed due to

thickness restrictions. In this case, the domain acquires a cylindrical shape (Figure 4(b)),

whose radius as a function of time is given by

r= mt (2)
\} zc,h
where h is the film thickness.[?® This r ~ t2 dependence describes two-dimensional hydride
growth, and, once again, assumes nanoportal areas which remain constant during the
hydrogenation process. Experimental evidence reported in the past, however, showed that this
assumption is not necessarily valid at all times, as nanoportal areas were found to shrink or
even disappear with time, thus affecting the rate of the hydrogenation process.® This is our
next point of focus in the following section, where we investigate the Kkinetics of

hydrogenation from an experimental perspective and put our theoretical findings to test.

2.3. Growth of Pd nanoportals on pristine and surface-oxidized Mg nanofilms

10
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Film samples were experimentally prepared by sequential deposition of Mg nanofilms and Pd
NPs, using an RF- and a DC magnetron-sputtering source, respectively, as schematically
shown in Figure S5. The possibility to adjust various deposition parameters such as
magnetron power, U/V ratio, Ar flow rate, and aggregation zone length, as well as the
utilization of a QMF for subsequent post-growth size-selection,®” enable the deposition by
soft-landing of monodispersed NPs of chosen shapes and sizes.*®! We have recently
emphasized the dependence of Pd NP catalytic activity for hydrogenation of Mg films on their
size.”® Therefore, in accordance with our previous results, in this study we opted for the
synthesis of uniform Pd NPs 5nm in diameter; an exemplary AFM scan of a 5nm Pd NP-
decorated Mg film is shown in Figure S6. More details on deposition specifications and
parameter adjustments are provided in the Experimental Section and Supplementary
Information Figure S7. Notably, the ability to deposit Mg and Pd sequentially allowed for an
optional intermediate stage of air-exposure, between film and NP depositions, enabling the

synthesis of Pd/Mg or Pd/MgO interfaces in a well-controlled manner.

2.4. Chemical characterization of films before and after hydrogenation

First, we studied the chemical composition of our films before and after exposure to hydrogen.
As expected, after hydrogenation clear x-ray peaks of MgH;, (110) appear, shown in the
GIXRD analysis of Figure S8(a) for an exemplary film 250nm thick; in addition, EELS
analysis confirmed the newly formed phase as MgH, (Figure S8(b)). Similar peaks were
obvious for films of all thicknesses (Figure S8(c)). Moreover, a hydrogenation-induced
compressive stress in Mg grains is evident from the slight lower shift (~0.05°) of the Mg
(002) peaks,®” (Figure S8(d)). Note also that crystallite size increases with film thickness

(see table in Figure S8)).

11
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The hydrogenated film was further analyzed using XPS (Figure 5). Since sample handling
was carried out in air, a thin oxide/hydroxide passivation layer spontaneously covered the film
surface, which simultaneously acquired adventitious carbon.*® Previous studies showed that
the extent of air-exposure is correlated with the shift in the binding energies (Eg) of
nanocrystalline Mg and MgH, phases.***% XPS spectra of Mg 2p, Mg 1s, and O 1s were
acquired using a monochromated Al K, source (1486.6eV) under vacuum (~10° Torr). The
calibration was performed for adventitious carbon; the binding energy, Eg, of C 1s was fixed

at 284.8eV (Figure S9).

Both samples (before and after hydrogenation) have metallic peaks which are covered with
chemisorbed layers of MgO and Mg(OH),,!*Y as shown by the Mg 2p core level spectra
(Figure 5(a)). However, on the high Eg side of the metallic peak, Mg oxide, hydroxide and
hydride peaks overlap to form a broader continuous peak. Notably, the differences in Eg of
oxide, hydroxide, and hydride are small and cannot be clearly determined.[*?! Additionally,
the peak intensity of the hydrogenated sample is higher, due to the contribution from
overlapping hydrides with oxides. There is a small shift (~0.5eV), which can be attributed to
the change in relative concentration of the different phases (MgO, Mg(OH)x, MgH,).
Moreover, there is also a broadening of the Mg peak at 50.0eV, which is due to the additional
contribution from MgH, (other than MgO/Mg(OH)) for the hydrogenated sample. A
discernible difference in the peak position of Mg 1s core level for the as-prepared and
hydrogenated sample can be seen in Figure 5(b) and is attributed to the phase transformation
of metallic Mg to MgH,. A clear peak of MgH, at higher Eg is evident in the hydrogenated
sample.[*! The presence of both Mg-O and Mg-OH is also demonstrated by fitting the O 1s
core level spectra (Figure 5(c)). A weak third peak at 533.4eV can be assigned to carbon-
containing species, carbonate (CO5*) and carboxylates (CO,*), attributed to the chemisorbed

water.*>%! Figure S9(c) shows the Pd 3d spectra for as-prepared samples; the binding

12
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energies of Pd 3ds/, (335.2 and 337.2eV) are 5.3eV and 3.3 eV, respectively, lower than that
of Pd 3ds, (340.5eV). The intense doublet peaks belong to Pd(0) and the weak peak is

attributed to Pd(11) species, such as PdO-Mg and Pd(OH),- Mg.1*"!

Clearly, the probability of formation of one or the other type of interface depends on the
thickness of the oxide layer. Therefore, in order to investigate its effect, we divided our
samples in two groups: (a) pristine: those deliberately exposed to air after Pd NP deposition,
but prior to hydrogenation, leading to the formation of a thin protective MgO (or,
occasionally, Mg(OH),) layer, and (b) air-exposed: the Mg film is exposed to air prior to
subsequent Pd NPs deposition. Both sample types were exposed to the same hydrogen
pressure, 1bar, at 298K for various times. In order to explore the hydrogenation mechanism

and kinetics, we used Mg films of various thicknesses, namely 25, 100, and 250 nm.

2.5. Effect of surface oxide layer on hydrogenation kinetics

As explained in the previous section, in the air-exposed sample a thin layer of MgO/Mg(OH),
builds on the Mg surface, creating Pd/MgO,/Mg interfaces. At these interfaces, high oxygen
content impedes or ceases diffusion of hydrogen due to the high-energy barrier for diffusion,
as shown by our DFT calculations. Moreover, even when hydrogen manages to penetrate the
interface, it can be easily trapped at the MgO/Mg boundaries, as explained by the effective
medium theory, which states that the electron density is lower at the MgO,/Mg interface than
in pure Mg; this makes the latter bond more strongly with hydrogen.!*®! Hence, it is likely that
hydrogen concentration at a Pd/MgOx/Mg interface is higher than at a nearby Pd/Mg

interface; however, this may not necessarily result in MgH, formation.

13
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In order to study the effect of surface oxidation quantitatively, we deposited Pd NPs of
comparable diameters (selected at ~5nm) and number density (~20-25% coverage) on both
pristine and air-exposed 100nm Mg films, and hydrogenated them under the same conditions.
Because of the ~32% volume expansion upon the metal-to-hydride phase transformation,
hydride domains readily protruded from the surface of the Mg film, and could, therefore, be
profiled by AFM topography mappings. Since AFM is a non-intrusive technique, no
destabilization or decomposition of the hydride occurred during the measurements.?! The
expansion of hydride nanodomains with reaction time for both samples is shown in Figure
6(a). The presence of active sites even in the air-exposed sample is understandable by the
non-negligible surface roughness of the film, which leads to a native oxide of inhomogeneous
thickness. As a result, relatively uncovered metallic Mg surface regions do occur in random
positions, which allow the diffusion of hydrogen inside the film and result, to some extent, in
hydrogen uptake. However, the number of nucleation sites, or active Pd nanoportals (where
metallic Mg is in direct contact with Pd), differs vastly between the two samples;
consequently, the hydrogenation rates are also quite different. The average distance between
hydride nanodomains in the air-exposed sample is larger, indicating a smaller number of
active nucleation sites, and, as expected, a lower percentage of metal-to-hydride conversion at

any given reaction time (Figure 6(b)).

Another point of interest is that hydride nucleation is practically instantaneous in both cases
indicating the catalytic efficiency of the Pd NPs; subsequently, the Mg film hydrogenates fast
at the beginning, but gradually the transformation decelerates (Figure 6(b)). This can also be
observed in Figure 6(c), where the mean hydride nanodomain diameter, D, averaged over 50
nanodomains, is shown as a function of reaction time; the diameter grows rapidly at the
beginning, but eventually slows down considerably. For both samples, the observed growth

rate of hydride nanodomains follows a correlation of D ~ t", where m = 0.2-0.25,
14
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approximating three-dimensional growth (where m =0.3), as theoretically predicted above.
This growth mode can be attributed to the relatively high thickness of the Mg nanofilms. The
slightly lower values for m suggest that growth may also be hindered by other factors. For
example, the appearance of protrusions can reduce the nanoportal area, due to the increased
curvature sustained by the hydride domain surface near the interface. Further, this curvature
may also cause additional reduction of the nanoportal area by facilitating partial undercutting
of the Pd NPs by an oxide layer.”®4% In its own turn, the encroachment of the oxide under the
nanoportal can deter the contribution of spillover as an auxiliary mechanism for

hydrogenation, slowing it down further.

Naturally, after prolonged hydrogenation times, neighboring hydride regions merge with each
other, and their contours on the film surface deviate from the circular shape. This leads
initially to domains of irregular shapes, due to the random positions of the nanoportals, as can
be seen, for example, in the pristine sample after 60 mins (Figure 6(a)). As it is strongly
dependent on the distances between active nanoportals, this phenomenon is less pronounced
for the air-exposed sample at equal hydrogenation times. Boundaries between crystalline
grains may also add to this effect, suppressing hydride expansion. Later on, nanodomains
may regain regular, round shapes, after further hydrogenation (e.g., see Figure 6(a), pristine
sample at 300 mins). The effect of nucleation site density on the shape of hydride regions is
more clearly demonstrated in Figure S10(a) and (b), where different surface coverage yields
nanodomains of markedly different profiles. Simultaneously, via EELS mapping it can be
observed that, at areas where the film is completely oxidized, no hydride is formed, due to the
absence of active Pd nanoportals (Figure S10(c-f)). This, once more, confirms our DFT result
that the Pd/MgO interface inhibits — or even blocks completely — the diffusion of dissociated

atomic hydrogen into the underlying Mg film.

15
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2.6. Hydrogenation of films of different thicknesses

Next, we investigated the thickness of the Mg film as a parameter affecting the saturation
point of individual hydride domains, and, as such, the overall hydrogenation kinetics of the
film. We exposed pristine films of various thicknesses (i.e. 25, 100, 250nm) to atmosphere, in
order to create a thin MgO layer before exposing them to hydrogen for prolonged periods of
time (Figure 7(a)), and measured representative hydride protrusion heights at different stages,
presented in Figure 7(b-c). As shown in the previous section, it is evident that the hydride
seeds expand and merge with hydrogenation time, acquiring irregular shapes. Eventually,
these domains reach the grain boundaries, which act as barriers for hydride growth either by
impairing®®® or by promoting hydrogen diffusion without allowing for prior hydride
formation.®**? In either case, at this stage the hydride regions align with the grain boundaries
of the parent Mg phase, revealing its granular profile. Subsequently, since lateral expansion is
prohibited, the domains grow in the only available direction, i.e. vertically, protruding further
from the initial film surface. In the case of thin films, where grains are more limited in size
both horizontally and vertically, the hydride pockets reach their full hydrogen capacity per

grain sooner.

Indeed, it can be seen that both the exact values of the protrusion heights and their relative
increase with respect to the parental film thickness depend on the thickness itself.
Interestingly, the topography profile does not change significantly between Figure 7(b) and
(c), indicating that some grains may have achieved full hydrogenation already within the first
10min of hydrogen exposure; beyond this point, further hydrogenation of these pockets
ceased. Of course, further hydrogenation of the overall film did occur, though at a lower rate,

until all grains containing active nanoportals were also saturated.

16
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In the case of films of intermediate thickness, i.e 100nm, protrusion height values also give
the corresponding percentages with respect to the film thickness. Protrusions grew from
~25nm after 10 minutes to ~34nm after 300 minutes, indicating that saturation was reached
after 5 hours, as protrusion heights extended to ~32% of the film thickness. On the contrary,
no hydride pocket saturation was reached for the thick films within 5 hours of exposure, with
peak heights of 35 and 51nm corresponding to 14 and 20% of the film thickness for 10 and

300min, respectively.

2.7. Estimation of apparent diffusion coefficient

Finally, we developed a coarse-scale, time-dependent model to estimate the diffusion
coefficient of hydrogen in a Mg film at room temperature. Our model is qualitatively based on
our DFT findings, but the numerical values of its parameters are taken directly from the
observed size of hydride nanodomains inside a thick (250nm) Mg film, assuming Fick’s
second law of diffusion. This novel approach is possible due to our deposition method
offering the possibility to develop a unique configuration of distinct hydride domains. As such,
the obtained result concerns the apparent diffusion coefficient of the overall system, and
implicitly contains information about the formation of the hydride phase, and about hydrogen

diffusion through the interfaces of lean- and rich-hydride domains and along grain boundaries.

In literature, the standard method for calculating diffusion constants has been by performing
high-temperature experiments and then extrapolating to room temperature, as reported in
refs.53%%! |1t appears that only Uchida et al. have calculated the diffusion constants of
hydrogen in Mg films at room temperature for different hydrogen concentrations.®® Their
films were 500nm thick and covered by a full layer of Pd. They found a very high value

(DM? = 7(x2)x10™ m?s™) at the beginning of the hydrogenation process, when hydrogen
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concentration was very low (<1%) and hydrogen atoms had to diffuse through pure Mg;
however, this value dropped a staggering seven orders of magnitude later on (D4 = 10™®
m?s™), with increasing hydrogen concentration. They attributed this pronounced difference on
the blocking layer of MgH,, in full qualitative agreement with our DFT results. Still, their
calculated diffusion constant was ~100 times higher than that reported by Spatz et al. for bulk

MgH, at 305K (DyV9M? = 1.1x10%° m?s™).l°"]

According to our proposed mechanism, the hydrogen atoms that are released by the
dissociation of hydrogen molecules on the Pd surface diffuse to the underlying Mg film
through interstitial sites, forming MgH, phases. The diffusion of a concentration C of
hydrogen (representing MgH, formation) inside a Mg film is described by a parabolic partial
differential equation, as explained in Methodology. For the calculation of the diffusion
coefficient, we assume that the top-most layer of the film (which also acts as a hydrogen
source in our model) consists fully of MgH,. Such an assumption implies a rather regular
distribution of nanoportals on a region of the film surface, and is inspired by our DFT result
of preferential horizontal diffusion of hydrogen near the PdH-Mg interface (Figure 3). As the
hydrogenation proceeds, the phase becomes MgHy<; away from the surface. We estimate the
value of the diffusion constant by analyzing the depth profile of MgHy until x=0 for a given

hydrogenation time.

The spatial distribution and shape of hydride nanodomains inside the 250nm film were
determined using FIB-TEM (Figure 8(a)). Near-hemispherical nanodomains nucleated
underneath Pd NPs and subsequently grew inside the film; since they were spaced apart by
(~0.8um), they did not fuse with each other during the reaction (Figure 8(b)). The height of
the protrusion (~50nm) matches that observed for the 250nm film shown in (Figure 8(c)).

The depth of the hydride domain from the surface is ~110nm, similar to the lateral expansion
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radius of ~130nm (Figure 8(c)). The hemispherical, rather than ellipsoidal, shape of the
hydride region can be attributed to the aforementioned deviations from a perfectly
monocrystalline structure of the film. For example, grains of low-angle misorientations can
cancel out differences in diffusion barriers along different crystallographic directions, without

interfering much with hydride growth.?®

By comparing the proposed diffusion model to experimental values, the diffusion constant of
hydrogen in the film was estimated for the steady-state conditions (Figure 8(d)). The result
(D4 =~ 8 x10"®m?s™) is comparable with that of Uchida et al., which supports their reported
values and proposed mechanisms, while utilizing an alternative method. The slightly higher
constant obtained here may be related to the nanoportal geometry minimizing the effect of the
hydride blocking layer. Most importantly, using the proposed diffusion model described here,
one can determine the diffusion coefficient of hydrogen inside the metal by analyzing the

surface dimensions of the hydride domains.

3. Conclusion

Recently, a configuration of Pd NPs deposited on Mg thin films was proposed, in order to
enable the efficient storage of hydrogen inside the latter. According to this scheme, Pd NPs
form localized metallic-metallic interfaces with Mg on otherwise surface-oxidized Mg films.
Unlike the native Mg oxide surface, these interfaces were assumed to be hydrogen permeable

and, as such, to act as nanoportals for the hydrogenation of the Mg film.

Herein, we explored this mechanism, both theoretically and experimentally, and investigated
the kinetics of hydrogen flux through the nanoportals. Using DFT calculations, we determined
the energy barriers for hydrogen to diffuse through the Pd NP/Mg film interface. We showed

that interfacial strain dictates the transformation of cubic Pd into a hexagonal structure near
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the interface, and indicated that prior hydrogen saturation of the Pd NPs improves their
nanoportal efficiency. We proved that hydrogen diffusion is essentially prohibited through the
native oxide layer, especially for one of substantial thickness, and seriously inhibited through

existing hydride domains. We calculated an r ~ t'*

relationship for the radial growth of
hemispherical hydride domains, and confirmed this relationship by AFM in experimentally
grown, Pd NP decorated Mg films (100nm in thickness). We investigated the hydride growth
in films of various thicknesses, exploiting the simple observation that Mg hydrides protrude
above the original film surface, reaching up to ~32% of the film thickness for fully-saturated
hydride pockets. Making use of FIB-TEM observations, the diffusion constant of hydrogen in

1

Mg films was estimated as D™™ =~ 8 x10*® m%™, which is comparable with previous

literature reports for Mg films.

Our nanoportal configuration offers the opportunity to observe distinct hydride domains
directly, thus forming a model system for the experimental investigation of the hydrogenation
process. Our study confirms the assumptions of the proposed nanoportal mechanism, and
provides further insight to the kinetics of the hydrogenation process. We also put forward a
diffusion model that can be used to determine the diffusion coefficient of hydrogen in metal-
hydrogen systems at room temperature, based on the hydride dimensions. As such, our results
encourage further research toward the implementation of nanoportals for commercial

application in hydrogen storage media.

4. Experimental Section
4.1. Density Functional Theory (DFT) calculations

All DFT calculations were performed using the Vienna ab initio simulation package (VASP)

implementation of the projector augmented wave (PAW) method.®**
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Pd structural reconstruction: This reconstruction was examined with a model consisting of 80

Pd (10 layers) and 64 Mg atoms and was found to be dominant for all layers. The hexagonal

(space group: P6s/mmc 194) and cubic (space group: Fm3m 225) structures of Pd were
compared in their unstrained and strained states. 12x12x12 and 12x12x8 I'-centered k-point
grids were used for the cubic and hexagonal structures respectively. The cut-off energy for the
plane wave basis set was fixed at 520eV and the tetrahedron smearing method with Bldchl

corrections with a smearing width of 0.1eV was chosen for the partial occupancies.

Mg to MgH, transformation: The transformation of hexagonal Mg (space group: P6s/mmc
194) to tetragonal MgH; (space group: P4,/mnm 136) was investigated using hexagonal and
tetragonal unit cells comprised of 2 Mg, and 2 Mg and 4 hydrogen atoms for Mg and MgH,.
The cut-off energy for plane wave basis set was set at 520eV and the smearing method was
the tetrahedron method; Blochl corrections with a smearing width of 0.1eV were chosen. I'-
centered 12x12x8 and 8x8x12 k-point grids were chosen for hexagonal Mg and MgH, and
tetragonal Mg and MgH,, respectively.

Hydrogenation through the PdH/MgH, interface: The diffusion of hydrogen through the
PdH/MgH, interface was examined using models consisting of six PdH layers and eight
MgH; layers, for a total of 280 atoms. The atoms of the bottom three layers of MgH, were
kept fixed in their positions, while all the remaining atoms in the supercell were free to relax.
A vacuum of 15A separated the last MgH, and the first PdH layer. The cut-off energy for
plane wave basis set was set at 520eV, and the Gaussian smearing with a smearing width of
0.05eV was chosen for the partial occupancies. A I'-centered k-point grid with a resolution of
0.6A-1 was used. An additional diffusing hydrogen atom was allowed to move along the
[100] and [010] directions, but was kept frozen at the [001] direction. The hydrogen atom was
positioned at three different places in between the layers, starting in PdH, two layers before
the interface, and ending at the fourth MgH, layer, for a total of 21 positions. The total
configurational energy was recorded at each position, and the energy difference from the

lowest energy configuration for each case was calculated.

Hydrogen diffusion through various Pd-Mg interfaces: Four models were constructed:
a) A Pd NP on a Mg nanofilm, consisting of 48 Pd and 64 Mg atoms
b) A PdH NP on a Mg nanofilm, consisting of 48 Pd, 48 H and 64 Mg atoms
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c) A Pd NP on a MgO nanofilm, consisting of 48 Pd, 64 Mg and 64 O atoms
d) A PdH NP on a MgO nanofilm, consisting of 48 Pd, 48 H, 64 Mg and 64 O atoms

resulting in six layers of Pd (PdH) and eight layers of Mg (MgO) in an orthogonal box. A
vacuum of 15A along [001]([0001]) separated the first Pd layer from the first Mg layer, while
periodic boundary conditions were applied on the other two perpendicular directions. The
atoms on the bottom three layers of Mg (MgO) were kept fixed in their bulk positions, while
all the remaining atoms in the supercell were free to relax. In all models, Pd was strained and
was accommodated on the unstrained Mg (MgO). The cut-off energy for plane wave basis set
was set at 520eV and a Gaussian smearing with a smearing width of 0.05eV was chosen for
the partial occupancies. A I'-centered k-point grid with a resolution of 0.6A™ was used. For
the investigation of the diffusion barriers, a hydrogen atom was positioned inside Pd, two
layers away from the interface. A second set of relaxations was performed, where the
hydrogen atom was allowed to move along the [100] and [010] directions and was kept frozen
at the [001] direction. The Pd, Mg, H, and O atoms of the bulk were free to move along all
directions, with the exception of the atoms of the bottom three layers of Mg (MgO) that were
kept fixed in their positions. The hydrogen atom was positioned at the layers and at three
places in-between the layers, for a total of twenty-one positions for Pd (PdH)/Mg (four layers
into Mg) and seventeen positions for Pd (PdH)/MgO (three layers into MgQO). The total
energy of each configuration was recorded and the energy difference from the lowest energy
configuration for each case was calculated.

Following the aforementioned computational methodology and settings, two additional
diffusion studies were performed:

a) Hydrogen diffusion along different directions near the interface: The optimal position
for a hydrogen atom (as obtained previously in the interfacial diffusion study) between
the first and second Mg layers was chosen as the starting point.

b) Hydrogen diffusion along different directions inside Mg film: using a 64-atom Mg
supercell in an orthogonal box.

4.2. Sequential deposition of Pd nanoparticles on Mg nanofilms of variable thickness

The as-proposed configuration was prepared by sequential deposition of Pd NPs on Mg
nanofilms of various thicknesses using (i) a NP source and (ii) an RF-sputtering source,
respectively. First, Mg (target purity >99.05%, 50mm in diameter x 3mm thick, purchased

from Kurt J. Lesker (PA, USA)) nanofilms of different thicknesses were deposited on un-
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doped silicon substrates (5x5mm, MTI Corporation, CA, USA) at base pressure below
4x10"® mbar and Ar pressure 1.6x10 ®mbar. The Mg deposition rate was analyzed using a
quartz crystal thickness monitor to control the thickness of the nanofilms. After deposition of
Mg films, Pd (target purity >99.95%, 25mm in diameterx3mm thick, purchased from Kurt J.
Lesker (PA, USA)) NPs were synthesized; a quadrupole mass filter (QMF) was employed to
monitor NP sizes in situ. For 5nm Pd NP deposition, magnetron power and Ar gas flow rate
were set to 15W and 80sccm, respectively. The substrate table rotation was set at 2rpm for all
depositions to ensure uniform coverage. TEM grids required for TEM/STEM measurements
were purchased from Ted Pella Inc. (CA, USA).

4.3. Hydrogenation measurements

Hydrogenation of as-prepared Mg nanofilms with Pd NPs were conducted in a PCT (pressure-
composition isotherms) Sievert’s-type apparatus (Setaram PCTpro 2000) for desired time and
ambient pressure. In order to simulate real-world application conditions, as-deposited films
were deliberately exposed to air for 5 minutes to create a very thin MgO/Mg(OH), layer.
Subsequently, these films were put into the micro-doser holder (volume of 0.49mL). All
reactions were performed at room temperature (ca. 298K) for different times, at lbar H,
pressure. The hydrogenated samples were stored inside the glove box, to avoid any

contamination that could interfere with their proper characterization.
4.4. Characterization techniques

Grazing Incidence X-ray Diffraction (GIXRD): measurements were done using Cu K,
radiation (40kV/40mA, A=1.5418A) at a fixed incident angle of 0.5°. The mean size of Mg

crystallites in different thin films was determined by x-ray broadening analysis using the

Scherrer equation, [D = k%cos@}’ where D=mean crystallite size, k=shape factor (0.94),

J=wavelength (Cu Ky= 1.54056A), p=line broadening at half maximum intensity, after

subtracting the instrumental line broadening, #=Bragg angle 1"

(Scanning) Transmission Electron Microscopy (S)TEM: TEM and STEM studies were carried
out using an FEI Titan microscope, operated at 300kV, equipped with a spherical aberration

corrector for TEM imaging. In TEM mode, spherical and chromatic aberrations were <5um
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and 1.4mm, respectively, with an optimum resolution of better than 0.09nm. Electron energy-
loss spectroscopy (EELS) experiments were performed with a post-column Gatan Quantum
966 energy spectrometer.

Preparation of TEM Lamella: A Helios Nanolab 650 Focused lon Beam (FIB) system was
used to prepare the TEM lamella of hydride samples. To minimize the FIB-induced damage, a
low current of 0.77nA was used to decrease the sample thickness, and 33pA of beam current
was employed to observe the cutting process. The lamella thickness was downsized to approx.
200nm. As-prepared lamella were mounted to a TEM grid. Further, the grid was transferred
using an inert transfer holder to the TEM in order to prevent the damage of hydride samples

due to fast oxidation upon air exposure.

X-ray Photoelectron Spectroscopy (XPS): XPS measurements were performed in a Kratos
AXIS Ultra DLD Photoelectron Spectrometer equipped with Al K, anode (1486.6eV), and a
base pressure of 2x10°mbar. The Mg 2p, Mg 1s, and O 1s core level narrow spectra were
recorded using pass energy of 20eV for high resolution. The binding energy scale was

referenced to the C 1s binding energy of 284.8eV of adventitious carbon.

Atomic Force Mircoscopy (AFM): A Multimode 8 AFM (Bruker, Santa Barbara, CA) is
stationed in the glovebox (<1ppm O, and <lppm water) and used for AFM measurements.
The AFM system has a NanoScope-V controller in tapping mode using a triangular silicon-
nitride AFM tip (radius <10nm, force constant of 9N/m, resonant frequency of 150kHZ, and
OLYMPUS optics). The AFM system height “*Z’” resolution and noise floor were less than
0.030nm. For AFM image analysis, scanning probe processor software (SPIP from Image
Metrology, Hersholm, DK) was employed. The obtained images were used to evaluate the

surface roughness, protrusion height, and % metal-to-hydride transformation in the nanofilms.
4.5 Diffusion Model
The diffusion of hydrogen of a concentration C, representing MgH, formation, can be

described by the parabolic partial differential equation with the Laplace operator in cylindrical
coordinates:

oC 0°C 16C o°C
—=D s t——+t—;
ot or- ror oz
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The boundary conditions are

C=C,, z=0and |r|<150

oC

— =0, z=0and 150 <|r|< 250
0z

C=0,-250<z<0 and |r|=250

C=0, z=-250 and |r|< 250

where Co = 1.45x10"* g/nm® is the saturated concentration of MgH (layer size of 150nm),
the initial concentration is C(r, z, 0)=0.0.

We solved the above equation using Matlab Partial Differential Equation Toolbox, which is
based on the Finite Element Method (FEM).
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Figure 1. Schematic summary of hydrogenation mechanism of a surface-oxidized Mg film
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Figure 2. Interlayer distances at and near the Pd(H)-Mg, Pd(H)-MgO, and PdH-MgH,
interfaces, respectively, (a-c-e), and corresponding energy barriers for hydrogen diffusion
perpendicular to the interface, (b-d-f). Assuming full hydrogenation of the overlaid Pd NPs, a
comparison between the barriers reveals that hydrogenation may be prohibited through the
native oxide, and significantly suppressed through previously formed MgH, domains (g).
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3D hemispherical growth

2D cylindrical growth

Figure 4: Hydride nanodomains grow with hydrogen flux through active Pd nanoportals.
Depending on Mg film thickness, domains appear hemispherical (a) or cylindrical (b) in thick
or thin films, respectively.
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exposure, transformation to MgH, and easy formation of oxide/hydroxide layers on the
surfaces of both films in ambient atmosphere are indicated.
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Figure 6. (a) AFM images showing the growth of MgH, nanodomains as a function of
hydrogen exposure time for both samples. (b) At any given time, the metal-to-hydride
conversion is relatively higher for the pristine sample, compared with the air-exposed sample.
(c) For both samples, nearly circular hydride nanodomains grow radially with time, which can
be fitted with the classical growth law (D ~ t", m = 0.2-0.25).
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Figure 7. (a) Extent of hydrogenation after 10 and 300 minutes in air-exposed films of
different thicknesses (namely, 25, 100, and 250nm). All the films have comparable Pd NP
coverage (ca. 22%), and were hydrogenated under similar conditions (1bar H, pressure, at
298K). (b) Corresponding protrusion heights of the hydride nanodomains after 10 and 300

minutes, respectively.
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Figure 8. (a) Preparation of TEM lamella using FIB, showing the cross-section of a 250nm
columnar hydrogenated Mg film; the growth of hydride domains is visible. (b) Corresponding
SEM image showing the spatial distribution of hydride nanodomains inside the film, with an
average distance of ~0.8um. (c) Dimensions of a hydride nanodomain under TEM: depth
~110nm, lateral size ~260nm, and protrusion height ~50nm. (d) Diffusion model based on
Fick’s second law, predicting the hemispherical growth of hydride nanodomains with time.
Using the proposed model, the apparent diffusion coefficient of hydrogen in a 250nm film is
estimated to be Dy""™ ~ 8 x107® m%s™.
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Pd nanoparticles deposited on Mg films locally inhibit their oxidation, enabling
hydrogen diffusion through the developed interface, as demonstrated by Density
Functional Theory calculations. This unique nanoportal configuration enables direct
observation of distinct hydride domains, thus allowing the investigation of hydrogen flux into
Mg films and the determination of the apparent diffusion coefficient, with a view to hydrogen
storage applications.
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Table I. Lattice Parameters

3.195 2.767 3.941
- 5.165 4.630 -
intell'face
hexagonal Pd : hexagonal Mg
cubic Pd :
I
I
i
I
I
I
I
I
I
:
P6,/mmc I

Table I1. Cohesive energy per atom (in eV)

5.22 3.60
5.19 4.99

Figure S1: During the Pd/Mg interface relaxations, a reconstruction of the initially cubic Pd

(space group: Fm3m 225) near the interface can be observed, due to strain induced by the
underlying Mg structure. Pd relaxes to a hexagonal structure, similar to that of Mg (space
group: P6s/mmc 194). The resulting lattice parameters and respective unit cells of hexagonal
Mg, hexagonal Pd, and cubic Pd are presented in Table I and the schematic below,
respectively. The energy difference between the hexagonal and cubic Pd is 0.03eV per atom.
The landscape changes dramatically when the strain arising from the accommodation on the
interface is applied: the energy difference per atom between the cubic and hexagonal
structures becomes ~1.39eV and the hexagonal structure is by far the preferable one. The
energies per atom for the two structures in their unstrained and strained forms are shown in
Table 11.
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Figure S2: Energy barrier for the diffusion of a hydrogen atom in immediate proximity to a
Pd atom in an alloyed Pdo125Mgos7s interface. Soft landing of Pd NPs on Mg surface is
unlikely to lead to formation of any interfacial Pd-Mg alloy; moreover, in our nanoportal
configuration, the total amount of Pd is very low. However, we investigated the effect of
potential alloying near the Pd/Mg interface. Even in Pd/Mg films grown by conventional
magnetron sputtering, interdiffusion occurs only within a depth of 5 nm;¥ in our case, there
should be limited, if any, intermixing at depth of 1-2 monolayers. Considering Pd-Mg alloys
grown by various techniques, amorphous Pd-Mg phases were commonly identified.5>? This
was also confirmed by our DFT investigations, where the alloyed area was amorphized
whenever more than one monolayer of Pd-Mg alloy was considered at the interface. A variety
of Mg-rich crystal structures were identified in literature, such as fcc-MgePd, hexagonal
MgsPd, and MgsPd,; however, the phase diagram™ revealed that the Mg structure is retained
up to aboutl3at.% Pd. Therefore, we considered one monolayer of 12.5% Pd in the Mg
hexagonal structure at the Pd-Mg interfacial area. It is evident that the crystalline layer of
Pdo.12sMQo g75 decreases the energy barrier compared to the sharp Pd/Mg interface by 0.11eV,
as the hydrogen atom needs to overcome a barrier of 0.79eV to penetrate into the Mg region.
Hence, it is concluded that a single crystalline monolayer of Pdg12sMgog75 alloy leads to a
reduction of 12.2% on the energy barrier for the hydrogen diffusion. An almost linear
dependence of the diffusion barrier on the Pd concentration is implied.

[S1] K. Yoshimura, S. Nakano, S. Uchinashi, S. Yamaura, H. Kimura, and A. Inoue, Meas.
Sci. Technol. 18 (2007) 3335-3338

[S2] D. J. Jones, J. Roziere, L.E. Aleandri, B. Bogdanovic, and S.C. Huckett, Chem. Mater.
4(3), (1992) 620-625

[S3] J. Makongo, Y. Prots, U. Burkhardt, R. Niewa, C. Kudla, and G. Kreiner, Phil. Mag,
86(03-05) (2005) 427-433
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Table 1. Cohesive energies per unit cell (in eV) for tetragonal and hexagonal Mg and MgH..

2.96
17.65

3.01
16.29

Table I1. Cohesive energy differences per unit cell (in eV) for tetragonal and hexagonal Mg

Energy difference (eV)

and MgH,.
~ tetragonal hexagonal
Mg | 005 0

EWghall o

1.36

1.4
hexagonal Mg 1
12 G@ tetragonal MgH,
_ (/) _f?
hydrogenation
o=
0.8 - (‘*jy O)
| _;6 mmc
0.6 4 !
0.4 4
| Tetragonal
—— Hexagonal
0.2 4 g
0.0 4~
] ! 1 ' I
0.0 0.5 1.0 1.5 2.0
H content

Figure S3: The transformation of hexagonal Mg (space group: P6s/mmc 194) to tetragonal
MgH; (space group: P4,/mnm 136) was investigated using hexagonal and tetragonal unit cells
comprised of 2 Mg, and 2 Mg and 4 hydrogen atoms for Mg and MgH, respectively. The
cohesive energies of the unit cells are presented in Table | and the cohesive energy differences
from the lowest energy structure for each case in Table 1l. Assuming a linear interpolation
between the extremities, the switch from a hexagonal to a tetragonal MgH, structure should
happen at relatively low hydrogen content, specifically MgHo s, owing to the fact that the
hexagonal structure is especially non-preferable for MgH,, while in comparison tetragonal
Mg is closer in energy to hexagonal Mg.
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Figure S4: The energy barrier for the diffusion of a hydrogen atom starting from the MgH,
region and moving perpendicularly to the MgH,/Mg interface is virtually non-existent. The
hydrogen atom gains approximately 0.49eV when it jumps from the last MgH, layer to the
energetically favorable position at the interface between the last MgH, layer and the first Mg
layer. Afterwards, a small barrier of 0.23eV needs to be overcome to arrive into the Mg
structure. Between the two Mg layers, a local energy minimum of the hydrogen atom is
identified, having energy of just 0.15eV more than the global minimum at the interfacial area.
The diffusion energy graph implies that the interstitial hydrogen atoms in the MgH; structure
easily migrate in the Mg structure once they are able to pass the energy barriers of the MgH,
structure.
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Figure S5: Schematic representation of the experimental setup for the deposition of size-
selected Pd NPs on an underlying Mg film. The sequential deposition processes of the Mg

film by RF-sputtering and the Pd NPs by magnetron-sputtering gas-phase condensation are
designated by numerals 1 and 2, respectively.
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Figure S6: Exemplary AFM scan of 5nm Pd NP-decorated Mg film. AFM image is taken on
flat Si substrate to analyze the height distribution of Pd NPs.
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Figure S7: QMF profiles of Pd NP diameters as a function of deposition parameters: (a) for
Ar gas flow at fixed aggregation length (100mm), DC magnetron power (15W), and U/V ratio
(0.05); (b) for aggregation lengths at fixed Ar gas flow (80sccm), DC magnetron power
(15W), and U/V ratio (0.05); (c) for U/V (DC/AC voltage) ratios at fixed Ar gas flow
(80sccm), DC magnetron power (15W), and aggregation length (100mm); and (d) for DC

magnetron power at fixed aggregation length (100 mm), Ar gas flow (80sccm), and U/V ratio
(0.05).
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Figure S8: (a) XRD patterns of representative as-prepared and hydrogenated Mg film
(250nm). The intense MgH, peak (110) indicates metallic to hydride transformation upon
hydrogen-exposure for 1h. (b) EELS spectrum of hydrogenated sample, showing a
characteristic peak of MgH, at 14.2 eV (c) XRD patterns of films of various thicknesses. As
expected, the intensity of Mg (002) and (103) peaks increases with film thickness. (d) After
hydrogenation, there is a slight shift (~0.05°) in the Mg (002) peak, signifying the presence of
compressive stress, as shown for an exemplary hydrogenated film of 250nm thickness.
Corresponding crystallite sizes are tabulated for various Mg nanofilm thicknesses, according
to Mg (002) peak (shape factor, k=0.94). A reduction in crystallite size can be observed for

thinner Mg films.
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Figure S9: (a) Carbon peak of C 1s at 284.8eV used for the calibration of XPS results. (b)
XPS survey spectrum of both as-prepared and hydrogenated 250nm film, showing the
presence of Mg, O, Pd, and adventitious carbon. (c) Pd 3d spectra for as-prepared samples:
the binding energies of Pd 3ds/, (335.2 and 337.2 eV) are 5.3eV lower than that of Pd 3ds
(340.5eV). The intense doublet peaks belong to Pd(0) and the weak peak is attributed to Pd(11)
species, such as PdO-Mg and Pd (OH),-Mg.
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Figure S10: Hydride domains grow as dendrites in a pristine Mg film 100nm thick, after 1h
of hydrogenation at 298K, and lbar H, pressure. The fractal dimension of the hydride
domains is vastly dependent on the surface coverage of Pd NPs, as shown by AFM
topography mappings (a) and (b) for 14.1% and 3.6% Pd NP coverage, respectively. The
insets indicate initial constellations of Pd NPs prior to hydrogenation. (c)-(e) EELS plasmon
mappings of Mg (~10.5eV), MgH, (~14.2eV), and MgO (~22eV) phases, respectively (as
shown in (f)), taken under cryogenic conditions in order to avoid quick beam damage to the
hydride. Once more, EELS demonstrates the dendritic shapes of the hydride regions;
simultaneously, it indicates that no hydride forms at areas where the Mg film is oxidized, as
pointed out by the blue arrows in (d) and (e).
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Movie S1: Diffusion path of a hydrogen atom through the interface of a Pd NP and a pristine
Mg film. Red and orange spheres represent Pd and Mg atoms, respectively, whereas the
diffusing hydrogen atom is depicted in purple.

Movie S2: Diffusion of a hydrogen atom through the interface of a Pd NP and an air-exposed
Mg film. Red, orange and blue spheres represent Pd, Mg and oxygen atoms, respectively,
whereas the diffusing hydrogen atom is depicted in purple.

Movie S3: Diffusion of a hydrogen atom through the interface of a fully hydrogenated Pd NP

and a Mg hydride film. Red, orange, and green spheres represent Pd, Mg and lattice hydrogen
atoms, respectively, whereas the diffusing hydrogen atom is depicted in purple.
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