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Abstract: Magnesium-based films and nanostructures are being studied in order to improve 
hydrogen reversibility, storage capacity, and kinetics, because of their potential in the 
hydrogen economy. Some challenges with magnesium (Mg) samples are their unavoidable 
oxidation by air exposure and lack of direct in situ real time measurements of hydrogen 
interaction with Mg and MgO surfaces and Mg plasmonic nanoparticles. Given these 
challenges, the present article investigates direct interaction of Mg with hydrogen, as well as 
implications of its inevitable oxidation by real-time spectroscopic ellipsometry for exploiting 
the optical properties of Mg, MgH2 and MgO. The direct hydrogenation measurements have 
been performed in a reactor that combines a remote hydrogen plasma source with an in situ 
spectroscopic ellipsometer, which allows optical monitoring of the hydrogen interaction and 
results in optical property modification. The hydrogen plasma dual use is to provide the 
hydrogen-atoms and to reduce barriers to heterogeneous hydrogen reactions. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

The interaction of magnesium, Mg, and its oxide, MgO, with hydrogen is of paramount 
importance for an hydrogen based economy due to magnesium hydride, MgH2, which has 
high gravimetric and volumetric hydrogen densities of ρm = 7.6 wt % H and ρV = 110 kg 
H/m3. Therefore, Mg has been the subject of intensive studies aimed at assessing its potential 
as a hydrogen storage system alone, doped, in alloys [1], and as nanostructures [2–4]. 
Nevertheless, critical issues related to hydrogen desorption temperature, higher than 300°C, 
sluggish kinetics of the hydrogen adsorption/desorption processes (as an example 
dehydrogenation from a 30 nm Mg layer in 19 h has been reported) [5] and fast Mg 
oxidation/corrosion by air exposure limit its hydrogen technology uptake. Therefore, Mg is 
being the subject of intensive studies aimed at understanding and overcoming those 
drawbacks. 

Very recently the plasmonic properties of Mg nanodisks [6] have been exploited to 
investigate their hydrogenation/dehydrogenation processes in H2, the so called 
“hydrogenography”, based on the different dielectric function of metallic Mg and dielectric 
MgH2 [7]. Indeed, most of those previous studies have reported the low activity of Mg in 
dissociating H2, consequently Mg was covered or alloyed with Ti and Pd that were the 
catalytic metal inducing the dissociation of H2; nevertheless, Mg-Pd-Ti alloying at interfaces 
and Pd, Ti themselves and TiH2 [2] can affect the diffusion of hydrogen as well as the Mg 
hydrogenation kinetics and the optical response of the overall systems. Furthermore, Mg films 
and Mg nanoparticles samples are extremely reactive when they are exposed to air, water, and 
oxygen, and usually covered with a stable oxide MgO/Mg(OH)2 nanometric layer [8]. 
Therefore, the first step of the interaction with hydrogen would involve the reduction of 
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MgO/Mg(OH)2; this interaction is also important considering that the hydrogen production by 
hydrolysis of Mg also produces MgO/Mg(OH)2 (i.e. Mg + H2O → MgO + H2). Therefore, 
any eco-friendly and practical hydrogen production system should consider recycling/reusing 
MgO/MgOH2 to regenerate Mg/MgH2, e.g. by cascading re-use or regeneration by H2 plasma 
processes. Furthermore, another challenge is related to the air stability of the MgH2 phase and 
the effect of this instability on the MgH2 thermal decomposition, which has not been 
thoroughly defined [9]. 

Here the hydrogenation/de-hydrogenation processes of Mg film and plasmonic 
nanoparticles (NPs), a well as of MgO to evaluate its regeneration to Mg/MgH2 and the air 
stability of MgH2 are investigated via optical measurements by real time spectroscopic 
ellipsometry in the broad spectral range of 0.75 – 6.5 eV. The relevance of this optical study 
can also be gained considering that it allows monitoring any variation of Mg NPs localized 
surface plasmon resonance (LSPR) whose importance pops out from latest studies proposing 
Mg/MgH2 nanostructure hydrogenation/dehydrogenation for plasmonic color displays [5,6]. 
Real time ellipsometric data are rationalized and modeled by electromagnetic simulations, 
whereas the chemical description of the Mg/MgO/H2 interaction has been supported by 
Raman spectroscopy and X-ray photoelectron spectroscopy. Since comparable energy barriers 
of 1.05 and 1.33 eV have been reported for H2 dissociation on the pure Mg and MgO 
surfaces, which are higher than the energy barrier of 0.39 eV for dissociation on catalyzed 
Pt/Pd-doped Mg [10], explaining the non-reactivity of Mg and MgO with molecular H2, we 
have used atomic hydrogen produced by a remote H2 plasma source to investigate the direct 
interaction of clean Mg with hydrogen to avoid any interference from primer Ti and capping 
Pd layers. Another benefit of the H2 plasma approach is the reduction of MgO surface layer 
and penetration of energetic hydrogen into the subsurface region increasing the hydrogenation 
yield and thickness even for Mg thick films that have been in contact to air. This would add 
more flexibility to the implementation of Mg-hydrides formation routine operating a “plasma 
hydrogenation activation”. 

2. Experimental approach 

Mg thick films (>100 nm) prepared by ion milling and Mg nanoparticles samples prepared by 
evaporating Mg under ultra-high-vacuum (UHV) 10−10 Torr system on an Al2O3 substrate at 
room temperature were used in this study. 

The direct interaction with hydrogen was investigated in a reactor that combines a remote 
hydrogen plasma source with an in situ spectroscopic ellipsometer (UVISEL Horiba), 
allowing us to optical monitoring the hydrogen interaction and resulting modification of 
optical properties. Hydrogen exposure occurred at 1 Torr with a H2 flow rate of 200 sccm, 
whereas atomic hydrogen was produced by a radiofrequency (r.f.) 13.56 MHz plasma at the 
low power of 50 W to study the direct interaction with H-atoms (since we are not using any 
Pd capping of Mg for the catalytic dissociation of H2). The temperature during the 
hydrogenation/dehydrogenation was investigated in the range room 25-300°C, the latter being 
the MgH2 dehydrogenation temperature [11]. Each sample was measured soon after the 
preparation, after their exposure to air, after the hydrogenation step in situ and finally after 
exposure to air. The experimental ellipsometric spectra of the complex pseudodielectric 
function, ⟨ε⟩ = ⟨εr⟩ + i⟨εi⟩, were acquired in the range 1.5 – 6.5 eV with an energy resolution 
of 0.1 eV, and the kinetic data were acquired with a time resolution of 1 sec. The optical data 
were corroborated by chemical characterizations of Raman spectroscopy (LabRam Horiba) 
excited by a 532 nm laser, X-ray photoelectron spectroscopy (XPS) using a monochromatic 
Al Kα source (PHI 5400 VERSAPROBE) at a take-off angle of 45°, and atomic-force-
microscopy (AFM) (AutoProbe CP, ThermoMicroscope). 

In order to model the experimental results measured by ellipsometry in both thin films and 
nanoparticles, we have performed electromagnetic simulations in equivalent systems. In the 
case of the Mg thin films, spectral reflectance calculations in multilayer systems were 
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calculated using the transfer matrix method [12]. The formation of MgO and MgH2 on Mg 
nanoparticles was modeled as multilayered spheres. The absorption efficiency of these type of 
nanoparticles were modeled using Mie theory [13]. The complex dielectric function, ε = εr + 
iεi, of Mg, MgO and MgH2 used in the simulations were taken from different sources in the 
literature [12,13]. For the knowledge of the reader, the optical properties about the mentioned 
materials are shown in Figs. 1(a)-1(b). These dielectric function spectra are used for 
comparison with experimental pseudodielectric function spectra to understand qualitatively 
the findings. 

3. Results and discussion 

Figures 1(a)-1(b) shows a huge contrast in the dielectric function of the metallic Mg and 
dielectric MgO, as well as between Mg and the dielectric MgH2. The layers of Mg after 
preparation and exposure to air for ex-situ measurements showed an oxide overlayer of 
approximately 25 nm; this can be read in Fig. 1(c) when comparing the dielectric function of 
pure Mg (red curves) with that of the air exposed film (blue curve): the oxide dielectric 
overlayer decreases ⟨εi⟩ and increases ⟨εr⟩ (less negative) reducing the metallic behavior. The 
oxide overlayer has been quantitatively estimated (25 nm) by analyzing the experimental 
pseudodielectric function spectra (blue curve) using the one-layer model sketched at the 
bottom of Fig. 1(e). Figure 1(b) shows that MgO and MgH2 are both dielectric and differ 
mainly in the UV region above 5 eV, since the reported bandgap of 5.6 eV for MgH2 [15] and 
of 7.8 eV for MgO [16], and in the refractive index being slightly higher for MgH2 than MgO, 
e.g. 1.7 for MgO and 1.9 for MgH2 at 2 eV. The consequence of this is by both kinetic 
ellipsometric data in Figs. 1(c)-1(d) and the transfer matrix method reflectance calculations in 
Figs. 1(e)-(g), is that when realistic Mg layers with the thin overlayer of MgO are exposed to 
atomic hydrogen, the reduction of MgO and the conversion of the outmost layer to MgH2 
results in small changes of the dielectric function in the visible range. 

Specifically, Fig. 1(c) shows the pseudodielectric function ⟨ε⟩ = ⟨εr⟩ + i⟨εi⟩ of the Mg layer 
before and after its exposure to a H2 plasma. As reference the dielectric function of Mg from 
literature [14] is also plotted. By comparing the pseudodielectric function of the initial state of 
the layer sample with that of reference Mg, it can be inferred that the layer already has a ∼25 
nm oxide layer as indicated by the less negative real part of the dielectric function, ⟨εr⟩ and by 
the increased losses in the imaginary part, ⟨εi⟩. When exposed to the hydrogen plasma, the in 
situ ellipsometry monitoring shown in Fig. 1(d) indicates a decrease of ⟨εr⟩, which would be 
consistent with the reduction of MgO, and an increase of ⟨εi⟩, consistent with its 
transformation to MgH2. Furthermore, the hydrogenation kinetics is saturating, because is 
limited by the slow diffusion of H-atoms to the reaction front by the already-grown 
“blocking” MgH2 layer due to the much lower diffusion coefficient of hydrogen in the MgH2 
(eighth to ten order of magnitude lower) than in Mg. Specifically, the diffusion coefficient of 
H-atoms through forming MgH2 layer is D = 2.24 x 10−21 m2/s [17] which is orders of 
magnitude lower that H-atoms diffusion into Mg, (D = 4.1 x10−13 m2/sec) [18]. Therefore, 
most of Mg in the thick layers stays metallic and only the outmost layers (including the 
reduction of MgO) can be converted into MgH2; this two-layer structure of the sample (as 
schematized at the bottom of Fig. 1(f)) -inner Mg-metal layer covered by the thin MgH2 
dielectric overlayer- explains also the still Drude behavior observed in Fig. 1(c), since the 
penetration depth of light is still probing both layer. By fitting the hydrogenated sample 
(orange spectrum in Fig. 1(c)) the two-layer model Al2O3-substrate/Mg [14]/MgH2 [15] 
sketched at the bottom of Fig. 1(f), a thickness of 24 ± 1 nm has been estimated for the MgH2 
overlayer. Reflectance calculations under normal incidence of multilayer systems have been 
performed in order to evaluate the sensitivity of the optical response of a Mg layer grown on 
an Al2O3 substrate when MgO or MgH2 layers are formed. We have modeled this situation by 
considering a Mg layer 50 nm thick on an Al2O3 substrate of infinite thickness. The formation 
of the MgO and MgH2 has been taken into account by reducing the thickness of the Mg thin 
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between the oxide and the hydride is bigger. This is consistent with the experimental values 
of the pseudodielectric constant before and after plasma exposure (see Fig. 1(c)). 

In order to check if the self-limiting hydrogenation kinetics also applies to nanostructures, 
Mg nanoparticles (NPs) samples have been prepared. Figure 2(a) shows the real time 
evolution of the imaginary part of the pseudodielectric function for a sample constituted of 
closely packed Mg NPs grown on Al2O3. The spectra evolution clearly shows the appearance 
of localized surface plasmon resonances (LSPR) peaks (see arrows in Fig. 2(a)). Specifically, 
initially a LSPR peaked at 4.8 eV appears that stays constant in position and increases in 
amplitude with the increase of density of NPs whose diameter has been estimated by AFM to 
be 70 nm (see inset AFM Fig. 2(a)). With further deposition of Mg, an additional LSPR peak 
at lower energy appears, which red-shifts with increasing Mg deposition. It has been reported 
[7] that the Mg plasmon resonance can be tuned from the ultraviolet to the infrared; indeed in 
our case the red-shifting LSPR is due to the increasing size of agglomerates of the 70 nm 
nanoparticles as detailed by the AFM in inset in Fig. 2(a). Despite the presence of those 
plasmon resonances, no plasmon catalytic effect of the Mg LSPR has been observed on the 
H2 dissociation when those NPs have been exposed to H2. Indeed, Fig. 2(b) shows the 
complete damping of the Mg NPs LSPR by air exposure and consequent oxidation of the Mg 
NPs, demonstrating one of the limits of the Mg NPs in plasmonics, which is the full oxidation 
of the Mg NPs with time. Indeed, when the lower ⟨εi⟩ spectrum in Fig. 2(b) was recorded, 
XPS showed mainly the MgO component in the Mg2p photoelectron core level (see Fig. 
3(a)), indicating that most of the NPs were oxidized. This is consistent with the 
electromagnetic modeling and absorption efficiency, Qabs, of a multilayer Mg-core/MgO-shell 
sphere, with the thickness of the shell increases consuming all the metal content in the NP, 
shown in Fig. 2(e). For the Mg-core the Mg dielectric function from Ref [14] has been used, 
while for the MgO-shell or the outer MgH2-shell the MgO and MgH2 respective dielectric 
functions from Ref [15]. have been used. Since the surrounding media of our particles are the 
air and the substrate Al2O3, the spheres have been placed in an effective surrounding medium 
of refractive index nmed = 1.5 to consider the effect of the substrate, the air and the rest of the 
aggregates (see AFM images in Fig. 2(a)). The refractive index of the effective medium is 
defined as nmed = (1- )·nair +  ·nsubs [19], where the substrate refractive index and that of the 
rest of particles has been considered in nsubs with a value of 1.7, and the weight  = 0.7. The 
parameter  can be interpreted as the fraction of the volume surrounding the particle with 
refractive index 1.7. 

Figure 2(e) shows the absorption efficiency, Qabs, color map of Mg-MgO core-shell as 
function of the photon energy and of the MgO shell thickness. It can be seen how the 
localized plasmon peaks visible in Qabs due to the Mg core are completely quenched when the 
NP is fully MgO. This is expected since the imaginary part of its dielectric constant is zero in 
all the analyzed spectral range. Figure 2(f) shows the case of a growing MgH2 shell on a Mg 
nanoparticle. In this case, below ≈5 eV (ε2(MgH2) = 0), the Qabs color map shows the same 
behavior as in the case of the MgO shell: the localized plasmon peaks are quenched as the 
shell of the hydride increases. However, above 5 eV, an absorption band appear due to the 
losses introduced by the MgH2 shell. Thus, the growing of either a MgO or a MgH2 shell can 
be clearly distinguished in the high energy range. When mimicking the real situation, the 
conversion of the MgO shell into a MgH2 upon H2 plasma exposure (see Fig. 3(g)), the main 
differences in the Qabs color map as function of the photon energy and the hydride layer 
thickness can be seen again at energies above 5 eV. When metallic core is covered by the 
pure oxide shell, the absorption at high energies is zero. However, as the outer layers of oxide 
become to be replaced by the hydride, the values of Qabs start to increase reaching a maximum 
when the oxide is completely converted in the hydride. 

Therefore, even the hydrogenation of the Mg NPs without any capping has to consider as 
first the reduction of the native oxide overlayer. Figure 2(c) shows the real time kinetics for 
the variation of both the real, ⟨εr⟩, and imaginary part, ⟨εi⟩, of the pseudodielectric function, 
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