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Abstract

The hydrogenation of metallic Mg, Ni films was shown to proceed via a self-organized double layering of transparent Mg, NiH, and metallic
Mg,NiHy ;. For stoichiometries departing from Mg,Ni we conclude from optical reflection, transmission and electrical measurements that the
hydrogenation process involves two competing effects: (i) the nucleation of the initial Mg, NiH, layer near the substrate and the ensuing growth of
this layer and (ii) the slow random nucleation of the same phase within the remaining part of the film. Which process dominates depends critically

on the stoichiometry of the parent metal alloy.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Light absorption and reflection; Hydrogen storage materials; Thin films

1. Introduction

In 2002 Isidorsson at al. [1] reported on a remarkable
reflector-to-absorber transition in Mg, NiH, hydride films. This
transition, which occurs at low overall hydrogen concentration
was at that time rather intriguing since the measured physical
properties (optical reflection, transmission and electrical resis-
tivity) were not compatible with the assumption of a homoge-
neous sample. It took some time before Lohstroh et al. [2,7]
succeeded in demonstrating that the strongly absorbing state
was due to a self-organized two-layer (phase) nucleation and
growth process. The complete hydrogenation of Mg, Ni results
in the formation of Mg, NiH,. This phase is transparent with an
optical band gap [2] of ~1.9eV and contains 3.6 wt% of hy-
drogen [6]. MgyNiHy is an example of a complex hydride with
potential both as a smart window and as a hydrogen storage
material. During its reflector-to-absorber transition, the overall
absorption in the solar range of Mg;NiH, changes from 40 to
84% while its thermal emissivity changes from 0.10 to 0.17
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[3]. This combination of properties makes Mg—Ni hydrides in-
teresting candidates as active layer in variable solar absorber
devices [4,5]. Having such applications in view, understand-
ing the details of the hydrogen uptake of this material is of
crucial importance. In particular it is important to investigate
the role of the parent metal composition on the hydrogena-
tion process during the reflector-to-absorber transition. In the
first stages of the hydrogenation process, the Mgs+sNiH, films
consist of a self-organized double layer structure: a transparent
Mg, NiHy4 layer at the substrate-film interface and a top layer of
Mg, NiHy 3. This so-called black state does not depend on com-
position. In this article we show that the nature of the ensuing
hydrogenation process depends critically on the composition of
the parent metal alloy. While hydrogenation of Mg, Ni films with
2 < y < 2.5 proceeds by a random nucleation and growth of the
Mg, NiHy phase within the metallic top layer, for Mg,Ni films
with 1.7 < y < 2 the predominant effect is the growth of the
transparent Mg, NiHy layer formed at the substrate interface. A
direct determination of the internal structure of Mgy4sNi films
during hydrogenation is not straightforward since these films
are X-ray amorphous. We show however that valuable infor-
mation can be deduced from a combination of optical refection
and transmission spectra measured simultaneously together with
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electrical resistivity during exposure of thin Mg, sNi films to
hydrogen.

2. Experimental details

Mg, Ni thin films of various composition are prepared by dc mag-
netron co-sputtering at room temperature from a Mg and a Ni target
on sapphire substrates in a vacuum chamber (base pressure ~107° Pa).
Two composition regions are studied: (a) slightly sub-stoichiometric
Mg, Ni films (1.7 < x < 2) and (b) slightly over-stoichiometric Mg, Ni
films (2 < x < 2.5). The films are 200 nm thick and have a 10nm Pd
layer on top. A Pd layer is needed to promote dissociation of H, and
to prevent oxidation of the underlaying film. The results discussed in
this article are measured on Mg, gsNi and Mg, ¢sNi. These results are
representative for samples in the composition ranges mentioned above.
This choice of compositions is dictated by the room temperature phase
diagram of Mg—Ni binary alloys which contains only two intermetal-
lic compounds: Mg, Ni and MgNi, [10]. An amorphous phase with
Mg:Ni=1 was also reported to be present in mechanically alloyed pow-
der samples [11]. Based on these data, Mg, osNi corresponds to almost
stoichiometric Mg, Ni (possibly with some extra Mg) whereas Mg gsNi
is a mixture of Mg, Ni and a small amount of pure MgNi, or the MgNi
phase. For bulk Mg—Ni samples [11], it is often reported that due to
incomplete reaction of the metals, phases such as Ni and/or MgNi, are
also present both in slightly over- and under-stoichiometric Mg, Ni al-
loys. We do not have any indications that incomplete reaction between
the co-sputtered metals occurs in our thin films. However, the presence
of small quantities of additional phases such as MgNi, and Ni cannot be
excluded. The Mg, Ni phase reacts with hydrogen to form the Mg, NiH,
phase. According to Reilly and Wiswall [12], the MgNi, phase does
not react with hydrogen in the crystalline phase. On the other hand,
Orimo and Fujii [11] reported that mechanical grinding does promote a
hydriding reaction of MgNi, to form a MgNi,Hy ; phase even at room
temperature. Moreover, they reported that the amorphous-like MgNi
phase also reacts with hydrogen to form a MgNiH,; ¢ phase. From all
these hydrides, only the Mg,NiH, phase is known to be transparent.
The composition and the thickness of the films are checked ex situ by
Rutherford Backscattering spectrometry measurements on films grown
in the same deposition run but on carbon substrates. No compositional
gradient within a film is found. Optical measurements are performed in
a Bruker IFS66 Fourier transform spectrometer (0.72-3.5 eV) that mea-
sures simultaneously reflection and transmission during hydrogenation
(pressures up to 1 bar H,). The reflection and the transmission are mea-
sured at near normal incidence of the incoming beam. To reduce the
influence of the Pd cap layer and surface roughness, all the optical mea-
surements are done through the transparent substrate. The resistivity of
the films is measured simultaneously with the optical properties in a
four-point Van der Pauw configuration [9].

3. Results
3.1. Experimental data

Fig. 1 shows the reflection, transmission (both at hw =
1.65eV) and electrical resistivity upon hydrogenation at room
temperature measured at a constant pressure of 20 mbar Hj. The
optical reflection features a dramatic drop in the early stage of the
hydrogenation process for both compositions. The transmission
is practically zero and the electrical resistivity has still metallic
character. This corresponds to the so-called black state, which
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Fig. 1. Optical reflection and transmission at hw = 1.65 eV measured simulta-
neously with the electrical resistivity during hydrogenation: (a) Mg gsNi and
(b) Mg3.05Ni. The films are 200 nm thick and are capped with 10 nm Pd. The hy-
drogen pressure is 20 mbar Hy. The temperature is 293 K. For reasons of clarity
transmission is multiplied by a factor 10.

is observed for a large part of the solar spectrum (0.5 < hiw <
4eV). A major difference between the two types of samples is
observed on further hydrogenation. For the sub-stoichiometric
film (Fig. 1(a)), the reflection has an oscillating behavior while
the resistivity follows a steep increase. This is followed by a
region of rather constant reflection and a slowly increasing re-
sistivity. For the slightly over-stoichiometric film (Fig. 1(b)) the
reflection decreases only slightly while the resistivity increases.
The optical transmission of Mg; g5sNi reached after 2000 s (in
20 mbar Hy) is a factor ten higher than the one corresponding
to Mgo osNi. This suggests that in this case more transparent
hydride phase is formed than in the sub-stoichiometric film. In
contrast, the difference between the resistivity of the two films
is much less pointing to a different internal structure. For the
over-stoichiometric film, the combination of low transmission
and rather high resistivity indicates a preferential nucleation and
growth of the transparent hydride maybe along grain boundaries.
Another possibility could be that the hydride phase starts to form
at the surface of the crystallites. Such a surface layer could act
as a barrier for further hydride formation. The low transmission
of the films after 2000 s may also indicate that these samples did
not reach yet the fully hydrogenated state. A further increase
in the transmission and the electrical resistivity can indeed be
obtained by applying higher hydrogen pressures. In the final
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hydrogenated state, both films have similar electrical resistiv-
ity that is close to 0.75 m€2 cm (not corrected for the Pd layer).
On the other hand, the optical transmission of Mg; g5Ni (~6%
at 1.65eV) is significantly higher than that of Mg, osNi (~3%
at 1.65eV). For both compositions, the predominant phase is
Mg, Ni that transform to transparent Mg, NiH4 upon hydrogen
absorption. In sub-stoichometric films, the secondary phase does
not absorb hydrogen. Consequently, in a fully hydrogenated state
situation, one would expect a lower transmission for Mg g5Ni
as compared to Mg osNi. This is not the case here indicating
an inhomogeneity in the internal structure of the partly hydro-
genated films that prevents complete hydrogenation of the metal
phase.

3.2. Calculated data

It is quite surprising that a small change in composition can
induce such large differences in optical properties and therefore,
in the hydrogen uptake mechanism and the amount of hydride
formed. As described in Section 3.1, the observed differences
point to a different nucleation and growth process of the hydride.
To verify the validity of our intuitive interpretation we compare
the measured data to calculations for specific sample configu-
rations. More specifically we calculate the optical response and
the electrical resistivity corresponding to three systems: (i) a
double layered structure of MgyNiHp 3 and MgyNiHy (at the
substrate interface); upon loading the Mg, NiHy layer grows in
thickness at the expense of the Mgy NiH 3 layer until the entire

film has switched; (ii) a single composite layer of Mgy NiHy 3
and Mg,NiHy; (iii) a layer of MgyNiHy (at the substrate in-
terface) of fixed thickness (60 nm) and a composite top layer
consisting of Mg>NiHg 3 and MgyNiHy. A schematic drawing
of the three geometries is given in Fig. 2(a)—(c). The optical
properties of a mixture of two materials A and B can be mod-
elled using the Bruggeman effective medium approximation [13]
if the particle sizes are smaller than the wavelength of light.
This model however does not discriminate between more inclu-
sions and larger inclusions. According to X-ray diffraction mea-
surements [7], our films are either nanocrystalline (with nano-
sized crystallites) or amorphous. Consequently, the Brugge-
man effective medium approximation can be applied. In this
model,
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where (€), €4 and ep are the complex dielectric functions of the
effective medium (e(w) = €;(w) + i€z(w)) consisting of phase
A (MgyNiHj 3) and phase B (Mg;NiHy); fa and fp are the cor-
responding volume fractions (fa + fg = 1); L is a geometric
factor that depends on the shape of the inclusions (0 < L < 1).
Here we assume spherical inclusions (L = %). The transfer ma-
trix method [14] is used to calculate the reflection and transmis-
sion of the total sample also taking into account the sapphire sub-
strate and the Pd cap layer [15]. For the switching Mg» 4 sNi layer,
the dielectric function of the single phases Mgy Ni, Mg>NiHj 3,
Mg, NiHy [7] and the effective dielectric function derived from
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Fig. 2. Schematic drawing of three possible hydrogenation scenarios. In the top panels: (a) double layer structure of Mgy NiH4 and MgyNiHp 3; (b) mixed layer of
Mg, NiHp 3 and Mgy NiHy; (c) double layer of Mgy NiHy4 and a mixed layer of MgoNiHg 3 and Mgy NiHy. A step further in the hydrogenation process is shown in

the lower panels.
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the Bruggeman approximation (for the Mg, NiHp 3—-Mg,NiHy
composite) are used. The only parameter varied in the calcu-
lations is the volume fraction fg of MgyNiH4. A zero fraction
corresponds to a pure Mg>NiHj 3 layer. For comparison with the
experimental data we also calculate the reflection and the trans-
mission of Mgy Ni. These data are plotted also at fg = 0. For
modelling the electrical properties of a mixture of two materials
A and B we can apply again the Bruggeman effective medium
approximation [13]. The effective electrical resistivity (p) of a
Mg, NiHg 3—-MgoNiHy composite is obtained from the electrical
resistivity of the single phases: MgoNiHp 3 (oo = 80 p Q2cm)
and MgyNiHy (op = 12.96 m€2 cm [16]) using

PA — P PB — P

N v =Dipn TP = Dops

with fa and fp the corresponding volume fractions ( fa + fg =
1) and L the geometric factor (L = % for spherical inclusions).
To simulate the experiments, we assume a double layer model
with 10nm Pd (p =75 . Qcm) in parallel with the 200 nm
Mg, NiHp 3—-MgoNiHy layer. Also here we take fg = 0 to cor-
respond to MgyNiHg 3. The electrical resistivity of Mgy Ni (p =
60 p Qcm) with a 10nm Pd on top is calculated and plotted
at fg = 0. A complete transformation of Mg, Ni into Mgy NiHy
is accompanied by a 32% volume expansion. In our calcula-
tions, the variation in thickness given by the hydride formation
is also included (both for the optical properties and the electrical
resistivity). For the sake of simplicity, we assume a completely
hydrogenated bottom hydride layer. The results are shown in Fig.
3. The resemblance between Figs. 3(c) and 1(b) suggests that in
Mg o5Ni, after the initial double layer formation, the growth
of the MgyNiHy layer at the substrate-film interface stops. The
hydrogenation process appears to proceed further by random nu-
cleation of Mg, NiHy in the upper layer. This second process is
quite slow. For Mg g5Ni, the experimental data are much better
reproduced by the model schematically shown in Fig. 2(a) cor-
responding to the further growth of the bottom Mg, NiHy4 layer.
However, the convex shape of the resistance curve observed af-
ter + = 1200 s and the constant reflection suggest a competition
with a random nucleation process in the last stages of the hydro-
genation process.

@

3.3. Discussion

The dramatic drop in reflection observed in the initial stages
of the hydrogenation process was argued to be typical for
Mg, NiH, films and to be the result of a self-organized dou-
ble layering caused by a preferential nucleation of Mg, NiH, at
the film-substrate interface [2,7] and not as intuitively expected,
close to the catalytic Pd layer at the surface. The reflection
minimum and the zero transmission was originally reproduced
by assuming a 30 nm thick nucleating layer consisting of 20%
Mg, NiHg 3 and 80% MgyNiHy in the vicinity of the substrate
and a top Mg>NiHg 3 layer [2,7]. This Mg>NiHg 3 phase corre-
sponds to the solid solution phase and is formed first upon hy-
drogenation of Mgy Ni. An enhanced concentration of hydrogen
at the film-substrate interface corresponding to a hydrogenated
Mg, NiH, layer was confirmed by >N hydrogen depth profiling
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Fig. 3. Calculated reflection, transmission (both at fiw = 1.65 eV) and resistiv-
ity of a 200 nm thick MgzNiHp 3-MgxNiHy film covered with 10nm Pd as a
function of the volume fraction of MgyNiHy (f). The geometries considered
are shown in Fig. 2(a)—(c) as follows:(a) double layer structure of Mg, NiH4 and
Mg, NiHj 3; (b) mixed layer of Mg, NiHg 3 and Mg, NiHy; (c) a 60 nm Mgy NiHy
nucleating layer at the film-substrate interface and a mixed layer of Mg>NiHg 3
and Mg, NiHy on top. The reflection, transmission and resistivity of Mgy Ni is
calculated and plotted also at fg = 0 (¥). For reasons of clarity transmission is
multiplied by a factor 4.

measurements [7]. As concluded from extensive microstructural
investigations on Mg, Ni thin films [8], at the substrate-film in-
terface, the films have a peculiar local microstructure, which is
different from the rest of the films. By combining results from
TEM cross-section, STM/AFM and SEM micrographs, Wester-
waal et al. [8] showed that the films consist of a high density
of loosely packed nanograins only at the interface with the sub-
strate whereas in the rest of the films, columns separated by grain
boundary channels were identified. It is therefore likely that the
part of the film near the substrate interface (typical 30-50 nm)
is more favorable for hydrogenation than the rest of the film
(typical 150-170 nm), e.g., the enthalpy is more negative in the
region closer to the substrate than in the rest of the film. The
depth dependence of the microstructure of Mg—Ni films leads
to a peculiar time dependence of the hydrogen concentration in
the films. To illustrate this point we consider the following ide-
alized situation. We model our films as a double layer system
made of layer C (with columnar grains) and N (with nanograins).
The enthalpy of hydride formation A Hy is assumed to be more
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Fig. 4. (a) Profiles of the chemical potential of hydrogen in time and sample
depth. (b) Concentration profile in the sample. Clearly visible is the high con-
centration in the thin layer near the ‘substrate’ on the right. The lowest profile
corresponds to ¢ = 1 time step; the top one to 12 time steps.

negative than A Hc, the enthalpy of hydride formation in the
columnar region. The evolution in time of the chemical poten-
tial and the hydrogen concentration profiles in this double layer
system is obtained by solving numerically the diffusion equa-
tion considering that: (i) at equilibrium the chemical potential is
the same everywhere, (ii) the current of hydrogen in a material
is proportional to the gradient of the chemical potential uy of
hydrogen, i.e. Jy = —LVug [17]. In Fig. 4 we show results ob-
tained for a two-layer model (50 units thick). For the N-layer (10
units thick) we have chosen AH/kT = —15 (A H = enthalpy)
and for the C-layer AH/ kT = —10. The chemical potential of
Hj; gasis chosen as i/ kT = —12; The parameter L is related to
the diffusion coefficient D through the relation L = Dcco/kT
(c : concentration, ¢y : maxim concentration in the system); the
diffusion coefficient is chosen as 5 x 107% cm?/s. As shown
here, in a system where hydrogen diffuses from the C-layer
(i.e. from the Pd side in the real sample) to the N-layer (i.e.

to the substrate side), the chemical potential in the C-layer de-
creases steadily from the Pd side to the substrate side (Fig. 4(a))
whereas the concentration of hydrogen in the N-layer (i.e. near
the substrate) is clearly larger than in the rest of the film (Fig.
4(b)). This example shows clearly that is very well possible to
have a higher concentration near the substrate than in the rest
of the sample provided an inhomogeneity in thermodynamic
properties.

Beyond the first stage of nucleation and growth at the sub-
strate interface, Lohstroh et al. [7] proposed the following hydro-
genation sequence: first the nucleating layer loads completely to
Mg, NiH4 and subsequently grows in thickness until the whole
film has switched. No correlation between the loading behavior
and composition was reported [7]. However, as shown here, we
do find a strong correlation between composition and the hydro-
genation sequence following the appearance of the black state.
It appears that there is a competition between random nucleation
of Mgy NiHy within the upper Mg>NiHj 3 layer and the growth
of the initial Mg, NiHy layer at the expense of the upper metallic
part. In under-stoichiometric films, the H-loading is fast and pro-
ceeds mainly through the growth of the initial Mgy NiHy4 layer.
In over-stoichiometric films the hydrogen loading becomes slow
after the nucleation of the initial interface layer. It appears as
if the growth of this layer is blocked. The hydrogenation pro-
cess now mainly proceeds through random nucleation within the
upper metal layer. As the transmission remains low on further
loading, we conclude that also the growth of these secondary
nuclei is hindered. The reason for this is not directly obvious.
According to Zeng [18], in over-stoichiometric Mgy Ni alloys
first MgH> is formed while the remaining (stoichiometric) alloy
transforms into Mg, NiH, only on further hydrogenation. It is
hard to imagine why small amounts of MgH, phase would have
such a large effect on the growth of the MgyNiH, phase, un-
less when they act as blocking impurities [19]. In that case, the
growth of the initial hydride layer would be blocked, favoring
the formation of secondary nuclei. In turn, these secondary nu-
clei may also get blocked by impurities which would explain the
low transmission we obtain in this case. The fact that we nev-
ertheless observe a high resistivity (Fig. 1(b)), indicates some
ordering of the secondary nuclei, e.g., at the columnar grain
boundaries.

Recently, the stability and the optical properties of Mgy NiHy
was linked to the microtwinning observed in bulk samples of
this material. Changes in the twinning structure could be in-
duced by mechanical pressure [20] and oxygen contamination
[21]. These optical changes involve a change in color and there-
fore most probably in bandgap. Our films have a very low oxy-
gen impurity level. This would therefore not influence the opti-
cal and electrical properties. The microtwinning observed in the
Mg, NiHy4 bulk alloys, is, however, not very likely to be present in
our films. Here, the Mg NiH4 phase forms at room temperature
during hydrogenation at moderate pressures (up to 1bar Hp).
It is not subjected to the high-to-low temperature phase tran-
sition at which the microtwinning is formed. The microstruc-
ture is either nanocrystalline or amorphous, with a grain size
less than 30 nm. We have no evidence that microtwinning ac-
tually occurs in our films. The optical effects we observe can
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be understood by a different arrangement of the same materials
involved.

The present results also illustrate that the over-stoichiometric
films have a very high optical absorption almost for the en-
tire hydrogenation period as a result of the particular nucleation
and growth. Whereas the initial black state is a result of a self-
organized double layering, the mechanism giving rise to the
extended black state is similar to the black state observed in the
Mg-MgH> composite [22] at intermediate hydrogen concentra-
tions. In this case, it was shown that the key ingredient is the
coexistence of metallic and semiconducting nanograins that are
homogeneously dispersed over the entire film thickness.

4. Conclusion

We have shown that by combining optical and electrical
measurements with calculations of the expected reflection,
transmission and electrical resistivity using a transfer matrix
method and a mean-field model (Bruggeman) we can obtain
valuable information on the internal structure of Mg, sNi films
during hydrogenation. We find that after the initial formation
of a thin MgyNiHy layer at the substrate-film interface, the
ensuing hydrogenation process is characterized by a compe-
tition between the growth of the initial MgyNiHy layer (fast)
and the random nucleation (slow) of the same phase but within
the upper metallic layer. Which process dominates depends
critically on the stoichiometry of the metal alloy and determines
the evolution of the optical and electrical properties. If these
materials were to be used as switchable mirrors one can tune
their optical response by varying the composition and opt either
for a homogeneous absorbing state (Mg-rich) or a variable
reflectance state (Mg-poor). For the application as hydrogen
storage materials our results highlight and underline the
importance of phase nucleation in the transformation kinetics
in these complex metal hydrides. Our results show that during
hydrogenation the hydride does not necessarily form at the
surface of the metal, but may also nucleate within the bulk of the
material.
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