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ABSTRACT: Phase segregation in hydride-forming alloys may persist under the action of
multiple hydrogenation/dehydrogenation cycles. We use this effect to destabilize metal
hydrides in the immiscible Mg—Mn system. Here, in the Mg Mn,_, thin films, the Mg and
Mn domains are chemically segregated at the nanoscale. In Mn-rich compositions, the
desorption pressure of hydrogen from MgH, is elevated at a given temperature, indicating a
thermodynamic destabilization. The increase in the desorption pressure of hydrogen reaches
~2.5 orders in magnitude for x = 0.30 at moderate temperatures. Such large thermodynamic
destabilization allows the MgH, to reversibly absorb and desorb hydrogen even at room
temperature. Our strategy to use immiscible elements for destabilization of MgH, is effective
and opens up the possibility for the development of advanced and low-cost hydrogen storage

and supply systems.

B INTRODUCTION

Hydrogen is one of the promising energy carriers in a global
sustainable society because it can be produced by electrolyzing
water using renewable energy generation. Recently, it has
been shown that hydrocarbons such as methane can be
produced from hydrogen and carbon dioxide, to establish
efficient carbon recycling.”” In the next decade or two, safe
and compact storage and supply technologies of hydrogen will
be necessary, not only in industrial areas but also in urban
areas. Metal hydrides can store hydrogen at moderate
pressures, in which the volumetric density of hydro§en is
higher than gaseous storage compressed up to 70 MPa.”> Mg
is one of the most attractive metals because of its lightweight
and low material costs. However, hydride-phase MgH, is too
stable to release hydrogen at moderate temperatures, and thus,
thermodynamic destabilization is essential for practical
applications.

Theoretical calculations have indicated that MgH, thin
layers with a thickness below 10 unit cells® and MgH, particles
with a grain size smaller than 1.3 nm’ would reduce the
stability of MgH,. Alterations in hydrogen absorption/
desorption properties were reported in Mg and its alloy thin
films prepared by means of magnetron sputtering.~'" It has
been shown that in addition to nanosizing, the utilization of
immiscible metals with Mg can modify the thermodynamics
more effectively.' ~'* A multilayer stack of Mg/Ti with a
typical layer thickness below 10 nm revealed a large
destabilization of MgH, due to the extra contribution of the
interface energy difference Ay between Mg/TiH, and MgH,/
TiH,."> For Tirich Mg—Ti alloy thin films and powders,
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nanometer-sized MgH, clusters coherently embedded in a
TiH, matrix are formed upon hydrogenation, again resulting in
enhanced destabilization of MgH, by the interface energy.' '’
Recently, we succeeded in obtaining an even more destabilized
MgH, by the addition of Cr to the Mg—Ti system: Cr is also
immiscible with Mg and expected to increase the interface
energy effect.'®

Destabilization of MgH, was also observed in Ti-free
immiscible Mg—Mn and Mg—Cr powders prepared by ball
milling.'”*° These alloy powders reversibly absorb and desorb
hydrogen at a relatively low temperature of 473 K without
adding any catalysts. This improvement was attributed to
lattice distortion induced by nanosizing MgH, and in part also
to the interface energy effect. Synthesizing other immiscible
Mg—X (X: Zr, V, etc.) alloys and their hydrogenation/
dehydrogenation properties have also been reported.”'~°
Among the immiscible Mg systems, Mg—Mn alloys are
attractive because of the low material costs. However, the
enthalpy for deuteride dissociation of the Mg,,sMngy,s—D
powder was found to be AH = 71.5 k] mol™'=D,, not much
different from the value AH = 73.1 k] mol™'~D, (AH = 74.4
kJ mol™'~H,) found for conventional bulk Mg—D(H).>” To
investigate this system in more detail, we need model samples,
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in which very fine Mg and Mn domains are well mixed.
Ultimately, we hope to be able to forecast more destabilized
MgH, combining immiscible low-cost metals.

In the present work, we synthesize Mg—Mn thin films by
means of magnetron cosputtering and evaluate the hydro-
genation and dehydrogenation behaviors. The optical trans-
mission change in the thin film occurs during the hydrogen
absorption/desorption, corresponding to the transformation
between the metallic Mg and transparent MgH, phases. The
stability of the MgH, phase is evaluated by measuring the
pressure P—optical transmission T isotherms. This method is
called “hydrogenography”.”**” We measured the isotherms of
the thin films at specific temperatures including room
temperature, where the hydrogen absorption/desorption of
bulk/powder samples hardly proceeds. We will discuss the
optimal nanostructure suitable for the destabilization and
cyclic durability, together with the perspective to tune the
stability of MgH, using the immiscible metals.

B EXPERIMENTAL SECTION

Synthesis of Immiscible Mg—Mn Thin Films. Mg/Mn
multilayer stacks and MgMn,_, alloy thin films were deposited at
room temperature on quartz, glass, and Kapton substrates under an
argon pressure (purity 6 N) of 0.8 Pa in an ultrahigh vacaum RF/DC
magnetron cosputtering system (base pressure 1077 Pa) with off-
centered sources (AVC, ASE-4SA). The Mg/Mn multilayer stack is
composed of 10 nm-thick Mn layers and three Mg layers with a
thickness of 2, S, and 10 nm. For the Mg Mn,_, (0 < x < 0.75) alloy
thin films, to measure the P—T isotherms, the alloy layer with a
thickness of 100 nm is deposited on the substrate with 3 and 8 nm
adhesive Ti layers. Finally, a Pd capping layer with a thickness of 10
nm was deposited on the top to prevent oxidation and promote
hydrogenation.

Hydrogenography. The P—T isotherms of our multilayer stacks
and alloy thin films were evaluated by means of hydrogenography.”*>>’
Before the measurements, the alloy thin films were precycled with
hydrogen absorption and desorption at room temperature to obtain a
reproducible optical response. According to the Lambert—Beer law,
the relation In(T/T,) is proportional to Cyd, where T, is the initial
transmission, Cy; is the hydrogen content in the film, and d is the film
thickness.”**” Pure H,, Ar-3.91% H,, and Ar-0.097% H, gases were
properly used depending on the pressure range of hydrogen.

Characterization. X-ray diffraction (XRD) of Mg Mn,_, (0 < «
< 0.64) thin films with a thickness of 200 nm covered with a uniform
5 nm layer of Pd, which were deposited on glass substrates, was
measured using a Rigaku 2500V diffractometer with Cu Ka radiation
and a 0—260 goniometer. Synchrotron X-ray diffraction experiments
were carried out at the BL22XU beamline at SPring-8.*" For this
experiment, we deposited Mg,Mn,_, (0.50 < x < 0.75) alloy thin
films with a thickness of 400 nm covered with a uniform 3 nm layer of
Pd on both sides of a 7.5 pm-thick Kapton substrate, then cut the
films into small pieces, and packed them in a Kapton capillary with an
outer diameter of 1 mm.”" The Kapton capillaries were spun for £30°
during data collection. All the data of the thin films were collected at
room temperature using an amorphous silicon detector manufactured
by PerkinElmer. The X-ray energy was 69.717 keV (4 = 0.17783 A).

B RESULTS AND DISCUSSION

Hydrogenation and Dehydrogenation Behavior of
Mg—Mn Thin Films. First, we consider a Mg/Mn multilayer
stack consisting of three Mg layers with a thickness of 2, 5, and
10 nm separated by 10 nm layers of Mn. Figure 1 shows the
P—T isotherm of the multilayer stack measured under the
hydrogen pressure of up to 10° Pa at 293 K during the first
hydrogen absorption process. Under the applied conditions, it
is difficult for Mn to form a hydride phase.”” Although Pd
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Figure 1. Schematic representation of the Mg/Mn multilayer
geometry and P—T isotherm measured at 293 K during the first
hydrogen absorption process where the transition from Mg to MgH,
takes place as a function of the thicknesses of 2, 5, and 10 nm.

should form a hydride phase at P ~ 6 X 10> Pa at this
temperature,‘?’3 PdH, remains metallic, and thus, the optical
change upon hydrogenation is much smaller than that of
Mg.”* Hence, the optical change of In(T/T,) is mainly due
to the hydrogenation of the Mg layers. Clearly, we observe
three steps in the plateau region, which are attributed to the
coexistence of the metallic Mg and transparent MgH, phases.
The previous studies have shown that the plateau pressure
increases with decreasing Mg thickness, and the width of the

lateau increases with the thickness/volume of the materi-
al,""">'® while the elevating effect of the plateau pressure by
facing with immiscible metals (Ti, V, and Nb) is smaller than
that with miscible ones (Ni and Pd)."" Accordingly, the widest
plateau at P ~ 2 X 10 Pa originates from the 10 nm layer of
Mg, which loads hydrogen first. The narrower plateaus at P =
7 X 10* and 3 X 10° Pa correspond to the hydrogenation of the
5 and 2 nm layers of Mg, respectively. This result suggests the
possibility to alter the thermodynamics of nanometer-sized
MgH, by facing it with immiscible Mn, which is a nonhydride-
forming element. The immiscibility of the Mg/Mn two-
dimensional stack may lead to quasi-free interfaces,"" differing
from three-dimensional embedding. The lattice expansion
during hydrogenation requires plastic deformation, which
raises the plateau pressure.'” Similarly, the desorption plateau
pressure may be lowered due to plastic deformation, although
the interface energy effect contributes to an increase in the
plateau pressure,'” but this could not be observed due to the
lower limit of the pressure gauge.

Considering that the desorption thermodynamics of MgH,
was observed to be altered in Mg—Mn—H powders,'”*" we
next evaluated the hydrogenation and dehydrogenation
behaviors of Mg—Mn alloy thin films. Although the alloy
layer is sandwiched with two adhesive Ti layers, the optical
effect of the hydrogenation of Ti is negligible under the applied
conditions because Ti forms a stable hydride phase under
much lower pressure of hydrogen than that of Mg’** All
Mg, Mn,_, alloy thin films were precycled at room temperature
before the measurements of the P—T isotherms. As a result, we
obtained reproducible optical responses at least up to the 10th
cycle (Figure S1a,b). This is probably because the immiscibility
of Mg/Mn does not allow stable alloy phases. In Figure 2, we
show the P—T isotherms for Mg, Mn,_,—H, (x = 0.30, 0.50,
0.60, and 0.75) systems at 293 K. We observe that the optical
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Figure 2. P—T isotherms of the Mg Mn,_.—H, (x = 0.30, 0.50, 0.60,
and 0.75) system at 293 K where the transition between Mg and
MgH, as a function of the Mg content is evidenced by a change in
transmission. The resolution of the desorption process below ~10 Pa
for x = 0.30 is low due to the limited significant digits of the pressure
gauge. The small gap at 10 Pa for x = 0.50, 0.60, and 0.75 is due to
switching the measurement range of the pressure gauge. The light-
blue line indicates the dehydrogenation pressure of bulk MgH,
calculated from the extrapolation of the Van’t Hoff plot.”’

contrast—which is due to the transformation between the
metallic Mg and transparent MgH, phases—increases with
increasing Mg content/fraction x. The absorption pressure
increases with decreasing Mg content and reaches values of 10°
Pa for x = 0.30. In this case, we do observe the
dehydrogenation plateau, and the equilibrium hydrogen
pressure for hydrogenation is 2—3 orders of magnitude higher
than that for dehydrogenation. The out-of-plane expansion
upon hydrogenation of the thin film induces high plastic
deformation energy even after hydrogenation/dehydrogen-
ation precycles, which leads to a larger hysteresis than bulk
materials.'>**

Let us then focus on the desorption process. For x = 0.30,
the plateau region exhibits a steep slope, and the resolution
below P ~ 5 Pa [In(T/T,) ~ 1] is low due to the limited
significant digits of the pressure gauge. The sloping plateaus
show higher hydrogen desorption pressure than that of bulk
MgH,, which is calculated from the extrapolation of the Van't
Hoff plot”” and shown by a light-blue line. Possibly, this is due
to a range of Mg domain sizes. In our previous study, in the Ti-
rich Mg, Ti,_,—H thin films, we found that the Mg domains
have a size distribution with the minimum size estimated to be
~2 nm.'® Small MgH, domains were more effectively
destabilized, resulting in the higher plateau pressure.

We suggest that the size of the Mg domains is related to the
volume fraction of Mg. Similar to the ngTil_x,m we estimate
the trend of the volume fraction of Mg, Vg from the atomic
weight and density of Mg and Mn, simply assuming that Mg
and Mn domains are segregated in Mg Mn, . and that the
volume of their boundaries is ignored (Figure 3). The Vg
increases with increasing Mg content x and reaches 0.5 at x ~
0.35. This indicates that Mg becomes the minority volume
fraction below x &~ 0.35 and may tend to form domains, which
are embedded in a Mn matrix. This may explain the
remarkable increase in the desorption pressure of the P—T
isotherm at x = 0.30. For x = 0.50 and 0.60, a part of the Mg is
no longer present in the form of destabilized MgH,. In
particular, the desorption pressure at x = 0.75 is largely

equivalent to that of bulk Mg as the light-blue line. More
details of the metallographic structure will be discussed in the
next section.

Note that in Mg, Ti, ,—H thin films, the sloping desorption
plateau of the P—T isotherm was partially lower than the
desorption pressure of bulk MgH,.' This stabilization of a part
of MgH, was due to local dissolution of Ti into the Mg
domains, where hydrogen occupying the interstitial sites is
stabilized by the Ti coordination since Ti forms more stable
hydride phases than Mg. The advantage of the nanostructure
consisting of Mg and Mn is a nonhydride-forming matrix of
Mn, leading only to the destabilization effect of MgH, without
any interfering stabilization effect.

Nanostructure to Generate Destabilization of MgH,
in Mg,Mn,_,(—H) Thin Films. To characterize destabilized
MgH, in MgMn,_(—H) thin films, we measured XRD
patterns of as-deposited and hydrogenated thin films deposited
on a glass substrate (Figure 4). For the Mn (x = 0) film

Mn 510 & 431

Intensity (a.u.)

Figure 4. X-ray diffraction patterns of as-deposited and hydrogenated
MgMn,_, (x = 0.28, 0.45, and 0.64) and Mn (x = 0) thin films
capped with a Pd layer and a glass substrate.

covered by S nm of Pd, diffraction peaks of a-Mn (space
group: [43m) are observed. This result indicates that the Mn
layer is polycrystalline and does not have a high preferred
orientation. It is well known that metal thin films with a high
symmetry structure often have a single growth direction, for
example, (111) of fcc Pd and (001) of hep Mg and Ti.'>'°
However, the a-Mn thin film does not show a strong texture
under the present deposition conditions probably because of a
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large cubic unit cell (a = 0.8905 nm) with a nonsimple
structure.” From the peak position, the interplanar distance of
411 and 330 is calculated to be 0.2104 nm, which is close to d
Mndl1e330 = 0.2099 nm of bulk Mn.*®

In the as-deposited Mg—Mn alloy films, we find for x = 0.28
and 0.45 a single broad peak at 20 = 43°, corresponding to the
411 and 330 reflections of Mn. The d yp4118330 values are
evaluated to be 0.2098 nm for x = 0.28 and 0.2108 nm for x =
0.45, which are close to those for x = 0 (d y4118330 = 0-2104
nm). Taking into account the atomic radii, this result suggests
that Mg hardly dissolves into Mn in the Mg Mn,_, thin films.
Our previous work showed that Mg does not dissolve in Mn in
the ball-milled Mg, Mn,_, (x = 0.25, 0.30, and 0.40) powders
either.'” For x = 0.64, a sudden change occurs in the diffraction
pattern, in which a clear peak appears at 20 = 34.68°
corresponding to the 002 reflection of Mg. The dygoo, value is
evaluated to be 0.2585 nm, which indicates out-of-plane
contraction (dyge0, = 0.2607 nm for bulk Mg™). The as-
deposited Mg-rich Mg, Mn,_, thin film is highly textured and
distorted probably by in-plane tensile stress from the substrate.
The synchrotron X-ray diffraction data show the diffraction
peaks of both Mg and Mn in the Mg-rich compositions of x =
0.50, 0.60, and 0.75 (Figure S2a). However, even for x = 0.50,
where the volume fraction of Mg is estimated to be more than
half (VMg ~ 0.65), as shown in Figure 3, the diffraction peaks
of Mg are small and broadened, which implies that Mg
domains consist of fine crystallites and/or have a heavy lattice
distortion. For x = 0.75, we found the lattice contraction along
the c-axis of hcp Mg, agreeing well with the out-of-plane
contraction observed for x = 0.64 (Figure 4).

The Mg Mn,_, thin films were hydrogenated under 3 MPa
H, at room temperature for 12 h. For the Mn-rich composition
(x = 0.28), we observe in Figure 4 that the peak corresponding
to the 411 and 330 reflections of Mn slightly shifts to the lower
20 side upon hydrogenation. The d yp,4;14330 Value increases to
0.2117 nm. We suggest that the out-of-plane expansion of Mn
is induced by hydrogenation of fine Mg domains distributed in
a Mn matrix, accompanying compressive stress in the MgH,
lattice from the harder Mn matrix (Young’s modulus E: Ey;, =
45 GPa and Ey;, = 198 GPa*). Indeed, we have found that
MgD, domains are heavily strained in the Mg,,sMny;s—D
powder, which contributes to the destabilization.'” With

15027

increasing the Mg content (x = 0.4S and 0.64), peak shift of
Mn upon hydrogenation becomes unclear due to peak
broadening. The synchrotron X-ray diffraction data show
that the unit cell volume of Mn is not affected by
hydrogenation for x = 0.50, 0.60, and 0.75 (Figure S2b).
These results suggest that fine and hard Mn domains are
hardly deformed by hydrogenation of the Mg matrix consisting
of fine crystallites (Figure S2a) because the volume expansion
by hydrogenation may be relaxed at the precise grain
boundaries in the Mg(H,) matrix. To obtain destabilized
MgH,, the key role is the heavy lattice distortion of MgH,
induced by hydrogenation of embedded fine Mg in the Mn-
rich compositions.

Thermodynamic Stability and Destabilization Mech-
anism of MgH, in the Mn-Rich Mg,Mn,_,—H, System.
The P—T isotherm at 293 K indicated that MgH, in the
Mg, 30Mn,—H thin film shows a higher desorption pressure
of hydrogen than the samples with a higher Mg content
(Figure 2). In this section, we show the temperature
dependence of the hydrogen absorption/desorption property
and discuss the thermodynamic nature. Figure Sa shows the
P-T isotherms for the Mg, 3;0Mny,,—H, system at 293, 333,
363, and 393 K. The isotherm at 293 K is the same data shown
in Figure 2. We adjusted the measurement setup and
conditions to measure full absorption and desorption of
hydrogen at each temperature. However, the hydrogenation at
393 K was not properly completed due to the limit of the
maximum applied pressure of hydrogen, which leads to a much
smaller optical change than that at other temperatures.

Focusing on the clear isotherm in the hydrogen desorption
process at 333 K, we observe two sloping plateau regions [the
lower region of In(T/T,) < 0.4 and the upper one of In(T/T,)
> 0.8]. We suggest that the sloping nature of the plateaus can
be explained to be due to a size distribution of the Mg
domains.'®'® Thus, a part of the Mg is not small enough to
destabilize MgH,, corresponding to the lower plateau region,
which is close to the plateau pressure of P = 2.4 Pa calculated
from the Van’t Hoff plot for bulk MgH,.”’

To evaluate the thermodynamic stability of destabilized
MgH, in the Mg 3;,Mng,—H thin film, the Van’t Hoff plots
for the upper plateaus in the desorption process of hydrogen
are provided, as shown in Figure Sb. The data of the
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Mgy,sMn,s—D powder (AH = 71.5 kJ mol™'=D, and AS =
131.6 J K mol™'-D,)," bulk Mg—H (AH = 74.4 k] mol ™'~
H, and AS = 135.1 ] K™! mol™'—H,), and Mg—D (AH = 73.1
k] mol™!=D, and AS = 135.9 J K™! mol™'=D,)*’ are also
shown. From middle, lower, and upper edges of the sloping
plateaus at 333, 363, and 393 K, the values of AH and AS are
varied from AH; = 62.4 k] mol™'—H, and AS; = 1134 J K
mol™'—H, to AHy = 46.3 k] mol™'—H, and AS; = 86.7 J K™*
mol~'—H,. This result indicates that more destabilized MgH,
domains are formed in the thin films compared to the
Mg, ,sMny;s—D powder.'” Moreover, we find a tendency for
reduction of AS with decreasing AH. The increase in the
desorption pressure of hydrogen at a given temperature is less
than expected pressures due to the change in AS. This
AH—AS relation has been observed especially in the Mg—Ti—
H system.'>'**” Notably, Anastasopol et al. have reported AH
= —45 kJ mol'-H, and AS = —84 J K! mol™'-H, (for
hydride formation) for Mg—Ti—H nanocomposites synthe-
sized by spark discharge generation,'” which are close to our
result at the upper edge of the sloping plateau of the
Mgy30Mng,—H thin film (AHy and ASy). The enthalpy
change is attributed to lattice distortion by nanosizing, and the
entropy change is attributed to heterogeneity of the hydrogen
occupation sites in the distorted lattice.'?

It has been recognized that the immiscible combination of
MgH,/TiH, allows the destabilization of MgH, in the Mg—
Ti—H system;' " likewise, the destabilization of MgH, also in
the Mg—Mn—H system has been demonstrated for the
powders at 473—523 K'>*° and the present thin films at
293—393 K. Indeed, tuning the thermodynamic stability of
MgH, by nanosizing and facing with the immiscible metals is
one of the promising ways to develop Mg-based materials for
advanced hydrogen storage and supply systems. The advantage
of this kind of metal hydrides is exhibited at moderate
temperatures (T_1 = 3.3— 3.5 X 107 K7, ie., around room
temperature) where the desorption pressure of hydrogen is
~2.5 orders of magnitude higher than that for conventional
bulk Mg, as shown in Figure 5b. In other words, the operation
to store and release hydrogen at lower temperatures is high in
utility value since the small AH and AS enhance the elevating
effect of the hydrogen desorption pressure at the given
temperatures.

From the nanostructural point of view, we should again
consider the operation temperature. Although both the 0present
thin films (Figure S1) and the previous powder'”*’ could
reversibly absorb and desorb hydrogen several times, they
would be eventually decomposed into each metal phase by
heating and aging. The exothermic heat during hydrogenation
affects temperature in the reaction field. When the phase
segregation and nucleation can be prevented, the lattice
distortion induced by nanosizing, which is a major origin of the
destabilization of MgH,, would be relaxed by the exothermic
heat. In this work, the exothermic heat during hydrogenation
of Mg—Mn layers might be radiated through the Mn domains
and substrate, resulting in keeping the destabilization effect. In
the case of powder/bulk, the metallographic structure
consisting of fine Mg domains embedded in a nonhydride-
forming matrix plays a key role in keeping nanosized Mg
domains and their lattice distortion. Envisioning future
practical uses, our next challenge is to improve and scale up
the mixing technology of Mg and immiscible metals and to
optimize handling the heat transfer and radiation from the Mg
domains during hydrogen uptake.

B CONCLUSIONS

In the present work, we have shown the perspective that the
thermodynamic stability of MgH, is lowered by mixing with an
immiscible metal, Mn. We found that the desorption pressure
of hydrogen from MgH, in the Mn-rich Mg—Mn alloy thin
films exhibited ~2.5 orders of magnitude increase compared to
conventional bulk Mg at moderate temperatures. This
destabilization phenomenon is attributed notably to heavy
lattice distortion in the nanometer-sized Mg(H,) domains,
resulting in tailoring the enthalpy and entropy for hydride
dissociation. The obtained thermodynamic nature to elevate
the desorption pressure of hydrogen is effective at lower
temperatures, which offers the potential to develop into bulk
materials introduced into efficient and inexpensive hydrogen
energy systems.
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