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ABSTRACT: Nanosizing is known to affect the hydrogenation
properties of magnesium. For this reason, the long period stacking
ordered (LPSO) structures, made of the stacking of nanolayers of
magnesium and nanolayers of Mg-A-B (with A = rare earth and B
= transition metal), were herein considered. A Mg83.3Cu7.2Y9.5
LPSO compound with 18R structure was successfully synthesized.
Its hydrogenation properties were investigated at temperatures
between 150 and 400 °C. The X-ray diffraction (XRD) analysis
indicates that the LPSO structure decomposes into magnesium
hydride, yttrium hydride, and an intermetallic compound (Mg2Cu
or MgCu2). The pressure composition (PC) isotherm for
Mg83.3Cu7.2Y9.5 at 400 °C combined with XRD analysis allows
one to understand the three-step hydrogenation pathway, detailed
in this paper. At this hydrogenation temperature, the fully hydrogenated compound contains magnesium hydride exclusively
crystallized in the most stable tetragonal structure (100% of α-MgH2 was formed). When the pristine LPSO was hydrogenated at
lower temperature, the amount of α-MgH2 decreased, while its polymorphic structure, γ-MgH2, appeared. Finally, hydrogenation of
Mg83.3Cu7.2Y9.5 at 150 °C led to the formation of γ-MgH2 with a high phase fraction (82% of γ-MgH2/MgH2). These results suggest
that the crystallographic structure of the magnesium hydride can be controlled by the hydrogenation temperature of LPSO
compounds.

1. INTRODUCTION
Hydrogen is a promising energy carrier. One of the bottlenecks
in hydrogen technologies is hydrogen storage. Magnesium is a
light, inexpensive, and abundant metal extensively investigated
for this purpose. Upon hydrogenation, it forms tetragonal α-
MgH2 with a high hydrogen content of 7.6 wt %.1,2 However,
this hydride is thermodynamically very stable: its decom-
position temperature at 1 bar is 278 °C. This temperature is
too high for mobile application.3 In addition to its high
stability, magnesium hydride also suffers from low kinetics for
hydrogen absorption and desorption, so that even higher
temperatures are required to absorb and desorb hydrogen
(350−400 °C).4

In order to destabilize the hydride phase and improve its
reaction kinetics, several processes are under investigation
worldwide, including nanostructuration,1,5 addition of cata-
lysts,1,6−9 and alloying.10 It is worth noticing that, upon
hydrogenation, the formation of polymorphic MgH2 may
occur. MgH2 has several polymorphic forms: orthorhombic γ-
MgH2 with an α-PbO2-type structure (Pbcn)

11−13 and cubic β-
MgH2 with a PdF2-type structure (Pa3).

12 They are known for
being metastable and, thus, their formation should lead to
lower desorption temperature and faster kinetics. First
principle calculations for the polymorphic structures of
MgH2 revealed that the desorption enthalpy change ΔH is

higher for β-MgH2 (−44.4 kJ/mol H2
14) and for γ-MgH2

(−52.8 kJ/mol H2
14 or −44.66 kJ/mol H2

15) than for α-MgH2

(−53.2 kJ/mol H2
14). Note that these values must be taken

with care because ΔH(α-MgH2) = −53.2 kJ/mol H2 is
overestimated when compared to the experimental value of
−74.5 kJ/mol H2.

16

Those two polymorphic structures (β- and γ-MgH2) are
interesting from the point of view of destabilization of
magnesium hydride, since they are thermodynamically
unstable compared to α-MgH2. On the other hand, this also
explains that they are difficult to synthesize. Indeed, the
calculated pressure−temperature phase diagram of MgH2

shows that ultrahigh pressure (on the order of the GPa) is
needed to form β- or γ-MgH2.

17 This was confirmed
experimentally by the application of 2.5 GPa of pressurized
inert gas (Ar or He) on α-MgH2.

12,13 Other techniques, such
as high pressure torsion (HPT)14 and ball-milling,1,15,18,19 also
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highlighted the transformation (or partial transformation) of α-
MgH2 into γ-MgH2. Both techniques imply external mechan-
ical deformation, leading to the formation of defects, strain,
and reduction of crystallite size. The formation of γ-MgH2 was
also achieved by hydrogenation of Mg-thin films.20−22 It was
attributed to a smaller dimension of film and strain generated
by the clamping effect of the thin film to the substrate.20

Finally, to synthesize γ-MgH2, three key points emerge from
these methods (mechanical deformation and hydrogenation of
thin films): large strain, structural defects, and nanosizing.
Long period stacking ordered (LPSO) compounds (Figure

1) were originally studied for their outstanding mechanical

properties,23 but the high content of magnesium in these
LPSO structures makes them possible candidates for hydrogen
storage. They are Mg-based compounds containing a small
amount of rare earth (A) and transition metal (B). Up to now,
three different stacking sequences of LPSO were identified:
10H, 18R, and 14H.24 Crystal structures were proposed on the
basis of transmission electron microscopy (TEM) results.25−29

Table 1 summarizes the ideal compositions and proposed
space groups of the LPSO structures. As evidenced by their
crystallographic structures (Figure 1), the LPSO compounds

are made by stacking hcp-Mg layers (gray layers) and Mg-A-B
layers (red layers) along the c-axis. These structures resemble
multilayered thin films but with extremely thin layers (on the
order of nanometers). Therefore, there is a possibility that the
hcp-Mg layer forms MgH2 with different crystal structures
from most stable tetragonal α-MgH2, leading to a lower
desorption temperature of hydrogen.
In this study, the Mg−Cu−Y system was chosen because

Cu,30 Y, and YHx
31−33 are known for their catalytic effect on

hydrogenation of Mg. Herein, we investigate the hydro-
genation properties of the Mg83.3Cu7.2Y9.5 LPSO compound.
This study shows a simple and new synthesis route for a large
amount of orthorhombic γ-MgH2.

2. EXPERIMENTAL SECTION
Chunks of Mg (99.9%) from Kojundo Chemical Laboratory Co., Ltd.,
Cu (99.99%) from Furuuchi Chemical Co., and Y (99.9%) from
Nippon Yttrium Co., Ltd. were used to synthesize Mg83.3Cu7.2Y9.5.
Due to its high vapor pressure, an excess of 7 wt % of magnesium was
added. The elements were melted together in an induction furnace
under a helium atmosphere. The obtained ingot was wrapped in
aluminum foil and subsequently annealed for 50 h at 400 °C under an
argon atmosphere.

X-ray diffraction (XRD) analysis was performed with a Rigaku
2500 V diffractometer with Cu Kα radiation in a 2θ range from 3° to
80° with a step size of 0.02°. The FULLPROF program34 based on
the Rietveld method35 was used to determine crystallographic
properties and phase amounts.

The compound was observed with a S-3400N scanning electron
microscope (SEM) from Hitachi. Back scattered electron (BSE)
mode and an energy dispersive X-ray (EDX) detector were used. A
piece of ingot was embedded in a resin and mechanically polished
using diamond paste. After polishing, conductive paste was used in
order to ensure the electronic conductivity.

Pressure composition (PC) isotherms were measured using
Sieverts’ method. The ingot was filed into powder in air.
Approximately 1 g of powder was introduced in a stainless steel
vessel and heated at 400 °C for 5 h in an argon atmosphere. It was
evacuated, and the measurement was started. At the end of the
measurement, the temperature was kept and the sample holder was
evacuated under dynamic vacuum for several hours.

3. RESULTS
3.1. Phase Determination and Structural Properties.

Figure 2 shows the XRD pattern of Mg83.3Cu7.2Y9.5. This
composition is close to stoichiometric 14H phase determined
by TEM analysis.25,26,28 The low angle diffraction peak at 5.6°
corresponds to the interplanar distance dhkl of 1.58 nm. This
indicates that a long period crystallographic structure is
formed. This interplanar distance is consistent with the 18R
structure of LPSO36 and much shorter than that for the 14H
structure (1.81 nm) as shown in Table 1. To confirm the

Figure 1. Crystal structures of LPSO compounds draw on the basis of
TEM results: 10H with space group Cmce,26 18R with space group
P3212,

28 and 14H with space group P63/mcm.
28 The polyhedron in

the Mg-A-B layer is a B6A8 cluster. The composition is indicated
below each crystal structure.

Table 1. Tabulated Compositions and Proposed Space Groups for LPSO Compounds with 10H, 18R, and 14H Structuresa

Mg (at %) B (at %) A (at %) B/A hkl dhkl (nm) 2θ (deg) proposed space groups ref.

10H 76.7 10 13.3 0.75 002 1.31 6.8 Cmce 26
002 1.30 6.8 P63/mcm 27

18R 80.6 8.3 11.1 0.75 001 1.56 5.6 C2/m 29
002 1.56 5.6 C2/c 26
003 1.56 5.6 P3212 28

14H 83.3 7.2 9.5 0.75 002 1.81 4.9 P63/mcm 28, 29
002 1.82 4.9 P6322 26

aB is a transition metal, and A is a rare earth. The 2θ column indicates the position of the first diffraction peak for XRD measurements with Cu Kα
radiation.
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nature of the main phase, Le Bail refinement was performed.37

A small amount of silicon was added to the sample as a
reference in order to determine the displacement of the
sample. Then, it was fixed, and the Le Bail refinement of the
main phase was started. The three different space groups
proposed for the 18R structure and presented in Table 1 (C2/
m, C2/c, and P3212) were tried. The C2/m space group gave
the best goodness of fit, and the derived cell parameters are a =
11.157(1) Å, b = 19.478(2) Å, c = 16.620(3) Å, and β =
77.28(1)°. Most of the diffraction peaks were indexed by this
18R structure, while some of the tiny peaks, indicated in Figure
2, correspond to the Mg2Cu phase.
SEM−BSE micrographs are shown in Figure 3. The global

composition derived from SEM−EDX analysis at low

magnification (Figure 3a) is Mg83.8±0.2Cu7.4±0.3Y8.8±0.1, which
is close to the target composition. High magnified SEM−BSE
micrographs and EDX analysis show different phases. The
ma in a r e a i s l i gh t g r a y and co r r e spond s to
Mg83.31±0.07Cu7.39±0.05Y9.30±0.03. The dark gray area having a
composition of Mg85.9±0.7Cu6.3±0.2Y7.8±0.5 has a Mg content
slightly higher than the light gray area. As an impurity phase, a
white area, with Mg70.7±0.03Cu14.4±0.3Y14.9±0.4 composition, was
also observed. Light gray and dark gray areas have a
composition close to the stoichiometric 14H compound.
However, the XRD analysis does not show the 14H structure,
whereas the 18R structure is clearly present. Our results
suggest that our 18R phase contains more Mg than the
stoichiometric 18R phase (Table 1). This tendency is
consistent with refs 38 and 39. We will discuss this
compositional difference from the stoichiometric 18R phase
later.

3.2. Hydrogenation Properties and Phase Decom-
position upon Hydrogenation. Figure 4a shows the PC
isotherm of Mg83.3Cu7.2Y9.5 measured at 400 °C. 1.86 H/M
(atomic ratio of hydrogen and metal atoms) was absorbed and
1.62 H/M was desorbed, which corresponds to 4.7 wt % of
reversible capacity. When one takes a closer look at the details,
a three step-reaction for hydrogenation is observed: hydrogen
absorption in low hydrogen pressure (below 0.05 MPa) and
two plateaus at 1.2 and 4 MPa. In order to understand the
three step-reaction, XRD patterns were measured at different
states of charging (Figure 4a, points 1 to 4). The detailed
structure information obtained by Rietveld refinement is
shown in Table 2. Note that a small amount of Y2O3 is always
observed, indicating contamination from the air.
The sample hydrogenated at 400 °C under 0.5 MPa of

hydrogen pressure (point 1) shows that the LPSO structure
already decomposed and formed YH2, Mg, and Mg2Cu (Figure
4b). At this point, MgH2 was not observed. The lattice
constants of Mg and YH2 are almost the same as the literature
values. After further hydrogenation (point 2), the XRD analysis
shows that the main phases are α-MgH2, YH3, and Mg2Cu
(Figure 4c). Therefore, the plateau at 1.2 MPa corresponds
both to the further hydrogenation of YH2 into YH3 and to the
hydrogenation of Mg in MgH2. Then, pristine Mg83.3Cu7.2Y9.5
was fully hydrogenated at 400 °C under 4 MPa of hydrogen
pressure (point 3). The XRD pattern highlights the presence of
α-MgH2, YH3, and MgCu2 and traces of YH2 (2.5 wt %)
(Figure 4d). The plateau at 4 MPa can thus be attributed to
the decomposition of Mg2Cu into MgH2 and MgCu2. The
structure of MgH2, which was formed here, is tetragonal (P42/
mnm), and its cell parameters are very close to the literature
values, although hydrogenation of Mg-X systems (X = Sc,40

Ti41) can lead to the formation of (Mg,X)H2 with an Fm3m
space group (FCC structure). Similarly, the structure of YH3
was hexagonal even though Mg-doped Y can form FCC YH3.

42

These structural features and the lattice constants indicate that
Mg and Y were not mixed with each other. Finally, the XRD
pattern recorded after PC isotherm measurement at 400 °C
(point 4) shows that dehydrogenation products were YH2, Mg,
and Mg2Cu (Figure 4e). In the whole process, the change in
phase fraction estimated by Rietveld refinements was
reasonable: the capacities derived from Rietveld refinement
(Table 2) are very close to the ones observed by PC isotherm
measurement (Figure 4a).
After the first hydrogenation at 400 °C, the temperature was

kept and the sample holder was evacuated under dynamic
vacuum for several hours. Then, a second hydrogenation was
performed at 150 °C under 5 MPa. The maximal hydrogen
content after the second hydrogenation at 150 °C is 1.42 H/
M. It decreased by 0.44 H/M compared to the first
hydrogenation at 400 °C. No hydrogen desorption was
observed at this temperature. As shown in Figure 5, main
phases are α-MgH2, YH3, and Mg2Cu. Traces of unreacted
YH2 and Mg are also present. At this condition, the reaction
products were almost the same as those at 400 °C although
Mg2Cu was not hydrogenated into α-MgH2 and MgCu2.
In order to understand the temperature effect on hydro-

genation of Mg83.3Cu7.2Y9.5, a PC isotherm of pristine
Mg83.3Cu7.2Y9.5 was measured at 150 °C (Figure 6a). During
the first cycle, one single plateau is lying at 0.14 MPa.
Hydrogen was absorbed up to 1.43 H/M, but hydrogen
desorption was not observed. The sample cell was
subsequently evacuated under dynamic vacuum at 150 °C

Figure 2. XRD pattern for Mg83.3Cu7.2Y9.5 after annealing treatment at
400 °C for 50 h. The C2/m space group determined by Saal and
Wolverton29 was used for the Le Bail refinement of Mg83.3Cu7.2Y9.5
with the 18R structure.

Figure 3. SEM images of Mg83.3Cu7.2Y9.5 annealed at 400 °C for 50 h
at low magnification (a) and high magnification (b).
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for several hours. Second and third cycles were measured, but
no absorption occurred. This suggests that evacuation under
dynamic vacuum does not allow hydrogen desorption. Indeed,
high temperatures are required to desorb hydrogen from MgH2
and YH2. At 150 °C, the desorption pressure for MgH2 is
about 0.0007 MPa and desorption kinetics is slow. As for YH2,
it was shown that its desorption starts at 650 °C under
dynamic vacuum.43 Figure 6b shows the XRD pattern recorded
after the first PC isotherm measurement and subsequent
evacuation. This pattern is completely different from those in
Figures 4d and 5.
The two diffraction peaks around 20° indicate that Mg2Cu

remained after hydrogenation. The diffraction peak at 5.6°,
characteristic of 18R LPSO, is still present, but its intensity
drastically decreased. In order to analyze the diffraction pattern
in detail, the powder was crushed in ethanol and only the

supernatant powder was used for Rietveld refinement. This fine
supernatant powder did not contain 18R LPSO (because
LPSO is a very coarse powder, it sank), and MgO and Y2O3
were introduced during this operation; however, the main
feature of the diffraction pattern mostly remained.
First, the Rietveld refinement was attempted by using a

similar strategy as in Figure 5. The quality of the refinement
was poor (Figures 6c and S1a): the position of the main peak
at 31° is close to that for YH3; however, the intensity at 31° is
underestimated, and those at 26.8 and 27.9° are overestimated.
Then, the orthorhombic γ-MgH2 was considered for Rietveld
refinement (Figures 6d and S1b). Note that, now, the
calculated intensities of the main diffraction peak at 31° and
other peaks (especially at 26.8° and 27.9°) match the observed
intensities. In addition, the peak at 25.3°, which was not
indexed using the first refinement models, is indexed by γ-

Figure 4. (a) PC isotherm for Mg83.3Cu7.2Y9.5 measured at 400 °C. Points 1, 2, 3, and 4 indicate, respectively, the conditions for the measurements
of Rietveld refined XRD patterns of Mg83.3Cu7.2Y9.5: (b) hydrogenated at 400 °C under 0.5 MPa, (c) hydrogenated at 400 °C under 1.5 MPa, (d)
hydrogenated at 400 °C under 4 MPa, and (e) after PC isotherm measurement at 400 °C.
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MgH2. Rietveld refinement (Figure 6d and Table 3) shows
that a high fraction of γ-MgH2 was formed (≈55 wt %). This
value corresponds to 82% of γ-MgH2/MgH2. One can notice
the large value of the a cell parameter and cell volume of γ-
MgH2 compared to the reported value of pure γ-MgH2 (Δa/a
= +2.6%, ΔV/V = +2.39%). This is likely to be triggered by
internal strain, resulting from the low temperature hydro-

genation process, and will be further discussed later. In
addition, it suggests that the magnesium is fully hydrogenated,
so that the hydrogen content of the obtained γ-MgH2 is close
to 2.0 H/M. These results clearly indicate that polymorphic γ-
MgH2 was formed upon hydrogenation of Mg83.3Cu7.2Y9.5 at
150 °C and under a low-pressure condition (0.14 MPa). Note
that the lattice parameters of α-MgH2 and YH3 are almost the

Table 2. Results of Rietveld Refinement of Mg83.3Cu7.2Y9.5 after Hydrogenation at 400 °C under 0.5 MPa (Figure 4b), 400 °C
under 1.5 MPa (Figure 4c), 400 °C under 4 MPa (Figure 4d), PC Isotherm Measurement at 400 °C (Figure 4e), and
Rehydrogenation at 150 °C (Figure 5)a

Mg P63/mmc α-MgH2 P42/mnm YH2 Fm3m YH3 P3c1 Mg2Cu Fddd MgCu2 Fd3m Y2O3 Ia3

After Hydrogenation at 400 °C under 0.5 MPa
wt % 51.1(2) 20.7(1) 24.3(1) 3.9(2)
a (Å) 3.20959(4) 5.1848(2) 5.2786(3) 10.581(3)
b (Å) a a 9.0616(5) a
c (Å) 5.2117(2) a 18.338(1) a
L (nm) b 90(10) 100(6) c
ε (%) b 0.42 0.077 c
C (H/M) 0.15
χ2 (%) 7.91

After Hydrogenation at 400 °C under 1.5 MPa
wt % 2.5(1) 50.4(3) 1.1(1) 21.6(1) 23.5(2) 0.9(1)
a (Å) 3.208(1) 4.5154(4) 5.194(1) 6.3534(6) 5.2816(4) 10.57(1)
b (Å) a a a a 9.068(1) a
c (Å) 5.217(3) 3.0206(1) a 6.6099(7) 18.351(2) a
L (nm) c 230(70) c 75(5) 71(6) c
ε (%) c 0.10 c 0.22 0.060 c
C (H/M) 1.57
χ2 (%) 2.03

After Hydrogenation at 400 °C under 4 MPa
wt % 60.2(3) 2.4(1) 19.1(1) 16.3(1) 2.0(1)
a (Å) 4.5190(2) 5.197(1) 6.3598(4) 7.0597(3) 10.60(1)
b (Å) a a a a
c (Å) 3.0235(2) a 6.6123(5) a
L (nm) 67(3) 29(1) 40(2) c
ε (%) 0.080 0.16 0.19 c
C (H/M) 1.91
χ2 (%) 5.01

After PCT at 400 °C
wt % 53.3(4) 23.3(2) 22.4(3) 1.0(1)
a (Å) 3.2112(2) 5.1992(4) 5.2785(7) 10.59(1)
b (Å) a a 9.075(1) a
c (Å) 5.2155(4) a 18.349(2) a
L (nm) 83(7) 50(3) 61(6) c
ε (%) 0.095 0.39 0.078 c
C (H/M) 0.17
χ2 (%) 1.65

After PCT at 400 °C and Hydrogenation at 150 °C
wt % 3.3(2) 55.2(6) 13.7(2) 8.6(2) 18.5(3) 0.7(1)
a (Å) 3.209(2) 4.5187(6) 5.1992(7) 6.361(2) 5.282(1) 10.603(8)
b (Å) a a a a 9.078(2) a
c (Å) 5.228(6) 3.0228(4) a 6.604(3) 18.360(5) a
L (nm) c 43(3) 19(2) 19(2) c c
ε (%) c 0.13 0.38 0.098 c c
C (H/M) 1.60
χ2 (%) 4.06

aL is the crystallite size (diameter); C indicates the hydrogen capacity (derived from weight percent of each phase); ε is the strain; χ2 is the
goodness of fit. bThe diffraction peaks are almost as sharp as the silicon reference used to determine instrumental parameters. The contributions of
the crystallite size and strain to the full width at half maximum is thus very low, and their value has no physical meaning. cThe crystallite size and
strain are not given because the phase fraction is too small and/or the diffraction peaks overlap with other phases, making it difficult to obtain
values with a physical meaning.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c02080
Inorg. Chem. XXXX, XXX, XXX−XXX

E

pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c02080?ref=pdf


same as those shown in Table 2, suggesting Mg and Y did not
substitute each other in this process. Therefore, the formation
of polymorphic γ-MgH2 is not related to a substitutional effect.
As far as we know, this is the first observation of formation of
polymorphic γ-MgH2 through the hydrogenation of LPSO
compounds, and its possible mechanism will be discussed later.

4. DISCUSSION

4.1. Structural Properties. Although the chemical
composition of our sample determined by SEM−EDX analysis
(Mg83.8±0.2Cu7.4±0.3Y8.8±0.1) is close to the ideal composition of
the 14H structure (Table 1), the XRD analysis shows that the
main phase of our Mg83.3Cu7.2Y9.5 is LPSO with a 18R
structure. Here, we would like to discuss such compositional
deviation from the stoichiometry of LPSO compounds.
Ternary phase diagrams for Mg−Cu−Y33,38 and Mg−Ni−Y

systems39 were reported. Investigations of the Mg−Cu−Y
system, with Mg content higher than 90 at %, have highlighted
the existence of the LPSO compound with the 14H structure
for Mg content between 90.3 and 91.7 at %.38 This magnesium
content is high compared to the ideal composition for the 14H
structure (Table 1). In the Mg−Ni−Y system,39 similar results
were reported and Mg content is from 90.3 to 92.3 at % for
14H, from 84.2 to 90 at % for 18R, and from 78.8 to 85.7 at %
for 10H. In all cases, LPSO contains more Mg than the
stoichiometric composition. This is consistent with our present
result.
Several groups attempted to explain the deviation from the

ideal composition for LPSO compounds. First principle
calculations suggest that the L12 type B6A8 clusters (Figure
1) in 14HMg83.3Zn7.2A9.5 and 18RMg80.6Zn8.3A11.1 compounds
are distorted in such a way that A and Zn atoms are displaced

Figure 5. Rietveld refined XRD pattern of Mg83.3Cu7.2Y9.5 after one
cycle at 400 °C followed by rehydrogenation at 150 °C.

Figure 6. (a) PC isotherms for pristine Mg83.3Cu7.2Y9.5 measured at 150 °C. (b) XRD patterns of Mg83.3Cu7.2Y9.5 after one hydrogenation cycle at
150 °C; (c, d) after the third cycle at 150 °C, the powder was crushed in ethanol in air. The supernatant powder was used for Rietveld refinement.
(c) Rietveld refinement without the addition of the γ-MgH2 phase. The phase abundance of YH3 is overevaluated. (d) Rietveld refinement with the
addition of the γ-MgH2 phase. The fit has been greatly improved, and the results are gathered in Table 3.
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toward and outward the center of the cluster, respectively. This
leads to the formation of a large interstitial site at the center of
the B6A8 clusters.

28 These calculations also show that Mg, as
interstitial atom, is the most preferred element to occupy the
center of the B6A8 cluster.29 If we consider that each Cu6Y8
cluster contains only Mg atom as interstitial atom, the Mg
contents will increase to 83.7, 80.8, and 77.0 at % for 14H,
18R, and 10H structures, respectively. This interstitial model
does not make a substantial contribution to the composition.
Therefore, such a large deviation of Mg content in LPSO
cannot be solely explained by occupation at the center of
Cu6Y8 clusters.
Next, we simply consider the possibility that some of Cu6Y8

clusters are replaced by Mg14 clusters. In the 18R structure
model, there are four Cu6Y8 clusters in one unit cell. If one
(two) of the eight Cu6Y8 clusters in two unit cells is replaced,
the chemical composition becomes Mg83.0Cu7.29Y9.71
(Mg85.42Cu6.25Y8.33). Our SEM−EDX results are close to
these cases. As described above, Xu et al. showed that the
composition range of Mg for 14H and 18R in the Mg−Ni−Y
system are from 90.3 to 92.3 at % and from 84.2 to 90 at %,
respectively.39 In both cases, the maximum Mg content can be
explained by the model where a half of Cu6Y8 clusters in the
unit cell are replaced by Mg14 clusters. To further examine the
phase-composition relationship of Mg−Cu−Y LPSO, we
synthesized a Mg−Cu−Y compound with a higher Mg
content. The SEM−EDX analysis showed a chemical
composition of Mg89.0±0.6Cu5.1±0.2Y5.9±0.5. As we expected, the
crystal structure of this main phase is the 14H structure. This
suggests that two of the Cu6Y8 clusters are replaced in three
unit cells of the 14H structure and not only 18R but also 14H
has more Mg in Mg−Cu−Y system. This result indicates that
the LPSO phases can tolerate a large difference in their
stoichiometric compositions. The replacement of B6A8 clusters
by Mg clusters may explain it.
Now, we would like to focus on the B/A ratio. According to

SEM−EDX analysis, our sample shows a B/A ratio close to 0.8
for both Mg-rich and highly Mg-rich 18R phases, which is
slightly larger than the ideal value (0.75 = 6/8). It means that
Cu content is slightly larger or Y content is slightly lower. This
is in line with the results of Jiang et al.,38 who measured a Cu/
Y ratio of 0.82 ± 0.07 for the 14H structure in the Mg−Cu−Y
system after annealing at 400 °C for 1500 h. In fact, ABF-
STEM images of 18R and 10H Mg−Zn−Y showed that Mg, Y,
Zn, or a vacancy occupies the interstitial site at the center of
the B6A8 clusters.26 The atomic radius of Cu is the smallest
among our constituent elements. Therefore, the Cu/Y ratio

suggests that extra Cu atoms might be inserted in the Cu6Y8
cluster as an interstitial atom in the Mg−Cu−Y system. If we
consider two 18R cells and insert Cu at the center of 3 of the 8
clusters (in two 18R cells), the Cu/Y ratio becomes 0.80. It
suggests that Cu atoms might be inserted in the B6A8 cluster.
However, the first principle calculation for the Mg−Y−Zn
system has shown that Zn is the most unstable element to
occupy the center of B6A8 clusters, even though Zn has the
smallest atomic radius among them.26

Another possibility is the substitution. Egusa and Abe
proposed that a substitution of A and B by Mg is very likely to
happen.28 When one considers the atomic radius of Y (1.776
Å), Cu (1.278 Å), and Mg (1.599 Å), Mg is more likely to
substitute Y rather than Cu (Hume−Rothery rules). Finally,
we considered that one (two) of the eight Cu6Y8 clusters in
two unit cells of the 18R structure is replaced by one (two)
Mg14 cluster and that four (two) Y atoms are replaced by Mg
atoms. In this case, the composition becomes Mg85.76Cu6.25Y7.83
(Mg83.68Cu7.29Y9.03), which is extremely close to our SEM−
EDX data and explains the high Mg content as well as the high
Cu/Y ratio. Our results clearly show that the high Mg content
is mainly due to the substitution of Cu and Y by Mg. It would
be interesting to confirm the stability of this simple LPSO
structure model with the density functional theory or by
confronting experimental annular bright-field scanning trans-
mission electron micrographs to calculated ones.

4.2. Hydrogenation Reaction and Change in Crystal
Structure. As shown in Figures 4 and 6, 18R Mg83.3Cu7.2Y9.5
decomposes upon hydrogenation and the crystal structure of
the resulting Mg hydride depends on the hydrogenation
temperature. Here, we would like to discuss the reaction
pathway and the dependence on hydrogenation temperature of
the crystal structure of Mg hydride.

4.2.1. High Hydrogenation Temperature: 400 °C. The
XRD pattern of the fully hydrogenated sample (Figure 4d)
shows that the Mg83.3Cu7.2Y9.5 LPSO compound decomposed
into YH3, α-MgH2, and MgCu2 upon hydrogenation with a
maximal capacity of 1.86 H/M (4.9 wt %). This is consistent
with previous studies investigating the hydrogenation of 18R-
type Mg−Ni−Y LPSO compounds at 300−350 °C.44,45

The enthalpies of formation of YH2, YH3, and α-MgH2 are
−228, −178, and −74.5 kJ·mol−1 H2, respectively.

46 Con-
sequently, the formation of YH2 is the most favorable and
should take place prior to the formation of α-MgH2. Such
behavior was observed by Zlotea et al. for Mg24Y5,

46 Ishikawa
et al. for Mg85Zn6Y9,

47 and Li et al., who studied hydrogenation
of the Mg−Ni−Y system by means of in situ synchrotron

Table 3. Results of Rietveld Refinement for Mg83.3Cu7.2Y9.5 after Hydrogenation at 150 °C and Crushing in Ethanol (Figure
6d)a

γ-MgH2 Pbcn Δx/x (%) Mg2Cu Fddd YH3 P3c1 α-MgH2 P42/mnm Y2O3 Ia3 MgO Fm3m

wt % 53.8(6) 4.3(1) 1.6(1) 11.7(3) 3.7(1) 24.9(6)
a (Å) 4.624(2) +2.44 5.283(3) 6.36(1) 4.526(5) 10.59 (1) 4.223(6)
b (Å) 5.394(2) −0.82 9.074(6) a a a a
c (Å) 4.964(2) +0.48 18.34(2) 6.634(1) 3.022(7) a a
V (Å3) 123.8(1) +2.08 879.1(5) 232.3(4) 61.96(8) 1186(1) 75.29(9)
L (nm) 23(2) b b b b b
ε (%) 0.61 b b b b b
χ2 (%) 2.18

aThe column Δx/x compares the cell parameters of γ-MgH2 of the sample to the tabulated cell parameters of γ-MgH2. L is the crystallite size
(diameter); ε is the strain; χ2 is the goodness of fit. bThe crystallite size and strain are not given because the phase fraction is too small and/or the
diffraction peaks overlap with other phases, making it difficult to obtain values with a physical meaning.
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XRD.48 Similar results were obtained for LaMg12, where first
disproportionation of the alloy into lanthanum hydride and
metallic magnesium takes place, followed by hydrogenation of
Mg,49 matching with the enthalpy of formation of each
hydride. The PC isotherm of Mg83.3Cu7.2Y9.5 recorded at 400
°C also follows the same steps. When one takes the average
LPSO composition obtained from the SEM−EDX study, i.e.,
Mg83.8±0.2Cu7.4±0.3Y8.8±0.1, its decomposition should lead to the
formation of 8.8 YH2 as the first step, which is equivalent to
0.176 H/M (Table 4). This is very close to the measured
hydrogen content in the low pressure range, 0.18 H/M. Thus,
Y is consumed to form YH2 at the first step of hydrogenation.
The proportions of remaining elements are 91 at % of Mg and
9 at % of Cu. According to the phase diagram of Cu−Mg,50 in
this composition range and temperature (400 °C), there is
formation of Mg and Mg2Cu, which is in good agreement with
our XRD results showing YH2, Mg, and Mg2Cu as
decomposition products (Figure 4b).
When one takes into account the enthalpy, the next reaction

should be the hydrogenation of YH2 into YH3. However, the
plateau was not observed clearly in our PC isotherms, probably
because of the slow kinetics. Then, the hydrogenation of Mg
into α-MgH2 should occur at about 1.86 MPa at 400 °C (since
ΔH = −74.5 kJ·mol−1 H2 and ΔS = 135 J·K−1·mol−1 H2

16).
This is close to the plateau at 1.2 MPa and consistent with the
results of Couillaud et al.51 If YH2 and metallic Mg are
hydrogenated, the increase in hydrogen content should be
1.468 H/M. This is close to the width of this plateau in the PC
isotherm (Figure 4a). The XRD analysis of Mg83.3Cu7.2Y9.5
hydrogenated at 400 °C under 1.5 MPa shows that the sample
mainly consists of α-MgH2, Mg2Cu, and YH3 (Figure 4c and
Table 2). The detection of small quantities of both Mg and
YH2 suggests that their hydrogenation into α-MgH2 and YH3
happens simultaneously. Therefore, this intermediate plateau is
attributed to the formation of α-MgH2 and YH3.
At 400 °C, disproportionation of Mg2Cu into α-MgH2 and

MgCu2 occurs under 5.4 MPa of hydrogen.30,51 This is
equivalent to the absorption of 0.222 H/M (Table 4). The
expected plateau pressure and capacity match well with the last
plateau at 4 MPa. In fact, the XRD pattern after hydrogenation
at 400 °C under 4 MPa of hydrogen pressure showed the
formation of MgCu2 instead of Mg2Cu. Therefore, the last
reaction corresponds to the hydrogenation of Mg2Cu. Finally,
the hydrogenation/dehydrogenation process of Mg83.3Cu7.2Y9.5
at 400 °C is summarized in Table 4.
4.2.2. Formation of Polymorph of MgH2. Surprisingly, the

formation of less stable γ-MgH2 is clearly observed after
hydrogenation of Mg83.3Cu7.2Y9.5 at 150 °C (Figure 6 and
Table 3). In addition, the relative content of γ-MgH2/MgH2 is

high (82%). Hydrogenation properties of LPSO phases have
been investigated,44,45,47,48 but the formation of γ-MgH2 has
not been reported. This is the first time that γ-MgH2 is directly
synthesized by a low pressure (about 0.14 MPa) and low
temperature (150 °C) route with such a high content. Here,
therefore, we would like to discuss the possible formation
mechanism of γ-MgH2 from the viewpoints of nanosizing,
strain, and structural defects.
γ-MgH2 is known to form through the phase transition of α-

MgH2 under very high pressure (2.5 GPa) at 250 °C as a
thermally equilibrium phase.13,17 On the other hand, the
synthesis condition in the present study is about 0.14 MPa and
150 °C. According to the pressure−temperature phase diagram
of MgH2, this is far from its equilibrium condition.17

Therefore, γ-MgH2 formed by hydrogenation of LPSO
compounds must be in a metastable state. In order to confirm
it, the effect of hydrogenation temperature on the crystal
structure of MgH2 was investigated. As described in the
experimental results, a high fraction of γ-MgH2 (82%) was
formed at 150 °C, while only α-MgH2 was observed at 400 °C.
When it was hydrogenated at 200 °C, clear Bragg peaks from γ-
MgH2 still appeared with those from α-MgH2 as shown in
Figure 7 but peak intensities from γ-MgH2 decreased. The

results from the Rietveld refinement are shown in Figure S2
and Table S1. The relative content of γ-MgH2, γ-MgH2/MgH2,
was about 50%. It is clear that the fraction of γ-MgH2/MgH2
depends on the temperature and that the low hydrogenation
temperature promotes the formation of γ-MgH2. These results
indicate that, when hydrogenated at high temperature, LPSO
forms thermodynamically stable α-MgH2 and, when hydro-
genated at low temperature, LPSO preferably forms metastable

Table 4. Hydrogenation and Dehydrogenation Pathways for Mg83.3Cu7.2Y9.5 at 400 °C and the Amount of Hydrogen Associated
with Each Step

hydrogen content (H/
M)

by step cumulative

hydrogenation pathway
Mg83.8±0.2Cu7.4±0.3Y8.8±0.1 → 69Mg + 8.8YH2 + 7.4Mg2Cu 0.176 0.176

→ 69α-MgH2 + 8.8YH3 + 7.4Mg2Cu 1.468 1.644
→ 80.1α-MgH2 + 8.8YH3 + 3.7MgCu2 0.222 1.866

dehydrogenation pathway
80.1α-MgH2 + 8.8YH3 + 3.7MgCu2 → 69α-MgH2 + 8.8YH3 + 7.4Mg2Cu −0.222 −0.222

→ 69Mg + 8.8YH2 + 7.4Mg2Cu −1.468 −1.690

Figure 7. XRD patterns of Mg83.3Cu7.2Y9.5 after hydrogenation at 150,
200, and 400 °C.
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γ-MgH2. Therefore, an important parameter to form γ-MgH2
via hydrogenation of LPSO compounds is the hydrogenation
temperature.
Formation of metastable MgH2 was reported by the

following methods: HPT of α-MgH2,
14 ball-milling of α-

MgH2,
1,18,19 and hydrogenation of Mg-thin films.20−22,52−56

Edalati et al. synthesized γ-MgH2 by HPT of α-MgH2 at 27
°C.14 They demonstrated that the formation of γ-MgH2 is
promoted with an increase in the applied pressure and the
number of turns (deformation cycle). They explained that the
formation of γ-MgH2 was triggered by the formation of defects
induced by strain. In addition, TEM analysis evidenced that
HPT leads to smaller grain size (down to 70 ± 35 nm). Ball-
milling also implies external mechanical deformation, and it
was reported that it induced the formation of γ-MgH2 even
though the fraction is only 18 wt %.1 Similarly to HPT, it was
also concluded that the formation of γ-MgH2 is due to the
creation of strains and structural defects. Upon these
mechanical deformation processes implying external stress,
strain (structural defects) and/or small grain size must affect
the formation of γ-MgH2.
From here, we will discuss crystallite size and lattice strain

estimated by our Rietveld refinement. When LPSO is
hydrogenated at 400 °C or rehydrogenated at 150 °C after
hydrogenation at 400 °C, the crystallite size and lattice strain
for α-MgH2 are 67 nm and 0.080% and 43 nm and 0.13%,
respectively. Those for γ-MgH2 hydrogenated at 150 °C are 23
nm and 0.61% (the lattice strain and crystallite size for α-
MgH2 cannot be evaluated because of the small phase
fraction). Those for α-MgH2 and γ-MgH2 hydrogenated at
200 °C are 10 nm and 0.18% and 25 nm and 0.69%,
respectively. In all cases, crystallite size for both α-MgH2 and γ-
MgH2 are smaller than that for HPT samples.14 Therefore, it is
difficult to conclude whether there is a limitation for crystallite
size to form γ-MgH2. On the other hand, the lattice strain for
γ-MgH2 is always much higher than for α-MgH2. Especially, α-

MgH2 resulting from hydrogenation at 400 °C contains a
negligible amount of strain. Therefore, our results suggest that
the key parameter to form γ-MgH2 is lattice strain and that it
affects the phase stability.
The formation of metastable orthorhombic MgH2 (either γ-

MgH2 or CaCl2-type MgH2) was also observed upon direct
hydrogenation of Mg-based thin films without external
stress.20,21,52−56 The trend that comes out is that α-MgH2 is
more likely to form when the Mg-thin film is porous or exhibits
columns perpendicular to the surface, whereas the content of
orthorhombic MgH2 is higher when the film is dense. It is
thought that the low porosity of the dense thin films restricts
the free expansion of magnesium during its hydrogenation into
MgH2, which favors the formation of metastable MgH2. In fact,
Siviero et al., who hydrogenated 200 nm thick Mg-thin films at
100 °C, proposed that it was the result of compressive stress
generated by clamping of the film to the substrate.20 Nagengast
et al. estimated that a stress of about 3.2 GPa was induced in
their Mg-based thin films upon hydrogenation, resulting in the
formation of γ-MgH2.

22 Therefore, the spatial constraint or
compressive stress is also an important factor in the formation
of γ-MgH2.
The LPSO compounds consist of infinite layers of hcp-Mg

sandwiched by Mg-A-B layers and can be compared to dense
Mg-thin films. It suggests the possibility of formation of
metastable MgH2 upon hydrogenation of LPSO compounds,
as observed in the present work. In addition, the plane of the
hcp-Mg layers, which is perpendicular to the cLPSO-axis, is
(002) (Figure 1), like what is usually observed for Mg-thin
films. From this basis and similarly to the images shown in refs
52 and 53, we examined the relationship between hcp-Mg (1)
and the magnesium hydrides, α-MgH2 (2) and γ-MgH2 (3)
(Figure 8). The cells with black edges can easily be compared
to each other, and for a better understanding, the conventional
cells (with colored faces) are also represented. It turns out that,
in the case of the transformation of hcp-Mg to α-MgH2, the

Figure 8. Crystal structures of (1) hcp Mg with P63/mmc space group,63 (2) tetragonal α-MgH2 with P42/mnm space group,64 and (3)
orthorhombic γ-MgH2 with Pbcn space group65 and their coordination system. The large colored balls are Mg atoms; the small black balls are H
atoms. The Mg atoms with light colors (light green, light blue, and light brown) belong to the front face of the cell with black edges. The dark Mg
atoms are located on the back face of the cell, and the Mg atoms with intermediate color are in the intermediate plane. The cells with colored faces
are the conventional cells. The vertical axis on the left represents the direction of c for the LPSO. It is parallel to the c-axis of hcp-Mg (Figure 1).
The evolution of the lattice dimensions of the hydrides are compared to hcp-Mg. The three red arrows indicate the slight displacement of one
atomic layer, leading to the formation of α-MgH2.
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cell expansion is mainly parallel to chcp‑Mg (+22.7%) and the
atoms located in the middle plane shifted following the red
arrows, in good agreement with refs 52−54. As for the
transformation to orthorhombic MgH2, in the case of certain
thin films, a shear deformation of the hcp-Mg cell leads to
MgH2 with a CaCl2-type structure.

52,53 On the other hand, in
the present study, the hcp-Mg cell expands along the [210]
direction and slightly shrinks along the c-axis to form γ-MgH2
with an α-PbO2-type structure.
The structural relationship between hcp-Mg and γ-MgH2 as

well as the large strain observed in our γ-MgH2 (Table 3) allow
us to propose a possible mechanism for the formation of γ-
MgH2 in LPSO compounds. The hydrogenation starts in the
Mg-A-B layers with the formation of YH2. Because of the low
temperature, YH2 nucleates randomly and aggregates in each
Mg-A-B layer, which results in the collapse of Cu6Y8 clusters.
The nucleation of MgH2 can easily occur at lattice defects or
contaminating phases.57 Therefore, the formation of MgH2
easily takes place near the YH2 clusters. Local expansion of the
Mg-A-B layers, triggered by the formation of YH2 clusters,
generates compressive stress perpendicular to the Mg layers
and tensile stress parallel to the Mg layers. The compressive
stress prevents Mg from expanding along the c-axis upon
hydrogenation, whereas the tensile stress favors its expansion
in the (ab)-plane. As already shown in Figure 8 (3), a slight
contraction of the cell occurs in the chcp‑Mg direction (−5.2%).
This suggests that γ-MgH2 is preferably formed when it is
difficult for Mg to expand along the c-axis ([0001] direction),
just like our LPSO hydrogenated at 150 °C, where the Mg
layers undergo compressive stress parallel to c. The most
significant change of the Mg cell upon formation of γ-MgH2
occurs along the Mg [2−10] direction. This expansion is
extremely large for γ-MgH2 formed in the present study
(+44%).
Note that layered-phase transformation is also reported in

the similar stacking structure materials, ABy compounds (2 < y
< 5). The structure of ABy compounds consists of the piling of
[AB2] and [AB5] units along the c-axis. These compounds
showed stepped hydrogenation. The [AB2] units hydrogenate
to form [AB2Hx] units in the first step, and then, [AB5] units
hydrogenate to form the full hydride. In the first hydrogenation
step, the expansion of the [AB2] units along the c-axis can
increase by more than 50%,58,59 while a shrinkage of the outer
part of the [AB5] units (close to the [AB2] units) was observed
(down to −8% along the c-axis60). The hydrogen-induced
structural change in our LPSO compounds at 150 °C is
probably similar to the structural change in ABy compounds.
The low hydrogenation temperature inhibits the release of

strains, while high temperature processes can release it.
Therefore, strains highlighted by X-ray diffraction analysis
explain the formation of metastable γ-MgH2 at low hydro-
genation temperature and the increase in α-MgH2 content at
higher hydrogenation temperature (Figure 7). Vajeeston et al.
calculated the total energy of several MgH2 polymorphs.61 It
turns out that the difference between α- and γ-MgH2 is very
tiny (a few meV); thus, the formation of metastable γ-MgH2
may become possible by the introduction of constraints or
strains.
The presence of γ-MgH2 is interesting because it was

observed that the compounds containing γ-MgH2 exhibit
higher desorption pressure and improved kinetics compared to
pure α-MgH2.

1,15,18 This behavior is due to the low stability of
γ-MgH2 and its distorted structure, leading to enhanced

hydrogen diffusion.62 To determine the cycling properties of
the metastable γ-MgH2, differential scanning calorimetry
(DSC) was carried out under hydrogen pressure (Figure
S3). The XRD analysis performed after one dehydrogenation/
hydrogenation cycle showed that the γ-MgH2 phase
completely disappeared and is replaced by α-MgH2. However,
the peaks for absorption and desorption are not shifted upon
cycling. A detailed thermodynamic study of γ-MgH2 is still on
going.

5. CONCLUSIONS
In order to understand the effect of nanosizing of magnesium
on hydrogenation properties, Mg83.3Cu7.2Y9.5 was synthesized
and its hydrogenation properties were investigated at different
temperatures. The Mg83.3Cu7.2Y9.5 LPSO compound with a
18R structure was successfully synthesized. At each temper-
ature, the LPSO structure decomposed upon hydrogenation.
At 400 °C, Mg83.3Cu7.2Y9.5 undergoes a three-step dispropor-
tionation into α-MgH2, YH3, and MgCu2. Interestingly, with a
decrease in hydrogenation temperature, the polymorphic γ-
MgH2 phase was formed together with α-MgH2 and the
fraction of γ-MgH2/MgH2 reached 82% at 150 °C. We
propose that the formation of γ-MgH2 may result from a
combination of several factors: first, the small difference in
total energy between α-MgH2 and γ-MgH2; second, the
structure of LPSO compounds providing regular and nano-
sized Mg layers; third, the inner stress rising during the
hydrogenation process induced by the peculiar LPSO structure
and promoted by the low hydrogenation temperature, which
inhibits atomic diffusion.
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