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To clarify the hydrogen storage mechanism of Mg(In) solid solution, the hydrogenation and dehydrogena-
tion characteristics of Mgg glng 1 alloy are systematically studied in this work. It is found that the Mggglng 1
solid solution is first hydrogenated to Mgsln and MgH, under a hydrogen atmosphere. The polymorphism
of Mgszln leads to different hydrogenation features of the solid solution in various temperature ranges.
Consequently, the reversible dehydrogenation reactions have somewhat distinct enthalpy changes due to
the different crystal structures of MgzIn. When the hydrogenation temperature is not lower than 340 °C,
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MgsIn can be further hydrogenated to (Mg;_,In,)sIn and MgH,. The hydrogenation reactions of both p'-
Magszln and B-Mgsln are also reversible although they have sloping hydrogenation and dehydrogenation
plateaus in pressure—composition isotherms. This work provides new insights into the hydrogen storage

rsc.li/dalton mechanism of Mg(In) solid solution.
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1. Introduction

Magnesium hydride (MgH,) has been widely studied as a solid
state hydrogen storage material with a hydrogen capacity of
7.6 wt%."* However, the practical applications of MgH, are still
limited due to its high thermodynamic stability and slow desorp-
tion kinetics.>* To reduce the thermodynamic stability, alloying
Mg with other elements is usually used to destabilize the Mg-H
bonds.” For example, Mg,Ni can absorb hydrogen to form
Mg,NiH, with an absolute enthalpy change of 64 k] mol™* H,
which is smaller than the value of 75 kJ mol™ H, for pure Mg.°®
However, the reversible hydrogen capacity greatly decreases from
7.6 to 3.6 wt%. Another pathway is achieved by the reactions of
MgH, with reactive elements, such as Si and Ge, to form Mg-
based compounds.” In this case, MgH, can be destabilized to
some extent but the hydrogenation-dehydrogenation kinetics is
slowed down.! Thus more effective approaches should be
adopted to simultaneously ensure high hydrogen capacity, fast
desorption kinetics and suitable desorption thermodynamics.
Not long ago, Zhu proposed an interesting and effective
approach to alter the desorption enthalpy of MgH, by the
reversible formation of Mg(In) solid solution.” It was found
that the Mgy 95Ing o5 solid solution alloy had a reduced hydro-
gen absorption enthalpy of —68.1 k] mol™" H, and a reversible
hydrogen capacity of 5.3 wt%.”'° Thereafter, the Mg(In) solid
solution alloys have attracted more attention as one of the
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most promising hydrogen storage materials."*™* However, the

previously reported results on the hydrogenation-dehydro-
genation mechanism of Mg(In) solid solution alloys were
ambiguous. Some researchers reported that the Mg(In) solid
solution phase was hydrogenated to Mg,In, #”-MgIn and MgH,
at 300 °C, and further to the p phase and MgH, at 400 °C.>"°
All the hydrogenated products can be reversibly dehydroge-
nated to the Mg(In) solid solution phase. Another group pro-
posed that the Mg(In) solid solution phase was hydrogenated
first to p-Mg;zIn and MgH,, then to Mg,In and MgH,, and
finally to B"-MgIn and MgH,.""""> These hydrogenation reac-
tions were also reversible during the subsequent dehydrogena-
tion process. In a recent investigation, the authors suggested
that the mechanism of the reversible hydrogenation-dehydro-
genation reaction should be described as Mg(In) + H, < MgH,
+ B-MgzIn."*'* Such differences in the hydrogenation mecha-
nism of the Mg(In) solid solution might be related to different
experimental conditions due to the complex phase relation-
ship in the Mg-rich Mg-In system."®

According to the Mg-In phase diagram (see Fig. 1), the f
phase with the disordered fcc Al-type structure can exist in a
wide composition range from 23.2 to 93.5 at% In.'> During
slow cooling, the p phase will transform into the ordered L1,-
type (CusAu-type) p' phase in space group Pm3m when the
indium content is less than 39 at% and into the ordered L1,-
type (CuAu(i)-type) p” phase in space group P4/mmm as the
indium content is about 39-59 at%."> When the composition
is around 25 at% In, the ordering transformations from the
disordered p-Mg;In phase to the ordered L1,-type f-Mg;In and
further to the ordered 12R-type p;-MgzIn occur by slow

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/dalton
http://orcid.org/0000-0001-5796-7712
http://crossmark.crossref.org/dialog/?doi=10.1039/d4dt01649a&domain=pdf&date_stamp=2024-07-25
https://doi.org/10.1039/d4dt01649a
https://rsc.66557.net/en/journals/journal/DT
https://rsc.66557.net/en/journals/journal/DT?issueid=DT053030

Published on 05 July 2024. Downloaded on 12/28/2024 6:20:47 PM.

Dalton Transactions

600 £

484°C

W
(=
(=]
T

Mg(In)

338°C

Temperature (°C)
w I
(=] S
(=] (=]
- :

200

Mg at% In—

Fig. 1 Phase diagram of the Mg-rich Mg-In system redrawn from ref.
15.

cooling.'® Hence, the complexity of phase transitions in the
Mg-rich Mg-In system will inevitably result in various hydro-
gen-induced disproportionation reactions of the Mg(In) solid
solution under different experimental conditions. To clarify
the hydrogenation-dehydrogenation mechanism of the Mg(In)
solid solution phase, the Mg, oIn,, alloy was selected as a
research object in this work in view of the fact that the solubi-
lity limit of In in Mg is about 11 at% at room temperature.'’
Given the complexity in the hydrogenation reaction of Mg(In)
solid solution, the hydrogenation-dehydrogenation behaviour
of the Mg;In alloy was studied first. Then the phase changes
of the Mg, oIn, ; alloy during hydrogen absorption and desorp-
tion were investigated. Finally, the hydrogen storage thermo-
dynamics of the Mg, ¢In, ; alloy were studied systematically.

2. Experimental
2.1 Material preparation

Commercial magnesium (Acros, 99%) and indium (Innochem,
99.9%) bulks were used as raw materials. Mg, oIn, ; and Mg;In
(atomic ratio) alloys were prepared by melting appropriate
amounts of the pure metals in sealed quartz tubes under
vacuum. Before preparation, the burning loss of Mg during
melting was determined to be 20 wt% by trial-and-error. Thus
extra Mg (20 wt%) was added to compensate for the burning
loss. During the melting process, the quartz tubes filled with
raw materials were heated to 750 °C at a rate of 5 °C min~"
and held for 10 minutes. After that, the ingots were homogen-
ized by annealing at 300 °C for 24 hours. The annealed
samples were polished to remove oxide films and then manu-
ally ground into 400-mesh powders in a glove box under a dry
argon atmosphere for hydrogenation/dehydrogenation reac-
tions and hydrogen absorption and desorption measurements.

2.2 Hydrogen absorption-desorption measurements

The isothermal hydrogenation and dehydrogenation reactions
of the annealed Mg, oIn, ; and Mg;In alloys were carried out at

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

target temperatures under a hydrogen pressure of 7 MPa and
vacuum, respectively. Pressure-composition (P-C) isotherms
and isothermal hydrogenation and dehydrogenation curves of
the annealed Mg, oIn, ; alloy were measured using a Sieverts-
type apparatus. Prior to the measurements, the Mg, oIn, ; alloy
was activated by two hydrogenation—-dehydrogenation cycles at
350 °C.

2.3 Characterization

Elemental analyses of the alloys were performed on an induc-
tively coupled plasma emission spectrometer (ICP, ICPS-7510
PLUS). The measured compositions were 90.4 at% Mg-9.6 at%
In and 75.8 at% Mg-24.2 at% In, respectively, close to the
nominal ones of Mg, ¢In,; and Mg;In alloys. The microstruc-
ture of the Mg, oIn,, alloy was observed using an optical
microscope (M]J31, Mshot) and a scanning electron microscope
(SEM, TESCAN MIRA3) equipped with an energy dispersive
X-ray (EDX) spectroscope. For the observation, the sample was
prepared by mechanical polishing and etching with a solution
consisting of picric acid (2.5 g), acetic acid (5 ml), alcohol
(40 ml) and water (10 ml). The microstructures of hydrogen-
ated and dehydrogenated samples were observed using a trans-
mission electron microscope (TEM, JEM-2011). The TEM
samples were prepared by dispersing powders in tetrahydro-
furan with ultrasonic vibration and then depositing the sus-
pensions onto a copper grid. To identify the phase structures
of all samples, powder X-ray diffraction (XRD) measurements
were carried out using a Rigaku Miniflex-600C diffractometer
with Cu Ka radiation at 40 kv and 15 mA. The XRD profiles
were refined by the Rietveld method using RIETAN-2000."

In situ XRD measurements of the annealed alloys during
hydrogen  absorption were  performed using the
HTHP-XRD-500 sample cell (Beijing Scistar Technol. Co. Ltd)
with a silver holder and a beryllium window. During the in situ
XRD measurements, the temperature was raised from 300 °C
to 400 °C in steps of 10 °C and the hydrogen pressure was
maintained at 4 MPa. In each step, the in situ XRD data of the
Mg;In sample were recorded after a two-hour holding period.
For the Mg, oIny, sample, the holding period time in each
step was set to ten hours due to its slower hydrogenation
kinetics.

3. Results and discussion

3.1 Hydrogenation and dehydrogenation behaviour of Mg;In
alloy

To clearly understand the hydrogenation characteristics of the
Mg(In) solid solution phase, first we studied the hydrogenation
behaviour of the Mg;In alloy. Fig. 2a shows the Rietveld refine-
ment of the XRD pattern for the annealed Mg;In alloy. It can
be seen that this sample has a single f-Mg;In phase with a fcc-
A1 structure in the space group Fm3m. The lattice parameter
can be determined to be a = 4.5165(6) A. Generally, ordering
transformations from p-Mg;In to p-MgzIn and further to p;-
Mg;In occur during slow cooling to temperatures below
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Fig. 3 Rietveld refinements of the observed XRD patterns for the MgsIn samples hydrogenated and dehydrogenated at (a and b) 320, (c and d) 350
and (e and f) 390 °C for 10 hours.

12496 | Dalton Trans., 2024, 53, 12494-12502

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4dt01649a

Published on 05 July 2024. Downloaded on 12/28/2024 6:20:47 PM.

Dalton Transactions

340 °C." In the present work, however, neither f-Mg;In nor
B1-MgsIn was observed in the sample annealed at 300 °C for
24 h. This means that the ordering transformations of f-Mg;In
have very slow kinetics at 300 °C.

Fig. 2b shows the in situ XRD patterns of the annealed
MgsIn alloy during the heating process under a hydrogen
pressure of 4 MPa. It can be seen that the diffraction peaks of
both p-Mg;In and f;-MgzIn are present in the temperature
range from 300 to 330 °C. As the temperature is raised to
340-360 °C, only the diffraction peaks of p’-Mg;In and MgH,
are observable. It is interesting that the peaks of f-Mg;In
reappear together with those of MgH, starting at 370 °C. This
indicates that the hydrogenation of f-Mg;In proceeds in three
stages within the temperature range from 300 to 400 °C.

To further explore the transformation mechanism of the
f-MgzIn phase under a hydrogen atmosphere, isothermal
hydrogenation and dehydrogenation reactions were carried
out. Fig. 3a shows the Rietveld refinement of the XRD pattern
for the Mg;In sample hydrogenated at 320 °C for 10 hours. It
can be seen that the hydrogenated sample consists of f’-Mg;In
and f,-Mg;In phases, demonstrating that the ordering trans-
formations of MgzIn occurred during the hydrogenation
process. Thus the overall reaction within the temperature
range of 300-330 °C can be expressed as

f-Mg;In — p-MgzIn + p,-Mg;In (1)

Such a hydrogen-induced ordering phenomenon is similar
to that observed in ErNi, where the ordering transformation

View Article Online
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from a MgCu,-type structure to a TmNi,-type superstructure
easily occurred by hydrogenation at 25 °C.'® This is because
the formation and migration of vacancies and rearrangement
of metal atoms can be greatly promoted by dissolved
hydrogen.'®?° After dehydrogenating the hydrogenated MgsIn
sample at 320 °C for 10 hours, the XRD pattern almost
remains unchanged compared with that of the hydrogenated
sample (see Fig. 3b). This means that reaction (1) is irreversible
during the dehydrogenation process at 320 °C. This is because
there is a certain amount of hydrogen atoms remaining inside
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Fig. 5 In situ XRD patterns of Mgg ¢lng; alloy during the hydrogenation
process (the Ag peak is from the sample holder).
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(a) XRD patterns, (b) optical morphology, (c) SEM image and (d) EDX spectra for annealed Mgg glno 1 alloy.
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the p-Mg;In and f,-Mg;In phases after dehydrogenation, stabi-
lizing the ordered structures.'®?°

Fig. 3c shows the Rietveld refinement of the XRD pattern
for the Mgs;In sample hydrogenated at 350 °C for 10 h.
Obviously, the hydrogenated sample is composed of p' and
MgH, phases. In the ideal CuzAu-type fB'-Mgs;In structure,
Mg and In atoms occupy the 3c site (0, 1/2, 1/2) and 1a site
(0, 0, 0), respectively. However, the real f' phase exists in a
composition range of 26-38.8 at% In because indium atoms
can partially occupy the 3c site of Mg.'> In the present
work, the occupancy factors of Mg and In atoms in the 3c
site were determined to be 0.91 and 0.09, respectively, by
the Rietveld refinement of the XRD pattern. Thus the f'
phase in the hydrogenated sample can be denoted as p’-
(Mgo.01INg go)3In. This means that the p-Mg;In phase first
transforms into the ordered p-Mgs;In and further decom-
poses to P-(Mgo.01Ing.0)3In and MgH, during the isothermal
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hydrogenation at 350 °C. The overall hydrogenation reaction
can be written as

p-MgzIn + H, — p'-(Mg_,Iny);In + MgH, (2)

Fig. 3d shows the XRD pattern of the Mg;In sample dehy-
drogenated at 350 °C for 10 hours. It can be seen that only the
f'-Mg;In phase appears in the dehydrogenated sample. Thus
the dehydrogenation reaction can be expressed as

p’-(Mg1_,Iny);In + MgH, — p-Mgs;In + H, (3)

Fig. 3e and f show the XRD patterns of the Mg;In samples
hydrogenated and dehydrogenated at 390 °C for 10 h, which
are similar to those of the samples hydrogenated and dehydro-
genated at 350 °C for 10 h. The composition of the ' phase in
the hydrogenated sample can be determined to be f’-
(Mgo.s6Ing.14)3In by Rietveld analysis. However, the in situ XRD
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Fig. 6 Rietveld refinements of the observed XRD patterns for the Mgg9lng 1 samples hydrogenated and dehydrogenated at (a and b) 320 °C for

50 hours, (c and d) 350 °C for 50 hours, and (e and f) 390 °C for 20 hours.
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patterns clearly indicate the existence of p and MgH, phases as
the hydrogenation products at 390 °C (see Fig. 2b). These
results demonstrate that the p phase in the hydrogenated and
dehydrogenated samples quickly transformed into the ' phase
in the subsequent cooling process. This is because the order-
ing transformation of the p phase to the p’ phase proceeds very
fast due to a large number of crystal defects including
vacancies and interstitial H atoms.?® Hence, the reversible
reactions at 390 °C can be expressed as

p-MgzIn + H, < f-(Mgq_yIn,),In + MgH, (4)

3.2 Hydrogenation and dehydrogenation mechanism of Mg
(In) solid solution

Fig. 4a shows the Rietveld refinement of the XRD pattern for
the annealed Mg, 9In,; alloy. It can be seen that a single Mg
(In) solid solution phase is present. The lattice parameters
were determined to be a = 3.2017(2) A and ¢ = 5.2201(2) A.
Compared with the values a = 3.2125(5) A and ¢ = 5.2132(8) A
for pure Mg,*! the parameter a decreases but the parameter ¢
increases due to partial substitution by In. Thus the axial ratio
c/a increases from 1.623 to 1.630 and the unit cell volume
decreases from 46.59 to 46.34 A® similar to the results
reported previously.”” The optical morphology in Fig. 4b shows
that the alloy has an average grain size of 20 pm. The SEM/
EDX analysis (Fig. 4c and d) indicates that Mg and In elements
are uniformly distributed without composition segregation,
and the average composition is 90.3 at% Mg-9.7 at% In, which
is close to the nominal one.

Fig. 5 shows the in situ XRD patterns of the Mgy oIn, ; alloy
during the heating process under a hydrogen pressure of 4
MPa. Because the hydrogenation reaction of Mg, oIny; alloy
proceeds slowly, the diffraction peaks of the Mg(In) solid solu-
tion phase are present until the temperature reaches 360 °C.
Despite this, it is clear that the hydrogenation of the Mg(In)
solid solution phase also has three distinguishable stages.
When the temperature ranges from 300 to 330 °C, p-Mg;In, f;-
Mg;In and MgH, are formed as the products of hydrogenation.
Upon increasing the temperature to 340-360 °C, ;-MgIn dis-
appears but the f’ and MgH, phases are retained. As the temp-
erature is further raised to 370 °C, only the peaks of the
phase and MgH, are observable.

Fig. 6a shows the Rietveld refinement of the XRD pattern
for the Mg, 9In,; alloy hydrogenated at 320 °C for 50 hours,
indicating the coexistence of p-MgsIn, B;-Mgz;In, MgH, and
remaining Mg(In). When the hydrogenated sample was dehy-
drogenated at 320 °C for 50 hours, the Mg(In) solid solution
phase was reversibly formed (see Fig. 6b). Thus, the hydrogen-
ation and dehydrogenation reactions of Mg(In) in the tempera-
ture range from 300 to 330 °C can be written as

Mg(In) + Hy < f-MgzIn + B;-MgzIn + MgH, (5)

When the Mg, oIn,; alloy was hydrogenated at 350 °C for
50 hours, the §’ and MgH, phases were generated (see Fig. 6¢).
The composition of the p' phase was determined to be

This journal is © The Royal Society of Chemistry 2024
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(Mgo.02Ing 0g)3In by Rietveld refinement. Likewise, the p'-
(Mgo.02Ing g)3In and MgH, phases can be reversibly trans-
formed into Mg(In) during subsequent dehydrogenation (see
Fig. 6d). According to Fig. 5, 6¢c and d, the hydrogenation and
dehydrogenation reactions of Mg(In) in the range of
340-360 °C can be expressed as

Mg(In) + H, < p-MgzIn + MgH, (6)

p-Mg;In +H, < p'-(Mg;_4In,),In + MgH, (7)

The XRD patterns of Mg, ¢In,; samples hydrogenated and
dehydrogenated at 390 °C for 20 hours are shown in Fig. 6e
and f, respectively. Similarly, f' and MgH, are detectable in the
hydrogenated sample and Mg(In) is observable in the dehydro-
genated sample. The composition of the p’ phase can be calcu-
lated to be (Mgo.gsIng 15)3In. For the same reasons as men-
tioned above for Mg;In alloy, the p’-(Mgo g5Ino 15)3In phase was
formed from the hydrogenation product B-(Mgo g5Ing 15)3In
during the cooling process. Hence, the hydrogenation and
dehydrogenation reactions of Mg(In) in the range from 370 to
400 °C can be written as

Mg(In) + H, < B-Mgs;In + MgH, (8)

ﬁ-Mg3In +H, < ﬁ'(Mglfonx)_;In + MgH2 (9)

To further confirm this, the microstructures of hydrogen-
ated and dehydrogenated Mg, oIn,; samples were observed by
TEM (see Fig. 7). Evidently, the hydrogenated sample consists
of p' and MgH, phases, and the dehydrogenated sample is
composed of a single phase Mg(In).

Fig. 7 HRTEM images, HAADF-STEM images and the corresponding
EDX elemental mappings of the Mgg9lng; samples (a—e) hydrogenated
and (f—j) dehydrogenated at 390 °C.
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It should be noted that neither f,-Mg,In nor p"-MgIn was
observed in the hydrogenated samples. This result might be
related to the slow kinetics of hydrogen-induced decompo-
sition. Fig. 8 shows the isothermal hydrogenation and dehy-
drogenation curves at different temperatures. It can be seen
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that the hydrogenation reaction takes 20 hours even at 390 °C.
This is because the hydrogen-induced decomposition of Mg
(In) requires long-range diffusion of In atoms (see Fig. 7d). In
contrast, the hydrogenation kinetic rate of mechanically
alloyed Mg(In) alloy becomes faster due to its nanoscale
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Fig. 8 (a) Hydrogenation and (b) dehydrogenation curves of the Mgg glng 1 alloy at different temperatures.
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microstructure.’®'> Once the composition of the hydrogen-
ation product enters the p” phase region, non-stoichiometric
f"-MgIn can be formed (see Fig. 1).

3.3 Hydrogenation and dehydrogenation thermodynamics

Fig. 9a presents the P-C isotherms of hydrogen absorption
and desorption for the activated Mg, ¢In, ; sample at 300, 315
and 330 °C. It can be seen that only one plateau is visible on
each curve, corresponding to reaction (5). However, two pla-
teaus (one is flat and the other is sloping) can be observed on
each curve at 340, 350 and 360 °C (see Fig. 9b), relevant to reac-
tions (6) and (7), respectively. Similarly, two plateaus corres-
ponding to reactions (8) and (9) are also found in the P-C iso-
therms at 380, 390 and 400 °C (see Fig. 9¢c). These results also
demonstrate that the Mg(In) solid solution phase has various
hydrogenation and dehydrogenation mechanisms in different
temperature ranges.

The van’t Hoff plots for the flat plateaus are displayed in
Fig. 9d. Consequently, the dehydrogenation enthalpies for
reactions (5), (6) and (8) can be calculated to be 71.84, 69.86 and
66.69 k] mol ™' H,, respectively. Obviously, these dehydrogenation
enthalpies are smaller than the value of 75 kJ mol™ H, for
MgH,.° This means that indium doping can improve the dehydro-
genation thermodynamics, which provides a possible pathway to
achieving the US-DOE’s goals.”® The thermodynamic destabiliza-
tion of MgH, is related to the reaction of the hydride with Mg;In
forming Mg(In) solid solution upon dehydrogenation.’'>?*
However, the present work indicates that different crystal struc-
tures of Mg;In result in various degrees of destabilization. This is
because the enthalpy of formation for Mg;In is associated with
the change in stacking sequence (8; — p') and the order-disorder
phase transition (p' — p).">"***

As for the sloping plateaus of reactions (7) and (9), the
slopes indicate different portions of hydrogen-induced Mg;In
decomposition at various pressures.*® The decomposition reac-
tion of Mg;In might not be complete yet due to slow kinetics
when the measurements of hydrogenation isotherms were ter-
minated. Thus it is difficult to accurately calculate the enthalpy
changes of reactions (7) and (9) by taking the equilibrium
pressures from the midpoints of sloping plateaus. In the
present case, the sample is composed of $-(Mg;_,In,);In and
MgH, after the measurement of hydrogenation performance at
400 °C. However, further increasing the hydrogenation temp-
erature will result in the occurrence of partial melting as the
composition of f-(Mg;_,In,);In reaches the solidus line (see
Fig. 1), which makes its hydrogenation behaviour more com-
plicated. Thus further investigations are needed to understand
the de/hydrogenation feature of the p phase on the basis of
enhancement of the kinetics.>”*

4. Conclusions

In conclusion, the Mgy oIn,; solid solution alloy has various
hydrogenation mechanisms at different temperature ranges.
The B;-Mg;In, f'-Mgz;In and MgH, phases can be formed in

This journal is © The Royal Society of Chemistry 2024
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the temperature range from 300 to 330 °C. As the temperature
increases to the range of 340-360 °C, the solid solution phase
is firstly hydrogenated to p’-MgsIn and MgH,, and f'-Mg;In is
then hydrogenated to p-(Mg;_,Iny);In and MgH,. With
increasing temperature up to 370 °C, p-Mgs;In and MgH, are
formed initially as hydrogenation products and the p-Mg;In
phase is further hydrogenated to p-(Mg;_,In,);In and MgH,.
All the hydrogenation reactions are reversible upon dehydro-
genation. The dehydrogenation enthalpies of MgH, + Mg;In
are 71.84, 69.86 and 66.69 k] mol™" H,, respectively, in the
three temperature ranges. The degree of thermodynamic desta-
bilization by forming Mg(In) solid solution is associated with
the crystal structures of Mg;In.
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