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Atomic insights into the material properties of
double-perovskite-type hydride LiNaMg,Hg for H,
storage applications

Son-Il Jo, 2 *2 Hyong-Ju Kim,® Chol-Ho Pang,® Un-Gi Jong {2 ** and Tal-Hwan Kye?

Perovskite-type compounds exhibit multi-functional properties that make them suitable for luminescence,
photocatalysis, photovoltaics and H, storage applications. Here, we provide atomic insights into the
material properties of the double-perovskite-type hydride LiNaMg,Hg for H, storage applications.
Electronic structure calculations show that the cubic LiNaMg,Hg is an insulator with a direct band gap of
2.8 eV at the T" point, consist with electron localization function and Born effective charge analyses.
Based on geometric factors, elastic constants and self-consistent phonon calculations, we find that
LiNaMg,Hg is dynamically and mechanically stable in the cubic phase at elevated temperatures, satisfying
Born's stability criteria. Finally, it is illustrated that the gravimetric and volumetric H, storage capacities
are 7.09 wt% and 9112 g L™, and the H, desorption temperature is 548.54 K by considering the
quantum effect, explaining well previous experimental observations. Our calculations highlight that
LiNaMg,Hg hydride can be a potential H, storage material because of its high H, storage capacity,

rsc.li/rsc-advances

1 Introduction

The development of effective, cheap and safe hydrogen storage
systems is one of the key areas for efficient operation of the
hydrogen-based economy.” This area has been intensively
developing through new engineering solutions,** whereas rapid
technological progress is guaranteed by developing novel
materials that can far outperform the currently used ones.
Perovskite-type compounds®® occupy a unique position in
the design and discovery of new materials with targeted func-
tionalities due to the wide range of constituent elements,
diversity of crystal structures and distinctive physicochemical
properties. In 1984, the double-perovskite-type compound
Mg,FeH, was first synthesized® and reported to be a suitable
candidate for thermochemical energy storage because of its
high enthalpy change during hydride formation."® Moreover,
Zhang et al.™ illustrated that Mg and Fe nanoparticles absorb
hydrogen in two steps, first forming MgH, and then reacting
with Fe and H, to form Mg,FeHg, and it can release more than
5 wt% H, in 10 min, indicating that Mg,FeH is a promising H,
storage material for H,-fueled vehicle applications. On the other
hand, Ikeda et al. synthesized the single-perovskite-type hydride
NaMgH; by ball milling of NaH and MgH, hydrides at ambient
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mechanical and dynamical stabilities and suitable H, desorption temperature.

temperature and demonstrated the formation capability of
other perovskite-type hydrides from a detailed analysis of
geometrical factors.””™* Importantly, they observed reversible
H, absorption and desorption process with a H, gravimetric
capacity of ~6 wt% and fast H, migration at elevated temper-
atures. Komiya et al.*® fabricated hydride perovskites of the
form AMgH; (A = Na, K, Rb) by mechanical milling, finding that
the hydrides could release H, at temperatures from 670 to 720 K
via several different pathways depending on the specific A-site
cation. Furthermore, Kou et al.*’*® revealed that the Zr and
Co-based hydride perovskite ZrCoH; can reversibly absorb and
desorb H,, but, unfortunately, it suffers from the H,-induced
disproportionation (HID) phenomena. However, they proved
that the HID obstacle can be easily removed by partially
substituting Zr or Co cations with Ti cations.

In addition to experimental investigations, many researchers
have performed extensive theoretical studies®” in order to
provide an in-depth understanding of the material properties of
perovskite-type materials for H, storage applications. Fornari
et al.*® performed density functional theory (DFT) calculations
to explore the structural and lattice dynamics properties of
perovskite hydrides AMgH; (A = Na, K, Rb), finding that the
compounds exhibit an ionic bonding nature and dynamical
stability. Based on ab initio calculations, Gencer et al.® studied
the electronic and mechanical properties of hydride perovskites
ANiH; (A = Li, Na, K) with H, storage capacities of 4.4, 3.6 and
3.3 wt%, revealing their mechanical stability and metallic
bonding nature. In addition, Siddique et al>” confirmed the
dynamical and chemical stabilities of hydride perovskites LiBH;

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(B = Sc, Ti, V) and AVH; (A = Be, Mg, Ca, Sr) with H, storage
capacities >4.0 wt% through DFT simulations. In 2024, Xu
et al.** reported that XAIH; (X = Na, K) hydride perovskites show
mechanical, dynamical and thermodynamical stabilities with
metal-like electronic properties due to ionic chemical bonding.

Although there exist extensive investigations on perovskite-
type compounds, little attention has been paid to the double-
perovskite-type material LiNaMg,H, for application as a H,
storage material. To the best of our knowledge following
a review of the literature, only a few papers**° have studied the
structure, thermal analysis and dehydriding kinetic properties
of the Na; ,Li,MgH; hydride, concluding that Li, sNa, sMgH;
(ref. 30) has better dehydriding kinetic properties and a higher
H, desorption amount of 4.11 wt% in comparison with
NaMgH;. However, theoretical insights into the material prop-
erties were not fully uncovered for the double-perovskite-type
hydride LiNaMg,Hs (i.e., LiysNagsMgH;). The LiNaMg,Hg
hydride has a high H, gravimetric storage capacity over 7 wt%
and, moreover, involves nontoxic and earth-abundant elements,
and is therefore regarded as a potential candidate for high-
performance, low-cost and clean H, storage materials. Here,
we provide atomistic insights into the material properties,
including structural, electronic and lattice dynamics properties
and dynamical and mechanical stabilities, of the double-
perovskite-type hydride LiNaMg,H, for H, storage applica-
tions by using density functional theory calculations.

2 Computational methods

First-principles calculations were carried out employing the
Vienna ab initio simulation package (VASP).**** In order to
describe the interactions between ions and valence electrons,
we used the projector augmented wave (PAW) potentials,***”
where the valence electron configurations were given as Li-2s",
Na-3s', Mg-3s> and H-1s". Based on a convergence test, it was
revealed that a cutoff energy of 800 eV for the plane-wave basis
sets and a k-point mesh of 10 x 10 x 10 provided a total energy
accuracy of 2 meV per atom (see Fig. S1, SI). The variable-cell
structural relaxations were performed until all the atomic
forces were less than 10> ev A™' with a self-consistent
convergence threshold of 10~® eV. For the choice of exchange-
correlation functional, we tested the Perdew-Burke-Ernerhof
(PBE)*® and PBE-revised functionals for solids (PBEsol)** within
the generalized gradient approximation (GGA) and the Perdew—
Wang (PW91)* functional within the local density approxima-
tion (LDA) in order to account for the coulombic interactions
among the valence electrons. We computed atomic forces for 2
x 2 x 2 supercells, using a reduced cutoff energy of 400 eV and
a k-point mesh of 4 x 4 x 4 with the same convergence
thresholds.

As suggested by Zhang et al.,"* the H, desorption reaction for
LiNaMg,H, was considered as follows:

LiNaMg,Hs — Li + Na + 2Mg + 3H,. (1)
Following eqn (1), we calculated the H, desorption enthalpy

AH as follows:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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AH = Hy; + Hna + 2Hwmg + 3Hy, — Hiinamg,H,» (2)

where Hcompouna 18 the enthalpy of the corresponding
compound. Then, the enthalpy H can be calculated by consid-
ering the quantum effect as follows:

H=E. +E, (3)

where E. and E, are, respectively, the DFT total energy and the
zero-point energy considering the quantum effect. E, was
computed using the following formula:
hwg(w)dw
g = Joglo)do (@
where 7, w and g{w) are the Plank’s quantum constant, phonon
frequency and phonon density of states, respectively. For the
desorption of the total amount of hydrogen, the H, desorption
temperature T4 can be estimated as follows:

Ty = —AHy JAS, (5)

where AHy, is the H, desorption enthalpy per H, molecule,
which is calculated by dividing the desorption enthalpy AH (eqn
(2)) by the number of H, molecules 7 (i.e., n= 3 for LiNaMg,Hs),
and AS denotes the change in entropy associated with the H,
desorption reaction described in eqn (1). In this work, the
change in entropy AS was approximated as the entropy of H,
gas, i.e., 130.7 J mol ' K 1.4

The stability of H, storage materials is one of the most
important factors as it can play a crucial role in determining the
durability and safety of H, storage systems, such as H,-powered
vehicles, fuel cells and energy storage mediums. Thus, we
estimated the materials’ mechanical stability by evaluating
elastic constants such as the bulk (B), shear (G) and Young’s (E)
moduli. These elastic constants represent a material’s linear
response to small strain. We computed the elastic stiffness (C)
and compliance (S;) constants based on density functional
perturbation theory (DFPT)** calculations. Materials in the
cubic phase have three independent stiffness (compliance)
constants, Cy, Cy, and Cyy (S11, S12 and Su4), from which the
elastic moduli were estimated as follows:

Ci+2Cp, 1
By= — """~ Bh=—
v 3 TRT3(S, +28,)
Ci—Cin+3Cy 5
[t Mt - - 6
. 5 I TR T T ©
p_ BBy . GuiGe . 9GB
o 2 o 2 ’ T 3B+ G

where the V and R subscripts represent the stiffness (compli-
ance) constants within the Voigt and Reuss approximations,
respectively. Polycrystalline solids in a cubic phase are
mechanically stable when satisfying the Born’s stability
criteria*® as follows:

C11>0,C>0,Cp +2C12>0,Cpy — Cp2>0. (7)
In addition, the elastic anisotropy is an important factor to

assess the nature of microcrack sources and propagation in
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polycrystalline solids.** The universal anisotropic index AY, the
compression and shear percent anisotropies A¢ and Ag, and the
shear anisotropic factor 4, are defined as follows:

AUZSGv/GR+Bv/BR—6, A] :2C44/(C11 _CIZ) (8)
Ac = (By — Br)/(Bv + Br), As=(Gv— Gr)/(Gy+ Gr)

In the next step, we computed lattice dynamics properties
including phonon dispersion curves and phonon density of
states (DOS) to estimate E, and the compound’s dynamical
stability. The phonon dispersions and DOS calculations were
carried out within the finite displacement method, as imple-
mented in the ALAMODE code.**® Using 2 x 2 x 2 supercells
(80 atoms), we generated 20 different configurations where all
atoms were randomly displaced by 0.01 ~ 0.06 A from their
equilibrium positions for LiNaMg,H¢, with Li and Na in the
cubic phase and Mg in the hexagonal phase. Then, the atomic
forces were computed for all the displaced supercells by per-
forming precise self-consistent calculations. The 2"%-, 3™~ and
4™-order force constants (IFCs) were calculated within the
compressive sensing lattice dynamics (CSLD) approach®” using
the ALAMODE code. We ensured that for all the compounds,
the IFCs could reproduce the atomic forces with relative errors
of less than 1.6% compared with the DFT-calculated forces (see
Fig. S2, SI). We computed the harmonic (2"%-order) IFCs by
considering all possible harmonic terms, from which the
harmonic phonon dispersions and DOS were calculated at 0 K.
Meanwhile, the 3™ and 4%-order anharmonic IFCs were
extracted by considering the 6™ and 3"-nearest-neighbor
interactions for each type of atom. By taking into account
anharmonic effects at elevated temperatures, we calculated
temperature-dependent phonon dispersions and DOS from the
3" and 4™-order IFCs within the self-consistent phonon (SCP)
theory.** Within the SCP theory, the anharmonic phonon
eigenvalues were computed as functions of temperature from
the pole of the Green’s function beyond the perturbation theory,
as implemented in the ALAMODE code. In the SCP equation,
the phonon self-energy becomes frequency-dependent only
when the loop diagram associated with the quartic IFCs is
considered. Note that the off-diagonal elements of the self-
energy must be included to account for changes in phonon
eigenvectors induced by anharmonic effects.

3 Results and discussion
3.1 Crystal structure properties

Double-perovskite compounds have been found to successively
crystallize in cubic, tetragonal and orthorhombic phases upon
decreasing temperature. For instance, it was experimentally
observed that double-perovskite-type hydrides A,TH¢ (A = Ca,
Sr, Ba; T = Fe, Ru, Os) adopt the cubic and lower-symmetry
phases at different temperatures.'>* Like in the single-
perovskite-type hydrides ABHj;, the stability of the double-
perovskite-type hydride LiNaMg,Hs can be empirically
assessed by wusing the Goldschmidt tolerance factor
tc = (MLiva + "'mg)/ \/E(ng + ru) and octahedral factor t, = g/
ru, where riy, is an average value of the ionic radii of Li" and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Polyhedral view of the crystalline structure optimized using the
PBEsol functional for the double-perovskite-type hydride LiNaMg,Hg
in the cubic phase with a space group of Fm3m. The green-, yellow-,
brown- and purple-colored balls represent the Li, Na, Mg and H atoms,
respectively.

Na', and ryg, and ry are the ionic radii of Mg>" and H™ ions,
respectively. It is generally accepted that ¢ can be used to assess
whether the A-site cation can fit between the BHy octahedra,
while ¢, is used to check whether the BHg octahedron is stable.
According to the empirical criteria,**** compounds can adopt
a stable perovskite-type structure when satisfying the criteria 1.0
= tg = 0.7 and ¢, = 0.4.>> As listed in Table 1, the LiNaMg,Hs
compound has suitable geometric factors of ¢z = 0.82 and ¢, =
0.65, being similar to the previous work.** Based on the analysis
of the geometric factors, we found that LiNaMg,H, can stabilize
in a perovskite-type structure. Therefore, we proposed that the
LiNaMg,H¢ hydride could adopt the cubic double-perovskite
structure with the Fm3m space group like the oxide, halide
and fluoride double-perovskite compounds (see Fig. 1). It
should be noted that the geometrical factors such as tg and ¢,
can provide a qualitative estimation of the phase stability, but
a quantitative and detailed assessment of material stability
requires precise calculations on the lattice dynamics and elastic
properties.

The lattice constants of LiNaMg,Hs, Li, Na and Mg
compounds were calculated through variable-cell structural
optimization by using the PW91, PBE and PBEsol functionals.
According to previous experiments,*~** it was assumed that the
Li (Na) and Mg compounds adopt the cubic phase with the
space group of Im3m and the hexagonal phase with the space
group of P63/mmc, respectively (see Fig. S3, SI). As shown in
Table 1, the PBEsol-calculated lattice constant of LiNaMg,Hj is
a = 7.60 A, which is slightly smaller (larger) than the
PBE(PW91)-calculated one of a = 7.62 A (a = 7.58 A). The
PBEsol-calculated cell volume per formula unit is 109.74 A® per
f.u., which is in excellent agreement with a previously calculated
value of 109.66 A® per f.u.,” but is slightly underestimated
compared to a previous experimental result of 112.75 A® per

RSC Adv, 2025, 15, 38906-38915 | 38909
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Fig. 2

(a) Atom-resolved electronic band structure and (b) total and atom-projected partial density of states (DOS) calculated with the PBEsol

functional for the double-perovskite-type hydride LiNaMg,Hs in the cubic phase. The green-, yellow-, brown- and magenta-colored symbols

represent the Li, Na, Mg and H atom contributions to the energy band,
amounts.

f.u.,”® being attributed to the choice of a different crystalline
structure. Meanwhile, the lattice constants optimized for Na, Li
and Mg compounds are in good agreement with the previous
experiments.>** In particular, the PBE-calculated lattice
constants of a = 3.26, 4.25 and 3.49 A (c = 5.25 A) overestimate
the experimental ones® of @ = 3.21, 4.22 and 3.47 A (¢ = 5.21
A), whereas the PW91-calculated ones of a = 3.16, 4.17 and 3.44
A (¢ = 5.18 A) slightly underestimate the experimental ones for
Li, Na and Mg, respectively. Moreover, the PBEsol-calculated
lattice constants of @ = 3.23, 4.23 and 3.47 A (c = 5.22 A) are
in excellent agreement with the experimental ones, giving
a relative error of less than 0.5%. Hereafter, the PBEsol-
optimized crystalline structures were adopted for the calcula-
tions of lattice dynamics and electronic structure properties,
mechanical stability and H, desorption energetics for the
double-perovskite-type hydride LiNaMg,Hsg.

3.2 Electronic structure properties

In the first step, we calculated the electronic structure proper-
ties, including the energy band structure, electron density of
states (DOS) and charge density, for the double-perovskite-type
hydride LiNaMg,H in the cubic phase with the Fm3m space
group. As all constituent atoms are very light, spin-orbit
coupling (SOC) interactions were not considered. Fig. 2(a)
shows the PBEsol-calculated energy band structure along the
high-symmetry line of I'-X-U-K-I'-L-W-X in the Brillouin zone
for LiNaMg,He. In the atom-resolved energy bands, the green-,
yellow-, brown- and magenta-colored symbols represent the Li,
Na, Mg and H atom contributions to the bands, respectively,
and the size of the symbols is proportional to their contribution
amounts. From Fig. 2(a), it was demonstrated that the cubic
LiNaMg,H¢ has a direct transition at the BZ center of the I’
point with a band gap of 2.8 eV, and an indirect transition from
the W to the I' point with a band gap of 3.3 eV, and is therefore
regarded an insulator. On the other hand, in order to obtain

38910 | RSC Adv, 2025, 15, 38906-38915

respectively, and the size of them is proportional to the contribution

a more accurate band gap, we calculated the energy band
structure using the HSE06 hybrid functional, which leads to
a larger band gap of 3.7 eV due to pushing up (down) the
conduction (valence) bands (see Fig. S9, SI). Through the anal-
ysis of atom-projected partial DOS, it was revealed that the
valence bands (VBs) are dominated by H atoms with a small
contribution from Mg atoms, while the conduction bands (CBs)
are characterized by a combination of Li, Na, Mg and H atomic
contributions (see Fig. 2(b)). The Li and Na atoms make negli-
gible contributions to the VBs, showing that the Li" and Na*

Fig. 3 (a) Isosurface plot of electron charge density corresponding to
the valence band maximum (VBM) and the conduction band minimum
(CBM) at a value of 0.05 |e| A=3. The green, yellow, brown and purple
balls represent the Li, Na, Mg and H atoms, respectively. (b) Electron
localization function (ELF) plots on two different surfaces centered by
Mg and H atoms along the [001]-direction for LiNaMg,Hs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cations simply function as spacers and electron donors in the
cubic LiNaMg,H,. In addition, as shown in Fig. 3(a), the H-1s
states make major contributions to the valence band
maximum (VBM), while the Li-2s states play dominant roles in
the conduction band minimum (CBM).

3.3 Chemical bonding properties

We then calculated chemical bonding properties such as elec-
tron localization function (ELF) and Born effective charge (BEC)
for the double-perovskite-type hydride LiNaMg,H, in the cubic
phase with the Fm3m space group. The chemical bonding
features can be identified by analyzing the electron localization
function (ELF) and Born effective charge (BEC). In Fig. 3(b), we
show the calculated ELF plots on two different surfaces centered
by Mg and H atoms along the [001]-direction for LiNaMg,He.
The ELF values at the Li and Na sites were found to be nearly
zero, whereas those at the H sites were close to one. Such
a prominent difference in the ELF values implies that electrons
are transferred from the metal atoms to the H atoms and few
valence electrons are left between H and Li (Na) atoms, there-
fore indicating a high degree of ionic features for Li(Na)-H
bonds. On the other hand, the ELF values of the Mg sites are
slightly larger than zero, but still much smaller than those of the
H sites, and a small amount of valence electrons is left between
H and Mg atoms. It is obvious that, on the surface centered by
Mg atoms, the ELF distributions around the Mg and H atoms
are not isotropic, varying in different directions of the crystal.
This implies that there must be a small amount of covalent

View Article Online
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character in the Mg-H bonds, but the ionic character is still
significant. The ionic bonding nature leads to the insulating
property of the LiNaMg,H, hydride, consistent with the energy
band structure and electron DOS calculations.

In an other attempt to judge the chemical bonding nature,
we calculated the BEC using the Berry-phase approximation
implemented in the VASP code. It was identified that the diag-
onal components of the BEC are same, satisfying the relation of
Zyx = Zyy = Z;, while the off-diagonal ones are zero at the Li, Na
and Mg sites of LiNaMg,He. This is natural for ionic
compounds because of the spherical character in ionic bonds.
Meanwhile, at the H sites, the diagonal components are slightly
different, but almost equal and the off-diagonal ones are
negligible. This is probably ascribed to some exchange due to
sharing of electrons between H and Mg atoms. The LiNaMg,H,
hydride provides effective charges of +1.12, +1.34, +1.62, —0.95¢
for Na, Li, Mg and H atoms, respectively. The BEC analysis
accordingly confirms that the Li (Na) and Mg atoms donate one
and two electrons, respectively, whereas the H atom corre-
spondingly gains one electron. The overlap populations
between cations and anions are close to zero, as expected for
ionic compounds. This BEC analysis is in good accordance with
the ELF analysis.

3.4 Lattice dynamics properties

In the next step, we calculated the phonon dispersion curves
and phonon density of states (DOS) at 0 K and finite tempera-
tures by using the SCP theory, in order to estimate lattice
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Fig. 4 (a and c) Phonon dispersion curves and (b and d) atom-projected phonon density of states (DOS) calculated using the self-consistent
phonon (SCP) theory at elevated temperatures for double-perovskite-type hydride LiNaMg,Hg in the cubic phase of space group Fm3m.
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dynamics properties for the cubic LiNaMg,H with the Fm3m
space group. Fig. 4(a) shows the harmonic phonon dispersion
curves (purple-colored lines) computed at 0 K along the high-
symmetry line of I'-X-U-K-I"-L-W-X in the phonon Brillouin
zone (BZ). We found that the phonon dispersions have relatively
deep negative phonon eigenvalues reaching towards —62 meV
(known as the phonon soft mode), crossing the whole range of
the phonon BZ for the cubic LiNaMg,H. The presence of the
phonon soft modes implies that the double-perovskite-type
hydride LiNaMg,Hs has strong lattice anharmonicity and is
dynamically unstable in the cubic phase at 0 K like the halide
and oxide perovskites. For instance, Zhao et al.>* showed that
the lead-free halide double perovskites are dynamically
unstable at 0 K, but can be subsequently stabilized by anhar-
monic phonon-phonon interactions above room temperature.
Moreover, Klarbring et al.>® theoretically proved that the exper-
imentally observed cubic phase of the halide double perovskite
Cs,AgBiBrs becomes dynamically stable due to the collapse of
the soft phonon modes at finite temperatures. In the case of the
oxide perovskite SrTiOs,*® it was also revealed that the unstable
phonon modes occur at the I' and R points of the harmonic
phonon dispersion (T = 0 K), but in the anharmonic disper-
sions, these soft modes are renormalized to become real, con-
firming the dynamical stability of the cubic phase at finite
temperatures. From the atom-projected phonon DOS at 0 K
(Fig. 4(b)), it was found that these soft phonon modes are
mainly ascribed to the H- and Li-atomic vibrations for the
LiNaMg,H,. Based on detailed analysis of the phonon eigen-
vectors, we find that the unstable phonon modes at the I" (X)
point are responsible for symmetry-breaking instabilities
causing the ferroelectric (anti-ferroelectric) displacement of Li
atoms (MgHs octahedra tilting). That is, a lower-symmetry
orthorhombic LiNaMg,H, with Pnma space group can be
stabilized at low temperatures (see Fig. S7, SI) like in NaMgH3,*
but it is not suitable for H, storage application at high
temperatures. The calculated phonon dispersion curves and
phonon DOS were plotted in Fig. S4-S6, SI, for cubic Li and Na
and hexagonal Mg without any unstable phonon modes,
implying that they are dynamically stable at 0 K.

For the purpose of estimating the dynamical stability of the
cubic phase at finite temperatures, we calculated the phonon
dispersion curves and DOS at elevated temperatures from 300 to
900 K with a step size of 200 K by considering the anharmonic
phonon-phonon interactions based on the SCP theory. As can
be seen in Fig. 4(a and c), the eigenvalues corresponding to the
soft phonon modes shown in the harmonic dispersion curves
were clearly renormalized to be real within the whole range of
the phonon BZ at finite temperatures over 300 K. This indicates
that the cubic phase of LiNaMg,H, is dynamically stable at
elevated temperatures, like in the case of the halide and oxide
perovskite compounds. In particular, the negative phonon
energies of —62 and —27 meV were renormalized to 32 and 45
meV at the I" point and T = 300 K for the cubic LiNaMg,Hs,. In
the temperature-dependent phonon dispersions, noticeable
changes were also observed for the high-lying optical phonon
modes. Compared to the harmonic phonon dispersions, the
high-energy optical modes pushed downward and, therefore,
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the phonon energy gap between 100 and 163 meV disappeared
for the anharmonic phonon dispersions at temperatures over
300 K. As shown in Fig. 4(d), the Li, Na and Mg atoms play
dominant roles in the acoustic mode coupled with the low-lying
optical phonon modes below 50 meV, whereas the H atoms
make significant contributions to the mid- and high-lying
optical phonon modes above 50 meV at 300 K for the cubic
LiNaMg,Hs. On the other hand, with the increment of
temperature, the phonon dispersion curves broaden towards
higher energy because of stronger atomic vibrations, coinciding
with the general knowledge of lattice vibrations (see Fig. 4(c)).
Additionally, we calculated heat capacity, internal energy,
entropy and Helmholtz free energy of the cubic LiNaMg,H, as
functions of temperature (see Fig. S8, SI), demonstrating its
excellent thermodynamic stability at high temperatures because
the free energy decreases as the temperature increases.

3.5 Elastic properties and H, desorption energetics

In the final stage, we estimated the elastic properties and
mechanical stability by calculating elastic constants such as the
stiffness constant (Cy), bulk modulus (B), shear modulus (G)
and Young’s modulus (E) using DFPT calculations. The elastic
constants play an important role in estimating the resistance of

Table 2 Gravimetric and volumetric H, storage density (pg and p,),
elastic stiffness constant (C;), bulk modulus (B), shear modulus (G),
Young's modulus (E), Pugh'’s ratio (B/G), Poisson’s ratio (v), band gap
(Eg), elastic anisotropic factors of AY, Ac, As and Ay, zero-point energy
(E,), Hy decomposition enthalpy (AH) and decomposition tempera-
tures (Tyes and Tdes Without and with quantum effect) for the cubic
LiNaM92H6

Functional Properties LiNaMg,Hs Li Na Mg H,
pg (Wt%) 7.09
o (gL 9112

PWOI1 H (eV) —28.42 -3.77 —-2.61 —2.58 -6.81
AH (eV) 2.22
Tges (K) 545.81

PBE H (eV) —28.21 —-3.81 —2.62 —2.48 —6.77
AH (eV) 2.20
Taes (K) 541.66

PBEsol H (eV) —28.22 -3.92 -2.80 -—-2.98 -6.51
AH (eV) 2.34
Tges (K) 575.67
E, (eV) 1.00 0.03 0.02 0.06 0.27
Tes (K) 548.54

Bl (ev) 2.8
ESF (eV) 3.7

C11 (GPa)  77.60
Ci1, (GPa)  20.84
Ci (GPa)  27.81
B (GPa) 39.76
G (GPa) 28.04
E (GPa) 68.10
B/G 1.42
v 0.21
AY 0.00
Ac 0.00
Ag 0.00
Ay 0.98

© 2025 The Author(s). Published by the Royal Society of Chemistry
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materials against elastic deformation. In Table 2, we show the
three calculated independent elastic stiffness constants,
namely, Cy4, Cy, and C,, for the single-crystalline LiNaMg,Hsg.
As can be seen, the elastic stiffness constants satisfy the Born’s
stability criteria for the cubic phase, confirming the mechanical
stability for LiNaMg,H,. The shear elastic constant C,4 is more
than 50% smaller than the unidirectional component Cj;,
indicating that the resistance to shear deformation is much
weaker than that to unidirectional deformation. The strength of
the polycrystalline solid can be estimated by its elastic bulk (B),
shear (G) and Young’s (E) moduli, which define the response to
uniform, shear and uniaxial stress, respectively. E has the
largest value among the three moduli, implying that the resis-
tance to uniaxial deformation is stronger than the ones to
uniform and shear deformations. Furthermore, it was found
that the cubic LiNaMg,Hg is a brittle material according to the
Pugh’s criteria® because the Poisson’s ratio » and the Pugh’s
ratio B/G are smaller than the threshold values of 0.26 and 1.75,
respectively (see Table 2). Our calculated B, G and E values of
39.76, 28.04 and 68.10 GPa for LiNaMg,H, are in reasonable
agreement with other theoretical results* of 34.04, 29.63 and
68.89 GPa for the analogous double-perovskite-type hydride
KNaMg,H,, where Li atoms are substituted by K atoms. In
comparison with LiMgH; and NaMgH3;, the computed B value of
39.76 GPa for LiNaMg,Hs is slightly larger (smaller) than the
value of 38.4 (39.8) GPa for LiMgH; (NaMgH3).*® In addition, the
LiNaMg,Hs hydride is completely isotropic in its elastic
behavior because the values of AY, A¢ and Ag are zero, and the
value of 4, is nearly unity.

Finally, we estimated the H, storage capacities and H,
desorption energetics for the double-perovskite-type hydride
LiNaMg,Hs. The H, gravimetric and volumetric storage capac-
ities were computed by using the formulas of p, = 6My/(M;; +
Mnya + 2Myg + 6My) X 100% and py = 6Myy/(Na - Vope), where My,
Mya, Myg and My are the molar masses of Li, Na, Mg and H
atoms, respectively, whereas N, and V,, are the Avogadro
number and PBEsol-optimized unit cell volume. As listed in
Table 2, LiNaMg,H has high p, and p, values of 7.09 wt% and
91.12 g L™, respectively, which are much larger than the tar-
geted values of 5.5 wt% and 40 g L™ provided by the U.S. DOE.

Moreover, LiNaMg,Hs has higher H, storage capacities
compared with other perovskite-type hydrides of Mg,FeH,
(5.47 wt%)'* and MMgH; (M = Na, K, Rb) (<6.00 wt%).*® Finally,
we calculated the H, desorption temperature Tdes and Tyes with
and without considering the quantum effect by using eqn (5).
Without consideration of the quantum effect, the PW91-, PBE-
and PBEsol-calculated Tg4.s values are 545.81, 541.66 and 575.67
K, respectively, for the LiNaMg,Hs hydride. In a previous
experiment,*® Wang et al. observed that the LiysNa,sMgH;
hydride has the lowest H, desorption temperature of ~580 K
among the Li,Na; ,MgH; hydrides, which is in good agreement
with the PBEsol-calculated one of 575.67 K. By using the
harmonic phonon energies and DOS, we estimated the zero-
point energy E,, and considered the quantum effect for the
calculation of the H, desorption temperature. It was found that
by considering the quantum effect, the Td.s value decreased
slightly to 548.54 K for LiNaMg,H,. In order to consider the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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anharmonic effect on the T4, calculation, we also estimated E,
using the SCP energies and DOS, and then recalculated
Tdes, demonstrating that the anharmonic effect slightly
decreases Tdes to 538.19 K. In addition, we estimated an
uncertainty of the calculated Td.s by using the uncertainty of the
H, desorption enthalpy AHy, in eqn (5), leading to Tdes = 538.19
+ 24.59 K.

For the purpose of discussing kinetic properties for the H,
absorption-desorption processes, we calculated the activation
energies for H, migration in LiNaMg,Hs and NaMgH; by
employing the climbing image nudged elastic band (NEB)
method. As shown in Fig. S10, SI, LiNaMg,H, has an activation
energy of 0.31 eV, lower than the value of 0.46 eV for NaMgHj.
This result directly implies that substituting Na atoms with Li
atoms leads to better kinetic properties. To sum up, the double-
perovskite-type hydride LiNaMg,H, can store 7.09 wt% and
91.12 g L' hydrogen, exhibits mechanical and dynamical
stability, and has a suitable H, desorption temperature of about
540 K, satisfying the U.S. DOE requirement.

4 Conclusions

In conclusion, by using density functional theory calculations,
we have provided theoretical insights into the material prop-
erties, such as structural, electronic and lattice dynamics
properties, and mechanical and dynamical stabilities, of the
double-perovskite-type hydride LiNaMg,H, in the cubic phase
of the Fm3m space group for H, storage applications. Based on
the analysis of the Goldschmidt tolerance factor ¢{; and octa-
hedral factor ¢,, it was suggested that the LiNaMg,H, hydride
can stabilize in a perovskite-type crystalline structure. It was
found that the PBEsol-calculated lattice constants and atomic
positions are in good accordance with the available experi-
mental data, while the PBE(PW91) functional slightly over-
estimates (underestimates) the structural properties for Li, Na,
Mg and LiNaMg,H,. From the electronic structure calculations,
it was demonstrated that cubic LiNaMg,Hs has a direct (indi-
rect) band gap of 2.8 (3.3) eV at the I point (with the VBM at
the W point and the CBM at the I" point). The atom-projected
electron partial DOS indicated that the H atoms make major
contributions to the valence bands, while a combination of Li,
Na, Mg and H atomic contributions dominates in the conduc-
tion bands. The harmonic phonon dispersions and phonon
DOS calculations demonstrated that the cubic phase is
dynamically unstable at 0 K, with the negative phonon energies
crossing the phonon BZ. However, the negative phonon ener-
gies were renormalized to be real by considering the anhar-
monic phonon-phonon interactions within the SCP approach,
indicating that LiNaMg,H, can be dynamically stabilized in the
cubic phase at elevated temperatures. From the DFPT calcula-
tions on the elastic constants, it was revealed that the cubic
phase of LiNaMg,Hs is mechanically stable, satisfying the
Born’s stability criteria. Finally, we investigated the H, storage
capacities and desorption temperature by considering the
quantum effect, finding that p, (p,) is 7.09 wt% (91.12 g L™7),
and T{es is 548.54 K for LiNaMg,Hs. It should be noted that our
calculations on the structural and elastic properties and the H,
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desorption temperature explain well the previous experimental
results, uncovering the atomistic insights into the material
properties for LiNaMg,H,. Based on such calculations, it was
concluded that the double-perovskite-type hydride LiNaMg,H,
is a potential candidate for the onboard H, storage application
with high gravimetric and volumetric capacities, high
mechanical and dynamical stabilities, and a suitable dehydro-
genation temperature.

Author contributions

Son-Il Jo, Hyong-Ju Kim and Un-Gi Jong developed the original
project, performed the DFT calculations and drafted the first
manuscript. Tal-Hwan Gye assisted with the post-processing of
the computational data. Un-Gi Jong and Son-1I1 Jo supervised the
work. All authors reviewed the manuscript.

Conflicts of interest

There are no conflicts to declare.

Data availability

Data are available on the reasonable request to the corre-
sponding author.

Supplementary information: total energy convergence tests
according to the kinetic energy cutoff and k-point mesh, crys-
talline structures, phonon dispersion curves and phonon DOS
for the cubic Li and Na, and the hexagonal Mg compounds,
comparison of atomic forces estimated from the DFT and CSLD
calculations, HSEO6-calculated band structure, and Helmholtz
free energy. See DOI: https://doi.org/10.1039/d5ra05174f.

Acknowledgements

This work is supported as part of the basic research project
“Design of New Energy Materials” (No. 2021-12) funded by the
State Commission of Science and Technology, DPR Korea.
Computations have been performed on the High-Performance
Computer managed by the Faculty of Materials Science and
Technology, Kim Chaek University of Technology.

References

1 L. W. Jones, Science, 1971, 174, 367-370.

2 J. O’M. Bockris, Science, 1972, 176, 1323.

3 H. Wang, L. Yu, J. Peng, J. Zou and ]. Jiang, J. Mater. Sci.
Technol., 2025, 208, 111-119.

4 M. Balcerzak, J. B. Ponsoni, H. Petersen, C. Menendez,
J. Ternieden, L. Zhang, F. Winkelmann, K.-F. Aguey-Zinsou,
M. Hirscher and M. Felderhoff, J. Am. Chem. Soc., 2024,
146, 5283-5294.

5 A. Siddique, A. Khalil, B. S. Almutairi, M. B. Tahir, T. Ahsan,
A. Hannan, et al., Chem. Phys., 2023, 568, 111851-111859.

6 H. Wu, W. Zhou, T. J. Udovic, J. J. Rush and T. Yildirim,
Chem. Mater., 2008, 20, 2335-2342.

38914 | RSC Adv, 2025, 15, 38906-38915

View Article Online

Paper

7 A. Siddique, A. Khalil, B. S. Almutairi, M. B. Tahir, M. Sagir,
Z.Ullah, A. Hannan, H. E. Ali, H. Alrobei and M. Alzaid, Int. J.
Hydrogen Energy, 2023, 48, 24401-24411.

8 A. Gencer and G. Surucu, Int. J. Hydrogen Energy, 2019, 44,
15173-15182.

9 J.J. Didisheim, P. Zolliker, K. Yvon, P. Fischer, J. Schefer and
M. Gubelmann, Inorg. Chem., 1984, 23, 1953-1957.

10 B. Bogdanovic, A. Reiser, K. Schlichte, B. Spliethoff and
B. Tesche, J. Alloys Compd., 2002, 345, 77-89.

11 X. Zhang, R. Yang, J. Qu, W. Zhao, L. Xie, W. Tian and X. Li,
Nanotechnology, 2010, 21, 095706-095712.

12 K. Ikeda, Y. Kogure, Y. Nakamori and S. Orimo, Scr. Mater.,
2005, 53, 319-322.

13 K. Ikeda, S. Kato, Y. Shinzato, N. Okuda, Y. Nakamori,
A. Kitano, H. Yukawa, M. Morinaga and S. Orimo, J. Alloys
Compd., 2007, 446, 162-165.

14 K. Ikeda, Y. Kogure, Y. Nakamori and S. Orimo, Prog. Solid
State Chem., 2007, 35, 329-337.

15 K. Ikeda, Y. Nakamori and S. Orimo, Acta Mater., 2005, 53,
3453-3457.

16 K. Komiya, N. Morisaku, R. Rong, Y. Takahashi, Y. Shinzato
and H. Yukawa, J. Alloys Compd., 2008, 453, 157-160.

17 H. Q. Kou, H. He, W. H. Luo, T. Tang, Z. Y. Huang and
G. Sang, Int. J. Hydrogen Energy, 2018, 43, 322-328.

18 G. H. Zhang, G. Sang, R. J. Xiong, H. Q. Kou, K. Z. Liu and
W. H. Luo, Int. J. Hydrogen Energy, 2015, 40, 6582-6593.

19 M. M. Parvaiz, A. Khalil, M. B. Tahir, S. Ayub, T. E. Alic and
H. T. Masoodd, RSC Adv., 2024, 14, 8385-8396.

20 C. Kurkeu, S. Al and C. Yamcicier, Eur. Phys. J. B, 2022, 595,
180-190.

21 H. Wang, J. Zhang, J. W. Liu, L. Z. Ouyang and M. Zhu, J.
Alloys Compd., 2013, 580, 197-201.

22 W. Azeem, S. Hussain, F. A. Muhammad Khuram Shahzad,
G. Khan, V. Tirth, H. Algahtani, A. Algahtani, T. Al-
Mughanam and Y. H. Wong, Int. J. Hydrogen Energy, 2024,
79, 514-524.

23 M. K. Masood, W. Khan, K. Chaoui, Z. Ashraf, S. Bibi,
A. Kanwal, A. A. Alothman and J. Rehman, Int. J. Hydrogen
Energy, 2024, 63, 1248-1257.

24 N.Xu, R. Song, J. Zhang, Y. Chen, S. Chen, S. Li, Z. Jiang and
W. Zhang, Int. J. Hydrogen Energy, 2024, 60, 434-440.

25 M. Lopez, M. B. Torres and 1. Cabria, Int. J. Hydrogen Energy,
2024, 71, 1363-1372.

26 M. Fornari, A. Subedi and D. J. Singh, Phys. Rev. B: Condens.
Matter Mater. Phys., 2007, 76, 214118-214124.

27 T. Sato, D. Noreus, H. Takeshita and U. Haussermann, J.
Solid State Chem., 2005, 178, 3381-3388.

28 R. Martinez-Coronado, ]J. Sanchez-Benitez, M. Retuerto,
M. T. Fernandez-Diaz and J. A. Alonso, J. Alloys Compd.,
2012, 522, 101-105.

29 X.-B. Xiao, B.-Y. Tang, S.-Q. Liao, L.-M. Peng and W. Jiang
Ding, J. Alloys Compd., 2009, 474, 522-526.

30 Z.-M. Wang, J.-J. Li, S. Tao, J.-Q. Deng, H. Zhou and Q. Yao, J.
Alloys Compd., 2016, 660, 402-406.

31 R. Berliner, O. Fajen, H. G. Smith and R. L. Hitterman, Phys.
Rev. B: Condens. Matter Mater. Phys., 1989, 40, 12086-12097.

32 A. W. Hull, Science, 1920, 52, 227.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1039/d5ra05174f
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra05174f

Open Access Article. Published on 16 October 2025. Downloaded on 2/10/2026 1:46:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

33 A. P. Frolov and K. P. Rodionov, Science, 1983, 219, 1071~
1072.

34 G. Kresse and ]. Furthmiiller, Comput. Mater. Sci., 1996, 6,
15-50.

35 G. Kresse and J. Furthmiiller, Phys. Rev. B: Condens. Matter
Mater. Phys., 1996, 54, 11169-11186.

36 G. Kresse and D. Joubert, Phys. Rev. B: Condens. Matter Mater.
Phys., 1999, 59, 1758-1775.

37 P. E. Blochl, Phys. Rev. B: Condens. Matter Mater. Phys., 1994,
50, 17953-17979.

38 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865-3868.

39 J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov,
G. E. Scuseria, L. A. Constantin, X. Zhou and K. Burke,
Phys. Rev. Lett., 2008, 100, 136406-136411.

40 J. P. Perdew and Y. Wang, Phys. Rev. B: Condens. Matter
Mater. Phys., 1992, 45, 13244-13252.

41 S. V. Alapati, J. K. Johnson and D. S. Sholl, J. Phys. Chem. B,
2006, 110, 8769-8776.

42 S. Sharma, J. K. Dewhurst and C. Ambrosch-Draxl, Phys. Rev.
B: Condens. Matter Mater. Phys., 2003, 67, 165332-165341.

43 B. Max and H. Kun, Dynamical Theory of Crystal Lattices,
Clarendon, Oxford, UK, 1956.

44 Y. A. Zulueta, I. A. Dawson, M. Froeyen and M. T. Nguyen,
Phys. Status Solidi B, 2018, 254, 1700108-1700115.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

45 T. Tadano, Y. Gohda and S. Tsuneyuki, J. Phys.: Condens.
Matter, 2014, 26, 225402-225413.

46 T. Tadano and S. Tsuneyuki, Phys. Rev. B: Condens. Matter
Mater. Phys., 2015, 92, 054301-054311.

47 Y. Xia, ]J. M. Hodges, M. G. Kanatzidis and M. K. Y. Chan,
Appl. Phys. Lett., 2018, 112, 181906-181910.

48 M. Simoncelli, N. Marzari and F. Mauri, Nat. Phys., 2019, 15,
809-816.

49 H. Hagemann, V. DAnna, L. M. L. Daku, S. Gomes,
G. Renaudin and K. Yvon, J. Phys. Chem. Solids, 2011, 72,
286-289.

50 W. Travis, E. N. K. Glover, H. Bronstein, D. O. Scanlon and
R. G. Palgrave, Chem. Sci., 2016, 7, 4548-4556.

51 Z. Li, M. Yang, J. Park, S. Wei, J. J. Berry and K. Zhu, Chem.
Mater., 2016, 28, 284-292.

52 Y. Cai, W. Xie, H. D. Y. Chen, K. Thirumal, L. H. Wong,
N. Mathews, S. G. Mhaisalkar, M. Sherburne and M. Asta,
Chem. Mater., 2017, 29, 7740-7749

53 P. Vajeeston, P. Ravindran, A. Kjekshus and H. Fjellvag, J.
Alloys Compd., 2008, 450, 327-337.

54 X.-G. Zhao, D. Yang, Y. Sun, T. Li, L. Zhang, L. Yu and
A. Zunger, J. Am. Chem. Soc., 2017, 139, 6718-6725.

55 J. Klarbring, O. Hellman, 1. A. Abrikosov and S. I. Simak,
Phys. Rev. Lett., 2020, 125, 045701-045706.

56 S. F. Pugh, Philos. Mag., 1954, 45, 823-843.

RSC Adv, 2025, 15, 38906-38915 | 38915


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra05174f

	Atomic insights into the material properties of double-perovskite-type hydride LiNaMg2H6 for H2 storage applications
	Atomic insights into the material properties of double-perovskite-type hydride LiNaMg2H6 for H2 storage applications
	Atomic insights into the material properties of double-perovskite-type hydride LiNaMg2H6 for H2 storage applications
	Atomic insights into the material properties of double-perovskite-type hydride LiNaMg2H6 for H2 storage applications
	Atomic insights into the material properties of double-perovskite-type hydride LiNaMg2H6 for H2 storage applications
	Atomic insights into the material properties of double-perovskite-type hydride LiNaMg2H6 for H2 storage applications
	Atomic insights into the material properties of double-perovskite-type hydride LiNaMg2H6 for H2 storage applications
	Atomic insights into the material properties of double-perovskite-type hydride LiNaMg2H6 for H2 storage applications
	Atomic insights into the material properties of double-perovskite-type hydride LiNaMg2H6 for H2 storage applications

	Atomic insights into the material properties of double-perovskite-type hydride LiNaMg2H6 for H2 storage applications
	Atomic insights into the material properties of double-perovskite-type hydride LiNaMg2H6 for H2 storage applications
	Atomic insights into the material properties of double-perovskite-type hydride LiNaMg2H6 for H2 storage applications
	Atomic insights into the material properties of double-perovskite-type hydride LiNaMg2H6 for H2 storage applications
	Atomic insights into the material properties of double-perovskite-type hydride LiNaMg2H6 for H2 storage applications


