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Magnesium based alloys are promising solid materials for hydrogen storage. However, it is a real
challenge to synthesise hydrogen storage materials with high hydrogen storage capacity and low
dehydrogenation temperature. Here, we have performed extensively structural searches for ternary
magnesium-based hydrogen storage compounds of Mg;NbH,, with n ranging from 16 to 25 by CA-
LYPSO method and first-principles calculations. We readily identified the experimentally observed
Mg7zNbH¢ hydride and uncovered a new stable stoichiometry of MgzNbHi9 with high hydrogen
storage capacity of 6.7 wt-% and low dehydrogenation temperature of 273 K. The remarkable de-
crease of the hydrogen release temperature is attributed to the atomic rearrangements in MgzNbH1g
which forms H-H pairs and has weakened metal-hydrogen chemical bonds compared to the stable
MgzNbH16 and MgH2 compounds. Our calculations show that Mg7zNbH16 undergoes a structural
phase transition from its P42m phase to a Fm3m phase at 75 GPa, and the Fm3m phase is a poten-
tial polyhydride superconductor. The present findings offer insights for understanding the hydrogen
storage and release of Mg-Nb-H ternary magnesium-based hydrogen storage compounds, which open

avenues for the design and synthesis of novel magnesium-based hydrogen storage material.

I. INTRODUCTION

Magnesium hydride, MgHs, is in principle a promis-
ing hydrogen storage material, made from abundant con-
stituents and with a 7.7 wt-% hydrogen storage capacity.
However, the high thermodynamic stability and poor hy-
drogen sorption/desorption kinetics of MgHs require con-
tinued focus of attention and the search for simple and
effective strategies to tune the materials properties. Al-
though no final solutions have been found so far, continu-
ous attempts over the past decade in materials chemistry
and structure, such as alloying [1-5], catalyst additions
[6], and targeted nano-structuring via various operations
including ball-milling [7], solvent evaporationinduced de-
position [8], wet-chemical synthesis [9], mechanochemical
methods [10], etc., have won considerable achievements.
The hydrogen sorption/desorption kinetics performance
of MgHs can be improved greatly by either reducing the
grain size to the nanoscale or leading-in catalysts. Previ-
ous studies, however, suggest that the grain size needs to
be regulated to 2 nm [11, 12], which is difficult to achieve
in term of current experimental equipment. Apart from
technical difficulties, nanostructuring has little impact on
thermodynamic properties [13]. Thus, focusing on intro-
ducing a suitable catalyst or dopant into MgHs could
provide more of an advantage in stimulating hydrogen
kinetics and mitigating thermodynamic stability.

Niobium hydrides stand out in the field of hydrogen
storage and attracted tremendous attention because of
the extremely high mobility of hydrogen [14]. Situated
in tetrahedral interstitial sites of niobium, hydrogen is
very mobile at low temperature due to quantum tun-
neling [15, 16]. In previous studies, Niobium and its

oxides and fluoride have shown great potential to im-
prove hydrogen transport kinetics if incorporated into
the MgHs matrix. For instance, the milling time to
create a Mg-Nb-H nanopowder, which exhibits excellent
sorption kinetics, decreases significantly by using nio-
bium oxide (NbyOs) [17]. Full hydrogen desorption will
be completed within 300 s at 300 °C by doping only
5 mol % Nb in MgH, [18]. So far, a number of tech-
nologies including In situ time-resolved x-ray scattering
[19], x-ray diffraction (XRD) [20, 21], x-ray photoelec-
tron spectroscopy (XPS) [22], scanning and transmission
electron microscopy (SEM and TEM) [20, 23], x-ray ab-
sorption spectroscopy (XAS) [24], pressure-composition-
temperature (PCT) [25], differential scanning calorime-
try (DSC) [26] and Leco determinator [23] have been ap-
plied to track the dehydrogenation mechanism, hydro-
gen diffusion paths, desorption temperatures and to in-
vestigate microstructure and hydrogen gravimetric den-
sity in the Mg-Nb-H system. These studies indicated
that the destabilization of Mg-H bonding is due to mul-
tivalent Nb atom that facilitates charge transfer between
Mg and H. Accelerated hydrogen release from MgH, is
due to the formation of a metastable niobium hydride
phase upon dehydrogenation, which establishes a gate-
way that facilitates hydrogen emission. More recently,
in a broader study of Mg,TM;_.H, (TM=Sc, Ti, V,
Cr) systems, electrochemical measurements have indi-
cated that for compositions z < 0.8, hydrogen transport
kinetics was significantly enhanced [27]. Afterwards, by
means of first principles calculation [28, 29], reports re-
lated these improvements to structural transition from
a rutile structure (favored by MgHs) to a fluorite struc-



ture (favored by TMHsy). The latter is more suitable for
reversible hydrogen storage and was therefore suggested
as an essential factor in determining hydrogen storage
properties. Accurate determination of the crystal struc-
tures of any hydride is a crucial first step to assess their
usefulness as hydrogen storage material.

Among the Mg-Nb-H compounds, in particular, the
analysis of temperature programmed desorption (TPD)
found a surprising decrease in decomposition tempera-
ture by 140 K for Mg7NbH,, synthesized under ultra-high
pressure, in comparison with original MgHs [30]. Based
on XRD measurements, experimental Mg7;NbH;¢ phases
have been assigned a face-centered-cubic (fcc) structure
with space group F'm3m with lattice parameters of a =
9.563 A [30]. We are not aware of other experimental
reports on the MgzNbH;4 structure. Several computa-
tional studies have been carried out based on the assump-
tion that the atomic occupancies of Mg7;NbH14 are iden-
tical to Mgg s NbH14 [21, 31, 32], where Mg atoms occupy
two inequivalent Wyckoff 4b and 24d sites, Nb atoms oc-
cupy 4a sites and all H atoms occupy tetrahedral holes
(32f). Unexpectedly, our phonon calculations reveal that
the above hypothesis is not true, as the appearance of
imaginary frequencies suggests that the F'm3m phase is
dynamically unstable at atmospheric pressure. In other
words, the structural solution of Mg;NbH;4 remains an
open question and requires further investigation. Aside
from this, its thermodynamically preferred hydrogen re-
lease pathways are also poorly understood. From the
viewpoint of practicability, optimization of its volumet-
ric and gravimetric densities is a pressing need.

In the present work, our goal is to find answers for
the above requirements. Previously published theoreti-
cal works have shown that density-functional theory is
perfectly capable of evaluating thermodynamic proper-
ties of various hydrogen storage materials and can assist
in developing new hydrogen storage materials. Motivated
by these facts, we perform a systematic investigation of
ground-state structures and thermodynamic properties
of MgzNbH,, (n = 16 - 25) using the Vienna ab initio
simulation (VASP) package [33] in combination with the
particle swarm optimization structure prediction (CA-
LYPSO) code [34]. Our paper is organized as followed. In
Sec. II, we discuss details of our calculations. In Sec. III,
we describe the theoretically predicted compounds and
discuss their structural features, thermal decomposition
properties, electronic structures, bonding characteristics
as well as superconducting properties for the magnesium
niobium polyhydrogen system, making comparisons with
available experimental data where possible. Finally all
our findings are summarized and conclusions drawn in

Sec. IV.

II. COMPUTATIONAL METHODS

We search for energetically favorable structures of
Mg7NbH,, (n = 16 - 25) with cell sizes up to 4 formula
units (f.u.) using the CALYPSO [34-36] code. The un-
derlying calculations on structural relaxation, ab initio
molecular-dynamics (AIMD) simulations, electronic and
elastic properties are performed with aid of the PBE ex-
change correlation functional [37-39], as implemented in
the VASP package [33]. The valence space for Mg, Nb,
H are 2p%3s2, 4524p%4d*5s' and 1s', respectively. Plane
wave cutoff energy is set to 600 eV, and a Monkhorst-
Pack Brillouin sampling grid with a resolution of 0.25
A~ is set to ensure the reliability of results. In AIMD
simulations,a Nosé thermostat was used for controlling
temperature in NVT ensemble. The initial temperature
was set to 0 K, and then, in steps of 100 K, gradually in-
creased to 500 K, with a relaxation times of 5 ps. For each
intermediate temperature the system was equilibrated
for 4 ps before the next temperature increase. We fur-
ther employed the frozen phonon dynamical matrix ap-
proach to calculate the vibrational frequencies and sub-
sequently used them to characterize finite-temperature
vibrational enthalpies and vibrational entropies in the
framework of the harmonic approximation. For Hy gas,
in addition to the static free energy obtained by plac-
ing a single molecule in a 10 A cubic box,the contribu-
tions from translational (3/2 KpT, where Kp represents
the Boltzmann constant), rotational (KgT) and pV de-
grees of freedom (KpT) of Hy are also taken into ac-
count. The entropy of the Hy molecule is estimated using
the expression for entropy of the ideal diatomic gas [40].
The phonon dispersion curves and electron-phonon cou-
pling (EPC) calculations for the F'm3m phase at 75 GPa
are calculated with the Quantum-ESPRESSO code [41].
Vanderbilt ultrasoft pseudopotentials within the frame-
work of generalized gradient approximation correction of
Perdew-Burke-Ernzerhof (GGA-PBE) [42, 43], a kinetic
energy cutoff of 50 Ry, 16x16x16 Monkhorst-Pack k-
point sampling and 4x4x4 q mesh were adopted in EPC
calculations. The superconducting transition tempera-
ture (T.) is estimated by means of the Allen-Dynes mod-
ified McMillan equation [44, 45]

Wlog 104(1 + )\)
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(1)
Where wj,q is the logarithmic averaged frequency, p* is

the Coulomb pseudopotential and A is the EPC constant.
The wioy and A can be calculated as [44, 45]
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In Egs. (2) and (3), a®F(w) is Eliashberg EPC spectral
function, which is defined as [44, 45]
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Where Ng,. is the density of states at the Fermi Level,
and the sum is over all phonon wave vectors ¢ and
branches v, while wg, is screened phonon frequency, and

Ygv is phonon linewidth, which can be determined by
[44, 45)
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The electron-phonon matrix elements g%, . (k,q) is defined
as [44, 45]

9ok, q) = ( )% (m, K + |05, Vscr [n, k) (6)

2Mwgs,

In Eq. (6), 64y Vscr is the derivative of the self-consistent
potential with respect to the phonon displacement quv.
The bare electronic Bloch state and ionic mass are labeled
|n,k) and M.

III. RESULTS AND DISCUSSION

A. Stability

We have performed structural searches at ambient
pressure for Mg;NbH,, compounds where n varies from
16 to 25 by using the CALYPSO method. For each
composition, the resulting lowest-enthalpy structures are
considered further, the structural parameters of which
are listed in Table S1 [46]. All considered structures
are thermodynamically stable against breakdown into
Mg, Nb and H. On the basis of the known ground-state
phases of related unary and binary compounds at ambi-
ent pressure, we constructed the ternary phase diagram
to look for possible formation routes for these ternary
hydrides, as depicted in Fig. 1(a). Obviously, the stoi-
chiometry Mg7;NbH;4 might be directly synthetized via
7xMgHo+NbHs, while other stoichiometries are difficult
to obtain in this way. Therefore, we calculated the en-
thalpy curves of relevant ternary A+B+C—D formation
routes with respect to the predicted candidate structures
as function of H content. As shown in Fig. 1(b), it can be
seen that, apart from the stoichiometries of Mg;NbHog
and Mg7zNbHsy,4, the mixing enthalpies suggest all can-
didate structures are thermodynamically stable against
breakdown into pure Mg, pure Nb or the hydrides NbH
and NbHs, and hydrogen, and could be obtained by di-
rectly mixing them. Figs. 2(a), 2(b) and Fig. S1 [46]
summarize calculated phonon dispersions for these con-
sidered structures. The absence of negative (imaginary)
phonon frequencies for the Mg;NbH;4 and Mg;NbHg

phase suggests that both compounds are dynamically
stable at ambient pressure. On the basis of calculating
the full elastic stiffness constants (See Table S2 [46]), we
conclude that Mg7;NbH;4 and Mg;NbH;9 phase are also
mechanically stable [47]. The specific details of their re-
spective mechanical stability criteria are described in the
Supplemental Material [46].

B. Mg7NbH16

As shown in Fig. 3(a), the ground state structure of
Mg;NbH;¢ phase adopts space group P42m, containing
4 formula units per cell with lattice constants of a = b
=9.451 A and ¢ = 9.461 A, all of which are quite close
to the experimentally determined lattice constant of the
Fm3m phase (9.563 A) [30]. H atoms are evenly dis-
tributed around Mg and Nb atoms and occupy multiple
4n sites. Mg atoms at 8o sites are 7-fold coordinated
with H atoms, forming an irregular heptahedron. Other
Mg atoms are located at the 2f, 1b, 1d and 4n sites,
respectively, and surrounded by four H atoms in tetra-
hedral coordination. The Nb atoms alternately fill the
interstitial space between Mg atomic layers, sharing H
atoms with the nearest neighboring Mg atoms and ap-
pear as either 8-fold or tetrahedrally coordinated. Note
that in our searches we do not find the F'm3m-Mg;NbH ¢
phase reported in previous experimental and theoretical
research at ambient pressure. This discrepancy might

—m— Mg+Nb+H,

ak —@— Mg+NbH+H,

—A— Mg+NbH,+H,

H candicate structure (eV/f.ll.)

1
16 18 20 22 24

08— L

Number of H
FIG. 1: (a) The ternary phase diagram for Mg-Nb-H sys-
tem at ambient pressure. (b) Enthalpies per formula unit in
Mg7NbH,, (n=16 - 25) as function of number of H with respect
to the predicted candidate structures for each stoichiometry.



originate from finite temperature and pressure effects,
which have not been taken into account in previous the-
oretical research and our work so far. In the light of
above situation, we construct and calculate the Fm3m
phase of Mg;NbH4 as a comparison. The detailed struc-
tural information of this phase is given in Table S3 [46].
The optimized atom positions match well with earlier
experimental and theoretical data [21, 32]. The calcu-
lated formation energy implies that F'm3m-Mg;NbHig
is a metastable structure, which is 1.5 KJ/mol higher
in energy than the P42m-Mg;NbH;¢ structure. Subse-
quent calculations of the phonon dispersions demonstrate
that the Fm3m phase at 0 GPa is dynamically unsta-
ble (See Fig. S2 [46]). For this reason, the symmetry-
reduced P42m phase might provide a better explanation
of the experimental observations. Unit cell parameters,
in general, as determined experimentally by powder x-
ray diffraction peaks can in many cases have non-unique
solutions. To provide direct evidence for this hypothesis,
we simulate the XRD spectra of F'm3m-Mg;NbH;4 and
P42m-Mg;NbH;¢ in the 20 range from 10° to 60°, and
compare them to data from the experimental measure-
ments in Fig. 4. Asshown in Fig. 4, the seven diffraction
peaks and relative intensities of the two phases line up
extremely well, and in excellent agreement with the ex-
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FIG. 2: (a)Phonon spectrum and projected phonon density
of states (PHDOS) of (a) P42m-MgzNbHis at 0 GPa, (b)
P4,-MgzNbH19 at 0 GPa and (c) Fm3m-MgzNbHis at 75
GPa.
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FIG. 3: Crystal structures and local metal environments of
Mg;NbHs at (a) 0 GPa (P42m) and (b) 75 GPa (Fm3m).
Red, green and yellow spheres represent Mg, Nb and H atoms,
respectively.
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FIG. 4: 7Simulated XBD patterns for MgyNbH1¢ with space
group P42m and F'm3m compared with experiment from Ref.
30.

perimental pattern [30]. To some extent, this indicates
that the structure observed in experiment might be the
P42m phase instead of Fm3m. It should be stressed
that temperature or pressure effects cannot be ruled out
and might affect how calculations and experiments can
be compared; for instance, many perovskite-like com-
pounds feature high-temperature transitions to higher-
symmetry structures. We therefore further explored the
high-temperature evolution of the P42m phase by AIMD
calculations. The Mg-H and Nb-H partial distribution
functions and coordination numbers (CN) in the tem-
perature range from 0 K to 500 K are shown in Figs.
S3(a) and S3(b) [46]. It is found that when the tem-
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FIG. 5: Enthalpy curves per atom in MgyNbHs as function
of pressure relative to Ibam structure.

perature increases to 100 K, the second and third Mg-H
peaks turn into a broad shoulder following the first coor-
dination peak, which in turn disappears at 300 K. As a
consequence, the corresponding CN of Mg-H and Nb-H
pairs evolve from 4-fold or 7-fold coordination to 8-fold
coordination. These features are typical of the P42m —
Fm3m transition. Similar transitions to higher symme-
try phases can also be induced by external compression.
To probe the stability of the P42m phase under pressure,
we performed systematic structure investigations for the
stoichiometry of Mg7;NbH 4 at select elevated pressures
of 25, 50, 75 and 100 GPa. Fig. 5 presents enthalpy
curves per atom in Mg;NbH;¢ as function of pressure for
various candidate structures. The results suggest that
the P42m structure survives in the ground state up to
75 GPa, when it transforms into a cubic phase of Fm3m
symmetry with lattice parameters of 8.045 A. Subsequent
calculations of elastic constants and phonon spectra indi-
cate that F'm3m is stable at 75 GPa (See Fig. 2(c) and
Table S2 [46]). Detailed information about the Fmdm
phase at 75 GPa is displayed in Fig. 3(b) and Table S4
[46]. The Mg atoms occupy two different Wyckoff sites
4a and 24d. Nb and H atoms occupy Wyckoff sites 4b
and 32f, respectively. Compared with the P42m phase,
pressure symmetrizes the 8-fold coordination of Mg and
Nb atoms, with bond distances of 1.74 and 1.77 A for
the Mg-H and Nb-H bonds, respectively. All atomic po-
sitions in the F'm3m phase at 75 GPa are very close to
the published experimental data. Such a result provides
strong evidence that the Fm3m phase seen in experiment
is due to pressure and finite temperature effects. It also
demonstrates that the structure search scheme adopted
by us is well suitable to survey the Mg-Nb-H system.
Having determined the crystal structure, we turn to
discuss the thermodynamics of hydrogen desorption for
the P42m phase of Mg;NbH;s at ambient pressure.
Based on available experiment results [19, 30], we have

TABLE I: The calculated formation energies at T=0K (in
KJ/mol),AH, vibrational zero point energies (in KJ/mol),
ZPE, vibrational enthalpies at T=300K (KJ/mol), HZ 330K
and vibrational entropies (J/Kmol), ST33°°% for all com-
pounds included in the decomposition reactions of the Mg-

Nb-H system.

Compound Space AH ZPE ZPE HZ;3OOK SUTE:“)OK
Group (other)
H, 0.0 26.4 25.9[51] 35.2 130.7
26.1[50]
Mg P63/mme 0.0 2.9 2.9[50] 7.9 31.3
Nb Im3m 00 26 2449 7.8 34.7
MgH, Pdy/mnm -62.9 38.0 39.1[50] 44.4 31.0
NbsH3 P2 -94.9 814 101.1 126.7
NbHs Fm3m -T2.7  46.7  49.1[49] 52.3 34.5
NbH Ccem -88.1 26.0 24.0[49] 31.1 32.4
Mg7NbH16 P42m -54.2 317.6 363.3 280.0
MgrzNbH19 P41 -35.3 362.3 416.2 333.5

calculated vibrational zero point energies, vibrational en-
thalpies and vibrational entropies at T = 300 K for all
known structures of reactants and products involved in
the reactions. The obtained data are summarized in Ta-
ble 1. Here we do not take binary MgNb alloys into
account, since experimental research has confirmed that
it could not appear during the release of hydrogen [48].
In addition, experiments have reported the existence of
NbHy ¢ in the process of decomposition of the magne-
sium niobium polyhydrogen system, while structure in-
formation for NbHg g is not reported so far. Fortunately,
qualitative analysis shows that it is similar to the NbyHg
phase. Thus, in this work we adopt the monoclinic phase
of NbsH3 phase in P2 symmetry to represent the NbHy g
phase, with details for its structural information as shown
in Ref. 49. From Table 1 we can see that the calcula-
tions on ZPE for several structures match very well with
earlier DFT calculations [49-51] while our results for vi-
brational enthalpies and entropies at T = 300K for Mg
and MgHs phases are almost identical to results in Ref.
50. In our calculations, Mg-Nb-H ternary phases have
lower formation enthalpies relative to the MgHy phase,
verifying that Nb can effectively reduce the thermody-
namic stability of MgH,. In Table 2, we have listed the
possible dehydrogenation pathways of Mgz;NbH;4, as well
as the wt-% H release, reaction enthalpies and entropies
and decomposition temperature at atmospheric pressure.
The decomposition temperature is estimated on the ba-
sis of van’t Hoff equation In(p)=(-AH/RT)+(AS/R). For
reference, we also investigate the dehydrogenation of
MgHs. As shown in Table 2, our calculated results are
in line with previous DFT calculations [50]. Note that
the decomposition reaction MgzNbH;—MgHo+Nb-+Ho
has negative reaction enthalpy, i.e. is not thermody-



TABLE II:

Predicted decomposition reactions for ternary Mg-Nb-H phases. Listed are: the calculated wt-% Hs released,

reaction enthalpies H at 0 K and 300 K (KJ/mol Hy), reaction entropies S at 0 K and 300 K (J/K mol Hs) and reaction
temperature T (K). Experimental results are given where available.

Hr=300K ST=300K

no. reaction wt-% Ha  Hp—ox  HZPE.  Hr—_soox ST=300K T
Expt. Expt.
1 MgHo—Mg+H, 7.6 62.5 53.7 61.1 74.6[50] 131.0 134.8[50] 465
2 4Mg7NbH16—28Mg+NbsH3+61/2H> 5.5 52.3 42.7 50.3 126.8 397
3 Mg7NbH16—7Mg+NbH2+7H> 5.0 51.6 42.5 50.3 126.9 396
4 Mg7NbH16—7Mg+NbH+15/2H2 5.6 52.6 42.6 50.9 126.7 401
4 Mg7zNbH16—7Mg+Nb+8H2 5.7 54.3 44.7 52.0 127.0 409
5 4Mg7NbH19—28Mg+NbsH3+73/2H2 6.5 32.9 22.4 31.3 121.6 257
6 Mg7NbH19—7Mg+NbH2+17/2H2 6.0 31.0 22.6 29.9 121.3 246
7 Mg7NbH19—7Mg+NbH+9H> 6.4 32.5 223.8 31.1 121.6 256
8 Mg7NbH19—7Mg+Nb+19/2H2 6.7 35.4 26.1 33.4 122.3 273

namically favorable, thus this reaction is not included
in Table 2. Our results confirm the experimental ob-
servation that Nb precipitates until magnesium is com-
pletely dehydrogenated during hydrogen desorption from
ternary Mg-Nb-H phases [19, 30]. Moreover, considering
the contribution of ZPE, we note that the reaction en-
thalpies decrease by 9 KJ/mol Hy, but taking the finite-
temperature enthalpy contributions into account, the re-
action enthalpies of these reactions are degenerate within
2 KJ/mol Hy. Through comparative analyses we find this
enthalpy lowering effect might be caused exclusively by
the ideal diatomic gas contribution to the enthalpies of
free Hy molecules, which is 7/2 KgT in total. Another
striking feature is that the decomposition temperature
keeps constant in the decomposition of Mg;NbHqg with
respect to NbyHs, NbHs or the NbH phases, with hydro-
gen loss 5.5 wt-%, 5.0 wt-% and 5.6 wt-%, respectively, as
seen from reactions 2-4 in Table 2. The thermodynamic
hydrogen decomposition properties for P42m-Mg;NbH 4
are consistent with MgNbH5, where the decomposition
temperature remains constant when the metastable nio-
bium phase appears in the process of H release [19]. This
result suggests that no new compounds are synthesized
during decomposition. The presence of a metastable nio-
bium phase may be a collateral effect caused by the flow
of hydrogen. Specifically, hydrogen atoms, stimulated by
temperature, break from the bonds of Mg atoms and oc-
cupy a specific position in the niobium hydride phase,
and then flow out of the matrix with the help of Nb.
The steady flow of hydrogen atoms results in the present
of a niobium phase. From reaction 3 in Table 2 we find
that the presence of the NbHs structure occurs at 396
K. This decomposition temperature is different from the
experimental observation (T = 523 K) [30], which might
be partly due to the existence of kinetic barriers or impu-
rities in the MgNbyH,, sample used in the experiments.

To provide further insights into the thermodynamic
properties of the Mg;NbHig hydrides, we have calcu-
lated the electronic structure and projected density of
states (PDOS) for both the P42m structure under am-
bient pressure and Fm3m structure under 75 GPa, as
shown in Figs. S4(a) and S4(b) [46]. The projections
are onto spherical harmonics inside the different atoms’
pseudopotential cutoff radii. The P42m structure has
semi-conducting character with a direct band gap at the
I point (E;=0.72 eV), while Fm3m is a metal with two
bands crossing the Fermi level. From Figs. S4(a) and
S4(b) [46], it is clear that the electronic states close to
the Fermi level are derived from the Nb atoms. The
valence states also show a dominant hydrogen feature,
while conduction bands are dominated by Mg and Nb
atoms. This is consistent with a picture of H™ anions
and Mg/Nb cations. Compared with the original MgHs
phase [52], the presence of Nb atoms in the P42m phase
of Mg7NbH ;¢ narrows the band gap. Calculations of the
PDOS imply that Nb atoms inhibit hybridization be-
tween Mg and H atoms, transfer their electrons to H
atoms instead of Mg, and further reduce the strength
of the chemical bond between Mg and H atoms. The
Mg-H bonds strength obtained from -COHP (crystal or-
bital Hamilton population [53]) calculations further ver-
ifies this point, which are illustrated in Fig. 6(a). In the
Mg-Nb-H compounds, antibonding Mg-H contributions
are at the Fermi level that are not present in MgH,.
Integrated -COHP values are in the range of 0.41 - 1
eV/bond in the Mg;NbH¢ structure and 1.51 - 1.61
eV/bond in the MgHs structure, respectively. Nb-H in-
teractions are far larger than Mg-H bonds, with corre-
sponding average integrated COHP value of 2.4 eV /bond.
To clearly illustrate the chemical bonding pattern, we
employed the electronic localization function (ELF) and
Bader charge to characterize the relative electron local-
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ization and charge transition for each crystal structure.
As shown in Figs. S5(a) and S5(b) [46], the electrons
near the sites of H atoms are highly localized, with the
value of ELF close to 1.0 suggesting an electron pair on
the anion sites, whereas at Mg sites the value of ELF is
very low (0.2), consistent with empty valence shells. The
ELF values ( 0.56) around Nb atoms demonstrate partial
charge transfer from Nb to H. The Nb-H bonds strength
in MgzNbH¢ is almost identical to results in the NbHo
structure [54]. From the Bader charge calculation, it is
proposed that on average each Mg and Nb atom donates
1.62 e and 1.18 e to H atoms (See Table S5 [46]), re-
spectively, in good agreement with the ELF results and
suggesting that the bonding between metal ions and hy-
drogens is purely ionic. Comparing the ambient P42m
with 75 GPa Fm3m phase, it is proposed that the in-
creasing pressure shortens the distance between Nb and
H, restrains charge transfer and strengthens the interac-
tion between Nb and H, leading to the transition from
ionic bonding to partially metallic bonding.
Hydrogen-rich metal compounds are one of the best
candidates for superconducting materials, which gener-
ally have high superconducting transition temperature.
We therefore have carried out systematic EPC calcula-
tions for F'm3m-MgzNbH;¢ at 75 GPa. Based on Egs.
(2) and (3), the EPC constant of A and logarithmic av-
eraged frequency wi,q are obtained to be 0.63 and 126.2,

respectively. We then obtain the T'. of MgyNbH;s under
75 GPa by using Eq. (1) with p* = 0.12. Tt is 2.7 K,
which is close to T of NbH (1.5 K at 1 atm) and NbH,
(<2 K below 50 GPa) [49]. Like NbH and NbH; hydrides,
the Fermi energy of Mg7NbH 4 is mainly associated with
Nb 4d orbitals, with the value of 0.82 states/eV/cell,
which contributes about 68% of total DOS at the Fermi
energy. It is worth mentioning that the H-H distance in
MgzNbH6 under 75 GPa is 2.04 A, which is obviously
longer than that of the Nb-H (1.77 A) bond and result in
a relatively small contributions to electron-phonon cou-
pling from the hydrogen atoms. To explore the supercon-
ductivity mechanism of Mg;NbH;4 under high pressure,
we further calculate the relations of Eliashberg spectral
functions of a?F(w) and the cumulative EPC parame-
ters of A to finite frequencies by using Egs. (3) and (4).
The calculated results are shown in Fig. 2(c). Obviously,
a large separation between high-frequency vibrations (>
35 THz) and low-frequency vibrations (< 28 THz) ex-
ists in the phonon dispersion curves of Mg;NbH14 at 75
GPa. The EPC parameters A increase with the increase
of the phonon frequencies. Herein, the low-frequency vi-
brations, dominated by Mg and Nb atoms, provides the
main contributions to the total EPC parameters of A,
which is 73%. By contrast, the high frequency vibrations
are mainly dominated by H atoms, which contributes
only 27%. This is not surprising because an analysis
of the PDOS of Mg;NbH;4 in Fig. S4(b) [46] indicates
that, in contrast to LaH;o and H3S,[55, 56] the contribu-
tion of H atoms to the DOS at the Fermi energy, about
20% of the total DOS at the Fermi energy (Table 3), is
much less than that of the metal atoms (Mg and Nb)
in Mg7NbHy4, and the metallicity is dominated by the
metal atoms. Essentially, the dominant contribution to
superconducting pairing comes largely from the coupling
of electronic and vibrational states of the metal atoms
in Mg7NbH1g, not from the H atoms, resulting in a low
contribution to the electron-phononcoupling constant A,
and thus limiting the T'. owing to low Debye tempera-
ture caused by the heavy mass of Mg and Nb. It should
be stressed that the phonons in the low frequency region
can not be separated into contributions assigned to Mg
and Nb individually. As Papaconstantopoulos et al [55]
and Quan et al [57] pointed out, this suggests that it is
not possible to get the separate a?F(w) functions for Mg
or Nb atoms, and thus separate their contributions to .
Specifically, according to the Gaspari-Gyorfly (GG) the-
ory [58-60], the Eq. (3) can be exact decoupled in terms
of the density of states Ng, at Fermi level, the atomic
mass M, the second moment ws, and the average over the
Fermi surface of the electron-ion matrix element <I?> |
overall given by

_NEF<I2>

A
Mw?

(7)



TABLE III: Calculated DOS at the Fermi Level Ng,
(in states/eV/cell), electronphonon coupling constant A,
logarithmic-average phonon frequency wioy (in K) and
McMillan-Allen-Dynes superconducting 7. (in K).

Pressure Ng

A

F

Wiog Te

(GPa) Mg Nb H Total Mg+Nb H Total

75 0.15 0.82 0.24 4.15 0.46 0.17 0.63 126.2 2.7

150  0.09 0.55 0.55 1.89 0.25 0.26 0.51 840.5 6.2

250  0.10 0.40 0.54 1.34 0.29 0.20 049 8732 7.0

The scattering strength I? can be calculated as

P2 = (M K e (5

where V is crystal potential; R is the displacement of the
atom; the large brackets is a double average of k, k over
the Fermi surface. A decoupling analysis of the EPC con-
stant A\ with respect to atom types is limited to a small
number of compounds, with a characteristic separation of
the phonon spectrum separating into distinct metal atom
low-frequency and H high-frequency regimes, such as
some X,,H,,, binary compounds resembling H3S or LaH;q
[55, 56, 61]. In materials like Mg;NbH; where projected
phonon DOS’s from different atomic types overlap, it is
not possible to achieve such a decomposition according
to atomic types.

We now investigate the evolution of superconductiv-
ity of MgyNbH;g under high pressure. Our results
show that the Mg;NbH;¢ with F'm3m structure is sta-
ble under pressure up to 250 GPa (See Fig. S6 [46]).
The detailed electron-phonon coupling (EPC) parame-
ters of Mg7NbH 14 at 150 GPa and 250GPa, including the
project phonon density of states (PHDOS), Eliashberg
spectral functions a? F(w) and EPC parameters \(w) are
presented in Table 3 and Fig. S7 [46]. It can be seen from
Fig. ST7 [46] that pressure promotes the high frequency
vibrations, and the corresponding logarithmic averaged
frequencies of wj,, are increasing. In contrast, the total
DOS at Fermi energy decrease monotonically as pressure
increase. It is 4.15 states/eV/cell at 75 GPa, then de-
creases slightly to 1.89 states/eV/cell at 150 GPa, and
then finally drops to 1.34 states/eV/cell at 250 GPa,
which causes the decrease of A\ with pressure increasing.
Similar phenomena can be also observed in Ti(V)Hs [62]
and NbHy [49]. The T. of MgyNbH;g under high pres-
sure is calculated to be 6.2 K at 150 GPa and 7.0 K at
250 GPa, respectively, which are comparable to those of
vanadium hydrides [63], niobium hydrides [49] and tita-
nium hydrides [62]. The DOS projections reveal that the
contributions from hydrogenic states at the Fermi level
is increased with pressure (See Table 3 and Fig. S8 [46]),
which increases the contributions to the total A from the
H sublattice (51% at 150 GPa and 41% at 250 GPa),

up from 27% at 75 GPa. The increased H-derived DOS
at the Fermi level causes the relatively strong electron-
phonon interactions and high T'. values of Mg;NbH4 at
150 GPa and 250 GPa compared to 75 GPa.

C. Mg7NbH19

The other energetically favorable compound,
Mg7NbH19, adopts a tetragonal structure with P44
symmetry, shown in Fig. 7(a), in which all atoms
occupy various crystallographic 4a sites. Each Nb atom
is coordinated to eight H atoms and five Mg atoms, of
which one participates in connecting NbHg units and
itself forms an MgHg octahedron with six H atoms. A
small number of H atoms are intercalated in voids in the
structure in the form of Hs molecules. Their respective
H-H distance is 0.75 A, and they are highlighted with
the blue circle in Fig. 7(a). Remaining Mg atoms
form irregular coordination polyhedra with five H
atoms. Similar to the stoichiometry Mg;NbHi, we
search for stable high-pressure structures of Mg;NbH;g
at fixed pressure of 25, 50, 75 and 100 GPa. The
relative formation enthalpies of predicted structures
as function of pressure, against a particular candidate
of P-4 symmetry, are plotted in Fig. 7(b). The P4,
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FIG. 7: (a) Crystal structure and local metal environments
of MgzNbH19 at ambient pressure. (b) Relative formation
enthalpies per atom in MgzNbH;g as function of pressure.



structure remains the lowest-enthalpy structure up to at
least 100 GPa. Table 1 presents the calculation results
for Mg7NbH;9 on formation enthalpy, ZPE, vibrational
enthalpies and vibrational entropies at T=300 K. A
notable feature is the big enthalpic difference (~19
KJ/mol Hy) between Mg;NbH;6 and MgzNbHg. From
the crystal structures in Figs. 3(a) and 7(a), we deduce
this behavior may be mainly due to the number of
hydrogen molecules in the matrix of the latter. From
Table 1, we predict the thermodynamic properties for
the P4, phase of Mg;NbH9 during hydrogen desorp-
tion at ambient pressure. Shown as reactions 6-9 in
Table 2, just like the stoichiometries of MgyNbH1g and
MgNbHj, predicted decomposition temperatures remain
constant. A Nb phase precipitates until magnesium is
completely dehydrogenated. Any metastable niobium
phase is the product of the flow of hydrogen. Our results
verify there exists a dehydrogenation gateway through
formation of metastable niobium-hydride phases in
the magnesium niobium polyhydrogen system. It is
particularly noteworthy that we find a desirable reaction
enthalpy of 33 KJ/mol Hy in the decomposition of
the Mg7NbH19 phase, which is very close to the ideal
range of reaction enthalpy (20 - 30 KJ/mol Hy) [64],
see reactions 6-8 in Table 2. From a thermodynamic
perspective, reaction 9 in Table 2 indicates that it is
able to precipitate metal Mg and Nb phase, along with
6.7 wt-% hydrogen release. Note that all decompositions
have lower reaction enthalpies in comparison with the
standard entropy of Hs gas, as previously suggested by
other theoretical groups [65, 66]. One straight forward
explanation could be that this is due to the different
numbers of low frequency rotational and translational
terms between reactants and products. The increased
contribution of hydrogen atoms to low frequency vibra-
tions further reduces the entropy for the Mg;NbHg
phase (Figs. 2(a) and 2(b), and shifts AS by 5 J/Kmol
relative to Mgy;NbH;4 phase as shown in Table 2. Our
results suggest that improvement of hydrogen storage
performance can be achieved by varying the content of
hydrogen in system. This may be a valid argument,
because adjustment of molar ratio in compounds directly
affects the distribution of vibration frequencies and leads
to the changes in formation enthalpies and entropies, in
particular for the H atoms. In fact, there is a precedent
for this kind of behavior, where different authors have
found different dehydrogenation mechanisms, dehydro-
genation temperatures and dehydrogenation contents
using different molar stoichiometric ratios [67, 68].

Fig. S4(c) [46] presents the band structure and den-
sity of states for the P4;-Mg;NbH;9 phase. Similar to
the P42m-Mg;NbH ;¢ compound, the P4; phase exhibits
semiconducting character, with an indirect band gap of
1.75 eV. The occupied states mainly originate from Nb
and H. The PDOS of the P4; phase suggests that hy-
bridization between Nb and H occurs in the -2 to -8 eV

range. The results for -COHP calculations on nearest
neighbor Mg-H and Nb-H pairs in the MgyNbH;9 phase
are plotted in Fig. 6(b). The corresponding integrated
-COHP values are distributed across the ranges of 0.33 -
1.23 and 2.32 - 2.52 eV /bond, which is almost equal to
the Mg-H and Nb-H interactions in the Mg7;NbH;¢ phase.
In the Mg7;NbH19 phase, an obvious feature is that Mg-H
and Nb-H anti-bonding states occupy the highest valence
band. Such a result is known to decrease the electronic
energy and therefore the stability of the electronic sys-
tem [69, 70], which correlates with the enthalpy differ-
ence between P4; and P42m phase. The ELF results
(See Fig. S5 [46]) show that its values at the atomic H
sites is close to 1 and electrons are well-localized, consis-
tent with H™ anions. Meanwhile the ELF at either Mg
sites or interstitial areas between Mg and H is almost
close to 0, which reveals that the Mg-H bonds are ionic.
Compared to P42m-Mg;NbH;4, Bader charges suggest
less charge transfer from Mg to H, with average charge
of +1.58 e per Mg atom. The hydrogen molecules em-
bedded in structural voids are bound by covalent bonds,
corresponding to ELF values of 0.99, in good agreement
with the Bader charge conclusion (See Table S5 [46]).
However, the changes to Nb-H bonds are different, as
the ELF value (0.66) at mid-point of Nb-H bonds in the
P4, phase is slightly higher than in the P42m phase, and
transferring 1.06 e to H atoms. From Bader and ELF
results, we can conclude that, with respect to P42m-
Mg7NbH14, one might reason for the reduction of the
charge transfer values in P4;-Mg;NbHyg is the hydro-
gen molecules. These hydrogen molecules are basically
neutral, and achieve self-balancing by sharing electrons
within themselves, reducing the charge demand to bal-
ance the overall crystal. In addition, comparing P42m-
Mg7NbH16 with the P4;-Mg;NbH;9 compound, the ad-
ditional injection of H into the Mg-Nb-H system helps
to strengthen Nb-H bonds. This is not in contradiction
to our conclusions presented earlier: Nb acts as gateway
for hydrogen motion in the magnesium niobium polyhy-
drides system, thus finite strengthening of Nb-H bonds
is ultimately more favorable for hydrogen desorption.

IV. CONCLUSION

In summary, we have reported a comprehensive theo-
retical study of ternary Mg-Nb-H polyhydrides and un-
cover a new stable stoichiometry of Mg;NbHp9 with
P4, symmetry under ambient pressure by CALYPSO
method and first-principles calculations. The calculated
results indicate that the MgzNbH19 compound is an ideal
magnesium-based hydrogen storage alloy that exhibits
excellent hydrogen storage properties with high hydro-
gen storage capacity of 6.7 wt-% and remarkably low hy-
drogen release temperature of 273 K, which is due to the
existence of Hy molecules that reduce the interactions



between metal and hydrogen atoms. Furthermore, the
phonon dispersion curves, formation energy and XRD
as well as AIMD results indicate that the ground-state
structure of Mg;NbH s at 0 K is P42m symmetry under
ambient pressure, which is highly sensitive to tempera-
ture and translate to F'm3m at the temperature above
300 K. In addition, we concluded the P42m phase trans-
forms to the Fm3m phase above 75 GPa accompanied
by a semiconductor-metal transition. The F'm3m phase
of MgzNbH1g is a potential polyhydride superconductor
with T. about 2.7 K at 75 GPa. These results elucidate
the structural and hydrogen storage properties of Mg-
Nb-H ternary magnesium-based hydrogen storage com-
pounds, and offer crucial insights to help guide future
developments toward practical hydrogen storage materi-
als.
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