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Calculation methods

The Brilouin zone sampling was performed at k-point grid with density 2 x 2 x 2 for the low tem-
perature LiyBj,H, and 3 x 2 x 3 for the low temperature Na,B{,H;,. Atoms are represented by the
projector augmented method (PAW) 12 pseudopotentials with valence electronic configurations 2s!
for Li, 2s22p! for B, 3s! for Na, 3s? for Mg, and 1s' for H. Exchange correlation functional was ap-
proximated by the Local Density Approximation(LDA)2 and the General Gradient Approximation
(GGA-PBE) # parametrization. The ground state electronic density was determined by iterative di-
agonalization of the Kohn-Sham Hamiltonian with Gaussian smearing 0.05 eV . The relaxation of
the atomic structures was performed with the conjugate gradient method with the residual force
convergence criteria 1073 eV/A. For the optimization of the unit cell successive relaxation of the
internal atomic positions and the lattice parameters were preformed. For Li;B;,H;, and Na;Bj,Hj,,
the wave functions are expanded in the plane wave basis set with the kinetic energy cutoff 500 eV.
For the MgB,,H;, the kinetic energy cutoff was 700 eV. Convergence tests are presented below.

The charge density analysis was performed as Bader charge analysis implemented by Henkel-
man et al.® as well as noncovalent interactions index (NCI) method®7, through the Critic2 soft-
ware®?.

Thermodynamic analysis

The calculations of the phonon density of states (pDOS) were performed with the Phonopy pack-
age 0. The force constant matrix was calculated with the finite displacement method (amplitude
of displacement +0.02 A). For accuracy assessment the comparison with linear response method
was performed. For the phonon calculation additional dense grid was used for the charge density
in order to improve accuracy of calculated forces.

For the thermodynamic stability assessments the additional calculations were performed for
the reference structures of metal hydrides (LiH, NaH, MgH,), metal borohydrides (Mg(BH4),),
and pure elements (Li, Na, Mg, B, H,). Increased accuracy was used for calculations of the elastic
properties of MgB,,H;,.

For the calculation of Gibbs free energy(Geqcrion) at temperature T of reaction, the following
equations are used:

AGyeaction =AH —T - AS (1)
with the difference in the enthalpy(AH) defined as
p r

where ET9T is the electronic total energy , F'? the enthalpy of each compound (eq. 4) and p and r
denote products and reactants respectively. The entropy difference (AS) is defined as

AS =S)P —syP (3

In the harmonic approximations the enthalpy of a solid, at temperature T is: 1213

FY(T) = Ezpg + kT - Y e;- (e P4 —1)7! @)
and the entropy:
e
T - (ePei—1)
with the zero point energy defined as Ezpg = %-Zei and B = 1/(kgT), where kp is Boltzmann’s
constant and e; = fiv; is the energy related to normal mode v;. H, is considered as an ideal gas, the

enthalpy consists of the ZPE term and the vibrational contributions'4 according to the equation;
FY(T)y, = % -eq + %kBT + e’ﬁi%— ; while the entropy is calculated using the experimental data by

§" =Y [~k - In(1 — e Pery + (5)

Hemmes et al. 1°.
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Plane-wave cutoff convergence tests for Na;B,H;, and Li,B,H/»

The convergence with respect to cutoff energy indicate that the total energy changes less that 0.1%
between 500 eV and 800 €V, see Fig. S1. The change of the cell volume is larger but it is less than
2% for cutoff range between 500 eV and 800 €V, Fig. S2. In Table ST1 (ESI}{) changes of the
lattice parameters for Li;BjoH;, and Na;Bj,H;; between 500 eV and 800 eV plane wave basis set
cutoff. For the calculations of properties use the kinetic energy cutoff of 500 eV as this is closer to
calculations setting used for molecular dynamics calculations of the high temperature phases and
the errors due to this cutoff energy are small.

Total energy change(%)
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energy cutoff (eV)

Figure S1 The change of the total energy with respect to the plane-wave energy cutoff. The total energy
for cutoff=800eV is taken as a reference. Li,Bj,H;, and Na;B;,H, results are denoted with red and green
respectively. The dashed lines denote the results using the vdW-DF and the solid ones are for the PBE

functional. The energy cutoff=500eV used throughout the calculations of Li,B,H;, and Na;B,H;,. Lines
are guide to the eye.
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Figure S2 The change of the volume (“we—Ywv . 100) with respect to the plane-wave energy cutoff.
Li,B1,H12 and Na,B,H;, results are denoted with red and green lines respectively. The dashed lines
denote the results for the vdW-DF functional, and the solid lines are the PBE functional. The cutoff=500eV
used throughout the calculations of Li;B;,H;> and Na,;B;Hi». Lines are guide to the eye.
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Figure S3 Convergence plot of the Na,B,H,, lattice parameters in respect to the plane-wave energy
cutoff. The results of the vdW-DF and the PBE functional are denoted with dashed lines/squares and solid
lines/circles respectively. Lines are guide to the eye.

Na;Bi,H» Li;BioHj,
parameter | PBE | vdW-DF | PBE | vdW-DF
volume 1.48 1.35 1.43 1.37
B, volume 0.07 0.09 0.07 0.09
a 0.11 0.10 0.48 0.46
b 0.32 0.67 0.48 0.46
c 1.04 0.56 0.48 0.46
B 0.19 0.24 0.00 0.00
B-H distance || 0.04 0.06 0.06 0.06
B-B distance || 0.03 0.04 0.07 0.05

Table ST1 Percentage changes for the lattice and structural parameters of Na,B,H;»> and Li;B>H1», with
vdW-DF and PBE functionals. Comparing two values of plane-wave cutoff, 500 eV and 800 eV. The small
changes in the B, volume, and the B-H and B-B distances, ensure that the distortion of the B, cage as
well as the phonon population are not strongly dependent on the plane-wave cutoff energy in the range
500 eV and 800 eV.
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compound | symmetry method ‘ a(A) ‘ b(A) ‘ c(A) ‘ B(°) ‘V/Z (A% ‘ B, volume(A3) ‘ By,H;j, charge (e) ‘

LisBoHpp
Pa3 experiment’ | 9.577 | 9.577 [ 9.577 | 90.000 | 219.61 12.689
Pa3 PBE!6 9.577 | 9.577 | 9.577 | 90.000 | 219.61
Pa3 PW91'7 | 9.600 | 9.600 | 9.600 | 90.000 | 221,18
Pa3 PBE!® 9.623 | 9.623 | 9.623 | 90.000 | 222.78
Pa3 PBE'? 9.634 | 9.634 | 9.634 | 90.000 | 223.54
Pa3 PBE 9.598 | 9.598 | 9.598 | 90.000 | 221.01 12.243 -1.90
Pa3 LDA 9.192 | 9.192 | 9.192 | 90.000 | 194.14 11.825 -1.87
Pa3 PBE-D2 | 9.038 | 9.038 | 9.038 | 90.000 | 184.57 12.191 -1.88
Pa3 PBE-D3(BJ) | 9.288 | 9.288 | 9.288 | 90.000 | 200.32 12.124 -1.92
Pa3 vdW-DF | 9.644 | 9.644 | 9.644 | 90.000 | 224.22 12.483 -1.90
Pa3 PBE-D2* | 9.644 | 9.644 | 9.644 | 90.000 | 224.22 12.465 -1.90
Pa3 PBEO 9.528 | 9.528 | 9.528 | 90.000 | 216.24 12.095 -1.80
Pa3 HSE06 9.563 | 9.563 | 9.563 | 90.000 | 218.60 12.097 -1.90
NayBoHj2
P2 /n experiment’ | 7.031 | 10.654 | 7.009 | 94.676 | 261.64 12.459
P2 /n experiment* | 6.975 | 10.537 | 6.956 | 95.959 | 254.22 12.240
P2;/n | experiment® | 7.050 | 10.732 | 7.071 | 93.570 | 268.65 12.151
P2, /n PBE20 6.964 | 10.657 | 7.242 | 93.988
P2, /n PBE16 7.031 | 10.654 | 7.009 | 94.676
P2 /c PBE'? 7.056 | 10.601 | 7.296 | 95.146
P2;/c PBE2L:22 | 7.027 | 10.591 | 6.857 | 95.343
P2, /n PBE 7.015 | 10.507 | 7.191 | 94.954 | 264.04 12.272 -1.84
P2, /n LDA 6.743 | 10.128 | 6.731 | 96.865 | 228.18 11.843 -1.83
P2, /n PBE-D2 | 6.673 | 10.166 | 6.581 | 97.706 | 221.20 12.243 -1.82
P2;/n | PBE-D3(BJ) | 6.850 | 10.284 | 6.765 | 95.754 | 237.11 12.168 -1.86
P2, /n vdW-DF | 7.108 | 10.501 | 6.939 | 93.012 | 258.60 12.513 -1.85
P2, /n PBE-D2* |7.108 | 10.501 | 6.939 | 93.012 | 258.60 12.438 -1.89
P2 /n PBEO 6.969 | 10.436 | 7.131 | 95.266 | 258.21 12.124 -1.72
P2, /n HSE06 6.977 | 10.445 | 7.160 | 95.410 | 259.73 12.126 -1.72

Table ST2 Structural details and charge distribution analysis for Li,Bj;H;> and Na;Bj;H;, for the low
temperature phases, Pa3 and P2;/c respectively. For Li;Bi,H;, other symmetries, such as P2;/n?3,
C2/m'824 and for Na,B,H;, other symmetries, such as Im3m'® and Pa32° have been investigated but
are not observed in low temperature experiments. For lattice parameters o = y = 90°. By, volume stands
for the volume of the boron cage in the Bi,H;,?~ anion. The charge of anions was calculated with Bader
charge analysis (as implemented by Henkelman et al.%). For these calculations the fine charge density
support grid was used (eight times denser than the standard grid). P2, /n is the more orthogonal, non-
standard representation of the P2, /¢ space group and notations are often interchanged.

. experimental results in ambient temperature for Li,Bi,H1,2% and Na,B;,H;,2°

: NayBi2H;, experimental results at 7K27

§: Na,B,H,» experimental results at 298K?7
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Besides obvious parameters like exchange correlation functional, plane wave cutoff, type of
pseudopotentials or density of k-point sampling, a variety of factors related to practical imple-
mentation of DFT affect the calculated ground state lattice parameters. To name a few they are:
representation/density of the charge grid, non-spherical contribution to charge density gradients,
expansion of the kinetic energy density and others. Therefore, differences of the order of 0.1%
might be expected for such complex systems like M-B;,H;, compounds considered in this work.
For the Li,B,,H;, the previous results summarized in Table ST3. The referenced reports relay on

Reference H a(A) \ Difference(%) \
Present study || 9.598 -

Varley et al. 1° || 9.634 0.4%
Kweon et al.?® || 9.630 0.3%
Lietal 18 9.623 0.3%
Verdal et al. 1% || 9.577 0.2%

Table ST3 Comparison of lattice parameters from previous calculations of Li,Bj,H;, with the present study
results of PBE.

Zexperimental lattice from Her et al. 2°

different methodology/implementations:

Varley et al. '?; ab initio molecular dynamics simulations (AIMD) through the Quantum Espresso
code in the Pm3n symmetry structure with the PBE functional and ultrasoft Rappe-Rabe-Kaxiras-
Joannopoulos (rrkjus) pseudopotentials,

Kweon et al.?8; AIMD, the Quantum Espresso code in the Pm3n symmetry with the PBE func-
tional and ultrasoft rrkjus pseudopotentials,

Li et al.'8; the PBE exchange correlation functional with VASP code. Using the same k-point
grid and plane-wave cutoff as the authors of this paper we obtain a=9.635A, which differs by 0.1%
with the value of Li et al. 18,

Verdal et al. 1°; the experimental lattice parameters from Her et al. 2> with the PWscf software
package.

For the Na,B;,H;, structure, results from previous calculations are summarized in Table ST4.

Reference | a(d) | Diff(%) | b(A) | Diff(%) | c(Ad) | Diff(%) | B(°) | Diff(%) |

Present study | 7.015 - 10.507 - 7.191 - 94.954 -

Caputoetal?® [ 6.9639 | 0.7 [10.6569 | 1.4 |[7.2421| 0.7 |93.9883 1.0

Verdal et al. 1° 7.031 0.2 10.654 1.4 7.009 2.6 94.676 0.3

Lu et al.?! 7.027 0.2 10.591 0.8 6.857 4.9 95.343 0.4

Varley et al.1° || 7.056 0.6 10.601 0.9 7.296 1.4 95.146 0.2

Table ST4 Comparison of lattice parameters from previous calculations of Na;Bi;H;, with the present
study results of PBE.

Caputo et al.??; PBE in the P2;/n, CASTEP, as implemented in Materials Studio 5.0,

Verdal et al. %; PWscf package, the lattice parameters used for Na,B,,H;, are the experimental
values of Her et al. 2,

Lu et al.?! refers to the structure presented in the Materials Project Database with ID mp-
97827822, Different pseudopotentials, k-point grids,

Varley et al.'”; AIMD in the Quantum Espresso code different cutoff and k-point sampling.

The previously proposed C2/m structure for MgB,,H;, by Ozolin$ et al. 24, calculated with VASP
software, differs by 1.4%, 4.3%, 0.1% and 0.9% for a, b, c and B lattice parameters respectively
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and there is a 5.3% difference in the cell volume (compared to the present C2/m structure, as
calculated with the PBE functional). Using the plane-wave cutoff and k-point grid as in the paper
by Ozolin$ et al. 2 the differences with our results is 0.8%, 2.0%, 0.1% and 2.5% for the a, b, ¢
and f lattice parameters, while the volume of the unit cell has a 0.3% difference.

A quasi-harmonic approximation could also affect the equilibrium lattice parameters, when
the phonon population is taken into account. However, the interplay between quasi-harmonic
properties and configurational entropy (cation distribution within tetrahedral voids) is far beyond
the scope of the present manuscript and require a separate study.
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Figure S4 (a) Distance between metal and the center of the Bi,H;,2~ anion and (b) distance between
the centers of Bi,H;,%>~ anions for Li,Bi,H;» and Na,B;,H1» . The dashed green and red lines refer to the
experimental data of Na,B,H,27(7K) and Li,Bj,H;,2% in ambient temperature.
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Figure S5 Electronic density of states(eDOS) for (a) Li,Bj>H;»> and (b) Na;B>H,» with PBE (black), PBE-
D2(red), PBE-D2*(blue) , vdW-DF(green), PBEO(magenta) and HSEO6(orange). The band gaps (E,) for
each method and compound are indicated in the legend of each graph. Hybrid functionals, PBEO and
HSEO06 give bigger band gaps as expected. Otherwise, a 5% and 8% dispersion between the methods
can be observed for Li,Bi,H;, and Na,B,H, respectively. The smaller volume for PBE-D2 results in the
shift of the eDOS.
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Figure S6 In graphs (a) and (b) we show the reduced density gradient(RDG) index(green) for Na,B2H1»
and MgBi,H, (C2/c symmetry) structures. The reduced density gradient corresponding to the interaction
between the cations and one of the anions of the unit cell is denoted with red and the interaction between
two neighbouring anions is denoted with black. Graphs (c) (d) and (e) focus on the region representing weak
interactions(-0.01<p<0.01 a.u.) for Na,B>H» , MgB2H, and Li,B;H;, respectively. Graphs (f) and (g)
visualize the isosurface(yellow) that corresponds to the weak interaction between two neighbouring anions
of the unit cell(green polyhedra). For better visualization the additional periodic atoms are also shown.
Graphs (h), (i) and (j) show the isosurface(yellow) that corresponds to the weak interaction between an
anion and the cations of the unit cell for Na,B,H;, , MgB1,H1, and Li;By;H,. The visualization of all the
isosurfaces corresponds to s=0.5 a.u. and -0.01<p<0.01 a.u., while the atoms in the unit cell are shifted
such as that the referred anions are located in its center for a more clear visualization.
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Figure S7 Phonon density of states of Na,B,H;, with the vdW-DF method comparing the two different
methods: finite differences (FD) and linear response (LR) (a). The black arrow indicates the area where
the visible differences in the spectra are present. (b) Phonon density of states of Na,B,H;, with PBE
functional and two energy cutoffs. (c) Phonon density of states of Na,B;>H;, with vdW-DF functional

and two energy cutoffs. Only the minor changes in the lattice and B-H stretching mode regions can be
observed.
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Atom site positions
Mg 2c¢ (0.000, 0.000, 0.500)
B 8 (-0.087, 0.192, 0.88); (0.053, 0.117, 0.855)
4i  (0.893, 0.000, 0.721); (0.826, 0.000, 0.900)
H 8j (0.855, 0.324, 0.797); (0.088, 0.197, 0.741)
4i  (0.823, 0.000, 0.518); (0.707, 0.000, 0.834)

Table ST5 MgB,H,, structure with C2/m (# 12, Z = 2) symmetry, a = 11.427 A, b = 7.684 A, c = 6.946 A,
B = 120.898°.

Atom site positions

Mg 4e (0.000, 0.877, 0.250)
B 8f (0.842,0.135, 0.410); (0.793, 0.255, 0.657)
(0.812, 0.440, 0.560); (0.093, 0.254, -0.043)
(0.842, 0.365, 0.405); (0.313, 0.434, 0.064)
H 8f (-0.091, 0.058, 0.344); (0.825, 0.257, 0.769)
(0.354, 0.071, 0.602); (-0.019, 0.254, -0.074)
(-0.094, 0.440, 0.339); (0.860, 0.061, 0.111)

Table ST6 MgB ,H, structure with C2/c (# 15, Z = 4) symmetry, a = 10.621 A, b =7.835 A, ¢ = 10.626 A,
B =95.343°.

Atom site positions
Mg 2f (0.500, 0.500, 0.250)
B 8k (0.128, 0.469, 0.650); (-0.049, 0.289, 0.594)
4j  (0.683, 0.176, 0.000); (0.421, 0.235, 0.000)
H 8k (0.211, 0.449, 0.762); (-0.089, 0.148, 0.660)
4j  (0.809, 0.300, 0.000); (0.360, 0.402, 0.000)

Table ST7 MgB1,H» structure with P4,/m (# 84, Z = 2) symmetry, a = 6.781 A, c =9.519 A.

Atom site positions
Mg 4d (0.424, 0.250, 0.250)
B 8e (0.700, 0.312, 0.815);(0.570, 0.392, 0.749)
(0.569, 0.313, -0.034);(0.437, 0.314, 0.814)
(0.490, 0.311, 0.577);(0.651, 0.314, 0.573)
H 8e (0.794, 0.359, 0.856);(0.568, 0.357, 0.121)
(0.207, 0.142, -0.050);( -0.068, 0.140, -0.043)
(0.430, 0.511, 0.251);(0.846, 0.360, 0.146)

Table ST8 MgB,H,, structure with Pnna (# 52, Z = 4) symmetry, a = 11.006 A, b = 12.144 A, ¢ = 7.037 A.
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Atom site positions
Mg 2a (0.725,0.608, 0.579)

B 2a (0.761, 0.873, 0.485);(-0.056, 0.846, 0.316)
(0.536, -0.081, 0.360);(0.697, 0.790, 0.266)

(0.578, -0.082, 0.112);(0.832, 0.874, 0.088)
(0.575, 0.080, 0.241);( -0.022, 0.011, 0.202)

(0.755, 0.055, 0.073);(0.818, 0.139, 0.296)

(-0.066, 0.007, 0.445);(0.684, 0.053, 0.474 )

H 2a  (0.765, 0.814, 0.636);(0.075, 0.766, 0.342)
(0.379, 0.889, 0.422);(0.657, 0.665, 0.259)

(0.451, 0.889, -0.002);(0.888, 0.812, -0.044)

(0.446, 0.166, 0.211);(0.137, 0.044, 0.147)

(0.753, 0.121, -0.069);(0.857, 0.261, 0.305)

(0.057, 0.033, 0.571);(0.630, 0.113, 0.609)

Table ST9 MgB,H;, structure with P2, (# 4, Z = 2) symmetry, a = 6.805 A, b =9.496 A, ¢ = 7.121 A,
B =92.896°.
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Pnna

Figure S8 MgB,H,, structures. Magnesium, boron and hydrogen atoms are denoted with orange, green
and light pink color, while the orange planes indicate the coordination of Mg in each structure. Details on
each structure are presented in tables ST5, ST7, ST8 and ST9 for C2/m, P4,/m, Pnna and P2; symmetry
respectively. As indicated in the figures, we observe linear coordination of Mg in the C2/m symmetry,
tetragonal coordination in P4,/m and trigonal planar in Pnna(in the same plane) and P2, (in different planes).
For better visualization, neighbouring atoms, outside of the unit cell are also displayed.
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Figure S9 The ground state energy per formula unit for MgB;,H;, shown as a difference with respect to
the lowest energy for given exchange correlation functional: PBE (a), PBE-D2 (b), PBE-D2* (c), PBEO (d)
and HSEO06(e). The horizontal axis refers to volume per formula unit.
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Figure S10 The Gibbs free energy (eV/H,) for various decomposition pathways of Mg(BH4), and MgB,H»
with the vdW-DF method. The reference Mg(BH.,), structure is 14,/amd (# 141) phase; according to Bil
et al.?® it has a ground state energy AE=0.047 eV/BH, larger than the experimental o phase (P6,22 (#
178) with 30 formula units/unit cell)
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Elastic Properties of the MgB,H, structures

The stress(o)-strain(e) relation, according to Hooke’s law, can be expressed as o;; = Ciju - ex,
where C; i, is a fourth-order elasticity tensor with 81 independent elastic constants3?. By following
the Voigt notation, (111, 22—2, 33—3, 23—4, 13—5 and 12—6) the terms are compacted to
o; = C;; - e;. Following the symmetries the tensor is reduced to 21 elastic moduli, with its extended
form shown in equation 6.

[ oy | [Ci1 Ciz Ciz3 Cia Cis Cig| [ e ]
oy Gy Cn Gz Gy G5 (e ey
O;| _ |G G Gaz Cag G35 G| | e 6)
Tyz Cy1 Cap Ca3 Cyq Cas Cug| |2ey;
Tox Cs1 Csp Cs3 Csy Css Csg| | 2ex
[Ty|  |Ce1 Coo Co3 Coa Cos Ceo| [2exy]

This elastic tensor is calculated for each structure using finite differences as implemented in VASP
for the calculation of the elastic moduli and additionally by increasing the energy cutoff (700eV)
and doubling the k-points in each direction (compared to the energy calculations) and also an
additional support grid for the evaluation of the augmentation charges implemented in VASP was
enabled. Each structure is relaxed anew in these parameters.

The Voigt-Reuss-Hill average is calculated as Gygy = (Gy+Gg)/2 for the shear modulus and as
Kyry = (Ky+Kg)/2 for the bulk modulus. As defined3!, the Voigt value for the shear modulus is:

Gy = ((C11 +C2+C33) = (Cr2+Co3 +C31) + (3 (Cag +Cs5 +Ces)) ) / 15. 7)
the Reuss value is :
Gr=15/(4-(s11+s20+533) —4- (s12+ 523 +531) + (3 (544 + 555 +566))) (8)
respectively the values for the bulk moduli are:
Ky = ((C11 +C2+C33) +2- (C12+Ca3 +C31)) /9. 9

and
Kg=1./((s11+522+533) +2- (512 + 523 +531)) (10)
where s,-j=Ci_-1
Additionally, the Poisson’s ratio u is calculated according to the equation:

= 3-Kvry —2-Gyru
6-Kyry +2-Gygy

(1D

In table ST10 the values for all the quantities mentioned above are presented for the five
structures of MgB,H 5.
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Structure C2/c | C2/m | P2; | P4,/m | Pnna
Ky (GPa) 28.45 | 18.32 | 15.67 | 26.15 | 24.01
Kz (GPa) 19.36 | 8.68 | 13.31 | 24.63 | 15.35
Kypr (GPa) 23.91 | 13.50 | 14.49 | 25.39 | 19.68
G, (GPa) 14.84 | 10.06 | 11.76 | 15.89 | 13.09
Gr (GPa) 10.75 | 2.32 | 8.44 | 13.34 | 8.47
Gyyr (GPa) 12.79 | 6.19 | 10.10 | 14.62 | 10.78
Poisson’s ratio | 0.27 | 0.30 | 0.22 0.26 0.27

Table ST10 Elastic properties of the MgB,,H;, structures calculated with vdW-DF. The Voigt-Reuss-Hill
average for the bulk modulus (Kyzy) and the shear modulus (Gyry) as well as the Poisson’s ratio (u) are
presented. The individual values for the Voigt and the Reuss bulk and shear modulus provide an upper
and lower limit for each modulus.
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