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Supplementary materials

Section 1. Calculation details and supplementary analysis

1. Material systems and crystal structures

For the phases that are already present in the MP database, we directly used the
ground-state energies of the MP database. ' We also added other reported phases from
the literature as input. Corresponding references are given in Table S3. The
cation-exchanged and anion-distorted variations were also considered. All structures
were further relaxed before obtaining the final energies. Table S3 details the input
structures.

All the ByH, species were calculated in their solid states. Although borohydrides with
low molar mass, i.e.,, BH; (B,Hs), B;H, and BoH,, may exist in their gas phase under
battery working conditions, * 3computing their energy in solid states does not
qualitatively affect the results. This is because the ByH, phases have similar formation
enthalpies (the difference is in the order of ~10 meV/atom). Calculating BH, phases in
solid or gas phases does not vary the shape and the depth of the convex significantly

(~10 meV/atom). The electrochemical window is affected by less than 0.1 V.

2. Elastic constants
The 6x6 elastic tensor is denoted Cj;. The compliance tensor S is calculated by
inversing the 6x6 elastic tensor matrix. The poly-crystalline elastic properties under

the Voigt and Reuss limit were calculated using

1 1
By = §(C11 + Cz2 + C33) + 2(Cqz + C33 + C34) )

1 2
Gy = E(Cu + Ca2 + C33) — (Cyp + Ca3 + C31) + 3(Cay + Css5 + Cge) °)



Bg = ! (3)
(Sll + SZZ + S33) + 2(812 + SZ3 + S31)

15 (4)
B (Sll + SZZ + C33) - 4'(812 + SZ3 + S31) + 3(544- + S55 + S66)

Gr

where B and G represent the bulk and shear modulus while V and R denote the

Voigt and Reuss limit/ The Voigt-Reuss-Hill (VRH) average was calculated using

= d =- (5)
Byry =5 (Br +By) and Gyry =5 (Gr + Gy) 5
The Pugh ratio was estimated by Gyry/Byrn-

We should note that since the elastic constants of some phases were also calculated by

the MP, we found our results to be consistent with those, see Table S4.

3. Nudged elastic band calculations of anion rotation

The rotation barrier of anions in metal borohydrides was estimated using climbing
image nudged elastic band (CI-NEB) theory. First, supercells were constructed so that
at least 8 anions were included in the simulation box. Then the supercell was fully
relaxed (including the lattice constants) until the Hellmann-Feynman forces smaller
than 0.01 eV/A were obtained. After that, the initial paths for CI-NEB calculations were
constructed. The paths were set so that one of the anion rotates the smallest degrees to
coincide with the initial structure. Figure S1 illustrates the NEB images of the BH, and
B,,H,,” rotations. Finally, the CI-NEB calculations were conducted with 3 images until
a force convergence of 0.01 eV/A along the band was reached. The calculations were

carried out using the VTST code developed by Henkelman et al.

4. Absolute energy levels and band alignments
The absolute energy levels were calculated using the formalism by Toroker et al. > °

which was recently applied to Li;La;Zr,0,, garnet. 7 In this method, the vacuum energy
3



level was included by doing slab-type calculations and aligning energy levels of bulk
materials to it. Since the band gap center was proved to be irrelevant with the choice of
functionals under the Kohn-Sham formalism, ® this method allows the use of GGA-PBE
functional for the slab model which is more computationally expensive with higher
level calculations (e.g. meta-GGA/hybrid functional/Green function) for bulk which is
less demanding. Detailed theory and derivation could be found in Toroker et al.’s
work.? © Here we give a brief description of our implementation. First, we cleaved a
slab model of LiBH, along the (1 0 0) direction containing 5 layers of anions, as shown
in the inset of Figure Sz2. Then we optimized the structure and obtained the
corresponding energy levels. The vacuum level (Ey,cqum) was obtained from the
electrostatic potential within the vacuum regions in the slab model as shown in Fig S2.
The conduction band minimum (Ecgp_g1ap) and valence band maximum (Eygpm_g1ap) Of
the slab were directed obtained from the computation output (Kohn-Sham
eigenvalues). The band gap center of the slab was calculated using Eggc_giap =
(EcBM-siab + EvBM—siab)/2. After obtaining the energy levels of the slab model, we
relate the bulk energy levels to the vacuum by setting the Eggc_puik = Epgc-sian- Then,
we obtained the CBM and VBM of bulk using Eygm-puik = Eggc-siab — 0-5 * Egap—_pulk
and Ecgm-buik = Epgc-siab T 0.5 * Egap_puik Where Eg,p_pyik is the band gap of the
bulk material. All slab calculations were done using the GGA-PBE functional while
bulk calculations were done using the meta-GGA functional under the MB]J formalism.
5. Mean square displacements and nuclear densities of molecular dynamics
simulations

The mean square displacements cations in CaB,,H,,, MgB,,H,, and Na,B,H,, at 1000 K

were calculated using the following equation:
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MSD = ((& — %)) =

Z| -

N
> R® - 2(0)? ©)
n=1

where N is the particle number, X is the position of the particle and (-) denotes the
ensemble average. The nuclear density from molecular dynamics simulations was
calculated on evenly distributed 30x30x30 grids. On each grid point, the value was
obtained by counting the number of neighboring cations within a radius of 1 A
throughout the simulation that was then divided by the simulation time. This method
allowed us to get smooth nuclear density iso-surfaces despite the limited sampling
compared with binning.

6. Anion rotations in CaB,,H,,

The potential anion disorder was computationally examined using molecular dynamics
simulations. We used CaB,,H,, to exemplify this. We simulated the systems at 1000 K
and 1500 K and the trajectories of B are shown in Figure S3. The behavior of B at these
two temperatures distinct. At 1000 K, although the scattering is large, B atoms still
vibrate around their lattice sites. At 1500 K, the trajectories of B atoms are no longer
separate clusters. This indicates a rotational distortion of the anions. It is important to
note that, the disorder phase transition indicated here is only qualitative. In reality,
such high temperature might lead to decomposition of the borohydrides. The
overestimation of the decomposition temperature might be due to the over-binding
from DFT, the fixed simulation box, and the lack of surfaces in the model.

=. Pearson correlation coefficient

Pearson correlation coefficient is a measure of the linear correlation between two
variables X and Y. It has a value between +1 and -1, where 1 is total positive linear

correlation, o is no linear correlation, and -1 is total negative linear correlation. ° In



this work, the Pearson correlation coefficient between anion rotation barriers and
phase transition temperatures is calculated using the following equation
Yic1(Ti — T)(AE; — AE)

V0T~ T2 [Si,(AF, - BEY )

where r is the Pearson correlation coefficient, T; is the phase transition temperature

r

of phasei, T is the average phase transition temperature of all phases, AE; is the
anion rotation barrier of phase i, AE is the average anion rotation barrier of all phases.
8. Van Hove correlation analysis of molecular dynamics simulation trajectories

We calculated van Hove correlation function ' using pymatgen code " ** based on the
MD trajectories of cations in Na, Mg and Ca borohydrides. Van Hove correlation

function can be separated into 2 parts, i.e., the self-part Gg and the distinct-part Ggq: "

Ng
1
6ol = g (), 8 = o) =t + ),
i=1
1
Ga(r,) = g (. 86 ~ k) =it + o)y,
1%

where 8(-) is the Dirac delta function, (-) is an average over initial configuration at t,
r;(t) is the position of ith particle at time t, N4 is the total number of Li, Na, Mg, or
Ca in the simulation cell and r is the radial distance. p is the average number density
which is used to normalize G4 so that it tends to 1 whenr >» 1. Gg describes the
radial distribution function (rdf) of a particle given its initial position, whereas Gg
describes the rdf of all other particles after time t with respect to the initial referenced
position.

FigureS8 shows the van Hove correlation function of Na, Mg, and Ca in corresponding

borohydrides. For Ca and Mg, the van Hove correlation functions have similar



characteristics. Gg displays high density regions around r = 0.8 A for all t > 0.4 ps.
Since 0.8 A is significantly smaller than the distance between the nearest cation sites
(~7 A), these high intensity regions could be attributed to the large thermal vibrations.
In the distinct part, G4q(r,t) could be reduced to the pair distribution function of
cations. The high intensity regions peak around 7 A, a distance corresponding to the
distance between adjacent cation sites. Such characteristics of van Hove correlations
reveal that Mg and Ca do not diffuse during simulation.

For Na, from the self-part van Hove correlation, the high-density region spreads after
several picoseconds. This indicates that Na ions tend to hop out of their original sites
after only a short time. After leaving their original site, the Na ions tend to mix quickly
since only shallow peaks around r = 6 A and r = 8 A could be found. This is distinctly
different from the van Hove self-correlations of fast ionic conductors such as LigPS;Cl
where strong peaks could be found after the initial jump® *. From the distinct-part, a
strong peak at r=0.8 A emerges after about 5 picoseconds. Such characteristics is

usually attributed to the strongly correlated motion of Na atoms. >

Section 2. Supplementary figures

Rotate30° perimage

_>—> o — —_— O
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Figure S1. The initial path of the anion rotation for BH, and B,,H,,”". For BH,, rotation
along the C; axis leads to the minimum rotated degrees (360°/3=120°) to coincide with
the initial structure. Since there are 3 intermediate images, the anion was rotated 30°
(120°/4) between each two images. For B,H,,”, this angle was 18°(360°/5/4).
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Figure S2. The electrostatic potential and the energy levels pf the slab model for LiBH,.
Due to the use of pseudo-potentials in the calculations, only the relative values are
meaningful. The inset shows the slab model where white, purple and pink balls
represent H, Li and B atoms.

(a) 1000 K (b) 1500 K

Figure S3. The trajectories of B from a 10 ps molecular dynamics simulation of CaB,,H,,
at (a) 1000 K and (b) 1500 K. The snapshots of B were taken every 10 fs.



Figure S4. The structure of the (a) ground-state Na,B,,H,, and the (b) anion rotated
Na,B,,H,,. The rotated anion is highlighted using the red dashed box. Yellow, pink and
white balls represent Na, B and H atoms respectively. Apart from the rotated anion,
other atoms were also displaced a little from the original place after the relaxation.
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Figure S5. The decomposition product of (a) NaBH, and (b) Na,B,H,, at different
voltages.
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Figure S6. Grand potential phase diagram of the Li-B-H systems at (a) ¢=0.22V, (b)
¢=032V, (c) ¢ =2.01V, and (d) ¢ =3.33 V. The voltages shown are selected voltages
where critical phases (LiBH, and Li,B,,H,,) become stable or unstable. For the Na-B-H
systems, the diagrams are shown in Figure S6.
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Figure S7. Grand potential phase diagram of Na-B-H systems at (a) ¢p=0V, (b) ¢=1.96
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where critical phases (NaBH, and Na,B,,H,,) start to become stable or unstable.

11




10 1
g (a) Ca-41r2G(r,t)
rA) ©
4
2
e
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Time(ps) Time(ps)
4
0
0 4
5 (f) Na-41r2Gy(r,t)
I A N
6 N Ll i\
4 Wi @ili“lt;hi‘.ﬁfu.f R '-"4'71'“.11".
2
i oy 1 1 N :
0 510 15 20 25 30 35 0 51015 20 25 30 35
Time(ps) Time(ps)

Figure S8. Transformed van Hove correlation of cations in borohydrides. (a), (c), and
(e) shows the self-part van Hove correlation of cations in CaB,,H,,, MgB,H,, and
Na,B,oH.o, respectively, whereas (b), (d), and (f) shows the distinct-parts.

Section 3. Supplementary tables

Table S1. Lattice parameters (A) and cell volume (A3) for orthorhombic LiBH,

Functional a b C volume
LDA 6.76 418 6.49 183.69
GGA-PBE 7.00 4.37 6.78 207.67
GGA-PBEsol  6.92 4.28 6.65 197.13
GGA-PPE+D3 6.86 4.27 6.60 193.50
Experimental 7.8 4.44 6.80 216.7
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Table S2. Energy above hull of stable and meta-stable phases of Li and Na

borohydrides
Cation Compositio Energy above Cation Compositio Energy above hull
n hull n (ev/atom)
(mev/atom)
Li LiBH, 0 Na NaBH, 0
Li,B,.H,, 0 Na,B,H,, 0
Li,BoHo 53 Na,BoHo 66
LiB;Hg 29 NaB,Hg 30
LiB,H, 28 Na,BsHs 72

Table S3 The additional structures calculated besides those existing in the MP

database.
System Compositio Reference Notes
n
Li-B-H  LiB;Hg Ohba et DFT predicted structure
(7 al., 2006
phases) 10
LiB,H,, mp-27590 Obtained by substituting all Cs atoms to Li
* atoms in CsByH,, (mp-978278)
LiB,,H, mp-27650 Obtained by substituting all Rb atoms to Li
atoms in RbB,,H, (mp-27650)
Li,B¢He mp-23950 Obtained by substituting all K atoms to Li
atoms in K,B¢Hg (mp-23950)
Li,BsHs Ohba et DFT predicted structure
al.,, 2006
16
Li,B,cH,o Wu et al., Obtained by rotating one of the B,,H,," in
2015 7 Li,B,.H,, (Wu et al., 2015 7)
Li,B,oHyo mp-77633 Obtained by substituting all Na atoms to Li
2 atoms in Na,B,,H,, (mp-776332)
Li,B,cH.o Wu et al,, Structure from neutron powder diffraction
2015 7 and DFT calculations.
Li,B,H,, Her et al. o-Li,B,H,, from powder X-ray diffraction
2008 and neutron powder diffraction
Li,B,.H,, mp-97827 Obtained by substituting all Na atoms to Li
8 atoms in Na,B,,H,, (mp-978278)
Li,B.H,, Her et al. Obtained by rotating one of the B,H,” in
2008 '® Li,B,H,, (Her et al. 2008 '®)
Li,B,sH,s Her et al. Obtained by removing one Li atom from the
2008 8 supercell of Li,B,,H,, (Her et al. 2008 18)
Li B,.H,, Wu et al., Obtained by removing one Li atom from the
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2015 7

supercell of Li,B,,H,, (Wu et al., 2015 )

Li,BsH,;, mp-30209 Obtained by removing one Li atom from the
supercell of LiBH, (mp-30209)
Na-B-H  NaB;Hg Ohba et Obtained by substituting all Li atoms to Na
(66 al., 2006 from LiB;Hg (Ohba etal. 16)
phases) 16
NaB,H,, mp-27590 Obtained by substituting all Cs atoms to Na
atoms in CsByH,, (mp-978278)
NaB,,H, mp-27650 Obtained by substituting all Rb atoms to Na
atoms in RbB,H, (mp-27650)
Na,BesHe mp-23950 Obtained by substituting all K atoms to Na
atoms in K,B¢Hs (mp-23950)
Na,B,.H,, mp-77633 Obtained by rotating one of the B,,H,,” in
2 Na,B,,H,, (mP‘776332)
Na,B,,H,o Wu et al,, Obtained by substituting all Li atoms to Na
2015 7 in Li,B,.H,, (Wu et al., 2015 7)
Na,B,.H,, Her et al. Obtained by substituting all Li atoms to Na
2008 8 atoms in o-Li,B,H,, (Her et al. 2008 ')
Na,B,.H,, mp-97827 Obtained by rotating one of the B,H,,” in
8 NaZBIZHIZ (mP‘978278)
Na,B,sH,s mp-97827 Obtained by removing one Li atom from the
8 supercell of Na,B,,H,, (mp-978278)
Na,B,.H,o mp-77633 Obtained by removing one Li atom from the
2 supercell of Na,B,,H,, (mp-776332)
Na,BsH;, mp-38725 Obtained by removing one Li atom from the
supercell of NaBH, (mp-38725)
Mg-B-H MgB,,H,, Ozolins et Crystalline MgB,.H,, phase using
(56 al.,, 2008 theoretically predicted PEGS algorithm.
phases) "
MgB,.H,, Ozolins et Obtained by rotating one of the B,H,,* in
al., 2008 MgB,,H,, (Ozolins et al., 2008 )
19
MgB,,H,, Ozolins et Obtained by substitute all Ca atoms to Mg
al.,, 2008 in predicted crystalline CaB,,H,,.
19
MgB,.H,o mp-77633 Obtained by removing half of the Na atoms
2 from Na,B,,H,, (mp-776332) and substitute
the rest to Mg.
Mg,BysHgs ~ Ozolinset Obtained by removing one Ca atom from
al.,, 2008 the supercell of MgB,,H,,
19
Mg,BsHs,  mp-571156 Obtained by removing one Mg atom from
the supercell of Mg(BH,), (mp-776332)
Ca-B-H  CaB,H, Ozolins et Crystalline CaB,H,,  phase using
(58 al,, 2008 theoretically predicted PEGS algorithm.
phases) 19 (Ozolins et al., 2008 )
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CaB,H,, Ozolins et Obtained by rotating one of the B,H,” in
al., 2008 CaB,H,, (Ozolins etal., 2008 '°)
19

CaB,H,, Ozolins et Obtained by substitute all Mg atoms to Ca
al., 2008 in predicted crystalline MgB,H,,. (Ozolins
19 etal., 2008 ')

CaB,,H,, mp-77633 Obtained by removing half of the Na atoms
2 from Na,B,,H,, (mp-776332) and substitute

the rest to Ca.

Ca,BysHge Ozolins et Obtained by removing one Ca atom from
al., 2008 the supercell of CaB,H,, (Ozolins et al.,
19 2008 )

Ca,B,cHg, mp-9665 Obtained by removing one Ca atom from
o1 the supercell of Ca(BH,), (mp-966591)

‘ kA kAA

mp

Table S4. Elastic modulus in GPa

refers to the object ID in the Materials Project database.

Materials VRH shear VRH VRH VRH Reference

modulus shear Bulk Bulk

this work modulus  Modulus Modulus

from MP  this from MP
work

Li 4.02 4.60 14.02 13.67 mp-135*
LiBH, 5.12 6.03 14.78 16.03 mp-30209
Li,BoHo  9.39 - 17.27 - -
Li,B,H,, 9.15 - 17.10 - -
Na 3.62 3.59 8.90 8.87 mp-10172
NaBH, 9.24 10.27 16.27 19.27 mp-38725
Na,BsHg 10.77 - 19.80 - -
Na,B,.H, 3.93 - 10.26 - mp-776332
Na,B,H,, 5.31 - 10.52 - mp-978278
‘mp-*****" refers to the object ID in the Materials Project database.

Table Ss. Formation energies of cation vacancies

System Material Vacancy System Material ~ Vacancy
formation energy formation
from phase energy from
equilibria/ cation phase
extraction (eV) equilibria/
cation
extraction (eV)
Li-B-H LiBH, 0.33/0.59 Na-B-H NaBH, 0.32/0.56
Li,B,H., 0.4/0.56 Na,B,H,, o0.6/0.57
Li,B,,H,, 0.62/0.65 Na,B,,H,, 0.56/0.57
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Ca-B- Ca(BH,), o0.73/1.21 Mg-B-H Mg(BH,), 0.74/1.02
H CaB,H,, 0.30/11 MgB,H,, 0.62/1.18
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