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Theory and Simulation of Materials, École Polytechnique Fédérale de Lausanne, Station 12, 1015 Lausanne, Switzerland
3
Institute of Engineering Physics, Hanoi University of Science and Technology, 1 Dai Co Viet Road, Hanoi, Vietnam
4
Department of Physics, University of South Florida, 4202 E. Fowler Ave., Tampa, Florida 33620, USA
(Received 15 April 2013; published 12 July 2013)
We study the thermodynamic stability at low temperatures of a series of alkali-metal–zinc double-cation
borohydrides, including LiZn(BH4 )3 , LiZn2 (BH4 )5 , NaZn(BH4 )3 , NaZn2 (BH4 )5 , KZn(BH4 )3 , and KZn2 (BH4 )5 .
While LiZn2 (BH4 )5 , NaZn(BH4 )3 , NaZn2 (BH4 )5 , and KZn(BH4 )3 were recently synthesized, LiZn(BH4 )3 and
KZn2 (BH4 )5 are hypothetical compounds. Using the minima-hopping method, we discover two new lowestenergy structures for NaZn(BH4 )3 and KZn2 (BH4 )5 which belong to the C2/c and P 2 space groups, respectively.
These structures are predicted to be both thermodynamically stable and dynamically stable, implying that their
existence may be possible. On the other hand, we predict that the lowest-energy P 1 structure of LiZn(BH4 )3 is
unstable, suggesting a possible reason elucidating why this compound has not been experimentally identified. In
exploring the low-energy structures of these compounds, we find that their energetic ordering is sensitive to the
inclusion of the van der Waals interactions. We also find that a proper treatment of these interactions, e.g., as
given by a nonlocal density functional such as vdW-DF2, is necessary to address the stability of the low-energy
structures of these compounds.
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I. INTRODUCTION

Hydrogen is a promising alternative to fossil fuels as it can
provide a high density of clean energy. To use hydrogen as a
fuel, a safe and efficient storage method is crucial, especially
for mobile applications. Many solid-state materials, including
complex borohydrides M(BH4 )m , have been studied for the
hydrogen-storage purpose (here M is a metal of valence m).1–5
However, none of these compounds currently meets all of
the requirements for a hydrogen-storage system, including the
operation temperature of less than 100 ◦ C and the minimum
hydrogen charging/discharging rate of 1.2 kg per minute.6
In particular, the kinetics of alkaline-earth metal borohydrides
M(BH4 )2 is generally too slow, taking hours to fully release the
hydrogen density stored.7 Alkali-metal borohydrides MBH4 ,
on the other hand, are thermodynamically too stable, e.g.,
LiBH4 starts releasing hydrogen at about 400 ◦ C.5 Attempts
to improve their performances, e.g., by using additives, by
partial substitutions, or by subjecting them to confinement at
the nanoscale, have been met by limited success.8
A large number of double-cation borohydrides
Mi Nj (BH4 )mi+nj were recently synthesized and proposed
as candidates for hydrogen-storage materials (N is also a
metal of valence n). Several examples of such compounds
include Li/K borohydrides,9 Li/Ca borohydrides,10 Li/Sc
borohydrides,11 Na/Sc borohydrides,12 K/Sc borohydrides,13
Na/Al borohydrides,14 K/Mn and K/Mg borohydrides,15 K/Y
borohydrides,16 Li/Zn and Na/Zn borohydrides,17–19 and K/Zn
borohydrides.20 The hydrogen capacities of these compounds
(8–14 wt. %) are comparable with that of Li4 BN3 H10
(11.1 wt. %), a hydrogen-rich quaternary compound,21,22 and
are relatively higher than the US Department of Energy target
(5.5 wt. %).6 In addition, these double-cation borohydrides
were suggested to have decomposition temperatures lying
somewhere between those of the constituent single-cation
1098-0121/2013/88(2)/024108(9)

borohydrides.4,9,12,15,17,19,20 Such a compelling feature would
allow for the adjustment of the decomposition temperature
by selecting an appropriate cation combination. Theoretical
studies on these newly developed crystalline compounds were
subsequently carried out.15,23–27
Of our particular interest here is a series of six Li/Zn, Na/Zn,
and K/Zn double-cation borohydrides. Four compounds in
this series, e.g., LiZn2 (BH4 )5 , NaZn(BH4 )3 , NaZn2 (BH4 )5 ,
and KZn(BH4 )3 were experimentally synthesized and their
low-energy structures were resolved.17–20 At ambient conditions, LiZn2 (BH4 )5 crystallizes in an orthorhombic Cmca
(no. 64) phase as first determined by powder x-ray diffraction (XRD) analysis17 and then refined by powder neutron
diffraction, Raman, and NMR spectroscopy.18,19 NaZn(BH4 )3
and NaZn2 (BH4 )5 were found to be in two phases which both
belong to the monoclinic P 21 /c space group (no. 14).17,18 At
100 K, KZn(BH4 )3 was determined to crystallize in a rhombohedral R3 phase (no. 146).20 The other two borohydrides of
the series, e.g., LiZn(BH4 )3 and KZn2 (BH4 )5 , are hypothetical
compounds. While both of them have not experimentally been
observed yet, a P 21 /c phase (no. 14) and a P 1 (no. 1) phase of
LiZn(BH4 )3 were theoretically proposed in Refs. 18 and 23,
respectively. No information on KZn2 (BH4 )5 is available in
the literature.
Some of the structural phases experimentally resolved for
these compounds were recently predicted to be thermodynamically unstable at 0 K by ab initio calculations in which
the vibrational energies were neglected.23 In particular, the
unrefined Cmca phase of LiZn2 (BH4 )5 proposed by Ref. 17 is
unstable with respect to the decomposition into Zn(BH4 )2 and
the P 1 phase of LiZn(BH4 )3 . Furthermore, the P 21 /c phase
of NaZn(BH4 )3 is unstable with respect to the decomposition
into NaBH4 + Zn(BH4 )2 . However, because the refined Cmca
structure of LiZn2 (BH4 )5 was then noted23 to be lower in
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energy than the unrefined Cmca structure which was used
to predict the stability of the Li/Zn borohydrides, two of the
theoretical predictions of Ref. 23 related to these compounds
have to be revisited. The first one is that LiZn2 (BH4 )5 is
unstable, and the second one is that the P 1 structure of the
hypothetical borohydride LiZn(BH4 )3 is stable. In addition,
the recent proposal of the P 1 phase of NaZn(BH4 )3 , which
was theoretically predicted23 to be thermodynamically more
stable than the experimentally synthesized P 21 /c phase,17
suggests that unexplored low-energy structures of the Li/Zn
and Na/Zn borohydrides may exist. Finally, as KZn(BH4 )3
was synthesized very recently,20 it is worth exploring the
(additional) possible low-energy structures of KZn(BH4 )3 and
its hypothetical related compounds, e.g., KZn2 (BH4 )5 .
In this work, we report a first-principles study on the
thermodynamic stability of the series of Li/Zn, Na/Zn, and
K/Zn double-cation borohydrides. By using the experimental
data to validate the calculated results, we find that van der
Waals (vdW) interactions have to be properly treated using the
vdW density-functional theory.28–31 To discuss the stability of
these compounds, we use the minima-hopping method32,33
to extensively explore the low-energy structures of these
compounds. By determining the vibrational free energy from
the phonon frequency spectra obtained for the examined
structures, we study the thermodynamic stability of these
compounds at finite temperatures.

To test our computational scheme, we optimized the
experimentally reported structures of LiZn2 (BH4 )5 ,17–19
NaZn(BH4 )3 ,17,18 NaZn2 (BH4 )5 ,17,18 KZn(BH4 )3 ,20 LiBH4 ,44
NaBH4 ,45 and KBH4 .46,47 Three conventional exchangecorrelation functionals, i.e., Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA),48 PBEsol GGA,49
and local density approximation (LDA), were used. Because
the vdW interactions were recently pointed out50 to play
an important role in determining the stability of magnesium
borohydride Mg(BH4 )2 at low energies, we also tested our
computational scheme with three vdW implementations in
VASP, i.e., the DFT-D2 method of Grimme,51 the DFT-TS
method of Tkatchenko-Scheffler,52 and the modified LangrethLundqvist nonlocal density functional (vdW-DF2).28–31 Aside
from the lattice parameters, we examined the relative volume
change V ≡ [V (t) − V (e) ]/V (e) where V (t) and V (e) are the
volumes of the theoretically and experimentally determined
unit cells. With GGA, V follows a t location-scale distribution with the median at V = 3.2%, indicating the tendency
of GGA to overestimate the unit-cell volume.53
The optimized structures are summarized in the Supplemental Material54 and in Table I. With PBE, the volume changes V obtained for LiBH4 , NaBH4 , KBH4 , and
LiZn2 (BH4 )5 are reasonable. For the other compounds, V (t)
are considerably larger than V (e) so that V is as high as
16%. Being consistent with the results reported in Ref. 23,
the lattice parameter b calculated for the P 21 /c structure of
NaZn(BH4 )3 is about 15% larger than the experimental data.
In addition, the lattice parameters a of NaZn2 (BH4 )5 and c
of KZn(BH4 )3 are overestimated by about 10%. On the other
hand, V (t) are significantly smaller than V (e) for all of the
compounds when LDA is used. Two methods for evaluating the
vdW interactions, i.e., DFT-D2 and DFT-TS, also consistently
underestimate the lattice parameters, resulting in considerably
large values of V , which can exceed −20% in some cases.
More reasonable results for V (t) were obtained from
the calculations using PBEsol and vdW-DF2. With PBEsol,
V obtained for the P 21 /c structures of NaZn(BH4 )3 and
NaZn2 (BH4 )5 are small, while the unit cell of the R3 structure
of KZn(BH4 )3 is expanded with a considerable volume change
V = 5.7%. For other compounds, PBEsol underestimates
the unit-cell volumes by up to 7.6%. The agreement between
V (e) and V (t) optimized with vdW-DF2 is generally better.
A detailed comparison between the examined structures

II. METHODS

First-principles calculations reported in this work were
performed with Vienna ab initio simulation package34–37
(VASP) at the density-functional theory38,39 (DFT) level,
employing the projected augmented wave formalism.40 The
valence electron configurations of Zn, B, Li, Na, and K used
for our calculations are 3d 10 4s 2 , 2s 2 2p1 , 1s 2 2s 1 , 2s 2 2p6 3s 1 ,
and 3s 2 3p6 4s 1 , respectively. The convergence of the DFT total
energies was ensured by a Monkhorst-Pack k-point mesh41
from 5 × 5 × 5 to 9 × 9 × 9, depending on the simulation
cell sizes, for sampling the Brillouin zone and a kinetic
energy plane-wave cutoff of 900 eV. Atomic and cell variables
were simultaneously relaxed until the residual forces were
smaller than 0.01 eV/Å. The space groups of the examined
structures were determined by FINDSYM42 while some figures
were prepared by VESTA.43

TABLE I. Geometrical parameters (lattice parameters a, b, and c in Angstroms, angle β in degrees, and volume difference V in percents)
obtained by computationally optimizing the experimentally reported low-energy structures of the examined compounds and several related
compounds. References are given for the experimental data, which are presented for the comparison purpose.
Calculations with PBE
Compound
LiZn2 (BH4 )5
NaZn(BH4 )3
NaZn2 (BH4 )5
KZn(BH4 )3
LiBH4
NaBH4
KBH4

Space group
Cmca
P 21 /c
P 21 /c
R3
P nma
P 42 /nmc
P 42 /nmc

a

b

c

β

Calculations with vdW-DF2
V

a

8.63 18.03 15.43 90
2.0
8.02 5.38 18.57 101.5 14.3
10.45 16.19 9.06 112.4
6.4
7.80 7.80 12.24 90
16.5
7.30 4.39 6.60 90
−2.4
4.34 4.34 5.88 90
0.6
4.76 4.76 6.68 90
3.8

b

8.71 17.50
8.83 4.62
8.69 17.12
7.65 7.65
6.90 4.50
4.35 4.35
4.72 4.72
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c

β

V

Experiments
a

b

15.67 90
0.5 8.59 17.86
16.89 99.8 −1.2 8.27 4.52
9.34 111.5 −1.7 9.40 16.64
11.80 90
8.1 7.63 7.63
6.72 90 −3.7 7.18 4.44
5.85 90
0.6 4.33 4.33
6.60 90
0.9 4.70 4.70

c

β

15.35 90
18.76 101.7
9.14 112.7
10.98 90
6.80 90
5.87 90
6.60 90

Ref.
19
17
17
20
44
45
46
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vdW
PBE
PBE
, F0PBE
TABLE II. Summary of the available structures of alkali-metal–zinc double-cation borohydrides. EDFT
K , F100K , and EDFT , given
vdW
PBE
, F0 K , F100 K , and EDFT
, respectively. These structures are indicated by
in kJ/mol cation, are the energies of formation determined from EDFT
their space groups. Densities ρ are given in g/cm3 . References are shown for structures not originating from this work.

Compounds

Space group (no.)

ρ(g/cm3 )

PBE
EDFT

F0PBE
K

PBE
F100
K

vdW
EDFT

References

LiZn(BH4 )3
LiZn2 (BH4 )5

P 1 (1)
Cmca (64)
I 4m2 (119)
P 21 /c (14)
P 1 (1)
C2/c (15)
P 21 /c (14)
I 4m2 (119)
R3 (146)
P 63 /m (176)
P 2 (3)

0.80
1.18
0.57
1.28
0.91
1.00
1.15
0.54
1.15
1.05
1.09

−6.70
−10.14
−11.70
−6.55
−7.83
−10.90
−12.08
−11.87
−7.31
−11.08
−8.84

−6.89
−10.67
−12.96
−8.43
−9.25
−11.76
−13.91
−13.58
−9.28
−12.60
−10.75

−7.45
−10.61
−13.59
−8.74
−9.92
−12.05
−14.58
−14.87
−10.21
−13.32
−11.39

−3.93
−18.83
0.03
−5.50
−4.50
−9.39
−11.50
3.16
−9.16
−4.95
−11.05

23
18, 19

NaZn(BH4 )3

NaZn2 (BH4 )5
KZn(BH4 )3
KZn2 (BH4 )5

optimized by PBEsol and vdW-DF2 is given in Table II of
the Supplemental Material.54 Although V obtained with
PBEsol for the experimental P 21 /c structure of NaZn2 (BH4 )5
is small (−0.7%), the optimized unit cell is strongly distorted.
Compared to the experimental data, a and c are underestimated
by 13.8% and 5.9%, respectively, while b is overestimated by
23.5%. Smaller distortions can also be observed in several
other structures optimized with PBEsol. Nevertheless, with
vdW-DF2, the distortions of the optimized structures are
generally smaller. Table I also shows that the results obtained
with vdW-DF2 are much closer to the experimental data than
those obtained with PBE.
To confirm the role of vdW-DF2 in bringing the optimized
structures closer to the experimentally measured data, we have
optimized the experimental structures examined in Table I
by using the PWSCF code of the QUANTUM ESPRESSO
distribution.55 In the calculations, we used the rPW86
pseudopotentials56,57 of the PsLibrary at an energy cutoff of
1100 eV and the vdW-DF2 density functional for the vdW
interactions. The lattice parameters of the optimized structures
are shown in Table III of the Supplemental Material,54 clearly
demonstrating that the results obtained from calculations by
QUANTUM ESPRESSO and VASP are in good agreement. These
observations indicate that the long-ranged vdW interactions in
the examined compounds are well captured by the nonlocal
vdW-DF2 functional. Therefore, in addition to the DFT
vdW
PBE
energies EDFT
at the PBE level, we also calculated EDFT
, the
DFT energies with vdW corrections obtained with vdW-DF2.
It is worth noting that the lattice parameters shown in
Table I were calculated at 0 K and compared with the
experimental data measured at various finite temperatures.
Therefore, some discrepancies between the theoretical results
and the corresponding experimental values observed in Table I
may partially be related to the thermal expansion of the
examined compounds. To calculate the thermal expansion
coefficient of a given crystalline compound, one has to go
beyond the harmonic approximation assumed in this work. For
such a purpose, the quasiharmonic approximation, described
elsewhere,58,59 is an approach for calculating such a quantity.
Unconstrained searches for low-energy structures of the
examined compounds were performed by the minima-hopping
method (MHM).32,33 In this method, the DFT energy land-

17
23
19
20

scapes are explored by consecutive short molecular dynamics
steps followed by local geometry relaxations. The initial
velocities for the molecular dynamics runs are chosen approximately along soft mode directions, allowing efficient escapes
from local minima, and aiming towards the global minimum.
This method was successfully applied in a wide range of
material structure predictions.60–69 It is worth to note that there
are compounds, e.g., Li2 NH,70 of which the experimentally
synthesized structure is different from that predicted by DFT.
Therefore, the low-energy structures predicted by a theoretical
method such as MHM need validations by experiments. In
fact, some of the theoretical predictions by MHM on neutral Si
clusters and fourfold defects in silicon were recently confirmed
by experiments.71,72
Phonon frequency spectra of the examined structures
were calculated with the PBE functional using the PHONOPY
package.73,74 Given a sufficiently large relaxed super cell,
finite atomic displacements with an amplitude of 0.01 Å were
introduced. The atomic forces within the super cells were
calculated with VASP and the phonon frequencies were then
calculated from the dynamical matrix, given in terms of the
force constants.74 The longitudinal optical/transverse optical
splitting was not considered because its effects were reported
to be negligible for a wide variety of hydrides.75,76
For a double-cation borohydride, we computed the formation energy to examine if it is stable with respect to the
decomposition into the corresponding single-cation borohydrides and related compounds. As an example, the formation
energy FT at a given temperature T of LiZn2 (BH4 )5 was
determined by
FT = FT [LiZn2 (BH4 )5 ]
− {(1 − x)FT [LiBH4 ] + xFT [Zn(BH4 )2 ]}, (1)
where x = 23 is the Zn cation composition of LiZn2 (BH4 )5 .
Here, FT [LiZn2 (BH4 )5 ], FT [LiBH4 ], and FT [Zn(BH4 )2 ] are
the Helmholtz free energies (including the vibrational energies) at the temperature T of one formula unit of LiZn2 (BH4 )5 ,
LiBH4 , and Zn(BH4 )2 , respectively. The examined structure
of LiZn2 (BH4 )5 is stable if FT is negative; otherwise, it
would decompose into LiBH4 and Zn(BH4 )2 . At a finite
temperature T , the vibrational free energies were determined
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within the harmonic approximation from the phonon frequency
spectra of the examined structures. Using Eq. (1), we also
vdW
PBE
computed the formation energies EDFT
and EDFT
from the
vdW
PBE
DFT energies EDFT and EDFT . To determine the formation
energies according to Eq. (1), we used the I 41 22 phase
(no. 98) of Zn(BH4 )2 ,23,68,77,78 the P nma phase (no. 62) of
LiBH4 ,44 and the P 42 /nmc phase (no. 137) of both NaBH4
and KBH4 .45–47,79
III. LOW-TEMPERATURE STRUCTURES OF
ALKALI-METAL–ZINC DOUBLE-CATION
BOROHYDRIDES

We searched for low-energy structures of LiZn(BH4 )3 ,
NaZn(BH4 )3 , KZn(BH4 )3 , LiZn2 (BH4 )5 , NaZn2 (BH4 )5 , and
KZn2 (BH4 )5 by using the minima-hopping method. For the
first three compounds, we searched for 1 f.u. (17 atoms) and
2 f.u. (34 atoms) in a cell, while for the last three compounds,
searches were performed with 1 f.u. (28 atoms) in a cell.
Starting from random input structures, we discovered a large
number of new low-energy structures for these compounds.
Additional searches were also carried out by relaxing several
lowest-energy structures predicted for each compound after
replacing their cations by the cations of other appropriate
species. Our MHM runs were performed with the PBE
functional.
We show in Table II the densities and the formation
energies, determined with PBE and vdW-DF2, of all the
lowest-energy structures predicted together with those already
PBE
reported in the literature. We note that our results of EDFT
for
the P 1 phase of LiZn(BH4 )3 and the for the unrefined Cmca
phase of LiZn2 (BH4 )5 are consistent with those reported by
Ref. 23. The crystallographic information of all the structures
reported in this work can be found in the Supplemental
Material.54 Simulated XRD patterns performed by FULLPROF80
and phonon densities of states calculated for all the new
structures are also shown in the Supplemental Material,
indicating that they are dynamically stable and are different
from those which can be located in the literature.
A. Lithium/zinc borohydrides

We optimized the refined Cmca structure of LiZn2 (BH4 )5
and found that this structure is thermodynamically more stable
than the unrefined Cmca structure by 7.8 kJ/mol cation.
Additionally, from the MHM searches for LiZn2 (BH4 )5 , we
discovered a new tetragonal I 4m2 structure (no. 119), which
is more stable than the refined Cmca structure by 1.5 kJ/mol
cation. Further calculations with the PBE functional indicated
that I 4m2 is the thermodynamically most stable structure
of LiZn2 (BH4 )5 at temperatures up to 100 K (see Table II).
While the Cmca structure consists of two identical
inter-penetrated three-dimensional (3D) frameworks,17–19 the
I 4m2 structure consists of one of them with differences in
the sequence of Zn atoms and Li atoms. Therefore, it is not
surprising that the I 4m2 structure has a very low density
with ρ = 0.57 g × cm−3 , about one half of the density ρ =
1.18 g × cm−3 of the Cmca structure. An illustration for the
Cmca and I 4m2 structures is given in Fig. 1, clearly showing
the differences in geometry and in density between them.

FIG. 1. (Color online) Cmca (left) and I 4m2 (right) phases of
LiZn2 (BH4 )5 . Lithium and zinc atoms are shown by green and gray
spheres while [BH4 ]− complex anions are shown by green tetrahedra.
Zn-Zn interlinked “bonds” are used as guides for the eyes.

For the hypothetical compound LiZn(BH4 )3 , we optimized
the P 21 /c and P 1 structures which were theoretically proposed in Refs. 18 and 23, respectively. We found that for
PBE
the P 1 structure, EDFT
 −6.7 kJ/mol cation while for
PBE
 19 kJ/mol cation. The positive
the P 21 /c structure, EDFT
formation energy of the P 21 /c structure hints that this structure
is unstable and is an incorrect structural model.81 On the
other hand, P 1 is the lowest-energy structure of LiZn(BH4 )3 ,
as also confirmed by the MHM runs we performed for this
hypothetical compound.
We then examined the thermodynamic stability of the P 1
structure of LiZn(BH4 )3 and the Cmca and the I 4m2 structures of LiZn2 (BH4 )5 based on the convex hull constructed
from the formation energies of the thermodynamically most
stable structures calculated at 0 and 100 K with the PBE functional. Figure 2(a) shows that in agreement with the prediction
of Ref. 23, the unrefined Cmca phase is unstable with respect
to the decomposition into LiZn(BH4 )3 and Zn(BH4 )2 . Because
the refined Cmca and I 4m2 structures of LiZn2 (BH4 )5 are
much lower in energy than the unrefined Cmca phase, they
remain thermodynamically stable at temperatures up to 100 K
[see Figs. 2(a)–2(c)]. The P 1 structure of the hypothetical
compound LiZn(BH4 )3 , on the other hand, is always unstable
and would decompose into LiBH4 and LiZn2 (BH4 )5 within
this temperature range.
Figures 2(a)–2(c) demonstrate that at temperatures up to
100 K, lattice vibrations have essentially no effect on the
energetic ordering. Therefore, it is expected that the formation
vdW
vdW
energy EDFT
determined from EDFT
can be used to establish
more accurately the stability of these structures. Figure 2(d)
shows that by considering the vdW interactions, the energetic
ordering of the I 4m2 and the Cmca phases of LiZn2 (BH4 )5
was reverted. In particular, the Cmca phase is thermodynamically more stable than the I 4m2 phase by 18 kJ/mol cation
while the P 1 phase of LiZn(BH4 )3 is, again, unstable and
would decompose into LiBH4 and LiZn2 (BH4 )5 . Together with
the fact that attempts to experimentally identify LiZn(BH4 )3
have failed,17,18 Fig. 2 may be viewed as a supporting evidence
of the hypothesis that LiZn(BH4 )3 is actually unstable.
We suggest that the significant role of the vdW interactions
in determining the energetic ordering of the Cmca and the
I 4m2 structures can be traced back to the difference in the
number of 3D frameworks between them. Because there are
no bonds between the two 3D frameworks of the Cmca
structure,17–19 while the I 4m2 structure has only one 3D
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Zn(BH4)2

0
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ΔEDFT
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•
♦

−12

I−4m2

T=0K

(a)

0

ΔF0K

PBE

−3
P1

−6

FIG. 3. (Color online) Two low-energy structures of
NaZn(BH4 )3 : P 21 /c (left) and C2/c (right). Sodium and zinc
and atoms are shown by yellow and gray spheres while [BH4 ]−
complex anions are shown by green tetrahedra.

♦

−9

Cmca

•
♦

−12
T=0K

−15

(b)

I−4m2

0
−6

PBE

ΔF100K

−3
P1

♦

−9

Cmca

•
♦

−12
−15

T=100K

0

ΔEvdW
DFT

(c)

I−4m2

♦

P1

I−4m2

♦

−5

−10
−15

Cmca

−20

•

T=0K

0

0.2

0.4

0.6

(d)
0.8

1.0

Zn composition
PBE
FIG. 2. (Color online) Formation energies EDFT
, F0PBE
K ,
vdW
PBE
F100 K , and EDFT (in units of kJ/mol cation) of Li/Zn doublecation borohydrides shown vs x, the Zn composition of the compounds. For LiZn(BH4 )3 , x = 12 , while for LiZn2 (BH4 )5 , x = 23 .
The structures studied are indicated by symbols with the space
groups nearby. Diamonds/circles are used for theoretically predicted/
experimentally reported phases. Open circle represents the unrefined
Cmca structure of LiZn2 (BH4 )5 . Constructed from the thermodynamically most stable structures, the red solid lines form a convex
hull, above which all structures are unstable.

framework, they are almost similar in their energies at the
PBE level. However, in the vdW-DF2 calculations, longranged interactions between the two frameworks of the Cmca
structure can be captured, lowering the energy compared
to that of the I 4m2 structure. This behavior is similar to
that reported by Ref. 50 where it was argued that the PBE
functional artificially stabilizes structures of Mg(BH4 )2 with
unusually low densities, and a treatment within nonlocal
density functionals such as vdW-DF would be a solution to the
problem. In this work, we show that to access the stability of
LiZn2 (BH4 )5 at low temperatures, it is obviously desirable to
properly incorporate the vdW interactions by using a nonlocal
density functional such as vdW-DF2.

which is lower than the P 1 structure by 3 kJ/mol cation.
Our further results calculated with the PBE functional indicate
that C2/c is the thermodynamically most stable structure
at temperatures up to 100 K. The C2/c phase, of which
the density is ρ = 1.00 g × cm−3 , is slightly lighter than the
P 21 /c phase with ρ = 1.28 g × cm−3 . As an illustration, the
geometries of the P 21 /c and C2/c phases are shown in Fig. 3.
NaZn2 (BH4 )5 was experimentally determined17 to crystallize in a P 21 /c phase. The lowest-energy structure we
discovered by the MHM runs for NaZn2 (BH4 )5 belongs to the
I 4m2 space group, which is thermodynamically less stable
by just 0.2 kJ/mol cation than the P 21 /c phase. The I 4m2
structure for NaZn2 (BH4 )5 can also be obtained by relaxing
the I 4m2 structure of LiZn2 (BH4 )5 after replacing the Li
cations by Na cations. Similar to the case of LiZn2 (BH4 )5 ,
the I 4m2 consists of one 3D framework while the P 21 /c
structure is composed of two interpenetrated frameworks.17
The I 4m2 structure is therefore a low-density phase with the
density ρ = 0.54 g × cm−3 , roughly one-half of the density
ρ = 1.15 g × cm−3 of the P 21 /c structure. A geometrical
illustration for the P 21 /c and I 4m2 phases of NaZn2 (BH4 )2
is given in Fig. 4.
Based on the formation energies, the thermodynamic
stability of the structures reported for both NaZn(BH4 )3 and
NaZn2 (BH4 )5 was examined and presented in Fig. 5. With the
PBE functional, the P 21 /c and I 4m2 phases of NaZn2 (BH4 )5
are almost degenerate, being the two lowest-energy structures
of this compound. For NaZn(BH4 )3 , C2/c is the lowest-energy
structure. Unlike Ref. 23, the formation energy of the P 21 /c
phase of NaZn(BH4 )3 is always negative, indicating that this
phase is stable and would not decompose into NaBH4 and

B. Sodium/zinc borohydrides

For NaZn(BH4 )3 , the experimentally observed P 21 /c structure was theoretically predicted23 to be thermodynamically
unstable at 0 K. A new P 1 structure was then proposed23 to be
lower in energy than the P 21 /c structure. Using the MHM,
we discovered a new monoclinic C2/c structure (no. 15),

FIG. 4. (Color online) Two low-energy phases of NaZn2 (BH4 )5 :
P 21 /c (left) and I 4m2 (right). Sodium and zinc and atoms are shown
by yellow and gray spheres while [BH4 ]− complex anions are shown
by green tetrahedra.
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FIG. 6. (Color online) Two low-temperature phases of
KZn(BH4 )3 , the R3 phase (left) and P 63 /m phase (right). Potassium
and zinc atoms are shown by purple and gray spheres while green
tetrahedra represent the [BH4 ]− anions.
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C. Potassium/zinc borohydrides
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FIG. 5. (Color online) Formation energies EDFT
, F0PBE
K ,
vdW
PBE
F100 K , and EDFT (in units of kJ/mol cation) of Na/Zn doublecation borohydrides at 0 and 100 K shown vs Zn composition
x. The structures studied are indicated by symbols with the
space groups nearby. Diamonds/circles are used for theoretically
predicted/experimentally reported phases. Constructed from the
thermodynamically most stable structures, the red solid lines form
a convex hull, above which all structures are unstable.

Zn(BH4 )2 . In addition, both the P 21 /c and P 1 structures were
found to be unstable with respect to the decomposition into
NaBH4 and NaZn2 (BH4 )5 . The C2/c phase, on the other hand,
was found to be stable.
Similar to the case of Li/Zn borohydrides, the vdW interactions captured by vdW-DF2 calculations play an important
role as it lifts the “degeneracy” of the P 21 /c and the I 4m2
structures of NaZn2 (BH4 )5 . In particular, the formation energy
of the I 4m2 structure is slightly positive while P 21 /c is
the thermodynamically most stable structure with a strongly
negative formation energy. To explain this behavior, we note
that the I 4m2 structure consists of one 3D framework while
the P 21 /c structure is composed of two inter-penetrated
frameworks that are not linked by bonds. The vdW interactions
also revert the energetic ordering of the P 21 /c and the P 1
structures of NaZn(BH4 )3 . Moreover, the C2/c phase is again
the lowest-energy structure of NaZn(BH4 )3 and is stable with
respect to the decomposition into NaBH4 and NaZn2 (BH4 )5 .
This result shows that from the theoretical point of view, the
existence of the C2/c phase of NaZn(BH4 )3 is possible.

At 100 K, the experimentally synthesized crystalline
KZn(BH4 )3 sample was determined20 to be in a rhombohedral
R3 phase. A related compound, KZn2 (BH_4)5 , on the other
hand, has not been experimentally identified. Therefore, it
would be interesting to explore, in a similar manner to
the analysis performed for LiZn(BH4 )3 , if this hypothetical
compound is stable or not. Our MHM runs for KZn(BH4 )3
predicted a hexagonal P 63 /m structure (no. 176) to be lowest
PBE
in the DFT energy with the PBE functional EDFT
. Compared
to the R3 structure, the P 63 /m structure is thermodynamically
more stable by 3.5 kJ/mol cation. The density of the P 63 /m
structure is ρ = 1.05 g × cm−3 , slightly smaller than that of
the R3 structure with ρ = 1.15 g × cm−3 . For KZn2 (BH4 )5 ,
a monoclinic P 2 structure (no. 3) with ρ = 1.09 g × cm−3
PBE
was predicted to be quite low in the DFT energy EDFT
(see
Table II). The geometries of the P 63 /m and R3 structures for
KZn(BH4 )3 are shown in Fig. 6, while the geometry of the P 2
structure of KZn2 (BH4 )5 is shown in Fig. 7.
The thermodynamic stability of the R3 and P 63 /m
structures of KZn(BH4 )3 and the P 2 structure of KZn2 (BH4 )5
was examined and the results are shown in Fig. 8. With the
PBE functional, the energies of formation of these structures
were determined to be all negative at 0 and 100 K, implying
that they are stable and would not decompose into KBH4
and Zn(BH4 )2 [see Figs. 8(a)–8(c)]. Both the R3 and the
P 63 /m structures of KZn(BH4 )3 are located below the line
connecting KBH4 and the P 2 phase of KZn2 (BH4 )5 , thus they
are also stable with respect to the decomposition into KBH4
and KZn2 (BH4 )5 . Similarly, the P 2 phase of KZn2 (BH4 )5

FIG. 7. (Color online) The predicted P 2 structure of
KZn2 (BH4 )5 . Potassium and zinc atoms are shown by purple and
gray spheres while green tetrahedra represent the [BH4 ]− anions.
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FIG. 8. (Color online) Formation energies EDFT
, F0PBE
K ,
vdW
PBE
F100 K , and EDFT (in units of kJ/mol cation) of K/Zn double-cation
borohydrides at 0 and 100 K shown vs Zn composition x. The structures studied are indicated by symbols with the space groups nearby.
Diamonds/circles are used for theoretically predicted/experimentally
reported phases. Constructed from the thermodynamically most
stable structures, the red solid lines form a convex hull, above which
all structures are unstable.

is stable and would not decompose into KZn(BH4 )3 and
Zn(BH4 )2 . Figure 8(d) indicates that the inclusion of the
vdW interactions reverts again the energetic ordering of the
R3 and the P 63 /m structures of KZn(BH4 )3 . Consequently,
the experimentally reported R3 structure is found to be
the thermodynamically most stable phase of KZn(BH4 )3 .
For KZn2 (BH4 )5 , the formation energy of the P 2 structure
remains strongly negative, indicating that this phase is
thermodynamically stable. The existence of this hypothetical
compound KZn2 (BH4 )5 is therefore theoretically possible.
IV. CONCLUSIONS

We performed a systematic study on the thermodynamic stability of a series of Li/Zn, Na/Zn, and K/Zn
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double-cation borohydrides at low temperatures. Some of
them were recently synthesized, others are hypothetical.
Using the minima-hopping method, we discovered two new
lowest-energy structures for NaZn(BH4 )3 , the compound
which was experimentally synthesized, and KZn2 (BH4 )5 , a
hypothetical compound. The lowest-energy structures of these
compounds, which belong to the C2/c and P 2 space groups,
respectively, are stable with respect to the decomposition
into the related compounds. For NaZn(BH4 )3 which was
experimentally synthesized, the possible existence of the C2/c
phase can change the temperature and the pressure at which
the decomposition reaction occurs. Given that such a reaction
is identified, calculations for these changes can readily be
performed by, for example, the method described in Ref. 82.
For the hypothetical LiZn(BH4 )3 compound, we reach the
same conclusion of a previous study23 that the theoretically
proposed P 1 structure is lowest in energy. We also found that
this structure is unstable and would decompose into LiBH4
and LiZn2 (BH4 )5 . Therefore, this instability can be viewed as
a supporting evidence for the hypothesis that LiZn(BH4 )3 can
not be formed. On the other hand, the experimentally reported
structures of LiZn2 (BH4 )5 , NaZn2 (BH4 )5 , and KZn(BH4 )3
are also predicted to be thermodynamically most stable
structures.
While lattice vibrations were found to play a minor role
in the energetic ordering of the studied structures, van der
Waals interactions, on the other hand, seem to be critically
important. We found that the PBE functional is not sufficient
to capture the nonbonding interactions between the constituent
3D frameworks of the complex structures of LiZn2 (BH4 )5
and NaZn2 (BH4 )5 . Consequently, the energetic ordering of
the examined low-energy structures determined at the PBE
level is changed. To overcome this problem, we suggest that
vdW-DF2, a recently developed nonlocal density functional,
is suitable to access the stability of the low-energy structures
of these double-cation borohydrides.
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Polytechnique Fédérale de Lausanne.

1
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