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We address the problem of finding mixed metal borohydrides with favorable thermodynamics
and illustrate the approach using the example of LiZn2(BH4)5. Using density functional the-
ory (DFT), along with the grand canonical linear programming method (GCLP), we examine
the experimentally and computationally proposed crystal structures and the finite-temperature
thermodynamics of dehydrogenation for the quaternary hydride LiZn2(BH4)5. We find the fol-
lowing: (i) For LiZn2(BH4)5, DFT calculations of the experimental crystal structures reveal that
the structure from the neutron diffraction experiments of Ravnsbæk et al. is more stable [by 24
kJ/(mol f.u.)] than that based on a previous X-ray study. (ii) Our DFT calculations show that
when using the neutron-diffraction structure of LiZn2(BH4)5, the recently theoretically predicted
LiZn(BH4)3 compound is unstable with respect to the decomposition into LiZn2(BH4)5 + LiBH4.
(iii) GCLP calculations show that even though LiZn2(BH4)5 is a combination of weakly (Zn(BH4)2)
and strongly (LiBH4) bound borohydrides, its decomposition is not intermediate between the
two individual borohydrides. Rather, we find that the decomposition of LiZn2(BH4)5 is divided
into a weakly exothermic step [LiZn2(BH4)5 −→ 2 Zn + 1

5
LiBH4 + 2

5
Li2B12H12 + 36

5
H2], and three

strong endothermic steps [12 LiBH4 −→ 10 LiH + Li2B12H12 + 13 H2; Zn + LiH −→ LiZn + 1
2

H2;

2 Zn + Li2B12H12 −→ 2 LiZn + 12 B + 6 H2]. DFT-calculated ∆HT=0K
ZPE values for the first three

LiZn2(BH4)5 decomposition steps are -19, +37, +74 kJ/(mol H2) respectively. The behavior of
LiZn2(BH4)5 shows that mixed metal borohydrides formed by mixing borohydrides of high and low
thermodynamics stabilities do not necessarily have an intermediate decomposition tendency. Our
results suggest the correct strategy to find intermediate decomposition in mixed metal borohydrides
is to search for stable mixed-metal products such as ternary metal borides.

I. INTRODUCTION

Utilizing hydrogen as a fuel is one promising avenue
for the transition towards a reliable and low-emission en-
ergy system. However, a major challenge is to develop a
safe and compact hydrogen storage system that has high
gravimetric and volumetric H2 density as well as fast H2

desorption and absorption rates at moderate tempera-
tures and pressures. Unfortunately, to date, no known
materials have met these requirements. Recently, metal
borohydrides have received considerable attention owing
to their high hydrogen-storage capacities1. For example,
LiBH4, a typical alkali metal borohydride, has a theo-
retical gravimetric density of ∼18%, above the system
target for passenger vehicles2. However, the practical
application of LiBH4 is hindered by its high thermody-
namic enthalpy3 and unfavorable kinetic properties4–6.
However, other metal borohydrides, such as Zn(BH4)2,
suffer from different limitations. Zn(BH4)2

7, a transi-
tion metal borohydride, is unstable at room tempera-
ture and readily decomposes, accompanied with releas-
ing diborane gas. The thermodynamic stability of binary
metal hydrides has been found to be inversely related to
the metal electronegativity8. A similar relationship for
borohydrides has been theoretically as well as experimen-
tally investigated1,9,10. Unfortunately, efforts to tackle
the drawbacks of the single cation borohydrides have not
been completely successful.

It has been suggested that double-cation
borohydrides11,12, especially those formed by mix-

ing metal borohydrides of high and low thermodynamic
stabilities, such as LiBH4 + Zn(BH4)2, may bring new
opportunities. Inspired by the hypothesis that it may
be possible to precisely adjust the thermal stabilities of
borohydrides by a careful choice of double- or multi-
cations, Li et al.10 experimentally examined the ther-
modynamic stabilities of MLim-n(BH4)m (M=Zn, n=2;

M=Al, n=3; M=Zr, n=4; n≤m). Also, Černý et al. have
experimentally studied MgxMn(1-x)(BH4)2 (x=0-0.8)12.

However, these studies do not provide a clear path to
tuning the thermodynamic properties of mixed-metal
borohydride based hydrogen storage materials. For
instance, Černý and the co-workers12 found the decom-
position temperature of MgxMn(1-x)(BH4)2 (x=0-0.8)

does not vary significantly with Mg content (433-453 K).
In another approach, Hummelshoj et al.13 performed
a large-scale computational screening based on density
functional theory (DFT) of combinations of mixed metal
borohydrides. These authors investigated the stability
and dehydrogenation of mixed metal borohydrides using
model structures with various coordinations of the
metal/BH4 ions. One particular result of reference13

is the prediction of a stable mixed Li-Zn borohydride
phase.

Ravnsbæk et al.14 have synthesized this mixed boro-
hydride by ball milling LiBH4 and ZnCl2 with ra-
tio of 2.5:1. The two reactants follow the reaction
5 LiBH4 + 2 ZnCl2 −→ LiZn2(BH4)5 + 4 LiCl. The syn-
thesized LiZn2(BH4)5 was probed by synchrotron radi-
ation powder X-ray diffraction (PXD) and a candidate
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crystal structure was identified by PXD. Following this
work, Černý et al.15 performed a combination of in situ
synchrotron powder diffraction and energy minimization
(DFT) study on LiZn2(BH4)5. The authors15 also pro-
posed a new compound LiZn(BH4)3, though LiZn(BH4)3
is not observed experimentally at ambient pressure and in
the temperature range of 100–400 K. Subsequently, moti-
vated by these theoretical and experimental predictions,
Aidhy et al. performed a phase stability study16 of Li-Zn
mixed-metal borohydride compounds, using a combina-
tion of DFT and a recently developed crystal structure
prediction method – the prototype electrostatic ground
state (PEGS) method17. This theoretical DFT+PEGS
work successfully predicted a low-energy LiZn(BH4)3
phase, which has a lower DFT energy than the two-phase
mixture of Zn(BH4)2 and LiZn2(BH4)5 in the previously
mentioned PXD structure. Aidhy et al.16 only reported
static DFT energies at T=0K, without considering vi-
brational contributions. They16 found surprisingly, the
LiZn2(BH4)5 phase obtained in the X-ray work14 was ∼2
kJ/(mol cation) above the tie line between LiZn(BH)3
and Zn(BH4)2, indicating either that: (i) the observed
LiZn2(BH4)5 phase is not stable , or (ii) the previously
proposed PXD crystal structure of LiZn2(BH4)5 is incor-
rect and hence the DFT energy (based on this structure)
is artificially too high, leading to an incorrect prediction
of its instability. Recently, Ravnsbæk et al.18 utilized
powder neutron diffraction (PND) to revisit the crys-
tal structure of LiZn2(BH4)5. These authors found the
structures of LiZn2(BH4)5 studied by X-ray and neutron
methods bear similar metal-boron positions, but with
large differences in the hydrogen positions. These two
proposed experimental structures raise many unanswered
questions regarding the phase stability and thermody-
namic reactions in the Li-Zn-BH4 system: Which struc-
ture of LiZn2(BH4)5 in the two experimental studies14,18

is more stable? Which phases/stoichiometries are ground
states of the mixed Li Zn borohydrides? What is the
thermodynamic reaction pathway in the decomposition
of the Li-Zn-BH4 system?

In this paper, we answer these questions through a
use of DFT calculations to obtain total crystal bind-
ing energies and vibrational free energies. We find (i)
the DFT-relaxed LiZn2(BH4)5 PND structure18 has a
lower energy, thus is more stable [by 24 kJ/(mol f.u.)]
than the PXD structure14; (ii) the theoretically pre-
dicted LiZn(BH4)3 structure16 is unstable with respect
to the decomposition into LiBH4 and LiZn2(BH4)5, with
or without including the vibrational contribution; (iii)
for the decomposition of LiZn2(BH4)5, the weakly-bound
Zn(BH4)2 portion in this complex borohydride decom-
poses at low temperature, leaving the strongly-bound
LiBH4.

II. METHODOLOGY

A. First-Principles Calculations

First-principles density functional theory19,20 calcu-
lations were performed using Vienna ab initio simula-
tion package (VASP)21 code with a plane-wave method
based on the Perdew-Wang (PW91) generalized gradi-
ent approximation22 and the core-valence electron in-
teraction treated by Blöchl’s projector augmented wave
(PAW) method23,24. 1s22s1, 3d104p2, and 2s22p1 are
treated as valence electrons in Li, Zn and B atoms, re-
spectively. A high plane wave energy cutoff of 875 eV was
used for the electronic wave functions. The k-point sam-
pling was performed on a dense Monkhorst-Pack25 grid
with meshes of 4 × 4 × 4 or better to sample the Bril-
louin zone of all structures. Atomic coordinations and
the cell parameters were both relaxed until all the forces
and components of the stress tensor are below 0.01 eV/Å
and 0.2 kbar, respectively.

Phonons are calculated using the supercell force con-
stant method (as implemented in the program described
in refs26,27) The vibrational frequencies (ωi) of phonon
modes can be calculated from the direct force-constant
approach28: the forces acting on atoms are generated
by series of symmetry inequivalent atomic displacements
about the equilibrium geometry, and fitted to cubic
splines to extract the force constants. We used five
displacements separated by 0.03Å, lying symmetrically
around the equilibrium position. The lattice-dynamics
calculations for all the structures were evaluated within
the harmonic approximation29,30. By constructing and
diagonalizing the force dynamical matrix, the frequen-
cies were extracted.28. After extracting the phonon fre-
quencies, we obtain finite-temperature thermodynamics
by adding the vibrational contributions to the static elec-
tronic energies (equation 3). Within the harmonic ap-
proximation these contributions are given by equation 1
and 2, where ωi is the normal-mode frequency and the
sums run over all vibrational frequencies.

Hvib(T ) =
∑
i

1

2
~ωi + ~ωi

[
exp

(
~ωi

kBT

)
− 1

]−1

, (1)

Svib(T ) =kB
∑
i

~ωi/kBT

exp(~ωi/kBT )− 1

− ln

[
1− exp

(
−~ωi

kBT

)]
,

(2)

H(T ) = E +Hvib(T ) (3)

G(T ) = H(T )− TS(T ). (4)

Once the normal-mode frequencies have been deter-
mined, the zero-point energy (ZPE) can be recovered
from equation 1 in the limit Hvib(T=0K).
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B. Determining Hydrogen Desorption Reactions

We use the grand canonical linear programming
(GCLP) method31 to determine the lowest-free-energy
thermodynamic decomposition reactions pathways.
GCLP is an automated method to determine the
thermodynamically preferred reaction pathway, and
has been applied to a wide range of hydrogen storage
reactions32–35, and more recently to determine lithiation
pathways for Li-ion battery anodes36,37. In our study,
the following phases were considered: gas-phase H2 and
bulk solids B, Li, Zn, LiB, LiB9, LiB11, LiH, LiZn,
LiBH4, Li2B12H12, Zn(BH4)2 and LiZn2(BH4)5.

III. RESULTS

A. Crystal Structures of LiBH4, Zn(BH4)2,
LiZn(BH4)3 and LiZn2(BH4)5

We begin by discussing the crystal structures of the
two single-metal borohydrides, and subsequently discuss
the mixed Li Zn borohydrides. The crystal structure of
LiBH4 is well studied and exists in both low and high
temperature forms. We found 12 entries for LiBH4 in the
Inorganic Crystal Structure Database (ICSD)49, and cal-
culated all of these available crystal structures of LiBH4,
to determine the one which possesses the lowest static
DFT energy. With four BH4 units tetrahedrally arranged
around a Li atom, the structure of LiBH4 with the low-
est static DFT energy is orthorhombic with space group
Pnma, which is in agreement with the observed low tem-
perature (T=3.5K) phase46. Upon DFT relaxation of
the experimental crystal structure of LiBH4, the lattice
parameters, a, b, and c are 7.32, 4.38 and 6.58 Å, re-
spectively, which are within 2.8% of experimental values
(table I). Moreover, the DFT-relaxed LiBH4 atomic posi-
tions are in fairly good agreement with the experimental
data, and our calculations also support the recent theo-
retical study of Zhang et al.50. Zhang et al. show that
the experimentally observed Pnma LiBH4 structure is the
lowest in energy in DFT.

In contrast to the LiBH4 case, there is no well es-
tablished crystal structure for Zn(BH4)2. Previous ex-
perimental and theoretical studies7,51 have tried to elu-
cidate the Zn(BH4)2 structure. In order to identify a
low-energy phase of Zn(BH4)2, we calculated DFT ener-
gies for Zn(BH4)2 in five known prototype crystal struc-
tures of chemically similar compounds with the same stoi-
chiometry as A(BC4)2 in the database of ICSD. We found
three low-energy structures are (indicated by their space
groups): F222, I4̄m2 with the Mg(BH4)2 prototype52,53,
and I41cd with the Be(BH4)2 prototype54. DFT static
energies of these three structures are degenerate within 1
kJ/(mol BH4). The next lowest-energy structure is F2dd
with Ca(BH4)2 prototype55, which is 8 kJ/(mol BH4)
higher than the F222 structure (T=0K, static energy).
In the following discussion, when we refer to Zn(BH4)2,

we use the F222 structure.
We next turn to the crystal structures of the mixed

Li-Zn borohydrides. Compounds with LiZn(BH4)3 and
LiZn2(BH4)5 stoichiometries were proposed by previ-
ous theoretical and experimental reports, as described
in the introduction13,14,16,18. Utilizing DFT, we relax
the two experimentally proposed structures (PXD and
PND) for LiZn2(BH4)5 (i.e. starting with the positions
of the PXD or PND structure, and relaxing via DFT).
The external cell parameters obtained upon DFT relax-
ing each of the two LiZn2(BH4)5 experimental structures
are summarized in table I as well as the structures of
the other phases used in our subsequent discussion of
reaction thermodynamics. The DFT relaxed structures
are both orthorhombic (Cmca) but possess quite different
lattice constants. The average absolute deviation (δ)56

between theory and experiment for the lattice parame-
ters is smaller for the structure determined from PND18,
δPND
lattice = 1.4%, whereas for the structure determined

from PXD14, δPXD
lattice = 3.4%. Compared to the struc-

ture determined by PND, the DFT relaxed result has
similar lattice constants a and c (δa = 0.6%, δc = 1.0%),
with a large discrepancy for b (δb = 2.6%). For each of
the two DFT-relaxed structures, we compare the calcu-
lated internal atomic coordinates with the corresponding
experimental values. We note the average absolute de-
viation of coordinates (δ)56 between theory and exper-
iment is smaller for the structure proposed by PND18,
δPND
coor = 3.5%, whereas for the one proposed in PXD

paper14, δPXD
coor = 8.0%. A comparison of the calculated

and experimental bond lengths is also given in table II.
The largest discrepancy between theory and experiment
is in the bond length between Li and H atoms in the
structure proposed by PXD (0.8 Å difference for Li1-
H12, as shown in table II). Overall, our DFT calculations
clearly support the PND structure of Ref18 in terms of
lattice parameters, atomic positions, and bond lengths.

B. Phonon Calculations of LiBH4, Zn(BH4)2 and
LiZn2(BH4)5

We have performed DFT phonon calculations of
LiBH4, Zn(BH4)2, and LiZn2(BH4)5. The phonon DOS
for these compounds are shown in Figure 1. For LiBH4,
we find no soft-mode instabilities for the orthorhombic
LiBH4 phase (Pnma), which agrees with previous the-
oretical calculations50,57–59. Our calculations indicate
that the Pnma phase LiBH4 is (at least locally) stable at
zero and finite temperature, which agrees with the exper-
imental observation of Hartman et al.46 that the observed
low temperature (T=3.5K) phase is Pnma. The largest
discrepancy between the X-ray and neutron experimen-
tal structures for LiZn2(BH4)5 is the orientation of BH4

group, which provides an interesting case to understand
the trends in phonon and their effect on the thermody-
namic stability as a function of structure. The two ex-
perimentally proposed LiZn2(BH4)5 structures share the
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TABLE I. DFT relaxed structural parameters for the phases in the Li-Zn-B-H system compared with experimental data. Bond
lengths (d) and crystal lattice constants (a, b, c) are listed in Å, angles between lattice vectors are given in degrees. Crystal
symmetry information is shown in parentheses. The experimental values obtained from literatures are listed in the reference
column.

System Parameter Calculated Experiment Reference
H2 (gas) d (H-H) 0.75 0.74 38

Li (Fm3̄m) a 4.34 4.39 39

B (R3̄m) a 5.05 5.06 40

α 58.1 58.1 40

Zn (P63/mmc) a 2.66 2.66 41

c 4.98 4.91 41

LiH (Fm3̄m) a 4.02 4.07 42

LiB (Pnma) a 6.19 6.40 43

b 3.07 3.00 43

c 5.71 5.60 43

LiB9 (P63cm) a 5.74 5.65 44

c 5.03 5.04 44

LiB11 (R3m) a 4.82 4.98 45

c 12.99 11.12 45

LiBH4 (Pnma) a 7.32 7.12 46

b 4.38 4.40 46

c 6.59 6.67 46

Li2B12H12 (Pa3̄) a 9.60 9.58 47

LiZn (Fd3̄m) a 6.15 6.23 48

Zn(BH4)2 (F222) a 9.53 − -
b 9.95 − -
c 12.28 − -

LiZn2(BH4)5 (Cmca) a 8.43 8.62 14

(PXD) b 19.07 17.90 14

c 15.19 15.41 14

LiZn2(BH4)5 (Cmca) a 8.55 8.60 18

(PND) b 18.36 17.89 18

c 15.21 15.36 18

similar Li and Zn positions, which form an interpene-
trated three-dimensional framework. The BH4 groups,
bridging the two Zn atoms, have the same orientation in
both structures. However, the BH4 group, bridging the
Zn and Li atoms, have a 180o discrepancy. The configu-
ration of BH4 orientation makes the PND structure more
“close-packed” than the PXD structure.

From our DFT phonon calculations of LiZn2(BH4)5 in
both the PXD and PND structures, we find the PXD
structure has a strong instability with a maximum imag-
inary frequency of 173i cm−1. However, the DFT phonon
calculations of the PND structure of LiZn2(BH4)5 does
not yield any imaginary modes. The phonon calculations
strongly support the validity and stability of PND struc-
ture at zero and low temperatures. Figure 1 shows the
phonon DOS of LiBH4, Zn(BH4)2 and [LiZn2(BH4)5]PND

(i.e. PND structure, but DFT-relaxed). The DOS of
[LiZn2(BH4)5]PND has similar behavior of the DOS of

LiBH4 and Zn(BH4)2, with metal ions (Li+, Zn2+)
mainly contributing at low frequencies (<500 cm-1), and
boron hydrogen interaction at high frequencies (1000
cm-1 ∼ 2500 cm-1). In the region of 1000 cm-1 ∼ 1500
cm-1, we find phonons that involve bending of H-B-H

bond angles within the BH4 tetrahedra, while at the high-
est frequencies 2000 cm-1 ∼ 2500 cm-1, we find phonons
that stretch elastically stiff B-H bonds.

C. Phase Stability of LiZn2(BH4)5

We next consider the stability of the mixed Li-Zn boro-
hydrides relative to the energies of the other mixed boro-
hydrides as well as the individual single-metal borohy-
drides, i.e. LiBH4 and Zn(BH4)2. Specifically we examine
the stability of three mixed compounds: the LiZn2(BH4)5
compound in both the PXD and PND structures, and the
theoretically proposed LiZn(BH4)3 compound16. The
phase stability is determined by the mixing energy, which
is given by:

∆G = GLixZn(1−x)
(BH4)(2−x)

−xGLiBH4
−(1−x)GZn(BH4)2

,

(5)
where the free energy G of each phase is given by equa-
tion 4, determined from the combination of DFT T=0K
static total energy Etot(T=0K), the zero-point energy
EZPE, and the enthalpic + entropic vibrational contribu-
tions (Hvib - TSvib). So for each phase, G=Etot(T=0K)
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TABLE II. Comparison of calculated interatomic distances with values determined from PXD (Ref.14) and PND (Ref.18)
studies. In each case of the “DFT” column, we started with the structures and positions of the experimental values and relaxed
within DFT. Lengths are given in Å. 2× indicates that there are two H (or B) ions having the identical bond length with the
metal Li (or Zn) ion.

Parameter DFT Experiment(PXD) DFT Experiment(PND)
14 18

Zn1-H13 2× 1.835 1.788 2× 1.843 1.833
Zn1-H21 1.849 1.698
Zn1-H22 1.899 1.831
Zn1-H23 2× 1.840 1.799
Zn1-H33 2× 1.964 1.830 2× 1.943 1.835
Zn2-H31 1.958 2.132 1.961 1.96(3)
Zn2-H32 1.939 1.683 1.945 1.81(3)
Zn2-H43 2× 1.835 1.652 2× 1.833 1.79(2)
Zn2-H41 2× 1.850 1.916 2× 1.854 1.91(2)
Average 1.88 1.81 1.88 1.84

Zn1-B1 2.181 2.108 2.178 2.168
Zn1-B2 2.194 2.164 2.183 2.201
Zn1-B3 2.294 2.203 2.266 2.238
Zn2-B3 2.268 2.312 2.270 2.20(2)
Zn2-B4 2× 2.181 2.125 2× 2.182 2.204
Average 2.22 2.17 2.21 2.20

Li1-H11 2.093 2.00(3) 2.139 2.13(10)
Li1-H12 2.112 2.91(4) 2.139 2.64(11)
Li1-H21 2.088 2.05(10)
Li1-H22 2.062 1.98(10)
Li1-H23 2× 2.140 1.96(3)
Li1-H42 2× 2.188 2.20(3) 2× 2.107 1.88(7)
Li1-H44 2× 2.132 1.931 2× 2.134 2.22(4)
Average 2.14 2.14 2.11 2.13

Li1-B1 2.494 2.89(3) 2.444 2.80(10)
Li1-B2 2.514 2.36(3) 2.463 2.41(9)
Li1-B4 2× 2.446 2.473 2× 2.472 2.39(2)

Average 2.48 2.55 2.46 2.50

+ EZPE + Hvib - TSvib, is given by a combination
at DFT static, relaxed total energies and phonon cal-
culations. To clarify the following discussion, we la-
bel the PEGS+DFT predicted LiZn(BH4)3 structure as
[LiZn(BH4)3]PEGS

16, and the X-ray LiZn2(BH4)5 struc-
ture as [LiZn2(BH4)5]PXD

14, and the PND structure as
[LiZn2(BH4)5]PND

18. But we reiterate that in all cases,
we relax these initial geometries within DFT to their
minimum energy geometries. Including only the static
DFT energy (and no ZPE), we refer to the analogous
energy difference as ∆ET=0K

mix . Our DFT calculations
of [LiZn(BH4)3]PEGS

16, give a mixing energy ∆ET=0K
mix

= -7.6 kJ/(mol cation), indicating the stability with re-
spect to the decomposition into the single metal boro-
hydrides (figure 2), i.e. LiBH4 and Zn(BH4)2. This re-
sult is in agreement with the previous calculations of
Aidhy et al.16. The [LiZn2(BH4)5]PXD structure pro-
posed by PXD has a ∆ET=0K

mix = -3.2 kJ/(mol cation)
mixing energy and is also plotted in figure 2. Regard-
ing this [LiZn2(BH4)5]PXD compound, our calculations

agree with what Aidhy et al.. have found16: the relative
small mixing energy makes [LiZn2(BH4)5]PXD lie above
the tie line between [LiZn(BH4)3]PEGS and Zn(BH4)2,
showing that the structure proposed by PXD is not a sta-
ble ground state at T=0K. However, we find the mixing
energy for the [LiZn2(BH4)5]PND structure is ∆ET=0K

mix =
-11 kJ/(mol cation), which is lower than the mixing free
energy of [LiZn2(BH4)5]PXD, indicating the stability and
validity of the PND structure of LiZn2(BH4)5. As shown
in figure 2, the PEGS+DFT predicted [LiZn(BH4)3]PEGS

structure is found to lie above the tie line between
[LiZn2(BH4)5]PND and Zn(BH4)2 (with or without in-
cluding the vibrational contribution). Therefore, we con-
clude that the [LiZn2(BH4)5]PND phase is a stable ground
state in the mixed Li Zn borohydrides system, and the
previously proposed [LiZn(BH4)3]PEGS structure is not
a T=0K stable ground state. Our conclusion appears
to contradict the work of Aidhy et al.16, where they
found the [LiZn(BH4)3]PEGS is the ground state, sim-
ply because, at that time, the correct, low-energy struc-
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FIG. 1. (Color online) Calculated phonon DOS of LiBH4,
Zn(BH4)2 and LiZn2(BH4)5. The structure information of
LiZn2(BH4)5 is obtained from DFT relaxed powder neutron
diffraction determined structure18. (Please note that the
pDOS of and LiZn2(BH4)5 are 0 at frequency 0. In the fig-
ure, there appears to be a finite contribution at zero frequency,
which is merely due to the broadening width of phonon modes
used to construct the DOS. )
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brational contribution) vs composition plot for systems in-
volving LiBH4 and Zn(BH4)2. The two experimental struc-
tures (Refs.14 and18) are labeled as PXD Str. and PND Str.,
and PEGS Str. is the structure from theoretical PEGS+DFT
prediction16. The black line and dots indicate the convex hull
and mixing energies from the static calculation results, while
the green and blue are for ZPE and T=300K respectively.
LiZn(BH4)3 (Ref16) is found to lie above the tie line between
LiZn2(BH4)5 + Li(BH4)2, indicating that LiZn(BH4)3 is not
a stable ground state in this system. PND Str. lies on the
convex hull, indicating that it is a stable ground state in this
system.

ture of [LiZn2(BH4)5]PND has not been proposed. This
recently suggested [LiZn2(BH4)5]PND structure18 com-
pletely changes the ground state phase stability in the
Li-Zn-BH4 system, as shown in figure (2), and brings the
calculated DFT borohydride stability in agreement with
experiment: LiZn2(BH4)5 is stable with respect to de-
composition into other borohydrides, but LiZn(BH4)3 is
not.

D. Energetics and thermodynamics of
LiZn2(BH4)5 decomposition

Having discussed the crystal structure and phase sta-
bility of LiZn2(BH4)5, we next turn to evaluate the ener-
getics of decomposition in the lithium zinc borohydride
system. We begin with the static energetics and subse-
quently discuss the effects of zero-point energies, vibra-
tional entropies and the gas phase hydrogen dynamical
contributions. To examine the finite-temperature ther-
modynamics of the decomposition reactions, we need to
obtain the total energies of all possible reactant and prod-
uct phases in the Li-Zn-B-H system. A summary of the
compounds used, their crystal structures, and a compar-
ison of the calculated structures to experimental data
are presented in table I. Armed with these DFT ener-
gies of metals, hydrides, borides and borohydrides, we
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use the Grand Canonical Linear Programming method
(GCLP)31 to identify all the thermodynamically favored
reactions in the quaternary Li-Zn-B-H system.

We first consider the GCLP calculations of
LiZn2(BH4)5 decomposition. Using the static T=0K
DFT energies (i.e. not ZPE-corrected) in GCLP, we
identify the lowest energy thermodynamic decomposition
pathway. We find that the thermodynamic decompo-
sition path for LiZn2(BH4)5 involves four reaction
steps:

LiZn2(BH4)5

−→ 2 Zn + 1
5 LiBH4 + 2

5 Li2B12H12 + 36
5 H2 (i)

−→ 2 Zn + 1
6 LiH +

5

12
Li2B12H12 +

89

12
H2 (ii)

−→ 11
6 Zn + 1

6 LiZn +
5

12
Li2B12H12 + 15

2 H2 (iii)

−→ Zn + 5 B + LiZn + 10 H2 (iv)

The first reaction step (i) involves the weakly exother-
mic decomposition [∆ET=0K

static = −1.3 kJ/(mol H2)] of
LiZn2(BH4)5, indicating that this compound is not ther-
modynamically stable at T=0K. The instability of this
compound follows from the fact that Zn(BH4)2 itself
is only weakly stable with respect to the decomposi-
tion into Zn + 2 B + 4 H2. Based on our calculation,
Zn(BH4)2 has a slightly endothermic decomposition en-
thalpy at room temperature, ∆HT=300K = +2.8 kJ/(mol
H2) and ∆HT=0K

ZPE = −2.9 kJ/(mol H2). Compared to
this, hydrogen release from the LiZn2(BH4)5 compound
is changed by two competing effects: 1) LiZn2(BH4)5
is stabilized by the fact that it is bound in the mixed
borohydride with a mixing energy of -11 kJ/(mol H2)
(figure 2); 2) however, this effect is more than com-
pensated by the destabilization due to the fact that B
in the product phases of reaction (i) is not pure B (as
in the decomposition of Zn(BH4)2), but rather is in
strongly bound LiBH4 + Li2B12H12 compounds. The
second reaction (ii) is endothermic [∆ET=0K

static = +60.9
kJ/(mol H2)] and essentially involves the decomposition
of LiBH4 −→ 1

12Li2B12H12 + 5
6 LiH + 13

12H2. The third re-
action (iii) is endothermic and involves the combination
of LiH + Zn −→ LiZn + 1

2 H2. This reaction is a clas-
sic example of destabilizing a strongly bound hydride
(LiH) by combining with a reactant (Zn) that will form a
strongly bound product (LiZn). Examples of this include
MgH2 + Si, LiBH4 + MgH2, LiBH4 + MHx and others60.
The final step (iv) involves a complicated, multi-phase
reaction, 2 Zn+Li2B12H12 −→ 2 LiZn+12 B+6 H2, which
is highly endothermic. In figure 3, we present the ener-
getics for these four reaction steps. We note from Fig 3
that with our lowest-energy predicted phases, all five sto-
ichiometries lie on a convex hull. The reaction enthalpies
(per mol H2) are given by the slopes of the lines connect-
ing reactants and products. In this graphical interpre-
tation, the convex hull requires that the slopes must get
increasingly positive as more H2 is released. That is, the
energetics of decomposition must become monotonically

more endothermic as the decomposition proceeds.
For all phases involved in the reactions predicted by

GCLP, we also calculated the zero-point energy (ZPE)
contributions (table III). We compute the zero-point con-
tributions from DFT phonon calculations. We com-
pare our calculations of ZPE for several phases with
previous DFT calculations in table III, showing good
agreement. With these vibrational contributions, we
see that the zero-point energies (ZPE) decrease the
static reaction enthalpies by about 17-24 kJ/(mol H2)
(as shown in table IV), with exception for reaction (3)
Zn + LiH −→ LiZn + 1

2 H2 [reaction enthalpy decreases 4.5
kJ/(mol H2)]. The contribution of ZPE to reaction en-
thalpies can be explained in terms of the differences be-
tween metal and non-metal atom vibrations. The metal
cations in hydrides and borohydrides contribute mainly
to the librational vibrations whose frequencies are consid-
erably lower than those involving H (e.g. H2 vibrations,
metal-H vibrations, or the internal B-H bending and
stretching modes of BH–

4 or B12H2–
12 anions). As shown in

figure 1, the frequencies of metal cations are constrained
in the range of 0∼500cm−1, while the B-H vibrational
modes can readily reach 2000cm−1. The phonon fre-
quencies of the bulk metal and alloy are also expected to
be low. Hence, the ZPE contributions to ∆H are qual-
itatively determined by the difference in the proportion
of “high-frequency” vibrational modes between reactants
and products. In reaction Zn + LiH −→ LiZn + 1

2 H2, the
“low frequency” ZPE contributions of bulk zinc largely
cancels out that of LiZn, and “high frequency” contribu-
tions of H2 and LiH also partly cancel, which results in
the ZPE contribution to reaction (3) being smaller than
the other three reactions in table IV. Although, ZPE con-
tributions are different for the four reactions in table IV,
including ZPE still maintains the order of monotonically
more endothermic reactions as H2 is released. That indi-
cates the decomposition pathway shown in figure 3 is still
on a convex hull after including ZPE. We also include
the finite-temperature enthalpic contributions, specifi-
cally at T=300K. Apart from the vibrational contribu-
tions of crystal phases at T=300K, an additional H2 gas
enthalpy term is added to equation 1, due to the transla-
tional ( 3

2RT ), rotational (RT ), and pV degrees (RT ) of

freedom ( 7
2RT in total). The enthalpies of T=300K are

shown in table IV. Our T=300K enthalpies result in the
same decomposition pathway as T=0K, which indicates
that after including the enthalpy of H2 and vibrational
contributions, the decomposition enthalpies as shown in
figure 3 are still on a convex hull.

The critical temperature in table IV is derived from
the Van’t Hoff equation,

ln(p) = (−∆H/RT ) + (∆S/R), (6)

where Tc is obtained by setting the H2 pressure at 1 bar
in equation 6. To utilize Van’t Hoff equation, we need to
know the reaction enthalpy and entropy. The enthalpies
of crystal phases can be determined by equation 3, while
for the linear molecules, i.e., hydrogen gas, in addition
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TABLE III. Calculated vibrational contributions (at T=300K) to the free energies of phases used in this study. ZPE refers to
the zero-point energy, given by Hvib(T=0K) (equation 1); E300K

vib =Hvib(T = 300K)-ZPE; Svib is the vibrational entropy. Units
are kJ/(mol f.u.) for ZPE and Evib, and J/(mol K f.u.) for Svib.

System ZPE ZPE (previous DFT) Reference ET=300K
vib ST=300K

vib

H2 25.9 26.3 61 ≈ 0 ≈ 0
25.7, 26.1 57 and58

B 13.4 12.2 58 0.9 4.0
Li 3.5 3.9 58 4.6 29.3
Zn 1.6 6.0 48.7
LiH 22.2 21.4, 21.8 58 and62 3.3 16.6
LiB 15.9 5.8 34.0
LiB9 113.9 14.5 70.1
LiB11 129.3 19.7 99.3
LiBH4 110.4 108.1 59 11.1 65.5

103.0, 106.5 58 and57

Li2B12H12 455.3 32.9 197.6
LiZn 8.5 8.4 54.4

Zn(BH4)2 207.9 20.1 133.6
LiZn2(BH4)5

18 520.8 52.0 349.0

TABLE IV. The energetics of decomposition in the LiZn2(BH4)5 system. ∆ET=0K
static is the static energetics. The effects of zero-

point energies (ZPE) are also indicated by ∆HT=0K
ZPE . The full dynamic calculations at T=300K, which include the contributions

from the vibrational energies as well as the enthalpy of H2 gas, are listed in the ∆HT=300K column, followed by the entropy
contribution (∆S300K) due to vibrational entropies and the entropy of H2 gas. The units of enthalpies and entropies are in
kJ/(mol H2) and J/(K mol H2), respectively. Applying the van’s Hoff equation (ln p = −∆H/RT + ∆S/R), we can predict the
critical temperatures (Tc) at p = 1 bar H2 pressure, and the unit of Tc is in degree Celsius (oC).

Reaction ∆ET=0K
static ∆HT=0K

ZPE ∆HT=300K ∆ST=300K Tc

(1) LiZn2(BH4)5 −→ 2 Zn + 1
5

LiBH4 + 2
5

Li2B12H12 + 36
5

H2 -1.3 -19.0 -13.6 108.7
(2) 12 LiBH4 −→ 10 LiH + Li2B12H12 + 13 H2 60.9 36.9 40.5 98.4 138
(3) Zn + LiH −→ LiZn + 1

2
H2 78.1 73.6 80.4 109.1 453

(4) 2 Zn + Li2B12H12 −→ 2 LiZn + 12 B + 6 H2 125.9 104.9 110.7 107.8 754

to the vibrational enthalpy added to the static electronic
energies, translational, rotational enthalpies and pV term
( 5
2RT + pV = 7

2RT) contributions should be taken into
account. The vibrational entropies of crystal phases are
determined by equation 2, and the entropy for gas-phase
hydrogen is given by:

SH2
= R

(
7 ln(T )

2
− ln(p)− 4.222

)
(7)

where the constant -4.222 is the fitting parameter with re-
spect to the experimental values63. The reaction entropy
∆S is dominated by the entropy of H2 gas [SH2

= 130.9
J/(K mol H2) at T=300K and p=1 bar], however, the
vibrational entropies of the crystalline phases shift ∆S
by 22∼33 J/(K mol H2) (table IV). If one ignores the
entropies of the crystalline phases, the target window of
Tdehydrogentation ≤ 80oC, Prehydrogenation ≤ 700bar set
by the operating temperature of proton exchange mem-
brane fuel cells and pressure limits of current tanks will
result in a range of ∆H ≈ 20 – 50 kJ/(mol H2) for the
reaction enthalpy64. This range appears to include the

decomposition of LiBH4 (table IV). However, after in-
cluding the entropy contributions from crystalline phases,
the Tc for LiBH4 is 138oC, higher than the target range.
Therefore, the vibrational entropy can play an important
role in a quantitatively accurate calculation of the ther-
modynamics of H2 decomposition reactions. According
to the Van’t Hoff equation, there is a linear relationship
between ln(p) and 1/T, where the slope is determined
by the reaction enthalpy and the intercept is obtained
by the reaction entropy. Figure 4 shows these relations
(the so-called van’t Hoff diagrams) for the decomposi-
tion reactions of LiZn2(BH4)5 from table IV. Figure 4
shows, unfortunately, that there is no near-ambient ther-
modynamically reversible hydrogen storage reaction in the
Li-Zn-B-H system.

Our calculations of the energetics of LiZn2(BH4)5
decomposition are consistent with recent experimen-
tal results, in which, Borgschulte et al65 found
LiZn2(BH4)5 decomposes according to the pathway
LiZn2(BH4)5 −→ 2 Zn(BH4)2 + LiBH4. Moreover, Ravns-
bæk et al14 found LiZn2(BH4)5 decomposes slowly at
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FIG. 3. DFT-predicted static energetics decomposition paths
of LiZn2(BH4)5. The energetics are shown for five dis-
tinct hydrogen contents, corresponding to stoichiometries
LiZn2(BH4)5, LiBH4, LiH, Li2B12H12 and LiZn. Since the
plot is the sum of the energies of the coexisting phases versus
the number of desorbed H2 molecules at each stoichiometry,
the decomposition energies (per mol H2) are simply the slopes
of the lines connecting the points. The effects of zero-point
energies, vibrational entropies, and dynamical contributions
to the H2 equation of state are included in Table IV and dis-
cussed in the text.

room temperature when stored in argon atmosphere,
and metallic zinc formed after approximately one week.
This experimental observation consists with our theo-
retical predictions: (i) we found, at T=300K, the de-
composition enthalpy for LiZn2(BH4)5 is -13.6 kJ/(mol
H2) (table IV), and the slight exothermic enthalpy in-
dicates LiZn2(BH4)5 is unstable at room temperature;
(ii) we predicted metallic zinc is one of the products.
Based on our calculations, the decomposition enthalpy
of LiZn2(BH4)5 is far smaller than that of LiBH4, but in
the same magnitude of Zn(BH4)2 (as shown in table IV).

E. The thermodynamics of B2H6 release from
borohydride decomposition

In our GCLP calculations, we did not take release
of gas-phase B2H6 into account, which is often ob-
served as an important but unwanted by-product in
dehydrogenation. Because the formation of diborane
(2 B + 3 H2 −→ B2H6) is endothermic, ∆HT=0K

form = +56.7

kJ/(mol B2H6) and ∆HT=300K
form = +41.0 kJ/(mol

B2H6) (experimental values from reference63), it is not
thermodynamically stable, and will not be present in
the thermodynamically-preferred reaction pathway. (In
other words, release of H2 will always be thermodynami-
cally favored over diborane release, as long as 2 B + 3 H2

has a lower free energy than B2H6.) However, despite
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FIG. 4. Calculated van’t Hoff plot for reactions listed in Ta-
ble IV. The region within the rectangular box corresponds to
desirable temperatures and pressures for on-board hydrogen
storage: pH2

= 1 ∼ 700 bar and T = −40 ∼ 80oC. Since
reaction (4) in Table IV far away the target window, we only
indicate the reaction (2) and (3) in the figure.

its thermodynamic instability, diborane can be released
during dehydrogenation, especially in cases where hydro-
gen release is kinetically hindered. In recent experimen-
tal work, Borgschulte et al65 found the LiZn2(BH4)5 de-
composition pathway as LiZn2(BH4)5 −→ 2 Zn(BH4)2 +
LiBH4 −→ 2 B2H6+2 H2+2 Zn+LiBH4 −→ 2 B2H6+ 7

2 H2+
2 Zn + LiH + B. Although our GCLP calculations will
not predict the existence of B2H6, due to its thermody-
namic instability, our results for the decomposition path-
way are qualitatively consistent with Borgschulte et al65:
the “weak” part [Zn(BH4)2] of the mixed borohydride
decomposes first, leaving the “strong” part (LiBH4) to
react subsequently.

IV. CONCLUSIONS

Single metal borohydrides often do not have ideal ther-
modynamic properties, but rather are either too weakly
bound or too strongly bound. We address the problem
of finding mixed metal borohydrides with favorable ther-
modynamics and illustrate the approach using the exam-
ple of LiZn2(BH4)5. Combined with the grand canon-
ical linear programming method (GCLP), we employed
density functional theory (DFT) calculations to study
the experimentally and computationally proposed crys-
tal structures and the finite-temperature formation and
dehydrogenation thermodynamics for the quaternary hy-
dride LiZn2(BH4)5. Our DFT and frozen phonon calcu-
lations suggest that the experimental PND study18 yields
a LiZn2(BH4)5 crystal structure with DFT energy lower
than the one determined from PXD14. Our DFT calcula-
tions show that when using the neutron-diffraction struc-
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ture of LiZn2(BH4)5, the recently theoretically predicted
LiZn(BH4)3 compound16 is unstable with respect to the
decomposition into LiZn2(BH4)5 + LiBH4. For reaction
energetics, we utilized the GCLP method and predicted
the thermodynamically stable decomposition pathway of
LiZn2(BH4)5. We found that the weakly bound portion
[Zn(BH4)2] in LiZn2(BH4)5 decomposes first at low tem-
perature, leaving the strongly bound portion (LiBH4).
As the temperature increases, the strongly bound portion
(LiBH4) consequently decomposes. In our identified re-
action pathway, the decomposition of LiZn2(BH4)5 con-
sists of four reactions steps: the first is slightly exother-
mic [∆ET=0K

static = −1.3 kJ/(mol H2)], followed by three
strong endothermic reaction steps. Unfortunately, none
of critical temperatures of these reactions falls in the
range of near ambient reversible storage. The behav-
ior of LiZn2(BH4)5 shows that mixed metal borohydrides
formed by mixing borohydrides of high and low thermo-
dynamics stabilities do not necessarily have an interme-
diate decomposition tendency. Our results suggest the
correct strategy to find intermediate decomposition in
mixed metal borohydrides is to search for stable mixed-
metal products such as ternary metal borides.
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