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First-principles predicted low-energy structures of NaSc(BH;),

Huan Doan Tran,!-? Maximilian Amsler,! Silvana Botti,?> Miguel A. L. Marques,?

and Stefan Goedecker'?
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2 Institut Lumiére Matiére and ETSF, UMR5306 Universite Lyon 1-CNRS, Universite de Lyon,

F-69622 Villeurbanne Cedex, France

(Received 23 December 2013; accepted 11 March 2014; published online 28 March 2014)

According to previous interpretations of experimental data, sodium-scandium double-cation borohy-
dride NaSc(BHy),4 crystallizes in the crystallographic space group Cmcm where each sodium (scan-
dium) atom is surrounded by six scandium (sodium) atoms. A careful investigation of this phase
based on ab initio calculations indicates that the structure is dynamically unstable and gives rise to
an energetically and dynamically more favorable phase with C222; symmetry and nearly identical
x-ray diffraction pattern. By additionally performing extensive structural searches with the minima-
hopping method we discover a class of new low-energy structures exhibiting a novel structural motif
in which each sodium (scandium) atom is surrounded by four scandium (sodium) atoms arranged
at the corners of either a rectangle with nearly equal sides or a tetrahedron. These new phases are
all predicted to be insulators with band gaps of 7.9-8.2 eV. Finally, we estimate the influence of
these structures on the hydrogen-storage performance of NaSc(BHy)4. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4869194]

. INTRODUCTION

The imminent shortage of fossil resources has sparked
an intense search for alternative energy sources in the last
decades, and hydrogen has been considered as a promising
candidate due to its clean reaction with oxygen. However, en-
gineering suitable solid hydrogen storage media with high en-
ergy density and appropriate hydrogenation/dehydrogenation
properties has proven to be a challenging task. Aside from
simple metal hydrides like MgH,, LiH;, or LiAlHy4, other ma-
terials have been recently proposed with increasing complex-
ity. The successful synthesis of double-cation borohydrides
such as Li/K,! Li/Ca,? Li/Sc,> K/Sc,* Na/Al,> K/Mn and
K/Mg,6 K/Y,” Li/Zn, Na/Zn, and K/Zn%10 borohydrides has
drawn much attention as potential candidates for hydrogen-
storage.'!

NaSc(BHy)4, a double-cation borohydride of sodium and
scandium which contains 12.67 wt.% hydrogen, was recently
synthesized'? by ball milling of NaBH, and ScCls:

4NaBH, + 2ScCl; — NaSc(BHy)s + NasScCls. (1)

Below the melting temperature (~410 K), NaSc(BH,)4 was
experimentally determined to belong to the Cmcm crystallo-
graphic space group (no. 63).'? In this phase, NaSc(BH,), is
an ionic crystal of which each Na™ cation is octahedrally co-
ordinated to six [Sc(BH4)4]~ complex anions. The scandium
atom of each [Sc(BH4)4]™ complex is surrounded by four
[BH4] tetrahedra, forming a nearly ideal tetrahedron with a
Sc-B distance between 2.27 A and 2.50 A. Above 410 K,
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NaSc(BHy4)4 decomposes while releasing hydrogen in two
rapid steps between 440 K and 490 K, and between 495 K and
540 K, respectively.'? Details on these decomposition steps
have not been experimentally determined yet.'?

Soon after the experimental synthesis of NaSc(BHy)4,
several theoretical studies were carried out. Huang et al.'? re-
ported that the Cmcm phase of NaSc(BHy)4 is an insulator
with a band gap of E, = 5.055 eV. The following single-step
decomposition reaction with a release of 9.3 wt.% hydrogen
gas was theoretically predicted by Kim'*!> to maximize the
gain of Landau free energy:

3 1 47
NaSc(BH4)4 — SCB2 + ZNaBH4 + gNazBloHlo + EHZ
2

The pressure Py, at which this hypothetical reaction occurs is
related to the temperature T through'® !

Py, AG(T)
2 _ _ ’ 3
Py P [ RT 3)
where AG(T) is the Gibbs free energy change of the re-
action (2) at 7, Pp = 1 atm, and R is the gas con-

stant. The entropic contribution from the hydrogen (gas)
product to AG(T) is determined by the Shomate equa-
tion for which the coefficients can be taken from the
database of the National Institute of Standards and Technol-
ogy (NIST).'® Other contributions to AG(T) can be calcu-
lated at the density functional theory (DFT)!*%° level. Kim
predicted'® !> that, at Py, = 100 bars, the proposed reac-
tion (2) occurs at temperatures between 14 K and 223 K.
The wide range of the predicted temperature 7 is due to
the DFT uncertainty in calculating AG(T) and comparing
with the measured data. Although the temperature calcu-
lated for the hypothetical reaction (2) strongly differs from
the experimental decomposition temperature (440-540 K),!?

© 2014 AIP Publishing LLC
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relation (3) indicates that at a given temperature 7, the
required Hy pressure Py, is sensitive to the free energy change
AG(T) since RT is small (at the room temperature 7= 298 K,
RT ~ 2.5 kJ/mol H,). Therefore, a change in Py, may be ex-
pected for a new low-energy phase of NaSc(BHy4)4 even with
a small difference in energy with respect to the Cmcm phase.
In this work we carefully study the Cmcm structure of
NaSc(BHy)4 with ab initio calculations, showing that it is
dynamically unstable. By following the imaginary frequency
phonon modes, a dynamically stable structure with C222,
symmetry is predicted. Furthermore, we report a class of
new low-energy structures predicted by the minima-hopping
method?"?> (MHM) for this material. Finally we discuss the
influence of small changes in the free energy AG(T) of these
new structures on the hydrogen pressure Py, in reaction (2).

Il. COMPUTATIONAL METHODS

We used the projector augmented wave formalism?>® as
implemented in the Vienna Ab Initio Simulation Package
(VASP)**27 to perform all the DFT-based first-principles cal-
culations. The valence electron configurations of sodium,
scandium, boron, and hydrogen were 2p%3s!, 35*3p%4s?3d",
25?2p', and 1s', respectively. The DFT total energy Eppr was
calculated with Monkhorst-Pack k-point meshes®® with sizes
of either 5 x 5 x 5 or 7 x 7 x 7, depending on the vol-
ume of the simulation cell, and a plane wave kinetic energy
of 450 eV. The convergence of electronic self-consistent (SC)
calculations is assumed when the total energy change between
two consecutive steps is smaller then 10~ eV. Atomic and
cell variables were simultaneously relaxed until the residual
forces were smaller than 102 eV/A.

For systematically exploring the low-energy landscape
corresponding to NaSc(BH4)s, we employed the minima-
hopping (MH) method.?!-?> Being needed by the MH algo-
rithm, the total energies Epgr, the forces, and the stresses of
the examined structures are calculated at the DFT level by
VASP in this work. They are then used to perform a num-
ber of consecutive short molecular dynamics steps, driving
the system out of the current minimum at which the system
is trapped. At the end of the molecular dynamics stage, the
obtained structure is optimized by ordinary (local) geometry
relaxations until the convergence criteria described above are
met. By choosing the initial velocities of the molecular dy-
namics trajectories approximately along soft mode directions,
the likelihood of escaping the current minimum and landing
at a lower-energy minimum can be significantly improved.”!
In addition, several build-in feedback mechanisms are im-
plemented, minimizing the possibility of revisiting the al-
ready explored minima and enhancing the efficiency of the
method.2-22 Because the MH method requires no constraint,
unknown structural motifs can be explored. The reliability of
this method was shown in many applications that were re-
cently reported.?*-38

The super-cell approach implemented in PHONOPY 4
was used to analyze the phonon frequency spectrum and in-
vestigate the dynamical stability of the structures examined.
In this approach, the phonon frequencies were calculated from
the dynamical matrix of which the force constants were eval-
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uated in VASP. Sufficiently high convergent criteria are re-
quired for these force calculations. In particular, the electronic
SC loops are terminated when two consecutive steps differ
by less than 1078 eV in energy, while the residual forces on
the atoms have to be smaller than 10~* eV/A. The longitudi-
nal optical/transverse optical (LO/TO) splitting was not taken
into account because its effects on dynamical properties were
reported to be negligible for a wide variety of hydrides.*!*?

lll. EFFECTS OF EXCHANGE-CORRELATION
FUNCTIONALS AND VDW INTERACTIONS

It is well established that the lack of long-range van
der Waals (vdW) interactions in DFT, in many cases, may
significantly affect its accuracy when investigating soft matter
and molecular crystals. Studying magnesium borohydride
Mg(BH,),, Bil et al.*? pointed out that DFT calculations with
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
(XC) functional artificially favors structures with unusually
low densities.*»*> The reason for this observation can
probably be traced back to the exceptionally complicated
experimental structure of Mg(BH,4), which has 330 atoms per
cell and is composed of several neutral sub-structures (frame-
works) held together by dispersion interactions.***” Because
conventional DFT calculations do not well capture these
interactions, a non-local density functional such as vdW-
DF*®#0 was suggested®? to be more suitable. Similarly, the
experimental structures of some double-cation borohydrides
studied in Ref. 51, e.g., LiZn,(BH4)s, NaZn(BH4)3, and
NaZn;(BH,)s, are composed of two neutral, inter-penetrated
frameworks.® For these materials, PBE calculations predict
very low-density structures to be thermodynamically stable
while, at the same time, produce large deviations when
optimizing their complicated experimental structures.’’ By
taking into account the vdW interactions via the non-local
density functional vdW-DF2,%? the optimized geometries
agree better with the experimental data. It is worth noting that
for the borohydrides with simple ionic crystalline structures,
e.g., LiBHy, NaBH,, and KBHy4, the calculated results with
vdW-DF2 are not always better than those with PBE,’!
indicating that, presumably, the dispersion interactions play a
minor role in the crystalline materials dominated by ionic and
covalent bonds. Clearly, the performance of a vdW treatment,
e.g., vdW-DF2, is material-dependent, i.e., it depends on the
nature of the interactions in the materials examined.

For NaSc(BH,)4, we have tested our calculations with
the available vdW methods and the commonly used XC func-
tionals implemented in VASP by fully optimizing the Cmcm
structure and studying AV, the differences of the optimized
cell volume V, with respect to the experimental value. The
best results are summarized in Table I, while the full data set
is given in the supplementary material.>> For vdW-DF2, AV
= —6.0%, while for PBE and Perdew-Wang (PW91) XC
functionals, AV are much smaller and almost equal (—0.8%
with PBE and —1.1% with PW91). Our calculations also in-
dicate that the unit cell of the Cmcm structure was strongly
distorted with AV = —9.0% when employing the PBEsol
functional®* and with AV = —17.3% when the local density
approximation (LDA) is used. Two other implementations
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TABLE 1. Structural parameters from the DFT optimization of the Cmcm structure (left) and C222; structure (right) of NaSc(BHy)4, calculated with and
without vdW interactions and given in A. The differences A between the calculated results and the experimental data are given in %. The space group of the
structure was not changed by the optimization. Experimental data are taken from Ref. 12.

PW91 PBE vdW-DF2 PW91 PBE vdW-DF2
DET A(%) DFT A(%) DFT A(%) DET A(%) DET A(%) DEFT A(%)  Expt.
ad) 8.109  —0.7 8122  —0.6 3.088  —1.0 8.312 1.7 8.318 1.8 8.131  —04 8.170
b (A) 11.900 02  11.904 02 11765 —09  11.821  —05 11827  —04 11.720 —13  11.875
c(A) 8967  —0.6 8973  —05 8.640  —42 9.111 1.0 9.117 1.1 8.628  —43 9.018
v (A3 8654  —1.1 867.6  —0.8 8222  —6.0 895.2 2.3 896.9 2.5 8222  —6.0 874.9

of the vdW, i.e., DFT-D2% and Tkatchenko -Scheffler method
(DFT-TS)**>7 are known>”>*% to significantly underestimate
the lattice parameters of ionic crystals. We actually ob-
tained very large reductions of the unit cell volume with AV
= —17.5% for DFT-D2 and AV = —16.5% for DFT-TS.

The relatively large volume change AV = —6.0% ob-
tained with vdW-DF2, five times larger than the very good
(small) values of AV obtained by PBE and PW91, may
indicate the minor role of the dispersion interactions in
NaSc(BHy)4. To further examine this marginal case, vari-
ous characteristic distances and angles of the Cmcm struc-
ture optimized with PW91, PBE, and vdW-DF2 were com-
pared with the experimental data.>® The optimized geometries
of the complex [Sc(BH4)4]™ anions are almost the same and
agree very well with the experimental data, suggesting that the
short-range interactions are well captured by our calculations.
The long distances between any Na' cation and the six sur-
rounding [Sc(BHy4)4]~ anions (the distance between Na and
Sc were actually measured) are however isotropically reduced
by >~2% in the structure optimized with vdW-DF2, indicating
that in this ionic crystalline structure, the long-range interac-
tions are systematically overestimated.’® As the calculations
with PBE and PWO1 reduce the Na-Sc lengths by no more
than 0.7% without changing the relevant angles, these func-
tionals are clearly more favorable than vdW-DF2. Although
PBE was used throughout this work, results with vdW-DF2
are also carefully referred when necessary.

IV. LOW-ENERGY STRUCTURES OF
SODIUM/SCANDIUM BOROHYDRIDE

A. The Cmcm and C222, structures

We performed phonon calculations for the Cmcm struc-
ture and show the result in the top panel of Fig. 1. We found
that, at the DFT level, the Cmcm phase is dynamically un-
stable with three imaginary phonon modes emerging at the I"
point, two of them have large imaginary frequencies, roughly
3i THz, throughout the whole Brillouin zone. One of these
two modes describes the instability of the Na atomic posi-
tions, which are the inversion centers, and the other indi-
cates that the BHy tetrahedra must also be stabilized. By
following these modes, the BH, tetrahedra are slightly rear-
ranged while the centrosymmetry is broken by driving the
Na atoms out of the inversion centers. The lowest possi-
ble structure obtained by this process belongs to the C222,
crystallographic space group (no. 20) and is lower in energy

than the Cmcm structure by 3.8 kJ mol~! fu.”'. We note
that although comparing with experimental data, DFT cal-
culations for the free energy change of a reaction may suf-
fer an uncertainty of ~10 kJ/mol,'*!7 such a certainty is ex-
pected to be canceled out when Epgr calculated at the same
computational conditions for similar structures are compared.
Therefore, the energetic ordering of the structures examined
throughout this work, specifically Cmcm and C222,, can be
determined with essentially no uncertainty. We then calcu-
lated the phonon band structure of the C222; structure and
showed it in the bottom panel of Fig. 1. Within an errorbar
of ~0.3 THz due to the translational invariance breaking in
XC energies calculations,®* the €222, structure is found to
be dynamically stable. We illustrate the transformation from

8.0
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2 2.0 =
(0]
=2
o
(0]
i
~N
T
=
>
g 20
(0]
=
(o
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-4.0 + + + + +
r 7 T r S P Z

FIG. 1. Phonon band structures of the Cmcm (top panel) and C222; (bot-
tom panel) structures of NaSc(BH4)4. Three imaginary phonon modes of the
Cmcm structure are shown in red. For convenience, bands with imaginary
frequencies are shown in this figure as those with negative frequencies of
the same module. Dotted lines indicate the lower bound corresponding to the
errorbar of ~0.3 THz due to the numerically unresolved translational invari-
ance in calculations of the XC energies.*>>
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FIG. 2. Top view (along the z axis) of the Cmcm and C222; structures of
NaSc(BHy),. Yellow and purple spheres represent sodium and scandium
atoms. Red arrows indicate schematically the eigenvector of the unstable
mode following which the centrosymmetry of the Cmcm structure is broken,
and the C222; structure is formed.

the Cmcm phase to the €222, phase in Fig. 2, while detailed
information of the C222; structure is given in the supplemen-
tary material.>

To further examine this conclusion, we performed addi-
tional phonon calculations for the Cmcm and C222, structures
with vdW-DF2 and LDA, giving the phonon band structures
shown in the supplementary material.’> We found that the
vdW-DF2 and LDA results agree well with the PBE results.
In particular, the Cmcm structure is dynamically unstable,
the C222; structure is dynamically stable, and the obtained
phonon band structures are very similar to those obtained with
PBE (see Figs. 3 and 4 and the supplementary material>®). In
addition, the C222; structure is energetically more stable than
the Cmem structure by 1.3 kJ mol~! fu.~! with vdW-DF2
and by 0.6 kJ mol~! f.u.~! with LDA. It is worth to empha-
size that in the calculations of phonon band structures at the
level of density functional theory, specifically by the direct
method,**" energy and forces are evaluated for structures
with very small perturbations (at order of 0.01 A), imply-
ing a high degree of error cancellation. Very often, the dy-
namical stabilities determined by first-principle calculations
for various crystalline materials were found to be in excellent
agreement with experiments.®-%! In this work, that the results
obtained with PBE, vdW-DF2, and LDA are highly consistent
indicates that the stabilities of the Cmcm and C222, structures
were correctly determined.

In Ref. 12, a powder x-ray diffraction (XRD) pattern was
measured for a mixture of NaSc(BH4)s and NazScClg, ac-
cording to the synthesis reaction (1). To further analyze the
(222, structure, we used the FULLPROF package®” to calcu-
late the XRD patterns of the Cmcm and C222; structures of
NaSc(BH,)4 and the P2,/c structure of Na3ScClg. The simu-
lated XRD patterns are shown in Fig. 3, demonstrating that the
(€222, and Cmcm structures equally explain the available ex-
perimental XRD data. In particular, although the experimen-
tal XRD pattern is dominated by peaks of Na3ScClg as men-
tioned by Ref. 12, the simulated XRD patterns of the Cmcm
and C222,; structures are nearly identical and resolve all the
major peaks identified to belong to NaSc(BHy)s.

Surprisingly, the C222, structure was already considered
in Ref. 12 as a candidate for the low-energy structure of

J. Chem. Phys. 140, 124708 (2014)

140

T . ;
Expreriment, NaSc(BH,), + NagScClg - P
NaSc(BH,),, Cmcm phase
120 1 5 NaSc(BH,), C222, phase 1

NagScClg, P2,/c phase ------

100

Intensity (arb. units)

20 (degrees)

FIG. 3. Powder XRD patterns of the P2/c structure of Na3zScCle and the
Cmcm and C222; structures of NaSc(BHy4)s which were simulated at the
wavelength 0.66863 A. The experimental XRD pattern of the mixture of
NaSc(BHy4)s4 and Na3ScClg, which was measured at the same wavelength
by Ref. 12, is also shown.

NaSc(BHy)4 before being superseded by the Cmcm structure.
The first order phase transition from Cmcm to C222; by fol-
lowing the soft modes breaks the centrosymmetry, leaving the
overall structural motif and atomic coordination intact. The
unit cell volume of the C222; structure is 897 A3 , which is
2.5% larger than that of the Cmcm structure (875 A3). We
show in Table I the optimized cell parameters of the C222,;
structure with PBE, PW91, and vdW-DF2, revealing a good
agreement between the PBE and PW91 results with the exper-
imental data. In summary, we can confidently conclude that
the C222, is in fact the experimentally observed structure of
NaSc(BH4)4.

B. Minima-hopping predicted low-energy structures

Aside from the phonon-mode-following approach, we
conducted unconstrained, systematic structural searches with
several MHM simulations for one and two formula units (22
or 44 atoms) per simulation cell to explore the low energy
configurations of NaSc(BHy)4. Thereby we discovered a new
class of structures with a different structural motif compared
to the C222, phase. Four new structures of this class with C2
(no. 5), Cc (no. 9), P1 (no. 1), and 1222 (no. 23) symmetry
were found to have lower total energy EFPE than the Cmem
phase (see Table II), while only three of them (C2, Cc, and

TABLE II. Summary of the low-energy structures of NaSc(BH4)s4. DFT
energy EPBE EB%V%/ and free energy Fr at temperature T are given in kJ
mol~! f.u.~! with respect to the C222; structure. Energy band gap ng is
given in units of eV while the minimum Hj pressure Pﬁ“zi“ (298 K) is given in
bars.

Structure EpRY  Fox  Fawsk  Eppy  EJY PRM(298K)
C2(5) —-507 —406 —499 475 817 546
Cc (9) —484 —373 —467 527 820 558
P1(1) —-1.14 —054 —097 405 794 720
€222,(20) 000 000 000 000 785 770
1222 (23) 1.44 156 083 408 791 815
Cmem (63) 380 ... o 135 8.10 1000
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FIG. 4. Coordination of sodium atoms (left) and the geometry of
[Sc(BH4)4]~ complex anion (right) in the novel structural motifs of the low-
energy NaSc(BHy4)4 phases. Yellow, purple, green, and pink spheres represent
sodium, scandium, boron, and hydrogen atoms.

P1) are thermodynamically more stable than the C222; struc-
ture by up to 5 07 kJ mol~! f.u.”!. Calculations for the to-
tal energy EX®Y with vdW-DF2, however, indicate that these
new structures are less stable than the C222, structure by up
to 5.27 kJ mol~! f.u.~!. As discussed in Sec. III, we believe
that calculations with vdW-DF2 overestimate the long-range
interactions in NaSc(BHy4)4, and this could be the reason for
these small energy differences. Treating this result with cau-
tion, we are able to conclude that the predicted structures are
energetically competing with the experimentally synthesized
(222, structure of NaSc(BHy)s.

The predicted structures are similar to the C222; struc-
ture in the geometry of the [Sc(BH4)4]™ complex anions (see
Fig. 4). On the other hand, as shown in Figs. 4 and 5, the
Na-Sc frameworks of the new structures and the C222; struc-
ture are completely different. In the novel structural motif,
each Na (Sc) atom is coordinated to four Sc (Na) atoms at

I
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a distance of ~5 A. All four-fold coordinated atoms are ar-
ranged at the corners of either a rectangle with nearly equal
sides or a tetrahedron, leading to two types of Na-Sc “bonds,”
either arranged on the planes of the rectangles mentioned
above or interlinking them (see Fig. 4). The Na-Sc planes
are stacked in parallel planes and separated by a distance of
~6.1 A. Viewed along these Na-Sc planes, the new structural
motif is characterized by hexagons which have two parallel
sides placed on the planes. The lengths of these parallel sides
are ly, 21y, and 3y for the C2, Cc, and P1 structures (here,
Iy ~ 3.2 A is the Na-Sc separation in the direction perpendic-
ular to the line of view—see Fig. 5). For the 1222 structure,
this length is infinite since it is composed solely of the parallel
Na-Sc planes.

A comparison of the XRD patterns of the new structures
with both the C222; and Cmcm phases clearly shows that the
structures are distinct. All new structures are dynamically sta-
ble with no imaginary phonons in the whole Brillouin zone.
The structural data, the phonon density of states, and the sim-
ulated XRD patterns of the examined structures are given in
the supplementary material.>?

We examine the stability of the predicted structures at fi-
nite temperatures by computing their Helmholtz free energies
at the PBE level. In our calculations, vibrational free energies
were determined within the harmonic approximation calcu-
lated from the phonon frequency spectrum. Fig. 6 indicates
that up to the melting temperature of (=410 K), the C2, Cc,
and P1 are energetically favorable over the C222; structure.
The 1222 structure, on the other hand, is thermodynamically
less stable than the C222, structure.

fegagosgog
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N

.éoi

C2 1222

P1

FIG. 5. Sodium-scandium framework of the examined low-energy structures of NaSc(BHy4)4. Yellow and purple spheres represent sodium and scandium atoms.
The new C2, Cc, P1, and 1222 structures are characterized by hexagons which are clearly shown in the figure. These structures are different in the length of
the parallel sides, which is lp, 2lp, 3lp, and infinite. Here /[y >~ 3.2 A is the sodium-scandium separation along the direction which is perpendicular to the line of

view.
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FIG. 6. Helmholtz free energies of the low-energy structures given with re-
spect to the C222; structure.

The formation of the predicted structures, which are ener-
getically competing with the experimental C222; phase, may
be possible. According to the Ostwald’s step rule in crystal
nucleation,®® instead of forming the most stable phase di-
rectly from a solution, the system crystallizes in a step pro-
cess where it transforms from less stable phases to phases of
higher stability. In particular, the phase transformation would
first occur towards a phase that requires the least activation en-
ergy. Overall, nucleation and crystallization are complex pro-
cesses that often depend on the synthesization method. There-
fore, there are chances for the predicted structures exist, given
that the suitable synthesization method conditions are chosen.

We then examine the electronic structures of the
predicted phases of NaSc(BH4); by performing GW
calculations.* The calculated energy band gaps Eg™ are
shown in Table II. We found that the Cmcm and C222; struc-
tures have band gaps of 8.10 eV and 7.85 eV, respectively. By
referring to the result by Huang et al.,'* the GW correction
for these structures is roughly 3.0 eV. Similar values for the
GW band gaps were also found for the predicted phases.

Several changes in the thermodynamic properties associ-
ated with the predicted low-energy structures of NaSc(BHy)4
can be qualitatively estimated. At the room temperature 7'
= 298 K, the reaction (2) was predicted'* !> to occur at the
hydrogen pressure Py, from 10° to 107 bars. As the mini-
mum hydrogen pressure P{{T“ = 10° bars was predicted for
the Cmcm phase, this pararﬁeter can be estimated for other
low-energy structures of NaSc(BH4)4 assuming that there is
no change in the products of the reaction (2). Hence, the
change of the Gibbs energy AG(T) is given by the change in
the Helmholtz free energies, calculated at the PBE level and
shown in Table II. From P{{;i“, predicted for the Cmcm phase
by using the relation (3), one arrives at P{I‘f“ = 770 bars for
the C222; phase. Corresponding to the C2 phase, the Pﬁ“;“ can
be reached at 546 bars which is only half as much as the re-
quired pressure for the Cmcm phase. Estimated P{{“;“ of other
structures are also given in Table II. As discussed in Sec. 1, it
was also predicted!*!3 that at Py, = 100 bars, the proposed
reaction (2) occurs at temperatures between 14 K and 223 K
if NaSc(BHy)4 is in the Cmcm phase. For the newly proposed
phases, these temperatures are expected to change. Although

J. Chem. Phys. 140, 124708 (2014)

a quantitative determination requires AG(T) to be fully com-
puted according to Eq. (2), one can qualitatively find from
the van’t Hoff plots reported'* !° that the temperature changes
would be positive, i.e., the corresponding reaction tempera-
tures are higher than those predicted for the Cmcm phase, i.e.,
somewhat closer to the experimentally determined tempera-
ture (>400 K).

V. CONCLUSIONS

In summary, we show that the experimentally reported
Cmecm structure of NaSc(BHy)4 is dynamically unstable based
on first-principles calculations. By exploring the unstable
phonon modes, we predict a dynamically stable C222; struc-
ture which is lower in energy than the Cmcm structure by
3.8 kJ mol~! f.u.~! but explains the experimental XRD pat-
tern equally well.

In addition to the C222; structure, we report a class
of four low-energy structures predicted by the MHM for
NaSc(BHy)4. These structures exhibit a new structural mo-
tif where each sodium (scandium) atom is coordinated to four
scandium (sodium) atoms. Below the melting point reported
for NaSc(BHy4)4, all of these structures are energetically com-
peting with the experimental C222; phase. According to the
empirical Ostwald’s step rule, the formation of the predicted
structures may be possible. Once realized, the energy differ-
ences of these new structures may significantly influence the
hydrogen pressure at which the dehydrogenation reaction (2)
of NaSc(BHy)4 occurs.
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