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First principles calculations are performed to study the influence of alloying elements Li, Na, X,
Ti, Mn, and Ni and Y vacancy on the stability and dehydrogenation properties of Y(BH,)s. The
formation energies of low and high temperature (LT and HT) phases of alloyed Y(BH,)s; are
evaluated. Ti, Mn, and Ni elements and the Y vacancy containing Y(BH,4); systems are endo-
thermic. The Y vacancy is difficult to be generated due to the high energy demand. The alkali
metals of Li, Na, and K prefer to occupy the interstitial sites in both the LT and HT phases of
Y(BH,)3, especially the K element. The K containing systems show negative formation energy,
even if eight K atoms are introduced. The K containing systems show similar structure
characteristics with the KY(BH,4), compound. Therefore, a phase transition from the K alloyed
Y(BH,4)s to KY(BHa)4 is expectable. However, the transition from Li/Na alloyed Y(BHy); to cor-
responding Li/Na—Y(BH,), compounds is energetically unfavorable. Electronic structures of
alloyed Y(BH,); are investigated to explore the reasons that why only K alloyed Y(BH,); can
transform to KY(BH,4), compound. In term of dehydrogenation properties, all alloyed systems
show smaller dehydrogenation energies than the pure Y(BH,);. The concentrations of alloying
elements can greatly affect the dehydrogenation properties of alloyed Y(BHy)s.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

high to 18 wt%, but its dehydrogenation is hindered by the
strong bonding interaction between H and B [1].
The catalytic dopant can improve the de/hydrogenation

It is crucial to develop an efficient and safe way to store
hydrogen for the application of hydrogen energy. Solid storage
approach owns great advantages in cost and safety. Some
hydrogen storage media have been extensively studied, such
as MgH,, coordination compounds of M[BH,| and M[AIH,]
(M = metal element), and so on. Among them, the M[BH,]
compounds are the most promising media due to their high
energy density. For example, the hydrogen capacity in LiBH, is
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properties of hydrogen storage materials. Ti is one of the
widely used catalysts for enhancing hydrogen storage per-
formance of metal hydrides. It was found that the reversible
de/hydrogenation of NaAlH, could be achieved by effect of
catalysts, such as Ti and its compounds [2,3]. TiO, and TiCl;
can improve the kinetics of the dehydrogenation of borohy-
drides, but their catalytic effects are poor for those of
aluminum hydrides. It is believed that the catalytic effects
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connect to the bonding characteristics of catalysts with co-
ordination cluster [4]. Transition metals have great catalytic
effects on borohydrides [5—8|.

For the B—H coordination, LiBH, and NaBH, are too stable
for dehydrogenation, while the transition metal borohydrides
are unstable under normal conditions. The effects of dopants
on the de/hydrogenation of borohydrides have been exten-
sively studied. The alkali oxide additions can greatly affect the
formation of BH, [9]. Ball-milling LiBH, with RECl; (RE = La, Ce,
Pr,Nd, Sm, Eu, Gd, Tb, Er, Yb, and Lu) will form numerous rare-
earth metal (RE) borohydrides and LiCl [10]. A mixed-cation
borohydride (K,Mn(BHg)4) can be synthesized by ball milling
of KBH, and MnCl, with 2:1 mole ratio [11], and other complex
borohydrides i.e., KHo(BHa)4 [12], Mn(BH,), [13] by ball milling
method. They all show potential application as hydrogen
storage material.

The Ni and Ti can improve the dehydrogenation and
rehydrogenation properties of LiBH, and NaBH, [14,15]. How-
ever, the Ti has a limited effect in lowering the decomposition
temperature of LiBH, [16], which may be associated with the
oxidation states of Ti cations. Theoretical studies show the Ti
ions cannot dope into LiBH,4, while high oxidation states of
Ti"" (n > 3) cations may become thermodynamically stable in
NaAlH, [17].

Y(BH4); is one of candidates for hydrogen storage con-
taining 9.06 wt% of hydrogen. The thermodynamics of Y(BHa);
exhibits a lower dissociation temperature than Mg(BH,),
under 1 bar of H, [18]. The solid—solid metathesis reaction
occurs between LiBH, and YCl; [19,20], while the NaBH, does
not react with YF; during ball milling [21]. High-energy milling
of Y(BH,); with KBH, leads to KY(BH,)4, while no chemical
reaction is observed for milling of LiBH, and NaBH, with
yttrium compounds [22]. The mechanochemical solid—solid
reactions (MBH4 + 3YX3™ > Y(BH4); + 3 LiCl, where M = Li and
Na; X = F and Cl) have been succeeded only for the LiBH, and
YCl; reagents [23]. The Y(BH,); can also be synthesized by
reactive ball milling of yttrium hydride in diborane/hydrogen
atmosphere [24].

The primitive cubic low-temperature (LT) phase, the
a-Y(BHa4); phase, transforms to face-centered cubic high-
temperature (HT) phase, the 3-Y(BH4); phase, under 10 MPa
and 475 K [19]. The g-Y(BH,); can be easily formed through
phase transition at approximate 180 °C and will be decomposed
at 190 °C to YH3, and further transformed to YH, at 543 K [25,26].
In the decomposition process of Y(BH,)s, yttrium octahydro-
triborate, i.e., Y(BsHg)s, rather than the stable Y,(BioHio)s, is
formed as the main intermediate [27]. The activation energy of
HT is nearly three times lower than the LT polymorph for the
first step of the thermal decomposition, although the a-Y(BH,);
and the 8-Y(BH,4); show slight differences in the crystal struc-
ture [28]. The high energy barrier for the [BH4|™ reorientation
partly accounts for the slow phase transition observed in
Y(BH4); [18,29]. The phase transformation of Y(BH,); can be
shown through following reaction [18],

U.-Y(BH4)3 «> B-Y(BH4)3, —4.2 kJ/m01H2 (1)
The dehydrogenation energy is 37.4 kJ/molH, for 8-Y(BH,);

with 8.5 wt% hydrogen capacity [18]. The activation energies
for the I step decomposition of a-Y(BH.); and §-Y(BH,); are

high to 785 and 281 kJ/molY [28]. Therefore, it is crucial to
improve the reaction kinetic properties under dehydrogena-
tion of Y(BH,4)s. Furthermore, it is interesting to study why the
KY(BHy)4 can be formed but no Li/Na—Y(BH,), were observed
during high-energy milling of Y(BH,); with Li, Na, or K—BH,.
Alloying elements are usually applied to improve the dehy-
drogenation property of metal hydrides. In the present work,
the influence of alloying elements (Li, Na, X, Ti, Mn, and Ni) on
the stability and dehydrogenation properties of Y(BH,); are
studied via first-principles. The method used in this paper is
briefly described in Section 2, and results are presented in
Section 3. Electronic structures are analyzed to identify the
intrinsic mechanisms of influence of alloying elements. Con-
clusions are presented in the last part.

Computation methods

Vienna Ab initio Simulation Package (VASP) is employed to
perform all calculations [30,31] based on generalized gradient
approximation (GGA). The Projector Augmented Wave (PAW)
potentials were used [32] with a cutoff energy of 350 eV of
plane wave basis set. The valence electron configurations
used in the present calculations are: H 1s!, B 2s%2p', Y
4s%4p®5s?4d’, Li 2s'2p° Na 3s'3p° K 3p®4s?, Ti 3d%4s, Mn
3d®4s?, Ni 3d°4s’. The 2 x 2 x 2 Monckhorst-Pack [33] k-point
grid is used in all calculations. The convergence criteria of
self-consistency calculations are that the differences between
two consecutive energies and forces are less than 0.01 meV
and 0.01 eV/A, respectively. The LT phase (a-Y(BH,)s) and HT
phase (8-Y(BH,)3) both occur in cubic structure as shown in
Fig. 1. The B-Y(BH,); can be achieved by quenching, and it is
actually metastable at room temperature. The lattice param-
eters of LT and HT phases are 10.852 A and 11.008 A [19],
respectively. The number of atoms containing in an unit cell
of Y(BH,); is 8 (Y), 24 (B), and 96 (H) for both phases, respec-
tively. The calculated lattice parameters for the LT and HT
phases are 10.638 and 10.825 A, respectively, which are well
consistent with experimental values. The molecular dy-
namics (MD) calculations employed in this work were based
on the density functional theory using VASP code. A canonical
ensemble (NVT) with a Nosé thermostat procedure was used
at the temperature of 300 K. The MD simulations were ran for
10,000 steps containing with equilibration and data sampling
procedures with a time step of 1 fs.

Results and discussions
Stability and dehydrogenation properties
(a) Single-element alloyed systems

The calculation models of single-element alloyed LT and
HT phases are shown in Fig. 1. The interstitial and substitu-
tional sites for alloying element are selected as (0.5, 0.5, 0.5)
and (0.2187, 0.2187, 0.2187) for LT phase, and (0.25, 0.25, 0.25)
and (0.5, 0.5, 0.5) for HT phase, respectively. Table 1 shows the
lattice parameters of LT phase after full relaxations. The «, B,
and y angles are still equivalent and only slightly deviated
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