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Abstract

Favorable thermodynamics are a prerequisite for practical H, storage materials for vehicular applications. Destabilization of metal hydrides is
a versatile route to finding materials that reversibly store large quantities of H,. First principles calculations have proven to be a useful tool for
screening large numbers of potential destabilization reactions when tabulated thermodynamic data are unavailable. We have used first principles
calculations to screen potential destabilization schemes that involve Sc-containing compounds. Our calculations use a two-stage strategy in which
reactions are initially assessed based on their reaction enthalpy alone, followed by more detailed free energy calculations for promising reactions.
Our calculations indicate that mixtures of ScH, +2LiBH,, which will release 8.9 wt.% H, at completion and will have an equilibrium pressure
of 1bar at around 330 K, making this compound a promising target for experimental study. Along with thermodynamics, favorable kinetics are
also of enormous importance for practical usage of these materials. Experiments would help identify possible kinetic barriers and modify them by

developing suitable catalysts.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The challenges of finding materials that can be used for high
capacity, reversible storage of H, for mobile applications are
well known [1-5]. Among the multiple criteria that must be
satisfied by any potential material for these applications are
the capacity requirements of reversibly storing in the vicin-
ity of 6.5wt.% Hj, and >80kg Hp/m> on a system basis and
the need for full reversibility at moderate temperatures (prefer-
ably <150 °C). Simple metal hydrides such as MgH; (7.7 wt.%
H») and LiH (12.7 wt.% Hj) have the potential to satisfy the
capacity requirements, but are so thermodynamically stable that
elevated temperatures are required to release H. A powerful and
general route for addressing this stability issue was introduced
recently by Vajo et al. [6,7]. This approach uses physical mix-
tures of metal hydrides and other compounds of light elements
to improve the thermodynamics of Hj release relative to direct
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metal hydride decomposition. In one example introduced by
Vajo et al., the reaction of 2MgH, + Si — Mg, Si + 2H; releases
5.0wt.% H; at completion with equilibrium pressures that are
at least four times greater than that for MgH, decomposition
at room temperature [7]. Since the initial work of Vajo et al., a
number of destabilized reactions involving compounds such as
LiBH4 and LiNH> have been studied experimentally [8—11].
The concept of using destabilization to alter the reaction ther-
modynamics of metal hydrides is quite general, and a very large
number of potential reaction schemes exist. A key challenge in
this area is therefore to identify promising reactions from this
large pool of possible reactions. A small number of reactions can
be examined using tabulated thermodynamic data [12,13]. For
the great majority of possible reactions, however, the thermody-
namic data necessary for this analysis are not currently available.
We have shown previously that first principles calculations are
an efficient and accurate means of predicting the thermodynamic
data needed to assess potential destabilized reaction schemes. In
our previous work, we have used this approach to screen more
than one hundred potential reactions involving stoichiometric
compounds of Al, B, Li, Ca, H, Mg, N, and Si [14].
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In this paper, we use first principles methods to consider
whether ScH» might be a useful component in destabilized reac-
tion schemes for H, storage. Initially, ScH, may appear to be
rather unpromising, since it only stores 4.3 wt.% H; and it is
extremely stable; the experimentally observed reaction enthalpy
for decomposition was estimated to be 201 and 258 kJ/mol H; by
different groups [15—18]. Hydrogen adsorption by Laves phase
alloys formed by Sc and heavier elements such as Ni, Co, Mn,
and Cr have been studied previously by Akiba and co-workers
[19]. We know of no previous results, however, for H, uptake or
release for combinations of ScH; and other light metal hydrides.
Our calculations suggest that ScH» can be combined with other
light metal hydrides to yield reactions with promising properties.

Our analysis below, as in our earlier work, is based purely on
the thermodynamics of reactions of interest [14,20]. The kinet-
ics of these reactions is, of course, also of enormous importance
in any practical application. Our focus on thermodynamics is
driven by the observation that, at least in principle, reaction
kinetics can be improved using appropriate catalysts, control of
particle size, etc. Favorable reaction thermodynamics, in con-
trast, are a prerequisite for meeting the operational guidelines
for mobile applications mentioned above.

2. Computational methods

Detailed descriptions of using plane wave DFT calcula-
tions to examine candidate destabilized reaction schemes for
Hj storage are available in our earlier work [14,20]. Briefly, we
performed calculations using the Vienna ab initio Simulation
Package (VASP) using the Perdew-Wang 91 GGA functional
[21-23]. The PAW method was used for all calculations [24]. In
our initial calculations, we optimized the structure of a variety
of solid materials. Total energy calculations for each material
were performed using an 8 x 8 x 8 Monkhorst-Pack mesh of k-
points and geometries were relaxed until the forces on all atoms

were less than 0.03 eV/A. These structural optimization calcu-
lations were initialized using data from Wycoff [25], Pearson’s
Handbook [26], and the ICSD database [27]. An energy cutoff
of 425eV was used for the final total energy calculations, and
this cutoff was increased by 30% during geometry optimization
to obtain a reliable stress tensor.

An initial characterization of the thermodynamics of
reversible Hy storage in each candidate reaction was calculated
by using DFT results to compute the enthalpy of the reaction at
0K from

AHy = Z E— Z E, )

products reactants

Here, E is the total energy of one of the bulk structures of interest
or of gaseous Hj as calculated by DFT. This formulation does
not account for zero point energy corrections or other vibrational
contributions to free energy, but we have shown before that AHy
is a useful quantity to remove reactions with highly unfavorable
reaction thermodynamics from further consideration [14,20].

For selected reactions, we performed additional calculations
to assess the temperature-dependent free energy of reaction [20].
This requires calculation of the phonon density of states and the
resulting vibrational contributions to the free energy for each
material involved in a reaction. For solid materials, these cal-
culations were performed using the PHONON code developed
by Parlinski [28] using the same exchange-correlation functional
and energy cutoff as for our total energy calculations. Force con-
stants were computed using displacements of individual atoms
0f 0.05 A. In these calculations, the number of k-points was cho-
sen so that the density of k-points in k-space was approximately
equal to the mesh used for our total energy calculations. The
analogous results for gaseous H; have been described previously
[20].

Once the reaction free energy has been computed for a
reaction of interest, it is straightforward to construct the van’t

Table 1
Lattice parameters and space groups for Sc-containing compounds as listed in the ICSD database [27] and computed using DFT

Compound Space group Structural parameters (A)
Experimental Calculated
Al Fm3m a=4.049 a=4.05
Al Sc Fd3mS a=17.58 a=17.58
Al3Sc Pm3m a=4.105 a=4.11
AlSc Pm3m a=3.45 a=337
AlSc; P63/mmc a=4.888, c=6.166 a=4.88,c=6.14
Li3ScN, a3 a=10.045 a=10.04
LiBH4 Pnma a=7.173,b=4.434, c=6.798 a=7.13,b=4.32,¢c=6.57
LiBHy4 P63mc a=4.276,c=6.948 a=4.17,¢=7.26
LiH Fm3m a=4.085 a=3.94
Sc P63/mmc a=3.308, c=5.2653 a=3.29,c=5.11
ScsSi3 P63/mem a=7.861,c=5.812 a=7.87,¢c=5.80
ScB; P6/mmm a=3.1478, c=3.5169 a=3.14,¢=3.52
ScBi» Fm3m a=17.402 a=17.40
ScH, Fm3m a=4.78 a=4.75
ScN Fm3m a=4.44 a=4.49
ScSi Cmcem a=3.988, b=9.882, c=3.659 a=398,b=9.88, c=3.67
ScSij P6/mmm a=3.66,c=3.87 a=4.02,c=3.62
Si Fd3m a=5.430 a=5.46
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Hoff plot for that reaction [7,20]. Because the example pre-
sented below involves LiBH4, it is important to note that LiBH4
undergoes a phase transition from an orthorhombic phase to a
hexagonal phase at 381 K. This phase change has been incorpo-
rated in our calculations following the method detailed in our
previous work [20].

3. Results

We performed DFT calculations for all Sc-containing com-
pounds comprised from light elements that are listed in the
Wycoff [25], Pearson’s Handbook [26] and the ICSD database
[27]. The DFT-optimized structural parameters for these com-
pounds, and several other compounds relevant to our approach,
are compared with experimental data in Table 1. This list extends
the larger set of compounds not containing Sc that we have con-
sidered previously [14]. The agreement between the DFT results
and experiment is generally very good as expected. ScSi is
a layered compound that is likely to have significant van der
Waals contributions to its interlayer spacings. As a result, it is
not surprising that DFT does not make precise predictions for
the structure of this material. Similar results have been seen
before for other layered compounds such as graphite and MoS»
[29].

3.1. Screening using first principles reaction enthalpies

Table 2 lists 12 reactions involving ScH» that can be con-
sidered using combinations of the materials listed in Table 1.
Apart from the direct decomposition of ScH», no previous ther-
modynamic data are available for these reactions. Most of these
reactions release relatively small amounts of H; at completion,
but there are several that involve more than 6.5 wt.% H,. We have
arbitrarily chosen 6.5 wt.% as a cutoff for screening purposes.
The first stage of our computational screening process is to com-
pare our computed 0 K reaction enthalpies, AHy, with the range
of reaction enthalpies that can generate equilibrium pressures
of 1bar in the temperature range 300—450 K. These enthalpy
ranges are based on the limited range of reaction entropies that

Table 2
DFT-calculated reaction enthalpies at 0K for possible destabilized reactions
involving ScHj, with all energies given in kJ/mol H,

Reaction H, (wt.%) AHy

ScH; + 3Al — Al3Sc+Hj 1.58 19.6
ScH» +2Si — ScSip +Hj 1.95 95.5
ScHj +2A1— Al Sc+H, 2.00 57.9
ScH; + Si— ScSi+Hj 2.68 39.8
ScH; + Al — AlSc + Hy 2.73 111.1
5ScH; +3Si — ScsSi3 + 5H; 3.16 81.9
2ScH; + Al — AlSc; +2H; 3.33 148.0
ScH, — Sc+H» 4.29 200.0
ScH; + LiNH,; — ScN + LiH + 1.5H; 4.32 —43.8
2ScH; + 3LiNH; — LizScN; + ScN + 5Hp 6.19 11.3
ScH; +2LiBH4 — ScB; +2LiH +4H; 8.91 49.7
ScH; + 12LiBH4 — ScBj; + 12LiH + 19H;, 12.42 74.1

Calculations involving LiBHy are based on ortho-LiBHy4.
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Fig. 1. Screening plot for reactions involving ScH,. For details, see the text.

are observed in a large collection of metal hydride decomposi-
tion reactions [20]. This process is shown in Fig. 1. In this figure,
the filled symbols are the AH values arising from our DFT cal-
culations, and the vertical bars indicate the range of zero point
energy corrections that we have observed in a previous anal-
ysis of destabilized metal hydride reactions [20]. Interpreting
this screening plot is straightforward; only those reactions that
lie within the rectangular region bounded by the dashed lines
(including the vertical bars) have the potential to have acceptable
gravimetric capacity and reaction thermodynamics. The height
of the rectangular box is an estimate of the range of enthalpies
required to result in a vapor pressure of 1bar within a given
temperature range.

Itis not surprising that almost all the reactions involving ScH,
we have considered in Fig. 1 hold little promise for high capacity
reversible storage of Hy. The positive outcome of this screening
exercise, however, is that two reactions are predicted to have
favorable properties. The first of these is

ScHj +2LiBH4 — ScBj +2LiH + 4H;, 2)

areaction that releases 8.91 wt.% H> on completion. On a volu-
metric basis, this reaction stores 98.9 kg Hy/m?3. This reaction is
analogous to the destabilization of LiBH4 with MgH, that has
been studied experimentally by Vajo et al. [6]. The calculated
heat of reaction for Eq. (2) is AHp=49.7 kJ/mol H; based on
ortho-LiBHy.

The second promising reaction identified in Fig. 1 also
involves ScH, and LiBHy. In this case, ScHj,+ 12LiBHy
— ScB1, + 12LiH + 19H,, we calculated AHg = 74.1 kJ/mol Hy
using ortho-LiBHy4. This enthalpy is only marginally smaller
than the DFT-computed enthalpy for direct decomposition of
LiBH4 [14,30,31]. More importantly, this result suggests that
these reaction products are more likely to initially react to form
ScB; via Eq. (2) until the ScHj is consumed. On this basis, we
exclude the reaction forming ScB1> from further consideration.
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Fig. 2. van’t Hoff plot from DFT calculations for ScHj+2LiBHy
— ScB» +2LiH +4H,. The open symbols represent estimates for the uncertainty
in the calculations. For details, see the text.

3.2. Screening using first princples reaction free energies

The analysis shown in Fig. 1 is based on estimating ranges
for reaction entropies and zero point energy corrections from
previous detailed studies of metal hydride decomposition reac-
tions [14,20,32]. While this approach is useful for reducing the
number of potential reactions that must be examined in detail,
it is clearly useful to obtain more detailed information on the
reaction free energy for any promising reactions. In particular,
we performed free energy calculations for Eq. (2). As described
in Section 2; we approached this task by computing the vibra-
tional density of states for each of the solid materials involved
in the reaction within the harmonic approximation [33]. These
calculations allow the zero point energies, temperature depen-
dent vibrational contributions, and entropies of each material to
be calculated.

Our calculations for Eq. (2) give a reaction enthalpy
and entropy at 300K of AH3p0=34.1kJ/mol H; and
AS300 =105.7 J/K/mol H;. The fact that the reaction enthalpy
at 300K is smaller than the result given above for AH) is due
largely to zero point energy effects [20]. The calculated reaction
entropy is very similar to the value seen for other destabilized
metal hydride reactions and lies within the bounds used to con-
struct to regions with desirable material properties in Fig. 1
[20].

The van’t Hoff plot for Eq. (2) based on our DFT calculations
is shown in Fig. 2. In this figure, results are shown for both phases
of LiBHy as appropriate for the experimentally observed phase
transition temperature for this material [34]. We have previously
compared calculations of this type with experimental data for a
variety of metal hydrides [20]. This comparison shows that DFT
predictions are fully consistent with available experimental data
if an uncertainty of 210 kJ/mol H is associated with the DFT-
computed reaction free energies. The open symbols in Fig. 2
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Fig. 3. van’t Hoff plot from DFT calculations for ScH, — Sc+H; and
LiBH4 — LiH + B + 1.5H;. For details, see the text.

show the van’t Hoff results arising from these uncertainties. Even
given this uncertainty, the van’t Hoff plot in Fig. 2 is extremely
promising. Our DFT calculations predict that the equilibrium
pressure for this reaction is 1 bar at around 330 K, which is very
favorable for practical hydrogen storage applications.

To emphasize the crucial role of destabilization in the reac-
tion discussed above, we have shown the DFT-computed van’t
Hoff plot for the direct decomposition of ScHj in Fig. 3. This
reaction has a predicted equilibrium pressure of ~10727 bar at
room temperature. Figure 3 also shows the DFT-computed van’t
Hoff plot for direct decomposition of LiBH4. At room tempera-
ture the decomposition of LiBH4 to form LiH and B results in an
equilibrium pressure of ~107~7 bar. The effect of destabilization
can clearly be seen when ScH» and LiBH4 react together to form
ScBj and LiH, with a calculated equilibrium pressure of 0.3 bar
at room temperature.

4. Conclusion

Destabilized reactions for H, storage involving Sc based
compounds have been screened with DFT calculations. Many
of these reactions will not be of practical interest because of low
Hj; content or unfavorable thermodynamics. We have, however,
been able to identify one reaction with favorable thermodynam-
ics and a theoretical H, capacity of 8.91 wt.%. Our calculations
indicate that this reaction has an equilibrium pressure of 1 bar
at 330 K, which makes it promising for hydrogen storage appli-
cations. Experimental work on this compound is needed to test
our predictions.
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