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Abstract. In order to be used for applications, the thermodynamic stability of a candidate hydrogen
storage material should be suitable for hydrogen sorption at room conditions. By mixing different
hydrides, it is possible to promote the hydrogenation/dehydrogenation processes. On the other hand,
small changes in composition allow a tailoring of thermodynamic stability of hydrides.

Knowledge of thermodynamic stability of hydrides is thus fundamental to study the
hydrogenation/dehydrogenation processes and useful to rationalize synthesis reactions and to
suggest possible alternative reaction routes.

The purpose of this work is to develop a consistent thermodynamic database for hydrogen storage
systems by the CALPHAD approach. Experimental data have been collected from the literature.
When experimental measurements were scarce or completely lacking, estimations of the energy of
formation of hydrides have been obtained by ab initio calculations performed with the CRYSTAL
code. Several systems of interest for hydrogen storage have been investigated, including metallic
hydrides (M-H) and complex hydrides. The effect on thermodynamic properties of fluorine-to-
hydrogen substitution in some simple hydrides is also considered. Calculated and experimental
thermodynamic properties of various hydrides have been compared and a satisfactory agreement has
been achieved.

Introduction

Even if a suitable system design might improve significantly the properties of solid state hydrogen
storage, intrinsic thermodynamic and kinetic properties of the material are fundamental.
Considering a generic hydrogenation reaction

%MJer(—)%MHX (1)

the equilibrium pressure ( p“/y) is given as a function of temperature (7) by the Van’t Hoff equation

AH, AS,
RT R

(2)

Inpy/ =

where AH) and A4S are the standard enthalpy and entropy of the reaction, and R is the gas constant.
With a reference pressure p“/y =1 bar, the decomposition temperature (7,4.) can be calculated
according to Tgec=4Hy/' ASy.

In reaction (1), MH, may represent a hydride phase of a pure component (e.g. MgH;), of an
intermetallic compound (e.g. LaNisH7;) or of a combination of two elements (e.g. NaBHy). If
AS, = -130 J'mol 'K is considered, corresponding to the entropy change due to a mole of a gas
which transforms into a solid [1], the Van’t Hoff plot can be calculated for different values of AH,.
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An equilibrium at room conditions (i.e. T = 300 K and p“/y; = 1 bar) is obtained for 4H, ~ -40
kJ-mol Hz'l. If a constant pressure of 1 bar is fixed, a variation of 4H, of about 10 kJ-mol H2-1 shifts
T4ec of about 100 K. Similarly, if a constant temperature of 300 K is taken, a variation of p® of
about two orders of magnitude is obtained for the same variation of 4H,. It is then clear that small
variations in 4H, can significantly modify the hydrogenation/deydrogenation conditions. In fact, the
thermodynamic conditions for the hydrogen charge/discharge reactions can be tailored by a suitable
selection of the crystal structure and the microstructure of the materials in the hydrogenated and
dehydrogenated states.

Modelling

A full picture of the thermodynamic properties of a system can be obtained by the CALPHAD
approach [2]. The goal is to obtain a description of the dependence of the free energy of all phases
on temperature, pressure and composition. The analytical description of the temperature dependence
of free energy, enthalpy, entropy and specific heat is given by parametric expressions [2]. The
composition dependence can be described analytically by suitable models, such as the sublattice
model, which contains interactions parameters [2]. For high order systems, several interpolation
approaches have been suggested and, if necessary, high order interaction parameters can be intro-
duced.

The interaction parameters are obtained by a least square procedure, starting from experimental
values of existing phase diagrams and thermodynamic data. The base of the CALPHAD method is
the availability of thermochemical data related to the investigated systems. In absence of
experimental information, the output of various thermodynamic or quantum mechanical models can
be used [3]. In particular, an estimation of the energy of formation of a compound can be obtained
by ab initio calculations. Density Functional Theory (DFT) has proven to be very reliable when
applied to predict structures and energetics of materials at the atomistic scale. As an example of the
suggested methodology, ab initio calculations on NaBH,4 have been recently reported [4].

It is customary to chose the pure solid elements in their stable phases at 298.15 K and 101325 Pa
as reference state (SER, Standard Element Reference). The Gibbs free energy of the pure elements
(lattice stability) is represented as a function of temperature in the form [2]:

‘G(Ty=a+bT+cTT+dT* +eT’ + f/T+) g T (3)

where a to f and g, are coefficients and n represents a set of integers. The corresponding
coefficients for unary systems were taken from the compilation of Dinsdale [6].

For condensed phases, the variation of the Gibbs free energy with pressure is negligible in the
range of interest (<10 MPa) [5]. Thus, pressure dependence of the Gibbs energy is only taken into
account for the gas phase. An ideal gas behaviour has been assumed in the considered temperature
and pressure range. The molar Gibbs energy of the gas phase is then given by:

G*(T)=3 x|°G* + RTIn(P/P, )|+ RTY x,Inx, @)

where °G*“ is the standard Gibbs energy of the component i in the gas state, Py is the standard

pressure of 101325 Pa, x; is the mole fraction of species i and R is the gas constant. The Gibbs
energy functions for the gaseous species were obtained from JANAF tables [7].

When no experimental evidence exists of a solubility range in hydrides, they can be considered
as stoichiometric phases. Accordingly, the Gibbs free energy is expressed as follows:
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GM(XHZ)y =Xy OGX + X, OGI%)IaS T Xy OGM + AH_}"OI‘ -T- ASfO” )

where AHj,. and ASy, have been assessed on the basis of ab initio and/or experimental results.

All thermodynamic calculations in this work have been performed using the ThermoCalc
software package and the PARROT optimisation module. The CRYSTAL code has been used for
DFT calculations [8,9].

Metallic Hydrides

Several systems involving metallic hydrides
have been thermodynamically investigated. For
example, the Na-H [10], Li-H [11], Fe,Sm-H [5],
MgNi-H [12], Al-H [13], Cu,Pd-H [14], Ti,Zr-H
[15], Pd-H-D-T [16] systems have been
thermodynamically assessed by different authors.
Recently, the La-H system has been evaluated
[17] and it will be described in the following as a
model for metal-hydrogen system.

Temperature / K

One binary LaHy hydride has been reported in .
. 3 < .
the La-H system with an f.c.c. structure (space 107 vt 010236 4 o e j
vV V VvV,

group Fm-3m). Usually, La atoms occupy the 4a
sites, while hydrogen atoms occupy the
tetrahedral 8c and octahedral 4b sites. Hydrogen
atoms occupy tetrahedral sites first, for
concentration up to x=1.95 and, above this 00 01 02 03 04 05 06
concentration, octahedral sites begin to be H mole fraction
occupied. Accordingly, a 3 sublattice model Fig. 1 - Above: calculated La-H phase diagram
(La);(H,Va),(H,Va); has been applied to describe  (continuous line) together with experimental points.
the Gibbs free energy of this hydride [17], the Belowz calcu'lated P-C-T curves for the' La-H system
second sublattice corresponding to tetrahedral (continuous lines, temperature indicated in K) together
. . ; . with experimental points. Experimental points from
sites while the third sublattice corresponds to the  ref [17).
octahedral sites.

The calculated phase diagram according to present assessment is reported in Fig. 1. A good
agreement has been obtained between experimental data and calculated phase boundaries. The
eutectoid point corresponding to the reaction b.c.c.—f.c.c.+LaHy is calculated at 1053 K in good
agreement with the experimental value equal to 1051 K. The eutectoid point at lower temperature
(f.c.c.—>d.h.c.p.tLaHy) is also in satisfactory
agreement with the experiments. The present
results confirm that no miscibility gap occurs in
the b.c.c. phase and equilibria between b.c.c. and
LaHy phases are calculated up to 1363 K, where
the decomposition of the binary hydride occurs
into b.c.c. and gas phase. In Fig. 1, calculated
p-c-T curves are compared with experimental
determinations at several temperatures. The

Pressure / Pa

Pressure / Pa

agreement between experimental data and o
calculated results in the considered temperature 25 26 27 28 29 30 31 32 33 34
. . . . . . -3 -1
range is satisfactory, with the highest deviation Inverse temperature / 10K
occurring at lower temperatures. Fig. 2 — Calculated Van’t Hoff plot for LaNis compound

(continuous line) together with experimental points.

In comparison to simple metal hydrides M-H, Experimental points from ref. [17].

thermodynamic evaluations related to hydrides
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formed from intermetallic compounds are more limited. Among the few systems investigated, there
are the Mg-Ni-H system with Mg,NiHs and Mg,NiH, x hydrides [18], and the ternary La-Ni-H
system with the LaNisH; hydride [17]. The last system is of importance since commercial
applications of LaNis compound as an hydrogen storage materials are already available. Fig. 2
reports the calculated van't Hoff plot for the ternary LaNisH; hydride. Several data sets are also
shown for comparison and the agreement obtained is good. It must be pointed out that p-c-T
measurements are greatly affected by sample preparation, conditions and activation. During
optimization and in Fig. 2, a selection of p-c-T data has been used, whose conditions are closer to
thermodynamic equilibrium [17].

Complex Hydrides

1E7 s 1 s 1 s 1 s |

Complex hydrides based on light elements
have been extensively investigated [1].
However, thermodynamic and  kinetic
properties of these materials still present some
drawbacks which hinder their commercial

1 °NaBH, +°MgH,
1E6

1E5

application as hydrogen storage materials. % ]

Alanate  systems have been  widely 57 3
investigated in recent years, and assessed data ]

on NasAlH,, NaAlHs, LisAlHe, LiAlH, have e+ Mo oSk
been reported [19,20]. The Mg(AlH,), alanate ] ’

has a rather high theoretical hydrogen storage 182

3 T T T T T T T T
200 400 600 800 1000 1200

capacity, but its thermodynamic properties are T

unsuitable for hydrogen storage, as it has been . .

) .. Fig. 3 — Calculated pressure vs. temperature phase diagram
shown by o a combined ab  initio/ g 2NaBH,+MgH,
thermodynamic approach [21].

In order to bring the temperature and pressure of hydrogen absorption/desorption close to
ambient conditions in complex hydrides, Reactive Hydride Composites (RHC) have been suggested
[22]. They consist of two hydrides mixed together by ball milling, which allow a significant
reduction of the reaction enthalpy. The dehydrogenation pathway in the 2NaBH4+MgH, composite
was experimentally studied, making use of complementary characterization techniques. It was found
that dehydrogenation reaction is likely to proceed as follows [23]: 2NaBH4 + MgH, (>300 °C) —
2NaBH,4 + 1/2MgH, + 1/2Mg + 1/2H, (>350 °C) — 3/2NaBH4 + 1/4MgB, + 1/2NaH + 3/4Mg +
7/4H, (>450 °C) — 2NaH + MgB;, + 4H, (>500 °C) — 2Na + MgB, + 5H,. Furthermore, the
presence of an intermediate phase (NaMgHj3) suggests the occurrence of secondary reactions with
low kinetics, which may slow down the main reaction.

In order to rationalize these results, Fig. 3 shows the calculated P vs. T phase diagram
corresponding to the composition 2NaBH4 + MgH,. The free energy parameters for NaMgH; were
obtained on the basis of experimental data for AHy,, and ASy,, [24]. In the calculated phase diagram,
the formation of NaMgHj is predicted as thermodynamically stable in a certain P-T range. A
sluggish kinetics could explain why this mixed hydride is not observed experimentally during the
first stages of thermal dehydrogenation. The presence of NaH, Na and MgB; is predicted at higher
temperatures, according to experimental findings [23].

Fluorine Substituted Hydrides

The substitution of hydrogen with fluorine in complex hydrides, aimed to a thermodynamic
destabilization of the compound, has been explored in alanate systems [25]. Experimental results
have been compared with ab initio calculations of the energy of formation as a function of the F/H
ratio. The fluoride addition results in a substitution of H by F™ anion in the hydride lattice and,
accordingly, a favorable thermodynamics adjustment. The coupled computational and experimental
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efforts allowed to put forward a functional anion concept [26]. An estimation of the
thermodynamics of the RHC has been carried out considering a wide number of systems [27],
including fluorides. As an example, it has been reported that ball milling LiF with MgH, gives a
mixture that can be easily hydrogenated (at 100 bar), leading to LiBH4 and MgF,, even if the
reaction appears only partially reversible [28].

A coupled ab initio/ CALPHAD study has 12 — MgH, /MgF,

. . . —— AIH, / AIF

been carried out to investigate the 12] T
thermodynamic behaviour of the AlH;-AlF;
and MgH,-MgF, solid solutions. A4b initio
calculations based on DFT GGA Hamiltonian
(PBE) have been carried out with the periodic
CRYSTALO6 [8,9] code. Phonons at Gamma
point in the harmonic approximation have
been computed to derive the thermodynamic oo 02 04 06 08 0
functions. When an atom of hydrogen is X (MH)
‘subst'ituted inside .tl'le cell, it can be substituted Fig. 4 — Energy of mixing for thé ME,-MH, (M=Al y=3
in different positions leading to different ;9 M=Mgy=2) solid solutions as function of
configurations not always equivalent by  composition at 298 K.
symmetry. By the use of a newly implemented
algorithm within the CRYSTAL code [29]
each configuration is automatically screened on a symmetry base, so that the calculations are
reduced only to the irreducible configurations. For each composition, only the most stable
configuration was considered in the thermodynamic assessment. In the case of the AlH3-AlF; solid
solution, five compositions were computed, and the corresponding thermodynamic values have been
used to calculate AH, AS and AG of mixing for the reaction (1-a)AlH; + aAlF; — AlH;3,F3, with
a=1/6, 1/3, 1/2, 2/3 and 5/6 at T=298 K and p=101325 Pa.

In Fig. 4 the calculated free energy of mixing for the AlH;-AlF; and MgH,-MgF, solid solutions
is reported as function of composition at 298 K. For the MgH,-MgF, solution the mixing energy is
positive at room temperature for almost every composition and only in the fluorine rich side a small
solubility of hydrogen is predicted. The higher free energy of mixing of the AIH;-AlF; solid
solution instead prevents the formation of a unique phase for all compositions.
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Conclusions

CALPHAD thermodynamic models are available for a proper description of the Gibbs free energy
of hydrogen absorption as a function of temperature, pressure and composition. Accurate
experimental data are needed and ab initio estimation can also be used when data are lacking.
Reliable thermodynamic databases can be obtained for multicomponent systems by the assessment
procedure and thermodynamic results can be used as input parameters in several kinetic models.
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