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thermodynamics and reversibility of the hydrogen desorption and absorption. Anion substitution in
hydrogen storage materials has recently attracted a lot of interest as a way to destabilize hydrides which
are too stable for hydrogen storage applications. The approach presented in this contribution is therefore
actual and up-to-date, and further extends the general understanding of how the thermodynamics of
hydrogen storage materials can be tailored.

The manuscript is clear and well organized. The results are discussed properly and compared with relevant
literature data. The English is in most parts satisfactory, but it could be improved in a few instances (see
detailed comments). The results presented in the paper are interesting and relevant to hydrogen storage
and metastable materials. The paper can be therefore accepted for publications after minor revision (see
comments below).

*) Introduction. The authors cite relevant articles related to anion substitution in hydrides. However, they do
not cite the first paper which introduced the concept of anion substitution and showed its effect on the
thermodynamics of hydrides (Brinks et al, J. Phys Chem C 112, 2008, 5658-5661). The authors should include
this reference in the introduction.

Suggested reference has been introduced in the text.
*) Modelling. Please provide reference for Eq. (2)
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Abstact
In this work ab initio calculations and Calphad modelling have been coupled to describe the
effect of fluorine substitution on the thermodynamics of hydrogenation-dehydrogenation in
simple hydrides (NaH, AlH; and CaH,). These example systems have been used to discuss the

conditions required for the formation of a stable hydride-fluoride solid solution necessary to

obtain a reversible hydrogenation reaction.

1. Introduction

Hydrogen storage is probably the bottleneck towards a sustainable carbon-free economy. Among
various options, hydrogen storage in the solid state has been widely investigated in recent years
[1]. In order to release or uptake hydrogen at ambient conditions, hydrogen storage materials
require an enthalpy of hydrogenation around 35-40 kJ mol,™*[2]. However, among known
hydrides, no one shows reasonable kinetics and gravimetric density coupled with this
thermodynamic requirement. As a consequence, several strategies have been developed to modify
the thermodynamic properties of existing materials with high hydrogen contents [3]. In particular,
substitution of hydrogen with other anions has been considered in recent works [4-10]. Among
them, fluorine is often selected as a substituent, because of the similarity in size between F" and
H'". Moreover, fluorides are usually extremely stable compounds, hence fluorine is not released in
the gas phase and lost during the dehydrogenation. The concept of fluorine substitution in
hydrides is described in figure 1. In the case of a too stable hydride, the aim is to reduce its
stability. This can be obtained through the formation of a solid solution with a positive enthalpy

of mixing. In this way, the dehydrogenation enthalpy for the substituted material (x>0) will be
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lower than that of the pure hydride (x=0), leading to the desired thermodynamic properties. On
the other hand, it is possible to stabilize a not enough stable hydride upon the creation of a solid
solution with a negative enthalpy of mixing. The magnitude of the stabilization-destabilization is
directly related to the value of the enthalpy of mixing for the selected level of substitution.
Substituents are often selected on the basis of an initial guess, depending on the expected
chemical behaviour. However, several attempts of mixing failed because the solid solution is
metastable with respect to the physical mixture of pure hydride and fluoride, so that the target
hydrogenation reaction is not thermodynamically favoured.

In the present work, thermodynamic models usually adopted in the Calphad method [11] will be
used to describe the fluorine substitution in hydrides. In particular, the conditions leading to the
formation of a stable solid solution, required for the reversibility of the hydrogen sorption
reactions, will be discussed considering simple hydrides as example systems. In order to describe
the investigated systems (NaH-NaF, AlHs-AlF; and CaH,-CaF,), ab initio calculations will be
coupled with the Calphad approach [11]. The necessary thermodynamic conditions and possible

limitations will be outlined.

2. Modelling

Ab initio calculations were carried out with the periodic CRYSTALO9 code [12, 13] using
localized basis set functions of polarized double-{ quality and DFT GGA Hamiltonian (PBE[14]).
Phonons at I" point in the harmonic approximation were computed by diagonalizing the
associated mass-weighted Hessian matrix to derive the thermodynamic functions [15, 16].

As customary for the Calphad approach, the pure elements in their stable phases at 298.15 K and
101325 Pa were chosen as reference state. The gas mixture was considered as ideal including, for
each system, all the compounds available in the SGTE substance database [17]. When present,

the liquid phase was described as a solution of hydride and fluoride according to the Redlich-



Kister expansion [18] using only binary interaction parameters already reported in literature [19-
21].

The solid solutions between hydrides and fluorides were described with two sublattices: the first
occupied by the metal and the second occupied by H and F. According to this description, a
single atom of hydrogen can be substituted by an atom of fluorine. Functions for stable pure
hydrides and fluorides end-members were taken from the SGTE substance database [17]. The
Gibbs free energy (GFE) difference between the metastable end members, G™, e.g. the hydride

with the structure of the fluoride and vice versa, and the stable one, G °, was modelled as

AG ™ =G ™- G=AH ™-T.AS ™* )

where AH ™ and AS ™ are the difference in enthalpy and entropy between the metastable and
the stable structures of the compound, estimated using ab initio calculations.
The GFE of mixing for solid solutions, AGnix, has been modelled according to the following

equation [11]:

AGmix=X- (1-X) -CL + (X-(1-X)) L) + nRT-(x:In(X) + (1-x) -In(1-x)) (2

where R is the gas constant, n is the number of hydrogen-fluorine atoms for each metal atom, x is
the fraction of fluoride and °L and 'L are interaction parameters.

Since the thermal entropy of mixing, i.e. that computed from frequency values for a given
configuration, estimated with ab initio calculations is negligible with respect to the
configurational entropy (that is considered ideal, AS;4), no temperature dependence was
considered for °L and *L. Therefore, these parameters were evaluated considering only the values

of AHnix as a function of composition estimated by ab initio calculations.



3. Results and discussion
Since the reversibility of the hydrogenation/dehydrogenation reactions is one of the main
requirements for a practical application of a material in a hydrogen tank, issues related to cycling
will be addressed in the following. Firstly, the necessary conditions for the stability of a single
solid solution between hydride and fluoride will be addressed. Indeed, if the solid solution is not
stable, cycling the material will likely result in the disproportiation into two separate phases.
Finally, the possible behaviour of the GFE of various phases during cycling will be described.
Concerning the stability of the solid solution, three different cases were identified:

(@) hydride and fluoride with the same structure and negative AGn;x

(b) hydride and fluoride with the same structure and positive AGn;x

(c) hydride and fluoride with different structures
An example of case (a) is the NaH-NaF mixture. Both the hydride and the fluoride show a cubic
structure and the enthalpy of mixing predicted by ab initio calculations is slightly negative
(around -2 kJ mol™), as shown in figure 2a. The optimized mixing parameters for this solid
solution are °L=-5.45 kJ- molyy,™* and 'L=-1.75 kJ- moly;, ™. Because of the negative AGniy, in the
low temperature region of the NaH-NaF pseudo binary phase diagram (figure 2b) a single solid
solution is obtained. If the temperature is increased, the solid solution releases gaseous H, and
leaves liquid Na, which remains in equilibrium with a cubic solid solution containing more
fluorine than the average composition. It has to be noticed that the equilibrium temperature for
this reaction increases upon fluorine substitution, confirming that the dehydrogenation
temperature can be modified using this approach. Actually, NaH is a rather stable hydride
(AHgec= 113 ki moly,™), so the formation of a solid solution with a negative enthalpy of mixing
leads to a further stabilization of the system, increasing the equilibrium decomposition

temperature.



An example of case (b) is the AlH3-AlF; mixture. Ab initio calculations gave a value of AHpix =
15.8 kJ mol™ for a level of substitution x=0.5 [7], as reported in figure 2c. Considering this value
of AHnix, also AGnix Will be strongly positive. As a result, mixing between the hydride and
fluoride is prevented at room temperature and, since aluminium hydride is not stable at ambient
conditions, AlFs, pure aluminium and gaseous hydrogen are reported as stable phases at room
temperature (figure 2d), as also confirmed by experiments [9]. At higher temperatures, allotropic
transformation of AlF; and melting of Al are predicted.

In general, if the contribution of a positive AHnix to AGix is more relevant than —74Siq4, two
different solid solutions (hydrogen rich and fluorine rich) will be in equilibrium. The solubility
limits of these solid solutions will be lower for higher values of the AHnix. As a consequence, if
AHnix is strongly positive, the solid solutions show an extremely small solubility limit and will
not be stable for relevant level of substitution, strongly reducing tuning effects on hydrogenation
reactions.

In case (c), two different solid solutions have to be described. One with the fluoride structure and
the second one with the hydride structure. Considering as an example the CaH,-CaF, system, an
orthorhombic (hydride structure) and a cubic (fluoride structure) solid solution have been
modelled [22]. As shown in figure 2e, according to ab initio calculations, the enthalpy of mixing
in the cubic solid solution is slightly negative, whereas a positive value is calculated for the
orthorhombic one. From the Calphad assessment of the enthalpy data obtained from ab initio
calculations, the following interaction parameters have been obtained: L ortno=10.15, *Lorno=3.47,
OL cubic=-2.95 and ‘Lcypic=0.19 kJ-mol ™. Considering the orthorhombic solid solution, even if the
calculated AHnix is positive, because of the entropic contribution to the GFE, an appreciable
solubility of F into CaH, is calculated in the low temperature region of the pseudo binary phase
diagram (figure 2f). On the other hand, because of the occurrence of a negative enthalpy of

mixing, the cubic solid solution shows a wide range of solubility.



It is worth to note that the free energy difference between cubic and orthorhombic CaHj is rather
small (AH ™= 6.8 kJ-moly,™ and AS ™* = 0.3 J:-moly, K ™), promoting the solubility of H into
solid CaF,, as confirmed by experimental investigations [22, 23].

It is evident that, in the last case, the pseudo binary phase diagram shows two solid solutions with
a miscibility gap, because the hydride and the fluoride have different structures. In order to obtain
a reversible dehydrogenation reaction, compositions corresponding to the miscibility gap should
be avoided. For that reason, the solubility limit of the solid solution with the structure of the
hydride should be as high as possible. Two main contributions affect this solubility limit: the first
one is related to the enthalpy of mixing, whereas the second one is related to the difference in
lattice stability between the stable and the metastable fluoride (i.e. the fluoride with the structure
of the hydride). The construction of the common tangent for a hypothetical hydride-fluoride
mixture is reported in figure 3, considering two different values for the lattice stability of the
metastable fluoride. All the other parameters for the solid solution (AGnx in particular) were kept
constant. In case A, the metastable end-member is slightly less stable then the fluoride, so that the
solubility limit is rather high (point A in figure 3). In the case B, the metastable fluoride is much
less stable than the equilibrium one. As a consequence, the solubility limit of the hydride solid
solution (point B in figure 3) is considerably reduced. It can be concluded that, if the hydride and
the fluoride do not share the same structure, a negative value of AGpx is not sufficient to obtain a
high solubility limit, but it is also necessary that the fluoride with the structure of the hydride is
only slightly less stable than the equilibrium fluoride.

Despite it is well established that, using ball milling and other synthesis techniques, several solid
solutions (even if metastable) can be formed, in many cases they are not useful for practical
applications. Indeed, after the first dehydrogenation, they cannot be formed again when an
increase of hydrogen pressure is applied. To this purpose, it is interesting to consider a sketch of

the GFE of the hydride-fluoride mixture under dehydrogenation (high T and low P) and under



hydrogenation (high P and low T) conditions, as shown in figure 4. During hydrogen release, the
GFE of dehydrogenation products is lower with respect to that of the as prepared material (upper
part of figure 4). For the rehydrogenation reaction, the effect of a H, pressure increase is the
destabilization of the free energy of dehydrogenation products (lower part in figure 4). So, a
driving force to form back the solid solution is developed, as shown by the thick arrow in figure
4. However, this reaction is in competition with the formation of the physical mixture of hydride
and fluoride as separate phases, promoted by the corresponding driving force, as shown by thin
arrow in figure 4. Given a certain composition, corresponding to the desired value of the enthalpy
of dehydrogenation, the driving force for the formation of the solid solution should be higher than
that for the formation of the physical mixture. These conditions, however, can be obtained only
for a limited level of substitution, if AGnx is negative and if the metastable fluoride is just barely
less stable than the stable one. It is worth to note that, when the hydride and the fluoride share the
same structure (AG™°=0), the difference in stability between the end members turns out equal to

zero, so that only the value of AGnix becomes relevant for the formation of a stable solid solution.

4. Conclusions

Thermodynamic models have been used to describe the conditions for the stability of hydride-
fluoride mixtures useful for hydrogen storage applications. Considering fluorine substitution, it is
worth noting that fluorides are usually extremely stable compounds, so that the release of fluorine
and the evolution of fluoridric acid is prevented.

On the other hand, a drawback of anion substitution is that the hydrogen content is linearly
reduced upon substitution. Therefore, a significant loss in hydrogen capacity has to be considered
if a strong tuning effect (hence a relevant level of substitution) is required to obtain the desired

enthalpy of hydrogenation.



Moreover, the use of this approach to destabilize a too much stable hydride seems not feasible. In
fact, if a strongly positive AHnx is required, also the AGpix IS expected to be positive, leading to a
metastable solid solution and to the disproportiation into two different phases upon cycling. On
the contrary, the use of this approach to stabilize not enough stable hydrides seems more
promising.

Finally it is important to note that one of the most relevant quantities to predict the possible
formation of a stable solid solution is the difference in GFE between the stable and the metastable
fluoride (or, more generally, fully substituted compound). This contribution, that can be easily
estimated using ab initio calculations, can be extremely significant because the magnitude of
AGix s usually limited to few kJ mol™, whereas that due to the stability of the end-member can

be much more relevant.
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Figure captions

Figure 1 - Schematic representation of fluorine substitution approach. The enthalpy of mixing of
the hydride-fluoride solid solution can be used to stabilize poorly stable hydrides (if positive) or
to destabillize too stable hydrides (if negative) moving in the direction of the desired value: 35-40
kJ m0|H2- .

Figure 2 - Calculated values of the enthalpy of mixing for MH,-MF, solid solution (left side,
from top to bottom M=Na, Al, Ca). Values obtained from ab initio calculations are shown as
points and the Calphad modelling is reported as lines. MH,-MF, pseudo-binary phase diagram
(right side, from top to bottom M=Na, Al, Ca).

Figure 3 - Effect of the stability of the metastable end-member on the solubility limit of the
hydride-structure solid solution. In the case A, the metastable end-member is slightly less stable
then the equilibrium fluoride, in the case B, the metastable fluoride is much less stable than the
equilibrium one.

Figure 4 - Schematic representation of the different Gibbs free energy (GFE) levels for
dehydrogenation (upper) and hydrogenation (lower) reactions of a hydride-fluoride solid solution.
The GFE of the hydride-fluoride solid solution is reported as a continuous line, whereas the
physical mixture of the reactants (hydride+fluoride) and products (metal+hydrogen+fluoride) are
shown as a dotted and dashed line, respectively. Arrows show the driving force for the
dehydrogenation (see text).
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