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Abstract

The combination of Mg(BHy)2 and Zn(BH,)2 compounds has been theoretically in-
vestigated as a possible mixed borohydride prone to give an enthalpy of decomposition
around 30 kJ/moly,, i.e. suitable for a dehydrogenation process close to room temper-
ature and pressure. The total energy of pure compounds and solid solutions has been
computed by means of periodic DFT calculations. To generate the Mg(;_,yZn,(BHy)2
solid solutions, the a-phase of Mg(BHy)2 (space group P6122) has been considered in
which Mg?* ions have been progressively replaced with Zn?*, without lowering the
symmetry of the crystalline structure. A charge density topological analysis is reported
to better understand the chemical bonding in the pure and mixed metal borohydrides.
The decomposition enthalpy of the mixed borohydrides according to two different re-
action paths that lead to MgHs, Zn, Ho and a-B or BoHg, respectively, as products
has been estimated. As regards the former, a value of about 30 kJ/moly, has been

predicted for a Mg _;)Zn,(BHy4)2 solid solution with 2=0.2-0.3.

Keywords

Hydrogen storage materials; Ab initio computational study; Chemical bonding; Solid solu-

tions.

Introduction

Hydrogen is a potential, extremely interesting energy carrier,! but a major challenge in a
future "hydrogen economy" is the development of a safe and efficient way to store it, in
particular for mobile applications.? Among others, solid state hydrogen storage is considered
as a possible solution. In fact, the use of hydrogen storage materials for technical applications,
requires high Hy gravimetric density and thermodynamic and kinetic properties that allows
the hydrogen release around room temperature and pressure. In addition, fast sorption

kinetics, high cyclability and low cost are desirable. For the decomposition enthalpy, AH g,



a target value around ~ 30 kJ/moly, is expected®?, even if, so far, no single material has
yet been found that fulfills all criteria for hydrogen storage.

Metal Borohydrides (MBHs), in particular light-metal borohydrides, have attracted great
interest because of their high hydrogen-storage capacities. For instance, they show a gravi-
metric content of hydrogen up to 20.8% (for Be(BHy)2) but, unfortunately, most of them are
either thermodynamically too stable or kinetically too slow. On the other hand, heavy-metal
BHs can be metastable, with hydrogen sorption reactions practically irreversible.®

Substitution of metal ions or BH, groups by other cations and anions, respectively, pro-
vides a general route to destabilize light-metal borohydrides and for tuning their thermo-

dynamic stability.® Therefore, current research is seeking for new mixed MBHs and several
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mixed-anion”™ ! and -cation compounds have been studied, both theoretically and ex-
perimentally.

As regards the cation substitution, among the new mixed MBHSs, the series of alkali-zinc
borohydrides, such as MZny(BH4)s (M = Li, Na) and NaZn(BH,); have been suggested.
They show two new types of structures, different from known inorganic compounds as con-
firmed by synchrotron radiation powder X-ray diffraction.'® It was pointed out that they
show a significant structural diversity and room decomposition temperatures that may be
assigned to the instability of the pure Zn(BH,),. Although it has not yet been isolated in
its free form and its structure is still unknown - only an hypothetical structure has been
proposed on the basis of a a theoretical crystal structure prediction analysis'? - it likely
decomposes at low temperature, thus destabilizing MBHs. Interestingly, a linear correlation
between Pauling electronegativites of the cation and decomposition temperatures of MBHs
has been found.?° Therefore, the higher Pauling electronegativity of zinc than alkali met-
als can be one of the reason for the reduced stability of Zn-containing borohydrides. The
variation in the ratio between the alkali and the transition metal, as well as the use of dif-

ferent metals, enables, in turn, the tuning of the hydrogen desorption properties in alkali

metal-transition metal-BH, systems.



Here, we investigate the Zn(BHy)s as a possible candidate to be mixed with a light-
metal borohydride compound with a divalent cation. To identify a dual-cation MBH with
a suitable AHg,.., a first screening of possible candidates was performed on the basis of
available data.!>'®2! In particular, we re-analyzed theoretical results of AHg.. obtained by
Vegge and co-workers?! on a large set of mixed borohydrides with alkali metals. We found
out that the decomposition enthalpies of the mixed MBHs computed in Ref.?! could be
compared to a simple averaging of the corresponding AHg.. of the pure MBHs if an ideal
solid solution was considered (see Supporting Information for further details, Figure S1
and S2). By applying this simple scheme to divalent MBHs, we recognised that Mg(BH,),
- one of the most promising MBHs for hydrogen storage because of its high gravimetric
hydrogen content (14.9 mass% hydrogen) - appeared to be a suitable candidate to be mixed
with Zn(BHy),. In fact, Vegge and co-workers?' computed a decomposition enthalpy for
pure Mg and Zn BH of 45 kJ/moly, and 6 kJ/moly,, respectively. It turns out that an
average decomposition enthalpy not far from the target value of 30 kJ/moly, is predicted
for a hypothetical Mgy 5Zng 5(BH4)2 mixed compound. In addition, it is expected that the
formation of the mixed compound could be favored because Zn?** has a similar ionic radius
and comparable electronegativity with respect to Mg?*.

It is worthy to mention that our theoretical investigation on the Mg(l_m)an(BH4)2 Sys-
tems was performed in parallel with the synthesis and experimental characterization of a

2223 In summary, the experimental work shows that: (i)

real mixed Mg/Zn borohydrides
at ambient conditions, the mixing between Mg(BH,4)s and ZnCl, is spontaneous; (ii) mixed
Mg/Zn compounds were successfully synthesized with different amount of Zn; (iii) these do
not show the formation of a new phase and (iii) for £=0.06-0.1 the Hy release begins ap-
proximately at 125 °C, thus showing a significant decrease in the decomposition temperature

compared to the pure Mg(BHy)s. In addition, a very small release of impurity gases, i.e.

BoHg, has also been observed during the decomposition.



In the present work, we report full details of the theoretical investigation of mixed Mg/Zn
borohydrides by means of periodic DFT calculations. By considering the experimental ev-
idences that do not report the formation of a new structure Mg/Zn,?* we designed the
Mg,7Zn;_,(BHy)s solid solutions starting from the a-phase of Mg(BH,),.

The structure of the paper is as follows. In the next section, we concisely illustrate the
theoretical methods used for the calculations and other computational details. In the "Re-
sults and discussion" section, we report the main outcomes of the present work by discussing:
(i) the models and the structural features of the mixed MBHs, (ii) the charge density topo-
logical analysis of the M?>T—[BH,|~ bond of the pure MBHs and of the most promising mixed
Mg/Zn solid solution, (iii) the enthalpies of formation of the mixed Mg/Zn BHs and (iv) the

AHge. of two possible decomposition paths.

Computational Details

The investigation of mixed MBHs was carried out with periodic density functional theory
(DFT) calculations employing the PBE?* functional as implemented in the CRYSTAL pro-
gram.?>%0 Crystalline orbitals are represented as linear combinations of Bloch functions (BF)
and are evaluated over a regular three-dimensions mesh of points in reciprocal space. Each
BF is built from local atomic orbitals (AO) which are contractions (linear combinations with
constant coefficients) of Gaussian-type-functions which in turn are the product of a Gaussian
times a real solid spherical harmonic function. All electron basis sets have been used for all
the atoms. The best compromise between computation time and accuracy was determined
and it consists of a triple-¢ valence plus polarization (TZVP) basis set for Zn?7, a 6-311G* for
Mg and a 6-31G* for H and B (the first figure refers to an s shell, the others to sp and d shell
contractions, respectively). For the numerical integration of exchange-correlation term, 75
radial points and 974 angular points (XLGRID) in a Lebedev scheme in the region of chem-

ical interest were adopted. The Pack-Monkhorst/Gilat shrinking factors for the reciprocal



space were set to 6, corresponding to 28 real reciprocal space points at which the Hamilto-
nian matrix was diagonalized. The accuracy of the integral calculations was increased with
respect to its default value by setting the tolerances to 7, 7, 7, 7 18. The self-consistent field
(SCF) iterative procedure has been converged to a tolerance in total energy of AE = 1-1077
a.u.. The above computational parameters ensured a full numerical convergence on all the
computed properties described in this work.
Vibrational frequencies at the I' point were calculated to estimate the thermodynamic prop-
erties. The normal modes were calculated on the optimized geometry by means of a mass-
weighed Hessian matrix, obtained by numerical differentiation of the analytical first deriva-
tives. 2829

In order to compute an enthalpy of mixing, reaction and decomposition (see Eqs. (3)
to (5)) at T = 298.15 K and p = 1 atm, the computed electronic energy FE,, has been
corrected for the zero point energy (Ezpg), the thermal correction to enthalpy (Er(T))
necessary to heat the system from 0 K to 7" and the P-V (pressure - volume) contribution.

The latter is negligible for solids at room pressure, while it corresponds to RT for molecules

when considered to behave as an ideal gas. The enthalpy is then obtained as:

H(T) = Ey + Ezpp + Ex(T) (1)

These thermodynamic functions can be obtained by summing the contribution of the
vibrational modes at various points of the first Brillouin zone. In the present work, due
to the large size of the unit cell of the a-Mg(BH,), (lattice parameters are a=10.17 A and
c=36.33 A) only the I' point has been considered in the sum (i.e. phonon dispersion has
been neglected). As regards the other solids involved in the formation and decomposition
reactions, i.e. MgCly, ZnCly, MgHs, a-Boron and Zn, supercells with appropriate size were
built in order to allow for phonon dispersion. Structural information and other computational

details are reported in Table S1 in the Supporting Information.



An updated version of the program TOPOND,3%3! as encoded into the new version of the
CRYSTAL code, was employed to perform the charge density topological analysis, according
to the Quantum Theory of Atoms In Molecules originally proposed for molecules by Bader3?

and subsequently extended to crystals (QTAIMAC) .33

Results and Discussion

Mixed Mg/Zn Borohydrides: Models and Structural Features

To generate the Mg(l_x)an(BH4)2 solid solution, the starting point was the most stable
phase of Mg(BH,), at room temperature, i.e. the a-phase, whose Mg*" cations were replaced
with Zn?T. The a-phase shows a hexagonal lattice (space group P6,22) with 330 atoms in the
unit cell. It contains three symmetrically independent Mg*™ and [BH,4|~ ions connected into
a three dimensional framework (Figure 1). All Mg?" ions have similar atomic environments
being surrounded by four [BH4|™ ions arranged in a deformed tetrahedron. Each [BH,|™ ion
is approximately linearly coordinated by two Mg?" ions. The orientation of the [BH4|~ ions
is such that each Mg?* ion is coordinated by tetrahedral edges only, resulting in an unusual
eightfold, relatively irregular hydrogen coordination environment.3436
Due to the computational burden of dealing with such a large number of atoms per unit cell
and the number of possible substitution sites (i.e. 30), we only explored the solid solutions
that do not lower the symmetry of the crystalline structure. By replacing, in turn, the three
Mg?* ions not equivalent by symmetry, we obtained six mixed Mg _,)Zn,(BHy)> compounds
with the following molar fraction of zinc: = 0.2, 0.4, 0.6 and 0.8 (see Tablel). For z=0.2
and £—0.8, just one Mg?* ion was replaced by Zn?*, while for 2—0.4 and 0.6, two different
configurations were generated. Eventually, six mixed Mg/Zn solid solutions were considered.
The substitution of Mg?* with Zn?* leads to significant lattice distortions, as a conse-
quence of the structural changes around the substituted ion. Calculated cell parameters and

volumes of the Mg(l_I)an(BH@g solid solutions are reported in Table 2. The increase of the



Figure 1: Unit cell of the a-phase of Mg(BHy)s. Mg in position L,.=1 are in red, L,.=2 in
green and L,.=3 in blue. B and H are depicted in pink and white, respectively. The cell
axis are reported.

Table 1: Label of non-equivalent cations in the unit cell (L,.) and number of
cations symmetry related to each L,. (N.). For each compound the atomic
species (i.e. Mg or Zn) that occupies those positions is reported.

Le 1 2 3
Site Molteplicity (Negy 12 12 6
Mg(BHy), Mg Mg Mg

Mgo.sZng.o(BHy)o Mg Mg Zn
a-MgosZno4(BHy), Mg Zn Mg
b-MgoeZno4(BHy)2  Zn Mg Mg
a-Mgo4Zngs(BHy), Mg Zn  Zn
b-Mgo.4Zng.¢(BHy4)2 Zn Mg 7Zn

Mg 2Zng s(BHy)2 Zn  Zn Mg

Zn(BHy), Zn 7Zn  Zn




amount of Zn into a-Mg(BH, ), causes a contraction of the volume cell, with an almost linear
trend as a function of composition. This behavior, that has been confirmed by the XPD

3 can be related to a stronger covalent character of the chemical bond between

patterns,?
the Zn?* and the two H of the [BH4|~ ion directed towards it. The average bond lengths
of Mg(BH,)2, Zn(BHy), and mixed compounds are reported in Table 3. In the case of pure
Zn(BH,),, the distance between the cation and the [BH4|™ ion shows a relevant shortening
with respect to the Mg(BH,),, with a percentage difference (A%) of about -2.1% and -3.2%
for the M-H and M-B distances, respectively. For the Mg(_,)Zn,(BH,), mixed systems,
the A% values show that each M**—[BH,|™ unit, i.e. Mg*"[BH,|™ and Zn?**-[BHy4|, do
not undergo relevant changes with respect to those of the pure MBHs upon the formation
of the mixed compound. The average variation of the bond lengths with respect to the
corresponding pure MBH is, indeed, always lower than 1% (see Table S2 in the Supporting
Information for details) while the B-H distance appears not to be significantly influenced
by the cation substitution. The replacement with Zn?* ions affects only the cation-anion
distance, but not the coordination, as discussed later in more detail. This tendency of Zn%**
of preserving a tetrahedral coordination in the case of mixed-cation BHs was already shown
for NaZn(BH,)3'® and also predicted by Lodziana and van Setten” on the basis of the re-
lation between bonding and the structure of MBHs. Overall, the presence of Zn** in the
structure of a-phase leads mainly to a shortening of the M—B bond length and then to the

linear volume contraction.

Charge density topological analysis of the M*"—[BH,|~ bond

The nature of the M?>"™—[BH4|~ bond (M=Mg,Zn) in MBHs is still a matter of debate. It
was recently investigated and speculated by Filinchuk et al.®® that the directionality of the
Mg—(BH4)-Mg fragment and the relatively small charge transfer from Mg*" to [BHy|™ is
an evidence of a partly covalent character of the bond. They suggested a comparison of

the bonding in metal borohydrides with the one between metal and linkers in metal organic



Table 2: Cell parameters (a and b in A) and volume (A?) of Mg(BH,)., Zn(BH,),
and the mixed compounds Mg(l_x)an(BH4)2 for all the molar fractions of Zn.
The percentage differences A% are computed with respect to the Mg(BH,),.

a c volume A%
Mg(BHy)s 10.168 36.330 32525 0.0
a—Mg0,6Zn0_4(BH4)2 10.127 35.855 3184.2 -2.1
b—MgO'GZDOA(BHzl)Q 10.048 35.646 3117.0 -4.2
)
)

a-Mgo4Znog(BHy), 10.017 35.755 3107.1 -4.4
b-Mgo4Znog(BHy)s  9.927 35556 30345 -6.7
MgooZnos(BHy),  9.980 35.283 3043.6 -6.4

Zn(BH,)s 9.873 35.189 29704 -8.7

Table 3: Average bond length (A) of Mg(BH,), and Zn(BH,),. Listed bonds
refer to the first nearest neighbors to the metal. Percentage differences (A%)
are computed with respect to Mg(BH,),.

M-H M-B B-H

Mg(BH,);  2.036 2.367 1.231
Zn(BH,)s  1.993 2301 1.231
A% (Znvs Mg) -21  -32 0.0
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frameworks. In our opinion, despite the ascertained directionality of the Mg*"—[BHy|™ in-
teraction, this comparison with the mostly covalent bonds in metal organic frameworks is
not justified. This motivated us to investigate the nature of the M?*—[BH4|~ bond and to
obtain information about the effect of cation substitution on it. To this purpose, a detailed
topological analysis of the charge density in Mg(BHy), and Zn(BHy)s has been performed
by using the language of QTAIMAC.3233 In addition, we focused on the Mgy gZngo(BHy),
mixed composition, because it resulted to be the most promising one for its decomposition
enthalpy close to the target value (vide infra).

The most relevant QTAIMAC observable quantities for the present analysis are gathered
in Table 4. Before discussing the details of the current results, we briefly recall the meaning
of the QTAIMAC derived parameters we used to analyze the chemical bonding. The simplest
and easiest proposed bond classification is based on the sign of the Laplacian of the electron
density computed at the bond critical point (bep). The critical points are the positions where
the gradient of the electron density, Vp, vanishes. There are four types of cp denoted as
(3,-3), (3,-1), (3,+1) and (3,+3), where the two digits are the number of nonzero eigenvalues
of the Hessian matrix (i.e. the curvature of p(r)) and the sum of their signs, respectively.3*33
Each type of cp may be put in one to one correspondence with a "chemically" recognizable
elements in crystal: (3,-3) identify nuclei, (3,-1) bonds, (3,+1) rings and (3,+3) cages. For
our purpose, we focus on the bep (3,-1), that are characterized by two negative curvatures
of p(rpep) measured in two directions perpendicular to the bond path, |A\;| and |Az|, and a
positive curvature along the bond path, |A3], thus representing a saddle point in the electronic
density distribution.

Generally, negative values of V2p at the bep reflect a local concentration of charge, with
electron charge being accumulated toward the atomic interaction line, and imply a shared
chemical interactions, i.e. pure and polar covalent bonds. Conversely, positive values reveal
a local depletion of the charge and characterize closed shell interaction, such as ionic bond

and van der Waals interactions. The Laplacian is related to the electronic energy density
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H(r) (i.e. H(r) = G(r) + V(r)) through the local expression of the virial theorem:

iv%(r) = 2G(r) + V(r) = G(r) + H(r) (2)

where G(r) is the positive definite kinetic energy density and V(r) the potential energy
density. Since G(r) is positive everywhere and V' (r) is negative everywhere, the virial theorem
states that the sign of the Laplacian determines which of these two contributes is in local
excess. A closed-shell interaction will thus be locally dominated by the kinetic energy, while
a shared interaction is locally dominated by the potential energy at the bcp. As reported

Table 4: Bond critical points (bcp) in the electron density. The reported values
are the average of the data related to all bond critical points. p is the electron
density, V?p is the Laplacian, G is the positive kinetic energy density evaluated
at the bcp, V is the potential energy density and H is the sum of G and V term.
H /p defines the bond degree (BD) parameter. All the data are expressed in a.u..

System Bond p Vip |V|/G H/p

Mg-H 0.029 0.105 1.007 -0.006
B-H 0.153 -0.175 2421 -0.963

Mg(BH4)2

Zn(BH,) Zn-H 0.052 0.125 1.234 -0.184

4)2 B-H 0.153 -0.183 2.454 -0.957
Mg H 0.029 0.107 1.003 -0.003
Mgo_gzno_g(BH4>2 Zn—-H 0.049 0.116 1.224 -0.171
B-H 0.153 -0.176 2.428 -0.962

in Table 4, the average values of V2p computed at each bep of the M-H and B-H bonds
for the three systems confirm the covalent nature of the latter and reveal a closed shell
interaction for the M—H bonds. With the simple analysis of the sign of the Laplacian nor
other observations on the nature of the M—H bonds neither a comparison between the two
different cations can be done. A better understanding of the bond nature can be obtained by
considering the classification based on the adimensional |V|/G ratio proposed by Espinosa

et al.? By analyzing the |V|/G ratio, they identified three characteristics bonding regime:

12



(i) a pure closed-shell interaction region characterized by |V|/G < 1 and hence positive
V?2p; (ii) a pure shared-shell interaction region, with |V|/G > 2 and negative V?p; and (iii)
an intermediate transit region, with the |V|/G ratio between 1 and 2, implying positive
Laplacian values. This classification has been performed on the H-F bond, but it has also
been successfully used for metal-metal interaction studies.’ Furthermore, Espinosa et al.3’
defined a bond degree (BD) parameter, that expresses the total energy per electron at the
bep: H(r)/p. The BD is negative inside the shared-shell and transition region, and the
greater its magnitude, the more covalent and stronger the bond. Conversely, the BD is
positive in the closed shell region. The differences between the Mg-H and Zn—H bonds have
been analyzed on the basis of these chemical bonding indicators. The two metal-hydrogen
interactions show a slightly different nature. With a negative BD value and |V|/G between
1 and 2, they reveal to belong to the intermediate transit region, but in the Mg(BHy), the
M-H bond shows a stronger ionic character, BD = -0.006 and |V|/G = 1.007 (see Table
4), with respect to the Zn(BHy)s (BD = -0.187 and |V|/G = 1.234). Therefore, the Zn-H
interatomic contact shows a more pronounced covalent character than Mg—H. These results
confirm that the latter can not be considered as a pure closed-shell bond. To further highlight
the difference between the two M—H bonds, the deformation densities are reported in Figure
2 as the difference between the electron density in the crystal and as a superposition of
non-interacting atomic densities. The stronger covalent character of the Zn—H bond in the
Zn(BH,), is clearly visible. The charge density of the valence shell of the Zn ion (see Figure
2 on the right) appears to be deformed and elongated towards the H atoms (H on the same
plane, i.e. H1 and H2, see Fig. 2) and then indicates a highly directional bonds. Conversely,
in the case of Mg(BHy)s, the valence shell charge density is symmetrically deformed and
does not evidence any preference towards the hydrogen atoms, but interacts with the entire
[BH4]~ ion.

Notably, results in Table 4 show that, in the Mg sZng 2(BHy)s solid solution, the QTAIMAC

indicators do not change significantly upon the substitution of Mg with Zn. This implies
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Figure 2: Difference between the charge density of the interacting crystal and the charge
density obtained as superposition of atomic densities for Mg(BH,), (left) and Zn(BHy),
(right). The H1, M and H2 lie on the same plane.

that the cation exchange in the a-Mg(BH, )2 structure does not perturb the chemical bonding
around magnesium to a large extent. This is an interesting aspect that can have important
consequences on the enthalpy of mixing between the two MBHs, as will be discussed in the

next section.

Formation of the Mixed Mg/Zn Borohydrides

The enthalpy of mixing at room temperature (RT) for Mg/Zn borohydrides have been cal-

culated according to:

(1 =2)Mg(BHy)s +xZn(BHy); — Mga—o)Zn,(BHy)o (3)

In Figure 3, the results show that the values for all the different x compositions are
extremely small, i.e. the maximum AH,,;, absolute value does not exceed 1.0 kJ/mol. If we
take into account the possible sources of errors in the computational strategy adopted (e.g.

basis set dependence, level of theory, etc.) an error bar of ~1.5 kJ/mol can be estimated,

14



thus yielding a net enthalpy of mixing close to zero for all the Mg/Zn compositions. Such
AH,,;» values suggest an ideal trend when mixing the two pure borohydrides. It turns out
that the substitution of Mg?" with Zn?** does not imply neither a loss nor a gain in the
enthalpy. This behavior can be explained on the basis of the topological analysis of the
charge density as reported in the previous section. In fact, the ionic character of the Mg?*—
[BH4]~ bond is not perturbed by the presence of Zn or, viceversa, the more covalent nature

of the Zn**—|BH,4|~ bond is unaltered by Mg (see results for =0.2 in Table 4).
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Figure 3: Enthalpy of mixing at room temperature of Mg _,)Zn,(BHy), for reaction in Eq.3.
The error bars represent the estimated error of the computational method (~ £1.5 kJ/mol,
see text). The red line indicates the mixing enthalpy equal to zero.

In addition, we can estimate the free energy of mixing for each mixed metal compound
by including the configurational entropy as entropy of mixing for an ideal solution (i.e.
ASpmiz = —R(zlnz + (1 — x)In(1 — x)), vibrational entropy is negligible). In Figure 4, the
corresponding AG,,,;, values are plotted as a function of temperature for each molar fraction.
Note that enthalpy and configurational entropy of reaction are considered independent from
temperature in the range 0-400 K and then maintained fixed for each temperature. It appears
that the reaction may occur spontaneously above room temperature for all compositions.

As a further step, we investigated the formation of the mixed Mg/Zn BHs through the

15
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Figure 4: Free energy of mixing for reaction in Eq.3 plotted as a function of temperature for
each molar fraction. The colored lines represent the molar fraction of zinc (x): blue x=0.2,
green x=0.4, violet x=0.6 and red x=0.8. For =0.2 and 0.4 the two configurations show a
very similar trend. For this reason only one configuration (a) is reported.

reaction of Mg(BH,), and zinc chloride. Such reaction is usually employed for the synthesis

of borohydrides'® and it was used to synthesize mixed Mg/Zn BHs.?223

Mg(BHy)s + xZnCly = Mga—zyZng,(BHy)o + xMgCly (4)

The predicted enthalpies of reaction as a function of the molar fraction of Zn in the solid
solution are reported in Figure 5. A linear correlation is observed, i.e. the AH becomes
more negative when the amount of zinc in the mixed compounds decreases. The presence
of ZnCl, leads to the formation of MgClsy, which is the driving force of the reaction. The

formation of MgCl, is, indeed, strongly exothermic, its AH$, . is -641.8 kJ/mol (at 298 K

and 1 atm)*!' and then strongly promotes the synthesis of the Mg/Zn BHs. In the limit
case of x=1, the complete conversion of Mg(BH,), to Zn(BH,), is attained with a value of
AH,eqe = -13 kJ/mol. This trend suggests that, without a proper dosage of the zinc chloride

during the synthesis, the reaction would evolve to the complete formation of MgCly, without

formation of solid solution.
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Figure 5: Enthalpy of reaction at room temperature of Mg(_)Zn,(BHy), for Eq. 4.

Decomposition of Mg;_,)Zn,(BH,), solid solutions

The decomposition of Mg(BHy)s was recently proposed to proceed in several steps, including
the formation of MgHs and of complex B, H,, species. 542745 For the Zn(BH,)s, even if unstable
at RT, it has been hypothesized that it decomposes to metallic Zn, diborane BsHg, Ho
and trace of B.%® Furthermore, it has been predicted that MBHs containing Zn, such as
LiZny(BHy)s, decompose by emitting diborane as main product.?” Accordingly, to model
the decomposition of pure and mixed MBHs, we consider the two following decomposition

reactions:
Mga-2)Zny(BHy)2 = (1 — 2)MgHa) + xZn(s) + 2B() + (3 + 2) Hag) (5)

Mg Zn.(BHa)2 = (1 — 2)MgHas) + wZn(s) + B2He(g) + 2 Hyg) (6)

In order to obtain the heat of reaction (AHg..), the enthalpy for each product has been
calculated (see Supporting Information for details about structure and energy). Figure 6
shows the computed enthalpy of decomposition for each solid solution as a function of Zn
molar fraction for both reactions. The values are reported in kJ/mol instead of kJ/moly,

in order to compare the two reaction paths and discriminate the stability difference for the
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two sets of products. The limit values correspond to the decomposition of pure Mg(BH,),
and Zn(BH,)s, respectively. As regards the Eq. 5, the result obtained for Mg(BHy), (x = 0)
is about 125 kJ/mol, i.e. 42 kJ/moly,, in good agreement with the value of 44 kJ/moly,
calculated by Setten and co-workers.*® On the other hand, present results confirm that,
at room temperature, Zn(BHy), (x = 1) is metastable and decomposes very easily, with a
nearly zero enthalpy of reaction, in agreement with experimental evidence.*® These results
validate our computational approach, thus supporting our estimate of AHg,,. for the Mg/Zn
compounds. Computed decomposition enthalpies for the two reactions show a similar trend.
The increase of zinc in the solid solution leads to a linear decrease of AHy,. with the produc-
tion of BoHg and Hy being more endothermic than the formation of B and Hy by a constant

amount of 25 kJ/mol. According to experimental works?*?* the decomposition of the mixed

155
135
115
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55
35
15
-5 -

0.0 0.2 0.4 0.6 0.8 1.0
X

AH,,. (kJ/mol)

Figure 6: Decomposition enthalpy (kJ/mol) of the compounds for different molar fractions
x of zinc, according to Eq.5.

Mg/Zn borohydride leads to the formation of a very small amount of BosHg. We can then
refer to reaction 5 as the favored decomposition pathway. It turns out that for such reac-
tion a molar fraction of Zn around 0.2-0.3 leads to the formation of a mixed Mg/Zn MBHs
which decomposes with a AHg. of about 85-95 kJ/mol. This corresponds to a value of 30
kJ/moly, which is very close to the target decomposition enthalpy. Interestingly, a mixed

Mg(1—)Zn, (BHy)2 borohydride with 2=0.1 has been synthesized? that shows a very low
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decomposition temperature with respect to pure Mg(BH,),, thus confirming the validity of

our prediction.

Summary and Conclusions

The pure and mixed Mg/Zn borohydrides have been investigated by means of ab initio
periodic DFT calculations. Computed free energies for the reaction of formation of Mg/Zn
solid solutions, from Mg(BH,), and ZnCly, show that the synthesis may occurs spontaneously
above room temperature. The enthalpy of decomposition of the mixed systems has then
been computed by considering the formation of both BoHg or B and Hs, along with MgH,
and Zn. In the case of the decomposition reaction to B and H,, we predicted that for a
Mg(1—2)Zn,(BHy), borohydride, with a molar concentration of Zn of about 0.2, the AHge,
is close the value of interest (= 30 kJ/moly,) for hydrogen sorption in mild conditions, in
agreement with experimental findings??23.

In conclusion, the presence of Zn destabilizes the Mg(BHy)s structure, thus reducing its
decomposition enthalpy. Overall, the charge density topological analysis has allowed us to
highlight the role of Zn when included in Mg(BH4)s. On the one hand, it does not alter
the chemical bonding and coordination of the alkali earth metal borohydride in agreement
with previous work by Lodziana and van Setten®” | thus favoring the formation of the solid
solution. On the other hand, the ability of Zn?* to form bonds with [BH4|™ units with a

more covalent character destabilizes the mixed compound and decreases the decomposition

enthalpy.
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