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ABSTRACT: Due to the high cost and limited availability of lithium, Mg-based batteries are
currently being investigated as a promising alternative. A critical component in these batteries
is the electrolyte, with all-solid-state ones that show superior safety features but must
guarantee adequate ionic conductivity to be viable for applications. In this work, a metal
borohydride ammonia borane complex, Mg(BH,,),(NH;BH,),, was theoretically investigated
using state-of-the-art ab initio methods based on density functional theory (DFT) approaches
and software for the modeling of battery materials. Several features of this compound were
first characterized, including its crystal structure and topology, vibrational properties, and
infrared and Raman spectra. Theoretical results were compared with experiments showing
excellent agreement, thus properly setting the ground for ionic transport analysis. Magnesium
ion migration was then investigated by performing climbing image nudged elastic band (CI-
NEB) calculations. The most promising migration path occurs along the c-axis and presents
two transition states with a calculated migration barrier (including weak van der Waals
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interactions) in the range of 0.550—0.668 eV. The topological analysis suggests repulsive interactions between Mg and B atoms. It
has been confirmed that defect formation energy plays an essential role in correctly evaluating the activation energy for ion
migration, as shown by comparing calculated and experimental results for this system. Assuming the formation of Frenkel pairs as the
dominant mechanism, the calculated defect formation energy is 1.05 eV (per single defect), which combined with the migration
barrier gives a value of the activation energy for migration in the range of 1.60—1.71 eV. The present findings confirm that the
activation energy for ion migration in solid-state electrolytes can be reliably estimated by DFT-based methods.

1. INTRODUCTION

The increasing global demand for renewable energy and energy

e ey 18—22
conductivities.

received particular attention as they have shown relatively high
A very recent promising candidate has

storage devices is driving the ongoing research for better
materials for batteries."” Li-ion-based devices are already
widely used, but alternative materials based on Mg ions have
been proposed for the new generation of all-solid-state
batteries.”™ The substitution of Li with Mg is both safer
and cheaper, as they are not flammable or subject to exploding
and have a larger theoretical capacity, thanks to the double
charge per ion."”"" Despite the higher molecular mass, the use
of Mg electrodes is also advantageous compared to Li ones, as
these anodes have high volumetric capacity and good redox
potential and magnesium is more abundant than lithium."”
However, significant challenges have been faced in finding a
suitable solid-state electrolyte exhibiting both high ionic
conductivity and good oxidative/reductive stability."”'* New
ad-hoc electrolytes need, therefore, to be developed, and
inorganic solid-state ionic conductors could be viable
candidates because they are intrinsically safer than liquids."*"'°
The bivalent nature of Mg ions however represents a
significant obstacle to their mobility, and high values of ionic
conductivity have been proved elusive for these materials.'”
Recently, complex hydride materials based on Mg(BH,), have
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been found to be magnesium borohydride ammonia borane,
Mg(BH,),(NH;BH;),, which has shown an ionic conductivity
of 1.3 X 107° S cm™ at 30 °C.** Furthermore, from the
measured temperature dependence of the ionic conductivity,
an activation energy of 1.47 eV has been estimated. The higher
conductivity in this system, compared to Mg(BH,),, has been
attributed to the larger Mg—B bond length and volume of the
tetrahedron surrounding Mg atoms, as a result of the
substitution of two borohydrides [BH,]~ with two ammonia
borane [NH,BH,].

The temperature dependence of ionic conductivity ¢ is
related to the activation energy (E,) according to ref 24
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Table 1. Calculated and Experimental Lattice Parameters of Magnesium Borohydride Ammonia Borane Mg(BH,),(NH;BH;),

a (A) b (A) c(A) b/a c/a vV (A% ref

experimental 14.4135 13.2084 S5.1118 0.916 0.355 973.2 30
experimental 14.41633(7) 13.21283(7) 5.11512(2) 0.916 0.355 974.331(8) 29
experimental 14.45946 13.22299 5.12454 0.914 0.387 979.798 23
calc. QE PBE vdW-DF2 14.2590 13.1615 4.7664 0.9230 0.3343 894.51 this work
calc. VASP PBE-D2 14.0996 13.0998 4.5196 0.929 0.321 834.8 this work
calc. VASP PBE 14.6681 13.2285 5.2925 0.902 0.361 1027.0 this work
calc. CRYSTAL —PBE-D2 14.3042 13.0493 4.6730 0.912 0.327 872.3 this work
calc. CRYSTAL PBE 14.7283 12.9432 5.4834 0.879 0.372 1045.3 this work
o= ﬂe—EA/ksT (3,—1) CPs correspond to the maxima in two directions and

T (1) the minima along the axes between two atoms, and are called

where o is the ionic conductivity at temperature T, kg is the
Boltzmann constant, and ¢, is a pre-exponential factor that
takes into account ionic charge and concentration, hopping
frequency, and geometrical parameters. Equation 1 is used to
obtain the activation energy (E,) from experimental measure-
ments of conductivity at different temperatures. The activation
energy (E,) can be expressed as the sum of two terms

EA = Em + Ef/z (2)

where E_ is the migration energy barrier and E; is the energy
needed to create the defects, which are necessary for ion
migration.”>*® The migration energy can be calculated from
density functional theory (DFT) energies along pathways
where the ions can possibly travel.””**

In the present study, we performed a theoretical
investigation of magnesium borohydride ammonia borane to
gain further insight into ion mobility in this system and to
explain recent experimental findings.”> The crystal structure
and the thermodynamic stability of this compound have been
investigated using DFT and different computer codes. First, a
topological analysis has been carried out to identify and
investigate possible migration paths for Mg** ions. A selected
pathway for Mg ions within the Mg(BH,),(NH;BH;),
structure has been further analyzed using DFT, combined
with the climbing image nudged elastic band (CI-NEB)
method. The formation of defects and the associated energy
has finally been calculated using DFT methods to compare
theoretical estimations for the activation energy with
experimental findings.

2. METHODS

The crystal structure of Mg(BH,),(NH;BH;), complex
hydride has been taken from the literature.””*”° It is an
orthorhombic unit cell (space group P2,2,2,) with the c lattice
parameter significantly shorter than a and b (Table 1) and with
a total of 108 atoms. Two independent borohydride (BH,")
groups and two ammonia borane (NH;BH;) groups are
coordinated with the same Mg atom.

2.1. Topological Analysis. The topological analysis of the
charge density, p(r), according to the Bader quantum theory of
atoms in molecules and crystals,”"** as implemented in the
TOPOND code,>® was exploited to explore the bonding
framework and analyze the incoming interactions along the
reaction path. A fully automated eigenvector-following
numerical procedure was used to find the critical points
(CP) of the charge density that were classified according to the
sign of the 3 nonzero eigenvalues of the Hessian matrix as (3,—
3), (3,—1), (3,+1), and (3,+3). If (3,—3), which is the maxima
of the charge density, identifies the position of the nuclei, the

bond critical points (BCP). The (3,+1) and (3,+3) CPs
represent local minima and indicate the zone in which the
charge density is depleted. The BCP of magnesium atoms
along the migration path has been characterized by means of a
series of topological indicators to provide a provisional
classification of the type of interactions. Finally, some atomic
properties as energy, volume, and charge, obtained by
integrating p(r) within each atomic basin, were calculated for
some of the atoms involved in the Mg migration. In all cases,
the most stringent tolerances were used for the integration
grids and to determine the atomic boundary.*

2.2. DFT Modeling. DFT calculations were performed
using different well-known codes such as Vienna Ab initio
Simulation Package (VASP),** Quantum Espresso,‘gs’36 and
CRYSTAL.” The first two packages employ plane-wave basis
sets, while the last one employs a local atom-centered Gaussian
basis set.

A full relaxation (cell shape/volume and atom positions) of
the initial crystal structure was performed using the projector-
augmented wave (PAW) approach with the Perdew—Burke—
Ernzerhof (PBE)** exchange—correlation functional, as
implemented in VASP and Quantum Espresso. D2 dispersive
corrections” have been used to better account for van der
Waals interactions.

In VASP, the recommended PAW pseudopotentials were
used for each chemical element. The convergence of the total
energy value, unit cell vector length, and orientation was
achieved with respect to the plane-wave kinetic energy cutoff
value (800 eV) and density of the reciprocal space sampling
within the Monkhorst—Pack scheme.

Quantum Espresso geometry optimizations were performed
with the nonlocal vdW-DF2 method*” with the efficiency set of
standard solid-state pseudopotentials (SSSP) from Materials
cloud,* ™" imposing an energy cutoff of 60 Ry (~816 €V).

All calculations were run twice. In the first run, the lattice
parameters were taken from the Rietveld refinement and kept
fixed, while the atomic positions were optimized. In the second
run, the lattice parameters were also optimized.

In CRYSTAL, basis sets from the public CRYSTAL database
have been used: a 6-311G(d) on N, a modified Pople 6-21G*
on B, 8-511G(d) on Mg, and 3-11G on H. An 8 X 8 X 8
Monkhorst—Pack grid has been used to sample the reciprocal
space.

The most probable pathway for ionic mobility was modeled
as a transition of Mg>* from one vacant equilibrium position to
another (which corresponds to an ion-vacancy exchange) and
evaluated by means of the climbing image (CI) NEB as
implemented in Quantum Espresso. Four CI-NEB steps were
performed, with 10, 14, 26, and 26 intermediate images,
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Figure 1. Crystal structure of magnesium borohydride ammonia borane Mg(BH,),(NH;BH;), (Mg atoms are in orange, B atoms in green, N

atoms in blue, and H atoms in pink).

respectively. Only the last step was performed as the full CI-
NEB methodology.

The defect formation energy was calculated following an
approach proposed by Van de Walle et al,** where the energy
of a single defect or impurity is obtained from the difference
between the total energy derived from a supercell calculation
with one defect and the total energy from an equivalent
supercell with no defect, plus some correction terms. These
terms can be, for example, the chemical potential of the created
defect and represent the energy of the reservoirs, with which
the atoms are being exchanged. In this work, a 1 X 1 X 2
supercell and the VASP code were used for defect calculations.

For phonon calculations in the harmonic approximation, the
Phonopy package was used.”> The dynamical matrix was
obtained by the direct method (supercell method). The unit
cell was first further relaxed with VASP until the residual forces
on each atom were less than $ meV A, Afterward, 162 atomic
displacements were generated according to the crystal
symmetry in 1 X 1 X 2 supercells and atomic forces were
computed using VASP. To reduce numerical noise, central
differences were applied to obtain the force constants matrix.
The Phonopy package was then applied to diagonalize the

dynamical matrix and obtain phonon frequencies. The phonon
density of states (DOS) was calculated by integrating over the
first Brillouin zone with an equispaced g-point mesh of
adequate size. For computing infrared (IR) and Raman
spectra, phonon modes close to the I' point were considered
as they interact with the visible and infrared radiation used in
experiments. Hence, IR and Raman spectra are essentially a
phonon DOS for g-vectors close to the I" point with intensities
weighted by the spectroscopic activity of the phonon modes.
The spectroscopic activities were then calculated following the
approach detailed in refs 46, 47. The absolute infrared
activities Iy are given by the square of the change in the
macroscopic polarization P, ie., the dipole moment for unit
volume, with respect to displacement along the normal-mode
coordinates. The change in the polarization is obtained from
the Born effective-charge tensors Z* for each atom i defined as

.\ Q 0P,
Zaﬂ(l) e 6r/,(i) (3)

where @ and f are Cartesian coordinates (x, y, z), Q is the unit
cell volume, e is the electronic charge, and r is the displacement

https://doi.org/10.1021/acs.jpcc.2c04934
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Figure 2. (a) Total phonon DOS for Mg(BH,),(NH;BH;), calculated with VASP/Phonopy and the PBE-D2 functional and (b) calculated IR
spectra using VASP/phonopy and the PBE-D2 functional (corresponding optimized lattice parameters are shown in Table 1). The experimental IR
spectra are from Chen et al.*” and Jepsen et al.*’ (c) calculated Raman spectra using VASP/phonopy (PBE-D2 functional; red line) and CRYSTAL
(PBEO functional; blue line). The corresponding optimized lattice parameters are shown in Table 1. A constant Gaussian broadening of 8 cm™ was
applied to the calculated spectra. The experimental Raman spectra, black line, are from this work. Further details are given in the text.

of the atom i. These Z* tensors were computed using density
functional perturbation theory (DFPT) as implemented in
VASP (LESPILON = True) and in CRYSTAL. Similarly, the
Raman activities Ip,.., are given by the change in the
polarizability tensor @ along the normal-mode directions,
which can be obtained from the macroscopic dielectric
constant. The latter can be obtained using DFPT as

15121

implemented in VASP (LESPILON = True) and in CRYSTAL
with atoms properly displaced along the mode eigenvectors
and using a central difference scheme to derive the variation.*’
A proper averaging to account for measurement geometrical
factors must also be applied as described in ref 47. Though in
principle, the broadening of IR and Raman spectral lines can
be derived from phonon lifetimes, these calculations were

https://doi.org/10.1021/acs.jpcc.2c04934
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beyond the scope of this work and the computational effort
required is still daunting for the complex unit cell as that of the
present system. Hence, a Lorentzian function with a full width
at half maximum of 16 cm™ was applied to approximately
reproduce peak broadening in both IR and Raman calculated
spectra.

2.3. Experimental Section. Mg(BH,),(NH,;BH;), was
prepared via a mechanical milling method. In an Ar-filled
glovebox, Mg(BH,), (>95%, Sigma-Aldrich) and NH;BH,
(>97%, Sigma-Aldrich) were mixed thoroughly in a molar
ratio of 1:2 for 15 min in an agate mortar. This mixture was
then transferred into a 45 mL Cr-hardened stainless-steel
vessel with 20 SUJ2 balls (diameter: 7 mm) and mixed using a
planetary ball mill (P-7, Fritsch) at 260 rpm for 4 h in an Ar-
filled environment. The vibrational modes of a [BH,]™ anion
and a NH;BH; molecule in prepared Mg(BH,),(NH,;BH;),
were characterized by Raman spectroscopy with a 532 nm laser
(DXR, Thermo Scientific).

2.4. Structure Visualization. We used the VESTA
visualization package* to prepare some of the figures.

3. RESULTS AND DISCUSSION

3.1. DFT Analysis. As a first step, we relaxed the initial
(experimental) crystal structure of Mg(BH,),(NH;BH,;),
using different packages and functionals. The optimized crystal
structure is shown in Figure 1, while the calculated lattice
parameters after relaxation are compared with experimental
results in Table 1. The experimental results lie in between
calculated results obtained with the PBE and PBE-D2
functional. The weak interactions in the plane-wave
approaches are usually overestimated (VASP PBE-D2),
resulting in a smaller cell volume. Using the nonlocal vdW-
DF2 method (QE), which is also less sensitive to the choice of
pseudopotentials, the shrinking of the cell is less pronounced.

The thermodynamic stability of the compound was also
estimated by computing its formation energy using the VASP
code, i.e., the energy change related to the following reaction

Mg(hcp) + 4 B(thombohedral) + 2 N,(gas) + 18
H,(gas) - Mg(BH,),(NH;BH,),

It is worth noting that it is still under discussion which is the
stable allotrope of elemental boron at room temperature,
though the difference in energy between the allotropes is of the
order of 0.1 kJ mol™ of at.” In our calculations, at 0 K, we
have used the a rhombohedral structure for pure boron.
According to this choice, the computed enthalpy of formation
is —25.1 k] mol™" with the PBE functional and —25.2 k] mol™!
with the PBE-D2 including Grimme’s corrections.

From the 108 atoms in the relatively large unit cell, a total of
324 phonon bands for each g-point in the Brillouin zone are
obtained, and the resulting phonon dispersion curves and DOS
are significantly complex. Figures 2a and S1 (Supporting
Material) show the calculated total and partial phonon density
of states (DOS) obtained using VASP and Phonopy. The
phonon frequencies span a range of approximately 3500 cm™’,
with the low-frequency part of the phonon DOS relatively
continuous, whereas at higher frequencies, several “phonon
band gaps” appear. In particular, there are two groups of peaks
for frequencies at around 2300—2500 and 3300—3400 cm ™,
which appear well separated from the lowest part of the
spectrum. The partial phonon DOS shows that the heavier Mg
atoms are involved in phonon modes at low frequencies, while

lighter B, N, and H atoms dominate the high-frequency part of
the spectrum. In particular, the phonon modes at around
2300—2500 cm ™! are only due to the vibration of B—H bonds
and phonon modes at around 3300—3400 cm™" are only due
to the vibration of N—H bonds.”” In the middle part of the
spectrum (500—1500 cm™!), vibrational modes including B, N,
and H atoms are dominant.

The IR and Raman activities for each phonon mode at the I"
point have been calculated as described in detail in the
Methods Section. The resulting intensities are reported in
Tables S2 and S3 in Supporting Information. The 321 optical
modes deriving from the crystal structure reduce to I’ = 81 A +
80 B1 + 80 B2 + 80 B3. The calculated IR and Raman spectra
are shown in Figure 2. We already remarked that the peak
broadening in these spectra was obtained by applying a
Lorentzian function with a constant full width at half maximum
of 16 cm™. The most prominent calculated IR modes are the
B1 mode at 2470 cm™, the B2 mode at 2429 cm™!, the B3
mode at 2348 cm™!, and the B2 mode at 2331 cm™!, which
lead to the wide range of IR peaks at 2200—2600 cm™". Other
prominent IR modes appear at 1388 cm™' and in the high-
frequency range of 3200—3500 cm™'. The A modes are IR
inactive. The calculated IR spectra are shown in Figure 2b,
together with the experimental spectra obtained by Chen et
al.” and by Jepsen et al.”’ A quite good agreement can be
observed between the calculated and experimental IR peaks,
though some experimental peaks appear slightly shifted
compared to the calculated ones, and the broadening of the
first is higher. The shift is due to the well-known over-
estimation of vibrational frequencies when using the PBE and
PBE-related functionals, and it also occurs in the Raman
spectra.

The most prominent calculated Raman modes are at 3291,
2349, and 2335 cm™" (all A modes). An important B1 mode is
also calculated at 710 cm™". Most of the highest Raman peaks
are, in fact, A and Bl modes. The calculated Raman spectra
obtained both with VASP and CRYSTAL codes are compared
with the experimental results in Figure 2c. An excellent
agreement can be noticed in the middle-/high-frequency part
of the spectra, while some disagreement occurs at low
frequencies. In this latter region, results with the hybrid
functional and CRYSTAL appear to be better than VASPs with
the PBE-D2 functional. The origin of these discrepancies can
be in experimental issues such as instrumental broadening or
fluorescence background. Part of the disagreement could also
be related to the applied Lorentzian broadening compared to a
full calculation including phonon lifetimes. However, the
overall agreement is very satisfactory and confirms that the
present DFT calculations describe well the properties of this
system.

3.2. Topological Analysis. The first screening of possible
pathways for Mg ion migration was conducted by analyzing the
calculated charge density, as shown in Figure 3a. It is evident
that there are regions within the cell where the density of
charge is almost negligible, as revealed by the presence of
numerous critical points of the charge density (CPs) (3,+1)
and (3,+3) CPs, represented with gray and black spots in
Figure 3a. The mobility of the large Mg** ions along these
corridors, where the electronic charge is minimal, is expected
to be relatively high since it is not hindered by Coulombic
repulsions. The red arrows in Figure 3b show a possible
migration path along the c-axis in a channel surrounded by
NH; tetrahedra, hypothesized on the basis of topological

https://doi.org/10.1021/acs.jpcc.2c04934
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Figure 3. (a) Charge density of Mg(BH,),(NH;BH;), calculated
with the CRYSTAL code. Mg atoms are in orange, B atoms in green,
N atoms in blue, and H atoms in pink. The gray and blank spots
represent the position of (3,+1) and (3,+3) critical points of the
charge density, respectively. (b) Migration path of Mg atoms within
the QE optimized cell. Four unit cells are stacked on the c-axis, and
the red arrow displays the Mg migration path along the c-axis selected
for QE-NEB calculations. Mg atoms are in orange, B atoms in green,
N atoms in blue, and H atoms in pink.

indicators, from which the CI-NEB analysis (see the next
subsection) started for the identification of the minimum
energy path.

To analyze the bonding framework along this path, the
values of three topological descriptors, namely, the Laplacian
of the charge density, V?p(r), the ratio between the virial
density, V(r), and kinetic energy density, G(r), [V(r)l/G(r),
and the ratio between the total energy density, H(r) = V(r) +
G(r), and the charge density, H(r)/p(r), referred also as bond
order, were evaluated in r = rpcp and compared. According to
our results, reported in Table 2, each Mg atom interacts with
its first coordination sphere of hydrogens through weak van der
Waals forces, as already documented in other theoretical
studies on Mg compounds.51 In fact, in all of the Mg—H BCPs
(bond CPs), the density is extremely low, the Laplacian is
positive, and the two energetic components, potential and
kinetics, are perfectly balanced, so the interaction is neither
ionic nor covalent. Along the way, as Mg migrates, some Mg—
H bonds weaken while others form. Interestingly enough, in

Table 2. Values of the Topological Descriptors Calculated
in the rpcp of the Migrating Mg Atom”

X p (r) Vp (r) V(6 H (p(r))
Initial Geometry
H-i 0.024 0.076 1.018 —0.012
H, 0.028 0.086 1.056 —0.046
H, 0.024 0.076 1.004 —0.003
Transition State 1 (Conf. 6)
H-i 0.012 0.030 0.990 0.006
B-f 0.031 0.091 1.10S —0.086
H, 0.031 0.091 1.108 —0.084
H, 0.015 0.044 0.982 0.013
H, 0.019 0.062 0.986 0.011
Relative Minimum (Conf. 12)

H, 0.024 0.081 0.989 0.009
H-f 0.028 0.080 1.081 —0.064
Transition State 2 (Conf. 18)

B-f 0.026 0.076 1.065 —0.050
H-f 0.025 0.075 1.052 —0.040
H; 0.018 0.043 1.000 0.000

H, 0.019 0.0583 1.024 —-0.018

“Only the first coordination sphere is reported. The configurations are
labeled according to Figure S. The charge density, p (r), and its
Laplacian are in Au.

the two transition states, a boron atom enters the coordination
sphere of Mg, as revealed by the presence of a BCP along the
Mg—B direction.

To further characterize the perturbation induced by the
migration, the hydrogen and boron atoms closest to
magnesium in the initial (H-i, B-i) and final configuration
(H-f, B-f) were selected, and the differences in energy, charge,
and volume with respect to their values in the initial geometry
were calculated and are reported in Figure 4 (see below for the
definition of the migration path and sampling images).
Incidentally, it can be noted that the B-i does not appear in
Table 2 because no BPC was detected between these two
atoms. During its migration, Mg preserves the charge while
both the volume and the energy density are changing and, in
the transition states, the increase of the atomic volume is
associated with higher chemical potential. No significant
charge transfers are observed in the atoms involved in the
migration process, as shown in Figure 4a, where it is seen that
all of the differences are within a rather narrow range. A quick
comment can be made on the slight loss of charge by the
hydrogen atoms, quantified by the positive values shown in
Figure 4a (square symbols) due to the step away of the
magnesium. Finally, based on the atomic energies calculated in
each configuration, it is possible to estimate the contribution of
each atom to the total energy. Although only a few atoms
involved have been analyzed, it can already be noted that the
relevant part of the activation barrier is due to the Mg and
boron atoms (Figure 4b, circles and triangles).

3.3. DFT Climbing Image Nudged Elastic Band (CI-
NEB). As described in the previous subsection, CI-NEB
calculations were performed along the most probable
migration path of Mg atoms (Figure 3) to determine the
migration energy. Considering the difficulties and relative
sensibility of these calculations, we decided to investigate the
process with three different approaches, QE, VASP, and
CRYSTAL.

https://doi.org/10.1021/acs.jpcc.2c04934
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Figure 4. (a) Bader charges, (b) atomic energies in eV, and (c) volumes in A (bottom) are reported as a difference with respect to their values in
the initial configuration for Mg (orange circle) B-i and B-f (empty and filled green triangles, respectively) H-i and H-f (empty and filled pink
squares, respectively). Image (or configuration) O is the initial relaxed structure, image x = 3 is the first maximum, image x = 6 is the local

minimum, and image x = 8 is the second maximum (cfr. Figure 5).

The DFT total energies of the images along the pathway
calculated using the CI-NEB method and Quantum espresso
are shown in Figure 5, along with the intermediate structures
as found during CI-NEB calculations, namely, sampling images
(geometries) along the transition process. As it can be seen,
there are three maxima in energy along the path. Taking as
reference the energy of the equivalent structures at the
beginning and end of Mg movement (configurations or images
1 and 26 as an inset in Figure S), corresponding to the relaxed
initial structure, the first (local) maximum is observed at
0.5044 eV (image 6) followed by a deep local minimum with
an energy of just 0.0598 eV (image 12). The CI-NEB profile
along the path shows again an increase in energy up to another
local maximum, but in this case, the highest point is at 0.6684
eV (image 19). The latter is then the migration energy along
this pathway estimated by the CI-NEB method and Quantum
Espresso.

To further verify the obtained energy profile, calculations
have been carried out on selected images along the pathway
with both VASP and CRYSTAL. The results are also shown in
Figure S. Both profiles calculated with CRYSTAL and VASP
confirm the energy values obtained with Quantum Espresso.
VASP results using both PBE and PBE-D2 functionals (E,, =
0.682 eV for PBE, E,, = 0.550 eV for PBE-D2) are very close to
the migration energy obtained with Quantum Espresso. The
three local maxima in the energy profile found with VASP
correspond to those obtained with Quantum Espresso.
CRYSTAL results are slightly higher, E,, = 0.885 eV for
PBE-D2 and 0.989 for PBE0-D3. Considering the entirely
different approach implemented by the codes and the different
roles of computational thresholds, these results are in
substantial agreement.

3.4. Defect Formation and Activation Energy. Finally,
the energy for defect formation has been estimated using the
VASP code as detailed in the Methods Section. It must be
remarked that such calculations are not trivial, as several
mechanisms and defect types can occur at the same time. Here,
we assumed that the dominant defect type is a Frenkel pair, i.e.,
the formation of an interstitial Mg** defect together with a
vacancy Va’~. The formation mechanism is then the
displacement of a Mg*" ion from its initial position to an
interstitial site, leaving behind a vacancy. Several interstitial
positions are possible, and the one with minimum energy
provides the formation energy for the Frenkel pair. The validity
of this assumption can be evaluated a posteriori by comparison
with experimental results of the activation energy for ion
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Figure 5. CI-NEB total energy profiles for the Mg®* pathway as
calculated with Quantum Espresso, VASP, and CRYSTAL. The
crystal structures show the position of the Mg ion in the most
significant points of the energy profile. Image (or configuration) 0 is
the initial relaxed structure, image 6 is the first maximum, image 12 is
the local minimum, and image 19 is the second maximum.

migration obtained from measurements of conductivity at
different temperatures. It has already been successfully applied
in other systems.””

The resulting calculated energy for the formation of the
Frenkel pair (E;) is equal to 2.09 eV using the PBE-D2
functional. By inserting this result into eq 1, we obtain a total
value for the activation energy of Mg®" ion migration of E, =
1.60 eV (using the PBE-D2 value obtained with VASP for E,)
or E, = 1.71 eV (using the value obtained with Quantum
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Espresso for E,,). Both results are in satisfactory agreement
with the experimental value of 1.47 + 0.03 eV calculated by
linear fitting of In(6T) and 1000/ T (95% of confidence) of the
literature data taken from ref 23.

4. CONCLUSIONS

In summary, magnesium borohydride ammonia borane,
Mg(BH,),(NH;BH;),, was theoretically investigated using
different density functional theory (DFT) approaches and
software. Considering room temperature, the calculated
activation energy for Mg migrations shows a relatively high
conductivity with respect to the original Mg(BH,),, in
agreement with experimental findings. The crystal structure
was optimized, and the calculated values of the lattice
parameters bracket the experimental ones depending on the
different calculation setups, the most significant differences
arising from different exchange—correlation functionals (some
including weak van der Waals interactions). The topological
analysis based on the calculated charge density suggests one of
the possible paths for Mg ion migration, which was further
investigated with CI-NEB calculations. Furthermore, it shows
that weak van der Waals forces are relevant in the Mg—Hs
interactions and are preserved along the whole Mg path during
ion migration. The two transition states found in this analysis
also suggest repulsive interactions between the Mg and B
atoms.

The calculated vibrational properties in the harmonic
approximation show a complex phonon DOS where the
heavier Mg atoms dominate, as expected, the low-frequency
part of the phonon DOS, while H, B, and N atoms prevail at
high frequencies. Several “phonon band gaps” were also found,
and high-frequency peaks are well separated from the lower
part of the spectrum. The calculated IR and Raman spectra
compare well with the experimental data.

Calculated CI-NEB results show a complex energy landscape
with two local maximum in the energy and a deep local
minimum in between along the selected migration path for
Mg** ions. These findings are confirmed by all computer codes
used. The calculated migration energies (including weak van
der Waals interactions) are in the range of 0.550—0.668 eV
using plane-wave codes. Including the calculated defect
(Frenkel pairs) formation energy of 1.0S eV (per single
defect), a value of the activation energy for migration in the
range of 1.60—1.71 eV is found. This compares relatively well
with the experimental estimation of 1.47 + 0.03 eV within the
approximations adopted, suggesting that the above approach is
correct and the dominant type of defect is, in fact, Frenkel pair.
As a future study, we plan to compare and complement our
findings with other mechanisms proposed in the recent
literature.” >
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