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Computational details

General: The calculations were performed using the Quantum Espresso program suite," within the generalized

gradient approximation (PBE)? to density functional theory (DFT).?

We accounted for the interaction between the ionic cores and the valence electrons by ultra-soft
pseudopotentials. A cutoff on the plane-wave expansion of the Kohn-Sham orbitals as large as 40 Ry ensures a

good convergence for the structural parameters and the vibrational frequencies.



The vibrational modes (frequencies and atomic displacements) were computed through the Density Functional
Perturbation Theory (DFPT)* in the harmonic approximation. Tests on known molecules (MgH, and H,O)

are used as benchmarks in order to align the calculated frequencies on the measured ones.

The stable conformation of the MgH, molecule is linear, with 1.709 A H-Mg bond length, which is
overestimated by 0.3% with respect to the value of 1.7033 A that is deduced from the vibration-rotation
spectrum.’ The antisymmetric (AS) and symmetric (SS) stretching frequencies have been computed at
Vas=1583 and vss=1551 cm™, respectively. The former one agrees very well with the measured ones: vas =1589
cm’ and vas=1576 cm™ for enclosed MgH, in a Ne matrix.>¢ As the computed H-Mg stretching frequencies are
well aligned with the experimental ones in the molecule, we compare them directly to the IR transmission

spectra for hydrogenated MgO nanocrystals.

As far as the isolated water molecule is concerned, within our computational scheme we found a 0.974 A O-H
bond length, a 104.4° HOH angle, vas=3840 cm™, vss=3730 cm™ and the H-O-H bending mode at vs=1570 cm
'. Our computed VAS and vSS are larger by less than 20 cm™ with respect to the all-electron values that were
obtained within the same PBE exchange-correlation approximation. Being overestimated by ~2 % with respect
to recent experimental values (Vas=3756 cm?, vss =3657 cm™ and Vs =1595 cm!),” we rescaled the computed
OH stretching frequencies as Vou=0.975 vouDFT, as usually done in this matter.® This allows a better
comparison with the measured O-H and H-Mg frequencies for the MgO nanopowders after hydrogen

adsorption.

MgO slabs with shifted periodic boundary conditions have been constructed in order to simulate hydrogen
splitting on surface sites with different coordination numbers on (001) terraces, mono- and diatomic steps
parallel to [010] or [100] directions. Other models have been considered, such as MgO(011) surfaces, which
show straight neutral ledges along the [100] direction. We did not simulate polar orientations, as they do not
represent thermodynamically stable configurations on powders that have been prepared in dry conditions and
should not contribute substantially to heterolytic H, splitting. We instead considered point defects, such as
MgO di-vacancies in variable number NVygo (NVigo=1, 2, 3). On MgO(001), the MgO single divacancy is
characterized by a very large dipole moment, which is able to dissociate the water molecule® and to split Hy,

forming O-H and H-Mg complexes.

The slabs are at least 7 atomic (001) layers thick, up to 9 layers in the slabs with diatomic steps. One or two

central layers were kept fixed. The void space separating two slabs that are repeated by periodic boundary



conditions is always larger than 12 A. These choices have been tested to provide H-adsorption energies that are

not biased by the slab thickness and the void space.

For each substrate, H atoms were initially placed close to several distinct O and Mg ions, which differ by ion
coordination number and kind of site, and their positions optimized through energy minimization until the
largest atomic force did not exceed S meV/A. In order to improve the precision of the computed adsorption
energies and avoid introducing a surface dipole following H, adsorption, the molecules were split on each slab

side.

About a hundred distinct adsorption configurations were thus constructed and optimized. In all cases, we
checked that the computed H, adsorption energies are almost inde-pendent of the specific shifted boundary
conditions that have been used. In the limit of very low H, coverage — that is, a single H, molecule that is split at
a given defect — the characteristics of the formed complexes are mostly influenced by the characteristics of the
ions to which H* and H' are bound, such as their coordination numbers and bond lengths. At variance, the co-
adsorption of several H, molecules could be sensitive, in some cases, to the surface conformation around the
complexes. For this reason, the simulated configurations where two H, molecules are split on each surface of the
slab (cooperative adsorption) are restricted to a few combinations of configurations with a single H, molecule.

No more than two H, molecules are dissociated on the slab surfaces.

Free energy of adsorption: Although the H, adsorption energies are needed to compare the relative stability of
distinct adsorption configurations, they cannot provide a direct link to the experiments, which probe the
thermodynamic stability of OH and HMg complexes as a function of the partial H, pressure. We thus evaluate

the adsorption free energy AG.aP,T), by means of a few approximations.

First, the dependence on temperature of the free energy difference between the clean slab and the slab with
adsorbed H is neglected. This approximation is rather good and the main error comes from the temperature-
dependent phonon contribution to the free energy. Although phonons generally represent a substantial part of
the absolute free energy, their contribution to the free energy difference upon H adsorption is expected to come

from the modes of the H adatoms.

Here comes the second approximation. The six additional modes in the slab after the adsorption of H- and H+
are localized around the adsorption sites because of the proton light mass. We assumed that this additional
phonon contribution roughly compensates for the vibrational free energy of the H, molecule in the gas phase. A
full calculation of the vibrational free energy of the modes implying the H adatoms for specific configurations —

H:MgO(011) and H:MgO(015) - within the harmonic approximation, shows that the error made should not
3



exceed 10 kJ/mol, which is of the same order as that given by the GGA approximation, but of opposite sign. The
GGA is indeed known to underestimate the absolute adsorption energy by roughly ~0.05 - 0.1 eV/H atom, as
estimated for H, adsorption on (MgO)6 clusters through an accurate comparison to quantum chemistry

calculations at the CCSD(T) level.*°

Third, we neglect the contribution from the configuration entropy which, in contrast with the vibrational
entropy, stabilizes the products, as the number of available adsorption configurations on the defective surface is
expected to be rather high. Moreover, we always neglected nuclear quantum effects in the

adsorption/desorption phenomena.
The previous approximations are very similar to those that are usually adopted in ab initio thermodynamics to
11,12

evaluate the surface energy as a function of the partial pressure of one or more components.

The remaining Gibbs free energy comes from the translational and rotational motions of the free H, molecule in

the gas phase, which have no equivalent in the adsorbed phase.
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Figure S1. IR spectra of MgO exposed to Py, from 10* to 100 mbar with a magnified look into the OH stretching
vibrations between 3600-3580 cm™.
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Figure S2. Plot of the integral area vs. H, pressure for the IR bands at 3712 cm™ and 1140 cm™.
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