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Extended Computational Details

All periodic calculations have been performed with the ab initio CRYSTALO09 code.'”
This code implements the Hartree—Fock and Kohn—Sham self-consistent field method
based on localized Gaussian Type Orbitals (GTO) for periodic systems.” The self-
consistent field (SCF) calculations and geometry optimizations were performed with the
B3LYP-D2* functional, which includes an empirical a posteriori correction term
proposed by Grimme® to account for dispersion forces (missed in the pure B3LYP™
method), but whose initial parametrization (D2) was modified for extended systems
(D2%*),” to provide accurate results for the calculations of cohesive energies of molecular

8719 and also with the

crystals and of adsorption processes within a periodic treatment;
BHLYP'' functional, because it better describes the electronic structure of Fe-
containing systems, as it is shown with the calibration study (see Table S1). Transition
state (TS) search has been performed using the distinguished reaction coordinate (DRC)
technique as implemented in CRYSTALO09, which has been proven to be robust and
efficient enough for the proton jump of non-hydrated and hydrated acidic zeolites.'> The
activated complex structures corresponding to the TS have been checked by ensuring
that only one imaginary frequency resulted by the Hessian matrix diagonalization. All
calculations involving one H atom have been run as open-shell systems based on the
unrestricted formalism, whereas for dihydrogen adsorption the starting guess was open
shell broken symmetry but collapsed to the closed shell system. Geometry optimizations
have been performed in the P1 group symmetry (no symmetry), in order to ensure the

maximum degrees of freedom during the optimization. Net charges and electron spin

densities on the atoms were derived from the Mulliken population analysis.

The multi-electron wave function is described by linear combination of crystalline
orbitals, which in turn are expanded in terms of GTO basis sets. Two different Gaussian
basis sets have been adopted: (i) a B1 basis set described by the following all-electron
contractions: (8s)—(831sp)—(1d) for Si; (6s)~(31sp)—~(1d) for O; (6s)—(631sp)—(1d) for
the top-layer Mg atoms (standard 6-31G(d,p) Pople basis set); (8s)—(61sp)—(1d) for the
remaining Mg atoms; and (6s)—(6631sp)—(31d)—(1f) for Fe; and (ii) a B2 basis set
described by the larger all-electron contractions: (8s)—(6311sp)—(1d) for Si; (8s)—
(411sp)—(1d) for O; (631111s)~(42111p)—~(1d) for the top-layer Mg atoms (standard 6-
311G(d,p) Pople basis set); (8s)—(511sp)~(1d) for the remaining Mg atoms; and
(62111111s)~(331111p)—(311d) for Fe; these basis functions were already used in
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315 and fayalite'® bulk properties. For all

previous works focused on the forsterite
calculations, a TZP basis set from Ahlrichs and coworkers'” has been used for the H
atoms. All the geometry optimizations have been carried out using the B1 basis sets and
the energy is refined with single-point energy calculations at B2 onto the optimized B1
geometries (hereafter referred as B2//B1). In a previous work,'® we showed that B2//B1

energy values are almost indistinguishable from those at B2//B2 level.

We set the shrinking factor of the reciprocal space net, defining the mesh of k points in
the irreducible Brillouin zone," to 5 and 20 for B1 and B2 calculations, respectively,
requiring the diagonalization of the Hamiltonian matrix in 3 and 6 Kk points, respectively.
The accuracy of both Coulomb and exchange series was set to values of overlap
integrals of 10 and 10™'® for both B1 and B2. A pruned (75, 974) grid has been used for
the Gauss—Legendre and Lebedev quadrature schemes in the evaluation of

>20 The condition to achieve SCF convergence between two subsequent

functionals.
cycles was set to 107 Hartree. Relaxations of both the internal atomic coordinates and
the unit cell parameters for the bare surface, on the one hand, and relaxations of only the
internal atomic coordinates keeping the lattice parameters fixed at the bare surface for
the rest of the calculations, on the other hand, were carried out within the same run by
means of analytical energy gradients” using a quasi-Newton algorithm, in which the

quadratic step (Broyden—Fletcher—Goldfarb—Shanno Hessian updating scheme,

BFGS)** ™ is combined with a linear one as proposed by Schlegel.?®

H atom adsorption and recombination was only considered on the top surface of the
slabs, since this greatly simplifies the localization of TS structures. We are conscious
that this approach breaks the symmetry of the system with, nevertheless, a negligible
effect on the energy profiles. The adsorption energies (AE) per mole of an H atom and

per unit cell were computed as:
AE = Esy — (Es + Ey) (1)

where Egy is the energy of the relaxed unitary cell containing the forsterite surface S in
interaction with the H atom, Eg is the energy of the relaxed unitary cell of the free

forsterite surface, and Ey; is the energy of the free H atom.



CRYSTALO9 computes the zero-point energy (ZPE) corrections and thermodynamic
quantities using the standard statistical thermodynamics formulae based on partition
functions derived from the harmonic oscillator approximations, which are used to
correct the adsorption energy values by temperature effects. The corresponding
vibrational frequencies are calculated by obtaining the eigenvalues from diagonalization
of the mass-weighted Hessian matrix at I" point (point k = 0 in the first Brillouin zone,
called the central zone). The mass-weighted Hessian matrix was obtained by numerical
differentiation (central-difference formula) of the analytical first energy derivatives,
calculated at geometries obtained by displacing, in turn, each of the 3N equilibrium
nuclear coordinates by a small amount, u = 0.003 A (N is the number of atoms).>’ For
the considered systems in this work, building up the full mass-weighted Hessian matrix
would have been very expensive, so that only a portion of the dynamical matrix was
computed by considering the displacements of a subset of atoms; i.e., the H atoms and

the first and second-layer atoms of the surface.

Quantum tunnelling, a purely quantum mechanical effect, can play a significant role in
the studied processes allowing chemical reactions to occur at significant rates at low
temperatures, which classically would have negligible rates,”™ and the fact that they
involve H atoms. The probability for a given system to tunnel through a reaction barrier
depends primarily on the curvature of the barrier, which is controlled by the transition
vibrational frequency and, to a lower degree, on the height of the barrier. The
importance of tunnelling for a specific reaction can be estimated by employing the
tunnelling crossover temperature Ty, which can be calculated using the formula by

Fermann and Auerbach:?’

AU kg
2mAU} — hvtiln 2

Ty (2)

with v¥ the absolute value of the imaginary frequency of the transition mode, h the
Plank’s constant, AU; the zero-point energy-corrected barrier and kg the Boltzmann’s
constant. Ty generally marks the temperature below which tunnelling becomes
dominant and above which tunnelling becomes negligible. Moreover, rate constants in a
semi-classical way (kS¢~T5T) are calculated, in which tunnelling contributions are

accounted for by introducing the transmission coefficient (I'(T)) developed by Fermann



and Auerbach® into the classical Eyring rate constant (k”ST) from the standard TST

using partition functions:

kSC—TST — I"(T) X kTST (3)
kpTy _Ac*
kTST = (T) e kBT (4)
F(T) — eAUO#/kBTe—ZTL'AUO*/hV#i 1+ anBT (5)
hv#i

where AG* is the free-energy barrier calculated at the temperature T.
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(o) Fe

Figure S1. (A) Cluster model adopted for the calibration study, in which one H atom is
adsorbed on the Fe ion. (B) The cluster derives from the first coordination sphere
around the Fe ion of the 010-Fel complex (inset structure of the first image) optimized
at BHLYP level. The dangling bonds were saturated by H atoms at distances of 1.000 A
with the corresponding O atoms. The formula of the cluster is [Fe(OH),(H,O)], in
which two OH™ groups are present to ensure the electroneutrality of the cluster as in the
periodic surface.



Table S1. Energy differences between the sextet and quartet electronic states (Egextet -
Equarier) Obtained at different DFT methods and at CCSD(T) (in kJ molfl). Basis set
employed in the DFT methods: 6-31G(d,p) Pople basis set for H and O, and a Wachters
basis set with f functions for polarization for Fe. Basis set employed at CCSD(T): aug-
cc-pVTZ for H and O atoms, and Roos Augmented Triple Zeta ANO for Fe.
Calculations are based on single-point energy calculations onto the cluster model at the
geometry of the 010-Fel complex optimized with the BHLYP method.

Method % of Exact Exchange Esextet — Equartet
BLYP 0 -0.4
GI96LYP 0 2.3
BP86 0 -2.7
BPWII 0 -1.7
PBE 0 -9.4
TPSSh 10 -27.9
B3LYP 20 -37.4
B3PWI1 20 -44.2
B97H 21 -43.9
BILYP 25 -46.8
HSEO06 25 -52.4
mPWIPWII 25 -53.0
PBEO 25 -55.5
mPWBI1K 44 -78.5
BHLYP 50 -88.5
KMLYP 55 -99.5
CCSD(T) --- -71.3




Table S2. Second ionization energies (in kcal mol™') for Mg and Fe calculated at
B3LYP, BHLYP, and CCSD(T) by employing Roos Augmented Triple Zeta ANO as a
basis set. Experimental values from NIST are also included.

Method Mg" — Mg™ Fe" — Fe™*
B3LYP 357.2 380.3
BHLYP 352.9 368.7
CCSD(T) 341.9 368.6
Experimental 346.7 373.6




Table S3. Adsorption energies (in kJ mol™") calculated at the B3LYP-D2*/B2//B3LYP-
D2*/B1 and BHLYP-D2*/B2//BHLYP/B1 level, respectively, for the first H adsorption
processes on Ol(010) to form the 010-Fel, 010-O1, 010—-O2 and 010-Mg1 adducts at
sextet and quartet spin state. Pure potential adsorption energy (AE,;), contribution of
dispersion to the adsorption energy (AEp,+), DFT-D2* adsorption energy (AE = AE,; +
AEp,+), contribution of zero-point energy to the adsorption energy (AZPE) and ZPE-
corrected adsorption energy (AU, = AE + AZPE).

Adduct  Method Spin  AE,  AEp, AE AZPE AU,
010-Fel  B3LYP-D2* Sextet -185.7 -2.5 1882 163 -171.9
Quartet -131.0  -0.7 1317 173 -1144

BHLYP-D2* Sextet -161.8 -2.5 1643 18.1 -146.2

Quartet -60.9  -0.7 61.6 187  -429

010-O1  B3LYP-D2* Sextet -53.0  -1.2 542 273 269
Quartet -54.5  -1.2 557 278 279

BHLYP-D2* Sextet -67.9  -1.2 69.1 288  -40.3

Quartet -38.7  -1.2 399 287  -112

010-02  B3LYP-D2* Sextet -67.2  -0.1 673 264  -409
Quartet -67.2  -0.1 673 262 411

BHLYP-D2* Sextet -57.8  -0.1 579 273 -30.6

Quartet -57.8  -0.1 579 280  -29.9

010-Mgl B3LYP-D2* Sextet -6.5 26 9.1 3.7 5.4
Quartet -6.5 2.6 9.1 3.7 5.4

BHLYP-D2* Sextet -4.7 2.6 73 3.8 3.5

Quartet -4.8 2.6 7.4 3.6 3.8
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Table S4. Net charges and electronic spin densities on the H, Fe and Mg atoms, and the
sum of the spin density values of the O atoms closest to H, computed at BHLYP-
D2*/B2//BHLYP/B1 level for the different singly-H adsorptions on Ol(010) at sextet
spin state.

Charge Spin

H Fe Mg O H Fe Mg O

010-Fel -0.26  +135 +1.10 -1.18  0.19 4.58 0.00 0.23
010-0O1 +0.32 +0.52 +1.11 -1.13 0.0l 4.93 0.00 0.06
010-02 +0.33  +1.20 +045 -1.13 0.0l 3.93 0.95 0.11
010-Mgl +0.06 +1.18 +1.02 -1.19  0.96 3.90 0.02 0.12
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Figure S2. BHLYP-D2*//BHLYP-energy profiles including ZPE corrections (in kJ
mol™) for the interconversion between the different adsorption states adopting the 010-
Mgl — 010-02 — 010-O1 — 010-Fel sequence (A) and direct H adsorption to form
010-O1 (A). Relative energies are referenced with respect to O1(010) + H zero-energy
asymptote. Bond distances in A.
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Figure S3. B3LYP-D2*-optimized geometries of the different complexes for the H
adsorption on the Fe-containing surface at the sextet state. Bond distances (in A) and
adsorption energies including zero-point energy corrections (in kJ mol™) are also
included.
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010-Fel-O1
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Figure S4. BHLYP-optimized geometries of the different complexes resulting from the
adsorption of two H atoms on OI(010) at quintet spin state (010-Fel-Mgl, 010-Fel-
Ol1, 010-Fel-02, 010-0O1-Mgl, 010-02-Mgl, 010-O1-O1, 010-01-O2 and 010-O2-
02). Bond distances in A.
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Table S5. Adsorption energies (in kJ mol™") calculated at the B3LYP-D2*/B2//B3LYP-
D2*/B1 and BHLYP-D2*/B2//BHLYP/B1 level, respectively, for the global H
adsorption processes on Ol(010) to form the 010-Fel-Mgl, 010-Fel-O1, 010-Fel-O2,
010-01-Mgl, 010-02-Mgl, 010-01-01, 010-01-02 and 010-02-O2 complexes at

quintet spin state.

Reaction Method AE,,  AEp,- AE AZPE AU,
0OI1(010) + 2H — 010-Fel-Mgl  B3LYP-D2* -192.8 -5.1 -197.9 20.2 -177.7
BHLYP-D2* -172.4 5.1 -177.5 21.1 -156.4
0I1(010) + 2H — 010-Fel-0O1 B3LYP-D2* -419.3 4.7 -424.0 43.0 -381.0
BHLYP-D2* -421.5 4.7 -426.2  44.8 -381.4
0OI1(010) + 2H — 010-Fel-02 B3LYP-D2* -337.7 -1.6 -339.3 424 -296.9
BHLYP-D2* -2144  -1.6 -216.0 449 -171.1
01(010) + 2H — 010-01-Mgl B3LYP-D2* -338.9 -2.0 -340.9 414 -299.5
BHLYP-D2* -325.5 -2.0 -327.5 423 -285.2
01(010) + 2H — 010-02-Mgl B3LYP-D2* -408.6 -4.8 -413.4 413 -372.1
BHLYP-D2* -398.8 4.8 -403.6  43.0 -360.6
0l1(010) + 2H — 010-01-01 B3LYP-D2* -173.8 -12.5 -186.3 51.8 -134.5
BHLYP-D2* -160.3 -12.5 -172.8 55.0 -117.8
01(010) + 2H — 010-01-02 B3LYP-D2* -87.6  -0.8 -88.4  52.0 -36.4
BHLYP-D2* -80.8  -0.8 -81.6  53.7 -27.9
0l1(010) + 2H — 010-02-02 B3LYP-D2* -130.8 -9.6 -140.4 50.2 -90.2
BHLYP-D2* -108.6 -9.6 -118.2 53.1 -65.1
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Table S6. Net charges and electronic spin densities on the H, Fe and Mg atoms, and the
sum of the spin density values of the O atoms closest to H, computed at BHLYP-
D2*/B2//BHLYP/B1 level for the different doubly-H adsorptions on Ol(010) at quintet
spin state (H'™' and H* denotes the first and second H position according to the

nomenclature of the complex, respectively).

Charge Spin

H'S H™  Fe Mg 0 HY H™ Fe Mg O

010-Fel-Mgl -0.27 +0.07 +1.35 +1.02 -1.18 0.19 -0.96 459 -0.03 0.21
010-Fel-0O1 -043 +033 +097 +1.11 -1.13 -0.04 0.00 4.00 0.00 0.04
010-Fel-0O2 -0.23  +0.34 +134 +046 -1.12 020 -0.01 457 -096 0.19
010-O1-Mgl +0.34 -0.31 +1.20 +0.78 -1.13 0.00 0.00 391 0.00 0.08
010-02-Mgl +034 -034 +1.21 +0.79 -1.13 0.00 0.00 392 0.00 0.08
010-01-01 +0.29 +0.29 -0.13 +1.14 -1.05 -0.03 -0.03 4.06 0.00 0.00
010-01-02 +0.29 +031 +0.54 +047 -1.05 0.03 -0.03 4.88 -092 0.04
010-02-02 +0.30 +030 +1.22 -0.16 -1.05 0.00 0.00 392 0.00 0.08
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Table S7. Adsorption energies (in kJ mol™") calculated at the BHLYP/B2//BHLYP/B1
level for the global H adsorption processes on OI(010) to form the 010-Fel-Mgl, 010—
Fel-O1, 010-Fel1-02, 010-O1-Mgl1, 010-02-Mgl, 010-O1-O1, 010-01-0O2 and 010—
02-02 complexes at quintet and heptet spin state.

Reaction Spin AE,;
0O1(010) + 2H — 010-Fel-Mgl  Quintet -172.4
Heptet -171.3
01(010) + 2H — 010-Fel-0O1 Quintet -421.5
Heptet -129.8
01(010) + 2H — 010-Fel-02 Quintet -214.4
Heptet -214.2
01(010) + 2H — 010-O1-Mgl  Quintet -325.5
Heptet -54.6
01(010) + 2H — 010-02-Mgl  Quintet -398.8
Heptet -129.8
01(010) + 2H — 010-01-01 Quintet -160.3
Heptet -130.1
01(010) + 2H — 010-01-02 Quintet -80.8
Heptet -75.8
01(010) + 2H — 010-02-02 Quintet -108.6
Heptet -107.9
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Table S8. Reaction energies (in kJ mol™") calculated at the B3LYP-D2*/B2//B3LYP-
D2*/B1 and BHLYP-D2*/B2//BHLYP/B1 level, respectively, for the H, formation
processes on Ol(010) from the most significant doubly-H adsorption complexes at
quintet spin state.

Method Adduct AE,; AEp,+ AE AZPE AU,

010-Fel-Mgl — 010-Fe-H;

B3LYP-D2* 010-Fel-Mgl -192.8 -5.1 -197.9 20.2 -177.7
TS1-H, -186.3 -6.6 -192.9 18.8 -174.1
010-Fel-H, -475.2 -7.5 -482.7 39.8 -442.9

BHLYP-D2* 010-Fel-Mgl -172.4 -5.1 -177.5 21.1 -156.4
TS1-H, -165.8 -6.6 -172.4 19.4 -153.0
010-Fel-H, -465.9 -7.5 -473.4 40.1 -433.3

010-02-Mgl — 010-Mg-H,

B3LYP-D2* 010-O2-Mgl  -408.6 -4.8 -413.4 41.3 -372.1
TS2-H, -391.6 -9.1 -400.7 30.9 -369.8
010-Mgl-H,  -471.8 -9.2 -481.0 36.0 -445.0

BHLYP-D2* 010-0O2-Mgl  -398.8 -4.8 -403.6 43.0 -360.6
TS2-H, -364.8 -9.1 -373.9 31.6 -342.3
010-Mgl-H,  -467.5 -9.2 -476.7 36.1 -440.6

010-Fel-O1 — 010-Fe-H;

B3LYP-D2* 010-Fel-O1 -419.3 -4.7 -424.0 43.0 -381.0
TS3-H, -375.7 -10.0 -385.7 31.2 -354.5
010-Fel-H, -475.2 -7.5 -482.7 39.8 -442.9

BHLYP-D2* 010-Fel-Ol -421.5 -4.7 -426.2 44.8 -381.4
TS3-H, -365.9 -10.0 -375.9 323 -343.6
010-Fel-H, -465.9 -7.5 -473.4 40.1 -433.3
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Table S9. Adsorption energies (in kJ mol™") calculated at the B3LYP-D2*/B2//B3LYP-
D2*/B1 and BHLYP-D2*/B2//BHLYP/B1 level, respectively, for the H, molecule on
01(010).

Reaction Method AE, AEp,- AE AZPE AU,

0O1(010) + H, — 010-Mgl-H, B3LYP-D2* -114 -92 -20.6 94 -11.2
BHLYP-D2* -143 -92  -235 8.8 -14.7

01(010) + H, — 010-Fel-H, = B3LYP-D2* -148 -7.5 -223 133 -9.0
BHLYP-D2* -12.7 -7.5 -202 129 -73
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Table S10. B3LYP-D2*/B2//B3LYP-D2*/B1 and BHLYP-D2*/B2//BHLYP/B1 zero-
point energy corrected energy barriers (AU ¥ inkJ mol™), transition frequencies (v¥, in
cm™) and tunnelling crossover temperatures (T, in K) on O1(010).

Reaction Method AUgE vt Ty
010-Fel-Mgl — 010-Fe-H, B3LYP-D2* 3.6 144 35
BHLYP-D2* 3.4 82 19
010-02-Mgl — 010-Mg-H, B3LYP-D2* 2.3 1077 610
BHLYP-D2* 18.3 1405 358
010-Fel-O1 — 010-Fe-H; B3LYP-D2*  26.5 1287 315
BHLYP-D2* 37.8 1445 349
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Figure S5. B3LYP-D2*-energy profiles including zero-point energy corrections (in kJ
mol™) for H, formation from the most significant doubly-H adsorption complexes. All
the structures are calculated in the quintet state, which are more stable than the heptet
state (see Table S7). Adsorption energies (values in italics above the reactants) are
referenced with respect to the OI(010) + 2H zero-energy asymptote, whereas values of
the energy profiles are referenced with respect to the corresponding reactants. Bond
distances in A.
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Figure S6. Arrhenius plots of kS¢~T5T between 150 and 450 K for the H, formation
processes at B3LYP-D2*/B2//B3LYP-D2*/B1 level. Crossover temperatures (Ty, in K)
are also indicated.
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