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Computational details 
 
CCSD(T) calculations of CO, CO2, and H2 adsorption energies at NiMg defects at the MgO(001) 

surface, as well as formation energies of bulk NiMg, are performed using ORCA electronic-structure 
package, which is based on Gaussian-type orbitals [1]. For bulk NiMg defects, NiMg12O6(PP)50 cluster 
is used (Fig. 1c in main text), where PP denotes electron-free Hay-Wadt effective-core potentials 
(ECPs) [2] replacing Mg2+ cations. The cluster is immersed in an array of point charges (145 +2|e| 
charges replacing Mg2+ and 194 -2|e| charges replacing O2-). 14 electrons are removed to ensure bulk-
like ionization states of all the atoms. The positions of the atoms, ECPs, and point charges in the bulk 
cluster models are generated by cutting out a cube centered on a Mg atom from the bulk MgO structure 
with 4.211 Å) lattice constant, with no further relaxation. The lattice constant was obtained from 
standard HSE06 calculations (see below for details). For surface NiMg defects, two models were used: 
terrace-site and monolayer-step (Fig. 1a-b in main text), both have the stoichiometry NiMg8O9(PP)49. 
The structure of the terrace-site cluster was generated as follows. First, a periodic slab model of MgO 
(001) (2x2 surface unit cell and 4 atomic layers) with a NiMg defect and possibly an adsorbed molecule 
is relaxed at HSE06 level with tight basis set and 4x4x4 k-points. Second, the cluster around the NiMg 
defect was cut out of the slab and immersed into an array of point charges and pseudopotentials. The 
geometry of embedding corresponded to ideal bulk-like structure. Since the relaxation of (sub)surface 
atomic layers is pronounced very slightly even with Ni, such embedding geometry matches cluster 
structure well. In the case of monolayer-step cluster, similar strategy was applied. The 4-atomic layer 
MgO(001) slab (2x3 surface unit cell) with a periodically translated along x-axe (2x2) "monolayer-
island" and with/without adsorbate molecule was fully relaxed at HSE06 level. The cluster with NiMg 
defect was cut from it and embedded like in the other cases. For all cluster models, the target properties 
were converged with respect to the number of shells of pseudopotentials and point charges at PBE 
level. Collinear spin-unrestricted calculations are performed, unless otherwise specified, with spin-
moment projection fixed to Sz = 1, which is found to be the ground spin-state of the neutral NiMg defect 
for all α. The spin-states of charged defects are discussed in the main text. 
 In the CCSD(T) calculations, cc-pVXZ [3] basis sets are employed, with X = D for Mg and O, and X 
= T for all atoms in adsorbed species and surface atom underneath (Ni or O). For adsorption and defect 
formation energies, counterpoise basis-set superposition error (BSSE) correction is applied. The 
excitations from 1s-3p orbitals of Ni, 1s-2p of Mg, 1s of O and C were excluded from the coupled-
cluster calculations (frozen-core approximation). These settings were the best we could afford with our 
embedded cluster models. However, we estimate the complete basis-set (CBS) limit for CCSD(T) by 
combining the extrapolation of MP2 energies to CBS limit with the so-called “focal-point” method [4] 
which is based on the observation that the difference in correlation energies obtained in different 
methods converges with the basis set size much faster than the total energies. For the extrapolation of 
MP2 energies to CBS limit different methods were tested: the 2 points method which was proposed in 
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the original article [5] and least squares regression in which all points were considered and extrapolated 
with an exponential function. The difference in observed values for all approaches usually did not 
exceed 38 meV. 

For DFT and G0W0 calculations, we use the all-electron numeric atomic-orbital based electronic-
structure package FHI-aims [6]. The same cluster models are used as described above, but with norm-
conserving non-local pseudopotentials [7] replacing Mg2+ ECPs. Standard tight numerical settings are 
employed. The extrapolation to CBS limit is performed using valence-consistent numeric atomic 
orbitals (NAO-VCC-XZ, with X = D, T, Q, 5) [5]. HSE06 exchange-correlation functional with variable 
α [further denoted HSE(α)], as implemented in FHI-aims [8], is used. The reference for G0W0 [9] 
calculations is HSE(α). In our study the value of the HSE screening parameter ω [10] was fixed to the 
standard value 0.11 bohr-1 [11]. Another ω value 0.0 bohr-1 with α = 0.25 (PBE0) was also tested, but 
was found to have a small effect on target properties. The fraction of exact exchange α is varied 
between 0 (corresponds to PBE) and 1.  

In addition to the cluster model NiMg12O6(PP)50(+2)6028(-2)6078, a larger cluster model 
NiMg18O14(PP)44(+2)7610(-2)7654 (Fig. 1d in main text) was considered for G0W0 calculations. Also for 
surface, to test cluster-size dependence, larger models NiMg13O9PP81(+2)3084(-2)3165, 
NiMg12O13PP45(+2)775(-2)820 and NiMg29O30PP97(+2)3936(-2)4033 were employed. 

The dependence of the adsorption energies on cluster size was also tested for CO and CO2 
adsorption. The HSE(0.3) CO adsorption energy was found to be higher (in absolute value) at the 
NiMg13O9 embedded cluster compared to the smaller cluster NiMg8O9 (-0.60 eV and -0.46 eV, 
respectively). The MP2 adsorption energy of CO at the larger cluster is -0.56 eV versus -0.40 eV at the 
smaller one. However, the difference Eads(MP2) - Eads(HSE(0.3)) = 0.04 eV is still the same as in the 
case of the smaller embedded cluster NiMg8O9 for which CCSD(T) calculations were done. The energy 
of CO binding to the largest NiMg29O30 embedded cluster calculated with HSE(0.3) is about -0.37 eV, 
which is already very close to the value obtained with the periodic slab model (see main text). In the 
case of CO2-adsorption, the HSE(0.3) energy on NiMg12O13 embedded cluster was found to be lower in 
absolute value than on NiMg8O9 embedded-cluster, -2.90 eV vs. -3.50 eV. However, as in the case of 
CO, the MP2 adsorption energy is also lower, and the difference Eads(MP2) - Eads(HSE(0.3)) = 0.14 eV 
for bigger cluster is almost the same as for the smaller one (0.16 eV). This shows that the optimal α 
does not depend on the cluster size, and that α = 0.3 is a good compromise for calculating adsorption 
energies of different molecules at Ni-doped MgO surfaces. 

In addition to MP2 calculations, exact-exchange plus correlation in random-phase approximation 
(RPA), renormalized single excitation (rSE) contributions, and second-order screened exchange 
(SOSEX) contributions were calculated with FHI-aims [12] for benchmarking purposes. The reference 
state in all RPA-based methods is obtained with PBE. 

In periodic HSE(α) calculations, the number of k-points was set for each particular supercell (bulk: 
2x2x2, 3x3x3, 4x4x4; slabs: 2x2, 2x3, 3x3, 4x4) by scaling down the 8x8x8 Γ-centered grid used for 
the cubic 8-atom MgO unit cell. The underlying lattice parameter was set to 4.211 Å, as obtained with 
HSE06 functional and as it was done in the validation part. The MgO(001) surface is modelled by a 5-
atomic-layer slab in which all atoms are allowed to relax. The vacuum gap is set to about 250 Å. 
Nevertheless, the dipole correction was included and was found to be negligible. The numeric 
parameters and basis sets correspond to standard tight settings. Geometry optimization was done using 
BFGS algorithm with the accuracy of forces 10-4 eV/Å, until the maximum component of force on any 
atom did not exceed 10-2 eV/Å. 

Many-body-dispersion (MBD) calculations were done with advanced dispersion coefficients for Mg 
and O substrate ions [13]. 
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Influence of random-phase approximation (RPA) and beyond RPA on adsorption 
 

 RPA underestimates adsorption energy by 0.14-0.22 eV compared to CCSD(T), that is not 
unexpected [12]. The effect of inclusion of rSE and SOSEX depends on the adsorbed molecule: 
RPA+rSE significantly overestimates the CO adsorption energy (by 0.48 eV), while inclusion of 
SOSEX remedies to some extend the obvious failure of rSE but the adsorption energy is still 
overestimated by 0.24 eV. In the case of CO2 on NiMgMgO-step, rSE almost does not affect the 
adsorption, whereas SOSEX leads to overestimation of adsorption energy by almost the same value, 
0.27 eV. The failure of the RPA-based methods could be due to the absence of ladder-type diagrams, 
which describe the short-range correlation [12] and which are present in CCSD(T). The short-range 
correlation is expected to be important for Ni ion containing 8 d-electrons in one shell. In order to 
confirm this, we have calculated CO@MgO adsorption energy using the same cluster model (exactly 
same geometry including the adsorbed molecule) but with Mg replacing Ni. The results are also 
presented in Table 1 in main text. Note that the CCSD(T) adsorption energy is positive in this case. It 
was found in previous studies that CO is physisorbed on pure MgO surface with electrostatic and 
dispersion forces [14,15]. We find that RPA still underestimates the adsorption energy by almost the 
same amount as in the case of CO@NiMgMgO, -0.14 eV. RPA+rSE and rPT2 overestimate the 
adsorption energy, but the deviation is lower, 0.20 and 0.17 eV, respectively. Obviously, the short-range 
correlation of d-electrons plays an important role, but its absence is not the only reason for the failure 
of RPA. From Table 1 one can see that including SOSEX is important in the case of Ni defect, whereas 
for pure MgO it improves the adsorption energy by only 0.03 eV. 
 

α
 

Figure S1. Formation energies of NiMg at the (001) terrace obtained with different methods. 
 

 
 Validation of ionization potentials 
 
 The ionization energy can be in principle calculated as the difference between the total ground-
state energies of the ionized and the neutral systems. However, a large spin-contamination in the 
Hartree-Fock reference, and the analysis of T1 amplitudes in our coupled-cluster calculations, show that 
the NiMg defect with one electron removed is a multireference system, namely, excitations from VBM 
to the e2g-originating states generate electronic configurations that are quasi-degenerate with both the 
doublet and the quadruplet spin-states of (NiMg)

+. The G0W0@HSE(α) approach, on the other hand, 
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does not suffer from this problem, since the reference state (the neutral system) can be described by a 
single Slater determinant for any α.  

α
 

Fig. S2. Vertical ionization energies of NiMg12O6 embedded cluster calculated with different methods. 
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