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ABSTRACT: Electronic and structural properties of nickel
substitutional defects in the bulk and at (001) terraces, steps,
and corners of magnesium oxide, as well as adsorption of CO,
CO2, CH4, and H2 on them, are studied using hybrid density-
functional theory, coupled-cluster model with single, double,
and perturbative triple substitutions [CCSD(T)], and
perturbative GW approximation. The amount of exact
exchange (α) in the HSE(α) hybrid functional is validated
against the higher-level methods. We find that with α = 0.3,
formation energies of NiMg defects and adsorption energies of
CO, CO2, and H2 calculated with HSE are close to ones
obtained with CCSD(T), whereas for ionization of NiMg α = 0.44−0.5 is needed to reproduce G0W0@HSE(α) ionization energy.
The dependence of the adsorption energies on α is found to be weaker than the dependence of formation and ionization
energies: changing α from 0.25 to 0.44 results in variation of adsorption energies on the order of up to 0.2 eV. HSE calculations
with the optimal α revealed that NiMg is most stable at corner sites on MgO(001), followed by the subsurface, bulk, and step sites,
which are very similar in energy (within 0.03 eV), and then the terrace sites (0.45 eV less stable than at corner sites). In the bulk,
NiMg defects serve as traps for both holes and electrons. The presence of these defects at the MgO surface is found to have a weak
effect on energies of CH4 physisorption and CO2 chemisorption, whereas it favors chemisorption of CO and dissociation of H2
and methane.

1. INTRODUCTION

Supported metal−nanoparticle catalysts are widely used for
environment purification and energy conversion.1−3 Such
catalysts potentially have a great versatility: one can change
the type of metal, the type of support, and the size of the
nanoparticles. In practice, however, the versatility is strongly
reduced because of a limited control over the catalyst properties
at realistic conditions: at high temperatures, the metal particles
tend to sinter, and the type of metal is limited to precious
metals such as Pt and Au due to their stability with respect to
poisoning by adsorbates. This inevitably reduces the stability of
supported catalysts and increases their cost.
An alternative paradigm for supported catalysts has been

suggested recently:4 instead of trying to stabilize metal
nanoparticles at a surface, start from a solid solution of the
metal in the support. The formation of solid solution implies
atomic dispersion of the catalytically active component in the
support and stability with respect to sintering. In the case of an
oxide support, this also implies that the metal catalyst is
oxidized, which can partially or completely deactivate it.
However, the catalyst can be (re)activated by placing it in a
reducing atmosphere, and the degree of reduction can be to
some extent controlled by the treatment conditions.5 The
partial oxidation can be also beneficial, depending on the
reaction. As a result, one ends up with metal species at the

surface whose stability with respect to sintering is ensured by
their partial dissolution in the support.
The above paradigm has been demonstrated on methane and

CO2 conversion over transition-metal-oxide/MgO solid
solutions,6 in particular NiO/MgO solid solutions. Ni can
easily replace Mg in MgO lattice due to close ionic radii of Ni2+

and Mg2+. In fact, NiO is soluble in MgO in the whole
composition range9 without significant changes in lattice
parameters, as both possess similar crystal structure. NiO/
MgO solid solutions have been shown to exhibit very promising
catalytic properties (activity, selectivity, and stability) for dry
reforming of methane,7 and, at different temperature and
pressure conditions, for full CO2 hydrogenation (Sabatier
reaction),8 which is in fact a great breakthrough, since the
catalyst does not contain any precious metals.
However, further development of this catalyst is impeded by

its complexity for both atomic-resolution experiments and
accurate modeling. It was demonstrated that the activity and
selectivity of the NiO/MgO catalyst is strongly affected by the
composition and preparation conditions,5 and that the
formation of the solid solution is the key to the enhanced
activity and stability.10 It was also shown by transient isotope
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experiments that the lattice oxygen participates in the reaction
between CH4 and CO2.

11 However, no reliable information on
atomic structure of the catalytic surface, or on the nature of
active sites, is available.
Theoretical studies of NiO/MgO solid solutions are scarce,

while isolated NiMg defects in MgO received substantial
attention. Timmer and Borstel12 used an LMTO Green’s-
function method and LDA to describe electronic structure of
isolated NiMg defects in MgO, and Giordano et al. used GGA
for the same purpose.13 They concluded that NiMg introduces
defect levels of mainly Ni 3d character in MgO band gap.
Torres and Liu14 showed using GGA that Ni substitutional
defects prefer to be in the bulk or subsurface layers of MgO
(001), and that only formation of complexes of oxygen vacancy
with strictly one NiMg in solid solutions stabilizes NiMg defects
at the surface. In the case of two or more NiMg in the
neighborhood of Ovac, such effect is not pronounced. Pacchioni
et al.15 showed that the adsorption energy and geometry for
CO on NiMg defect at MgO(001) are quantitatively close to
CO on NiO(001), and, based on the comparison with
experimental measurements for the latter system (temperature
desorption spectroscopy16 and scanned-energy mode photo-
electron diffraction17,18) emphasized the necessity for an
accurate account of electronic correlation in both cases for a
reliable evaluation of the adsorption energy. Valero et al.19

presented an in-depth analysis of theoretical results on CO and
NO adsorption on a series of cluster and slab models of
NiMgO and NiO with a variety of wave function and DFT
methods. They revealed a strong effect of the basis set on the
calculated adsorption energies, and concluded that none of the
explored local, semilocal, and hybrid functionals was able to
provide accurate results simultaneously for adsorption geo-
metries, energetics, and vibrational frequency shifts. Thus,
electronic and adsorption properties of NiMg defects in MgO
depend strongly on used computational methods, in particular
on chosen density-functional approximation. This indicates that
the cancellation of errors in the calculated properties does not
occur. In particular, local and semilocal functionals suffer from
self-interaction error that leads to electron overdelocalization.
The substitution of a fraction α of exchange energy by its exact
counterpart in the generalized Kohn−Sham scheme20 reduces
this error. The value of α has a strong influence on calculated
properties such as band gap, defect formation energy,
adsorption energy, etc.,21−24 and is traditionally chosen based
on comparison of molecular atomization energies calculated
with DFT and higher-level methods.20 However, recent studies
indicate that the optimal value of α is system- and property-
dependent.23,24

In the present work, we explore and apply a different
approach21 to study bulk and surface properties of transition-
metal-doped oxides in general, and NiMgO in particular. We
first find the optimal α in the HSE hybrid functional by
comparing formation and ionization energies for surface and
bulk NiMg defects in MgO, as well as the adsorption energies of
small molecules at the MgO (001) surface with NiMg, to
CCSD(T) and G0W0 calculations. This comparison is done
using embedded cluster models. Once the optimal α (possibly
different for different properties) is found, we perform hybrid
periodic HSE(α) calculations of NiMgO with converged basis
set and supercell size. In particular, we calculate adsorption
energies of molecules relevant for catalytic methane and CO2
conversion (CO, CO2, CH4, and H2) at terraces, steps, and
corners at the (001) surface of Ni-doped MgO and compare

them to previous theoretical studies. We also study formation
energies of NiMg defects at different surface and subsurface sites
at MgO(001), and explore whether the substitutional defects
can serve as donors of charge carriers. We have found no
published reports of experimental studies on formation energies
of NiMg defects or adsorption of molecules on them. However,
we do compare our calculations for adsorption at MgO surface
and at NiMg defects with the available experimental results on
MgO and NiO.16−18,45,46,58,59,62

2. METHODOLOGY
The validation part was done without geometry relaxation
within the embedded-cluster approach in which relatively small
to middle-size clusters are placed in the field of point charges
and pseudopotentials (or effective-core potentials). In such a
way, adsorption energies of CO, CO2, and H2, as well as
formation energies of bulk and surface NiMg defects in MgO
were calculated at HSE(α) level and compared to CCSD(T).
For this reason we used embedded-clusters simulating the
terrace-site of the MgO (001) surface: NiMg8O9(PP)49,
monolayer-step NiMg8O9(PP)49, and NiMg bulk NiM-
g12O6(PP)50 (PP - pseudopotentials) (Figure 1). Lattice

parameter of MgO (4.211 Å) and geometry of adsorbed
molecules were set to ones obtained in HSE0625,26 periodic
bulk calculations. CCSD(T) and some MP2 calculations were
done with the Orca program,27 whereas HSE and also MP2
were done with FHI-aims.28 In all cases, the complete basis set
(CBS) limit was calculated using two-point extrapolation, so-
called focal-point method.29 For this purpose we used cc-
pVXZ30 basis sets in Orca, with X = D, T for coupled-cluster,
and T,Q for MP2, and numeric atomic orbitals NAO-VCC-
XZ31 (X = T,Q,5) for MP2 and HSE in FHI-aims. In addition,
the calculations within random-phase approximation (RPA)
in(ex)cluding renormalized single-excitations (rSE) and sec-
ond-order screened exchange (SOSEX) have been done with
the same settings.
For the validation of HSE ionization energy, vertical

ionization potentials (IPs) were calculated using NiM-
g12O6(PP)50 and NiMg18O14(PP)44 embedded-cluster models

Figure 1. Embedded-cluster models: (a) terrace-site NiMg8O9(PP)49,
(b) monolayer-step NiMg8O9(PP)49, (c) NiMg12O6(PP)50, (d)
NiMg18O14(PP)44. Red spheres - O atoms; blue - Mg; purple - Ni.
Point charges and PP’s are not shown.
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of bulk NiMg. The HSE(α) results were compared to ones
obtained with the perturbative G0W0@HSE(α) method. These
calculations were performed with FHI-aims, and the same
computational settings were used as for adsorption and
formation energies. Zeroth-order regular approximation
(ZORA)32 was used to treat relativistic effects unless the
comparison between Orca and FHI-aims was done, in which
case no relativistic effects were included.
Hybrid periodic calculations were performed with FHI-

aims.33 The number of k-points was set for each particular
supercell by scaling down the 8 × 8 × 8 Γ-centered grid used
for the cubic 8-atom MgO unit cell. Lattice parameter was the
same as in embedded-cluster calculations. We used ‘tight’ basis
sets and numerical settings according to the nomenclature of
the FHI-aims code.28 van der Waals (vdW) forces were
calculated with a first-principles many-body-dispersion ap-
proach.34 Counterpoise method for correcting the basis-set
superposition error in adsorption energies was used both in
embedded-cluster and slab-periodic studies.
The calculations of charged defects were done applying

virtual-crystal approximation (VCA).21,35,36 In our case, the
charges of all O-nuclei in the unit cell and the corresponding
number of O valence electrons (to keep the unit cell neutral)
were adjusted to simulate either n- or p-type doping. Supercells
2 × 2 × 2, 3 × 3 × 3, and 4 × 4 × 4 obtained from the 8-atom
cubic unit cell were used for the VCA formation-energy
calculations, and the results were extrapolated to the dilute limit
according to the function a + b/L + c/L3 using the least-squares
method.
The adsorption energies are calculated according to the

equation

= − −E E E Eads molecule@NiMgO NiMgO molecule, (1)

where Emolecule@NiMgO is the total energy (per unit cell in case of
periodic calculations) of Ni-doped MgO with adsorbed
molecule, ENiMgO is the total energy of NiMgO without the
molecule, and Emolecule is the total energy of the molecule.
Formation energies of defects are estimated as

μ μ μ= − + − +E E E q ef NiMgO MgO Mg Ni (2)

where EMgO is the total energy of the corresponding MgO
cluster or unit cell, μX are chemical potentials (X = Mg, Ni, or e
for electrons), and q is the number of removed electrons.
More computational details can be found in the Supporting

Information (SI).

3. RESULTS AND DISCUSSION
3.1. Electronic Structure and Formation Energy of

NiMg Substitutional Defects in MgO. The 5-fold degenerate
3d-shell of a Ni2+ ion is split into a 2-fold (eg symmetry) and a
3-fold (t2g symmetry) degenerate states in an octahedral crystal
field (Figure 2). The degenerate eg orbitals are occupied by one
electron each, while the t2g orbitals accommodate six electrons.
This simple picture is, however, somewhat misleading in the
case of NiMg in MgO, because all Ni 3d orbitals are strongly
mixed with O 2p orbitals, with lowest mixing obtained for PBE
(α = 0) (Figure 3, inset). The states of mixed 2p(O)/3d-eg(Ni)
character appear in the gap above the valence-band maximum
(VBM), and approach VBM as α is increased. Figure 2 shows
the projected density of states for NiMg, calculated with HSE06.
Formation energy of an impurity in a host lattice is sensitive

to the local atomic environment. Therefore, it can be used as a

probe for the accuracy of the DFT functional in describing
hybridization and bonding of the impurity atom with the
surrounding atoms. Table 1 and Figure 4 (see also Figure S1 in
the SI) summarize the results of calculations of NiMg formation
energies with various methods both in the bulk and at the
surface of MgO. Chemical potential references for nickel and
magnesium are chosen as total energies of Ni2+ and Mg2+ ions

Figure 2. Total and Ni-projected densities of states (in (eV·
Vunit cell)

−1) for Ni-doped MgO calculated with HSE06, tight-settings,
2 × 2 × 2 supercell. In the inset, the electronic structure of free Ni-
atom and Ni2+-ion in an octahedral crystal field are shown. Energy-
zero corresponds to Fermi energy.

Figure 3. Vertical ionization energies of NiMg18O14 embedded cluster
calculated with different methods. Inset: the contribution of Ni orbitals
to the HOMO of embedded NiMg18O14 as a function of α.

Table 1. Adsorption Energies (in eV) of CO at NiMgO and
MgO (001) Terrace, CO2 at a Step at the NiMgO Surface,
and Formation Energies of NiMg in MgO Calculated Using
Embedded Cluster Models As Described in the Text

CO@
NiMgMgO

CO@
MgO

CO2@
NiMgMgO NiMgMgO

HSE(0.25) −0.49 +0.04 −3.42 −2.27
HSE(0.4) −0.40 +0.05 −3.65 −1.88
RPA −0.28 +0.21 −3.24 −1.51
RPA+rSE −0.92 −0.13 −3.24 −3.09
RPA+rSE
+SOSEX

−0.68 −0.10 −3.73 −2.69

MP2 −0.40 +0.06 −3.34 −1.98
CCSD −0.35 +0.09 −3.55 −1.97
CCSD(T) −0.44 +0.07 −3.46 −2.20
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in the gas phase, to make CCSD(T) calculations of the
formation energies feasible.
The HSE results indeed show a strong dependence on α

(Figure 4), reflecting the change in hybridization of Ni and O
atoms. The difference between MP2 and CCSD(T) is about
0.23 eV for bulk and 0.05 eV for surface NiMg defect, whereas
between CCSD and CCSD(T) it is 0.24 and 0.15 eV,
respectively. The optimal α is about 0.275−0.28 in both
cases, with the CCSD(T) formation energy deviating from the
HSE06 value (α = 0.25) by 0.08 eV also in both cases. PBE0 (α
= 0.25, ω = 0) yields formation energy of bulk NiMg differing
from HSE06 by −0.09 eV, indicating a weak dependence on ω
for 0 < ω < 0.11 bohr−1. Increasing the size of the cluster model
(NiMg18O14(PP)44, Figure 1d) has a minor effect (∼0.02 eV)
on the formation energy calculated at the HSE(α) level.
Moreover, HSE(0.3) gives bulk NiO and MgO cohesive
energies (obtained with a periodic model) with respect to free
atoms close to a high-level quantum Monte Carlo (QMC)
calculations and experimental data: 8.81 versus 9.80 ± 0.8537

eV for NiO and 9.74 versus 10.4538 eV for MgO. The same for
lattice energies with respect to free ions: 41.3 versus 41.0 ±
0.538 eV for NiO and 39.1 versus 39.338 eV for MgO.
RPA combined with exact exchange is a promising approach

for solid-state calculations. It seamlessly incorporates dispersion
interaction, and is computationally feasible even for relatively
large unit cell sizes (up to 100 atoms). However, we find that
RPA strongly underestimates formation energy of NiMg by 0.69
eV. Inclusion of rSE leads to overestimation by 0.89 eV, and
addition of SOSEX improves the RPA+rSE result, but the rPT2
value is still 0.49 eV higher than CCSD(T) (Table 1).
Ionization energy is another sensitive probe for the chemical

interactions between the impurity and the lattice atoms. It is
also a strict test of the accuracy of a DFT approximation,
because the difference in energies between different charge
states of a system does not benefit from the cancellation of the
self-interaction error. We calculate ionization energies using the
G0W0 approach, because ΔSCF calculations with single-
reference MP2 or coupled-cluster methods do not account
for static correlation in the ionized system (see SI) in this case.
The static correlation can also affect ionization energies
calculated with HSE(α) using the ΔSCF approach. However,
there are indications that at least part of the static correlation is
accounted for by approximate DFT functionals.39 In addition,
one can use the Slater Xα concept,40,41 in which the ionization
energy is calculated as the energy εHOMO(0.5) of the highest-
occupied orbital (HOMO) at half-occupation. We find that the
state with 0.5 electrons removed is nondegenerate, and that

εHOMO(0.5) coincides with the HSE(α) ΔSCF for all α,
indicating that static correlation is accounted for in our DFT
approach.
We therefore proceed by calculating HSE(α) ΔSCF and

G0W0@HSE(α) HOMO energy level and finding the crossing
point of the corresponding functions of α, which yields the
optimal α for this property.21 The results for the embedded
cluster NiMg18O14 are shown in Figure 3. In the SI, similar
results for the smaller cluster NiMg12O6 are presented. For
both methods, CBS limit is obtained by extrapolating from the
NAO-cc-pVTZ and NAO-cc-pVQZ basis sets. The strong
dependence of the ionization energy on α reflects the localized
nature of the highest occupied state.
We calculate HSE(α) ΔSCF for two spin-states of the

ionized system: with Sz = 0.5 and Sz = 1.5 (Figure 3). G0W0
shows a strong starting-point dependence at α < 0.4, indicating
a significant change in character of HOMO. Indeed, the
contribution of Ni 3d orbitals to HOMO reduces from 50% to
20% as α increases from 0 to 0.5, and then reduces further from
20% to 10% for larger values of α (see inset in Figure 3). The
HSE(α) ΔSCF lines corresponding to the two states of the
ionized system with different spin-projections follow each other
closely for α ≤ 0.6, reflecting quasi-degeneracy of different
electronic configurations. At α > 0.6, the ionized state with Sz =
1.5 becomes the ground state; for instance, the difference
between doublet and quadruplet for α = 1.0 is 1.32 eV. This
happens because introduction of exact exchange decreases self-
interaction energy of an electron in eg-states, and its energy
decreases approaching the energy of t2g-level. At α ≈ 0.25, the
transfer of one electron from t2g to eg occurs following the
Hund’s rule. With further increase of α the quadruplet state is
further stabilized. However, εHOMO(0.5) coincides with the Sz =
0.5 line (Figure 3), and this is the line that has a crossing with
G0W0@HSE(α) HOMO.
The resulting optimal α is 0.44 for the smaller cluster model

(see Figure S2 in SI), and around 0.5 for the larger one.
Although the G0W0 line crosses the HSE one also at α = 0, we
do not consider it as optimal value, because at this point other
solutions of GW equations were found, indicating some
uncertainty of this result. A detailed analysis of multiplet
solutions to the GW quasiparticle equation will be presented
elsewhere. The deviation from α = 0.25 is 0.74 and 0.95 eV for
NiMg12O6 and NiMg18O14, respectively. The difference
between α = 0.44 and 0.5 for both clusters is about 0.2 eV.
PBE0 ΔSCF ionization energy is lower than the HSE06 one by
0.04 eV. The band gap of MgO is increased by 0.4 eV when α is
increased from 0.44 to 0.5, as obtained from periodic
calculations.
The method for finding the optimal α is also applied to the

difference between ionization energies of the cluster with Ni
and the same cluster with Ni replaced by Mg. This property
describes charging of NiMg in p-doped MgO by trapping holes.
The resulting optimal α is 0.49, which is close to the optimal α
for ionization energy with respect to vacuum.
Thus, we obtain a different optimal α for ionization energy

versus the formation energy. In view of the challenges in GW
calculations for systems with multiplet solutions, this result
requires further investigation. Nevertheless, below we use the
optimal α = 0.5 obtained for the ionization energy to describe
charging of the NiMg impurities in bulk MgO. For neutral
impurities α = 0.3 is used.
We now apply HSE(α) combined with many-body

dispersion34 to calculate formation energies of NiMg defects

Figure 4. Formation energies of NiMg in the bulk obtained with
different methods.
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using periodic models. NiMg defects at sites with different
coordination are considered: in the bulk, at the (001) terrace, in
the second and third subsurface layers of MgO(001), at an
“edge”-site (see Figure 5, upper row, right), at the monolayer
step of MgO(001), and at the Mg-corner formed by monolayer
or bilayer steps. The “edge” was modeled as a slab of (110)
surface with added rows of atoms. The distance between
periodically replicated Ni-atoms was 8.42 Å along the edge and
8.93 Å in perpendicular direction. The monolayer step was
modeled as a 5-atomic-layer 2 × 3 or 2 × 4 (001) slab with 2 or
4 atomic rows removed from the top layer, respectively. The
corner-site was simulated with a 3-atomic-layer slab with 16- or
25-atomic monolayer 0D “island” of the square shape. In case
of the corner of bilayer-step additional layer of the same lateral
dimensions was added to the “island”.
Formation energies calculated according to eq 2 are

summarized in Table 2. The chemical potentials of Ni and
Mg are set to the energy of Ni2+ and Mg2+ ions in the gas phase,
respectively, in the same way as it was done for validation of
theory level. We find that the Mg-corner site is the most
favorable one for NiMg. Formation energies at the other sites are
very similar to each other. The lowest formation energy is
obtained for the terrace site which is by about 0.07 eV lower
than in the bulk. Starting from the second monolayer and
further toward the bulk, NiMg formation energies almost do not
change. Increasing the height of corner/step decreases the
formation energy by 0.10/0.05 eV. van der Waals interaction
increases the absolute value of formation energy by 0.15 eV for
bulk, 0.09 eV for terrace, 0.06 eV for monolayer step, and 0.05
eV for corner NiMg. Our finding that NiMg prefers to be in the
bulk or in subsurface layers rather than at the (001) terrace
qualitatively agrees with the GGA results presented in ref 14.
We have also performed HSE(0.3) calculations of 64-atomic

unembedded clusters NiMg31O32 with full relaxation and tight-
settings, to investigate the size effect on NiMg defects. The
pristine Mg32O32 has a cubic shape in the gas phase. NiMg was

placed at the face, inside, at the edge, and at the Mg-corner of
the cube. Relative energies of relaxed clusters show that the
most stable position of NiMg is still at the corner site, then
follows the structure with NiMg inside the cube (energy is
higher by 0.18 eV), then NiMg at the edge (+0.22 eV) and
finally the structure with NiMg at the surface (+0.25 eV).
Compared to the extended surface, the general trend is the
same, although the differences in formation energies between
corner and other sites are slightly different.
Formation of a neutral oxygen vacancy (F0 center) near the

NiMg defect in the bulk with was also calculated with HSE(0.3)
according to

μ= + −E E Ef vac O host (3)

where Evac and Ehost are the total DFT energies of the system
with and without O vacancy, μO = EO(HSE(0.3)) −
0.5Ebind(O2), with the binding energy of O2, Ebind(O2),
calculated with HSE(0.3). The resulting vacancy formation
energy is 6.68 eV. It is lower than the HSE(0.3) F0 formation
energy in the pure bulk MgO (7.2 eV). The HSE(0.3) value of
Ebind(O2) is higher by about 0.2 eV compared to experimental
Ebind(O2).

21 The obtained formation energy implies that oxygen
vacancies prefer to be near nickel substitutional atoms. A
qualitatively similar result was obtained in ref 14.
To study the formation of ionized NiMg in the bulk MgO, we

use the HSE(0.5) functional. Formation of species with a
trapped hole (NiMg)

+ and with a trapped electron (NiMg)
− is

considered by calculating IP and electron affinity (EA),
respectively. For both ionized states, the Oh → D4h Jahn−
Teller distortion is found. With the lattice parameter 2.11 Å, the
lengths of four planar bonds around (NiMg)

+ are 1.93 Å, and the
lengths of two axial bonds are 2.12 Å. Distortion around
(NiMg)

− has the same symmetry, with four Ni−O bond
distances of 2.25 Å and two bond distances of 2.17 Å.
In the case of a trapped hole, the electron chemical potential

is set to VBM, while the energy of trapping electron is

Figure 5. NiMg defects at the (001) surface and in the bulk of MgO; upper row (left to right): monolayer-corner, two-layer corner, monolayer-step,
“edge”-site; bottom row (left to right): bulk, NiMg at the third subsurface layer, at the second layer, at the terrace-site. Red spheres represent O atoms,
blue - Mg, and purple - Ni.

Table 2. Formation Energies of NiMg Defects Calculated with Periodic Modelsa

site bulk terrace second layer 3d layer monolayer step “edge”-site corner at monolayer corner at bilayer

Ef, eV −2.53 −2.46 −2.54 −2.51 −2.53 −2.48 −2.91 −2.81
aThe method is HSE(0.3)+vdW with tight settings.
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calculated for μe at conduction-band minimum (CBm). In
order to find the formation energies in the dilute limit, the
results for supercell sizes 2 × 2 × 2, 3 × 3 × 3, and 4 × 4 × 4
are extrapolated as described in Section 2.
We find that the formation energy (relative to the neutral

defect, i.e., ionization plus relaxation energy) of (NiMg)
+

calculated with HSE(0.5) is −1.05 eV. In the case of
(NiMg)

−, the corresponding value is −1.15 eV. These results
show that NiMg defects are deep traps for both types of charge
carriers.
3.2. Adsorption of CH4, CO2, CO, and H2 at MgO and

Ni-doped MgO surfaces. Since adsorption energy is a
difference between total energies of similar systems, it is
expected that the dependence on α of HSE(α) adsorption
energies will be weaker. However, this assumes that the self-
interaction error is canceled, which may not be the case when
there is a charge transfer between the molecule and the surface.
Therefore, we also search for optimal α to describe adsorption
energies for the system at hand, and to explore its dependence
on the molecular species and surface site coordination. The
CCSD(T) calculations are performed for CO, CO2, and H2

adsorption using the embedded cluster models with NiMg8O9

stoichiometry (Figure 1a,b). The difference between MP2 and
CCSD(T) adsorption energies obtained with DZ and TZ-
quality settings (Eads(CCSD(T)) − Eads(MP2)) is found to be
in the range 0.04−0.13 eV depending on the adsorbate. For
CO@NiMgO, this small difference (40 meV) is consistent with
previous calculations.42 For the CO2@NiMgO step, the
corresponding value is 0.12 eV. The differences between
CCSD and CCSD(T) adsorption energies obtained with the
same settings are 90 meV for adsorbed CO, 90 meV for CO2
and 29 meV for H2. HSE(α) with α = 0.25−0.4 reproduces the
CBS limit (obtained with the focal-point approximation) of
CCSD(T) CO adsorption energy (see Figure 6a) within 0.09
eV (crossing at α = 0.33). For CO2 α = 0.25−0.4 was found to
reproduce the CCSD(T) adsorption energy within 0.22 eV
(crossing at α = 0.28) (Figure 6b). In the case of dissociative
H2 adsorption, we have found that the HSE adsorption energy
depends rather weakly on α. Although it does not cross the
CCSD(T) line, the maximum difference between HSE(0.3−
0.5) and coupled-cluster value is about 0.12 eV. The difference
in adsorption energies obtained with HSE06 and HSE(0.33) is
about 0.05 eV for adsorbed CO, 0.04 eV for CO2, and 0.01 eV
for H2. Change of the screening parameter ω to 0 for α = 0.25
(PBE0 functional) results in a small change in adsorption
energy (by 0.02 eV for NAO-VCC-QZ basis set) in the case of

CO adsorption. The dependence of the optimal α on cluster
size was also tested, and was found to be insignificant (see SI).
As can be seen from Figure 6, the dependence of the CO and

CO2 adsorption energies on α is qualitatively different. This
difference is explained by the different nature of bonding for the
two species at the surface. The binding of CO is partly due to
the donation of Ni d-electrons to the molecule (see Section
3.1), while CO2 prefers to bind to an O anion and form CO3

2−

species at the surface. Increasing α in HSE(α) leads to an
increase in the iconicity of metal−O bonds (confirmed by
Hirshfeld analysis) and a stronger localization of Ni d-electrons.
On one hand, this results in a smaller donation of electrons
from Ni to CO and weakening of the CO-surface bond. On the
other hand, accumulation of electrons at O anions at the surface
leads to a larger electron population on CO3

2−, which stabilizes
these species. This is consistent with the fact that binding of
CO2 to the more basic CaO(001) surface is stronger than that
to MgO(001).43

Table 1 summarizes the results on adsorption energies
calculated using embedded-cluster models. RPA, RPA+rSE, and
rPT2 (RPA+rSE+SOSEX)44 results are also listed. RPA is
known to generally underestimate binding energies.44 Inclusion
of rSE does not influence CO2 adsorption, but leads to
overestimation of CO adsorption energy. SOSEX on top of
RPA+rSE overestimates adsorption energies in all considered
systems. More general discussion can be found in the SI.
The obtained results show that the adsorption energies are

indeed less sensitive to α for considered molecules, and that the
HSE(0.3) provides a good accuracy across different molecules
and adsorption sites. We therefore proceed using
HSE(0.3)+vdW for calculating adsorption energies using
periodic models.

3.2.1. CH4 Adsorption. Methane adsorbs weakly on bare
MgO(001) terrace. Such adsorption was previously extensively
studied both experimentally45,46 and theoretically.47−50 The
estimated value of desorption energy at 0 K without the zero-
point vibrational energy contribution is about −0.15 eV, as
follows from thermo-programmed desorption (TPD) experi-
ments.45 Most recent theoretical calculations done with an
embedded-cluster model and CCSD(T) yield −0.14 eV.47 With
our periodic slab model and HSE(0.3)+vdW calculations, we
obtain adsorption energy of −0.12 eV. Methane prefers a so-
called ‘dipod’ position over the surface, with the distance
between the C atom and the nearest Mg atom being 2.97 Å.
The many-body van der Waals correction is about 0.09 eV.
When NiMg is placed in the first, second, or third layer of

MgO(001), the HSE(0.3)+vdW adsorption energies are −0.10,

Figure 6. Adsorption energies of CO (a) and CO2 (b) at NiMgO embedded clusters calculated with different methods.
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−0.12, and −0.13 eV, respectively. In all cases, the dispersion
correction is again about 0.09 eV. The distance between the C
atom and surface Ni is 3.08 Å, between C and Mg (if Ni is in
the second or third layer) atoms is 2.96 Å, close to the value for
CH4 at pristine MgO(001) terrace. Larger distance and smaller
binding energy in the case of NiMg in the terrace site is due to
increased Pauli repulsion.
Adsorption of CH4 molecule at under-coordinated sites at

pristine MgO surface is more favorable. The adsorption energy
is −0.27 eV, if the molecule is at the monolayer step site, and it
is −0.39 eV for CH4 adsorbed at the terrace near the monolayer
Mg-corner (Table 3). The distances between C and the nearest
Mg of the monolayer step or corner are 2.77 and 2.53 Å,

respectively. Our results qualitatively support previous GGA
and B3LYP calculations.49,51

Introducing NiMg substitutional defect slightly decreases the
adsorption energies: by 0.06 eV near the step (Figure 7a) and
by 0.16 eV near the corner site. van der Waals interaction
contributes about 0.14 eV to the energy. The corresponding
Ni−C distances are 2.78 Å (step) and 3.15 Å (corner).
Compared to MgO, the increase in adsorption energies at step
and corner relative to the terrace of Ni-doped MgO is less
pronounced (Table 3).
It is well-known that methane can dissociate upon adsorption

at low-coordinated Mg and O atoms of MgO.52 For
comparison, we report our HSE(0.3)+vdW results also for
this case. The CH4 molecule breaks to H+, which binds to the

Table 3. Adsorption Energies (in eV) Corresponding to the Most Stable Structures of CH4, CO2, CO, and H2 on Pristine
MgO(001) Terraces and under-Coordinated Sites, and in the Presence of One NiMg Atom

a

CH4 CO2 CO H2

NiMgO MgO NiMgO MgO NiMgO MgO NiMgO MgO

terrace −0.10 −0.12 −0.64 −0.64 −0.37 −0.25 +1.13 +1.78
step −0.21(−0.29) −0.27(+0.10) −2.27 −2.54 −0.62 −0.48 −1.02 −0.53
corner −0.23 −0.39 −1.66 −2.07 −0.69 −0.59 −0.87 −0.50

aThe energies for dissociative adsorption of methane are shown in parentheses.

Figure 7.Most stable adsorption structures on NiMgO of CH4: (a) nondissociative and (b) dissociative; (c) CO2; (d) CO; (e) H2. Blue balls −Mg;
red − O; yellow − C; white − H; purple − Ni.

Figure 8. Total density of states (DOS) and projected DOS (in (eV·Vunit cell)
−1) of dissociated CH4 on the step of pristine MgO (left) and on the

step of MgO with NiMg defect (right). Zero on the energy axis corresponds to the position of the Fermi level.
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O anion, and anionic CH3
− bonds to the Mg cation.51,52 We

considered such dissociative adsorption at the step site. Our
calculations for the pristine MgO show that such process is
endothermic with ΔrE = +0.10 eV, the equilibrium C−Mg and
O−H distances are 2.19 and 0.97 Å, respectively. In the case of
NiMg at the step (Figure 7b), the dissociative adsorption
becomes exothermic, with energy −0.29 eV. This is in contrast
to Ni at the surface of CeO2, where CH4 dissociation remains
endothermic according to DFT+U calculations.53 The C−Ni
bond length is shorter (2.02 Å), the O−H bond length is
almost the same. The reason for this significant increase in the
dissociative adsorption energy is that on the (001) step edge of
MgO, the lone pair of the adsorbed CH3

− (Figure 8, left) is
energetically close to the Ni-induced states in the gap (Figure
2), so that the two unpaired electrons in the gap states interact
with the CH3 lone pair (Figure 8, right), increasing the binding
energy by 0.4 eV.
Thus, in the case of physisorption, there is no significant

difference between CH4 on pure MgO(001) terrace, on the
same surface with NiMg at first layer, or with NiMg in subsurface
layers. In the case of steps and corners, the CH4 binding to
NiMgO is weaker compared to pure MgO, especially for
corner. Only in the case of dissociative adsorption of CH4, the
presence of Ni-doping plays a significant role, substantially
increasing adsorption energies.
3.2.2. CO2 Adsorption. The adsorption of carbon dioxide at

pristine MgO proceeds with significant change of the geometry.
Adsorbed CO2 forms carbonate-like (CO3

2−) species with a
surface O, with O−C−O angle of adsorbed molecule ∼130−
133° (Figure 7c). In previous works on CO2 adsorption at
different sites on pristine MgO surface it was found that the
adsorption at the monolayer step is strongly favored compared
to the terrace.43,54,55 The exact value of the adsorption energy
strongly depends on the computational method. For instance,
for the binding energy with terrace site, a wide range of values
was obtained, from +0.62 eV to −0.68 eV.56 Positive energy

(meaning endothermic adsorption) was obtained in the
embedded-cluster model with B3LYP functional and Gaussian
basis sets, + 0.13 eV,43 although another, more sophisticated
embedded-cluster calculation with the same functional and
basis sets of TZ- and QZ-quality yielded −0.68 eV.56 Slab
periodic calculations with GGA, plane waves and projector
augmented waves (PAW) yield Eads ≈ −0.1 eV,54 whereas
periodic calculations with B3LYP and basis sets of DZ-quality
give −0.38 eV.57 In all of these DFT studies, van der Waals
forces were not included. Experimental study done in early 90-s
using TPD suggested that adsorption of CO2 at the terrace of
MgO(001) is indeed exothermic with the energy −0.41 eV.58

Our results for adsorption at undercoordinated sites on
pristine MgO(001) are −0.64 eV for the terrace site, −2.54 eV
at the monolayer step, and −2.07 eV near the Mg corner of a
monolayer step (Table 3). Inclusion of exact exchange was
found to play a significant role. Our PBE adsorption energy is
close to the value reported in ref 54, −0.14 eV. Inclusion of
many-body dispersion doubles the PBE adsorption energy to
−0.29 eV. In the case of HSE(0.3)+vdW, dispersion
contribution is about the same (−0.13 eV), but the overall
adsorption energy is −0.64 eV, i.e., twice the PBE+vdW value.
Besides the exchange-correlation functional, the quality of basis
sets evidently plays a significant role. In our calculations with
the light set of basis functions instead of tight,28 the binding
energy −0.51 eV is obtained. After subtracting from this value
the dispersion interaction correction (−0.14 eV), we obtain
−0.37 eV, the same value as in the ref 57.
The presence of Ni does not affect the adsorption energies

noticeably. For the terrace site containing NiMg, the adsorption
energy is almost exactly the same (−0.64 eV); at the step, CO2
binds with an O atom adjacent to NiMg with lower energy
(−2.27 eV) compared to pure MgO (Table 3); near the Ni-
corner the adsorption energy is again lower in absolute value
(−1.66 eV). The decrease in adsorption energy is explained by
occupation of the antibonding orbitals of CO3

2− by Ni 3d

Figure 9. Total density of states (DOS) and projected DOS (in (eV·Vunit cell)
−1) for carbon dioxide adsorbed at the monolayer step of MgO with

NiMg. Spin-majority DOS is shown at the top panel, and spin-minority at the bottom. The insets show wave functions for the highest-occupied levels
in both spin-channels; blue balls − Mg, red − O, yellow − C, purple − Ni. Zero on the energy axis corresponds to the position of the Fermi level.
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electrons, and the antibonding character of the resulting states,
as can be seen in Figure 9. It also results that CO2 is tilted in
opposite direction from Ni by 2.3°. The absence of such
antibonding interaction in the case of pristine MgO allows for
the stronger binding. At the terrace the overlap of CO2 and Ni-
orbitals is small, and the electrostatic interaction dominates.
3.2.3. CO Adsorption. Carbon monoxide is only weakly

adsorbed on pristine MgO with C atom downward, on top of
Mg. Previously calculated binding energies for terrace site
significantly differ from each other depending on the used
method.59 The most recent calculations done with the method
of local-increments yields −0.124 eV,60 although a combined
MP2-CCSD(T) approach gave −0.22 ± 0.01 eV.61 The
experimental adsorption energy derived from thermo-desorp-
tion spectroscopy is −0.14 eV59 or −0.18 ± 0.02 eV.61 More
recent TPD experiments provided a bit higher adsorption
energy for the coverage θ = 1/8, −0.21 ± 0.02 eV.61,62 The
HSE(0.3)+vdW calculated value for the same coverage is −0.25
eV (Table 3). Such relatively small binding energy suggests that
the adsorption is mainly due to dispersion and electrostatic
interaction.
CO is known to interact with compounds containing Ni2+, in

particular with NiO, through the so-called Blyholder mecha-
nism: donation of Ni d-electrons to CO π*-orbital, and partial
donation of CO σ-electrons to empty Ni 4s-orbital.59,63

NiMgMgO behaves similarly in the case of CO-adsorption.15

The adsorption energy at the terrace site is −0.37 eV, at the
monolayer step it is −0.62 eV, and at the corner −0.69 eV
(Figure 7d, Table 3). The dispersion interaction contribution is
about 0.1 eV for all sites. With decreasing coordination of Ni
the binding energy increases, which is explained by the decrease
of electronic density on Ni with the decrease in coordination
number (terrace > step > corner); corresponding Hirshfeld
charges are +0.36, + 0.40, + 0.41. This results in the increase of
electronic density donation from CO σ-orbital to Ni ion. The
C−O bond length changes very little (1.123 Å, 1.122 Å, and
1.121 Å for the terrace, step, and corner, respectively).
The difference between adsorption energies calculated with

the embedded-cluster model (−0.44 eV) and the slab-periodic
model (−0.37 eV) is due to the small cluster size. Increasing
the number of atoms in the embedded cluster from 18 to 60
(NiMg29O30) leads to a decrease in adsorption energy by −0.07
eV, which is already very close to the value from the slab-
periodic model. This size effect reflects the degree of
delocalization of Ni-induced states.
3.2.4. H2 Adsorption. Hydrogen prefers to dissociate upon

adsorption on MgO. The dissociation is heterolytic.64−66

Homolytic dissociation is possible under irradiation or on
MgO(111) surface.67 During heterolytic adsorption the
positively charged H atom forms an OH group with the
underlying surface O atom, while the negatively charged H
atom binds with the underlying magnesium atom and forms
Mg−H−. The reaction proceeds both at the (001) terrace of
MgO and at the step. At the terrace, the distance between H
atoms should be at least 4.7 Å, otherwise they will tend to
associate and desorb.67 In the case of step-adsorption, H atoms
bind with neighboring Mg and O atoms of the edge. This
reaction proceeds with no barrier.64−66

In this work, we consider heterolytic dissociation of
hydrogen at (001) terrace, step, and corner of pristine and
Ni-doped MgO. For pristine MgO we obtain the following
HSE(0.3)+vdW adsorption energies: at terrace site +1.78 eV, at
the step −0.53 eV, and −0.50 eV at the Mg-corner. The Mg−H

distances are 1.80, 1.83, and 1.77 Å for terrace, step, and corner,
respectively, and corresponding O−H bond lengths are 0.96−
0.97 Å. These data agree with previous reports.67 Replacement
of Mg by Ni results in an increase of H2 dissociative adsorption
energies, which become +1.13 eV for terrace site, −1.02 eV for
step (Figure 7e), and −0.87 eV for corner. At the step and
corner with NiMg molecular hydrogen also dissociates without a
barrier (H2 molecule dissociates in the course of a geometry
relaxation). The O−H distances are the same (∼0.96 Å) as for
pristine MgO, but Ni−H distances (1.58 Å for terrace site, 1.61
Å for step, and 1.57 Å for corner) are shorter than Mg−H. This
implies that a stronger bond is formed between H− and Ni
cation compared to Mg cation. The reason for this stronger
binding is similar to the case of dissociative CH4 adsorption
(Figure 8), namely, the overlap of the 3d-derived eg-orbitals of
Ni2+ with the doubly occupied H s-orbital, which is also located
near the top of VBM. In the case of pristine MgO, this s-orbital
can only interact with Mg 3s-orbitals, which are much higher in
energy, so that the interaction between H− and the surface
remains mainly electrostatic.

4. CONCLUSIONS
The comparison of HSE(α) calculations with CCSD(T) and
G0W0@HSE(α) results for the same cluster models showed
that accurate description of different properties of Ni-doped
MgO requires, as might be expected, different fractions of exact
exchange α. While the adsorption of small molecules and
formation energies of NiMg are well described by the HSE
functional with α ≈ 0.3, larger α (0.44−0.5) is required for
ionization energies of NiMg. We find that, on one hand, the
adsorption energies are less sensitive to α: they change by less
than 0.3 eV for α increasing from 0.3 to 0.5. On the other hand,
both the NiMg formation energy and the ionization energy are
more sensitive: the formation energy changes by 0.4−0.5 eV
and the ionization energy changes by 0.6 eV as α is increased
from 0.3 to 0.5. Probable compromise (α close to 0.4) would
result in following maximum differences with respect to optimal
α for each property: 0.2 eV for adsorption, 0.3 eV for
formation, and about 0.2 eV or less for ionization energies.
Using HSE(α) with α = 0.44 or 0.55, we show that NiMg

defects in the bulk of MgO are deep traps for both electrons
and holes. The calculated trapping energies are of the order of 1
eV. This implies that an increase in conductivity of NiO/MgO
solid solutions at low Ni content cannot be attributed to NiMg
defects, but can only be explained by formation of defect
complexes.
The relative formation energies of NiMg defects at the terrace,

subsurface, step, and corner sites at the MgO(001) surface
calculated with the HSE(0.3)+vdW functional reveal that the
substitutional defects prefer to occupy Mg-corner sites. The
step, subsurface, and bulk sites are less favorable, with very
small differences in preference for NiMg formation among them.
The least preferred site is at the terrace, where NiMg is by 0.07
eV less stable than in the bulk.
HSE(α)+vdW with α optimal for adsorption energy

calculations (α = 0.3) reproduces well the results of previous
accurate calculations for CH4, CO, and CO2 adsorption (−0.14
eV47, −0.22 eV,61 −0.68 eV56) on the flat terraces and at under-
coordinated sites (step edges and corners) on MgO(001)
surface. Introducing NiMg defects has a minor effect on
adsorption of CH4 and CO2 at the terrace, while at step edge
and especially corner the adsorption energy of CO2 is reduced
(by 0.27 eV at steps and by 0.41 eV at corners), and CH4

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b09505
J. Phys. Chem. C 2016, 120, 26934−26944

26942

http://dx.doi.org/10.1021/acs.jpcc.6b09505


dissociative adsorption at a step edge with NiMg becomes
competitive with physisorption, in striking difference to pristine
MgO. The dissociative adsorption of H2 is found to be
endothermic on both pristine and Ni-doped terrace MgO(001).
However, at steps, NiMg defects increase the H2 dissociative
adsorption energy by about 0.5 eV, making it much more
favorable than at the steps on pristine MgO surface.
The result that a different optimal α is obtained for ionization

energies versus adsorption and formation energies requires
further investigation, and will be discussed in detail in a
subsequent publication. The multireference character of the
ionized states of NiMg, originating from low-energy electronic
configurations involving excitations from the valence band to
the defect level, prevented us from using the standard single-
reference coupled-cluster method for calculation of the
ionization energies. Multireference methods, or excited-state
methods based on the neutral reference (such as equation-of-
motion coupled-cluster method for ionization potentials or
electron affinities, EOM-CC-IP and EOM-CC-EA) could solve
this problem in principle, and would allow one to benchmark
the GW method for this kind of systems as well. However, at
this time there is no implementation available (to our best
knowledge) that would allow such calculations for the systems
of the size needed for these studies.
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