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A periodic density functional study of the V, Fe, and Ni sublayer doped MgO(100) and BaO(100) surfaces was carried out using a
periodic approach in the context of the GGA approximation. Results suggest that doping atoms accommodate better in the MgO
than in BaO because covalent radii of the doping atoms are closer to that of the Mg atom. Sizes of the doping atom, bulk forces, and
electronic effects play an important role in the structural changes observed in doped surfaces studied herein. From all the doped
studies, Ni doped Ba(100) surface is shown to be a promising material for trapping molecules with partially occupied states.

1. Introduction

Alkaline earth metal oxides (AEMO) have been studied in
the last years for their ability to trap atmospheric gases as
NOy and COy [1, 2]. The capability of adsorbing molecules is
due to its high Lewis basicity which increases as the alkaline
earth metal becomes larger and more electropositive [3].
Superbase sites can be generated promoting the surface with
zero-valent alkali metals [4]. Zero-valent alkali metals donate
one electron to the lattice which is localized in the defective
site and displays similar electron density characteristics such
as an oxygen vacancy (F* center) [5]. The basicity of these
sites is such that NO is transformed to paramagnetic NO,*";
these molecules are easily detected by the ESR technique [6].

Apart from the alkali metals, other elements can dope
the crystalline structure of the AEMO. Raschman and
Fedorotkova [7], using atomic absorption spectroscopy,
found that low concentration of CaO, Fe,O;, Al,O;, and
SiO, are present in natural MgO. These elements, as in the
case of alkali metals, affect the basicity of the AEMO and
hence the activity of these materials when they are used as
catalysts or trapping materials. Ueda et al. [8, 9] studied the
reaction of nitriles with methanol to form «, -unsaturated

nitriles using different M-MgO catalysts (M = Al, Fe, Cr,
Mn, Ni, and Cu). The authors found that whereas MgO
was practically unable to transform acetonitrile, doped MgO
displayed some activity and, depending on the doping, the
selectivity can change to acrylonitrile or propionitrile. A more
recent study of the NOy storage and reduction over Pt-
BaO/Al,O; catalysts showed that it is possible to modify the
storage-reduction selectivity controlling the Pt concentration
[10]. Then, the alkali or transition metal atoms transform
the electronic environment of the AEMO surfaces producing
changes in their basicity which modify their performance for
the molecular adsorption.

From a theoretical point of view, only few works are found
in the literature about metal doped AEMO. Halim et al. [11],
using embedded clusters in the context of density functional
theory (DFT), found that defective sites and surface doped
with transition metal atoms drastically enhance the adsorp-
tion of CO on AEMO. Baltrusaitis et al. [12], by the use of a
periodic DFT approach, studied the adsorption of NO,, CO,,
and SO, on Ca and Fe doped MgO(100) surface. Because
self-diffusion [13] or counterdiffusion [14] could occurs in
AEMO, the doped surfaces were built replacing a Mg atom
of the second layer of an undefected surface by an Ca or
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FIGURE 1: Lateral (a) and top (b) views of the slab used for all calculations. Oxygen atoms in red balls and metal atoms in green balls.

Fe atom. The authors found that, despite the depth of the
doped, the surfaces displayed an enhanced adsorption in
comparison with the undoped surfaces. These results showed
as the doping affects the electronic environment of the surface
even when the metal atom diffuses to more internal layers.
In a previous work, we studied the interaction of NO on
defective Au doped BaO(100) surface [15] using a periodic
DFT approach. We found that overlap of the density of
states (DOS) between the surface and the adsorbate gives
a qualitative point of view of the adsorption energy; then
adsorption energy increases as the overlap between adsorbate
and surface increases.

The aim of this work is to evaluate, using a periodic DFT
approach, the electronic changes produced by the sublayer
doping of the MgO(100) and BaO(100) surfaces with a V, Ni,
or Fe atom. The different atomic radii and electronegativities
of the transition metal atoms give more insight about the
structure and electronic changes produced by the doping in
the AEMO structure. Electron density differences (EDD) are
used to identify the electron density movement due to the
doping.

2. Computational Details

Geometry optimizations were performed using the Vienna
ab initio simulation program (VASP) [16, 17]. Kohn-Sham
equations were solved with the generalized gradient approx-
imation (GGA) proposed by Perdew and Wang [18]. The
projector-augmented-wave (PAW) method of Blochl [19] in
the formulation of Kresse and Joubert [20] was applied to
describe electron-ion interactions. Standard PAW potentials
were used for Mg, Ba, Fe, V, Ni, and O with a valence electron
distribution of 2s?, 5525p6652, 3d’4s', 3d*4s', 3d°4s', and
25*2p*, respectively. Brillouin-zone sampling was performed
on Monkhorst-Pack special points [21] using a Methfessel-
Paxton integration scheme. The plane-wave cutoft was set to
300 eV throughout all calculations except for the optimiza-
tion of bulk unit cell parameters where at 400 eV plane-wave
cutoft was used. This cutoff has shown to be high enough to
reach sufficient convergence in this kind of systems [15].

The cubic MgO and BaO bulks were optimized starting
from the experimental structure [22] with a k-point sampling
of 4 x 4 x 4 Monkhorst-Pack k-point mesh. The geometric
parameters obtained were 4.236 and 5.604 A for the MgO
and BaO, respectively. The values obtained herein are in
good agreement with the experimental parameters (4.211 and
5.523 A for MgO and BaO, resp.) and with previous values
obtained with a similar approach [1]. It is well known that
a four-layer slab with a vacuum of the same thickness is
enough to reach a surface energy convergence for these oxides
[1]. In this work, the MgO(100) and BaO(100) surfaces were
modelled with 2 x 2 five-layer slab (see Figure 1) where the
two bottom layers were fixed to the optimized bulk structure
and a vacuum separation of 13 A thick was set between two
periodically repeated slabs. The sublayer doped was carried
out substituting one Mg or Ba atom of the second layer
by one doping atom. We tested the effect of different spin
multiplicity on the stability of the doped surface studies.
All doped surfaces (both MgO(100) and BaO(100) surfaces)
showed ferromagnetic arrangements of spin and we obtained
a quadruplet, quintuplet, and triplet states for the V, Fe, and
Ni doped surfaces, respectively.

The electronic structure was analyzed from the DOS plots
and the electron charge distribution was examined by the
Bader method [23, 24]. The EDD was plotted through

AP = p(surf+metal) - p(surf) - P(metal)’ (1)

where p(qrfmetar) 1S the electron density of the adsorption sur-
face plus the metal atom and pig,f) and piyyera) are the electron
densities of the surface at the optimized adsorption positions
and the metal atom, respectively. Ap provides information
on the electron redistribution upon the adsorption process.
Thus, positive values correspond to density gain and negative
values to density loss.

3. Results and Discussion

Table 1 displays the distances among the doping metals and
the six nearest O atoms (one superficial (Og), one in the
bottom (Og), and four equatorial (Og)) for the MgO(100) and
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FIGURE 2: EDD for the V (a), Fe (b), and Ni (c) doped MgO(100) surfaces. The blue region corresponds to a density gain and the yellow region
to a density loss. Oxygen atoms in red balls and metal atoms in green balls. For a better overview, only a1 x 1 x 1 cell was used.

TasLE 1: Equilibrium distances (A) between the doping atom (Mg or
Baatom in the case of undoped surface) and the nearest O atoms. Og
corresponds to the superficial oxygen atom, Oy corresponds to the
equatorial oxygen atoms, and Oy corresponds to the bottom oxygen
atom.

Oxygen atom Mg or Ba \Y% Fe Ni
Og 2.147 2.166 2.230 2.166
MgO Og 2.118 2.140 2.143 2.131
Op 2.124 2.152 2.196 2.153
Og 2.623 1.908 1.830 1.873
BaO Og 2.803 2257 2774 2.789
Op 2.855 3.371 3.287 3.303

BaO(100) surfaces. For the MgO(100) surface, there is a little
increase in all metal-O distances even in the case of the Ni
atom in which covalent radius is smaller than the Mg atom
(1.24 A for the Ni atom and 1.41 A for the Mg atom [25]). This
is in good concordance with the experimental findings in Li
doped MgO(100) surfaces; the Li-O distance increases [26—
28] in comparison with the bulk Mg-O distance although the

Li covalent radius (1.28 A) is smaller than that of the Mg atom.
Itis evident that not only does the atom size play an important
role in the structural changes observed in doped MgO(100)
surfaces, but also bulk forces and electronic effects must affect
the interaction between the doping atom and the O atoms.
Nolan and Watson [29], using a similar approach to the one
used in this work but with the PBE functional, found that the
PBE functional produces a wrong description of the geometry
and electronic structure of the doped MgO(100) surface.
The results obtained in this work and those obtained with
the same GGA functional [30, 31] seem to indicate that the
PWOI functional performs much better than its homologous
PBE functional for the study of structural properties of the
doped MgO(100) surface. Due the largest cell vectors in the
BaO(100) surface, the volume occupied by the Ba atom is big
enough to avoid the optimal interaction among the doping
atoms and the six O atoms. The doping atoms are nearest
to the Og atom (interaction distances below the 2 A) and to
the four O atoms in the case of the V atom. For Fe and Ni
atoms, largest interaction distances are observed with respect
to the Oy atoms suggesting that interaction is very weak. For
the three doping atoms, distance with respect to the Oy atom
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FIGURE 3: EDD for the V (a), Fe (b), and Ni (c) doped BaO(100) surfaces. The blue region corresponds to a density gain and the yellow region
to a density loss. Oxygen atoms in red balls and metal atoms in green balls. For a better overview, only a 1 x 1 x 1 cell was used.

is above 3.2 A which indicates that there is no interaction
between them.

The Bader analysis shows that the doping atoms transfer
charge to the surface (see Table 2). In general, the charge
transferred depends of the atom electronegative; that is, the
more electronegative the atom, the less the charge transferred
to the surface. V atom transfers approximately 1.5 e~ for both
MgO(100) and BaO(100) surfaces; however, Fe and Ni atoms
give less charge in the case of BaO(100) surface than in
MgO(100) surface. Analyzing the EDD plots of the doped
surfaces (see Figures 2 and 3) it is possible to observe that, for
the MgO(100) surface, the three doping atoms interact with
the six O atoms. This is consistent with the fact that covalent
radii of the doping atoms are closer to that of the Mg atom
(differences less than 0.17 A); hence, the doping atoms fit
very well in the Mg site. However in the case of the BaO(100)
surface, where doping atoms seem to interact with only five
O atoms, there is no electronic density movement in the
interaction region among doping metals and the Oy atom;
furthermore, for Fe and Ni the electron density difference
is insignificant in the region between the metal and the Og
atoms. EDD plots corroborate the assumption made with
the structural analysis; in the BaO(100) surface, the Fe and
Ni atoms interact only with one O atom diminishing the

TaBLE 2: The Bader charge analysis (e”).

Atom MgO BaO
\Y% 1.43 1.53
Fe 1.34 1.12
Ni 1.12 0.82

possibility of transferring charge to the surface. Since Fe and
Ni atoms lost approximately one e”, these systems could be
similar to those observed in Li doped MgO(100) surfaces
(Li*O™) which have been reported to be responsible the
promotion of reactions in oxidation of methane [32].

Figure 4 displays the total DOS for the doped MgO(100)
surfaces. In a previous work [15], we noted that the valence
band of the BaO(100) surface goes to low energy regions
as the surface increases the electron reservoir, that is, from
the undefected to the Fg surface (which has two electrons
trapped in the defect). Observing the changes that occurred
in the band structure of the doped MgO(100) surfaces, it can
be seen that the doping atom introduces similar changes in
the valence band than in the case of O defective surfaces.
These changes are due to the inclusion of high energy states
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FIGURE 4: DOS of the V (a), Fe (b), and Ni (c) doped MgO(100) surfaces. In all cases, undoped, doped, and projected DOS of the doping
atom are displayed with black, red, and blue lines, respectively. Only region near to the Fermi level is plotted for a better overview.

of the doping atom (see blue line in Figure 4) near the Fermi
level. As the electron number of the doping atom increases,
its electronic states near the Fermi level are more stable and
closer among them (due to the crystal symmetry) resulting
in less displacement of the valence band of the surface to low
energy regions. Regardless of the doped surface, the nearest
electronic states below the Fermi level belong to the doping
atom. Displacement of the valence band to low energy regions
is also observed in the case of the doped BaO(100) surfaces;
however, in the case of Ni atom, the nearest electronic states
below the Fermi level do not belong completely to the doping
atom (see Figure 5). In addition to the s and p orbitals, the
BaO(100) surface has 6d orbitals (from the Ba atom) closer
to the Fermi level (see Figure 6). Then, electronic states from
the Ni atom, some of which have energies near to the highest
energy states of the Ba atom, pushes up to high energy regions
part of the valence band of the surface. The nearest band
below the Fermi level is now formed by electronic states of the

doping atom and the surface. These results suggest that dop-
ing atoms not only introduce new electronic states near the
Fermi level but also can move surface electronic states to the
Fermi level increasing the ability of the doped surfaces to the
adsorption of molecules with partially occupied states [15].

4. Conclusions

V, Fe, and Ni sublayer doped MgO(100) and BaO(100)
surfaces were studied using a DFT periodic approach in the
context of the PW91 functional. Our results indicate that
PWOI functional performs well for the study of structural
properties of the doped MgO(100) and BaO(100) surfaces.
Doping atoms enclose very well in the sublayer of the
MgO(100) surfaces; however, due to the higher covalent
radius of the Ba atom, in the BaO(100) surface doping atoms
accommodate near to the top layer displaying a strongest
interaction with the O atom of the surface. The interaction
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FIGURE 5: DOS of the V (a), Fe (b), and Ni (c) doped BaO(100) surfaces. In all cases, undoped, doped, and projected DOS of the doping atom
are displayed with black, red, and blue lines, respectively. Only region near to the Fermi level is plotted for a better overview.
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FIGURE 6: DOS of the Ni doped BaO(100) surface. Only region near to the Fermi level is plotted for a better overview. Total DOS in black line
and the projected DOS of the d orbital of the surface Ba atom in red line.
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of Fe and Ni in the BaO(100) surface could be similar to that
observed in Li doped MgO(100) surfaces.

In general, doping atoms insert new electronic states near
the Fermi level which move down the valence band of the
surface to low energy regions. However, some orbitals of the
Ni atom move up the higher electronic states of the BaO(100)
surface. Then, the valence band near below the Fermi level
is formed by electronic states of the surface and the doping
atom which could improve the performance of the BaO(100)
surface for trapping molecules with partially occupied states.
Sizes of the doping atom, bulk forces, and electronic effects
play an important role in the structural changes observed in
doped MgO(100) and BaO(100) surfaces.
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