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Abstract

Doping of simple oxide materials can give rise to new exciting physical and chemical properties
and open new perspectives for a variety of possible applications. Here we use Density Functional
Theory calculations to investigate the B-, C- and N-doped MgO(001) surfaces. We have found
that the investigated dopants induce magnetization of the system amounting to 3, 2 and 1 pg for
B, C and N, respectively. The dopants are found to be in the X*~ state and tend to segregate to
the surface. These impurity sites also present the centers of altered chemical reactivity. We probe
the chemisorption properties of the doped MgO(001) surfaces with the CO molecule and atomic
O. The adsorption of CO is much stronger on B- and C-doped MgO(001) compared to pure
MgO(001) as the impurity sites serve as potent electron donors. The situation is similar for the
case of atomic oxygen, for which we find the adsorption energy of —8.78 eV on B-doped
MgO(001). The surface reactivity changes locally around the dopant atom, being mainly
restricted to its first coordination shell. The presented results suggest doped MgO as a versatile

multifunctional material with possible use as adsorbent or catalyst.

Keywords: magnesium oxide, surface doping, magnetism, reactivity, CO adsorption
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1. Introduction

Constant search for materials with desired properties is one of the tasks of contemporary
materials science and the basis for advancement of modern technologies. Tailoring materials
properties to applications is one of the strategies for this search, which led to successful
development of novel materials over the years. In particular, tuning surfaces by introducing
defects,' surface overlayers™ or doping™’ gave rise to outstanding new properties compared to
those of unmodified materials.

In general, the variability of the surface properties of metal oxides makes them useful for
different research fields and technological areas, such as, energy conversion,6 chemical sensors

and environmental rnonitoring,7 ceramics,8 corrosion,9 catalysislo’11

and others. For example, due
to its simple rock salt structure, strong ionic bonding, small surface relaxation, simplicity in
preparation and good chemical stability magnesium oxide is widely used in surface science.
Moreover, magnesia surface displays rather poor reactivity even in reactions with atomic
species12 that makes it a good catalyst support for numerous catalytic reactions.'®' "> On the
other hand, the properties of MgO surface can be modified, when required, by introducing
defects or impurities'®", or underlying metal substrate.”*

Recently, &’ magnetism has been demonstrated for N-doped MgO.*** Grob et al. produced N-
doped MgO films on Mo substrate and confirmed such a behavior.”® Additionally, theoretical
calculations based on density functional theory (DFT) suggest that N tends to exchange places
with O in the MgO lattice.”® Pesci et al. provided a detailed theoretical description of N-doped
bulk MgO using DFT and suggested that the formation of substitutional and interstitial N sites in

MgO depended on oxygen concentration and other conditions during the preparation.”’ The

theoretical work by Shein ef al. also predicted the appearance of magnetization in the case of C-

3
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doped multi-walled MgO nanotubes assuming C—O substitution.” In fact, the authors suggested
that magnetism will appear if the valence orbitals of a dopant lie above the occupied O 2p band
of the matrix, and proposed B, C and N as possible dopants for the production of the MgO-based
magnetic materials.”® Also, Kenmochi ez al. has indeed considered B-, C- and N-doped CaO as a
new class of diluted magnetic semiconductors.”’

In this paper we report our results on the MgO(001) surface doped with B, C and N. We analyze
the electronic properties of such surfaces, tendency to surface segregations and appearance of
magnetism in these systems. Moreover, knowing that doping of MgO can significantly alter its
reactivity’’ we probe the chemisorption properties of the doped MgO(001) surfaces towards

molecular and atomic adsorption using the CO molecule and atomic O.

2. Computational details

The calculations were based on DFT within the generalized gradient approximation (Perdew—
Burke—Ernzerhof exchange correlation functional®"). The calculations were performed using the
Quantum ESPRESSO ab initio package™ using ultrasoft pseudopotentials where only the s- and
p- states of all atoms were treated as the valence states. The kinetic energy cutoff for the plane-
wave basis set was 28 Ry and the charge density cutoff was 16 times higher, for all the
calculations. Spin polarization was taken into account for all the investigated systems. The
calculated equilibrium lattice constant was 4.22 A, in good agreement with the experimental
value of 4.21 A.** The MgO (001) surface was modeled by a 2x2 four layer thick slab, which had
eight magnesium and eight oxygen atoms per atomic layer. One dopant atom per simulation cell
was introduced, thus giving the total dopant concentration of 1.56 at. %. The concentration in the

layer was 12.5% and the distance between the dopant and its image was 8.44 A. All the atoms in

4
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the MgO(001) slab were relaxed, except for the first bottom layer which was fixed during the
geometry optimization. The first irreducible Brillouin zone was integrated using a 4x4x1
Monkhorst-Pack grid.** A Gaussian smearing procedure, with the broadening of 0.007 Ry, was
applied. The surface slabs were separated by a vacuum region of 18 A. The dipole correction was
added to prevent any interactions along the z direction.”® The charge transfer was analyzed using
the Bader algorithm®® on a charge density grid by Henkelman ez al.*’

In order to address the energetics of the replacement of oxygen in MgO lattice with a dopant X

(X =B, C or N; we shall use “X” hereafter to denote the dopant atoms) we define the substitution
energy (Eqp(X)) as:

E oy (X)= (Exoio + Eo )= (Evyo + Ex) (1)

In the equation above Ex.mg0 and Ewmgo stand for the total energies of X-doped MgO(001) and
pristine MgO(001). Eo and Ex denote the total energies of the isolated O and X atoms,
respectively. Alternatively, the incorporation of X into MgO lattice can be considered as the
binding of atom X on the oxygen vacancy, which can be quantified as the binding energy
(En(X)):

Ey(X)= Exno = (Eveo + Ex) 2)

where E.\vg0 denotes the total energy of the MgO(001) surface with an oxygen vacancy.

In this work we also address the chemisorption properties of the X-doped MgO(001) surface
towards CO and atomic O. The chemisorption of a given adsorbate A is quantified here as the

adsorption energy (E,4s(A)), defined as:

E (A) = EX—MgO+A - (EX—MgO + EA) (3)
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where Ex.mq0+4, and E4 stand for the total energy of the systems with the adsorbate, and the total
energy of the isolated adsorbate, respectively. Please note that in Eq. (3) we do not include the
dissociation energy of molecular O, into E,gs, instead it is calculated with respect to the energy of
an isolated O atom. We probe the adsorption at different sites of the doped MgO(001) surface

and the notations of the adsorption sites, used hereafter, are presented in Fig. 1.

©

impurity site
B.CorN

\
O NN site \

©
©/ © ©
@ © ©
© © ©

e —©

G () Mg NN site
\ /
O NNN site 0 ./oq’-—/

/

6—6 o 90

Figure 1. Notation of the adsorption sites at doped MgO(001) surface within the simulation
supercell (NN — Nearest Neighbour, NNN — Next Nearest Neighbor). Graphical presentation was
made using the VMD code.*®

3. Results

3.1. Structural, electronic and magnetic properties of X-doped (X =B, C, N) MgO(001)

A surface structure of an oxide can be characterized by the relaxation and rumpling parameters.
The surface relaxation parameter (8d;2, in %) can be defined as:

3d,, = d"d_ 9 100 4)
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where d), stands for the averaged vertical distance between the first and the second surface layer

and d is the interlayer distances in the bulk. Surface rumpling (4;) can be defined as:

Zo

4, =——5x100 5
1 7 )

where zonmg) stands for the vertical position of the O(Mg) atoms in the surface layer. Earlier
calculations performed for MgO(001) produced 6d;, = +0.10 % and 4; = +2.50 %. Thus, the
surface relaxation is very small and the oxygen atoms of the first surface layer are situated
slightly above the Mg surface atoms. The calculated values are in harmony with the
experimentally measured ones using vacuum cleaved MgO(001).**' As a comparison, previous
DFT calculations estimated the values of 6d;, and 4; to +0.003% and 2.27%, respectively.42

Next we turn to doped MgO(001). We look at the case of substitutional doping when B, C or N
replace an O atom in the surface layer or subsurface layer of the MgO(001) slab. By comparing
the total energies of doped MgO(001) for the two different dopant positions (Fig. 2, insets A and
B), we observe that all the three dopants prefer to be in the surface layer (Fig. 2, inset A). This
indicates a tendency for dopants to segregate on the surface, while the energy cost for placing X
into the subsurface layer of MgO(001) decays as X approaches oxygen in the Periodic Table of

Elements (PTE).
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Figure 2. Energy cost for the exchange of X between the surface (structure A) and subsurface

layer of MgO(001) (structure B).

The formation of X-doped MgO(001) can be considered either as the replacement of oxygen
with atom X or as the adsorption of atom X at a vacancy site. In the first case, a large energy
input is required to replace O with X and it decays as X approaches O in the PTE (Table 1).
Hence, healing of the surface vacancy site with oxygen will be preferred over the healing with B,
C or N. However, if looking at the formation of X-MgO(001) as the adsorption of X at the O
vacancy, than this process is followed by deliberation of a large amounts of energy (Table 1). As
the adsorption of X at an O vacancy site is more exothermic than adsorption on the MgO(001)
terrace,'” the investigated dopants are expected to be entrapped by vacancies when no oxygen is
available to heal the surface. This agrees with the results of Pesci et al. who suggested that the

substitutional doping of MgO with N can be realized under oxygen-poor conditions.

8
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Table 1. Energetic (substitution energy and binding energy of X at the surface vacancy site),
structural (X atom vertical shift and interatomic distances in the surface layer) and magnetic
parameters of the B-, C- and N-doped MgO(001). Binding energies are calculated as the binding
of the atom X at the surface O vacancy site of MgO(001). Total magnetization (M) and
magnetization of the impurities (Mx) are given. At the end, charge transferred to the dopant (Qx)

atom is given.

dopant Euw(X)  En(X) Ax dX-Mg) d(X-0) M My Ox
X / eV* / eV’ ! % /A /A / ng / ng /e

B 5.91 —3.46 42.2 2.37 3.17 3 2.20 1.97
C 4.29 -5.08 19.3 2.23 3.02 2 1.62 1.98
N 3.89 —5.48 10.8 2.16 3.04 1 0.88 1.99
o 0 -9.37 0.05 2.11 2.99 0 0 1.99

146
147
148

149

150

151

152

153

154

155

156

157

158

Isubsitution energy according to Eq. (1); "binding of X at the O vacancy site according to Eq. (2);
“corresponds to pristine MgO(001)

Here we can conclude that the adsorption of the investigated elements at the O vacancy site
becomes more exothermic as the position of the doping element in the PTE approaches that of
oxygen. The adsorption of an O atom at an O vacancy site, restores perfect MgO(001) and £,(O),
in this case, equals —9.37 eV. This process is actually reversed to the vacancy formation and its
energy balance is in good agreement with the results of Carrasco et al. who found the surface
vacancy formation energy to be in the range of 9.31 — 9.42 eV, depending on the number of
MgO layers in the surface model.”> For comparison, we estimate the formation energy of the
subsurface vacancy to be 9.87 eV, which is identical to the result of the Carrasco et al. for the 3-
layers MgO(001) slab.* The same authors estimated this quantity to 9.97 eV using 12 layer

model. The preference for the lower coordinated surface sites, observed for the investigated

9
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159  dopants, is in line with the results reported for C-doped MgO nanotubes.?® This preference is not
160 due to the difference between the formation energies of surface and subsurface oxygen
161  vacancies. When we calculated the interaction energy between dopant X and the subsurface
162  vacancy, we saw that it was always smaller compared to the interaction with the surface vacancy
163 site.

164  To characterize the impurity site, we define vertical shift of the atom X as:

Zy —Z
165 A =

x 100 (6)

166  where z, —z, gives the difference between the vertical positions of atom X and the average

167  vertical position of other atoms in the surface layer. These data are provided in Table 1, along
168  with the distances between X and the nearest Mg and O atoms (d(X-Mg) and d(X-0O)). We see
169 that the shift of the dopant decreases from B to C and further to N.

170  The dopant atoms induce the magnetization of the system mostly at the impurity site. The total
171  magnetization (Table 1) decays from 3 pg (B-doping) to 2 pg (C-doping) and to 1 pg (N-doping).
172 For C and N the magnetizations match the ones observed in the cases of the adsorption of these
173  atoms on perfect MgO(OOl).12 For boron the situation is different as the magnetic moment is 3
174  ppin the case of substitution and 1 pg in the case of adsorption. However, if the magnetization of
175  the B-doped MgO(001) is forced to 1 pg the energy of the system increases by 0.44 eV. The
176  difference is even greater (1.59 eV) for subsurface B-doping. Moreover, the magnetic solutions
177  for X-doped MgO(001) are significantly more stable than non-magnetic ones, with the energy
178  difference amounting to 0.66, 0.88 and 0.39 eV for B-, C-, and N-doped MgO, respectively.

179 The analysis of Bader charges shows that in all the considered cases nearly 2 electrons

180  are transferred to the dopant atoms (Table 1) indicating that the dopants are in the X state. Even

10
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though B, C and N have lower electronegativity compared to O it is still sufficient to attract the
valence electrons of Mg atoms. When a dopant atom receives electrons from neighboring Mg
atoms its electron shell expands. As B has smaller core charge than C and N, for the same
amount of donated charge its electron shell will expand more. Considering atoms/ions in MgO as
touching spheres the ionic radii of B, C and N in doped MgO(001) can be estimated as 1.675,
1.615 and 1.545 A, respectively, all of them being larger than that of O in MgO (1.499 A).
These considerations offer a simple explanation of the tendency of the dopant atoms to prefer the
surface layer of MgO(001). As X* ions are larger compared to O*, their introduction into the
MgO lattice induces larger strain when placed into subsurface layers, therefore, their migration
to the surface layer brings some strain relief. To check this assumption we calculated the
deformation energy of the MgO lattice when a dopant is placed into the surface or subsurface
layer (Fig. 3). The deformation energy (AFE) is calculated here as the difference between the
energy of the relaxed X-doped MgO(001) surface when dopant atom is removed and the
corresponding energy when O atom is removed from pristine MgO(001) (from the surface or
subsurface layer). The deformation energy is smaller for the surface doped structures than that
for the subsurface ones and it decreases as the ionic radius of the dopant approaches the ionic

radius of O®” ion.

11
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Figure 3. Deformation energy of the MgO lattice (AE) upon the incorporation of the investigated

dopants into the surface vacancy (squares) and the subsurface vacancy (circles).

The observed charge transfer also provides an intuitive explanation for the observed
magnetizations. Formally, when boron (which has one unpaired electron) receives 2 electrons,
the total number of unpaired electrons becomes 3 that matches the observed magnetization of the
system. In the case of nitrogen, the electron transfer induces electron pairing and only one
unpaired electron is left (M = 1 pg). This is, of course, a rather simplified view, but it is clear that
the magnetic moment is not associated with the charge transfer but the occupancy of the dopant
band. The magnetizations calculated by us agree well with those provided by Shein et al. for the
C-doped triple-walled square-prismatic MgO nanotube® as well as with the calculations of Grob
et al*® for N-doped MgO. Considering our results and the ones published so far one can
conclude that the rise of magnetization is rather localized to the impurity site. For C-doped MgO
nanotubes the atomic magnetic moments of the C atoms at the surface are 1.815 - 1.682 pg,™

while we found 1.62 pg for carbon dopant using Léwdin population analysis.**** The

12
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211  magnetization of the system is then complemented to an integer number by the contributions of
212 dopant neighbors. Such a behavior is clearly evident from the spin density maps (Fig. 4, right),
213 which show that the magnetization is localized at the dopant atom. In the case of subsurface
214  doping we also observe that the atomic magnetic moments of the dopants in these systems are
215  slightly smaller than those found for the surface doping, which is also in agreement with

216  available reports.”®

total DOS N-MgO(001)
p states
s states
)
!
1
S
2 A
0
2
"tg —
(] ]
[T
o o~
2
7]
c
()
T
1
1
-15 -10

Figure 4. Left: Electronic structure of the X-doped MgO(001) surface (total DOS, shaded, and
the s and p states of the dopant atoms) and the electronic structure of perfect MgO(001)
(bottom). The highest occupied state is indicated by the vertical dashed line. Right: 3D spin

13
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density (spin polarization) maps (pspinup — Pspin down) are given for X-MgO(001) surfaces.

217

218 Inspecting the electronic structures of X-doped MgO(001) (Fig. 4), one can see that the
219  magnetizations of the systems are due to the partially filled p states of dopants situated in the
220  band gap of MgO(001). The spin up p states of the dopant atoms are filled, while the spin down
221  states are partially unoccupied, giving rise to the magnetization of the system (Fig. 4). This
222 agrees with the observation of Ref.?®. The calculated electronic structure of N-doped MgO(001)
223 qualitatively agrees with the results of Grob et al. for N-doped MgO.”® The quantitative
224  differences between our results are due to the different levels of theory which have been applied.
225  Namely, in Ref*® the DFT+U approach has been used. The calculated electronic structure of N-
226 MgO(001) also qualitatively agrees with the one given in Ref.*’ for the case of substitutional N*~
227  in bulk MgO for the identical concentration of N as considered here. Our results suggest that the
228  investigated substitutionally doped MgO(001) surfaces retain the insulating nature of parental
229  MgO(001), in spite of the fact that the applied GGA-PBE approach underestimates the band gap
230  significantly (calculated value of the band gap is 2.9 eV) compared to experimental values.
231 Namely, electron-energy-loss spectroscopy determined the gap of 6.15-6.2 eV*°, while the value
232 of 7.8 eV was found from the electronic sprectrum of single-crystal MgO.47

233 In order to visualize the 2p band of the dopants we have plotted the Integrated Local Densities of
234 States (ILDOS, Fig. 5). These bands are indeed located mostly at the dopant sites, with a very
235  small contribution of the nearest O atoms. In the case of B and C doping, the 2p states have
236 nearly spherical symmetry around the dopant atom. In the case of N, however, ILDOS has a
237  donut shape oriented in the (001) surface plane. The spherical symmetry of the 2p states for the

238 case of C doping was also observed in Ref.**.

14
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At the end of this section it is important to address potential ferromagnetic ordering in this class
of materials. Pesci et al.”’ suggested that a high degree of spin localization may hinder the
formation of ferromagnetic order at room temperature. On the other hand, Gross et al.*®

demonstrated that N-doped MgO(001) film on Mo acts as a ferromagnetic d° insulator.

B-MgO(001) C-MgO(001) N-MgO(001)

T P« MR R ic
@ BV @ % o g9
PR DD G @ gyt
T®OR DR G

Figure 5. 3D ILDOS maps of filled X 2p like bands for the cases of B-doped (left), C-doped
(middle) and N-doped MgO(001) (right). The total ILDOS between the MgO valence band and
the highest occupied state are given and the width of the energy window chosen for the

integration depends on the type of the X-doped MgO(001) (see Fig. 4).

3.2. Molecular adsorption on X-doped (X=B,C,N) MgO(001): CO case

As B, C and N incorporated into the MgO(001) surface have a number of unpaired electrons they
can be in a sense regarded as radical species. Hence, these impurity sites can be centers of altered
reactivity which might open a possibility to use such doped surfaces as adsorbents, catalysts, and
so on. Pure MgO(001) surface is non-magnetic and rather inert. The question we want to answer
here is whether the reactivity of the surface can be tuned by the introduction of the investigated

impurities.
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First we consider the CO/MgO(001) system, which attracted a lot of attention as being
problematic for conventional DFT, requiring a special treatment and being looked at as a
benchmark for the development of advanced theoretical methods.*® Bonding of CO to MgO(001)
is rather weak and the dispersion interaction contributes significantly to the adsorption energy.49
Experimentally, it has been found that CO interacts with the Mg sites of the MgO(001) surface
with the adsorption energy of —0.13 eV,”® which qualifies the C-MgO(001) interaction as
physisorption. Here we found the adsorption energy of —0.16 eV (Table 2), in good agreement
with the experimental value, theoretical studies applying similar level of theory'® as well as the
computational study of Civalleri et al.>' who applied modified B3LYP hydrid functionals to
account for the dispersion interaction. When CO is bonded to the Mg site the C—O bond remains
practically the same as in an isolated CO molecule, while the distance between the Mg center
and the C atom is 2.43 A (Table 2). The latter value is slightly smaller compared to those
published previously, 2.489 - 2.578 A, varying depending on the level of theory.”' Using the
Bader analysis we observed a small charge transfer to the CO molecule (0.09 e). For comparison,
in Ref.'° 0.10 ¢ was found to be transferred to the CO molecule.

Now, let us turn to the CO chemisorption on X-doped MgO(001). The interaction of the CO
molecule with B- and C-doped MgO(001) is mediated by the impurity site, the preferred one for
bonding CO (Table 2). The strength of this interaction is remarkable: in the case of C-doped
MgO(001) the CO adsorption energy is —5.08 eV. In both cases the total magnetization of the
system is reduced by 2 pp. Another striking phenomenon is a tremendous charge transfer to the
CO molecule. It results in a significant elongation of the C—O bond (Table 2), suggesting that B
and C dopants act as potent electron donors. In contrast to the B and C cases, when MgO(001) is

doped with N there is no interaction between the CO molecule and the impurity site. This seems

16
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rather unexpected, but can be explained by ILDOS of the N-doped surface (Fig. 4, right), which
demonstrates that the N 2p-orbirals are oriented in the surface plane, so the overlap between
these states and the CO orbitals cannot be large. In the case of N-doped MgO(001) we have
found that the stable adsorption site is the first Mg neighbor of the dopant (Mg NN site, Fig. 1)
with the adsorption energy practically the same as for ideal MgO(001) (Table 2). In contrast,
these sites are not stable on B- and C-doped MgO(001) and CO molecule goes to the impurity
site during the structural relaxation. When moving away from the impurity site, a stable
adsorption of the CO molecule is possible at the Mg sites, with the adsorption energies and
charge transfer similar to those on defect-free MgO(001). Hence, we conclude that the effects of
the dopant atoms on the CO adsorption are practically localized to the first coordination shell of

the dopant.

Table 2. Energetic and structural parameters of the CO adsorption on pure and X-doped
MgO(001) surface. Total magnetization (M) and the amount of the charge transferred to the
adsorbate (AQco) are included. Mg NN site is the nearest Mg neighbor of X site, and Mg NNN

site is the next nearest Mg neighbor of the X impurity site.

E,(CO) d(C-0) d(C-Su)* M AQco
Ads. Site System
/ eV /A /A / ng /e
Mg site CO@MgO(001) -0.16 1.14 2.43 0 0.09
CO@B-MgO(001)  —3.40 1.19 1.43 1 1.83
Impurity site  CO@C-MgO(001)  —5.08 1.20 131 0 2.27
CO@N-MgO(001) 0° 1.14 >35 1 0.00

CO@B-MgO(001)  ns° - - _ _

Mg NN site
CO@C-MgO(001) ns’ - - - -

17



291
292
293

294

295

296

297

298

Physical Chemistry Chemical Physics

Page 18 of 27

CO@N-MgO(001)  —0.17 1.15 2.43 1 0.10
CO@B-MgO(001)  —0.19 1.14 2.47 3 0.08
Mg NNN site  CO@C-MgO(001)  —0.16 1.14 2.44 2 0.09
CO@N-MgO(001)  —0.15 1.14 2.45 1 0.09

*Su denotes surface atom at the CO adsorption site; brepulsive interaction; “not stable, relaxes to

the impurity site

The electronic structure of the N-doped surface upon the CO adsorption (Fig. 6) demonstrates
the absence of surface molecule interaction, while in the case of pure MgO(001) there is a very
small overlap of the CO 2m states with the valence band of MgO(001). However, when
MgO(001) is doped with B or C, there is a pronounced interaction between the impurity states

and the CO molecule states, while the s and the p states of the dopants get hybridized (Fig. 6).

18



Page 19 of 27 Physical Chemistry Chemical Physics

299

300

301

302

303

304

305

total DOS —— CO states X s states —— X p states ‘
Co@mgO(001) CO@B-MgO(001)
NN |
-15 -10 -5 . 0 5 -15 -10 -5 0 5
EleV EleV
CO@C-MgO(001) CO@N-MgO(001)
1 MJW V ' ’ Ww "
-15 -10 -5 0 5 -15 -10 -5 0 5
EleV EleV

Figure 6. Projected densities of states for the case of the CO adsorption at the Mg site of the
ideal MgO(001) and the impurity sites of the X-doped MgO(001) surface. Total densities of

states are also included. Vertical lines indicate the highest occupied states.

3.3. Atomic adsorption on X-doped (X =B, C, N) MgO(001): O case

In its ground state, the atomic oxygen is a radical with two unpaired 2p-electrons. As a result, it
is very reactive but its adsorption on defect-free MgO(001) is relatively weak with FE,4(O)
calculated to be —2.16 eV (GGA-PBE)."? Using B3LYP a somewhat smaller value, —1.91 eV,

152

was obtained by Di Valentin ef al.”” Considering the extreme reactivity of atomic O this is a

rather small adsorption energy. For comparison, E,45(O) is —3.7 eV on the low index platinum

19
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306 surface.” As shown previously by us, O.@MgO(001) is a non-magnetic system with O
307  attached to the surface oxygen site.'> The O—O bond is tilted towards the other nearest O atom of
308 the MgO(001) surface, most likely due to the electrostatic interaction, as O,qgs receives certain

309 amount of charge from the substrate.'>**

Upon the adsorption peroxo-like complex is formed.
310  The electronic states of this complex are located below and above the MgO valence band."?

311  Similar to the CO adsorption, for O,4s we also find an enhanced chemisorption at the impurity
312 site when compared to the O,qs formation on the defect-free MgO(001) terrace. The adsorption is
313  extremely strong being strongest for B-doped MgO(001), for which E,4(O) reaches —8.78 eV
314  (Table 3). Considering ideal MgO(001) as the continuation of the given data set one can say that
315  E,4s(O) increases linearly as the number of holes in the valence shell of the X* ions decreases
316  (from B to O). The O,4s—dopant bonds are not vertical to the MgO(001) surface plane, and are
317  found to be shifted towards the nearest Mg surface site (in the case of the O adsorption at the B
318 impurity site) or the O surface site (all the other cases). As in the case of molecular CO
319  adsorption, we see a significant charge transfer to O,gs, especially in the cases of B- and C-doped
320 MgO(001) (Table 3), indicating once again that these impurities are exceptionally potent electron
321  donors. Although we have shown that the exchange between O and X in the surface layer is
322 significantly endothermic (Section 3.1) spontaneous exchange between X and O,4s, which would
323  restore pristine MgO(001) has not been observed. Surface O NN sites to the dopants (Fig. 1)
324  were found to be unstable for the O adsorption, as during the structural optimization Oggs
325  migrated to the impurity sites in all the studied cases. However, a stable adsorption of O,4s was
326  found at O NNN sites (Fig. 1) and the adsorption energies were found to be somewhat smaller
327  compared to those on the pure MgO(001) surface.

328
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329 Table 3. Energetic and structural parameters of the atomic O adsorption on pure and the X-
330 doped MgO(001) surface. Total magnetizations (M) and the amount of the charge transferred to
331  the adsorbate (AQo) are included. O NNN site is the oxygen center far from the impurity site.
E.q4(0) d(O-Su)*  d(O-Sul)® M AQo
Ads. site System
/ eV /A /A / ng /e
O site Oads@MgO(001) -2.18 1.53 2.72 0 0.82
O,4s@B-MgO(001) —8.78 1.25 2.09 0 1.98
Impurity site  O,q,@C-MgO(001) -7.39 1.31 2.70 2 1.94
O,4s@N-MgO(001) —5.08 1.40 2.63 1 0.93
O.4s@B-MgO(001) -2.42 1.53 2.73 3 0.86
O NNNsite  Ongs@C-MgO(001) -2.39 1.54 2.72 2 0.85
0,4s@N-MgO(001) -2.50 1.54 2.73 1 0.88
332 “Su denotes the surface atom at the CO adsorption site; "Sul denotes the surface site towards
333  which the O—Su bond is tilted (Mg site in the case of O adsorption on the impurity site of the B-
334  MgO(001), O sites in all other cases)
335
336  The electronic structure of the O,4s@X-MgO(001) systems reflects the strong interaction of O,g4s
337  with the impurity sites (Fig. 7, left). The states of the impurity and the adsorbate overlap
338  significantly. For the case of B-MgO(001) we see no states in the band gap and the system is not
339 magnetic. For C- and N-doped MgO(001) the states in the band gap are present and the
340 magnetization of the system has the same value as before oxygen adsorption. The magnetization
341  of the system is mostly due to the p states of O,4s and dopant atom (Fig. 7, right). An interesting
342  observation is that the p states of O,gs and the dopants also partially overlap with the MgO
343  valence band, especially with its lower part.
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It is also important to outline the difference in the interaction of CO and atomic O with the N-
doped MgO(001) surface. In the former case we see no bonding to the impurity site, while in the
latter one there is a significant enhancement of chemisorption properties as compared to pure
MgO(001). This suggests a possibility of making selective adsorbents and catalysts by a suitable

choice of the dopant.

—— total DOS
O s states

X s states —— X p states
O p states

% g
Y B N
u .0 Q¢ g © 0.
0,,@B-Mg0(001) o: g :°.o°.o(
- e & ® e C.
o 0 @ ©9 °©
s @ ®

|

O_ @C-MgO(001)

ads

density of states / a.u.

ads .
15 10 5 0 5
EleV

O @N-MgO(001)

Figure 7. Left: Projected densities of states for the case of the atomic O adsorption at the
impurity sites of the X-doped MgO(001) surface. Total densities of states are also included.
Vertical lines indicate the highest occupied states. Right: 3D spin polarization maps, given as Ap

= p1 — py, for the cases of the O adsorption on C- and N-doped MgO(001).

4. Conclusions
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We have performed computational study of the B-, C- and N-doped MgO(001) surface, with the
concentration of the dopants amounting to 1.56 at. % (12.5 at. % considering only the surface
layer). We have found that the investigated dopants induce the appearance of the 2p like bands in
the band gap of MgO that results in the system magnetization of 3, 2 and 1 pg for B-, C- and N-
doping, respectively. The dopants are in the X state and the ionic radii of these species are
larger than the ionic radius of O%". As a consequence, all the three dopants prefer the surface sites
instead of subsurface ones, as such a placement minimizes the strain of the host MgO lattice. The
impurity sites are the centers of altered chemical reactivity. We probed the chemisorption
properties of such doped surface with the CO molecule and atomic O. We have found that CO
binds much stronger to B- and C-doped MgO(001) as the impurity sites serve as potent electron
donors. The trend is similar for the case of atomic oxygen, for which we find E,q4s to be —8.78 eV
on B-doped MgO(001). The change of the local reactivity is seen in the first coordination sphere
of the dopant. Our results suggest a possible way of producing a magnetic surface. They also
suggest a way of tailoring the properties of the MgO(001) surface by a suitable choice of dopant
to produce novel adsorbents and catalyst. This sets doped MgO as a versatile multifunctional

material for numerous applications.
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