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Transition-metal atom adsorption on an F; defect site of MgO (100) and the interaction
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The interaction of transition metals belonging to the group Pt-Pd-Ni and the period Ni-Cu-Zn, with an F
center of the MgO (100) surface was investigated using density functional theory. This study was aimed at
finding the effect of the electron delocalization of an MgO oxygen vacancy on the interaction energies of the
metals with the defect and the electronic configuration of the adsorbed metal atom. The degree of electron
delocalization was determined from the maximum values of the electron localization function (ELF). It is
confirmed that there are two electrons largely localized in the center of the F vacancy. These electrons can
delocalize over an adsorbed metal atom. This is the reason for the stabilization of some surface complexes. The
MO analysis shows that the filling and the symmetry of the last occupied orbitals of the complex
M-F,/MgO depends on the kind of metal. In the case of Ni and Pt the orbitals from HOMO until HOMO-4 are
d orbitals and the interaction orbital is the HOMO-5, while for Pd the interaction orbital is the HOMO and the
orbitals HOMO-1 until HOMO-5 are d character. This information is very useful for the study of the interac-
tion of a hydrogen atom with del metal-F;/MgO complex. The oxygen vacancy modifies the interaction of a
hydrogen atom with a metal deposited on the defect site due to changes in the electronic configuration of the

metal. Therefore, the chemical activity of the metal strongly depends on the interaction metal support.
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I. INTRODUCTION

The study of the interaction of metal atoms and metal
clusters with an oxide surface is of great interest because
those systems are widely used in several technological appli-
cations, particularly the materials where the interface plays a
key role in their physical and chemical properties.'? This
reason has made it the focus of many experimental®* and
theoretical studies.>® The chemical reactivity of an oxide sur-
face is largely dominated by the presence of point defects
such as steps, kinks, foldings, vacancies, etc.”? In particular,
the F, centers have been characterized experimentally.'®!!

Many studies have centered on the study of metal atoms
adsorbed on a defect site, in particular on surface oxygen
vacancies.®!>!3 The theoretical studies have focused on the
geometrical structure and electronic characterization of the
metal-support interface'>!'* and have studied the effect that
these defect sites have on the chemical reactivity of adsorbed
metal atoms.'>!% Pacchioni et al.'” found that Pd atoms de-
posited on the regular structure of a MgO surface are inert
for the acetylene to benzene cyclization. However, when
they are bound to a defect site, the metal becomes catalyti-
cally active. Different computational approaches have been
utilized to study the metal-support interface. For example,
Rosch et al.'” studied the electronic properties of deposited
transition metals (Ag, Cu, Ni) on oxygen vacancies and regu-
lar sites of the MgO (001) surface, analyzing the changes of
the dipolar moment and electronic occupation parameters.
They found a displacement of the electron density from the
vacancy to the adsorbed metal atom. When the defect site
has two electrons, F, center, the shift is larger for Ni and
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when it has one electron, F} center, the shift is larger for Ag
and Cu.

Recently, topological analysis methods of the electron
density such as the atoms-in-molecules (AIM) theory'® and
the electron localization function!® (ELF) have been used to
study the F, centers of the MgO surface.?” It has been shown
that these topological schemes provide the means to quantify
and to characterize the electrons localized in the vacancies of
these surfaces. In particular, the ELF topological analysis,
which is a tool for characterizing electron (de)localization in
the ionic MgO system, is considered more advanced than
other population analysis schemes based on orbital-
dependent techniques. This methodology was recently ap-
plied to study the interaction of Pd atoms on ionic and cova-
lent oxides [i.e., MgO (001), a—Al,0O; (0001), and
a-Si0,].2! However, no attempt was made to investigate the
reactivity of these systems.

The goal of this work is to carry out a systematic study of
the interaction of transition metals of different electronic
configurations with a surface oxygen vacancy of MgO utiliz-
ing the ELF as tool to describe the degree of delocalization
of the electrons of an F, center at the interface metal support
and to use this information to characterize the chemical re-
activity of the metals deposited on it using hydrogen as the
probe atom.

II. THEORETICAL BACKGROUND

A brief review of some of the most important points of the
topological analysis of the ELF which are relevant to the
investigation of electron delocalization are given in this sec-
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tion. For more detailed explanations the reader is referred to
an available review.??

In 1990, Becke and Edgecombe!® proposed the electron
localization function and in 1994, Silvi and Savin® general-
ized its application using topological tools as was done in the
atoms in molecules (AIM) model.'® The ELF is expressed in
terms of the local kinetic energy density excess due to Pauli’s

repulsion, D, and the Thomas-Fermi’s kinetic energy density
D,

1

77(r)=W- (1)
1+—
Dy,

In the case of monodeterminantal wave functions built in
terms of the Hartree-Fock or Kohn-Sham’s orbitals?® ¢;(r), D
can be interpreted as the difference between the positive
definite local kinetic energy of a system of noninteracting
fermions T[p(r)] and the von Weizaecker kinetic energy
density T,[p(r)]. Therefore, for systems of closed shell:

D=1{p(n]-1,[p(N], (2)
1 N

amvn=5§Hv%vﬂ, 3)
i=1
_L[Ve(n)P?

mMM—SM”, (4)

where the electronic density p(r) is calculated in terms of the
spin orbitals ¢;(r):

N
p(r) =2 |@i(r)]*. (5)
i=1

Finally, the Thomas-Fermi’s kinetic energy density of homo-
geneous electron gas, is expressed as

Dy = (370l ©)

The values for the ELF, Eq. (1), are found in the interval
(0-1). A space region with a high value of the ELF is inter-
preted as a region where it is more probable to find either an
electron or a pair of localized electrons.

The topological analysis of the ELF gradient field yields
basins that partition the molecule space conveying the
chemical picture of electron pairs, lone or bonded. The inte-
gration of the one-electron density p(r) and of the pair func-
tion 7(r|,r,) over the volume ) of the basin provides the

population N(Q) of a basin and its variance o2. The relative

fluctuacion A=02/N(Q) provides an indication of the delo-
calization within that basin, while the percent contribution
fluctuation gives a quatitative measure of the contributions of
other basins to the variance 0227 N will be used to describe
the degree of the localization, where values above 0.45 de-
note delocalized electrons.?
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III. COMPUTATIONAL DETAILS

The defective MgO(100) surface is modeled by an em-
bedded cluster approach. In this approach, a cluster of
Mg,;0,, is selected from the MgO(100) surface to represent
an oxygen vacancy where the surface oxygen atom in the
center of the above cluster is removed. In the embedded
cluster approach, these quantum clusters are surrounded by a
set of total ion model potentials (TIMP) for all Mg?* ions
that are nearest to any oxygen atom and a set of point
charges whose unit cell was within 1.2 nm from any of the
quantum cluster atoms. These TIMP and point charges (PC
=+2) are located at the lattice positions, which were taken
from the experimental MgO bulk structure. With these
TIMP’s, the artificial polarization of oxygen anions at the
cluster borders can be reduced.’®?° The Madelung potential
from the remaining extended MgO surface is represented by
a set of surface charges derived from the surface charge rep-
resentation of the external embedded potential (SCREEP)
method.?%3!

Although the formulation of the SCREEP surface has
been previously described in full detail,®' for a complete de-
scription of our model a brief overview is given here. First,
we draw a closed surface S such that all cluster atoms are in
the interior of the surface. Then, based on a well-known
theorem from electrostatics, no matter what the external
charge distribution outside of S is, the electrostatic potential
inside S can be rigorously replaced with some surface charge
density p located on S. In practice, the Ewald summation
method is used to calculate the Madelung potential at points
on S and then substract the contribution from the explicit
point charges to yield ® 4 for these points. Due to compu-
tational reasons the boundary element method is employed to
make S discrete. p is used as a set of point charges q that
satisfy the matrix equation Ag=V. Here the vector V con-
tains values of @ at points r; on the surface S, and A is the
M X M nonsingular matrix with matrix elements:

1 o 4
A= fori# jand A;=1.07/—. (7)
i 5

J L

Nondiagonal elements A;; represent a generic Coulomb inter-
action between surface elements r; and r;. The diagonal A;
describes the self-interaction of the surface element r;.

It has been published3? that in the interaction of Ni, Pd, Pt
with a defect center, it is important to account for the corre-
lation energy. Therefore, in this work, the quantum mechani-
cal region was treated by the hybrid B3LYP density func-
tional theory method. In addition the method is slightly
dependent on the basis set chosen in the study of these
systems.?> The LANL2DZ?* pseudopotential with its corre-
sponding basis set was used for transition metal
6-31G(d,p) basis set for Mg and O atoms and 6-
311G(d,p) basis set for hydrogen atom were used. In order
to improve the performance of the pseudopotential the basis
set was augmented with s, p, and d diffuse functions. For the
energetic properties, the basis set superposition error correc-
tions using the full counterpoise method of Boy and
Bernardi** are included. Electronic structure calculations
were done using the GAUSSIAN 03 program® and the topo-
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FIG. 1. Schematic representation view of the localization do-
mains of the electron localization function for the ground state of
the oxygen vacancy at an isosurface value of 7=0.70. The electrons
of the vacancy are higly located and have a domain that expands
beyond the surface of the cluster.

logical analysis of the electron localization function was per-
formed using the TOP-MOD program.3®

IV. RESULTS AND DISCUSSION

Electronic structure of transition metals adsorbed on an
oxygen vacancy. The electronic structure of the F, center has
been extensively studied both theoretically as well as
experimentally.® These centers are formed when a neutral
oxygen atom is removed from the oxide surface, leaving be-
hind two electrons which are located in the cavity of the
defect. Illas et al.,?® carried out a rigorous characterization of
this defect utilizing ELF and AIM approximations. They
concluded that this center behaves as a quantum subsystem
characterized by a high degree of electronic localization. In
this work, the ELF analysis of the F, center showed that the
electronic population of this quantum subsystem is approxi-
mately 2 e’s, which is in agreement with Illas et al.?® In
addition it was determined that the maximum value of the
ELF and the relative fluctuation (A) for this quantum sub-
system are 0.99 and 0.39, respectively, suggesting that the
electronic density is highly located in this space region.

Figure 1 depicts the electron localization domains for the
0.70 isosurface of the ELF function corresponding to the F,.
It can be observed that the electronic density of the two
electrons in the oxygen vacancy is highly localized in the
center of the defect cavity and its domain expands out of the
MgO cluster surface. The specific electronic arrangement
makes this F, center a likely place for interaction with elec-
trophilic species.

Some authors have found that when a Pd atom is placed
on an F defect center, there is a delocalization of the va-
cancy electrons over the metal atom.!3 This effect was inves-
tigated by determining the ELF and the relative fluctuation A\
values of the interaction of different metal atoms with the
electronic density of the vacancy. It is important to keep in
mind that the closer the ELF value is to 1.0, the larger the
electron localization becomes. Relative fluctuation values be-
low 0.5 also indicate electron localization.

In Fig. 2(a), the relation among the binding energy and
the ELF maximum value for the Ni, Pd, and Pt group are
shown. The values of the binding energy and the tendency in
this group are in agreement with theoretical data reported for
these systems.!> The tendency of the binding energy is Pt
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FIG. 2. Comparison of the binding energies and maximum value
for the ELF(7) of the defect’s basin along (a) group and (b) period.

>Pd>Ni and the tendency of the ELF maximum values is
the reverse: Ni>Pd>Pt. From these results it can be con-
cluded that the relation between the binding energy and the
ELF maximum value is inversely proportional, this means
that when the binding energy is large the delocalization of
the electrons of the cavity on the metal is also large. The
electron delocalization analysis can also be carried out with
the aid of the relative fluctuation N the results of the calcu-
lations are shown in Table I. The metal with the strongest
interaction has the largest A value.

In order to investigate the degree of electron delocaliza-
tion with the metal, the contribution of the metal to the fluc-
tuation of the basin of the interaction was determined. These
values are represented in Table I. It can be seen that the
percentage of contribution is in the order Pt>Pd>Ni>Cu
>7/n, which is exactly the order of the binding energies. The
values also present a significant difference between the group

TABLE I. Relative fluctuation (\) and contribution of the metal
basin to the variance (02) of the defect basin.

M/F,

Parameters Pt Pd Ni Cu Zn

Relative fluctuation (\)  0.91 0.78 0.75 0.61 0.52
Cross contribution (%)  86.5 69.7 673 545 214
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Pt, Pd, and Ni with respect to Cu and Zn metal atoms cor-
roborating the fact that the first three metals have stronger
interaction with the F, center.

In Fig. 2(b), the results obtained for the Ni, Cu, and Zn
period show that the trend of the binding energies is Ni
>Cu>Zn and the trend for the ELF maximum value is Zn
>Cu>Ni. This is the same relation between these two pa-
rameters as the previous one. At the same time, it was found
that the Zn ELF value (0.98) is almost the same as the one
observed for the F, center. These results suggest that the two
electrons of the vacancy are not taking part in any bonding
and therefore the interaction between the Zn metal atom and
the vacancy is very weak or nonexistent. As shown in Table
I, Cu and Zn are the metals with the lowest \ and at the same
time the lowest contribution to the basin formed with the
electrons of the defect. These metals will be loosely bound to
such a support and therefore can be detached relatively easily
from the surface.

In the transition metals group we note that the adsorption
of the metal atoms on the F, center is dominated by a strong
interaction between the metal and the vacant site; the level of
electron delocalization at the defect center depends on the
type of metal, as can be seen in Figs. 3 and 4. From the ELF
isosurfaces, it can be seen that the delocalization is larger for
the interaction Pt-F, and the type of interaction for the group
of Pt, Pd, and Ni is different than the one of the group of Cu
and Zn. As has been observed by other authors, in the case of
transition metal atoms, the ELF values are generally below
0.5 which is the limit of the homogeneous electron gas.?’

In the case of the Pd atom adsorbed on the F, center, the
bonding orbital [highest occupied molecular orbital
(HOMO)] of Pd/F, (-0.097937 Hartree) is formed by inter-
action of the empty orbital 5s of the Pd and the orbital of the
F, center. It is stabilized by about 1.25 eV relative to the
vacancy level, —0.051973 Hartree and this difference in en-
ergy can be an explanation of the large value of the binding
energy (2.4 eV). On the other hand, the orbitals from
HOMO-1 until HOMO-5 are of d character with the follow-
ing energy sequence dx—y>dx—z=dy—z>dz>>dx*—y?
and their energies in Hartrees are —0.12722, —0.13703,
—-0.13705, —0.14043, respectively.

For Pt and Ni atoms, the adsorption energies are presented
in a somewhat different way. The electronic configurations in
their ground states are triplet with a configuration d°s', but
when these atoms interact with the F, defect, there is a re-
pulsion between the electron of the s orbital of the metals
and the orbital of the defect which has an s symmetry. This
causes the electron found in the s orbital of the metals to be
displaced to the d orbital. Therefore, when Ni and Pt are
adsorbed on an F| center, these metals exhibit a closed-shell
ground state wich corresponds to an effective d'° configura-
tion. The electronic configuration, calculated by analysis of
the Natural Bond Orbital theory results of Ni and Pt in the
M/F, complexes is 4s'*134°3! and 65'754°%. This analysis
is in agreement with previously reported research,!?38-3

The energies to change the configuration from triplet to
singlet state for the Pt and Ni atoms are 0.51 and 1.52 eV,
respectively. The relatively low-energy value for Pt can be an
explanation of why the binding energy of this metal is larger
than the one in the Ni. On the other hand, the highest occu-
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FIG. 3. Schematic representation view of the localization do-
mains of the electron localization function for the ground state of
the M/F, complexes. (a) Pt/F; complex at an isosurface value of
7=0.30. (b) Pd/F, complex at an isosurface value of 7=0.30. (c)
Ni/F, complex at an isosurface value of 7=0.30.

pied orbitals, of the metal-defect complexes, from HOMO to
HOMO-4, are the orbitals with an effective @'’ configuration.
For Pt/F, the total energies (in Hartrees) are —0.116092,
—-0.124500, -0.130231=-0.130231, —0.135115 and their
configurations are dx—y, dz?, dx—z=dy—z, and dx*-y?, re-
spectively. For the system Ni/F the energies are —0.066434,
—-0.067649, —0.070480, and —0.071180=-0.071180 and the
configurations are dx—y, dz*, dx*-y?, and dx—z=dy—-z, re-
spectively. The HOMO-5 orbital is the binding orbital in the
complexes Pt/F; and Ni/F,. That orbital is formed by the
interaction of the metal ns orbital with level of the vacancy.
The total energies of the bonding orbital are (in Hartree)
—0.138983 for the Pt/F, and —0.102165 for the Ni/F,. On the
other hand, comparison of the energy of the Ni and Pt orbit-
als with d'°, with the energy of the vacancy orbital shows
that the Ni d'° and the vacancy orbital, are at the same en-
ergy level, while in the case of the Pt/F, the energy is lower.
This effect is seen in the larger binding energy of the Pt/F;
than that of the Ni/F,. The differences between the HOMO
of the metal complexes and the vacancy orbital are 0.20 eV
for Ni/F; and 1.55 eV for Pt/F,.

For the Cu and Zn atoms a weak interaction with the
oxygen vacancy is observed. This behavior is due to the
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FIG. 4. Schematic representation view of the localization do-
mains of the electron localization function for the ground state of
the M/F, complexes. (a) Cu/F, complex at an isosurface value of
7=0.30. (b) Zn/F, complex at an isosurface value of 7=0.30.

stronger Pauli repulsion between the defect site orbital and
the s orbital, half full (Cu:d'%') or completely full
(Zn:d"’s?) being the Zn atom the one with the largest repul-
sion. In the Cu the HOMO orbital (total energy:
—0.02899 Hartrees) is antibonding with one electron pro-
vided by the F,. This HOMO orbital is 0.62 eV higher than
the orbital of the F, center (—0.051973 Hartrees), causing a
larger destabilization of the Cu/F, complex compared to that
of the metal complexes where there are no electrons in the
antibonding orbital. The bonding orbital is the HOMO-1
(-0.14216 and —0.13226 Hartrees) which has two electrons,
one from the 4s orbital and the other from the defect orbital.
In the case of the Zn-defect system, there is no apparent
interaction at all [see Fig. 4(b)].

Chemical activity of the complex M/F in the interaction
with a hydrogen atom. The theoretical and experimental
study of transition metal hydrides provides useful informa-
tion for the understanding of metal-hydrogen interactions.
Heterogeneous catalysis, using pure metals and supported
metals, is one of the areas where these data finds a wide
range of application. Therefore, in this research the interac-
tion of a single hydrogen atom with free metal atom and
metal atoms supported on an F-MgO center was investi-
gated to get an insight into the chemical reactivity of such
systems, as well as the effect of the support on the metal
reactivity.

In Table II, the interaction energies and electronic con-
figuration of the metal and H atoms of the above described
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systems are presented. For comparative purposes the results
published in the literature for the interaction of atomic hy-
drogen with free metals are also included. As shown, the data
here obtained agrees very well with the results published by
different authors.*0-43

It is important to observe that in the MH systems there is
a tendency to an increase of the electronic populations of the
Is orbital of the hydrogen atom, suggesting that in these
cases there is a charge transfer from the metal towards the
hydrogen atom which follows the trend Ni>Pd>Pt, this
tendency has been explained by the difference in electron
affinity of the metals.*** Ni has the lowest electron affinity
and Pt the highest. In the case of PtH system, the electronic
population of the ls orbital remains unchanged. The large
electron affinity of Pt has been explained based on relativis-
tic effects as well as on the lanthanide contraction of the s
orbital of Pt, increasing in this way its electronegativity. Both
of these effects help to explain the reduction of charge trans-
fer from Pt to the H as compared to NiH and PdH.

The hydrogen-metal bond can be formed in two ways.
One is due to the interaction of the 1s orbital of the hydrogen
atom with the ns orbital of the transition metals. The second
one is when the (n—1)d of the transition metal takes part in
the bonding. For the CuH system the bonding is only due to
the interaction of the H(1s) and Cu(4s) orbitals, there is no
contribution of the d orbitals. In the case of Ni, Pd, and Pt
hydrides, it is observed that in the MH bonding there is an
important contribution of the d orbitals. For this group, the H
adsorption energy has been related to the (n—1)d
orbitals.*** The energy of the bonding increases in the se-
quence Ni<Pd <Pt (MH binding energy, relative to the trip-
let state) which is the same order of participation of the d
orbitals in the bonding. For Ni, this contribution is almost
negligible.

As shown in Table II, the energy of the bonding PdH is
weaker than that of the ground state of the singlet Pd, due to
a promotion energy to the variation of the configuration d'°
to s'd’.*® The data in Table II shows that the support can
have a strong influence on the metals supported on it. In
general, the presence of an oxygen vacancy modifies the in-
teraction of the hydrogen atom with the metals deposited on
the defect due to the change of the electronic configuration
of the transition metals. For the metals, the configuration is
close to ns?(n—1)d".

In the case of the hydrides (M/F,)—H, a considerable
increase in the electronic population of the 1s orbital of the
hydrogen atom is observed. The largest increase is for the
(Cu/F,)—H and (Ni/F,;)—H systems with 69 and 62 % in-
crease, respectively. This behavoir can be explained based on
the lower value of the gap [HOMO-lowest unoccupied mo-
lecular orbital (LUMO)], 0.49 and 1.45 eV for Cu and Ni,
respectively. The interaction of the Cu/F,; complex with the
H atom is due to the formation of bonding and antibonding
linkages by the combination of the single antibonding orbital
of Cu/F, and the s orbital of the H.

In the complex (Ni/F,)—H, the Ni atom has an effective
configuration s'd°, where the (n—1)d orbital with one elec-
tron corresponds to the dz> orbital. This suggests that the
charge that is transferred to the H atom is from the Ni sup-
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TABLE II. Adsorption energies, in eV, of hydrogen atom on free metals and on metals adsorbed on an F;
center of the MgO(100) surface. Electronic configuration of the metal and the H atom in such systems and the

gap (HOMO-LUMO) of the M/F, complexes.

Systems
Pt Pd Ni Cu
Free metal
Ep, M-H, eV
This work 352(°%,) 332 (°%,) 2.89(°%,) 281('%))
2.43b
Other source 3.44¢ 2.19¢ 2.92¢ 2.66
Electronic configuration
Metal $1:28,4871 0457941 §0-56,79.08 §0.76,79.99
Hydrogen atom $10 g3 136 g3
Complex metal vacancy
Eg, (M/Fs,)-H, eV 1.89 1.61 2.68 3.09

Electronic configuration
Metal
Hydrogen atom
Gap (HOMO-LUMO)

Sl '45d9‘63p0'l4
31.23

2.64

Sl '25d9‘72p0']4

S1'22d9'07[70'20 Sl.27d9.93p0.20

51.29

2.23

S1'62

1.45

S1.69

0.49

“Relative to the triplet state.
PRelative to ground state (singlet).
‘From Ref. 40.

dFrom Ref. 41.

°From Ref. 42.

From Ref. 43.

ported which leads to a very strong Ni*H™ ionic interaction.
In the case of Pt and Pd the variation of the population of the
ns and (n—1)d is not very significant. It was observed that
this bond is formed by the interaction of the electrons of the
ns and (n—1)d of the metals with the s orbital of the hydro-
gen atom. Due to the strong interaction of the electrons in the
ns orbital of the metal with those of the F, center, their in-
teraction with the H atom is not as strong and therefore the
contribution of the (n—1)d orbitals becomes more important.
The bonding energy of the H on the Pt/F; is larger than that
on the Pd/F due to the higher contribution of the (n—1)d to
the bond. This is in agreement with the hybridization of these
atoms, Pt s7°%d*% and Pd s76%q?*%.

It can be observed that the interaction of a hydrogen atom
with the Pt/F, system becomes 1.6 eV weaker due to the
effect of the vacancy on the metal, while the interaction with
Cu/F, is the strongest (3.1 eV). The same effect has been
found in the nucleation of Pt and Cu.3**’ Therefore, due to
the very strong interaction of the metal with the F; center,
there is a significant change in the electronic structure of the
adsorbed Pt atom which consequently affects its reactivity
towards hydrogen or other metal atom. This effect is contrary
to what happens in the case of Cu where it has been found
that the Fs centers are good active sites for nucleation.

V. CONCLUDING REMARKS

Electron localization in the defect site as well as the elec-
tron delocalization when an atom is adsorbed on an F, va-
cancy was observed. This information is useful to explain the
binding energy of a metal on the F; center. A large electron
delocalization implies reduced interaction of the metals with
the adsorbed hydrogen atoms. A clear tendency can be ob-
tained from the difference HOMO-LUMO which correlates
very well with the energy of the bonding of a hydrogen atom
to the metals supported on the F; center of MgO. Pt has the
strongest interaction with the oxygen vacancy and is there-
fore the one which shows the weakest hydrogen adsorption.
Although these observations are for the adsorption of atomic
hydrogen on one metal atom, it is important that they be
considered in the analysis of the support used in different
hydrogenation catalysts.
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