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Abstract The structures and energy properties for Ag, (n=
1-8) metal clusters adsorbed on the perfect and oxygen
vacancy MgO surfaces have been studied by using the
DFT/UB3LYP method with an embedded cluster model.
The nucleation and mobility model for the Ag, (n=1-8)
clusters on the perfect and oxygen vacancy MgO(100)
surfaces was investigated. The results show that the Ag
atoms locate initially at the surface oxygen vacancy sites;
then, with the growth of Ag cluster sizes, the large Ag
clusters move possibly out of the vacancy sites by a rolling
model, and diffuse on the MgO surface under a certain
temperature condition. The relative energies needed for
moving out of the oxygen vacancy region for the adsorbed
Ag, clusters with the rolling model have been predicted.
The even-odd oscillation behaviors for the cohesive
energies, nucleation energies, first ionization potentials
and HOMO-LUMO gaps of the adsorbed Ag, clusters with
the variation of cluster sizes have also been discussed.

Keywords Adsorbed Ag clusters - DFT/UB3LYP method -
MgO surface - Mobile model

Introduction

In recent years, adsorbed properties of transition metal
atoms or clusters supported on oxide surfaces have been
shown to play a significant role in heterogeneous catalysis,
deoxidization of nitrogen oxides, chemical sensors and so
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forth [1-5]. The choices of metal atoms and oxide
substrates are crucial in order to get desired catalytic
reactivity and selectivity. The catalytic activities of these
catalysts have been known to depend on the metal cluster
sizes, shape and adsorption sites. Growth of metal atoms on
the MgO(001) surface is an important work, and under-
standing of the growth process is essential for the ultimate
application of metal-oxide interfaces [6]. The metal-oxide
interface has become a topic of great interest for experi-
mental [7-10] and theoretical [11-19] investigations. The
properties of some interface systems have been extensively
addressed by a series of experiments [10, 20]. For example,
Ag,/MgO catalyst plays a key role in catalytic fields, and
has potential application in new electronic materials [21—
23]. Ag-MgO model system is one of the first metal-oxide
systems studied by surface science techniques [24].
Moreover, some experiments have reported that transition
metal clusters supported on the MgO surface have two
different growth modes, i.e., three-dimensional (3D) and
two-dimensional layer-by-layer (2D) modes [9, 25, 26]. A
2D or 3D configuration for a supported metal cluster refers
to a monolayer or multilayer structure. The morphology of
metal clusters depends on the strengths of interactions
of metal-metal and metal-oxide interfaces. If the interaction
of metal-metal interface is stronger than that of metal-oxide
interface, the metal atoms tend to form 3D mode deposi-
tion, such as the Ag clusters deposited on the MgO surface
[25, 27, 28]. Larsen et al. found that the Ag-MgO interaction
was weak, and its growth mode presented the Volmer-Weber
mode with 3D islands studied by Auger electron spectroscopy
[27]. Schaffner et al. also employed x-ray photoelectron
spectroscopy and electron-energy-loss spectroscopy to verify
the 3D growth of Ag atoms on MgO surface [25]. On the
other hand, MgO is a widely used oxide-substrate for metal
catalysts [29], and has been greatly employed to study the
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properties of metal-substrate interface [30-32]. It has been
found by previous experimental and theoretical studies that
Fs type defects (i.e., neutral oxygen vacancy sites) of MgO
(100) surface are not only trapping and nucleation centers for
metal clusters, but also catalytic centers for adsorbates [32—
34]. The Fs sites have been chosen to address the effect of
the surface and simple oxygen vacancy on the absorption
patterns of silver clusters [34-36].

Despite the rather intense experimental efforts that have
been undertaken in recent years [1, 10], important details of
metal-substrate interactions are unclear. Especially, some
interaction properties at the metal-oxide interfaces, the atomic
level structure at metal-oxide interfaces, the electronic
characteristics of metal atoms deposited at oxide surface and
thermodynamic stability are quite complicated and far from a
complete understanding. The theoretical studies on growth
mechanisms of some metal clusters at the metal-oxide
interface have been performed in the past [37]. Some studies
have theoretically reported the deposition properties of silver
atoms/clusters on the MgO(001) surface [27, 3841]. For
example, Zhukovskii et al. have performed the studies of
extensive deposition of the small Ag and Cu clusters by DFT
calculations [42]. Barcaro et al. found that the structure and
energetics of Ag, clusters (n=2-10) adsorbed on a double
vacancy neutral defect of MgO surface [43]. Moreover, the
theoretical studies indicated that there is strong even-odd
oscillation in the Ag cluster stability [43, 44]. Barcaro et al.
have demonstrated some diffusion models of monomer
hopping, dimmer leapfrog and trimer walking of Ag atoms
on the MgO surface [45]. The Ag clusters deposited on the
MgO surface can diffuse quickly even at low temperatures [3,
11, 45, 46]. Therefore, it can be seen from these studies that to
understand the mechanism of diffusion, aggregation and
mobility of Ag clusters on the MgO surface is very important.
Although many contributions have been provided to this field
[38], a systematically study on Ag atom nucleation and
mobility modes on perfect and oxygen vacancy MgO surfaces
is still lacking. So, the main goals of this paper are (1) to
clarify structural parameters and energy properties of Ag
clusters supported on the perfect and oxygen vacancy MgO
surfaces; (2) to identify the mechanism of growth and
mobility for Ag clusters on the MgO surface; (3) to address
a rolling mechanism of Ag cluster mobility out of oxygen
vacancy region with detail energetic information.

Computational details and models

The embedded quantum cluster of Mg;;0,, consisting of
both oxygen center and oxygen vacancy site of MgO(100)
surface provides the substrate for the supported Ag, (n=
1-8) clusters, as shown in Fig. 1. The quantum mechanical
region is treated by the DFT/UB3LYP method. Effects of
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Fig. 1 Quantum cluster model of Mg3;0,,

sizes of the MgO clusters on the studied system properties
have been estimated by the results in the surface binding
(SBD) energy for the adsorption of single Ag adatom on the
thicker MgO cluster by two more layers, and in the SBD
energy per atom for the adsorption of Agg cluster on the
larger MgO cluster by 12 atoms more than the original one,
respectively. The results indicate that the SBD energy
differences per atom calculated by the three types of MgO
clusters are in the range of 5%. Therefore, the current
Mgsz10,, cluster has been chosen as a substrate for this
study. A small electron core potential, Hay-Wadt ECP and
double-C plus polarization basis sets for valence electrons
have been employed for Ag atoms, which explicitly
includes 19-valence-electrons (4s°4p®4d'%5s') effective-
core potential. For other selected basis sets, the 6-31++G
(d) basis set has been used for the Mg atoms nearest the
vacancy to describe the electron localization in the cavity.
The 6-31G (d) basis set was used for selected Mg and O
atoms close to the adsorption centers. The 3-21G basis set
was used for the remaining MgO cluster atoms. These
selected basis sets have been tested by many previous
studies to describe correctly the metal clusters on MgO
surface [47-49]. The geometries of the adsorbed Ag
clusters and some nearest surface atoms, i.e., the four
magnesium atoms or one oxygen atom and four magnesium
atoms close to the adsorption centers on the surface are
fully optimized. The basis set superposition errors (BSSE)
for all systems have been corrected by using the full
counterpoise method of Boy and Bernardi [50]. The values
of BSSE per atom for all clusters are in a range of 5.8~
6.6 kcal mol”'. To simulate infinite crystal Madelung
potential field, the embedded quantum cluster is surrounded
by a set of point charges whose unit cell was within 1.2 nm
from any of the quantum cluster atoms and a set of total ion
model potentials (TIMPs) for all Mg2+ ions that are nearest
to any quantum oxygen atom. These point charges
(PC = £2) and TIMPs are located at the lattice positions,
which are taken from the experimental MgO bulk structure.
With these TIMPs the artificial polarization of oxygen
anions at the cluster borders can be reduced and the
orthogonality condition between the cluster orbitals; and the
orbitals of the crystal surrounding can be effectively
included. The Madelung potential from the remaining
extended MgO surface is represented by a set of surface
charges derived from the surface charge representation of
the external embedded potential (SCREEP) method. More
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details about the SCREEP method can be found elsewhere
[49, 51, 52]. All calculations were carried out by using the
GAUSSIANO3 program [53].

The isolated Ag atom exhibits the ground electron
configurations of 4d'5s'. The ground spin state with
%S, has been tested for the isolated Ag atom [54]. In the
following section, we investigated the possibility of
variation of the spin states for Ag atoms upon adsorption
on both perfect and oxygen vacancy MgO surfaces.

Results and discussion
Structures of adsorbed Ag clusters

In this section we present the geometric parameters for
the most stable structures of supported Ag, (n=1-8)
clusters on Fs centers and the perfect MgO surface with
3D configurations based on the previous studies [55]. The
initial structures of some Ag, clusters for geometrical
optimizations were referenced from the previous work [27,
55, 56]. The most stable structures of the clusters were
recorded in the average adsorbate-substrate distance and
Ag-Ag distance between adsorbed Ag atoms. Figure 2
describes the most stable structures for the Ag, (n=5-7)
clusters adsorbed on the oxygen vacancy MgO surfaces.
The results show that one Ag atom in each cluster is
always localized on the top of the oxygen vacancy site or
the surface oxygen atom, and the other Ag atoms are
bound around this central Ag atom on the surface to form
a 3D cluster. The corresponding optimized values of the
geometric parameters are shown in Table 1. The structures
of Ag, clusters supported on the perfect surface are the
similar as those on the vacancy surfaces, except that Ag-
Os. average distances are larger about 0.2 A than Ag-Fs

Fig. 2 Optimized geometries of a >
Ag, (n=5-7) (a-c)clusters
adsorbed on the oxygen vacancy
sites of MgO surface. Selected
distances are given in A

ones. For example, the Ag-Fs bonding length of 2.30 A for
Agjs cluster adsorbed closer to the vacancy site is shorter
than the Ag-O bonding length of 2.51 A on the perfect
surface. This is in line with all previous calculations [27,
38, 57]. In general, the structures of Ag, clusters
supported and those in the gas-phase have similar
structures [58], except that average bond lengths of Ag
clusters adsorbed on the surface are elongated with respect
to those in the gas phase. On the other hand, there is no
change of the ground spin state of adsorbed clusters with
respect to those in the gas phase. Namely, the ground spin
state is singlet state for the clusters with an even number
of atoms. However, the ground spin state is doublet state
for the clusters with an odd number of atoms. The spin
state values for the electronic ground states of free Ag,
clusters are the same as the adsorbed Ag, clusters.

Even-odd oscillation behaviors of adsorbed Ag,, clusters

The cohesive energies, nucleation energies, first ionization
potentials and HOMO-LUMO gaps of Ag, clusters
adsorbed on the perfect and oxygen vacancy MgO surfaces
present even-odd oscillation behaviors. The cohesive
energy (Ecop) per atom and nucleation energy (E,,.) were
calculated as follows:

Ecomr(per atom) = % [E(M,) — nE(M)] (1)

Enuc = {E(M,/MgO) — [E(M) + E(M,-1/MgO)}}.  (2)

Where M is an Ag atom, n is the number of Ag atoms in a
cluster. M,/MgO is a silver cluster and MgO surface with the
geometry that was optimized. M,, is a silver cluster with the
same geometry on the MgO surface. The COH energy
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Table 1 Calculated average bond lengths (A) of Ag clusters on three
types of surface regions

Oxygen Vacancy Rolling
center region model
Ag; Ag-Surf. 2.54 2.06 2.88
Ag, Ag-Surf. 2.36 1.88 2.83
Ag-Ag 2.61 (2.58)" 2.70 2.65
Ags Ag-Surf. 2.51 2.30 2.82
Ag-Ag 2.84 (2.82)* 2.74 2.75
Agy Ag-Surf. 2.43 221 2.94
Ag-Ag 2.71 (2.73)* 2.70 2.73
Ags Ag-Surf. 2.52 2.36 2.63
Ag-Ag 2.82 2.72 2.76
Age Ag-Surf. 2.50 2.18 2.48
Ag-Ag 2.78 2.76 2.76
Agy Ag-Surf. 2.53 2.34 2.48
Ag-Ag 2.79 2.76 2.74
Agg Ag-Surf. 2.53 2.39 2.45
Ag-Ag 2.78 2.71 2.76

%is taken from reference [27]

describes the strength of metal-metal interaction. The nucle-
ation energy (Ep,) represents the binding energy of an Ag
atom to a bound Ag cluster. The first ionization potential (IP)
and HOMO - LUMO gap (HLG) are defined as follows:

IP = —E(HOMO) (3)

E(HLG) = E(HOMO) — E(LUMO). (4)

Where E(HOMO) and E(LUMO) are defined as the energies
of highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO). The IP’s were com-
puted using Koopmans’ theorem [59]. It is well known that the
kinetic stability of a system is governed by the HOMO-
LUMO gap. The larger the gap; the more stable the system.

Figure 3 shows the cohesive energies, nucleation
energies, first ionization potentials and HOMO-LUMO
gaps for the Ag, clusters adsorbed on the oxygen vacancy
MgO surface. Especially, the average energies for three
types of structure configurations separately for Ags, Agg,
Ag;, and Agg clusters have been reported since the three
types for each of these clusters present similar stability. All
energy curves in Fig. 3 present the characteristics of even-
odd oscillation which means that the magnitudes of energy
values for the even-numbered clusters are larger than those
for the adjacent clusters. For example, it can be seen that
the COH energy for Agg is larger than those by
4.4 kcal mol™ for the Ags and by 2.5 kcal mol™ for Ag.
Additionally, the even-numbered clusters have larger
HOMO-LUMO gaps than the odd-numbered neighbors.
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These results indicate that even-numbered adsorbed Ag,
clusters are relatively more stable than the neighboring odd-
numbered Ag, clusters. Especially, the nucleation energies
and the first ionization potentials present more obvious
characteristics of even-odd oscillations. For even-numbered
adsorbed Ag clusters, all the electrons in the clusters are
paired with closed shell electron states, and their HOMOs
are occupied by two electrons. However, the odd-numbered
adsorbed Ag, clusters have open-shell electronic configu-
rations, and their SOMOs are occupied by one electron. The
characteristics of even-odd oscillations result from the even-
odd oscillations related to the intrinsic electronic nature of
the layer opened/closed for clusters with odd and even n. In
other words, odd - even oscillation behaviors can be
understood by the effect of electron pairing in orbitals [60].

Nucleation and cluster growth of Ag, clusters

In order to address nucleation, growth and mobility
mechanism of the Ag, clusters adsorbed on MgO surface,
we have also analyzed the surface binding energy (SBD)
per atom for these stable structures as follows:

Espp(per atom) = %{E(M,,/MgO) — [E(MgO) + E(M,)]}.
(5)

The SBD energies represent the strength of the interac-
tion between the metal atoms and the MgO substrate.
Figure 4a, b show the SBD and COH energies per atom
with BSSE corrections for the Ag, clusters adsorbed on the
oxygen vacancy and perfect MgO surfaces, respectively.
Although the bindings of Ag atoms to the MgO surface
present much weak interaction, we can propose a physical
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Fig. 3 Calculated COH energies per atom, nucleation energies per
atom, HOMO-LUMO gaps and first ionization energies of Ag clusters
supported on the oxygen vacancy MgO surface
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Fig. 4 The SBD and COH energies per atom of Ag clusters on the
oxygen vacancy (a) and perfect (b) MgO surface

picture of nucleation and cluster growth process from the
calculated energy trends for Ag clusters on MgO surface. It
can be seen from Fig. 4 for both types of MgO surfaces that
the SBD energies per atom generally decrease from Ag; to
Agg. in contrast, the COH energies per atom increase with the
increase of Ag cluster sizes. For example, for the oxygen
vacancy MgO surface, the magnitudes of SBD energies per
atom decrease in the order of Ag, (41.4 kcal mol™") > Ag,
(24.0 kcal mol™") > Agy (19.0 kcal mol') > Ag,
(16.0 kecal mol™) > Ags (11.2 kcal mol™) > Ags =~ Ag;
(average 8.8 kcal mol™) > Agg(6.0 kcal mol™) (see Fig. 4a).
Oppositely, the magnitudes of COH energies per atom on the
oxygen vacancy MgO surface increase gradually in the order
of Ag, = Ag; (average 17.0 kcal mol™") < Ag, (21.7 keal
mol™) < Ags (22.6 kecal mol™) < Agg (27.0 kecal mol™") > Ag,
(24.5 kecal mol™) < Agg (27.8 kcal mol™) (see Fig. 4a).
Similar trends have been found for these clusters on the
perfect MgO surface (see Fig. 4b). Therefore, according to
these energy trends, the process of nucleation and growth of
Ag clusters on the MgO surface can be briefly described as

follows. The Ag atoms locate initially at the surface oxygen
vacancy sites and grow up gradually around the vacancy sites
due to the large magnitudes of the SBD energies on the
oxygen vacancy sites of MgO surface with respect to on the
perfect surface. Then, due to the chemical interactions
between the metal atoms, the COH energies per atom with
even-odd alterative behavior generally increase with the
increase of Ag cluster sizes on the oxygen vacancy MgO
surface. The large magnitudes of the COH energies for the big
clusters are dominant and driving forces for their growth on
the MgO surface. Furthermore, with the growth of Ag
clusters, the large Ag clusters move possibly out of the
vacancy sites thermodynamically, because the SBD energy
differences between Ag clusters adsorbed on the oxygen
vacancy sites and those on the oxygen centers of perfect MgO
surface decrease with the increase of the cluster sizes. For
example, as shown in Fig. 5, such SBD energy difference per
atom of 21.54 kcal mol' for Ag, atom decreases to
3.37 keal mol™ for Agg cluster. More details about the cluster
formation model can be found elsewhere [61, 62]. Moreover,
although the cohesive energies, nucleation energies, first
ionization potential and HOMO-LUMO gaps with cluster
size n show even-odd alterative behaviors on the MgO
surfaces, the variation tendency of the SBD energies still
decreases constantly, and the increased trend of the COH
energies of adsorbed Ag, clusters is also presented with
instant submerging of even-odd oscillation as the cluster sizes
increase. These results indicate that the even-odd oscillation
behavior of Ag clusters does not affect the cluster formation
process of Ag atoms on the MgO surface.

Rolling mobility mechanism of adsorbed Ag clusters

Expecting the mobility of the big adsorbed Ag clusters
from the vacancy sites, the structures and energies of Ag,
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Fig. 5 The differences of SBD energies per atom between oxygen
center and oxygen vacancy site of MgO surface for Ag clusters
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clusters for a rolling movement model have been investigated
thermodynamically. The Ag, (n=1-8) cluster structures
adsorbed at the middle of vacancy and perfect surface
regions have been optimized with the distances of Ag atoms
connecting to the surface atoms relaxed, and the Ag, cluster
shapes fixed relatively. The optimized structures and
geometric parameters of only one type of Agg clusters at
the perfect surface, the vacancy site and the middle of the
vacancy and terrace regions have been separately shown in
Fig. 6 and Table 1. As shown in Fig. 6, the Agl and Ag2
atoms originally localized at the bottom of the Agg cluster
around the vacancy region move to the top of the cluster at
the middle region; and at the same time, the corresponding
Ag5 and Ag8 atoms originally localized at the top of the
cluster on the vacancy region move to the bottom of the
cluster at the middle region. This structure of the Agg cluster
at the middle region presents the characteristics of the rolling
process. As expected, the energies of Ag, clusters at the
middle of vacancy and terrace regions are generally higher
than those on the perfect surface and vacancy region. In
particular, the average energy differences per atom at the
middle of the vacancy and terrace regions with respect to the
vacancy region are shown in Fig. 7 and present in the order
of 16.00 kcal mol™!, 11.96 kcal mol!, 8.44 kcal mol,
8.09 kcal mol”, 6.67 kcal mol”, 538 kcal mol” and
5.21 kcal mol™ for Ag,, Ags, Ags, Ags, Age, Ag; and Agg
with the rolling model, respectively. Such relative energy
values for these adsorbed Ag, clusters (shown in Fig. 7)
provide a possible estimation for the energies needed for the
clusters rolling out of the vacancy sites. The gradual
decrease of such energy differences with the increase of the
cluster sizes predicts the tendency of big Ag, clusters easily
moving out of the vacancy sites. Therefore, it is possible that
the big metal clusters move out of the vacancy region at a

Fig. 6 Optimized geometries a 3

of Agg : (a) on the oxygen

vacancy site, (b) on the middle
of vacancy and terrace regions
for rolling model and (c) on
the oxygen center. Selected
distances are given in A

gy

totid

Middle of the two regions

Ady
Agy

Relative E per atom/kcal/mol
FEE8

Surface positions

Fig. 7 Scheme of the relative energies of Ag clusters on the oxygen
vacancy site, the middle of vacancy and terrace regions and the terrace
region

certain temperature condition in experiments besides single
atom or some atoms detaching from the clusters. That is,
because the probability of the diffusive event is a function of
the external temperature, the diffusion of the clusters with
sufficiently low barrier can occur at a relatively low
temperature [63]. These results can be comparable to the
barrier range of 2~6 kcal mol™' which are needed for the
diffusion models of hopping, leapfrog, and walking for small
adsorbed Ag, clusters on the perfect MgO surface, which
was studied by Barcaro et al. [45]. It is clear that the barriers
from vacancy sites to a perfect surface are expected larger
than those for the cluster diffusion on a perfect surface.

b

/J.
254 250
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Conclusions

The study of nucleation and mobile model for small Ag, (n=
1-8) clusters on the perfect and oxygen vacancy MgO(100)
surfaces are performed based on the DFT/UB3LYP method
and embedded cluster model. As expected, the even-odd
oscillation behaviors of cohesive energies, nucleation ener-
gies, first ionization potentials, and HOMO-LUMO gaps
have been found for the adsorbed Ag, clusters with cluster
size variation. The cluster formation process of adsorbed Ag,
clusters with the even-odd oscillation character and weak
interface interaction for Ag, clusters on MgO surface has
been predicted. Namely, the Ag atoms locate initially at the
surface oxygen vacancy sites. With the growth of Ag cluster
sizes, the large Ag clusters move possibly out of the vacancy
sites and diffuse on the MgO surface by the rolling model
under a certain temperature condition. Otherwise, the
reasonable and relative energy of average 6.28 kcal mol™
per atom between the vacancy and the middle of vacancy
and terrace regions for adsorbed Ag,, (n>4) clusters presents
the possibility of moving out of the oxygen vacancy region
with the rolling model. Such favorable small energies for
moving out of vacancy region for Ag, clusters on MgO
surface result from the weak adsorbates-substrate interface
and great adsorbate-adsorbate interaction. These results
provide an insight into understanding the nucleation and
growth processes of metal clusters on the MgO surface.
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