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We performed density-functional-theoretical calculations to investigate the adsorption of two stable nano-
clusters corresponding to (TiO2)y with N = 3 and 5 supported on three different type of substrates: graphene,
silver and gold. For each of these surfaces we consider three textures: pristine, with a single vacancy and with a
Co atom as impurity. In the case of the defects (vacancy or impurity) they act as possible anchors for the
adsorption of the cluster. The proposed particles present flat configurations in their respective free standing
putative ground states, so they can accommodate themselves as parallel, perpendicular or inclined with respect
to the surface producing different isomers: only the four lowest energy isomers for each particle (N = 3 or 5),
each surface and each texture are reported and analyzed. Density Functional Theory calculations by means of the
SIESTA package are done in a thorough way covering a large number of the possible configurations. Reported
parameters are: adsorption energy, assisted binding energy (binding energy in the presence of the substrate), and
the main different interatomic distances presented in the adsorption. A comparison with some previous theo-

retical results on related systems is done. Possible extensions of this work are commented.

1. Introduction

Recent literature offers a large number of studies of free standing
atomic clusters [1-6] which mostly allows for comparisons with their
experimental counterparts only in the case of the gas phase, namely, in
studies of their formations or fragmentation channels [7-11]. However,
any possible technological application of atomic clusters requires that
they are supported or embedded onto a matrix as is observed in many of
the real experimental set ups [12]. Studies for supported or/and
embedded clusters are much less common in the literature, although the
real situation implies the presence of a substrate or a matrix. This is due
to the large computational effort required to perform the calculations
where substrate and/or matrix are present. Two-dimensional substrates
like the graphene-like systems are more frequent in the literature
[13-16] because of the simplicity to represent them due to the absence
of volume. Moreover, new physical phenomena arise as a result of the
low dimensionality which makes them a subject worth of numerical
studies under limited conditions. We consider depositions on a finite
portion of the substrate (with a large enough super-cell) leaving out of

consideration depositions on semi-infinite systems which are more
demanding of computing time for a correct representation. In addition,
periodic boundary conditions are imposed in the usual way.

The interest for embedded atomic clusters is of long date [17],
specially due to their promissory technological applications. Conse-
quently they have been widely studied by computational approaches
[18]. A particular interest has been focused on magnetic clusters
because their properties are very sensitive to the structural and chemical
environments [19]. Thus, Co embedded in a matrix [20], Fe embedded
in a Fe-Co alloy [21] or Ni embedded in Ag [12] are some relevant
examples.

Part of the present study deals with graphene-(TiO3) where a number
of experiments have been performed. Two recent review articles can
serve as a general introduction to this problem [22,23]. There have also
been several Density Functional Theory (DFT) calculations of studies of
graphene-(TiOy)y materials. All of them focus on smaller (TiO3)y clus-
ters (to mimic TiO; particles), in general less than few atoms in size [24,
25]. Pure graphene, as well as graphene with impurities and defects
have been included in these small cluster simulations. Binding energies
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of the (TiO3)y clusters to graphene and their electronic configurations
and geometrical properties (bonds) have typically been calculated in
these studies. Less common are the studies of surface metal-(TiO5) since
in general the studied system have been just the opposite: a TiO3 sub-
strate with deposited nobel metal particles [26,27]. In this work we are
mainly concerned with TiO; clusters on nobel metals. So far, we are not
aware of similar theoretical studies.

Motivated by recent advances on depositions of TiO2 clusters on
oxides [28], conductive surfaces [29], graphene [24,25,30], silver [31]
and gold [32-34] the present work is focused to the adsorption of
(TiO2)y nano-clusters on non-metallic and metallic substrates. Here N
takes the values 3 and 5, which we will use to identify the clusters: N =
3 for (TiO3)3 and N = 5 for (TiO3)s.

For the non-metallic substrate we consider graphene, while two
(111) surfaces are metallic substrates: Ag and Au, offering similar
compact deposition surfaces. In addition, each one of them will be
studied under three different conditions: pristine, single vacancy and
with an atomic magnetic substitutional impurity. We have considered
Co as the impurity to investigate the role played by the magnetic effects
in the adsorption of the clusters.

This paper is organized as follows: after this introduction we provide
details of the model and the computational procedure in Section II. Next,
in Section III, we present results on the stable structures, their binding
energies, adsorption energies, interatomic distances and distribution of
the different pairs of the systems. Finally, in Section IV we draw con-
clusions and close the paper.

2. Theoretical approach and computational details

We have used the free distribution computational package SIESTA
(Spanish Initiative for Electronic Simulations with Thousands of Atoms)
[35] to carry out Density Functional Theory (DFT) calculations
following the generalized gradient approximation (GGA) proposed by
Perdew-Burke-Ernzerhof (PBE) [36]. SIESTA makes use of numerical
pseudo-atomic orbitals as basis sets to solve the single particle
Kohn-Sham equations. In this way the atomic cores are approximately
described by nonlocal norm-conserving Troullier-Martins pseudopo-
tentials [37] factorized in the Kleinman-Bylander form [38]. The
pseudo-potentials for Ti, O, Co, Ag and Au were obtained by considering
the following valence configurations 4s23p°®3d?, 2s%2p*, 4s'3d®, 5s'4d'°,
and 6s'5d'°, respectively. The s, p and d cut-off radii for Ti were
considered to be all equal to 1.98 a. u., the s and p radii for O are set at
1.14 a. u,, the s, and d radii for Co are 2.0 a. u., the s, and d for Ag are
2.05 a. u., and the s, and d for Au been 2.46 a. u and 2.20 a. u.,
respectively. A double-{ doubly polarized basis sets were employed to
describe the valence states. Further details about the pseudopotentials
and basis sets used for the impurities, as well as about the pertinent tests,
can be found in our previous works [39-41].

All these cluster calculations were performed using periodic
boundary conditions with lattice vectors large enough so the in-
teractions between the adsorbed cluster and its replicas in neighboring
cells are negligible. Thus, the shortest distances among the different
images are approximately 10 A; such distance between images origi-
nates deviations of less than 0.1% in the total energy per cluster of two
free standing clusters in the gas phase. In the case of graphene a single
sheet with 112 C atoms is used as substrate for the calculations with
orthogonal lattice vectors (17.40 A x 17.60 A x 20.00 10\), where as in
the case of the Ag and Au surface four layers of 30 atoms each are
considered; the lower two layers are fixed to the bulk values while the
upper two laters are free to relax along with the calculations. The
orthogonal lattice vectors for Ag and Au are (17.15 Ax 15.45 A x
25.00 A) and (14.40 A x 15.18 A x 25.00 A), respectively. Only the
I'-point was used for the Brillouin zone integration. We used energy
cutoff of 250 R y to define the real-space grid for the electron density. We
have performed several proofs to confirm the independence of the total
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energy values obtained in our calculations for different lattice vector
sizes and energy cutoffs. For the geometric optimization of the atomic
structures, we employed the conjugate gradient method [42] as imple-
mented in SIESTA until the interatomic forces were less than 0.006
eV/A. We performed full spin polarization calculations and full relaxa-
tion without any constrain in the optimization.

The main goal of these calculations is to minimize the assistance
binding energy of the adsorbed cluster Ej}, and the adsorption energy
Epgs. of the supported cluster defined as follows:

Eg[(Ti0y),] =
' Brow[(TiO2) + subs.] — NEqon (Ti) — 2NEyom(0) — E(subs.)

AN . @

EAds,[(TiOZ)N] = - [ETola] [(TIOZ)N + subs.] - [ETolnl[(TiOZ)N] + E(SUbS)”

(2)

where “subs.” means substrate, which can be any of the possible surfaces
resulting from the three materials (graphene, Ag (111) or Au (111)) and
the three textures for each material (pristine, vacancy or impurity). We
leave out pristine graphene since it has been broadly covered in previous
studies as mentioned in the Introduction. So we will work on eight
different surfaces in the present work.

It is worth to quote that the assistance binding energy (Ej) gives us
information about the energetic cost to form the complete system or
separate it into its atomic parts in presence of the surface. It is important
to highlight that this energy is different from the binding energy (Eg) of
free standing clusters (in our case 6.208 eV/atom for (TiO2)3 and 6.464
eV/atom for (TiO3)s). In general, the surface plays a stabilizer role since
the former (Ej) is 2%-6% more stable (depending of the size and type of
substrate as shown in Tables 1-3) than the corresponding free standing
binding energy (Eg) of the cluster. In the case of the adsorption energy,
this indicates how much energy we have to pay to separate the system
into its constituent parts, i.e. cluster and surface.

Previous to the deposited structures we performed our own free
standing calculations for (TiOg)y clusters (N =3 and 5). The corre-
sponding ground states are planar (2-dimensional) structures for both
cases, in agreement with those reported by Juarez Da Silva and co-
workers [43]. The main advantage of picking these clusters is precisely
their planar shapes, which reduces the possible number of configura-
tions adopted by the adsorbed clusters. This feature will also allow for
discussions concerning the orientation of the particle with respect to the
surface (parallel, perpendicular, or inclined).

3. Results

We present results for two clusters: (TiOs)y identified as N = 3 and
N = 5 deposited onto the eight possible surfaces characterized above. Co
atom is used as the magnetic impurity. Results begin with structural
parameters after relaxation, separating materials in subsections, and
they are followed by a density of states analysis.

3.1. Energies and geometrical parameters

3.1.1. Graphene substrate

Results for N =3 and N =5 on a graphene sheet with a single va-
cancy are shown in Fig. 1. For N = 3 the bonding cases present two
almost degenerate solutions, while for N = 5 these solutions are slightly
different. For N = 3 the most stable configuration is through bonding
over O—C atoms with an interatomic distance of 1.38 A, adsorption en-
ergy of 2.280 eV and binding energy of 6.462 eV/atom as shown in
Fig. 1a). This is followed very closely by a configuration where the
binding is through Ti-C atoms, with an interatomic distance of 2.18 A,
2.279 eV of adsorption energy and with binding energy of 6.461 eV/
atom as shown in Fig. 1b) The isomer presented in Fig. 1c) is very similar
to the case presented in Fig. 1b) with slightly different orientation and
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N=3
(a) 2.280 eV

N=5
(d)2.512eV (e) 1.899eV (f) 1.799 eV (g) 1.247 eV

(b)2.279 eV (c) =2.185 eV
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Fig. 1. Low-energy isomers adsorbed on graphene with a
single site vacancy. Upper panel is for (TiO)3; while the lower
panel is for (TiOs)s. Three different views are offered for each
isomer: substrate with a hole (bottom), lateral view of the
deposition to appreciate bonding and inclination (middle),
and top view of the deposition to appreciate orientation with
respect to the geometry of the surface. The numerical value
given for each isomer corresponds to its adsorption energy as
defined in the text. This way of illustrating the depositions
applies also to Fig. 2 through 8.

with the same interatomic distances. The interatomic distances obtained
for O-C and Ti-C and adsorption energies reported here are in agree-
ment with those reported by Geng, and Bukowski and coworkers [24,
25].

In the case of N =5 the most stable chemi-adsorbed isomer is also
through O-C atoms with an interatomic distance of 1.38 A and 2.512 eV
of adsorption energy and with binding energy of 6.631 eV/atom as
shown if Fig. 1d). The next solutions in energy are bonding through Ti-C
atoms with interatomic distances 2.17, 2.16 and 2.29 A with adsorption
energies 1.898, 1.799 and 1.247 eV and with binding energies 6.591,
6.584 and 6.547 eV/atoms presented in Fig. 1e) and f) and g) respec-
tively. Comparison with theoretical calculations by Bukowski [25] is not
fair here since the (TiO,)s cluster used in their calculations is not the
ground state [43], although the adsorption energy values are similar to

ours. It is worth complementing previous information reporting that for
both N =3 and N =5 there is a physically adsorbed solution through
O-C bonding with a large interatomic distance of ~ 3.2 A and adsorption
energies of ~ 0.40 eV.

The role of the substrate in the stabilization of the adsorbed clusters
can be seen through the comparison with the binding energies for the
free standing clusters N=3 and N=5 (6.206 and 6.464 eV/atom
respectively), which are slightly smaller (~ 3.5%) than the vales re-
ported values in presence of the graphene surface.

It is also interesting to notice that non-magnetic solutions are present
for the lowest energies adsorbed clusters in general although graphene
with a single vacancy has a magnetic character (with a magnetic
moment of 1.42 y), and that the magnetic solutions are present only for
isomers far away in energy for both N = 3 and 5; these results are not
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shown in Fig. 1 due to the large energy separation.

Results for a graphene sheet with a single Co impurity are shown in
Fig. 2 for both N = 3 and N = 5. As in the case of the single vacancy the
substitutional Co atom acts as anchor center for the (TiO3)y clusters. The
interatomic distances are given in Table 1 for the lower energy isomers;
the number of times that the first nearest-neighbor pairs of the A-B type
appears (multiplicity) in the system are given in parenthesis (A-B).

The binding energy for N = 3 is practically the same for the cases
presented in Fig. 2a), b), c), and d) ranging from 6.398 to 6.353 eV/
atom, whereas the adsorption energies show more significant changes as
given in Fig. 2 itself.

In the case of N = 5 anchored by a Co impurity the binding energies
remain close to 6.569 eV/atom only decreasing less than 0.3% in the
case of the third isomer. The adsorption energies present a larger
dispersion than in the case of N = 3 changing ~ 20 % between the most
stable (putative ground state 2(e)) and the fourth isomer (2(h)). The
average energy difference due to the cluster size is =~ 0.19 eV/atoms as
shown in Table 1.

In the Co-impurity cases all solutions exhibit a localized magnetic
behavior ( = 1.0yz) mainly due to the Co-atom. In general all adsorp-
tion energies in the case of this impurity were lower (in some cases up to
~ 30%) than those corresponding to a vacancy with the same configu-
ration. Our results indicate that the vacancy is a better anchor center

Fig. 2. Low-energy isomers adsorbed on graphene with a single Co atom as
substitutional impurity. Upper panel is for (TiO,)3; while the lower panel is for
(TiO2)s. The organization of the illustrations was explained in the caption
of Fig. 1.
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Table 1

Average interatomic distances for graphene with a Co impurity for N = 3 and 5,
respectively. The multiplicity (number of times a bond appears in the structure)
is given in parenthesis).

(TiO2)3 Co impurity

Fig. Isomer (Ej eV/atom) 0-Co A Ti-Co A
2a) Ground state (6.398) 1.84 (1)

2b) First isomer (6.388) 2.86 (3)
2¢) Second isomer (6.355) 191 (1)

2d) Third isomer (6.353) 1.91 (1)

(TiO2)s . .
Fig. Isomer (Ej eV/atom) 0-Co A Ti-Co A
2e) Ground state (6.569) 1.84 (1)

2f) First isomer (6.562) 2.12(2) 2.92 (2)
2g) Second isomer (6.555) 2.11 (1)

2h) Third isomer (6.552) 1.94 (1) 2.80 (1)

(lower energies) than the metal impurity and that magnetism does not
seem to play a relevant role in the electronic properties in the case of
graphene systems.

Just to have a complementary viewpoint we also did calculations
including van der Waals (VAW) interactions employing the correction
DFT-D [44] as implemented in Quantum Espresso distribution [45]. As
expected, we have found larger adsorption energies as compared to
those without VdW. For example, in the case N = 5 the adsorption en-
ergy increases from 2.51 eV up to 3.42 eV when the cluster is adsorbed
on a vacancy. If the same cluster is adsorbed over a Co impurity, the
adsorption energy goes from 1.57 eV up to 2.78 eV. These results reflect
the added interaction between dangling bonds of the graphene surface
and the oxygen orbitals of the cluster. Except for some minor modula-
tions we do not expect important changes in the relative energies among
different isomers with the inclusion of VAW interactions. Clearly, such
interactions are not relevant for metallic substrates.

3.1.2. Silver substrate

Results for the adsorption of (TiO2)y (N = 3, 5) for the pristine Ag
substrate, with a single vacancy and with a Co impurity are shown in
Figs. 3-5, respectively. The putative ground state and the first next
lowest binding energy isomers are presented showing their corre-
sponding adsorption energies. Table 2 summarizes other results for all
Ag substrates and particles organized in the following columns: refer-
ence to illustrative figure; isomer and binding energy, oxygen-substrate
distance, other interatomic distances, and in parenthesis the multiplicity
(number of times that a given bond appears in the system).

For depositions of (TiO3)3 over the pristine Ag substrate the lowest
energy configuration is obtained when the cluster is almost orthogonal
to the surface as in Fig. 3a) (Let us recall that these clusters are planar).
The corresponding binding energy is 6.560 eV/atom while the adsorp-
tion energy is 3.171 eV; the bonding is through O-Ag pairs. As soon as
the cluster adopts a configuration relatively parallel to the surface
(Fig. 3b),c), and d)) the adsorption energy decreases, showing a small
dependence with the orientation of the clusters. Worth noticing the
binding energy is practically the same for all the planar configurations as
is given in the second column of Table 2. Moreover, the average inter-
atomic O-Ag distances (= 2.39 A) and Ti-Ag (~ 3.08 /O\) present very
similar values for the four isomers displayed in Fig. 3.

For deposition of (TiOy)s over the pristine Ag substrate all the con-
figurations present the plane of particle parallel to the surface as
depicted in Fig. IIl e), f), g) and h). The binding energy is practically the
same for all of them and with values for the adsorption energy that are
nearly independent of the cluster direction (with deviations smaller than
6% from the average value). These binding (adsorption) energies are in
general slightly larger (smaller) that the corresponding ones for N = 3.
The general dominant bonding is through O-Ag pairs followed by Ti-Ag
pairs; these distances are slightly larger than the corresponding ones for
N =3.
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Fig. 3. Low-energy isomers adsorbed on pristine silver (111) surface. Upper
panel is for (TiO3)3 while the lower panel is for (TiO5)s. The organization of the
illustrations was explained in the caption of Fig. 1.

For the Ag substrate with a vacancy the lowest energy configuration
for N = 3 is similar to the one presented in the pristine case, namely, the
adsorbed cluster is almost orthogonal to the surface directly over the
vacancy as shown in Fig. 4a). Main results are summarized in Table 2.
The binding energy is 6.551 eV/atom and the adsorption energy 3.269
eV. The bonding is through two O-Ag pairs with interatomic distances
slightly smaller (2.37 A) than the ones obtained for the pristine surface.
The next three isomers adopt a configuration almost parallel to the Ag
surface as shown in Fig. 4b), ¢), and d), as the adsorption energy de-
creases over 0.25 eV; orientation changes are observed in this series. The
binding energies show very little dispersion (differences are within 0.1
eV/atom) as it can be appreciated from Table 2. As in the pristine case
both O-Ag and Ti-Ag pairs are separated with very similar distances in
all the cases and shorter interatomic distances as compared to the
pristine case, as it can be expected.

Similarly to what was found for the pristine surface for N = 5 the
main four configurations are parallel to the surface (see Fig. 4e) and f),
g) and h)) with practically the same binding energy for all clusters,
almost independent of their directions. Adsorption energies present
stronger direction dependence than the in the pristine case with de-
viations as large as 8%. The binding and adsorption energies are in
general slightly larger that the ones for N = 3 for the putative ground
state and the first two isomers. The dominant bonding pairs are O-Ag in

Fig. 4. Low-energy isomers adsorbed on silver (111) surface with a single site
vacancy. Upper panel is for (TiOz); while the lower panel is for (TiO2)s. The
organization of the illustrations was explained in the caption of Fig. 1.

general followed by Ti-Ag, whereas the former resembles very much the
corresponding case for N = 3 while the latter comes out only slightly
larger than for N = 3.

We report now results for depositions over Ag substrate mediated by
Co impurity atoms. The main energy configurations for N = 3 are pre-
sented in Fig. 5a) and b), c) and d), with a summary of properties given
in Table 2. The two lowest energy configurations are those with the
central O of the cluster over the Co impurity; they are practically
degenerate showing a binding energy difference of only 0.01 eV/atom.
The adsorption can be established by means of all possible pairs, namely;
in the case of adsorption energy the difference between the putative
ground and the first isomer is less than 0.1 eV. For these clusters all
possible atomic pairs are relevant, namely O-Ag, Ti-Ag, O-Co and
Ti-Co, as it is shown in Table 2. The shortest average interatomic dis-
tance is for O-Co pairs nearly at 2.0 A, followed by O-Ag pairs at ~ 2.4
A; distances for Ti-Co and Ti-Ag pairs reach even larger values: 2.75 A,
and 2.96 A, respectively.

The configurations for N = 5 are presented in Fig. 5e) and f), g) and
h), with the corresponding properties listed in the lower part of Table 2.
All these configurations are parallel to the surface with practically the
same binding energy (differences are in the range of 0.025 eV/atom) and
with some dependence of the adsorption energy with both the cluster
orientation over the surface and the relative position of the Co-impurity
with respect to the adsorbed cluster, showing differences in the range of
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(a) 3.499 eV

=3

Fig. 5. Low-energy isomers adsorbed on silver (111) surface with a single Co
atom as substitutional impurity. Upper panel is for (TiO3); while the lower
panel is for (TiO,)s. The organization of the illustrations was explained in the
caption of Fig. 1.

0.37 eV. The lowest energy configuration is nearly symmetric for a
mirror going over the Co, Ti and two O atoms. All type of pairs are
present in the adsorbed configurations with values very similar to the
ones for the N = 3 case. The binding (adsorption) energies are in general
slightly larger (smaller) that the corresponding ones for N = 3.

For the case of the silver surface the largest adsorption energies are
generally presented by the impurity case followed by the vacancy (hole
case) and finally the pristine case as it can be expected. The energy
values are practically the same for the pristine and the impurity case
(differences are within 0.05 eV/atoms) independent of the cluster size.

It is worth to consider that the importance of Ag-O pairs has recently
been studied in SiO5 substrates with Ag nanoparticles, finding that these
pairs (Ag-O) play a fundamental role in the oxidation of CO molecules
[27]. Our study shows that Ag-O pairs also play an important role in the
adsorption of the TiO; cluster on Ag (111) substrates.

3.1.3. Gold substrate

The presentation of results for deposition of (TiO2)y clusters over the
(111) surface of gold mirrors the just presented one for Ag as it can be
appreciated in Figs. 6-8, and Table 3.

The lowest binding energy configurations for N = 3 over a pristine
(111) Au substrate are presented in Fig. 6a) and b), c¢) and d), while the
main properties are summarized in the upper part of Table 3. The lowest

Journal of Physics and Chemistry of Solids 150 (2021) 109716

Table 2

Main results for (TiO,)y depositions over Ag (111), separated according to the
three possible textures. First column identifies the isomer relating it to the
corresponding figure; Second column labels the isomer and gives the binding
energy in eV; Third through sixth columns give interatomic distances in the
following order: O-Ag, Ti-Ag, O—Co and Ti-Co; multiplicities of each bond are
given in parenthesis.

(TiO2)3 Pristine
Fig. Isomer (Ej eV/atom)  O-Ag A Ti-Ag A
3a) Ground state (6.560)  2.44 (2)
3b) First isomer (6.499) 2.38 (3) 3.02(2)
3¢) Second isomer 2.31 (1) 3.00(2)
(6.486)
3d) Third isomer (6.467) 2.42 (3) 3.21(3)
(TiO2)s . .
Fig. Isomer (E; eV/atom)  O-AgA Ti-Ag A
3e) Ground state (6.626)  2.40 (4) 3.12(3)
3f) First isomer (6.623) 2.40 (3) 3.14(3)
3g) Second isomer 2.44 (3) 2.97 (1)
(6.622)
3h) Third isomer (6.616)  2.39 (3) 3.08(2)
(TiO2)3 Vacancy
Fig. Isomer (Ej eV/atom) O-Ag A Ti-Ag A
4a) Ground state (6.551) 2.37 (2)
4b) First isomer (6.542) 2.31(2) 3.00(2)
4c) Second isomer 2.48 (4) 2.91(2)
(6.534)
4d) Third isomer (6.439)  2.39 (2) 3.12(3)
(TiO2)s . A
Fig. Isomer (Ej eV/atom)  O-Ag A Ti-Ag A
4e) Ground state (6.646) 2.38 (4) 3.03(3)
4f) First isomer (6.641) 2.44 (3) 3.12(5)
4g) Second isomer 2.37 (4) 3.02(2)
(6.635)
4h) Third isomer (6.632)  2.40 (4) 3.23(3)
(TiO)3 Co
impurity
Fig. Isomer (Ej eV/atom)  O-Ag A Ti-Ag A O0CoA Ti-CoA
5a) Ground state (6.597) 2.33(2) 2.79 (1) 2.01 2.59(1)
(€8]
5b) First isomer (6.586) 2.47 (2) 293(2) 197 2.74 (1)
@D
5¢) Second isomer 2.40 (2) 3.10(4) 1.90 2.96 (2)
(6.560) )
5d) Third isomer (6.468)  2.40 (4) 3.004) 211 2.67 (3)
(2)
(TiOZ)S o o o °
Fig. Isomer (Ej eV/atom) O-Ag A Ti-Ag A 0-Co A Ti-Co A
5e) Ground state (6.687) 2.40 (2) 3.08 (4) 2.00 2.65(2)
@D
5f) First isomer (6.674) 2.35(3) 3.03(4) 197
@
58) Second isomer 2.44 (3) 3.11 (6) 2.15
(6.662) 2)
5h) Third isomer (6.662)  2.46 (2) 3.07(6) 1.95 2.81(1)
@D

energy configuration has the cluster in a position almost orthogonal to
the surface (similarly to what was already reported for the pristine Ag
surface), with a binding energy of 6.424 eV/atom; the adsorption energy
is 1.949 eV as reported in Fig. 6a). Next adsorbed isomers adopt a
configuration parallel to the surface, with adsorption energies
decreasing for the next isomers, which at the same time change their
relative orientation. The binding energies of the leading two isomers are
very similar as presented in Table 3. The bonding is mainly through
O-Au pairs presenting average distances O-Au of ~ 2.51 A, while the
binding through Ti-Au pairs are present only in the parallel configura-
tions all of them with average distance of ~ 2.90 A.

Similar depositions for N = 5 present low energy configurations fa-
voring orientations parallel to the surface as illustrated in Fig. 6e) and f),
g), and h) with additional information reported in Table 3. Binding
energy presents very little dispersion (in average ~ 6.536 eV/atom),
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Fig. 6. Low-energy isomers adsorbed on pristine gold (111) surface. Upper
panel is for (TiO3)3 while the lower panel is for (TiO5)s. The organization of the
illustrations was explained in the caption of Fig. 1. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

while adsorption energies vary in about 12% according to the preferred
orientation. Binding (adsorption) energies are in general larger (smaller)
than the corresponding ones for N = 3. The dominant bonding pairs are
Ti-Au, followed by the O-Au. The Ti-Au (O-Au) distances are slightly
larger (smaller) than those for the case N = 3,

If we compare the depositions for (TiO2)y (N = 3 and 5) over Au
(111) with those on Ag (111), we find that binding energies are lower for
gold than for silver substrates, adsorption energies are notoriously lower
for Au than for Ag, noble metal-oxygen distances are larger for Au than
for Ag, and noble metal-Ti distances tend to be smaller for Au than for Ag
but with a mixed behavior.

The lower energy configurations for depositions of (TiO3)3 on a Au
(111) substrate with a vacancy are given in Fig, 7 a), b), ¢), and d)
complemented by data in Table 3. In deep contrast to what was found for
the Ag substrate the lowest energy isomer presents a deposition parallel
to the surface with a binding energy of 6.469 eV/atom and an adsorption
energy of 2.346 eV. It is only for third isomer over this configuration
(with a difference of 32 meV/atom with respect to previous one) that we
find the perpendicular deposition that was the putative ground state for
the vacant Ag site. The difference in deposition energy between the
ground state (Fig. 7a) and the perpendicular deposition is of 286 meV.
The leading three isomers are basically parallel to the surface modulated

(a) 2.346 eV (b) 2.235eV (c) 2.148 eV

a N

b E 3 N a AN§ [ = S,
= }:“,E:LZ ==V ==n ;) B ==\ r:;C‘:‘\ :—.:1—/“ {‘LE
FE=3=t F=3=31 Sf=3—= = Si=u=%

Fig. 7. Low-energy isomers adsorbed on gold (111) surface with a single site
vacancy. Upper panel is for (TiO2); while the lower panel is for (TiO2)s. The
organization of the illustrations was explained in the caption of Fig. 1. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

by slightly different orientations. The main bonding is through two
O-Au pairs with interatomic distances smaller than those corresponding
to the pristine surface (2.34 Afor the ground state). Generally speaking
these O-Au and Ti-Au distances are shorter than the interatomic dis-
tances for the pristine case as it can be expected.

The most important configurations for N=5 are presented in
Fig. 7e) and f), g), h) with additional information in Table 3. The
preferred orientation is parallel to the surface and the binding energies
are slightly larger (~ 6.56 eV/atom) than for the pristine case with very
small dispersion. The deposition energies show a slightly larger direc-
tion dependence than in the pristine case with deviations as large as the
15%. The dominant bonding pairs are for Ti-Au followed by O-Au pairs
being the former generally larger than those for N = 3 and the latter only
slightly larger than those.

The low-energy configurations for N = 3 in the case of Au substrate
with an Co impurity are shown in Fig. 8a), b), ¢), and d), while com-
plementary numerical data are listed in Table 3. The first two isomers
differ only in 0.01 eV/atom in binding energy, they are parallel to the
surface with the central O atom just over the Co impurity. Adsorption
energies are only ~ 0.1 eV appart. Next two isomers present less
parallelism to the surface with adsorption energies decreasing (see c)
and d)). For the putative ground state almost all the different types of
pairs are present (O-Au, Ti-Au, O-Co and Ti—Co) as is shown in Table 3;
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Fig. 8. Low-energy isomers adsorbed on gold (111) surface with a single Co
atom as substitutional impurity. Upper panel is for (TiO5); while the lower
panel is for (TiO,)s. The organization of the illustrations was explained in the
caption of Fig. 1. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

the same Table also reports the distances for the main pairs of the other
isomers. Generally speaking, O—Co pairs present the shortest distances
(~ 2.0 A), followed by O-Au pairs, then by Ti-Au pairs, ending with
Ti~Co pairs (3.06 A) which has the particular feature of being present in
the putative ground state only.

Fig. 8e), f), g), and h) and lower part of Table 3 summarize the
properties of the four lowest energy isomers for N = 5 deposited over a
Au substrate with a Co impurity. All these configurations are parallel to
the surface with practically the same binding energy (~ 6.58 eV/atom).
Adsorption energy present less dispersion than in other previous cases in
spite of clear different orientations and on the relative position of the Co-
impurity with respect to the adsorbed cluster (differences are in the
range of 40 meV). The lowest energy configuration is non-symmetric
with respect to the Co impurity position. Actually, the configuration
with the Co impurity at the symmetry center is way out of the binding
energy range of these 4 isomers (= 6.541 eV/atom) and adsorption
energy also quite different (1.181 eV). O—Co are the main bonding pairs
with interatomic distances of about 2 A. On the other extreme Ti-Co
pairs are not present in the low-energy adsorbed isomers for this
substrate.

Just quickly reviewing results for the metallic substrates we can
generally say that the larger binding energies occur for the Co impurity
case, followed by the vacancy on the surface, leaving the pristine case as
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Table 3

Main results for (TiO,)y depositions over Au (111), separated according to the
three possible textures. First column identifies the isomer relating it to the
corresponding figure; Second column labels the isomer and gives the binding
energy in eV; Third through sixth columns give interatomic distances in the
following order: O-Au, Ti-Au, O-Co and Ti-Co; multiplicities of each bond are
given in parenthesis.

(TiO2)3 Pristine
Fig. Isomer (Ej eV/atom) 0-Au A Ti-Au A
6a) Ground state (6.424)  2.61 (2)
6 b) First isomer (6.406) 2.45 (2) 2.97 (3)
6c) Second isomer 2.46 (3) 2.71 (1)
(6.404)
6d) Third isomer (6.313)  2.51 (1) 3.03(3)
(TiO2)s . .
Fig. Isomer (E; eV/atom)  O-Au A Ti-Au A
6e) Ground state (6.541)  2.47 (2) 3.02(3)
6f) First isomer (6.537) 2.56 (1) 2.89(2)
68) Second isomer 2.46 (1) 3.07 (3)
(6.536)
6h) Third isomer (6.533)  2.41 (1) 2.90 (2)
(TiO2)3 Vacancy
Fig. Isomer (E eV/atom) O-Au A Ti-Au A
7a) Ground state (6.469) 2.34 (2) 2.64 (1)
7 b) First isomer (6.456) 2.35(2) 2.92(3)
7¢) Second isomer 2.21 (1) 2.89(3)
(6.446)
7d) Third isomer (6.437)  2.50 (2)
(TiO2)s ) .
Fig. Isomer (Ej eV/atom) O-Au A Ti-Au A
7€) Ground state (6.567) 2.45 (2) 3.03 (4)
7f) First isomer (6.559) 2.46 (4) 2.95 (3)
78) Second isomer 2.45(3) 2.89(2)
(6.556)
7h) Third isomer (6.553) 2.94 (3)
(TiO2)3 Co
impurity
Fig. Isomer (Ej eV/atom) O0-Au A Ti-Au A 0-Co A Ti-Co A
8a) Ground state (6.486) 2.42 (2) 2.66 (1) 2.07 3.06 (1)
(€]
8b) First isomer (6.476) 2.30 (1) 293(3) 1.95
@
8c) Second isomer 2.83(2) 207
(6.467) 1)
8d) Third isomer (6.449) 3.00(4) 1.90
@
(TiOZ)S o o o o
Fig. Isomer (E; eV/atom)  O-Au A Ti-AuA  O-CoA  Ti-CoA
8e) Ground state (6.582) 2.97 (4) 1.98
@™
8f) First isomer (6.581) 2.39 (1) 297 (3) 2.05
@
8g) Second isomer 2.45 (2) 2.91(3) 2.04
(6.580) (€D
8h) Third isomer (6.579)  2.44 (3) 3.01(4) 201
@

the surface with the less bound deposited particles.

It is worth commenting that atomic experimental embodiments in
the case of TiOy clusters on Au (111) have been reported [32,33].
Although the supported clusters are very large for a direct comparison
with our calculations, it is important to notice that the experiments
report deformations (tensile-strained) in the TiO2 nano-crystals [32];
this is in line with our results where slight local distortions (deviations of
+ ~ 2% ) in the Ti-Ti bonds of the nano-cumulers are observed with
respect to the free standing nanoclusters, thus abandoning the flat shape
of these free standing nano-clusters. It has also been reported experi-
mentally that the Au-O bonds of stoichiometric TiOy (deposited on the
substrate) are essential for the creation of active sites for dissociating Hy
[46]; this effect has also been observed for ethanol, Co and O5[47,48]
Our calculation show that the leading bond in the adsorption of TiO,--
nanoclusters are precisely the Au-O bonds as show in Table 3. This is
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also observed in our results for the Ag (111) substrate as shown in
Table 2.

3.2. Electronic density of sates

Now we will present the results of the Density of States (DOS), and in
order not to make the discussion very repetitive we will only present the
results of the case (TiOy)s over some of the substrates here considered,
althoug we have all the cases.

The corresponding DOS functions for the different species of (TiO2)s
deposited over graphene with a vacancy are presented in Fig. 9. Total
DOS is represented by widest line in every panel. The upper and central
panels show the corresponding isolated systems (without interaction):
cluster and substrate respectively. It is possible to appreciate the
asymmetry between up and down bands evidencing the magnetic
behavior due to the C dangling bonds. In the case of the supported
system (lower panel) we can see a shift in energy levels towards less
negative values and more mixing with respect to the free standing
cluster of the Ti and O orbitals as a consequence of the substrate and
cluster interaction. The bands associated with graphene are consider-
ably wider than the energetic spectrum of the titanium dioxide cluster.
The graphene substrate loses the magnetic character as a consequence of
the adsorbed cluster, as it can be observed in the symmetric behavior of
the up and down bands in the lower panel. The (TiO3)s cluster on this
substrate shows a well defined insulator-like behavior with a gap similar
to the free standing case. The entire system [(TiO2)s + graphen] shows
an evidencing a narrow gap semiconductor or even a semi-metal mainly
due to the C-atoms.

The corresponding Density of States (DOS) functions for the (TiO2)s
over graphene with a Co-impurity are presented in Fig. 10. The upper
and central panels show the corresponding isolated systems for the
cluster and substrate respectively (with clear magnetic behavior due to
the Co-impurity). The total DOS is presented in every panel with the
widest line. In the case of the supported system (lower panel) we can see
a shift in energy levels towards negative values and mixing of the Ti, O

Journal of Physics and Chemistry of Solids 150 (2021) 109716

and Co orbital in the entire range of energy values of the (TiO3)s as a
consequence of the substrate. As in the vacancy case the graphene bands
are wider than the ones of the titanium dioxide. The electronic Co levels
are clearly observed in the entire range of energy values of the titaniun
dioxide cluster, and also over the ocupated Oxigen states (previous
HOMO in the free standing cluster) between —2.0 eV and the Fermi
level. The graphene substrate keeps the marginal magnetic character
after the adsorption of the cluster; this effect is observed in the weak
asymmetric behavior in the up and down bands presented in the lower
panel. The (TiO3)s cluster over this substrate shows almost a vanishing
gap or weak insulator behavior formed mainly by the Ti electrons, the
former evidence a narrow gap semiconductor or even a semimetal.

We very briefly summarize the main results for Ag substrates with
the deposition of (TiO2)s clusters. The electronic states of the titanium
dioxide are within the same range of energy values of the Ag substrate
for all cases. Larger mixing of orbitals is observed for the supported
cluster as compared to the free-standing one due to the substrate-cluster
interaction. A well defined band for the titanium dioxide is formed in all
cases and in higher degree in the Co-impurity case. Metallic-like char-
acter is observed in the (TiO2)s-substrate system for the three cases here
considered, being the Ti electrons the responsible ones for this behavior
for the pristine and the vacancy cases. Both Ti and Co contribute in the
impurity case. The corresponding Density of States (DOS) for the (TiO3)s
over the Ag substrate in the pristine and in the one Co-impurity case are
presented in Fig. 11 in the top and in the bottom panels, respectively. In
the pristine case a non magnetic solution is observed whereas in the
impurity case a marginal magnetic behavior is observed in the system
mainly from the Co-bands. Notice that a larger mixing in the electronic
orbitals is more notorious in the impurity case as compared to the
pristine system.

Similar results to those just presented for Ag are found for the cor-
responding three cases of the Au substrate. For the sake of simplicity and
space considerations we omit the detailed presentation.

40 T T T T

DOS

— PDOS-Graphene
PDOS-Titanium
— PDOS-Oxigen

20

| L 1 | 1

Element Projected Density of States (1/eV)

-40 1 ] L | 1

Energy (eV)

2 E, 2 4

Fig. 9. DOS for the isolated (TiO2)s cluster (top), the substrate with a single vacancy (middle), and the cluster deposited on this substrate (bottom). Different

contributions to the total DOS function (widest line) are defined in the inset.
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Fig. 10. DOS for the isolated (TiO2)s cluster (top), the substrate with a single Co atom as substitutional impurity (middle), and the cluster deposited on this substrate
(bottom). Different contributions to the total DOS function (widest line) are defined in the inset.

4. Conclusions

Two titanium dioxide clusters are tested for stable depositions onto
nonmetallic (graphene) and metallic (Ag (111) and Au (111) surfaces)
surfaces. In the metallic cases three textures are considered: pristine,
single site vacancy and single magnetic (Co) substitutional atom. For
graphene only the last two surfaces are reported here. The free-standing
ground configurations for (TiO2)y (with N = 3 and N = 5) clusters are
both flat, which allows to minimize the relative particle-surface posi-
tions. The main general conclusions of this work are two-fold: on one
hand, these 2 clusters over 8 textures offer a large variety of possible
ground deposited configurations, each one with a corresponding family
of next metastable isomers; on the other hand, textures lead to some
general trends for the properties of these systems.

The specific properties for each of the 16 different systems (2 par-
ticles and 8 textures) were already discussed in the text, illustrated by
figures and summarized in tables. At this point we proceed to highlight
some of the particular cases which serve as examples of some particular
properties. We begin by structural properties ordered by surface mate-
rial (graphene, silver and gold) followed by some remarks on the density
of states for (Ti02)s.

In the case of graphene with a single vacancy the putative ground
state these (TiO2)y clusters tend to be adsorbed slightly tilted to the
surface; bonding goes through a single O-atom. Similar behavior is
observed in the case of the graphene with a Co impurity. Multiple
bonding appear for some of the low-energy isomers in the graphene with
Co-impurity.

The largest adsoption energy for graphene is for the vacancy case,
regardless of the (TiOg)y cluster size. The bonding for the putative
ground state in the case of graphene with vacancy is through O atoms
with O-C distances of ~ 1.38 A followed by the Ti-O bonds with dis-
tances of ~ 2.2 A. In the case of the Co-impurity the putative ground
state bonding is through O-Co bonds covering distances in the range of
~ 1.84-2.11 A in this case the Ti~Co bond is of ~ 2.86 A.
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Generally speaking, the putative ground configurations for Ag (111)
and Au (111), lead to clusters nearly parallel to the substrate surface,
with the exceptions of (TiO2)3 on both pristine silver and gold, as well as
on silver impurity substrate. This parallel tendency continues to the low-
energy isomers, with the exception of (TiO3)3 in Au (111) with vacancy,
where a higher energy configurations shows an almost perpendicular
orientation with respect to the surface. For both metallic substrates the
adsorption energies tend to grow in the sequence pristine, vacancy
impurity.

In general, binding energies for the deposited clusters are larger for
(TiO2)5 than for (TiO2)3 through the different metallic textures. For each
cluster larger binding energies correspond to the impurity case. Vacancy
surface produces slightly larger binding energies than the pristine case
for (TiO2)s, while they are alike and mixed for (TiO,)s. The dispersion of
binding energies through the calculated isomers is similar for both
clusters in pristine and vacancy metallic surfaces, while it is larger for Co
impurity surfaces.

Different types of bondings are presented in the clusters configura-
tions over the metallic surfaces (O-Metal, Ti-Metal; and also O-Imp. and
Ti-Imp for the impurity texture). The interatomic distances in the Ag
case are ~ 2.4 and 3.0 A for the O-Ag and Ti-Ag, respectively; for the
impurity texture the distances O-Co and Ti-Co are ~ 2.0 and 2.7 A
respectively. For the case of depositions on Au (111) Interatomic dis-
tances corresponding to the depositions of these same cluster on Au
surfaces are only slightly larger than those in Ag (111), following similar
trends. Larger differences are found in the adsorption energies since they
are about 50% smaller in Au (111) substrate as compared to the Ag case,
which is due to the larger reactivity of silver surfaces.

The DOS of the graphene with vacancy produces asymmetric spin
bands giving local magnetism due the dangling bonds. However, the
presence of the cluster readily saturates all bonds, recovering the mag-
netic neutrality of the system and leaving local states near the Fermi
level.

The DOS of the graphene with Co impurity produces more notorious



F. Aguilera-Granja et al.

- [S] o)
=) =3 =3
S S S

=]

Element Projected Density of States (1/eV)
S
T

%
T

— DOS 1
— PDOS-Silver
— PDOS-Titanium T
— PDOS-Oxygen

-4 2 E 2 4

Energy (eV)

— DOS

300

- N
ISER=]
S S

— PDOS-Silver
PDOS-Cobalt

— PDOS-Titanium

— PDOS-Oxygen

|

Element Projected Density of States (1/eV)

s . 1 . L . L . . L .

8 6 4 2 E 2 4
Energy (eV)

Fig. 11. DOS for the (TiOy)s cluster on pristine silver (111) surface (upper
panel) and on silver (111) surface with a single Co atom as substitutional im-
purity (lower panel). Different contributions to the total DOS function (widest
line) are defined in the inset of each panel.

asymmetric spin bands giving local magnetism due the Co orbitals. The
presence of the cluster cannot eliminate this source of magnetism which
prevails to some extent. Localized electronic states are to be found near
the Fermi level and Co also contributes to the conduction band.

In general, we can see that in the case of clusters deposited onto
metallic substrates there are no important differences among isomers
(including the putative ground state) as compared to the case of clusters
deposited on graphene. The difference seems to relay on the nature of
the bonding to the surface which for the latter is provided by the
localized orbitals of the carbon which are ready to accept electrons from
the cluster. In the metallic surface there are no such rigid bonds and the
energy can be more relaxed within the cluster itself, so it is quite similar
among the different isomers.

The present calculation can be helpful to understand the experi-
mental results that are performed of nanodispersed two dimensional
TiO4 nanocrystallites on nobel metals [34], and it is also ideal system to
mimic the enhanced catalytic reactivity of supported nobel metals (Ag,
Au, Pt, etc.) nanoparticles. A possible natural extension of this work
would be to study the adsorption and/or dissociation of Hy, CO and CO»
at active sites in the vicinity of the noble metal (Ag and Au) and the
Oxygen atoms of the TiO2 nanoclusters as reported experimentally
[46-48].
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