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ABSTRACT: An extensive study of the adsorption of small
Pt, (n = 1-8) and bimetallic Pt,Au,, (m = 1—5) clusters on
the partially reduced rutile (110) TiO, surface has been
performed via total energy pseudopotential calculations based
on density functional theory. Structures, energetics, and
electronic properties of adsorbed Pt, and Pt,Au,, clusters
have been determined. The surface oxygen vacancy site has
been found to be the nucleation center for the growth of Pt
clusters. These small Pt clusters strongly interact with the
partially reduced surface and prefer to form planar structures
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for n = 1—6 since the cluster—substrate interaction governs the cluster growth at low Pt coverage. We found a planar-to-three-
dimensional structural transition at n = 7 for the formation of Pt, clusters on the reduced TiO, surface. GGA+U calculations have
also been performed to get a reasonable description of the reduced oxide surface. We observed significant band gap narrowing
upon surface—Pt, cluster interaction which leads to the formation of gap localized Pt states. In the case of bimetallic Pt—Au
clusters, Au,, clusters have been grown on the Pt,—TiO, surface. The previously adsorbed Pt dimer at the vacancy site of the
reduced surface acts as a clustering center for Au atoms. The presence of the Pt dimer remarkably enhances the binding energy
and limits the migration of Au atoms on the titania surface. The charge state of both individual atoms and clusters has been
obtained from the Bader charge analysis, and it has been found that charge transfer among the Pt atoms of Pt, clusters and the
metal oxide surface is stronger compared to that of Au clusters and the Pt,—TiO, system.

B INTRODUCTION

TiO, is a versatile material and extensively used as both
catalysts and catalyst supports due to its several advantages
including high activity, low cost, chemical and mechanical
stabilities in different conditions, environmental compatibility,
and stability under illumination. Pt—TiO, and Au—TiO, are the
most active systems studied both theoretically and exper-
imentally.'~'® Au nanoparticles supported on the TiO, surfaces
exhibit unusual catalytic activity for CO oxidation at low
temperatures,?"19721 while the bulk form of Au is known as a
chemically inert material. Similarly, Pt—TiO, is considered as
the prototype of strong-metal—support-interaction (SMSI)"**
which is a strong interaction observed between the small metal
clusters and TiO, surface and influences the catalytic activity
over the surface.

Surface defects such as oxygen vacancies are generally
believed to play an important role in the growth of metal
clusters. Metal adatoms can be easily trapped in the defect sites.
These defect sites behave as nucleation centers for the adatoms
diffusing on the surface. Furthermore, it is contemplated that O
vacancies influence the catalysis over the metal oxide surfaces.
There are several studies reporting that small gold clusters
adsorbed on an oxygen vacancy of the TiO, surface become
negatively charged, and this charging causes the unusual
catalytic activity of this small Au cluster.>*37>°

Because of the important scientific and technological
applications of Pt— and Au—TiO, systems, a fundamental
study of the interaction between these metal atoms and defect-
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free as well as partially reduced rutile (110) surface is crucial,
and it will contribute to our understanding about photocatalytic
applications of TiO, surfaces. In this study, we have presented a
complete picture for the interaction of Pt and bimetallic PtAu
clusters with the partially reduced TiO, surface within the
density functional theory. The growth behaviors of such small
clusters help to get more insight into the early stage nucleation
of the Pt and bimetallic Pt—Au nanoparticles dispersed on the
titania surfaces. Bimetallic PtAu clusters adsorbed on the TiO,
surfaces promise a great potential to produce special catalysts
which have high activity, selectivity, and stability in photo-
catalysis through tuning of their compositions. We believe that
our results are crucial for further research on these metal—
titania systems to reveal their properties for practical
applications.

B RESULTS AND DISCUSSIONS

We have carried out the plane-wave calculations within
density functional theory (DFT)*® for the first-principles
investigation of Pt and bimetallic PtAu clusters on the partially
reduced rutile (110) TiO, surfaces. We have used projector
augmented-wave (PAW) potentials®*° to describe the ions
within the pseudopotential approximation. The exchange-
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Figure 1. Side (a) and top (b) views of the partially reduced 4 X 2 rutile (110) surface. Position of the O vacancy is displayed by a large ball (brown
color). Light (gray) and dark (red) colors represent Ti and O atoms, respectively. The coordination of some of the atoms is indicated as subscripts.
Og,y Op, and Os, represent the 2-fold coordinated surface bridge and 3-fold coordinated surface basal and 3-fold coordinated bulk oxygen atoms,
respectively. O and Ti atoms within the dashed rectangular region do not allow movement (frozen) during the relaxation calculations to simulate the

bulk part.

correlation contributions have been treated using the
generalized gradient approximation (GGA) with PW91
formulation.>® The rutile (110) surface has been modeled by
a 4 X 2 surface unit cell by constructing a slab geometry. The
vacuum region between the periodic images has been taken at
least 9 A. Due to the large supercell, I" point has been used for
the Brillouin zone sampling. A plane-wave basis set with kinetic
energy cutoff of 500 eV has been taken. The convergence has
been achieved when the difference of the total energies between
two consecutive ionic steps has been less than 107 eV and the
maximum force allowed on each atom has been 0.02 eV/A. To
treat partial occupancies of the bands, the Gaussian smearing
method®” has been used, and the width of smearing has been
chosen as 0.05 €V. For the density of states calculations (DOS),
a finer k-mesh has been used within the Monkhorst—Pack
scheme.® In this study, the partially reduced rutile (110)
surface has been modeled by a four-layer thick slab, in which
the two bottom layers have been kept at bulk positions.** As
discussed in detail by Hameeuw et al,** using two bottom
layers fixed at their bulk positions is very crucial both for
correct physical representation and for convergence of physical
quantities with respect to the slab thickness. According to our
tests as well as the previous calculations on the same surface
systems,”®'? a four-layer slab (i.e., 4 O—Ti,0,—O trilayers and
hence 12 atomic layers) can be considered as the smallest
representation of the rutile (110) surface. We have used this
slab model in the calculations unless otherwise stated. The
surface energy of the rutile (110) surface within the current
computational setup is found to be 0.50 J/m?> which is fairly
close to converged surface energy value of 0.58 (0.47) J/m?
computed by using the PW91 (PBE) functional in ref 3.
Furthermore, displacements of the surface atoms of the
stoichiometric surface listed as 0.05 A (0.08 + 0.05 A) for
bridging O (Op,), 0.18 A (0.19 + 0.08 A) for surface O (Og,),
0.25 A (0.24 + 0.03 A) for 6-fold coordinated Ti (Tis.), and
—0.14 A (-0.19 + 0.03 A) for 5-fold coordinated Ti (Tis.)
(while the positive displacement means upward, the negative
sign shows downward displacement) are compared very well
with the corresponding experimental LEED values®® quoted in
parentheses. Lattice parameters a and ¢ of rutile calculated
within GGA are 4.64 (4.59) and 2.97 (2.96) A, respectively.
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These results are in good agreement with the experimental
values®’™° which are quoted in parentheses. The chosen
parameters have been proven to be sufficient for describing the
Pt and bimetallic PtAu—TiO, systems.

When a bridge oxygen atom is removed from the rutile
TiO,(110) surface, two unpaired electrons are left on the
system. There is a debate about the correct description of these
excess charges in the literature. According to some
experimental studies, the reduction of the titania surface
produces Ti** ions and localized gap states originating from Ti
3d states." On the other hand, Kriiger et al, from resonant
photoelectron diffraction experiments, reported that the defect
charges are distributed over several surface and subsurface Ti
sites at finite temperature.*’ Nonetheless, standard DFT
calculations using either GGA or LDA on the reduced rutile
(110) surface predict delocalization of the excess charge over
several Ti sites in the surface and subsurface layers and give
metallic character and have failed to reproduce experimentally
observed electronic structure*' because of the improper
description of strongly correlated 3d electrons localized on Ti
atoms. Moreover, Kowalski et al. showed that the excess charge
localized on Ti sites migrates easily to other Ti sites by the help
of phonon-assisted hopping, leading to an effective delocaliza-
tion on the average.*” Furthermore, the excess charge populates
the various local minima of similar energies but different
topologies because of the thermal fluctuations. Besides, Deskins
et al. denoted that the electron transport in bulk TiO, proceeds
via thermal hopping of electron polarons among the low-energy
Ti sites with activation energies on the order of ~0.1 eV.*™*
Localized and delocalized states are very close in energy and
can depend on external conditions like temperature. From DFT
calculations, only hybrid46 or DFT+U" functionals result in
localized states. We have also performed GGA+U™ calculations
in addition to the GGA ones to make comparison between two
different functionals. Especially, we have considered the GGA
+U to investigate the electronic properties. The value of U is
critical; if 3.0 < U < 6.0 eV, both electrons are localized on
different Ti atoms.*” Also, a self-consistent Hubbard U
correction as 3.4 eV for the d electrons of the rutile Ti atoms
has been calculated by using the linear response approach.™
Likewise, Morgan et al.*’ used a U value of 4.2 €V to reproduce
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Figure 2. Minimum energy adsorption structures of Pt, (n = 1—8) clusters on the partially reduced 4 X 2 rutile (110) surface. Light (dark gray), dark
(red), and numbered (pink) colors represent Ti, O, and Pt atoms, respectively. Pt atoms are labeled, and discussions about these atoms are given in
the text. Bond lengths between the neighboring atoms in the vicinity of the clusters are given in angstroms. The top views of these small Pt clusters

are also presented in the insets.

the experimentally observed position of vacancy induced band
gap states. In this work, we have set the U value to 4.5 eV for Ti
3d states.'®

Reduced Rutile (110) Surface. Figure 1 displays side and
top views of this partially reduced surface. Reduction of the
surface has been obtained by removal of a 2-fold coordinated
bridge O atom (Op,) from the relaxed structure of the defect-
free surface, and the emergent structure has been relaxed again.
The energy required to remove one bridging oxygen atom from
the 4 X 2 stoichiometric rutile (110) surface to form the
partially reduced surface is called the vacancy formation energy
E.; and it can be calculated using

Eyf = Ep[TiOs(reduced)] + %ET[OZ]

— E7[TiO,(stoic)]

Here, E[TiO,(reduced)] and E;[TiO,(stoic)] are the total
energies of the reduced and stoichiometric surfaces, respec-
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tively. In the calculation of E,; the spin polarized total energy
(= —4.90 eV/atom) of the gas phase O, molecule has been
used, and O, has a triplet ground state since the reduced surface
has a ferromagnetic ground state with a magnetic moment of 2
Ug. The calculated E¢ is 3.21 eV. The corresponding E,; from
GGA+U calculation is 3.40 eV. This 0.19 eV difference between
the GGA and GGA+U calculated E,¢ values might be due to the
energy difference between localized and delocalized solutions of
excess charges in the reduced surface as a result of oxygen
vacancy formation. It is known that the value of E.; depends on
the thickness of the slab, the number of fixed layers, and the
size of the surface (or distance between the vacancy and its
periodic image).****'~%* For example, E,; becomes 3.74 eV for
the fully relaxed slab model calculated by using GGA. Similarly,
E,¢ has been calculated as 3.6 eV for a 4 X 2 four-layer slab
having one fixed bottom layer in ref 7. These results show that
the formation energy considerably depends on the slab models
and increases with decreasing number of frozen layers within
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the model. Introducing an O vacancy induces significant
structural modifications on the ideal defect-free rutile surface.
The creation of the O vacancy causes both inward (along the
[110] direction by ~0.25 A) and lateral (along the [001]
direction by ~0.2 A) movement of neighboring under-
coordinated Ti atoms to increase their coordinations. The O
vacancy density or concentration for this 4 X 2 surface is 1/8
(or 12.5%), and separation of defects is about 12 A in our
calculations.

Adsorption of Pt, (n = 1-8) Clusters on the Reduced
Rutile (110) Surface. Pt; Case. We have first investigated
the binding of a Pt atom on the partially reduced surface. A
surface supercell of 4 X 2 has been used in all calculations to
prevent the interaction between the adjoint clusters. Various
possible adsorption sites have been searched not only for Pt
monomer but also for larger Pt clusters to find the energetically
most stable adsorption sites. The effects of spin polarization on
calculations have been tested and found to be negligible for the
final atomic structures and energetics. To investigate the
clustering ability and energetics, we have defined a cohesive
energy as

Econ = (ET[TiO4] + nEp[Pt] — Ep[TiO—Pt,])/n)

for the adsorbed Pt, clusters. In this formula, E;[TiO,], Ex[Pt],
and E[TiO,—Pt,] are the total energies of a partially reduced 4
X 2 slab having a single O vacancy, free Pt atom, and fully
relaxed TiO,—Pt, system, respectively. Here, n represents the
number of Pt atoms adsorbed on the surface. The surface
oxygen vacancy site has been found to be the energetically most
stable adsorption site for a single Pt atom with an adsorption
energy of 3.16 eV, shown in Figure 2(a). The Pt atom binds
directly to the two Ti atoms neighboring the vacancy with an
average interatomic distance of 2.38 A. Due to the filling of the
oxygen vacancy site by the Pt atom, the distance between these
Ti atoms increases, and the structure of the surface relaxes back,
similar to the one of the defect-free surface.

Pt, Case. The Pt, cluster has been constructed by adding a
single Pt (which is labeled as Pt2) atom to the Pt;—surface
system and allowing the structure to relax again. The second Pt
atom prefers to bind to the previously adsorbed Pt and a 5-fold
coordinated Ti atom (Tis.). Pt1—Pt2 and Pt2—Tis. bond
lengths are 2.51 and 2.34 A, respectively. E, is 3.38 eV for this
Pt dimer case. According to ref 18, both Pt atoms occupy the
vacancy site. However, our extensive GGA and GGA+U
calculations reveal that our adsorption structure is energetically
(about 0.6 eV within GGA+U) more favorable than that of ref
18.

Pt; Case. This cluster has been obtained by adding a third Pt
atom (Pt3) to the ground state structure of the Pt,—surface
system. Not only Pt; but also other clusters (n > 3) have been
constructed by using the same procedure. The Pt; cluster has a
triangular ground state structure which lies almost parallel to
the surface. Figure 2(c) presents the lowest-lying structure of
the Pt; clusters adsorbed on the surface. Pt1 and Pt3 atoms of
the Pt; cluster sit at the vacancy site of the reduced surface. The
shortest (longest) Pt—Pt bond length is 2.55 (2.64) A. Pt atoms
at the defect site also bind to the neighboring bridge O atoms
with an average interatomic distance of 2.04 A. E_;, increases to
3.66 eV when an extra Pt atom is added to the Pt,—surface
system.

Pt, Case. This cluster has Y-shaped structure that consists of
a triangular and a linear portion. The subsequently adsorbed Pt
atom (Pt4) binds to the bridge O (O,.), the Tis, and the Pt2
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atom of the Pt; cluster. Pt4—0,_and Pt4—Tis. bond lengths are
2.18 and 2.43 A, respectively. Pt—Pt interatomic distances range
from 2.43 to 2.59 A. Pt2 and Pt4 bind to the same Tis, atom
which is in the valley between the bridging O rows. This Tis,
atom moves upward as a result of the interaction with the
cluster atoms. The interatomic distance between Tis. and its
neighboring bulk 3-coordinated O atom (O;.) increases to 2.54
A. In this cluster case, E, is 3.74 eV which is greater than that
of n < 4 clusters.

Pts Case. Figure 2(e) shows the structure of the Pt cluster
which has a side-capped rhombus geometry. The PtS atom
binds to Pt2, Pt3, Pt4, and a Tis. atom. PtS—Pt3 and Pt5—Ti;,
bond lengths are 2.72 and 2.46 A, respectively. This Tis. atom
moves 0.17 A upward from its equilibrium position. In this
cluster case, we have calculated E_j, as 3.83 eV.

Pts Case. The top view of the Pty cluster looks like a bridge
extended between two bridge oxygen rows. It has a rhomboid
geometry and four corner atoms of the Ptg cluster bound to
both 5-fold coordinated Ti and 2-fold coordinated bridge O
atoms. Pt—Pt (Pt—Ti) interatomic distances range from 2.51
(2.50) to 2.67 (2.68) A. E,;, becomes 3.85 eV upon adsorption
of the Pt6 atom.

Pt, Case. The lowest-lying structure of the Pt, cluster
displayed in Figure 2(g) has a three-dimensional (3D) structure
whose Pt7 atom only binds to cluster atoms (Pt2, Pt4, PtS, and
Pt6) with interatomic distances of 2.90, 2.53, 2.77, and 2.57 A,
respectively. This three-dimensional structure with E_,;, of 3.90
eV is energetically 0.03 eV more favorable than its planar
isomer, from the comparison by using E.;,(3D) — E.;(2D).
Note that, if we directly use total energies of 3D and 2D
structures for comparison, the former one is about 0.19 eV
more stable than the latter one. The interatomic distance
between Pty (Pt,) and its nearest Tis. (Tis.) increases from 2.64
(2.58) to 3.50 (3.44) A. These Ti atoms slightly move inward.
It is prominent that the energy difference is very small between
the isomers of the Pt; clusters. Therefore, various isomers
might be found simultaneously at finite temperatures.

Pt; Case. Figure 2(h) shows top and side views of the
energetically most stable structure of the supported Ptg cluster.
In this cluster, Pt8 is adsorbed on the Pt, cluster, and there is
no direct interaction between the metal oxide and Pt8 atom. Its
structure can be anticipated as a combination of two distorted
square pyramids. Adsorption of the Pt8 atom modifies the
interatomic distances between Ptl, Pt3, and underlying Ti
atoms. For instance, the Pt1—Ti bond length increases from
2.56 to 2.80 A. As expected, E.;, of the Ptg cluster is greater
than that of Pt,. The calculated E_, is 3.95 eV. For n > S or
planar clusters, adsorption of a Pt atom has relatively local
effects on the structural properties of the previously adsorbed
cluster. However, effects of both Pt7 and Pt8 adatoms are more
pronounced and extensive on both interatomic distances and
interaction between the clusters and the surface.

Some insights about the substrate effect on the structure of
Pt clusters might result from the comparison of supported and
gas phase clusters. Hence, we have also studied the structure of
the gas phase Pt, (n = 1—8) clusters. Figure 3 shows the
binding energies and structures of these Pt, clusters. We have
taken into account the effect of spin polarization; however,
spin—orbit coupling has not been considered in the
calculations. Previous calculations®®*® on the gas phase Pt,
clusters have revealed that clusters prefer to form planar
structures for n < 9. Therefore, we have mainly considered the
planar structures for the gas phase cluster calculations. We have
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Figure 3. (a) Variation of binding energy of Pt, clusters in the gas
phase as a function of n. The structure of each cluster is shown.
Assigned labels are indicated to identify each of the clusters. na
represents the lowest energy structure which has been considered in
this study. Structures of other isomers of Pt, clusters are presented in

(b).

compared the relative stability of the adsorbed clusters (which
are labeled as 2a, 3a, 4¢, 5¢, 6¢, 7¢, and 8c) and their isomers in
the gas phase. Apart from n < 3, adsorbed clusters do not
match with the gas phase ground state structures. This means
that the most stable gas phase structure of a particular cluster
does not necessarily give the most favorable adsorption
configuration on the substrate. We have noticed structural
differences between the adsorbed cluster and its gas phase
relaxed structure due to the geometrical constraint by the
surface structure and the cluster—substrate interaction. For
instance, the 4c cluster has a Y-shaped structure. When it is
adsorbed on a reduced TiO, surface, the linear leg part tilts.
Moreover, the bond lengths and angles in adsorbed clusters
differ from those of the neutral gas phase geometry. For
example, the Pt—Pt bond length in the gas phase Pt, dimer
elongates from 2.34 to 2.51 A when adsorbed on the surface.

Energetics. To describe the interaction between the titania
surface and Pt clusters in different aspects, we have defined
three different energies in addition to E_j,. These energies are

the binding energy
Ebind = ET[TiOZ_Ptn—l] + ET[Pt] - ET[TiOZ—Ptn]

coh*

the adsorption energy
E.gs = ET[TiO;] + ET[Pt,] — ET[TiO5—Pt,])
and the second difference in total energies
A’E = Ep[TiOy—Pt,_;] + Ep[TiOy—Pt, 4]
— 2E7[TiO,—Pt,]

Here, E;[TiO,], E;[Pt,], and E;[TiO,—Pt,] are the total
energies of the bare TiO, substrate, the relaxed free Pt, cluster
in the gas phase, and the TiO, substrate with the Pt, cluster,
respectively. For the gas phase clusters, we have considered the
same structures of the adsorbed clusters. Note that n > 1 for the
calculation of E,4 and A’E. Therefore, Ey4 gives the
adsorption energy of the nth Pt adatom on the TiO,—Pt,_,
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system. E 4, represents the interaction between the Pt clusters
and titania surface. Finally, A’E reflects the relative stability of a
particular Pt, cluster with respect to its neighbors (Pt,_; and
Pt,,,). In the definition of AZE, E;[TiO,—Pt,_;] and
E[TiO,—Pt,,,] are the total energies of Pt,_; and Pt,,,
clusters adsorbed on the TiO, surface, respectively. All these
energies have different meanings. For instance, E_y, is the
average adsorption energy per atom and reflects the clustering
ability of Pt atoms on the TiO,(110) surface, while E,4
represents the adsorption energy of the whole cluster.
Furthermore, E_j, provides a measure of the relative stability
for Pt, or larger clusters with respect to a single Pt atom.
Figure 4 displays the variation of the cohesive energy (E..),
the binding energy (Eynq), the adsorption energy (E,q), and

(2)
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w
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Figure 4. (a) Variation of the clustering or cohesive energy per Pt
atom (E,) with the size of the cluster. Black solid squares and empty
red circles represent E_, of the lowest lying structures and their two-
dimensional isomers, respectively. Arrow marks the transition point
from two- to three-dimensional structures. We have showed the
binding energy (Ey;,q) in (b), the adsorption energy (E,4) in (c), and
the second difference (A’E) in total energies in (d). The definitions
and physical meanings of these energies are provided in the text.

the second difference in total energies (A’E) as a function of
cluster size. E., increases with the size of the clusters due to
formation of strong Pt—Pt bonds which stabilize the adsorption
system. E_., shows small humps at # = 3 and 5, which represent
the stability of these clusters. When we add a Pt atom away
from the vacancy site to the lowest-lying structure of the Pt,—
surface system to form a Pt, cluster, the energy difference (AE)
between the ground state structure of Pt;—surface and this
adsorption mode becomes 0.78 eV. Similarly, AE is 0.27 eV for
the Pt, cluster, and it is 0.61 eV for the Pty cluster. Therefore,
each adsorbed Pt atom prefers to bind to the previously formed
Pt cluster. As a result, the vacancy site can be considered as a
nucleation center for the growth of Pt clusters on the partially
reduced rutile (110) surface. Planar structures are favorable up
to n 6. This growth behavior suggests that Pt—TiO,
interaction is the main driving force for the early stages of Pt
cluster growth over the rutile surface. E_y, for planar clusters
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approaches to a constant value after n = S as depicted in Figure
4(a). Due to the structural transition from 2D to 3D, we have
observed a sharp increase in E_j; when a Pt atom is added to
the Pt,—TiO, system. We have examined both 2D and 3D
clusters in this work. For the n = 4 cluster, the energy difference
between the ground state adsorption mode which adopts a
planar geometry and its 3D isomer having tetrahedron structure
is 0.32 eV. This difference is 0.19 and 0.56 eV forn =7 and n =
8 clusters, respectively. Note that these numbers are total
energy differences but not the E_y, differences. According to a
recent experimental s.tudy,56 Pt, clusters smaller than Pt; have
planar structures, whereas those larger than Ptg prefer to form
3D structures. If one considers the very small energy differences
between 2D and 3D isomers of n = 7 and 8 clusters and finite
temperature effects, our results, in spite of the controversy at
the 2D to 3D transition point, very well agree with the
experimental results.*®

The energy gain or Ey,,4 upon addition of an extra Pt atom to
the clusters has been calculated to get more insight into the
growth of Pt clusters and to provide an understanding for the
relative stabilities of these clusters. With the exception of n = 8§,
we have observed even—odd oscillations between n =2 and n =
7 for Ey;,q as shown in Figure 4(b). It was previously mentioned
that 3D structures are energetically favorable for n > 6. This
deviation of E,;4 of the n = 8 cluster from clear even—odd
oscillation could be an indication of the transition toward 3D
structures. After n = 6, Pt—Pt interaction starts to dominate the
growth behavior of the Pt clusters.

We have also considered the interaction between the titania
surface and the Pt cluster as a whole. Figure 4(c) shows the
variation of E g4 as a function of n. Notice that E_y,, Ey;,4, and
E.4 values are equal for the Pt;—TiO, system. Then, E_g
increases up to n = 7. From the calculated E g4 values, one can
easily argue that all clusters strongly interact with the titania
substrate. E,4 is found to be 3.16 eV for the Pt monomer and
becomes S5.15 eV in the case of n = 7. The substantial stretch of
bond lengths between the Pt atoms of isolated clusters when
adsorbing on the surface also proves the strong interaction
between the substrate and the supported cluster. For instance,
the Pt—Pt interatomic distance in Pt, (Pt;) increases from 2.34
(2.49) to 2.51 (2.55 and 2.64) A. It is well-known that oxide
surface—metal cluster interaction influences greatly the catalytic
activity of the supported metal cluster. In this study, we have
tried to find out the most favorable adsorption structures for
Pt, clusters. For this reason, we have energetically compared
the different adsorption modes based on total energy
calculations. However, in reality, free energy is the most
important physical quantity, and the cluster—surface system
may not be at equilibrium. Therefore, metastable structures
might be formed thermodynamically on the surface. The other
important point is the vacancy concentration which also
influences reactivity of these defect sites, growth of metal
clusters, and interfacial properties between the surface and
supported metal cluster. In this study, we have examined the
reduced surface which has low vacancy concentration. In fact,
the formation of a second vacancy nearby the existant one
(vacancy pair) or larger vacancy clusters is energetically
unfavorable compared to isolated vacancies, which is due to
short-range repulsive interactions between vacancies on a given
bridge oxygen row.”” Experimentally, scanning tunneling
microscope measurements have indicated that oxygen vacancies
prefer to remain isolated.*®
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Additional information about the growth of the Pt, clusters
on the titania surface can be obtained from the calculated
second difference in total energies (A’E) (see Figure 4(d)).
A’E exhibits an oscillatory behavior. Local maximum peaks of
A’E have been found at n = 3 and S, indicating that the
adsorbed Pt, clusters with these values of n are more stable than
their neighboring clusters. Both A’E and E,,;,q verify the strong
stability of adsorbed Pt; and Pt clusters.

Electronic Structure. Particulary for the description of
electronic properties, we have also carried out calculations by
using GGA+U in addition to the ones with the GGA functional
to make comparison between the two different functionals. It is
well-known that local density approximation and all commonly
used GGA functionals (such as PW91 or PBE) substantially
underestimate the band gap due to the insufficient cancellation
of the self-interaction energy inherent in the DFT functionals
based on LDA or GGA. We found the band gap for bulk rutile
TiO, as 1.90 eV with GGA (PW91), which is in very good
agreement with previous DFT calculations,” but it is much
smaller than the experimental value of 3.03 eV.*° Even
performing the DFT+U calculations, the band gap remains
well below its experimental value. For instance, the band gap
increases just up to 2.5 eV when U = 9 eV in LDA+U
calculations.’" Furthermore, Park et al.®' found an upper limit
to U for Ti 3d states based on the electronic structure of the
conduction band. They observed an unphysical overlap
between the t,, and e, states for values of U higher than 7
eV. Here, we have set the value of U to 4.5 eV for Ti 3d states'®
to reproduce fairly the experimentally observed position of
vacancy induced band gap states. We found that the band gap
for bulk rutile TiO, increases to 2.24 eV with this U value.
However, our aim here is not to achieve the experimental gap
value for rutile TiO, by considering various functionals. We
have mainly focused on binding energies, adsorption structures
(which are mostly well described by GGA), and a general
picture of the electronic structure with reasonable accuracy.

As pointed out by Di Valentin et al,*® structural relaxation
plays a key role in the electron localization in the reduced rutile
surface. They have shown that the use of a properly distorted
geometry is enough to obtain the local electron trapping on the
specific Ti sites even by using the PBE exchange-correlation
functional on the electronic structure calculations. On the
contrary, density of states calculations on the PBE relaxed
geometries by employing a hybrid functional like B3LYP have
resulted in that the excess electrons are still delocalized on
several Ti atoms. Therefore, the proper structural relaxation is
essential to realize a localized solution. Accordingly, we have
performed full structural relaxation on all optimized GGA
ground state structures by using GGA+U to attain the proper
distorted geometry due to the vacancy formation. For the sake
of a reliable comparison between the electronic properties of
Pt,—TiO, systems calculated via GGA and GGA+U, we
released all the frozen atoms in two bottom layers shown in
Figure 1 and reoptimized all lowest energy structures with GGA
as well. In general, the cluster structures, electronic properties,
and the charge transfer between the clusters and oxide surface
described within GGA+U might be different than those
obtained within GGA. We have checked the reliability of
results presented in this work by considering several test
systems, namely, Pt, (which has a different adsorption
geometry than of ref 18), Pt;, and Pt, (which has a 3D
structure, in contrast to n < 6 clusters). Our calculations reveal
that there is an agreement between GGA and GGA+U
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Figure S. Partial density of states (PDOS) of the Pt,—surface system. Solid (black) and dark shaded (red) curves represent the total DOS of the
Pt,—TiO, system and adsorbed Pt, clusters, respectively. The Fermi level is shown by a dotted-dashed line. PDOS of Pt,—TiO, systems calculated
by using GGA+U are shown in (a). The calculated PDOS of a clean reduced surface with GGA functional is displayed in (b). The electronic
properties of Pt,—TiO, from the GGA functional are presented as PDOS in (c) for comparison. Fully relaxed slab models were used in (a) and (b),

while the two bottom layers of the slab are fixed in (c).

calculations. Moreover, experimental evidence also verifies that
the lowest energy adsorption structures of Pt, clusters on the
reduced TiO, surfaces established by using the GGA functional
are reliable.*®

The partial density of states (PDOS) of the bare surfaces and
the adsorbed Pt, clusters and the underlying surfaces are
displayed in Figure S. The zero of the energy corresponds to
the Fermi level. As presented in the upper panel of Figure 5(a),
the reduced bare surface is semiconducting, and there are two
distict peaks about ~1.2 eV below the conduction band (CB)
edge within the GGA+U description; in contrast, it is metallic,
and the Fermi energy appears around the CB edge according to
the GGA (PW91) results (see Figure S(b)). These outcomes
are consistent with the other theoretical works.'"®*® For fully
relaxed Pt,—TiO, systems, the outcomes of GGA+U
calculations are similar to the ones of standard GGA because
Pt atoms occupy the vacancy site, hence only the GGA+U
results are presented in Figure 5(a). We have realized that spin
polarization is essential to attain correct electronic structure of
adsorbed Pt; clusters even with GGA+U calculations. We
accordingly included the spin polarization for the Pt,—TiO,
system; however, only majority spin components are shown in
Figure 5 just for complying with the rest of the panels. After all,
all the Pt, adsorbed systems exhibit semiconducting behavior.
Adsorption of Pt monomer and dimer reduces the band gap
from 2.2 eV, gap of the clean surface, to 0.92 and 1.08 eV,
respectively. As a result of this reduction in the effective band
gap, optical thresholds of Pt—TiO, and Pt,—TiO, systems are
lower than that of the clean surface. The visible light
photocatalytic activities of Pt-doped TiO, have been success-
fully observed in a recent experiment.®> Similarly, significant
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band gap narrowing occurs upon adsorption of the larger
clusters, and Pt atoms bring a number of band gap states
depending on the cluster size. These states disperse throughout
the band gap of the reduced oxide surface and are known as
metal induced gap states.

For further understanding of local structure effects on the
electronic structure, we displayed the DOS calculated from slab
models with two bottom layers frozen at bulk positions by
using GGA in Figure 5(c). First of all, the band gap of the clean
reduced surface has been obtained as 1.3 eV (see the
uppermost panel in Figure 5(c)), which is much smaller than
that of the fully relaxed clean reduced surface. Comparison of
the electronic structure of these two slab models reveals that
full relaxation of the slab removes stress-driven gap states which
are mainly due to the frozen surface atoms. Pt,—TiO, exhibits
metallic behavior when n > 3. The band gap of the surface is
filled by energy states arising from cluster atoms, and it
disappears, indicating metallization of the Pt—surface system,
contrary to the semiconducting nature of the fully relaxed Pt,—
TiO, system. In conclusion, fixing some bottom layers hinders
the emergence of local structure which results in the
localization of excess charge and thereby the semiconducting
ground state. Therefore, not only spin polarization (such as the
case of adsorbed Pt;) but also proper structural relaxation are
crucial in terms of the electronic structure reduced rutile
surface.

The Pt atom has valence electronic structure configuration as
s'd’. After the adsorption of the Pt atom on the defect site,
empty orbitals of the metal atom are filled by excess charge
emerged from the O vacancy, and the electronic configuration
of Pt becomes s°d'’. As a result, Pt can be theoretically viewed
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as a Pt*” anion. This scenario has been both theoretically and
experimentally demonstrated for a Au atom adsorbed on the O
vacancy of the reduced TiO,(110) surface.® Direct evidence
for the charge transfer from the defect sites of the reduced
Ti0,(110) surface to the Au atom has been demonstrated in an
X-ray photoelectron spectroscopy experiment.’* Likewise, the
DFT-based calculations have been used to elaborate the
charging of Au, clusters on partially reduced rutile surfaces.”®
To elucidate the charge state of adsorbed clusters and the
interatomic charge distributions, we have employed Bader
charge analysis.®>®® Bader charges obtained from GGA (GGA
+U) charge density calculations imply that 0.65 (0.75) e
transfers from the surface to the Pt atom. According to this
result, the reduced rutile surface acts as an electron donor.
Bader charge on each Pt atom of Pt, clusters has been
calculated within both GGA and GGA+U, and results are
tabulated in Table 1. First of all, the charge transfer from
reduced oxide surface to Pt, (n = 1—3) clusters was reported
previously from Bader charges calculated by using the PBE
functional®” as —0.54 and —0.25 e, respectively, consistent with
our GGA results. Briefly, due to the close description of
electronic structures, GGA and GGA+U calculations have
resulted in similar charge distributions on cluster atoms. In
general, there is an agreement between GGA and GGA+U
calculations. For example, the sign of net total Bader charge on
the Pt, clusters from both of the calculations is the same;
however, there is more charge transfer from the surface to the
cluster in GGA+U calculations as revealed from Table 1. The
calculated net Bader charges are decreasing with increasing
cluster size; for example, it becomes almost zero for the n = 8
case in the GGA calculations. It has been proposed that the
charge state of the oxide-supported metal clusters plays an
important role in catalytic activity of these clusters.** To this
end, note that Pt2 and PtS atoms, which bind to surface 5-fold
coordinated Ti (Tis.) atoms, are always negatively charged. The
bond strength between these Ti atoms and their neighboring
bulk 3-coordinated O atoms residing just beneath the surface
gets weaker upon adsorption of Pt2 and PtS, which leads to a
charge transfer from Tis. atoms to Pt2 and PtS. It can also be
inferred that binding with the O atom influences the charge
state of a particular Pt atom. In general, only Pt2 and PtS§
atoms, which do not directly bind to any O atoms, are always
negatively charged. Each adsorbed Pt atom modifies the charge
distribution over the previously adsorbed Pt cluster. This
argument can be easily inferred from Table 1. We have also
found that not only the lowest lying structures of n < 6 clusters
but also planar n = 7 and n = 8 clusters are negatively charged.
As a result, it is expected that a continuous Pt monolayer over
the partially or full reduced rutile surface is negatively charged.
We can argue that direct contact among the cluster atoms and
titania surface is crucial for charge state of the supported metal
cluster and amount of transferred charge.

Adsorption of Bimetallic Pt,Au,, (m = 1-5) Clusters
on the Reduced Rutile (110) Surface. It has been shown
that the Au migration profile on the stoichiometric rutile (110)
surface is quite flat relative to Pt.®> The Au atom can easily
diffuse on the stoichiometric surface. Both Pt and Au atoms
prefer to bind to the O vacancy site of the reduced surface.
However, Au is much more likely to escape from this defect site
compared to Pt. These arguments imply the higher sensitivity
of catalytic activity of Au on external effects. Au clusters are
sintered easily at high temperatures, which leads to not only a
loss of surface area but also a loss of catalytic activity. This is an
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Table 1. Bader Charge on Each Atom of Pt, Clusters Calculated from GGA (GGA+U) Charge Density”
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important problem for the nanosized Au catalysis since the size
of the supported Au nanoparticles substantially influences the
catalytic activity. Note that the desired (or high) activity is
obtained for the Au nanoparticles whose diameters are smaller
than 5 nm.”**%® Meanwhile, bimetallic Pt—Au clusters offer
important advantages for catalysis. First of all, existence of Pt in
Pt—Au clusters prevents the sintering of the Au clusters.”” The
oxide-supported metal cluster interaction can be tuned by
changing the composition of the Pt—Au bimetallic clusters.
Furthermore, Pt—Au clusters can be better catalysts for
particular reactions compared to both pure Pt and Au clusters.
Pt—Au bimetallic nanoparticles have been used as catalysts for
NO reduction,”® CO oxidation,”" and CH;OH oxidation.”*
Therefore, a detailed analysis of bimetallic Pt—Au clusters
supported on the oxide surfaces might be very useful.

For these reasons, we have also examined the growth and
their structural and electronic properties of bimetallic Pt—Au
(PtyAu,,, m = 1-5) clusters supported on the reduced titania
surface. First, a Pt dimer is adsorbed on a 4 X 2 rutile (110)
surface having a single surface oxygen vacancy. Figure 2(b)
shows the structure of Pt dimer adsorbed on the vacancy site
and underlying substrate. The next step is the growth of Au,,
(m = 1=5) clusters on this Pt-loaded surface. Figure 6 displays
the lowest-lying structures of Pt—Au bimetallic clusters for each
m. As in the case of the Pt,—surface systems, we have searched
the possible spin polarization of the bimetallic clusters as well.
However, imposing magnetism on the calculations has altered
neither the lowest-lying structures nor the relative energies
among the isomers of Pt,Au, Pt,Au,, and Pt,Au; clusters.
Henceforth, the results obtained without including the spin
polarization will have been presented. The smallest Pt—Au
cluster is Pt,Au,. In this cluster, the Au atom prefers to sit at the
vacancy site which has been already occupied by a Pt atom
(which is Ptl). The adsorbed Au atom pushes this Pt atom
toward a bridge O atom, and the resulting cluster has a
triangular geometry which lies almost parallel to the oxide
surface. Interatomic distances of Au—Ti, Au—Ptl, Au—Pt2, and
Au—0,, are 2.88, 2.62, 2.68, and 2.20 A, respectively. Similar to
the Pt,—TiO, system, we have studied the energetics of cluster
growth to understand the cluster formations in depth. The
cohesive or clustering energy per Au atom (E;) has been

defined as

E.oh = (ET[TiOZ—Ptz] + mE[Au]
— ET[TiOZ—Ptz—Aum])/m

for the adsorbed Pt,Au,, clusters. In this formula, E[TiO,—
Pt,] and E;[TiO,—Pt,—Au,] are the total energies of the
TiO,—Pt, and TiO,—Pt,—Au,, systems. E_, is obtained as 2.55
eV for the m = 1 case, while it is calculated as 1.62 eV for the
binding of a single Au atom on the partially reduced 4 X 2 rutile
(110) surface. This result suggests that there is a significant
enhancement of the binding of the Au atom on the reduced
surface due to the presence of a Pt dimer on that surface. The
Pt,Au, cluster has a planar geometry which is similar to the
lowest-lying structure of the supported Pt, cluster. The Au2
atom interacts more strongly with the Pt2 atom compared to
the interaction between Au2 and neighboring Tis. as well as the
bridge O,. atom. Au2-Pt2, Au2-Tis, and Au2-0,,
interatomic distances are 2.52, 2.86, and 2.39 A, respectively.
E_, of the Au, dimer adsorbed on the reduced surface is 1.82
eV which is about 0.66 eV lower than that of Au, dimer
absorption on the Pt,—TiO, surface. 3D structures become
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Figure 6. Energetically most stable adsorption structures of Pt,Au,, (m
= 1-5) bimetallic clusters on the partially reduced 4 X 2 rutile (110)
surface. The top views are also presented in the right panels. Dark
gray, red, pink, and yellow colors represent Ti, O, Pt, and Au atoms,
respectively. Some of the bond lengths are shown in angstroms. Pt and
Au atoms are labeled, and discussions about these atoms are given in
the text.

energetically more stable for m > 3, and Pt—Au bimetallic
clusters tend to grow along the [110] direction. E_, stays
almost constant between m = 2 and 4 values. It is largest for
both Pt,Au and Pt,Aug clusters and is evaluated as 2.56 eV.
Several optimized structural parameters, calculated E_’s, the
binding energies (Eyyq), and the second differences in total
energies (A’E) are presented in Table 2. We have used the
previous definitions of Ey;4 and A’E. In the Au dimer and fcc
bulk, Au—Au interatomic distances are 2.53 and 2.88 A,
respectively. It is noticed that average Au—Au bond lengths in
Pt—Au bimetallic clusters are between those of the dimer and
bulk, which is a result of the different coordination number of
Au atoms in these three different structures. Au clusters prefer
to grow over the previously adsorbed Pt dimer which behaves
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Table 2. Bader Charge (Q) on Corresponding Atoms As
Well As Total Charge AQ (in Units of ¢) on the Bimetallic
Pt,Au,, Clusters”

Pt,Au Pt,Au, Pt,Auy Pt,Au, Pt,Aug
Qpu —0.01 —0.09 —0.06 —-0.10 0.00
Qo -0.28 —-0.35 —0.31 —0.32 —0.29
Qaul 0.08 —0.04 0.02 0.07 0.12
Qaw —-0.09 0.26 0.13 0.14
Qaus —0.04 —0.04 0.00
Quus —0.14 0.02
Qaus —-0.09
AQ —-0.06 —-0.57 -0.13 —0.40 —-0.10
E. 2.56 2.46 2.46 245 2.56
Epind 2.55 2.36 2.46 2.42 3.00
E&S, 2.16 2.40 227 2.34 2.88
A’E —0.01 0.05 —-0.58

“Cohesive energies (E;) per Au atom, binding energies Ep;,4 and
Egiq for supported and gas phase clusters, respectively, and second
differences in total energies (A’E) are also listed in eV.

as a nucleation center for the growth of Au clusters. Due to
strong interaction between Au and platinized surface compared
to interaction between Au and clean or reduced surfaces, Au
clusters are prevented from sintering which leads to the
reduction of catalytic activities of the nanosized Au particles.
From Table 2 and Figure 4(b), it is apparently seen that Ey;,4 of
Au atoms is smaller than that of Pt atoms. This is a clear
indication of stronger interaction of Pt clusters with titania
surfaces compared to Au clusters. E,;4 consists of three
interactions which are: (i) Pt dimer—Au, (i) Au—Au, and (iii)
substrate—Au interaction. Except Pt,Au, a maximum change in
E,inq between the consecutive clusters is about 0.1 eV. From
this result and growth behavior of Au clusters, we can infer that
the first two interactions dominate Ep 4. To elucidate the
driving force behind the growth of Au clusters on the Pt,—TiO,
surface, gas phase energies and structures of Pt,Au,, clusters
have been investigated. For this purpose, we have defined the
following energy
as

El%ind =
where Ef°[Pt,Au,,] and E§°[Pt,Au,,_,] are the total energies of
fully relaxed Pt,Au,,, and Pt,Au,, clusters in the gas phase.
Er[Au] is the total energy of the free Au atom. Efy and Eyq
have similar meanings. However, the former one reflects the
adsorption energy of the mth Au atom to the isolated or gas
phase relaxed structure of the PtAu,,_; cluster which has
almost the same structure as its supported case one. First, we
have calculated the binding energy of a single Au to the gas
phase Pt dimer as 2.16 eV by considering the atomic energies as
a reference, while it is found as 2.55 eV for the supported Pt,.
Therefore, one can easily conclude that a single Au atom
mainly binds to the surface via a Pt dimer. Similarly, Eg;; has
been obtained for other clusters and tabulated in Table 2. In
some cases, Efq is greater than E,; 4, which is due to structural
differences and relaxation effects present in gas phase clusters.
The Pt,Au, cluster is highly unstable in the gas phase. We have
obtained a 2D structure upon structural relaxation. For the Efiy
calculation, the Pt,Au, structure constrained to the supported
case one has been used. This explains the relatively higher
stability of Pt,Aus with respect to other structures. Table 2 also
shows the computed A’E values which indicate the strong
stability of Pt,Au; relative to its neighbors.

EE¥[PtyAu,,] — E$¥[PtyAu,, 1] — Et[Au]
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We have also calculated the Bader charge on each atom and
total Bader charge for all supported Pt—Au clusters (see Table
2). Similar to adsorbed Pt, clusters, all bimetallic clusters
considered here are negatively charged. Ptl and Au3 atoms
exchange a small amount of charge with other Au and Pt atoms
and the oxide surface compared to Pt2 and Aul. Pt2 atom is
always negatively charged as in the case of Pt, clusters.
Adsorption of a gold atom on the Pt,—surface system
drastically changes the total charge on the Ptl atom which is
negatively charged in the pure Pt, cluster adsorbed on the
reduced surface. The charge transfer between the Au and Pt
atoms adds a new degree of freedom to get a better catalyst. By
playing with composition, size, and structure of Pt—Au
bimetallic clusters, one can tune electronic properties as well
as charge transfer between Au and Pt atoms. The density of
states calculations (not shown) for bimetallic clusters have also
been performed. We found that bimetallic clusters exhibit
semiconducting behavior and introduce gap localized states
originating from the Pt and Au atoms in the surface band gap
similar to the Pt, clusters.

B CONCLUSION

We have examined the growth, energetics and structural and
electronic properties of small Pt, (n = 1—8) and bimetallic
Pt,Au,, (m = 1-S5) clusters, supported on the 4 X 2 rutile (110)
surface having single oxygen vacancy. We found that the
vacancy site behaves as a nucleation center for the growth of Pt
clusters. In the case of the Pt monomer, the Pt atom
preferentially binds to the O vacancy site. Clusters tend to
grow around this Pt monomer. For n = 1—6, Pt clusters prefer
to form planar or 2D structures. We have also observed that the
strong Pt cluster—TiO, interaction is responsible for the 2D
growth of Pt clusters when the coverage is low. After n = 7,
formation or growth of 3D clusters becomes energetically
favorable. The clustering or cohesive energy per Pt atom (E,,)
of Pt, clusters adsorbed on the partially reduced rutile (110)
surface increases as the size of the clusters grows. For electronic
properties, we have performed both GGA and GGA+U
calculations which essentially result in the same electronic
structures for all Pt,—TiO, systems. The adsorption of Pt,
clusters brings a number of band gap states depending on the
size of the cluster, leading to significant band gap narrowing.
Charge transfer among the cluster atoms and underlying oxide
surface is more pronounced for Pt, clusters. For the bimetallic
PtAu cluster case, Au clusters have been grown on the Pt,—
surface system. The Pt dimer has been previously adsorbed at
the vacancy site. Au clusters have been nucleated around this Pt
dimer which enhances the binding of Au atoms to the oxide
surface. The variation of E., for Pt—Au clusters is almost
constant and lower than that of Pt clusters. Our findings clearly
demonstrate that the presence of oxygen vacancy and
preadsorbed Pt dimer on the TiO, surface significantly alters
the adsorption and limits the diffusion of Au atoms.
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