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Structure and stability of Au rods on TiO,(110) surfaces by first-principles calculations
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In order to examine atomic and electronic structures of the perimeter of Au-particle/TiO, systems related to
the catalytic activity, we perform density-functional theory calculations of Au-rod/TiO,(110) models with the
relationship of Au(111)[0-11]lITiO,(110)[001] observed by electron microscope. We deal with models of
different interface stoichiometry with various rigid-body translations. For the stoichiometric systems, stable
configurations have Au-O bonds between edge-Au and bridging-O atoms at the perimeter. For the Ti-rich
systems with bridging-O atoms removed under a Au rod, rather strong Au-Ti bonds with covalent nature are
formed and appear at the perimeter as well as weak Au-O bonds. For the O-rich systems formed by digging a
pit under a Au rod, quite strong Au-O bonds with significant Au 5d-O 2p hybridization and charge transfer like
gold-oxides are formed and appear at the perimeter as well as rather weak Au-O bonds. About the relative
stability among the systems with different stoichiometry, ab initio atomistic thermodynamics has shown that
the O-rich Au/TiO, systems can be the most stable in usual atmosphere of the catalyst formation, indicating

the importance of the perimeter of O-rich interfaces.
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I. INTRODUCTION

In contrast to the long-held view that Au is catalytically
inert, Haruta found that Au nanoparticles on metal oxides
such as TiO, exhibit strong catalytic activity.! For example,
Au/TiO, systems reveal unique catalytic activity for low-
temperature CO oxidation and for epoxidation of propylene
in a gas containing oxygen and hydrogen.?-> Extensive stud-
ies of Au/TiO, systems suggested a number of mechanisms
of the catalytic activity such as quantum size effects of two-
layer Au islands,® perimeter sites of Au-particle/TiO,
systems,” abundance of low Au-Au coordination sites,® and
charge transfer between Au and substrate.®!0

To elucidate the mechanism, it is essential to investigate
the Au/TiO, interfacial interactions. Zhang et al.'' studied
the growth of Au films on rutile TiO,(110) surfaces using
low-energy ion scattering (LEIS) and x-ray photoelectron
spectroscopy (XPS), and observed that evaporated Au ini-
tially grows quasi-two-dimensionally on stoichiometric sur-
faces without substantial chemical interactions between Au
and TiO, substrate. Okazawa and co-workers'>!'? also ana-
lyzed the growth mode of Au particles on TiO,(110) surfaces
by using medium-energy ion scattering (MEIS) and photo-
electron spectroscopy (PES), and found that three-
dimensional island growth occurs at the initial stage for the
reduced TiO,(110) surface in contrast to the initial two-
dimensional (2D) growth on the stoichiometric surface, indi-
cating localized strong interactions between Au and the re-
duced TiO,(110) substrate. About the electron microscopy
observations, Akita et al.'* observed preferred orientation re-
lationships between a Au particle and TiO, support, where
the Au(111) plane is parallel to the rutile TiO,(110) plane or
the anatase TiO,(112) plane. Recently, they performed high-
angle annular dark-field scanning transmission electron mi-
croscope (HAADF-STEM) observation of Au nanoparticles
on rutile,’> and found the preferential relationship of
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Au(111)[1-10]IITiO,(110)[001]. This should be caused by
small lattice misfit along Au[1-10] and TiO,[001] less than
3% experimentally. The HAADF-STEM image with clear
atomic-column resolution of Au and Ti shows that the inter-
layer distance between the Au and Ti layers is 0.33 nm, while
O atoms or columns cannot be detected, preventing determi-
nation of precise interface configurations or stoichiometry.

On the theoretical side, density-functional theory (DFT)
calculations have been extensively applied to the atomic and
electronic structures of Au/TiO,(110) systems in last ten
years. The full-potential linearized augmented plane-wave
(FLAPW) calculation'® predicted that the most stable Au-
monolayer (1X 1) adsorption site on the rutile TiO,(110)
surface is the on-top site above the fivefold Ti atom, Ti.
About the effects of defects or non-stoichiometry on the
TiO, surface, Wahlsrom et al.'” clarified that Au clusters are
strongly bonded to a bridging-O vacancy on the rutile
TiO,(110) surface by scanning tunneling microscopy (STM)
and ab initio pseudopotential calculations, indicating that
bridging-O vacancies are the active nucleation sites for Au
clusters, which is consistent with a lot of experimental
observations.!? Other DFT calculations'®-?? also showed that
Au atoms or clusters are much more strongly bonded to O
vacancies or reduced TiO, surfaces than to the stoichiometric
surface.

Apart from the reduced or stoichiometric TiO, surfaces,
O-rich or oxidized Au/TiO, systems may exist in practical
catalysts, because usual Au/TiO, catalysts are chemically
produced by the precipitation method followed by calcina-
tion in air, while the O-rich TiO, surface itself is not so
easily formed. Okazaki et al.'® first performed DFT calcula-
tions of Au-monolayer adsorption on an O-rich TiO,(110)
surface, and observed the formation of strong Au-O bonds
with significant Au 54-O 2p hybridization and substantial
electron transfer from Au to O in contrast to the stoichio-
metric or Ti-rich systems. Wang and Hammer?? examined the
behavior of Auy clusters on an oxidized (alkaline) TiO,(110)
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surface with OH adsorption on Ti° sites by DFT calculations,
and found the strong adhesion of the Au cluster onto the
TiO, substrate with formation of cationic Au atoms. Such
strong adhesion was also identified by STM.?*

In the present study, we perform DFT calculations about
the perimeter configurations of Au/rutile-TiO,(110) systems.
A lot of experiments indicate that the perimeter region is the
key of the catalytic activity.” The bonding characters at the
Au/TiO, interface mentioned above, such as termination
species, interfacial charge transfer, namely, formation of cat-
ionic or anionic interfacial Au atoms, and interfacial orbital
hybridization, should affect the chemical reactions via the
exposure at the perimeter edge. In order to examine realistic
configurations of the perimeter regions of Au/TiO, systems
and their electronic or chemical states, we deal with probable
Au-rod/TiO,-substrate  models with the relationship of
Au(111)[1-10]ITiO,(110)[001] observed in the recent
HAADF-STEM observation.!> For this alignment, we can
utilize the coincident periodicity along Au[1-10] and
TiO,[001], which enables us to deal with rather large mod-
els, and we can make comparison with the observed images.

To examine various possibilities, we deal with the
Au-rod/TiO, models of three types of interface stoichiom-
etry, namely, stoichiometric, Ti-rich, and O-rich systems. For
each type of stoichiometry, we introduce various rigid-body
transitions (RBTs) between the Au rod and TiO, substrate.
Then, we analyze Au-O and Au-Ti bonds at the interface and
perimeter regions, and discuss the general features of the
perimeter configurations. Previously, Au-rod/TiO, models
were constructed and the chemical reaction associated with
the perimeter region was examined by DFT calculations,'”
while only several configurations of stoichiometric and Ti-
rich systems were dealt with. In the present study, O-rich
interfaces are constructed by digging a pit beneath the Au
rod so as to make direct contact between O atoms inside
TiO, and the Au rod, in contrast to the removal of only
bridging-O atoms under the Au rod for Ti-rich interfaces.
This is due to the necessity of changing the interface plane in
TiO, under the Au rod with other TiO, surface regions kept
stoichiometric. This point is natural in comparison with re-
cent HAADF-STEM images of Au/TiO, interfaces with a
pit or step on the TiO, surface.'> We make thermodynamic
analysis of relative stability among the systems with different
stoichiometry as a function of the oxygen chemical potential.
This can clarify the effects of the atmosphere for the catalyst
formation or catalytic reactions. For O-rich systems, even
though O-rich oxide surfaces are not stable in any atmo-
sphere, O-rich metal/oxide interfaces can possibly become
stable under the O-rich atmosphere as shown for metal/
alumina systems.>

In Sec. II, we explain the DFT total-energy scheme, the
construction of Au-rod/TiO,(110) models, and the ab initio
atomistic thermodynamics approach. In Sec. III, results for
the stoichiometric, Ti-rich, and O-rich Au-rod/TiO,(110)
systems are presented, and the thermodynamic stability is
examined. The nature of interfacial Au-O and Au-Ti bonds
and the features of perimeter configurations are discussed. In
Sec. IV, we give a summary.
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FIG. 1. (Color online) Top (upper) and side (middle) views of
the initial atomic geometry of the Au rod. The top view of the Au
atoms at the bottom layer of the rod is shown at the lower panel.
The labeled atom Au* is used to define an initial 2D-RBT between
the Au rod and the TiO, substrate. The directions are those for the
bulk Au in the top view.

II. THEORETICAL SCHEME

We perform DFT calculations using Vienna ab initio
simulation package (VASP).22® We employ the projector
augmented wave (PAW) method?>** with the generalized-
gradient approximation (GGA) for the exchange-correlation
functional.3! Valence wave functions are expanded in a
plane-wave basis set with an energy cutoff of 29.4 Ry (400
eV). Electronic occupancies near the Fermi level are smeared
by a Gaussian function with a temperature broadening of
kgT=0.2 eV (kg is the Boltzmann constant) and the total
energy is extrapolated to zero temperature. The PAW pseudo-
potentials are generated by taking scalar relativistic correc-
tions into account. For a Ti pseudopotential constructed for
four valence electrons as 3d%4s?, the lattice parameters of the
rutile TiO, crystal are reproduced as a=4.647 A and ¢
=2.968 A, which are consistent with the experimental (a
=4.587 A and ¢=2.954 A)32 and other theoretical values.3?
For the TiO,(110) surface, the relaxed configuration is simi-
lar to the experimental®*3> and other DFT results.?® We have
observed that the inclusion of Ti semicore 3p electrons as
valence states does not induce significant effects on the TiO,
bulk and (110) surface. For a Ti pseudopotential constructed
so as to include 3p electrons as valence (3p®3d%4s2), the
calculated lattice parameters reveal negligible modifications
as a=4.643 A and ¢=2.965 A, and the surface configura-
tion has only minor changes, as observed in Ref. 33. Thus in
order to reduce the computational efforts, we select the Ti
pseudopotential for 3d%4s>. For Au, the lattice constant of fcc
Au is reproduced as 4.175 A, which is in good agreement
with experimental (4.08 A)¥ and other DFT values
(4.18 A).®

For the Au-rod/TiO,(110) systems, the TiO,(110) sub-
strate is modeled by a four-layer slab using the calculated
bulk lattice parameters. Each slab is separated by a vacuum
region of 19.86 A. A Au rod consisting of 18 Au atoms
per period along the [1-10] axis is introduced on one
side of the TiO, slab. As shown in Fig. 1, the Au rod
is formed by (I111) and (100) surfaces, which is a
typical feature of a Au nanoparticle as observed by

155413-2



STRUCTURE AND STABILITY OF Au RODS ON TiO...

[110]

FIG. 2. (Color online) Top view of the irreducible region (gray)
of the 2D-RBT between the Au rod and the TiO,(110) substrate.
Eight symmetric points (A, B, C, D, D', E, E’, F) are examined
as initial configurations. The large and small spheres represent O
and Ti atoms.

HAADF-STEM." The ratio of each surface area depends on
the relation of each surface energy. Namely, the shape is
determined by the condition of the minimum energy for the
surfaces within the constraints of the number of atoms. The
present angles of the rod edge are rather similar to those in
the HAADF-STEM images,'> although the present rod has
“minimal” size. The (3 X 1) TiO,(110) surface unit cell is
adopted to deal with the Au rod, perimeter and TiO, surface
regions. The Au rod is put on the TiO,(110) surface with the
orientation relationship of Au(111)[1-10]lITiO,(110)[001],
Au(111)[11-2]IITiO,(110)[1-10], and
Au(111)[111]ITiO5(110)[110]."3 The period along [1-10] in
the Au rod, which is 2.952 A theoretically and 2.885 A ex-
perimentally, has to be the same as the period along [001] in
the rutile TiO,, which is 2.968 A theoretically and 2.954 A
(Ref. 32) experimentally. Thus, the initial Au rod is stretched
along the [1-10] axis by 0.527%, and compressed by
0.2625% for both the [11-2] and [111] directions so as to
keep of the atomic volume in Au.

We consider possible two-dimensional RBTs between the
rod and substrate within the above crystallographic con-
straints. The 2D-RBT can be expressed as the 2D position of
one specific Au atom of the rod in the (1 X 1) unit of the
TiO,(110) surface, and the independent region of the 2D-
RBT can be reduced into a half of the (1 X 1) unit as shown
in Fig. 2, due to the mirror symmetry of both the rod and
slab. For selected eight RBTs in Fig. 2, we construct initial
configurations of the stoichiometric, Ti-rich and O-rich sys-
tems, by setting the Au rod on the stoichiometric surface, by
removing bridging-O atoms under the Au rod, and by dig-
ging a pit under the Au rod so as to make Au-O direct con-
tact, respectively.

The total cell volume is 1814 A3, containing 24 Ti, 48 O,
and 18 Au atoms for the stoichiometric case. We use a 1|
X 12X 1 Monkhorst-Pack k-point mesh,* resulting in 6
k-points in the irreducible Brillouin zone. The top three lay-
ers are relaxed until all the atomic forces are less than
0.01 eV/A. This is consistent with recent published work.*’
The relaxed third layer also ensures accurate calculation for
O-rich systems reported in this work, which are formed by
digging a pit at the first layer on the TiO,(110) surface. The
adhesive energy between the Au rod and the TiO, substrate
is defined by
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Eaa=Epy + Etio, = Eaurio,» (1)

where E{:S, Efr‘;l(’)z, and E AwTiO, Tepresent the total energies of
the free Au rod, the relaxed TiO,(110) substrate, and the
Au-rod/TiO,(110) system, respectively.

The free energy of the Au-rod/TiO,(110) system depend-
ing on the stoichiometry and the environment atmosphere
through the atomic chemical potentials is given by

F(T,p) = (G = Naypay = Nyiperi = Nopeo)/A
={G = Npytta,— N Tiﬂ%lg(z — (No = 2N1) uol}/A
(2)

within the constraints of ,uTi+2,uO:,ul%Li‘g‘2. G is the Gibbs
free energy of the Au/TiO, system. The total energy is the
predominant term in G.*' For pressures not exceeding about
100 atm, the contribution from the pV term in G is negli-
gible, and we neglect vibrational contributions. A is the cor-
responding surface area. Ny, Nti, No, taws M1i and pg are
the numbers and atomic chemical potentials of each species,
respectively. M'%fgz is the bulk-TiO, chemical potential per
TiO, unit, approximated by the total energy of bulk TiO,,
E‘lf)iglz_bulk. May 1s also approximated by the total energy per
atom of bulk fcc Au EX® . Note that F(T,p) contains the
free energies of the Au-rod surface and the TiO,(110) sur-
faces on the both sides of the slab in addition to the free
energy of the Au/TiO, interface. The T and p dependence is

gas

mainly given through po=(1/2) Mo, as

Po
po(T.p) =112 E‘é’;al+ﬁoz(T,p°)+kBT1n<p—02)}, (3)

Po, is oxygen partial pressure of the environment, p? is the
oxygen pressure in the standard state corresponding to atmo-
spheric pressure, and ﬂOZ(T,pO) contains the contribution
from rotations and vibrations of the molecule as well as the
ideal-gas entropy at 1 atm.*' For the O-rich limit, uo
=(1/2)Et8;al, and for the O-poor limit, uo=1/ 2(E‘T°it812_bulk
—E® ), where Eg’;al and EX | are the total energy of an
O, molecule and the total energy per atom of bulk hcp Ti,
respectively.

III. RESULTS AND DISCUSSION
A. Stoichiometric Au-rod/TiO,(110) system

Relaxed structures of the stoichiometric
Au-rod/TiO,(110) systems with different initial RBTs are
presented in Fig. 3. There are two groups of relatively stable
configurations: one contains sA and sE’, and the other con-
tains sD, sF, and sD’. Within each group, all the structures
seem to be relaxed into a similar atomic configuration, re-
spectively, in spite of different initial RBTs. sA and sF are
the most stable in each group, respectively, while the adhe-
sive energies are not so large, as compared with Ti-rich or
O-rich systems described below. This means that the interfa-
cial interaction between the Au rod and the stoichiometric
TiO,(110) surface is generally small as observed in previous
experiments''~!3 and DFT results.'6-2*
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FIG. 3. (Color online) Top (upper) and side (lower) views of
relaxed atomic geometries of the stoichiometric Au-rod/TiO,(110)
systems with eight types of initial 2D-RBTs in Fig. 2. The adhesive
energy is given for each structure. Only the Au atoms at the bottom
layer of the rod are shown in the top view. The labeled atom Au™ is
used to define the initial 2D-RBT. The red, yellow, and small light
blue spheres represent O, Au, and Ti atoms, respectively. The Au-O
bonds are drawn with the bond-length value only when the length is
less than 3.13 A.

In each group, the stable structures are characterized by
the presence of two kinds of Au-O bonds; one is a shorter
bond between the edge-Au (Au®®) and bridging-O (O") at-
oms, and the other is a longer bond between the bottom-Au
(AuP) and O atoms. These Au-O bonds are formed for a Au
atom just above a OP" atom as a one-by-one bond. The dif-
ference in the RBT as (1/2)[001]TiO, for the two groups of
stable configurations causes different interfacial bond net-
works. In each group, there is a tendency that the structure
with a shorter Au®®-O" bond such as sA and sF is more
stable than those with a slightly longer Au®-O" bond such
as sE’ and sD. sD’ has indeed a very short Au®®-O" bond of
2.28 A while the Au™-O" bond seems to be too long. The
short Au®d-O® bond seems to dominate the main part of the
adhesion for the stable interfaces. This also indicates the
stronger reactivity of edge-Au atoms than usual bottom-Au
atoms in a Au rod, due to more reduced numbers of neigh-
bors.

Detailed features of the Au-O bonds are analyzed for sA
by the charge density redistribution and the projected density
of states (PDOSs). The charge transfer at the Au®d-O" (Aul-
O1) bond is much more than that at the Au®-O (Au2-02)
bond in Fig. 4. In Fig. 5, the PDOSs at the Au®-O" (Aul-
O1) bond reveal substantial Au-O orbital hybridization. The
shape of the Au-5d4 DOS reveal changes compared to that in
the free Au rod, and the shape of the O-2p DOS is signifi-
cantly changed. The nonbonding O-2p peak at the free TiO,
surface is greatly decreased and pushed down by the hybrid-
ization with the Au states. On the other hand, the PDOSs of
the Au®-O" (Au2-02) bond reveal no remarkable changes
for the Au-5d and O-2p DOSs from those in the free sur-
faces.

However, it can be said that the present Au-O bonds in the
stoichiometric systems are not so strong as those observed in
the O-rich interfaces described later. This “weakness” is
caused by the following two points. First, the reactivity of
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FIG. 4. (Color online) Charge density redistribution n®(r) (Ref.
42) for the stoichiometric Au-rod/TiO, system, sA. The red isosur-
faces indicate an increase in the electron density, and the light blue
isosurfaces represent a depletion, compared to the superposition of
the charges of the separated systems. The value of the isospheres is
+12X 1072 ¢/A3. The large gray, small light gray, and dark
spheres represent Au, Ti, and O atoms.

the O atom on the TiO,(110) surface is not so significant.
The O atom loses one distant neighboring Ti atom, com-
pared with the three neighboring Ti atoms in the bulk. For
this point, the O® atom may have some reactivity, while this
O atom is firmly bonded to the two back Ti atoms without
any gap states or any excess holes or electrons. Second, Au is
usually less reactive than other metals, while edge-Au atoms
with less coordination have enhanced reactivity.
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FIG. 5. (Color online) PDOSs of the stoichiometric Au-rod/TiO,
system, sA. Upper and lower panels are for the Aul-Ol and
Au2-02 bonds, corresponding to the Au®d-OP" and Au-OP" bonds,
respectively. The solid and dashed blue lines represent the Au-5d
and 6s states, respectively. The light gray and light blue back-
grounds denote the Au-5d states for the corresponding Au atom in
the free relaxed Au rod and for the bulk Au, respectively. The solid
and dashed red lines indicate the O-2p and 2s states, respectively,
and the solid and dashed yellow lines indicate the O-2p and 2s
states at the OP" atom on the relaxed stoichiometric TiO,(110) sur-
face. The Fermi energy is indicated by the vertical dotted line.
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FIG. 6. (Color online) Top (upper) and side (lower) views of
relaxed atomic geometries of the Ti-rich Au-rod/TiO,(110) systems
with eight types of initial 2D-RBTs in Fig. 2. The adhesive energy
is given for each structure. Only the Au atoms at the bottom layer of
the rod are shown in the top view. The labeled atom Au* is used to
define the initial 2D-RBT. The red, yellow, and small light blue
spheres represent O, Au, and Ti atoms. The Au-Ti* bonds are drawn
with the bond-length value only when the length is less than
3.00 A, and the Au-O" bonds are drawn with the bond-length
value only when the length is less than 3.13 A. Structures with a
single underline at the title contain on-top Au-Ti* bonds, and those
without a underline at the title contain bridging Au-Ti* bonds, while
the structure with a double underline at the title, namely, tiA, con-
tains both kinds of Au-Ti* bonds.

The average interlayer distance between the bottom Au
layer and the Ti layer for the relatively stable configurations
such as sE’, sA, sD, sF, and sD’ is about 0.38 nm, which is
larger than the experimental value of 0.33 nm.!> The present
inclining of the rod is associated with the short width of the
rod. If the width of the rod is much longer, the inclining
should become much smaller, while this should result in
smaller averaged adhesive energy per area due to the reduced
ratio of edge-Au atoms against usual bottom-Au atoms.

About the perimeter configuration, there are two types of
typical structures. One is a rather open structure with Au-rod
edge atoms and a TiO, surface exposed, and the other is that
characterized by the Au®®-O" bonds. For the former type of
structure, there should also exist O atoms nearby. Thus for
the perimeter configurations of the stoichiometric systems,
the combination between the reactive edge-Au atoms and the
OP atoms at the open structures or at the Au®®-O" bonds
might be involved in catalytic reactions via bond switching.

B. Ti-rich Au-rod/TiO,(110) system

Relaxed configurations of the Ti-rich Au-rod/TiO,(110)
systems with different initial RBTs are presented in Fig. 6.
After removing O"" atoms under a Au rod, fourfold Ti atoms
(Ti*) are generated, and direct Au-Ti* bonds are formed.
There are two types of Au-Ti* bond configurations. One is an
on-top one-by-one Au-Ti bond where a Au atom is located
just above a Ti* atom. The other is a bridging two-by-two
Au-Ti bond where an Au atom is located at the bridging site
contacting with two Ti* atoms, forming a zigzag Ti-Au-Ti
bond along the TiO,[001] axis. The number of removed O®"
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FIG. 7. (Color online) Charge density redistribution for the Ti-
rich Au-rod/TiO, systems, (a) tiC and (b) tiA in Fig. 6. The red
isosurfaces indicate an increase in the electron density, and the light
blue isosurfaces represent a depletion, compared to the superposi-
tion of the charges of the separate systems. The value of the isos-
pheres is =2.2X 1072 e/ A3 The large gray, small light gray, and
dark spheres represent Au, Ti, and O atoms.

atoms depends on the RBT along the TiO,[1-10] direction.
One O atom is removed per (3 1) unit cell for tiB, tiD,
tiC, and tiE, and two OP' atoms are removed for tiD’, tiF,
tiE’, and tiA. For each pair such as tiB and tiC with the same
RBT along the TiO,[1-10] direction, the different RBT
along the TiO,[001] direction results in the formation of dif-
ferent types of Au-Ti bonds.

On the adhesive energies, it seems that the bridging
Au-Ti* bonds are more beneficial to the adhesion than the
on-top Au-Ti* bonds, and the larger density of removed O
atoms results in the larger adhesive energy. For the group of
tiB, tiC, tiD, and tiE, stable configurations with larger adhe-
sive energies such as tiC and tiD contain the bridging Au-Ti*
bonds as well as the Au®-O" bonds similar to those in the
stoichiometric systems. For the group of tiD’, tiE’, tiF, and
tiA with much larger adhesive energies, structures with the
bridging Au-Ti* bonds such as tiE’ and tiF are indeed stable,
while the most stable tiA contains both the bridging and
on-top Au-Ti* bonds. A high density of the bridging Au-Ti*
bonds induces serious structural deformation of the Au rod in
tiE’, tiF, and tiA in contrast to tiD’ containing only on-top
Au-Ti* bonds. Such structural deformation may be caused by
the fact that the distance between the defective Ti* sites
along the TiO,[1-10] direction does not coincide with the
arrangement of Au atoms in the rod, while the small width of
the present rod may also enhance the deformation. In any
case, the adhesion between the Au rod and the TiO, substrate
is greatly enhanced by the presence of O vacancies in con-
trast to the stoichiometric systems, as observed in previous
DFT results.!7-2?

The Au-Ti interlayer distances of the present Ti-rich sys-
tems are generally smaller than the observed one (0.33
nm)."> For example, the value of tiC is 0.291 nm. Of course,
the present width of the rod is rather small as compared with
the observed particle size, and there is a possibility that the
observed interface corresponds to a partially reduced inter-
face instead of a completely reduced one.

Detailed features of the Au-Ti bonds are analyzed for tiC
and tiA by the charge density redistribution and the PDOSs.
In Fig. 7, apparent charge density increases between the Au
and Ti atoms indicate covalent nature of the Au-Ti* bonds.
This feature is consistent with previous DFT results.'3-22 For
the bridging bonds (Au2-Ti2 in tiC and Aul-Til in tiA),
there are two increased charge robes around each atom, com-
pared with the on-top bond (Au*-Ti2 in tiA). The charge
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FIG. 8. (Color online) PDOSs of the Ti-rich Au-rod/TiO,(110) systems, tiC (a) and tiA (b). The top and second panels show the PDOSs
at the Au-Ti and Au-O bonds shown in Fig. 7. The third panels show the PDOSs at the Ti* and back-bonded O atoms of the relaxed
configuration of each TiO, substrate, and the bottom panels show the PDOSs of the bulk TiO,. The solid and dashed lines in blue, red, and
yellow represent the Au-5d and 6s, Ti-3d and 4s, and O-2p and 2s states, respectively. The light gray and light blue backgrounds denote the
Au-5d states for the corresponding Au atoms in the free relaxed Au rod and for the bulk Au, respectively. The Fermi energy is indicated by

the vertical dotted line.

increase value at the Au-Ti bond itself is larger for the on-top
bond than for the bridging bond, due to the shorter bond
length. In tiC, there also exists slight charge transfer from Au
to O at the Au®d-O® (Aul-O1) bond similarly to those in the
stoichiometric systems.

In Fig. 8, the change of the Au-5d DOS is remarkable at
the on-top Au-Ti* bond, namely, at the Au*-Ti2 bond in tiA,
where the 5d DOS has a peculiar split shape. For the bridg-
ing bonds such as Au2-Ti2 in tiC and Aul-Til in tiA, the
Au-5d DOSs are less changed from those of the free Au rod.

This should be caused by the longer Au-Ti bond length of the
bridging bond than that of the on-top bond. However, for all
the Au-Ti bonds, we can see the increases in the occupied
PDOSs of Au 5d and Ti 3d in the energy region below the
Fermi level, as compared with the PDOSs of the defected
TiO, substrate. For the Aul-O1 bond in tiC, there exist fea-
tures of Au-O hybridization as observed for the Au®-Qb"
bond in the stoichiometric system.

The possible perimeter configurations for the Ti-rich sys-
tems can be sorted as the following kinds: on-top Au-Ti*
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FIG. 9. (Color online) Top (upper) and side (lower) views of
relaxed atomic geometries of the O-rich Au-rod/TiO,(110) systems
with eight types of initial 2D-RBTs in Fig. 2. The adhesive energy
is given for each structure. Only the Au atoms at the bottom layer of
the rod are shown in the top view. The labeled atom Au® is used to
define the initial 2D-RBT. The Au-O bonds are drawn only when
the length is less than 3.13 A. The red, yellow, and small light blue
spheres represent O, Au, and Ti atoms.

bonds at the Au-rod edge (tiD’ and tiA), bridging Au-Ti*
bonds at the Au-rod edge (tiE’, tiF, and tiA), Au®*-OP" bonds
(tiC, tiD, and tiE), and open configurations consisting of the
edge-Au atoms and the bare TiO, surface. The Au atoms at
the Au-Ti bonds may have different chemical properties for
the interaction with molecules. The Au®®-O" bonds and open
configurations seem to be common to the stoichiometric sys-
tems, and might be involved in catalytic reactions via bond
switching between the Au and O atoms.

C. O-rich Au-rod/TiO,(110) system

Relaxed configurations of the O-rich Au-rod/TiO,(110)
systems with different initial RBTs are presented in Fig. 9.
The numbers of removed Ti and O atoms at the interface
depend on the RBT along the TiO,[1-10] axis. For 0B, oC,
oF, and oA, three Ti and five O atoms are removed per (3
X 1) cell, resulting in one excess O atom. Within these mod-
els, the total energies of oF and oA are much lower than
those of oB and oC, and oA is the most stable. The larger
adhesive energies of oB and oC do not mean the stability
relative to oF and oA, due to the difference in the total en-
ergy of the TiO, substrate as the origin of the adhesive en-
ergy. The TiO, substrate of oB and oC has a much higher
total energy than that of oF and oA due to the difference in
the position of a pit. For oA, the structural distortion at the
Au rod seems to be the smallest within the four structures.
For oD’, oE’, oD, and oE, four Ti, and five O atoms are
removed per (3 X 1) cell, resulting in three excess O atoms.
The total energies of oD and oE are much lower than those
of oD’ and oE’, and oE is the most stable. For oE, the struc-
tural distortion at the Au rod also seems to be the smallest
within the four structures.

As compared with the observed HAADF-STEM images, '
the calculated configurations are much more disordered at
the interface. For relatively ordered configurations, the aver-
aged Au-Ti interlayer distances at the interface are 0.363 nm
for oA and 0.316 nm for oE, which are rather comparable to
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the observed value, 0.33 nm.'> However, the interface planes
are located in a pit compared to the usual TiO,(110) surface
plane, and the observed structure with the interlayer distance
of 0.33 nm does not show such features. Thus we cannot
conclude that the observed configurations are O-rich, while
such pits or steps are occasionally observed.'?

In oA in Fig. 9, there exist several types of Au-O bonds.
The first type is an on-top one-by-one Au-O bond between
an edge or bottom-Au atom and a O atom with two back
O-Ti bonds, as observed in the stoichiometric and Ti-rich
systems. Au3-O2 (2.24 A) and Au4-O4 (2.48 A) bonds be-
long to this type, while O4 atom with two back O-Ti bonds
forms an additional one-by-one bond as Au*-0O4 (2.74 A).
The second type is a bridging two-by-two Au-O bond, where
each Au and O atoms contact with two O and two Au atoms,
respectively, and an O atom is supported by only one O-Ti
back bond. Au*-03 (2.27 A) and Au2-O1 (2.58 A) bonds
belong to this type, while Ol forms Aul-Ol one-by-one
bond (2.26 A) additionally. Thus O1 is located on the center
of a triangle of Au atoms, and thus Au2-O1-Aul can be also
regarded as the third type of Au-O bonds.

In oE in Fig. 9, there also exist similar types of Au-O
bonds. First, Aud-06 (2.17 A), Au3-O4 (2.17 A), and
Aul-0O2 (2.37 A) bonds are the on-top one-by-one Au-O
bonds supported by two back O-Ti bonds, while Au3 and
Aul are also involved in other Au-O bonds. Second, Au*-O5
(2.10 A), Au2-03 (2.14 A), and Aul-O1 (2.21 A) bonds
are the bridging two-by-two Au-O bonds supported by only
one O-Ti back bond, while one-by-one bonds are addition-
ally formed at O3 and Ol as Au3-O3 (2.34 A) and Au5-O1
(221 A). Thus, Au2-03-Au3 and Aul-O1-AuS can be re-
garded as the third type of bonds between a Au triangle and
an O atom.

The PDOSs for oE are shown in Fig. 10. For the bridging
Au-O bonds such as Au*-O5, Au2-03, and Aul-Ol, the
PDOSs reveal significant Au 5d-O 2p hybridization, where
the Au-5d DOSs are remarkably widened by the generation
of peaks near the bottom and top of the 54 band with the
overlap of the peaks of the broadened O-2p DOS, corre-
sponding to the formation of Au-O bonding and antibonding
states. Some peaks at the top of the 5d band are empty,
indicating stabilization of the covalent Au-O bonds. Note
that the O atoms associated with the bridging Au-O bonds
have only one O-Ti back bond, resulting in remarkable
changes in the 2p DOS, in contrast to the other O atoms with
two O-Ti back bonds revealing no such remarkable changes.
The PDOSs of Au3-0O3 and Au5-O1 also reflect the features
of Au 5d-O 2p hybridization due to the third type of bonds
as Au2-03-Au3 and Aul-Ol-Au5, although the changes in
the PDOSs at Au3 and Au5 are less significant. For the on-
top Au-O bonds such as Au4-06, Au3-O4, and Aul-O2, the
Au 5d-O 2p hybridization is less significant, where the
Au-5d and O-2p DOSs remain less changed from those in a
Au rod or TiO, surfaces, except for the PDOS of Aul.

In Fig. 11, the charge density redistribution for oE reveals
strong ionic characters of the Au-O bonds. Electrons are
transferred from Au to O atoms at each interface Au-O bond,
making the interfacial Au atoms partially cationic. This kind
of electron redistribution is consistent with DFT results of
Au-atom adsorption on an O-rich TiO,(110) surface,'® and
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FIG. 10. (Color online) PDOSs of the O-rich Au-rod/TiO,(110)
system oE in Fig. 9. The solid and dashed lines in blue, red, and
yellow represent the Au-5d and 6s, O-2p and 2s, and Ti-3d and 4s
states, respectively. The light blue background represents the Au-5d
states in the bulk Au. The labels of the Au, O, and Ti atoms are
defined in Fig. 9. The Fermi energy is indicated by the vertical
dotted line.

STM and DFT results of Au-cluster adsorption on an O-rich
TiO,(110) surface.?>?* In Fig. 11, it is interesting that charge
transfer at the on-top Au-O bond (Au4-O6, Au3-O4, and
Aul-02) is less than that at the bridging Au-O bonds
(Au*-05, Au2-03, and Aul-O1). This feature in addition to
the feature of hybridization indicates that the on-top Au-O
bond is much weaker than the bridging Au-O bond in both
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FIG. 11. (Color online) Charge density redistribution for the
O-rich Au-rod/TiO, system oE in Fig. 9. The red isosurfaces indi-
cate an increase in the electron density, and the light blue isosur-
faces represent a depletion, compared to the superposition of the
charges of the separate systems. The value of the isospheres is
+5.0%X1072 ¢/A3. The large gray, small light gray, and dark
spheres represent Au, Ti, and O atoms.
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the ionic and covalent viewpoints. This weakness of the on-
top Au-O bonds is similar to the Au®-O" or Au-O" bonds
observed in the stoichiometric and Ti-rich systems. The
bridging Au-O bonds or the third type of bonds between the
Au triangle and O atoms are typical of the O-rich systems,
revealing strong ionic and covalent characters. In such
bonds, O atoms are supported by only one O-Ti back bond,
which should cause such strong Au-O interactions.

The present Au-O bonds have similar features to those in
gold-oxides such as Au,O5 and oxidized Au surfaces ob-
tained by DFT calculations.**~** In the Au,Oj; crystal, each
Au atom is bonded to four O atoms in a AuO, unit, and O
atoms are bonded to two or three Au atoms. The calculated
Au-O bond lengths range from 1.99 A to 2.11 A,* and the
average is 2.06 A. The PDOSs show significant Au 5d-O 2p
hybridization, where the new peaks common to the Au-5d
and O-2p bands are generated near the bottom and top of the
d band with the highest peaks unoccupied by a small band
gap. The favorable oxidized Au(110)-surface structure con-
tains similar AuO, units, where the shortest Au-O bond
length is 2.03 A* In the favorable oxidized Au(100)-
surface structure, the bond lengths between the O atom and
its three neighbors are 2.11, 2.11 and 2.20 A.** The PDOSs
for these two oxidized Au surfaces reveal significant
Au 5d-O 2p hybridization similar to those in Au,Os3. The
charge redistributions for the Au,0Oj5 crystal and the oxidized
surfaces reveal remarkable charge transfer from Au to O at
each Au-O bond. For the present O-rich Au-rod/TiO, sys-
tems, the bridging Au-O bonds and the third type of Au-O
bonds between the Au triangle and O atom have covalent and
ionic characters, similar to the Au-O bonds in gold-oxides
and oxidized Au surfaces. However, the Au-O bond lengths
in the O-rich Au-rod/TiO, systems are slightly larger than
those in gold-oxides and oxidized Au surfaces, and thus the
degree of Au-O orbital hybridization seems to be reduced.
This should be caused by the presence of back O-Ti bonds.

About the perimeter configuration of the O-rich systems,
there exist the on-top Au-O bonds, the bridging Au-O bonds
and the third type of bonds at the perimeter edge, where
partially cationic Au atoms with strong hybridization with O
orbitals should have quite different chemical properties.
There also exist rather open structures at the perimeter with
OP" atoms nearby, as well as rather weak on-top Au-O bonds
at the perimeter. These sites also may be involved in the
catalytic reaction via bond switching between the Au atom
and the O atom.

D. Thermodynamic analysis

Figure 12 shows the results of ab initio thermodynamic
analysis, revealing relative stability among various
Au-rod/TiO, systems as a function of the O chemical poten-
tial. For the Ti-rich systems, the higher the density of O
vacancies, the steeper the gradient of the lines of the free
energies. For Aug less than —3.26 eV, tiA becomes more
stable than tiC. For the O-rich systems, the higher the density
of excess O atoms, the steeper the gradient of the lines of the
free energies. For Aug larger than —0.92 eV, oE becomes
more stable than oA. For the relation among the three types
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FIG. 12. (Color online) Free energies of the Au-rod/TiO,(110)
systems with various interface stoichiometry as a function of the O
chemical potential. The free energy for the most stable stoichio-
metric system, sA, is given by the dotted horizontal line. The blue
dashed lines with positive gradients represent the free energies of
the Ti-rich systems. Two kinds of positive gradients reflect two
kinds of stoichiometry for the Ti-rich systems. The thick dashed line
represents the free energy of tiA, which becomes the most stable for
the Ti-rich (O-poor) atmosphere. The red solid lines with negative
gradients represent the free energies of the O-rich systems. Two
kinds of negative gradients reflect two kinds of stoichiometry for
the O-rich systems. The thick solid line represents the free energy of
oE, which becomes the most stable for the O-rich atmosphere. In
the horizontal axis, Aug is defined as po—(1/ 2)E‘O°;a]. Using Eq.
(3), the corresponding temperatures are given for two selected oxy-
gen partial pressures, po,=10"'? atm (7.6 X 10~ Torr) as ultrahigh
vacuum and p,=0.21 atm in air of 1 atm. The most left and right
vertical lines indicate the O-poor limit and O-rich limit.

of interface stoichiometry, the Ti-rich configuration, tiA, is
the most stable for Aug<<-3.29 eV. For the range of Aug
from -3.29 to —0.33 eV, the stoichiometric configuration,
sA, is the most stable. Then for Aug>-0.33 eV, the O-rich
one, oE, is the most stable. If we express the range of Aug
by temperatures, tiA is the most stable for 7> 1433 K in
UHV and for 7>2760 K in air (po,=0.21 atm). oE is the
most stable for 7<170 K in UHV and for 7<<328 K in air.
And sA is the most stable for the range of T from 170 to
1433 K in UHYV, and for the range of T from 328 to 2760 K
in air.

It is interesting that the O-rich configuration oE is the
most stable in the atmosphere of the catalytic reaction such
as low-temperature CO oxidation. On the atmosphere of the
production of Au/TiO, catalysts, O-rich configurations can
exist for the catalysts formed by the precipitation method
followed by calcination in air, while samples formed by the
vacuum deposition'> should mainly contain stoichiometric or
Ti-rich configurations. In any case, the present results indi-
cate the importance of examining the perimeter configura-
tions of O-rich Au/TiO, interfaces to elucidate the catalytic
mechanism.

PHYSICAL REVIEW B 80, 155413 (2009)

IV. SUMMARY

We have examined the Au-rod/TiO,(110) systems using
the DFT in order to investigate the perimeter configurations
of Au-particle/TiO, systems related to the catalytic activity.
We have dealt with various configurations of stoichiometric,
Ti-rich, and O-rich interfaces with various 2D-RBTs. We
have observed several kinds of typical Au-O and Au-Ti
bonds, which should be generally contained in Au/TiO, in-
terfaces with different stoichiometry and RBTs. The stoichi-
ometric interfaces are characterized by Au®-O" and
Au-O" bonds. The former is stronger with substantial or-
bital hybridization and charge transfer due to the enhanced
reactivity of edge-Au atoms, while both kinds of Au-O bonds
are rather weak due to the two firm back O-Ti bonds for the
0P atom, compared to strong Au-O bonds in the O-rich in-
terfaces. Similar Au®®-O" bonds are also formed at the pe-
rimeter of the Ti-rich interfaces. The O-rich interfaces con-
tain much stronger Au-O bonds such as bridging two-by-two
Au-O bonds and Au-O bonds between a Au triangle and an O
atom, with significant Au 5d-O 2p hybridization and charge
transfer from Au to O, similarly to those in gold-oxides and
oxidized Au surfaces. These strong Au-O bonds are charac-
terized by only one back O-Ti bonds. The O-rich interfaces
also contain rather weak Au-O bonds with two back O-Ti
bonds similar to the Au®-O" or Au™-O" bonds. The Ti-rich
interfaces contain two types of Au-Ti* bonds with covalent
nature; on-top one-by-one bonds and bridging two-by-two
bonds, and the latter type is more beneficial to the adhesion.

On the other hand, the perimeter configurations obtained
from the present calculations have the following features.
First, for the Ti-rich interfaces, the Au-Ti bridging or on-top
bonds can be exposed at the perimeter edge, which should
have different chemical properties due to different charged
and hybridized states. Second, for the O-rich interfaces, the
strong Au-O bridging bonds or bonds between a Au triangle
and an O atom can be also exposed at the perimeter edge,
which should have also different chemical properties due to
different charged and hybridized states. Third, the Au®-Q
bonds or similar on-top Au-O bonds can be exposed at the
perimeter edge for all the stoichiometric, Ti-rich and O-rich
interfaces, as well as rather open configurations consisting of
edge-Au atoms and a TiO, surface with O atoms nearby. At
these Au®-O bonds or open structures, the bond switching
between the Au®® and O atoms may be involved in the
catalytic reactions. In this way, the behavior of molecules on
the present typical perimeter-edge configurations should be
examined in the near future in order to elucidate the mecha-
nism of the catalytic activity. And the thermodynamic analy-
sis has indicated the importance of examination of the O-rich
systems.
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