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Abstract−−−−The adsorption properties of Au, Ag and Cu on TiO2 (110) rutile surfaces are examined using density func-
tional theory slab calculations within the generalized gradient approximation. We consider five and four different ad-
sorption sites for the metal adsorption on the stoichiometric and reduced surfaces, respectively. The metal-oxide
bonding mechanism and the reactivity of metal atoms are also discussed based on the analyses of local density of states
and charge density differences. This study predicts that Au atoms prefer to adsorb at the fourfold hollow site over the
fivefold-coordinated Ti(5c) and in-plane and bridging O(2c) atoms with the adsorption energy of ≈0.6 eV. At this site, it
appears that the covalent and ionic interactions with the Ti(5c) and the O(2c), respectively, contribute synergistically
to the Au adsorption. At a neutral Fs

0 center on the reduced surface, Au binds to the surface via a rather strong ionic
interaction with surrounding sixfold-coordinated Ti(6c) atoms, and its binding energy is much larger than to the stoi-
chiometric surface. On the other hand, Ag and Cu strongly interact with the surface bridging O(2c) atoms, and the site
between two bridging O(2c) atoms is predicted to be energetically the most favorable adsorption site. The adsorption
energies of Ag and Cu at the B site are estimated to be ≈1.2 eV and ≈1.8 eV, respectively. Unlike Au, the interaction
of Ag and Cu with a vacancy defect is much weaker than with the stoichiometric surface.
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INTRODUCTION

The synthesis and characterization of “so-called” nanoparticles
with the size of 1-10 nm has become a major interdisciplinary area
of research over the last decade. These particles have distinctly dif-
ferent electrical, optical, mechanical, and chemical properties from
their corresponding bulk solid. Particularly, nanometer sized noble
metal particles dispersed on TiO2 or other oxides have been found
to exhibit high catalytic activities [Bell, 2003; Santra and Good-
man, 2002]. Au has long been known to be chemically inert in its
bulk form, as compared to other transition metals [3], such that it
has received little attention as a catalyst. However, TiO2 supported
Au nanoparticles show an extraordinarily high activity for low-
temperature catalytic combustion, partial oxidation of hydrocar-
bons, hydrogenation of unsaturated hydrocarbons, and reduction of
nitrogen oxides [Haruta, 1997]. The catalytic properties appear to
be very sensitive to the size of Au particles, and that only particles
in the range of 2-3 nm are very active [Valden et al., 1998]. Simi-
larly, TiO2-supported small Ag particles (2-4 nm) also exhibit high
catalytic activity and selectivity for propylene epoxidation and low-
temperature CO oxidation [de Oliveira et al., 2001], (while larger
Ag clusters are much less active [Hayash et al., 1998]). These ob-
servations have led to a speculation that there may exist a range of
critical particle sizes at which all metals exhibit unusual catalytic
properties [Choudhary and Goodman, 2002].

Due to weak metal-support interfacial interactions, however, 
small metal particles are easily rearranged and become unstab
ward sintering in response to changes in the gaseous environ
even at moderate temperatures [Kolmakov and Goodman, 2
2001; Campbell et al., 2002]. This may lead to the loss of their 
alytic activity, which is indeed a serious problem of oxide su
ported nanometal catalysts. A comprehensive description of s
structural changes is therefore strongly necessary to better u
stand the underlying mechanism and performance of supported 
al catalysts in realistic operation conditions.

The growth of metal particles and their structural changes a
strong function of the surface structure of an oxide support, the
mentary processes of metal atoms (such as adsorption, diffu
and agglomeration) on the surface, and the interfacial interact
of metal particles with an oxide support. The metal-oxide inter
cial interactions would also play an important role in determini
the physical and chemical properties of supported metal part
[Valden et al., 1998; Hansen et al., 2002].

Apart from fundamental dynamic behaviors of metals on an 
ide, metal-oxide interface properties are still poorly known in ma
respects despite long lasting efforts [Campbell, 1997]. This is 
largely to difficulties in direct measurement/characterization of d
namic processes as well as buried interfaces at the atomic s
Significant advances in computer power and theoretical meth
over recent years have made it possible to explore metal pa
dynamics and metal-dielectric interfacial interactions by using f
principles quantum mechanics calculations [Verdozzi et al., 1
Christensen and Carter, 2001; Siegel et al., 2002]. Such atom
modeling in fact offers many valuable microscopic insights in
those complex structural, dynamic, and electronic properties.
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In this paper we present the results of density functional theory
(DFT) calculations on i) the geometric and electronic structures of
stoichiometric and reduced TiO2 (110) rutile surfaces and ii) the ad-
sorption properties of Au, Ag, and Cu atoms on the TiO2 (110) sur-
faces. Oxide supported Au, Ag and Cu nanometals often show mark-
edly different physical and chemical characteristics. Recent experi-
mental work [Boccuzzi et al., 2002], for instance, has shown that
the Ag catalyst is almost inactive while Cu and Au catalysts ex-
hibit intermediate and very high activities in the water gas shift reac-
tion, respectively. The comparative study of oxide supported 1B
metals is indeed a technologically and scientifically important sub-
ject.

The (110) rutile surface (which is the most thermodynamically
stable among low-index TiO2 surfaces) has been extensively stud-
ied both experimentally [Charlton et al., 1997; Diebold et al., 1996;
Guo et al., 1996; Pang et al., 1998; Beennett et al., 1999] and the-
oretically [Bates et al., 1997; Lindan et al., 1997; Bredow and Pac-
chioni, 2002; Reinhardt and Hess, 1994; Ng and Vanderbilt, 1997].
However, a limited amount of theoretical work has been performed
on the interaction of Au, Ag and Cu atoms with oxide surfaces. More-
over, there is no consensus in previous theoretical studies.

The adsorption properties of Au on stoichiometric TiO2 (110)
have been reported by several groups. Using the full potential linear
muffin-tin orbital (FP-LMTO) calculations, Thiên-Nga and Paxton
[1998] obtained a unreasonably large adsorption energy of 8.5 eV
per Au atom on unrelaxed TiO2(110). Using the full potential linear-
ized augmented plane-wave method, Yang et al. [2000] estimated
Au adsorption energies to be 1.0-1.49 eV per atom for three differ-
ent adsorption sites. In these studies, the site atop a fivefold-coordi-
nated Ti was predicted to be most favorable. On the other hand, based
on planewave pseudopotential DFT-GGA slab calculation results,
Lopez and Nørskov [2002] suggested that Au adsorbs preferably
on a bridging O atom with the adsorption energy of 1.55 eV per
atom. Contrary to these slab calculations, Giordano and his cowork-
ers [Giordano et al., 2001] obtained small adsorption energies of
less than 1eV from their DFT-GGA cluster calculations. Their results
also suggested the adsorption on top of a bridging O atom is most
favorable. Using spin polarized DFT-GGA slab calculations, very
recently, Vijay et al. [2003] and Wang and Hwang [2003] also re-
ported very small Au adsorption energies of less than 0.61 eV on
relaxed TiO2 (110). However, both studies showed that the most
stable adsorption site is atop the four-fold hollow position over the
fivefold-coordinated Ti and in-plane and bridging O atoms, in which
the covalent and ionic bonding interactions with the fivefold-coordi-
nated Ti and the bridging O, respectively, contribute synergistically
to the Au adsorption [Wang and Hwang, 2003].

While the calculation results are somewhat scattered, from fitting
to experimental data using a kinetic model, the Au adsorption energy
has been estimated to be as low as 0.43 eV on nearly stoichiomet-
ric TiO2 (110) [Campbell et al., 2002].

The adsorption properties of Ag on stoichiometric TiO2 (110)
were studied by Giordano et al. [2001] using DFT-GGA cluster cal-
culations. They obtained adsorption energies of 2.0 and 2.3 eV for
the sites atop a bridging O atom and between two bridging O atoms,
respectively. They also looked at the Cu adsorption properties which
would be similar to the Ag adsorption with about 0.5 eV larger ad-

Rutile TiO2 (110) is likely to usually contain a significant num
ber of oxygen vacancies [Onishi and Iwasawa, 1994; Murray e
1995; Schaub et al., 2003]. Recent theoretical studies have sh
that the surface geometric and electronic structures of TiO2 (110)
are markedly altered by the presence of oxygen vacancies [Lin
et al., 1997; Bredow and Pacchioni, 2002]. The binding of Au to
oxygen vacancy site has been calculated to be substantially stro
than to the stoichiometric surface. For a 0.5 ML vacancy conc
tration on TiO2 (110), Wahlström and his co-workers [Wahlström
et al., 2003] obtained the Au adsorption energy of about 2.0 e
the oxygen vacancy site by using planewave pseudopotential D
GGA slab calculations. For the same reduced surface, Vijay e
[2003] and Wang and Hwang [2003] obtained the Au adsorp
energy of about 2.3-2.5 eV using spin polarized DFT-GGA s
calculations. Wang and Hwang also showed there is a substa
reduction in the Au adsorption energy from 2.26 eV to 1.66 eV wh
the vacancy concentration is decreased from 0.5 ML to 0.33 
(vide infra). For Ag and Cu adsorption on reduced TiO2 (110), to
our best knowledge, no theoretical study has been reported thus

COMPUTATIONAL DETAILS

Our quantum mechanics calculations are based on (spin-p
ized) density functional theory (DFT) within the generalized gra
ent approximation (GGA) [Perdew et al., 1992], as implemen
in the VASP code [Kresse and Hafner, 1993]. We also calculate
adsorption properties of Au and Ag on the stoichiometric TiO2 (110)
surface with the local spin density approximation (LSDA) with t
Ceperly and Adler [1980] form parameterized by Perdew and Zun
[1981]. Mattson and Jennison [2002] recently showed that, du
weak metal interactions with the stoichiometric metal oxide s
faces, LDA was likely to provide better estimation in the metal/m
al oxide binding relative to the GGA. We use Vanderbilt type ult
soft pseudopotentials [Vanderbilt, 1990; Kresse and Hafner, 19
and a plane-wave cutoff energy of 300 eV, which yields well-co
verged results. Charge densities are calculated by using the res
minimization method-direct inversion of the interactive subspa
(RMM-DIIS) algorithm, and atomic structures are optimized b
minimizing the Hellman-Feymann forces using the conjugate g
dient method.

The oxide surfaces considered in this work are modeled by u
a 15-atomic-layer slab that is separated from its vertical perio
image by a vacuum space of 10 Å, sufficient to describe the p
erties of the TiO2 (110) surface (vide infra). All atoms are allowed
to relax according to their atomic forces. For the Brillouin Zo
integration, we use the lowest-order Monkhorst-Pack set of two
points at (¼, ¼, 0) for the (1×1) surface cell, and one k point at
½, 0) for coverages of ½ for the geometry optimization. Total 
ergies are evaluated by using a (4×6×1) mesh for the (1×1) su
cell, and (4×4×1) for larger surface cells.

RESULTS AND DISCUSSION

1. TiO2 (110) Rutile Surfaces
Stoichiometric and reduced surfaces are depicted in Fig. 1. 

TiO2 structure, contains two types of Ti atoms and four differe
March, 2004

sorption energies at the on-top and bridge sites. types of O atoms: five-fold coordinated Ti(5c), six-fold coordinated



d
ced
xy-

 TiO

Å,
tes
Å,

s of

ms,
997]
ruc-
 and

ery
(2c)

ent
he-
 the-
lear
l.,

ic-

ur-
g all
a-

nd
dif-
.
om
ter-
 in-
lls.
dis-

le 1.
e O

gen
A Comparative Theoretical Study of Au, Ag and Cu Adsorption on TiO2 (110) Rutile Surfaces 539

Ti(6c); two-fold coordinated bridging O(2c), three-fold coordinate
in-plane O(3c), and two other subsurface O atoms. The redu
surfaces are created by removing the bridging O(2c) atoms. O
gen vacancies are probably the most common surface defect on2

(110).
1-1. Stoichiometric Surface

Our GGA calculation results in the lattice constants of a=4.630
c=2.979 Å and the internal parameter of u=0.305 (which indica
the location of oxygen atoms), and LDA results are: a=4.558
c=2.925 Å and u=0.304, very close to the experimental result
a=4.594 Å, c=2.972 Å, and u=0.305 [Vinet et al., 1986].

In Table 1, we summarize the displacements of surface ato
and compare them with other theoretical results [Bates et al., 1
and experimental observations [Charlton et al., 1997]. The st
tural properties appear to be rather insensitive to the exchange
correlation functional [Muscat et al., 1999]. Our results are v
close to the experimental values except the position of bridging O
atoms (The O(2c) displacement of −0.04 Å is somewhat smaller
than −0.27 Å as obtained from an X-ray spectroscopy measurem
[Charlton et al., 1997], but it is in good agreement with other t
oretical results [Bates et al., 1997]). This disagreement between
ory and experiment may arise from the calculation method of nuc
positions in X-ray diffraction [Bates et al., 1997; Harrison et a
1999]. The surface energy of 0.72-0.76 Jm−2 from our 15-atomic-
layer slab model is virtually identical to 0.73Jm−2 from a 21-atomic-
layer slab model [Bates et al., 1997], indicating that a 15-atom
layer slab is sufficient for describing the TiO2 (110) surface.
1-2. Reduced Surfaces

Here, we consider i) completely and ii) partially reduced s
faces. The completely reduced surface is modeled by removin
bridging O(2c) atoms from the (2×1) surface cell. In fact, the form
tion of the completely reduced surface is unlikely [Bogicevic a
Jennison, 2002]. However, it would be instructive to look at the 
ference between the completely and partially reduced surfaces

For a partially reduced surface, a bridging O(2c) is removed fr
a given unit cell. In this study, to look at the vacancy-vacancy in
action, we employ several different sizes of surface cells which
cluded (1×2), (1×3), (1×4), (1×5), (2×2), (2×3), and (2×4) unit ce

When an bridging O(2c) is removed, neighboring atoms are 
placed and the adjacent Ti(6c) atoms are reduced to Ti3+. The atom-
ic displacements of the reduced surface are summarized in Tab
As expected, the adjacent Ti(6c), in-plane O(3c) and subsurfac
atoms shift outward substantially.

For the different sizes of the surface cell, we calculate the oxy
vacancy formation energy, Ef(V), which is defined as

Fig. 1. Schematic representations of the TiO2 (110) rutile surface.
(a) 2×3 surface cell; the dotted line indicates the 1×2 surface
cell. (b) side view of the stoichiometric surface. (c) side view
of the reduced surface (with the row defect). The black and gray
balls represent Ti and O atoms, respectively.

Table 1. Atomic displacements of the TiO2 rutile (110) surface

Atom
Stoichiometric (GGA) From ref [23]a Exp. [18] Reduced (GGA)

[110] [−110] [110] [−110] [110] [−110] [110] [−110]

Ti(6c) −0.19 - −0.23 - −0.12±0.05 - −0.01 -
Ti(5c) −0.15 - −0.11 - −0.16±0.05 - −0.11 -
O(2c) −0.02 - −0.02 - −0.27±0.08 - - -
O(3c) −0.18 0.06 −0.18 0.05 −0.05±0.05 0.16±0.08 −0.44 0.09
O(3c)s −0.02 - −0.03 - −0.05±0.08 - −0.08 -

aThe theoretical values were obtained using a 21-atomic layer slab model and a cutoff energy of 400 eV.
Korean J. Chem. Eng.(Vol. 21, No. 2)
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Ef(V)=Es−TiO2−Er−TiO2−EO

where Es−TiO2, Er−TiO2 and EO are the total energies of the stoichiomet-
ric surface, the reduced surface, and a free O atom, respectively.

As listed in Table 2, the formation energy decreases significantly

as the unit cell size is increased along the bridging O(2c) row fr
(1×2) to (1×5) and from (2×2) to (2×4). This result clearly dem
onstrates there exists a repulsive interaction between vacancie
can also expect that the binding energy of adsorbates to the d
site is a strong function of the density and spatial distribution of 
cancies. For a fully isolated neutral Fs center, however, it is expected
that two excess electrons associated with the removed bridging2−

are largely localized at the center of the vacancy due to the e
trostatic stabilization by the inter-ionic Coulomb interactions of t
ionic crystal [Ferrari and Pacchioni, 1995].

Fig. 2 shows the local density of states (LDOS) [Eichler et 
1996] for the Ti(6c) atoms on the stoichiometric and reduced 
faces. For convenience, we roughly divide the energy into three
ferent energy regimes: i) bonding area (E−Ef≤−4eV), ii) non-bond-
ing area (−4 eV<E−Ef<0 eV), and iii) anti-bonding area (E−Ef≥0
eV). Compared to the stoichiometric surface [Fig. 2(a)], the vaca
defect causes the Ti 3d states to shift to the non-bonding area
dicating an increase in the reactivity of the defect site. The sm
(1×2) unit cell shows a broader distribution in the Ti 3d states, rela
to the (1×3) case. More mixing of the Ti 3d states appears to o

Table 2. Oxygen vacancy formation energy (in eV) calculated us-
ing different sizes of the surface unit cell, as indicated

(1×2) (1×3) (1×4) (1×5) (2×2) (2×3) (2×4)

Ef (eV) 6.91 5.84 5.59 5.38 6.93 5.49 5.37

Fig. 2. LDOS for the spin-up (�) and spin-down (�) electrons of
the Ti(6c) or [Ti(6c)d] atom on (a) the stoichiometric sur-
face and (b-d) reduced surfaces [(b) with a point defect
(from the 1×3 surface cell), (c) with a point defect (from the
1×2 surface cell), (d) with the row defect (from the 1×2 sur-
face cell)]. The dashed vertical line at E=0 eV indicates the

Fig. 3. Adsorption sites for (a) the stoichiometric surface and (b)
the reduced surface. The black and gray balls represent Ti
March, 2004

Fermi level. and O atoms, respectively.
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in the completely reduced case. This suggests that the vacancies
are delocalized, and interact strongly along a bridging O(2c) row.
In addition, the 3d states shift to the non-bonding area when two
vacancies are adjacent, for example in the (1×2) and completely
reduced cases. This implies that a di-vacancy would be very unfa-
vorable thermodynamically, which in turn results in a higher va-
cancy formation energy (or metal adsorption energies at the vacancy
site).
2. Au, Ag and Cu Adsorption on TiO2

For the Au, Ag and Cu adsorption on the stoichiometric TiO2

(110) surface, as illustrated in Fig. 3(a), five different adsorption
sites were considered: i) on top of a bridging O(2c) atom [indi-
cated as T1], ii) on top of a fivefold coordinated Ti(5c) atom [T2],
iii) between two bridging O(2c) atoms [B], iv) fourfold hollow over
Ti(5c) and O(2c) atoms [H1], v) fourfold hollow over Ti(5c), O(2c),
and O (3c) atoms [H2].

For the completely reduced TiO2 (110) surface (which is modeled
by removing bridging O(2c) atoms from the (1×2) surface unit cell),
four different adsorption sites were considered [Fig. 3(b)]: i) four-
fold hollow site over Ti(2) and O(2) atoms [indicated as Hd], ii) bridg-
ing two Ti(1) atoms [Bd], iii) on top of the Ti(2) atom [T1d], and iv)
on top Ti (1) atoms [T2d]. However, we only considered the Bd site
[which is the most favorable adsorption site (vide infra)] for par-
tially reduced surfaces (which are modeled by removing a bridg-
ing oxygen atom from a given surface cell.

The adsorption energy (Eads) of a metal atom (MA) on TiO2 (110)
is defined as

Eads=EMA/TiO2−ETiO2−EMA

where EMA/TiO2, ETiO2, EMA are the total energies of the MA on the TiO2

surface, the (stoichiometric or reduced) TiO2 (110) surface, and a
free metal atom, respectively. In addition, the interaction energy (Eint)
between a metal atom and its periodic replicas for a given unit cell
is also calculated as:

Eins=EMA_C−EMA

where EMA_C is the total energy of a metal atom in a given unit cell
(which includes a metal-metal interaction).
2-1. Au
2-1-1. On Stoichiometric TiO2 (110)

The adsorption properties of Au on the stoichiometric TiO2 (110)
surface are summarized in Tables 3 and 4. A recent theoretical study
[Wang and Hwang, 2003] suggests that, to avoid an interaction be-
tween adsorbed Au and its periodic replicas, the TiO2 surface must
be modeled using at least the (1×2) surface cell (in which the distance
between the metal adatom and its periodic images is dAu-Au≥5.96 Å).

For the (1×2) surface cell, we obtained the Au adsorption en-

ergies of 0.6 eV, 0.51 eV, 0.44 eV, 0.34 eV, and 0.33 eV per atom
the H2, T1, T2, H1, and B sites, respectively. According to this
sult, interestingly, the H2 site (which has been neglected in pr
ous theoretical studies) turns out to be the most stable adsor
site. For the (1×2) supercell, the interaction between Au and its
riodic replicas is insignificant (Eint=0.05 eV). The adsorption energy
of 0.33-0.6 eV is very close to 0.43 eV as predicted by the Ca
bell group based on their experimental observations [Campbe
al., 2002]. For a comparison, our LDA values (in parentheses)
also listed in Table 3. The LDA-adsorption energies are far lar
than the GGA energies (approximately twice), but the order in 
sorption energy (for the different adsorption sites) remains unchan

For the (1×1) unit cell, the Au-Au interaction is strong due 
the short Au-Au distance of about 2.98 Å along the [001] dire
tion. The calculated Au-Au interaction energy is Eint≈1.21 eV. The
strong attractive Au-Au interaction results in a substantial red
tion in the Au binding to the TiO2 surface. (The Au adsorption en
ergy decreases to 0.17 eV, 0.12 eV, 0.09 eV, 0.02 eV, and 0.0 e
the T2, H2, T1, B, and H1 sites, respectively.) As a conseque
the Au-TiO2 distance increases, e.g., at the T1 site, the Au-O(
distance increases from 2.3 Å to 3.2 Å. In the rather high cover
the most favorable adsorption site appears to be on top of a T
atom, which is consistent with previous DFT slab calculations [Lo
and Nørskov, 2002].

The sum of Eads and Eint (at the most favorable site) increases b
0.73 eV as the unit cell size is changed from (1×2) to (1×1). T
increase in the total energy is attributed to the Au-Au metallic in
action. Our calculated value of 1.38 eV for (Eads+Eint) at the (1×1)
unit cell is in good agreement with 1.04 eV from recent DFT-GG
(RPBE) slab calculations [Lopez and Nørskov, 2002].
2-1-2. On Reduced TiO2 (110)

The adsorption properties of Au on the reduced TiO2 (110) sur-
faces are summarized in Table 5. Here, we consider both par
and completely reduced surfaces. On the completely reduced
face, the Au adsorption energies are calculated to be 2.81 eV, 
eV, 1.61 eV, and 1.48 eV at the Bd, T2d, T1d, and Hd sites, respec-
tively, much larger than 0.3-0.6 eV on the stoichiometric surfa
This suggests that the defect site [Bd], and the site atop an adjacen

Table 4. Adsorption properties of Au on stoichiometric TiO2 (110) (from the 1×2 surface cell)

H1 B T1 T2 H2

Ead (eV) 0.34 (0.92) 0.33 (0.98) 0.51 (0.98) 0.44 (0.92) 0.60 (1.25)
dAu-Ti(5c) (Å) 3.02 (2.83) - - 2.73 (2.57) 2.81 (2.67)
dAu-O(2c) (Å) - 2.30 (2.30) 2.08 (2.01) - 2.30 (2.18)
dAu-O(3c) (Å) 2.69 (2.53) - - - 2.90 (2.83)

LDA values are shown in parentheses.

Table 3. Adsorption properties of Au on stoichiometric TiO2 (110)
(from the 1××××1 surface cell)

H1 B T1 T2 H2

Ead (eV) 1.20 1.23 1.30 1.38 1.33
dAu-Ti(5c) (Å) 2.97 - - 2.80 2.85
dAu-O(2c) (Å) - 3.20 2.18 - 2.29
dAu-O(3c) (Å) 2.70 - - - 3.06
Korean J. Chem. Eng.(Vol. 21, No. 2)
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Ti atom [T1d] are far more stable than other sites considered for Au
adsorption.

On a partially reduced surface, we only consider the Bd site (which
is the most favorable Au adsorption site). Here, three different sur-
face cells, (1×2), (1×3) and (2×2), are used to look at the defect
density effect. The TiO2 structure is affected weakly by vacancy
density. However, as the surface cell size is increased from (1×2)
to (1×3), the Au adsorption energy reduces significantly from 2.26
eV to 1.66 eV. Recall that the adsorption energy of 2.78 eV at the
row defect is much higher than at the point defects. Like the vacan-
cy formation energy, the Au adsorption energy also shows a strong
dependence on the density of vacancies (along the bridging O(2c)
row). The larger adsorption energy found for the smaller (1×2) cell is
mainly attributed to the strong repulsive nature of vacancy-vacancy
interactions, as discussed earlier. Looking at the energy difference
between the (1×2) and (1×3) cells, 0.6 eV for the Au adsorption is
almost a half of 1.2 eV for the vacancy formation. This implies that
the defect site is not fully oxidized with Au; that is, the Au adsorb-
ed defect sites still repel each other.
2-1-3. Electronic Structure and Bonding Mechanism

Au adsorption at the H2 site on the stoichiometric surface results
in an insignificant change in the states of Ti(5c) and O(2c) surface
atoms, which clearly demonstrates a weak interaction between the
Au adatom and the TiO2 surface. However, compared to metallic
Au (100) [Fig. 4(a)], the Au 5d state is narrower and shifts substan-
tially towards the Fermi energy level, and also the Au 6s state shifts
closer to the Fermi energy (as a result of the reduction of wave-
function hybridization with neighboring atoms), as shown in Fig.
4(b). The large energy shift towards the Fermi energy level indi-
cates a substantial increase in the chemical reactivity of the adsorb-
ed Au atom [Hammer and Nrøskow, 1995]. The position of the d-
state has been found to be a good measure of the reactivity for var-
ious systems.

For Au adsorbed at the Bd site on the reduced TiO2 surface, as
shown in Fig. 4(c), the Au 6s states appear below the Fermi energy
level and the 5d states move to the bonding area and their width
increases. This implies a strong interaction between the Au adatom
and the reduced surface. In addition, the chemical reactivity of Au
at Fs

0 is expected to be higher than that of the clean Au (100) sur-
face.

Fig. 5 shows charge density differences (obtained by subtracting
the superposition of a free Au atom and TiO2 densities from the total
density) for Au adsorption (a) over the O(2c) [T2], (b) over the Ti(5c)

(from the (1×2) unit cell) on the stoichiometric surface, and (d) o
the vacancy defect on a reduced surface. For T1 site adsorption
5(a)], charge depletion between the adsorbed Au and the O(2
exhibited, along with some charge polarization of Au. On the ot
hand, as shown in Fig. 5(b), there is charge accumulation betw
the Au and the Ti(5c) atoms while the electron densities of b
atoms appear reduce. From the Au adsorption energies of 0.5
(T1) and 0.44 eV (T2), we suspect that the magnitude of the
interactions with the O(2c) and the Ti(5c) atom are compara
For H2 site adsorption [Fig. 5(c)], it seems that electrons are re
led by the O(2c)2− anion and attracted by the Ti(5c)4+ cation. The
charge depletion of Au indicates there is some charge transfer 
the Au adatom to the surface, presumably small considering
high ionization energy of Au. The density difference plots sugg
that the adsorbed Au forms a weak covalent bond with the Ti
and a weak ionic bond with the O(2c). At the H2 site, both the 
valent and ionic interactions are likely to synergistically contribu
to the Au adsorption, which can explain why the H2 adsorption 
becomes energetically the most favorable.

0

Table 5. Adsorption properties of Au on reduced TiO2 (110)

Hd
a T1d

a T2d
a Bd

a Bd
b Bd

c Bd
d

Ead (eV) 1.61 1.48 2.39 2.78 2.26 1.66 2.38
dAu-Ti(6c)d (Å) - - 2.51 2.69 2.63 2.64 2.65
dAu-Ti(5c) (Å) 2.77 2.50 - -
dAu-O(3c) (Å) 2.88 - - -

aon the row defect (from the 1×2 surface cell)
bon the point defect (from the 1×2 surface cell)
con the point defect (from the 1×3 surface cell)
don the point defect (from the 2×2 surface cell)

Fig. 4. LDOS for the spin-up (� ) and spin-down (� ) electrons
of the Au atom. (a) metallic Au (100) surface atom. (b) Au
adatom at the H2 site on the stoichiometric TiO2 (110) sur-
face. (c) Au adatom at the Bd site on the point defect site
(from the 1×3 surface cell). The dashed vertical line at E=
0 eV indicates the Fermi level.
March, 2004

[T1], (c) over the four-fold hollow between O(2c) and Ti(5c) [H2] For Au adsorption over a neutral Fs center [Fig. 5(d)], there is
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electron depletion in the reduced Ti(6c)d and electron accumulation
in Au, implying some charge transfer from the Ti atoms to the Au
atom. In addition, a significant polarization of Au towards the defect
site is exhibited. This suggests an ionic interaction between the Au
and the vacancy defect, like Ag on reduced MgO(100) in which
one electron is likely to transfer from the Fs

0 center to the Ag atom
to form an ionic Ag−-Fs+ bond [Zhukovskii et al., 2000].
2-2. Ag
2-2-1. On Stoichiometric TiO2 (110)

The adsorption properties of Ag on the stoichiometric TiO2 (110)
surface are summarized in Tables 6 and 7.

For the (1×2) surface cell, the most energetically favorable site
for Ag adsorption is predicted to be the site between two bridging
O(2c) atoms [B], with the adsorption energy of 1.01 eV, followed
by T1 (0.81 eV), H2 (0.78 eV), T2 (0.37 eV), and H1 (0.32 eV)
sites. A similar adsorption behavior was predicted by Giordano et
al. [2001] using DFT-GGA cluster calculations, but their estimated
adsorption energies of 0.34-2.30 eV substantially differ from our
results. The interaction between Ag and its periodic replicas is esti-
mated to be Eint=0.17 eV. This clearly demonstrates that a strong
Ag-O(2c) interaction plays a major role in Ag adsorption.

Looking at Ag adsorption by using the (1×1) surface cell, the

sorption energy. The interaction between Ag and its periodic re
cas is estimated to be Eint=1.17 eV, and the adsorption energies 
the T2, H2, B, T1 sites, and H1 are 0.19 eV, 0.16 eV, 0.09 eV, 0
eV, and 0.01 eV, respectively. At the higher coverage, the mos
vorable adsorption site appears to be the T2 site, albeit the en
difference between different adsorption sites is very small.
2-2-2. On Reduced TiO2 (110)

Here, we only consider partially reduced surfaces modeled w
the (1×2) and (1×3) surface cells.

The Ag adsorption energies at the Bd site are estimated to be 1.1
eV and 0.6 eV from the (1×2) and (1×3) surface cells, respectiv
The significant difference is mainly attributed to the vacancy-
cancy repulsion on the reduced surface; that is, a larger repulsi
a smaller cell results in an increase in the calculated adsorption
ergy. Given that the vacancy-vacancy repulsive energy is gre
than 0.47 eV on the (1×3) unit cell, (estimated from the vaca
formation energy difference between the (1×3) and (2×4) surf
cells), one can expect that the Ag-defect interaction would be in
nificant. This study clearly demonstrates that the Ag-defect inte
tion is much weaker than the Ag-O(2c) interaction on a typical T2

(110) surface (with the defect coverage of lower than 10%). W
Cu or Ag (with a singly occupied outer s orbital) is placed on the
defect site, charge transferred from the defect site is likely to
their antibonding states. This in turn causes the destabilizatio
the Cu or Ag adsorption on the defect site [Matveev et al., 19
In fact, a recent ab initio cluster calculation predicted the Ag-Fs in-
teraction on MgO to be even repulsive [Ferrari and Pacchioni, 199
2-2-3. Electronic Structure and Bonding Mechanism

Fig. 6 shows the local density of states for (a) Ag (100), (b) 
at the B site, and (c) Ag at the Bd site (from the (1×3) unit cell).
The 4d state of Ag (100) is quite broad and exists at the bon
region, indicating the strong bonding interaction with neighbori
Ag atoms. At the B site, the 4d state becomes narrower and th
state moves closer to the Fermi level. At the Bd site, the d-state posi-
tion shifts noticeably towards the Fermi level and is even narro

Fig. 5. Difference electron density plots (the total density is sub-
tracted the superposition of atomic densities) for Au on TiO2
(110) (a) at the T1 site, (b) at the T2 site, (c) at the H2 site,
and (d) at the Bd site. The solid and dashed lines show po-
sitive and negative difference electron densities, respectively.

Table 6. Adsorption properties of Ag on stoichiometric TiO2 (110)
(from the 1×2 surface unit cell)

H1 B T1 T2 H2

Eads (eV) 0.32 1.01 0.81 0.37 0.78
dAgTi(1) (Å) - 3.01 - - 3.38
dAgTi(2) (Å) 3.13 - - 2.86 3.18
dAgO(1) (Å) - 2.22 2.12 - 2.17
dAgO(2) (Å) 2.70 - - - 2.77

Table 7. Adsorption properties of Ag on stoichiometric TiO2 (110)
(from the 1×1 surface unit cell)

H1 B T1 T2 H2

Eads (eV) 0.01 0.09 0.19 0.01 0.16
dAgTi(1) (Å) - 3.29 - 2.80 2.85
dAgTi(2) (Å) 3.38 - - -3.15 -
dAgO(1) (Å) - 2.57 2.25 - 2.31
dAgO(2) (Å) - - - - -
Korean J. Chem. Eng.(Vol. 21, No. 2)

strong Ag-Ag interaction leads to significant reduction in the ad- than at the B site. The LDOS analysis confirms the weak interac-



dg-
hen
cell,
ted

,

544 D. Pillay et al.

tion of Ag with the defect site.
Fig. 7 shows charge density differences (obtained by subtracting

the superposition of a free Ag atom and TiO2 densities from the total
density) for Ag adsorption (a) over the O(2c) [T1], (b) over the Ti(5c)
[T2], (c) in between the two bridging O(2c)s [B] ( from the (1×2)
surface unit cell) on the stoichiometric surface, and (d) over the va-
cancy defect site (Bd) on the reduced surface (from the (1×3) unit
cell). The charge density difference plots show that Ag binds to the
Ti(5c) and the O(2c) via a covalent and ionic interaction, respec-
tively. Unlike Au, the Ag-O(2c) electrostatic interaction appears to
be approximately twice stronger than the Ag-Ti(5c) covalent inter-
action. When Ag is placed at the B site, the magnitude of the elec-
trostatic attraction is likely to increase by interacting with two bridg-
ing O(2c) atoms. At the Bd site, there is charge accumulation in the
region between Ag and reduced Ti atoms with some charge deple-
tion in the metal atoms, suggesting the formation of covalent bond-
ing.
2-3. Cu
2-3-1. On Stoichiometric TiO2 (110)

are summarized in Table 8. Like Ag, Cu strongly interacts with bri
ing O(2c) atoms, and Cu binds more strongly to the surface w
it is placed closer to the O(2c) atoms. For the (1×2) surface 
the most energetically favorable site for Cu adsorption is predic

Fig. 6. LDOS for the spin-up (� ) and spin-down (� ) electrons
of the Ag atom. (a) metallic Ag (100) surface atom. (b) Ag
adatom at the B site on the stoichiometric TiO2 (110) sur-
face. (c) Ag adatom at the Bd site on the reduced surface
(from the 1×3 surface cell). The dashed vertical line at E=
0 eV indicates the Fermi level.

Fig. 7. Difference electron density plots (the total density is sub-
tracted the superposition of atomic densities) for Ag on TiO2
(110) (a) at the T1 site, (b) at the T2 site, (c) at the B site
and (d) at the Bd site. The solid and dashed lines show po-
sitive and negative difference electron densities, respectively.

Table 8. Adsorption properties of Cu on stoichiometric TiO2 (110)
(from the 1×2 surface unit cell)

H1 B T1 T2 H2

Eads (eV) 0.79 1.80 1.43 0.56 1.61
dCu-Ti(1) (Å) 2.72 - - -2.59 2.69
dCu-Ti(2) (Å) - 2.63 - - 2.91
dCu-O(1) (Å) 2.07 - - - 2.16
dCu-O(2) (Å) - 1.85 1.82- - 1.92
March, 2004

The adsorption properties of Cu on stoichiometric TiO2 (110) to be the site between two bridging O(2c) atoms [B] with the adsorp-
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tion energy of 1.80 eV, followed by T1 (1.61 eV), H2 (1.43 eV),
H1 (0.79 eV), and T2 (0.56 eV) sites. The adsorption energies are
in good agreement with 0.50-2.67 eV and 0.55-2.39 eV as obtained
by Giordano et al. [2001] using cluster and slab calculations, respec-
tively. We also calculated a change in the adsorption energy by vary-
ing the slab thickness from 15- to 21-atomic layers. We found that
the adsorption energy changes by only about 0.1 eV at the B site.
This suggests that the 15 layer slab is sufficient to look at Cu ad-
sorption properties. For the (1×2) surface cell, the interaction be-
tween Cu and its periodic replicas is Eint=0.24 eV.

Our calculation results demonstrate the interaction of Cu with
TiO2 (110) is stronger, compared to Au and Ag. Unlike Au and Ag,
even at a higher coverage (from the (1×1) cell), Cu binds strongly
to the surface with the adsorption energy of around 0.8 eV at the B
site (for instance). This is consistent with an experimental observa-
tion of the self limiting growth of Cu particles (i.e., the particle size
remains constant and only the particle density increases with an in-
crease in deposition [Zhou et al., 2003]). Au and Ag particles, on
the other hand, experience Ostwald ripening during the growth.
2-3-2. On Reduced TiO2 (110)

The adsorption energy of a Cu atom at the Bd site is 1.0 eV (from
a (1×3) unit cell). This adsorption energy is significantly lower th
the stoichiometric surface, which was also observed for Ag.
2-3-3. Electronic Structure and Bonding Mechanism

Fig. 8 shows the local density of states for (a) Cu(100), (b) C
the B site, and (c) Cu at the Bd site (from the (1×3) unit cell). Over-
all, compared to the Au and Ag d states, the Cu 3d states exist c
to the Fermi level, indicating that the Cu activity is greater than 
and Ag activity, consistent with experimental observations.

Fig. 9 shows charge density differences (obtained by subtrac
the superposition of a free Cu atom and TiO2 densities from the total
density) for Cu adsorption (a) over the O(2c) [T1], (b) over the Ti(
[T2], (c) in between the two bridging O(2c)s [B] ( from the (1×2
surface unit cell) on the stoichiometric surface, and (d) over the
cancy defect site (Bd) on the reduced surface (from the (1×3) un
cell). The Cu-surface bonding mechanism is similar to the Ag-s

Fig. 8. LDOS for the spin-up (� ) and spin-down (� ) electrons
of the Cu atom. (a) metallic Cu (100) surface atom. (b) Cu
adatom at the B site on the stoichiometric TiO2 (110) sur-
face. (c) Cu adatom at the Bd site on the reduced surface
(from the 1×3 surface cell). The dashed vertical line at E=

Fig. 9. Difference electron density plots (the total density is sub-
tracted the superposition of atomic densities) for Cu on TiO2
(110) (a) at the T1 site, (b) at the T2 site, (c) at the B site
and (d) at the Bd site. The solid and dashed lines show po-
Korean J. Chem. Eng.(Vol. 21, No. 2)

0 eV indicates the Fermi level. sitive and negative difference electron densities, respectively.
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face system. Fig. 9(d) shows that the binding of Cu to the defect
site is mainly by the covalent interaction with Ti(6c)d atoms.

SUMMARY

We report the results of density functional theory slab calcula-
tions on (1) the geometric and electronic structures of stoichiomet-
ric and reduced TiO2 (110) rutile surfaces, and (2) the adsorption of
Au, Ag, and Cu atoms on the rutile surfaces. In this work, we at-
tempted to (1) address a change in the surface properties of TiO2

(110) with oxygen vacancy defects and a vacancy-vacancy interac-
tion on the reduced surfaces, (2) identify the preferred adsorption
sites of Au, Ag, and Cu atoms on the stoichiometric and reduced
surfaces and their bonding mechanisms, and (3) develop the gen-
eral trend in the adsorption properties and electronic structures of
TiO2 supported 1B metals as one goes from Au, Ag to Cu.

We consider not only partially reduced but also completely re-
duced TiO2 surfaces for the purpose of instructions (although the
latter is very unlikely in reality). Oxygen vacancies result in signifi-
cant changes in the position of five-coordinated Ti(5c) and inplane
O(3c) surface atoms and the position of reduced Ti(6c)d 3d states
and O(3c) 2s states. The vacancy formation turns out to be a strong
function of the density of vacancies (particularly along the bridging
oxygen row.). Increased mixing of the Ti(6c)d 3d states appears to
occur when two vacancies stay nearby, suggesting that the vacan-
cies are delocalized and interact each other strongly. Our study sug-
gests that the vacancies prefer to be widely distributed, rather than
forming clusters.

For Au adsorption on the stoichiometric surface, we find that the
H2 site [fourfold hollow over the in-plane O(3c), the Ti(5c) and
the bridging O(2c)] is energetically the most stable site, with an ad-
sorption energy of ≈0.6 eV. Charge density difference plots suggest
that the adsorbed Au shows a covalent interaction with Ti(5c) and
an ionic interaction with the O(2c). It turns out that the covalent
and ionic interactions are comparable in magnitude. At the H2 site,
both the covalent and ionic interactions contribute synergistically
to Au adsorption. For Au on top of the vacancy site, charge trans-
fer occurs from the defect site to the adsorbed Au, suggesting ionic
bond formation between the adsorbed Au and surrounding Ti(6c)d

atoms. According to our DFT-GGA results, the binding of Au to
the defect site is far stronger than on the stoichiometric surface. This
suggests that vacancy sites could serve as nucleation centers for Au
particles.

Ag and Cu atoms strongly interact with the bridging O(2c) of
the surface. Therefore, the B site [in between two bridging O(2c)
atoms] is the most favorable energetically. The adsorption energies
of Ag and Cu at the B site are estimated to be 1.01 eV and 1.80 eV,
respectively, from the (1×2) surface cell. Ag and Cu atoms also co-
valently interact with the surface Ti(5c), but their interaction of about
Eads≈0.6 eV is far weaker than the Ag/Cu-O(2c) interaction of Eads≈
1.0/1.6 eV. Unlike Au, the interaction of Ag and Cu with a vacancy
site is much weaker than with the stoichiometric surface. When a
metal atom is placed on the vacancy site, generally some charge is
transferred from the defect to the metal, which subsequently leads
to the formation of a strong ionic metal-defect bond. However, for
Cu or Ag (with a singly occupied outer s orbital), the transferred

destabilize the Cu or Ag adsorption. Our charge density differe
plots demonstrate the binding of Ag and Cu to the surface is a
uted mainly to covalent bonding with Ti(6c)d atoms.
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