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Abstract—The adsorption properties of Au, Ag and Cu on,TI20) 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 erreddy @¥. At this site, it
appears that the covalent and ionic interactions with the Ti(5¢) and the O(2c), respectively, contribute synergistically
to the Au adsorption. At a neutrd) éenter on the reduced surface, Au binds to the surface via a rather strong ionic
interaction with surrounding sixfold-coordinated Ti(6¢) 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 #d.[2eeV 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 Due to weak metal-support interfacial interactions, however, the
small metal particles are easily rearranged and become unstable to-
The synthesis and characterization of “so-called” nanoparticlesvard sintering in response to changes in the gaseous environment
with the size of 1-10 nm has become a major interdisciplinary areaven at moderate temperatures [Kolmakov and Goodman, 2000,
of research over the last decade. These particles have distinctly di2001; Campbell et al., 2002]. This may lead to the loss of their cat-
ferent electrical, optical, mechanical, and chemical properties fromalytic activity, which is indeed a serious problem of oxide sup-
their corresponding bulk solid. Particularly, nanometer sized nobleported nanometal catalysts. A comprehensive description of such
metal particles dispersed on Ti@ other oxides have been found structural changes is therefore strongly necessary to better under-
to exhibit high catalytic activities [Bell, 2003; Santra and Good- stand the underlying mechanism and performance of supported met-
man, 2002]. Au has long been known to be chemically inert in itsal catalysts in realistic operation conditions.
bulk form, as compared to other transition metals [3], such that it The growth of metal particles and their structural changes are a
has received little attention as a catalyst. However, Sipported  strong function of the surface structure of an oxide support, the ele-
Au nanoparticles show an extraordinarily high activity for low- mentary processes of metal atoms (such as adsorption, diffusion,
temperature catalytic combustion, partial oxidation of hydrocar-and agglomeration) on the surface, and the interfacial interactions
bons, hydrogenation of unsaturated hydrocarbons, and reduction aff metal particles with an oxide support. The metal-oxide interfa-
nitrogen oxides [Haruta, 1997]. The catalytic properties appear taial interactions would also play an important role in determining
be very sensitive to the size of Au particles, and that only particlegshe physical and chemical properties of supported metal particles
in the range of 2-3 nm are very active [Valden et al., 1998]. Simi-[Valden et al., 1998; Hansen et al., 2002].
larly, TiO~supported small Ag particles (2-4 nm) also exhibit high  Apart from fundamental dynamic behaviors of metals on an ox-
catalytic activity and selectivity for propylene epoxidation and low- ide, metal-oxide interface properties are still poorly known in many
temperature CO oxidation [de Oliveira et al., 2001], (while larger respects despite long lasting efforts [Campbell, 1997]. This is due
Ag clusters are much less active [Hayash et al., 1998]). These oltargely to difficulties in direct measurement/characterization of dy-
servations have led to a speculation that there may exist a range némic processes as well as buried interfaces at the atomic scale.
critical particle sizes at which all metals exhibit unusual catalytic Significant advances in computer power and theoretical methods
properties [Choudhary and Goodman, 2002)]. over recent years have made it possible to explore metal particle
dynamics and metal-dielectric interfacial interactions by using first
principles quantum mechanics calculations [Verdozzi et al., 1999
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*This paper is dedicated to Professor Hyun-Ku Rhee on the occasiofnodeling in fact offers many valuable microscopic insights into
of his retirement from Seoul National University. those complex structural, dynamic, and electronic properties.
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In this paper we present the results of density functional theory Rutile TiO, (110) is likely to usually contain a significant num-
(DFT) calculations on i) the geometric and electronic structures ober of oxygen vacancies [Onishi and lwasawa, 1994; Murray et al.,
stoichiometric and reduced Ti(L10) rutile surfaces and i) the ad- 1995; Schaub et al., 2003]. Recent theoretical studies have shown
sorption properties of Au, Ag, and Cu atoms on the {@0) sur- that the surface geometric and electronic structures gf(T¥D)
faces. Oxide supported Au, Ag and Cu nanometals often show markare markedly altered by the presence of oxygen vacancies [Lindan
edly different physical and chemical characteristics. Recent experiet al., 1997; Bredow and Pacchioni, 2002]. The binding of Au to an
mental work [Boccuzzi et al., 2002], for instance, has shown thabxygen vacancy site has been calculated to be substantially stronger
the Ag catalyst is almost inactive while Cu and Au catalysts ex-than to the stoichiometric surface. For a 0.5 ML vacancy concen-
hibit intermediate and very high activities in the water gas shift reactration on TiQ (110), Wahlstrém and his co-workers [Wahlstrém
tion, respectively. The comparative study of oxide supported 1Bet al., 2003] obtained the Au adsorption energy of about 2.0 eV at
metals is indeed a technologically and scientifically important sub-the oxygen vacancy site by using planewave pseudopotential DFT-
ject. GGA slab calculations. For the same reduced surface, Vijay et al.

The (110) rutile surface (which is the most thermodynamically [2003] and Wang and Hwang [2003] obtained the Au adsorption
stable among low-index TiGurfaces) has been extensively stud- energy of about 2.3-2.5 eV using spin polarized DFT-GGA slab
ied both experimentally [Charlton et al., 1997; Diebold et al., 1996;calculations. Wang and Hwang also showed there is a substantial
Guo et al., 1996; Pang et al., 1998; Beennett et al., 1999] and theeduction in the Au adsorption energy from 2.26 eV to 1.66 eV when
oretically [Bates et al., 1997; Lindan et al., 1997; Bredow and Pacthe vacancy concentration is decreased from 0.5 ML to 0.33 ML
chioni, 2002; Reinhardt and Hess, 1994; Ng and Vanderbilt, 1997](vide infrd. For Ag and Cu adsorption on reduced,{i0), to
However, a limited amount of theoretical work has been performedbur best knowledge, no theoretical study has been reported thus far.
on the interaction of Au, Ag and Cu atoms with oxide surfaces. More-
over, there is no consensus in previous theoretical studies. COMPUTATIONAL DETAILS

The adsorption properties of Au on stoichiometric, TICLO)
have been reported by several groups. Using the full potential linear Our quantum mechanics calculations are based on (spin-polar-
muffin-tin orbital (FP-LMTO) calculations, Thién-Nga and Paxton ized) density functional theory (DFT) within the generalized gradi-
[1998] obtained a unreasonably large adsorption energy of 8.5 e\ént approximation (GGA) [Perdew et al., 1992], as implemented
per Au atom on unrelaxed T210). Using the full potential linear-  in the VASP code [Kresse and Hafner, 1993]. We also calculate the
ized augmented plane-wave method, Yang et al. [2000] estimateddsorption properties of Au and Ag on the stoichiometrig (TITD)

Au adsorption energies to be 1.0-1.49 eV per atom for three differsurface with the local spin density approximation (LSDA) with the
ent adsorption sites. In these studies, the site atop a fivefold-coordEeperly and Adler [1980] form parameterized by Perdew and Zunger
nated Ti was predicted to be most favorable. On the other hand, basftb81]. Mattson and Jennison [2002] recently showed that, due to
on planewave pseudopotential DFT-GGA slab calculation resultsyeak metal interactions with the stoichiometric metal oxide sur-
Lopez and Ngrskov [2002] suggested that Au adsorbs preferablfaces, LDA was likely to provide better estimation in the metal/met-
on a bridging O atom with the adsorption energy of 1.55 eV peral oxide binding relative to the GGA. We use Vanderbilt type ultra-
atom. Contrary to these slab calculations, Giordano and his coworlsoft pseudopotentials [Vanderbilt, 1990; Kresse and Hafner, 1994]
ers [Giordano et al., 2001] obtained small adsorption energies ofind a plane-wave cutoff energy of 300 eV, which yields well-con-
less than 1 eV from their DFT-GGA cluster calculations. Their resultsverged results. Charge densities are calculated by using the residual
also suggested the adsorption on top of a bridging O atom is moshinimization method-direct inversion of the interactive subspace
favorable. Using spin polarized DFT-GGA slab calculations, very (RMM-DIIS) algorithm, and atomic structures are optimized by
recently, Vijay et al. [2003] and Wang and Hwang [2003] also re-minimizing the Hellman-Feymann forces using the conjugate gra-
ported very small Au adsorption energies of less than 0.61 eV omlient method.

relaxed TiQ (110). However, both studies showed that the most The oxide surfaces considered in this work are modeled by using
stable adsorption site is atop the four-fold hollow position over thea 15-atomic-layer slab that is separated from its vertical periodic
fivefold-coordinated Ti and in-plane and bridging O atoms, in which image by a vacuum space of 10 A, sufficient to describe the prop-
the covalent and ionic bonding interactions with the fivefold-coordi- erties of the TiQ(110) surfacevide infrg. All atoms are allowed
nated Ti and the bridging O, respectively, contribute synergisticallyto relax according to their atomic forces. For the Brillouin Zone
to the Au adsorption [Wang and Hwang, 2003]. integration, we use the lowest-order Monkhorst-Pack set of two k-

While the calculation results are somewhat scattered, from fittingpoints at (Y4, %4, 0) for the (1x1) surface cell, and one k point at (4,
to experimental data using a kinetic model, the Au adsorption energy, 0) for coverages of %2 for the geometry optimization. Total en-
has been estimated to be as low as 0.43 eV on nearly stoichiomegrgies are evaluated by using a (4x6x1) mesh for the (1x1) surface

ric TiO, (110) [Campbell et al., 2002]. cell, and (4x4x1) for larger surface cells.
The adsorption properties of Ag on stoichiometric, TICLO)
were studied by Giordano et al. [2001] using DFT-GGA cluster cal- RESULTS AND DISCUSSION

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 atom4, TiO, (110) Rutile Surfaces

respectively. They also looked at the Cu adsorption properties which Stoichiometric and reduced surfaces are depicted in Fig. 1. The
would be similar to the Ag adsorption with about 0.5 eV larger ad-TiO, structure, contains two types of Ti atoms and four different
sorption energies at the on-top and bridge sites. types of O atoms: five-fold coordinated Ti(5c), six-fold coordinated
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Fig. 1. Schematic representations of the Tig)110) rutile surface.

(a) 2x3 surface cell; the dotted line indicates the 1x2 surfac

Ti(6¢); two-fold coordinated bridging O(2c), three-fold coordinated
in-plane O(3c), and two other subsurface O atoms. The reduced
surfaces are created by removing the bridging O(2c) atoms. Oxy-
gen vacancies are probably the most common surface defecton TiO
(110).

1-1. Stoichiometric Surface

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

In Table 1, we summarize the displacements of surface atoms,
and compare them with other theoretical results [Bates et al., 1997]
and experimental observations [Charlton et al., 1997]. The struc-
tural properties appear to be rather insensitive to the exchange and
correlation functional [Muscat et al., 1999]. Our results are very
close to the experimental values except the position of bridging O(2c)
atoms (The O(2c) displacement-a3.04 A is somewhat smaller
than—0.27 A as obtained from an X-ray spectroscopy measurement
[Charlton et al., 1997], but it is in good agreement with other the-
oretical results [Bates et al., 1997)). This disagreement between the-
ory and experiment may arise from the calculation method of nuclear
positions in X-ray diffraction [Bates et al., 1997; Harrison et al.,
1999]. The surface energy of 0.72-0.76%]flom our 15-atomic-
layer slab model is virtually identical to 0.733from a 21-atomic-
layer slab model [Bates et al., 1997], indicating that a 15-atomic-
layer slab is sufficient for describing the T{(@10) surface.

1-2. Reduced Surfaces

Here, we consider i) completely and ii) partially reduced sur-
faces. The completely reduced surface is modeled by removing all
bridging O(2c) atoms from the (2x1) surface cell. In fact, the forma-
tion of the completely reduced surface is unlikely [Bogicevic and
Jennison, 2002]. However, it would be instructive to look at the dif-
ference between the completely and partially reduced surfaces.

For a partially reduced surface, a bridging O(2c) is removed from
a given unit cell. In this study, to look at the vacancy-vacancy inter-
action, we employ several different sizes of surface cells which in-
cluded (1x2), (1x3), (1x4), (1x5), (2x2), (2x3), and (2x4) unit cells.

When an bridging O(2c) is removed, neighboring atoms are dis-
placed and the adjacent Ti(6c) atoms are reduceéi.tdfé atom-
ic displacements of the reduced surface are summarized in Table 1.

s expected, the adjacent Ti(6c), in-plane O(3c) and subsurface O

cell. (b) side view of the stoichiometric surface. (c) side view atoms shift outward substantially.
of the reduced surface (with the row defect). The black and gray For the different sizes of the surface cell, we calculate the oxygen

balls represent Ti and O atoms, respectively.

Table 1. Atomic displacements of the TiQrutile (110) surface

vacancy formation energy,(¥), which is defined as

At Stoichiometric (GGA) From ref [23] Exp. [18] Reduced (GGA)
om

[110] [-110] [110] [F110] [110] [F110] [110] [F110]
Ti(6c) 0.19 - 0.23 0.12+0.05 - 0.01 -
Ti(5¢c) -0.15 - -0.11 -0.16+0.05 - -0.11 -
0(2c) -0.02 - -0.02 -0.27+0.08 - - -
0O(3c¢) 0.18 0.06 0.18 0.05 0.05+0.05 0.16+0.08 0.44 0.09
0O(3c), -0.02 - 0.03 0.05+0.08 - 0.08 -

*The theoretical values were obtained using a 21-atomic layer slab model and a cutoff energy of 400 eV.
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EMV)=E 10 E -7~ Eo as the unit cell size is increased along the bridging O(2c) row from
where E o, E 0, @and E are the total energies of the stoichiomet- (1x2) to (1x5) anq from (2x2.) to. (2><4).'Th|s result clearly d.em-
. . onstrates there exists a repulsive interaction between vacancies. We
ric surface, the reduced surface, and a free O atom, respectively. L
As listed in Table 2, the formation energy decreases significantlycan also expect that the binding energy of adsorbates to the defect
' site is a strong function of the density and spatial distribution of va-
_ _ cancies. For a fully isolated neutratEnter, however, it is expected
Table 2. Oxygen vacancy formation energy (in eV) calculated us-  that two excess electrons associated with the removed briciging O
ing different sizes of the surface unit cell, as indicated 5 |5rgely Iocalized at the center of the vacancy due to the elec-
(1x2) (1x3) (1x4) (1x5) (2x2) (2x3) (2x4) trostatic stabilization by the inter-ionic Coulomb interactions of the
E(eV) 691 584 559 538 693 549 537 ionic crystal [Ferrari and Pacchlonl, 1995]. .
Fig. 2 shows the local density of states (LDOS) [Eichler et al.,
1996] for the Ti(6¢) atoms on the stoichiometric and reduced sur-

! faces. For convenience, we roughly divide the energy into three dif-
(a) ] ferent energy regimes: i) bonding areaE—-4 eV), i) non-bond-
3d < ing area {4 eV<E-E<O0 eV), and iii) anti-bonding area {E=0
‘/UZ\J\ eV). Compared to the stoichiometric surface [Fig. 2(a)], the vacancy
0 avavS_S S e defect causes the Ti 3d states to shift to the non-bonding area, in-
icating an increase in the reactivity of the defect site. The smaller
dicati i in th ivity of the def i h all
l (1x2) unit cell shows a broader distribution in the Ti 3d states, relative
21 to the (1x3) case. More mixing of the Ti 3d states appears to occur
21 (b) T
0 A L
-2 \/V\/V
: (001
2[ (c)
O —<=p== M
2t
21 (d) Jk\ Ho
O "W_/\"fv::—"* W Tly
21 . (001)
-10 -5 0 5
E-E. (eV)

Fig. 2. LDOS for the spin-up (1) and spin-down (! ) electrons of
the Ti(6¢) or [Ti(6c)] atom on (a) the stoichiometric sur-
face and (b-d) reduced surfaces [(b) with a point defect
(from the 1x3 surface cell), (c) with a point defect (from the
1x2 surface cell), (d) with the row defect (from the 1x2 sur-  Fig. 3. Adsorption sites for (a) the stoichiometric surface and (b)
face cell)]. The dashed vettical line at E=0 eV indicates the the reduced surface. The black and gray balls represent Ti
Fermi level. and O atoms, respectively.
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in the completely reduced case. This suggests that the vacancidgble 3. Adsorption properties of Au on stoichiometric TiQ (110)
are delocalized, and interact strongly along a bridging O(2c) row. (from the 1x1 surface cell)

In addition, the 3d states shift to the non-bonding area when two H1 B T1 T2 H2
vacancies are adjacent, for example in the (1x2) and completely

L . E.. (eV) 1.20 1.23 1.30 1.38 1.33
reduced cases. This implies that a di-vacancy would be very unfa- A
) o ; . Qrorsy A) 2,97 - - 2.80 2.85
vorable thermodynamically, which in turn results in a higher va-
) ) . Orc) (A) - 320 218 - 2.29
cancy formation energy (or metal adsorption energies at the vacancy
Oaozg A) 2,70 - - - 3.06

site).
2. Au, Ag and Cu Adsorption on TiQ,

For the Au, Ag and Cu adsorption on the stoichiometrig TiO ergies of 0.6 eV, 0.51 eV, 0.44 eV, 0.34 eV, and 0.33 eV per atom at
(110) surface, as illustrated in Fig. 3(a), five different adsorptionthe H2, T1, T2, H1, and B sites, respectively. According to this re-
sites were considered: i) on top of a bridging O(2c) atom [indi- sult, interestingly, the H2 site (which has been neglected in previ-
cated as T1], i) on top of a fivefold coordinated Ti(5c) atom [T2], ous theoretical studies) turns out to be the most stable adsorption
i) between two bridging O(2c) atoms [B], iv) fourfold hollow over site. For the (1x2) supercell, the interaction between Au and its pe-
Ti(5¢) and O(2c) atoms [H1], v) fourfold hollow over Ti(5¢), O(2c), riodic replicas is insignificant (£0.05 eV). The adsorption energy
and O (3c) atoms [H2]. of 0.33-0.6 eV is very close to 0.43 eV as predicted by the Camp-

For the completely reduced Ti210) surface (which is modeled bell group based on their experimental observations [Campbell et
by removing bridging O(2c) atoms from the (1x2) surface unit cell),al., 2002]. For a comparison, our LDA values (in parentheses) are
four different adsorption sites were considered [Fig. 3(b)]: i) four- also listed in Table 3. The LDA-adsorption energies are far larger
fold hollow site over Ti(2) and O(2) atoms [indicated gsiiHbridg- than the GGA energies (approximately twice), but the order in ad-
ing two Ti(1) atoms [B, iii) on top of the Ti(2) atom [Ty, and iv) sorption energy (for the different adsorption sites) remains unchanged.
ontop Ti (1) atoms [T However, we only considered the dtte For the (1x1) unit cell, the Au-Au interaction is strong due to
[which is the most favorable adsorption sitiel€ infrg)] for par- the short Au-Au distance of about 2.98 A along the [001] direc-
tially reduced surfaces (which are modeled by removing a bridgtion. The calculated Au-Au interaction energy js.21 eV. The
ing oxygen atom from a given surface cell. strong attractive Au-Au interaction results in a substantial reduc-

The adsomtion energy (B of a metal atom (MA) on TiX110) tion in the Au binding to the TiGsurface. (The Au adsorption en-
is defined as ergy decreases t0 0.17 eV, 0.12 eV, 0.09 eV, 0.02 eV, and 0.0eV at

E=E, o -E.E the T2, H2, T1, B, and H1 sites, respectively.) As a consequence,

g ATz oz A the Au-TiQ distance increases, e.g., at the T1 site, the Au-O(2¢)
where Eune: Exon Eua are the total energies of the MA on the,TiO  distance increases from 2.3 A to 3.2 A. In the rather high coverage,
surface, the (stoichiometric or reduced) ,T{OLO) surface, and a the most favorable adsorption site appears to be on top of a Ti(5¢)
free metal atom, respectively. In addition, the interaction enerdly (E atom, which is consistent with previous DFT slab calculations [Lopez
between a metal atom and its periodic replicas for a given unit celand Ngrskov, 2002].
is also calculated as: The sum of E.and E, (at the most favorable site) increases by

= _ 0.73 eV as the unit cell size is changed from (1x2) to (1x1). The

Er=Eunc™Fun increase in the total energy is attributed to the Au-Au metallic inter-
where E, . is the total energy of a metal atom in a given unit cell action. Our calculated value of 1.38 eV fog,{EE,,) at the (1x1)
(which includes a metal-metal interaction). unit cell is in good agreement with 1.04 eV from recent DFT-GGA
2-1. Au (RPBE) slab calculations [Lopez and Narskov, 2002].

2-1-1. On Stoichiometric TiKY110) 2-1-2. On Reduced Ti§110)

The adsorption properties of Au on the stoichiometri TI00) The adsorption properties of Au on the reduced {i@0) sur-
surface are summarized in Tables 3 and 4. A recent theoretical studgices are summarized in Table 5. Here, we consider both partially
[Wang and Hwang, 2003] suggests that, to avoid an interaction beand completely reduced surfaces. On the completely reduced sur-
tween adsorbed Au and its periodic replicas, the Juace must  face, the Au adsorption energies are calculated to be 2.81 eV, 2.39
be modeled using at least the (1x2) surface cell (in which the distanaV, 1.61 eV, and 1.48 eV at the, B, T, and H sites, respec-
between the metal adatom and its periodic images,ig5l96 A). tively, much larger than 0.3-0.6 eV on the stoichiometric surface.

For the (1x2) surface cell, we obtained the Au adsorption en-This suggests that the defect sitg,[Bnd the site atop an adjacent

Table 4. Adsorption properties of Au on stoichiometric TiQ (110) (from the 1x2 surface cell)

H1 B T1 T2 H2
E.i(eV) 0.34 (0.92) 0.33 (0.98) 0.51 (0.98) 0.44 (0.92) 0.60 (1.25)
Orurisy (A) 3.02 (2.83) - - 2.73(2.57) 2.81 (2.67)
Orozey (B) - 2.30 (2.30) 2.08 (2.01) - 2.30 (2.18)
Orvoe (B) 2.69 (2.53) - - - 2.90 (2.83)

LDA values are shown in parentheses.
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Table 5. Adsorption properties of Au on reduced TiQ (110) [ (a) i
He Ti® T28 B BY Bf B ! 5d
E. (V) 161 148 239 278 226 166 238 I 6s g
Ororiona B) - - 251 269 263 264 265 0 :
dursg A) 277 250 - - i
ooy (B) 288 - - - 3t !
2on the row defect (from the 1x2 surface cell) 1 E
bon the point defect (from the 1x2 surface cell) -6} . '
‘on the point defect (from the 1x3 surface cell) 6F (b) 54
‘on the point defect (from the 2x2 surface cell) N\
3t i 6s
| . . |
Ti atom [T, are far more stable than other sites considered for Au 0 A
adsorption. §
On a partially reduced surface, we only consider jtsitdB(which -3t
is the most favorable Au adsorption site). Here, three different sur §
face cells, (1x2), (1x3) and (2x2), are used to look at the defec -6t . :
density effect. The TiQOstructure is affected weakly by vacancy 6 ©) i
density. However, as the surface cell size is increased from (1xZ
to (1x3), 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 A
row defect is much higher than at the point defects. Like the vacar V 4
cy formation energy, the Au adsorption energy also shows a stron
dependence on the density of vacancies (along the bridging O(2 3t
row). The larger adsorption energy found for the smaller (1x2) cell is ;
mainly attributed to the strong repulsive nature of vacancy-vacanc -6 | ) i
interactions, as discussed earlier. Looking at the energy differenc -10 -5 0 5
between the (1x2) and (1x3) cells, 0.6 eV for the Au adsorption i
almost a half of 1.2 eV for the vacancy formation. This implies that E'Ef (eV)
the defect §ite is not fully oxidized with Au; that is, the Au adsorb- Fig. 4. LDOS for the spin-up (1 ) and spin-down (| ) electrons
ed defect S'teS,St'" repel each other. ) . of the Au atom. (a) metallic Au (100) surface atom. (b) Au
2-1-3. Electronic Structure and Bonding Mechanism adatom at the H2 site on the stoichiometric TiQ(110) sur-
Au adsorption at the H2 site on the stoichiometric surface results face. (c) Au adatom at the Bsite on the point defect site
in an insignificant change in the states of Ti(5¢c) and O(2c) surface (from the 1x3 surface cell). The dashed vertical line at E=

atoms, which clearly demonstrates a weak interaction between the 0 €V indicates the Fermi level.
Au adatom and the TiGsurface. However, compared to metallic
Au (100) [Fig. 4(a)], the Au 5d state is narrower and shifts substan{from the (1x2) unit cell) on the stoichiometric surface, and (d) over
tially towards the Fermi energy level, and also the Au 6s state shiftthe vacancy defect on a reduced surface. For T1 site adsorption [Fig.
closer to the Fermi energy (as a result of the reduction of waveb(a)], charge depletion between the adsorbed Au and the O(2c) is
function hybridization with neighboring atoms), as shown in Fig. exhibited, along with some charge polarization of Au. On the other
4(b). The large energy shift towards the Fermi energy level indi-hand, as shown in Fig. 5(b), there is charge accumulation between
cates a substantial increase in the chemical reactivity of the adsorthe Au and the Ti(5c) atoms while the electron densities of both
ed Au atom [Hammer and Nrgskow, 1995]. The position of the d-atoms appear reduce. From the Au adsorption energies of 0.51 eV
state has been found to be a good measure of the reactivity for vaff1) and 0.44 eV (T2), we suspect that the magnitude of the Au
ious systems. interactions with the O(2c) and the Ti(5c) atom are comparable.
For Au adsorbed at the, Bite on the reduced Tj@urface, as  For H2 site adsorption [Fig. 5(c)], it seems that electrons are repel-
shown in Fig. 4(c), the Au 6s states appear below the Fermi energigd by the O(2&) anion and attracted by the Ti(B@ation. The
level and the 5d states move to the bonding area and their widtbharge depletion of Au indicates there is some charge transfer from
increases. This implies a strong interaction between the Au adatorthe Au adatom to the surface, presumably small considering the
and the reduced surface. In addition, the chemical reactivity of Athigh ionization energy of Au. The density difference plots suggest
at ¥ is expected to be higher than that of the clean Au (100) surihat the adsorbed Au forms a weak covalent bond with the Ti(5¢c)
face. and a weak ionic bond with the O(2c). At the H2 site, both the co-
Fig. 5 shows charge density differences (obtained by subtractingalent and ionic interactions are likely to synergistically contribute
the superposition of a free Au atom and, Td@nsities from the total  to the Au adsorption, which can explain why the H2 adsorption site
density) for Au adsorption (a) over the O(2c) [T2], (b) over the Ti(5¢) becomes energetically the most favorable.
[T1], (c) over the four-fold hollow between O(2c) and Ti(5c) [H2]  For Au adsorption over a neutrdl éenter [Fig. 5(d)], there is
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Table 6. Adsorption properties of Ag on stoichiometric TiQ (110)

(@) (b) (from the 1x2 surface unit cell)
H1 B T1 T2 H2
St A E..(eV) 032 101 081 037 078
u ‘ Aagrey (R) - 301 - - 338
A : Aagrny (R) 3.13 - - 286  3.18
@,,O Ly a Oagony (B) - 222 212 - 2.17
LY agoy (R) 2.70 - - - 2.77

AN
¢
?
kY

(110) o (110)

Table 7. Adsorption properties of Ag on stoichiometric TiQ (110)
(from the 1x1 surface unit cell)

(110) (110) H1 B T1 T2 H2
Eus (eV) 0.01 0.09 0.19 0.01 0.16
(© (d) Aagreny (A) - 3.29 - 280 285
Ougrp () 3.38 - - -3.15 -

Au Oagoy (B) - 2.57 2.25 - 2.31
P 1‘ ~ dAgO(Z) (A) - - - - -

| 3 \‘:0 “I’/ Ti
) ‘\i/J ) sorption energy. The interaction between Ag and its periodic repli-
: ' cas is estimated to be£1.17 eV, and the adsorption energies at
- ©oon) | I the T2, H2, B, T1 sites, and H1 are 0.19¢eV, 0.16 eV, 0.09 eV, 0.01
LT eV, and 0.01 eV, respectively. At the higher coverage, the most fa-
vorable adsorption site appears to be the T2 site, albeit the energy
—» —» difference between different adsorption sites is very small.
(110) (110) 2-2-2. On Reduced Ti@110)

Fig. 5. Difference electron density plots (the total density is sub- Here, we only consider partially reduced surfaces modeled with

tracted the superposition of atomic densities) for Auon Ti9  the (1x2) and (1x3) surface cells.

(110) (a) at the T1 site, (b) at the T2 site, (c) at the H2 site, ~ The Ag adsorption energies at thesie are estimated to be 1.15

and (d) at the B site. The solid and dashed lines show po- eV and 0.6 eV from the (1x2) and (1x3) surface cells, respectively.

sitive and negative difference electron densities, respectively. ~ The significant difference is mainly attributed to the vacancy-va-

cancy repulsion on the reduced surface; that is, a larger repulsion in

electron depletion in the reduced Ti(Gand electron accumulation a smaller cell results in an increase in the calculated adsorption en-
in Au, implying some charge transfer from the Ti atoms to the Auergy. Given that the vacancy-vacancy repulsive energy is greater
atom. In addition, a significant polarization of Au towards the defectthan 0.47 eV on the (1x3) unit cell, (estimated from the vacancy
site is exhibited. This suggests an ionic interaction between the Aformation energy difference between the (1x3) and (2x4) surface
and the vacancy defect, like Ag on reduced MgO(100) in whichcells), one can expect that the Ag-defect interaction would be insig-
one electron is likely to transfer from th&denter to the Ag atom  nificant. This study clearly demonstrates that the Ag-defect interac-

(110)

to form an ionic Ag-Fs bond [Zhukovskii et al., 2000]. tion is much weaker than the Ag-O(2c) interaction on a typical TiO
2-2. Ag (110) surface (with the defect coverage of lower than 10%). When
2-2-1. On Stoichiometric TiKY110) Cu or Ag (with a singly occupied outeprhital) is placed on the
The adsorption properties of Ag on the stoichiometrig TID0) defect site, charge transferred from the defect site is likely to fil
surface are summarized in Tables 6 and 7. their antibonding states. This in turn causes the destabilization of

For the (1x2) surface cell, the most energetically favorable sitehe Cu or Ag adsorption on the defect site [Matveev et al., 1999].
for Ag adsorption is predicted to be the site between two bridgingin fact, a recerdb initio cluster calculation predicted the Agitf~
O(2c) atoms [B], with the adsorption energy of 1.01 eV, followed teraction on MgO to be even repulsive [Ferrari and Pacchioni, 1995].
by T1 (0.81eV), H2 (0.78 eV), T2 (0.37 eV), and H1 (0.32 eV) 2-2-3. Electronic Structure and Bonding Mechanism
sites. A similar adsorption behavior was predicted by Giordano et Fig. 6 shows the local density of states for (a) Ag (100), (b) Ag
al. [2001] using DFT-GGA cluster calculations, but their estimatedat the B site, and (c) Ag at theg 8te (from the (1x3) unit cell).
adsorption energies of 0.34-2.30 eV substantially differ from ourThe 4d state of Ag (100) is quite broad and exists at the bonding
results. The interaction between Ag and its periodic replicas is estiregion, indicating the strong bonding interaction with neighboring
mated to be F=0.17 eV. This clearly demonstrates that a strong Ag atoms. At the B site, the 4d state becomes narrower and the 5s
Ag-O(2c) interaction plays a major role in Ag adsorption. state moves closer to the Fermi level. At thei®, the d-state posi-
Looking at Ag adsorption by using the (1x1) surface cell, the tion shifts noticeably towards the Fermi level and is even narrower
strong Ag-Ag interaction leads to significant reduction in the ad-than at the B site. The LDOS analysis confirms the weak interac-
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Fig. 6. LDOS for the spin-up (T ) and spin-down (| ) electrons (< -
of the Ag atom. (a) metallic Ag (100) surface atom. (b) Ag O O
adatom at the B site on the stoichiometric TiQ(110) sur-
face. (c) Ag adatom at the Bsite on the reduced surface
(from the 1x3 surface cell). The dashed vertical line at E= o o
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 Ti©

(110) (a) at the T1 site, (b) at the T2 site, (c) at the B site,
and (d) at the B, site. The solid and dashed lines show po-
sitive and negative difference electron densities, respectively.

tion of Ag with the defect site.

Fig. 7 shows charge density differences (obtained by subtracting

the superposition of a free Ag atom and, id@nsities from the total
density) for Ag adsorption (a) over the O(2c) [T1], (b) over the Ti(5¢)

[T2], (c) in between the two bridging O(2c)s [B] ( from the (1x2) Tape 8. Adsorption properties of Cu on stoichiometric TiQ (110)
(from the 1x2 surface unit cell)

surface unit cell) on the stoichiometric surface, and (d) over the va-

cancy defect site (Bon the reduced surface (from the (1x3) unit

cell). The charge density difference plots show that Ag binds to the H1 B I T2 H2
Ti(5c) and the O(2c) via a covalent and ionic interaction, respec- Eass(€V) 0.79 1.80 1.43 0.56 1.61
tively. Unlike Au, the Ag-O(2c) electrostatic interaction appearsto ~ Geurny () 2.72 - - -259 269
be approximately twice stronger than the Ag-Ti(5c) covalent inter-  Ge,r) (A) - 2.63 - - 291
action. When Ag is placed at the B site, the magnitude of the elec-  de,.on) (A) 2.07 - - - 2.16
trostatic attraction is likely to increase by interacting with two bridg-  dey.o) (A) - 1.85 1.82- - 192

ing O(2c) atoms. At the Bite, 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 bondare summarized in Table 8. Like Ag, Cu strongly interacts with bridg-

ing. ing O(2c) atoms, and Cu binds more strongly to the surface when

2-3.Cu it is placed closer to the O(2c) atoms. For the (1x2) surface cell,

2-3-1. On Stoichiometric TiKY110) the most energetically favorable site for Cu adsorption is predicted
The adsorption properties of Cu on stoichiometric, Ti10) 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 (1.61eV), H2 (1.43eV), The adsorption energy of a Cu atom at thsitB is 1.0 eV (from

H1 (0.79 eV), and T2 (0.56 eV) sites. The adsorption energies ara (1x3) unit cell). This adsorption energy is significantly lower than

in good agreement with 0.50-2.67 eV and 0.55-2.39 eV as obtainethe stoichiometric surface, which was also observed for Ag.

by Giordano et al. [2001] using cluster and slab calculations, respe@-3-3. Electronic Structure and Bonding Mechanism

tively. We also calculated a change in the adsorption energy by vary- Fig. 8 shows the local density of states for (a) Cu(100), (b) Cu at

ing the slab thickness from 15- to 21-atomic layers. We found thathe B site, and (c) Cu at the &te (from the (1x3) unit cell). Over-

the adsorption energy changes by only about 0.1 eV at the B sitall, compared to the Au and Ag d states, the Cu 3d states exist closer

This suggests that the 15 layer slab is sufficient to look at Cu adto the Fermi level, indicating that the Cu activity is greater than Au

sorption properties. For the (1x2) surface cell, the interaction beand Ag activity, consistent with experimental observations.

tween Cu and its periodic replicas js4b.24 eV. Fig. 9 shows charge density differences (obtained by subtracting
Our calculation results demonstrate the interaction of Cu withthe superposition of a free Cu atom and, Giéhsities from the total

TiO, (110) is stronger, compared to Au and Ag. Unlike Au and Ag, density) for Cu adsorption (a) over the O(2c) [T1], (b) over the Ti(5c)

even at a higher coverage (from the (1x1) cell), Cu binds strongl)fT2], (c) in between the two bridging O(2c)s [B] ( from the (1x2)

to the surface with the adsorption energy of around 0.8 eV at the Burface unit cell) on the stoichiometric surface, and (d) over the va-

site (for instance). This is consistent with an experimental observaeancy defect site (Bon the reduced surface (from the (1x3) unit

tion of the self limiting growth of Cu particles (i.e., the particle size cell). The Cu-surface bonding mechanism is similar to the Ag-sur-

remains constant and only the particle density increases with an ir

crease in deposition [Zhou et al., 2003]). Au and Ag particles, or

the other hand, experience Ostwald ripening during the growth.

2-3-2. On Reduced Ti§110)
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Fig. 8. LDOS for the spin-up (T ) and spin-down (| ) electrons
of the Cu atom. (a) metallic Cu (100) surface atom. (b) Cu  Fig. 9. Difference electron density plots (the total density is sub-

o

adatom at the B site on the stoichiometric TiQ(110) sur- tracted the superposition of atomic densities) for Cu on Ti©

face. (c) Cu adatom at the Bsite on the reduced surface (110) (a) at the T1 site, (b) at the T2 site, (c) at the B site,
(from the 1x3 surface cell). The dashed vertical line at E= and (d) at the B, site. The solid and dashed lines show po-
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 defectlestabilize the Cu or Ag adsorption. Our charge density difference
site is mainly by the covalent interaction with Ti(@&tpms. plots demonstrate the binding of Ag and Cu to the surface is attrib-
uted mainly to covalent bonding with Ti(gefoms.
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