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Abstract

The adhesion, shape, and electronic structure of gold particles supported on TiO2(110) have been determined by density-functional the
calculations, to gain more insight into the catalytic activity of small supported gold particles. These calculations show that gold pa
not bind to a perfect TiO2 surface, but have a binding energy of about 1.6 eV/defect on an oxygen vacancy in TiO2. This results in an indirec
effect of the support material on the catalytic activity: The distribution and dynamics of the oxygen vacancies determine the dispe
shape of the gold particles, which in turn affect the catalytic activity. A theoretical analysis of the gold particle shape reveals that
about 3–4 layers for a gold particle of 3 nm diameter. The calculated flat geometry is in good agreement with electron micros
EXAFS measurements of a high surface area Au/TiO2 catalyst containing 2.4 wt% gold.
 2004 Published by Elsevier Inc.
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1. Introduction

In recent years, the catalytic properties of finely disperse
gold particles on oxidic support materials have attrac
much attention. Such catalysts are active for several t
of oxidation reactions, in particular low-temperature CO
idation. The selective oxidation of CO in the presence of
drogen, a key reaction in the purification of reformate ga
is a possible application of gold-based catalysts, to wh
considerable research efforts have been devoted in the
few years[1–5].

Bulk gold itself is an inert material[6], and the reaso
why small gold particles have a catalytic activity is s
a matter of debate[2,7–17]. At present we know that th
catalytic activity of gold catalysts critically depends on th
support material, the preparation method, and the activa
procedure[2,8–10,12,13]. The explanations for the catalyt
activity proposed so far have mainly focused on the siz
the gold particles and the nature of the metal oxide s
port [2,8–13,16].
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To explain the observed differences in activity with d
ferent support materials, it has been proposed that o
gold sites, or gold-support interface sites, are responsibl
the activity in CO oxidation[18–21]. With this background
Schubert et al.[16] proposed that the metal oxide supp
serves as oxygen supplier, and they distinguish active
port materials, which can supply oxygen to the Au partic
e.g., TiO2, Fe2O3, and inert support materials, which ca
not, e.g., Al2O3. Although such an effect may contribu
to the activity of gold catalysts, the fact that Au on the
ert MgAl2O4 and Al2O3 support has a catalytic activity a
well [22–24] indicates that this is not an adequate exp
nation. A third explanation, which combines the effects
particle size and support material, is that the support ma
ial induces strain in the Au particles due to the mismatc
the lattices at the interface[25], an effect that is more pro
nounced in small gold particles than in larger ones.

A more fundamental approach to explain the catalytic
tivity of gold is to determine how the active gold atoms
small particles differ from bulk gold, which does not ha
a measurable catalytic activity. Density-functional calcula
tions on Au clusters show that oxygen and carbon mono
can adsorb on gold atoms with a coordination number
than 8[26]. In fact, since the Au–Au coordination numb
affects the reactivity of the Au to a much larger extent th

http://www.elsevier.com/locate/jcat
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effects related to the electronic structure, support or str
the coordination number can be considered to be on
top of a hierarchy of contributions that determines the ca
alytic activity of gold. The presence of low coordinated A
atoms is therefore a key factor for the catalytic activity of
nanoparticles[27]. The CO oxidation involves adsorption
these molecules, and the presence of low-coordinated
atoms is therefore a feasible explanation for the catalytic
activity of gold for CO oxidation. The requirement for low
coordinated sites for CO adsorption has been corrobor
by infrared spectroscopy for CO adsorption on Au/TiO2,
Au/ZrO2, and Au/FeO catalyst systems[11,28]. Edge and
corner atoms in the gold particles have a coordination n
ber lower than 8, and therefore these atoms constitute
active sites in the gold catalysts. Note that a low-coordina
Au atom is not necessarily the only prerequisite for high c
alytic activity, as there may be other conditions that n
to be fulfilled as well. The concave site for CO oxidati
on Au/MgO, proposed by Molina and Hammer, is an exa
ple[29]. However, high-coordinated Au atoms with cataly
activity can be excluded.

The need of low-coordinated gold atoms explains b
an enhanced activity for small gold particles and the ef
of the support material on the catalytic activity. Since
relative amount of edge and corner atoms increases with
creasing particle size, small gold particles are beneficia
the catalytic activity[27]. The same argument also leads
the conclusion that the shape of the gold particles is an
portant factor as well, as the relative amount of corner
edge atoms is larger in flat particles than in round parti
with the same diameter[11]. Because the shape of a go
particle depends on the interaction between the gold
the support, different support materials induce gold part
shapes with a varying amount of edge and corner atoms
other catalytic system showing a pronounced effect of
particle shape on the activity is the Cu/ZnO system u
for methanol synthesis. A combined in situ EXAFS and
situ transmission electron microscopy (TEM) study dem
strates that the Cu particles become flat when expose
synthesis gas (a mixture of CO, CO2, and H2) at reaction
temperature (approximately 250◦C), possibly due to the in
creased amount of defects at the ZnO surface[30,31].
-

To gain more insight into the shape of small Au particl
we present density-functional theory (DFT) calculations
Au on TiO2. The shape of the small gold particles is det
mined in two steps. First, the interaction energy of the Au
the TiO2 surface is calculated. Then, a Wulff constructi
is applied to determine the shape of the gold particles.
nally, the results are compared with scanning transmis
electron microscopy (STEM), EXAFS, and CO-oxidati
activity measurements on a high surface area Au/TiO2 cata-
lyst.

2. Methods

2.1. Theoretical approach

To calculate the interaction between a gold particle an
the TiO2 support material using DFT, the TiO2 is modeled
by periodic slabs with the rutile (110) surface exposed
vacuum—the most stable phase and crystal plane of T2.
The slabs consist of three layers of the O–Ti2O2–O unit and
four times the interlayer space for the vacuum with a to
thickness of 19.56 Å. The supercell configuration applie
the calculations is a (1× 2) TiO2(110). The interaction with
Au is calculated by adding a monolayer of gold to one of
sides of the TiO2 slabs, while correcting for the electrosta
tic interaction between the cells and the adsorbate-induce
polarization[32]. Relaxation is allowed only for the two ou
ermost surface layers and the adsorbed gold atoms. In
way a complete interaction between a (111)-like Au dep
and the TiO2(110) surface is achieved, in agreement with
experimentally determinedcontact plane between Au an
TiO2(110)[33]. Fig. 1displays a drawing of the slab mode
used in the calculations for Au on TiO2.

To evaluate the electronic structure after adsorption
the Au atoms, ultrasoft pseudopotentials are used to
scribe the ionic cores[34]. The exchange–correlation e
ergy is described by the generalized gradient approxima
PW91[35]. The Kohn–Sham one-electron valence states
expanded in a basis of plane waves with kinetic energies
low 340 eV, and the surface Brillouin zone is sampled b
Monkhorst–Pack mesh of [4× 1 × 1]. Fermi population of
the Kohn–Sham states (kBT = 0.2 eV) and Pulay mixing o
ile
Fig. 1. Ball and stick models for the interaction of a monolayer of gold with a perfect rutile TiO2(110) surface (left), and with oxygen defects in the rut
TiO2(110) surface (right).
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the resulting electronic density[36] have been applied. Th
total energies have been extrapolated tokBT = 0 eV, and the
final energies have been calculated through the RPBE f
tional [37].

The shape of gold particles on the TiO2 surface is de
termined by means of a Wulff construction. According
this construction, the shape of a particle is found by trun
ing a crystal in all directions at distances proportional to
surface free energy of the crystal plane in that direction
apply a Wulff construction for a supported particle, one
to know what crystal plane is directed toward the supp
and the corresponding interface energy[38,39], since the in-
teraction with the support modifies the surface energy of
contact plane. As noted above, the Au(111) plane is in c
tact with the rutile (110) surface[33]. The interface energy
however, is difficult to obtain experimentally, but it is read
available from DFT calculations.

To derive the shape of the supported gold particle, we
the ratio between the contact surface free energy of the
ported gold particle (γ ) and the surface free energy of t
gold particle without interaction (γ0). The energy balanc
for adsorption results in the following expression for this
tio,

(1)
γ

γ0
= (γint − γox)

γ0
= 1+ �E

Aγ0
,

whereγint is the interface energy,γox is the surface energ
of the oxide support,�E is the total binding energy at th
metal-oxide interface, andA is the contact area. From th
equation, it is easily deduced that this parameter is equ
1 if there is no interaction between the gold and the T2
surface, and becomes less than 1 if there is an intera
(�E < 0) between the gold particle and the support.Fig. 2
shows the shape of a small gold particle for several va
of γ /γ0, using the Wulff construction. Clearly, the particl
become flat when the interaction increases.

The Wulff construction isonly an approximation, becau
it does not account for the formation energies for edge
corner atoms. For small particles the contribution of ed
and corners becomes significant. Therefore, another m
to calculate the height of the particles is presented, w
accounts for edges and corners by using the energy v
for these low-coordinated atoms calculated by DFT.

2.2. Experimental

The catalyst used for the activity measurements,
STEM, and EXAFS experiments was prepared by prec
tation of Au colloids on TiO2, and contained 2.4 wt% Au
The measured activity of this catalyst for CO oxidation
50◦C is 2.3± 0.15 mmolCO mol−1

Au s−1 after heat treatmen
to 400 or 500◦C, using a feed of 1% CO, 21% O2, and 78%
Ar.

The STEM experiments were performed on a Phi
CM200 electron microscope operated at 200 kV, wit
probe size of approximately 0.3 nm. To obtain a high c
trast for the gold particles, a high angle annular dark-fi
-

-

l

s

Fig. 2. Geometries for gold on a rutile TiO2(110) surface, derived from
Wulff construction, for different values of the interface energy (γ/γ0). The
top right structure is the best representation for the shape of gold particle
on a TiO2 support.

(HAADF) detector was used. For each sample 10–15 ima
were recorded at a magnification of 500,000, correspon
to an image resolution of 0.154 nm/pixel. In the STEM ex-
periments, we used a sample of the catalyst that had
treated in exactly the same wayas in the activity measure
ments, in a separate reactor system.

The EXAFS measurements were performed at beamlin
X1 of the HASYLAB synchrotron at the AuL3 edge in trans
mission mode, using a double Si(111) crystal monochro
tor. A reactor cell with full control of gas atmosphere a
temperature was used. The catalyst in the reactor cell wa
heated for 1 h to several temperatures in the range 2
600◦C in an atmosphere 1% CO, 21% O2, and 78% Ar, and
cooled to 25◦C after each treatment to measure the EXA
spectra. The Au–Au coordination numbers (N ) were cor-
rected for inharmonic effects, usingNcorr = Nmeasured+
36T α(12− Nmeasured) [40], whereT is the temperature i
the EXAFS experiment, andα is the linear expansion coe
ficient for gold (14.2× 10−6 K−1).

3. Results

The interaction between gold and a TiO2 surface is eval
uated for two possible structures of gold on TiO2, shown
in Fig. 1. The model to the left corresponds to adhesion
a monolayer of gold on a perfect rutile TiO2(110] surface,
and the model to the right to a monolayer of gold adsor
on an oxygen vacancy in the TiO2 surface with a missing
row structure. This is a well-known reconstruction of t
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Fig. 3. (Top) Density of states (DOS) fordifferent Au structures: bulk gold
an adsorbed monolayer of gold on rutile TiO2(110) surface, and the gol
atom in a monolayer attached to an oxygen defect in the rutile TiO2(110)
surface. The interaction between gold and an oxygen vacancy in the2
surface causes a shift in the DOS to higher binding energies. (Bottom)
tron density difference plot for a gold atom on an oxygen vacancy in
rutile TiO2 with respect to Au and oxygen vacancy in TiO2 before interac-
tion. A charge accumulation is seen between Au and the Ti atoms clo
the vacancy.

TiO2 surface, in which a complete row of protruding ox
gen is removed, thus providing a large amount of oxy
vacancy defects. The oxygen vacancy density in this st
ture is 2.56 nm−2.

The most important result from the calculations is that
interaction between a monolayer of gold, representativ
a large gold particle, and a perfect rutile TiO2(110] surface
(Fig. 1, left) is negligibly small[41], while the interaction on
a TiO2 surface with oxygen vacancies (Fig. 1, right) yields
an interaction energy of−1.6 eV/defect, which correspond
to −0.5 J/m2. This means that oxygen vacancy sites, a
possibly other surface defect sites, such as step or ad
sites, are required to bind the gold to a TiO2 surface. A sim-
ilar result has been found for the binding of single Au ato
and small Au clusters on TiO2 [42,43]. A scanning tunnel-
ing microscopy study of Au particles on a rutile TiO2(110)
surface confirms this conclusion[44]. The effect of the sup
port in the Au/TiO2 system is indirect: The support provid
the defects necessary for Au adhesion, and a change i
vacancy density affects the dispersion and shape of the
particles, and therefore presumably also the catalytic p
erties.

Fig. 3 shows the local density of states for bulk gold
monolayer of Au on a perfect TiO2 surface, and a Au atom
e

Fig. 4. Estimated number of vacancies in the surface of rutile TiO2(110) for
different ambient gas atmospheres.

on an oxygen vacancy. The gold atoms adsorbed on a
fect rutile TiO2(110) have no significant charge, and th
electronic structure around the Fermi level is almost
perturbed, consistent with the very weak interaction at
interface. For adhesion on an oxygen vacancy, the b
corresponding to the gold atoms in direct contact with
vacancy are stabilized, but these perturbations are con
to the nearest neighbors only, because the electronic scree
ing is very effective[45,46]. In fact, the density-differenc
plot shows that the electronsare accumulated between t
gold and the two titanium atoms next to the vacancy (
Fig. 4), and that the bond is covalent, resembling that o
alloy. Since the perturbation of the electronic structure is
cal, it is expected that the crystal faces of supported g
particles largely behave as unsupported gold, and are th
fore not able to bind CO or O2 stronger than correspondin
crystal faces in gold, even at the atoms directly in con
with the vacancy on TiO2.

Because gold adhesion exclusively occurs on the de
in TiO2, anything that affects these defects in the TiO2 sur-
face, e.g., a reaction that produces or consumes oxyge
cancies in the TiO2, will probably affect the catalytic prop
erties of a Au/TiO2 catalyst. Reactions with reducing com
pounds such as H2 or CO may produce oxygen vacancie
while in oxidizing atmospheres, oxygen vacancies may b
consumed. Such reactions probably occur in the comm
applied heat treatments to activate the Au/TiO2 catalysts, and
they determine the final size and shape of the gold part
in the activated catalyst.

To illustrate the effects of the gas atmosphere on the
fect density in TiO2, the number of defects as a function
the temperature in an atmosphere of H2, CO, and diluted CO
is estimated. To do this, we have estimated the equilibr
constants, using formation energies of the oxygen vacan
and H2 and H2O or CO and CO2. Due to the stoichiometry
of the reaction, the number of defects is equal to the equ
rium amounts of H2O or CO2, which are calculated from th
equilibrium constants.Fig. 4 shows the estimated amoun
of defects produced as a function of temperature in the p
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ence of H2 and CO for a 2× 2 reconstruction of the TiO2
surface. These data show that both H2 and CO produce mor
vacancies at higher temperatures, and that the amount o
cancies depends on the type and amount of the gases pr

To derive the shape of the gold particles, the ratioγ /γ0,
[Eq. (1)]—or the interface energy—is the key parame
The interaction between the gold and the TiO2 surface [�E

in Eq. (1)], however, depends on the number of oxygen
cancies below the gold particle. For a particle with a dia
ter of 3 nm the adhesion energyEd of −1.6 eV/defect calcu-
lated above, and aγ0 equal to 0.3 eV/atom (3.85 eV/nm2),
the ratioγ /γ0 becomes 0.76 for 4 defects and 0.53 for 8
fects. The approximate shape of the gold particles foun
a Wulff construction therefore corresponds to the top r
one inFig. 2, which hasγ /γ0 = 0.5.

Information about the shape of the gold particles can
be obtained by estimating how the gold particles grow o
TiO2 surface. To do this, we have calculated the numbe
atoms in the gold particle, at which transitions from sing
layered to double-layered and multilayered particles oc
The number of atoms at which these transitions occur
pends on the interface energy, which results from the num
of defects underneath a gold particle. From the numbe
particles at the transitions and the number of layers, a
ticle diameter can be estimated. On the basis of these
a shape diagram as displayed inFig. 5 can be constructed
showing the number of layers for a given number of defe
(interface energy) and particle diameter.

To perform this analysis, the following assumptions h
been made: The particles used in the model consist of a g
number of atoms (N ), equally distributed over a number
layers (L). Each layer is assumed to have a circular ge
etry, which implies that there are no corner atoms in
-
t.

a

model. To simplify the model, we assume that all bond
of Au to TiO2 occurs at an oxygen vacancy; the interface
ergy is then directly proportional to the number of oxyg
vacancies in the Au/TiO2 interface; adhesion at other defe
sites can easily be incorporated by adjusting the numb
oxygen vacancies in the model. We also include the ene
for the edges, as they may contribute significantly to the t
energy in small particles. Then, the energy of the particle
given by the equations below.

For a single-layer particle,

(2)E1ML
particle= γ 1ML

0 N + ndE
1ML
d + 2π

√
NE1ML

edge;
for a multilayer particle,

ELML
particle= γ LML

0
2N

L
+ ndE

LML
d + 4π

√
N

L
ELML

edge,top−bottom

(3)+ 2(L − 2)π

√
N

L
ELML

edge,central,

whereN is the number of atoms in a particle,L is the num-
ber of layers in a particle.γ LML

0 is the surface energy fo
a particle withL layers,nd is the number of defects unde
neath the particle,Ed is the defect energy,Eedge,top−bottom
is the energy of the edge atoms in the top and bottom la
Eedge,central is the edge energy for the central layers in
particles.

The energy values to be used in these equations are
in Table 1, and are estimated from calculations of slabs c
taining 1 to 4 gold layers. The values for the edges have b
found by comparing the energies of aL layer slab and a
small aggregate with the same number of layers. The s
diagram calculated on the basis of the energy values l
in Table 1is displayed inFig. 5. According to these calcu
lations, a Au particle with a diameter of 3–4 nm, a typi
r of
tted
Fig. 5. Shape diagram for Au supported on TiO2(110). The diagram represents the particle diameter asa function the interface energy, given by the numbe
defects below the particle, using the energy values inTable 1. The different regions indicate wheren-layered structures are stable. The region inside the do
square corresponds to the experimentally determined average particle diameter. The dashedline indicates an estimated maximum concentration for defects
under the one-layer particle.
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Table 1
Calculated energy values for surface energy, defect energy, and edge
gies, as applied in the determination of the gold particle shape

Thickness 1 layer 2 layers 3 laye

Surface energy 0.60 0.29 0.26
(γ0, eV/atom)

Defect energy −1.6 −0.2 2.3
(Ed, eV/defect)

Edge energy top–bottom 0.25 0.33 0.33
(Eedge,top−bottom, eV/atom)

Edge energy center 0.41
(Eedge,center, eV/atom)

particle size for Au in Au/TiO2 catalysts, is 3 to 4 layer
thick, which corresponds to approximately 0.75–1 nm. T
means that the gold particles are flat, in good agreemen
thickness of Au particles on flat supports[47–50].

The presence of flat particles in a real Au/TiO2 catalyst,
as found in the theoretical model, is addressed by c
bining the results of STEM and EXAFS measurements
r-
a high surface area Au/TiO2 catalyst.Fig. 6 displays rep-
resentative STEM images of a Au/TiO2 catalyst after 1 h
of heating in a mixture of 1% CO, 21% O2, 78% Ar at
400◦C (left) and 500◦C (right). In the bottom panel, the pa
ticle size distributions determined from these image se
based on approximately 1500 particles, are given. The a
age diameter of the Au particles in this Au/TiO2 catalyst is
3.4 nm after heating to 400◦C and 3.8 nm after heating t
500◦C.

Fig. 7 shows the Au–Au coordination number deriv
from EXAFS as a function of the heating temperature
the pretreatment. Heating the Au/TiO2 catalyst results in a
higher Au–Au coordination number, indicating a sinteri
of the Au particles. The Au–Au coordination number in t
Au/TiO2 catalyst after the heat treatment at 400 and 500◦C
is 10.6. For “spherical” particles (γ /γ0 = 1.0) with the mea-
sured size distribution, the coordination number would
11.3; for a “hemispherical” particle this would be 11.1. F
flat particles with the diameters of the measured size dis
ution, and a thickness of about 3–4 layers of Au in the ra
Fig. 6. (Top) Scanning transmission electron microscopy (STEM) images of a Au/TiO2 catalyst (2.4 wt% Au) after 1 h of heating in 1% CO, 21% O2, 78%
Ar at 400◦C (left) and 500◦C (right). (Bottom) Particle size distributions derivedfrom the STEM image series measured after these treatments.
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Fig. 7. Corrected Au–Au coordination number determined by EXAFS fo
a Au/TiO2 catalyst (2.4 wt% Au) after 1 h of heating in 1% CO, 21% O2,
78% Ar at several temperatures.

2–4 nm as predicted in the model, the estimated coord
tion number is 10.7. This experimental result indicates
the geometry of the gold particles as found from the mo
is a realistic option for the Au particle shape in high surf
area Au/TiO2 catalysts.

The Au–Au distances derived from the EXAFS expe
ments were all 2.87± 0.02 Å, which corresponds nicely
the Au–Au distance in bulk gold (2.88 Å). This indicates t
there is no significant contraction or expansion of the cry
lattice in the gold particles in the catalyst, which is inco
sistent with the proposal that catalytic activity of small g
particles is caused by tension in the gold lattice.

4. Discussion

The results of our calculations show that the adhe
of gold to the TiO2 does not occur on a perfect TiO2
surface, but requires oxygen defects, or possibly steps o
adatoms. Since TiO2 is a reducible oxide, oxygen vaca
cies are commonly present in TiO2 [51,52]. Even a clean
rutile-TiO2(110) surface contains 5–10% surface oxygen
fects [44,52,53]; the TiO2 material used for preparing th
supported catalysts probably has even more. The prefe
for adhesion of the gold particles on oxygen vacancies is
perimentally confirmed by scanning tunneling microsco
(STM), in which a large reduction of the amount of oxyg
vacancies in the surface has been detected after metal
sition [44]

The interaction between the gold and the support de
mines both the size and the shape of the gold particle
can be derived from the data inFig. 5. As low-coordinated
Au atoms are necessary for adsorption of O or CO[26], and
the amount of low-coordinated Au atoms depends both
the size and on the shape of the particle, the catalytic a
ity is also expected to depend on the size and shape of th
particles. In particle size distributions, no information ab
e

-

the particle shape is included. Therefore, a different p
cle shape can explain why Au particles of the same size
have a different activity on different supports[11,54,55].

Wahlström et al. explain how the diffusion of oxygen v
cancies and gold particles on a TiO2 surface proceeds, bas
on STM observations[44]. The oxygen vacancies them
selves diffuse on the surface in the presence of oxyge
the gas phase[56]. The gold particles, not sufficiently a
tached to oxygen vacancies, diffuse on the surface, and
grow when they coalesce with another gold particle (sin
ing), or diffusion slows down or stops when they encoun
other oxygen vacancies, due to the increased interface
ergy. This finally leads to a stable situation, where the g
particles have accumulated so many vacancies that diffusio
stops. This accumulation of vacancies under the gold p
cles implies a higher interfaceenergy, and therefore, the
is a tendency for the formation of flat gold particles in
Au/TiO2 system (Fig. 5).

Water reacts with the oxygen vacancies on a TiO2 sur-
face[53], and will therefore affectthe interaction betwee
the Au particles and the support. Since this effect depend
the nature of the support, this could explain why Au cataly
with different supports behave differently in the presenc
traces of water. The Au/TiO2 catalysts are very sensitive
the presence of water[9,13], while other support material
e.g., MgAl2O4 spinel, are more robust[24]. This is an im-
portant issue, as traces of water will always be present w
removing CO from the H2 feed in fuel cells, which is a poss
ble application for gold-based catalysts. The effect of sm
amounts of water on the activity of Au/TiO2 catalysts can
be rationalized as follows: Water affects the interface en
the Au and the TiO2 support, and, consequently, both t
size and the shape of the Au particles changes, similar t
effects observed in Cu/ZnO-based methanol synthesis
alysts[31]. Such a change in particle geometry leads t
change in the number of active corner and edge atoms
therefore a change in catalytic activity.

A final and more general aspect concerns the influenc
the support material on the catalytic activity of gold-ba
catalysts. Other support materials have a different inter
energy, which results in a different gold particle shape,
therefore a different activity. The requirement of defects
adhesion of Au seems to be more general, though the
not necessarily oxygen vacancies, and is known for M
Al2O3, and SiO2 as well[57–61]. Although the earlier sug
gestion that a reducible support is favorable for gold-ba
catalysts by supplying oxygen to the catalytic reaction ma
not be correct, it is easy toobtain oxygen vacancies on r
ducible supports. Therefore, such materials are expect
be good supports, as there are many sites available for a
sion of gold particles.

Other aspects of catalysis with gold-based catalysts,
as effect of exposure to certain gases, or the influence o
support seem to be rationalized by analysis of the effec
defects on the interface energy between the gold part
and the support. With defects acting as anchoring sites
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the gold particles, the behavior of these defects under di
ent conditions affects the behavior of the catalyst. Theref
a good knowledge of the support material is essential for
derstanding catalysis by gold.

5. Conclusions

Density-functional calculations for gold on a rutile-TiO2
(110) surface show that the adhesion energy of gold part
on a perfect TiO2 surface is negligibly small and defects a
required to obtain stable gold particles. Very common
fects on a TiO2 surface are oxygen vacancies, and they
be regarded as anchoring sites for the gold particles, toge
with other defects like steps and adatoms.

The effect of the support material on the catalytic ac
ity of Au/TiO2 catalysts is indirect, with the interface ener
as key parameter. The final size and shape of the gold
ticles is determined by the interface energy between the
particles and the TiO2 surface. Oxygen vacancies contribu
to this interface energy, and therefore determine the size
shape of the gold particles, and with that the number of
tive sites. Based on a model calculation with the interf
energy as parameter, it is deduced that the gold particle
a Au/TiO2 catalyst are flat typically 3–4 layers for particl
with a diameter of 3 nm. This conclusion is supported
a combined microscopy and EXAFS characterization of
gold particles in a high-surface Au/TiO2 catalyst.
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