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Abstract

The adhesion, shape, and electronic structure of gold particles supportedzgfhI0Phave been determined by density-functional theory
calculations, to gain more insight into the catalytic activity of small supported gold particles. These calculations show that gold particles do
not bind to a perfect Ti@surface, but have a binding energy of about 1.8a@afect on an oxygen vacancy in TiOT his results in an indirect
effect of the support material on the catalytic activity: The distribution and dynamics of the oxygen vacancies determine the dispersion and
shape of the gold particles, which in turn affect the catalytic activity. A theoretical analysis of the gold particle shape reveals that it is flat,
about 3—4 layers for a gold particle of 3 nm diameter. The calculated flat geometry is in good agreement with electron microscopy and
EXAFS measurements of a high surface area Auglé@alyst containing 2.4 wt% gold.

0 2004 Published by Elsevier Inc.

1. Introduction To explain the observed differences in activity with dif-
ferent support materials, it has been proposed that oxidic
In recent years, the catalyticgperties of finely dispersed  gold sites, or gold-support interface sites, are responsible for
gold particles on oxidic support materials have attracted the activity in CO oxidatioj18—21] With this background,
much attention. Such catalysts are active for several typesSchubert et al[16] proposed that the metal oxide support
of oxidation reactions, in particular low-temperature CO ox- serves as oxygen supplier, and they distinguish active sup-
idation. The selective oxidation of CO in the presence of hy- port materials, which can supply oxygen to the Au particles,
drogen, a key reaction in the purification of reformate gases, e.g., TiQ, FeOs, and inert support materials, which can-
is a possible application of gold-based catalysts, to which not, e.g., AbOs. Although such an effect may contribute
considerable research efforts have been devoted in the pasto the activity of gold catalysts, the fact that Au on the in-
few yearq1-5]. ert MgAIl,O4 and AbO3 support has a catalytic activity as
Bulk gold itself is an inert materigl], and the reason  well [22—24]indicates that this is not an adequate expla-
why small gold particles have a catalytic activity is still nation. A third explanation, which combines the effects of
a matter of debat§2,7-17] At present we know that the particle size and support material, is that the support mater-
catalytic activity of gold cataists critically depends on the ial induces strain in the Au particles due to the mismatch of
support material, the preparation method, and the activationthe lattices at the interfad@5], an effect that is more pro-
procedurg2,8-10,12,13]The explanations for the catalytic nounced in small gold particles than in larger ones.
activity proposed so far have mainly focused on the size of A more fundamental approach to explain the catalytic ac-
the gold particles and the nature of the metal oxide sup- tivity of gold is to determine how the active gold atoms in
port[2,8-13,16] small particles differ from bulk gold, which does not have
a measurable catalytic activity.dbsity-functional calcula-
— . tions on Au clusters show that oxygen and carbon monoxide
Corresponding author. . L
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effects related to the electronic structure, support or strain,  To gain more insight into the shape of small Au particles,
the coordination number can be considered to be on thewe present density-functional theory (DFT) calculations for
top of a hierarchy of contributins that determines the cat- Au on TiO,. The shape of the small gold particles is deter-
alytic activity of gold. The presence of low coordinated Au mined in two steps. First, the interaction energy of the Au on
atoms is therefore a key factor for the catalytic activity of Au the TiQ, surface is calculated. Then, a Wulff construction
nanoparticle§27]. The CO oxidation involves adsorption of  is applied to determine the shape of the gold particles. Fi-
these molecules, and the presence of low-coordinated goldnally, the results are compared with scanning transmission
atoms is therefore a feasiblemanation for the catalytic ~ €lectron microscopy (STEM), EXAFS, and CO-oxidation
activity of gold for CO oxidation. The requirement for low- ~ activity measurements on agh surface area Au/TiPcata-
coordinated sites for CO adsorption has been corroboratedYst-

by infrared spectroscopy for CO adsorption on Au/ZjiO

Au/ZrO,, and Au/FeO catalyst systenfikl,28] Edge and

corner atoms in the gold particles have a coordination num- 2. Methods

ber lower than 8, and therefore these atoms constitute the i

active sites in the gold catalysts. Note that a low-coordinated 2-1- Theoretical approach

Au atom is not necessarily the only prerequisite for high cat-
alytic activity, as there may be other conditions that need
to be fulfilled as well. The concave site for CO oxidation
on Au/MgO, proposed by Molina and Hammer, is an exam-
ple[29]. However, high-coordinated Au atoms with catalytic
activity can be excluded.

The need of low-coordinated gold atoms explains both
an enhanced activity for small gold particles and the effect
of the support material on the catalytic activity. Since the
relative amount of edge and corner atoms increases with de
creasing particle size, small gold particles are beneficial for
the catalytic activity27]. The same argument also leads to

the conclusion that the shape of the gold particles is an im- oot surface layers and the adsorbed gold atoms. In that
portant factor as well, as the relative amount of corner and way a complete interaction between a (111)-like Au deposit
edge atoms is larger in flat particles than in round particles 4 q the TiQ(110) surface is achieved, in agreement with the
with the same diametd 1]. Because the shape of a gold  experimentally determinedontact plane between Au and
particle depends on the interaction between the gold andTjo,(110)[33]. Fig. 1displays a drawing of the slab models
the support, different support materials induce gold particle ysed in the calculations for Au on TiO

shapes with a varying amount of edge and corner atoms. An-  To evaluate the electronic structure after adsorption of
other catalytic system showing a pronounced effect of the the Au atoms, ultrasoft pseudopotentials are used to de-
particle shape on the activity is the Cu/ZnO system used scribe the ionic core§34]. The exchange—correlation en-
for methanol synthesis. A combined in situ EXAFS and in ergy is described by the generalized gradient approximation
situ transmission electron microscopy (TEM) study demon- PW91[35]. The Kohn—Sham one-electron valence states are
strates that the Cu particles become flat when exposed toexpanded in a basis of plane waves with kinetic energies be-
synthesis gas (a mixture of CO, @Qand hb) at reaction low 340 eV, and the surface Brillouin zone is sampled by a
temperature (approximately 25Q), possibly due to the in-  Monkhorst—Pack mesh of [4 1 x 1]. Fermi population of

To calculate the interactionelbween a gold particle and
the TiO; support material using DFT, the Tids modeled
by periodic slabs with the rutile (110) surface exposed to
vacuum—the most stable phase and crystal plane 05.TiO
The slabs consist of three layers of the GO unit and
four times the interlayer space for the vacuum with a total
thickness of 19.56 A. The supercell configuration applied in
the calculations is a (X 2) TiO2(110). The interaction with
Au is calculated by adding a monolayer of gold to one of the
‘sides of the TiQ slabs, while correctig for the electrosta-
tic interaction between the k& and the adsorbate-induced
polarization32]. Relaxation is allowed only for the two out-

creased amount of defects at the ZnO sur{86e31] the Kohn—Sham stategd7 = 0.2 eV) and Pulay mixing of
Au _ - - |
o—0—g r”"‘”w‘ﬁ % : o
0 B -

Ti

Fig. 1. Ball and stick models for the interaction of a monolayer of gold with a perfect rutile(TkD) surface (left), and with oxygen defects in the rutile
TiO2(110) surface (right).
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the resulting electronic densif$6] have been applied. The V=1 V%=0.5

total energies have been extrapolatetlg® = 0 eV, and the

final energies have been calculated through the RPBE func-
tional [37].

The shape of gold particles on the Ti®urface is de-
termined by means of a Wulff construction. According to
this construction, the shape of a particle is found by truncat-
ing a crystal in all directions at distances proportional to the
surface free energy of the crystal plane in that direction. To
apply a Wulff construction for a supported particle, one has

to know what crystal plane is directed toward the support,

and the corresponding interface enef8®,39], since the in-

teraction with the support modifies the surface energy of that Yy=-"0.5 V=1
contact plane. As noted above, the Au(111) plane is in con-

tact with the rutile (110) surfad®3]. The interface energy,

however, is difficult to obtain experimentally, but it is readily
available from DFT calculations.

To derive the shape of the supported gold particle, we use A
the ratio between the contact surface free energy of the sup-
ported gold particle)) and the surface free energy of the /
gold particle without interactiony). The energy balance

for adsorption results in the following expression for this ra-

tio, Fig. 2. Geometries for gold on a rutile T}A110) surface, derived from a

( . ) AE Waulff construction, for different values of the interface energyg). The
r - Wint — Yox) =14+ —, (1) top right structure is the best repeegation for the shape of gold particles
Y0 Yo Ayo on a TiG, support.

whereyin; is the interface energyyy is the surface energy

of the oxide supportA £ is the total binding energy at the  (HAADF) detector was used. For each sample 10-15 images

metal-oxide interface, and is the contact area. From this  were recorded at a magpnification of 500,000, corresponding

equation, it is easily deduced that this parameter is equal toto an image resolution of 0.154 nipixel. In the STEM ex-

1 if there is no interaction between the gold and thezTiO periments, we used a sample of the catalyst that had been

surface, and becomes less than 1 if there is an interactiontreated in exactly the same wag in the activity measure-

(AE < 0) between the gold particle and the suppbig. 2 ments, in a separate reactor system.

shows the shape of a small gold particle for several values  The EXAFS measurements reeperformed at beamline

of y/yo, using the Wulff construction. Clearly, the particles X1 of the HASYLAB synchrotron at the Aud.edge in trans-

become flat when the interaction increases. mission mode, using a double Si(111) crystal monochroma-
The Wulff construction i®nly an approximation, because  tor. A reactor cell with full control of gas atmosphere and

it does not account for the formation energies for edge andtemperature was used. The algst in the reactor cell was

corner atoms. For small partiCles the contribution of edges heated for 1 h to several temperatures in the range 200-

and corners becomes significant. Therefore, another modekpo°C in an atmosphere 1% CO, 21%,@nd 78% Ar, and

to calculate the height of the particles is presented, which cooled to 25C after each treatment to measure the EXAFS

accounts for edges and corners by using the energy valuespectra. The Au—Au coordination numberg)(were cor-

for these low-coordinated atoms calculated by DFT. rected for inharmonic effects, usiycorr = Nmeasured+

36T« (12 — Nmeasured [40], whereT is the temperature in

the EXAFS experiment, and is the linear expansion coef-

ficient for gold (14.2< 1075 K1),
The catalyst used for the activity measurements, the gold ( )

STEM, and EXAFS experiments was prepared by precipi-
tation of Au colloids on TiQ, and contained 2.4 wt% Au. 3. Results
The measured activity of this catalyst for CO oxidation at

2.2. Experimental

50°C is 2.3+ 0.15 mmoto mol;j s~1 after heat treatment The interaction between gold and a pi€urface is eval-
to 400 or 500C, using a feed of 1% CO, 21%0and 78% uated for two possible structures of gold on 3jGhown
Ar. in Fig. L The model to the left corresponds to adhesion of

The STEM experiments were performed on a Philips a monolayer of gold on a perfect rutile Ti110] surface,
CM200 electron microscope operated at 200 kV, with a and the model to the right to a monolayer of gold adsorbed
probe size of approximately 0.3 nm. To obtain a high con- on an oxygen vacancy in the TiGurface with a missing-
trast for the gold particles, a high angle annular dark-field row structure. This is a well-known reconstruction of the
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Fig. 3. (Top) Density of states (DOS) fdifferent Au structures: bulk gold,

an adsorbed monolayer of gold on rutile Bi@10) surface, and the gold
atom in a monolayer attached to an oxygen defect in the rutile(LD)
surface. The interaction between gold and an oxygen vacancy in the TiO
surface causes a shift in the DOS to higher binding energies. (Bottom) Elec-
tron density difference plot for a gold atom on an oxygen vacancy in the
rutile TiO with respect to Au and oxygen vacancy in pi®efore interac-

89

1 . | . | . |

0.1

0.01

Number of vacancies/arbitrary units

0.001

Fig. 4. Estimated number of vacancies in the surface of rutile {li@0) for
different ambient gas atmospheres.

on an oxygen vacancy. The gold atoms adsorbed on a per-
fect rutile TiO(110) have no significant charge, and their
electronic structure around the Fermi level is almost un-
perturbed, consistent with the very weak interaction at the
interface. For adhesion on an oxygen vacancy, the bands
corresponding to the gold atoms in direct contact with the
vacancy are stabilized, but these perturbations are confined
to the nearest neighbors onledause the electronic screen-
ing is very effective[45,46] In fact, the density-difference
plot shows that the electrormse accumulated between the
gold and the two titanium atoms next to the vacancy (see
Fig. 4), and that the bond is covalent, resembling that of an

tion. A charge accumulation is seen between Au and the Ti atoms close to a||oy_ Since the perturbation of the electronic structure is lo-

the vacancy.

TiO2 surface, in which a complete row of protruding oxy-
gen is removed, thus providing a large amount of oxygen

vacancy defects. The oxygen vacancy density in this struc-

ture is 2.56 nm?2.

The most important result from the calculations is that the
interaction between a monolayer of gold, representative of
a large gold particle, and a perfect rutile B{@10] surface
(Fig. 1, lef is negligibly small[41], while the interaction on
a TiO, surface with oxygen vacancieBig. 1, righ) yields
an interaction energy 6f 1.6 eV/defect, which corresponds
to —0.5 Jm?2. This means that oxygen vacancy sites, and

cal, it is expected that the crystal faces of supported gold
particles largely behave as unsupported gold, and are there-
fore not able to bind CO or £stronger than corresponding
crystal faces in gold, even at the atoms directly in contact
with the vacancy on Ti@

Because gold adhesion exclusively occurs on the defects
in TiO2, anything that affects these defects in the J&Dr-
face, e.g., a reaction that produces or consumes oxygen va-
cancies in the Ti@, will probably affect the catalytic prop-
erties of a Au/TiQ catalyst. Reactions with reducing com-
pounds such as Hor CO may produce oxygen vacancies,
while in oxidizing atmosphes, oxygen vacancies may be
consumed. Such reactions probably occur in the commonly

possibly other surface defect sites, such as step or adatonapplied heat treatments to activate the Au/g@atalysts, and

sites, are required to bind the gold to a Fi€urface. A sim-
ilar result has been found for the binding of single Au atoms
and small Au clusters on TigJ42,43] A scanning tunnel-
ing microscopy study of Au particles on a rutile BiQ10)
surface confirms this conclusif4]. The effect of the sup-
port in the Au/TiQ system is indirect: The support provides

they determine the final size and shape of the gold particles
in the activated catalyst.

To illustrate the effects of the gas atmosphere on the de-
fect density in TiQ, the number of defects as a function of
the temperature in an atmosphere ¢f BO, and diluted CO
is estimated. To do this, we have estimated the equilibrium

the defects necessary for Au adhesion, and a change in theonstants, using formation energies of the oxygen vacancies,
vacancy density affects the dispersion and shape of the Auand H and HO or CO and CQ@. Due to the stoichiometry

particles, and therefore presumably also the catalytic prop-

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

of the reaction, the number of defects is equal to the equilib-
rium amounts of HO or CQy, which are calculated from the
equilibrium constantdgrig. 4 shows the estimated amounts
of defects produced as a function of temperature in the pres-
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ence of i and CO for a 2« 2 reconstruction of the Ti® model. To simplify the model, we assume that all bonding
surface. These data show that bothathd CO produce more  of Au to TiO occurs at an oxygen vacancy; the interface en-
vacancies at higher temperatures, and that the amount of vaergy is then directly proportional to the number of oxygen
cancies depends on the type and amount of the gases presentacancies in the Au/Ti@interface; adhesion at other defect

To derive the shape of the gold particles, the ratjgo, sites can easily be incorporated by adjusting the number of
[Eq. (1})—or the interface energy—is the key parameter. oxygen vacancies in the model. We also include the energies
The interaction between the gold and the T&irface pE for the edges, as they may contribute significantly to the total

in Eq. (1), however, depends on the number of oxygen va- energy in small particles. Then, the energy of the particles is
cancies below the gold particle. For a particle with a diame- given by the equations below.

ter of 3 nm the adhesion energy; of —1.6 eV/defect calcu- For a single-layer particle,
lated above, and g equal to 0.3 eYatom (3.85 eynn¥), ML _ 1ML 1ML IML.
the ratioy /yo becomes 0.76 for 4 defects and 0.53 for 8 de- Eparice= 0" N +naEq"" +27v/N Eige )

fects. The approximate shape of the gold particles found by for a multilayer particle,

a Wulff construction therefore corresponds to the top right ON
inFi i — LML LML LML / LML
one inFig. 2, which hasy /yo = 0.5. ' Eparticle= %0 A +ndEg"- +4n 7 Egdgetop-bottom
Information about the shape of the gold particles can also
be obtained by estimating how the gold particles grow on a L2L -2 EELML 3)
TiO, surface. To do this, we have calculated the number of V edgecentrat

atoms in the gold particle, at which transitions from single- \yheren is the number of atoms in a particle,is the num-
layered to double-layered and multilayered particles occur. per of layers in a particley/M is the surface energy for
The number of atoms at which these transitions occur de- 3 particle withL layers,ng is the number of defects under-
pends on the interface energy, which results from the numberpeath the particleEq is the defect energyEedgetop-bottom

of defects underneath a gO'd particle. From the number of is the energy of the edge atoms in the top and bottom |ayer,
particles at the transitions and the number of layers, a par- Eedgecentralis the edge energy for the central layers in the
ticle diameter can be estimated. On the basis of these datgarticles.

a shape diagram as displayedFity. 5 can be constructed, The energy values to be used in these equations are listed
showing the number of layers for a given number of defects in Table 1 and are estimated from calculations of slabs con-
(interface energy) and particle diameter. taining 1 to 4 gold layers. The values for the edges have been

To perform this analysis, the following assumptions have found by comparing the energies oflalayer slab and a
been made: The particles used in the model consist of a givensmall aggregate with the same number of layers. The shape
number of atomsX), equally distributed over a number of diagram calculated on the basis of the energy values listed
layers (). Each layer is assumed to have a circular geom- in Table lis displayed inFig. 5. According to these calcu-
etry, which implies that there are no corner atoms in this lations, a Au particle with a diameter of 3—4 nm, a typical

5 x

|

3,4-layers

2.3-layers

PRORGEOEY IS S

Particle diameter, nm

1,2—layers

Number of defects

Fig. 5. Shape diagram for Au supported on 3{010). The diagram represents the particle diameterfaaction the interface energy, given by the number of
defects below the particle, using the energy valueRainie 1 The different regions indicate whenelayered structures are stable. The region inside the dotted
square corresponds to the experiméytdetermined average particle diameter. The dadimedindicates an estimated maximum concentration &fects
under the one-layer particle.
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Table 1 a high surface area Au/TiOcatalyst.Fig. 6 displays rep-
Calculated energy values for surface energy, defect energy, and edge enerresentative STEM images of a Au/Tz'(lataIyst after 1 h
gies, as applied in the determination of the gold particle shape of heating in a mixture of 1% CO, 21%,078% Ar at
Thickness 1 layer 2 layers 3layers  400°C (left) and 500 C (right). In the bottom panel, the par-
Surface energy 80 029 026 ticle size distributions determined from these image series,
(vo, eV/atom) based on approximately 1500 particles, are given. The aver-
Defect energy -16 —02 23 age diameter of the Au particles in this Au/Ti@atalyst is
(Eqg, eV/defect) . .
Edge energy top—bottom 5 033 033 3.4 nm after heating to 40@C and 3.8 nm after heating to
(Eedgetop—bottom €V/atom) 500°C.
Edge energy center Al Fig. 7 shows the Au—Au coordination number derived
(Eedgecenter €V/atom) from EXAFS as a function of the heating temperature in

the pretreatment. Heating the Au/Ti@atalyst results in a
higher Au—Au coordination number, indicating a sintering
particle size for Au in Au/TiQ catalysts, is 3 to 4 layers  of the Au particles. The Au—Au coordination number in the
thick, which corresponds to approximately 0.75-1 nm. This Au/TiO> catalyst after the heat treatment at 400 and*&D0
means that the gold particles are flat, in good agreement theis 10.6. For “spherical” particles/(/yo = 1.0) with the mea-
thickness of Au particles on flat suppof4y—50] sured size distribution, the coordination number would be
The presence of flat particles in a real Au/}i€atalyst, 11.3; for a “hemispherical” particle this would be 11.1. For
as found in the theoretical model, is addressed by com- flat particles with the diameters of the measured size distrib-
bining the results of STEM and EXAFS measurements on ution, and a thickness of about 3—4 layers of Au in the range

0.4

Particle size distributions Au/TiO;

0.3 4

m heated to 500 °C
@ heated to 400 °C

Frequency
o
[ 3%

0.1 4

0 - Tt
0 5 10 15 20

Mean diameter (nm)

Fig. 6. (Top) Scanning transmission efect microscopy (STEM) images of a Au/Tjatalyst (2.4 wt% Au) after 1 h of heating in 1% CO, 21%, @8%
Ar at 400°C (left) and 500°C (right). (Bottom) Particle size distributions deriviedm the STEM image series measured after these treatments.
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11.0

the particle shape is included. Therefore, a different parti-
108 1 cle shape can explain why Au particles of the same size can
g 10.6 | have a different activity on different suppofisl,54,55]
E 104 | Wabhlstrom et al. explain how the diffusion of oxygen va-
Z 102 | cancies and gold particles on a Ti6urface proceeds, based
_§ 100 | on STM observation$44]. The oxygen vacancies them-
g selves diffuse on the surface in the presence of oxygen in
g 98 1 the gas phasgs6]. The gold particles, not sufficiently at-
8 98¢ tached to oxygen vacancies, diffuse on the surface, and they
94 | grow when they coalesce with another gold particle (sinter-
9o | ing), or diffusion slows down or stops when they encounter
00 ' , , ) , ' , other oxygen vacancies, due to the increased interface en-
0 100 200 300 400 500 600 ergy. This finally leads to a stable situation, where the gold
Heating Temperature / °C particles have accumulated s@any vacancies that diffusion

fo 7 G 4 AuA dinafonumber determined by EXAES { stops. This accumulation of vacancies under the gold parti-

1g. 7. Correcte U—AU coorainanonumper determine Yy or . f . .

a Au/TiO, catalyst (2.4 wt% Au) after 1 h of heating in 1% CO, 21%,0 'CleStIm%heS afhlg:]her ;nterfi@ergz’ fndlctiheretf.oie' '[.hetl’he

78% Ar at several temperatures. is a tendency for the formation of flat gold particles in the
AuU/TiO, system Fig. 5).

) ] ) ] Water reacts with the oxygen vacancies on asIgor-

2-4 nm as predicted in the model, the estimated coordina-¢,a153], and will therefore affecthe interaction between

tion number is 10.7. This exp'erlmental result indicates that o Ay particles and the support. Since this effect depends on

the geometry of the gold particles as found from the model ¢ natyre of the support, this could explain why Au catalysts

is a reallst_|c option for the Au particle shape in high surface \iih different supports behave differently in the presence of

area AU/TIQ catalysts. traces of water. The Au/Ti©catalysts are very sensitive to

The Au-Au distances derived from the EXAFS experi- e presence of waté®,13], while other support materials,
ments were all 2.8% 0.02 A, which corresponds nicely to e.g., MgAbOy spinel, are more robu§24]. This is an im-

the Au-Au distance in bulk gold (2.88 A). This indicates that porantissue, as traces of water will always be present when
there is no significant contraction or expansion of the crystal removing CO from the Hfeed in fuel cells, which is a possi-
lattice in the gold particles in the catalyst, which is incon- ¢ application for gold-based catalysts. The effect of small
sistgnt wi.th the proposal th.at qatalytic activity of small gold g3 mounts of water on the activity of Au/TiCcatalysts can
particles is caused by tension in the gold lattice. be rationalized as follows: Water affects the interface energy
the Au and the Ti@ support, and, consequently, both the
_ _ size and the shape of the Au particles changes, similar to the
4. Discussion effects observed in Cu/ZnO-based methanol synthesis cat-
alysts[31]. Such a change in particle geometry leads to a
The results of our calculations show that the adhesion change in the number of active corner and edge atoms, and
of gold to the TiQ does not occur on a perfect TiO  therefore a change in catalytic activity.
surface, but requires oxygerefécts, or possibly steps or A final and more general aspect concerns the influence of
adatoms. Since Ti@is a reducible oxide, oxygen vacan- the support material on the catalytic activity of gold-based
cies are commonly present in Ti(51,52] Even a clean  catalysts. Other support materials have a different interface
rutile-TiO2(110) surface contains 5-10% surface oxygen de- energy, which results in a different gold particle shape, and
fects [44,52,53] the TiO, material used for preparing the therefore a different activity. The requirement of defects for
supported catalysts probably has even more. The preferencadhesion of Au seems to be more general, though they are
for adhesion of the gold particles on oxygen vacancies is ex- not necessarily oxygen vacancies, and is known for MgO,
perimentally confirmed by scanning tunneling microscopy Al,O3, and SiQ as well[57-61] Although the earlier sug-
(STM), in which a large reduction of the amount of oxygen gestion that a reducible support is favorable for gold-based
vacancies in the surface has been detected after metal depceatalysts by supplying oxygen the catalytic reaction may
sition[44] not be correct, it is easy tobtain oxygen vacancies on re-
The interaction between the gold and the support deter- ducible supports. Therefore, such materials are expected to
mines both the size and the shape of the gold particles, ashe good supports, as there are many sites available for adhe-
can be derived from the data Kig. 5. As low-coordinated  sion of gold particles.
Au atoms are necessary for adsorption of O or[26)], and Other aspects of catalysis with gold-based catalysts, such
the amount of low-coordinated Au atoms depends both on as effect of exposure to certain gases, or the influence of the
the size and on the shape of the particle, the catalytic activ- support seem to be rationalized by analysis of the effect of
ity is also expected to depend on the size and shape of the Audefects on the interface energy between the gold particles
particles. In particle size distributions, no information about and the support. With defects acting as anchoring sites for
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the gold particles, the behavior of these defects under differ-[10] J.-D. Grunwaldt, A. Baiker, J. Phys. Chem. B 103 (1999) 1002.
ent conditions affects the behavior of the catalyst. Therefore, [11] J.-D. Grunwaldt, M. Maciejewski, O.S. Becker, P. Fabrizioli, A. Bai-

a good knowledge of the support material is essential for un- . ';/‘I*r;_f- Cta‘?'-_lssz \(,tgglg)éw Oxidation Catalveis. San b
derstandmg CataIyS|S by gold . Haruta, In: or or| ongress on Oxiaation Catalyslis, san Diego,

1997, p. 123.
[13] M. Haruta, M. Daté, Appl. Catal. A 222 (2001) 427.
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