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The stabilization of supported gold clusters by surface defects
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Abstract

The chemical and electronic properties of surfaces to a large extent are controlled by defects. Defects facilitate the adsorption of gases and
serve as reactive sites for chemical reactions. Furthermore, surface defects are a key to the nucleation, growth, and stability of metal clusters
on metal oxide surfaces. This paper summarizes recent studies to assess the role of defects on Au cluster nucleation, growth, and stability on
SiO2 and mixed TiOx–SiO2 thin films. For a SiO2 thin film, Au clusters sinter at elevated temperatures and pressures; however, introduction
of defects on a SiO2 surface as TiOx islands or as substitutional Ti dramatically decreases the rate of Au cluster sintering.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

Metal clusters dispersed on planar, oxide supports have
een used extensively as model catalysts[1–11]. Detailing

he function of supported metal catalysts at the atomic level
s a challenge, however, because of the typical temperatures
nd pressures at which such catalyst are operated and the in-
erent complexity of the catalyst itself. Metal single crystals
ave been used as simple model catalysts allowing the utiliza-

ion of most surface analytical tools. However, single crystals
reclude the assessment of important catalyst variables such
s cluster size and support–cluster interactions[12,13]. Also,
ltrahigh vacuum environments preclude studies of the in-
uence of reactant environments on surface intermediates,
omposition, and morphology. To more realistically model
echnical catalysts, simplified planar supported cluster cata-
ysts have been synthesized by nucleating metal clusters onto

thin oxide film grown on a refractory metal substrate[13].
hese thin oxide films are structurally and electronically sim-

lar to the corresponding bulk oxides, yet are thin enough
o permit the use of electron spectroscopic techniques[14].

One of the most active areas of current activity in sur
science is the study of defects. Surface defects play a
portant role in the properties of bulk materials and surfa
For instance, the introduction of defects into a crystal
dramatically change its electronic properties. Likewise,
fects can alter the adsorption properties of reactant gas
various metal surfaces[15–19]. Yates and coworkers stu
ied the non-dissociative adsorption of dinitrogen on Pt(1
[15] and found that the presence of monovacancy defect
formed by Ar+ sputtering produced an intense IR-active
trogen adsorption. This contrasts with a defect-free su
where no IRAS signal is apparent. Zubkov et al. studied
dissociation of CO on a stepped Ru surface using IRAS, T
and isotopic mixing[18] and showed that two-atom high ste
on a Ru(1 0 9) surface are responsible for CO dissoci
at 480 K. From these results these authors inferred tha
special activity of Ru for Fischer–Tropsch catalysis is du
low-coordinated Ru atoms and/or the steric environment
these sites. In general, step defects play a key role in su
chemistry, as summarized by Yates[16].

Defects can also affect the chemistry of bare metal-o

hese thin film model catalysts provide new opportunities for
tudying the unique properties of oxide-supported clusters.
ighlights of these studies are summarized in this article.

).

surfaces[20–23]. Kolmakov et al. studied the defect-induced
adsorption effects of MgO thin films towards NO adsorp-
tion using photoelectron spectroscopies and temperature pro-
grammed desorption[20]. They found that exposure of NO
t oint
d pact
e kable
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o both regular and defective (with a large number of p
efects) MgO films led to changes in the metastable im
lectron spectra. A difference spectrum showed remar
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similarity to the gas phase spectrum of N2O, leading to the
conclusion that NO adsorbs dissociatively on MgO at low
temperatures and forms N2O on the surface. The saturation
coverages obtained indicated that, while terrace defects may
play a role in the dissociation of NO, the adsorption and dis-
sociation of NO generally occurs at extended defects.

Abad et al. studied the dissociative adsorption of NO
on stoichiometric and reduced TiO2(1 1 0) surfaces[23] and
noted that NO generally adsorbs molecularly on both oxi-
dized and reduced TiO2 at low temperatures. In their room
temperature studies, these authors found that there was no
interaction between NO and the stoichiometric surface, even
under exposures of 500 L. However, on surfaces that had been
bombarded with Ar+ ions, producing Ti3+ and Ti2+ species,
exposure to NO led to an increase in Ti4+ XPS intensity with
a decrease in the reduced species. This result, combined with
AES, led to the conclusion that NO dissociates at the point
defects on the surface, thereby filling the oxygen vacancies
and releasing N2 into the gas phase.

Defects on metal-oxide supports also play an essential
role as metal cluster nucleation sites. For example, for small,
size-selected clusters, Heiz and coworkers have reported that
oxygen vacancies (point defects) on MgO are essential for the
nucleation of active Au clusters[24,25]. Furthermore, theo-
retical studies have shown that electron transfer from defects
t ac-
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ticles on line defects of Al2O3 [33,34]. Very recently, defects
on crystalline SiO2 thin films have been studied in our labora-
tory using ultraviolet photoelectron spectroscopy (UPS) and
metastable impact electron spectroscopy techniques (MIES)
[36,37].

Other defects have also been found to be active clus-
ter nucleation sites, as been reported by several groups
[9,11,38–42]. Wiltner et al. studied the growth of copper and
vanadium on thin alumina films[39] These authors found
that, for these two metals, clusters do not preferentially dec-
orate steps or defects, but instead nucleate at one of two super-
structures. The growth of bimetallic Co–Pd clusters on alu-
mina was studied by Freund and coworkers[11] who noted
that Pd clusters tend to nucleate at domain boundaries of the
alumina film (line defects), while Co clusters nucleate at point
defects at room temperature. At higher temperatures, Co nu-
cleates at line defects. When deposited in succession, Pd nu-
cleates only on top of the Co particles, forming a core–shell
structure, while, due to a larger metal-support interaction, Co
deposited following Pd nucleates both on the Pd clusters and
at point defects.

In this review, we discuss recent work in our laboratory that
has focused on the nucleation and stability of Au clusters on
various oxide supports. It has been found that the controlled
introduction of defects on a SiO2 thin film provides stability
f which
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d red
t in
o the cluster facilitate CO oxidation. Also, Heiz and P
hioni, in studies of acetylene polymerization on Pd, h
uggested that trapped electrons at oxygen vacancies
fficiently activate single Pd atoms for reaction than do
oordinated oxygen atoms[26]. Several reviews discussi
xygen vacancies summarize recent relevant theoretica

es related to the metal cluster–oxide interface[27–29].
With respect to the ability of oxide supported metal c

ers to act as heterogeneous catalysts, the activity and
ivity of metal-catalyzed reactions are often sensitive to
etal particle morphology. For example, the catalytic a

ty of Au supported on certain oxides depends critically
he morphology of the clusters[30]. In general, the morpho
gy of metal particles on oxide surfaces depends to a
xtent on defects, particularly point defects such as ox
acancies[27,31–35]Several studies have addressed th
ationship between metal cluster nucleation/growth on o
urfaces and defects; however, many questions remain
wered. Most recently, a study by Besenbacher and cowo
sing STM showed that bridging oxygen vacancies on T2
re active nucleation sites for Au clusters[31]. In addition,

hese authors suggested that the diffusion of an oxyge
ancy complex plays an important role in the formatio
arger Au clusters. Using AFM, Barth and coworkers h
uantified point defects on MgO by estimating the Pd clu
ensity as a function of the deposition surface temper

35]. In a theoretical study, Bogicevic and Jennison have
ulated the binding energies of various metals to MgO
howed that dimers of noble metals are more stable at
en vacancies[27]. Using STM, Freund and coworkers ha
emonstrated preferential decoration of Pd and Rh meta
-

-

or the clusters under high temperatures and pressures,
ould very well lead to the development of more efficient
table nanostructured, technical catalysts.

. Experimental

All experiments were carried out in an ultrahigh vacu
UHV) apparatus with a base pressure of 5× 10−10 Torr, con-
isting of an elevated pressure reactor and a surface a
cal chamber, the details of which are described elsew
43]. Briefly, the techniques available include X-ray pho
lectron spectroscopy (XPS), Auger electron spectros
AES), low energy electron diffraction (LEED), and sc
ing tunneling microscopy (STM). Following preparat
nd characterization in the surface analytical chambe
ample was transferred in situ into the elevated-pressu
ctor whose pressure was measured by a MKS Baratron
ure gauge. Ultrahigh purity (99.999%) oxygen from
ndustries and a Mo(1 1 2) crystal, oriented to <0.25◦ (from

atek, Germany), were used in this study. The Mo(1
urface was cleaned by oxygen treatment and high tem
ure annealing (2000 K), and the cleanliness was verified
ES. A thermocouple (W–5% Re/W–26% Re) was use
easure the surface temperature and to calibrate an o

yrometer (OMEGA OS3700). In the STM measureme
he optical pyrometer was used to measure the tempera

The initial films used for these studies were SiO2 thin
lms, for which the synthesis method has been describ
etail [44–48]. In order to achieve a high quality, orde

hin film, a Mo(1 1 2) single crystal was first oxidized
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Fig. 1. (a) LEED pattern (E=56 eV) and STM images (UT = 2.0 V andI = 0.1 nA) of a SiO2 thin film: (b) 200 nm× 200 nm and (c) 50 nm× 50 nm.

1× 10−7 Torr O2 at∼800 K for 5 min to produce ap(2× 3)-
O structure. The SiO2 film was prepared sufficiently thick to
produce the structural and electronic properties of bulk SiO2,
yet thin enough to allow the use of the full array of surface
spectroscopies as well as STM. The Si-covered surface was
then oxidized and annealed in O2 (1× 10−7 Torr) at∼1150 K
for 30 min. This step forms a highly ordered SiO2 thin film,
as exhibited by a sharp LEED pattern withc(2× 2) period-
icity and long-range and atomically resolved STM images
(Fig. 1(a)–(c)). The formation of a stoichiometric film was
confirmed by the absence of Si0 or Si2+ AES features.

In order to produce mixed TiOx–SiO2 thin films, a small
amount of Ti is deposited onto the crystalline SiO2 thin film
[49]. This is followed by oxidation at 950 K and annealing
in vacuum at 1150 K. Depending on the amount of Ti used,
different surface morphologies can be obtained. At approx-
imately 8% Ti (in relation to the SiO2 surface), a surface
structure such as that shown inFig. 2(a) is obtained. As can
be seen, compared to the bare silica surface, there are now
areas of much brighter contrast. A high-resolution STM im-
age of this surface is shown inFig. 2(b). The image shows
a collection of bright spots corresponding to Ti atoms and
less distinct bright areas corresponding to corrugations of the

SiO2 thin film surface. The brightest areas appear along the
[1 11̄] direction. The height difference of these bright spots is
approximately 0.1 nm, considerably less than the TiO bond
length, implying that the Ti atoms lie in the plane of the SiO2
film rather on the surface. In fact, this replacement has already
been shown in “real world” mixed titania–silica catalysts[50]
Upon further Ti deposition, additional contrast is observed on
the step edges and ordered TiOx structures appear, as shown
in Fig. 2(c).

3. Results and discussion

Recently, the nucleation behavior of Au clusters on these
thin, crystalline silica films (∼1 ML) [51] has been studied
[49]. To date, there has not been a consensus regarding the ac-
tual structure of the bare SiO2 thin films, though several possi-
bilities have been suggested[48,49,52]. Generally, however,
three major defects are expected to be present in the films.
These are extended defects (steps and kinks), line defects
(antiphase domain boundaries), and point defects (oxygen
vacancies). From a spot profile analysis LEED study (SPA-
LEED) of their SiO2 thin films, Freund and coworkers sug-

F contain from
t age (20 ly
1

ig. 2. (a) STM image (200 nm× 200 nm) of a mixed TiOx–SiO2 thin film
he same film (15 nm× 15 nm,Us =−1.0 V andI = 0.18 nA); (c) STM im
7% Ti. Ordered TiOx structures can now be seen on the terraces.
ing approximately 8% Ti; (b) high-resolution STM image of a terrace
0 nm× 200 nm) of a mixed TiOx–SiO2 thin film containing approximate
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Fig. 3. STM images (200 nm× 200 nm) of Au clusters on (a) a SiO2 thin film with a small number of point defects and (b) a SiO2 thin film containing a large
number of point defects on the terraces. The gold coverage is approximately 0.4 ML for both images.

gested line defects based on the broadening of the superlattice
spots[48]. At room temperature deposition of Au on a film
low in point defects, clusters preferentially nucleate and grow
on the line defects of the bare SiO2 thin film. Evidence of this
decoration can be seen in the STM image ofFig. 3(a). For a
film high in point defects, clusters nucleate and grow at point
defects on the terraces, as shown inFig. 3(b).

Compared to reducible oxide supports, SiO2 is known to
have a relatively weak metal–support interaction with noble
metals[53]. Accordingly, sintering due to increased temper-
atures or pressures is expected to be more pronounced in
metal–SiO2 systems. For gold clusters supported on SiO2,
this is indeed the case, as a thermally induced sintering phe-
nomenon has been observed on the low-defect films. As men-
tioned above, after room temperature deposition of gold, clus-
ters generally form at the existing line defects of the SiO2
thin film, but, after annealing at 700 and 850 K, the decora-
tion of line defects is no longer evident. A dramatic decrease
in cluster density and an increase in average size accompany

the movement of the clusters from the line defects, as shown
in Fig. 4. For a highly defective film, however, the cluster
density remains relatively high, even at 850 K (Fig. 5) [51].

A dramatic change in the nucleation properties of gold on
the silica surface can be produced by the addition of Ti by
the methods described above. By substitution into the silica
surface, the titania atoms form heterogeneous defects. In turn,
gold deposition onto this low-Ti content TiOx–SiO2 surface
forms clusters with an enhanced number density on terraces
and step edges, indicating an increase in nucleation sites. At
identical coverages of gold, this effect is evident inFig. 6
compared toFig. 3(a). Therefore, it would seem that the Ti
“defects” act as nucleation sites for cluster growth. This effect
becomes more obvious when a very small amount of gold
(0.04 ML) is deposited on the surface. STM images provide a
comparison of Ti defects (Fig. 7(a)) and Au clusters nucleated
on these defects (Fig. 7(b)). In addition to the bright contrast
due to Ti defects, much brighter contrast is observed due to
the presence of gold clusters above these defects.

F iO2 thin fi tures,
t increas
ig. 4. STM images (200 nm× 200 nm) of 0.4 ML Au on a low-defect S
he clusters sinter, leading to a loss in cluster number density and an
lm (a) before and (b) after annealing to 850 K. Under higher tempera
e in average cluster size.
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Fig. 5. STM image (200 nm× 200 nm) of 0.4 ML Au on a SiO2 thin film
containing a large number of point defects on the terraces. Upon deposition
at 850 K, a high cluster number density is obtained, in contrast to the effects
of high temperature seen inFig. 4.

Increasing the amount of Ti on the surface eventually leads
to saturation of surface sites, at which point TiOx islands
begin to form. These islands also play a role in the nucleation
and growth of gold clusters, with nucleation being seen on
the edges and/or tops of the rectangular TiOx islands. These

Fig. 6. STM image (200 nm× 200 nm) of 0.4 ML Au deposited on a
TiOx–SiO2 thin film containing∼17% Ti at room temperature. In contrast to
Fig. 3(a), the cluster density is increased dramatically and there is a greater
amount of nucleation on the terraces.

islands with gold clusters are seen in the 3D STM image of
Fig. 7(c).

Although the addition of small amounts of Ti (<10%) to
the SiO2 surface leads to an increase in the cluster nucleation
probability, it does not affect the tendency for the clusters to

F
i

ig. 7. 3D STM images of (a) TiOx (8%)–SiO2; (b) Au (0.04 ML)/TiOx(8%)–SiO2;
slands play a role as nucleation sites for Au clusters.
(c) Au (0.08 ML)/TiOx (17%)–SiO2 showing that both Ti defects and TiOx
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Fig. 8. STM images showing the effects of annealing on Au/TiOx (8%)–SiO2: (a) 0.4 ML Au deposited at room temperature; (b) after annealing at 850 K. As
with the bare SiO2 surface, annealing leads to a dramatic decrease in cluster number density and an increase in average cluster size.

sinter under reaction conditions, as is evident inFig. 8(a) be-
fore, and inFig. 8(b) after, an 850 K anneal. However, sinter
resistant properties are observed when the Ti coverage is in-
creased to 17%, showing no apparent morphological change
after heating to 850 K (Fig. 9).

Gold clusters supported on TiO2(1 1 0) are known to be
highly active for CO oxidation[8,30]. However, under re-
action conditions, the clusters have been found to lose their
activity over time. The effects of placing a Au/TiO2(1 1 0)
sample under a 10 Torr CO/O2 mixture for 2 h can be seen
in the STM images ofFig. 10. These pressures result in a
dramatic decrease in cluster density coinciding with an in-
crease in average cluster diameter. The results are similar for
Au clusters supported on bare SiO2 films. By using a mixed
TiOx–SiO2 thin film containing TiOx islands instead, though,
the effects are much different.Fig. 11shows images of gold
clusters supported on this film before (Fig. 11(a)) and af-
ter (Fig. 11(b)) exposure to a 60 Torr CO/O2 mixture for 2 h

at approximately 370 K. As can readily be seen, the cluster
density is very similar and there is no noticeable increase in
average cluster size.

The histogram ofFig. 12summarizes the changes in Au
cluster density under high temperatures and pressures follow-
ing nucleation at room temperature for the Ti-free, 8%, and
17% TiO2–SiO2 surfaces, respectively. An approximately
70% decrease in Au cluster density is observed on the Ti-free
surface due to the thermally induced sintering effect, whereas
the extent of sintering of Au clusters is attenuated signifi-
cantly with an increase in the Ti coverage, with no apparent
sintering for the 17% Ti-covered SiO2 surface. It is apparent
from these results that the mixed-oxide surface exhibits sin-
ter resistant properties with respect to thermal treatment and
high-pressure gas exposure.

The origin of the observed sinter resistant properties for
the titania–silica mixed oxide surface is currently unclear.
However, the formation of 2D and/or 3D TiOx islands are

F ng on A fter
a ount o , maint
a

ig. 9. STM images (100 nm× 100 nm) showing the effects of anneali
nnealing at 850 K. With the greater amount of Ti comes a greater am
high number density and the same average size.
u/TiOx (17%)–SiO2: (a) 0.4 ML Au deposited at room temperature; (b) a
f stability, as the clusters do not sinter under the higher temperaturesaining
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Fig. 10. STM images (100 nm× 100 nm) of Au clusters on TiO2(1 1 0) showing the effects of reaction pressures on the catalysts: (a) prior to exposure; (b) after
exposure to a 10 Torr CO/O2 mixture.

Fig. 11. STM images (200 nm× 200 nm) of Au clusters on TiOx (17%)–SiO2 showing the effects of reaction pressures: (a) 0.4 ML Au on TiOx (17%)–SiO2

at room temperature; (b) after exposure to a 60 Torr CO/O2 mixture for 2 h. The cluster number density remains constant, as does the average size.

Fig. 12. A histogram showing the effects of annealing samples containing
various amounts of Ti. The bar graphs correspond to the cluster number
density after annealing divided by the density prior to annealing. The addition
of Ti leads to a decrease in cluster sintering. The right hand graph corresponds
to the cluster number density after exposing a Au/TiOx (17%)–SiO2 sample
to a 60 Torr CO/O2 mixture for 2 h.

possibly important, possibly in physically confining the Au
clusters, since silica surfaces with only atomically substituted
Ti do not show significantly altered sintering properties. Al-
ternatively, an electronic effect from the TiOx islands may be
the cause of the lack of mobility of the gold clusters. Further
investigations are needed and are currently underway in or-
der to better understand the mechanisms leading to the sinter
resistant properties of these surfaces.

4. Conclusions

While supported metal clusters are essential to heteroge-
neous catalysis, many questions remain regarding the effect
of cluster size on reactivity and the cluster–support interac-
tion in maintaining cluster stability. In order to better un-
derstand these issues, surface science techniques have been
applied to “model” catalysts synthesized to mimic commer-
cial catalysts. One of the major thrusts has been the study of
the nucleation, growth, and stability of the clusters on various
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supports. We have focused on recent studies in our labora-
tory concerning the interactions between Au and thin SiO2
and mixed TiOx–SiO2 films. These studies have reinforced
the importance of surface defects in heterogeneous catalysis,
with point defects in the form of Ti-centers showing a large
effect on the nucleation and stability of clusters under reac-
tion conditions. A better understanding of these processes
gained through the use of model catalysts may very well lead
to the development of more efficient and stable nanostruc-
tured, technical catalysts.
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