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Abstract

Deposition of metals onto planar oxide supports provides a convenient methodology for modeling important aspects of
Ž .supported metal catalysts. In this work, scanning tunneling microscopy STM , in conjunction with traditional surface-sci-

ence techniques, is used to monitor the morphological changes of oxide-supported metal clusters upon exposure to reactants
at elevated pressures. Of special concern is the relationship between catalytic activityrselectivity and surface structure, e.g.,

Ž .metal–support interaction and intrinsic cluster size effects. Au and Ag clusters were vapor-deposited onto TiO 110 under2
Ž .ultrahigh vacuum UHV conditions. Characterization of cluster size and density as a function of metal coverage is

Ž .correlated with catalytic reactivity. Oxygen-induced cluster ripening occurs upon exposure of AurTiO 110 and2
Ž .AgrTiO 110 to 10.00 Torr O . The morphology of the metal clustering induced by O exposure implies the chemisorption2 2 2

of O onto the metal clusters and the TiO substrate at room temperature. Ag and Au clusters exhibited a bimodal size2 2

distribution following O exposure due to Ostwald ripening, i.e., some clusters increased in size while other clusters shrank.2

A volatile oxide species is proposed to form at high oxygen pressures, accelerating intercluster atom transport. The oxide
substrate was found to play a role in the kinetics of cluster ripening. STM shows that oxide-supported metal clusters are very
reactive to O and that nanoclusters are particularly susceptible to adsorbate-induced restructuring. q 2000 Elsevier Science2

B.V. All rights reserved.
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1. Introduction

The metalroxide interface has received consider-
able attention due to its importance in a range of
technologies, particularly catalysis. Substantial ef-
forts have focused on the chemical and physical
properties of supported metal clusters and their inter-

w xactions with oxide supports 1–3 . A common goal
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of catalytic research is defining the relationship be-
tween catalytic activityrselectivity and surface struc-
ture. In particular, for oxide-supported metals, key
issues are intrinsic cluster-size effects and metal–
support interactions. Advances in the last 30 years of

Ž .ultrahigh vacuum UHV surface-science methodol-
ogy allow the study of surfaces at the atomic level.
An integrated approach that combines these modern
surface techniques with traditional experimental
methodologies can provide valuable new insights
into a wide range of catalytic phenomena.

The discovery of the photocatalytic activity of
w xTiO electrodes 4 for water decomposition has2
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promoted extensive studies of TiO and its interac-2

tion with supported metal clusters. Scanning tunnel-
Ž .ing microscopy STM has been used for the struc-

tural studies of TiO surfaces at the atomic scale2
wrelated to oxygen vacancies and reconstruction 5–

x30 . For chemisorption studies on metalrTiO sys-2

tems, much of the work has focused on the effect of
TiO surface defects on adsorption and dissociation2

w xof adsorbates such as CO, O , H , H O, etc. 31–47 .2 2 2

For example, dissociative adsorption of H O and H2 2

increases the number of oxygen defects on the nearly
perfect surface. Using low-energy electron diffrac-

Ž .tion LEED , X-ray photoelectron spectroscopy
Ž . Ž .XPS , electron-energy-loss spectroscopy EELS and

Ž .temperature-programmed desorption TPD , Gopel et¨
w xal. 39 have shown that surface defects are thermo-

dynamically stable at high temperatures and act as
donors and specific adsorption sites for H and CO.2

For Areal worldB catalysts, which often consist of
small metal clusters supported on oxide substrates,
changes associated with the substrate and the sup-
ported metal clusters are of equal importance. The
density and the size of the metal clusters can be
carefully controlled by depositing metals onto clean
oxide single crystals or thin films. The morphology
of the metal clusters, however, can depend on the
preparation conditions and subsequent treatment of
the model catalysts. Therefore, characterization of
the clusters before, during and after catalytic reac-
tions is essential.

Previous studies have used an array of surface
spectroscopies to study catalytic reaction mecha-
nisms; however, STM has been used less frequently
for the direct imaging of structural changes at the

wmetalroxide interface. Recently, Berko et al. 48–´
x52 , using STM, reported that exposures of CO

y3 y1 Ž .between 10 and 10 mbar to RhrTiO 110 –2
Ž .1=2 led to significant agglomeration of the Rh

w xclusters 48–51 . This agglomeration was attributed
` y1Ž .to the formation of Rh CO bonds 185 kJ mol

`that promoted disruption of the weaker Rh Rh bonds
Ž y1 .44.5 kJ mol . Similar observations have been

Ž . Ž . w xmade for IrrTiO 110 – 1=2 52 .2

The physical and chemical properties of small,
Ž .supported metal clusters -100 nm are known to

w xbe markedly size dependent 53 . Nano-sized Au
clusters supported by an oxide support are active for
a number of catalytic reactions such as low-tempera-

ture CO oxidation, NO reduction, hydrogenation and
w xpartial oxidation of hydrocarbons 54–75 . These

discoveries have prompted extensive studies of the
catalytic properties of supported Au. Haruta et al.
w x55,58–63,69–72,74 have demonstrated that the cat-
alytic properties of Au depend on the choice of the
oxide support, the preparation methods, and in par-
ticular, the size of the Au clusters. However, despite
considerable effort, no consensus exists regarding the
mechanism responsible for the unique structure sen-
sitivity of Au nanoclusters.

This paper summarizes our recent STM studies of
Au and Ag clusters supported on TiO . New con-2

cepts and insights into the surface chemistry of the
metalroxide interface are highlighted. Morphologi-
cal changes of model catalysts induced by surface
reactions at elevated pressures are examined and an
Ostwald ripening mechanism is proposed. This work
illustrates that the limited dimensionality of the metal
clusters and the properties of the oxide support play
significant roles in altering the catalytic activity of
supported metal clusters.

2. Experimental

The experiments were performed in two UHV
systems. The first was a combined elevated-pressure
reactorrmulti-technique UHV analysis chamber
Ž y10 .base pressure, ;1.0=10 Torr equipped with a
double-pass cylindrical mirror analyzer for Auger

Ž .electron spectroscopy AES and XPS, LEED optics
Ž .Perkin-Elmer , quadrupole mass spectrometer
Ž . Ž .QMS and a UHV STM Omicron ; and an ele-
vated-pressure reactor, isolated from the main cham-
ber by a gate valve, for the reaction studies. Follow-
ing preparation and characterization in the primary
UHV chamber, the sample was transferred in situ
into the elevated-pressure reactor via a differentially
pumped Teflon sliding seal. This design provides a
convenient way of carrying out high-pressure adsorp-
tion and reaction studies in the 10y8 –103 Torr range,
while maintaining UHV conditions in the main
chamber.

The kinetics studies were carried out in a second
Ž y10 .UHV chamber base pressure, ;6.0=10 Torr

equipped with AES, TPD and a contiguous high-
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pressure reactor. The reaction products were ex-
tracted from the reactor with a vacuum syringe, the
gas mixture compressed, then injected into a gas

Ž .chromatograph GC .
In this study, Au and Ag clusters with diameters

between 1.0 and 7.0 nm were grown by vapor depo-
sition onto a TiO surface. The average metal-cluster2

size varies with metal flux, deposition time, total
w xdose, and substrate temperature 76,77 . The Ag and

Au dosers were constructed of high-purity wires of
Žthe parent metal wrapped around a W wire 0.010 in.

.diameter, H&R Cross and extensively outgassed
prior to use. The flux of each metal doser was
calibrated via AES of the corresponding metal de-

Ž .posited onto Re 0001 and its coverage verified with
STM. Metal coverages are reported in monolayers
Ž . 15ML , where 1.0 ML corresponds to ;1.4=10
atomsrcm2.

A W-5%RerW-26%Re thermocouple was at-
tached to the edge of the TiO crystal using a2

Ž .high-temperature ceramic adhesive AREMCO 571 .
The thermocouple was used to measure the surface
temperature and to calibrate a remote pyrometer
Ž .OMEGA OS3700 . Subsequent to the removal of
the thermocouple for sample transfer, the pyrometer
was used to measure the sample temperature. The

w xemissivity of TiO was assumed to be 0.50 78 .2

3. Results and discussion

( )3.1. Surface characterization of metalrTiO 1102

Ž .The morphology of the TiO 110 surface de-2

pends markedly on the conditions of the sample
preparation. Generally, cycles of Arq bombardment
and subsequent annealing to 1000–1150 K produce
Ž .a 1=1 surface with extensive, relatively flat terra-

w xces 76,77 . The top image of Fig. 1 shows the
Ž . Ž .TiO 110 – 1=1 surface annealed to 1100 K, with2

w xindividual atom rows evident along the 001 direc-
tion of the terraces. The spacing of the rows is ;6.5
Å, corresponding to the length of the unit cell along

w x Ž .the 110 direction for the unreconstructed TiO 1102

surface. The bright rows, following the assignment
w xof Onishi et al. 5–7 , are identified as five-fold

coordinated Ti4q sites and the dark rows correspond

to the bridging oxygen rows. The flat terraces are
separated by mono-atomic steps, with some small,

Ž .irregular clusters presumably TiO evident along2

the step edges.
An extended view of the surface morphology of

Ž . Ž 2 .the AurTiO 110 surface, an 150=150 nm STM2

image of 1.0 ML AurTiO , is shown in the bottom2

image of Fig. 1. Hemispherical clusters with a nar-
row size distribution grow preferentially along the
step edges with clusters on the flat terraces evident

w xas well 77 . At an Au coverage of 1.0 ML, more
than 60% of the substrate is still metal-free and
separated by mono-atomic steps, consistent with 3D

Ž .clustering or a Volmer–Weber VW growth mode
Ž .of Au on TiO 110 , and in agreement with a previ-2

w xous work based on ISS 79 . The island growth mode
has been frequently observed for other transition

w x w xmetals on oxide supports, including Pd 76 , Ag 80 ,
w x w x w xNi 81 , Rh 48 , Ir 52 , etc.
The growth of the cluster size and density was

studied as a function of metal coverage. For exam-
ple, with increasing Au coverage, the average cluster

Ž .size diameter increased from 2.0 nm for 0.10 ML
Ž .Au to 5.4 nm for 4.0 ML Au Fig. 2 . However, a

rapid increase in cluster density was observed upon
deposition of 0.10 ML Au while the cluster density
remained essentially constant at higher Au coverages
)1.0 ML. With an increase in the Au coverage
from 0.10 to 0.25 ML, the cluster density increased
by ;30%, with a further increase of ;50% from
0.25 to 1.0 ML Au. The cluster density reached a
maximum at ;2.0 ML, where ;70% of the sub-
strate surface was covered by Au clusters. At higher
Au coverages, the cluster density declined due to
cluster coalescence and agglomeration. Approxi-
mately 60% of the nucleating sites were populated at

w xa coverage of 0.25 ML 77 .
The cluster size, in contrast to cluster density,

increased continuously with Au coverage. Increasing
the Au deposition from 0.10 to 2.0 ML increased the
cluster size from 2.0 to 4.5 nm. A rapid increase in
Au cluster size occurred for very low Au coverages
Ž .below 0.10 ML . Higher Au coverages correlated
with a decline in cluster growth. It is noteworthy that
the increase in cluster volume was not proportional
to the increase in cluster size. For example, a 22%
increase in the average cluster diameter, from 3.7 nm
Ž . Ž .1.0 ML to 4.5 nm 2.0 ML , corresponds to an 80%
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Ž . Ž .Fig. 1. Top: an STM image 2.0 V, 2.0 nA of the TiO 110 surface acquired after cycles of sputteringrannealing treatments. Bottom:2
Ž . Ž . y1general morphology of Au clusters on the TiO 110 surface 2.0 V, 2.0 nA . The evaporation rate was 0.083 ML min and the Au2

coverage was 1.0 ML.
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Fig. 2. Plots of the cluster density and cluster diameter vs. Au
Ž .coverage on TiO 110 .2

increase in the average cluster volume. This correla-
tion between Au coverage and Au cluster diameter
demonstrates that vacuum deposition can produce a
specific size range and shape of Au clusters, ideal for
model catalyst studies.

3.2. Size-dependent CO oxidation oÕer Au r
( )TiO 1102

Recently, supported Au has received considerable
attention because of its unusual catalytic properties.
For example, Au, deposited as nanometer-sized clus-
ters on reducible metal oxides such as TiO , exhibits2

extraordinary high activity for several reactions in-
cluding low-temperature oxidation of CO, partial
oxidation of hydrocarbons, hydrogenation of unsatu-
rated hydrocarbons, and reduction of nitrogen oxides
w x55–75,82 .

Reaction kinetics of CO oxidation has been car-
ried out on various AurTiO catalysts. Fig. 3 shows2

the specific activity for CO oxidation in turnover
� Ž . Žfrequency, TOF, product molecules = total Au

.y1 Ž .y14atoms = s , as a function of the average size
of Au clusters supported on TiO . Two sets of data2

are shown in the graph, one for Au supported on
w xplanar TiO 83 and the other for Au supported on2

w xhigh surface area TiO 61 . The model AurTiO2 2

catalysts were prepared by vapor deposition of Au
atoms onto planar TiO thin films in UHV with the2

Au clusters characterized using STM. The high-
surface-area AurTiO catalysts were synthesized by2

w xBamwenda et al. 61 using a precipitation method,
with the average cluster sizes monitored with TEM.
These results show similarities in the structure sensi-
tivity of CO oxidation with a maximum activity
evident at ;3.0-nm Au cluster size on both TiO2

supports. The activity for both catalysts decreases
with an increase in the Au cluster size. For each
catalyst, the activity and selectivity of the supported
Au clusters are markedly cluster-size dependent.

In order to address the structure sensitivity of CO
oxidation over supported Au catalysts, the interaction
of CO and O with Au clusters of varying size2

supported on TiO was investigated at elevated pres-2

sures. Fig. 4 shows the effects of a 10.00-Torr O2
Ž . w xexposure to a 0.25-ML AurTiO 110 surface 80 .2

Ž .Following deposition of Au at 300 K Fig. 4A , Au
clusters appear as bright images with a relatively

Ž .Fig. 3. CO oxidation turnover frequencies TOFs as a function of
Ž .the Au cluster size supported on TiO . A The AurTiO cata-2 2

lysts were prepared by a precipitation method, and the averaged
w x Ž .cluster sizes were measured by TEM, 300 K 61 . B The

AurTiO catalysts were prepared by vapor-deposited Au atoms2
Ž .on planar TiO films on Mo 100 . The COrO mixture was 1:52 2

at a total pressure of 40 Torr, 350 K.
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Ž 2 . Ž .Fig. 4. Topographic STM images 100=100 nm , 2.0 V, 2.0 nA and the corresponding size distributions of 0.25-ML Au clusters on the TiO 110 surface before and after2
Ž . Ž . Ž .10.00-Torr COrO 2:1 exposure for 120 min at room temperature. A Fresh 0.25-ML Au deposited at room temperature. B 0.25-ML Au exposed to 10.00-Torr COrO2 2

Ž .2:1 for 120 min at room temperature.
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narrow size distribution. The clusters, with an aver-
age size of ;2.6 nm in diameter and ;0.7 nm in

Ž .height, aggregate at the TiO 110 step edges. Fol-2
Ž .lowing surface characterization, the AurTiO 1102

sample was transferred into the elevated-pressure
Ž .cell and a COrO 2:1 gas mixture introduced at a2

total pressure of 10.00 Torr for 120 min at 300 K.
Fig. 4B shows the effect of exposing the Au clusters
to a 10.00-Torr COrO mixture. The number and2

density of the Au clusters are significantly reduced,
with an increase in the average cluster size and
height to ;3.6 and ;1.4 nm, respectively. In
addition to the agglomeration of the Au clusters,

Ž .extremely small clusters ;1.5 nm in diameter are
also formed. The size distribution of 0.25-ML

Ž .AurTiO 110 before and after the COrO ex-2 2

posure shows marked morphological changes. A
bimodal distribution is apparent after the COrO2

exposure, i.e., some Au clusters increase in size
while others become smaller.

XPS measurements before and after CO exposure
show no change in the chemical composition of the

Ž .Au clusters. The TiO 110 surface, on the other2

hand, became oxidized after the COrO exposure2
Ž .Fig. 5 . The small shoulder on the low-binding

Fig. 5. XPS spectra for TiO substrate before and after COrO2 2
Ž .exposure. A Slightly oxygen-deficient TiO surface prepared by2

Ž .cycles of sputtering and annealing to 1100 K. B Fully oxidized
TiO surface after 10.00-Torr COrO exposure for 120 min at2 2

room temperature.

energy side of the XPS Ti 2p peak, corresponding to
Ti3q species, is absent after the 120-min COrO2

exposure at 300 K.
The influence of separate exposures of CO, O2

and COrO at a total pressure of 10.00 Torr on the2

morphology and the size of Au clusters at 300 K is
illustrated in Fig. 6. The adsorption of CO has no

Ž .effect on the surface structure of the AurTiO 1102
Ž .Fig. 6B . In addition, XPS measurements performed
before and after the CO exposure confirm that the

Ž .chemical composition of the AurTiO 110 re-2

mained unchanged. STM images following O and2

COrO exposures revealed a similar modification of2
Ž .the morphology of AurTiO 110 , i.e., the number2

and density of the Au clusters are greatly reduced
and the average cluster size increased. Furthermore,

Ž .oxidation of the TiO 110 surface was evident by2
Ž .XPS after the O and COrO exposures Fig. 5 .2 2

The identical structural and surface chemical
changes upon exposure to O and COrO , with no2 2

detectable changes following an exposure to CO,
Ž .show that the AurTiO 110 surface exhibits an2

exceptionally high reactivity toward O at 300 K that2

promotes the sintering of Au clusters. Although O2

adsorption on atomically flat, metal single crystals of
Au is a highly activated process with an extremely

w xlow sticking probability at 300 K 84 , Au nanoclus-
ters apparently can activate O and produce atomi-2

w xcally adsorbed oxygen 72 .
These results provide compelling evidence that
Ž .TiO 110 -supported Au nanoclusters are reactive2

toward O . Chemisorption of an atom or a molecule2

often promotes reorganization of the substrate atoms
near the adsorption site. Depending on the strength
of the surface–adsorbate bond, the surface can expe-
rience different degrees of restructuring, originating
from either weak local relaxation or transport of
surface atoms. Since the driving force is the mini-
mization of the surface free energy, the formation of
strong adsorbate–substrate bonds will consequently
weaken the bonding of the substrate atoms. Metal
clusters contain a relatively small number of atoms;
thus, surface atoms can be easily influenced because
of their low coordination number. Therefore, sup-
ported nanoclusters are extremely vulnerable to ad-
sorbate-induced morphological changes.

Even though the TiO -supported Au catalysts ex-2

hibit a high activity for the low-temperature CO
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Ž 2 . Ž . Ž . Ž . Ž .Fig. 6. A series of CCT STM images 2.0 V, 2.0 nA, 50=50 nm of 0.25-ML AurTiO 110 . A Fresh 0.25-ML AurTiO 110 . B2 2
Ž . Ž .After 120 min exposure to 10.00-Torr CO at room temperature. C After 120 min exposure to 10.00-Torr O at room temperature. D2

Ž .After 120 min exposure to 10.00-Torr COrO 2:1 at room temperature.2

oxidation, the catalysts are often rapidly deactivated.
This is illustrated in Fig. 7, where the CO conver-
sion is plotted as a function of reaction time for
CO oxidation at 300 K on 0.25-ML Au on

Ž .TiO rMo 100 . The model AurTiO catalyst, which2 2

exhibits a high initial activity, deactivates after a
Ž .COrO 1:5 reaction of ;120 min at 40 Torr.2

Since a marked enhancement of the Au cluster size
was observed for CO oxidation over 0.25-ML

Ž .AurTiO 110 at 300 K under similar elevated-pres-2

sure conditions, the deactivation is likely due to
agglomeration of the Au clusters induced by interac-
tion of O with the Au clusters. The oxidation of the2

slightly oxygen deficient TiO surface after the 120-2
Ž .min COrO exposure see Fig. 5 likely lowers the2

activity of AurTiO even further because the fully2

oxidized stoichiometric TiO surface has less affinity2
w xfor O at 300 K 79 . Oxidation of the TiO surface2 2

during CO oxidation also provides direct evidence
that the deactivation is not caused by encapsulation
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Fig. 7. The specific activity for CO conversion as a function of
Ž .reaction time at 300 K on a model AurTiO rMo 100 catalyst.2

The Au coverage was 0.25 ML, corresponding to an average
cluster size of ;2.4 nm.

of Au clusters by reduced Ti suboxides as is the case
Ž . w xfor PtrTiO 110 85 .2

The O -induced morphological changes are size2

dependent and consistent with the catalytic reactivity
for CO oxidation since these were not observed for
clusters larger than ;4.0 nm. Fig. 8 shows the

Ž .surface morphologies of 1.6-ML AurTiO 110 ,2

with an initial average Au cluster size of ;4.2 nm,
before and after O exposure. The O exposure2 2

clearly has little to no effect on the Au cluster size.
These results suggest that the catalytic properties

of supported nanoclusters may deviate significantly
from those of the bulk metal. The observed tailoring
of the properties of small metal clusters by altering
the cluster size could prove to be universal for a
variety of metals, and should be useful in the design
of nanostructured materials for catalytic applications.
Furthermore, these results suggest that other metal

Ž .nanocluster systems such as Ag could also be
susceptible to O -induced morphological changes.2

( )3.3. Oxygen-induced ripening of AgrTiO 1102

The interaction of Ag with O is of interest2

because of its use as an industrial catalyst for two

technologically important oxidation reactions: ethy-
lene oxidation to ethylene epoxide and methanol

w xoxidation to formaldehyde 86–88 . To study the role
that O plays in cluster growth, Ag clusters, de-2

Ž .posited onto a TiO 110 , were characterized using2

XPS and STM, before and after exposure to elevated
pressures of O .2

Ž .A 0.10-ML coverage of Ag on TiO 110 , corre-2

sponding to Ag clusters with an average size of
;3.0 nm, in contrast to Au clusters of similar size,
remained unchanged in size and density following a

Ž .10.00-Torr O exposure not shown . Fig. 9A shows2

the surface morphology of 2.0-ML Ag deposited
Ž . w xonto a TiO 110 at room temperature 80 . Three-di-2

mensional hemispherical Ag clusters with relatively
homogeneous sizes were identified by STM to be on

Ž .the average ;4.8=2.6 nm diameter=height ,
corresponding to ;1900 atomsrcluster. The surface
with 2.0-ML Ag was transferred into the elevated-
pressure reactor and exposed to 10.00-Torr O at2

room temperature for 120 min. The STM micrograph
Ž .in Fig. 9 of the O -exposed 2.0-ML AgrTiO 1102 2

surface shows that the O exposure dramatically2

influences the cluster sizes, analogously to Au clus-
ters exposed to O . A bimodal Ag cluster size2

distribution is evident, some clusters increasing in
size while others become smaller. A significant in-

Ž .crease 5–15% in cluster density was also observed,
indicating that redispersion occurs as well.

Size distributions measured from the STM images
of Ag clusters before and after high-pressure O2

exposure are shown in Fig. 9. Initially, the Ag
clusters exhibited a uniform size distribution from
2.0 to 6.5 nm with a maximum diameter of ;5.0
nm. However, following an O exposure, a bimodal2

size distribution was evident with one size domain
from 1.0 to 5.0 nm and a second from 5.0 to 11 nm.
The smaller clusters in the range 1.0–5.0 nm have a
higher density and narrower size distribution, with an

Žaverage Ag cluster size of ;3.0=;1.1 nm ;260
.atoms . The larger clusters have a lower cluster

density and a broader size distribution, averaging
Ž .;6.7=;3.1 nm ;4200 Ag atoms per cluster .

XPS indicates a constant Ag 3d binding energy5r2

following an O exposure, consistent with the XPS2
w xresults for technical Ag catalysts 88 . It is notewor-

thy that the total cluster volume before and after O2

exposure determined by STM agrees within 10%.



( )X. Lai, D.W. GoodmanrJournal of Molecular Catalysis A: Chemical 162 2000 33–5042

Ž 2 . Ž . Ž .Fig. 8. Topographic STM images 100=100 nm , 2.5 V, 0.3 nA of 1.60-ML Au clusters on the TiO 110 . A Fresh 1.60-ML Au2
Ž .deposited at room temperature. B 1.60-ML Au exposed to 10.00-Torr O for 120 min at room temperature.2

Similar O -induced ripening effects for Au and2

Ag with similar cluster size distribution are apparent,
suggesting an intrinsic cluster-size dependency with
respect to O for Au and Ag. This behavior has been2

observed for other metals and other structure-sensi-

tive reactions. For example, for ethane hydrogenoly-
sis over supported Ni catalysts, catalytic activity
increases with increasing cluster size, reaching a

w xmaximum at a cluster size of ;2.5 nm 89 . These
size dependencies can be attributed to intrinsic clus-
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Ž 2 . Ž .Fig. 9. Topographic STM images 100=100 nm , 2.0 V, 1.0 nA and the corresponding size distributions of 2.0-ML Ag clusters on the TiO 110 surface before and after2
Ž . Ž . Ž .10.00-Torr O exposure for 120 min at room temperature. A bimodal size distribution results after the exposure. A Fresh 2.0-ML Ag on a clean TiO 110 . B 2.0-ML2 2

Ž .AgrTiO 110 exposed to 10.00-Torr O for 120 min.2 2
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ter-size effects resulting from changes in the average
atom-coordination number andror a metal–support
interaction.

3.4. Ostwald ripening process

Since oxide-supported metal catalysts typically
are exposed to elevated O pressures, an analysis of2

O -induced morphological changes is relevant. In2

general, cluster growth of supported metal catalysts
can proceed via two processes. First, clusters can
migrate along the surface, collide with other clusters,
and coalescence. Second, cluster growth can occur
by intercluster transport, or Ostwald ripening, driven
by capillary action. In the latter case, the reduction
of the total surface free energy by intercluster trans-
port occurs such that certain clusters grow larger at

w xthe expense of other clusters 90 . The bimodal size
distribution found for Au and Ag subsequent to O2

exposure then is most consistent with Ostwald ripen-
ing.

The Ostwald ripening process is illustrated in Fig.
Ž .10. Intercluster transport of atomic or molecular

species can occur by either surface diffusion along
the substrate or via vapor-phase transport. Using Ag
as an example, under vacuum or reducing conditions,
the transport between Ag clusters can only occur via
free metallic Ag atoms, driven by the Ag vapor
pressure. The Ag vapor pressure depends exponen-

Fig. 10. Schematic illustration of the Ostwald ripening process:
atomic intercluster transport leads to a bimodal size distribution.

`tially on the energy required to break Ag Ag metal
bonds and to transfer an Ag atom to the vapor phase
Ž Ž .i.e., the sublimation energy D H Ag f285 kJsubl

y1 .mol . The magnitude of this barrier suggests that
intercluster transport by free Ag toms should be
relatively slow at room temperature, consistent with
the STM images indicating that Ag clusters are
generally stable in UHV conditions.

In an oxidizing environment, the situation is quite
w xdifferent. For example, Wynblatt 91 showed that

growth of Pt particles in an O environment is via2

the formation of volatile PtO . Platinum oxide has a2

lower sublimation energy than platinum metal and
therefore serves as an intermediate by which inter-
cluster transport can occur. Unfortunately, to the best
of our knowledge, no vapor pressure or sublimation

Ž .energy data are available for silver oxide Ag O ,2

making it difficult to compare Ag directly with Pt.
However, it can be shown that the formation of
Ag O from Ag particles in 10.00-Torr O is at least2 2

thermodynamically favorable and thus may account
for the intercluster transport observed.

Thermodynamically, Ag can form Ag O by react-2

ing with oxygen at room temperature. This can be
illustrated by considering the following simple reac-
tion:

2Ag s q1r2O g ™Ag O s 1Ž . Ž . Ž . Ž .2 2

that has a negative standard free energy of formation
Ž y1 .of Ag O DG sy11.2 kJ mol at room tem-2 298

perature. The equilibrium constant K for the aboveP

reaction can be expressed as:

aP
K s 2Ž .P 2 1r2a PAg O 2

where a and a are the activities of Ag O and Ag,P Ag 2
Ž .respectively both values are unity , and P is theO 2

equilibrium partial pressure of oxygen. Substitution
of K into the standard DG equation yields:P

DG s1r2 RT ln P 3Ž .T O 2

where T is the absolute temperature and R is the
universal gas constant. Ag oxidation can only occur
if the partial pressure of O is higher than the P2 O 2

Ž .value in Eq. 3 for Ts298 K. By substituting
y1 Ž .DG sy11.2 kJ mol into Eq. 3 , the equilib-298

rium oxygen partial pressure P is predicted to beO 2
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y4 Ž .1.23=10 atm 0.094 Torr . Since the partial pres-
Ž .sure 10.00 Torr is higher than the equilibrium

oxygen partial pressure at 300 K, the oxidation of
bulk Ag should be thermodynamically favorable.

An additional effect that must be considered is the
influence of the Ag-cluster curvature on the free
energy. The decrement D g in free energy due to
cluster curvature is given by:

2s M
D gs 4Ž .

r r

where s is the surface energy, M is the atomic
weight, r is the density and r is the cluster-curva-

w xture radius 92 . At room temperature, taking ss
y2 w x y3 Ž .1400 erg cm 93 and rs10.5 g cm , DG r ,298

the standard free energy of formation of Ag O for2
Ž .Ag clusters with curvature radius r in nanometers ,

is given by:

DG r sDG yD gŽ .298 298

sy11.2y28.8rr kJ moly1 . 5Ž . Ž .
ŽFor an average cluster diameter of 5.0 nm rs2.5

. Ž . Ž Ž .nm , the value of DG r is doubled DG r s298 298
y1 .y22.7 kJ mol . As the cluster size decreases

Ž .further to 3.0 nm r s 1.5 nm , the absolute
< Ž . <DG r value increases by a factor of 1.7. There-298

fore, the driving force for oxidation of Ag nanoclus-
ters is increased significantly at room temperature,
taking into account the cluster curvature.

Obviously, specific sizes of Ag clusters are more
reactive to O molecules than others, thus, certain2

sizes of Ag clusters undergo Ostwald ripening more
rapidly. Other sizes of Ag clusters undergo this
process more slowly due to their low reactivity to
O . Therefore, the size-dependent bimodal distribu-2

tion is a result of Ostwald ripening. A similar Ost-
wald ripening process should be expected for Au
clusters as well. However, because the necessary
thermodynamic data for AuO are not available, anx

analogous calculation cannot be made for Au clus-
ters.

While this analysis shows that Ag O formation2

from Ag and O is possible at room temperature,2

little can be concluded regarding the rate of Ag O2

formation. However, time-dependent studies of the
O exposure can at least suggest relative rates of the2

Ostwald ripening process. Fig. 11 shows STM im-

Ž .ages of 2.0-ML AgrTiO 110 after exposure to2

10.00-Torr O for 10 and 60 min, respectively. For a2

10-min exposure, Ostwald ripening is apparent, al-
though the bimodal distribution is not as clear as in
the 60-min exposure. Furthermore, little difference in

Ž .the morphologies of AgrTiO 110 is evident be-2

tween a 60- and a 120-min O exposure, suggesting2

that Ostwald ripening is rapid and complete in 1–2
h. These Ostwald ripening kinetics are consistent
with the deactivation times typically found for Au

Ž .catalysts during the CO oxidation see Fig. 7 .

3.5. Effect of substrate on the ripening process

The substrate, and its influence on cluster ripen-
ing, is an important consideration. The oxide support
often is not simply a mechanical support for the
metal clusters but can influence the electronic prop-
erties of the metal clusters. In certain cases, the
support can migrate onto the clusters as occurs in the

Ž .so-called strong metal–support interaction SMSI
w x94 . As has been shown, a vacuum anneal leads to a
slightly oxygen-deficient TiO surface. After O ex-2 2

posure, the TiO substrate becomes fully oxidized2

and the metal clusters ripen. O must be strongly2

adsorbed onto the oxygen vacancies or defects of the
substrate and could play an important role in the
Ostwald ripening process. Therefore, if Ag clusters

Ž .were prepared on a fully oxidized TiO 110 and2

similarly exposed to O , the coverage of chemisorbed2
Ž .O on oxidized TiO 110 should be significantly2 2

less than that on the reduced surface.
Fig. 12 demonstrates the influence of the substrate

on the behavior of Ag clusters with O exposure.2

Image A shows Ostwald ripening for Ag clusters
Ž .supported on a slightly oxygen-deficient TiO 1102

surface exposed to 10.00-Torr O . Some Ag clusters2

grow to 15 nm in diameter and 7 nm in height
Ž .;47,000 atoms . The second support is a fully

Ž .oxidized TiO 110 , prepared by exposing a clean2
Ž .TiO substrate slightly oxygen deficient to 10.00-2

Torr O for 120 min until fully oxidized. Ag clusters2

were then vapor-deposited onto this surface. How-
ever, the corresponding O exposure on this sample2

revealed a less-pronounced Ostwald ripening pro-
cess, as shown in Fig. 12B. The largest Ag clusters
were only ;7.0–8.0 nm in diameter. These data
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Ž . Ž 2 . Ž . Ž .Fig. 11. Effects of O exposure time on 2.0-ML AgrTiO 110 : 200=200 nm , 2.0 V, 1.0 nA . A 2.0-ML AgrTiO 110 exposed to2 2 2
Ž . Ž .10.00-Torr O for 10 min. B 2.0-ML AgrTiO 110 exposed to 10.00-Torr O for 60 min.2 2 2

showed that the substrate plays an important factor
in the ripening process. During the exposure, O2

molecules were adsorbed onto the Ag clusters as
well as onto surface vacancies or defects. This
chemisorbed O species helped to facilitate the inter-2

cluster transport of Ag atoms along the surface. A
fully oxidized support with less surface vacancies or
defects should adsorb less O . Therefore, the path-2

way for intercluster transport via the substrate sur-
face is inhibited. Surface defects or vacancies, there-
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Ž 2 . Ž . Ž .Fig. 12. Inhibition of cluster ripening 200=200 nm , 2.0 V, 1.0 nA . A 2.0-ML AgrTiO 110 exposed to 10.00-Torr O for 120 min.2 2
Ž . Ž .B 2.0-ML Agrfully oxidized TiO 110 exposed to 10.00-Torr O for 120 min.2 2

fore, play an important role in promoting the ripen-
ing process.

Varying the oxide support for the Ag clusters can
further test the effect of the substrate on ripening.

Ž .First, an Al O thin film on Re 0001 was prepared2 3

as described previously. Compared to TiO , Al O2 2 3

is irreducible and unreconstructed, and no SMSI has
been found for metal–Al O systems. Subsequently,2 3
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Ag clusters were then vapor-deposited onto the thin
film followed by a 10.00-Torr O exposure.2

A series of STM micrographs of AgrAl O fol-2 3

lowing an O exposure are presented in Fig. 13. As a2

reference, image A is an STM image of a 2.0-ML
Ž .Ag deposit on a clean TiO 110 surface, showing a2

homogeneous Ag-cluster size distribution. Image B
is an STM image of the same coverage of Ag

deposited onto an Al O thin film. The Ag clusters2 3

are slightly larger, and have a smaller density. The
Ag clusters on Al O were then exposed to 10.00-2 3

Torr O in an elevated-pressure cell for 120 min at2

300 K, following the same treatment used for
Ž .AgrTiO 110 . Image C revealed little change after2

this exposure. However, when the O pressure was2

further increased to 1000 Torr, the Ag cluster obvi-

Ž . Ž . Ž . Ž .Fig. 13. Effects of O exposures on 2.0-ML AgrAl O rRe 0001 . A Fresh 2.0-ML AgrTiO 110 , 2.0 V, 1.0 nA. B Fresh 2.0-ML2 2 3 2
Ž . Ž . Ž . Ž .AgrAl O rRe 0001 , 2.0 V, 0.26 nA. C 2.0-ML AgrAl O rRe 0001 exposed to 10-Torr O for 120 min. D 2.0-ML2 3 2 3 2
Ž .AgrAl O rRe 0001 exposed to 1000-Torr O for 120 min.2 3 2
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ously ripened, as illustrated in image D. These re-
sults confirm that Ag clusters on Al O are more2 3

Ž .stable compared to TiO 110 . The relatively2

defect-free Al O support reduces the reactivity of2 3

metal clusters toward O and inhibits cluster ripen-2

ing.

4. Conclusions

Insight into the atomic-level surface chemistry of
metals on oxide surfaces is vital to understanding
heterogeneous catalysis. The work summarized is
based on the use of planar model catalysts prepared
in UHV to simulate the corresponding Areal worldB
catalysts. The physical and chemical properties of
supported metal clusters have been explored and the
reasons for the extraordinary high activity of CO
oxidation on AurTiO have been investigated. A2

correlation has been found between the cluster size
and the catalytic activity of AurTiO . Similar O -in-2 2

duced morphological changes for Au and Ag clusters
were observed subsequent to an elevated-pressure O2

exposure. Ostwald ripening, where certain clusters
grow at the expense of other clusters, leads to a
bimodal cluster size distribution. Volatile oxide
species are formed at elevated oxygen pressures and
accelerate the intercluster atom transport. The sub-
strate also plays an important role in this ripening
process in that a surface with enhanced defects or
oxygen vacancies facilitates the ripening process.
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