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Abstract

Considerable progress has been made over the past two decades in spanning the well-known pressure and material gaps of heterogeneo
catalysis. In particular, during the past decade several groups around the world have synthesized model catalysts consisting of metal cluster
supported on planar oxide surfaces. These model catalysts are suitable for kinetic and spectroscopic investigations yet are amenable t
study with scanning probe techniques at working temperatures and under realistic pressure conditions. This long-sought goal of observing &
heterogeneous catalyst in an operating environment offers extraordinary new opportunities and poses significant new challenges for catalytic
scientists of the 21st century. This article highlights some of these opportunities and challenges.

0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction complex surfaces under realistic reaction conditions using a
spectrum of surface science techniques.

Upon entering the basic catalysis arena more than two  The firstdivide to be spanned was the “pressure gap” that
decades ago as a surface scientist, my goal and that of myvas addressed by combining UHV surface analytical tech-
colleagues was a rather simple one: to build a logical and Niques with an elevated pressure reactor system designed for
seamless bridge between the traditional catalysis and sur-neasuring reaction kinetics [1-4]. These systems allow re-
face science communities. Although considerable progressaction kinetic measurements at elevated pressures without
along these lines has been made, much remains to be dongignificantly disturbing the vacuum integrity of the primary
in achieving this unity and, more importantly, the common UHV system. Measurements that combine surface science
goal of our science, namely, an atomic-level understanding analytical techniques with reaction kinetics have been u;ed
of heterogeneous catalytic processes. Ideally as fundamenta® Successfully span the so-called pressure gap for a variety
catalytic scientists, we wish to relate microscopic properties °f reactions.
such as atomic composition, electronic structure, and geo- 1 he ‘materials gap” more recently has been spanned
metric structure to macroscopic properties such as catalytic®y the development of model catalysts that are similar to
activity and selectivity. Unfortunately, the complexity of industrial catalysts in thelr Complgxny, but still suitable for
“real world” catalysts often precludes a detailed knowledge Modem surface analytical techniques [5-8]. These planar
of their microscopic properties. Fundamental studies using M0d€! catalysts consist of metal clusters deposited from
ultra high vacuum (UHV) methodologies offer an atomic- either evaporative or molecular precursor sources onto metal

level view of a catalyst albeit the catalyst typically has been oxide sub_strates. The use of thin oxide films cir_cumve.nts
a single crystal surface at pressures on the ordesaf@-10 the charging proble'ms that make UHV ;tudles of insulating
Torr. This UHV methodology obviously differs from that of suppo;’gs sughlas S@rIAII?Eg’ problematic [8]. .

real world catalysis with elevated pressures/©0 Torr) and Int |s_art|c§ I. would like to recount Some ot our stc-
high-surface-area materials. In the past two decades remark €SS stories within the past two decades in our quest for a

able strides have been made toward spanning these smateMolecular-level view of catalysis and show how these stud-

rial” and “pressure” divides, advances that permit studies of ies have advanced our understanding of the working catalytic
’ surface. New techniques such as polarization modulation in-

frared reflection absorption spectroscopy (PM-IRAS) now
E-mail addressgoodman@mail.chem.tamu.ed. make it possible for us to “view” the working catalyst and
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hold out the possibilities of “seeing” reaction intermediates ter of the impurity [11]. These single crystal studies in later
in ways not possible two decades ago. In particular, the in years were extended to alloy surfaces and to the function and
situ capabilities of scanning probe microscopies are won- properties of mixed metals in altering catalytic activity and
derfully suited for the task of “watching” the working cata- selectivity [12].
lyst and the morphological modifications that take place on  The requirement of UHV conditions for most surface an-
a working catalyst. These stunning new experimental tech- alytical methods has limited the typical surface science in-
nigues combined with the powerful new theoretical method- quiries to examination of the catalytic surface before and
ologies promise to add new dimensions to our fundamental after reaction, or at minimum, to very restricted elevated
view of surface catalyzed reactions. This understanding will pressure environments. More recently, however, the tech-
allow the next generation of catalytic scientists to begin their niques of SFG [13,14] and PM-IRAS [15] have been used
inquiries with a mental picture of a working catalyst that to investigate the surface of model catalysts under work-
two decades ago would have been unimaginable. How we asing conditions of temperature and pressure. For SFG, the
chemists, physicists, and engineers utilize these insights tolaboratories of Somorjai/Shen [13] and Freund [14] have
“design” the next generation of catalysts for the long-sought been active in applying this technique to in situ studies
goals of complete selectivity with the utmost activity is to be of catalytic surfaces. Our laboratories have recently used
seen. The magnitude and impact of the innovations to comePM-IRAS to study the adsorption and reaction of CO and
will be limited only by the imagination and ingenuity of cat- NO on a Pd(111) surface at pressures near 1 atm [16,17]. For
alytic scientists. CO on Pd(111), the coverage dependent overlayer structures
were found to be identical over the pressure range from UHV
to 800 mbar implying that no new surface species at elevated

2. Theevolution of model catalysts pressures or adsorbate-induced substrate reconstructions oc-
cur. For a reaction mixture of CO and NO at 240 mbar
2.1. Metal single crystals and 500-600 K, these studies show direct evidence for the

formation of an isocyanate (—NCO) species as indicated in

In the 1970s the simplest and thus most desirable modelFig. 1. In addition, below 0.01 mbar of CO and NO, no iso-
catalysts for combining kinetics under realistic conditions cyanate features were detected illustrating the importance
with surface analytical techniques were metal single crys- of carrying out in situ spectroscopic experiments under el-
tals. These were first used in the pioneering studies of theevated pressure conditions with a surface specific technique
Somorjai group [1]. At the National Bureau of Standards such as PM-IRAS. Clearly the future will see more exten-
(now NIST) Dick Kelly, John Yates, Ted Madey, and | be-  sive use of these and other photon-in/photon-out techniques
gan studies in the mid-1970s of the methanation reaction to probe catalytic surfaces with increasing complexity under
over nickel single crystal surfaces [2]. These studies led to arealistic conditions.
careful comparison between the reaction kinetics measured These single crystal studies have demonstrated the rele-
under realistic conditions for single crystal catalysts and less vance and utility of using simple single crystal surfaces to
ideal technical catalysts. The results of the two divergent cat-
alysts proved to be amazingly similar and lent support for T
the use of single crystals as models for working catalysts, at
least for certain reactions, i.e., structure insensitive reactions. _ |
In particular, methanation [2] and carbon monoxide oxi- =
dation [9], two well-known structure insensitive reactions, <
were extensively studied over a variety of single crystal cat- :
alysts and compared to the corresponding supported metal5 |
analogs. These comparisons were extremely favorable anoLE
demonstrated the insensitivity of these reactions to changes»
in the catalysts morphology and support. Later work in our

CO +NO/Pd(11)
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laboratories addressed in great detail the influence of surfaceX, 600 K
morphology on structure sensitive reactions, in particular the &
hydrogenolysis of alkanes [10]. Even for these reactions sen- 350 K

sitive to surface structure, an interesting and surprising cor- ! ! L L L L L
respondence was observed between the single crystal cata- 2300 2100 1900 1700 1500
lysts and the corresponding supporting catalysts and showed Wavenumber (cm™)

th? r(.)Ie of mqrphology in promoting C-C and C-H bond Fig. 1. In situ PM-IRA spectra of Pd(111) in the presence of aH€R0
scission reactions. Th,ese St.L'IdIe'S Ied_natqra"y to the Studymixture at 240 mbar (CO:NG= 3:2). The initial exposure was at
of the role of surface impurities in poisoning and promot- 7_ . _ 300 K. At 600 K, ie., under reaction conditions, the forma-
ing surface reactions and to the general observation that th&ion of an isocyanate-related feature at 2255¢nis visible (highlighted
surface modifier effect relates to the electronegative charac-in dashed-line box).
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mimic more complex realistic catalyst systems. They also @)
have highlighted in certain instances the need for a more
complex model system to address the nuances of the actua
working catalysts that are not accurately depicted with sin-

gle crystals. This realization has led to the synthesis of sup-
ported metal clusters on planar oxide supports, an effort that
has evolved considerably during the past ten years [18].

2.2. Planar oxide-supported metal clusters

2.2.1. Synthesis and characterization [ 30 nm |

The synthesis of a typical oxide-supported model cata- '
lyst is shown schematically in Fig. 2. The procedure is be- Fig. 3. (a) A constant current topographic—STM image of 0.25 mL Au
gun with a clean, refractory metal substrate, such as Mo, dePPS_"Ed onto Tli@(llor)]'(liX 1())%;33322?5'90:25 ?Slng)as'i‘rjf:éegéoo*(\/fm
Ta, or Re. The StrUCtur.e of the .SUbS.trate is chosen SPeCIfI-g.g":’Ag. )T%meen:\r/zp?roa[t?or? rzgt}é was 0.083 mL rﬁfgnd the Au covelragé
cally to match the particular oxide film to be grown since .1 0mL

crystal orientation and the nature of the interface are crit-

ical parameters in obtaining a high quality film. A thin Scanning tunneling microscopy (STM) is an indispens-
metal oxide film, typically 1-10-nm thick, is then deposited apje technique for characterizing planar surfaces with suf-
onto the metal substrate by vapor deposition of the parentficient conductivity. Fig. 3a shows a constant current topo-
metal in an Q@ environment. Thin films of Si@[19-21],  graphic—STM micrograph of 0.25 mL Au deposited onto a
Al203 [22-25], Ti,O, [26,27], MgO [28-31], NiO [32-35],  single crystal TiQ(110) [49,50]. The deposition was per-
and FeO, [36] have been prepared using this methodol- formed at 300 K followed by an anneal of the Ti®urface
ogy. Finally, metal clusters are formed on the oxide thin to 850 K. Three-dimensional (3D) Au clusters have aver-
film by vapor depositing the metal of choice. By the ju- age diameters of 2.6 and~ 0.7 nm height (correspond-
dicious control of the metal deposition parameters, metal ing to 2—3 atoms thick) preferentially nucleate at step edges.
clusters of varying size can be routinely achieved [37]. Quasi-two-dimensional clusters are characterized by heights
A variety of oxideg/metal systems have been synthesized in of 1-2 atomic layers [51]. An enlarged STM micrograph
our laboratories including G8iO;, [38,39], Pd' SiO, [40], (140 x 140 nn?) of a Au-covered (1.0 mL) Tig(110) sur-
Ni/SiO, [41], Pd/Al O3 [42—44], CY Al 03 [24,42], Au/ face is shown in Fig. 3b. Hemispherical clusters with a nar-
Al,O3 [42], Ni/Al,O3 [45], Au/TiO, [46], and Pd row size distribution grow preferentially along the step edges
MgO [46]. Recently organometallic precursors have been with clusters on the flat terraces evident as well. At a Au
used to prepare RTiO; [47] and AW TiO2 [48] catalysts. coverage of 1.0 mL, more than 60% of the substrate is still

e.g. Mo, Re . Ny
& Ta, W Refractory Single Crystal - :

400 nm

e.g. Si0y, AL O, Oxide Thin Film L.OML
MgO, TiO, _ L ALO,/
1-10 nm Refractory Single Crystal Re(0001)
4 A A A A . - :
Oxide Thin Film 8 aEAn 0.0 DL Ag
Metal Clusters _ : AL O,/
1.0 - 50 nm Refractory Single Crystal Re(0001)

Fig. 2. Schematic of a planar oxide-supported model catalyst preparation procedure with the corresponding STM images of each stage.
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metal-free and separated by monoatomic steps, consistent 10000
with 3D clustering or a Volmer—Weber growth mode. m

The cluster size, in contrast to cluster density, increases § 1000 f
continuously with metal coverage. For example, for/Au %
TiO», increasing the Au deposition from 0.10 to 2.0 mL % 100 }
. . . .5 ® 3.0 nm
increases the cluster size from 2.0 to 4.5 nm. This correlation g 4 4.0 nm
between metal coverage and cluster diameter demonstrate% 10} ® 7.0 nm
that vacuum deposition can produce a specific size range andg

P © .
shape of metal clusters for model catalyst studies [52]. °,_5 | Pressure=15Torr .
. . . . 2 C0/0,=2

2.2.2. Reactivity studies: correlations from single crystals g 2 . ,)'\
to technical catalysts 5 o4} 5% Pd/SiO, ’

The CO methanation reaction (G&8Hz — CHa +H20) ;~ *From Cant, et al., J. Catal., 54, 372 (1978)
has been studied extensively over single crystal Ni(111) © 04 " " " ) . : )
and Ni(100) catalysts [2,53], model p8iO,/Mo(110) cat- 15 16 17 18 19 20 21 22 23
alysts [41], and high surface area/SiO; catalysts [54,55]. 1000/T(K1)

Fig. 4 compares the CO methanation rates (120 Torr to-
tal pressure and HCO = 4) for a model NjSiO, catalyst Fig. 5. CO oxidation with @ over model P@SiO,/Mo(100) and a
and two different NiAl.Os high-surface-area catalysts. The conventional 5% P@SIO, catalyst. Reaction conditions for the model

e L . . studies were> =1.5 Torr and CQO, = 2.
specific rates as well as the activation energies are in excel- ot 902

lent agreement among the three catalysts. Kinetic studies forgific reaction rates and activation energies for the model cat-
model Ni/SiO, catalysts with particle sizes ranging from 2 g1ysts at somewhat higher temperatures compare favorably

to 8 nm yielded specific reaction rates that were invariant it the values extrapolated for the high-surface-area cata-
with respect to particle size, consistent with the structure in- lyst. There is no noticeable dependence of the @®ma-

sensitivity of this reaction. tion rate on the Pd cluster size, indicating that CO oxidation
CO oxidation with Q, a second well-known structure ey P'SiO; is indeed structure insensitive.
insensitive reaction, has been studied over$@, model The oxidation of CO by NO was studied extensively

catalysts [56]. The reaption conditions were 10.0 Torr CO, gyer single crystal Pd(111) and Pd(100), modelAdOs/

5.0 Torr &, and reaction temperatures in the range 540- 14(110) catalysts, and conventional high surface area Pd
625 K. Conversions were mamtamed at less than 50_% andp| ,0j3 catalysts [44]. The single crystal and model supported
were measured by monitoring the pressure decrease in a stagatalyst data were acquired in a batch reactor at 2 Torr total
tic reactor of known volume. Fig. 5 shows Arrhenius plots of pressure, with a CENO ~ 1. The data for the conventional
CO oxidation over three different model IO, catalysts  gypported catalysts were taken with a flow reactor at CO and
compared with & 5% loading of Pd on powder 5[66]. The NO partial pressures of 4.4 and 5.2 Torr, respectively. It is
average cluster sizes shown in Fig. 5'were determined byapparent from the data of Fig. 6 that the @@D reaction
CO-temperature programmed desorption (TPD};T®D, over Pd is structure sensitive. This conclusion is particularly
and ex situ STM and atomic force microscopy. The spe- gpyious when the activity of the PAIO3 powder catalysts
are compared—the most active catalyst has an average

§ 10 cluster size of 120 nm and an activity that is 30-fold higher

g ¥ Ni/Al,O, Model than that catalyst with an average cluster size of 6 nm.
@ Catalyst (5 nm) Similar results were reported for the reaction of GO

= 1f . over Rh clusters [57]. The single crystal results show that
3 ., .. Pd(111) is five times more active than the more open (100)
g ~~~~~ and (110) (not shown) surfaces [44,58,59]. It is also evident
: 01Ff \\<5% Ni/ALO;* that the single crystals have higher activities and lower
§ Pressure = 120 Torr \ activat.ion .er?ergies than the powder-supported catalysts,
s H /CO =4 o.. 8% Ni/ALO," behavior similar to that reported for Rh catalysts [57,60].

£ 0.01f ~<\ IRAS results of CO adsorption experiments indicate that
£ X relatively large Pd clusters consist primarily (f11) and

o *From M.A. Vannice, J. Catal., 44, 152 (1976) g (100 facets [56], while Pd clusters less than 5.0 nm are

T 1E-3 . . . . > s characterized by less well-defined faceting and a large con-
) 14 15 16 17 18 19 20 21

centration of step edge/defect sites. With this consideration,

the activities over supported clusters follow the same trend,

Fig. 4. CO methanation over model and conventionalSiD, catalysts. as do the single crystal data; i.e., the smaller clusters behave
Reaction conditions for the model studies wefgoT = 120 Torr and like the more open single crystal surfaces and the large clus-
Hp/CO=4. ters, more like close-packed surfaces.

1000/T (K1)
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w3 0.1 (ave. d) @) — "4
(e, = 0 1 2 3 4 5
R et Relative Crystallite Size
12.5 nm Fig. 7. CH; formation rate from ethane hydrogenolysis over model and
Pd/AI203 conventional NiSiO, catalysts. For comparison data from Carter et al. [61]
0.01f Powder are included for supported Ni catalysts.
6.0 nm
L L 1 L L
1.5 1.6 1.7 1.8 1.9 is reached, at which point the activity drops off rapidly [61,
1000/T (K) 64,65]. Fig. 7 compares the GHormation rate at 540 K
for model Ni/SiO; catalysts and traditional high surface
Fig. 6. CO+ NO reaction over single crystal Pd, model/RibO3/Ta(110) area NySiO, catalysts with varying particle sizes [54,55].

catalysts, and conventional high surface aregAPsO3 catalysts. The The structure sensitivity over both catalysts is evident. It is
powder catalysts were studied in a flow react®c6 = 4.4 Torr and also apparent that the planar/8iO, catalysts accurately
.PNO = 5.2 Torr). The single cry_stals and the model catalysts were studied model the high surface area Supported Ni catalysts. Cluster
in a batch reactor at 1 Torr partial pressure of CO and NO. . - A
size measurements of model/1SiO, catalysts indicate that
the maximum in activity corresponds to a cluster size of

Studies of ethane hydrogenolysis over single crystal ~ 2.5 nm. The single crystal kinetic results show that the
Ni(111) and Ni(100) surfaces have shown that the open size dependence of ethane hydrogenolysis over Ni clusters,
(100) surface is significantly more active than the close- at least to the optimum cluster size ©f2.5 nm, is related
packed (111) surface [10]. In addition, the activation en- to the relative amounts of the (100) and (111) orientations
ergy is substantially lower for the (100) face (100 kJ mipl on the surface of the clusters. There are several plausible
compared with the (111) face (192 kJmd). Earlier work explanations for the activity decrease below 2.5 nm. First,
on supported Ni catalysts has shown that a higher activ- the Ni particles may exhibit an electronic modification from
ity is observed for small metal particles compared with the bulk at or near 2.5 nm. Secondly, as the cluster size
large metal particles [61]. Both electronic [62] and steric ef- decreases, the interaction with the substrate may become
fects [63,64] have been proposed to explain the enhancedmore significant. Finally, the activity may relate to an
rates over Ni(100) surfaces. For example, the higher ly- ensemble effect, the requirement of multiple surface sites
ing electronic levels of the Ni(100) surface compared with for reaction, that become limited as the particles become
the Ni(111) surface could enhance the degree of backdona-smaller. Whether one or more of these effects contribute
tion into ethane antibonding orbitals thereby facilitating C—C  significantly, recent work has shown that metal clusters of
bond scission. Alternatively, the more open Ni(100) surface limited size, e.g., less thatt 4 nm, have unique electronic
could favor C—C bond scission and thus lower the activa- and catalytic properties that are unlike the corresponding
tion barrier for this reaction compared with the (111) sur- bulk metal. Perhaps the best studied system to date is
face. Note that regardless of whether electronic or steric ar- nanosized gold clusters on certain oxide supports, e.gz, TIO
guments are invoked, facile C—C bond breaking is the key with respect to the oxidation of carbon monoxide [49,66,67]
to the enhanced activity of the (100) surface. This result im- and the selective oxidation of propylene [68].
plies that the rate determining step over the (100) surface is
the hydrogenation of the stable carbidic or partially dehydro- 2.2.3. The unique properties of nanocatalysts
genated carbonaceous species and that the rate determining Unique electronic and chemical properties are known to
step over the (111) surface is a C—C bond scission. develop in solids when the dimensions of the solid reach

Studies over supported Ni catalysts have shown that therethe nanoscale [69—71]. These changes, which include dis-
is an activity enhancement (on a per site basis) for smaller crete electronic structures, modified physical structures, and
clusters relative to larger clusters, until a critical cluster size altered chemical reactivities, manifest themselves as new
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used for the reaction kinetic measurements. STM images
00 20 40 60 80 10.0 of Au deposited onto a Tig§110)-(1x 1) single crystal
were acquired in parallel with the kinetic measurements. The
product (CQ) was extracted from the reactor with a vacuum
syringe, compressed, and analyzed with a GC. For each
point in Fig. 8a a particular Au cluster size was prepared
and then subjected to the G@, reaction. The cluster
sizes of the Au particles and coverage of the surface sites
: 3 obtained from parallel STM imaging experiments were used
SRR REROBROOREOBEORES to calculate the TOF. The activity of the ATiO, catalysts
exhibit a maximum TOF at an average Au cluster diameter
of ~ 3.5 nm and decreases with an increase in diameter.

Fig. 8. (a) The activity for CO oxidation at 350 K as a function of Au Fig. 8b is a histogram that shows the distribution of Au
cluster size supported on T 10)-(1x 1) thin films grown on Mo(lOO.).‘ clusters with sizes ranging from 2.0 to 4.0 nm that are
A 1:5 CO:0, mixture was used at a total pressure of 40 Torr. Activity . ; . .

is expressed as (product molecules) (total Au atomsyls—L: (b) a specifically two atoms thick (with diameters between 2.5.and
histogram of the distribution of cluster sizes. The schematic at the bottom 3.0 NM). The close correspondence between the maximum
shows the evolution of the cluster morphologies within the 0-10 nm range. in the histogram and the maximum in the reactivity data
The predominant morphology for the structures corresponding to those of suggests that two-atom-thick Au structures are optimally
the histogram is the indicated bilayer structure. active for CO oxidation [49].

Fig. 9 shows a plot of the STS band gaps measured over
physical and chemical properties not observed in the “bulk” the cluster size regime used for the CQ@:@actions of
form of the material. Developing an understanding and abil- Fig. 8a. There is a correlation between the onset of catalytic
ity to control the key features of nanoscale catalysts is a activity and a metal-to-nonmetal transition in the supported
daunting scientific challenge, yet could lead to the long- Au clusters. The average Au cluster size where nonmetallic
sought goals of optimum catalytic activities combined with properties become apparentis 3.5 nm in diameterand 1.0 nm
highly specific selectivities. Various explanations have been in height, corresponding to approximately 300 atoms per
offered to account for the unique properties of nanoscaledcluster. The square data in Fig. 9 are for those clusters
metal catalysts [49,66,67], yet much remains to be under-two layers thick ranging in size from 2.0 to 4.0 nm in
stood. diameter and are those clusters which exhibit optimum

A correlation has been observed between the Au clustercatalytic activity for the CO oxidation reaction. The STS
size and the catalytic activity for the partial oxidation of CO measured band gaps of this group of clusters range from 0.2
on Au/TiO2(110)-(1x 1). Fig. 8a shows a plot of the activity ~ to 0.6 V. These results demonstrate that electronic properties
for CO oxidation (expressed as (product moleculegjotal as a function of cluster size play a crucial role in defining the
Au atoms on surface sites)s~! or turnover frequency  catalytic reactivity of small metal clusters [49,72].

(TOF)) at 350 K as a function of the size of Au clusters Thermodynamic data regarding the adsorption of CO
supported on a Tig{110)-(1x 1) substrate [49,72]. The CO on Au/TiO2 catalysts with varying Au cluster sizes have

and Q (1:5 mixture of CO:Q) reaction was carried out been acquired with TPD using the well-known Redhead
over Au/TiO; catalysts at 40 Torr total pressure [49,72]. method [3] and with IRAS using the Clausius—Clapeyron re-
A thin film of TiO, epitaxially grown on a Mo(100) lationship [73,74]. Results for the latter measurements are
substrate [26] onto which Au clusters were deposited was displayed in Fig. 10. CO adsorption on Au clusters larger

Cluster Diameter (nm)

LR R N S S E R AR R RS R R R R R R R R EREEREFE
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RO i ' s o of cluster size on the adsorption properties of Au clusters is

significant and likely a key to the altered catalytic proper-
ties displayed by ultra small Au clusters. Recent core level
binding energies for the Au 4f core level as a function of
Au cluster size on Tig(110) and SiQ surfaces have been
measured [50] and the differences shown to be a result of
the relative strengths of the interaction of Au with these two
different metal oxide supports. Related theoretical calcula-
tions [76] are consistent with this interpretation. For Au on
TiO2, the Aud bands are much closer fy due to charge po-
larization in the interfacial region and a subsequent increase
of the potential in the adlayer. Such a large energy shift of
the Au 5 band towardE; should strongly alter the surface
chemical properties of A(TiO, from those of bulk Au [7].
Temperature programmed desorption is a useful tool for
obtaining detailed information on adsorbate—surface bond-
ing, adsorbate—adsorbate interactions, and desorption kinet-
1.5 20 25 30 35 40 45 50 ics, and determining binding energies of metals adsorbed
Particle Diameter (nm) onto surfaces. TPD binding energy determinations also al-
low for comparative estimations of admetal cluster size on
Fig. 10. CO heats of adsorption determined by the Clausius—Clapeyron different oxide supports. In a series of TPD spectra acquired
method athO coverage af10% of saturation as a function of Au cluster for Au on SiOg, a marked decrease in the Au cluster bind-
size on a TiQ(110) support. . . .
ing energies, denoted by the peak temperature maximum
(Tn) in the TPD of the clusters, is observed [50]. Fig. 11a
than ~ 4.0 nm behave as bulk Au. However, as the clus- shows a family of TPD spectra taken of the Au clusters de-
ters become smaller the heat of CO adsorption increasesposited onto a Si@thin film. The leading edge of the TPD
from 12 kca)mol to a maximum of 19 kcdmol for clusters peak maxima shifts to higher temperatures as the Au cov-
~ 3.0 nm in diameter [4]. The data of Fig. 10 show a sig- erage increases. The inset shows a plot of the sublimation
nificant increase in the adsorption energy with a decreaseenergy Esup as a function of Au coverage, determined us-
in cluster size, with a maximum that correlates remarkably ing the leading edge analysis [77]. At 0.2 mL, thgyp at
close to the maximum observed in the reactivity measure- ~ 50 kcal mot ! increases rapidly (with increasing Au cov-
ments of Fig. 8a. A similar increase in the binding energy erage) to the bulk value at 90 kcal mot at 5.0 mL. The
of O2 with a decrease in the Au cluster size on Tifbas decrease ik syp can be explained by the fact that an atom at
been observed recently [75]. In any case, clearly the effectsthe edge of a small cluster has fewer nearest neighbors than
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those in larger clusters and hence desorbs more easily due teven though the Ti@supported Au catalysts exhibit a high

decreased surface tension.
The interaction of Au with Ti@(001) has also been

activity for the low-temperature CO oxidation, the catalysts
are often rapidly deactivated [72]; i.e., the CO conversion

determined using the same approach; the results are showifor a Au/TiO> catalyst is markedly attenuated as a function
in Fig. 11b. In this case, however, only a single desorption of reaction time. The deactivation is due to agglomeration
feature is observed with a common leading edge for all Of the Au clusters induced by interaction of @ith the Au

Au coverages. With leading edge analysis, the Au binding clusters [78,79]. Recently a STM especially designed for in

energy on TiQ(001) is estimated to be 50 kcalmdl
considerably smaller than the Au bulk sublimation energy
of 90 kcal motL. This dramatic decrease of the sublimation
energiest all cluster sizesfrom the smallest to the largest,
is likely related to the relatively strong interaction between
Au and the TiQ support. This strong interaction leads
to a greater degree of wetting of Tidby Au compared
with Au/SiOp, and therefore to greater dispersion of the
Au on TiOp. The lower sublimation energies found for
the Au clusters on Ti@ may arise due to the preferential
evaporation of Au at the periphery of pseudo-planar Au
clusters with relatively low-coordinated Au. In any case, this
contrast of behavior regarding the sublimation of Au from
SiO2 and TiQ highlights the role of the support in altering
the properties of ultra small clusters of Au.

situ studies has been used in our laboratories to follow this
deactivation [80]. In Fig. 12 a selected area is shown in (left)
for UHV conditions and in (right) for 665 Pa of a COiO
(1:5) reaction mixture over a AlliO, catalyst [79]. There
are noteworthy parallels between the instability of the small
Au clusters, their catalytic activity, and the change in their
catalytic activity with time. Au clusters of approximately
3 nm are optimum as CO oxidation catalysts. It is apparent
that reaction-induced sintering of these small clusters is
a mechanism for the loss of activity with time. These
preliminary investigations show the power of scanning probe
microscopies to monitor changes in catalyst morphology
under realistic reaction conditionsThis capability does
indeed alter the prospects of merely imagining the nature of
the working surface to being able to image this surface with
atomic resolution. This capability coupled with the use of in

The presence of reactant gases under realistic conditionssitu spectroscopies offers exciting prospects for detailing the

can affect the admetal's ability to wet the surface and
thereby alter particle size and distribution. For example,

morphology of the catalyst and speciation at its surface, all
under realistic working conditions.
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3. Conclusionsand future prospects

The evolution of catalytic science during the past two
decades has given us the capability of imaging the working
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under realistic reaction conditions of pressure and tempera-
ture. Furthermore, advances in the synthesis of more com-

plex model catalysts that more accurately reflect the nu-
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to a large degree the material discrepancies evident in eara9] M.C. Wu, J.S. Comeille, C.A. Estrada, J.W. He, D.W. Goodman,

lier surface science investigations. Advances in electron
microscopy, free electron lasers, high brilliance photon-
based microscopies, highly localized spectroscopies, etc.
ultimately will allow the study of catalytic systems on a

particle-by-particle basis, i.e., the acquisition of highly ac-

curate structural data coupled with detailed surface speci-

ation on a specific clustelThese capabilities coupled with
improved synthetic routes to highly specific cluster sizes and
morphologies will add new dimensions to our understanding
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