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The goal of this programis an atom c-level understandi ng of catal ysis by
supported nmetal nanoclusters. The inmedi ate objectives are: (1) the nechani sns
of nanocatal yst sintering and deactivation using in situ scanning tunneling
m croscopy, (2) the design of sinter-resistant supports for netal nanocatal ysts;
and (3) the surface internmediates in selective oxidation by noble neta
nanocat al ysts. A focus of this project is the application of scanning tunneling
m croscopy/ spectroscopy (STM STS), pol arization nodulation infrared reflection
absorption spectroscopy (PMIRAS), and neutron vibrational spectroscopy (NVS) to
the in situ characterization of nanocatal ysts operating at realistic reaction
conditions. Specifically the influence of reactants such as O, and HO on the
sintering of Au and Ag nanoclusters (1 — 10 nm supported on single-crystal or
thin-filmTi O, Si0O, and Al ,0; is being investigated by STM STS. A goal of the
work is the synthesis of m xed-oxide supports for the stabilization of neta
nanostructures against sintering. Finally, the identification of key reaction
internedi ates in the selective oxidation of hydrocarbons over gold nanocatal ysts
is being studied with polarization nodulation infrared reflection absorption
spectroscopy (PM 1 RAS) and neutron vibrational spectroscopy (NVS). The ultinate
objective is the seanl ess integration of nodel supported netal catalysts and
their corresponding practical analogs in fundanental catalytic science

This experinental programcurrently utilizes twelve surface anal ytica
systems, all having a microcatalytic reactor contiguous to a surface analysis
system This arrangenent allows in vacuo transfer of the catal ytic surface of
i nterest fromone chanber to the other. Surface techni ques being used include
AES, UPS, XPS, ISS and TPD. LEED is available to probe the order of overlayer
netal and inpurity atons used to nodify the activity of transition neta
catal ysts. |RAS and HREELS are currently in use to investigate the vibrationa
properties of surfaces and adsorbates. Met ast abl e i npact el ectron spectroscopy
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(MES) has recently been added to one of our UHV systens. Two systens are
equi pped with UHV scanning tunneling mcroscopes: an Qricron STM1, and a

| ow hi gh tenperature RHK STMfor in situ inmaging of surface structure. The
latter is capable of inaging at realistic reaction tenperatures and pressures.
Addi ti onal STM and AFM capabilities are available for ex situ structura
nmeasur enent s.

The ability to carry out high pressure/tenperature tunneling m croscopy of
oxi de supported nanoparticles offers the possibility of viewi ng a working
catal ytic surface, however, being able to routinely do so presents many
significant challenges. During the last two and a half years an experinenta
approach has been devel oped in our |aboratories that successfully overcones nany
of these difficulties. This approach allows us to target pre-selected surface
areas and indivi dual supported nanoparticles while spanning the pressure of a
reactive gas over twelve orders of magnitude. Thus, for nbdel supported catal yst
we are able to bridge the so-called “pressure gap” on a particle-by-particle
basis and, in a single experinent, to address such inportant issues as size
effects on cluster stability, deactivation, etc

Using the STMtip as a nanonask during physical vapor deposition (PVD)
converts the tip into a precisely controlled active elenent in the synthesis of
the nodel catalyst. Wth this versatile approach, we have denonstrated new,
exciting possibilities for nano-patterning the oxide surface with particles of
di fferent sizes/conpositions and address inportant issues as nucleation and
grow h kinetics, alloying, and thermal/chemical particle stability.

The application of these two innovations to the sane nesoscopically
confined surface area using the sane tip and environnmental treatnents nakes these
experinents free fromthe usual artifacts and opens a conbi natorial approach for
in situ STM studi es of nodel catalysts.

Rel at ed references:

1. “In Situ Scanning Tunneling M croscopic Studies of Supported Metal O usters:
G owth and Thermal Evolution of Individual Particles”, A Kolmkov and D. W
Goodnan, Chemical Record, 2, 446-457 (2002).

2. “In situ Scanning Tunneling Mcroscopy of Individual Supported Metal Clusters
at Reactive Gas Pressures from10® - 10* Pa”, A, Kol nakov and D. W Goodnan,
Revi ew of Sci. Instr., 74, 1-7 (2003

3. “Aconbined In-situ Infrared and Kinetic Study of the Catalytic CO + NO
Reaction on Pd(111) at Pressures up to 240 nbar”, C. Hess, E. Ozonsoy, D. W
Goodman, J. Phys. Chem B, 107, 2759-2764 (2003).

4. “Mbdel Catalysts: Fromlnmagining to I nmaging a Wrking Surface”, D. W
Goodrman, J. Catal., 216, 213-222 (2003).



Il. RECENT RESEARCH ACCOWPLI SHVENTS (2002-2003)

1. CO Oxi dation on Supported Nano-Au Catal ysts Synthesized froma
[ Aug( PPHs) 6] ( BF,4) » Conpl ex

Hi ghly active and stabl e nano-Au catal ysts have been synthesized by the
i nteraction of an Au cl uster-phosphine conplex with a Ti O, support. These
catal ysts have been characterized by transm ssion el ectron mcroscopy (TEM, X-
ray photoel ectron spectroscopy (XPS) and tested for CO oxidation. The pre-
treatnment conditions had a profound influence on the CO oxidation activity of the
Au/ Ti G, catal ysts. Under optimum pre-treatnent conditions these catal ysts showed
high catalytic activity. This is noteworthy considering that previous studies by
| wasawa et al. (J. Catal., 1997, 170, 191) on sinilar systens (different pre-
treatnment) showed an order of magnitude snaller CO oxidation activity. The
cat al yst deactivation was very slow and studi es showed that the catal yst could be
successfully regenerated to regain initial activity. D ffuse reflectance
i nfrared spectroscopy (DRI FTS) studies of CO on these supported catalysts are in
excel l ent agreenment with the infrared reflection absorption spectroscopy (I RAS)
dat a obtai ned on nodel Au catalysts in our |laboratory. The Au/Ti O catal yst
prepared by a tenperature progranmred reduction-oxidation treatnent showed high
CO, yield for the CO oxidation reaction in the presence of excess hydrogen.

Publication No. 4 in DOE-BES Publication List (Section I11l)

2. Rus(CO) 1, Adsorption and Deconposition on Ti O

Trirut heni um dodecacar bonyl (Rus(CO) ,,) adsorption and deconposition on
titania (TiG) were studied using infrared reflection absorption spectroscopy
(I RAS), tenperature programred desorption (TPD), Auger el ectron spectroscopy
(AES), and scanning tunneling mcroscopy (STM. It was found that the vapor-
deposited cluster adsorbs with the Ru; plane oriented normal to the surface. The
clusters form an anorphous | ayer at 90 K, order at 195 K, and begin to deconpose
in vacuum at ca. 250 K. The clusters deconpose in two stages, with conplete
deconposition occurring above 600 K. The clusters are highly dispersed on the
surface and deconpose cleanly to formsmall rutheniumclusters up to 3 nm across
and single atomrows up to 20 nm | ong.

Publication No. 5 in DOE-BES Publication List (Section I11l)

3. Interaction of Ag with MyQ(100)

The el ectronic and chemical properties of Ag clusters on MJQ(100) fil s
grown on Md(100) were studied using netastable inpact electron and ultraviol et
phot oel ectron spectroscopies (MES/ UPS), and tenperature programred desorption
(TPD) . The work function of the as-grown and vacuum anneal ed MyQ( 100) surfaces
i ncreases nonotonically with increasing Ag coverage. |In contrast, an initial
decrease of the work function upon Ag deposition was found for the sputter-
damaged MgQ( 100) surface, inplying that small Ag clusters on this surface are

2+
el ectron deficit. Point defects with high electron affinities, such as F -

and/ or V/IV-centers, created by sputtering are believed to be responsible for the
initial decrease of the work function upon Ag deposition. For |ow Ag coverages,
the quantity of CO adsorbed at 80 K on a sputter-danmaged MgQ( 100) surface is nuch
greater than that adsorbed for a conparable Ag coverage on a relatively snooth,
MyQ(100) surface. These results are consistent with point defects on MyQ(100)



bei ng responsible for altering the electronic and chemnical properties of
supported Ag clusters.

Publication No. 14 in DOCE-BES Publication List (Section I11)

4, Ag Gowh on M(112)-Qq and MbO, Surfaces

The growt h of Ag clusters on pre-adsorbed oxygen and oxi de-covered M(112)
has been investigated using scanning tunneling mcroscopy (STM. The objective
of these experinments is the synthesis of adjacent areas on a surface with
distinctly different netal -support interactions in order to investigate the
rel ati onshi p between the norphol ogy of a supported netal cluster and the strength
of the cluster-support interaction. The STMresults show that nore highly
di spersed Ag clusters with a greater nunber density are obtai ned on that surface
that interacts to a greater extent with the nmetal. Heating leads to the
formati on of 2D Ag nanostructures on oxygen-free Md(112) (strong netal - support
i nteraction) and 3D cluster growh on oxide-covered Mo(112) (relatively weak
net al - support interaction).

Publication No. 19 in DCE-BES Publication List (Section I11)

5. In-situ Scanni ng Tunneling M croscopic Studies of Supported Metal
Clusters: Gowh and Thermal Evol ution of Individual Particles

An experinental approach has been devel oped for inmagi ng the nucleation and
grow h of individual oxide supported nanoparticles and their subsequent in situ
chem cal and thermal treatnents by scanning tunneling mcroscopy (STM. The
potential of the nethod is denonstrated for Au nanoparticles supported on a
reduced Ti O, substrate where a cluster-by-cluster conparison is nade of the
nor phol ogi cal evolution and stability of nanoparticles during their nucleation
and thermal annealing. Using this nmethodol ogy the details of the nucleation and
grow h kinetics can be directly observed.

Publication No. 22 in DOE-BES Publication List (Section I11)

6. Characterization of G(CH) Intermediates from Adsorption and
Deconposi ti on of Methane on Supported Metal Catalysts by In-Situ
Inelastic Neutron Scattering Vibrational Spectroscopy

The article reports the first experinental evidence of the formation of
ethylidyne, vinylidene, and nethylidyne (CH,) species from nmethane on supported
netal catalysts using inelastic neutron spectroscopy (INS). |INS data are
reported from 100 to 1800 cm! after methane deconposition on Ru/Al ,0, and Ni/Al ,0
catal ysts and the results conpared with recent data acquired by high resolution
el ectron energy | oss spectroscopy (HREELS) on single crystal Ru and Ni surfaces.

Publication No. 1 in DOE-BES Publication List (Section I11)

7. Identification of Defect Sites on MyQ(100) Surfaces

Met hodol ogi es are reported that allow the identification of extended
defects on MgQ(100) surfaces. The techni ques used include | ow energy el ectron
diffraction (LEED), netastable inpact electron spectroscopy (MES), DO and CO

t enperat ure progranmred desorption (TPD), and MES of adsorbed Xe. LEED and M ES
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data for MyQ(100), TPD spectra of D,O and CO, and MES spectra for adsorbed Xe

are significantly altered as a function of the density of the extended defects.
NO is shown to be an ineffective probe nolecule for titration of defect sites on

MyQX(100) .
Publication No. 8 in DOE-BES Publication List (Section I11)

8. The Preparation of Utra-Thin, Odered SIG Filns

Scanni ng tunneling mcroscopy (STM and | ow energy el ectron diffraction
(LEED) have been used to optinize the preparation of high quality SiO fil ns.
Co-deposition of Si and oxygen at relatively high tenperatures followed by an
anneal | eads to a conbination of island and | ayer-by-1layer growh, whereas flat,
well -ordered SiG, films can be prepared on My(112) using a sequential deposition
net hod. Preadsorbed oxygen |l eads to island growh, therefore, an atomcally
clean surface is essential for growing flat, well-ordered filns. A sharp
hexagonal LEED pattern is shown to be insufficient evidence for a high quality
film

Publication No. 13 in DOE-BES Publication List (Section I11)

9. Pol ari zati on Modul ation Infrared Refl ection Absorption Spectroscopy
at El evated Pressures: CO Adsorption on Pd(111) at Atnospheric
Pressures

CO adsorption on a Pd(111) single crystal surface was investigated using in
situ polarization nodulation infrared reflection absorption spectroscopy (PM
IRAS) within the pressure range 10°® — 800 nbar. The coverage dependent CO
overl ayer structures found on the Pd(111) surface are identical throughout this
pressure reginme, i.e., no new surface species at el evated pressures or adsorbate-
i nduced substrate reconstructi ons were observed. The transition from an
adsor bat e superstructure dom nated by bridged-bound CO to an adsorbate overl ayer
having three-fold/atop CO sites was followed by varying the adsorbate pressure
over nine orders of magnitude. The derived phase diagramindi cates an apparent
activation energy of 44.35 + 1.63 kJ/nol for the bridged-to-three-fold-
hol |l ow/ atop transition. A conparison between these data and recent sum frequency
generation (SFG results is made

Publication No. 18 in DOE-BES Publication List (Section I11)

10. Deconposition of NH; on 1r(100): A Tenperature Programed Desorption
St udy

Anmmoni a adsorption has been studied on a Ir(100) surface in the tenperature
range 100 — 410 K In contrast to previous studies on Ir(111), approximtely
12% of the chem sorbed amoni a under goes step-w se deconposition at 200 K
However, deconposition has been found to be an activated process wherein a
difference in the activation energy of dissociation and desorption is estinated
to be 21 kJ/nol. Reconbinative nitrogen desorption has been found to be the rate
determning step with an activation energy of 64 kJ/nol. Co-adsorption of
hydr ogen and ammoni a have been carried out to understand the partial pressure
dependences for ammoni a deconposition----- 0.9 ?2 0.1 with respect to amoni a and
-0.7 ?2 0.1 with respect to hydrogen. Co-adsorption data indicate that the
negative order with respect to hydrogen is due to enhancenent of the reverse
reaction (NH, + H & NH.;,, x = 0, 2) as well as reduction in the desorption
tenperature of ammonia in the presence of excess Hatons on the surface. In
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contrast, co-adsorbed oxygen acts as a pronoter for the ammoni a di ssociation and
| eads to 100% anmoni a conversion. The differences in the deconposition behavior
with respect to the previous results for Ir(111) are indicative of the structure
sensitivity of the reaction.

Publication No. 2 in DOE-BES Publication List (Section I11l)

11. Di ssoci ati on of DO on MyQ( 100)

The adsorption of water on well-ordered MJQ( 100) surfaces has been studied
usi ng netastabl e i npact el ectron spectroscopy (MES), ultraviol et photoel ectron
spectroscopy (UPS), and tenperature programed desorption (TPD). Experinental
evi dence is presented that water adsorbs dissociatively and nolecularly within
the first nmonol ayer on well-ordered MyQ(100) surfaces. These results support
recent theoretical predictions [L. Gordano et al., Phys. Rev. Lett. 81, 1271
(1998)] that water partially dissociates on MgyOQ(100) surfaces

Publication No. 3 in DOE-BES Publication List (Section I11)

12. Characterization of MJO(100) Thin Film G owm h on M(100)

Various MgO thin films grown on M(100) have been characterized by using
net ast abl e i npact el ectron spectroscopy (MES), ultraviolet photoel ectron
spectroscopy (UPS), |low energy electron diffraction (LEED), and CO as a probe
nol ecule to titrate defects. Using MES and LEED, the as-grown MyQ(100) filnms
(thickness = ca. 15 nonol ayers) are found to be highly defective. Annealing at
1150 K significantly reduces the density of defects on the MgQ(100) surfaces. CO
adsorbs on the as-grown MyQ(100) filmat 90 K, whereas no CO adsorption was
detected on the anneal ed MgQ(100) film in agreenent with the MES and LEED
results. For MgOthin filnms with a thickness of 15 nonol ayers, no surface
chargi ng was observed during the UPS/M ES neasurenents.

Publication No. 7 in DOE-BES Publication List (Section I11)

13. Evi dence for Partial Dissociation of Water on Flat MyQ( 100) Surf aces

Ab initio calculations of the density of states for adsorbed nonol ayers of
water on a MgQ(100) surface are conpared with netastable i npact el ectron spectra
(MES) and ultraviol et photoel ectron spectra (UPS). The cal cul ations confirmthe
suggest ed assignnents and in particular show that there is good evidence that
sonme, but not all, nolecules have dissociated to hydroxide ions. Density of state
cal cul ations are shown for configurations with no dissociated nol ecul es, one
third of the nolecul es dissociated and half the nol ecul es dissociated; the
agreenment with experinent is best for the configuration with one third of the
nol ecul es di ssoci at ed.

Publication No. 12 in DCE-BES Publication List (Section I11)

14. Adsorption and Reaction of NO on Cu(100): An Infrared Reflection
Absor ption Spectroscopic Study at 25 K

The adsorption of nitric oxide (NO on a Cu (100) surface at 25 K has been
studi ed using infrared reflection absorption spectroscopy (IRAS). Initially, NO
adsorbs at the bridge site, however, with an increase in coverage, dinerization
of NO occurs. Further dosing of NO at 25 K produces a nultilayer of the NO di ner.
Annealing this dinmer nmultilayer to 40 K causes a change in the alignnment of the
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dinmers in the nultilayer with respect to the Cu(100) surface. Heating to 55 K

| eads to reorientation of the diner nolecules in the multilayer such that the N-N
axi s becones perpendicular to the surface; at 60 K the multilayer NO diners
desorb. Formation of N,O was observed upon heating the surface above 60K

Publication No. 9 in DOE-BES Publication List (Section I11)

15 Interations of Utrathin pb Filnms with Ru(0001) and Pd(111)

The interaction of ultrathin Pb films with Ru(0001) and Pd(111) has been
studi ed with X-ray photoel ectron spectroscopy (XPS) and thermal desorption
spectroscopy (TDS). XPS and TDS show that at roomtenperature Pb grows on
Ru(0001) via a Stranski-Krastanov (SK) nechanism i. e., after conpletion of the
first adlayer of Pb on Ru(0001), further Pb deposition leads to the fornation of
t hree-di nensional (3D) islands. Upon annealing to 500 K, the overlayer Pb
undergoes significant clustering with the extent dictated by the initia
coverages. XPS results show that the Pb 4f ,,core |evel binding energy (BE)

i ncreases slightly (+ 0.3 eV) as the Pb coverage increases from0.07 M. to
multilayers. Wien the first nonol ayer of Pb/Ru(0001) has been conpleted, the Pb
4f ;;, BE has nearly reached the BE value for bulk Pb; it is only 0.1 eV | ower.

At ~2 M, the Pb 4f,, BE is equivalent to that of bulk Pb. In contrast, at room
tenperature, Pb alloys with the Pd(111) surface, the Pd 3ds, BE increasing ~0.8
eV with coverage from0.07 to 4.3 M. Pb. The Pb 4f,, BE's al so increase with

i ncreasi ng coverage reaching the bul k value of Pb at a coverage of ~ 2 M.. The
Pb 4f,, BE at 0.07 M. is 0.55 eV snaller than that of bulk Pb. The |ineshape and
position of the X-ray induced Pd Auger features (M V) also display significant
changes upon alloying. For Pb/Pd alloys, annealing to 500 K does not induce
further changes in the Pd (M sVV) Auger features. The core level BE shifts are
di scussed in terns of possible initial and final state contributions. In
particular, the initial state BE shift nechanisns of hybridization and

envi ronnment al conduction band charge density are explained in the context of
prior theoretical studies. It is shown that 6s? 6p hybridization in Pb can be
expected to be sufficiently large to contribute to the observed BE shifts.

Publication No. 39 in DOE-BES Publication List (Section I11)

16 Size Effects in Catalysis by Supported Metal Clusters

Simlar to free clusters in the gas phase, supported clusters often exhibit
mar ked si ze dependence with respect to chenmical activity. However for supported
netal clusters the origin of this size effect is intrinsically nore conpl ex
conpared to free clusters and is not well understood. The so-called “structure
sensitivity” of netal nanoclusters dispersed on netal oxides is of considerable
fundanmental interest as well as significant industrial inportance for
het er ogeneous catal ysts, gas sensing devices and mcroel ectronics. Geat
progress has been nmade in the past two decades in our understanding of those key
factors governing the size dependence of cluster reactivity. Several recent
exanpl es of the structure sensitivity of netal clusters on oxide surfaces are
presented in this review along with recent nethodol ogi es to address size effects
in supported netal clusters.

Publication No. 29 in DOE-BES Publication List (Section I11)
17 Non- Oxi dative Activation of Methane via its Deconposition

Ef fective utilization of nethane renmains one of the |ong-standing probl ens
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in catal ysis. Over the past several years various routes, both direct and

i ndirect, have been considered for the conversion of nethane to val ue added
products such as hi gher hydrocarbons and oxygenat es. This review will focus on
the range of issues dealing with thermal and catal ytic deconposition of nethane
that have been addressed in the last few years. Surface science studies

(ol ecul ar beam net hods and el evated pressure reaction studies) involving nethane
activation on nodel catalyst systens are extensively reviewed. These studies
have contributed significantly to our understandi ng of the fundanental dynam cs
of methane deconposition. Various aspects of the non-oxidative nethane to higher
hydr ocar bon converi son processes such as high tenperature coupling and two-step

| ow tenperature nmethane honol ogati on have been di scussed. Deconposi ti on of

net hane results in the production of CQ-free hydrogen (which is of great

interest to state-of -art -low tenperature fuel cells) and various types of
carbon (filanmentous carbon, carbon black, dianond filnms etc.) depending on the
reaction conditions enpl oyed; these issues will be briefly addressed in this

revi ew.

Publication No. 30 in DOE-BES Publication List (Section I11)

18 Surface Chem stry of Mdel Oxide-Supported Metal Catal ysts: An
Overview of Gold on Titania

Insight into atom c-level surface chemistry of nmetals on oxide surfaces is
vital to understandi ng heterogeneous catalysis. |In this work, scanning tunneling
m croscopy (STM in conjunction with traditional surface science techniques is
used to study gold netal clusters on a planar titania support. Wen Au is vapor-
deposited onto Ti G(110) under ultra-high vacuum (UHV) conditions, it grows as
t hree-di nensi onal (3D) hemi spherical clusters on Ti G(110), indicative of a
Vol ner - Weber (VW growth node. However, at very | ow coverages (0.01-0.05 M),
guasi - t wo- di mensi onal (quasi-2D) Au clusters are observed. Annealing studies
reveal that Au clusters formlarge microcrystals with well-defined hexagona
shapes above 1000 K. Furthernore, an oxygen-induced cluster ripening is observed
after Au/Ti G(110) is exposed to 10.00 Torr O in an elevated pressure reactor.
The nor phol ogi cal change of Au clusters induced by O, exposure suggests G
chemi sorption on both the clusters and the Ti O, substrate at roomtenperature
Au clusters exhibit a clear binbdal size distribution after O, exposure due to
Gstwal d ripening: some clusters increase in size while others shrink

Publication No. 26 in DOE-BES Publication List (Section I11)

19 Production of CQ-free Hydrogen for Fuel Cells via Step-w se
Hydr ocarbon Reform ng and Catal yti ¢ Dehydrogenati on of Amoni a

The stringent CO-free hydrogen requirenent for the current |ow tenperature
fuel -cells has notivated the devel opnent of CO-free hydrogen production
alternatives to the conventional hydrogen production technol ogies. Recently our
group has investigated step-wi se reform ng of hydrocarbons and catal ytic
deconposition of amonia for CQO-free production of hydrogen. These
i nvestigations have enpl oyed conventional surface science techniques, nobde
catalysts as well as high surface area supported netal catal ysts. This paper
presents an overvi ew of the studies undertaken in our |aboratory and highlights
the inportant aspects of the proposed CO free hydrogen production processes.

Publication No. 36 in DOE-BES Publication List (Section I11)



20 Adsorption of Au on O deficient MgQ(001) Surface

The atomic and el ectronic properties of the O deficient MyO-001! surface and
ef fects of Au adsorption (0.25 nonol ayer) are investigated using the ful
potential |inearized augnented plane wave nethod. The cal cul ated formation energy
of a surface (bul k) O vacancy on MgyO001)is 9.5 eV (10.0 eV). The vacancy i nduces
gap states in a range of 1.8-3.3 eV above the val ence band, which is expected to
strongly alter the chemi cal properties of MyQO001). Through total energy and
atom c force cal cul ations, the adsorption of Au on the ideal MyOQ001)surface is
found to be very weak with a Au-O bond length (dAu-O of 2.16 A and an adsorption

energy (Ead) of 20.13 eV/adatom On the defective MyOO001)!surface, Au adatons
prefer the vacancy sites with a strongly enhanced adsorption energy of -1.93

eV/adatom The core state energies of Au 4f//2 are very sensitive to the change
of environnent.

Publication No. 24 in DCE-BES Publication List (Section I11)

21 Acet yl ene Hydrogenati on on Au-based Catal ysts

Hydr ogenati on of acetyl ene has been investigated on Au/Ti G, Pd/Ti G, and
Au-Pd/ Ti G, catal ysts at hi gh acetyl ene conversion |levels. The Au/Ti O, catal yst
(avg. particle size: 4.6 nm synthesized by the tenperature programed reduction-
oxi dati on of Au-phosphi ne conplex on Ti G, showed a renarkably high selectivity to
ethyl ene formati on even at 100 % acetyl ene conversion. Au/Ti O prepared by the
conventional incipient wet inpregnation nethod (avg. particle size: 30 nn), on
t he ot her hand, showed negligible activity for acetyl ene hydrogenation. Although
the Au catal ysts showed a high selectivity for ethylene, the acetyl ene conversion
activity and catalyst stability were inferior to the Pd-based catal ysts. Au-Pd
catal ysts prepared by the redox nethod showed both hi gh acetyl ene conversions as
wel |l as high selectivity for ethylene. Interestingly Au-Pd catal ysts prepared by
depositing Pd via the incipient wetness nethod on Au/ Ti O, showed very poor
selectivity (conparable to nono-netallic Pd catal ysts) for ethylene. High
resol ution transm ssion electron mcroscopy (TEM studies coupled with energy
di spersive X-ray spectroscopy (EDS) showed that while the redox nethod produced
binetallic Au-Pd catal ysts, the latter nethod produced individual Pd and Au
particles on the support.

Publication No. 37 in DOE-BES Publication List (Section I11)

22 In situ Scanni ng Tunneling M croscopy of I|ndividual Supported Meta
Clusters at Reactive Gas Pressures from10® - 10* Pa

An experinmental apparatus has been designed and an approach devel oped for
i magi ng i ndi vi dual oxi de supported nanoparticles with scanning tunneling
m croscopy (STM during their nucleation, growh, alloying and “real world”
chemical, thernmal, and other in situ treatnments. By careful selection of the
tunneling conditions and using the STMtip to index the surface, it is
denonstrated that pre-selected individual particles can be imaged at el evated
tenperatures while changing the reactive gas pressure over twelve orders of
magni t ude. The experinental challenges due mainly to tunnel junction
instabilities, a relatively weak cluster-support interaction, and sanple drift
are considered and strategies to overcone these obstacles proposed. Using Au and
Ag clusters deposited on Ti G, (110) as a nodel system the potential of the nethod

10



is denpnstrated for exploring on a particle-by-particle basis cluster growh,

al l oyi ng, thernmal coarsening, and the evolution of particle norphology in a
reactive gas environnent. An additional advantage of the approach is that a w de
cluster size distribution can be synthesized and surveyed on the sane substrate.
The size effects on cluster norphol ogy therefore can be probed in situ for a

wi de variety of treatnments on pre-sel ected clusters.

Publication No. 38 in DOE-BES Publication List (Section I11)

23 The Thermal Stability of Pd Supported on Single Crystalline SiQO Thin
Filns

The effect of annealing tenperature on a nodel Pd/Si O catal yst has been
i nvestigated using Auger el ectron spectroscopy (AES) and scanning tunneling
m croscopy (STM. Pd clusters on a single crystalline SiQ, thin filmare not
altered with respect to size or shape upon heating to 700 K; however, inter-
di ffusion and sintering of the Pd clusters take place between 750 and 1050 K. At
1000 K, AES data inply the formati on of Pd-silicide. Above 1050 K, desorption of
Pd occurs conconmitant with the deconposition of SiO.

Publication No. 40 in DCE-BES Publication List (Section I11)

24 Ag Adsorption on Various Silica Thin Filns

Various defect sites on SiG, thin filnms on Mb(112) have been characterized
with MES, and the interaction between deposited Ag and these defects sites
investigated with MES/UPS. MES/UPS data for | ow and hi gh defective Si G
surfaces acquired as a function of Ag exposure are consistent with 2D Ag growth
at | ow coverage, and 3D growt h at hi gher Ag coverages. Wth increasing defect
density on the Si QO surfaces, no significant change is observed in the behavior
of the work function with respect to the Ag coverage, suggesting that the
i nteracti on between Ag and Si O, is not influenced markedly by the presence of
defects. This result is consistent with recent theoretical results that indicate
a strong coval ent bond between an overlayer netal and defect sites of Si Q.

Publication No. 41 in DOE-BES Publication List (Section I11)

25 Gowh of Au on Ti Q(110) on a Cluster-by-Cluster Basis

In-situ scanning tunneling mcroscopy (STM has been used to follow the
grow h node of gold clusters on Ti G(110) single crystals at roomtenperature on
a cluster-by-cluster basis. Using carefully annealed Ti G;(110) surfaces with a
relatively |l ow defect density it is possible to isolate cluster growh on step
sites fromthat on terraces. Although the overall growth behavi or appears
invariant with respect to the norphol ogy of the substrate, our results show t hat

the growmh rate is nmuch faster on step edges conpared to that on terraces,
| eading to a binodal cluster size distribution.

Publication No. 42 in DOCE-BES Publication List (Section I11)

26 Under standi ng Silica-Supported Metal Catalysts: Pd/Silica as a Case
St udy
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Supported netal catalysts, particularly noble netals supported on Si O,
have attracted considerable attention due to the inportance of the silica-neta
interface in heterogeneous catalysis and in electronic device fabrication
Several inportant issues, e.g., the stability of the netal -oxide interface at
wor ki ng tenperatures and pressures, are not well understood. In this review,
the present status of our understanding of the netal-silica interface is
reviewed. Recent results of nodel studies in our |aboratories on Pd/Si O/ M(112)
usi ng LEED, AES and STM are report ed. In this work, epitaxial, ultrathin, well-
ordered SiO filns were grown on a Mp(112) substrate to circunvent conplications
that frequently arise fromthe silica-silicon interface present in silica thin
films grown on silicon

Publication No. 43 in DOE-BES Publication List (Section I11)

27 Identification of Defect Sites on Oxide Surfaces by Metastable
| npact El ectron Spectroscopy

Inthis review, thin films of SiO on My(112) and MyQ(100) on M(100) have

been characterized using netastabl e inpact electron and ultraviol et photoel ectron
spectroscopies (MES and UPS). The el ectronic and chenical properties of the thin
filne are identical to those of the correspondi ng bul k oxides. For different
prepared defective Si O) surfaces, additional features are observed in the band-

gap region. These features arise fromvacanci es or excess oxygen and are
consistent with theoretical predictions of additional occupied states in the
band-gap due to point defects. Extended defect sites on SiO, and MO are

identified using MES by a narrowing of the Q(2p) features with a reduction in
the density of extended defect sites. MES of adsorbed Xe (MAX) is also used to
estimate the density of extended defect sites. Furthernore, it is shown that CO
is an appropriate probe nolecule for estimating the defect density of MO
surfaces. Upon Ag exposure, the change in the work function of a | ow defect
MyQ(100) versus a high defect surface is nmarkedly different. For a sputter-
damaged MgQ(100) surface, an initial decrease of the work function was found,

i mplying that small Ag clusters on this surface are electron deficient. In
contrast, for SiOp no significant change of the work function upon Ag exposure

wi th increasing defect density was observed. On MyQ(100), the presence of defect
sites markedly alter the electronic and chem cal properties of supported Ag
clusters. Such a strong influence of defect sites was not found for Ag clusters

on Si O,.
Publication No. 44 in DCE-BES Publication List (Section I11)
28 The Influence of Metal Cluster Size on Adsorption Energies: CO
Adsorbed on Au Clusters Supported on Ti 2

Infrared refl ecti on absorption spectroscopy (I RAS) has been used to study
CO adsorption on Au clusters ranging in size from1.8 to 3.1 nm supported on

Ti &. The adsorbed CO vi brational frequency blue-shifts slightly (approxi mtely
4 cm 1) conpared to that adsorbed on bul k Au, whereas the heats of adsorption (-
?Hads) increase sharply with decreasing cluster size, from12 to 19 kcal / nol

Publication No. 47 in DOCE-BES Publication List (Section I11)

29 CO Di ssociation at El evated Pressures on Supported Pd Nano-clusters

12



In situ polarization nodulation infrared reflection absorption spectroscopy
(PMIRAS) is used to study CO adsorption at elevated pressures and tenperatures
on Pd nano-clusters deposited on crystalline SiQ, thin filns. The PM | RAS data
i ndi cate that CO dissociates on the Pd nano-clusters at 185 nbar and at
tenperature >600K. Conbi ned STM and PM | RAS data show that the Pd nano-clusters
are three-di nensi onal and consi st predom nantly of <111> facets with an average
di anmeter and height of 3.5 nmand 0.7 nm respectively. STMdata indicate no
change in the norphol ogy or sintering of the Pd nano-clusters between 300 and 650
K. For conparison, CO adsorption was investigated on a Pd(111) single crystal
surface using PMIRAS under simlar conditions (Pyp = 133 nbar, T = 175 - 750 K).

Conmpari son of the PMIRAS data for CO adsorption on Pd (111) and Pd nano-
clusters indicate that in contrast to the Pd nano-clusters, CO adsorbs
nol ecularly on the Pd(111) surface in a reversible manner, i.e. no dissociation.

Publication No. 48 in DOE-BES Publication List (Section I11)
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V. OBJECTI VES FOR 2004

There are three major thrusts planned for the conming year: i)the synthesis
and characterization with high resolution STM of ensenbles of one oxide, i.e
TiO, A0, on a single crystalline support, followed by decoration with neta
clusters, i.e. Au, Pd, Cu, etc. Prelimnary results fromour |aboratories show
t hese m xed-oxi de supports to offer great potential for naking sinter-resistant,
supported nanocatal ysts; ii) conpletion of an extensive study of the CO NO
reaction over single crystalline and supported Pd clusters using principally PM
I RAS; this vibrational technique is being exploited for use at el evated
tenperature and pressures typically used in technical environnments; and (iii)
characterization of nanostructured Ti O, ensenbl es supported on silica by HREELS,
ISS, XPS, UPS, and MES, enphasizing the unique structural and el ectronic
properties of supported TiO, filnms in the context of their special catalytic
properties.

V. UNSPENT FUNDS FOR THE YEAR (2003)

At the current rate of expenditures we anticipate there to be no unspent
funds on this project for the period January 1 to Decenber 31, 2002
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