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Abstract

A variety of surface science technologies have been applied on catalysis studies, in an effort to understand surface
structure, composition and chemical bonding in catalytic reactions at a molecular level. Many of the characterizations,
however, were performed in vacuum before and after the reactions. A new direction in surface science and catalysis is to
study the surface structures and surface intermediates in situ during the high pressurerhigh temperature reactions. Scanning

Ž . Ž .tunneling microscopy STM and infrared–visible sum frequency generation SFG are viable for the task. In order to obtain
a better comprehension of industrial catalysts, model supported catalysts with ordered structures should be introduced into
catalysis research. Metal clusters of uniform size and separation can be produced on oxide surfaces by lithographic
microfabrication technologies.
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1. Introduction

1.1. Surface science approach to heterogeneous
catalysis

Most chemical energy conversion technolo-
gies in the chemical and pharmaceutical indus-
tries adapt catalysts to generate products with
high rates and desirable selectivity. It was esti-
mated recently that 20% of industrial products

w xinvolve catalytic steps in their manufacture 1 .
In the mid 70’s, advances in science instru-

mentation brought surface science into catalysis
w xresearch 2 . A high pressure reaction cell was

Ž .incorporated with an ultra high vacuum UHV
Ž .chamber Fig. 1 . In the high pressure reactor,

) Corresponding author.
1 Communication presented at the First Francqui Colloquium,

Brussels, 19–20 February 1996.

catalytic reactions can be performed under con-
Žditions identical to industrial processes 1–100

atm of reactant gases, 300–1000 K temperature
range, variable flow rate or batch reactor condi-

.tions . The reaction kinetics and product distri-
bution can be monitored by a gas chromato-
graph. The samples can be properly cleaned and
characterized in UHV by surface science tech-
niques before and after the reactions.

The development of modern surface science
provides an opportunity to investigate the pro-
cess of heterogeneous catalysis at a molecular
level. Much progress has been achieved in un-
derstanding the mechanisms of a good number
of catalytic reactions, notably in the area of

w xammonia synthesis 3 , hydrocarbon reactions
w x w x w x4 , hydrodesulfurization 5 , CO oxidation 6

w x w xand hydrogenation 7 , and NO reduction 8 .
The understanding of surface chemistry at gas–
solid interfaces is beneficial to improvement of
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Fig. 1. An apparatus for surface science studies of heterogeneous
catalysis: a high pressure environmental cell incorporated with a
UHV system.

existing catalysts and development of new gen-
erations of catalysts.

1.2. Application of model catalysts in surface
science studies

Most industrial catalysts are small metal par-
ticles with sizes in the 1–100 nm range de-
posited on porous oxide supports with a high
surface area of ;300 m2 gy1. They are usually

Žprepared through chemical routes such as im-
.pregnation and coprecipitation from solution.

These conventional fabrication techniques have
only limited control of particle size, shape and
inter-particle distances. A detailed investigation
of catalytic processes is often hindered by the
complexity of catalyst surface composition and
structure.

In order to comprehend heterogeneous catal-
ysis at a molecular level, model catalysts have
been prepared and studied. Single crystal metal
surfaces are the first group of novel model

catalysts adapted in catalysis research. The ad-
vantage of using single crystal surfaces is their
homogeneous surface structure and composi-
tion.

There are several examples of catalytic reac-
tions where the kinetic parameters and product
distributions are insensitive to surface structures
of catalysts. For these structure-insensitive pro-
cesses, reaction rates measured on single crystal
surfaces are in good agreement with those ob-
tained on industrial supported catalysts. One
example is hydrogenation of cyclohexene, which

Ž .presents a similar reaction kinetics on a Pt 223
w xsurface 9 and on platinum catalysts on silica
w x Ž .support 10 Fig. 2 .

Cleanliness and composition of single crystal
surfaces can be well controlled and studied in
vacuum. The reactivities of clean surfaces can
be treated as an upper limit for those of sup-

w xported catalysts 11 . Single crystal surfaces can
be also fabricated with different concentration
of surface contaminants, in order to address
origins of catalyst poisoning. In a similar man-
ner, promoters can be deposited on single crys-
tal surfaces to study the modification of cat-
alytic reactivity by additives.

The surface of metal particles in a dispersed
catalyst system can be viewed as superposition

Ž .Fig. 2. Arrhenius plot for cyclohexene hydrogenation over Pt 223
and PtrSiO .2
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of several different single-crystal surfaces. Each
surface orientation possesses a different reactiv-
ity, and the product distribution reflects the
overall chemistry averaged over different sur-
face sites. The surface structure sensitivity of
reactions can be addressed in part by studying
reactivities of different single crystal faces. The
surface irregularities, steps, and kinks of known
concentration can be also prepared on high-
Miller-index single crystal surfaces.

In addition to single crystals, model metal
catalysts can be prepared in thin film form
w x12–14 . More complex oxide catalysts such as
Fe O or TiO can be grown by atomic layer3 4 2

w xepitaxy on metal single-crystal surfaces 15,16 .
Recently, model Ziegler–Natta ethylene or
propylene polymerization catalysts have been
prepared successfully by gas phase deposition
of ultra-thin TiCl rMgCl films in UHV condi-4 2

w xtions 17 . It is now well accepted that model
catalyst behavior can be used as a standard for
the evaluation of industrial catalyst systems.

2. Surface science techniques to study the
model catalyst surface during reaction

The objective of surface science studies is to
investigate elementary steps and detect surface
intermediates in catalytic reactions on the
molecular level. A wide range of surface sci-
ence techniques have been developed to probe
surface structure, composition and chemical
bonding of adsorbates on the surface. A selec-
tion of surface analytical techniques are listed in

ŽTable 1. Many techniques including all elec-
.tron- and ion-scattering spectroscopies can only

be operated in vacuum. As a result, some sur-
face characterizations can only be conducted
before and after the high pressure catalytic reac-
tions.

An alternative approach is to study surface
reaction mechanisms of organic monolayers
prepared in vacuum. The research is often con-
ducted at cryogenic temperatures in order to
condense monolayer molecules on the surface.

Table 1
Common surface science techniques for catalysis studies

Electron-mediated spectroscopies

X-ray photoelectron spectroscopy
high resolution electron energy loss spectroscopy
Auger electron spectroscopy
low-energy electron diffraction
electron microscopy

Molecule- and ion-mediated spectroscopies

neutronrhelium diffraction
secondary ion mass spectroscopy
ion scattering spectroscopy
field-emission microscopy

Photon-mediated spectroscopies

infrared spectroscopy
Raman spectroscopy
second harmonic generation
sum frequency generation
near-edge X-ray absorption fine structure
extended X-ray absorption fine structure
solid-state spin resonance
electron spin resonance

Scanning probe microscopies

scanning tunneling microscopy
atomic force microscopy

Other techniques

Mossbauer spectroscopy¨
thermal desorption

By contrast, industrial catalytic reactions are
Ž .carried out under ambient pressures ;1 atm ,

and surface coverages at high reaction tempera-
Ž .tures 300–1000 K are maintained by the high

frequency of collisions between gas phase
molecules and the surface. An extrapolation of
results obtained in high-vacuumrlow-tempera-
ture studies to high-pressurerhigh-temperature
conditions is approximate at best, due to the
pressure gap and the temperature difference.

A major direction in current catalysis re-
search is to explore surface science techniques
which can be operated at high pressurerhigh
temperature regime. Two techniques have been
adapted in our laboratory to investigate reaction
mechanisms in situ under catalytic reaction con-
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Ž .ditions: scanning tunneling microscopy STM
has been used to study surface structures and
infrared–visible sum frequency generation
Ž .SFG has been applied to monitor surface reac-
tion intermediates.

( )2.1. Scanning tunneling microscopy STM

STM is a powerful technique to monitor sur-
face structures in situ under variable pressures
at different temperatures. In the experiments, a
scanning tunneling microscope is operated in a
chemical reactor cell. The pressure in the reac-
tion cell can be changed from ultra high vacuum
to a few atmospheres. The substrate temperature
can be also varied. The atomic structures of
metal catalyst surfaces with known adsorbate

coverages can be obtained under low pressures
and low temperatures, and serve as references to
the surface structures determined under ambient
pressures and high temperatures during catalytic
reactions.

Our STM studies reveal a surface reconstruc-
tion induced by chemisorption. In addition, the
structure of coadsorbates on the surface can be
rearranged. Upon activation, a STM tip made of
transition metals can also catalyze surface reac-
tions on a nanometer scale.

2.1.1. Chemisorption-induced surface recon-
struction

Substrate atoms can be reorganized upon
chemisorption in order to minimize the surface

w xenergy 18 . Fig. 3 displays STM images of a

Ž .Fig. 3. Adsorbate-induced surface reconstruction of a Pt 110 surface studied in situ by STM under atmospheric pressures. Top panel:
˚ ˚Ž .Topographic image of the Pt 110 surface in 1.6 atm of hydrogen after heating in 425 K for 5 h. Image size: 730 A=700 A, vertical range

˚ Ž .D zs10 A. Middle panel: Topographic image of the Pt 110 surface in 1 atm of oxygen after heating to 425 K for 5 h. Image size: 900
˚ ˚ ˚ Ž .A=780 A, D zs25 A. Bottom panel: Topographic image of the Pt 110 surface in 1 atm of carbon monoxide after heating to 425 K for 4

˚ ˚ ˚h. Image size: 770 A=740 A, D zs42 A.
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Ž .Pt 110 surface exposed to ambient pressures of
hydrogen, oxygen and carbon monoxide at 425
K. Under 1.6 atm of hydrogen pressure, the
surface presents various sizes of missing-row
reconstruction. In 1 atm of oxygen, however,

Ž .enlarged 111 microfacets can be observed.
The surface in 1 atom of carbon monoxide
appears to have large scale terraces separated by
multiple height steps.

The surface reconstruction is a reversible
process. The platinum surface was exposed to
different gases alternatively and the surface

w xstructure changed accordingly 18 . In 1.6 atm
H , chemisorbed oxygen reacts to form water2

and desorbs from the surface. In CO environ-
ment, the binding energy of hydrogen atoms on
the surface is reduced and surface hydrogens are
replaced by CO molecules. Under atmospheric
oxygen pressure, surface CO molecules are oxi-
dized to CO and the surface is switched to be2

covered by oxygen. The conversion of surface
structures is indicative of the adsorbate compo-
sition change on the surface.

2.1.2. Coadsorption-induced reconstruction of
adsorbate oÕerlayer

Adsorbate overlayer as well as substrate
atoms can be rearranged by adsorption of coad-
sorbates. Surface species are highly mobile on
the surface. In many cases, adsorbate structures
are reorganized in order to accommodate other
surface species. A reconstruction of adsorbate
overlayers by coadsorption has been demon-
strated in a STM and LEED study of sulfur

Ž . Ž .chemisorption on Re 0001 and Pt 111 sur-
w xfaces 19 . Surface structures imaged by STM

are consistent with electron diffraction patterns
obtained in complementary LEED studies. At a

Žsulfur coverage of 0.25 monolayer one atom
. Ž .per four substrate metal atoms , a 2=2 or-

dered sulfur structure can be observed, as shown
Ž . Ž . Ž .in Fig. 4 a . On either Re 0001 and Pt 111

surfaces, coadsorption of carbon monoxide
molecules induces a reordering of sulfur struc-
ture. The sulfur overlayer is compressed, creat-
ing empty space on the surface for carbon

Ž . Ž .Fig. 4. STM images a before and b after the reordering of
Ž . Ž .sulfur overlayer on Re 0001 induced by CO exposure. a The

Ž .round maxima are due to individual p 2=2 ordered sulfur atoms
adsorbed at the hcp hollow site of the surface. Image size: 40=40
˚ Ž . Ž .A. b A hole has formed in the p 2=2 layer where CO has

Žadsorbed CO molecules are not visible in the STM images,
.presumably due to their facile diffusion on the surface . The sulfur

atoms which resided previously in the hole have been compressed
to form trimers of three atoms which appear as bright spots

˚surrounding the hole. Image size: 55=55 A.

monoxide adsorption. The new sulfur overlayer
Ž .presents a 3 63 = 363 R308 structure on

Ž . Ž Ž .. Ž .Re 0001 Fig. 4 b and a 63=63 R308 struc-
Ž .ture on Pt 111 . The CO molecules have a high

mobility on the surface and are not visible in
STM experiments. The change of sulfur over-
layer structure is reversible and the original
Ž .2=2 sulfur structure can be restored after
desorbing CO molecules at high temperature.

Competitive adsorption and mobility of ad-
sorbates on the surface attribute to the coadsorp-
tion-induced reconstruction of adsorbate over-
layers. If surface species are immobile because
of a high activation energy for surface diffusion,
coadsorption cannot take place. On the other
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hand, the adsorption energy of one adsorbate
must be sufficient to compress the other adsor-
bate into a more compact layer. If coadsorbates
have a very low heat of adsorption, the thermo-
dynamic driving force for adsorbate overlayer
reconstruction is absent.

2.1.3. Nanocatalysis by a platinum–rhodium
STM tip

A catalytic reaction on the nanometer scale is
observed by scanning an activated platinum–

Ž .rhodium STM tip over a Pt 111 surface inside
a reactor of propylenerH mixture. Propylene2

Ž .adsorbs via a partial dehydrogenation on Pt 111
at room temperature. The surface species is
highly mobile and not visible in STM scans
Ž Ž .. Ž .Fig. 5 A . At high temperatures )550 K , a
carbonaceous C H overlayer is produced onx y

the surface by decomposition of propylene. As
Ž .shown in Fig. 5 B , clusters have regular diame-

ters and covers the entire span of platinum
˚Ž .terraces ; 100 A . A tip-induced catalysis is

initiated when the platinum–rhodium tip is acti-
vated by pulses of several tenths of a volt. As
the catalytically active tip scans over the sur-
face, the carbonaceous clusters are removed and
only steps of the platinum surface are visible in

Ž Ž ..STM images Fig. 6 A . The activated tip has a
Žlifetime of minutes before it is deactivated Fig.

Ž .. w x6 B , presumably by contamination 20 .
We believe that the catalytic action by the

Pt–Rh tip consists of a H dissociation on the2

STM tip and a hydrogenation of the carbon
Ž .clusters on the surface Fig. 7 . Once hydro-

genated, the clusters are dissolved and remain
invisible to the STM. This could be a result of
either desorption of the hydrogenated fragments
or their rapid diffusion on the surface at room
temperature.

( )2.2. Sum frequency generation SFG

Infrared–visible sum frequency generation
Ž .SFG is an interface specific vibrational spec-

w xtroscopy technique 21 . It is ideal for studies of
surface reaction intermediates at variable tem-

Ž .Fig. 5. STM images of a Pt 111 surface covered with hydrocar-
bon species generated by exposure to propylene gas. Images taken

Ž .in constant- height mode at 0.1 V bias and 1.3 nA of current. A
After adsorption at room temperature, the propylidyne species that
formed was too mobile on the surface to be visible. The surface

˚Ž .looks similar to that of the clean surface. Terrace ;100 A wide
Ž .and monatomic steps are the only visible features. B After

heating the adsorbed propylidyne to 500 K, clusters are formed by
polymerization of the C H fragments. The clusters are of ap-x y

proximately round shape with a diameter equal to the terrace
width.

perature and variable reactant pressures. Al-
though a few other surface vibrational spectro-
scopies provide satisfactory results for surface
chemistry studies under vacuum, their applica-
tions under high gas pressures are seriously
limited. For example, high resolution electron

Ž .energy loss spectroscopy HREELS uses an
electron beam as probe and can be only oper-
ated under a high vacuum. Transmission and
reflection infrared spectroscopies pick up gas
phase intensities along the optical path under
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Ž .Fig. 6. The catalytic action of the STM Pt–Rh tip on a Pt 111 surface covered by carbonaceous clusters. The clusters are formed by
polymerization of C H fragments after heating the adsorbed propylidyne to 550 K. Images were collected in 1 atm of propylenerHx y 2
Ž . Ž .10:90 mixture. The Pt–Rh tip was activated by applying a voltage pulse of 0.9 V. A Surface scanned by a catalytically active tip. All the

Ž . Ž . Ž .clusters were removed. B A slightly larger image of the area shown in A center square of this image , obtained after the tip was
‘deactivated’, presumably by contamination. The active tip has a lifetime on the order of minutes.

high pressures. By contrast, sum frequency gen-
Ž .eration SFG generates virtually no signal from

the gas phase and bulk material. It is arguably
the most suitable technique for monitoring sub-
monolayer concentrations of surface intermedi-
ates in situ during heterogeneous catalytic reac-
tions on single crystals.

In an infrared–visible SFG study of catalytic
reactions, a batch reactor is filled by atmo-
spheric pressures and reaction rate is monitored
by a gas chromatograph. The surface is illumi-
nated with two high-intensity lasers: a green
light and a tunable infrared beam. Photons of
sum frequency are generated at the gas–solid

Ž .interface Fig. 8 . By monitoring the sum fre-
quency signal as a function of incident infrared
photon energy, a vibrational spectrum of surface

Fig. 7. The proposed model for the catalytic action by the active
tip, which assumes a Pt–Rh tip with atomized hydrogen at the
apex, which hydrogenated the carbon bonds of the clusters on the
surface.

w xspecies can be obtained 22 . Below we describe
applications of SFG on alkene hydrogenation
reaction studies.

( )2.2.1. Ethylene hydrogenation on Pt 111
Ethylene hydrogenation reaction on platinum

surfaces is one of the simplest catalytic reac-
tions. The reaction takes place at room tempera-
ture. As shown in Fig. 9, a reaction mechanism
proposed by Horiuti and Polanyi suggests that
ethylene is hydrogenated stepwise by H atoms
on the surface. In absence of hydrogen, several
distinct species have been identified in UHV
conditions for an ethylene monolayer absorbed

Ž .on Pt 111 . At temperatures below 50 K, mono-
layer molecules interact weakly with the surface
via a p-coordination. Ethylene is physisorbed

Fig. 8. The UHVrbatch reactor for in situ SFG measurements.
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Fig. 9. Horiuti–Polanyi mechanism for ethylene hydrogenation on platinum.

Ž . Ž . Ž .Fig. 10. a SFG spectrum of the Pt 111 surface during ethylene hydrogen with 100 Torr H , 35 Torr C H and 615 Torr He at 295 K. b2 2 4
Ž .The vibrational spectrum of the same system after the evacuation of the reaction cell. c The SFG spectrum after the reactor is refilled with

Ž .the same gas mixture as a .
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with its C–C bond parallel to the surface, and
interatomic distance between two carbon atoms
is almost unchanged with respect to the gas-
phase molecule. At a temperature between 60 K
and 240 K, the carbon atoms attain nearly sp3

hybridization and bond directly to the substrate.
This is referred to as di-s bonded coordination.
A further annealing of the surface induces dehy-
drogenation of ethylene molecules. Ethylidyne
is formed by losing one hydrogen and transfer-
ring a second hydrogen atom to the other car-
bon, and is the prominent hydrocarbon species
on surface up to 450 K.

Several groups have studied by infrared spec-
troscopy the reaction intermediates in the hydro-

w xgenation reaction 23–25 . All the works, how-
ever, were carried out in absence of ethylene in
the gas phase. By contrast, SFG allows us to
monitor surface in situ under catalytic condi-

w xtions 26 . Three features present on the surface
under 110 Torr H and 35 Torr C H at 295 K2 2 4
Ž Ž ..Fig. 10 a . Compared with fingerprint spectra
of surface species prepared in vacuum, the peaks
at 2880 cmy1, 2910 cmy1 and the small peak
around 3000y1 can be assigned to ethylidyne,
di-s bonded ethylene and p bonded ethylene,

Ž .respectively. The weak n CH signal for p-s 2

bonded molecules can be attributed to a
surface-dipole selection rule for metal surface,
that dynamics dipoles parallel to the surface
plane are canceled by image dipoles inside the
metal. The spectrum was stable for hours while
the reaction rate remained constant. After the
gas mixture was evacuated from the reactor,
surface was saturated with ethylidyne while di-s
and p-bonded ethylene molecules disappeared
Ž Ž ..Fig. 10 b . After the reaction cell was
recharged with ethylenerH mixture, the reac-2

Ž .tion rate was recovered. As shown in Fig. 10 c ,
p-bond ethylene was restored on the surface
while the intensity from the di-s bond species
did not return. This demonstrated a direct com-
petition for adsorption sites between the ethyli-
dyne and di-s bond ethylene. Since a high
turnover rate was again observed in the second
run in absence of di-s-bonded species, the hy-

Ž .Fig. 11. SFG spectrum of ethylene hydrogenation on Pt 111 with
727 Torr H and 6.0 Torr C H at 295 K. The two peaks marked2 2 4

with arrows are features characteristic of an ethyl species.

drogenation through the di-s-bonded ethylene is
at most a minor channel in the reaction scheme.

It was also observed that the ethylene hydro-
genation reaction occurred at the same rate re-
gardless of the presence of ethylidyne on the
surface. In addition, preadsorbed ethylidyne
groups do not affect the reaction rate. It indi-
cates that ethylidyne is not directly involved in
the hydrogenation reaction. A same conclusion
was reached in a transmission infrared spec-
troscopy study of 14C ethylidyne hydrogenation

w xin hydrogen 27 .
In contrast to the behavior of di-s-bonded

ethylene and ethylidyne, the appearance of p-
bonded species is directly correlated with the
reaction rate. It is mostly likely to be the key
intermediate in ethylene hydrogenation.

Surface ethyl groups are visible at a very
high hydrogen pressures. Under 727 Torr H 2

and 6.0 Torr C H at 295 K, two additional2 4
Žpeaks are present on the SFG spectrum Fig.

.11 . They can be assigned to an ethyl species on
the surface. The low surface concentration of
ethyl groups at medium hydrogen pressure
regime suggests a high degree of reversibility in
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the addition of the first hydrogen into adsorbed
ethylene.

2.2.2. Propylene and isobutene hydrogenation
( )on Pt 111

w x w xPropylene 28 and isobutene 29 hydrogena-
Ž .tion have been also studied by SFG on Pt 111

at room temperature. Similar to ethylene hydro-
genation, propylene and isobutene are hydro-
genated on platinum stepwise by atomic hydro-
gens, which are formed in hydrogen dissocia-
tion on surface. The reactions proceed via alkyl
intermediates. An issue of interest is the regios-
electivity of hydrogen addition to propylene and
isobutene, i.e., the position selectivity of hydro-
gen atom addition to two nonequivalent carbon
atoms in the C5C double bond. A hydrogen
addition to the terminal carbon and internal
carbon of propylene yields 2-propyl and 1-pro-

Ž .pyl groups, respectively Fig. 12 . Similarly,
Ž .2-isobutyl tertiary-butyl and 1-isobutyl groups

are formed in a hydrogen addition to terminal
Ž .and internal carbons of isobutene Fig. 13 .

Fig. 13. Possible reaction pathways for isobutene hydrogenation
Ž .on the Pt 111 surface.

Under reaction conditions of propylene hy-
drogenation, 2-propyl and p-bonded propylene
species were observed on the surface. Vacuum
studies indicated that 2-propyl and 1-propyl
groups had similar hydrogenation rates. It
demonstrates that the 2-propyl group is the reac-
tion intermediate and not just a spectator resid-
ing on the surface. 2-propyl groups are formed
in a preferential addition of hydrogen atom to
terminal carbon in propylene molecules.

Ž .Fig. 12. Possible reaction pathways for propylene hydrogenation on the Pt 111 surface.
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The isobutene hydrogenation reaction has
presumably a different reaction mechanism. Al-
though 2-isobutyl groups and p-bonded
isobutene were the dominant surface species
detected under reaction conditions, the hydro-
genation rate of 2-isobutyl was much slower
than that of 1-isobutyl. As a result, isobutene
hydrogenation may be forced to proceed from
p-bonded isobutene through the slow kinetic
step of 1-isobutyl formation. It provides an ex-
planation of a slow isobutene hydrogenation
rate, which is at least one order of magnitude
lower than for those of 1-butene and cis-2-
butene.

3. New model catalysts: fabrication of metal
nanoclusters by electron beam lithography

3.1. Methodology

Although the single crystal studies are bene-
ficial to our understanding of catalytic chem-
istry at the gas–solid interface, certain features
of industrial supported catalysts are missing in
the model system. The metal particle size has a
potential influence on the catalyst reactivities.
Oxide support also plays a prominent role in the
catalytic reactions. A substrate-induced charge
transfer to and away from the metal particles
modifies their reactivity. In addition, since most
catalytic reactions involve molecules diffusing
between and reacting with more than one metal
particle, separation between the catalyst parti-
cles can be another factor affecting catalyst
performance.

One of the major challenges in modern catal-
ysis research is to develop model supported
catalysts. Model catalysts have to be prepared
that consist of metal particles in the proper size
range of 1–100 nm. A precise control of parti-
cle size and separation is desirable, which al-
lows us to study dependence of catalyst reactivi-
ties on particle size and interparticle distance.

Fabrication of small metal particle arrays with
ordered structures is now feasible using modern

Fig. 14. A schematic diagram of the electron beam lithography
process.

microelectronics technologies. Nanoscale metal
catalysts with uniform size, shape and inter-par-
ticle distance can be produced by electron beam
lithography. A schematic diagram of electron
beam lithography process is presented in Fig.

Ž14. A polymer normally polymethyl methy-
Ž ..acrylate PMMA layer is first spin-coated onto

the substrate. Features are ‘written’ on the poly-
mer layer by a highly-collimated electron beam
followed by dissolution of the damaged poly-
mer. The sample is then coated by a metal thin
film. After polymer remaining on the substrate
is lifted off, metal particles are deposited only at
positions previously registered by electron beam
exposure.

Unlike many other nanofabrication technolo-
gies, lithography is a viable technique for manu-
facturing particles of any material on a variety
of supports. Supports in industrial catalysts will
be modeled by commercially available oxide
surfaces: SiO , Al O , TiO , etc. The univer-2 2 3 2

sality of the technology is essential to catalysis
studies, which often requires different composi-
tions of catalyst particle and support. By adjust-
ing particle size, shape, spacing and support, we
shall manipulate the diffusion distance of
molecules, the number of active reaction sites
on the surface and the electronic structure of the
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catalyst. An optimization of catalyst perfor-
mance can be accomplished.

UV light and X-ray radiation have also been
used in lithography studies. The main advantage
of electron beam lithography over the other
techniques is its exceptional high resolution. It
can generate features as small as a few nanome-

w xters 30 . Notice that the average particle size of
industrial catalysts is 1–100 nm, electron beam
lithography is, at present, the best choice in
model catalyst preparation.

3.2. ReactiÕity tests

An initial reactivity test of metal clusters
prepared by electron beam lithography has

w xyielded encouraging results 31 . A metal cluster
sample was prepared by Dr. S.J. Wind at IBM
research center, Yorktown Heights. Platinum
particles of 50 nm diameter and 15 nm height
with 200 nm periodicity have been prepared on
a 0.5=0.8 cm oxidized silicon wafer. Scanning

Ž .electron microscopy SEM pictures of the metal
cluster array are shown in Fig. 15.

The cluster sample shows a remarkable sta-
bility upon annealing and exposure to ions and
electrons. It allows us to remove surface con-
taminants by low energy ion sputtering and
oxygen treatment. The sample can be character-
ized by electron- and ion-scattering surface sci-
ence spectroscopies. AFM studies indicate that
the sample structure remains intact after surface
cleaning, catalytic reaction and sample charac-
terization.

The rate of ethylene hydrogenation over this
new model catalyst was measured in a
UHVrhigh pressure system. The surface area of
metal cluster arrays is one to two orders of
magnitude smaller than a single crystal surface
of comparable sample size. Fig. 16 shows the
ethane yield as a function of time at room
temperature, along with a background signal
taken on a blank silicon wafer. The measured
turnover rate is in good agreement with previ-
ous results obtained on conventional supported
catalysts and single crystals. As shown in Fig.

Fig. 15. SEM micrographs of platinum cluster array fabricated by
electron beam lithography. The sample has a cluster size of 50 nm
and a periodicity of 200 nm.

16, an increase of reaction rate is also observed
upon increasing sample temperature.

The saturation coverage of adsorbates on the
platinum cluster sample can be determined from
peak areas in thermal desorption studies. The
thermal desorption spectra of D and 13C18O2

from the cluster sample are displayed in Fig. 17,
along with reference spectra collected on a plat-
inum foil. The ratio of deuterium desorbing
from the cluster sample to that desorbing from
the reference foil sample is 2–4 times greater
than the same ratio for carbon monoxide. This
indicates a spillover of deuterium from platinum
metal clusters onto silicon oxide support, which
is a characteristic of dispersed metal catalysts.

Through the collaboration with IBM, we have
accumulated valuable experience on electron
beam lithography, sample handling, surface
cleaning and reactivity studies of nanoscale
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metal clusters. Unfortunately, the electron beam
lithography machine at IBM can only fabricate
features of )30 nm. They are significantly
larger than industrial catalysts, which usually
have an averaged size of -10 nm. A world-
class electron beam lithography apparatus has
been recently installed in Lawrence Berkeley

Ž .National Laboratory LBNL . The ‘nanowriter’
is designed with a resolution of 2.5–5 nm and a
capacity to handle 8Y diameter samples. With
the advances in the resolution, we shall be able
to fabricate metal cluster arrays with the same
structural properties as metal crystallines in in-
dustrial catalysts.

3.3. Promise

Reactivity of industrial catalysts is often
modified by additives, and in many cases metal
alloys are adapted as catalysts. These multicom-
ponent catalysts can be modeled by multimetal-
lic and alloy clusters fabricated by electron

Fig. 16. Accumulated ethane yield for ethylene hydrogenation
over platinum cluster array deposited on an oxidized silicon wafer.
The experiment is carried out in a batch reactor coupled with a
UHV system, using 1 atm hydrogen and 0.016 atm of ethylene. A
background signal is collected on a silicon wafer blank. In the first

Ž .reaction squares the sample temperature was raised rapidly from
Ž .room temperature 248C to 758C for 4.75 min and then cooled

Ž .quickly back to room temperature. In the second reaction circles
the sample temperature was slowly increased to 758C over ;1 h
before being cooled to room temperature. As shown in the figure,
ethane is produced at a steady state rate of 30 sy1 over the
platinum clusters using a geometric calculation of the surface area.

Fig. 17. Thermal desorption spectra of 13C18 O and D from2

platinum cluster array sample and a platinum foil.

beam lithography. Particles of different con-
stituents can be placed on the same support
sequentially by repeating cycles of electron
beam lithography. Electron beam lithography is
also valuable to furnish high technology cata-
lysts of variable structures. Three-dimensional
metal cluster arrays of a uniform size and spac-
ing can be also constructed. Increasing surface
area is desirable in production of metal catalysts
of technological significance.

Since electron beam lithography generates
patterns point by point in a serial manner, at the
current stage its throughput is too low to be
economically practical for mass production of
high technology catalysts. However, numerous
low-cost, high-throughput lithographic tech-
nologies with high resolution are under develop-
ment. X-ray lithography has shown a 20 nm

w xresolution in a contact printing mode 32 .
Lithographies based on scanning proximal
probes have been introduced, with a resolution

w xof about 10 nm 33 . The same resolution can be
achieved by imprint lithography, which is based
on a compression molding and pattern transfer

w xprocess 34 . With further refinements, these
lithographic technologies can support a mass
production of sub-10 nm structures. It can be
expected that fabrication of industrial catalysts
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with uniform structure will be a necessity in a
near future and microfabrication technologies
are viable for the task.

4. Other future directions

The demands of catalyst modernization and
the advances of surface science technologies are
governing the directions of future research, in-
cluding design of new catalysts and investiga-
tion of surfaces with increasing complexity. It
can be expected that an increasing spatial and
time resolution in surface and adsorbate struc-
ture characterization will be among the frontiers
of surface science research.

Many surface phenomena occur at a short
time scale: molecule–surface collision, dissipa-
tion of translational energy, thermal accommo-
dation of molecules on the surface, surface mi-
gration, lifetime of unreacted molecules and
transient reaction intermediates on the surface at
reaction temperature, etc. Time-resolved surface
science technologies should be developed to
address these important issues. Laser-based
spectroscopies can provide the necessary time

Ž .resolution femtosecond, if necessary . Some of
the techniques can be operated at high pressures
Ž .sum frequency generation, for example .

Adsorbate-induced substrate reconstruction
Ž .can be both local short range and diffusion

Ž .controlled long range . The time scale of the
process ranges from the chemisorption time

Ž y15 y12scale 10 s for change transfer and 10 s
.for surface vibrations to the time scale of cat-

Ž .alytic reactions s . It has been demonstrated
w xthat carbon monoxide oxidation to CO 6,352

and ammonia reaction with NO to form N and2
w xH O 36 show oscillatory behavior under cer-2

tain temperatures and reactant pressures. The
periodic surface reconstruction attributes to the
oscillation of reaction rate. A time- and spatial-
resolved dynamics study of substrate and adsor-
bate structures will be beneficial to fully under-
standing the surface reconstructions and their
implication in heterogeneous catalysis.

The ultimate goal of catalysis research is to
optimize the catalyst performance: accelerate
reaction rate, increase product selectivity and
inhibit catalyst deactivation. A mechanistic study
of catalytic reactions will provide a basis for the
design of new catalysts. The realization of the
designed catalyst relies on advances in material
science and chemical engineering, and involves
interdisciplinary collaboration of physicists,
chemists, engineers and material scientists.

It can be also anticipated that technologies
and concepts developed in gas–solid interface
studies will be adapted to explore other inter-
faces. For example, solid–liquid interfaces are
involved in many important processes, includ-
ing catalysis at solid–liquid interfaces, electrode
reactions, reactions of colloid surfaces and a
large number of biological phenomena. Laser
spectroscopies, STM and solid-state NMR spec-
troscopy are among the techniques applicable
for these studies.
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