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Abstract

Model systems for studying molecular surface chemistry hewgved from single
crystal surfaces at low pressure to colloidal nanopartitlbgyh pressure. Low pressure
surface structure studies of platinum single crystals usingeaulalr beam surface
scattering and low energy electron diffraction techniques probeirtlypie activity of
defects, steps and kinks at the surface for dissociation readtderds C-H, C-C, O=0
bonds). High-pressure investigations of platinum single crystafgy wim frequency
generation vibrational spectroscopy have revealed the presahtieeanature of reaction
intermediates. High pressure scanning tunneling microscopy wfpta single crystal
surfaces showed adsorbate mobility during a catalytic reademoparticle systems are
used to determine the role of metal-oxide interfaces, site bloekidghe role of surface
structures in reactive surface chemistry. The size, shapeocamgbsition of nanoparticles
play important roles in determining reaction activity and selectivity.

*To whom correspondence should be addressed. E-mail: somorjai@berkeley.edu



|. Introduction

Much of the research by Gerhard Ertl's group is focused on vacwdestof
reactive chemistry on single crystal surfaces, with a apemiphasis on chemisorption
2. During the last forty years, both molecular surface sciancesurface technologies
underwent explosive developmehtinstruments are now available that permit atomic
scale analysis of the structure and composition of surfaces iouamaand at solid-gas
and solid-liquid interfaces during active catalytic reactigfig

The three types of surfaces studied are shown in Figuretérnak surfaces are
generally single crystals (Figure 1%)Internal surfaces are where most of the surface
area is located inside the micropores or mesopotesThese surfaces may contain metal
nanoparticles for catalytic purposes (Figure 1b). Nanoparticles faoricated by
lithography techniques or synthesized in colloidal solutions (Figuré-it)

The current technologies developing most rapidly within modern surface
chemistry are shown in Figure'2 These applications include catalysis, biointerfaces,
electrochemistry and corrosion. The properties and technologiesl lmasehese
properties can now be revisited, allowing for studies and increasedstaming on the
molecular scale. For example tribology, the science didn, lubrication and wear, has
experienced a renaissance with the development of new technologisspeifior
lubricants, wear-resistant coatings, and new nanotribological $acls as friction force
microscopy™> *°

This review focuses on the catalytic reactivity of platinnonshow how the
evolution of molecular surface chemistry led to more advancedcapphs of this metal.
Platinum is the grandfather of all catalysts and is outstandingarrying out many
chemical reactions. It was first used in 1823 to produce flantésgdahe combustion of
hydrogen in air. Paul Sabatier compiled a book on organic reactioeterated by
platinum at the end of the 1entury'” * Today, platinum is the main component of
the catalytic converter in automobiles that cleans the exlgassts. The metal is also
used to produce high-octane gasoline from naphtha.

Our studies indicate that the platinum surface restructuresigduratalytic

reactions. It has a different structure when it carries out tamaeactions than when it



rearranges organic molecules. This chameleon-like behavior riak&ay versatile in
many catalytic reaction$?>. Three aspects of the study of molecular surface chgmist
of the metal are highlighted here; the study of platinum singlstal surfaces in a
vacuum, the catalytic activity of platinum single crystal stefain high pressures and
the synthesis, characterization and catalytic reactions on platinaoparticles 1-10 nm

in size.

Il. The Study of Platinum Single Crystal Surfaces in a Vacuum and at Low (< ID

Torr) Pressures
Il.a. Low energy electron diffraction (LEED)

The surface structure of clean surfaces and adsorbed molecutesiveevered
using Low energy electron diffraction (LEED) surface crystahphy ® 2% 2 A
schematic of LEED is shown in Figure 3a. The small (~%) gimgle-crystal sample is
cleaned in an ultrahigh vacuum chamber, usually using a chemasth wr ion-
bombardment. Afterwards, the crystal is heated to permit the ogdefisurface atoms
through diffusion to equilibrium positions. An electron beam, in the enamye of 10-
200 eV, is back-scattered from the surface and detected as a functiorggfaangle.
Due to the small mean free path of low energy electrons, tthaitgie is sensitive to the
atomic surface arrangement. Figure 3b show the LEED psittérPt(111) and Pt(557)
surfaces representing the hexagonal and stepped surface structures.

LEED surface crystallography studies resulted in the discovarythe
reconstruction of clean surfaces. A surface is formed by cutinoggh the solid parallel
to a chosen plane of atoms. Surface reconstruction is causeé lgymmetry of the
atomic arrangement at the interface, leading to a change ieléctronic states near and
at the surface that reduces surface free energy. Thissresal change in the equilibrium
position of surface atoms. Figure 4a shows the surface recormirwdétithe clean Pt

(100)** surface to the (I x 5) surface structure.



By monitoring the intensity of the diffracted beams as a funaifaheir kinetic
energy, the surface structure of many organic molecules, sudhyésne on Pt (111),
was determined®. The surface structure includes such details as precise bomtéista
and bond angles. Figure 4b shows metal surface restructuring inoledadylene (gH,)
adsorption in the form of ethylidyne £ds), indicating that the adsorbate-surface
interaction induces both the molecular rearrangement of the adsodvat the
reconstruction of metal surfaces around the adsorption site. Thesessandi othefs
show that adsorbate-induced restructuring of metal surfacesciamfrgurations similar

to metal-organic complexes.

II. b. Molecular beam surface scattering

Parallel with these studies of surface structures, molecular beaamessdattering
was developed and used for studying reactions and energy trapsfereb incident
molecules and the metal surface atdfhsA well-collimated beam of molecules with a
uniform and known translational energy and known rotational and vibratsiatd
populations strikes a clean metal surface. Some of the maeandeback-reflected after
a very short residence time, while others are trapped for naraed times before
desorbing. By measuring the amount of translational energy exachayggetecting the
velocity and angular distribution of the scattered molecules wsthitable time-of-flight
analysis, the gas-surface energy transfer process can b#éelds€igure 5a shows a
schematic of molecular beam surface scattering where thmsbe& molecules are
directed towards the surface.

Figure 5b shows molecular beam scattering results from stuafiesl,-D,
exchange. These results indicate that atomic steps on metatesutfeeak chemical
bonds, in this case hydrogen-hydrogen bonds, with unit reaction probabhiy is,
every hydrogen molecule dissociated when scattered from the dtplap@um surface.
When a defect-free platinum (111) crystal face was studied, $seaiation probability
of molecular hydrogen was below the detection limit of #0 Combined molecular

beam surface scattering and LEED-surface structure stuaiealed the unique activity



of defects, atomic steps and kinks on metal suriacgissociating H-H, C-H, C-C,£€D
and O=0 bonds.

II. Catalytic Activity of Platinum Single Crystal Surfaces at High Pressures

lll.a. Development of instruments for high pressure studies

Catalytic reactions cannot be fully studied in a vacuum becaute afery low
reaction probability inhibiting their detection. Techniques utilizedstudy surfaces
under pressure have been developed. This review highlights three techiegakgped
for studying surfaces at high pressure: a high pressure-ufifa idicuum combined
system, sum frequency generation (SFG) vibrational spectroscopy and scanneimg
microscopy. Schematics of these three techniques are shown in Figure 6.

A high pressure-ultra high vacuum combined system permitted bothiorea
studies at high pressures and surface analysis, which needed Viaetarsn and after
reactions (Figure 6a).Using these hybrid systems, we investigated various catalytic
reactions, including ammonia synthesis on iron, rhenium crystal cesrfaand
hydrocarbon conversion reactions over platinum. The reaction rate aulicpr
composition was found to depend upon the surface striéture

SFG vibrational spectroscopy is a surface-specific opticahtgae (Figure 6bj:
29.30.31.32 One or both laser frequencies are tuned and overlapped both spatially
temporally on the surface of interest. SFG is a second-ordan@anbptical process,
and as such a signal is forbidden from a centrosymmetric mediam,as the bulk of
face centered cubic crystals or an isotropic high pressurergatiquid®* 34 However,
at the surface or interface, the second order susceptibilinonszero. The overall
efficiency of the SFG process will be enhanced when one of thmsbisain resonance
with a vibrational level of a species at the interface. &ngsing one of the lasers in the
infrared frequency regime, a sum frequency signal can be obtamethe surface yields
a vibrational spectrum that is sensitive only to molecules bddawn the surface. This
signal is in the visible frequency range.



High pressure scanning tunneling microscopy (HPSTM) provides eabyni
resolved images of surfaces under high gas pressures and dateitygic reactions>>’
(Figure 6¢). While most spectroscopic techniques yield time-gedranformation of
structure and bonding, STM detects surface dynamics when motion arbaits and
metal atoms occurs at speeds comparable to or less than the scan ratexahapgly 10

um/s.

lll.b. Study of benzene hydrogenation with high pressure techniquse

SFG vibrational spectroscopy and high pressure STM were used ttontbei
surface reaction intermediates and surface mobility during benzgth®genatiofy.
Benzene hydrogenation is an industrially relevant reaction irolpei refining and
downstream chemical processing and has two products: cyclohexeéney@ohexane.
SFG vibrational spectroscopy under high-pressure benzene hydiogaeataled three
characteristic vibrational bands on the Pt (111) surface, H-C-GAjovifH-C=C-), and
physisorbed benzene bands (Figure®?45.

Interestingly, when the surface is scanned during theilsaaarnover of benzene
hydrogenation, no scanning tunneling microscopy pictures are sage. $Gale images
(~1000 A) still reveal the same platinum steps regularly rebge but no molecular
surface structure can be resolved (Figure 7b). This indideethe adsorbed monolayer
of molecules and atoms is now too mobile to be imaged with STM. midb@mum
scanning speed at which high resolution images can be obtained is d@aunbut
several scans may be necessary to image an entire molédolecules that diffuse or
adsorb/desorb on a faster time scale than this are not abledsdbeed. The formation
of this mobile overlayer also corresponds to the onset of catalgtiigty, as monitored
by the mass spectromefér Once the reaction stops due to surface poisoning by carbon
monoxide, ordered structures form and no reaction product is formed (Figuréhe
high-coverage pure CO structure corresponds towh® x V19) R23.4° structuré’. Al
benzene adsorbates have been displaced by the strongly bound andpaokety CO
molecules. The high mobility of adsorbates on the surface undsroreaonditions is

important in freeing up active sites, which results in catalytic tumove



V. Synthesis, Characterization and Catalytic Reactions on Platinum

Nanoparticles in the 1-10 nm Range. Influence of Size, Shape and Support

IV.a. Synthesis of Pt nanoparticles and development of 2D and 3D nanoparticle

arrays

Model single crystal catalysts cannot identify all of theivacsites that are
important for catalytic selectivity, since catalysts areallg nanoparticles supported on
oxide surfaces. Therefore, we developed model nanoparticleshbgriphy techniques
and colloid chemistry-controlled nanoparticle synthesis (FigurantcFigure 8). These
nanoparticles are placed on a Langmuir-Blodgett trough and pulkednasiolayer film at
various densities. This approach allows two-dimensional metal nantgantiays to be
formed™. The average inter-particle spacing can be tuned by varyirigcs pressure.
This approach has the advantage that size and composition of the nalespestic be
controlled. The formation of an oxide—metal interface between namdgsiand substrate
can also be obtained when synthesized using this colloidal processusv/aurface
techniques, such as X-ray photoelectron spectroscopy (XPS) anid &ocre microscopy
(AFM), can be utilized to characterize chemical composition moedphology of 2D
nanoparticle arrays before and after chemical reactions. eRgsihhows an SEM image of
hexadecylthiol-capped Pt nanoparticle arrays on a silicon waf@noparticles can be
incorporated in mesoporous high surface area oxides such as SBAAFEM image of
platinum nanoparticles encapsulated in mesoporous silica withnaelhstructure (SBA-
15) is also shown in Figure 8. This process forms a 3-dimensional wetdéfst system
with high surface area (> 1°fg).

With stabilizing agents, the colloid nanoparticles permit us to abthte size and
shape that are required to precisely quantify catalytic inflsenidas is in contrast to the
approach using Pt clusters to prepare conventional oxide-supporteclistsahat have
been used for several decades. The nanoparticles created laneangingle crystalline
domain, meaning the particles can be created with a precise control of juthaskasize.

This allows for very controlled experiments that answer questibast the roles of steps



and kinks as reactive sites, as well as better understandiig oble surface structure
plays in determining catalytic activity and selectivity. Hfoeous nature of capping layers
allows the reactants and products to travel through the capping laxeibiting
reproducible measurements of turnover rate.

Our focus was to create platinum, rhodium or bimetallic nanopartitdéan be
produced with monodispersity and well-controlled shape™ ** Using hexachloro
platinic acid or rhodium acetyl-acetonate as a precursor monomecowe produce
monodispersed metal nanoparticles that were individually coatedawptiilymer cap to
prevent aggregation in solution. As the particles nucleate and drewate held in a
polymer with pores sized to allow growth to 1-8 nm as shown irB&idParticle size is
controlled by the monomer concentration. With suitable changes to the growtlefgsm
the shape of these particles is controlled. Figure 9b shows auwoctahedral, and
porous Pt nanopatrticles prepared using tetradecyltrimethylammaroonde (TTAB) as
a surface-stabilizing reagent. By changing the pH value of #i&H\(reducing solution
which contributes to control of the reduction rate), shape evolutbon éuboctahedra to

cubes was observed. Porous particles were obtained by reduction in ascorbic acid.

IV.b. Influence of size, shape and composition of metallic nanoparticles ohet
activity and selectivity

Size dependence of Pt nanoparticles

Reaction selectivity is a major focus of*2dentury catalysis science. That is, if
there are several thermodynamically stable products, only aredi@roduct is formed
4446 We have investigated some typical multipath reaction seléesivbenzene and
cyclohexene hydrogenation. Reaction selectivity is much lesgsiadd than reaction
activity of single-product catalytic reactions, such as ammenwidhesis or ethylene
hydrogenation. A very small change in competing potential ers&giers changes the
product selectivity dramatically. These changes can be causstubtural changes or

the use of additives.



Figures 10a and 10b shows reaction selectivity and activation yerierg
cyclohexene hydrogenation/dehydrogenation on Pt nanoparticles rlSRA a function
of particle size. These results show that benzene formatiomeedis particle size
increases, while cyclohexene formation remains unchanged kétiges in particle size.
The activation energy for dehydrogenation to benzene increaemuareasing particle
size. This result implies that the size of the nanopartislamportant for control of

reaction selectivity.

Shape dependence of Pt nanoparticles

We studied the form of benzene hydrogenation that produces cycloh&xdne
cyclohexene on the platinum (111) surface and cyclohexene on the (£80) &G
studies on platinum (100) and (111) identifieenllyl c-CgHg as the most abundant
reactive intermediafé This reaction intermediate was found on the Pt(100) surface, but
not on the Pt (111) surface. This indicates that adsorbed cyclohexeree readily
dehydrogenates to form-allyl c- C¢Hg on the Pt(100) surface than on the Pt(111)
surface.

This face specificity of benzene hydrogenation makes it Idaitbor probing
nanoparticle shape-dependent reaction selectivity. Benzene hydtioge studies on
cubooctahedra and cubic Pt nanoparticles demonstrated that cycloharene
cyclohexane formed on cuboctahedral nanoparticles, while only cyclohéamed on
cubic nanoparticles, consistent with previous results for singtatrPt surfaces (Figure
11) *®. This study indicates the importance of nanoparticle shagetérmining reaction

selectivity.

Composition dependence of catalytic reaction rates of bimetallic nanagicles

Composition is another important factor that influences catalgtitivity and

selectivity. Pt-Rh bimetallic nanoparticles with variable contmsand constant size (9



+ 1 nm) were synthesized by a one-pot polyol synthetic methobhe activity of CO
oxidation on these bimetallic nanoparticles was stutfied

Colloid techniques are used to take chloroplatinic acid or a rhodiurarpogclike
rhodium acetyl/acetonate), and in the presence of a polymer (P€Je metal ions are
then reduced in alcohol. Figure 12b shows the TEM images of monodaspttsdt s
nanoparticles. The size was 231.2 nm, which was determined by measuring 150
nanocrystals from a TEM image. Once monodispersed particleghveitdesired size and
composition are obtained, we can put them in a Langmuir troughapplg a certain
surface pressure to deposit different densities of nanopatrticle ayendilms. Figure 12b
shows the XPS spectra measured on two dimension®&@tRH{x = 0-1) nanoparticle
arrays on a silicon surface. We found that the intensity of kt3el Reak increases, while

the Pt4f and Pt4d peaks decrease as the composition of Rh increases.

We found that the turnover rate of a pure Rh nanoparticle is 20 tiraesf a Pt
nanoparticle under the reaction conditions used (100 Tgrd® Torr CO at 180 °C).
Rh/Pti« (x =0.2-0.8) particles exhibit an intermediate activity as shawfigure 12c,
while the activation energy increases from 25 to 27 kcal/mdi witreasing rhodium
content.

The observation that pure Rh nanoparticles are more reactivetmamoparticles
is consistent with the earlier CO oxidation studies on thin fifhasd single crystaf® >t
It is associated with differences in the initial dissociasitieking probability of oxygen (Pt
is 0.2 and Rh is 1.0 >3 As shown in Figure 12c, the reactivity of CO oxidation increases
nonlinearly as a function of Rh composition. This tendency could be dpefierential
migration of Pt to the surface, giving rise to a higher surfaceentration of Pt compared
to the bulk concentratiotf. The results demonstrate the possibility of controlling catalyti
activity in metal nanoparticle-oxide systems via tuning the coitiposof the

nanoparticles.

V. Correlations and Future Directions

It is necessary to use in-situ, surface sensitive techniques &HE STM), to
monitor nanoparticles as they undergo reactions, just as singlal csysfaces were

10



monitored during chemical reactiof$ as shown in the schematic in Figure 13. The
SFG studies of pyridine hydrogenation were successful in tadegegeyridinium cation
(CsHsNH™) reaction intermediates on TTAB covered platinum nanoparticlesttand
formation of fully hydrogenated piperidine molecules as reactionuptedn the gas
phase®. Preliminary studies using STM indicate that the metal nariclearicannot be
imaged because of the polymer capping. Work is in progressrove the polymer
capping to prepare the exposed nanoparticles for STM studies.

Enzyme catalysts, homogeneous or heterogeneous catalyst$ maaoparticles.
For example, cytochrome C has a 4 nm catalytic site, whegideithe protein ligands are
1.4 nm in size. A single site olefin polymerization catalystctviis homogeneous, is 1.6
nm in size. Platinum nanopatrticles are available that are active in the 1+&ginm.

Nature and technology produce catalysts in nhanometer scales é¢bausmall
number of atoms permits the flexible rearrangement of atomitigosn the catalyst.
Rearranging the catalyst surface requires breaking metalfvonds that requires energy.
When a metal atom has fewer neighbors, as would be the caseamoparticle, less
energy is required for rearrangement to occur. The reactingecmolek, reaction
intermediates and products must alter their bond distances tarmgarapidly. Reaction
is favored when relatively small number of bonds of the reactiolgcules to be broken
and reformed. Catalysis takes place more easily in a nantpé#otic, where less atoms
and molecules participate in the restructuring during the catalynover. The unique
catalytic properties of nanoparticles and capability of contigplgatalytic activity and
selectivity by tuning their shape, size and composition can bemg opportunities in
fundamental understanding of molecular surface chemistry and in amagjonical energy

conversion technologies.
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Figure Captions

Figure 1. The three types of surfaces studied. (a) Extarrfaces: Platinum (111) surface.
(b) Internal surfaces: the surface area located inside thetwse, such as mesoporous
silica. (c) Nanoparticles: atomic force microscopy (AFMpage of platinum nanopatrticles
made by electron beam lithography; transmission electrorostiopy (TEM) image of

cubic nanoparticles synthesized in colloidal solutions.

Figure 2. The current technologies developing most rapidly within modarface

chemistry

Figure 3. (a) Schematic of LEED instrumentation and (b) LEp&ferns on Pt(111) and
Pt(755) surfaces.

Figure 4. (a) Surface reconstruction of Pt(100) revealed with LEBDIllustration of

adsorbate-induced restructuring of metal surfaces for ethylene on Pt (111).

Figure 5. (a) Schematic of molecular beam scattering studeggction of the scattered
beam, desorbed reaction products or adsorbed species permits ananddeysof the
interaction between molecules and the surface. (b) High ragctif/iH,-D, exchange

revealed by molecular beam scattering.

Figure 6. (a) Photograph of a high pressure-ultra high vacuum cambystéem. The
high-pressure cell is shown in both the open (top) and closed (bottontjomssi
Schematics of (b) high pressure sum frequency generation (BP-8Brational

spectroscopy and (c) high pressure scanning tunneling microscopy (HR-STM)

Figure 7. (a) SFG spectra of benzene hydrogenation on Pt(111¢esurfidne reaction
occurs in excess hydrogen of about 100 Torr and 10 Torr of benzene. &aGoni
spectra reveal that the presence of three different speni¢he surface in this reactant

mixture: H-C-C-, vinylic (H-C=C-), and physisorbed benzene bamds2 nm x 20 nm

12



STM images of Pt(111) in the presence of 10 Torr of benzene, &@MmTH,, and 650
Torr of Ar at 353 K. (c) 20 nm x 20 nm STM image of Pt(111) in thegoras of 10 Torr

of benzene, 100 Torr ofdand 630 Torr of Ar heated to 353 K, 5 Torr of CO added, and
cooled to 298 K.

Figure 8. Evolution of model surfaces from single crystal Ptasad to nanoparticle
arrays supported in two- or three-dimensional oxide structures.EM iBiage of two-
dimensional (2D) nanoparticle arrays and a TEM image of thraerdiional (3D) arrays

are shown.

Figure 9. (a) TEM images of Pt nanoparticles with various siapped with PVP poly
(vinylpyrrolidone). Size of nanoparticles can be controlled withinréimge of 1.7 ~ 7.1
nm. The scale bars refer to 10 nm. (b) TEM image of Pt nanopartigth different
shapes (cube, cuboctahedra, and porous particles) stabilized with ThaBcale bar in

the images refer to 20 nm.

Figure 10. Size dependence of Pt nanoparticles on the seleatidigctivation energy for

(a) cyclohexene hydrogenation and (b) cyclohexene dehydrogenation.

Figure 11. Structural dependence of selectivity in benzene hyditigen Benzene
hydrogenation studies demonstrated that both cyclohexene and cyclolieragd on
cuboctahedral nanoparticles and only cyclohexane formed on cubic naneparticl

consistent with previous results for single-crystal Pt surfaces.

Figure 12.(a) The XPS plots measured on two dimensional&h (x = 0-1) nanoparticle
arrays on a silicon surface. (b) TEM images of thesRbenanoparticles. (dplot of the

turnover frequency (TOF), measured at 180 °C and 200 °C, #ftRland the activation

energies of nanoparticle arrays as a function of Rh composition (x = 0-1).

Figure 13. Schematic of in-situ monitoring of nanoparticles \fahhhigh pressure sum

frequency generation (SFG) spectroscopy and (b) high pressure STM.
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