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ABSTRACT.

The understanding of selectivity in heterogeneous catalysis is of paramporaimee to our
society today. In this review we outline the current state of the art iawrchsen selectivity in
heterogeneous catalysis. Curransitu surface science techniques have revealed several
important features of catalytic selectivity. Sum frequency generatioatigibal spectroscopy
has shown us the importance of understanding the reaction intermediates and mezhanis
heterogeneous reaction, and can readily yield information as to the effectpsrature,
pressure, catalyst geometry, surface promoters, and catalyst coomposithe reaction
mechanism. DFT calculations are quickly approaching the ability to assin& interpretation
of observed surface spectra, thereby making surface spectroscopy aroesgowerful tool.
HP-STM has revealed three vitally important parameters in heterogemdects/gy: adsorbate
mobility, catalyst mobility, and selective site-blocking. The developmesizefcontrolled
nanoparticles from 0.8 to 10 nm, of controlled shape, and of controlled bimetallic composition
has revealed several important variables for catalytic selectikégtly, DFT calculations may
be paving the way to guiding the composition choice for multi-metallic heteeoge catalysis
for the intelligent design of catalysts incorporating the many factordeaftisety we have

learned.

1. Introduction

Ferenc Marta was responsible for my first visit to Hungary in 1987 aft&lInygar absence.
His kind invitation to attend a photochemistry conference renewed my friendship and
interaction with many in this chemistry community which has continued unipted since

that time. Under the leadership of Professor Marta and his successor Gati@sREe



Chemistry Institute of the Hungarian Academy of Sciences gaingdatitenal reputation as
one of the outstanding research centers in Europe. Ferenc Marta has lit hefftaen
renaissance of chemistry that permitted Hungary to be counted among the déaeeesrch in
chemistry.

As we continue into the twenty-first century, heterogeneous catalysis hasakeva more
pivotal role. Not only do a great many industrial processes rely on heterogeastysts
today, but as the global concerns of energy production and conversion, alternative energy
sources, and climate change garner attention, the importance of hetetsgeatalysis is
again paramount. Although many reactions can be promoted with either homogeneous or
heterogeneous catalysis, the latter generally allows for less, i@ser toxic reagents, and
easier retrieval and recycling of the catdlysthis allows for a more “green” chemistry. In
this same regard, the ultimate goal in heterogeneous catalysis musfLb@%eselectivity for
the desired product in a multi-pathway reaction, eliminating unwanted byproducts. A
fundamental understanding of selectivity in heterogeneous catalysis ais@péage role in
emerging energy technologies as well. For instance, the efficienoynpfact mixed-reactant
fuel cells vitally depends on the selectivity with which the anode and cathati®edealysts
can carry out fuel oxidation and oxidant reduction within the sanfe cell

The understanding of how a heterogeneous catalyst works at the molecular l\@vel gre
exponentially during the twentieth century thanks in large part to the developméinahigh
vacuum (UHV) surface science techniques. Advancements in high vacuum technology
resulted in the ability to keep a catalyst surface clean long enough to dogatise
experiments. This resulted in techniques obtaining surface-specific ini@nrbg using

electron, photon, and ion scattering. For instance, adsorbing one or more reactal#arto a



metal surface, which was then probed with high resolution electron energy lossssymgmt
(HREELS), resulted in the vibrational signature of surface-bound molemuteimtermediatés
(Fig 1).

The limitation of the electron and ion scattering techniques, however, was thefetteey
bound to the low pressure regime due to the large collisional cross-section gifrtieesewith
the gas or liquid phase molecules. This created a “gap” in pressure between theffisaldam
research being done in surface science laboratories and the pressureh attahytic
reactions would be carried out industrially. Being limited to the low-pressgime made it
difficult to study such reactions as hydrocarbon reforming which have very éotae
probabilitie$ necessitating high pressure conditions. Further, short lived surface reaction
intermediates can only be observed under conditions of low temperature or highepriess
low temperature conditions can yield reduced adsorbate mobility, reducing thedadliiie
adsorbates to follow the reaction mechanism. In addition to the mobility of the adsthiba
mobility of the substrate metal atoms is also of concern. Thus a large port@nreéttion
phase-space was unavailable until the more recent adviersitif surface science techniques
which have allowed the probing of surfaces and surface-bound molecules even at the highe
pressure ranges encountered during real industrial processes.

It is the goal of this review to demonstrate how the current state of develogpitrermt-situ
surface science techniques in combination with recent advances and accompdishment
density functional theory (DFT) calculations are paving the way to a new keserogeneous
catalysis in which the full mechanistic understanding of chemical reacto@usring over
heterogeneous catalysts will allow for the logical design of optimiatdysts, with the goal

being a catalyst which is 100% selective for the desired product while maigthaigh activity



and stability. It is not our purpose to provide a complete and historic review of the

development of surface science, but to assess the current state of the field.

Selectivity is defined as the rate of a reaction along a particular @atfivided by the sum of
the rates along all reaction pathways. Of the three attributes whichangakel catalyst,
activity, selectivity, and stability, it is selectivity which is the teasll understood as of yet in
heterogeneous catalysis. Most of the insights of twentieth centuryalesesre aimed at
increasing catalyst activity to boost production. But the demand for selbete@geneous
catalysis has become more apparent in many applications.

It is therefore of paramount importance that a molecular-level understandigfattors
which control the selectivity of a reaction be reached to move the sciencecti/eele
heterogeneous catalysis out of the phenomenological or “trial and error” modeaadriore

intelligent design of catalysts.

2. Experimental Advancements and Under standing Selectivity in Heter ogeneous
Catalysis

Several new advancements in experimental and theoretical techniques hadeusteped
and are now being used which have greatly enhanced our ability to study hetersgeatalysis
on a molecular level. These techniques are bringing about a new understanketaofors
which control heterogeneous selectivity. High pressure surface spectreschpgs sum-
frequency generation vibrational spectroscopy (SFG-VS), high pressumeirsg tunneling
microscopy (HP-STM), advancements in the controlled synthesis of monodispersed

nanoparticles with controlled size, shape, and composition, and advancements in the use of DFT



calculations to guide experiments will be discussed. It is the mergiliglodése techniques

which will pave the way to full understanding of catalytic selectivity.

Sum-Frequency Generation Vibrational Spectroscopy.

Sum-frequency generation vibrational spectroscopy (SFG-VS) is a nonlpesaroscopy
technique in which two high-energy pulsed laser beams are overlapped inlgpadal
temporally on an interface of inter2sDue to the properties of the nonlinear susceptibility
tensor, media with inversion symmetry such as isotropic gases or bulk metakargsinot
generate a SFG-VS signal. Thus, the entire signal is generatedraétfaxe. The infrared-
visible SFG-VS process (Fig. 2) can be thought of as an infrared excitatmmdd by an
antistokes Raman relaxation process, the result of which is emitted radiadhersatn of the
two incoming frequencies.

The technique of infrared-visible SFG-VS has been applied in our laboratory tacatahyic
systems at high pressure: the oxidation of CO on Pt single cf{sthis hydrogenation of
ethylene over Pt single crystal§ the hydrogenation and dehydrogenation of isobdtener
Pt(111), the hydrogenation and dehydrogenation of cycloh&Emeer Pt(111) and Pt(100),
the hydrogenation of benzene to cyclohexene and cyclohéxaneer Pt(111) and Pt(100), and
the hydrogenation of pyrrole to pyrrolidine and butylarfimeer Pt and Rh single crystals. As
can be seen, the initial reaction studies of CO oxidation and ethylene hydiogereae one-
product reactions. But the progressive trend has been to go to more complicdied seaties
in which a molecular understanding can improve our fundamental knowledge abaopiccatal
selectivity. The focus of all of these studies has been to attempt to elub&latadtion

mechanism including the surface reaction intermediates. The goal is t® laesehe surface



intermediates and reaction mechanism change with changing experimeata¢{gas such as
catalyst composition, crystal face, pressure, temperature, and the prafsevagsorbates.

As an example of the power of SFG-VS, Figure 3 displays the spectrum of lurivig
hydrogenation conditions over Pt(11%) The surface-bound reaction intermediate pyrroline was
seen, which was not detected in the gas phase. Evidence of a significant chonegittiae
product molecules, pyrrolidine and butylamine, was seen to build up on the surface under
reacting conditions. This indicates that the desorption of the products is a ratetletep, and
efforts to reduce the binding energy of the products with the surface should causeadin ov
increase in reaction rate. The reduction of residence time of the saturgtptbduct,
pyrrolidine, on the surface decreases the probability for forming the raagiog product
butylamine, improving the overall selectivity for the saturated ring prodiivése
considerations are reminiscent of the drastic rate enhancement of ansgrahesis over Fe
catalysts that was seen upon the addition of potassium as a promoter

Another method of surface vibrational spectroscopy that currently shows greasgr
for elucidating surface intermediates under high-pressure conditions iz @kde-modulation
infrared reflection absorption spectroscopy (PM-IRAS} The two spectroscopic techniques
of SFG-VS and PM-IRAS are complimentary. SFG has the advantage thantiassig
inherently generated at the surface. However, as the SFG signal depemlysdméee intensity
of the incoming infrared radiation, in the presence of high gas pressures and lhelengtits
the resulting SFG-VS spectra must be corrected for the attenuation cédnfaaliation from the
gas phase prior to striking the catalyst surface. PM-IRAS has the aglvantan easily

accessible wide spectral range allowing for the probing of amide, C=0, CHCai O-H



modes simultaneously without changing non-linear crystals in an optical gacame

generation/amplification stage as in the case of the SFG-VS apparatus

DFT Calculated Vibrational Frequencies

One of the difficulties that arises in more complex heterogeneous multigpathactions with
regards to surface-specific spectroscopy is the interpretation of vibtatpmtira. Upon
adsorption to a metal surface, even molecules which undergo very little chelnaicge can
have vast differences in vibrational signature. Electron donation from the-GeHds in
methyl groups upon molecular adsorption to the platinum surface can induce as @dchcas
! red-shift in the frequency of the methyl asymmetric stretch as cethpath the unperturbed
molecule. Zaera et al. have frequently employed the method of halogenhyidighearbon in a
pre-selected position so that upon dissociative adsorption an alkyl bonded structuomighie
surfacé®”?*(Fig. 4Y° . Taking the vibrational spectra of intermediates in this way can provide a
reference state with which to judge the spectra taken under catalytic condiiowsver, not
all possible stable surface intermediates can be prepared in this way, andnsoanty
suggested reaction intermediates as allyl-type structures araltihainambiguously prepare
on a surface for a reference spectrum.

As technology becomes faster and more affordable, however, theoreticaltalsut@come
more powerful. The accurate calculation of adsorption energies of possiblerreacti
intermediates could guide temperature programmed desorption experingintsijrathe
identification of surface intermediates using their binding energy. Thicsuo$e a low-
pressure experimental method. DFT calculations can also aid in the itatgopref surface

specific spectra by calculating the expected vibrational frequeoicpsssible surface-bound



reaction intermediates. There is a long way to go in this field. For instanaegahgoration of
vibrational anharmonicities into the calculated vibrational frequencies woeddyaid in the
certainty of calculated values, especially in the C-H region of the idfsgrectrum. However,
great strides towards the identification of surface intermediates tiigacetical calculations
have been taken. For instance, figure 5 demonstrates a study by Loffré@ietfich they
ascertained the possible adsorption modes of acrolein to a Pt(111) surface, and freergthe e
minimized adsorption structures calculated vibrational frequencies and €ithEBLS spectra
for comparison to HREELS data. Such calculations can serve to complimentregatidata
and make the application of surface-specific spectroscopies even more posweeiudiing their
use to even more complicated catalytic systems.
High-Pressure Scanning Tunneling Microscopy

HP-STM has proven to be an invaluable tool to image catalyst surfaces with atomic
resolution even under high reactant pres€(iras Figure 6 demonstrates one of the key
components of catalytic activity discovered in our laboratory during theiselegaction of
cyclohexene hydrogenation and dehydrogenation over a Pt(111) single*&ryBie crystal was
first introduced to 20 mTorr hydrogen and 20 mTorr cyclohexene at room temperataier. U
these conditions the surface has been shown by SFG-VS to be dominated by the partiall
dehydrogenated-allyl C¢Hg surface intermediate. The surface is not catalytically active under
these reactant pressures, and surface adsorbate ordering is observed M itha@T(panel A).
However, in panel B of figure 6, the backpressure of hydrogen has been raised to 200 mTor
Under these conditions, the crystal is catalytically active producing boterheand
cyclohexane. The STM image, taken at a scan speed of ~100 A per ms, shows no long range

order. The adsorbates are diffusing more quickly than the tip can scan. In panel@r 6fm



CO was added to the reaction mixture which poisons the surface and ends catahtiic and
once again, a static structure was seen with STM. From this we learn that adsahbidity is a
key feature of catalytic activity. This, of course, has implications whecam@ders going to
very low temperatures to observe a surface reaction intermediate usipgeksure probes
typical of UHV surface science. At these temperatures, surface a@soraility will be
greatly reduced, and experimental attempts to probe catalytic e&yariay not in some cases
extrapolate well to the higher temperature and pressure regime used duringginchisiysis,
especially in the study of more complex multi-pathway catalytic @asti

The second important factor to catalytic selectivity, which is uniquely explgretPESTM is
adsorbate induced catalyst restructuring. The delicate interplay Inettveegenerally
exothermic process of chemisorption and the endothermic process of stretchingedampbr
metal bonds will often create a state upon adsorption in which metal atoms ardetisiara
their bulk-terminated positions and can lead to major surface restruéfuring

The third factor vitally important to catalytic selectivity explored BySs selective catalyst
site-blocking. It has long been known that step sites and kink sites are far maénaabnd
scission than are terrace sit&%. Figure 7 displays STM images from the work of Vang %t al
Upon exposing Ni(111) to ethylene, a “brim” forms around the step edge seen inglee ima
resulting from the dissociation of ethylene. However, the authors show thattprgttea
surface with Ag results in the blocking of these sites as can be seen irutke fipon ethylene
exposure, the Ag treated Ni(111) catalyst did not create a “brim” of disso@thylene. In a
multi-pathway reaction where selectivity is paramount, the major effatsteps and kinks play

can be investigated by using HP-STM.



Bridging the Materials Gap: Creation of Nanoparticles of Controlled Size, Shape,
Composition, and Support.
Bridging of the “pressure gap” has been discussed in much detail, but an @gpalitant
aspect of understanding selectivity as it applies to industrial catayte “materials gap”.
Industrial heterogeneous catalysts are nanoparticles in the 1-10 nm segeartplly loaded
onto oxide or carbon supports. This introduces new variable parameters which caheaffect t
catalytic selectivity and thus a molecular level understanding of thesed and their effect on
selectivity is important to the field. To this end, our laboratory has refinedatsyathetic
techniques to create size, shape, and composition controlled Pt, Rh, and Pd nanoparticles.
Scheme 1 shows schematically various sizes of Pt metal nanopartielesi eareour laboratory.
We will not go into great detail here on the synthesis of such particles asver®d in the
literaturéd®*° Briefly nanoparticles in the range of 0.8 nm to 2 nm have been synthesized using
fourth generation hydroxyl terminated polyamidoamine (PAMAM) dendrimetiseasapping
and templating agetit Nanoparticles in the range of 3 nm to 8 nm can be created via colloidal
chemistry using the appropriate metal precursor to generate metal iohgions and then
reducing the ions in the presence of polyvinylpyrolidone (PVP) used as a capgifg tagkeep
the particles from aggregating. The effect of particle size on the orgdeatigty of
heterogeneous catalysis has been shown to be quite significant. For instamee §hows the
size dependence of the reaction selectivity in the hydrogenation of pyrrolsoredisperse Pt
and Rh nanoparticles.
Shape controlled nanoparticles have been created using optimized reduction condites\s: ¢
which maximize the abundance of (100) facets, and cuboctahedra, which contain both (111) and

(100) facet® have been synthesized and characterized.



The resulting nanoparticles can be deposited using the Langmuir-Blodgett teamtioastwo-
dimensional support for catalytic studies, or they can be placed into a three-dimakogide

support such as SBA-15 for high surface area catalytic studies. We aretktllearly stages of
applying then-situ surface science techniques described above to these new model catalysts.
One obstacle to the use of SFG-VS or HP-STM in probing the model nanoparatystsatas

the presence of the hydrocarbon capping layer used to keep the nanoparticlegfematang.

This problem has recently been overcome by the use of a UV/ozone tréatrirégure 9

displays SFG-VS spectra obtained during the hydrogenation of pyridine over-3téAiized

cubic platinum nanoparticl&s The spectra demonstrate the presence of the pyridinium cation as

a surface intermediate during this reaction.

DFT Guided Nanoparticle Composition

Several new bimetallic structured nanoparticles have been synthesizedah.oh/P,

Pt/Pd®, Ni/Cuw*®, and Rh/PY bimetallic nanoparticles have all been synthesized and used in
catalytic studies. While fundamental studies using bimetallic catalgstgaathy of attention,
recent developments in the research group of Jens Ngrskov suggest that theor€tical DF
calculations may be able to guide experimental studies by suggestahgicaombinations

which may generate the optimum balance between activity and seledivéayérticular

reaction. In a recent articfethey were able to apply the technique in attempting to find a better
and more cost efficient catalyst for the selective reduction of acetiylenstream of ethylene as

is often encountered in polymer synthesis. The technique hinges on being able to fifde suita
parameter (such as heat of adsorption) and scaling relation to simplii¢hi&ations enough to

compare various catalyst combinations. In the article mentioned, it washoheté that the



adsorption energy of the methyl species scaled with both the heats of adsorptiyteokeand
acetylene so it was used as the simplified parameter to comparetcaiatygnations.

This is a promising future direction in heterogeneous catalysis reseagoh tivhoretical insights
could help guide experimentalists through nearly limitless combinationsdewarse multi-

component catalysts with the desired activity.

A Look to the Future

We are now in a new era for heterogeneous catalysis research. SuefEfie-spectroscopies
can be employeth-situ from UHV pressures to above ambient pressures, providing a vibrational
spectrum of surface species before, during, and after a catalytic readsocan explore the
effects of pressure, temperature, catalyst geometry, and coadgudrabters on surface
intermediates. HP-STM can be employed from UHV to high pressures to gaicalty
resolved images of working catalyst surfaces. From the HP-STM thjeefaaors of
selectivity in heterogeneous catalysis have emerged, adsorbate mobditystaabbility, and
selective site-blocking. The development of controlled nanoparticle syntizssggven us the
ability to begin to understand the effects of particle size, catalyst ggouedtr bimetallic
composition on catalyst selectivity using model catalysts which very glessdmble those used
industrially. As DFT theoretical calculations become more complete, tifiesevwe to guide in
the interpretation of surface vibrational results, thereby making SFG-V8MARAS more
powerful in identifying surface intermediates. Theory may also prove tmadif guide us to
novel bimetallic catalyst compositions for new study. As we master theigee of multiple
metal nanopatrticle synthesis, we now enter into an era of the rational desigalysitsatin

principal, we can now synthesize catalysts optimized in size, shape, and composdion f



particular reaction. With the information provided on surface reaction intermetaiSFG-VS
we can make educated guesses on appropriate promoters to add to a catalgst Bouefatd
dream of catalysis researchers to imsgtu techniques to learn the fundamental principles of
catalytic selectivity has come to fruition, and we are now in a position to begirtidmala

design of optimized catalysts with the goal of 100% selectivity and hightgctivi
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Figure6. A) A 70 A by 70 A image of Pt(111) at
room temperature with 20 mTorr cyclohexene and
20 mTorr H, a catalytically inactive surface. B(
Background pressure of hydrogen is increased to
200 mTorr making it catalytically active. C) 200
mTorr H,, 20 mTorr cyclohexene, and 5 mTorr
CO. The CO has poisoned the reaction.



Figure 7. Ethylene decomposition over
Ni(111). A) After exposure to 10torr for

100 sec at room temp. B) A Ag pretreated
Ni(111) surface displays no ethylene
decomposition around the step edge. Figure
reproduced with publisher’s permission
from Ref. 41.
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