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Abstract

Catalysts are used in the majorityimdustrial chemical processes including the
productions of $450 billion worth of chemicals. Heterogeneous catalysts often use precious
metals such as Pt or Pd which have a high susceptibility to deactivation and unselective
reactivity. By reducing the cdtaic element to the minimum atomic ensemble, the catalytic
reactivity, selectivity and stability can be optimized while using a reduced concentration of
precious metal. This thesis focuses on developing atom efficient precious metal catalysts that
exhibitenhanced reactivity and selectivity compared to monometallic surfaces for
industrially important processes. In order to understand the capabilities of isolated atoms in
inert Cu and Au hosts, the fundamental surface interactions of adsorbates witk isolate
reactive atoms were probed with a unique combination of atomic scale microscopy and

desorption studies to elucidate the energetics of the catalyzed processes.

The majority of this work focused on-Bu single atoms alloys (SAAshere isolated
Pt atomsstable in a Cu surface, were identified as superior active sites for selective
hydrogenation reactions. Thefoinctional nature of PCu SAAs enables facile hydrogen
activation without GC bond scission and selective partial hydrogenations of butadiebe on
terraces. In general, the weak adsorption of reactants and producSuGRAs yields
improved selectivity and reduced susceptibility to CO poisoning and coke formation. The
mechanistic details determined though surface studies on model cataigststhe design
of a new generation of Pt based catalysts for hydrogenation and methanol decomposition

reactions under realistic reaction conditions.
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The atom efficiency of Au based model catalysts were also studied to determine the
atomic Pd ensemble #u needed for diatomic molecule activation ofahd Q. By
systematically probing Hactivation, isolated Pd atoms in Au were shown to activatea H
process previously thought to require to two Pd atoms. Unfortunately, the weak adsorption of
hydrocarbongo Au impedes further hydrogenation reactivity in ultrgh vacuum. In order
to expand the reactivity of SAAs, the potential of isolated Pd atoms for oxidation reactions
was probed by examining the energetics of recombinative desorpticwbie@e dilue
concentrations of Pd atoms alter the morphology of the oxidized Au surface. By
understanding the surface structure of model catalysts and the energetics of probe reactions,

this thesis highlights the viability of optimizing catalytic activity at the lgirsgom limit.
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Chapter 1: Introduction
1.1. Surface Science: A Guide for Heterogeneous Csitaly

In 2015, a coalition of Nobel Laureates declared that if the real and rising risk of
climate change was not addressed, the dermarfdod, water, and energy would
fiomdérel m the Earthos abi |.of thededamtios mecadadfthg h u mar
2015United NationLClimate Change Conference in Paris where a monumental agreement
was reached between 196 countries pihetgedo reduce their emissions of greenhouse

gases and transition towards more sustainable technofogies.

Catalysts can play a vital role in reaching this goal by establishing processes that are
environmentally cleaner and energetically efficACurrently 85% of all industrial
processes utilize catalystaccountingor $450 billion per yeat.Catalysts are widely used
because they facilitate chemical conversion at lower temperatures and pressures, thus
utilizing less energy. Optimal catalysts exhibitee properties: high reactivity, strong
preference to desired product, and long term stability. However, newes efficient
catalysts are often discovered by trial and error due to the complexity of the catalysts
structure and the multistep chemial reactions occurring on the catalysts. Thus, there is a
need to understand the key properties of catalysth as the atomic composition and

energetics of molecular interactions at the

One viable approach to optimize catalystto determine the microscopic properties of
catalyst that dictate macroscopic catalytic performances. Surface science studies that use
ordered surfaces can bridge the macroscopic catalytic properties, such@gturequency

and selectivity, withmicroscopic propertiesuch ashe thermodynamgand kinetics of
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elementary steps (Figufiel).”® In this work, | studied highly controlled reactions on well
defined bimetallic alloyed surfaces to determine atomic scale parameters that control
industridly relevant catalytic processddsing atomic scale microscopy and spectroscopy,
the fundamental energetics of isolated reactive catalytic atoms in noble metal hosts were
identified as superior active sit€s* The model catalysts then guided the design
nanoparticle catalysts that have enhanced reactivity, stability, and selectivity over

monometallic catalysts at realistic operating conditfdrt!*

Atomic/Molecular
Factors

Adsorbate
absorption
energy

Experimental
Parameters

Composition

Starting

Material Reaction

Catalysts:
Size
Shape

Surface
Structure

Gibbs Free Energy

Reaction Pathways
Selectivity
Reactants/Products

Oxidation
State

Reconstruction

Reaction
Intermediates/
Activation
Energy

Figure 1.1. Microscopic and macroscopic properties that dictate a caimbystivity
Adapted from Fechete at.”

1.2. FundamentaCatalyticSurface Processes

Generally, the heterogeneous catalytic cycle is composed of a series of elementary
steps starting with adsorption of molecules to the suffate adsorbed species diffuse,
react, and/or desorb from the surface. The feasibility of these processes are governed by the
activation barriers of each elementary s&phus, a catalyst enhances the rate of a reaction
by lowering activation barriers fdhe rate determining step. For surface catalyzed reactions,

microscopic reversibility states that the lowest energy pathway is the same for both the
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forward and reverse react®rHence, the transition states for each elementary step are
identical regaridss of the reaction direction. Thus, for a reversible catalytic process, the
energy profile for adsorption and desorption are identical, an important principle in
experimentally elucidating the energy profile of a catalyzed reaction.

A B

Sabatier Optimium
Uncatalyzed Reaction

Starting
Material

Reaction Rate
Energy

Limited By Limited By Products
Product Desorption Activation of Reactants
Adsorption Energy Reaction Extent

Figure 1.2. Sabaer Principle Schematic

Schematic of the (A) Sabatierinciple and (B)a general catalyzed reaction where catalyhas

higher activation barrier due to weak adsorption energy as opposed to catalyst B with the reverse
relationship as predicted by the BEdfationship.

One of the most important descriptorsaafatalytic surface is the adsorption strength
of starting materials, intermediat@sd products, as suggested by thieaBar Principle. The
Sabatier Bnciple relates the adsorpti@mergyof intermediaten surfaces to the observed
catalytic activity'® Graphical plots of catalytic activity and bond strength, called volcano
plots, show a maximum in catalytic activity at intermediate adsorption strengths (E@jure
Atoms or molecules must adbostrondy enough to the surface to facilitate activation and
reactivity of the reactants and intermediates, but lyeakough to allow foproduct

desorption. The Sabatirinciple, however, is a qualitative concept that does not idethify
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parametersr physical properties of transition metakcessaryo predict activity and
selectivity. The eband model, proposed by Norskov, relates the adsorption strength of

adsorbates to thelsand center of transition metals in relationship to the Fermi &2,

The adsorptiornergyof atoms or molecules impacts the activation barriers for
microscopic steps in the catalytic process including diffusion, reactivity, and desorption. The
BrgnstedEvansPolanyi (BEP) relationship theoriza linear correlation beten the barrier
of a reaction and the change in enthalpy for elementary steps in a réaét@For surface
catalyzed reactions, the BEP relationship suggests that the activation engrgy (E
proportional to adsor ptnteonediateste a yyace(Fpt&é¢ o f
1.3). As a resulbf the BEP relationshjstrong adsrption of molecules to a surfacan
lower the barrier for multiple elementary stépsreby increasing the feasibility of multiple

pathways. Thudgt can reduethe owerall selectivity towards a given product.

5 :- ia}l | I I ' ' T

4 | Flat surface Cu(111
— 3 =
E’ 2r e N,

N o CO

“ oo} v NO

. - A O,

.2 C 1 1 1 ! L g :

AE (eV)

Figure 1.3. BrgnstedEvansPolanyi (BEP) relationship
BEP relationship for B CO, NO, and @dissociation on metallic surfacés.
Both the SabatidpPrinciple and BERelationshippresent a challenge in catalyst

design ecifically in designing catalysts that exhibit high reactivity, selectivity, and
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stability. In order to have facile activation of reactants and intermediates, transition metal
surfaces must bind molecules stronghpwever, for surfaces that adsorb reactants and
intermediates too stronglyheyexhibit low selectivityhinder desorption of productand

are dten susceptible to poisoning, i.e. deactivation of the catalysts by CO adstrption

coke formatiorf*?*Converselysurfaces that weakly adsorb reactants and intermediates have
higher selectivityput barriers for activation are highehusresulting in lower conversion of

a catalyzed reaction at a given temperature.

The inability to increase both readty and selectivitympacts hydrogenation and
oxidation reactions where the rate limiting step is often activation of diatomic molecules
which requires more reactive surfacégen considering dissociative adsorption of
molecularHz or Oz, generally, catgtic metals (group 10) exhibit facile activation of
diatomic molecules while the noble metals (group 11) do not readily activate diatomic
moleculest®?2:2628 For example, dissociative adsorption ofislan activated process on Cu
(Ea=0.4eV)?® andanon-activated process on Pt(E 0 eVY® (Figure 1.4) The energetics
ofHactivation obey the BEP relationshsp sinc
weakerthanthattoPt ( @ = 0.6 eV). Thus, in order to
is preferredalthoughthe barriers are often too high for activatibmthis work, |1 show that a
bi-functional model catalyst with different active sites for diatomic molecuiesgion and
sequential hydrogenations allows for the simultaneous tuning of both reactivity and

selectivity.

Page b



H on Cu(111) H on single Pt H on Pt(111)
~ 300K 230 K desorption ~ 300K

desorption desorption
E.~04eV
| E; <0.05eV E.~0eV
| AE~0.2eV l |IAE~0.3 eV H,(g)

AE~0.6eV

e
oRT

Figure 1.4. Hz desorption from Cu(111), F2u(111) SAA and Cu(111)
Energy diagram for the adsorption and desorption ool Cu(111), Pt(111)and Pi{Cu(111)

SAA11,30,31
1.3. Bimetallic Alloys

Since noble and catalytic group metals exhibit complementary properties in terms of
weak adsorptioenergyand low activation barriers, it seems logical to use multiple metals to
tune the reactivity, selecity, and stability of catalysts. However, it is difficult to predict
how bimetallic surfaces will compare to the parent m&t# Bimetallic alloys are known to
have distinct chemical and electronic properties upon allayifiWwith the advancements of
atomic resolution techniqué$;*? such as scanning tunneling microscopy and transition
electron microscopy, it has been shown that the geometric arrangement of atoms in the alloy

can greatly impact the observed chemical propetti&s'®

Generally, tle thermodynamic driving forces of alloy formation include surface free

energy, mixing enthalpy, and elastic strain due to latticersigmatch?®? 34 Bimetallic
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surface alloys can form independently of balktalmiscibilities*® of two metalsDensity
Fundional Theory (DFThas predicted the miscibility of two metals by considering the
segregation and mixing enéeg(Table1.1 and1.2).3? The segregation energy is the energy
of interchanging an impurity atom with a surface atom and the surface mixing energy
considers the attractive/repulsive interaction between two impurity atdragalrtial
concentrations of the metals affect the thergmaiic driving forces of alloy formatigh:*®
Thus, the ordering of surface atoms is highly variable depending on the preparation and
reaction conditions since the kinetics of alloy formation are not fully understood or
predictable. This gives rise to thecessity to characterize bimetallic alloys on the atomic
scale to fully understand the composition of active sites of bimetallic catldysigiven
procedure since preparation temperature and atomic composition impact the observed

structures.

Table 1.1. Segregation Energy (eV/atorfoy bimetallic alloys

Shown is theenergy of interchangingnampurity atom wih a host surface atom where positive
segregation energy predicts that thpurity atons will diffuse into the bulk. The host atoms are
in rowsand the impurity atoms are in columis.

Cu Pd Pt Au
Cu -0.03 0.21 -0.14
Pd 0.13 0.23 -0.14
Pt 0.32 -0.01 -0.32
Au 0.26 0.15 0.21
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Table 1.2. Mixing Energy(eV/atom) for bimetallic alloys
The interaction energy betegn two impurityatoms where a positive eneripgicates a repulsive
interaction between impurity atorf.

Cu Pd Pt Au
Cu 0.85 0.72 2.19
Pd 0.19 -0.03 0.22
Pt 0.16 0.03 -0.31
Au 0.65 0.73 0.22

For bimetallic catalysts, changes in the reactivity and selectivéyften discussed
in terms of ligand and/or ensemble effett®*°Ligand effects refer to electronic
interactions between the alloyed metals that alter their catalytic activity. When two metals are
alloyed together, generally there is a shift indHeand center which alters the adsorbate
adsorptiorenergy*®°! The dband shift can be due to orbital overlap between the two metals
or strain due to lattice size mismatétar example, in the case of tensile strain, a smaller
solute atom is incorporatedto a larger host matrix. Thelthnd narrows because of a
decrease in overlap of theadbitals and the center of thebdnd becomes closer to the Fermi
Level. The bond between the adsorbate and the transition metal becomes stronger. When the
system is nder compressive strain from a larger atom in a smaller host matrix, the reverse

occurs and the overall adsorptienergydecreased>>?

Theensemble effestalso influence bimetallic activityherechanges in the catalytic
activity is dueto the struatiral or spatial arrangement of méitabtoms®>#° Clusters of
atoms e.g, monomers, dimergndtrimers, have been shown to exhibit distinct

capabilities3”-384345.5%57 |n order to optimize the atomic efficiency of catalysts, ensemble
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effects are particularly interesting to investigate on the atomic level. By understanding and
controlling ensemble effects, catalysts can be designed that maximize the number of active

sites and minimize the amount of precious metal used.

Recently singlesite catalysthave beeshownto overcome the drawbacks of
catalytic metals such as scarcity in nature, expense, and high susceptibility to CO poisoning
and cokdormation® Singlesite catalysthave atomically dispersed species that can
catalyze a nuimer of reactions. It has been shown that single Pt and Au cations on various
catalyticsupports can be the active sites for wgsshift reactiors,*®>°CO oxidation®
steam reforrationof methanaoland hydrogenation reactiofs??Isolated Au atomani Ni
have been showto suppress carbon deposition in the steam reforming of metfzBioigle
Pd atoms in Au are required for the selective synthesis of vinyl a®étfttandhydrogen
peroxide®® Contiguous Pd dimeis Au are necessary for@oxidation in order to activate
diatomicO;*} andPd-Ga intermetallic surfaces highlight the impact of the atomic
arrangement on Hactivation® Thus, ensemble effects can greatly impact reactivity though
it is challenging to determine the compositioned! catalysts on the atomic scale due to the

complexity of the surface structure of the catalysts.

1.4. Single Atom Alloys

The Sykes Research Grauparly work focused on isolated Pd atoms in a Cu
matrix #4676 The first studies showed that single Pd aatable in the surface of Cu enable
the facile activation of H H atoms then spitbver from the Pd activation site to Cu terraces
where they are weakly bound. The adsorbed H adadetastivelyhydrogenatestyrene and
acetylene. This unique class dibgk was termedingle atom alloy (SAAWwhere an isolated
more reactive atom exssin small concentrations in the surface layer of a noble metal host
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(Figurel.5). Other research groups have independently investigated the chemistry of isolated
atoms inmetallic hosts. Various studies examined the interaction of isolated atoms with
probe molecules such as CO, £0d H. 384555567075 £y et al. used DFT to comparezH
activation barriers on Ghased transition met8lAAs.3! Both experimens and DFT

calculations investigated the ability of isolated atoms to catalyze hydrogefatfaf,
dehydrogenatiof oxidation®#2hydrogenolysi$? and coupling reactiorf$.Furthermore,

single atoms can potentially be used for the synthesis of hydrogen p&taxidenethandt®

Figure 1.5. STM images of single atom alloys
The reactivity of PeAu(111), PtCu(111), and Pe&Cu(111l) SAAs and PAu forms extended
ensembles are probed in this dissertation.

This current work builds upon initial studies to show how SAAs can improve the
overall catalytic activity under both ulttagh vacuum and realistic reaction conditions. By
combing the catalytic metals, Pt or Pd, with the noble metals, Cu or Au, théyaati@iu/Au
and selectivity of Pt/Pd were simultaneously increadaijue to these studiethe catalytic

metal existed in small concentratiorsy%) and as isolated atoms in the surface of noble
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metal hostsForthese bifunctional catalysts, the isatal catalytic metals served to reduce

the barrier for associative desorption of diatomiaHd Q and the adsorption energy of H,

O, and COAlso, the ceadsorptim of probe molecules alter thelesorption propertiesn

this thesis | show th&AAs arebi-functional sothe noble metal hosts perfotire reactions
resulting in high selectivityThe weak adsorption of reactants, intermediates and products to
the host metals improves stability of the catalysts, reskicgceptibility to CO poisoningnd

coke formation and selectively catalyzes butadiene hydrogenation and methanol

dehydrogenation.

1.5. Descriptor Molecules

A key descriptor of a catalyst is the energetics associated with the interactions of
diatomic molecules with the active s#&This work focused on the fundamental processes of
adsorption, activation, diffusion, and desorption of diatomic molecules with SAAs to explain

the improved reactivity c95AAs compared to monometallic cataly$t@blel.3).

As a rate limiting step in hydgenation reactions{> activation by heterogeneous
catalysts is of industrial intere€t®® Heterogeneous catalysts that allow facile activation of
H2 and weak binding of lddatom®xhibit the optimal efficiency for hydrogenation
reactions. Moreover, thdiffusion of H away from activation sitesn be applied tbl
storage. Thél spillover mechanism has been shown for bimetallic alloys as a useful
approach to obtain weakly bound reactive H on coinage metal sutf&&&gillover occurs
when a chemical geies is activated and migragsayfrom the active site toraalternate
site that is not capable of activating the reactant under the same cafitidReactive
metals such as R Ni," Pd?46%89pt 1! and C§>**alloyed with Cu dissociatehrd then
H diffuses to the less reactive Cu hsiséswhere it is weaklyponded Experimental
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evidence for H spillover with bimetallic surfaces focuses o+b&sed alloysalthough H
atoms on other surfaces including Au and Agddreatalytic importanceThis workshowsH
spillover readily occurs on H&u SAAs,while on PdAu SAAs CO is needed to force H

from the Pd activatiositeto the Au surface.

Another ascriptor molecule is CO, a common poison for heterogeneous catalysts and
PEM fuel cells$2>*°Extensive research has investigated ways to prevent CO forri&tion
reduce the adsorption strength of €8°981% or readily oxidize CO to C&**°When CO is
co-adsorbed with Honto metallic surfaces, its strong bonding can block H adsorption, alter
thesticking probability, displace molecules, or alter the mixing/segregatigi§? 679310106
Hence, a understanding aZO interactionwith adsorbed molecules and competition for
active sites is important when designing new catalyds®, the adsrptionstrengthof CO
can predict the ability of the surface to activate diatomic molecules or catalyst reactions as an

extension of the BEP relationship.

For oxidation reactions, Au nanoparticle catalysts exhibit exceptional selectivity
although Au idairly inert towards @activation®19122The catalytic reactivity of Au can
be increased by adding Pd for reactions suahirgs acetate synthesi§ hydrogen peroxide
synthesis?® hydrocarbon hydrogenatidi}'?>CO oxidatior}* and oxidation of alcohols to
aldehydes?® Ensemble effects are critical in controlling the overall selectivity of these
reactions due to the ability to activate. @hus, fundamental studies of O interactions with
Pd-Au alloys can be used to fully undtemd the atomic interactions between O and the Pd

Au surface.
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Table 1.3. Desorption temperature, adsorption energy, and activation

molecules of pure and SAA metallic surfaces

energy of diatomic

Hydrogen Carbon Monoxide Oxygen
Desorption Adsorption Activation Desorption Adsorption Desorption Adsorption Activation
Temperature Energy Energy Temperature Energy Temperature Energy Energy
Pd(111 300 Ko7 058 0 e\3.69 450 Ktos 1.58eW13 800 K109 2.0eVio
(111) €\/13,30,69 eve -1.58e - Oe
-1.893
Pt(111) 300 Kz6.27 -0.6 e\i11 0 ew? 410 K7 e\A12 720 K10 - 1.8 e\i10
-0.922
Cu(111) 300 K28 -0.2 e\p069 0.4 e\#8.69 200 K --
evi12
Au11l)  atoksas OB o 008 <1sokmsme  049ews 510K ool 0.93 ewisas
pd- -1.283
Cu(111) 210 ka4 -0.35eWw° 0.02 e\p? 270 K7 . - -
ewii
SAA
Pt -1.607
Cu(111) 235 Kt -0.3 e\t 0.05 e\p1.117 350 K12 .
ewi12
SAA
Pd- 0.25
Au(111) 175 K13 -0.11ew 0.2ews 270 K13 -1.34ew3 470 K15 ) 1.12 e\A15.116
e\/15,116
SAA
Pt- -0.360
Au(111) - VA2 0 eit2 385 K37 -1.77 e\Vi12
SAA
per H atom
per H molecule neglecting quantum tunneling effééts
per2 O atons

per G molecule

1.6. Probe Reactions

Probe reactions were chosen based on their industrial importya®genation

reactions are widely used in the petrochemical, pharmaceutical and food industriégss

Butadiene is of great interest to the polymer industry because it is a common impuyit

in propene and butenes feedstock. Annually, propene is used to produce 42.3 million

tons of polypropylene 27 In low concentrations (<10 ppm), butadiene poisons alkene

feedstocks!28 Thus, the ability to selectively hydrogenate butadiene to butenes witbut

hydrogenating alkenes would increase the purity of alkene feedstoskvithout reducing

their overall concentration.129%2131 For this reaction, a selective catalyst would have a

higher activation barrier for hydrogenation of butenesthan their desorption. The
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adsorption energy of butadiene has been shown to control the product distribution of
the hydrocarbons. Comparing previous studies of Pt and Pd, it has been shown that
weaker bonds direct product distribution in favor of butenes formation132.133 Butadiene
adsorbs to Pt(111) via disigma bonds and results in multiple hydrogenation
compounds129.132,134.1350Qn Cybutadiene adsorbs in a weaker pi bon¢ which is

known to direct the product distribution in favor of butenes formation. Thus, by
synthesizing SAAswith predominately Cu sites and very few Pt atoms can allow for the
utilization of Cu to perform the partial hydrogenation. P{Cu and PdAu alloyshave
been shown to catalyze selective partial hydrogenations of butadie#&.137 and
cyclohexadieng!38 however, these studies d not consider the atomic ensembles of the

alloy.

Another molecule of industrial importance is nethanol due to its potential to
produce both clean hydrogen gasnd the commodity chemical, formaldehyde.
Additionally, due to the transportability and high carbon to hydrogen ratio, methanol
conversion can be used for on demand hydrogen production in PEM fuel cella.the
presence ¢ O,methanol can be readily dehydrogenated, howevethe availability of O
drives the reaction39140 Thus, a catalyst that can efficiently and selectively

dehydrogenate methanol to formaldehyde in the absence of O is of great interest.

1.7. PtCu Single Atan Alloys

The first half of this disséation is dedicated to rationallesigning a new generation
of Ptbased catalyst®t is ubiquitous in the chemical and fuel production sectots

althoughits scarcity in nature and high pricecanlimit future prolifer ation of platinum-
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catalyzed reactions. Due to fairly strong interaction with intermediates and

susceptibility to CO poisoning, Pt is often mixed with other elements. Given the catalytic
differences between Pt and Cun these studiessmall amounts of Ptwere alloyedinto

Cu and showthat the surface composition and geometry of PCu alloys has a large

influence on adsorbate interactions with the surface.

Extensive characterization of bulkPt:Cu(111)!*¥14* alloys has beerperformed,;
however, none haveexamined the atomic scale surface structure of FEuand its
interactions with descriptor molecules. Outlined in Chapter 8%, the local surface
structure of Pt-Cu alloys was determined using STM where it was revealed that
atoms alloy directly into the Cu surfacedistinguishing this alloy from other systems
where atoms primarily alloy in at step edgesThus,Ptatoms existas individual isolated
featureswell dispersed across the surfaceSystematically, the uptake, spillover, and
release of H as a funain of surface concentration and structure was studied in Chapter
411, | show both low temperature activation (< 85 K) and desorption (230 K) from P€u
SAA compared to monometallic Cu (300 K) or Pt (300 KQverall, dilute PtCu alloys
containing only isdated Pt atoms are most favorable for Hactivation, spillover and
release atgreatly reduced concentratiors of the precious metalln Chapter 7, | probe
the co-adsorption of H with catalytic poison CO to reveal that CO traps Hn the surface

beyond its typical desorption temperature from SAAS.

In Chapters 5, 6, and 8, this dissertation shows how atomic level microscopy and
spectroscopy can guide the design of a new generation of@t nanoparticle catalysts.

In collaboration with the Stephanopoulos Reseh' OT OBPh xET @umim@EAOEUAA
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supported SAAnanoparticle catalysts we transferred the concepts of SAAs from UHV
model studies to realistic reaction conditions. In Chapter®B, PtCu SAA selectively
hydrogenates butadiene, an industrial important reactionlsolated Pt atom geometries
enableH: activation and spillover but are incapable of & bond scission that leads to

loss of selectivity and deactivatiorof catalysts.Chapter612 further probes the high

stability of SAAs using the catalytic poison, CO. On the model SAAs surfaces, CO desorbs
at low temperatures (350 K) which enables the continual exchange okldnd D> and
acetylene hydrogenation under realistic conditions. Fially, in Chapter 84, SAAs are
extended from hydrogenation reactions to methanol dehydrogenation where water is a

co-catalyst to produce formaldehyde in the absence of O in UHV.

1.8. PdAu Single Atom Alloys

The remainder athis dissertations dedicatedo Pd-Au SAAs. Although PeAu
alloys are well characterized in literatutiee nature of the active sites fos &hd Q
activationare not well understood, specifically the minimum Pd ensemble needed for
activation. It is proposed in the literature that camtigs Pd atoms are necessary for
activation of diatomic moleculé$.”>In Chapter &, | show that single Pd atoms in Au can
indeed activate fHat 85 K and observe an intermediate desorption tempefaise) of H
from PdAu SAAs compared to Au(111) (110 K) and Pd(111) (300 K). The H atoms reside
at the Pd sites, but the-anlsorption of CO forces H to spillover to the Au terraces. Though
Pd-Au SAAs can activate #ithey are unable to perform hydrogenatiorctieas in UHV
due to the low desorption temperature efftdm Au (Chapter 10)in Chapterll, | extend
the reactivity of SAA to @ surface interactionwheremy researclilemonstratethatdilute

concentration oPd atomslter the morphology of the Au(1}lsurface, thereby reducing the
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desorption temperature obOSince neither Au(111) or PAu(111) SAA are capable of
activating Q in UHV, in this studyozonewas usedo obtain O adatoms on the surfaoes

order to probe the desorption properties frolAS.

The final alloy system investigat@&d Chapter 12 was FAu(111) to determine its
feasibility as a SAA. Sinckigher reactivitywas observedn PtCu(111) compared to Pd
Cu(111) it is reasonable to anticipate-Rti(111) would exhibit higher actity than Pd
Au(111). Howeverpreliminary results suggest that atoms do not exist as isolated atoms

and form linear clusters near tAe edge dislocations.

1.9. Summary

This dissertatiordemonstrates the exceptional redtyiand selectivityof isolated
precious metal atoms in inert metallic hogterough atomiescale studies of the surface
structure and adsorbaseirface interactions, this thesis shows that the catalytic element can
be reduced to the single atom level. At the ultimate level of atomesfligi model catalysts
accurately predict facile Hactivation, weak adsorption of poisonous CO, and selective
hydrogenation and methanol decomposition reactivity €8lPEAAs. The reactivity of
isolatedatoms is then expanded to the recombinative desorption fob@ PdAu SAAs to
begin to probe the use of SAAs in oxidation reactions. By systematically considering
microscopic properties of SAAs, we can better explain the macroscopic reactivity
experimertally observed with analogous SAA nanoparticle catalysts. Due to-fnediional
nature of SAAs which enables low temperature activation, selective reactivity, and high
tolerance to coke formation and CO poising, SAA8sfy the criteria of an ideal edystas

an alternative approach for the use of expensive precious metal catalysts.
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Chapter 2: Experimental Methods

In order tocomprehensively characterize the whgtry of single atom alloys,
bimetallic catalysts werenodeled usingvell defined metallic surfaces in ultragh vacuum
(UHV). The (111) facet of Cu or Au were used since it is the predominant crystal facet on
nanoparticlesBimetallic surface alloysvere themprepared by physical vapor deposition of
Pt or Pd onto Au(1119r Cu(111) single crysta(&igure2.1A and2.2A). The unique
coupling of scanning tunneling microscopy (STM), temperature programmed
desorption/reactions (TPD/R), anday photoelectron spectroscopy (XPS) provided the
ability to probe both morphology dmreactivity on the atomic scale at surface concentrations
<1 %. STM characterizetie local electronic and topographical morpholofthe surface,
andXPSgavechemical identity and oxidation statd PDR quantified reaction kinetics,

surface structurand reactivity$electivity of adsorbates on the surface.

Figure 2.1. STM of Cu(111) single crystal
Shown is a curved Cu(1143ingle crystal and STM images of (B) monoatomic Cu steps and (C)
atomic lattice.
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Figure 2.2. STM of Au(111) singlecrystal
Shown is a Au(111) single crystal and STM images of the (B) Au(111) herringbone reconstruction
and (C) atomic lattice.

2.1. Techniques

2.1.1.Scanning Tunneling Microscopy (STM)

STM is a tool used to investigate surface structure on the atomic scateaimilate
atoms or molecule$? A topographical map of the surface is obtained by rastaring
atomically sharpip acrossa conductivesurfaceand fixing the tunneling current between the
materials while monitoring the tip height. A W or Pt/Ir tip i®bght within nanometers of
the surface, since the surface and tip are not in electrical contact, classically, there should be
no flow of electrons. However, due to quantum mechanics, the wave functions of the tip and
surface overlap allowingectrons to tansversehe small separation betwedme two
conductive material'he observetunnelingcurren (I) is exponentially related to the

separation between the conductive po{d)sas described in the equation:

‘0 Q
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Where mighe mass of anelectromj s Pl anckds conBsistheremerggdi vi ded
state from which the electron tunnels, & is the barrier height of the tunneling gap.

Thus, a small change in the separation between the tip and sample yields amgaipon

change in current. Additionally, applying a potential to either the sample or tip controls the
direction of electron flow since electrons flow from occupied to unoccupied electronic states.
Thus, STM specifically images the density of states oftinface. 8ice electrons are

localized around thatomic nuclei, the position of atoms can be inferred. For example, STM

is capable of resolving monoatomic steps of Cu(111) (Figa®), the Au(111) herringbone
reconstructiof® (Figure2.3B), and individual atoms (Figug&2C and2.3C). Although

STM can determine the locstructureof the surface, it does not provide chemical

identification®

2.1.2.Temperature Programmed Desorption/Reaction (TPD/R)

TPD is a simple technique that can be useetrapolate both thermodynamic and
kinetic parameters such as desorptiate, desorption energy and reactions oréiscan
also be used to determine surface composition/coverage, adsorption sites, and relative
sticking probabilities. Additionallythe ceadsorption of molecules in Temperature
Programmed Desorption /Reactions (TPD/R) can be used to extrapolate reaction pathways,
selectivity, active sites, and the rate limiting steps of surface catalyzed reactions. TPD is
performed by exposing a $ace to a combination of gases and then applying a linear heating
rate to the sample to react or desorb the surface species (ERfAyeA mass spectrometer
(MS) is used to monitor desorption of molecules as a function of temperature as shown in a
typicd TPD trace (Figur.3B). With sufficient pumping speed, the rate of desorption is

related to the pressure increase in the chamber.
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Figure 2.3. Temperature programmed desorption schematic
(A) Schematic of TPD setup an®) TPD trace for the desorptioof CO from 0.01 ML Rt
Cu(111).

A thermal desorption trace can be used to extrapolate surface kinetics based on the

PolanyitWigner Equation:

. g .
l —bqu

Wheregesi S t he rate of desorpt ivadhisthepie i s sur f ace
exponential factor of chemical process of n order (i.e. attempt frequeneys, the

activation energy of desorption, R is the universal gas constant, and T is temperature.

The PolanyiWigner equation can be derived from the ratdedorption (fe9 of an

adsorbate from a surface as expressed in the general form:

—a

. g -
I ng
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where — is the change in coverage with respect to t asdsthe rate constant for

desorptionWhen applying a linear heating rate£To+ bt ), t he heating
described as b = dT/dt. Thus, the rate of
: g Q
l Ty
oy 79

Since desorption is an activated process, the rate consdanték be expressed in the

Arrhenius form:

Thus, the rate of desorption is :

From the PolanyWigner equation, we can determine parameters such as rate of desorption

and kinetic order of desorption.

Additional methods can hesed to determine the energy of desorption from the
thermal desorption tracemcluding Complete Analysis, Leading Edge Analysis, Redhead
Analysis, and Varied Heating Rate Analysis. The Redhead Anflisisommonly used to
approximate the energy of degtion for first order processes from the Polawjgner
equation. The Redhead equation shows that the energy of desorption is related to the peak

temperature (J):

. DY
O YY | JT— od v
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Redhead can only be applied to first order processes gimdsumultiple assumptions

including Besandv are coverage independent. Furthermemaust be independently
calculated or assumed. Typically, a standardgx@onential factony) is assumed to be 0

s! characteristic of a vibrational frequency of atom in a potential well. However, recently, it
has been shown 10s! is a more accurate estimation since it accounts for the adsorbates

interactionwith the surfacél1?

2.1.3.X-ray FhotoelectrorSpectroscopyXPS)

Chemical identification andxidation statef surface atoms can be provided by
XPS due to characteristic binding energy of core lelagtrons: XPS is based on the
photoelectric effecivherea monochromatic-xay source (Mg or Al) ejects corevid
electrons from the surface. Based on the Einstein equation, the kinetic energy of the ejected
electrorsis dependent on the energy of the incidgmiton( hg) , t he bindi ng en

electron (k) and the work functiorgy.

Ein= HNhBs-¢&

The rumber of electrons ejected as function of kinetic energy is detected using an
electrostatic energy analyzer. A potential is applied across a hemispherical analyzer so that
only the electrons of a given kinetic energy reach the detectocortstanpass aergy
maintains a constant resolution regardless of kinetic energy. Although core level electrons
are less susceptible then valence electrons to binding interactions, the binding energy is
dependent on the chemical environment. Since charge transfettatedumbic attraction
between core electrons and the nucleus, chemical shifts in the binding energy can be used to

determine the oxidation state of the surface species.
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2.2. Ultra-high Vacuum @ambers
In order to maintain the wetlefined surfaces and clderess of the samples over
extended periods of timexperiments on model catalytic surfagesreperformedn four
separate ultrhigh vacuum( UHV) chamber depending on the ct
perform TPD/R, STM, or XPS experiments (Figure 2.4 |dahkl). AlUHV chambers had
base pressuress* 10'9mbarthat weremonitored using Iridium Filament ion gauge (VG

Scienta).

Figure24.Sy kes Resear dighv&uumechadlersul t r a
Shown are the four separate UHV chambers used in this incdding (A) Cu(111) TPD1, (B)
Au(111) TPD2, (C) VFSTM, and (D) LFSTM.
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Table21l.Capabilities of Sy kiglsvaddwensleambesh Gr oupds ul tra

STM Manipulator "
. Metal Deposition
Instrumentation  Temperature Temperature Sources
Capabilities Capabilities
MS, LEED
Cu(111) TPD1 S ’ n/a 85 Ki 750 K Pt
Auger
Au(111) TPD2 MS, XP n/a 85 Ki 750 K Pt
VT-STM XPS, STM 307 500 K 110 K71100 K Pd and Pt
5K, 85K, .
LT-STM STM 203K 293 Ki 1170 K Pd or Pt

For TPD experiments two different UHV chambers were used which contained either
a Cu(111) or Au(111) single crystal. Both chambers werepped witha quadrupole mass
spectrometefHidden Hal/3F 301 RC systerdjdden Analytica) with a mass range of 300
amu. The mass spectrometers had a dual Faraday/single channel electron multiplier detector.
In order to maintain UHV conditions, the TPD chambers used turbo molecular pumps
(Pfeiffer Vacuum) and titanium sublimation pum@$SPs) The single crystals were Tdm
in diameter and were mounted to a manipulator that could be translated in the x (+x 10 mm), y
(= 10 mm), and z (= 50 mm) directions, and rotated 360 °. The manipulator was equipped
with a liquid nitrogen cryostat allowing the crystal to be cooled t&.8Bhe single crystals
were suspended using Ta wires (0.25 mm) andypd thermocouple was pressure fitted
directly into the crystal. The sample could be resistively heated from 85 K to 750 K. For TPD

experiments, the sample was heated at a rate of.1 K/s

The quadrupole mass spectrum monitored multiple ions including base and parent
peaks of experimentally relevant molecules and the background gase&®), H-O (m/z
18), and CQ(m/z28). Them/zvalues monitored accounted for the offset of each mass
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spectrometer. Thenassspectrometers are offdey m/z0.3andm/z-0.2 for the Cu(111) and
Au(111) TPD chambers, respectively. The mass spectrasnsileze 70 eV ionization

energy.

The Au(111) TPD chamber was also equipped wiS® Vacuum Technolog¥PS.

The xray system has dual anodeay source that was operated at 100 W. The anodes were

Al KU (1486.6 eV) and Mg KU (1253.6 eV). The

concentric hemispherical electron energy analyzer as a function of electebic knergy.

STM experiments were primarily performed on a variable temperature STM (VT
STM) (Omicron NanoTechnology). The chamber was equipped with an identical XPS
system as described above. The §TM system had a preparation and scanning chamber
sepaated by a gate valve. Samples were spotted welded to Ta plates and thus transportable
between preparation and scanning chambers via a wobble stick. The base pressure in the VT
was < 5 * 10" mbar and the preparation chamber < 5*@bar. In order toeduce
vibrations during scanning, UHV conditions were maintained with ion getter pumps and
TSPs in both the preparation and scanning chambers. The preparation chamber also had a

turbo molecular pump (Pfeiffer Vacuum) for high vacuum procedures.

The prepration chamber had a liquid nitrogen cooled manipulator (McAllister)
allowing the sample to be cool&nl110 K by constantly flowing liquid nitrogen through the
manipulator. The VISTM could image samples betweeni3800 K using a flow cryostat
with liquid helium that was in thermal contact with the STM stage. Since the STM tip was at
room temperature during scanning, etched W tips were degassed to 370 K prior to use. Bare

alloyed surfaces could be imaged at either room temperature or 30 K. In cvb&ito
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atomic resolution or image adsorbates, the samples were cooled to 30 K to reduce the rate of
diffusion, particularly atoms from step edges. Generally, the activation energy for diffusion
can be estimated to be 12 % of the binding energy of theladebt Typical bare alloys

were imageat sample biases between + 0.01 and 0.05 V and tunneling currents

between 1.5 and 2.0 nA. For atomic resolution, tunneling currents between 50 and 200

nA were used.

In order to observe H adatoms, a low temperatutd §IT-STM) (Omicron
NanoTechnology) was utilized. In this system, the sample could be cooled to 5 K, thus
reducing rate of diffusion of the adsorbed species. Imaging at 5 K was achieved by storing
liquid helium in a static cryostat. In order to facilitttie spillover of H atoms from the Pt
activation site, the prepared alloyed surface was exposegdabd3 K. After exposure tod
the sample was cooled to 5 K for imaging. H adatoms were imaged-giarturbative

conditions (<30 mV, <30 pA).

2.3. SamplePreparation in Ultrddigh Vacuum

Samples were prepared in a similar manneillifour UHV chambes. Cu(111) single
crystals,Au(111) single crystals or Au(111)/mica substratese cleanedavith cycles of Ar
sputtering (1.0 1.5KeV, ~15 pA) and annealg to 750i 850K. Flux monitored EFM 3
electron beam evaporato@rficron Nanotechnology, Griat) were used to reproducibly
deposit PdGoodfellow, 99.95 %) or Pt (Goodfellow, 99.95 &eijtothe cleanedsurfaces
using the condition described in Tall2. For all single atom alloy experiments, the single
crystals were held at 380 K during deposition of Pt or Pd with the exception of Chapter 3.

The deposition rate of Rat Ptwas~0.02 monolayer (ML) per min
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Table 2.2. Metal deposition conditions
Typical power needed to deposit Pd and Pt with Flux monitored EFM 3 electron beam

evaporators.
Filament Emission Deposition
Flux (nA) Current (A) (MA) Voltage (V) (MFLzl?rt]?n)
Pd 10.4 1.9 15 950 0.01
Bt 30.0 19 30 950 0.0097
50.0 2.2 40 950 0.013

In TPD experiment®?dor Ptcoverages were determined via CO titraéssuming
CO binds atop to isolated Pd15 or Ptl6z18atoms in Cu or Au. For PCu(111), the ratio
between CO desorption from Cu sites (00 K) and Pt sites (3800 K) (Figure 2.3B)
was used to determine the Pt concentration after accounting for the known saturation
packing density of CO on Cu(111) (0.52 ML) (Figuie5).1® For Pd-Au, the area of the Pd
peak at 270 K was divided by saturation coverage of CO desorbing from Pdayeis
(Figure2.6). Pd multilayers weraleposited on Au(11Igndwere assumed to terminate as
Pd(111) with a 0.75 ML saturation coverage of.€Bor STM experiments, Pt or Pd
coverages were determined by counting individual atoms from STM imagdsafiah
curves were attempted using XPS, however, at the 0.01 ML limits, the calibrations were

overestimated.

Page B8



0.06 — 50 nA Flux

0.04 — 30 nA Flux

Pt Coverage (ML)

0.00

Pt Deposition Time (min)

Figure 2.5. PtCu(111) TPD calibration curve

Shown Pt coverage from the resulting Pt deposition time with the Cu(111) at 380 K. Note: The
abovecalibration accountfor the misalignment of crystal. The linear fitting for 50 nA flu
coverage (ML) =0.013* t (min) and 30 nA fluxPt coverage (ML) £©.0097* t (min).
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Figure 2.6. Pd-Au(111) TPD calibration curve

The area under the C@n(z28) peak versus deposition time of Pd with the Au(111) crystal held at
380 K. (A) Shows Pd coverage saturates at 60 min and (B) shows CO uptake is linear for shorter
deposition times.
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Care was taken to reduce the adsorption of background gases H, GQ(aonto
PtCu(111) and Pd\u(111) alloys. This was especially important forQRi(111) alloys
where CO desorption occurs above room temperature at 350 K. Thus, prior to experiments,
TSPs were routinely flashed to reduce the base pressure of the chHanilgt. experiments,
the amount of time between temperature ramps was minimized (< 15 min) and the
manipulator was cooled to 85 K prior to deposition of Pt or Pd to prevent cryopumping of
background gases onto the sample. Likewise, th& VW1 stage was preooled to 30 K
prior to introduction of the sample. In both the TPD andS/MM chambers, the sample
could be quickly flashed to > 350 K to remove any adsorbed CO without altering the alloyed
surface. Since, it was not possible to resistively heat thelsavhge in the LFSTM stage,
the manipulator was kept > 350 K while moving the sample from the preparation chamber to
the STM chamber to prevent adsorption of CO due to pressure spikes from moving the

manipulator.

At 85 K, surfaces were exposed to reldvgases including HAirgas, 99.9%), D»
(Airgas, 99.99%%), CO (Airgas, 99.99 % (Airgas, 99.9 %)butadiendA|l dr i ch, 099.
%) and/ or b u 9% ky bdcKiling thé champer ©8ing high precision leak
valves. Liquid samples including thenol (Alfa Aesar, ultrapure HPLC grade 9963,
water (deionized kD), and methandD (SigmaAldrich, 99.5%) were further purified via
freezepumpthaw cycles prior to deposition via high precision leak valves. All exposures are
quoted in Langmuirs (Lj1 L = 1* 10° torr - s). Coverages for adsorbates were deitazd
as the ratio of peak area to aredh&fsaturated monolayer. Hydrogen coverages were

determined by the saturation coverage of unity for H adsorbed onto Pd or Pt multilayers.
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2.4. OzoneDeposition

In order to adsorb O atoms onto Au(111), a laboratory ozone generat@; Q&bne
Engineering) created ozone that was directly introduced into the UHV chamber Eifure
O2 was continuously flowed (0.5 L/min) through Teflon or stainlessl $tding to the ozone
generator which applied 5.5 V to produce ozone. The line was directly connected to a high
precision leak valve on the UHV chamber. The sample wdsi@ from the collimator on
the leak valve. In order to monitor ozone generatopyocess ozone Umonitor (Model
454, Teledyne Instruments) used UV spectrometer to determine grams of ozone per normal
cubic meter (g/Nm®). The ozone exhaust passed through an ozone reducing catalysts and

then exhausted into a fume hood.

Due to the sbrt life time of ozone, the Au(111) crystal needed to be directly in front
of the leak valve and the lines (including the collimator in vacuum), which needed to be
passivated for > 15 hours. After initial passivation of the system, the system was purged
daily by introducing into the chamber 5 *-$#fbar ozone for 30 min. Typical ozone

exposures ranged from 5 *-1énbar for 1 min to 5 * 18 mbar ozone for 30 min.

Figure 2.7. Schematic for introduction of ozone into UHV chamber
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