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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.
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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.

Page P8



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

Page B1



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.
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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.

o Ozone
3002f13 L1 Generator UHV
(LG-7)
Leak
Valve
Fume Ozone Ozone
== Reducing | .
Hood Catalyst UV-Monitor

All connections are Swagelok

Figure 2.7. Schematic for introduction of ozone into UHV chamber
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Chapter 3Atomic Scale Surface Structure of@u(111)

Surface Alloys

This chapter was modififdom an original publication of the same title by F. R.
Lucci et al. from the Journal of Physical Chemistry C, volume 118, pages 3015
3022.

3.1. Introduction

Noble metal alloys have been extensively studied due to their use in heterogeneous
catalysis. Thexddition of a second metal into a host can dramatically improve reactivity
and/or selectivity in surface catalyzed reactibA3.hese changes can be described by ligand
and/or ensemble effects. A ligand effect is a change in catalytic activity duettorgtzc
interactions between the elements, while an ensemble effect is related to the spatial
arrangement of atonfdJnderstanding these interactions may lead to the design of more
efficient catalysts by tuning the activity and selectivity for a given i@maet’ Ensemble
effects are particularly attractive to study because understanding and controlling these effects
allows for the design of catalysts that maximize the number of active sites and minimize the

amount of precious metals.

Ensemble effects plag significant role in a number of catalytic systerfi$! Gaoet
al. showed that two adjacent Pd atoms in PdAu(100) are required for the oxidatiorf of CO.
Linke et aldemonstrated that isolated Pt atoms iaRE{111) dissociate +¥ and Borovkowet
al. attributed the selective dechlorination of-tlizhloroethane to ethylene to small Pt
ensembles in REU/SiQ; catalystsl® Recently, using temperature programmed desorption
(TPD) and scanning tunneling microscopy (STM), we related the selective hydrogesfati
styrene and acetylene fuetlocal atomic structure of Reu(111) alloys:! Specifically,

individual, isolated Pd atoms dissociategafd allowed spillover onto Cu. Hydrogen was
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bound weakly to Cu and could selectively hydrogenate alkenes andsatkrseshown in

these systems, the number of atoms that constitutes the active site varies depending on the
reaction. Thus, the atomic structure of the surface can influence both the reaction selectivity
and reactivity. In this study, we will focus on theometric arrangement of Pt atoms in a

Cu(111) host surface.

PtCu alloys catalyze CO oxidation, hydrogenation, and hydrocarbon and
dechlorination reactions'? 14 Therefore, an understanding of the atomic scale structure of
PtCu alloys is important foa number of reactions. Pt is miscible in Cu and exists in three
bulk ordered phases: €Rt, CuPt, and CuRt® The thermodynamically stable phase ot@w
is the L% phas€e'® Ideal termination of the Llphase along the (111) plane leads to a p(2x2)
ordeing of the Pt atoms. LEED experiments showed that Pt atoms in the (111) surface of the
L1, phase exist in both an ordeng(®2x2) and amorphous structutepending on the
preparation condition¥:*8In terms of surface and near surface alloys, earlieiestud
determined a laydpy-layer growth mode of Pt films on Cu(11*#$° Annealing of the films
formed CuyPt surface alloys due to the intermixing of Pt and®ZdAt submonolayer
coverage of Pt, Cu step edges were shown to enable the intermixinghof o %

Theoretical studies have indicated that a combination of the surface free energy difference
between Pt and Cu, negative mixing enthalpy between the two metals and elastic strain relief

drives the alloying proceg§.2’

Although a range of surfaseience techniques have been used to characterze Pt
bimetallic alloys, the atomic scale structure of the surface alloy and its evolution as a
function of both coverage and alloying temperature is unknown. Here we directly

characterize the local atomacrangement of submonolayer coverages of Pt atoms in Cu(111)
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using STM. We demonstrate the ability to tune the arrangement of Pt in the surface by
controlling the temperature of the Cu(111) crystal during deposition of Pt and show that it

alloys with highdispersion.

3.2. Results and Discussion

STM was used to determine the morphology of submonolayer coverages of Pt
deposited on Cu(111) as a function of sample temperature. Pt and Cu atoms are distinguished
from one another due to topographical and electrofffierdnces that are discernible with
STM.”?82° Prior to the deposition of Pt, there was less than one impurity per (30 nm)
observed on the clean Cu surfa&éier deposition of Pt, protrusions within the surface were
imaged appearing 25 = 5 pm higher than the surrounding Cu lattice (Bigur&éhe STM
tip state affects the observed height of the Pt atoms, therefore, depending on the tip state, Pt
atoms imagd as either protrusions or depressions. However, the Pt atoms predominately
imaged as protrusions at most tunneling conditidhg. height of the observed protrusions
was consistent with Pt atoms being substituted into the surface due to Pt atoms (diamete
277 pm) being ~20 pm larger than Cu atoms (diameter = 256 pm) and also due to electronic
differences between the elemehRrevious STM and DFT studies showed that Pt atoms
appear brighter than Cu atoms when Cu atoms were substituted into P#hlibgrease in
the concentration of the localized brighter features that we observed correlated with longer
deposition times of Pt; therefore, we conclude that the features are due to Pt atoms
substituted into the surface layer. This is consistent with mednergy ion scattering
(MEIS) data indicating that at 315 K the vast majority of the Pt alloys into the surface layer

of Cu(111)®
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Figure 3.1 STM images of RCu alloys formed at 315 K

STM images of RCu alloys formed by deposition oA(B) 0.01 MLand C-D) 0.1 ML of Pt on

Cu(111) at 315 K. Atomic resolution images reveal that Pt alloys into the surface bAfhtla (
terraces andB) ascending step edge€-E) At a higher coverage of Pt deposited at 315 K, Pt
atoms form Rtich brims and fingerat step edges as well as dispersing in the terragpsligh-
resolution image of disordered Pt atoms densely packed at step edges. Schematic shows the
proposed alloying mechanisms. Scale barsAr8(E) 1 nm andC, D) 5 nm.

STM images illustratéhat at 315 K, Pt atoms alloy in the vicinity of step edges and
throughout the Cu(111) terraces. The formation efdPt brims indicates that alloying at
ascending step edges occurs via place exchdrii§@ur data revealed that the amount of Pt
depositd, the size of the lower terrace, and the temperature of the surface during deposition
influenced the width and Pt density in these step edge brims. Each effect will be discussed
throughout the paper. At 315 K, deposition of 0.1 ML of Pt yielded largedamsier brims
than the deposition of 0.01 ML of Pt (Figu84). Wider brims were also observed for step

edges that had larger lower terraces, indicating that the lower terrace acts as a catchment area
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for Pt. The variation in the size of the fingers dodhie area of the lower terrace is apparent

in Figure3.3A, where larger fingers are observed for larger lower terrdtese results

agree well with previous MEIS studies which indicated that step edges facilitated the
incorporation of Pt atoms into tiserface and subsurface layers of Cu(*?Qur STM

images show that at the upper terrace side of the brims, the density of Pt atoms dramatically
decreased further from the step edge. However, beyond the brim, there was a leousogen
distribution of Pt aims across the terraces (Fig8r#A and3.1C). This observed

morphology for the surface prepared at 315 K suggests that Pt preferentially alloys into Cu at
ascending step edges and that Pt is also capable of incorporation into the terraces far from
stepsFigure3.1F shows a schematic of the proposed alloying processes. Pt atoms adsorb on
the surface and then diffuse across a terrace until coming into contact with an ascending step
edge. At the step edge, Pt place exchanges with Cu atoms. An additioyiagathannel

involves Pt atoms exchanging with Cu atoms and alloying directly into the terraces. The
densely populated step edges suggest kinetic limitations of alloying at 315 K, where Pt atoms
diffuse across the surface and aggregate in the vicinitystes faster than they are able to

alloy into the terraces.

Previous work on the P@u(111) alloy proposed a similar alloying mechanism
involving the exchange of Pd atoms into Cu(111) at ascending step’8dgésaenet al.
showed that the width ofi¢ Pd rich brims was dependent on the width of the lower teftace.
DFT calculations by Bellisariet al.indicated that Pd atoms exchange into the Cu terrace at
step edges and once a Pd atom coordinates to the step edge it is unlikely to overcome the
acivation energy needed to detach from the step &dgence, the dense Pt brims we

observe are indicative of the exchange mechanism at ascending step edges. Regardless of the
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preparation conditions for the Reu system, Pd atoms did not alloy into the @uéce

beyond the brim region. In this study, the Pt atoms not only alloy at Cu step edges, but are
apparently able to directly exchange into the Cu terraces at 315 K. We postulate that this
ability of Pt atoms to readily place exchange with Cu atomsi&derrace is due to a greater
difference in surface free energy between Pt (2.204) #inul Cu (1.566 J/fcompared to

Pd (1.743 J/M) and Cu*

Figure 3.2.STM image of local Pt order on densely packe€Rffinger

STM image of a densely pack&tCu finger protruding from a step edge. Pt atoms form small
ordered regions corresponding to lod®) p(2x2)and¢) (43 x &43) R30A structures.
were taken at room temperature and scale bar®qrefm andB, C)0.2 nm.

At higher Pt coverages (FiguBe2 and3.3), we observed fingdike-protrusions
emanating from step edges. Based on the contrast differences of Pt and Cu atoms in STM
images, these structures are composed of Cu atoms (darker) with dense clustersrasf Pt ato
(brighter) predominantly at the peripheries of the fingers. The outer location of the Pt atoms
presumably relieves the compressive strain from intermixing larger Pt atoms with Cu and
while still increasing the number of favorable heteroatom bonds vanécthe driving force

for the ordering of CsPt bulk alloys®
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In the dense Pt regions, there was no {aagge order but small clusters of Pt atoms
exhibited shorrange order (Figurd.2). Figure B and Z show small patches of the ordered
structures bserved in the fingdike-protrusions. The Pt atoms assemble in both p(2 x 2) and
(43 x &3)R30A arrangements wiPttahdCePt, | oc al sur f
respectively. These packing arrangements are energetically preferred because they optimize
the number of favorable #tu heteroatom bonds and minimize the compressive strain of the
larger Pt atoms within the smaller Culattfé& c ombi nati on of p(2 x 2)
is observed due to the thermodynamic stability of both thdutk phag of CiPt alloy€2®

and maximization of isolated Pt atoms in the surface layer, respecfiély.

Figure 3.3.STM images of Pt rich islands and fingers

STM images of Pt rich islands and fingers formed after deposition of higher coverages 3f%t at

K. (A) Both fingers and islands grow on the Cu(111) surface preferentially in gpg and
equivalent directionsB) The islands consist of a mixture of Pt and Cu atoms and the inset shows
atomically resolved Pt atoms at the edge of th€lrisland. The individual protrusions in the

inset correspond to single Pt atoms in the surface layer and the flat areas are unresolved Cu atoms.
The Pt atoms in the islands are concentrated at the edges of the islands and the inset shows
atomically resolved densePt regions at the edge of the island. Images were taken at room
temperature and scale bars a& %0 nm andB) 2 nm.

One atorvhigh islands on the Cu(111) terraces and one -digin fingers protruding
from step edges were observed when higher covedddgtisvas deposited at 315 K (Figure

3.3A-B). The islands and fingers are composed of Cu and Pt atoms. We postulate that the
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source of the Cu atoms are Cu atoms expelled by Pt atoms entering the surface or Cu atoms
diffusing from step edges. The mobile @ud Pt atoms aggregate to form islands or diffuse

to step edges and form fingefhe threepointed islands observed at higher Pt coverage

grew along the ppg¢ and equivalent directions (Figure8B This type of anisotropic

growth is typically attributedb differences in step energies or adatom diffusion barriers
between steps resulting in the formation of triangular islands as opposed to hexagonal
islands®®3° Despite the equivalent surface free energy of (111) and (100) microf&eted
stepsi® one mght expect the predominant microfaceted step edge to be (111) due to the
lower surface free energy of (111) microfaceted Pt steps compared t3%4'@0)d the

lower diffusion barriers from (111) to (100) microfaceted steps as observed for Pt on
Ru(0001)%*4?Pt atoms are expected to occupy fcc hollow adsorption sites since Pt films
grown on Cu(111) follow the fcc structure of the underlying Cu lattidéis preference for

the occupation of fcc hollow adsorption sites and (111) microfaceted steps leads the
triangular islands to grow predominately in only one of the two possible epitaxial
orientations on Cu(111Yhis postulate was supported by our experits, although we

observed more dendritic growth as opposed to perfect triangular iéfbelsdritic growth

from fingers and islands suggekinetically limited growth, however, our experiments
demonstrate that the thermodynamic stability of (111) $gpps and the occupation of fcc
hollow adsorption sites further contribute to the metastable surface structures observed.
Annealing the samples could elucidate the thermodynamically preferred state; however, this

causes the subsurface diffusion of thatems.
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Figure 3.4.STM images of RCu(111) alloyed formed at 315 K, 450 K, 550 K

STM images oPtCu(111) alloys formed by depositing Pt at a range of surface temperatiyes. (

At 315 K, fingers and islands are observed along with single Pt atomst@gosinto the Cu
terraces. B) At 450 K, Pt rich brims are formed along with single Pt atoms in the terré&eat (

550 K, the Pt atoms are evenly dispersed across the terrace and Pt rich brims at step edges are no
longer observed.O, E, B High resoluion images of the interface of brims and terraces as a
function of temperature. As the alloying temperature increases, the Pt atom arrangement changes
from densely packed brims/fingers at 315 [B) (to a highly dispersed distribution across the
terrace at 50 K (f). All images were taken at 30 K and scale barsAr8(C) 5 nmandC, D, B

1 nm.

We investigated the effect of temperature on the alloying of Pt with Cu(111).
Depositing Pt onto a Cu surface at elevated temperatures (450 K and 550 Kil iastihie
formation of a more homogeneous surface alloy. The greater dispersion of individual, well
isolated Pt atoms into Cu terraces at higher temperatures is accompanied by the
disappearance of the brims and fingers (Fig8ré&-C) and a gradual loss tie interface
betweerthe brims and terraces (Fig3dD-F). Alloying Pt at 315 K and cooling to 30 K for
imaging lead to step edges with dense brims and fingers. The density was such that the
majority of the deposited Pt aggregated in extended structures vithbBnds rather than
solely PtCu bonds, which werobserved at higher temperatures. The limited time above 300
K in this set of experiments did not allow all the deposited Pt to alloy into the Cu, but trapped
it in a metastable state at the edge of steps and islands. This resulted in STM images with an
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abrupt boundary between the Pt rich brim &dterrace as seen in Figl#dA and D At

450 K, an intermediate state was observed. The step edges were smoother and no longer
exhibited finger growth but there was still a visible interface between the Bebsens and

Cu terraces as seen in Fig@éB and E The local density of Pt atoms in the brims at 450 K
was lower than the density at 315 K. At 550 K there was an even distribution of Pt atoms
across the surface and an interface between the brim atedr@ce was no longer present as

seen in Figur&8.4C and F

0.07 4 m 450K

W 550K
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7 14 21 28
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Figure 3.5.Local surface Pt atom concentration as function of distance froredtsp
Local surface Pt atom concentration as a function of distance from thedgfepas a function of
alloying temperature (450 K vs. 550 K).

Figure3.5 shows the concentration of Pt atoms (ML) in the surface layer as a function
of distance from the step edge for alloying at 450 K and 550 K. The data at 450 K and 550 K
support that there are two alloying mechargsPt attachment at step edges followed by
exchange into the terraces, and direct place exchange into the terraces. At 450 K, alloying via
ascending step edge and subsequent exchange into the terraces is apparent due to the clear
existence of a Pt rich ion where the local concentration is 0.05 ML &distance of up to 14

nm from the step edgBeyond the Pt rich brim, the local concentration of Pt atoms drops to
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0.01 ML. At 550 K, the concentration of surface Pt atoms is the same regardless of the
distance from the step edge. If the sole alloying mechanism were Pt attachment at step edges
and exchange into the terraces, then a continuous decrease in the concentration of Pt from the
step edges would be expected at 450 K. The loss of the interface b#te/€&nmichbrim

and Cu terraces is seen in FigB4C. In Figure3.5, the absolute Pt coverage in the surface

layer at 550 K is less than the absolute Pt coverage at 450 K. The observed decrease in Pt
coverage from 0.03 ML to 0.005 ML at higher tempeamgus due to the subsurface

diffusion of Pt atoms at higher temperatures as well as the effect of the catchment area as
previously discussed. At 450 K, ~%0 of the Pt atoms exist in the surface layer and at 550

K, only ~20% of the Pt atoms are in therface.

The progressive loss of fingers and brims is reflective of the formation of more
thermodynamically stable alloys which maximize favorabl€ @bond<* At lower
temperatures, Pt atoms are kinetically limited to alloy at step edges where thedbserv
morphology is reflective of a metastable state that locally decreases the compressive surface
strain by locating the larger Pt atoms at the perimeter of the structures. The high density of Pt
atoms in the dendritic structures supports this behaviodiengrowth occurs where the
local density of Pt atoms is higher, as dendritic growth releases the strain generated by the
incorporation of larger Pt atoms into a Cu lattice. At higher temperatures, Pt atoms can
overcome the activation energy to alloyedily into the Cu terrace. This was evident by an
increase in concentration of Pt atoms in the terraces at 450 K and 550 K compared to 315 K.
Also, the increased mobility of Cu and Pt atoms at higher temperatures facilitates the
intermixing of Pt and Curd/en by their negative mixing enthalpy. Thus, although the Pt rich

brims have regions of local order, increasing the temperature of the surface during the
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deposition of low coverages of Pt does not result in-lamge order of the Pt atomseth
elevatedemperatures providermal energy necessary for the dispersion and subsurface
segregation of Pt atoms. Alloying Pt throughout the terraces leads to well separated isolated
Pt atoms in the surface layer surrounded by Cu and a reduction in compressive strain as
compared to tregions of higher Pt density at the step edges. The dispersion of solute atoms
across the surface at higher temperatures was also observed for the alloying of Pb and
Cu(111)* Like PtCu(111), at higher temperatures, Pb has a random dispersion aeross th
terrace instead of establishing lerange order. Dispersion was observed despite the

immiscibility of Cu with Pb; however, Pb was shown to remain in the surface'faier.

Figure 3.6. Atomically resolved images of surface and subsurface Pt atoms

Atomically resolved images of surface and subsurface Pt atoms in a Cu(111) surface with different
STM tip states.A-C) Alloying at 315 K yields only a single feature (protrusions) (solid arrow) in

the Cu lattice corresponding to Pt atoms substituted inteutface layer. The oblong shape of the

Pt atoms in imageA) derives from an asymmetric STM tip shapB-K) At 550 K, both
protrusions (solid arrow) and depressions (dashed arrow) are observed in the same image
corresponding to Pt atoms in the surface sutmsurface layers respectively. Scale bars are 1 nm.

In addition to affecting the surface arrangement of Pt, the surface temperature during

deposition also influences the depth profile of the Pt atoms fi Qur atomicallyresolved
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STM images reveaingle atom protrusions (25 £ 5 pm) corresponding to Pt atoms in the
surface layer after the depiosn of Pt at 315 K (Figur8.6A). At higher surface deposition
temperatures of 450 and 550 K, both protrusions and depressiand @3@m) are observed
(Figure3.6E). Previous studies have shown that subsurface Pd atoms in Cu(111) and
subsurface Cu atoms in Pt(111) perturb the electronic structure of overlying surface
atoms’3! Therefore, the depressions we observe are assigned as subsurface Pt atoms. The
percentage of surface Pt atoms located in the terraces at 315, 450, and 55®&%re~¥0

% and ~20%, respectivelyRegardless of the state of the STM tip, oniragle

characteristic feature of Pt atomvas observed at 315 K. FiguB&A-Cshow image of

alloys prepared at 315 K in which depressions were not observed for three different STM tip
states. Ahigher alloying temperatures, both protrusions and depressions were observed. The
depressions exist independently of distinct protrusions; there¢hag are not an artifact of

the STM tip. Two distinct features observed with several different STM tip states are shown
in Figure3.6D-F. Blunt STM tips or asymmetrical STM tips result in larger or elongated

features.

The presence of subsurface Pt atbonsied at higher temperatures is also consistent
with the aforementioned medium and low energy ion scattering studiesCof Rtarsurface
alloys prepared by deposition of submonolayer and multilayer amounts$'af Bsing
MEIS, Dastooeet al.quantiied the concentration of Pt atoms in the first three layers of the
PtCu(111) alloy and showed that on a stepped Cu surface, at 525 B effthe Pt atoms
alloyed below the surface layer. The results agree well with the trend we observe that the
concentation of subsurface atoms increases with higher substrate temperatures during

alloying. At even higher temperatures, Pt segregates below the surface due to the greater

Page b6



surface energy of Pt compared to €astooret al.demonstrated differences in the

amount of surface and subsurface Pt alloyed in stepped versus flat Cu surfaces as a function
of alloying temperaturé’ Their data indicated that step edges facilitate the subsurface
intermixing since on the stepped surface there was an increase in toetmn of

subsurface sites. They proposed that either Pt alloys into the subsurface layers at step edges
or migration of Cu atoms over the Pt rich brims allows for the capping of the step adges a

an increase in subsurfacecapancy. Our results indimathat there appears to be two

separate alloying mechanisms occurring at the step edges and terraces and at higher

temperature the predominant mechanism is the incorporation of Pt atoms into the Cu terraces.

Subsurface segregation was also observeceeaaid temperatures for Pd in Cu(111)
and Au(111)%314However, unlikePt-Cu(111), PdCu(111) has no intermediate phase in
which Pd is dispersed across the whole Cu(111) terrace. Both systems preferentially alloy at
step edges and at higher temperawbsurface alloying is observed for both-GR{111)
has the majority of Pd atoms localized in brims at step edges independent of the temperature
of the surface during alloyint):*!In contrast, we find that Pt is capable of alloying at all
regions of he Cu(111) terraces. At higher substrate temperatures, the local density of Pt
atoms at step edges decreases due to an increase in Pt atoms alloying across the terraces. The
ability for Pt to disperse and segregate into the surface allows for more iradividlated Pt
atoms to be incorporated into the surface | a
number of important chemical reactions BteCu(111) system discussed in this paper

provides a platform for interrogating the surface chemutrindividual, isolated Pt atoms in

Cu 11,4547
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3.3. Summary

Given the reactivity differences between Pt and Cu, the surface stoichiometry and

geometry of catalytically importantiu alloys are expected to have a major influence on

their surface chemistryVe examined the local atomic arrangement of submonolayer

amounts of Pt atoms alloyed into Cu(111) at a range of temperatures with variable

temperature STM. We observed several metastable structures that formed due to kinetic

limitations during the alloyig process. Given enough thermal energy during alloying, Pt

alloys with high dispersion in the surface layer of Cu with the subsurface being populated at

higher temperatures. The high dispersion of Pt in Cu surface layer is driven by the negative

mixing enhalpy of Pt in Cu and by the strain relief caused by the larger size of Pt as

compared to Cu. This work reveals Pt atomb6s

|l ayer

with high dispersion making this

hydrogenation chemistry at the single atom level.
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Chapter 4: HActivation and Spillover on Catalytically Relevant
Pt-Cu Single Atom Alloys

This chapter was modified from an original publication of the saneeltlF. R.
Lucci et al. from the Journal of Physical Chemistry C, volume 119, pages-24351
24357.

4.1. Introduction

Hydrogenation reactions are critical to the petrochemical, pharmaceutical, and food
industriest? Heterogeneous catalysts that allow facilévation of H and weak binding of
Haexhibit the optimal efficiency for these reactions. However, for a monometallic surface,
the BrgnstedEvansPolanyi (BEP) relationshigictatesthat these properties are mutually
exclusive because the activation enavfg reaction is inversely proportional to the
adsorption strength of the intermediatéSome bimetallic catalysts exhibit electronic
changes upon alloying and present multiple binding sites that enables them to overcome the
BEP relationship and provedboth low activation energies fop Hissociation and weak
binding of H atoms!1° Generally, the catalytic properties of bimetallic alloys are described
by ligand and ensemble effects. An ensemble effect refers to changes in the catalytic activity
due tothe structural and spatial arrangement of the catalytic metal atoms. Ligand effects refer
to electronic interactions between the alloyed metals that alter their catalytic activity.
Furthermore, surface strain can also alter the catalytic propertiesa$ miatan electronic
effect!12By understanding and then controlling these effects in catalysts containing
precious metal alloys, we can reduce the concentration of expensive reactive metal by

supporting it in a cheaper more inert host, thus reducing the overall cost of the catalyst.

Pt readily activates H3*which is often the ratémiting step of industrial

hydrogenation reactions; however, its high cost is a major factor in its prolifetation.
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Although H activation on Pt is a neactivated process, Pt catalysts are highlgepsble to

CO poisoning and coke formatiéf!8 In contrast, Cu is known to perform highly selective
hydrogenation reactions, though the observed catalytic activity is lower than Pt because of
the high activation barrier for tlissociation on C&? Alloying offers a new set of catalytic
properties and RCu alloys have been shown to be capable of highly selective partial
hydrogenation of cyclohexadiene and butad@téHowever, the atomic scale structure of
the active sites for these reactions is wwmn; therefore, a fundamental knowledge of the
surface composition of F&u alloys and their interaction with hydrogen is a key step toward

designing new alloy catalysts.

Approaching the limit of atom efficiency, single site catalysts offer exciting
opporunities both in terms of superior chemistry and lower €%tlsolated Pt atoms on
Al0s and FeQ@ supports have been shown to catalyze CO oxid&ti¢hiRecently, we have
shown that isolated Pd atoms in a Cu surface dissocisaddenable the spillev of H
atoms to Cu site§?’ Theoretical simulations predict that isolated Pt atoms are also capable
of similar chemistry28 however, this has not been shown experimentally. The energetic
landscape for activation of small molecules on metal alloysndisperitically on the atomic
geometry of the surface atoms. For example, the Goodman group demonstrated that
contiguous Pd atoms in Au are required fera@ivation?® Related to the current work; a
recent study of PdGa intermetallic surfaces highligbis the atomic arrangement affects
the barrier for Hactivation®® Therefore, a fundamental understanding of the influence of Pt
ensemble sizes in Cu on Hctivation, spillover and desorption will contribute to the rational

design of catalysts that usace amounts of expensive Pt in more inert, cheaper host metals.
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In this study, we link hydrogen uptake, spillover and release to the surface structure
of PtCu alloys for both dilute Pt surfaces which contain dispersed Pt monomers and Pt rich
surfaces wth extended Pt ensembles. Combining scanning tunneling microscopy (STM)
with temperature programmed desorption (TPD) enables us to explore the relationship of H
desorption and H atom spillover to the atomic arrangement of Pt atoms in Cu. At low Pt
coverges (< 0.05 monolayer), Pt exists in the Cu surface as individual, isolated atoms that
are thermally stable with respect to bulk segregation to ~450 K. The Pt monomers in Cu
allow for facile b dissociation and enable H atom spillover onto the Cu terralciet we
directly visualize with STM. We observe higher desorption temperaturesfasridl Pt rich
surface alloys than for those containing only isolated Pt atoms. The low temperature
adsorption, spillover and desorption offtbm Pt monomers in an inegpsive Cu host show

great promise for improving the efficiency and reducing the overall cost of Pt alloy catalysts.

4.2. Results and Discussion

Figure4.1 summaries the results of our initial experiments which focused on low Pt
loading Cu alloys (0.01 ML REu(111)). Extensive STM imaging showed that the surface of
these dilute alloys is composed of Cu(111) terraces with monatomic steps @ldg)rand
atomic resolution images revealed isolated protrusions within the Cu lattice which are Pt
monomers (Figurd.1C). TPD traces demonstrated that these individual, isolated Pt atoms in
Cu activate the dissociation ot kFigure4.1A). Specifically, after uptake at 85 K we
observed the desorption of &t 230 K in TPD traces (Figu#elA). Since molecular
desorptiorof Hz from metal surfaces occurs below 2642 desorption of Hat 230 K
indicates the adsorption is dissociative. Furthermore, and most importantly, desdfption

temperature is lower tharpldesorption from both pure metal surfaces wheresgonbinant
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desorption from both Pt(111) and Cu(111) occurs at ~38014°33As the exposure of H

increased, the desorption temperature decreases from 260 K to 230 K suggestive of second

order desorption kinetics.

0.01 ML Pt-Cu(111)
A

H
2
200 L
) 100 L
50 L

) / \\ 30L
o N BL

A~ 2L

100 200 300 400
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Figure 4.1.H, desorption from RCu(111) SAA
(A) TPD spectra of bluptake on a 0.01 ML REu(111) surface. (B, C) STM images of 0.01 ML

Pt surfaces in which the Pt atoms appear in STM images as isolated protrusions substituted into
the Cu surface lattice. All STM imag@vere recorded at 30 K.

Of particular note is the fact that Hptake on 0.01 ML SAA P€u(111) surfaces
yields ~10 % H surface coverage indicating that the concentration of H atoms is not limited
by the number of Pt active sites; therefore th€R1SAA is capable of spillover. Using
STM, we observed the H atoms that migrate from the Pt atom dissociation sites to the Cu
surface, directly visualizing the spillover H atoms (Figi&). After exposing a clean 0.01
ML Pt-Cu(111) surface to +ht 85 K anctooling to 5 K for STM imaging, we observed the
appearance of depressions on the Cu terraces. The locations of the depressions are

independent of substituted Pt sites which appear as protrusions in STM images4 Bilyure

Page b5



B are consecutive STM images shogvthe motion of H atoms on the surface. Since

imaging was performed at 5 K using Rperturbative tunneling conditions, the mobility of

the clusters provides further evidence that they are composed of H atoms as it has previously
been shown that H atomsdergo quantum tunneling mediated diffusion at low

temperaturé®>

Figure 4.2. Low-temperature STM images of H atom motion on the 0.01 ML SASWRL11)
surface

Panels A and B show consecutive STM images in which the H atom clusters (depressings) ch
position. All images were taken at 5 K at 30 pA and 30 mV.

Our TPD experiments indicate thai gesorption from RCu SAAs is ~60 K lower
than observed on Cu(111pr Pt(111¥* surfaces (Figurd.1). We hypothesize that this low
temperature desatipn is due to the weak binding energy of H to th&€Btsurface and a low
activation barrier for BHdissociation (Figurd.3). Due to microscopic reversibility,
molecules adsorb and desorb via the same pathway. In this systadfbs and desorbs at
theisolated Pt atom sites as Cu(111) is not capable of dissociatinglHHV.1° In terms of
the desorption temperature of,Hiydrogen must overcome both its binding energy to the Pt
site and the recombination barrier as shown in Figie For Cu, the dmrption
temperature accounts for both the binding energy of H atoms to Cu and the activation energy
for H2 recombinant desorptiofi.For Pt, however, the desorption barrier is primarily due to

the stronger binding energy of H atoms sinealidsociations a noractivated process on
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Pt3¢ We hypothesize that the low temperature desorption that we observe foiGheSRIA

is a result of a weaker H atom binding energy compared to continuous Pt and a lower
activation energy compared to Cu. We postulate the binding energy of H to a sisitgeist

lower than bulk Pt since H prefers to adsorb-fold@ hollow sites containing 1 Pt atom and 2

Cu atoms. These ideas are consistent with recent theoretical calculations which reported that
the adsorption energy of H to-Bu SAAs as 0.3 eVand that H; dissociation on PCu

alloys has an activation barrier <0.05 eV, which is consistent with our réétts.

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

desorption desorption
E.~0.4¢eV
a © |E.<0.05eV  E,~0eV
AE~0.6 eV

Figure 4.3. Energetidandscape of kHdesorption
Schematic of the energetic landscape for dissociation and desorptionasf PECu SAAs &
compared to monometallic Cu and Pt surf#c@g7:36

Multiple H2 adsorption/desorption experiments indicate thaE®®SAA are stable
with respect to both hydrogen exposure and thermal annealing (Biguréfter 13 trials of
exposing a 0.01 ML P€u(111) sample to a coverage of H below saturation (1 Lopfthe
amount of H uptake remained constant at 0.08 = 0.02 ML as shown in Eiguwge find
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that individual,isolated Pt atoms remain in the surface layer and activexfdiskociation

and spliover when ramped to catalytically relevant temperatures of 450 K multiple times.
Canziaret al. have shown with Monte Carlo simulations that two competing effects impact
the subsurface diffusion of Pt into €liThe size mismatch between Pt (277 @mdl Cu (256
pm) disfavors subsurface diffusion of Pt , but the greater surface free energy of Pt (2.204
J/In?) than Cu (1.566 J/A78 favors subsurface diffusion. While no evidence of subsurface
diffusion of Pt is a promising attribute of the UHV systeooking forward, irhigher

pressure environments the composition of the gas phase affects the segregation behavior of
the metallic atoms in a way that is not related to just their surface free energiesCior Pt
alloys, adsorbate binding often induces demin the local composition and surface
structure as seen with Pt segregating to the surface iraartesphere and segregating

subsurface in a CO atmosphété?
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Figure 4.41. PtCu SAA performance during multiplestddsorpion/desorption cycles
PtCu SAA performance during multiple; adsorption/desorption cycles. In each trial 1 L efisd

deposited on the sample at 85 K and the temperature ramped to E&@ibars are one standard
deviation.

In order to understand tlyeometric effect of Pt ensembles on the energetics of H
uptake and release, STM imaging was performed on a variety of coverages of Pt deposited
onto a Cu(111) surface held at 380 K (Figdi£s). At low Pt coverage (8.1 ML), the Pt
Cu(111) surface exhitad straight step edges similar to steps observed on Cu(111) (Figure 5
A,B). At Pt coverages 8. 1 ML, finger like growth parallel to stegriges was observed
(Figure 5 C,D, and E). Prior to completion of the first Pt layer, growth of a second layer
demongrates 3D growth of the R2u alloy*! This structural progression agrees with
previous studies reporting low coverage formation of thd*@u11) alloy*? Our high
resolution STM images show interesting geometric changes on the atomic scale with
increasig Pt coverage. At lower Pt coverageQ(®5 ML), the Pt atoms exist as isolated
species (Figure 5F). In the terraces, the Pt atoms are homogeneously distributed and higher

concentrations of Pt atoms exist near step etifgégure 5F shows the interfacettveen a

Page p9



terrace and a Pt rich area near a step edge. When alloyed at 380 K, Pt atoms exist as isolated
species, even in regions of locally higher Pt concentrations. As the concentration of Pt atoms
increase (*0.05 ML), larger clusters of Pt atoms begirdevelop within the fingelike

growths at step edges (FigwtdG-H). The larger Pt clusters exist as linear chains and run
preferentially in the clospacked directions of the Cu(111) surface. As the concentration of

Pt increases, the predominance ard sf the clusters increases. Larger Pt ensembles with
higher Pt density are present near the step edges and gradually decrease in density
transitioning from the fingelike growth back to the position of the original Cu sesjges.

At Pt coverages > 0BIL, Pt(111) like regions are present at the edges of the firiger

growths. On the terraces, Pt still exists as well dispersed, isolated atoms. The local ordering
of Pt and Cu atoms in regions of high Pt density demonstrates the strong tendency of Pt and

Cu atoms to intermix compared to segregating into regions of pure Pt and Cdtbms.

0.01 ML Pt 0.05 ML Pt 0.1 ML Pt 0.3 ML Pt 0.5 ML Pt

0.01 ML Pt 0.05 ML Pt 0.5 ML Pt

Figure 4.5. Effect of Pt surface coverage on the distribution of Pt ensembles in the Cu(111)
surface

High resolution STM images near Cu step edges showing the appearance of 1D chains at
coverages > 0.05 ML. Alloys were prepared by depositing Pt at 380 K. All images were recorded
at 30 K.
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Previously, we have shown that Pt alloys with Cu via two mechattisBriefly, the
predominant alloying mechanism is pleeechange via ascending step edges. Pt atoms bind
to under coordinated atoms at stgfges and then progressively place exchange into terraces
resulting in localized higher concentrations of Pt atatrstep edges. The development of
finger-like growths at step edges is a kinetic limitation of the process, due to the diffusion of
Pt atoms across the surface to the step edges being faster than incorporation into Cu terraces.
The second alloying mecham is direct placexchange into Cu terraces which itself yields
a homogeneous dispersion of Pt atoms across terraces. At the alloying temperatures we

examine here, both mechanisms contribute to the final distribution of Pt atoms.

Using our knowledge ohe alloying behavior of Pt with Cu(111) as a function of Pt
coverage, we selectively prepared alloys with isolated Pt atoms in the surface for coverages <
0.05 ML by holding the temperature of Cu(111) at 380 K during deposition of Pt. At low
coverages Ritoms preferentially exist as isolated species becauSea Bonds are stronger
than PtPt bond<® The incorporation of larger Pt atoms into the smaller Cu lattice generates
compressive strain and the dispersion of the atoms reduces the strain. AdglitionBk
based alloys, relativistic effects alter the orbital overlap between Pt and Cu impacting the
ordering of PtCu bulk alloys yielding segregation of Pt and Cu into alternating layers which

we postulate drives the formation of the 1D chains wergb$é**46:47
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Figure 4.6. H, desorptiorfrom Pt-Cu(111) alloys with extended Pt ensembles

(A) TPD spectra for the desorption o ffom PtCu(111) surface alloys with 0.3 ML Pt. {B)

STM images of 0.3 ML P€u surface including (C) atomic resolution where Pt atoms appear in
STM images as protrusions within the Cu surface lattice. STM images were obtained at 30 K.

In additional TPDexperiments, we examined the effect of higher Pt loading.on H
uptake, spillover and desorption (Figdr6A). Compared to the 0.01 ML+ (111)
surface, the higher Pt coverage desorption traces are asymmetrical with a higher temperature
tail (Figure4.1A and Figure4.6A). At saturation coverage of H, desorption from 0.3 ML Pt
begins below 200 K and finishes above 300 K in a broad peak. Since our STM images reveal
that a higher Pt coverage (0.3 ML) yields a heterogeneous surface structure, the observed
increase in the desorption temperature pasimeasured by TPD is due to presence of larger
Pt ensembles (Figuke6 B and C). These 0.3 ML Pt surfaces contain isolated Pt atoms in the
Cu terraces, 1D chains of Pt atoms, and also extended Pt arrayswahsite$wo chains are
present next to one another. The broadiékorption trace that we observe with TPD of
saturated hydrogen at 0.3 ML Pt is due to desorption from these multiple surface sites. We

postulate since H atoms bind atddd hollow sites on ratals, the H atoms bound to sites
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containing 1 to 3 Pt atoms give rise to the progressively higher desorption temperatures

measured in TPD.

To fully investigate the effect of Pt concentration and ensemble size wptdke,
spillover and desorption,H PD were recorded as a function of Pt coverage (Figute As
the concentration of Pt increases, the intensity of th@eldorption peak increases and the
peak broadens. At low coverages, a narrow symmetrical peak is observed indicative of H
desorption fom a single site; the Pt SAA. The peak progressively broadens and the peak
center is shifted to 290 K at 0.6 ML Pt. The progressive broadening suggests desorption from
a variety of different surface sites including single Pt atoms, short linear Pt @dradriarge
Pt clusters as observed in the STM images (Figlilgs Given that the Hdissociation
barrier is low at isolated Pt sites and essentially zero on Pt(111), the shift in desorption peak
temperature indicates the increase in binding strengthtofl&tger Pt clusters as the Pt
coverage is increased. At the highest Pt coveradeMt), desorption at 290 K is consistent
with desorption from Pt(111) like sité$The variation in K desorption profiles from the
progression of alloy surface structsiggarticularly highlights the fact that individual, isolated

Pt atoms (SAAs) bind H considerably more weakly than 1D and 2D Pt ensembles.
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Figure 4.7. H desorption from RCu(111) surface alloys

TPD spectra of 50 L Huptake of multiple coverages of Pt. The varying stoichiometry @ WPt
surface was achieved by alloying well defined amounts of Pt in Cu(111) at 380 K. The TPD plots
highlight both (A) the shift in desorption temperature with increasing Pt coverage acldafiRjes

in the desorption peak shape. The color change from light to dark blue reflects increasing Pt
coverage.

By measuring the H uptake as a function eCRtalloy stoichiometry, we observe as
the Pt coverage increases from 0.3 ML to 5 ML, the upaakiethe desorption temperature of
H2 both increase. This supports Pt atoms as being both the active sites for
dissociation/recombination and the preferred binding sites for H (Figgirelf there was no
spillover of H to Cu a linear increase of H coveragth Pt surface loading would be
expected since only the Pt atoms are responsiblesfactivation. However, for low
coverages of Pt (8.2 ML) a nonlinear trend was observed (Figut8). Therefore, H
uptake is not limited by the number of Pt sitebjali supports and quantifies our STM
results where we observe H atom spillover onto Cu (Figi2e The H coverage plateaus
between 0.2 ML= 0.5 ML Pt where STM shows that the surface is dominated by 1D Pt

chains. The single atom sites are more efficam spillover than the larger clusters due to
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the stronger binding of H to Pt chains $éturation does not occur until ~2 ML of Pt due to

3D alloy growth prior to Pt terminatiof.
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Figure 4.8. H uptake (50 L) on PCu alloys as a function of Pt caage
Panel B shows data for low coverages of Pt and the anticipated H coverage that would be expected
if H spillover onto Cu did not occur.

Previously, we have reported that H atoms are capable of spilling over from single Pd
atom active sites to Cu teoes!®?’ The distinguishing feature of the-Bt alloy compared
to PdCu alloy is the enhanced stability in the surface layer. FQuUPdlloys, H uptake
remained constant after repeated ramps to 450 K, however, ~70 % droppptakk was
observed foPd-Cu alloys ramped repeatedly to 300 K (13 trials). Additionally, Pt is able to
alloy directly into the terraces leading to a higher overall dispersion. Different alloying

mechanisms are observed for@®4 and PeCu alloys, but both alloys behave very garly
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in terms of H activation in that both SAAs reduce the activation energy.afissociation,
allow spillover to Cu and exhibit lower recombination barriers than the pure metals.
Therefore, the SAA concept we developed for Pd appears to hold inResystem which

turns out to be more stable with respect to annealing tha@uP§ 274953

4.3. Summary

By combining STM and TPD we probed Bctivation, spillover and desorption on a
range of PICu alloy surfaces. We observed that single Pt atoms &ubsdtinto the Cu(111)
surface enable +io undergo facile dissociation at 85 K. The H atoms are then able to
migrate from Pt atoms to Cu sites at 85 K revealing an efficient spillover mechanism. H
desorbs from the alloy surface at temperatures significantly lower than either pure metal.
We find these SAAs surfaces are robust to multiple heating cycles to 450 K. Our STM
measurements show the evolution of the alloy surface structure as the Ptisamiiset],
from isolated atoms to 1D Pt chains and extended Pt ensembles. Our TPD studies reveal
how the H coverage and desorption temperature track with the alloy surface structure. This
work provides a fundamental understanding of ensemble effectsdn &lloys on the
uptake and release obHrhis in turn yields guiding principles for the design ofJetalloy
catalysts that maximize the efficient ldemperature uptake, spillover and release of

hydrogen while minimizing the amount of precious metglired to activate hydrogen.
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4.4. Additional Experimental Details

Surfaces were exposed te (99.9 % Airgas) by backfilling the chamber to the

required pressure through high precision leak valves while the sample was held at.85 K. H

coverages were determined by the saturation coverage of unity &misbrbed on 5 ML of

Pt, assuming the surface terminates as Pt(111). Pt coverages were quantified by CO (99.99 %

Airgas) titration by saturating with CO (10 L) and comparing the ratdet CO

desorption from Cu sites (<200 K) and Pt sites (>300 K). CO binds atop to isolated Pt atoms

in Cu similar to CO binding to isolated Pt atoms irr#&3and isolated Pd atoms in ¢U.

We also accounted for the known saturation packing density afrOQu(111) (0.52 ML)®
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Chapter 5SelectiveHydrogenation oButadiene orPt-Cu
Alloys at theSingle Atom Limit

This chapter was modified fmoan original publication of the same title by F. R.
Lucci*, J. Liu* et al. from Nature Communications, volume 6, page 8550.

5.1. Introduction

Pt is one of the most widely used transition metal catalysts due to its superior
catalytic performance for botbxidation and hydrogenation reactions. It is used extensively
in electrochemical and heterogeneous catalysts with applications in fuel cells, automotive
catalytic converters, and industrial hydrocarbon cracking procé$geswill also
undoubtedly play a large role in the ongoing development of clean energy technologies.
Despite its favorable reactivity, there are two major drawbacks of Pt catalysts. First, Pt is
very expensive and scarce in nature which imposes majoations on its future role in
catalysis. Second, Pt is susceptible to CO poisonipglymer electrolyte membranBEM)
fuel cells because CO binds strongly to metalliZPTherefore, a key step towards the next
generation catalysts will be the devetognt of hybrid systems that retain the high activity of

Pt, while improving its selectivity and increasing its tolerance to CO poisoning.

One approach is to design catalysts that contain only the Pt sites necessary to perform
orto assistatargetreaaio Recensl yefibehgtegeneous cataly.
atomically dispersed active metal species have been shown to be effective in catalyzing a
number of reactionsSinglesite Pt and Au cations stabilized 18- linkages on various
supports with icinal -OH groups have been identified as the active sites for the-gater
shift reactiorf” In a similar fashion, isolated precious me@alspecies on various support

matrices have shown superior activity for CO oxidafiand the steam reforming of
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methanoP*° Atomically dispersed Au atoms in metallic Ni have been shown to dramatically
suppress carbon deposition in the steam reforming of methade isolated Pd atoms in
metallic copper host catalyze selective hydrogenation reacfidhsThough Pt and Pd are

often interchangeable in terms of catalytic activity, they have different physical properties
that impact their alloying behavior, surface segregation, and electronic structure that can
potentially impact their ability to activate;ldndcatalyze hydrogenation reactiot¥s® PtCu
bimetallic alloys offer an alternative method for reducing the amount of Pt and potentially
enhancing catalyst selectivity for partial hydrogenation reactfbfidyut to date it has not

been reported that sileggmetallic Pt atoms are capable of such chemistry. Theory work has
shown that by simultaneously optimizing the activation of reactants and binding strength of

intermediates, the catalyst activity for hydrogenation reactions should be contréilable.

Heran we show that very low concentrations of individual, isolated Pt atoms in a Cu
surface catalyze the industrially important butadiene hydrogenation reaction with high
selectivity to butenes. Butadiene poisons polymerization catalysts even at low crarentr
(< 10 ppm) in industrial alkene streafM©f particular interest is the butadiene impurity in
propene feedstocks used to produce 42.3 million tons of polypropylene arthaiéy.
selective hydrogenation of butadiene to butene serves to incregsaritly of alkene
feedstocks without reducing their overall concentration. Therefore, catalysts that selectively
hydrogenate butadiene to butenes and prevent the hydrogenation of butenes to butane are of
great interest. It has been proposed that the wbdgroduct distribution is controlled by the
adsorption energy of butadiene to the catalytic surface and weaker binding is known to direct
the product distribution in favor of the formation of bute#e&8 Our surface science

experiments show that Cu bis butadiene weaker than Pt, but the dissociation of molecular

Page B3



H> on Cu surfaces and nanopatrticle systems is often the rate limiting step. We have used
high-resolution microscopy to interrogate the atomic geometBt-@fu alloys and have
discovered the mimum ensemble of Pt, a single atom, embedded in Cu(111) single crystal
surface will dissociate +thus enabling selective hydrogenation reactions. Our surface
science experiments revealed that isolated Pt atom geometries, unlike continuous Pt
ensemblesibit weak binding of CO and maintain activity after many hydrogenation
cycles. Guided by these model catalyst experiments, we prepared highly Bit@ed
nanoparticles using this single atom alloy (SAA) princigfE Nanoparticle Cu catalysts,

with Pt as the minority species, were found to exhibit high activity and selectivity for

butadiene hydrogenation to butenes under relatively mild conditions.

5.2. Results and Discussio

Hydrogen Uptake and Desorption from@u(111) Surfaces

Model Pt-Cu surfaces with a range of Pt coverages were prepared using physical
vapor deposition of Pt onto a clean Cu(111) surface held at 380 K. Scanning tunneling
microscopy (STM) imaging (Figue1B) shows that at low Pt coverages (0.02 monolayer
(ML)) Pt atoms ®ist as individual, isolated species substituted in the Cu surface lattice
which we refer to as a SAR.The STM images indicate that Pt atoms incorporate both
directly into Cu(111) terraces and in areas above surface step edges via place exchange. Even
in regions of higher local concentration near step edges, the Pt atoms are always isolated
from one another and do not form dimer or trimer clusters. This high dispersion of individual
Pt atoms is driven by the negative mixing enthalpy of Pt in Cu andcetaistin relief of

incorporating a larger Pt atom into a smaller Cu latfice.
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Figure 5.1.H; dissociation and spillover on a-Bu(111) SAA

(A) Temperature program desorption (TPD) traces efuptake on 0.02 ML and 5 MPt

Cu(111) surface exposed td, at 85 K.(B) STM image of 0.02 MLPtCu(111) SAA surface

where the Pt atoms appear as isolated protrusions substituted into the Cu(111) surface. Scale bars
are 1 nm. (C) STM image showing H atom spilver onto Cu in which the H atoms appear as
depres®ns and cluster into small mobile islands. Pt sites appear in STM images as protrusions.
Scale bars are 3 nm.

By quantifying surface coverages of both Pt and H, our temperature programmed
desorption (TPD) experiments (FiguwdA) reveal that trace amotsof Pt make H
available on the more inert Cu surface by dissociatingrid allowing spillover of H atoms
to Cu sites. Importantly, thestdesorption temperature on tReCu(111) SAA of 230 K is
significantly lower than kBldesorption from either a Pt(1)Lor Cu(111) surfaces which
occurs at ~300 ¥'3! meaning that the H atoms also recombine and desorb from the Pt atom
sites. This is consistent with the principle of microscopic reversibility which states the
forward and reverse reactions follow the sdoveest energy pathway. With increasing
exposure to b the desorption temperature shifts to lower temperatures characteristic of

second order desorption kinetics. Therefore, the Pt atoms in Cu act as both entrance and exit
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sites for H dissociation and mmbination. Calculations predict that Pt exhibits a negligible
barrier for b dissociative adsorption which is consistent with the facile dissociative
adsorption of Hthat we observe at 85 # Notably, the concentration ofzHiesorbing from

the surfaceés much higher than the the Pt coverage, demonstrating that the H atoms must
spill over from the Pt sites to Cu. Let@mperature STM allows us to directly image these H
atoms. STM images ¢ft-Cu(111) SAA surfaces exposed te $how mobile depressions on
the Cu surface that Jewell al. previously assigned asdtoms diffusing across a Cu
surface® The presence of Btoms on Cu(111) demonstrates that H atoms do indeed spill
over onto the Cu surface (Figsd.C). This spillover process allows for excrease in

weakly bound H on Cu (=20 kJ/m#lwhich is a prerequisite for selective hydrogenation

chemistry.

The low temperature desorption of flom thePt+Cu(111) SAA surface is a result of
a decrease in thezllecombination barrier as compared tGasurface and a decrease in H
atom binding energy compared to a pure Pt surface. These experimental results are consistent
with theoretical studies that predict a minimal activation ener@gyds eV) for H
dissociation at individual, isolated Pt site<Cu and much weaker binding of H atoms to the
Cu surface as opposed to puré®£.The weaker binding of H atoms at the single Pt atom
dissociation sites compared to Pt(111) results from the preferential adsorption cfdtidat 3
hollow sites, which irthe SAAs are composed of 1 Pt atom and 2 Cu atoms. By combining
complementary energetic landscapes fodidsociation and spillover, we later show tRat
Cubimetallic catalysts exhibit enhanced reactivity since Pt readily activatasdiCu

exhibits weak binding of reaction intermediates. Thus,RR€u bimetallic combination
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addresses both the reduced selectivity of Pt catalysts and the barrieaébivation on

Cu 30,36

Additionally, our experiments reveal tRtCu(111) SAAs bind CO significatyt
weaker than Pt as evidenced by the lower desorption temperature of CO from single Pt
atoms (350 K) compared to Pt(132(450 K) (FigureS1 and Note S¥). This result holds
great promise for the utility d+Cu SAAs given problems like CO poisoning of the Pt

anodes of PEM fuel celfs.

Butadiene Hydrogenation d?t-Cu(111) Alloys

In order to probe the chemical reactivityRfCu SAAs, we performed temperature
programmed desorption/reaction (TPD/R) studieshemtodel catalyst systems. Fig&2A
shows TPD/R traces resulting from adsorption of 5G: (which results in 0.2 ML of
adsorbed H atoms @J and 0.1 L butadiene (0.2 ML) on a 0.02 RECu(111) SAA. The
sole product of cadsorption of Hand butadiea is butenes at Z& conversion with no
detectable yield of butane. The hydrogenation reaction is facile on the SAA as evidenced by
reactively formed butenes desorbing from the surface below room temperature (240 K).
Unreacted butadiene desorbs from Cuatees (220 K), Pt sites (290 K), and Cu steps (330
K) and unreacted Hlesorbs fronPt sites (230 K) (FiguradSand 3 and Note 2%). The
desorption temperature of these unreacted species is consistent with desorption from a clean
PtCu(111) surface dematrating that the cadsorption of butadiene and #oes not alter
the desorption behavior. In the absence gfddtadiene reversibly adsorbs and desorbs from
the surface without decomposing or inducing-bgtirogenation to unwanted butarfégure

S3%%). Reactively formed butenes desorb at the same temperature as adsoubstel

Page B7



(FigureS4) *’, indicating that the reaction is desorption rate limited and the selective
hydrogenation must occur at a temperature below 2#*KDesorption of butane is never
observed and eadsorption of Hand tbutene did not yield the fully hydrogenated product
butane FigureS5°) indicating that weak binding to Cu enables selective hydrogenation to

the desired product.

a 0.02 ML Pt/Cu(111) J € 0.3 ML Pt/Cu(111)

H2 + C4H6—>C4H8 H2 * C4H6—>CHX

50 L Hydrogen
0.1 L Butadiene

P LS

50 L Hydrogen
0.1 L Butadiene

Hydrogen Hydrogen
/\_ Butadiene Butadiene
Butene Butene
Butane Butane
T TrrTrrr LAY NN D T
100 200 300 400 100 200 300 400
Temperature (K) Temperature (K)
b

Figure 5.2. Selective hydrogenation of butadiene onr@®i(111) SAAs vs. larger Rinsembles
TPD/R traces from the adsorption of, tand butadiene on (A) 0.02 MR+Cu(111) SAA and (C)
0.3 ML P+Cu(111). STM image of (B) 0.02 ML and (D) 0.3 M2t-Cu(111). Scale bars are 1 nm.

Increasing the concentration of Pt to 0.3 ML decreased the selectivity of the surface

to butenes. With increased Pt content, we predominantly observe decomposition of
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hydrocarbons resulting in surface bound hydrocarbon fragments as evidenced by desorption
of H at higher temperatures (Figus&C)** High temperature desorption of K20 K) is
indicative of the decomposition of butadiene and butenes into surfackaghhents that

further decompose to C and release additionalttiigher temperatures as previously
observed for decomposed butenes on Pd catdly§$M images of 0.3 MIP+Cu(111)

reveal the cause of this effect; in addition to single Pt atoms the 0.3 ML Pt surface is
composed of extended linear chainsl(®atons) of Pt atoms (Figurg.2D). Unlike

individual Pt atoms, these larger Pt ensembles within the Cu matrix are capable of breaking
C-C and CH bonds that leads to decomposition and active site poisoning. These Pt sites
exhibit reduced selectivity similar #t(111) on which the decomposition of butadiene is
preferred over hydrogenation due to strong binding of butadiene to Pt(111) and facile

decompositiorf?4°

a. 0.02 ML Pt/Cu(111) b. 0.02 ML Pt/Cu(111)
50 L Hydrogen 50 L Hydrogen
0.1 L Butadiene 0.1 L Carbon Monoxide

0.1 L Butadiene

x 0.5
Carbon Monoxide Carbon Monoxide
Hydrogen Hydrogen
Butadiene Butadiene
N e N

Butene Butene
Butane Butane

L L L D LI L
100 200 300 400 100 200 300 400
Temperature (K) Temperature (K)

Figure 5.3.Butadiene hydrogenation in the presence of CO
TPDI/R traces for the eadsorptiorof H; and butadiene (A) without and (B) with CO on 0.02 ML
PtCu(111). B was adsorbed on the surface prior to adsorption of CO.
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In order to determine the active sites for hydrogenation, CO was used to selectively
block Pt sites as the hydrogenation wag@rmed. First, H was adsorbed ontBteCu(111)
SAA and then small amounts of CO were adsorbed (Fig8jeDue to the stronger binding
energy of CO to Pt than Cu, CO selectively adsorbs atop to the isolated P{%tdmaas
adsorbed onto the surfaprior to CO since CO blocks the adsorption of H. The surface was
then exposed to butadiene and the temperature ramped to perform the hydrogenation
reaction. Since CO desorbs from Pt sites at higher temperature (350 K) than butenes or H
CO inhibits anyhydrogenation from occurring at the Pt sites. CO also blocks the adsorption
of butadiene at Pt sites as seen by the disappearance of its desorption peak at 290 K. Our
results indicate that the conversion of butadiene to butenes is unaffected by the CO
adsaption at the Pt atom sites meaning that the selective hydrogenation of butadiene occurs

predominately on the Cu sites.

PtCu(111) SAAs exhibit excellent stability after multiple TPD/R cycles as shown by
the steady and selective conversion of butadiemeitenes. Cycles of the-aalsorption of
hydrogen and butadiene followed by CO titration andiptake showed no change in
reactivity (Figures.4). After 6 cycles, the conversion of butadiene to butenes remained
constant at 25 = 1 % as determined by thewant of butenes desorbing at 240 K. The
number of Pt atoms in the surface was also quantified via CO titration between each reaction.
After each TPD/R cycle, the concentration of Pt atoms in the surface layer was 1.4 + 0.2 %,
consistent with the numbef Bt atoms presemrior to each hydrogenation reacti@ince
the Pt atoms serve as the entrance routes ohté the surface, the ability for the surface to
uptake Hremained constant at 15 + 1 %. Loss of Pt sites or decreasaativhtion was

not observed because Pt atoms are neither poisoned by decomposition of hydrocarbon
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fragments nor lost by stdurface migration. Since multiple hydrogenation runs result in no
decrease in activity or selectivity, single isolated Pt aton@uiare capable of Hactivation
and spillover but not of breaking ofC bonds, thus preventing the butadiene decomposition
and surface poisoning that occur at higher Pt coverage. The robust naturBtef theystem
further highlights the durability of AAs.

Butadiene Conversion
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Figure 5.4.Repeated cycles of butadiene hydrogenation onGuPt11) SAA

Repeated cycles of butadiene hydrogenation on-@uPt11) SAA reveals no loss in activity
Multiple cycles of TPD/R after the eadsorption 50 L b+ 0.1 L butadiene, follwed by TPD of

50 L H; and then TPD of 1 L CO on 0.02 ML-Bu(111) SAA. Multiple ceadsorptions of kland
butadiene lead to no decrease in the amount of butenes produced. The Pt atom concentration in the
surface after each reaction cycle was quantifiedQy titration. In each reaction cycle the
temperature was ramped from 85 K to 450 K. Ebars are 1 s.d. of the data.

PtCu Single Atom Alloy Nanoparticles

Inspired by the performance and stability of highly dispersed Pt atoms in the model
catalyst systm, we applied our SAA strategy to prepBt&Cu bimetallic nanoparticles (NPs)

and examined them at atmospheric pressure under several realistic reaction conditions. Three
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differentPtCu NP compositions were prepared by the galvanic replacement (GR)di&th
in which a controlled amount of Pt was exchanged with Cu cfopneed Cu NPs supported
on 2-Al20s. Low concentrations of Pt in solution form SA¥% 1Cu4/AlOzand
Pt.2Cuw2/Al203 NPs, while higher concentrations of Pt forra@#&/Al203. A detailed
description of the synthesis and characterization ¢ftallu alloy NPs is given in the

Supplementary Informatidh(FigureS6 -14, TableS1-2, and Note SB

Elemental mapping by energy dispersiveay spectroscopy (EDS) reveals that the
PtCuNPs are all bimetallic. Pt, Cu, Al, and O elemental mapping by &d%s that Pt is
distributed over the Cu NPs and is not deposited on-&leOs support FigureS10%). In
situ EXAFS performed at room temperature atfté , edge reveals the cabination of Pt
in PtCualloys (Figure5.5E and Tablé&2%"). No PtPt bonds are detected i u4/Al .03
and P§.Cu2/Al203, which provides direct evidence for individual, isolated Pt atoms in the
PtCu bimetallic NPs. ThétCufirst shell interaction distance is 2.63 A which is between
PtPt (2.77 A) and CCu bond lengths (2.56 Af further supporting SAA formation. The
existence of PPt bonds in BCus/AlO3 suggests that Pt islands and/or clusters are formed

in the NPs wih this higher Pt loading.

Figure5.5 shows aberratiortorrected highangle annular darkeld scanning
transmission electron microscop@ADF-STEM) images oP1.1Cui4/Al20s. Aberration
corrected HAADF imaging can distinguish isolated Pt atoms dudfevatices in Z
contrast®1In this work, we observed a number of bright, aired features within the Cu
lattice (Figures.5). Our EXAFS results indicate that these features are isolated Pt atoms in
Cu. Additionally, the lattice spacing Bt-Cuis canparable to the pure Cu lattice spacing
which also supports dilute dispersion of Pt atoms (Fi§&®). Variations in the
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background structure of the Cu NPs make imaging of isolated atoms difficult, but in Figure
5.5D the single Pt atoms are more appadest to the uniform backgroufrdSTEM and
EXAFS analysis demonstrate the formatR¥Cu SAA NPs, which provides a new catalytic

system to study selective hydrogenation reactions

M
&)

/

I\ _Pt,,Cu,JALO,

— ¥

Pto.zcuilAlzoa

0 2

. 4
R (A)

Figure 5.5.Characterization of REu SAA NPs

(A-D) HAADF-STEM imageswith (C) colored intensity map from selected region, and (E)
EXAFS K1 weighted Fourier transformgA, D) typical regions of the sampleREW4/Al 05,
showing Cu metal particles with isolated Pt atoms. Isolated Pt atoms are highlighted with circles.
The lattice spacing of Cu(111) is 0.21 nm. Scale bars are (A) 5 nm and (D) 2 nm. (B) Enlarged
image and (C) colorized intensity map of highlighted region showing isolated Pt atoms. (E)
EXAFS data was collected at-P#, edge at room temperature from Pt faild in H atmosphere

at PtL; edge at room temperature from pesluced RHuCwA/AlOz PbCufAlOs and
PtCus/Al 203,
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Butadiene Hydrogenation on Single Atom Alloy Nanoparticles

Our catalytic data reveals that adding trace amounts of Pt MPSsignificantly
enhances hydrogenation. The butadiene hydrogenation activity and selectivity as a function
of temperature on PICu4/Al 203, Pt 2Cuio/Al203 and Cus/Al20z NPs are shown in Figure
5.6 andFigureS15.3” Under the conditions employed oREw4/Al-Os has a hydrogenation
reaction onset at 40 °C, which is &5 lower than that of the monometallic Cu catalyst. The
reaction rate over the ACw4/Al.Ozat 60°C is an order of magnitude higher than the
monometallic Cu catalyst. Cu1o/Al2Os exhibits greater hydrogenation activity than
Pb..Cu4/Al,Ozdue to a higher Pt atom surface amount at the increased Pt loading. However,
the selectivity remains unaffected because the Pt atoms continue to be isolated in

Pt.2Cno/Al2Os, as found by EXAFS model fitting (Tab®&°7).

DB 0-[0:0 — 0 =—0—0, - 100

> O
\A \E\j ~O
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(%) susing 03 AyAnos|es

Temperature (°C)

Figure 5.6. Selective hydrogenation of butadiene
Hydrogenation shown as a function of temperature overs/A&luOs, PbiCuid/Al0s, and
Pto.2Cuiz/Al 03 NPs(1,3-butadiene (1.25 %), H20 %) and He (balae¢, GHSV=1,200 ).
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Notably, the SAA catalysts maintain the high selectivity to butenes exhibited by Cu.
At full conversion, there is over 90% selectivity towards butenes isomers. The selectivity of
SAA NPs (P§.1.Cw4d/Al203and P§Cu2/Al203) wascomparable to Gg/Al.O3 whereas Pt
monometallic catalysts fully converted butadiene to butane under these conditions.
Monometallic Pt is known for overydrogenating dienes and alkyriés3Therefore, by
combining the hydrogen activation ability of Ptlvthe weak binding of butadiene on Cu
and the | att er 0 ®tCaRAA eatalystsexhibitysuperior pdrfarmance éos |,
this important industrial reactigiffigure S15 20 and Note S%). Various other alloy
surfaces, including PAu and SAPt, have been shown to improve selective hydrogenation
reactions**>However, this is the first report that single Pt atoms can enhance selective

hydrogenation reactions on a less active metal, such as Cu.

To demonstrate the ability &-Cu SAAs to seletvely hydrogenate alkadiene
impurities in alkene feedstock3ye tested the selective hydrogenation activity of
P1.1.Cwm4/Al>O3 catalysts in the presence of excess propylene and found that butadiene is
preferentially hydrogenated on tRéCu SAA NPs FigureS19°*"). Below 120 °C,
conversion of propylene was not observed. At #0onversion of butadiene, less than 1 %
of propylene was converted to propane. Comparing these results to the hydrogenation
activity of Pb.1Cuw4/Al2Oz in propylenefree condition we found the propylene has no effect
on the activity and selectivity &ft-Cu SAAs for the hydrogenation of butadiene. At 160 °C
and 145 °C, butadiene is fully converted an@b% converted, respectively, over
Pt 1Cu4/Al.O3zwithout significantpropylene hydrogenation (1.2 % at 160 °C and 0.5 % at
145 °C) for >12 h onstream at each temperature (Fighf® demonstrating high stability of

the catalysts at full conversion of butadiene.

Page P5



160 °C o 145 °C

100 TR D s
\ -

Conversion pf;Butadlene s "

. - Conversic:;n iof Propylene

zg_ﬁl'iﬁi%sﬂmﬁﬂm-m% ?

— - _

1 - e e e e S

— 0

' ' T ' T ' T ’ T

0 5 10 15 20 25

Time-on-stream {hour)

e, 804 Selectivity Jo:Butene ~ é’
2 o D 44z
] 1 2
g 2 @
g = 604 S
o - 1 ¢
= 5 - '_'S
2 @ 3
5 = 404 s
2 3 <
=2 =
T 3 g
® "= i1}
P —
£ B

Figure 5.7.Butadiene conversion in the presence of excess propylene

Conversion and selectivity in lortgne steady state selective hydrogenation of butadiene at 160
and 145 °C (~ 0.1 g catalystoREwm4/Al O3, flow rate = 50 ml mirt, 2 % 1, 3butadiene, 20 %
propylene, 16 % Hand balance He. GHSV=12,000)h

P+Cu SAAs exhibit high stability and selectivity under realistic hydrogenation
conditions FigureS16i S20°"). ThePtCu SAAs maintain stable butadiene conversion for
more than 46 h at 160 °EiureS16°"). Temperaturggrogrammed oxidation (TPO) studies
of the catalysts after hydrogenation show negligible @@nation FigureS20°")
demonstrating the robustness of SAA catalysts to butadiene decomposition, oligomerization,
and coke formation. Based on anodel catalyst studies, the increase in the selectivity of
SAAs is due to the inhibition of hydrocarbon decomposition commonly observed with Pt
catalysts because SAAs do not offer extended Pt ensembles where these unfavorable
reactions occur. Additionallyt is known that Cu or Pd catalysts for diene and alkyne
hydrogenation are affected by oligomer formation at mild temperatures, which leads to
instability in their hydrogenation activif§.By running the reaction at higher temperatures,
we do not observany instability in the catalysts due to oligomerizatiBiggreS16*"). We

found that after performing the reaction at near ambient temperatures, the hydrogenation
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activity declines due to adsorption of hydrocarbon species. However, the activity célg be fu
recovered by heating inzkait 350 °C, which effectively desorbs the hydrocarbéigufe
S17%%). Running at the higher temperatures shown in Fi§r@reserved the catalyst

activity without affecting its selectivity.

5.3. Summary

In this work, surface sence and atomic resolution microscopy studies of the
selective hydrogenation of butadiene to butenes on niRid&l(111) alloy surfaces have
shown that individual, isolated Pt atoms in the Cu(111) surface are all that is required to
ensure stable activignd 100% selectivity. We have extended these findings to realistic
pressures (1 bar) by synthesizing and tefirgu SAA nanoparticle catalysts. At low
loadings, Pt exists as individual, isolated atoms substituted into the Cu(111) surface. These
single Pt atoms activate the dissociation and spillover of H to Cu. The weak binding of
butadiene to Cu allows for the highly selective hydrogenation to butenes. No decomposition
or poisoning of these alloys was observed which can be attributed to the lxtdafesl Pt
surface sites. At higher Pt contentAfRCu alloy surfaces, we directly visualized extended Pt
ensembles responsible for the reduced selectivity. Isolated Pt atoms also bind CO
significantly more weakly than metallic Pt which is an importantsaeration in many Pt
catalyzed reactions. This combined model system/NP catalyst strategy is a powerful
approach to the design of new alloy catalysts. This approach is especially useful for highly
diluted singlesite systems in which identification dfe active sites and elucidation of the
surface chemistry is very challenging. Furthermore, this work reveals that, in addition to their
promising selective hydrogenation properti®8As provide the ultimate limit for the most

efficient use of costly catgic elements like Pt.
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5.4. Additional ExperimentaMethods

Ultra-high vacuum studies

PtCu(111) surfaces were cooled to 85 K with liquid nitrogen and exposed(8919
% Airgas), CO (99.99 % Airgas);dAut ene ( 099 % Mludraidd he)the a nOdd/9o0.
Aldrich). H> coverages were determined by the saturation coverage of (1x1) H adsorbed on 5

ML of Pt, assuming the surface terminates as Pt(111).

Synthesis and characterization

P+Cu nanoparticles (NPs) with differentiBadings were synthesized using th
galvanic replacement (GR) method on theqga@uced Cu NPs as described by Boucher et
al.13 The CuNPswerepfeor med and -AlRQS8 uttrapure glad®99.9 %,
surface area 7000 nt/g, Inframat Advanced Materials; heat treated in air at 4Qp °C
followed by calcination in air at 350 °C. GR took place in aqueous solution under nitrogen
protection with constant stirring and refluxing at 100 °C. Desired amounts of Pt precursor
(H2PtCI6 - x BHO, Sigma Aldrich) were added to a suspension of Cu NPs in an aqueous
solution containing HCI (2 mM). After 20 min, the resulting material was filtered, washed

and dried in vacuum.

Aberratiorrcorrected higkangle annular darkeld (HAADF) STEM images bPt-Cu
NPs were obtained at a nominal resolution of 0.07 nm using a JEOL 220DFS
STEM/TEM equipped with a hexapole corrector (CEOS GmbH, Heidelberg, Germany) at
Oak Ridge National Laboratory. EDS imaging was conducted with a BAKX8r30 mm2
silicon-drift detector system and Pt, Cu, Al and O elemental maps were collected. The

instrument was operated at 200 kV for all imaging and EDS work.
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X-ray absorption spectroscopy (XAS) measurements at the Rtddd were made at
Argonne National Laboratory argBtookhaven National Laboratory in fluorescence mode at
room temperature. All samples were reduceddmksitu prior to the measurements.
Experimental and analysis details on the XAS are described in the Supplementary

Methods37

Catalytic activity measumeents

The selective hydrogenation activity of the catalysts was tested in a-Qadrtlow
reactor for 1,3utadiene hydrogenation with 400 mg of catalyst diluted by 1.5 g of quartz
particles. The as synthesizBdCu catalysts were reduced in it 350 T for 4 h prior to the
reaction, the CGtesidues were removed i Hs well. A gas mixture of 1.25 % Ritadiene,
20 % H and balance He (flow rate=20 ml mitcHSV=1,200 1) was introduced at 120 °C,
followed by descending temperature testing. Gasnshtograph (GC) injections were done
at each temperature after the temperature was stabilized for at least 10 min. The exit gas
stream was analyzed by a HP6890 GC eadppith a 30 ft. column (1/8 jrilled with

Sebaconitrile 20 % Chromosorb Paw 80/100).

The activity tests with added propylene were conducted with a gas mixture of 2 %
1,3-butadiene, 20 % propylene, 16 % &hd balance He at a flow rate of 50 ml/min (100 mg
catalyst, GHSV=12,0001). After the activity tests with ascending temperaturéoup70 °C
(FigureS12%"), the longtime stability tests were performed isothermally at 160 °C and 145

°C for 12 h at each temperature.
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Chapter 6: Tackling CO Poisoning wiiingle Atom Alloy
Catalysts

This chapter was modified from an original publication of the same title by J.
Liu*, F. R. Lucci* et al. from Journal of the American Chemical Society,
volumed 38 page 63961 6399.
6.1. Introduction

Ptis widely used for fuel cell anodes and hydrocarbon processing due to its superior
catalytic performance. Pt metals are highly active fodidsociation, but are very
susceptible t€O poisoning! Due to its strong binding to Pt, even trace amounts of CO
impurity, which is always present irplgas produced from fuel reforming, can diminish H
activation and reactivityThis strong CO adsorption also hinders the fast conversion of CO
to CO» at low temperatures (< 20C), and becomes a technical challefageefficient
emission control and watgas shift (WGS) for hydrogen upgrading. Recently, atomically
dispersed Rt(or Pd) -Ox- stabilized on a variety of supports, such as sflid@nia’ KLTL -
Zeolite*®> MCM-41* aluming® and iron oxidg' were found to be highly active in WGS and
CO oxidation reactions and fg-C3N4 was reported to be active and stable in the selective
hydrogenation of -hexyne to Ihexene® The single platinum atom sites have a cationic
nature that results in weak CO agstion?® thus becoming the exclusive sites for the low
temperature CO conversion. Although singtem catalytic sites in P¢or Pd)-Ox-oxides
possess the desired property of weaker CO adsorption, they may not be stable enough under

hydrogenation condans.

Alternatively, SAA catalysts were also shown to be active for a variety of selective
hydrogenatiofi 1! and dehydrogenation reactigtts2including the PeCu SAA for the

selective hydrogenation of styrehacetyleng and phenylacetylen® Moreower, the PCu
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SAA was shown by Lucat al to selectively hydrogenate ibBitadiene to buteseinder

realistic flow reactor condition’ For PtCu SAAs, H dissociation occurs at the single atom
Pt sites followed by spillover of atomic hydrogen to thesGdace where selective
hydrogenation takes plaée*Both PtCu(111) SAAs in ultréhigh vacuum (UHV) and Pt

Cu SAA nanoparticle catalysts in flow conditions at 1 bar exhibit highly selective and stable
butadiene hydrogenation reactivifyAs the natual expansion of the SAA concept, herein

we tackle the CO poisoning issue of platinum catalysts withaBéd SAAs in which the Pt
atoms are embedded in a host metal surface, such as copper. The situation for isolated Pt
atoms may be different than tradited bimetallic alloys, where ensemble effects have been
shown to increase the CO binding strength at extended catalytic met&t &itEsom a
fundamental perspective, metal alloys that alter the adsorption geometry of CO can exhibit
weaker CO binding ahenhanced CO tolerance. Isolated Pt atoms enable exclusively atop
adsorption configuration of CO, which we show is weaker than CO adsorption on extended
Pt sites. Herein, we investigate the interaction between CO and Pt sitesGn &RA and
demonstra improved CO tolerance of-Bu SAA catalysts under realistic working

conditions for H activation and acetylene hydrogenation reaction.

6.2. Results and Discussion

By using model RCu SAAs, we first determined the binding strength of CO to
isolated Pt atomis the surface of Cu(111) (FiguéelA). Weakly bound CO desorbs from
Cu(111) below 200 K and after deposition of 0.01 ML Pt, a CO desorption peak was
observed in TPD traces at 350 K. At an increased coverage of 0.3 ML Pt, CO desorbed at

360 K with a hightemperature tail. The high temperature tail developed into an additional
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peak at 480 K at a Pt coverage of 0.6 ML. At 5 ML, a desorption feature was observed at 410

K and the surface is assumed to be terminated as Pt(111).

In agreement with the Pt surfastructure observed by scanning tunneling
microscopy (STM)#8the CO desorption traces reveal the development of 3 disti@ Pt
alloyed structures with increasing Pt coverage (FigurB-D). With atomic resolution, the
Pt atoms image ~20 pm tallérain the surrounding Cu lattice and appear as brighter
protrusions. At low Pt coverages, CO desorbs from isolated Pt atoms (peak at 350 K) and at
intermediate coverages, CO desorbs from extended ensembles of Pt atoms (peak at 480 K).
At 5 ML Pt, the surfacéayer is composed primarily of continuous ordered Pt atoms and CO
desorbs at 410 K. At low CO coverages, CO desorption from Pt(111) is reported at 450 K
and with increasing CO coverage desorption is observed at 400 K due to the repulsion
between ceadsorled CO molecule®’ In PtCu alloys, CO adsorbs weakest on th&Bt

SAA and strongest on the extended Pt clusters.

To apply this surface science and microscopy knowledge to the design of
heterogeneous catalysts; @i alloy nanoparticles (NPs) were pregzhby galvanic
replacement (GR) of Pt for Cu on preformed Cu KRble S%°.1911 Pt 00sCu supported on
2-Al20z is a SAA as confirmed by aberratigorrected high angle annular dark field
scanning transmission electron microscopy and exteray/)absorption fine structure
(EXAFS) studieg! Importantly, with CO in the gas phase, nePRinteractions were found
by EXAFS in PboodCU-SAA (Table S2, Figure $8), which demonstrates the stability of the

isolated Pt atoms in the presence of CO.
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Figure 6.1. Binding strengttof CO to PtCu SAAs vs. pure Pt

(A) CO desorption and STM images of (B) 0.01 ML, (C) 0.3 ML &byl ML PtCu(111) alloys
prepared at 380 K. Scanning conditions {B) mV and 150 nA (C)10 mV and 250 nA (D) 500
mV and 10 nA. IR spectra in the carbonyl range ofnedriced (E, F, L) Pt0.008CBAA, (G, H)
Pt0.39Cubimetallic, (I, J) PANP, and (K)Cu-NP.

The binding strength of CO on-Bu alloys and their monometallic counterparts in
NP forms was investigated at ambient pressure by IR spectroscopy. The {aiidgebed
CO to two adjacent Pt atoms between 1900 and 1700xas observed on the-RiPand
Pb.3«Cu-bimetallic,but not seen on the RsCu-SAA (Figure6.1F,H andJ). This is

consistent with the fact that exclusively isolated Pt atoms are in the surfageogE BREAA,
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unlike the existence of a mixed phase of Pt atoms, clusters drmdigsasn the RNPand
Pto.sCu-bimetallic. Overlapping peaks between 2150 and 206Dame seen for BbosdCu-

SAA, as indicated by the asymmetric absorption band (Figutg. The unique absorption

band centered at ca. 2088 tia distinct from atop CO on the Cu or Pt NPs, and is assigned

to the linearly adsorbed CO on the isolated single Pt atoms. The absorption band of linearly
adsorbed CO is at ca. 2020 ¢wn PtNP, 2031 crit on the Pt ensembles o RLCU-

bimetallic and2093 cm' on CuNP (Figure6.1G,l andK). As for the different Pt species
characterized by CAIR, their formal charges and coordination numbers are essentially the
same, and dipoldipole coupling has little effect ond3bdCuU-SAA due to the weak CO
metalbonds on isolated Pt atoms and Cu surfateence, the strength of CO binding
indicates the relative Ghe t a | " backbonding straenetglt h, t hat
bond, the lower the © vibrational frequency. We conclude thatG® bond is weakesin
P.00dCU-SAA and strongest on ™8P while the Pt cluster in £4Cu-bimetallichas an
intermediate binding strength for CO. Moreover, the adsorption strength of CO on the

CwPt(111) alloy, is lower than Pt(111) according to DFT calculatténs

To probe the interaction of CO and H with the Pt catalytic sites at the atwalie, H
and CO were cadsorbed onto 0.01 ML ftu(111) (Figuré.2). We used the STM tip to
interrogate the nature of the H and CO adsorption sites. Initially, we observedsobiiste
mobile depressions on the Cu terraces previously identified as H adatoms due to their
characteristic diffusion rate at 5 K (FiguB2A).2 Increasing the bias applied to the STM tip
removed these H atoms (Figug2B). Select immobile depressionsm&ned on the surface
that could only be removed by individual pulses locally delivered by the STM tip (5 V)

(Figure6.2C), hence, the dark immobile depressions are CO molecules as also previously
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reported”. After removal of the CO molecules, stationamyface protrusions were observed
where the CO molecules were prawsty located. We identify the2® pm high protrusions

as Pt atoms substituted into the Cu lattice, thus, providing further evidence of the selective
adsorption of CO on the Pt sites. Th&38V experiments also demonstrate that H adatoms
are capable of diffusing onto Cu sites and away from the Pt dissociation sites yielding H

atom coverage of 0.10 ML from 0.01 ML Pt.

Figure 6.2. STM images showing the emdsorption of H and CO onRt-Cu(111) SAA surface
and STM tipinduced adsorbate removal taveal the binding sites beneath

(A) H and CO adsorbed on-Pu(111) SAA. (B) Image of same area following scanning at 200
mV to remove adsorbed H. (C) After 5 V pulses to remove adsorbeih@i@dual Pt atoms are
seen underneath each remo¥&@ molecule. Scanning conditions (A, B) 30 mV, 30 pA and (D)
10 mV and 50 nA.

The next question is how does the weaker2@inding on RCu SAA contribute to
its CO tolerance. We conducted-B, exchame experiments to evaluate the effect of CO on
H> activation on RCu SAAs and monometallic Pt catalysts. The mobility of H atoms-on Pt
Cu SAAs was demonstrated in UHV by-adsorption of Hand D> onto SAA PtCu(111)

(Figure6.3A). We observed desorptiai HD (m/z3) which provides evidence of the
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dissociation of Hand migration of H atoms away from the dissociation site. When equal
amounts of H and D atoms are adsorbed on the surface, we observe complete scrambling of

H and D with ratio of HHD:D> of 1:2:1 due to H atom spillover and the facile diffusion on

Cu.
0.01 ML Pt-Cu(111)
A
W\/VM/\\/\,-N-\J\ i
m/z 2
J\\ 407
m/z 3
WAW D,
m/z 4
| ’ | ¥ | !
100 200 300
T/K—>
B 5 min c
T. - HD
pus
®©
®
S
(%)
~
)
& CO X15 CO X15
Time ——» Time ——»

Figure 6.3. H-D scrambling on R€u SAA

(A) H-D scrambling ora model PCu(111) SAA surfaceDesorption traces are shown resulting
from adsorption of equivalent amounts of Bhd . Real catlyst data for isothermal #D-
exchange over (B) MiP and (C) RtoolCU-SAA at 150°C. Gas composition: 38 Hy, 33% D,

3.3% CO and balance Argon. Total flow rate=50 ml/min. 90 mg catalyst load. Same Pt loading
was applied in both sampléEable S%9).
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Extending this common principle 2HD> exchange was employed to characterize the
H2 dissociation activity on the corresponding nanocatalysts at ambient pressure in a flow
reactor setupAs shown in Figure 6.3B ard, HD is initially produced when +and D> are
co-fed into the reactor. Once CO is introduced, the HD production decreases due to CO
poisoning. With the same CO concentration in the gas phasedRESAA yields 12 times
more HD than RNPat 150 °C. Since the CO coverage is a functiobirmding strength, and
we have shown that CO binds te®i SAAs more weakly compared to pure Pt, the reduced
binding strength of CO to B4 u-SAA yields more CCiree sites that are available fos H

activation and hence HD production.

To investigate th COtolerance of RCu SAA under realistic catalytic reaction
conditions, we conducted the selective hydrogenation of acetylene oy&CB{SAA and
PENP with and without CO in a flow reactor. We found about half of the reaction rate was
retained for B.ooCU-SAA with 200 ppm CO, which is a typical CO concentration found in
industrial H gas (Figures.4, S4). However, the hydrogenation activity ofNR decreased
15-fold with 200 ppm CO. The HD2 exchange and acetylene hydrogenation activity of Cu
NP was at least one order of magnitude lower than thatv@é2U-SAA at these
temperatures. Our results demonstrate th&@UPBAAs offer a new approach to design CO

tolerant materials for industrial applications.
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Figure 6.4. Ratio of retainedeactionrate of acetylene hydrogenation in CO ovejoRCU-SAA

and PiNPat different temperatures

Rate retained = reaction rate with CO/rate without CO in the reaction gas. Gas composhton: 20
Hz, 2.2% GH,, 200 ppm CO, 106 Argon, balance He.

6.3. Summary

To summarize, we investigated the fundamentals of CO adsorption©n &toys
using a variety of surface science and catalysis techniques. We found that CO binds weaker
to single Pt atoms in Cu compared to larger Pt ensembles or monometallic Pt. Thus, when
CO is present in the gas phase, morefd@ Pt sites are available on the SAA than the
monometallic Pt, yielding higherzctivation reactivity and sequential hydrogenation
activity under realistic conditions which we demonstrated for SAA catalysts. ¥tialgie
that this SAA approach in other metal combinations can be used for the design of novel CO

tolerart catalysts for other industrialiynportant reactions such as hydrocarbon and alcohol
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oxidation reactions, and for the present generationtéomperéure hydrogen fuel cells

where the platinum electrocatalystis prone to-@@soning.

6.4. Additional Experimental Methods

For TPD experiments, samples were cooled to 85 K with liquid nitrogen prior to
exposure tdd2 (99.9% Airgas), »» (99.999% Airgas) and/oCO (99.9%%6 Airgas). CO
desorption traces were obtained after saturation exposure of CQatndfuirs (L) (1 L=1
* 100 torr - s). STM experiments were performed on both variable and low temperature
STMs.Images of bare REu(111) were obtained using/ariable temperature STM at 30 K
with tunneling conditions of 1@00nA and biases between 0.01 and 0/0&tom
manipulation studies in Figu&2 were performed on a low temperature STM. The samples
were exposed to 20 LHollowed by 0.05 L CO at 85 KThe samples were then cooled to 5
K for imaging. STM images were obtained afg@0currents and 3MV. Voltages were
increased to 200 mV to remove H adatoms and 5 V localized pulses to remove CO

molecules.
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Chapter7: AlteringH, Release from PCu Alloys with the
Molecular Cork Effect

7.1. Introduction

Hydrogenand carbon monoxide are key species in many catalyzed conversions in the
fuel industry, including Fisher Tropsch synthesis, methane steam reformation, and
methanol/ethanol fuel cells. Typically a repulsion is observed between H and CO which
impacts theiuptake and release from a metallic surfidéeddditionally, the strong
adsorption of CO to metallic surfaces, renders CO a common catalytic fdisbinus,
understanding the interactions between H, CO, and the substrate is necessary for the design

of newcatalysts.

In previous workst has been shown that the-adsorption of H and CO on bimetallic
alloysproducesunique desorptiobehaviorsOn PdCu(111)single atormalloys(SAAs), CO
raiseshe desorption temperatuoé H. allowing hydrogeradatoms to remain on the surface
beyond their normal desorptid@mperaturewhich we refer to as thmolecular cork effec
Similar behavior has been reported @hoRuso, where adsorbed CO traps H in the rear
surface layet? Although, or PdAu SAAs, H, desorbs from the alloyed surface at a lower
temperature in the presence of CO. The repulsion bet@®and H facilitatespillover of
H from the Pd dissociation sites to Au terraces from whewdelsorbs? This is also
observed on Co nanopoarticles soiged on Cu(111) where CO exerts athmensional
pressure forcing H off the Co islanti¥hus, both the atomic surface structure and the nature
of the adsorbed species impact the desorption temperatures. In this study, we further the

understanding of cadsorption of CO and H on SAAs by studyingd®t alloys. We find that
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Pt-Cu single atom alloys exhibit enhanced reactivity, selectivity, stability, and tolerance to
CO poisoningas compared to monometallic catalySt$? they therefore represent promising

candidates for overcoming the current limits obBsed catalysts.

To understand the interactions of H and CO with isolated Pt atoms, we studied their
adsorption and desorption on®t SAAswith atomic resolution. Using a combination of
temperature pgrammed desorption (TPD), scanning tunneling microscopy (STM), and
density functional theory (DFT), we probed the Pt active site to elucidate the energetics of
hydrogen adsorption and desorption in the presence of CO. We show that CO increases
desorptionemperature of H for R-Eu SAAs and demonstrate the generality of the molecular

cork effect with respect to SAAs.

7.2. Results and Discussion

Using model catalysts, we probed the interaction of H and CO-Gui BAAS in
ultra-high vacuum (UHV). Pt atoms werepbsited using physical vapor deposition onto a
Cu(111) surface held at 380 K. Using this preparation condition, we have previously shown
at low Pt concentrations (05 ML) Pt atoms exist as single isolated atoms in the surface
layer of Cut”*8As shown in Figur@.1A, the Pt atoms appear in the STM ~ 20 pm higher
than the surrounding Cu lattice and are well dispersed from one another. This high
dispersion of Pt in Cu allows us to selectively probe the interactions of H and CO at isolated

Pt abms.

Using lowtemperature STM, we directly probed the interaction of CO and H at the Pt
active sites through molecular manipulation experiments using the STM tip (FifUEes).

H and CO were cadsorbed onto a 0.01 ML-w(111) surface at 85 K befdpeing cooled
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to 5 K for imaging. We initially observed clusters of mobile depressions on the Cu terraces
that we assigned to H adatoms (FiguB-D and Figurer .2E). Previously, we

demonstrated H adatoms that have spilled over from the Pt dissocitdioarsdiffuse on
Cu(111) at 5 K due to a low diffusion barrier (0.13 €¥)n the current experiments, we

then deliberately and selectively remove H adatoms from the imaging window by applying a
large bias (200 mV) to the STM tip while scanning. Mastres readily diffused away as
expected for hydrogen, but a few immobile depressions remained on the surface (Figure
7.1F) and required a high (5 V) local pulse to remove. Since 2.4 V pulses are needed to
desorb CO atoms from metallic surfaé®we identify those immobile depressions as CO
molecules. Directly underneath the CO molecules we observed stationary surface
protrusions, which are Pt atoms substituted into the Cu lattice (Hdu®3. These results
demonstrate that the preferred adsorption site@fs the isolated Pt atoms and H can

diffuse away from the Pt site to the Cu lattice.

Figure 7.1. STM images of the cadsorption of H and CO on 0.01 ML-Bti(111) SAAs

(A) Atomic resolution image of individual isolated Pt atoms in Cu(111). Imagindittons: 10

mV 150 nA imaged at 30 K. @) Consecutive images of adsorbed H and CO showing H
diffusion and stationary CO. Imaging conditions: 30 pA and 30 mV imaged at 5-&) &M
manipulation experiment to uncover the Pt active site. Image C isaalfterption of H and CO.
Image D is after 200 mV scan to remove adsorbed H atoms. Image E is after local 5 V pulses to
remove adsorbed CO. Three Pt sites are highlighted with circles. The imaGgsvéBe taken at

30 mV and 30 pA and image (G) 10 mV andrQ
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These RLCu SAAs also exhibit uniquezhdsorption and desorption behavior as
compared to monometallic surfaces. As shown with TPD in Fig@se H desorbs from Pt
Cu SAAs at 230 K, which is 70 K lower than desorption temperature from either bare
Cu(111) or Pt(111) (300 K). The isolated Pt atom in Cu reduces both the barrier for
dissociative adsorption ofHelative to Cu(111) and the binding strength of H adatoms
compared to Pt(111). Hence, we observe facile activation af B5 K and low tempetare
desorption at 230 K. Additionally, microscopic reversibility statesrHist adsorb and

desorb via the same lowestergy pathway, which is through the Pt monométs.

We further explored the impact of CO adsorption on the uptake and releasetof H. A
subsaturation coverages of CO; Hesorbs from the surface at 230 K (Figai2A). While
we did not introduce CO deliberately, CO in the background of the UHV chamber always
causes occupation of some Pt sites, but not all. Additional CO exposure adltovsaturate
all Pt sites (0.01 ML) while producing a low coverage of excess CO on the Cu terraces (0.03
ML) (Figure 7.2B). When we caadsorb Hand CO, the desorption traces are dependent on
the order of gas exposure. If CO is adsorbed prior to H expoae do not observe any
uptake of H (Figur@.2C). CO blocks the Pt sites inhibiting the adsorption ofiétpite the
availability of Cu sites. When we adsorb H prior to CO, we obses\wekbrption at 290 K,
60 K higher than the pireomponent desormn temperature of +on PtCu SAAs (Figure
7.2D). We further observe that the fwidth-half-max decreases from 35 K to 25 K in the

presence of CO suggestive of a rapid recombination of H in the presence of CO.
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Figure 7.2. Co-adsorption of H and CO on+u(111) SAAs
TPD traces for COn(/z28) and H (m/z2) for adsorption of (A) 50 L K (B) 0.2 L CO, (C) 0.2 L
CO followed by 50 L H(D) 50 L H; followed by 0.2 L CCon 0.01 ML Pt

Preliminary theoreticdDFT calculations suggest two possible mechanisms for
desorption of Hin the presence of CO. The first mechanism suggests an increased
desorption barrier of Hfrom Ptsites in the presence of COFT calculations show that in
the absence of CO, &toms recombine dirdgtover the Pt siteWhen CO is presenO
selectively adsorbs to the Pt sites blocking the direct route-fdesorption. Tierefore, in
the presence of CO,.iesorbs from a bridge site between Pt and@gesting H can
recombine in the presence of Cthe second hypothesis suggests CO diffuses away from
the Pt sites, thereby opening the desorption channel directly from the Pt atoms. Though the
diffusion rate of CO from Pt to Cu is a nantivated process, it is highly an endothermic

process.
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7.3. Summary

In summary, we investigated the adsorption and desorption ioftHe presence and

absence of CO to elucidate the energetics of adsorption at minority Pt sites. By using STM,

we directly probed the interactions of H and CO at isolated Pt atoms in Covidlsdt CO

selectively adsorbs to the Pt sites. The preferential interaction of CO to Pt atoms blocks the

adsorption and desorption ob.H he selective adsorption of CO to minority Pt sites, traps H

atoms on the surface beyond the typical desorption tetyse demonstrating the generality

of the molecular cork effect on single atoms alloys.
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Chapter 8WaterCo-CatalyzedSelectiveDehydrogenaon of
Methanol to lermaldehyde an#i, on PtCu Single Atom Alloys

This chapter was modified from an original publication of the samebiytle
Sharf, F. R. Lucci et al. from Surface Science, volume 650, pagesl?91

8.1. Introduction

Formaldehyde is widely used as a precursor in the industrial synthesis of ethylene,
glycol, dyes, drugs, and plastit€urrently, it is synthesized via oxidative dehydrogenation
of methanol using heterogeneous catalysts. However, the catalysts usegindthss are
unselective and produce unwanted byproducts including water, carbon monoxide, dimethyl
ether, carbon dioxide, and formic aéittleally, methanol dehydrogenation should selectively
produce formaldehyde and k). Chenet al showed that aighly stepped Cu(210) surface
is capable of catalyzing methanol to formaldehyde in the absencé Bhi® surprising
result contrasts most single crystal studies that suggest O adatoms or metal oxides are
required to catalyze methanol dehydrogenatidonmaldehyde and watér! Previously,
we have shown that water on Cu(111) can alsocatalyze the reaction in the ahse of O to
selectively producéormaldehyde and Hand isolated Pd atoms in Cu can further enhance
the reactivity? Thus, opening a nevoute to produce formaldehyde angillan oxygen free

environment.

In this work, we extendeghethanol dehydrogenation to-€t single atom alloys
(SAAs) and observe that the addition of small amounts of highly dispersed isolated Pt atoms
in Cu greatly ehance the wateratalyzed dehydrogenation of methanol to formaldehyde and
H>. We hypothesize that the isolated Pt atoms increase the initial production of methoxy,

which then decomposes to formaldehyde apndWe also show thahetallic Cu
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nanoparticlegan catalyzehis reactionunder realistic reactioconditionswhere the
promotional effect observed on-€u nanoparticle catalysts is greater than that e€&d

catalysts.

8.2. Results and Discussion

To investigate the methanol dehydrogenation reaction, we perfaemgebrature
programmed desorption/reactiorRD/R) studies on model surface§PtCu(111) inultra-
high vacuumJHV). Figure8.1 shows the TPD/R traces resulting from the adsorption of
metanolD onto Cu(111). In agreement with previously reported desorption of methanol
from Cu(111)>° we observe intact methanbl (m/z33) desorbing from Cu(111) terraces at
160 K and from Cu step edges at 20(Bkhall amounts of reactively formed formalgdk
(m/z30) desorbs from Cu(111) surface at 370 K. The fragmentation pattern of both methanol
and formaldehyde include/z30, however, at 370 K, we observe desorptiom(30
independent afin/z33 (methaneD). Thus we conclude that reactively formedmaldehyde
desorbs at higher temperatur@dditionally, water (n/z18) from the chamber background is
also observed desorbing from the surface at 150 K, though the surface coveratgr o w
small at a 0.2:1 watemethanol ratio. Water is known to-catalyze the dehydrogenation of

methanol on Cu in vacuum and will be discussed.fater

Interestingly, when methanol is adsorbed onughened Cu(111) surface (Figure
8.1A), the amount of reactively formed formaldehyde desorbing at 370 K increases. An
increase in desorption of methaiiht 200 K indicates that there is an increase in step sites
on the roughened copper surface. Usiognning tunneling microscop$1M), we imaged
both a typical Cu(111) (Figu&l1B) and a raghened Cu(111) surface (Fig@.1C).

Typicaly Cu(111) exhibits monoatomic steps separated by large terraced@80nm). A
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roughened surface prepared through gputtering without annealing, yields a highly

stepped surface. Using CO titration, we estimate the concentration of step sites on the
roughened Cu(111) surface is 5x that of a typical Cu(111) surface. From this experiment we
conclude that the higher detysof Cu step sites increases the conversion of methanol to

formaldehyde.

Cu(111)
— Stepped Cu(111)

H,0
m/z 18

CH,OD
m/z 33

.5 CH0 A2

m/z 30

r I T I T I T I 1
100 200 300 400

Temperature (K)

Figure 8.1. TPD/R traces for the adsorption of methanol on Cu(111) andjtdyhiroughened
Cu(111) surface

(A) MethanotD (0.6 monolayer (ML)) was adsorbed onto the surfaces (watethanol = 0.2:1).
Desorption traces for reactants waten/4{ 18) and methanol nf/z 33) and the product
formaldehyde /z 30) are shown. STM images of a (B) typical Cu(111) surface and (C)
roughened Cu(111) surface.
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Figure 8.2. TPD/R traces for the adrption of methanan PtCu(111) SAAs

(A) TPD/R traces of methanol on a®@t SAA. 0.6 ML methaneD was adsorbed on 0.01 ML-Pt
Cu(111) surface (watemethanol = 0.2:1). (B) STM image of-Bu(111) SAA surface where the
bright features are Pt atoms stifoged into the Cu(111) surface. (C) Formaldehyde percent yield
versus Pt concentration for adsorption of 0.6 ML methanol adsorbed onto varying surface
coverages of Pt (watemethanol = 0.2:1).

To investigate if Pt atoms can enhance the reactivityeo€in(111), we prepared-Pt
Cu(111) SAAs and probed the methadehydrogenation reaction (Figure B.®/e have
previously characterized #tu(111) SAAs and showed that the Pt atoms exist as isolated

species dispersed in the Cu terraces at low Pt covefalds Figure 8.8, the Pt atoms
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appear in STM images as single protrusions in the Cu(111) terrace. TPD/R for the adsorption
of methanolD on PtCu(111) SAAs exhibits aimcrease in formaldehyde desorption (370 K)
compared to Cu(111) surface (Figure 8.a4nd8.2A). Furthermore, the addition of Pt does

not change the desorption temperature of methanol or formaldehyde; it only increases the
production of formaldehyde. To fimer investigate the ability of Pt atoms to catalyze the
reaction, we increased the concentration of Pt atoms in the Cu siti@dermaldehyde

yield increases linearly as a function of Pt coverage in the single atom regih®s (ML

Pt), but begins tdecrease beyond 0.05 ML Pt where clusters greater than one Pt atom exist
in the surface. Additionally, FEu SAAs exhibit high stability; the percent yield of

formaldehyde remains constant &% 1 for 7 consecutive reaction cycles on the same Pt

Cu SAAsurface with 1:1 water to methanol ratio.

Furthermore, we do not observe reactively formed CO desorbing fré@u(®11)
SAA surfaces indicating that4tu SAAs cannot fully decompose methanol to CO resulting
in 100% selectivity to formalehyde on the FEu SAA surfaceAfter increasing the
coverage of Pt to 0.3 ML, a significant decrease in the amount of reactively formed
formaldehyde and unreactive methanol is observed, reducing the selectivity to formaldehyde.
This is due to an ensemble effect at 0.3 Rilin Cu(111), our previous STM imaging data
showed a heterogeneous atomic surface structure of Pt where linear clusters of Pt atoms were
present on the surfa¢®'?We propose that these larger Pt ensembles are capable of
decomposing formaldehyde or matiol since Pt(111) was observed to decompose methanol

and formaldehydé?
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Figure 8.3. Formaldehyde yield versus the ratio of water to methanol fot y(and RCu(111)
SAA surfaces

Methanol was adsorbed prior to water and the methanol surface coveaadg®6 ML for each
trial.

To investigate the role of water in-Bu SAA catalysts, we eadsorbed water and
methanol onto a REu(111) SAA surface. Increasing the ratio of wateethanol led to an
increase in the percent yield of formaldehyde on latfl11) and PCu(111) SAA Figure
8.3) with PtCu SAAs being more reactive than Cu(111). At maximum formaldehyde
conversion, RCu SAAs are about twice as reactive as Cu(1WE previously reported that
water cecatalyzes methanol dehydrogenation on @uflsurfacé Combing STM with
TPD/R, we demonstrated that excess water is needed to convert methanol to formaldehyde
on a Cu(111) surface. Since both water and methanol form hydrogen bonded clusters, we
showed that the eadsorption of methantfi‘® and watef’'8result in methanelvater

networks that assist in the dehydrogenation of methanol to methoxy.

Through our surface science studies, we investigated the active sites for the

dehydrogenation of methanol. Although Cu(111) terraces are incapablevefiiog
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methanol to formaldehydeye demonstrate the we can dramatically increase the reactivity
of Cu through producing additional active sites and utilizing theatalyst water. First,
increasing the step density on a Cu(111) surface doubles thersmmvof methanol to
formaldehyde in agreement with previous studies that demonstrate the formation of methoxy
on Cu step&!° Furthermore, addition of 0.01 ML isolated Pt atoms also doubles the
conversion to formaldehyde. Both Cu steps an@WEAAs catalyze the reaction via a

similar mechanism. With our TPD/R studies, we elucidate the mechanism for
dehydrogenation of methanol on®t SAA surfaces. In order to identify desorption peaks
for O-H versus GH activation, we adsorbed metha/id(CHsOD) (Figure8.2A). Intuitively,

one wouldexpect at low temperatures to observe the exclusive desorptiofz4fD;) from

the initial OD bond scission, however, we observe desorption/a? (Hz2) and 3 (HD) at

250 K preceded byn/z19 (HDO) at 160 K. Since at < 100 K methanol is initially
dehydrogenated to methoxy on Cu steps, the D adatoms isotopically exchangeOnits H
previously reported by Mullins and -weorkerson Au(111) or isotopic exchangecurs
between HO andmethanolD,”?° because excess watercatalyzes the reaction on Cu
surfaces. Due to the competition between methoxy formation and methanol desorption, we
hypothesize that isolated Pt atoms increase the formation of methoxy on the surface. The
methoxy is then corerted to formaldehyde at higher temperatures. The high temperature
desorption of H(m/z2) that coincides with formaldehyde desorption, suppotts C

activation as the rate limiting step to the formation of formaldehyde. This rati@djrstep
agrees wh previousrepors that GH bond scission occurs at 430 K on Cu(134)

Furthermorethe overall process is reactioatelimited since formaldehyde desorption
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occurs from Cu surfaces < 200°K?23
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Figure 8.4. Temperature programmed surface reactioRFR) of methanol in the presence of
water) onPt+Cu supported nanoparticle catalysts

Water: methanolwas1:1 on (A) silica supported Cu nanoparticles and on (&lica supported
Pt.0i1Cu SAA nanopatrticles. Reaction conditions: 100mg catalyst, 3% methadoB% water
balanced in He, He flow rate 20mL/min.

We also investigatediatercatalyzed methanol dehydrogenation to formaldehyde on
Cu surfaces under realistic reaction conditidrigyre4) where silica supported Cu
nanoparticles (A) and silicsupported RBt:Cu SAA nanoparticles (B) catalyze methanol
hydrogenation in the presence of water. In both cases, the watethianol ratio was kept at
1:1andformaldehyde is formed in both casese contribution from the methanol fragment
was subtraed from the originain/z30 signal prior to the analysist 230 °C the yield of
formaldehyde on Cu nanoparticles is ~@5while the yield of formaldehyde ongBtCu
SAA nanopatrticles is ~%. At lower Pt loadings, a lower yield of formaldehydé4Bwas
observed for BlhodCu SAA nanoparticles indicating that as expected, a higher concentration
of single Pt atoms in Cu increases the conver@iable8.1). The formation of CO and GO
at 230 °C is negligible; hence the selectivity to formaldehyde at@3h supported RPt:Cu

SAA nanoparticles approaches 1980 Higher Pt concentrations such as nanoparticles of
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Pt.1Cu, catalyzed the full decomposition of methanol to CO andnider the same reaction
conditions (not shown here). This result is consis#gtiit the formation of Pt clusters or

nanoparticles, which are very active for the decomposition of formaldéhyde

Table 8.1. The yield of formaldehyde at 230 *f@m various catalyst®perating withdifferent
water to methanol ratfo

Sample Water : meéhanol | Reaction conditiong Formaldehyde yield

100mg catalyst, 36
Cu/SIiQ 1:1 methanol, 3% 0.5%
water, 10mL/min
100mg catalyst, 30
P.00LCU/SIG 1.1 methanol, 36 3%
water, 10mL/min
100mg catalyst, 36
P1.0i1Cu/SIQ 1:1 methanol, 3% 7%
water,10mL/min
100mg catalyst, 9 ¢
P1.01Cu/SIQG 1.5 methanol, 26 0
water, 10mL/min
100mg catalyst, 3 ¢
P1.0i1Cu/SIQ» 3:1 methanol, 9 1.2%
water, 10mL/min
100mg catalyst] %
P1.01Cu/SIQ» 7:1 methanol, 6 7%
water, 10mL/min
100mgcatalyst,3%
Pth.oiCUu/SIQ 1:1 methanol, 3% 0.8 %
water, 10mL/min

Although watercatalyzed dehydrogenation of methanol has been observed on the
Cu(111) surface under UHV conditigffsit is the first time that watecatalyzed methanol
dehydrogenation has been observed under realistic reaction conditions. The promotion effect
of water can be explained by the-gperative interactions of water and methanol facilitating
the dehydrogenatiroof methanol to methoxy, thereby, increasing the formation of methoxy
species. Methoxy can further dehydrogenate to formaldehyde by the activatig loba.
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Additionally, as observed iRigure8.4, the stabilized methoxy can also undergo
recombinatiorwith H atoms to desorb as methanol at higher temperature, which is
kinetically more favorable in the absence of water. In the presence of water, however,
stabilization of H atoms by water clusters increases the reaction barrier of recombination of
methoxyand Handtherefore allows the dehydrogenation of methoxy to formaldehyde via
the GH bond activation. Furthermore, we demonstrate that the catalytic activity of Cu
surface originates from uncoordinated Cu atoms. Although the Cu(111) surface is active in
the presence of water, the reactivity of Cu surface can be dramatically increased by

increasing the step density of the Cu(111) surface.

Adding individual, isolated Pt atoms &Cu surface also significantly promotes the
reactivity of Cu in watercatalyzel methanol dehydrogenation. In TPSR measurements in the
flow reactorthe yield of formaldehyde on siliecsupported RBtoi:Cu SAA nanoparticles is 7
times larger than on supported Cu nanopartidtegufe8.4). In UHV conditions, depending
on the concentratn of water, the conversion of formaldehyde is2times higher than on
Cu(111) at comparable water concentratidgfigyre8.3). Therefore, our data under both
realistic reation conditions and UHV suppaditie dramatic increase of formation of
formaldelyde by addition of single Pt atoms in Cu. \At&ributethis promotional effect to an
increase in methoxy formation on-€u SAAs. As we previously demonstrated, isolated Pt
atoms reduce the desorption temperature fdf-Hthereby facilitating the dehydgenation
of methanol to methoxy and increasing the surface coverage of methoxy, as well as allowing

more conversion of methoxy to formaldehyde.

In a previous publication, we demonstrated that single Pd atoms in the Cu surface

promote the water catalydenethanol dehydrogenatiérin the current study, we found that
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the promotional effect of Pt is much more pronounced than Pd. Under UHV conditions, at
low water to methanol ratio (¥) the formaldehyde yield on Fgu(111) is almost the same

as on Cu(1113;while the yield on RCu(111) is 4 times larger than on Cu(111) at the same
water to methanol ratio. TPSR measuremeniainie8.1 also show that under reaction
conditions the formaldehyde yield ondB@u SAAs is approximately 0% at 1:1 water to
methanol ratio that is much lower than on.2€u SAAs. We also performed tests with other
Pd concentrations (BebdCu and PelosCu) and observed that the yield of formaldehyde from
these samples was similar to Cu. We propose that the increase reamtiitCti SAAs can

be rationalized based ¢ine BranstedEvansPolyani (BEP) relationship in terms of the
adsorption strength of descriptor molecules affecting the reactiigr SAAs, P{Cu SAAs
bind keydescriptormolecules stronger than #ili SAAs andria the BEP would be expected
to exhibit lower activation energies. We observed CO desorbing at a higher temperature from
PtCu(111) SAAs (350 K$° than PdCu(111) SAAs (270 K§’ despite similar desorption
temperatures observed for Pd(111) and Pt(1drfases (450 K$82° Additionally, Fuet

al. predicts that RCu SAAs exhibit stronger binding of H atoms and a lower barrier for

H. activation consistent with the BEP relationstipue to the stronger binding of these
molecules to RCu SAAs, we propasthat isolated Pt atoms are more reactive than Pd

atoms, therebgnhancingmethanol activation to methoxy.

8.3. Summary

In this work we demonstrate that@t SAAs are active for methanol
dehydrogenation to formaldehyde and hydrogen in the presence of Altiteugh Cu itself
is also active, addition of single Pt atoms in the Cu surface significantly improves the

reactivity where the yield of formaldehyde is strongly dependent on the water to methanol
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ratio. The promotional effect of water is attributed te stabilization of H atoms by water
clusters that facilitatéhe dénydrogenatiorof methanol to methoxyvhich can be further
dehydrogenated to formaldehyde. Furthermore€ZPEAAs exhibit both high selectivity and
stability in the watercatalyzed methahaehydrogenation. The selectivity to formaldehyde

on PtCu SAA nanoparticle catalysts and orQRt(111) SAA model catalysts are both nearly
100 %. The findings of this work are a new manifestation of the utility of combining UHV
surface science and higinessure reactor experiments in exploring reaction mechanisms and

guiding realistic catalyst designs.

8.4. Additional Experimental Methods

Cu(111) single crystals were cleaned with cycles6fsAput t eri ng (1. 5
and annealing to 700 K. The rougheri&g(111) surface was prepared without the final
anneal to 700 KTPD/R experiments were performed after the model catalysts were cooled
to 85 K with liquid nitrogen before reactants were deposited. Methanol (Alfa Aesar, ultrapure
HPLC grade 99.8%), waterdbnized HO), and methaneD (SigmaAldrich, 99.5%) were
further purified via freez@umpthaw cycles prior to deposition via a high precision leak
valve. All exposures are quotedliangmuirs (L) (1 L = 2 10°torr - s). Pt surface
coverages and Cuegt densities were quantified by CO (99.99% Airgas) titration after
saturating the surface with CO (10 L). CO desorption from Cu terraces occurrdg@@iks

Cu step sites at 205 K, and Pt sites 808 K.
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Chapter 9ControllingH Activation, Spillover, and Desorption
with Pd-Au Single Atom Alloys

This chapter was modified from an original publicatmfrthe same title by F. R.
Lucci et al. from the Journal of Physical Chemistry Letters, volume 7, pages 480
485.

9.1. Introduction

A key requirement in the efficient use of heterogeneous catalysts, fuel cells and
hydrogen storage devices is the abilityattivate, uptake and release hydrogen e&sily.
Metallic surfaces that bind H weakly can exhibit high catalytic selectivity; however, these
surfaces often have high activation barriers fedidsociation which limits the activity of the
catalystst® Oneviable approach to produce weakly bound H atoms on the surface of
catalysts is to use a bimetallic alloy that combines reactive catalytic metals with inert coinage
metals®® This alloy combination includes a catalytic metal that exhibits facile H
dissocation and a coinage metal that can utilize the weakly bound H atoms to catalyze

hydrogenation reactiort§.14

Au nanoparticles have been recently shown to catalyze highly selective
hydrogenation and oxidation reactions due to the weak adsorption efnétgnd O on
Au.1¥18 The addition of Pd into Au changes the catalytic activity and selectivity for multiple
reactions including vinyl acetate synthe'Siaydrogen peroxide synthegfShydrocarbon
hydrogenatiorf}?2CO oxidation?® and oxidation of aldwols to aldehyde¥ For many of
these reactions, the size and dispersion of the Pd atom clusters have an impact on the
observed chemistry; the ®alled ensemble effect in alloy cataly$i€® Selective synthesis
of vinyl acetaté®?’and hydrogen peroae® relieson the inability of Pd monomers to

activate Q while CO oxidation requires Pd dimers to dissociai&*Gor H; activation on

Page [L38



Pd-Au, the necessary ensemble size has been debatetla¥and Marouret al. concluded

that contiguous Pd atomsearequired for Hactivation?®2°But, density functional theory

(DFT) calculations by Venkatachalaghal.indicated that Pd monomers may be capable of

H. activation®® However, so far no experimental evidence exists demonstrating this single
atom chenstry. Furthermore, CO is a common poison for catalysts. An understanding of CO
interaction with adsorbed molecules and competition for actives sites is important when
designing new catalysts. Hence, an atomic level understanding of reactive sites for CO
adsorption and Klactivation will elucidate the minimal Pd ensemble capable of activating H

and reveal the energetic landscape for uptake, spillover and release of H and CO.

9.2. Results and Discussion

To probe the ability of Pd monomers in Au to activatedd to induce spillover of
H atoms onto Au, we studied the fundamental processes of dissociation, spillover, and
desorption using the complementary techniques of scanning tunneling microscopy (STM),
temperature programmed desorption (TPD) and densityitunattheory (DFT). STM
enables direct visualization of the atomic composition of the active sites necessary for H
activation and TPD allows us to elucidate key parts of the energy landscape for activation,
spillover and desorption. By studying dilutecoant r at i ons of Pd at oms (
observe facile dissociation and low temperature recombinative desorptierirofrtHsolated
Pd atoms in Au(111). Our P&u single atom alloy (SAA) data contrast with previous studies
that suggested at least two dgabus Pd atoms are required for dissociatiorr®2°although
this previous work lacked an atomic scale characterization of the alloy surface. Furthermore,
we have discovered that the coadsorption of H and CO forces H to spill over from the active

Pd sies to Au. By comparing Hand CO desorption temperatures to calculated adsorption
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energies of H and CO, we elucidate the energetic pathway for the adsorption, spillover, and

desorption of H with and without CO from Pd monomers in Au.

Figure 9.1. PeAu(111) SAA
Isolated Pd atoms (highlighted by arrows) substituted into the Au(111) surface appear slightly
topographically higher than the Au host.

In order to determine if Pd monomers in Au are capable @ickvation, we first
generated RPAu(111) alloyswith isolated Pd atoms present in the surface layer (Fiylye
Pd-Au(111) alloys formed by the vapor deposition of Pd on Au(111) have been extensively
characterized®3"3 Depending on the surface temperature and flux of incoming Pd atoms
during alloyng, a range of structures can be formed from isolated atoms substituted into the
surface and subsurface layers of Au to Pd rich nanoparticles on the stiffaaelow Pd
coverages (0O0.05 ML), Pd at oms extice.Dueas i sol
to stronger heteroatom bonds, Pd atoms prefer to be surrounded by Au atoms and exist as
isolated species at low coverageg® 3’ At Pd coverages 8.05 ML, the Pd atoms begin to
cluster due to a kinetic limitation on the dispersion of thetBahgin Au®! In the present
study, all PdAu(111) alloys were prepared at 380 K yielding an alloyed surface where Pd

atoms predominately exist as monomers in the Au surface at coverages below 0.05 ML.
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Figure 9.2. H, activation on PdAu SAAs

(A) TPD spectra of Hdesorption from a 0.05 ML PAu(111) SAA after exposure toztht 85 K.

(B) H2 coverage on varying concentrations of Pd in the SAA regime. (C) STM image-of Pd
Au(111) SAA exposed to Hand cooled to 5 K for imaging atl V and 1 nA. (D) Desption
traces fom/z2, 3, and 4 from Péu SAA with equivalent Hand Iy coverages.

Using TPD, we investigated the ability of isolated Pd atoms to dissocidkeddre
9.2). We prepared RPAu(111) SAA with between 0.01 and 0.05 ML Pd and exposed them t
H2 at 85 K and observed the desorption efa110 K and 175 K (Figur@2A). The
predominant desorption peak at 175 K is due dd&sorption from single Pd atoms because
increasing the Pd coverage leads to a linear increase in the area of thenghakabkence of
Pd atoms, no desorption of i$ observed from bare Au(111) after the same exposure to H
The desorption temperature of &t 175 K indicates Hdissociates on the surface since
molecular H desorbs from metal surfaces a3& K .383°Furthermore, our data shows that
the desorption of Hfrom Pd monomers is significantly lower than the desorptionydfdn

Pd(111) which occurs at 310°KThe small desorption peak seen in FigB@A at 110 K is
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due to desorption of Hrom Au sites as mviously reported by Pagt al. who adsorbed H
atoms onto Au(111) using a H atom source in order to overcome the dissociatiorfbarrier
Additionally, in order to determine the desorption order giwe varied the surface

coverage of H. With increasing ¢bverage, the desorption peaks shift to lower temperatures

indicative of second order desorption as previously observed for disorderad didys?2®

Figure92 B shows that in the single atom regi
desorbing from the surface is proportional to the amount of Pd atoms present in the surface
with an average of 1.4 + 0.1 H atoms per Pd atom. One to three H atoms are predicted by
DFT to be thermodynamically stable in the thfekel hollow sites surroundg Pd monomers
in Au.2° Small amounts of H atoms may spill over from the Pd sites to Au, but we are unable
to quantify the amount of Hlesorbing from Au since Hbegins desorbing at the start of the
temperature ramp. With STM we imagedA/Ra(111) SAAs eposed to H and observed
localized protrusions in the vicinity of edgiéslocations where Pd atoms predominately
reside (Figur®.2C). In accord with our TPD results, we suggest the enlarged appearance of
the Pd atoms is due to the presence of H atofed&d monomer sites. DFT and STM
experiments support the suggestion that H amm@shermodynamically stable on-Rd

alloys 30,42,43

To further probe the fhctivation and H atom mobility on Pau SAAs we ce
adsorbed BHand D> onto PdAu SAA (Figure9.2D). When Hand D were deposited on the
SAA, we doserved desorption of-B (m/z3). This scrambling provides direct evidence that
Pd-Au SAAs are indeed capable of Eictivation at 85 K. Furthermore, when equal amounts
of H> and D> were activated, the 2HD:D> product ratio was 1:2:1 demonstrating complete

scrambling of H and D. In terms of the energetics of this scrambling, H atoms will diffuse
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away from Pd sites onto Au by overcoming the diffusion barrier (0.244 eV or 0.302 eV
depending on diffusion platvay) onto the Au surface (Table®31 Once on Au, H and D
atoms move very quickly due to the small diffusion barrier on Au (0.067%Af)120 K

(i.e. 5 K below the onset of the desorption peak #HB/D- from Pd sites on the surface)
the rate of diffusion away from Pd sites6&0or 2 Hz depending on diffusion pathway and
assuming a prexponential factor of 8. Therefore, given the heating rate is 1 K/sec the H
and D atoms at Pd sites would be sttty scrambled before desorption o#/HD/D> and

hence the observed 1:2:1 ratio.

As a second probe of the surface chemistry eARGAAS, we studied the
adsorption of CO, a common catalyst poison. FiuBeshows that after exposure of a Pd
Au SAA to CO, a CO desorption peak is observed at 270 K corresponding to an adsorption
energy 0f-0.9 eV assuming a pexponential factor of £8.4°46DFT, with various
exchangecorrelation functionaldgs known to overestimate CO adsorption strength and
likewiseour DFT predicts the adsorption energy toh&4 eV+"*8Most importantly, this is
a significantly lower desorption temperature (270 K) than observed from pure Pd(111) (>
450 K)#° CO is also seen to desorb from Au terraces G K androm Au stepedges at
180 K>° Low temperature desorption of CO from-Rd alloys has been reported for
isolated Pd atoms in ARd(111}? and AuPd-Mo(110)>! Ruff et al.reported that the low
desorption temperature of CO from-Rd alloys is due to the size of tRel ensembles in
Au.®? Larger Pd ensembles increase the adsorption energy of CO to the surface. The weak
adsorption of CO to RAu SAAs that we observe is important for both catalyst and fuel cells

applications in which active site poisoning by CO can bermus issue.
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Figure 9.3. TPD traces for Hand CO from PéAu SAA

TPD traces for bl (left, m/z2) and CO (rightm/z 28) desorption from Pd\u SAA surfaces
exposed to varying amounts of Eind CO In panel A, 10 L CO is adsorbed and then 54 I
panel B, 5 L H is exclusively adsorbed. In panel C, 5 L id adsorbed and then 0.1 L CO. In
panel D, 5 L His adsorbed and then 1 L CO.

We discovered that CO can enhance the spillover of H atoms from Pd sites to Au
where H predominantly desorbs. Fige®.3 shows TPD traces for the-edlsorption of H
and CO where the desorption temperature asklependent on the CO exposure. In the
absence of CO, Hlesorbs from Pd sites at 175 K (FigAQr8B). At subsaturation coverages
of CO (0.1 L CO), we obserdedesorption of kifrom both Pd (160 K) and Au (110 K) sites
(Figure9.3C). When the surface was exposed to Sfddowed by 1 L CO, all Hdesorbs
from the surface at 110 K since all the Pd atoms are saturated with CO @8ixeThus,
it appears thawhen CO adsorbs on a H covered SAA surface, CO forces the H atoms on to
the Au(111) terraces from where they desorb at a significantly lower temperature than

otherwise observed in the absence of CO.
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To further understand this desorption behavior, pesi®FT calculations were
performed on unreconstructed Au(111) surfaces with the VASP523c®de employing the
optB86bkvdW>*>°exchangecorrelation functional, which accounts for dispersion forces
within the vdWDF scheme of Dion et dl(see the Syporting Informatiof’ for more details
of the computational setup and energy definitions). In our DFT calculations a variety of CO,
H, and CO plus H adsorption structures were considered. With regard to the observed
tendency of CO to drive H atoms awayrfréhe Pd sites of the SAA, our DFT calculations
show that there is a strong repulsion between adsorbed CO and H. Specifically, when CO is
adsorbed on the atop Pd site and H is in one of the adjacentdlué®llow sites that
surround the Pd atom themedca. 0.56 eV repulsion between CO and H (Tablé'B4This
repulsion can be reduced to only 0-:0102 eV if the H atom moves away to a proximal
hollow site surrounded by only surface Au atoiftserefore, despite H atom spillover being
unfavorable, whe CO adsorbs to the Pd sites, it becomes favorable for H to move onto
Au(111).Furthermore, if CO is adsorbed on the surface priorianbl H is observed
desorbing from the surface. Therefore, CO binds to the Pd sites and blocks the adsorption
and activation of Hwhich further supports our hypothesis that Pd atoms are the sites
responsible for KHactivation (Figur@.3A). For a CO covered Pd[1), it has previously
been shown that CO blocks the dissociative adsorption.&f Aso, related to these results,
previous studies have demonstrated that the adsorption of CO on bimetallic alloys alters the
desorption behavior of HFor PdoAuzo(110)alloys, the ceadsorption of CO and H
increases the desorption temperature of H due to a trapping of near sutfaksikhilar
effect was observed for Rdu alloys where CO selectively binds to the single Pd atoms in

Cu and blocks the Pd entrance/exi¢sifor H adsorption/desorptioff. This mechanism,
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called themolecular cork effecgllows H atoms to remain on the surface beyond their

normal desorption temperature. Additionally, for Co nanoparticles supported on Cu(111), CO
forces the spillover of Hrom Co to Cu sites via twdimensional pressufé:®?However, the
co-adsorption of CO on RPAu SAAs investigated in this study changes thealesorption

site. CO adsorption forces the H from the Pd sites to Au where it is weakly bound and it

desorbs at10 K; therefore, addition of CO alters the exit site felabklshown in Figur@ 4.

A. H Adsorption Energy B. H, Desorption (M Cc
Au(111) | m Pd;Au(111)  Pd(111) E,=1.04 eV
N
%& H-Au(111) _
e ‘|’Ea =0.20 eV

) H o m m s e -
E.=1.04eV %@ 2(9) _ H-Pd,Au(111)

AE=-0.11eV

C. H, Desorption in the Presence of CO

E,=0.20eV Ce
= Ea=0eV E,=1.04 eV
1|aE=014ev a .
Hz(g)l---------‘---I T
AE=-0.11¢eV d
E,=0.20 ev] ... H-Au(111)
AE =0.14 eV
= m = m B B B B -HZ (g)
_H-Pd,Au(111)
AE =-0.58 &V mumsm AE=-0.11eV
Figure 9.4. Schematics of the energy landscapes feratisorption and desorptidrom PdAu

SAA

(A) H: activation energy (& per H molecule, and H adsorption energplt ) perinfdc at om
siteson monometallic Au, Pd and PAU SAA. Energetics of bidesorption for PéAu SAA (B)

without and (C) with CO. Schematic illustrates the preferred active sites,fdiskbciation as

well as preferred adsorption sites for H and.@@eferred and minor desorption pathways are
displayed in orange and blue, respectively. In (B) the preferred pathway fsbrption is via

the Pd site. In (C) the Pd site is blocked by CO, so H atoms spillover to Au and then desorb from
there. All enegies are reported relative to h the gas phase, as noted by the dashed horizontal
lines. Note that Efor Hbon Au(111) calculated by DFT (which doe
nuclear effects) may in fact be a large overestimate of the barrier, as exueaiiynH desorbs

from Au(111) at 110 K.
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Combining our TPD results with DFT calculations (TableS2f’), we have
elucidated the potential energy landscape fpatiivation, diffusion and desorption from
Pd-Au SAAs (Figure9.4). The facile H activation and weak adsorption of H atoms observed
for PdAu SAAs are very different from those on monometallic Pd and Au surfaces (Figure
9.4A). On Au(111), Hactivation and H adsorption is kinetically and thermodynamically
unfavorable, respectiveRf253 In order for H from the gas phase to adsorb onto Au(111), it
must overcome a large activation barrier, which we calculated to be 1.04 eV, in agreement
with other DFT calculations® Additionally, H adsorption on fcc sites of Au(111) is
thermodynantally unfavorable with respect to gas phaséi0.14 eV, within the current
computational setip. H adsorption onto Pd(111), however, is a{aativated (barrietess)
process, with the resulting H atoms adsorbing strongly at fcc sites of Pd(11anwith
adsorption energy 0f0.58 eV per H adatom. With Pau SAAs, we observed facilezH
activation compared to Au and low temperature desorptior» cbhipared to Pd. For dilute
concentrations of Pd in Au, we repori tHssociation at 85 K indicating thBd monomers
greatly reduce the activation barrier for the dissociation.afdthpared to Au(111). Our
DFT calculations support a reduction in the activation energy on SAAs, since the transition
state energy for Hadsorption on Rédu SAA is 0.20 eV compactkto 1.04 eV for Au(111).
However, it is important to note that the calculated transition state energies do not account
for quantum nuclear effects which are likely to lower the barriers and make hydrogen
dissociation more facile. This is what is obseregderimentally as Hdesorbs from Au(111)
at 110 K which infers a barrier lower than that calculated by DFT. Indeed, previously we
have showrwith pathintegral based DFT simulations for atomic and molecular hydrogen the

effective free energy barrier fadsorption/desorption can be dramatically lowered due to
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quantum mechanical tunnelifi§®® After dissociation, H binds to a P&l fcc site with a
computed adsorption energy-0f11 eV. The negative adsorption energies correspond to
exothermic adsorptioprocesses, which are significantly weaker than when H binds to
pristine Pd(111)-0.58 eV) (Figuré.4). The smaller adsorption energy of H teARa sites
compared to Pd(111) occurs mainly because H binddofd3ollow sites composed of 1 Pd
atom and 2Au atoms32%® In order to adhere to microscopic reversibility, the adsorption and
desorption of Hmust follow the lowest energy pathway which is via the isolated Pd atoms in
Au. The total desorption barrier is dependent on thadtivation energy and Edsorption
energy which is directly related to the observed desorption temperatures. In ordetofor H
desorb from PéAu SAA, H atoms overcome both the weak adsorption energy of H to the
Pd-Au sites and the reduced Hctivation barrier of Pd monomersdgre9.4B). Due to the
thermodynamic instability of H atoms on Au, H atoms adsorb preferentially-AtiRdes,

but a small quantity of H atoms exist on Au due to spillover from\@dites. The H atoms
that exist on Au desorb directly from Au(111). Tigbuhe overall desorption temperature of
H> from Au is less than the desorption temperature frorAirdites, H predominately

desorbs from Pdu sites because they are more strongly bound there.

When we consider the adsorption of H and CO we find thilne desorption
pathway of H from the alloyed surface is altered (Fig9t4C). Our DFT calculations reveal
a greater thermodynamic stability for CO to occupyArdsites instead of H atoms. The
adsorption of CO-(.34 eV) on Pd monomers is significanstlyonger than the adsorption of
H to Pd monomers@.11 eV). Therefore, when a H coveredARdsurface is exposed to CO
at 85 K, the H atoms are forced from theAdto Au sites. Although it is

thermodynamically unfavorable for H to adsorb on pure A& H recombination barrier
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traps it there until 110 K at which point Hesorbs from Au sites. CO changes the exit sites

for H> from Pd atoms to Au sites without violating microscopic reversibility since the

addition of CO makes the forward and reverdgbways norequivalent. Interestingly, CO

can force H atoms to spill over from a preferred site to a thermodynamically unstable site and

remain trapped on the surface by the recombination barrier.

9.3. Summary

By utilizing well-defined PdAu model surfacesye experimentally demonstrate that
Pd monomers in a Au(111) surface can activateahbrocess suggested by other experiments
to require two contiguous Pd atoms. We clearly show by coupling high resolution STM with
TPD, low concentrations of individual olsited Pd atoms can dissociateskhce the
concentration of adsorbed H atoms is proportional to the surface concentration of Pd atoms in
Au. Combining TPD with DFT calculations, we elucidate the energetic landscape for H
adsorption, activation, and desorption from isolated Pd atoms revealing a low temperature
pathway for H activation and release through the Pd atoms with minimal spillover to Au.
The ceadsorption of Hand D leads to complete scrambling of H and D sanpipg the
dissociation of Hand the transient existence of H atoms on Au. AdditionallyARSAAS
bind CO significantly more weakly than Pd(111) (270 K vs. 450 K) which can potentially
improve CO tolerance of the catalysts. The competitive adsorptid@afnd H on the Pd
atoms forces H atoms to spillover onto the Au surface altering the desorption pathway to an
even lower temperature through Au (110 K vs. 175 K). Our work demonstrates that
individual, isolated Pd atoms in Au allow for facile &ttivation and weak adsorption of H

atoms, a key requirement for efficient and selective hydrogenation catalysis.
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9.4. Additional Experimental Details

Surfaces were exposed ta (99.9 % Airgas) by backfilling the chamber to the required

pressure through high precisitmak valves while the sample was held at 85 Kcélerages

were determined by the saturation coverage of unity faddorbed on 5 ML of Pt,

assuming the surface terminates as Pt(111). Pt coverages were quantified by CO (99.99 %

Airgas) titration by satrating with CO (10 L) and comparing the ratio between CO

desorption from Cu sites (<200 K) and Pt site8@8 K). CO binds atop to isolated Pt atoms

in Cu similar to CO binding to isolated Pt atoms irfA&3and isolated Pd atoms in €.

We also accauted for the known saturation packing density of CO on Cu(111) (0.52°RIL).
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Chapter 10: Hydrogenation Attemptsth Pd-Au Single Atom
Alloys

10.1. Introduction

PdAu alloys are well known for their selective hydrogenation and oxidation
reactions includinginyl acetatesynthesis, hydrogen peroxide synthegisiydrocarbon
hydrogenatiorf;* CO oxidatiom; and oxidation of alcohols to aldehydeslthough, they
exhibit high selectivity, the ability to activate moleculardtid the mechanisms of the
sequential hydrogenatiaractions are not well understood. In Chapter 9, we showed that Pd
monomers in Au(111) are capable of activating ddprocess that does not occur on Au(111)
in ultra-high vacuum (UHVY. In this chapter, we probe the desorption of CO anftdtn
various R-Au(111) alloy surfaces from 0.01 ML to 1 ML Pd. We show single atom alloys
(SAA) have the lowest temperature desorption paktl CO. Thenin order to probe the
potential reactivity of Pdu SAA, we discuss unsuccessful attempts to hydrogenate a range
of hydrocarbons including butadiene, acetaldehyde, acetylene, phenyl acetylene, and styrene.
Though PdAu(111) SAAs can readily activatex ldt low temperatures, the surface is unable

to catalyze hydrogenation reactions in UHV.

10.2. Results and Discussion

Priorto hydrogenation reactionsyldnd CO desorption from P&u(111) alloys
prepared at 380 K were extensively characterized using Temperature Programmed
Desorption (TPD). CO desorption was used to extrapolated the alloy structure. As shown in
Figurel0.1, atlow coverages of Pd (< 0.01 monolayer (ML)), CO desorb at 270 K. With

increasing Pd coverages, the CO trace broadens and a high temperature shoulder at 350 K
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develops followed by another peak at 450 K at 0.08 ML. The peak at 450 K eventually
saturates aftedepositing Pd for 60 min, thus we conclude 1 ML Pd is formed after 60 min of

Pd deposition.

The structure of RAu(111) alloys have been extensively characterized with TM.
Bnitially Pd atoms alloy into Au at the edge dislocations of the herringtsmomstruction.
As the Pd coverage increases, small Pd clusters develop in the surface layer. The Pd clusters
then serve as nucleation sites for Pd islands. Thus, we propose the peak at 270 K is due to
isolated Pd atoms in Au, the peak at 350 K is duelésters in the surface, and the peak at

450 K is Pd islands, a temperature identical to CO desorption from Pdf111).

m/z 28

1.3 ML Pd

1.0 ML Pd

0.33 ML Pd

0.16 ML Pd

0.08 ML Pd
0.050 ML Pd

0.016 ML Pd

0.008 ML Pd

l T ] ) T I ) ]

/

100 200 300 400 500
Temperature (K)

Figure 10.1. CO desorption from Pdhu(111) alloys
Varying Pd coverages were deposited onto Au(111) at 380 K and exposed to 10 L CO.
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On the various surface morphologies, we then probetkeBbrption. Initially at low
Pd coverages (< 0.05 ML Pd), a symmetrical H peak is observed desorbing at 175 K (Figure
102). With increasing Pd coverages, the peak continues to broaden. An adgiiakal
develops at 300 K which saturates at 1 ML Pd. Thdddorption peak becomes
asymmetrical at coverages > 0.05 ML Pd due to overlapping peaks, thus we conclude the
single atom regime is < 0.05 ML. For high coverages of Pd, a low temperatpealdis
observed between 165 K and 190 K. The low temperature peak is due to subsurface H in Pd.
Subsurface blhas been previously reported desorbing between 150 K for Pd(111) that

was absorbed at temperatures as low as 80 K.

Most importantly, after accauing for differences in ionization cross sections, the
areas of the peaks forldnd CO from PeAu alloys are roughly proportional to one another.
Since CO binds atop to isolated Pd atoms in Au, the CO coverage is directly correlated to the
Pd surface carentration in the single atom regime (< 0.05 ML). Since H and CO are also
proportional, we conclude that the Pd coverage directly dictates the H coverage. Since the
ratio between BHCO:Pd is 1:1:1, we do not observe any H spillover from the Pd site

activaton sites to Au.
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Figure 10.2.H, desorption from PgAu(111) alloys
Varying Pd coverages were deposited onto Au(111) at 380 K.

After extensively probing RAu(111) alloys with H and CO cataldehyde
hydrogenation was attempted using TPD/R (Figur8A). Carbonyl groupgxhibit faster
hydrogenation kinetics in the gas phasenpared to alkene since carbonyl groupsatter
able tostabilize intermediates stat€arbonyl groupshoweverhave stronger b onds t hen
alkenesas shown with bond dissociton energie®f ~85 kcal/mol (C=0) ané65 kcal/mol
(C=C), respectively. Thus, in order to probe the hydrogenation of aldehyteapsolayer
coverages of acetaldehydereadsorbed onto RPAu(111) SAAand itdesorbed at 150 K.
Whenacetaldehyd&vas ceadsorbed withH, the hydrogenation produethanol was not
observedPreliminary results by Matthew Marcinkowski also suggest th&uf111) SAAs

are unable to hydrogenate acetaldehyde in UHV.
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Previously,Panet aldetected the hydrogenation afedaldehyde to ethanol on
Au(111) in UHV®In that study reactively formed ethanol was observed desorbing from the
surface at 190 K. A complex hydrogenation mechanism was proposed where poly
acetaldehyde speciegereintegratedvith H atomsthat then deemposedo ethanol and
acetaldehydeThis mechanism was proposed becausadsorption of H andcetaldehyde

yielded a high temperature acetaldehyde peak (2xBd)desorbedoncurrently with

reactively formed ethanol.

A. Acetaldehyde B. Butadiene C. Acetylene C. Styrene
0.06 ML Pd-Au(111) 0.06 ML Pd-Au(111) 0.01 ML Pd-Au(111) 0.01 ML Pd-Au(111)
5 L Hydrogen 5 L Hydrogen 100 L Deuterium 5 L Hydrogen
0.5 L Acetaldehyde 0.5 L Butadiene 0.1 L Acetylene 0.5 L Styrene
m/z 2
m/z 2
m/z 2 e =

m/z 54 m/z 26

" m/z 104
bt M/ 2 46 m/z 28
m/z 56

o]

A r©
l‘.y»A\vam/Z A it m/z 58 upibemenmtinrpntinnd m/z 30 —————"—— m/z106

T T T ° LA B B 1T 1 ° T+ T ' 7T °
100 200 300 100 200 300 100 200 300 100 200 300
Temperature (K) Temperature (K) Temperature (K) Temperature (K)

Figure 10.3. TPD/R for ceadsoption of H, and various hydrocarbons

Shown are traces for attempted hydrogenations of (A) acetaldehyde, (B) butadiene, (C) acetylene,
and (D) styrene on P8u SAAs.

Panet al.alsoused an electreheamheated tungsten capillary to dissociateorto
Au(111)*® Therefore higher H coverages (0.19 ML to 0.98 ML) than obtainable wit/ARd
SAAs were used by Paat al. For PdAu SAAs, the H concentration is limited by the

availability of Pd sites. In the current study, a higher concentration (0.06 Mld w&aB
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deposited onto a bare Au(111) surface in order to increase the H coverage (0.0 ML H
Although, the higher Pd concentration did facilitate more H adatoms on the surface (0.06 ML
H), ethanol was still not detected. At 0.06 ML Pd, a heterogenechsi Rtoyed surface is

formed with mostly Pd monomers, but small Pd clusters are also present. Since the maximum
H coverage obtainable within the single atom region is < 0.05 ML H, Pd was deposited at a
higher Au surface temperature (420 K) to enhanceigpesion of Pd away from the Au
edgedislocations. The subsurface diffusion of Pd observed at higher temperatures prevented

a significant increase in the number of isolated Pd atoms in the surface.

Finally for acetaldehyde hydrogenation, attempts wergena force H adatoms from
the Pd activation sites to Au terraces byadsorbing H and CO. Unfortunately the
hydrogenation product, ethanol was not observed again. Whatlscobing H and CO, low
temperature desorption (110 K) of flom Au(111) is expeed as shown in Chapter’ ®n
these experiments, unreactegiiths not observed desorbing at 110 K possibly because at
0.06 ML Pd the alloyed surface is not exclusively Pd monomers, therefore, the preferential

adsorption of both H and CO is no longer atop.

Next, butadiene hydrogenation was attempted in order to expand upon the work by
Hugonet al. who showed selective partial hydrogenation of butadiene witkuPd
nanoparticle$ Using TPD, sb-monolayer coverages of butadiene desorbed fromwPd
SAAs at /5 K and 230 K from terraces and steps, respectively (Figus8). Butenes were
observed desorbing from P SAAs at 155 K and 180 K in the presences and absence of H
adatoms, suggesting H adatoms are not responsible for the observed hydrogenatais. produ

Further investigation of survey spectra suggests butenes contaminations were present in the
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butadiene source. Successive TPD experiments also yielded small increase in butenes

desorption suggestive of sélfydrogenation/ polymerization.

Though, butane hydrogenation was not detected, the most interesting result for the
co-adsorption of butadiene with H is a decreasezésorption (130 K) from RAu SAAs.
Typically, H> desorbs from R&u SAAs at 175 K. Butadiene forces H from the Pd activation
sites to Au in a similar to mechanisms observed for thadswrption of H and CO that was

discussed in Chapter’9.

For the next molecule acetylene, we attempted hydrogenations yb#cBuse
impurities in the acetylene source yielded convoluted desorp#oes that often suggested
desorption of hydrogenated species. TPD showed acetylene desorbing ffar(ilRd) at
155 K and 250 K and ethene at 200 K and 265 K (Fi§jQiC). For the ceadsorption of
acetylene with D, we do not observe any etHenehus,we conclude we are not
hydrogenating acetylene. We speculate that ethene desorption is due to self
hydrogenation/decomposition of acetylene. A similar process is observed on Cu(111) where
the decomposition products are observed at 330vike also tried phenylacetylene

hydrogenation with similar results.

When utilizing B, it is difficult to obtain pure deuterium adsorption due to
background adsorption of H. In these studies, the maximum obtainabtey&age 30 % of
the total coveragenlorder to increase the adsorption efdver H, the sample was flashed
> 250 K and then cooled in & Btmosphere bintroducing 1 * 1& mbarof D, into the
chamber. Additionally the kinetic isotope effect reduces the overall hydrogenation

conversion wkn using D compared to H. For acetaldeR§de75 % decrease in conversion
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for D compared to Hvas previously reported. Thus, at the low surface coverages of D
obtainable by Pdu SAAs, the overall conversion with D might be below the limits of

detection 6the instrumentation.

The final hydrogenation attempt was styrene (Fiux8D). Submonolayer
coverage of styrene was observed desorbing at 310 K and ethyl benzene was observed at 275
K. The ethyl benzene coverage was proportional to styrene covbragedependent of the
H coverage on the surface. Survey spectrum of the styrene source showed ethyl benzene
contamination. Though styrene could not be hydrogenated WitkuF®IAAS, styrene has
been previously hydrogenated in UHV on@d(111) SAAS® However, PéCu(111)
SAAAs are capable of H spillover to Cu, which increased the surface coverage of H to 0.1

ML from 0.01 ML Pd®®

10.3. Summary

In conclusion, the cadsorption of H and hydrocarbons onfa(111) SAAs do not
yield hydrogenated products for butake, acetaldehyde, acetylene, phenyl acetylene, or
styrene. Potentially, the low temperature desorptiondfdin either Au(111) (110 K) or
Pd-Au(111) SAAs (175 K) prevents hydrogenation because the barrier for hydrogenation of
some of the alkenes testisdyreater than the desorption barrier of Mso, the
hydrogenation products could be limited by the low coverages of H obtainable on Pd

Au(111) SAA since the H spillover mechanism is not observed on Au based alloys.
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Chapterll: TheEffect of Single Pd Atoms on the Energetics of

Recombinative @Desorption from Au(111)

11.1 Introduction

Heterogeneous catalysts that utilize isolated metal atoms are emerging as a promising
approach for the efficient use of precious metal catalysts to enhance catalytic a¢Baitij.
bimetalic single atom alloyand oxide supported single atoms have been showatalyze
numerous reactions including water gas stfithydrogenatior?’ 1° dehydrogenation’!
oxidation!213hydrogenolysis;} and coupling reaction's.However, direct investigation of
isolated atoms in real catalysts is often difficult due to the complexity of the catalyst
structure. Recently, we developed the single atom alloy (SAA) approach for catalyst design
where we initially studied the structuaad chemistry of isolated atoms in single crystal
model catalyst$% 2° Over the years this work has informed the design of nanoparticle
catalysts capable of catalyzing selective hydrogenation reactions with improved tolerance to
CO poisoning under realistoperating pressuré&°In order to expand the single atom alloy
strategy beyond hydrogenation reactions, in this study we probe the adsorption and

desorption of O from isolated Pd monomers in a Au(111) substrate.

Au nanoparticles and nanoporous Ag well known for highly selective oxidation
reactions despite the high barrier for &@tivation on AZY26 The addition of Pd to Au
catalysts increases the reactivity of Au and this alloy combination exhibits remarkable
selectivity for catalyzing CO ogation? vinyl acetate synthesfé,?® alcohol oxidatior?® and
hydrogen peroxide synthestsin these reactions, the atomic ensemble of the Pd atoms in Au

is critical to obtain the desired selectivity. It has been shown for CO oxidation that
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contiguous B atoms are necessary fos &tivatiort? and for vinyl acetate synthesis Pd
monomers prevent the unwanted oxidation of prodtic&Despite the importance of the

above reactions, the fundamental interaction between O and isolated Pd atoms in Au is not
well understood. Previous studies byetial.and Yuet al. show extended Pd sites are

required for the dissociative adsorption efd@d Au-Pd(100324and PdAu(111),

respectively. In both studies a dramatic decrease up@ke was observed at low
coneentrations of surface Pd atoms, suggesting a geometric ensemble effect for the
adsorption and dissociation op.Neither study, however, experimentally probed the

capabilities of isolated metal geometries.

In the current work, we directly addressed tfieats of single Pd atom geometries on
the recombinative desorption ot @om Au(111). Since Au(111) is unable to dissociate O
in ultra-high vacuum (UHV), we used ozone to populate the surfaces wily Gsing a
combination of temperature programmedaipson, scanning tunneling microscopy, and
density function theory, we probed the impact ofatsd Pd atoms on the interactidDswith
theAu(111) surface. Our studies reveal that small amounts of Pd lead to a significant
reduction in the @desorption temperature at low O coverages. Since DFT calculations
reveal that isolated Pd monomers in Au(111) very slightly incega4® meV) the barrier
for dissociative adsorption of2@nd recombinative desorption of,ve used STM to show
that sinde Pd atoms prevent the formation of the 2D Au surface oxide from whigh O
known to desorb. Since disordet®an Au(111) at low coverage is known to be more
reactive, we speculate that small amounts of Pd, or other elements like Ni, may alter the

initial oxidation of Au and hence be used to control the subsequent reactivity of the system.

Page [L67



11.2 Results and Discussion

In order to probe the desorption properties pfrdm PdAu SAAs, oxidized
Au(111) and PeAu(111) SAAs were prepared in UHV. Pd atoms wespasited onto
Au(111) at 380 Kusing physical vapor deposition. The surface morphology of the alloy was
characterized using STM (Figuté.1) and has also been well described in the liter&fiffe.
Briefly, at low Pd coverages, Pd atoms exist as isoki@us in the Au surface die
stronger heteroatom bontdstween PdAu than PdPd or AuAu (Figure11.1B). During the
place exchange of Pd atoms into the Au terraces, Au adatoms are ejected and nucleate into
islands on the surface (Figur&.1A). The surfae layer of the islands are primarily
composed of Au atoms due to the lower surface free energy of Au than Pd. Due to the large
activation barrier of @dissociative adsorption onto Au(111), O does not readily adsorb onto
Au(111) surface in UHV. Thus, fahese experiments, O was adsorbed onto Au(111) and Pd

Au(111) SAA by exposing the surface to ozone.

Figure 11.1. STM image of PdAu(111) SAAs

(A) Shown is a Pdhu(111) alloy formed at 380 K with Au rich islands randomly dispersed across
the surface. (B)High resolution images show Pd atoms exists as isolated monomers in Au
terraces.
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First, TPD experiments were performed to determine the desorption temperature of
O2 from PdAu SAAs. After exposure of Au(111) to ozone at 85 Kk wWas observed
desorbing at 510 K=(1 peak in Figurd12). The desorption profiles of-@&rom Au(111) do
not follow typical second order desorption trends suggesting the simple recombination of 2 O
adatoms is not the rate limiting step. For theAR§111) SAA, O» desorbs at 470 Kor low
O coverages. At higher O coverages, a second desorption peak was observed at 510 K
corresponding to desorption from the Au. Thus, the isolated Pd atoms open a low

temperature @desorption pathway from the surface.

QOzone at 85 K

— Au(111) o
= 0.01 ML Pd-Au(111) Il 10 mbar

Y1 Y1

A

400 450 500 450
Temperature (K)

Figure 112. Recombinative @desorption fom Au(111) and Pdu(111) SAAs
TPD traces for @desorption after exposing Au(111) and 0.01 ML-ARq111) SAAs to ozone at
85 K.
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Figure 113. STM images of oxidation of A(l11)at 110 K
(A) Large scale images showthqB) depressions in registry with the herringbone reconstruction
and (C) oxidized pits. Imaging conditions: 100 mV, 100 pA, imaged at 30 K.

Figure 114. STM images of gidation of PAdAu(111)SAA at 110 K
STM images show a uniform oxide formed in setpeeof the herringbone reconstruction. Au rich
islands formed during the alloying of Pd are dispersed across the surface.

To determine morphology the surface, a Au surface oxidized at 110 K was imaged
with STM. The STM imaging show dark amorphous statigrepressions in registry with

the Au herringbone reconstruction (Figte3A,B). Previously, it has been shown that

Page [L70



surface oxides appear darker than the surround metallic sinf&dd images? Localized

regions of mobile pits are also observed whose mobility is probably influenced by the STM

tip. (Figurell3C). The pits are ~390 nm deep which is greater than atomic layer of Au
suggesting the pits are composed of an oxidized state of AumEtéstable state was only
observed after preparation at 110 K. The mobility of the pits suggests weakly bound oxygen.
For PdAu(111) SAAs exposed to ozone, the mobile pits were not observed suggesting Pd
atoms prevent the formation of this weakly boundestiigurel14). For the PéAu SAA,

the amorphous stationary depressions in registry with the Au herringbone pattern was present

similar to the Au(111).

— Au(111)
— Pd,Au(111)
TS
1.07 eV
: 4
14
Es=127eV |
E,=0.93eV 1
11
0.14 eV | |Ed=1288V
0, (g)"b'dé 7% CRLEERCTETEIPPE PRCSPIIPRTDY ERPTTPRLPPLINPEPPEPPREPPY
0.25eV
AE AE
o,* 20

Figure 115. DFT calculated energy landscape fordsorption and desption from Au and Pd
Au SAAs

Shown are adsorption energiege) of O (0.14 eV and0.09 eV) and 2 0-0.20 eV and-0.25
eV), activation energy for dissociative adsorption of (B)) and desorption energy for
combinative desorption of {JEg) for both Au and PdAu surfaces.

In order to examine both the adsorption and desorption kinetics, afé@calculated
the activation energy for dissociative adsorption and desorption energy for the recombinative
desorption of @with DFT (Figurell5). The recombinative desorption barrier offdm a

Pd-Au SAA (1.8 eV) is slightlyhigherthan the recombinative desorption barrier from bare
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Au(111) (1.Z eV) which is notconsistent with the 40 K decrease in desorption temperature
from PdAu(111) SAAs compared to Au(111). Although, accordinealhead analysis for

a first order desorption process assuming eegponential of 1*1&, the difference in
desorption barriers for desorption from Au(111) (510 K, 1.64 eV) ardllRi11) SAAS

(470 K, 1.51 eV) should be ~0.1 eV. Thus, the DFT calculatitmnnot account for the low
temperature desorption observed in our TPD experiments. The DFT calculations shew for O
adsorption, the activation energy is 0.19 eV larger cA&d 11) than Au(111) since:O
physisorption is exothermic on Au and endotheramd®dAu SAA. As a result the
dissociative adsorption barrier is larger onARASAAs than Au(111) which is certainly non
intuitive. This supports previous work on-Rd(111)*® and AuPd(100§*which suggest
isolated Pd atoms cannot activate These stués report low temperatughysisorptiorof

O2 on extended Pd ensembles where the adsorbed coverage afgpendent on the surface
concentration of Pd. Both studies report a-hnear decrease inAfQptake as a function of

Pd coverage suggesting that geometric ensemble effects imppbtygisorptiorof O, and

sequential dissociation of20

To further investigate the desorption of other oxide species from Au(111) and Pd
Au(111) SAAs, we exposed tlseirfaces to ozone at 290 K. For ozone exposure at 290 K,
two distinct states were observed with STM including the dark depressions randomly
dispersed across the Au surface and mobile clusters on the surface that exhibiopdeud
on the surface (Figurkl.6. For PdAu SAA, the oxidized surfaces looks very different than
\on Au(111) since an amorphous structure is observed on tAe BAA surface (Figure
11.7). The STM results suggests that Pd atoms alter the oxidation of the surface which

potentially @ntributes to the low temperature desorption that we observed forr® Pd
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Au SAAS. According to ourxay photoelectron spectroscopy (XPS), neither observed oxide

state is that of bulk oxide (A03).

Figure 11.6 STM images of oxidized Au(111) at 280

(A,B) Shown are STM images after high temperature ozone exposure at 290 K. We postulate that
the dark depressions are surface oxygen and (B) the bright features-@eduplexes on the
surface. Imaging conditions: 100 mV, 100 pA, 30 K.

Figure 11.7. STM images of oxidized RAu(111) SAA at 290 K.
Shown is STM image of the amorphous morphology after ozone exposure of-theBd) at
290 K.Imaging conditions: 100 mV, 100 pA, 30 K.

Using TPD, we then determined the desorption temperature of lbessurface
coverages of OFor the desorptioaf low O coverageformed at low temperature (85 K),O

desorbs at 510 K from Au(111) and tki¢state saturates (Figuté 2 and11.8A). When we
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increased the ozone exposure temperature to 290 K, two desorptionqizaksl~ 3, are

observed at 510 K and 515 K, respectively (FidLiréB). At an ozone exposure temperature

of 400 K, the= 3 peak continually broadeibsit does not saturate (Figure 1a0)38Due to the
continuous broadening of the peak at higher exposure temperatures, we propose that there is
more than one oxide state desorbing from the surface at ozone ex290eK. The

desorption traces af2 and= 3 exposure Au(111) to ozone at 22@re in agreement with

Salibaet al.who report 2 distinct @desorption features from Au(111) with desorption
temperatures that favorably agree when accounting for difference is heating rates between the
TPD experiment$® Oxidation of Au using oxygerpsittering yieldec~ 2 and= 3 peaks and

two higher temperature peaks that were assigned as subsurface O atoms formed at a

sputtering ion energy of 0.5 keV.

O2 desorption from the RAu SAAs exhibits a unique desorption profile compared to
Au(111) for bothow temperature (85 K) and high temperature (290 K and 400 K) ozone
exposure. After ozone exposure at 85 K,4Hestate desorbs at 470 K and at 510 K (Figure
11.2 and 11.8A). When PAlu SAA is exposed to ozone at 290 K and 400 Kd&sorption
occurs a#90 K for the= 2 peak. Thes 2 peak continues to shift to higttemperatures with
increasing O coverage. There is also a high temperature shoulder3ratrb15 K from Pd
Au(111)SAA (Figurel1.8). At comparable O oxygen coverages, théeQorption
tempeature from PdAu SAA decreases by 20 K compared to Au(1®13 peak). Our STM
experiments show that an amorphous oxidized surface structure is observed en the Pd
Au(111) surface suggesting that dilute Pd concentrations prevent the formation of the 2D
oxide, which is known to be the rate limiting step efd@sorption from Au(111). We

postulate that the low temperature desorptionof@n a PdAu SAA is dueto Pd atoms
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hindering thdormation of the 2D oxidelThe pronounced shift in Qlesorption at low

surface coverages suggests that Pd atoms only locally affects oxide formation on Au

(Figurel1.8.
A Ozone at 85 K B Ozone at 290 K C Ozone at 400 K
Y2
— Au(111) 1273

K -9
— 0.01 ML Pd-Au(111) :[1 10°° mbar

A
Y1 Y1 T2Y2Y3 W
\
N
\
__.é S\ \
/T r 1 r 1 r1

400 450 500 450 400 450 500 450 400 450 500 450
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Figure 11.8 Desorption of @form Au(111) and Pdhu(111) SAAs

TPD traces for @desorption from Au(111) and 0.01 ML fdi(111) SAAs afer low temperature

ozone exposure at (A) 85 K and high temperature ozone exposures at (B) 290 K and (C) 400 K.
All traces are plotted on the samagale.

11.3 Summary

By using ozone to populate a predominantly Au based surface with O, we can probe
the energecs of & desorption frondilute concentrations d?d monomers in Au. We show
that very small amounts of Pd (<01 ML) in Au(111) alter the oxidation of the Au surface,
which thereby dramatically reduces the desorption temperature 8pecifically, i®lated
Pd atoms prevent the formation of the 2D surface oxide on Au(111) from whagsQrbs.
Our TPD studies show that the greatestperature shift (40 K} observedat lower O
coveragesndicatingthat Pd monomers locally disrupt the formation & #D oxide. Using

STM we directly visualize the surface morphology of bothARASAA and Au surface
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structuredo reveal an amorphous surfanghe presence of Pd atoms. Since the amorphous
Au surface structure has been suggested to be more reactitkdl2ih oxide phase, the
addition of trace amounts of Pd may be an interesting way to control the activity and/or
selectivity of oxidation reactions using materials such as Au nanoparticles or nanoporous

gold.
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Chapter 12Surface Structure of FAu(111) Alloys

12.1. Introduction

Understandinghe alloying mechanism of bimetallic alloy formation is critical to
selectively form single atom alloys. The general criteria that drive alloy formation include
mixing enthalpy, surface free energy, atomic size and adatom diffdiSiédthough
extensivecalculations have predicted the thermodynamic stability of alloyed surface, the
kinetics associated with adatom diffusion is not well established for all metal interactions.
Due to the industrial importance of Pt based alfoy# this chapter, we expie the atomic
structure of RAu(111) surface alloys using scanning tunneling microscopy (STM). Pt
Au(111) alloys were prepared at varying Pt coverages and substrate temperatures.
Preliminary results suggest that it is unfavorable for Pt atoms to existdaied monomers
in the surface of Au(111). Loswemperature STM experiments for theamsorption of H and

CO suggest that H and CO preferentially adsorb to the Pt sites.

12.2. Results and Discussion

In order to determine the surface morphology of sub moeolegverages of Pt
Au(111) alloys, we used physical vapor deposition to deposit Pt atoms onto Au(111). The
Au(111) herringbone reconstruction served as template for Pt alloying. Btinesfhpu(111)
surface reconstructs due to undeordination of the séace atom$ In the surface layer, the

Au atoms compress to form the Aherringbone r

the space of 22 atoms in the bulk. As a result a (2@ Xunit cell is observed. Domains of
atoms sitting in hcp and fcc hollevare separated by pairs of soliton walls where the Au

atoms sit in bridge siteand thus are topographically higher than neighboring atbnwsder
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to relieve thdaensilestrainequally in all directions, the soliton walls periodically bend 120°
at locationscalled elbows. At the elbows, edge dislocatioccurfrom the misalignment of
atomic rows and the atoms at the edge dislocations are-cooletinated, thus, thegre

prefeential binding sitegor adsorbates and adatoms.

Using STM, we characterized-Rti(111) surface morphology as a function of Pt
coverage and Au(111) substrate temperature during deposition of Pt. Initially, we deposited
Pt at 380 K. At a coverage of 0.05 IMlve observe small protrusions in the surface layer and
monoatomic high islands (Figui.1). Atomic resolution shows the Pt atoms imaging as
bright protrusions which ared-050 nm higher than the surrounding Au lattice (Figure
121B). Since the height @he protrusions is less than the atomic radius of Pt (0.277 nm) or
Au (0.288 nm), we conclude the Pt atoms are substituted into the Au terrace. Pt atoms image
topographically higher than the surrounding Au lattice since the electronic and topographic
differences in Pt and Au are responsible for the contrast observed by /ATMs
deposition temperature (380 K) and Pt coverage (0.05 ML), the Pt atoms tend to cluster near
the edge dislocations with heteroatom neamegjhbor interactions (Figud2.1B) in
disagreement with Besenbacle¢rl.who observe isolated Pt atoms in R he observed
clustering of Pt atoms is consistent with DFT calculafibasd Monte Carl*3simulations
that predict favorable nearestighbor interactions betweenPtatons. According to
Christenseret al.the solute and substrate identities influence the intermetallic mi¥og.

Pt substituted into a Au lattice, the surface mixing energy (0.22 eV/atom) indicates mixing of
the Pt and Au atoms. The reverse trend is ptedifor Pt substitution into a Au lattice where
surface mixing energy@.31 eV/atom) indicates segregation of the Pt and Au atoms.

Experimentally, Bensenbachetral. observed isolated Pt atoms in Au at coverages below
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0.03 ML2*Since there is not a thapodynamic driving force for the formation of Pt
monomers, possibly the Pt monomers observed at low coverages is an entropic effect due to
the low probability of 2 Pt atoms existing as nearest neighbors at low concentrations.

Furthermore, Pt is a grotransition metal; therefore, relativistic effectn impact its

alloy formation 1917

Figure 12.1.STM images of RAu(111) surface alloys at varying Pt coverages

Shown are the surface structures of (A, B) 0.05 ML Pt, (C, D) 0.1 ML Pt, and (E) 0.2 ML Pt
deposited at 380 K. (B) With atomic resolution the Pt atoms image higher than the Au lattice. (D)
Higher resolution of an island shows disperse protrusions on the island. Images recorded at 30 K.

Additionally, monoatomic hexagonal islands areestsed wth an average size of
~200 nnt for 0.05 ML Pt. The islands are randomly dispersed across the Au terraces and
their location is independent of edge dislocations. The dispersion of the islands is suggestive
of Ostwald Ripening where the diffusion of Au aoondense into larger Au clusters.
Higher resolution imaging of the islands shows the dominance of the herringbone
reconstruction with dispersed protrusions (Figl2d. D and122D). Thus, we conclude the
islands are Au rich. The observance of Au igthnds is consistent with the greater surface

free energy of Pt2(203 J/n3) than Au(1.63 J/m2):8 Despite the presence of Au rich islands
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and substitution of Pt atoms into the Au lattice, the distance between the Au soliton walls is

consistent with theeparation observed on pure Au(111).

At higher Pt concentration of 0.1 ML, the density of the Au rich islands on the surface
increases. The islands remain fairly uniform in size and maintain a hexagonal shape by
equally expressing both (100) and (111) myfacets step edges. The soliton walls on the
underlying Au terraces, however, begin to run in irregular patterns. Then at 0.2 ML Pt, the
concentration of islands increased and their shape is irregular suggesting slow diffusion

kinetics of Pt and Au atoms.

At 380 K, the proposed alloying mechanism is as follows. The Pt atoms are randomly
deposited onto the Au surface. Pt atoms diffuse until they come in contact with
uncoordinated Au atoms at edge dislocations and potentially step edges. The Pt atoms then
place exchange into the Au terraces. During the exchange process, Au atoms are ejected onto
the surface. The ejected Au atoms and Pt adatoms nucleated into Au rich islands. Ostwald
Ripening drives the Au rich islands to condense thereby reducing the tratioarof under
coordinated Au atoms. At higher Pt concentrations, these islands begin to incorporate
deposited Pt atoms to a higher degree and become irregular in shape suggesting slow
diffusion of adatoms. The proposed mechanism is consistent withetierpinate alloying

mechanism of other solute atoms with Au(111) surface includif¢®® Ni24, Fe&°, and

e
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Figure 12.2.STM images of RPAu(111)surface alloys formed at varying temperatures

Shown are STM images of 0.1 ML Pt deposited onto tAAaB) 315 K, (C, D) 380 K, and (E, F)

480 K. Shown are higher resolution images of the (B, D) islands on the Au surface and (F) Pt
atoms dispersed across the Au surface. Images recorded at 30 K.

To further investigate the alloying mechanism, we vattiedtemperature of the
Au(111) substrate during deposition of 0.1 ML Pt. At deposition temperature of 315 K,
islands of varying sizes were dispersed across the surface (ERRyeThe islands appeared
corrugated and the herringbone reconstruction wagisible on these islands. We propose
that the islands formed at 315 K are a mixture of Pt and Au. As discussed above, when the
deposition temperature is increased to 380 K, larger Au rich islands are present with Pt atoms
substituted into the Au terras€Then at deposition temperature of 480 K, a uniform surface
was observed without any island features. The periodicity of soliton walls is increased to 6.8
nm which is larger than the typical separation of 6.3 nm. Though, atomic resolution was not
obtainal, the extension of the soliton walls suggest Pt atoms are substituted into the Au
terrace. Depending on the tip state, dispersed protrusions can be observed on the Au surface,
however, the resolution does not allow us to determine the size of the Pblssenthe

location of the Pt atoms in the surface or subsurface layers. Further experimentation at the
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higher deposition temperature (480 K) and low Pt concentration (< 0.01 ML Pt) might

produce isolated Pt atoms in Au allowing for the formation of siaghm alloys.

Figure 12.3.H and CO adsorptioan Pt-Au alloys
STM image of H and CO adsorbed onto 0.01 MiAB{111). Images recorded at 5 K.

In order to probe the adsorption of H and CO oiPtlloy systems, low
temperature STM (5 K) experimem®re performed after the -@sorption of H and CO on
PtAu alloys. The RRAu alloys were prepared after depositin@.61 ML Pt on Au(111) at
380 K. The surface structure of the alloys was heterogeneous with isolated Pt atoms, short
linear chains of Pt ats and Au rich islands. The alloyed surface was exposed to 20 L H at
85 K and then cooled to 5 K for imaging. According tougtake on Pehu(111) alloys
presented in Chapter 9 and 10, a 20 L dose would yield adsorption of background gases
including CO ad HxO that could potentially block the adsorption of the H adatoms. After
exposure to b we observed 3 distinct features on the surface that | hypothesize are H
adatoms, CO molecules, and Pt atoms. We propose that the dark depressions are H adatoms
on Ptsites since H is known to image as depressioféf-urthermore, since it is
thermodynamically unfavorable for H adatoms to diffuse onto Au, we propose the H atoms

are localized at the Pt sites. The topographically larger protrusions are adsorbed CO. After
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exposing the surface to 0.05 L CO, the concentratichese protrusions increased. Like H,

CO selectively adsorbs to the Pt sites since the adsorption enetggrieV to PAu SAA
and-0.49 eV to Au(111). The less pronounced protrusions are Pt atoms substituted into the
Au surface since these featsii@re present before H or CO adsorption and remain stationary.
Further experimentation, however, is necessary to confirm the assignments of the adsorbed

species.

12.3. Summary/Future Directions

Using STM, we were able to characterize the surface structurefaf(P11) alloys to
elucidate the alloying mechanism. Adatoms condense into Au rich islands whose
composition and size are dependent on the substrate temperature during preparation and Pt
coverage. Atomically resolved images show that the Pt atoms tergttinesmall clusters
in the surface layer. However, higher temperature preparation and lower Pt coverages may

yield isolated Pt monomers in the Au surface.

Though it is thermodynamically favorable for Pt atoms to exist in small clusters in
Au, PtAu alloys have the potential to catalyze various reactions. Of interest are selective
oxidation reactions which typically exhibit higher activation energies due to strongn0s.
Potentially, PtAu alloys can be utilized to catalyze selective oxidation reastio a greater
extent than Pd\u alloys. Since Pt is able to bind reactants stronger than Pd, Pt based alloys
may exhibit higher reactivity than Pd based alloys as we observed for methanol
dehydrogenation on fu and PeCu alloys. The higher reactivityf Pt based alloys can be
rationalized based on tligrgnstedEvansPolyani (BEP) relationshigvhich correlates
adsorption strength of descriptor molecutesverallreactivity. As observed for SAARt
Cu SAAs bind keyescriptomoleculessuch as H and @ stronger than R€u SAAs For

Page [L86



example, v observed CO desorbing at a higher temperature fréfdu@tll) SAAs (350
K),2°than PdCu(111) SAAs (270 K the stronger binding suggests lower activation
barriers that we observe for Hctivation®132 Due b the stronger binding of these molecules
to PtbasedSAAs, isolated Pt atommay bemore reactive than Pd atoms, therekfibiting
higher catalytic activity. Some interesting oxidation reactions to explore wiu Btloys
include ammonia oxidation toNind HO to remove ammonia from wasfegpoxidation of

ethylene for the production of ethylene glycol, and propylamine oxidation to propioffitrile.

12.4. Additional Experimental Details

Pt was deposited onto the clean Au(111) sample held at varying surfguerature
using a flux monitored EFM 3 electron beam evaporator (Focus GmbH). Pt was deposited at
a flux of 0.02 monolayer (ML) mirt for varying amounts of time to obtain surface coverages
between 0.01 and 5 ML Pt. Surface coverages are based on lthaticalidetermined in
Chapter 2 for Pt deposition onto Cu(111) at 380 K. STM experiments were performed using
either a variabldemperature (VT) or loviemperature (LT) scanning tunneling microscope
(Omicron Nanotechnology). Imaging of the bareARtsurfaces was performed at 30 K with
VT-STM. The VT-STM stage was cooled to 30 K prior to introducing the prepared sample
and etched W tips were used to acquire images. In order to observe adsorbed H atoms,
imaging was conducted using the-STTM at 5 K after expsure to Hat 85 K and

subsequent cooling to 5 K.
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