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Abstract 

Catalysts are used in the majority of industrial 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 catalytic 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 

exhibit enhanced 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 with isolated 

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 Pt-Cu single atoms alloys (SAAs) where isolated 

Pt atoms, stable in a Cu surface, were identified as superior active sites for selective 

hydrogenation reactions. The bi-functional nature of Pt-Cu SAAs enables facile hydrogen 

activation without C-C bond scission and selective partial hydrogenations of butadiene on Cu 

terraces. In general, the weak adsorption of reactants and products to Pt-Cu SAAs yields 

improved selectivity and reduced susceptibility to CO poisoning and coke formation. The 

mechanistic details determined though surface studies on model catalysts guided the 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 in Au needed for diatomic molecule activation of H2 and O2. By 

systematically probing H2 activation, isolated Pd atoms in Au were shown to activate H2, a 

process previously thought to require to two Pd atoms. Unfortunately, the weak adsorption of 

hydrocarbons to Au impedes further hydrogenation reactivity in ultra-high 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 desorption of O2 where dilute 

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 single atom limit. 
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Chapter 1: Introduction  

1.1.  Surface Science: A Guide for Heterogeneous Catalysis  

In 2015, a coalition of Nobel Laureates declared that if the real and rising risk of 

climate change was not addressed, the demand for food, water, and energy would 

ñoverwhelm the Earthôs ability to satisfy humanityôs needs.ò1 The declaration preceded the 

2015 United Nations Climate Change Conference in Paris where a monumental agreement 

was reached between 196 countries that pledged to reduce their emissions of greenhouse 

gases and transition towards more sustainable technologies.2 

Catalysts can play a vital role in reaching this goal by establishing processes that are 

environmentally cleaner and energetically efficient.3ï5 Currently, 85 % of all industrial 

processes utilize catalysts,6 accounting for $450 billion per year.3 Catalysts̀ are widely used 

because they facilitate chemical conversion at lower temperatures and pressures, thus 

utilizing less energy.  Optimal catalysts exhibit three properties: high reactivity, strong 

preference to desired product, and long term stability. However, newer, more efficient 

catalysts are often discovered by trial and error due to the complexity of the catalystsô 

structures and the multi-step chemical reactions occurring on the catalysts. Thus, there is a 

need to understand the key properties of catalysts, such as the atomic composition and 

energetics of molecular interactions at the catalystsô active sites.  

One viable approach to optimize catalysts is to determine the microscopic properties of a 

catalyst that dictate macroscopic catalytic performances. Surface science studies that use 

ordered surfaces can bridge the macroscopic catalytic properties, such as turn-over frequency 

and selectivity, with microscopic properties, such as the thermodynamics and kinetics of 
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elementary steps (Figure 1.1).7ï9 In this work, I studied highly controlled reactions on well-

defined bimetallic alloyed surfaces to determine atomic scale parameters that control 

industrially relevant catalytic processes. Using atomic scale microscopy and spectroscopy, 

the fundamental energetics of isolated reactive catalytic atoms in noble metal hosts were 

identified as superior active sites.10ï14 The model catalysts then guided the design of 

nanoparticle catalysts that have enhanced reactivity, stability, and selectivity over 

monometallic catalysts at realistic operating conditions.10,12,14   

 

Figure 1.1. Microscopic and macroscopic properties that dictate a catalystôs activity 

Adapted from Fechete et al.7  

 

1.2. Fundamental Catalytic Surface Processes  

Generally, the heterogeneous catalytic cycle is composed of a series of elementary 

steps starting with adsorption of molecules to the surface.5 The adsorbed species diffuse, 

react, and/or desorb from the surface.  The feasibility of these processes are governed by the 

activation barriers of each elementary step.56 Thus, a catalyst enhances the rate of a reaction 

by lowering activation barriers for the 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 reactions. Hence, the transition states for each elementary step are 

identical regardless 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.   

 

Figure 1.2. Sabatier Principle Schematic 

Schematic of the (A) Sabatier Principle and (B) a general catalyzed reaction where catalyst A has 

higher activation barrier due to weak adsorption energy as opposed to catalyst B with the reverse 

relationship as predicted by the BEP relationship.  

One of the most important descriptors of a catalytic surface is the adsorption strength 

of starting materials, intermediates, and products, as suggested by the Sabatier Principle. The 

Sabatier Principle relates the adsorption energy of intermediates on surfaces to the observed 

catalytic activity.15 Graphical plots of catalytic activity and bond strength, called volcano 

plots, show a maximum in catalytic activity at intermediate adsorption strengths (Figure 1.2). 

Atoms or molecules must adsorb strongly enough to the surface to facilitate activation and 

reactivity of the reactants and intermediates, but weakly enough to allow for product 

desorption. The Sabatier Principle, however, is a qualitative concept that does not identify the 



Page | 4 

 

parameters or physical properties of transition metals necessary to predict activity and 

selectivity. The d-band model, proposed by Norskov, relates the adsorption strength of 

adsorbates to the d-band center of transition metals in relationship to the Fermi Level.16ï19 

The adsorption energy of atoms or molecules impacts the activation barriers for 

microscopic steps in the catalytic process including diffusion, reactivity, and desorption. The 

Brønsted-Evans-Polanyi (BEP) relationship theorizes a linear correlation between the barrier 

of a reaction and the change in enthalpy for elementary steps in a reaction.15,20ï22 For surface 

catalyzed reactions, the BEP relationship suggests that the activation energy (Ea) is 

proportional to adsorption energy (ȹE) of reactants and intermediates to a surface (Figure 

1.3). As a result of the BEP relationship, strong adsorption of molecules to a surface can 

lower the barrier for multiple elementary steps thereby increasing the feasibility of multiple 

pathways. Thus, it can reduce the overall selectivity towards a given product.  

 

Figure 1.3. Brønsted-Evans-Polanyi (BEP) relationship 

BEP relationship for N2, CO, NO, and O2 dissociation on metallic surfaces.22 

Both the Sabatier Principle and BEP relationship present a challenge in catalyst 

design, specifically 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 strongly. However, for surfaces that adsorb reactants and 

intermediates too strongly, they exhibit low selectivity, hinder desorption of products, and 

are often susceptible to poisoning, i.e. deactivation of the catalysts by CO adsorption23 or 

coke formation.24,25 Conversely, surfaces that weakly adsorb reactants and intermediates have 

higher selectivity, but barriers for activation are higher, thus resulting in lower conversion of 

a catalyzed reaction at a given temperature.   

The inability to increase both reactivity and selectivity impacts hydrogenation and 

oxidation reactions where the rate limiting step is often activation of diatomic molecules 

which requires more reactive surfaces. When considering dissociative adsorption of 

molecular H2 or O2, generally, catalytic metals (group 10) exhibit facile activation of 

diatomic molecules while the noble metals (group 11) do not readily activate diatomic 

molecules.16,22,26ï28 For example, dissociative adsorption of H2 is an activated process on Cu 

(Ea = 0.4 eV)28 and a non-activated process on Pt (Ea = 0 eV)29 (Figure 1.4). The energetics 

of H2 activation obey the BEP relationship since the adsorption of H to Cu (ȹE = 0.2 eV) is 

weaker than that to Pt (ȹE = 0.6 eV). Thus, in order to have high selectivity, weak adsorption 

is preferred, although the barriers are often too high for activation. In this work, I show that a 

bi-functional model catalyst with different active sites for diatomic molecule activation and 

sequential hydrogenations allows for the simultaneous tuning of both reactivity and 

selectivity.  
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Figure 1.4. H2 desorption from Cu(111), Pt-Cu(111) SAA and Cu(111) 

Energy diagram for the adsorption and desorption of H2 on Cu(111), Pt(111), and Pt-Cu(111) 

SAA11,30,31 

 

1.3. Bimetallic Alloys  

Since noble and catalytic group metals exhibit complementary properties in terms of 

weak adsorption energy and low activation barriers, it seems logical to use multiple metals to 

tune the reactivity, selectivity, and stability of catalysts. However, it is difficult to predict 

how bimetallic surfaces will compare to the parent metal.32ï34 Bimetallic alloys are known to 

have distinct chemical and electronic properties upon alloying.35ï39 With the advancements of 

atomic resolution techniques,40ï42 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 properties.37,43ï45  

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

energy, mixing enthalpy, and elastic strain due to lattice size mismatch.32ï34 Bimetallic 



Page | 7 

 

surface alloys can form independently of bulk metal miscibilities46 of two metals. Density 

Functional Theory (DFT) has predicted the miscibility of two metals by considering the 

segregation and mixing energies (Table 1.1 and 1.2).32 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 atoms. The partial 

concentrations of the metals affect the thermodynamic driving forces of alloy formation.47,48 

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 the necessity to characterize bimetallic alloys on the atomic 

scale to fully understand the composition of active sites of bimetallic catalysts for a given 

procedure since preparation temperature and atomic composition impact the observed 

structures.   

Table 1.1. Segregation Energy (eV/atom) for bimetallic alloys 

Shown is the energy of interchanging an impurity atom with a host surface atom where positive 

segregation energy predicts that the impurity atoms will diffuse into the bulk. The host atoms are 

in rows and the impurity atoms are in columns.32 

   

 
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 between two impurity atoms where a positive energy indicates a repulsive 

interaction between impurity atoms.32  

 

 
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 selectivity are often discussed 

in terms of ligand and/or ensemble effects.35,49,50 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 in the d-band center which alters the adsorbate 

adsorption energy.18,51 The d-band shift can be due to orbital overlap between the two metals 

or strain due to lattice size mismatch. For example, in the case of tensile strain, a smaller 

solute atom is incorporated into a larger host matrix. The d-band narrows because of a 

decrease in overlap of the d-orbitals and the center of the d-band becomes closer to the Fermi 

Level. The bond between the adsorbate and the transition metal becomes stronger. When the 

system is under compressive strain from a larger atom in a smaller host matrix, the reverse 

occurs and the overall adsorption energy decreases.33,52   

The ensemble effects also influence bimetallic activity where changes in the catalytic 

activity is due to the structural or spatial arrangement of metallic atoms.35,49 Clusters of 

atoms, e.g., monomers, dimers, and trimers,  have been shown to exhibit distinct 

capabilities.37,38,43,45,53ï57 In order to optimize the atomic efficiency of catalysts, ensemble 



Page | 9 

 

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, single site catalysts have been shown to overcome the drawbacks of 

catalytic metals such as scarcity in nature, expense, and high susceptibility to CO poisoning 

and coke formation.54 Single site catalysts have atomically dispersed species that can 

catalyze a number of reactions. It has been shown that single Pt and Au cations on various 

catalytic supports can be the active sites for water gas shift reactions,58,59 CO oxidation,60 

steam reformation of methanol, and hydrogenation reactions.61,62 Isolated Au atoms in Ni 

have been shown to suppress carbon deposition in the steam reforming of methanol.37 Single 

Pd atoms in Au are required for the selective synthesis of vinyl acetate36,63,64
A        and hydrogen 

peroxide.65 Contiguous Pd dimers in Au are necessary for CO oxidation in order to activate 

diatomic O2
43 and Pd-Ga intermetallic surfaces highlight the impact of the atomic 

arrangement on H2 activation.66 Thus, ensemble effects can greatly impact reactivity though 

it is challenging to determine the composition of real catalysts on the atomic scale due to the 

complexity of the surface structure of the catalysts.  

1.4. Single Atom Alloys 

The Sykes Research Groupôs early work focused on isolated Pd atoms in a Cu 

matrix.44,67ï69 The first studies showed that single Pd atoms stable in the surface of Cu enable 

the facile activation of H2. H atoms then spill over from the Pd activation site to Cu terraces 

where they are weakly bound. The adsorbed H adatoms selectively hydrogenates styrene and 

acetylene. This unique class of alloys was termed single atom alloy (SAA), where an isolated, 

more reactive atom exists in small concentrations in the surface layer of a noble metal host 
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(Figure 1.5). Other research groups have independently investigated the chemistry of isolated 

atoms in metallic hosts. Various studies examined the interaction of isolated atoms with 

probe molecules such as CO, CO2 and H2. 
38,45,55,56,70ï75 Fu et al. used DFT to compare H2 

activation barriers on Cu-based transition metal SAAs.31 Both experiments and DFT 

calculations investigated the ability of isolated atoms to catalyze hydrogenation,61,76ï79 

dehydrogenation,80 oxidation,81,82 hydrogenolysis,83 and coupling reactions.84 Furthermore, 

single atoms can potentially be used for the synthesis of hydrogen peroxide65 and methanol.85  

 

Figure 1.5. STM images of single atom alloys 

The reactivity of Pd-Au(111), Pt-Cu(111), and Pd-Cu(111) SAAs and Pt-Au 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 ultra-high vacuum and realistic reaction conditions. By 

combing the catalytic metals, Pt or Pd, with the noble metals, Cu or Au, the activity of Cu/Au 

and selectivity of Pt/Pd were simultaneously increased. Unique to these studies, the catalytic 

metal existed in small concentrations (< 5 %) and as isolated atoms in the surface of noble 
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metal hosts. For these bi-functional catalysts, the isolated catalytic metals served to reduce 

the barrier for associative desorption of diatomic H2 and O2 and the adsorption energy of H, 

O, and CO. Also, the co-adsorption of probe molecules alter their desorption properties. In 

this thesis I show that SAAs are bi-functional, so the noble metal hosts perform the reactions 

resulting in high selectivity. The weak adsorption of reactants, intermediates and products to 

the host metals improves stability of the catalysts, reduces susceptibility to CO poisoning and 

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 site.86 This work focused on the fundamental processes of 

adsorption, activation, diffusion, and desorption of diatomic molecules with SAAs to explain 

the improved reactivity of SAAs compared to monometallic catalysts (Table 1.3). 

As a rate limiting step in hydrogenation reactions, H2 activation by heterogeneous 

catalysts is of industrial interest.87,88 Heterogeneous catalysts that allow facile activation of 

H2 and weak binding of H adatoms exhibit the optimal efficiency for hydrogenation 

reactions. Moreover, the diffusion of H away from activation sites can be applied to H 

storage. The H spillover mechanism has been shown for bimetallic alloys as a useful 

approach to obtain weakly bound reactive H on coinage metal surfaces.44,89 Spillover occurs 

when a chemical species is activated and migrates away from the active site to an alternate 

site that is not capable of activating the reactant under the same conditions.90,91 Reactive 

metals such as Ru,92 Ni,71 Pd,44,69,89 Pt,11 and Co93,94 alloyed with Cu dissociate H2 and then 

H diffuses to the less reactive Cu host sites where it is weakly bonded. Experimental 
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evidence for H spillover with bimetallic surfaces focuses on Cu-based alloys, although H 

atoms on other surfaces including Au and Ag are of catalytic importance. This work shows H 

spillover readily occurs on Pt-Cu SAAs, while on Pd-Au SAAs, CO is needed to force H 

from the Pd activation site to the Au surface. 

Another descriptor molecule is CO, a common poison for heterogeneous catalysts and 

PEM fuel cells.23,95 Extensive research has investigated ways to prevent CO formation,96,97 

reduce the adsorption strength of CO,38,56,98ï100 or readily oxidize CO to CO2.
100 When CO is 

co-adsorbed with H2 onto metallic surfaces, its strong bonding can block H adsorption, alter 

the sticking probability, displace molecules, or alter the mixing/segregation.12,13,64,67,93,101ï106 

Hence, an understanding of CO interaction with adsorbed molecules and competition for 

active sites is important when designing new catalysts. Also, the adsorption strength of 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 is fairly inert towards O2 activation.16,119ï122 The catalytic reactivity of Au can 

be increased by adding Pd for reactions such as vinyl acetate synthesis,36 hydrogen peroxide 

synthesis,123 hydrocarbon hydrogenation,124,125 CO oxidation,43 and oxidation of alcohols to 

aldehydes.126 Ensemble effects are critical in controlling the overall selectivity of these 

reactions due to the ability to activate O2. Thus, fundamental studies of O interactions with 

Pd-Au alloys can be used to fully understand the atomic interactions between O and the Pd-

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

molecules of pure and SAA metallic surfaces  

 

 Hydrogen  Carbon Monoxide  Oxygen 

 
Desorption 

Temperature 
Adsorption 

Energy 

Activation 
Energy 

Desorption 
Temperature 

Adsorption 
Energy 

Desorption 
Temperature 

Adsorption 
Energy 

Activation 
Energy 

Pd(111)  300 K107 
-0.58 

eV13,30,69 
0 eV13,69 450 K108 -1.58 eV13 800 K109 --- 2.0 eV110 

Pt(111)  300 K26,27 -0.6 eV111 0 eV29 410 K27 
-1.893 
eV112 

720 K110 --- 1.8 eV110 

Cu(111)  300 K28 -0.2 eV30,69 0.4 eV28,69 200 K99 
-0.922 
eV112 

--- --- --- 

Au(111)  110 K13,113 
0.14 

eV13,16,69 
0.04 

eV13,16,69 
< 180 K13,114 -0.49 eV13 510 K 115 

0.20 
eV115,116 

0.93 eV115,116 

Pd-
Cu(111) 

SAA 
210 K44 -0.35 eV69 0.02 eV69 270 K67 

-1.283 
eV112 

--- --- --- 

Pt-
Cu(111) 

SAA 
235 K11 -0.3 eV31 0.05 eV31,117 350 K12 

-1.607 
eV112 

--- --- --- 

Pd-
Au(111) 

SAA 
175 K13 -0.11 eV13 0.2 eV13 270 K13 -1.34 eV13 470 K115 

0.25 
eV115,116 

1.12 eV115,116  

Pt-
Au(111) 

SAA 
--- 

-0.360 
eV112 

0 eV112 385 K37 -1.77 eV112 --- --- --- 

 per H atom 

 per H2 molecule neglecting quantum tunneling effects118 

 per 2 O atoms 
 per O2 molecule 

 

1.6. Probe Reactions 

Probe reactions were chosen based on their industrial importance. Hydrogenation   

reactions are widely used in the petrochemical, pharmaceutical and food industries.87,88 

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

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

tons of polypropylene.127 In low concentrations (< 10 ppm), butadiene poisons alkene 

feedstocks.128 Thus, the ability to selectively hydrogenate butadiene to butenes without 

hydrogenating alkenes would increase the purity of alkene feedstocks without reducing 

their overall concentration.129ɀ131 For this reaction, a selective catalyst would have a 

higher activation barrier for hydrogenation of butenes than 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 formation.132,133 Butadiene 

adsorbs to Pt(111) via di-sigma bonds and results in multiple hydrogenation 

compounds.129,132,134,135 On Cu, butadiene adsorbs in a weaker pi bond136 which is 

known to direct the product distribution in favor of butenes formation. Thus, by 

synthesizing SAAs with predominately Cu sites and very few Pt atoms can allow for the 

utilization of Cu to perform the partial hydrogenation.  Pt-Cu and Pd-Au alloys have 

been shown to catalyze selective partial hydrogenations of butadiene125,137 and 

cyclohexadiene,138 however, these studies do not consider the atomic ensembles of the 

alloy.  

Another molecule of industrial importance is methanol due to its potential to 

produce both clean hydrogen gas and 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 cells.  In the 

presence of O, methanol can be readily dehydrogenated, however, the availability of O 

drives the reaction.139,140 Thus, a catalyst that can efficiently and selectively 

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

1.7. Pt-Cu Single Atom Alloys 

The first half of this dissertation is dedicated to rationally designing a new generation 

of Pt-based catalysts. Pt is ubiquitous in the chemical and fuel production sectors, 

although its scarcity in nature and high price can limit 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 Cu, in these studies small amounts of Pt were alloyed into 

Cu and show that the surface composition and geometry of Pt-Cu alloys has a large 

influence on adsorbate interactions with the surface.  

 Extensive characterization of bulk Pt3Cu(111)141ï145 alloys has been performed; 

however, none have examined the atomic scale surface structure of Pt-Cu and its 

interactions with descriptor molecules. Outlined in Chapter 3146, the local surface 

structure of Pt-Cu alloys was determined using STM where it was revealed that Pt 

atoms alloy directly into the Cu surface distinguishing this alloy from other systems 

where atoms primarily alloy in at step edges. Thus, Pt atoms exist as individual isolated 

features well dispersed across the surface. Systematically, the uptake, spillover, and 

release of H as a function of surface concentration and structure was studied in Chapter 

411. I show both low temperature activation (< 85 K) and desorption (230 K) from Pt-Cu 

SAA compared to monometallic Cu (300 K) or Pt (300 K). Overall, dilute Pt-Cu alloys 

containing only isolated Pt atoms are most favorable for H2 activation, spillover and 

release at greatly reduced concentrations of the precious metal. In Chapter 7, I probe 

the co-adsorption of H with catalytic poison CO to reveal that CO traps H2 on 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 Pt-Cu nanoparticle catalysts. 

In collaboration with the Stephanopoulos Research 'ÒÏÕÐȟ ×ÈÏ ÓÙÎÔÈÅÓÉÚÅÄ ɾ-alumina 
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supported SAA nanoparticle catalysts, we transferred the concepts of SAAs from UHV 

model studies to realistic reaction conditions. In Chapter 510, Pt-Cu SAA selectively 

hydrogenates butadiene, an industrial important reaction. Isolated Pt atom geometries 

enable H2 activation and spillover but are incapable of C-C bond scission that leads to 

loss of selectivity and deactivation of catalysts. Chapter 612 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 of H2 and D2 and 

acetylene hydrogenation under realistic conditions.  Finally, in Chapter 814, 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. Pd-Au Single Atom Alloys 

The remainder of this dissertation is dedicated to Pd-Au SAAs. Although Pd-Au 

alloys are well characterized in literature, the nature of the active sites for H2 and O2 

activation are not well understood, specifically the minimum Pd ensemble needed for 

activation. It is proposed in the literature that contiguous Pd atoms are necessary for 

activation of diatomic molecules.43,75 In Chapter 913, I show that single Pd atoms in Au can 

indeed activate H2 at 85 K and observe an intermediate desorption temperature (175 K) of H 

from Pd-Au SAAs compared to Au(111) (110 K) and Pd(111) (300 K). The H atoms reside 

at the Pd sites, but the co-adsorption of CO forces H to spillover to the Au terraces. Though 

Pd-Au SAAs can activate H2, they are unable to perform hydrogenation reactions in UHV 

due to the low desorption temperature of H2 from Au (Chapter 10). In Chapter 11, I extend 

the reactivity of SAA to O2  surface interactions where my research demonstrates that dilute 

concentration of Pd atoms alter the morphology of the Au(111) surface, thereby reducing the 
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desorption temperature of O2.  Since neither Au(111) or Pd-Au(111) SAA are capable of 

activating O2 in UHV, in this study ozone was used to obtain O adatoms on the surfaces in 

order to probe the desorption properties from SAAs. 

 The final alloy system investigated in Chapter 12 was Pt-Au(111) to determine its 

feasibility as a SAA. Since higher reactivity was observed on Pt-Cu(111) compared to Pd-

Cu(111),14  it is reasonable to anticipate Pt-Au(111) would exhibit higher activity than Pd-

Au(111). However, preliminary results suggest that Pt atoms do not exist as isolated atoms 

and form linear clusters near the Au edge dislocations.  

1.9. Summary 

This dissertation demonstrates the exceptional reactivity and selectivity of isolated 

precious metal atoms in inert metallic hosts. Through atomic-scale studies of the surface 

structure and adsorbate-surface interactions, this thesis shows that the catalytic element can 

be reduced to the single atom level. At the ultimate level of atom efficiency, model catalysts 

accurately predict facile H2 activation, weak adsorption of poisonous CO, and selective 

hydrogenation and methanol decomposition reactivity of Pt-Cu SAAs. The reactivity of 

isolated atoms is then expanded to the recombinative desorption of O2 from Pd-Au 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 

experimentally observed with analogous SAA nanoparticle catalysts. Due to the bi-functional 

nature of SAAs which enables low temperature activation, selective reactivity, and high 

tolerance to coke formation and CO poising, SAAs satisfy the criteria of an ideal catalyst as 

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

 

In order to comprehensively characterize the chemistry of single atom alloys, 

bimetallic catalysts were modeled using well defined metallic surfaces in ultra-high vacuum 

(UHV). The (111) facet of Cu or Au were used since it is the predominant crystal facet on 

nanoparticles. Bimetallic surface alloys were then prepared by physical vapor deposition of 

Pt or Pd onto Au(111) or Cu(111) single crystals (Figure 2.1A and 2.2A).  The unique 

coupling of scanning tunneling microscopy (STM), temperature programmed 

desorption/reactions (TPD/R), and x-ray photoelectron spectroscopy (XPS) provided the 

ability to probe both morphology and reactivity on the atomic scale at surface concentrations 

< 1 %. STM characterized the local electronic and topographical morphology of the surface, 

and XPS gave chemical identity and oxidation states. TPD/R quantified reaction kinetics, 

surface structure and reactivity/selectivity of adsorbates on the surface.  

 
 

Figure 2.1. STM of Cu(111) single crystal 

Shown is a curved Cu(111)7 single crystal and STM images of (B) monoatomic Cu steps and (C) 

atomic lattice.  
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Figure 2.2. STM of Au(111) single crystal 

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 scale and manipulate 

atoms or molecules.1ï3 A topographical map of the surface is obtained by rastering an 

atomically sharp tip across a conductive surface and fixing the tunneling current between the 

materials while monitoring the tip height. A W or Pt/Ir tip is brought 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 allowing electrons to transverse the small separation between the two 

conductive materials. The observed tunneling current (I) is exponentially related to the 

separation between the conductive points (d) as described in the equation:  

Ὅ θ  Ὡ  

‖  
ςά

ᴐ
ὩὟ Ὁ 
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Where m is the mass of an electron, ᴐ is Planckôs constant divided by 2 ,́  E is the energy 

state from which the electron tunnels, and ὩὟ  is the barrier height of the tunneling gap. 

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

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 of the surface. Since electrons are 

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

is capable of resolving monoatomic steps of Cu(111) (Figure 2.2B), the Au(111) herringbone 

reconstruction4,5 (Figure 2.3B),  and individual atoms (Figure 2.2C and 2.3C). Although 

STM can determine the local structure of the surface, it does not provide chemical 

identification.6  

 

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

TPD is a simple technique that can be used to extrapolate both thermodynamic and 

kinetic parameters such as desorption rate, desorption energy and reactions orders.2,8 It can 

also be used to determine surface composition/coverage, adsorption sites, and relative 

sticking probabilities. Additionally, the co-adsorption 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 surface to a combination of gases and then applying a linear heating 

rate to the sample to react or desorb the surface species (Figure 2.3A). A mass spectrometer 

(MS) is used to monitor desorption of molecules as a function of temperature as shown in a 

typical TPD trace (Figure 2.3B). 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 and (B) TPD trace for the desorption of CO from 0.01 ML Pt-

Cu(111). 

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

Polanyi-Wigner Equation: 

ὶ  
ɡ

ὸ
 ὺɡὩ  

Where rdes is the rate of desorption, ɗ is surface coverage, t is time, vnɗ
n is the pre-

exponential factor of chemical process of n order (i.e. attempt frequency), Edes is the 

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

The Polanyi-Wigner equation can be derived from the rate of desorption (rdes) of an 

adsorbate from a surface as expressed in the general form: 

ὶ  
ɡ

ὸ
Ὧ ɡ  
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where   is the change in coverage with respect to t and kdes is the rate constant for 

desorption. When applying a linear heating rate (T = T0 + ɓt), the heating rate (ɓ) can be 

described as ɓ = dT/dt. Thus, the rate of desorption can be written as: 

ὶ  
ɡ

Ὕ

Ὧ


ɡ  

Since desorption is an activated process, the rate constant (kdes) can be expressed in the 

Arrhenius form: 

Ὧ  ὺὩ  

Thus, the rate of desorption  is : 

ὶ  
ɡ

Ὕ

ὺɡ


Ὡ  

From the Polanyi-Wigner equation, we can determine parameters such as rate of desorption 

and kinetic order of desorption. 

Additional methods  can be used to determine the energy of desorption from the 

thermal desorption traces9 including Complete Analysis, Leading Edge Analysis, Redhead 

Analysis, and Varied Heating Rate Analysis. The Redhead Analysis10 is commonly used to 

approximate the energy of desorption for first order processes from the Polanyi-Wigner 

equation. The Redhead equation shows that the energy of desorption is related to the peak 

temperature (Tp): 

Ὁ ὙὝ ÌÎ
ὺὝ


σȢφυ 
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Redhead can only be applied to first order processes and utilizes multiple assumptions 

including Edes and v are coverage independent. Furthermore, v must be independently 

calculated or assumed. Typically, a standard pre-exponential factor (v) is assumed to be 1013 

s-1 characteristic of a vibrational frequency of atom in a potential well. However, recently, it 

has been shown 1015 s-1 is a more accurate estimation since it accounts for the adsorbates 

interaction with the surface.11,12    

2.1.3. X-ray Photoelectron Spectroscopy (XPS)  

 Chemical identification and oxidation state of surface atoms can be provided by 

XPS due to characteristic binding energy of core level electrons.2 XPS is based on the 

photoelectric effect where a monochromatic x-ray source (Mg or Al) ejects core level 

electrons from the surface. Based on the Einstein equation, the kinetic energy of the ejected 

electrons is dependent on the energy of the incident photon (hɡ), the binding energy of the 

electron (EB) and the work function (ὲ).  

Ekin = hɡ ï EB - ὲ 

The number 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 detector. The constant pass energy 

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 transfer alters the columbic 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 Chambers 

In order to maintain the well-defined surfaces and cleanliness of the samples over 

extended periods of time, experiments on model catalytic surfaces were performed in four 

separate ultra-high vacuum (UHV) chamber depending on the chamberôs capabilities to 

perform TPD/R,  STM, or XPS experiments (Figure 2.4, Table 2.1). All UHV chambers had 

base pressures < 5 *  10-10 mbar that were monitored using Iridium Filament ion gauge (VG 

Scienta).  

 

Figure 2.4. Sykes Research Groupôs ultra-high vacuum chambers  

Shown are the four separate UHV chambers used in this work including (A) Cu(111) TPD1, (B) 

Au(111) TPD2, (C) VT-STM, and (D) LT-STM. 
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Table 2.1. Capabilities of Sykes Research Groupôs ultra-high vacuum chambers  

 

 Instrumentation  

STM 

Temperature 

Capabilities 

Manipulator 

Temperature 

Capabilities 

Metal Deposition 

Sources 

Cu(111) TPD1 
MS, LEED, 

Auger 
n/a 85 K ï 750 K Pt 

Au(111) TPD2 MS, XP n/a 85 K ï 750 K Pt 

VT-STM XPS, STM 30 ï 500 K 110 K ï1100 K Pd and Pt 

LT -STM STM 
5 K, 85 K, 

293K 
293 K ï 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 were equipped with a quadrupole mass 

spectrometer (Hidden Hal/3F 301 RC system, Hidden Analytical) 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 pumps (TSPs). The single crystals were 11 mm 

in diameter and were mounted to a manipulator that could be translated in the 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 to 85 K. The single crystals 

were suspended using Ta wires (0.25 mm) and a k-type 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 gases H2 (m/z 2), H2O (m/z 

18), and CO (m/z 28). The m/z values monitored accounted for the offset of each mass 
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spectrometer. The mass spectrometers are offset by m/z 0.3 and m/z -0.2 for the Cu(111) and 

Au(111) TPD chambers, respectively.  The mass spectrometers utilize 70 eV ionization 

energy. 

The Au(111) TPD chamber was also equipped with a PSP Vacuum Technology XPS. 

The x-ray system has dual anode x-ray source that was operated at 100 W. The anodes were 

Al KŬ (1486.6 eV) and Mg KŬ (1253.6 eV). The ejected electrons were monitored with a 

concentric hemispherical electron energy analyzer as a function of electron kinetic energy.  

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 VT-STM system had a preparation and scanning chamber 

separated 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 * 10-11 mbar and the preparation chamber < 5 *10-10 mbar.  In order to reduce 

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 preparation chamber had a liquid nitrogen cooled manipulator (McAllister) 

allowing the sample to be cooled to 110 K by constantly flowing liquid nitrogen through the 

manipulator.  The VT-STM could image samples between 30 ï 500 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 order to obtain 
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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 the adsorbate.13 Typical bare alloys 

were imaged at 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 temperature STM (LT-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 facilitate the spillover of H atoms from the Pt 

activation site, the prepared alloyed surface was exposed to H2 at 85 K. After exposure to H2, 

the sample was cooled to 5 K for imaging. H adatoms were imaged at non- perturbative 

conditions (< 30 mV, < 30 pA).  

2.3. Sample Preparation in Ultra-High Vacuum 

Samples were prepared in a similar manner in all four UHV chambers. Cu(111) single 

crystals, Au(111) single crystals or Au(111)/mica substrates were cleaned with cycles of Ar+  

sputtering (1.0 ï 1.5 KeV, ~15 µA) and annealing to 750 ï 850 K. Flux monitored EFM 3 

electron beam evaporators (Omicron Nanotechnology, GmbH) were used to reproducibly 

deposit Pd (Goodfellow, 99.95 %) or Pt (Goodfellow, 99.95 %) onto the cleaned surfaces 

using the condition described in Table 2.2. 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 Pd or Pt was ~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. 

 

 
Flux (nA) 

Filament 

Current (A)  

Emission 

(mA) 
Voltage (V) 

Deposition 

Rate 

(ML/min)  

Pd 
10.4 1.9 15 950 0.01 

Pt 
30.0 1.9 30 950 0.0097 

50.0 2.2 40 950 0.013 

 

In TPD experiments, Pd or  Pt coverages were determined via CO titration assuming 

CO binds atop to isolated Pd14,15 or Pt16ɀ18atoms in Cu or Au. For Pt-Cu(111), the ratio 

between CO desorption from Cu sites (< 200 K) and Pt sites (> 300 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) (Figure 2.5).19 For Pd-Au, the area of the Pd 

peak at 270 K was divided by saturation coverage of CO desorbing from Pd multi-layers 

(Figure 2.6). Pd multi-layers were deposited on Au(111) and were assumed to terminate as 

Pd(111) with a 0.75 ML saturation coverage of CO.20 For STM experiments, Pt or Pd 

coverages were determined by counting individual atoms from STM images. Calibration 

curves were attempted using XPS, however, at the 0.01 ML limits, the calibrations were 

overestimated. 
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Figure 2.5. Pt-Cu(111) TPD calibration curve 

Shown Pt coverage from the resulting Pt deposition time with the Cu(111) at 380 K. Note: The 

above calibration accounts for the misalignment of crystal. The linear fitting for 50 nA flux Pt 

coverage (ML) = 0.013* t (min) and 30 nA flux Pt coverage (ML) = 0.0097 * t (min). 

 

 

Figure 2.6. Pd-Au(111) TPD calibration curve  

The area under the CO (m/z 28) 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, CO, and H2O onto  

Pt-Cu(111) and Pd-Au(111) alloys. This was especially important for Pt-Cu(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 chamber. In TPD 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, the VT-STM stage was pre-cooled to 30 K 

prior to introduction of the sample. In both the TPD and VT-STM 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 the sample while in the LT-STM 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 relevant gases including H2 (Airgas, 99.9 %), D2 

(Airgas, 99.999 %), CO (Airgas, 99.99 %), O2 (Airgas, 99.9 %)  butadiene (Aldrich, Ó99.5 

% ) and/or butene (Aldrich, Ó 99 % ) by backfilling the chamber using high precision leak 

valves. Liquid samples including methanol (Alfa Aesar, ultrapure HPLC grade 99.8 %), 

water (deionized H2O), and methanol-D (Sigma-Aldrich, 99.5 %) were further purified via 

freeze-pump-thaw cycles prior to deposition via high precision leak valves. All exposures are 

quoted in Langmuirs (L) (1 L = 1 *  10-6 torr · s). Coverages for adsorbates were determined 

as the ratio of peak area to area of the saturated 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. Ozone Deposition 

In order to adsorb O atoms onto Au(111),  a laboratory ozone generator (LG-7, Ozone 

Engineering) created ozone that was directly introduced into the UHV chamber (Figure 2.7). 

O2 was continuously flowed (0.5 L/min) through Teflon or stainless steel tubing 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 was 2 - 5 in from the collimator on 

the leak valve.  In order to monitor ozone generation, a  process ozone UV-monitor (Model 

454, Teledyne Instruments) used UV spectrometer to determine grams of ozone per normal 

cubic meter (g/N·m3). The ozone exhaust passed through an ozone reducing catalysts and 

then exhausted into a fume hood.  

Due to the short 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 * 10-6 mbar ozone for 30 min. Typical ozone 

exposures ranged from 5 * 10-7 mbar for 1 min to 5 * 10-6 mbar ozone for 30 min. 

 

Figure 2.7. Schematic for introduction of ozone into UHV chamber 

 

  


