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SUMMARY 

This work outlines a series of developments and discoveries related to surface 

chemistry of controlled near-surface architectures. Through a combination of various 

cutting-edge X-ray spectroscopy techniques and innovative electrochemical fabrication 

techniques, valuable knowledge has been added to the fields of electrochemical 

fabrication, electrocatalysis, and fundamental surface chemistry.  

Described here is a specific new development in the technique of surface limited 

redox replacement (SLRR). This work, along with an accompanying journal publication1, 

reports the first-ever use of nickel as an intermediary for SLRR. In addition, this work 

identifies specific deviations from the nominal reaction stoichiometry for SLRR-grown 

films. This led to the proposal of a new reaction mechanism for the initial stages of the 

SLRR process, which will assist future fabrication attempts in this field. 

This work also discovered fundamental changes in Pt overlayer systems as the 

thickness of the overlayer on a gold support is increased from less than a single atomic 

monolayer to multilayer thicknesses. It was found that Pt overlayers below a certain 

threshold thickness exhibited increased affinity for hydroxyl groups, along with an 

increased propensity for formation of oxide and chloride species. These films were also 

studied for methanol, carbon monoxide, and ethylene glycol electro-oxidation. 

Finally, this work reports controlled surface architectures of Pt and Cu deposits on 

application-oriented TiO2 nanotube arrays and Au-carbon supports. This work shows a 

correlation between Pt growth method, resulting atomic and electronic structure, and 

reactivity. In appendix A, a complementary vacuum-based study is reported in which 

monolayer-scale silver deposits on nickel single crystals are studied. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

There is a wide range of applications and devices that rely on surface-chemical 

interactions at an atomic or nano-scale. The potential for the surface of a material to 

influence ongoing reactions in its vicinity is of extreme importance to a variety of 

industries. When this effect causes a decrease in the temperature or energy required to 

drive a reaction, and the surface itself is not consumed as part of the reaction, the effect is 

said to be catalytic in nature. Thus a catalyst can be defined as a material that decreases 

the energy input required to progress the reaction of one material converting into another.  

Across the board, the world’s current and future energy and chemical economies will rely 

heavily on the use of catalysts2. By exposing a reactant feed to a catalyst surface, a 

chemical conversion can be conducted with lower energy requirement than in the absence 

of the catalyst. Decreased energy requirements lead to decreased monetary costs 

associated with the process. Catalyst-driven reactions are used in a wide variety of 

applications, from chemical refining in the oil and pharmaceutical industries, to 

conversion processes necessary for the proper operation of advanced fuel cells and 

batteries. 

The importance of surface chemistry is of course not limited to catalysis. Other 

types of interactions of a material with its environment, often in the form of surface 

reconstruction, corrosion or other processes in which the surface itself is a reactant, are 

important to any field that utilizes materials, whether as reaction vessels or structural 

members. All of these types of interactions, taken together, encompass the field of 
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surface chemistry. While these varied types of interactions have been of vital importance 

for decades, their significance is continuing to increase in recent years as more and more 

demands are made on our understanding of the fundamental science of surface chemistry. 

Examples of new technology leading to this type of increased demand can be 

found in the advent of fuel cells and advanced battery systems, which require a complex 

interplay between a large variety of chemicals, including solid-phase cell components as 

well as gas-phase and liquid-phase fuels. In fuel cells, these solid-phase components are 

not restricted to mechanical members, but also include catalysts designed to promote both 

gas-phase and liquid-phase reactions. For energy storage, novel battery technologies 

require electrode surfaces at which important electrochemical reactions can proceed in an 

energetically favorable way. In addition to energetics, the kinetics of reaction rates must 

be considered in order to maximize power output. Even biofuels require cheap and 

efficient catalysts to allow the conversion of biomass-derived hydrocarbons into usable 

fuel. Finally, there is an increasing drive to understand the complex surface chemistry 

required to create and improve catalytic solutions to greenhouse gas emissions. 

Applications such as this, which aim to make traditional hydrocarbon energy sources 

more environmentally friendly, range from catalytic converters in cars to advanced 

techniques of carbon sequestration or other techniques. 

Two important surface-chemical properties that influence the behavior of these 

systems are the chemical state and local atomic structure of the surface. Therefore, 

changes in the chemical identity, electronic structure, and atomic arrangement of the 

outer few layers of atoms in a catalyst material can have profound influences on the type 

and rate of reactions that proceed in a given system. This work provides a multifaceted 



3 
 

study of surface-chemical interactions for a series of representative catalyst surfaces, 

including Pt-Au and Ag-Ni monolayer-substrate systems, as well as high surface area Pt-

TiO2. By employing a suite of complementary electrochemical and X-ray techniques 

(using both in-house and synchrotron sources), a comprehensive understanding of the 

chemical state and structural properties of these systems is made possible. 

1.2 Relation of Chemical State and Structure to Surface Properties 

The first of these properties, chemical state, concerns itself primarily with the 

oxidation state and chemical bonds associated with a given material. At near-surface 

length scales (within a few nm of the surface) electronic perturbations are fundamentally 

linked to changes in surface chemistry, such that a consideration of chemical state must 

also consider changes in electron arrangement. In the case of metal catalysts, these 

changes can take the form of oxidation of the metal from the zero-valency to positive-

valency states (often 2+ or 4+ for Pt). This oxidation is typically accompanied by the 

coordination of the metal atoms with anionic species such as oxygen or Cl atoms. These 

changes will in turn influence the interaction of the catalyst with the reactant feed. 

Changes in valency can be measured using X-ray photoelectron spectroscopy (XPS), a 

technique in which the sample is exposed to X-rays of a known energy and a spectrum of 

emitted photoelectrons can then be analyzed for specific photoemission peaks. It has also 

been shown that alloying of multiple metals leads to advantageous catalytic properties. 

For example, alloying of Pt with Pd has been shown to be effective for hydrogen 

oxidation 3-4, while Ru is well known to have a positive influence on the carbon 

monoxide poisoning resistance of Pt5-8. Alloying with non-precious metals has also been 

shown to increase noble metal durability. These types of catalysts are not limited to 
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applications for new energy, and have been shown to be applicable for water purifying 

applications9 and chemicals conversions as well. 

In addition to changes in the formal oxidation state of a material, nano-scale 

surfaces often exhibit subtle, weaker, electronic shifts arising from structure-induced 

perturbations in local electron distribution. This can lead to changes in the energy state of 

electrons in orbitals (in the case of molecules) or bands (in the case of metals or 

semiconductors). Often, the combination of two different metals in an alloy or a 

nanostructured arrangement will lead to a shift in the energy levels of electrons present in 

the material. This type of shift has a corresponding effect on the propensity of reactant 

feeds to accept or donate electrons to or from the catalyst. This work measures these 

effects by examining electron-transition-specific features of the X-ray absorption 

spectrum of a target element, using a unique technique called X-ray absorption near edge 

spectroscopy (XANES).  

This final property, atomic structure, can be measured by a second X-ray 

absorption technique called extended X-ray absorption fine structure, or EXAFS. This 

technique gives information such as nearest neighbor distances and local structural order 

of a material by processing and transforming the absorption spectrum. In this way, the 

material itself is studied, and changes in its structure can be correlated with changes in 

reactivity. For example, specific crystalline facets of a given metal may show different 

levels of reactivity of selectivity10, while it has also been shown that the presence of voids 

and disorder in a catalyst surface is of significant importance11. Specific geometries such 

as the core-shell architecture have also been studied.12-22 
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The type of reaction that proceeds can vary widely depending on the catalyst and 

its environment. These reactions can include processes such as hydrogenation, 

dehydrogenation, oxidation, epoxidation, or reduction. Reactants can range from gas 

molecules such as O2 or CO, liquid-phase reactants including hydrocarbons such as 

methanol, ethylene glycol, or various alkenes, or even H2O itself. An excellent example 

of the propensity for different metals to catalyze different reactions can be found in the 

comparison of Ag to Ni. Metals like Ni promote C-C bond splitting and dehydrogenation 

of ethylene, while Ag promotes the epoxidation of ethylene. Similarly, bimetallic systems 

(in which two metals are paired together in intimate contact at the surface) may feature 

the best of both individual materials. For example, the Ag/Ni(111) monolayer-modified 

surface exhibits excellent dehydrogenation and epoxidation activity due to oxygen at Ni 

sites, while the Ag modification removes the unwanted C-C bond breaking at Ni sites, 

creating a surface at which ethylene oxide (the desired product) is stable at higher 

temperatures than it otherwise would be. 

The kinetics of chemical transformation, generally measured in terms of reaction 

rates, are also dependent on these properties. For example, the dominant crystal facet of a 

Pd metal particle will affect the selectivity and activity of hexane dehydrogenation. 

Knowledge of the different properties of specific facets allows chemists to isolate the 

properties of a single facet by selectively blocking undesired facets using methods such 

as polymer modification or sintering 23. Thus there is a significant need for fundamental 

work such as UHV single crystal and theoretical studies to determine the catalytic 

properties associated with specific facets of various materials. 
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This type of intimate understanding of the workings of nanoscale mono- and 

multi-metallic catalysts is a major goal of much research. This research in particular 

focuses on the interaction of noble metals such as Pt and Ag with a variety of substrates, 

including Au, Ni, and TiO2. These metal-support pairs were chosen due to their high 

applicability to a number of systems. Pt serves as a very important catalyst in a number of 

systems, particularly the oxygen reduction reaction in fuel cells. Ag can be exploited for 

its advantageous properties toward epoxidation reactions, while Ir has been shown to be 

an effective catalyst for hydrogen generation from chemicals such as hydrazine24. Ni, as 

mentioned earlier, serves as an important dehydrogenation catalyst, and TiO2 is an 

appealing support for many nanoparticles due to its photoelectric properties as well as the 

stability afforded by oxidic supports in general25-26. This work shows that all of these 

metals, when grown as ultrathin films, exhibit changes in chemical identity, electronic 

structure, and atomic arrangement as a result of the influence of the metal or metal oxide 

support that they are paired with.  
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1.3 Applications of Catalysts in Industry 

It is important to differentiate between the two main families of catalysts that 

exist in industrial use today. The first of these, heterogenous catalysts, encompasses 

solid-phase catalysts, often nanoparticles, supported on larger particles of a metal oxide 

or carbonaceous powder. These catalysts act as reaction sites for adsorbing and desorbing 

reactants and products, and are responsible for a variety of reactions that would otherwise 

not be energetically favorable. The second family of catalysts, homogeneous catalysts, is 

also responsible for a favorable manipulation of the energetics of desired reactions. In 

contrast to the first group, homogeneous catalysts are dissolved in the chemical reactant 

feed as part of the liquid phase. This means that homogeneous catalysts can provide 

higher mass-activities than heterogeneous catalysts as well as allowing reactions to occur 

that would be impossible for heterogeneous catalysts. On the other hand, homogeneous 

catalysts must be removed from the product stream after the reaction is complete, often 

by a complicated combination of chemical and mechanical filtering. This work restricts 

itself to the study of various metals used as heterogeneous catalysts. 

By far the most common application for catalysis in everyday life is that of the 

catalytic converter system present in most modern automobiles. These systems contain 

elements including Pt, Pd, and Rh, and are primarily used to reduce the amounts of toxic 

carbon monoxide and nitrogen oxides that are produced from the partial combustion of 

hydrocarbon fuel27. These important reactions often require two types of catalysts to be 

present in series. First, a reduction catalyst must be used to convert the volatile nitrogen 

oxides to molecular nitrogen and oxygen. Then a second oxidation catalyst is used to 

oxidize the gaseous carbon monoxide to less-toxic carbon dioxide. Since these reactions 
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require a minimum temperature threshold in order to proceed, there is a great deal of 

interest in low-temperature carbon monoxide oxidation catalysts28-30. While automobile 

applications are the most relatable implementation of modern catalysis in our daily life, 

there are many other applications that are vital to the chemical and energy economies of 

our world today. These applications require various catalysts composed of different 

metals, including Ag, Pt, Ni, Ru, and many others. 

Silver is currently the foremost heterogeneous ethylene epoxidation catalyst. 

Specifically, nanoparticles of silver immobilized on a metal oxide support (usually 

Al2O3) can be employed with satisfactory results. It has also been seen that modification 

of the Ag surface with other metals can improve the performance. If only chemical 

reactions for which an Ag electrocatalyst surface is suited are considered, it can be seen 

that these reactions are limited to only those reactions which occur at potentials for which 

the Ag surface is stable against oxidation or dissolution. Since Ag dissolves at a relatively 

low potential compared to Au or Pt electrocatalysts, this eliminates methanol, ethylene 

glycol, or carbon monoxide electro-oxidation as possible reactions that can be performed 

on the surface. Note that this limitation only applies for aqueous electrocatalysis, and that 

Ag is a useful gas-phase catalyst in many cases. The remaining options for 

electrocatalysis on Ag include reduction reactions such as organic halide reduction31-34, 

alkyl iodide reduction35, benzyl chloride reduction36, or oxygen reduction37-39. There are 

also a few select electro-oxidation reactions that proceed at lower potentials than the 

oxidation potential of Ag, such as hydrazine40-41, borohydride (useful for borohydride 

fuel cells) 42, or formaldehyde43. It has also been suggested that the oxides of Ag may 

exhibit some catalytic activity towards electro-oxidation of organic molecules44.  
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Another important heterogeneous bimetallic catalyst in industrial applications is 

the Lindlar catalyst10, 45. This catalyst employs a Pd-Pb composite nanoparticle structure 

supported on calcium carbonate, and is used to selectively hydrogenate alkynes to 

alkenes without fully hydrogenating the molecule to an alkane. This catalyst employs the 

Pb additive to poison certain Pd reaction sites. Specifically, some crystal facets of Pd are 

responsible for the conversion of triple bonds to double bonds (the desired reaction) 

while others are responsible for the conversion of double bonds to single bonds. By 

exposing the Pd surface to a catalytically inactive material like Pb in such a way that the 

facets responsible for the double-to-single conversion are poisoned, a high selectivity of 

alkene hydrogenation can be obtained. Since Pb is highly toxic, other materials (such as 

adsorbed polymer groups) are currently being explored to take over the facet-blocking 

role23. Other applications for the original Lindlar catalyst system are also being 

investigated46-47. Apart from the Lindlar system, Pd is also used for hydrogen splitting, 

with Pd compounds and alloys providing useful hydrogen storage materials48-52. This is in 

part due to the high hydrogen permeability of Pd, which can Pb to breakdown and 

damage to the Pd structure if too much hydrogen is forced into the lattice 48 at sufficiently 

cathodic potentials. 

Pt is another of the most important catalytic metals in heterogeneous catalysis 

today. It is used in a wide variety of applications, ranging from catalytic converters in 

automobiles to the oxygen reduction catalyst in hydrogen fuel cells53-57. Unfortunately, Pt 

is an extremely expensive material, which has led to increased efforts in Pt reclamation 

from used-up or spent catalysts via means such as acid treatment, Cl treatment, cyanide 

treatment, or complex ion-exchangers58-63. Ru is another important catalytic element. It 
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plays a role in both bimetallic heterogeneous catalysis as well as homogeneous catalysis. 

In the first case, it is present in the Pt-Ru alloy as a poison-mediating agent. By reducing 

the energy required to remove CO, which poisons the important oxygen reduction 

reaction, Ru acts as a valuable member of the Pt-Ru couple. As a homogeneous catalyst 

Ru complexes are more common than other Pt-group metals, and are often used to 

catalyze electron transfer steps in various hydrocarbon feeds64-65. 

Ni has been employed as a catalyst for breaking C-C bonds, particularly for 

ethane reforming. It has also been explored extensively as a catalyst for hydrogenation 

reactions of a variety of organics, including methyl acetoacetate66, aromatic nitriles67, and 

other aldehydes and alkenes68-69. It has been paired with Pt in bimetallic catalysts as 

well70. 

In addition to these traditional applications, there is a large body of work 

dedicated to employing surface chemistry techniques to develop materials targeted for 

photocatalysis. In these materials, a catalytic surface is paired with a photoelectric 

material, which utilizes incident photons to generate the free electrons required for the 

catalytic process to proceed. This process could be applied to a variety of different 

reactions, but the most promising (and most vigorously researched) reaction is the photo-

assisted electrolysis of water to create hydrogen gas. One of the most promising materials 

for this application is TiO2
71-73, which can be used for photocatalysis after doping74 or 

after surface modification by other materials75. These surface modifications can either 

perform the relatively simple role of providing catalytically active sites for the reaction to 

proceed at, or they can influence the photoelectron generation process as well through 

plasmon resonance effects. 
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The above section has outlined in a very brief way several of the catalytically 

relevant metals to be investigated in this study. Applications for these elements in 

catalysis vastly exceed the scope of this work and thus only select applications have been 

examined. The important commonality between all of these various processes is the 

surface-intensive character of the specific chemical or electrochemical reaction that they 

catalyze. The differing electron arrangements and surface morphologies of the various 

elements and catalyst systems lead to varying activity for different reactions. Thus it is 

very difficult to force a relatively abundant element such as Cu or Ni to perform the 

catalytic role of a rare element such as Pt. While the catalyst surface by definition does 

not participate in the formal stoichiometry of a reaction, an industrial catalyst does in fact 

exhibit a finite lifetime due to deactivation processes and corrosion processes inherent in 

the process. In the next section, attempts to reduce the costs associated with production of 

catalyst materials, concerns related to materials durability, and scientific and engineering 

challenges arising from these important issues will be examined. 
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1.4 Cost Saving Techniques in Catalysis 

1.4.1 Decreasing Noble Metal Loading 

 One important trend in the catalysis community pertains to the limited supply of 

valuable noble metals, which comprise a large portion of catalytically relevant systems. 

In particular, Pt conservation is of great interest. This interest arises from the relatively 

high costs associated with acquiring and refining these elements, and the extremely 

localized geographic regions in which these metals can be found. For example, Pt, the 

most sought-after of this group of metals, is primarily produced from ores mined in only 

two locations: South Africa and Russia76. Even the most Pt-rich ores, however, may only 

include 3 ppm of Pt, meaning the 1 metric ton of raw ore must be processed to obtain 

only 3 grams of pure Pt metal. Figures on the same order of magnitude apply for other Pt-

group metals as well, including Ru, Pd, Rh, and Ir. In addition to limited supply, the 

demand for these elements continues to rise, with these elements playing important roles 

in chemicals synthesis, petrochemical refining, and (most notably) emissions control in 

the form of catalytic converters. Figure 1.1 shows the rising cost of Pt and Pd in USD, 

while figure 1.2 shows the world demand for Pt in 2010. It is clear that demand is 

currently exceeding supply, and with increasing requirements for Pt in fuel cell catalysts, 

this demand will likely continue to increase. 

 



 

 Fig 1.1: Average monthly price of a gram of Pt or Pd in USD.

 

 

Figure 1.2: Total world demand for Pt (in 1000 oz) in 2010. Total demand = 7880 koz. 
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In order to mitigate the impact of these trends, many industries employ noble 

metal recycling programs, by which a customer purchases the catalyst from a catalyst 

development company and pays an additional deposit for the Pt content of the catalyst. 

After deactivation of the catalyst by usage in a reaction, the customer returns the used 

product to the catalyst developer, who recovers the noble metal for re-use and then 

returns the deposit to the customer. It is important to consider not only the metal-

efficiency of the recycling program (i.e. what percentage of the valuable noble metal is 

recovered) but also the energy cost associated with the recovery, which determines 

whether or not the process is economical or not. This type of process is the subject of 

ongoing research to enable the most efficient recovery of noble metal possible, and is 

illustrative of the lengths to which industries currently go to lower consumption of 

precious noble metals.  

In addition to recycling programs, development is currently underway for a 

variety of methods to reduce dependence on these metals. This can be accomplished 

either by decreased loading in traditional noble-metal catalyst systems or by replacing 

them with cheaper alternatives that function acceptably well. It has already been 

established that surface area is of prime importance in a catalyst system, since the rate at 

which reactants can interact with the catalyst material is limited by the amount of that 

material’s surface available for interaction. The practice of noble metal scale-down, 

which involves using as little of a specific element as possible, has a broad range of 

consequences, including loss of durability and loss of catalytic activity. Durability loss 

can result both from size effects, whereby smaller clusters of atoms are less stable, as 
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well as from bimetallic or support effects, where the adhesion of the noble metal to its 

support suffers. 

Many researchers have embraced the idea of a noble metal ‘skin’ encapsulating a 

more affordable metal structure, allowing the surface area to be preserved while cutting 

the cost of the entire structure. This type of architecture is referred to as ‘core-shell’, in 

that the core is composed of a more affordable filler material and the shell is the active 

catalytic skin. These approaches lack stability, due in part to morphological changes 

inducing exposure of the more easily corroded core, and also because such ultra-thin 

skins often exhibit properties significantly different from that of the bulk noble metal this 

structure is attempting to approximate. These scale-down effects, arising from materials 

properties changing at the nanoscale, are one of the main subjects of this study. 

 It is often difficult to separate, much less to quantify, the extent to which scale-

down effects (as opposed to morphological rearrangement effects) are responsible for 

changes in the performance of core-shell systems compared to corresponding single-

element systems. These scale-down effects may range from structural effects, by which 

the metal itself rearranges due to strain effects, to electronic effects, which encompass 

electron orbital shifts and band structure changes. In real applications, it is often seen that 

agglomeration of the catalyst surface occurs, during which the noble metal clusters into 

shapes with lower total surface area than the film morphology. This type of phenomenon 

has previously been observed during oxidation/reduction cycling of ultrathin films78. This 

indicates that the nanoscale ‘skin’ is thermodynamically unstable compared to the 

agglomerated nuclei. This agglomeration is often accompanied by dissolution, and both 
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steps can be treated as corrosion phenomena that occur faster for small deposits than for 

larger deposits. 

 Nevertheless, the economic incentive to decrease noble metal loadings is very 

strong. In a typical single-element 100nm diameter nanoparticle, for the simple 

approximation that only a few atomic layers below the surface play a role in the catalytic 

processes, the remaining core of the particle constitutes a >99% waste of material. That is 

to say, only the outer 10-atoms-deep ‘skin’ of any given particle is actually participating 

in the catalytic process, and the bulk of the particle is simply providing a physical support 

structure. In many applications, the cost of the catalyst is dominated by the materials cost 

of the valuable noble metals involved. While it is possible to decrease the amount of 

waste by decreasing particle size (which leads to higher surface area/volume ratios), this 

technique cannot eliminate the predominance of unutilized core atoms entirely. 

 Additionally, there are a plethora of benefits to be reaped by understanding the 

nanoscale multi-component interactions that arise when ultrathin ‘skins’ of one metal are 

grown around another metal. Many examples of this can be seen in the literature for so-

called monolayer bimetallic surfaces (MBS), in which a monolayer of one metal is grown 

on the surface of a dissimilar metal. These studies have shown that the influence of an 

adlayer can dramatically alter the properties of the substrate, and, conversely, that the 

adlayer itself shows altered behavior due to the substrate it is grown on. Taking these 

studies a step further, multilayer bimetallic surfaces can be grown, in which the adlayer 

forms an ultrathin film, the thickness of which is measured in integers of atomic 

thickness. 
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 This work evaluates these type of effects by using electrochemical and physical 

vapor deposition techniques to generate controlled-thickness structures at an atomic 

monolayer scale on a variety of substrates, including metallic substrates such as Au and 

Ni, as well as oxidic substrates such as TiO2. The samples employed span a range of 

geometries, from monolithic single crystal surfaces to micron-size supports on carbon 

fiber paper to ordered nanotube arrays. The use of flat, and particularly monocrystalline, 

surfaces allows orientation-specific surface spectroscopy to be conducted more easily. By 

controlling the thickness of a wetted adlayer on a monolithic support, core-shell 

geometries can be approximated in a planar arrangement, where the core is approximated 

by the underlying substrate layers and the shell by the overlayer. By tracking a variety of 

effects for a range of overlayer thicknesses, this work establishes length scales for a range 

of effects. 
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1.4.2 Catalyst Durability 

 Durability is one of the primary concerns when using ultrathin nanofilms as 

catalyst materials. For this reason, many different substrates have been employed to 

support such nanofilms, based on the principle that the substrate-catalyst interaction will 

assist in stabilizing the morphology of the catalyst deposit. It has been shown that certain 

substrates, including polymer structures or TiO2 nanofilms, can stabilize a catalyst against 

breakdown79-80. While it appears that the elemental and chemical identity of the support 

plays a significant role in stabilizing the catalyst deposit81, the structure and scale of the 

deposit itself also influences the nanofilm’s behavior and durability significantly. By 

deliberately choosing a substrate on which the catalyst deposit adheres but is not 

significantly stabilized, it is possible to discount the substrate-catalyst interaction and 

study the dependency of catalyst stability on other factors, such as growth method or 

morphology. 

 An electrochemical durability test, also known as an accelerated aging test (AAT) 

can be conducted by applying an electrochemical potential to the electrode surface and 

sweeping this potential between two extremes. In this type of polarization or cyclic 

voltammetry (CV) test the amount of reaction proceeding at a given potential is 

proportional to the current measured at that potential. It is necessary to choose an 

electrochemical system with a probe reaction that allows for differentiation of reactions 

on the catalyst from reactions on the support. This probe can take the form of a reactant 

molecule which oxidizes at different potentials on each component, or is inert towards 

one component compared to the other. This probe can either involve an adsorbing 

molecule (such as ethylene glycol, methanol, or H2) or the probe reaction can be the 
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direct oxidation/reduction of the material itself. In cases where the oxidation state of the 

film or substrate is changed, it is important to consider how that change will affect the 

analysis. Since this type of test tracks component stability by monitoring total 

electrochemically active surface area, changes in surface area arising from film 

reconstruction during reversible oxidation/reduction cycling must be considered. By 

conducting this test in different pH regimes, the stability of the catalyst in different 

environments can be determined. 

 Other types of AAT protocols can also be employed by which the catalyst is 

tested under actual reaction or device conditions. These tests often employ a reaction-

specific measurement, such as current (for electrochemical devices) or yield selectivity 

(for chemical reaction processes). Rather than providing specific information about 

morphological changes such as surface area loss or agglomeration, these tests focus on 

tracking performance loss over time. These types of tests might be performed in a 

diagnostic laboratory setup such as a small-scale flow reactor 82, or may employ true in 

operando conditions by measuring the output of a device or process in realistic operating 

conditions.   

As a first approximation, nanoparticle or nanofilm corrosion can be treated as a 

combination of two degradation methods: coalescence and dissolution. In the first stage, 

the deposit agglomerates to a critical size, at which the deposits partially stabilize and 

degradation slows. This step has been reported to occur by one of three mechanisms: 

dissolution & precipitation, sintering, or Ostwald ripening83. These mechanisms can be 

distinguished from one another by quantitative analysis of particle size distributions in 

ex-situ microscopic studies84. These larger deposits then begin to dissolve over time. For 
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the specific case of Pt catalysts, this dissolution step is hypothesized to occur when the Pt 

deposit oxidizes, creating a more soluble oxide film that is then broken down by simple 

dissolution in the solvent. It is well known that bulk Pt will form a surface oxide, but this 

oxide is usually quite stable in comparision to other materials. It is possible that the oxide 

stability shows a dependency on film thickness or particle size, leading to an effect by 

which deposits or layers below a critical size threshold are more easily compromised than 

layers grown on bulk Pt85 

In this work, catalyst durability is one of a series of important properties studied 

using a representative system of a gold substrate with Pt overlayer. The next two chapters 

will outline the full suite of properties to be studied, as well as previous work conducted 

in the literature that informs this study. Additionally, the techniques employed will be 

discussed, and the interrelationship between chemical identity, electronic structure, and 

atomic arrangement will be further explored. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Traditional Catalyst Nanoparticles 

Nanoparticles are ubiquitous in today’s scientific news and are increasingly more 

commonplace in daily life and culture. However, the advent of nanoparticle technology is 

not new to the catalysis industry, which has been employing nano-scale architectures for 

years. In fact, catalysts are one of the earliest applications of nanoparticles in an industrial 

setting, with their use in catalytic processes preceding even the coining of the term 

nanotechnology. While the use of nanoparticle catalysts preceded the international drive 

to engineer controlled systems at the nano-scale, the advantages granted by these systems 

were already being put to good use as important members of a string of reactions 

necessary for the development of the chemicals required for the modern western lifestyle.  

The history of catalysis itself can be traced as far back as the early invention of 

fermentation or the medieval desire for alchemy- that is, the spontaneous conversion of 

material into gold. It was not, however, until 1835 that the field of catalysis itself was 

recognized by Berzelius, who summarized the requirement that a catalyst accelerate a 

reaction without participating in it, and coined the term ‘catalytic force86. While early 

studies of catalysts employed solid bulk catalysts such as Pt foil or niter, the field 

advanced rapidly towards more finely-divided catalysts 87. After a period of initial 

investigation and advancement in the understanding of the chemistry of catalysis through 

the late 1800’s, the turn of the 20th century heralded a new golden age for catalysis, due 

to increased demand for chemicals such as petroleum products, pharmaceuticals, and 
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polymers 88-89. As technology progressed, empirical catalyst development led to many 

applications in which nanoparticles resulted as the forefront catalyst technology. 

 Catalyst nanoparticle fabrication can be performed in a variety of ways, including 

chemical, thermal, colloidal, templated, or electrochemical methods. All of these 

techniques share two primary goals: (1) the control of the composition/structure of single 

particles, and (2) the control of the size distribution of a batch of particles. While the 

specific composition and structure desired may change from one application to another, a 

very narrow distribution of particle sizes is generally desired for most applications. 

Depending on the type of structure and composition desired, different methods will lend 

themselves more readily to a successful fabrication process. 

It is worthwhile to examine the various fabrication methods mentioned above briefly, 

in order to understand their advantages and disadvantages. All of the mentioned 

techniques utilize solutions of a dissolved form of the element of interest, and these 

dissolved species (usually positively charged cations) must be reduced to the zero-valent 

metallic state in a controlled way. Often it is possible to take advantage of chemical 

properties of the specific element in question such as solvation or affinity for specific 

molecules to facilitate particle size control. Chemical methods of achieving this reduction 

step are the most common, and involve the use of reducing agents or pH-changing 

additives to induce the transformation. This technique, while providing a simple avenue 

for nucleation of the zero-valent metal phase, does not on its own provide an easy route 

to the control of structure or size distribution. Thermal techniques manipulate the 

temperature of the solution to influence the thermodynamic behaviors such as 

agglomeration or coalescence, but is often insufficient to induce cation reduction on its 
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own. Colloidal fabrication methods use additives such as polymer molecules to restrict 

particle growth, ideally leading to a controlled size distribution, but these techniques 

leave behind polymer residues that must then be removed or risk interfering with the 

intended application. Templated particle synthesis utilizes similar polymer or organic 

molecules and grows the particles within nanoscale void spaces in a molecular template, 

which must subsequently be removed by chemical dissolution or thermal breakdown. 

These techniques are constantly being revised and improved, and innovation in 

nanoparticle synthesis abounds. 

This study focuses on the final fabrication technique mentioned above, that of 

electrochemical methods for nanoscale catalyst formation. While the other methods 

discussed here provide relatively simple routes to well-controlled single-element particle 

catalysts, they are not well-suited to creating atomic monolayer-scale coatings. 

Electrochemistry is advantageous in this regard because it is inherently a surface-active 

technique, with electrode surfaces serving as the dominant reaction sites for a given 

process, whether etching or deposition. Since this work focuses on nanoscale film 

interactions, the most suitable technique for fabrication of such films has been an 

electrochemical fabrication technique known as surface limited redox replacement 

(SLRR). 
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2.2 SLRR and Nanofilm Studies 

 The development of techniques for atomic layer-by-layer growth of ultrathin films 

has been a long one. Techniques range from vacuum methods such as vapor deposition 

and e-beam deposition to gas-phase techniques such as atomic layer deposition (ALD) 

and liquid phase techniques, mostly based around electrochemical methods. The various 

techniques have their advantages and disadvantages. Vacuum methods in particular 

require precise calibration and expensive and intricate apparatus, while gas-phase 

methods require elevated temperature and are limited in the scope of metals they can 

grow by the existence of specific precursor molecules unique to each substrate. 

Electrochemical methods provide a route of ultrathin film fabrication that requires 

relatively little in terms of equipment and set-up. A simple electrochemical fabrication 

cell can consist of the substrate material, several electrodes of varying materials, and an 

electrolyte bath consisting of electrolyte and the appropriate dissolved metal. Because of 

the potentiostat’s convenient ability to apply a controlled voltage (provided a reliable 

reference is used), the energy required to induce phase formation and transformation can 

be supplied directly to the system in question while isolating the reaction to a specific 

surface, namely, the interface between the electrode and electrolyte. 

 Because of these advantages, many researchers have attempted to replace 

traditional film fabrication methods with electrochemical ones. The majority of these 

attempts employ a technique called underpotential deposition (UPD)90-93. UPD relies on a 

phenomenon by which the solid phase of a dissolved material A is nucleated on a second 

material B. However, there is in many cases a difference in the activation energy required 

to nucleate a bit of A on a B-site and the energy required to nucleate an identical bit of A 
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on top of the resulting A-site. This leads to the situation where, if the energy applied to 

the system can be specified directly between these two thresholds, all exposed B-sites at 

the solid-electrolyte interface will be covered with nucleated bits of material A. This 

situation is called a monolayer, by which a layer of material A of single atomic thickness 

coats the original material B. This monolayer can grow no further than single atomic 

thickness, unless the energy supplied to the system increases past the threshold activation 

energy for which material A can grow upon itself. Fortunately, electrochemical systems 

are well-suited to this task, with potentiostats allowing application of voltages at 

precisely the required voltage to grow the so-called underpotential monolayer, but not 

any following multilayers. 

The theory behind the existence and location of UPD regimes is still the subject of 

some debate94. Many models have been proposed to explain the UPD shift from the 

expected and experimentally verified bulk deposition potential. While the Nernst 

potential can be easily predicted for a given system (its shifts on the absolute 

electrochemical potential scale can be accounted for based on electrolyte concentration 

and temperature), no definitive model for the location of a UPD peak has been accepted. 

Many bimetallic systems show no evidence of UPD behavior, while others may evidence 

multiple UPD peaks or even feature peaks that cannot be individually analyzed due to 

their coincidence with an inherent electrochemical feature of the system, such as 

oxidation or reduction of the electrolyte solvent on the substrate. For example, the first 

UPD peak of silver on gold is difficult to discern due to its location. This peak, 

responsible for the first ~0.3 ML of Ag deposition, occurs near 0.9V (relative to 

Ag/AgCl), placing it squarely within a larger Au reduction peak. It is necessary to either 
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avoid oxidizing gold or manipulate the electrolyte solution via pH buffering to eliminate 

the reduction peak or resolve it from the UPD peak, respectively. This type of 

complication, along with a lack of definite theory to accurately predict the location of 

UPD peaks, makes discerning their existence and location difficult. 

 The first attempts to grow multi-layer ultrathin films with single atomic-layer 

degrees of control came in the form of electrochemical atomic layer deposition, or EC-

ALD. This technique, pioneered by Stickney95, exploited a ternary system of materials, 

by which a monolayer of A could be grown on B, followed by a second UPD reaction 

where a following monolayer of material C could be grown on top of the already existing 

monolayer of A. Then, the third monolayer (of A) could be grown on top of the deposit 

of C, resulting in an alternating A-C-A-C multilayer grown on top of the solid B 

substrate. 

 It was not until later that the combination of UPD techniques with galvanic 

replacement allowed the growth of pure metal films with high degree of thickness control 

at the atomic scale. This technique, called surface limited redox replacement (SLRR), 

uses the same approach of first growing a monolayer of A on a substrate B, but then goes 

further to remove the A-monolayer, the act of which causes a deposit of a third material, 

C, to deposit on the surface93. This process can then be repeated, resulting in films of 

pure C grown on top of the B substrate. Initial attempts at SLRR used Pb and Cu as so-

called ‘sacrificial’ ‘A’ materials, due to the ease of which single UPD monolayers can be 

formed from simple electrodeposition baths of these metals. This thesis employs these 

techniques, focusing primarily on the use of Cu ‘sacrificial’ layers, but also explores the 

use of a new material, Ni, as the sacrificial layer 1. Newer sacrificial layers have the 
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advantage of lower redox equilibrium potentials, making them more difficult to grow 

stably, but more potent when used as the driving force for the replacement reaction. 

 This driving force can be calculated as the difference between the redox potentials 

of any two metals coexisting in the same system. In this specific case, the redox potential 

of the ‘sacrificial’ metal defines the potential at which that layer will dissolve. The redox 

potential of the metal salt to be deposited, often Pt4+ or another cationic noble metal ion 

dissolved in solution, defines the potential at which that metal will cathodically deposit, 

or reduce, onto the surface of the substrate. When two metals with different redox 

potentials are placed in the same system with electrical and ionic conductivity, the metal 

with the more positive redox potential will be reduced and form a solid-phase deposit, 

while the metal with the lower redox potential will oxidize and dissolve into solution. 

Furthermore, the magnitude of the driving force responsible for this replacement reaction 

is given by the difference between the two component redox potentials. Various redox 

potentials for a range of applicable metals are provided in Table 2.1. It can be seen that 

the new metal explored in this work (Ni) has a lower redox potential than Cu or Pb.  
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Table 2.1: Selected standard reduction potentials relevant to SLRR96. 

Reaction  Equilibrium 
Potential (V) 

Au+    +    e-   ↔ Au  1.692  

Pt2+    +   2e-  ↔ Pt  1.18  

Pd2+   +   2e-  ↔ Pd  0.951  

Ag+     +   e-   ↔ Ag  0.7996  

Rh3+    +    3e- ↔ Rh  0.758  

Ru2+   +    2e- ↔ Ru  0.455  

Cu2+   +    2e-  ↔ Cu  0.3419  

Ru3+   +    3e-  ↔ Ru  0.2487  

2H+    +    2e-  ↔ H2 0.00 

Pb2+   +    2e-  ↔ Pb -0.13 

Ni2+    +    2e- ↔ Ni  -0.257  

Co2+   +    2e- ↔ Co  -0.28  

Cr3+    +    3e- ↔ Cr  -0.7  

Zn2+    +   2e-  ↔ Zn  -0.7618  

Cr2+      +    2e- ↔ Cr  -0.913  

Ti2+      +    2e-  ↔ Ti  -1.6  

Al3+      +   3e- ↔ Al  -1.662  

Ce3+    +   3e- ↔  Ce  -2.336  

Li+      +     e- ↔  Li  -3.04  
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The key to SLRR involves two metal salt baths, the first of which is used to 

deposit the ‘sacrificial’ layer, and the second of which is used as a replacement bath for 

the ‘sacrificial’ layer to dissolve and the desired layer to form. This leads to two possible 

experimental setups: one type of setup where the electrode is moved from the first bath to 

the second iteratively, and a second type in which the electrode remains stationary and 

the different bath compositions are flowed past the electrode surface, in a so-called ‘flow-

cell’ arrangement.  These flow-cells utilize a series of automated pumps which alternately 

flow the two metal salt baths and a rinsing bath to avoid cross-contamination of the 

reactions. A flow-cell apparatus is advantageous for large-scale SLRR growth, allowing 

automated film growth using 50 or more iterations of layer deposition and replacement. 

On the other hand, by moving the electrode between two different baths, greater control 

of the bath composition at any given point in time can be achieved, since there is no 

dilution of the salt mixtures with rinsing solution. The major disadvantage of electrode-

switching arrangements manifests itself in the labor-intensive manual operation, which 

limits the number of layers which can be grown, despite the greater precision afforded. 

 A significant advantage for SLRR techniques was discovered by Weaver et al.97 

This work examined the morphology of the multilayer deposit grown by replacement of 

Cu, which dissolves as Cu2+, by Pt4+ cations in solution. It was found that significant 

improvements in film epitaxy and wetting could be achieved by performing a 1:1 place 

exchange, as opposed to a 1:2 place exchange. This was accomplished by matching the 

valency of the replacing cation with the valency of the dissolving film (i.e. using Pt2+ 

cations instead of Pt4+ cations to replace Cu UPD layers). Furthermore, it will be shown 

in this work that the coverage and morphology of the sacrificial layer plays an important 
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role on the final chemical state and reactivity of the ultrathin film ultimately grown. 

Furthermore, this work explores the possibility that the metal grown by SLRR is not fully 

reduced, an effect suggested by previous work which indicated non-traditional 

stoichiometry in specific cases of SLRR growth98. 
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2.3  Nanoporous Surfaces  

In addition to allowing monolayer-scale electrodeposition on massive, flat, 

surfaces, SLRR can also be conducted an roughened surfaces such as nanoporous 

surfaces. Nanoporous surfaces provide interesting opportunities for electroplating and 

catalysis reactions, since they offer an extremely high electrochemical surface area per 

unit mass or nominal electrode size. Two types of nanoporous surfaces are considered 

here as representative of the multitude of various metal and metal-oxide porous 

electrodes examined in the literature: nanoporous gold (NPG), and highly ordered titania 

nanotubes (TNTs). Both of these surfaces provide high surface area with which to 

interact with electrochemical and chemical reactants, but the two surfaces are 

significantly different in their chemical and structural composition. Nanoporous gold can 

be generated by dealloying processes through the electrochemical dissolution of Ag from 

a disk of Ag-Au alloy. As the Ag is selectively dissolved, it leaves behind voids in the 

remaining Au matrix, which are rearranged within the Au structure, creating nanoscale 

porosity and increasing the surface area significantly. While the dealloying process is 

often performed electrochemically, it can also be conducted chemically (that is, with no 

applied potential or current flow) in nitric acid99. These structures exhibit interesting and 

advantageous properties for a variety of reactions100. This process can also be applied to 

other metals, including Cu, Ag, or alloys such as PtRu or AuPt101-103. 

These structures can also be generated by etching or templating processes. 

Etching is performed via the large-scale anodic oxidation of a Au surface followed by 

reductive etching of the resulting thick oxide film, leaving behind a porous metal surface. 

Similarly, TNTs can be created by the oxidation of a piece of titanium foil and 
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subsequent or simultaneous electrochemical dissolution of the oxide film. In both cases, a 

structure with porosity on the nanoscale is left behind. Templating processes involve a 

nanoscaled templating material, with the material in question being grown into the pores 

or voids of the template. This template can either be a contiguous barrier material, or a 

composite of multiple smaller objects such as polymer spheres104. 

NPG exhibits disordered pore structures, while the porous oxide film of a TNT 

sample becomes an ordered array of vertically oriented hollow tubes. NPG leaves behind 

a predominantly zero-valent metal material, while TNT samples are oxides of the form 

TiO2, and can be heat-treated to alter the crystallinity of the TiO2 phase. NPG has the 

advantage of lending itself readily to monolayer growth methods such as SLRR, due to 

the advantageous UPD processes exhibited on gold surfaces. On the other hand, TNT 

samples allow us to probe the interesting electronic and structural effects arising from the 

pairing of a metal with a metal oxide. NPG samples have already been shown to possess 

attractive properties for gas-phase catalytic reactions105. This arises from their high 

surface area, which enhances the already desirable attributes of gold by increasing the 

rate at which reactions can proceed on the surface. These reactions are rate-limited by the 

surface area since they are catalyzed by metal-reactant surface interactions.  

Similarly, metal-reactant surface interactions govern the electrocatalytic 

properties of TNT arrays. These arrays, which are often used for photocatalytic or 

photoelectrochemical applications such as water splitting, combine advantageous 

photoelectric properties of the semiconductor TiO2 with high surface area. This high 

surface area creates as many metal oxide-reactant interaction sites as possible, where the 
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reactant (in the case of water splitting) is water molecules, which permeate the TNT 

structure. The product in this case is hydrogen or oxygen gas. 

One interesting side effect of the nanoporous-type samples is that the porous 

structures act as diffusion sinks, slowing the diffusion of ionic species through their pores 

and causing features in voltammograms to appear broader and more washed out. To 

combat this effect, voltammetry on nanoporous surfaces was collected at much slower 

sweep rates, to allow the system to reach diffusional equilibrium more easily during the 

sweep. Despite the added complications, nanoporous surfaces are still an important part 

of this work as they provide more applicable, economically feasible substrates for 

reactions than massive, flat, gold discs, which are better suited to fundamental studies 

aimed at understanding properties. 
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2.4 Bimetallic Catalysts 

Many catalyst systems benefit from the utilization of a multi-component metallic 

phase. These bimetallic catalyst systems are currently being explored for applications in a 

number of catalytic reactions, and are also in use in a variety of industrial applications. 

Across the field, nanostructured bimetallic systems are proving more catalytically active 

than their monometallic or heterogenous bimetallic counterparts. These catalysts can be 

classified into three categories: (1) alloys, (2) mixed-phase segregated, and (3) core-shell. 

True alloy nanoparticle catalyst structures rely on solid solutions of the constituent 

metals. These structures benefit from changes in electronic and surface structure arising 

from their multimetallic composition. However, they are difficult to produce and 

maintain due to the tendency for the metals employed to segregate into small domains 

rich in either of the two elements. This effect arises during the elevated temperature or 

extreme chemical conditions in which catalysts are often employed, and leads to the 

second and most common type of catalysts: mixed-phase. It is also important to consider 

the difference between lateral phase segregation (where both phases are exposed to the 

surface) and vertical phase segregation (where one phase encapsulates the other).  

 Mixed-phase catalysts are the most common type of bimetallic nanoparticle, 

especially after repeated usage in a reaction (which can tend to cause phase separation in 

alloys or breakdown of the precise architecture in core-shell particles). This type of 

particle exhibits unique phase boundary sites where the adsorbing molecule interacts with 

both phases simultaneously. These catalysts may exhibit increased activity at boundary 

sites orders of magnitude greater than non-boundary sites, such that the engineering 

target is to increase the surface area of boundaries as much as possible. In other cases, the 
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non-boundary sites of the different phases will each be active for two different sequential 

reaction steps, and the boundary sites may be neglected due to their relatively low surface 

area relative to the single-phase sites. 

Pt-Ru catalyst structures provide some of the strongest evidence of a bimetallic 

catalyst interaction. Inoue et al. show structurally-dependent variations in the O2 

reduction capability of Pt-modified Ru catalyst surfaces106. Higher CO tolerances than 

bulk Pt have also been achieved via similar Pt-Ru structures107. The H2/CO oxidation 

capability of Pt-Ru and Pt-Au nanoparticles has also been studied, with positive 

results108. 

 Au-Pd has also been shown to be a catalyst system that benefits from its 

bimetallic nature. This system’s application to alcohol/carbonyl evolution is reported by 

Wang et al.109. The catalytic activity of Au and Pd has been correlated with the bimetallic 

structure and the degree of Au-Pd segregation. Samples with less segregation and closer 

to monolayer coverage of Pd on Au show higher catalytic activity. The bimetallic 

catalytic effect has also been studied in H2O2 evolution by Edwards et al., reporting 

increased catalytic activity for the bimetallic system compared to monometallic 

systems110. 

Pt-Au has been suggested as a candidate for a methanol-resistant fuel cell cathode 

material111. The advantages of a bimetallic catalyst material are not limited to noble 

metals. Nickel-alumina is a current candidate for use in the decomposition of methane 

feedstocks112. These bimetallic systems represent only a few of the elemental pairs 

currently being explored and serve only as a starting point for element choice for this 

project.  
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2.5 Ultra-high Vacuum Studies 

In order to facilitate a fundamental understanding of catalyst and surface 

properties, many previous studies have been conducted in which single crystals of 

catalytically relevant metals have been employed. An entire field of vacuum-based 

surface science has grown around the study of these fundamental properties in controlled 

environments. Techniques typically employed by these studies include XPS, STM, or 

mass spectrometry. Typically these tests focus on the addition of small amounts of 

chemical reactants to a very well-controlled surface. The study of the surface chemistry, 

the atomic morphology, and the chemical products generated by such an experiment 

allows for the determination of catalytic materials properties with a degree of precision 

not possible in ambient or reactor environments. A study of this type has been conducted 

by the author and included in this work in Appendix A. 

UHV studies of single-crystal-based bimetallic systems have recently been 

conducted using X-ray photoelectron spectroscopy (XPS) and density functional theory 

(DFT). Combined with temperature-programmed desorption (TPD) studies, shifts in the 

binding energy of adsorbed gases have been correlated with shifts in the energy location 

of the d-band113. Experimental work contributing to these studies has been conducted 

primarily on precisely prepared single crystal specimens114. Preparation steps include 

polishing to sub-micron levels followed by annealing in controlled atmosphere. 

Deposition methods including physical vapor deposition (PVD) and chemical 

vapor deposition (CVD) have been employed to coat the single crystals with the chosen 

metal monolayer. Due to the surface sensitivity of XPS and TPD, a significant part of 

these studies has been devoted to the characterization of bimetallic growth modes. 
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Knowledge of island formation vs. layer-by-layer growth is significant, because these 

studies concern themselves with electronic properties induced by the atomic-level 

morphology of the surface. 

Recent studies can be divided into four categories: (1) the study of electronic 

properties via XPS, (2) the study of catalytic surface adsorption via TPD, (3) surface 

morphology verification via STM, and (4) correlation with theory via DFT. In addition to 

providing compositional information regarding the surface of a bimetallic structure, XPS 

can provide information regarding the location of the d-band peak for a given metal. By 

measuring the shift in this peak with respect to its equivalent in bulk single metals, some 

electronic effects of the bimetallic structure has been observed. TPD of selected probe 

gases adsorbed onto bimetallic surfaces relates directly to catalytic properties. By 

measuring the temperature at which an adsorbed gas desorbs from the surface of a 

bimetallic system and making comparisons to single metals, catalytic surface properties 

can be correlated to bimetallic structures. STM is an ideal tool for confirming these 

structures, and can be conducted in vacuum or in-situ within electrochemical cells. DFT, 

an ab initio technique based on quantum principles, has been used to predict the density 

of states and the previously mentioned d-band shift.  

These studies generally have not, however, been conducted on more realistic 

systems, including polycrystalline substrates or surfaces fabricated outside of a vacuum 

chamber. XPS provides limited information compared to XANES, while DFT is a non-

experimental technique. This leaves considerable room for studies that directly probe 

electron occupancies and implement samples fabricated in ambient conditions. Studies 

such as these that use UHV techniques to examine electrochemically prepared samples 
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are often referred to as UHV-EC studies. One of the primary advantages of a UHV-EC 

study is that identical samples can be tested using UHV methods in addition to 

electrochemical reactions outside of vacuum. 

2.6 Important Reactions 

2.6.1 Oxidation of Alcohols 

Of the electrochemical reactions that may be employed as probe reactions, 

electro-oxidation of alcohols such as ethylene glycol, methanol, or ethanol on Pt and Pt-

based materials provides an interesting set of experimental challenges115-118. While 

typical cyclic voltammetry techniques rely on the so-called ‘reversible’ reactions, which 

exhibit forward (oxidative) peak currents on the positive-going voltage sweep and 

backward (reductive) peak currents on the negative-going voltage sweep119, electro-

oxidation of the particular chemicals is accompanied by a range of side-reactions and by-

products which compromise the reduction process. This results in a double-peak 

structure, in which two oxidation peaks occur during the sweep, one during the forward 

sweep and a second during the reverse sweep. This type of behavior is typically seen in 

systems that exhibit EC (Electrochemical-Chemical)  reaction pathways, by which the 

reaction product of the positive-going sweep is consumed by a side reaction, preventing 

the reverse reaction from occurring during the negative-going sweep120-121. 

The situation with these two alcohols is somewhat more complicated than a simple 

EC reaction122. In addition to some of the reaction products being consumed in a 

following chemical reaction, other reaction products selectively adsorb to the surface, 

blocking reaction sites in a method known as poisoning. However, as the negative-going 

voltage sweep progresses, these poisons are removed from the surface, allowing the 
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original oxidation reaction to resume. This effect is what causes the second oxidation 

peak to occur at a more negative potential than the first. In some cases, depending on the 

solution conditions and the boundaries of the voltammetric sweep program, the peak 

occurring on the reverse sweep may actually be large than the original forward-going 

peak. 

Finally, the initial electro-oxidation processes themselves are not simple one-step 

oxidation reactions with a specific reaction potential. Rather, the reaction can proceed 

across multiple pathways depending on the potential currently applied to the electrode 

surface. That is to say, the reaction can begin by making a certain set of oxidation 

products at the start of the oxidation peak, and by the end of the peak, a different set of 

products are being generated (since the voltage as changed during the course of the 

sweep).  

This work takes advantage of one of these difficulties, specifically the problem of 

adsorbed species limiting the reaction. By tracking the voltage at which these species are 

removed from the surface (during the negative-going sweep) and the amount of species 

removed, valuable information about the surface, the species themselves, and the all-

important surface-adsorbate interaction can be discerned.  

Another way in which this work takes advantage of specific properties of alcohol 

oxidation reactions is by employing specific properties of ethylene glycol electro-

oxidation to track surface properties. Ethylene glycol is an interesting molecule in that it 

electro-oxidizes at a different potential on gold sites than on Pt sites. This effect has been 

seen in alloy materials before, but has not been employed to measure surface coverages 

until now. Essentially, the electro-oxidation profile of ethylene glycol on a mixed Au-Pt 
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surface will evidence two peaks during the forward-going sweep, the lower voltage of 

which corresponds to Pt, and the higher voltage of which corresponds to gold. The 

difference in potential of these two peaks can be considered as ∆E. This ∆E shows a 

strong dependence on pH, thus, the most effective employment of EG as a surface 

coverage probe is performed at high pH values, in order to achieve the maximum 

separation between the Au-site and Pt-site reaction peaks. Thus it is possible to perform 

site-specific reaction probes using electro-oxidation tests in an aqueous environment123. 

2.6.2 Methanol Electro-oxidation: 

One of the most applicable tests for an electrocatalyst is the methanol electro-

oxidation reaction122. This reaction is currently of great interest due to its applicability to 

direct methanol fuel cells (DMFC)124-125. A DMFC relies on a methanol fuel stock rather 

than a hydrogen fuel stock, generating power by its catalytic ability to split (oxidize) 

methanol. By performing this reaction, which involves an electrode in acidic solution 

containing methanol, potential is swept across the potential at which methanol oxidizes, 

producing a typical positive-current peak in the voltammogram. However, if the reverse 

sweep is then performed, a second peak in the positive current regime is again seen. This 

is unusual since the norm for negative-going sweeps is to have peaks in the negative 

current direction. That is to say, positive-going sweeps are responsible for oxidizing 

(positive current) reactions, and negative-going sweeps are responsible for reducing 

(negative current) reactions121. The reason that the reverse reaction is not seen for 

methanol electro-oxidation is not entirely clear, but could be due in part to poisoning 

effects as well as following chemical reactions that consume the products of the original 
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electro-oxidation reaction (thus preventing these products from being used in a reverse 

electro-reduction reaction). 

This type of cycling can be repeated again and again, and by tracking the maximum 

current seen in these peaks over the course of up to 500 cycles, the rate of catalyst de-

activation or degradation can be measured as a function of cycle number. 

In addition to potentiodynamic methods, catalysts for the methanol reaction can also 

be tested by potentiostatic methods. In this type of test, the electrode containing the 

catalyst material is biased to a specific potential (or series of potentials if the test is to be 

repeated). Then, the current arising from the reaction proceeding at this potential is 

measured as a function of time. This current inevitably drops, and the rate of decrease is 

indicative of the robustness and poison resistance of the electrocatalyst itself. This type of 

test has the advantage of allowing long-term testing in a more realistic environment, since 

real devices will not be cycled across a range of voltages, but rather be operated at a 

specific voltage for a relatively long period of time. However, during potentiostatic 

testing, the electrode is never brought to more negative potentials for a so-called 

‘cleaning’ step, by which poisons are removed. This can make it difficult to deconvolve 

poisoning effects from structural breakdown effects, which are occurring simultaneously 

during the potentiostatic test. 

The primary catalyst used in DMFC systems is Pt. This is due to Pt’s high 

electrocatalytic activity. One of the primary difficulties with a Pt catalyst is its tendency 

to be poisoned by the above mentioned byproducts and intermediaries arising from the 

methanol electro-oxidation process. Most problematic of these intermediaries is CO, 

which forms a strong bond to the Pt surface and, by bonding to the surface, blocks 
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reactions sites, essentially decreasing the amount of Pt available to the fuel cell for the 

methanol splitting reaction. The electro-oxidation of methanol proceeds by a variety of 

different mechanisms, leading to the creation of CO, CO2, or a wide variety of 

intermediaries depending on the potential at which the reaction is allowed to proceed. 

Thus it is of great importance that the production or the deleterious effects of CO be 

mitigated by catalyst surface properties. This leads us to a study of electro-oxidation of 

CO itself. 
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2.6.3 Carbon Monoxide Electro-oxidation 

Electro-oxidation of carbon monoxide is an important reaction for many reasons. 

Carbon monoxide is one of the primary poisons responsible for performance loss in direct 

methanol fuel cells (DMFCs). This poisoning causes dramatic current loss over the 

performance lifetime of the fuel cell. As such, the ability of a fuel cell catalyst to resist 

poisoning is one of the most important parameters to consider when choosing or 

designing a catalyst system. The ease of carbon monoxide electro-oxidation (which can 

be related to the voltage required) can be directly related to the ease of poisoning removal 

and poisoning resistance.  

A second reason that carbon monoxide electro-oxidation is being investigated 

pertains to the study of fundamental metal-adsorbate interactions on an atomic and 

electronic level. As a directional molecule, carbon monoxide exhibits interesting behavior 

when adsorbed onto the surface of a metal. The 2π* orbital, which is an unfilled 

antibonding orbital in the gaseous phase, becomes hybridized with metal d-band states 

when the molecule is adsorbed to a surface, creating the partially filled 2π~ state. This 

model, which relies on backdonation of electrons from the σ states and the metal d-band, 

is generally referred to as the Blyholder model126. This model has been continually 

explored and refined.127-129 The resultant molecular states associated with covalent CO-

metal bonding can then be studied by techniques such as adsorbate XANES. Previous 

such studies have explored the Pt backdonation effect, and found that changes in the 

surface architecture and composition have a strong influence on the amount of 

backdonation and the strength of the Pt-CO bond130. The specific π* resonance at 

287.8eV in the C K-edge spectrum can be treated as corresponding primarily to 
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photoexcitation of the C1s->2π* transition.130-131 Thus, the intensity of this resonance can 

be treated as a measure of the occupancy of the 2π* (or π~) orbital, with increased 

intensity corresponding to decreased occupancy. 

When this metal-adsorbate bond is influenced by a secondary metallic species, as 

in the case of alloys (specifically PtRu or PtAu alloys), there are two distinct possibilities 

when searching for a physical cause. The first of these, referred to as a bifunctional 

effect, applies to systems where both metal components of the alloy are present on the 

surface and each interact with the adsorbate132 . The second effect, referred to as a ligand 

or electronic effect, refers to changes in one metal’s electronic band structure due to 

influence from the other metal. This influence can arise as a function of strain-mismatch 

or simply from electron transfer. This type of effect has been shown for the PtRu system 

and others as well.113, 133 A specific subset of this case arises when one of the two metal 

species is segregated to the surface of the sample, leading to adsorbtion events occurring 

preferentially at one metal compared to the other. This arrangement has been the subject 

of much DFT and STM study134. 

This metal-molecule bond, when formed electrochemically, takes on multiple 

configurations depending on the voltage at which the adsorption process has taken place. 

Lower voltages cause stronger bonding, corresponding to a rearrangement of the CO 

molecules on the surface. The evidence of these different bonding types can be seen as 

shifts in the location of the CO electro-oxidation peak in cyclic voltammetry.135 These 

bonds have also been explored spectroscopically by previous researchers136-138. In 

particular, much work has focused on how the adsorption process influence the 

intermolecular C-O bond, with much study focusing on infrared and vibrational analysis 
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139. Furthermore, simple simulations have been conducted to predict the affinity of CO 

bonding to metal surfaces. 140 

Another interesting feature of CO adsorption, specific to the CO-Pt system, is the 

importance of applied voltage during introduction of CO into the electrode-electrolyte 

system. If Pt is allowed to rest at open circuit potentials in solution while the CO is added 

to the electrolyte, the subsequent CO oxidation-stripping peak will occur at a higher 

voltage, corresponding to stronger CO-Pt bonds. If, on the other hand, Pt is held at a 

negative voltage corresponding to processes such as H2 and CO adsorption during the 

bubbling process, this peak will occur at a lower voltage, indicative of weaker CO-Pt 

bonds. While conclusive evidence of the cause of this effect has not yet been published, it 

is possible that the interaction of solution-phase CO with adsorbed H2 or OH- may play a 

role in this process. 

In addition to showing a strong dependence on the adsorption potential, CO 

electro-oxidation shows a major dependence on the presence of bulk carbon monoxide 

dissolved in the solution phase of the electrolyte. Specifically, the presence of bulk CO 

increases the peak oxidation voltage by as much as 300mV, making the reaction more 

difficult. It has been suggested by Markovic et al that this shift is due to the bulk CO 

inhibiting the adsorption of OH-
 groups on the electrode surface.135 It is widely accepted 

that these OH- groups are necessary for the electro-oxidation of CO to proceed, and it is 

also known that surface CO prevents the adsorption of OH-. It has also been shown that, 

for pre-adsorbed CO in the absence of bulk CO, the adsorption coverage plays a role in 

the oxidation voltage. Presumably the free area not covered by CO will be available for 

OH- nucleation, which promotes the oxidation reaction. 
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2.6.4 Orbital Theory 

One important aspect of this work revolves around XANES study of the 

molecular electron orbitals that are created when two atoms covalently bond with one 

another. In these cases, some of the atomic electron orbitals of each atom (for now only 

diatomic molecules are considered) become hybridized. While these types of interactions 

have been explored thoroughly in other works141-142, a brief summary of the important 

properties is pertinent here as well. What this means is that specific orbitals from each 

atom will combine, often forming a pair of energy states associated with the diatomic 

molecule. Generally, one of these energy states will occupy a lower energy than the 

individual atomic orbitals that are responsible for the creation of the molecular orbital. 

This molecular orbital will be referred to as a ‘bonding’ orbital, and electron occupancy 

in this orbital will contribute to strengthening the intramolecular bond. The second 

energy state formed during the hybridization process is often referred to as an 

‘antibonding’ or ‘virtual’ orbital, since it usually unpopulated (or populated very little). 

This occurs since it is at a higher energy level than the original atomic electron orbitals 

involved in the hybridization process. In a simple approximation, one can think of the 

energy state of the entire molecule, and realize that the highest energy state occurs when 

the ‘antibonding’ orbitals are occupied. Thus, it makes sense that the electrons will move 

to one of the two available lower-energy configurations available to them; the first of 

which involves breaking the covalent bond and returning to individual atoms, and the 

second of which (at a lower energy) involves occupying the hybridized ‘bonding’ orbital.  

This type of analysis becomes more complicated as multiple molecules are 

considered, and becomes extremely complicated when even one molecule adsorbed on 

the surface of a bulk material is considered. For the case in which the adsorbate is 
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chemisorbed (adsorption with an accompanying chemical bond), it is necessary to 

consider secondary hybridization of the molecule’s already once-hybridized molecular 

orbitals with the atomic orbitals (or band structure) of the material. In many cases, 

specifically in the case of carbon monoxide, the metal-molecule bond involves back-

donation of electrons from the metal to unoccupied anti-bonding orbitals of the molecule. 

In this type of arrangement, which is often referred to as the Blyholder model, 

strengthening of the metal-adsorbate bond can lead to weakening of the intramolecular 

bond. One can easily see how the population of antibonding orbitals via backdonation 

from the metal substrate can lead to a phenomenon known as “dissociative adsorption,” 

in which the adsorbing molecule breaks apart due to this weakening of the intramolecular 

bonds by interaction with the surface. This kind of material-adsorbate bonding is not 

always a simple covalent interaction. For example, much theoretical work has focused on 

the d-band energy and occupancy for adsorbates on transition metals. These studies have 

found that the d-band of the metal support has a much more profound effect on the degree 

and type of substrate-adsorbate electron transfer than the valence shell does. 

2.6.5 Hydrogen Evolution from Water Splitting 

A final relevant electrochemical reaction studied in this work involves the 

generation of hydrogen and oxygen gas from water molecules by the employment of a 

photoelectron generated from the interaction of light with an active electrode surface. 

This process is referred to as water splitting, electrolysis, or photo-assisted water 

splitting. This requires a surface with both photovoltaic properties (to generate the 

required electron-hole pairs) as well as suitable electrocatalytic properties (to catalyze the 
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water splitting reaction at suitable low voltages). Doped titania films have been the target 

of much study in the subject143-146. 

This study also outlines results from a study of photoelectrochemical water 

splitting using the TNT substrates mentioned earlier. This builds on previous work using 

TNT’s with various modifications for the same type of reaction25-26. TNT samples have 

been in use for water splitting applications for some time. By modifying the photoactive 

TNT substrate with Pt and copper in a method identical to that used in the Pt-TNT system 

for methanol electro-oxidation, it is possible to test the influence of cationic Pt nuclei, 

which act as electron “sinks” for the generated photoelectrons. The Pt-TiO2 system has 

been studied in the past, but not on ordered nanotube arrays146. By exposing the sample to 

filtered light from a xenon lamp and collecting cyclic voltammetry data in aqueous 

solution, the activity of the Pt modification toward different reactions can be determined. 

The simplest of these is for the oxidation of water to oxygen, which proceeds at voltages 

near 1.0V (depending on pH) and would be shifted negatively for a positive influence 

from Pt. Alternatively, increases in rate of reaction would appear as increased current in 

the oxidation voltage range.  

 Another important parameter is the photocurrent generated at voltage ranges in 

which no reaction proceeds. This current is related directly to the efficiency of the tubes 

as a photovoltaic device. It is important to consider the crystallinity of the tubes 

themselves when measuring this current generated. While TiO2 does not exhibit 

significant changes in photactivity from one crystalline state to another, the measured 

efficiency drops significantly for amorphous samples compared to annealed samples with 

a crystalline structure. This is due to the increased prevalence of defects which act as 
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recombination sites for the photogenerated electron-hole pair. After annealing and the 

formation of a more regular crystal lattice, these defects are minimized and efficiency 

increases. 
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CHAPTER 3 

METHODS 

3.1 Electrochemical Methods 

3.1.1 Potentiostats and Reference Electrodes 

Potentiostats are some of the most important devices in electrochemical work. 

These devices allow for the precise specification or measurement of current and potential 

in an electrochemical system. The typical potentiostat employs two pairs of electrical 

leads, for a total of 4 leads. One of these pairs is responsible for voltage measurements, 

while the other pair is responsible for driving a current through the electrochemical 

system. Most potentiostats can be operated in two modes for bulk electrolysis, controlled-

potential or controlled-current. When operated in controlled-current mode, the second 

pair drives a controlled current while the first pair is used to simply measure a potential 

drop. When operated in controlled potential mode (potentiostatic or potentiodynamic), 

the system uses the measurement from the voltage probe pair as input to a feedback loop. 

This feedback loop is used to determine whether more or less current needs to be 

supplied to the current supply pair of leads, allowing the device to either maintain a 

constant potential setpoint, or conduct dynamic potential programs such as sweeps, 

cycles, or waveforms147. 

 The simplest application for a potentiostat is a 2-electrode cell. In this type of cell, 

one lead from each pair is attached to each of the system electrodes. This setup has the 

advantage of simplicity, and is representative of the type of arrangement typically used in 

batteries. The disadvantage of a 2-electrode arrangement for analytical chemistry is that 

the potential measured by the potentiostat is actually the potential difference between the 

two electrodes. This is not a problem in and of itself, and only poses a difficulty when it 
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is desired to isolate one of the two electrodes for study. That is, as long as only two 

electrodes are used, and current is flowing between them, the absolute potential of both 

electrodes will be changing simultaneously, making it difficult or impossible to isolate 

one of the electrodes for specific study. In order to achieve this goal, a third electrode 

must be introduced to the system. Then, the electrode of interest will be attached to one 

lead each of both the current supply loop and the voltage probe loop, while the remaining 

two electrodes will each be attached to one of the remaining leads. Thus, our current 

applied (or measured) runs between two electrodes, and the voltage the system measures 

is determined across two electrodes, with the two loops sharing one electrode in common. 

This common electrode is called the working electrode (WE), and is the electrode of 

interest in any electrochemical study. The second electrode in the current supply loop is 

called the counter electrode (CE) or auxiliary electrode (AE). The final electrode, against 

which the potential of the WE is measured, is called the reference electrode (RE). By this 

three-electrode method, a current can be flowed through an electrochemical system, and 

all changes in potential drop measured can be attributed to the WE, since the RE has no 

current flowing through it. Finally, provided that the RE maintains a constant and known 

potential of its own, the potential drop between WE and RE can be converted to an 

absolute potential on an arbitrary energy scale. 

 Thus, it is easy to see why the RE is the lynchpin of reliable electrochemical 

measurements. A suitable RE must possess the following qualities: (1) it must be robust 

and not contaminate the test solution, (2) it must exhibit a known potential (3) it must be 

exhibit a stable potential over time. The first of these qualities simply means that the 

electrode must be able to withstand significant use, and that none of its chemical 
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components may be incompatible with the experiment being performed. Often, the 

Ag/AgCl electrode is employed due to the chloride film that it employs, which is 

insoluble, making a very durable electrode and stable potential. However, the Cl- ions 

associated with the Ag/AgCl equilibrium reaction are often unacceptable contaminants 

(even at the low levels associated with traditional frits and barriers), thus the Ag/AgCl 

electrode cannot be employed. Similarly, the Pt/H2 electrode, which exhibits a potential 

arbitrarily defined by the community as 0.0V and is often referred to as the standard 

hydrogen electrode (SHE) or normal hydrogen electrode (NHE), satisfies the second 

required quality of a known potential, but relies on bubbling hydrogen gas and thus is 

rarely used due to convenience and safety issues. Finally, the third quality, stability, is 

required for any long-term or high precision measurement. An excellent example of a 

workable reference electrode that exhibits poor stability is a simple type of reference 

electrode that is easily employed in battery testing or electroplating. By simply using a 

piece of metal that has corresponding cations in solution (Li for Li+-containing battery 

electrolytes, Cu for Cu2+ electroplating baths), an equilibrium potential can be 

established. However, as the concentration of the potential-determining ions changes 

(during the course of battery operation or electroplating) this potential will change, since 

it relies on the active species. In many cases this type of reference electrode is sufficient, 

even though the potential it exhibits may not be stable under all conditions. A good 

example of a case when a simple wire is acceptable occurs during electroplating when the 

amount of ionic species being removed is negligible compared to the concentration in the 

system originally. In these cases, it is still important to ensure that the conditions in the 

cell do not change unexpectedly, leading to instability in the RE potential. 
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 This leads to the topic of ionically conducting barriers to solution flow. In order to 

employ a reference electrode that does not share the same solution as the rest of the 

electrochemical cell, some sort of barrier must be employed. Generally, this barrier must 

allow ionic transport (to complete the circuit between the RE and the WE) but minimize 

bulk solution flow via convection or diffusion effects. One of the most popular materials 

for this application is a type of porous glass frit made of materials such as Vycor. 

However, Vycor and other glass frits are unstable in high pH environments, and alternate 

materials must be found. Often porous plastic frits such as PET can be employed. These 

frits function well enough, but are vulnerable to pore closure effects when heated. This 

effect can pose a problem since RE assembly typically employs heat-shrink tubing to 

create a watertight seal between the frit and the electrode body. If this heating step is not 

performed precisely, the plastic frit can melt slightly, closing the pores and eliminating 

ionic conductivity, resulting in a nonfunctional RE. Another possible option for frit 

selection is the use of a ceramic frit. A piece of molecular sieve or similar porous ceramic 

can be used in place of Vycor when required. All three of these types of frits have been 

employed in this work, with the majority of experiments being conducted using Vycor 

and the other frits only being used when required based on the solution chemistry 

employed. 

 Additionally, it is often important to consider drops in potential across these frits, 

resulting from the junction potential due to dissimilar solutions on each side of the frit. 

Since the two solutions on each side of the frit (which can be treated as a membrane of 

finite thickness) exhibit differing concentrations of charge-carrying ions, and since the 

diffusion through the frit occurs slowly, a buildup of charge on each side of the frit can 
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occur. This buildup of charge leads to a potential drop, which can cause inaccuracies in 

measurement.  

 Another type of potential drop that can be problematic for electrochemical 

measurements is a drop due to solution resistivity. This can be avoided simply by adding 

sufficient buffer electrolyte to the solution, in the form of a buffer salt or an anionic 

species to allow for charge transport through the solution. Additionally, a Luggin 

capillary can also be used to provide a shorter path from the RE to the WE. Care must be 

taken, however, to ensure that the Luggin capillary does not become blocked by a gas 

bubble (which would destroy all conductivity between RE and WE) or contaminated by 

concentration gradients of solvent/solute (which could lead to undesired potential drops). 

In fact, the entire cell must be examined for the presence of bubbles which would destroy 

this ionically conductive path through the electrolyte. 



 

Scheme 3.1. Illustration of electrochemical cell geometry employed.
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Illustration of electrochemical cell geometry employed. 
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3.1.2 Electrolytic Deposition 

Galvanic or electrolytic growth, the most common form electrodeposition, is a 

type of electrolysis that occurs when an external electrical potential is applied to an 

electrode surface in an electrochemical system containing dissolved ionic species of a 

metal. Provided that this external potential is of the appropriate magnitude, the solvated 

ionic species will undergo an electron-transfer reaction and form a solid-phase nucleus on 

the electrode surface. In the most common case, electrodeposition is conducted 

cathodically, meaning that the electrode surface is supplied with an excess of electrons, 

which react with positively charged ionic species, or cations, leading to a reduction 

reaction to convert these cations to their solid, zero-valent metal state on the surface. The 

other alternative, anodic electrodeposition, is conducted by applying a positive potential 

to the electrode surface and driving an oxidation reaction. Anodic deposition is often used 

to electrodeposit oxide layers rather than reduced metallic layers. 

 The morphology of an electrodeposited sample is dependent on a wide range of 

factors. Nucleation and growth kinetics play a major role in this process, but unlike 

traditional phase-change kinetics, the growth rate is also influenced by the current 

flowing through the electrochemical system. This has the advantage of providing the 

experimenter with an extra variable to be manipulated or measured. Since the reaction is 

assumed to consume or produce electrons, the electrochemical current is directly 

proportional to the reaction rate. As in other nucleation and growth phenomena, changes 

in the growth rate will lead directly to changes in growth morphology. For example, 

higher currents will lead to faster growth rates and cause the area near the electrode 

surface to become depleted of the cationic species necessary to create and grow solid-
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phase nuclei. As a result, the reaction will become diffusion-limited, meaning that 

particle growth can only proceed when a cation diffuses to the surface, either by electric-

field-assisted migration or by Fickian diffusion. 

This type of diffusion-limited growth is analogous to diffusion-limited thermal 

oxidation, in which the reaction is rate-limited by the arrival rate of oxygen or solute 

atoms reaching the reaction front. In the electrochemical case, the impinging cations will 

invariably reduce preferentially at the outermost surface of the already-existing nuclei, 

causing these nuclei to grow faster at the most extreme protrusion. This eventually leads 

to the growth of dendrite structures characterized by long, needle-like spires. This is often 

problematic as one of the main goals of electroplating is fully wetted homogenous film 

growth. Examples of this type of electroplating are shown in the CV curves plotted for Ni 

and Cu being grown and removed from polycrystalline Au in Figure 3.2. Note the onset 

of growth (in the negative direction) and dissolution (in the positive direction) occurs at 

different potentials for each metal. 
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Figure 3.2 Electrolytic growth and anodic stripping of  (a) Ni and (b) Cu on 

polycrystalline Au. 
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To combat the problems of diffusion-limited growth, the first and simplest 

solution is to slow the growth rate by decreasing the applied current. However, this does 

not always address the entire issue, and it is sometimes necessary to use a square-wave 

signal, amounting to a type of pulse deposition, by which cations are permitted to diffuse 

to the electrode surface in between deposition pulses. This avoids the diffusion-limiting 

case entirely, increasing the likelihood of a smooth deposit. A third type of solution relies 

on slowing the charge-transfer kinetics to a point at which diffusion can keep up. This 

solution relies on the addition of complexing agents which entangle themselves with the 

dissolved cations, slowing the kinetics of the reduction reaction which is responsible for 

solid-phase growth.  

 The first proposed solution, slowing the galvanic growth rate by current decrease, 

poses a variety of problems. The theoretical advantage of this approach is that slower 

growth rates deplete the near-electrode area of the electrolyte less rapidly, allowing more 

diffusion to occur from the bulk of the electrolyte. However, in order to maintain the 

current at a given value, growth must be conducted in what is called galvanostatic mode, 

by which the potential must be increased over time to combat the depletion of the 

electrolyte, which will occur eventually. This means that current-controlled growth may 

not be suitable for systems where the reaction pathway is determined by the exact voltage 

the deposition is being conducted at. Additionally, if the voltage applied to sustain a 

given current reaches a high enough limit, breakdown of the electrolyte material can 

occur, causing volatile gas to be generated and slowing the film growth rate even further. 

 The second solution, involving the use of pulsed voltammetry techniques, 

combats the problem of large nuclei and dendrites very well by essentially pausing the 
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growth cycle for a short period of time to allow diffusion of the active ionic species from 

the bulk of the electrolyte back into the depleted zone. This technique avoids the 

problems of a galvanostatic approach in that the voltage is always precisely controlled by 

the experimenter. However, films grown by pulsed-current methods may evidence 

smaller grain size and a more porous structure. This occurs as a direct result of the 

voltage step process. Each time the growth process is resumed after the pause, new nuclei 

are formed (as opposed to continuing growth of existing nuclei). Thus, a compromise 

between large-scale growth of only a few nuclei and generation of many tiny nuclei must 

be met, usually by adjusting the waveform parameters. However, sometimes this balance 

cannot be achieved and the problem must be resolved by the addition of chemical 

additives to the bath. 

 These additives comprise the third technique suggested to combat dendrite 

formation in electroplating. Complexing additives generally play the same role as pulse-

plating techniques, in that they attempt to slow down the reaction enough to allow 

diffusion (assuming the growth reaction is diffusion-limited) to catch up. Since undesired 

dendrite morphologies are primarily a result of diffusion-limited growth, additives that 

cause the reaction to proceed in a kinetically limited mode are desirable. Additive 

chemicals are not always limited to slowing reactions, however. In some cases a 

complexing molecule such may be added to the electroplating bath to alter the growth of 

metal in a specific feature, such as a pit or crevice. In some cases, it may be possible to 

tune the additive chemistry such that the additive prevents growth in a specific region of 

the feature in question, such as the bottom of a pit that the electroplater does not want to 

fill in with material. On the other hand, additives can also be used to slow the reaction at 
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the surface of the pit, allowing preferential growth in the pit to occur, in case it is 

desirable to fill in all such features. 

 A fourth solution is also available. If none of the previous techniques are 

employed, it is possible to simply accept that the reaction will be mass transfer-limited, 

but influence the mass transfer in such a way that Fickian diffusion is not the only factor 

affecting the arrival of cationic species to the surface. This technique involves agitation 

of the bath solution to induce convection of charged species to the surface. As mentioned 

earlier, electrodes operating under diffusion-controlled reaction conditions create a 

depletion zone near the electrode surface. In unstirred systems, this depletion zone is 

constantly growing and causes ever-decreasing current flow (when the electrode is 

operated in potentiostatic mode). By agitating the electrode or solution such that reactive 

species are brought in contact with the surface at a much higher rate, it is possible to 

stabilize this depletion zone in time. Furthermore, increasing the degree of electrode-

solution agitation, as is performed at rotating disc electrodes, can decrease the size of this 

depletion zone, further reducing the influence of diffusion terms in the reaction. 

 Because of these reasons, galvanic electroplating recipes are often specific to a 

given electrolyte-substrate system. Attempts to simplify and improve the electroplating 

process have been made, resulting in techniques such as electroless deposition and layer-

by-layer growth methods such as surface limited redox replacement (SLRR) or 

electrochemical atomic layer deposition (EC-ALD). All of these techniques rely on an 

alternative electron source to provide the charge transfer needed to reduce cationic 

species to metallic species. In the case of electroless deposition, a reducing agent such as 

a chemical additive or hydrogen gas is often employed. In these systems, the reducing 
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agent is a component that easily oxidizes, donating the electrons generated in this process 

to the metal cations to be plated. In the case of SLRR and EC-ALD, a precursor layer of a 

sacrificial metal is employed. This precursor functions as a reducing agent, but has the 

advantage of being confined to the surface of the sample in a known quantity. Selection 

of this sacrificial metal or reducing agent is of great importance. Since, in both 

techniques, no external voltage is applied, the driving force for the reduction reaction 

arises from the difference in reduction potential of the sacrificial layer (or reducing agent) 

and the reduction potential of the material being deposited. In order for the plating 

process to proceed, this difference must be a negative value. Thus, metallic Cu oxidizing 

to solution-phase Cu2+ (formal reduction potential 0.34V) is able to act as the reducing 

agent for Au (formal reduction potential 1.5V) but not for Ni (formal reduction potential -

.26V). It is important to remember that the thermodynamic requirement that this 

difference be negative is not the only requirement present, though. This difference must 

also be large enough to overcome any kinetic barriers to the process, and results in most 

systems requiring a certain minimum threshold difference without which the reaction will 

not proceed. 
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3.1.3 Underpotential Deposition 

Underpotential deposition is similar to bulk electrochemical deposition in that 

they both  share the same source of electrons used for the anodic reduction of metal 

cations onto a working electrode substrate. In contrast to electroless deposition and 

galvanic replacement, which employ reducing electrolytes and sacrificial secondary 

metals, respectively, electrodeposition and it subsidiary, UPD, employ an external EMF 

to supply the requisite electrons for their plating reactions. Underpotential deposition is 

referred to as such because it occurs at a potential lower than the Nernst potential for the 

system in question. That is to say, that for some systems there exists a potential at which 

it is thermodynamically favorable for metal A to deposit, to a certain extent, onto exposed 

surfaces of metal B but it is not favorable for metal A to continue to deposit on top of 

itself. This leads to the case where all exposed B sites will be coated with adsorbed A of 

single-atom thickness. Examples of this phenomenon can be seen for various metals, 

including Sn, Ru, Cu, and Pb148-153. 

This is, of course, a generalization of the theory of UPD, and a system’s UPD 

properties will vary with solution ph and choice of bimetallic system, as well as with the 

presence of ions such as sulfates and chlorides in the depositing electrolyte solution94. 

The most important characteristic of underpotential deposition is that it is a voltage-

limited process. Regardless of how much material may be deposited by a given UPD 

feature, the extent of electrodeposition in a UPD regime is not diffusion-limited or 

solution-limited, but rather it is capped at a maximum dependent on the absolute 

electrochemical potential of the working electrode substrate. This puts UPD in the 
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interesting position of being a self-limiting electrochemical technique, the growth modes 

of which can be studied via in-situ scanning tunneling microscopy (STM) techniques.  

The theory behind the existence of UPD regimes is still the subject of some 

debate94. Many models have been proposed to explain the UPD “shift” from the expected 

and experimentally verified Nernst bulk deposition potential. While the Nernst potential 

can be easily predicted for a given system (its shifts on the absolute electrochemical 

potential scale can even be accounted for based on to electrolyte concentration and 

temperature), no definitive model for the location of a UPD “peak” has been accepted. It 

has been shown, however, that the existence of a UPD feature (and the degree of 

monolayer coverage associated with that feature) depends on the difference between the 

work function of the substrate and the metal being electrodeposited. 

 Many bimetallic systems show no evidence of UPD behavior, while others may 

evidence multiple UPD “peaks” or even feature peaks that cannot be individually 

analyzed due to their coincidence with an inherent electrochemical feature of the system, 

such as oxidation or reduction. For example, the first UPD peak of silver on gold is 

difficult to discern due to its location. This peak, responsible for the first ~0.3 ML of Ag 

deposition, occurs near .9V (relative to Ag/AgCl), placing it squarely within a wider, 

larger, Au reduction peak. It is necessary to either avoid oxidizing gold or manipulate the 

electrolyte solution via “pH buffering” to eliminate the reduction peak or resolve it from 

the UPD peak, respectively. This type of complication, along with a lack of definite 

theory to accurately predict the location of UPD peaks, makes discerning their existence 

and location difficult. 
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Once identified and located, however, a given UPD feature can be characterized 

relatively easily through the use of cyclic voltammetry (CV) and scanning probe 

techniques such as STM. CV is performed through the use of a potentiostat in a three-

electrode arrangement, controlling the electrochemical potential of the working electrode 

relative to an equilibrium reference electrode in electrolytic contact with the working 

solution. By sweeping or “cycling” the voltage between two vertices and allowing the 

cell to draw as much current as necessary at a given voltage, a current/potential plot can 

be made, producing “peaks” that can correspond to oxidation and reduction of the 

substrate, or plating and stripping of ions in solution. Integration of these peaks gives the 

total charge density associated with a given peak. Correlation of these peaks with 

electrochemical processes gives information pertinent to the extent of the process 

performed. This type of “coulomb counting” method, combined with direct in-situ STM 

examination of a sample surface, provides an accurate picture of any given UPD process. 

Previously studied UPD processes have exhibited epitaxial growth up to two atomic 

monolayers thick. 

It is also worth noting here that the morphology and chemical properties of a UPD 

layer appear to be related to the method of UPD layer growth and not merely the 

emersion potential of a UPD-coated electrode. That is, a UPD film grown 

potentiostatically at a specific voltage will behave differently than a UPD film grown by 

bulk deposition and stripping at the same voltage.  

Along the same lines, it is important to realize that UPD adlayers, although 

typically grown as actual layers on top of the substrate system, do not always remain on 

the surface. A particularly notable example of this phenomenon occurs for the UPD of Li 
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on Au, during which some Li atoms actually intercalate into the bulk Au structure itself, 

forming an alloy structure154. This phenomenon is not unexpected in electrochemical 

studies, as a multitude of vacuum studies have already indicated, for a variety of systems, 

that this type of subsurface ‘adlayer’ growth may occur under specific conditions155-156. 

Thus it is informative to consider representative pairings of metals in which there is little 

to no miscibility of the two components in order to isolate effects arising from this 

surface alloying phenomenon from the variety of other phenomena co-existing on the 

surface. 

3.1.4 Galvanic Replacement 

 One of the primary weaknesses of UPD techniques is their specificity to particular 

metal/metal systems. This limits the applicability of UPD for use as a universal layer-by-

layer growth method to specific systems in which the depositing metal exhibits a UPD 

feature on the underlying metal. Furthermore, UPD cannot be repeated on top of itself, 

limiting its application as a fabrication technique to films of single atomic monolayer 

thickness. The early approach that successfully used UPD to grow thicker films in a 

layer-by-layer fashion employed alternating layers of UPD repeated iteratively95. In this 

method, a deposit of alternating layers could be grown, provided that the first layer 

exhibited UPD properties on the second layer, and vice versa. This approach still 

exhibited the critical weakness that it could not be used to grow films of a pure element 

in a layer-by-layer fashion. 

This weakness can be overcome via the creative application of a galvanic 

corrosion process, in which a metal in solution reduces onto the surface of a less noble 

substrate, oxidizing a surface atom of the substrate to obtain the electron necessary. This 
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corrosion process will proceed until one of three conditions is met: (A) the nobler metal 

plates to a thick enough layer that no porosity remains for the oxidation of the substrate, 

(B) the noble metal in solution is completely depleted, or (C) the less noble substrate is 

completely corroded. Condition A is only satisfied at extremely high deposition 

thicknesses (micron scale) and is irrelevant to this project. Condition B could be satisfied 

via precise calculation of metal in solution, however these calculations are difficult and 

require extreme exactness. Condition C is well-suited to this procedure. Through 

combination with UPD, the amount of ‘less-noble substrate’ can be controlled to within 

1-2 atomic monolayers. That is, the UPD-grown layer behaves as a sacrifical anode for 

the cathodic reduction of the metal to be grown. Thus, the metal deposited by UPD 

processes is commonly referred to as a ‘sacrifical layer’. By repeated iterations of UPD 

growth and redox replacement of the sacrificial layer, an ultrathin film of thickness 

ranging between submonolayer coverages to hundreds of nanometers can be grown. This 

film can be grown with degrees of precision at an atomic monolayer scale. This technique 

has been referred to by a multitude of acronyms, including electrochemical atomic layer 

deposition (EC-ALD), electrochemical atomic layer epitaxy (EC-ALE), monolayer 

restricted galvanic displacement (MRGD), as well as surface limited or sacrificial layer 

redox replacement (SLRR). It is worth mentioning that underpotential growth methods 

have also been employed in nontraditional electrolytes, specifically non-aqueous 

electrolytes.157 These techniques offer an interesting range of materials growth 

techniques, opening up the possibility of studying monolayer growth of metals such as Ce 

and Li, which normally exhibit no stability in water-containing media. These techniques 

are still in the process of being studied and are not yet completely understood or 
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3.1.5 Cyclic Voltammetry 

In the previous sections, several different types of voltammetric techniques have 

been referred to. These techniques include constant-current (galvanostatic) and constant-

potential (potentiostatic) measurements as well as dynamic methods such as potential 

sweeps and cycles. These latter techniques, which are referred to by a variety of names 

including linear sweep voltammetry, stripping voltammetry, or cyclic voltammetry, use a 

moving potential setpoint or waveform to cycle the potential at a specified rate119, 121. As 

the voltage setpoint is ramped, the potentiostat must continually flow a small trickle of 

current to achieve the desired potential at the specified rate. For cases where no 

electrochemical reaction (defined as a chemical reaction in which electrons are present as 

either a reactant or a product) is proceeding, this current is referred to as a charging 

current and can be thought of in terms of a parallel plate capacitor, which requires 

incremental increases in charge to accommodate incremental increases in potential. Thus 

regions for current-voltage plots of a potential sweep, potential windows devoid of 

electrochemical reactivity exhibit slopes of zero. If a voltage is reached at which a 

reaction can proceed, the charge buildup accumulated on the surface changes, and the 

potentiostat must increase the magnitude of current flow to accommodate the reaction but 

maintain the set-point sweep rate. Thus cyclic voltammograms are typically seen with 

positive currents corresponding to oxidation reactions and negative currents 

corresponding to reduction reactions. 

In cyclic voltammetric studies, the terms “reversible,” “irreversible,” and “quasi-

reversible” take on unique meaning. In contrast to the standard usage, an 

electrochemically reversible reaction is not just any reaction that can be reversed to yield 
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the original reactants once again. Rather, the definition of electrochemical reversibility 

restricts itself to reactions in which the forward and reverse reaction both occur quickly. 

Fundamentally, this condition may be described as a reaction with a large exchange 

current density. In CV, this condition restricts the definition  of reversibility to reactions 

which exhibit a specific relationship (in terms of currents and potentials) between the 

forward reaction and the reverse reaction. Specifically, in order for an electrochemical 

reaction passing n electrons to be electrochemically reversible, the voltage spacing 

between the forward peak potential and reverse peak potential must be 59 mV121. It is 

important to remember that current is proportional to the amount of reaction occurring, so 

the ratio of the forward peak current to the reverse peak current is expected to approach 

unity for reversible reactions. 

 Reactions that would traditionally be considered reversible, but which exhibit 

electrochemical behavior other than this (typically with larger potential spacings between 

forward and reverse features), are referred to as quasi-reversible to indicate that there is 

some kinetic barrier to the reverse reaction causing deviation. These reactions will also be 

characterized by forward:reverse peak current ratios greater than unity. Irreversibility 

describes systems in which the reverse reaction is impossible. 

The question of voltage spacing between the forward and reverse peaks can also 

be used to understand whether a process is surface-confined or not. Surface-confined 

reactions will not exhibit a voltage difference between the forward and reverse peaks of a 

reaction. This leads to the distinctive case where the forward peak and reverse peak occur 

directly on top of one another in the traditional CV plot. This allows for the relatively 
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easy identification of charge-transfer adsorption processes (such as UPD), or processes 

that involve immobilized adsorbed reactants or products on the electrode surface. 

Typical sweep rates range from 2 mV/s at the absolute slowest (corresponding to 

the minimum speed at which noise from equipment, thermal convection, and 

environmental vibration can reasonably be neglected) to 100 mV/s or more. In general, 

slower sweep rates allow for better resolved peak structures, although faster sweeps allow 

a potential range to be scanned through while minimizing the total amount of reaction 

driven. It is important to remember that currents at peak maxima will increase with 

increasing sweep rates, as will the charging current. This phenomenon can be thought of 

intuitively as the potentiostat being forced to flow more charge over a shorter period in 

order to maintain the higher sweep rate. However, the charging current and the peak 

current (for a reversible reaction) will not scale at the same rate, leading to changes in 

signal/noise ratio (where the charging current is the noise) as a function of sweep rate. 

Conducting tests at a series of sweep rates allows us to determine rate constants for any 

time-dependent coupled chemical reaction. If potential is swept faster than the time-

dependent step can keep up with, a feature will be eliminated from the voltammogram. 

One important aspect of cyclic voltammetry lies in the ability to quantitatively 

characterize surface reactions. If a given reaction is known to be surface-restricted (such 

as adsorption reactions which only proceed to the limit at which the surface is covered), 

electrode surface area can be inferred from the total amount of charge passed. Inversely, 

if electrode surface area is already known, percent surface coverage can be calculated. 

These techniques are very useful for determining catalytic surface area or partial adlayer 

coverage (such as in the case of surface oxide formation on Pt-Au hybrid electrodes). 
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In most cases, particularly for the Pt-H2SO4 and Au- H2SO4 oxidation systems, 

the limits of the potential sweep are of particular importance. This is because the surface 

oxidation features do not occur as simple one-step processes with a single distinct peak, 

but rather occur as the superposition of multiple peaks, leading to a plateau-type 

voltammogram across which multiple oxide species might be spontaneously present. 

Depending on the potential of sweep reversal, the resulting reduction peaks will 

correspond to the state of the oxidized/oxidizing electrode surface at the moment of 

sweep reversal. In this manner it is possible to see potential shifts as large as 200mV for 

the reduction of Pt surface oxides, depending on the maximum oxidation potential (which 

determines the presence of PtOH versus PtO2 or PtOOH oxide species). Since each of 

these species reduces at a different potential, it is possible to obtain multiple reduction 

peaks during one reductive sweep for the same surface (as is often seen for Au 

oxidation/reduction cycling). 
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3.2 X-ray Photoelectron Spectroscopy 

3.2.1 Technique Overview 

X-ray photoelectron spectroscopy (XPS) is one of the primary techniques 

employed in this work, due to its ability to pinpoint elements and valencies as well as its 

high degree of surface sensitivity158. This technique involves the exposure of a sample 

surface to X-rays of a narrow band of energies. This is achieved by the use of specific    

X-ray emission lines (such as Al or Cu Kα), and the implementation of techniques to 

“monochromatize” the resulting emission to achieve higher energy resolution. These     

X-rays excite electrons from the bulk of the material, creating photoelectrons, or 

electrons freed from their original atomic states by interaction with incident photons. 

However, the majority of these photoelectrons interact with other nearby atoms in the 

sample, being re-absorbed into the material or losing energy over relatively short length 

scales. It is only the photoelectrons that are freed from atoms extremely close to the 

surface of the sample (which is in contact with the vacuum of the system) that manage to 

escape the sample with no energy loss and move through vacuum towards the detector. 

 It is important to note that a broad range of photoelectrons, escaping from many 

different types of atoms, and from many different atomic states within those atoms, will 

be excited simultaneously. These photoelectrons are distinguishable from one another by 

virtue of their different kinetic energies. These varied kinetic energies are what allows the 

detector to discriminate between different elements, and different valencies of those 

elements, in the near-surface regime of the sample. By passing the emitted photoelectrons 

through a curved detector with an electric field, the higher energy photoelectrons impact 

the detector at a different location than the lower energy electrons. Through precise 
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measurement of the location of these impacts, the broad range of escaping photoelectrons 

are binned and sorted to create a spectrum. This spectrum can then be converted from 

kinetic energy space to binding energy space according to equation 3.1: 

B.E. = ħν – K.E. – WF   (Eq. 3.1) 

 Where B.E is the binding energy, ħν denotes the incident photon energy, K.E. 

denotes the kinetic energy of the photoemitted electron, and WF denotes the work 

function associated with removing an electron from the surface. These features in binding 

energy can then be associated not only with specific elements, but with specific electron 

orbitals within each element. Thus it is possible to study the photoemission spectrum of a 

specific electron energy level for a specific element, such as the C 1s or the Pt 4f 

emission. Values for these binding energies for pure elements are well known, and 

various shifts about the expected value can be associated with an assortment of 

compounds or chemical bonds.  

Elements will exhibit shifts in the photoelectron binding energy of specific 

electron orbitals due to the participation of those orbitals in covalent bonding, or the 

influence of this bonding on the degree of ‘shielding’ that these orbitals receive. For 

example, the shifts in binding energy of the Oxygen 1s emission line are well known for 

molecular oxygen compared with atomic oxygen, O2- species in an oxide, or O1- species 

in a hydroxide or a defect oxide. One of the more common methods of conducting this 

type of analysis is by “fingerprinting” a known reference compound and looking for 

photoemission peaks at the same binding energy in the sample of interest. When such 

reference compounds are not available, either due to expense or experimental difficulty 

(often some reference compounds are volatile and decompose before accurate XPS 
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spectra can be taken), other identification techniques such as comparison to literature 

references or calculated spectra must be undertaken. 

 It is important to realize that formal charge is not the only contributing factor to 

shifting XPS spectra. For example, Pt4+ salts with different coordinating anions (H2PtCl6, 

PtO2) will exhibit minor shifts in the Pt 4f binding energy relative to each other159. These 

shifts arise from the differing electron interactions between salts, which are dependent on 

the strength and number of cation-anion bonds. These shifts can also arise from 

deviations in atomic charge on the Pt atom itself. Despite Pt having a formal, 

stoichiometric charge of 4+ in both of these compounds, the actual charge may be 

somewhat different (if non-integer charges arising from changes in the electron 

distribution function are considered). This type of difference can be referred to either as a 

ligand effect, which emphasizes the influence of the neighboring atom’s electric field, or 

as a chemical shift, which emphasizes that the bonding is the primary factor. In actuality 

the chemical shift encompasses both the ligand effect and the valency effect. 

 Thus, it is instructive to remember that the larger shifts caused by changes in the 

formal valency of the atom are also subject to relatively smaller shifts arising from local 

electron configuration effects. This means that the spectroscopist using XPS to determine 

valence state must consider a window of various binding energies that may be associated 

with a specific valency. This is usually not a problem as the shifts arising from formal 

valency change are usually quite larger than the shifts associated with electron 

configuration changes. 
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3.2.2 Complications of XPS 

It is instructive to consider here the presence of Auger electron peaks, which are 

ubiquitous in XPS data. These peaks arise from the emission of Auger electrons, which 

are excited during the relaxation of electrons within the atom. This means that specific 

Auger electrons are always emitted at a characteristic kinetic energy, regardless of the 

excitation energy used. This can be problematic if the Auger emission occurs at the same 

kinetic energy as the photoelectrons being studied for XPS. In most cases when XPS data 

are being collected, Auger peaks are ignored. In cases where it is possible to use more 

than one incident photon energy, such as synchrotron XPS or dual-source lab XPS, it is 

possible to positively identify the Auger peaks as they will be the peaks that appear to 

shift (when plotted on a B.E. axis) as a result of the changing incident photon energy. 

 A second complication that can arise during XPS analysis is due to charging of 

the sample surface160. For poorly conducting samples, the continued ionization of the 

surface atoms by removal of photoelectrons cannot be compensated by conduction of 

electrons from the bulk of the sample. Thus the binding energy measured in XPS will 

shift due to interaction of the emitted electrons with the surface-confined electric field 

arising from the accumulated charge. One way to minimize this difficulty is through the 

use of alternative charge neutralization methods such as an electron flood gun. These 

guns operate across a range of energies, typically between 0 and 500eV, and are 

employed to counteract the surface charging effect mentioned above. While the flood gun 

succeeds in neutralizing the charge-induced shifts in the XPS spectra, often it will induce 

shifts of its own which must still be accounted for in the data analysis stage. 
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A third difficulty that arises when conducting XPS of electrochemically grown 

samples is due to changes in the sample during transport to the XPS vacuum chamber. 

This is primarily due to the amount of unwanted contaminants the sample is exposed to 

en route from the electrochemical apparatus to the vacuum chamber, and even in the 

electrochemical cell itself. Even though most aqueous electrochemistry is conducted in 

solutions purged with inert gas, it is impossible eliminate OH- groups from the solution 

and surface. Additionally, carbonaceous species which may be electrically inert in the 

electrochemical cell (meaning they do not contribute significantly to net measured 

current) can easily adsorb onto the surface after the growth process. Finally, oxygen 

adsorption and carbonaceous species in atmosphere can adsorb to the sample surface 

during the transfer step, resulting, at best, in sample contamination and, at worst, in 

oxidation of the sample surface. Certain of these concerns apply to varying degrees 

depending on the sample surface. For example, Pt films are extremely sensitive to carbon 

contamination due to the strong Pt-C affinity, but are not particularly vulnerable to 

oxidation reactions. On the other hand, a sample with an electrochemically grown layer 

of adsorbed CO is less sensitive to carbonaceous adsorption (because the CO molecules 

are blocking many surface sites that would otherwise be available to carbonaceous 

species) but is extremely vulnerable to oxidation of the CO film by atmospheric oxygen. 

Some spectroscopy methods are more vulnerable to these types of contaminations 

than others. For example, XANES of adsorbate species is extremely sensitive, as the 

adsorbate competes with contaminant molecules for surface sites on the sample. On the 

other side of the spectrum, EXAFS analysis primarily focuses on atomic structure 

measurement within the sample, and surface effects are less important. This is not to say 
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that EXAFS samples are entirely immune from these considerations, as air-sensitive 

samples will always require special consideration no matter what technique is performed. 

In the middle of the spectrum of contamination-sensitive techniques, XPS is moderately 

sensitive to these issues because the signal detected is generally emitted from a sampling 

depth of a few nanometers, so the spectrum will contain information about the sample 

even though it is preferentially probing the contaminant. 

3.2.3 XPS In This Work 

 Both films and adsorbates can be studied by an XPS technique referred to as 

temperature-programmed XPS, or TP-XPS. This technique, which is similar in concept to 

that of temperature programmed desorption (TPD), involves the collection of a series of 

XPS spectra over a range of temperatures, across which the surface composition may 

change. This type of analysis is well suited to study of surface adsorbates leaving the 

surface upon heating, since they are not a structural part of the ultra-thin metal film, and 

are merely lightly bound to the surface by physi- or chemi-sorption processes. 

Furthermore, these adsorbate species may undergo chemical changes before desorption 

(as in the example of hydrocarbons which tend to dehydrogenate before leaving the 

surface). These changes can be identified, tracked, and quantified using XPS 

fingerprinting based on analysis of the photoelectron spectra. Thus, when used to 

quantify absorbate interactions, TP-XPS provides an excellent complement to a mass 

spectrometer system. The TP-XPS is used to study species on the surface, while the mass 

spectrometer detects the species that have left the surface. On the other hand, a system 

equipped with TP-XPS capability can be used to conduct similar experiments as a mass 

spectrometer-equipped system, as the species leaving the sample surface can often be 
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deduced from the TP-XPS spectra. TP-XPS is not limited to adsorbate characterization, 

however, and can also be used to track changes in the chemical state of a film itself as a 

function of temperature. 

 Furthermore, two types of physical XPS apparatus have been utilized in this work. 

The first, and most common, of these, is a fixed-energy laboratory XPS, which uses a X-

ray source to create a constant supply of monochromatic X-rays. The second uses a 

synchrotron as the X-ray source. The synchrotron provides a high-intensity light source 

over a continuous energy range, which can then be filtered to select a specific energy by a 

device called a monochromator. This device lends the synchrotron one of its greatest 

strengths, the tunability of the incident photons’ energies. By manipulating the incident 

energy of X-rays used, the XPS data collected can be made even more surface sensitive 

than the average laboratory source. Conversely, the tunability of synchrotron light also 

allows XPS to be used in a non-destructive depth profiling manner. By increasing the 

incident X-ray energy, the sampling depth is increased, allowing a greater depth of the 

sample to be studied. This can be advantageous in cases where a coating or film is 

covering the sample. 

3.2.4 XPS Data Processing 

 Analysis of XPS data is conducted by a process called peak-fitting, which often 

utilizes software algorithms to quantify the amount of different species. The integrated 

area of a peak in an XPS spectrum is related to the amount of material emitting 

photoelectrons at that peak’s binding energy. For elements that exist in multiple valencies 

or oxidation states, this process allows the experimenter to estimate the proportion of that 

element that is in each state. Furthermore, quantitative analysis of peak-area ratios for 
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multiple elements can allow the experimenter to calculate film thickness based on elastic 

or inelastic scattering theory and the attenuation of the underlying layer. 

 Peak-fitting analysis must often be performed under strict constraints. These 

constraints can arise as the result of a variety of physical phenomena. The first and 

foremost of the constraints to be considered is the actual peak shape itself. Whether to use 

a Gaussian waveform or modulate the waveform with the addition of some amount of 

asymmetry is an important consideration. Additionally, the width of the peaks (often 

treated as the full-width at half-maximum, or FWHM) is an important parameter. In cases 

where XPS analysis of multiple chemical states is being performed, it is often necessary 

to consult theoretical values for peak waveforms and widths, or to collect accurate 

reference data for each of the target chemical states being examined. Additionally, when 

performing XPS fitting, relationships between individual peaks must be considered. 

These relationships can take the form of shifts in the binding energy domain in cases 

when one peak is known to be at a specific binding energy relative to another. They can 

also take the form of area ratios, for cases in which one peak is known to exhibit a 

specific amount of photoemission compared to another. Oftentimes a given material will 

exhibit a pair of peaks, called a ‘doublet’, resulting from spin-orbit coupling161. This 

coupling arises from the difference in angular momentum component between two 

electrons at the same energy level. Since each of these split energy levels has a different 

binding energy associated with it, two peaks will appear in XPS. Each of these two peaks 

will then be related to the other in terms of a binding energy shift and in terms of the 

relative peak area (which is given by the occupancy of the two energy levels associated 

with the spin-orbit coupling). 
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3.2.5 Depth Profiling using XPS 

 Since XPS provides such a high level of surface sensitivity, it is possible to use it 

to conduct depth-profiled data collection if paired with a method for removing controlled 

increments of material from the sample surface. Thus it is common that an XPS system 

will be paired with an ion ablation gun or sputter gun that is capable of removing the 

outermost atomic layers of the sample surface. By collecting XPS spectra between 

intervals of sputtering, it is possible obtain a set of XPS spectra corresponding to 

increasing etch times. It is important to calibrate the etch rate of the sputter or ion gun, 

however, if an actual length scale is to be assigned to the XPS depth profiles that are 

collected in this manner. This type of calibration can be performed by independently 

measuring the depth of the etch pit created by the sputter gun itself, or by sputtering 

through a film of known thickness and using the XPS to watch for the elemental 

signature of the underlying support. 

 Another variant of depth-profile XPS analysis involves the use of a synchrotron 

X-ray generator as the source of incident photons for the XPS experiment. Tunable 

source energy XPS (TSE-XPS) uses the broad-spectrum light of the synchrotron in 

combination with a tunable monochromator to conduct XPS of a sample at a series of 

different incident X-ray energies. Since higher energies lead to greater sampling depths, 

this practice allows experimenters to conduct non-destructive testing with a variation in 

sampling depth from experiment to experiment as the energy is changed. Thus it is 

possible to non-invasively probe the composition and chemical state of the sample at a 

range of near-surface depths. However, it is more difficult to perform a length scale 

calibration on TSE-XPS depth profiles than it is to perform on the etched samples. 
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3.2.6 Surface Core-Level Shifts 

Not all shifts in XPS spectra can be attributed solely to changes induced by 

oxidation state changes, bimetallic effects, or size effects. There is another type of 

structural effect that is well understood, that of the surface core-level binding energy shift 

162. The core level shift arises both from geometric coordination effects and from final 

state effects. It encompasses deviations in the photoelectron binding energy of near-

surface atoms in a material as compared to the atoms in the bulk. It is possible to observe 

this effect by lowering the incident X-ray energy to the point where the XPS technique 

becomes significantly more surface sensitive. For most laboratory sources, this shift can 

be neglected as its contribution to the signal is very small. These changes result from 

lower atomic coordination among the surface atoms, and lead to lower binding energies 

for the outermost layers of atoms when compared with the bulk of the sample. In the case 

of ultrathin nanofilms, the entire film may exhibit this type of shift, which is typically 

less than 1eV in magnitude. This type of shift has been shown to correlate with the 

interaction of a metal’s d-band and the reactivity of adsorbed CO on the metal surface134. 

For bimetallic systems, the core-level shift is more complicated. In addition to 

geometric and final state effects, the system will be influenced by both initial and final 

state effects arising from the interaction of the surface film with the substrate material in 

a so-called vertical electron transfer. In the case where the film itself is not homogeneous, 

it is possible that further deviation arising from lateral transfer will occur. This effect 

appears when a specific component of the film is influenced by neighboring dissimilar 

components, such as the case where an adlayer film is composed partially of a metallic 

species and partially of an oxide species. This effect has also been referred to as a dipole 

effect. Although this terminology has been primarily used for adsorbed organic 
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molecules, it is appropriate here as it describes the influence of adsorbed species on other 

adsorbates. 
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3.3 Scanning Electron Microscopy and EDS 

The high surface area samples employed, including carbon fiber paper, and titania 

nanotube arrays, were all characterized before and after surface modifications using 

scanning electron microscopy (SEM) and accompanying energy dispersive spectroscopy 

(EDS). Since SEM relies on the use of an electron gun to generate its images along with 

large amounts of X-rays as by-products, it makes sense to pair SEM techniques with EDS 

techniques which can take advantage of the X-rays produced. By allowing simultaneous 

characterization of the morphology of the structure, as well as compositional analysis of 

the features in the structure, a better understanding of the arrangement of the bimetallic or 

metal-oxide architecture can be gained. In this study specifically, EDS was used to 

identify local regions of Pt concentration on Pt-TiO2 surfaces. Additionally, EDS was 

used to identify gold nuclei on carbon fiber paper. 

Unfortunately, EDS analysis is not very surface sensitive, nor is it sensitive to 

changes in chemical identity (valency). This means that the spectra created by EDS 

analysis sample extremely large depths compared to the single- and multi-atomic layer 

films that this work has focused on growing on flat substrates. Additionally, the EDS 

spectra only indicate the presence of an element, and do not have access to information 

regarding the interactions of that element with the support onto which it is grown. For 

this reason, SEM and EDS have not been successfully applied to polycrystalline or 

monocrystalline metallic surfaces, remaining restricted to the nanoporous surfaces of 

NPG and TNT samples. At the same time, EDS is able to simple confirm the presence of 

an element in a given region, whether an ultrathin film or unresolvably small particles. In 

this manner, EDS (in combination with SEM images) has been used to verify increased 
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dispersion of Pt films on TiO2 substrates, in addition to characterization of the Pt nuclei 

which coexist with the films. Additionally, SEM was used to quantify the size and 

morphology of Au and Pt deposits on carbon fiber paper samples. 

Two SEM machines were used in the characterization of these sampled. For high-

resolution images, a Zeiss Ultra60 field-emission SEM was used. For insulating samples 

that exhibited large amounts of charging it was advantageous to use a Hitachi variable 

pressure (VP)-SEM which is capable of obtaining images at elevated pressures compared 

to typical SEMs. Although this technique is typically used to allow the imaging of 

biological samples without rupturing the fragile liquid-containing cells in the tissue, it is 

also a useful tool for charge neutralization in cases where gold-coating is not an option. 

This allows images of these insulating films to be taken without the detrimental effects of 

charging, and without the necessity to contaminate the film with gold-coating. 

Unfortunately, the increased charge neutralization ability of the VP-SEM leads to 

reduced image quality at higher magnifications. 

In addition to advantages over the VP-SEM arising due to the variable pressure 

capability, the Zeiss SEM obtained better image resolution due to its use of a field-

emission source (rather than a tungsten filament source) and the ability to use an in-lens 

detector rather than the traditional secondary electron detectors used in the VP-SEM. 

Furthermore, better vacuum pressures could be obtained in the Zeiss SEM system due to 

its use of a load-lock entry chamber. The VP-SEM apparatus simply opened the entire 

imaging chamber to atmosphere whenever a sample was exchanged, leading to increased 

adsorption of volatile organic molecules from atmosphere and, in turn, increased chamber 

pressure and decreased image quality. 
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3.4 X-ray Absorption Spectroscopy 

3.4.1 XAS 

 X-ray absorption spectroscopy, or XAS, is a technique that enables 

element-specific analysis of targeted electron transitions. Since each transition occurs at a 

specific energy, this technique requires a tunable synchrotron X-ray source163. In XAS, 

the incident photon energy is rastered, by use of a single crystal monochromator, from 

below an absorption edge to above an absorption edge (an edge is the energy above 

which a specific electron transition is excited). By measuring the amount of X-rays 

absorbed at a series of points above the edge, the amount of electron transitions available 

in that material at a given energy is discerned. The density of these transitions can depend 

on the number of initial states (usually core electrons) as well as final states, which are 

usually the dominant factor. This information can then be processed and analyzed to 

deduce atomic structure, electron behavior, or both. These transitions are also influenced 

by scattering and absorption of secondary photons off of near-neighbor scatterers in the 

material being studied. 

By measuring one of a variety of the resulting emitted (or transmitted) signals, 

which are proportional in intensity to the number of absorption events, a spectrum can be 

collected for a range of incident energies. This results in an experimental data set that 

probes the various transitions that can be excited in a material across a range of excitation 

energies. Since a given transition will not be excited until the requisite incident energy is 

reached, this allows for selective probing of specific transitions. The spectrum can then 

be manipulated in a variety of ways, including binning for a specific energy window of 

fluoresced photons by using a detector similar to that used for X-ray fluorescence. This, 
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along with the ability to tune the incident energy to a specific transition, gives XAS a 

component of element-specificity on the data-collection side of the experiment in 

addition to the specificity achieved through the stimulation side of the experiment. 

 XAS experiments are either conducted in transmission mode (where transmitted 

photons are measured), electron yield mode (where excited electrons are measured, either 

by means of a drain current or by an electron detector) or fluorescence mode (where 

fluorescing photons are collected and measured). In transmission mode, the absorption 

spectrum is calculated from a measurement of the total amount of photons detected on the 

opposite side of the sample from the X-ray source. Thus, by measuring the magnitude of 

the transmitted signal and normalizing to the amount of incident signal originally present, 

it is possible to calculate the absorption that occurred as a result of interactions between 

the X-rays and the sample. In fluorescence mode, the X-ray detector is generally placed 

at an angle to the side of the sample and incident photon beam, and measures the 

magnitude of the signal arising from secondary excitations (whether electrons or 

photons). The angle between the incident beam and the detector should ideally by 90 

degrees to minimize interference from Compton scattering. Based on the assumption that 

the secondary excitation events (fluorescence and photoemission) are proportional to the 

total amount of X-ray absorption, it is possible to calculate the absorption spectrum in 

this way as well.  

One of the main advantages of conducting XAS testing in non-transmission mode 

is the ability to selectively probe a subset of the secondary signal. For fluorescence 

experiments, this can be done through the use of an energy-discriminating photon 

detector such as the Si drift detector (SDD), which is commonly used for energy 
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dispersive analysis in SEM systems. This allows the experimenter to essentially perform 

an initial background subtraction during the data collection phase, and in some cases 

permits the exclusion of fluorescence from interfering elements. 

 For photoelectron measurements conducted in a vacuum, a commonly employed 

technique is the partial electron yield (PEY) detector164.  Comprised of a standard 

photomultiplier tube paired with a screening grid that can be independently biased to a 

selected potential, the PEY detector can selectively reject photoelectrons below a 

specified kinetic energy threshold. This allows the experimenter, in specific cases, to 

eliminate a large portion of unwanted signal and preferentially measure a subset of the 

photoemission spectrum. 

 For transmission-mode experiments, it is important to prepare the sample after 

consideration of the X-ray absorption properties of the material at the specific incident 

energy for which the experiment will be conducted. In particular, there are two 

competing factors which influence the thickness of the sample to be assembled for the 

transmission-mode experiment. The first of these imposes a limit on the thickness of the 

sample arising from the total absorption of the material. That is, the sample should not be 

more the 4-5 absorption lengths thick, otherwise nearly all of the incident photons will be 

absorbed and the experiment is futile. The origins of this rule of thumb can be seen in the 

Beer-Lambert law: 

� = �����/� (Eq. 3.2) 

Where Io is original intensity, I is transmitted intensity, µ denotes the absorption length, 

and α denotes the path length. Thus it is easy to see that for each absorbtion length of 

sample that the beam must pass through, the signal is attenuated by a factor of e-1.  At the 
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same time, a second criterion must be considered, which requires that a minimum amount 

of the component to be studied (the absorber) be present in the sample. This criterion can 

lead to increases in the amount of sample employed to ensure that enough of the 

component in question is present to provide a measurable absorption signal. 

  

3.4.2 Extended X-ray Absorption Fine Structure 

Extended X-ray absorption fine structure (EXAFS) refers to a specific method of 

analyzing the X-ray absorption spectrum. In order to glean atomic structure information 

from the XAS spectrum, an extended ‘tail’ of energies above the absorption edge is 

collected. This ‘tail’ is then analyzed for fine structure elements, or oscillations that are 

induced by electron waves arising in the crystalline structure of the material. This 

analysis is typically conducted by means of a Fourier transformation, which must be 

preceded by a series of normalization steps. 

By convention, most EXAFS processing begins by normalizing the edge-step of 

the pre- and post-edge backgrounds to one. This normalization accounts for changes in 

the actual amount of material present in the sample, since the magnitude of the edge-step 

is proportional to the amount of absorption occurring (which is in turn proportional to the 

amount of material present). After normalization, a background line (called a spline) is 

then fit to the post-edge wave. By subtracting this background from the experimentally 

measured spectrum, the structure-induced oscillations in absorption as a function of 

incident energy can be isolated. These oscillations can then be converted to k-space (with 

units of Å-1) and Fourier transformed to real space (with units of Å). This leads to a new 

technique known as extended X-ray absorption fine structure (EXAFS). Through this 
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type of analysis, information such as crystallinity and nearest-neighbor distance can be 

derived from the original spectrum. 

The EXAFS equation is given as follows: 

 

	(�) =  ∑
 ��·��

� · ��(�)· �������

� · ��
sin (2� + "(�))#$�%%#  (Eq. 3.3) 

 

With the total absorption (χ) as a function of shell population (nx), amplitude reduction 

factor (So), backscattering amplitude function (fX), Debye-Waller term, interatomic 

distance (r), and phase shift (α).163, 165  

Since the Fourier transform of the X-ray absorption spectrum is performed on the 

data in k-space rather than in energy-space, it is often worthwhile to perform a process 

called k-weighting during the course of data collection. A single spectrum is collected by 

measuring absorption data at a series of discrete points in the incident energy domain, 

with a dwell (or integration) time at each point on the order of seconds. The process of k-

weighting can be applied during experimental execution to both the step size and the 

integration time used in spectrum collection. This allows for fewer data points 

(corresponding to larger step sizes) to be collected at higher k-values, but for more time 

to be spent collecting data at each point (since the collection time is a linear function of 

k). Since the magnitude of the features of interest decreases with increasing k, these 

methods are of particular utility. During data analysis, k-weighting can be used to 

amplify the magnitude of features at high k values relative to features closer to the 

absorption edge. 
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 EXAFS data can also be fitted with calculated distribution functions based on a 

model crystal structure. These model structures rely on the specification of a single unit 

cell and extrapolate a spectrum from this input. By calculating several hypothetical 

models and performing goodness-of-fit checks between the experimental and the model-

derived spectra, an accurate fit to the data can be found. 
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3.4.3 X-ray Absorption Near Edge Structure 

 In the other extreme, there is a wealth of information-rich fine structure close to 

the absorption edge itself. The study of this region is knows X-ray absorption near edge 

structure, or XANES166. Often this technique is also referred to as near-edge X-ray 

absorption fine structure, or NEXAFS, although this work will use XANES for 

consistency of terminology. XANES is the term used for this technique when studying 

relatively low-energy absorption edges (such as carbon or oxygen), while a second term 

X-ray absorption near edges spectroscopy (XANES) is used to apply to essentially the 

same type of analysis when conducted on higher energy absorption edges (such as Pt or 

Pd L3 edges). Features in the XANES region are not typically treated with the same type 

of mathematical transforms as EXAFS data165, but rather can be treated similarly to XPS 

data, where peak areas are analyzed directly. The difference in this case is that XANES 

peaks all correspond to specific electron transitions to unoccupied crystalline or 

molecular states, such as the eg or t2g orbitals in semiconductors, or the 2π* orbital in 

carbon monoxide. 

 Carbon monoxide provides an excellent example of a subset of XANES 

measurements which focuses on the study of molecules stuck on the surface of a sample. 

Either by exposing a sample to vapor-phase levels of a chemical compound or reactant 

molecule, or by pre-depositing a layer of the compound before introduction into the 

XANES chamber, the sample surface can be coated with an adsorbed layer of a target 

compound. In this way, only the compound (called the adsorbate) is analyzed when 

conducting XANES measurements. This has the advantage of letting the experimenter 
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target only the surface of the sample, as that is the only location at which the adsorbate 

will be present. 

 A second important advantage of synchrotron XANES arises from the 

polarization of the synchrotron-generated photon beam. Since the polarized beam 

preferentially excites electron orbitals in a specific orientation on the sample surface, 

XANES can be employed to determine the orientation of adsorbed molecules at a well-

defined single-crystal sample surface167-168. This technique proves difficult with 

electrochemically or polycrystalline samples and is not employed in this work. 

 Both of the previously mentioned techniques for adsorbing the layer of interest to 

the sample surface will be examined and compared in this study. The first technique, 

which involves creating electrochemically fabricated samples that are as clean as 

possible, is very difficult and will be shown to produce less desirable data in the form of 

lower signal/noise ratios and more contaminant signal. The second technique takes 

advantage of electrochemical cleaning during the adsorption step, occurring when the 

adsorbate displaces contaminants that would otherwise be on the surface. 

 All forms of XAS benefit from a wide selection of possible detectors to be 

employed. For XAS performed in a vacuum (including XANES), experimenters have the 

option of measuring absorption by tracking the electron yield emitted from a sample, or 

by tracking the photon signal emitted through excitation-fluorescence mechanisms. Even 

more options exist for XAS or EXAFS conducted in atmosphere, with types of detectors 

ranging from PIPS detectors, multi-element fluorescence detectors, or transmission 

detectors (in the form of ionization chambers). 
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 One type of XANES detector employed in this current work is known as a partial 

electron yield (PEY) detector, which essentially means that electrons (both Auger and 

photoelectrons) generated by the incident photon beam are measured, but that only a 

fraction of the total electron signal is measured164. This fraction is determined by a 

voltage bias applied to a grid in front of the detector electronics, which functions as a 

rejection filter for electrons with a kinetic energy below a specific threshold. By 

increasing this threshold, greater surface sensitivity and element specificity can be 

achieved. However, if this threshold is increased to a value too close to the energy of the 

absorption features to be studied, a large part of the electron signal that is important to the 

spectrum will be excluded from the data, resulting in the appearance of strange features 

such as oddly shape peaks or negative step-edges. 

3.4.4 XAS Data Processing 

 When conducting XAS data reduction, it is important to know which of these 

types of detectors and experiment geometries were used in the data collection process. 

The most obvious time when this knowledge is necessary comes when the initial 

calculation of absorption is performed. For example, the calculation of absorption from a 

transmission experiment involves the logarithm of the inverse ratio of experimentally 

measured signals when compared to the ratio required for a fluorescence experiment. It is 

also necessary when interpreting non-transmission data to know if the absorption signal 

was measured from an electron yield detector or X-ray fluorescence detector, as the two 

signals probe different depths of the sample. This is important not only for accurate data 

processing, but (perhaps more significantly) for accurate data interpretation. 
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 This type of data processing follows a specific and complicated procedure. The 

first step in this procedure it to fit the spectrum with a pre-edge and a post-edge 

background curve, which is used to normalize and flatten the data. By normalizing all 

spectra from a given sample set such that the magnitude of the difference between the 

pre-edge and post-edge backgrounds is unity, it is possible to account for changes in the 

amount of the element in question across the sample set. This allows individual features 

to be compared with one another across multiple samples, even if the two samples were 

composed of different amounts of the element under investigation. If XANES analysis is 

being performed, then this normalization may be the first and final step of the XAS-

specific data processing sequence. After this point individual features can be compared 

and fitted via traditional curve-fitting methods, allowing qualitative and quantitative 

conclusions to be drawn. 

 The type of conclusions that can be drawn from this type of analysis depend 

strongly on the type of material being studied. The simplest analysis that can be 

performed is an analysis of the white line intensity of an absorption edge. This intensity, 

which is taken as the amplitude of the first oscillation closest to the absorption edge, is 

related to the occupancy of the d-band in metals and metal oxides, and as such grows 

more intense for oxidized materials than for corresponding metallic forms of the same 

element169. 

 If EXAFS analysis is being conducted, the data must be processed more even 

after normalization of the spectra. The next step in preparing the data for a fourier 

transform is to fit the normalized spectrum with a background function for the post-edge 

region and subtract that background from the data. This leaves behind only the 
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fluctuations arising from the interaction of the electron wave with the atomic structure of 

the material. These fluctuations, or ‘wiggles,’ are easily converted from energy (eV) 

space to k-space (Å-1). From there, a window for the forward fourier transform must be 

chosen, and the transform can be taken, resulting in a plot in real space (Å). Oftentimes 

this process will be performed iteratively, with minor corrections to the background 

function being made in each iteration in order to eliminate artifacts in real space that 

appear at physically unreasonable length scales (such as interatomic bond lengths of less 

than 1Å). Finally, the resulting real space curve can be fitted with a combination of 

multiple theoretically derived radial distribution functions and conclusions regarding the 

identity of the species responsible for each peak may be drawn. This entire process is 

generally performed using a data processing suite such as ATHENA170.  

This use of theoretically derived spectra in real space is performed by 

constructing a series of candidate structures that may be present in the sample and then 

calculating, usually by an algorithm such as FEFF, the expected spectrum for that ideal 

atomic arrangement170. Then the expected theoretical spectra can be compared with the 

experimental spectra, and the most suitable structure can be chosen. In cases where 

multiple species may be simultaneously present, a combination of calculated spectra may 

be used to fit the experimental data. After this step, a goodness-of-fit χ2 test can be 

conducted to quantify the accuracy of the data treatment process employed. 

 One important addition to the suite of post-processing steps performed on XAS 

data in this work is the use of a dead-time correction algorithm171. When collecting data 

using a Si drift detector, it is important to consider the possibility of two photon events 

being counted as a single artificial photon event of energy equal to the sum of the two 
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real events’ energies. This type of error is made possible by the way in which a SDD 

converts particle energy from total charge imparted to the detector during a specific time 

window. Thus if the event rate is high enough, it becomes more likely that two discrete 

events will occur during one sampling window and the sum of their respective charges 

will be interpreted as corresponding to a single event. This phenomenon is known as dead 

time, and must be corrected for if it occurs in excess. This is possible after the 

experiment, provided the raw number of total events is recorded during data collection. 

This is achieved by measuring the total number of events before any post-processing by 

the detector electronics, then comparing that figure to the total number of events output 

from the electronics. 
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3.5 Sample Preparation 

3.5.1 Sample Treatment and Polishing 

Polycrystalline gold samples were manufactured by sectioning of a 6mm diameter 

gold rod (99.9% purity, Goodfellow). Before sectioning, the gold rod was set in 

polymethylmethacrylate (PMMA) disk to add rigidity to the samples while being 

sectioned. Then, the samples were polished using a series of grinding disks and alumina 

polishing powder of sequentially smaller grit, terminating in 0.05um, or Masterprep, 

suspension. Standard Buehler polishing cloths of medium nap were used. This polishing 

process presented a series of problems, primarily arising from the embedment of alumina 

particles into the gold surface. This embedment evidenced itself both in optical and 

electron microscopy, as well as in XPS measurements. In microscopy, the embedded 

particles could be seen as scratch-dot patterns, with the embedment forming a dot or 

crater at the end of a scratch in the sample surface. In XPS, characteristic photoemission 

peaks of elemental aluminum and Al2O3 were seen, which overlapped with some Pt XPS 

features, causing problems in the XPS analysis. This issue was solved by altering the 

final polishing solution to include trace amounts of hydrogen peroxide (added to the 

polishing solution on the polishing cloth itself) to prevent embedment172 and by 

ultrasonicating the samples in isopropyl alcohol solution after polishing to remove any 

particles that were embedded despite the altered polishing process. This approach is 

successful in creating alumina-free surfaces, and relies on the so-called attack-polish 

effect, by which H2O2 attacks the gold surface to help remove larger embedded particles 

and prevent the smallest particles from the smallest polishing step from embedding.  
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Additionally, polishing was either conducted by hand with extremely low vertical 

force, or automatically to prevent embedment. After polishing and ultrasonic cleaning, 

samples were often annealed by use of propane flame and either air-cooling or nitrogen-

cooling. The annealing process involved heating the sample to orange-yellow heat and 

maintaining the heated flame such that this temperature was preserved for ten to thirty 

seconds. This process allowed the surface of the gold sample to be reconstructed to 

increase the proportion of Au(111) facets exhibited on the surface. This is achieved at 

higher temperatures by increasing the average surface mobility of Au atoms, allowing 

them to arrange to form the (most favored) Au(111) facet. This effect can be seen during 

Cu UPD of samples with and without annealing stages, with the annealed samples 

showing more distinct UPD features.  

Single crystal gold samples were treated similarly to polycrystalline gold samples. 

The single crystal samples were cut and polished originally by the manufacturer, but after 

electrochemical use, these samples were re-polished by hand using only 0.05um 

Masterprep suspensions. Subsequent ultrasonic cleaning and annealing steps were 

identical to those for the polycrystalline samples. 

For Pt foil and wire electrodes, cleaning was performed by flame-annealing in a 

propane flame and CV in acidic solution (1M H2SO4). The importance of flame-

annealing a Pt electrode can be readily seen in the facet-dependent voltammetry studies 

avaialable from the literature173-175. Since annealing changes the predominant facet on the 

electrode surface by increasing atomic mobility at higher temperatures176, one can easily 

see how the reactivity and surface chemistry of an electrode can be changed by annealing 

steps.   



100 
 

3.5.2 Sample Preparation for X-ray Spectroscopy 

Sample preparation for X-ray absorption spectroscopy requires a specific 

methodology, and this study uses traditional methods for preparing such samples. For 

reference samples, which mostly consisted of powder samples, the powders were first 

ground to the smallest grain size practically achievable by mortar and pestle. This fine 

powder was then distributed evenly over the adhesive surface of X-ray transmissive 

kapton tape. Larger particles were removed from the surface by simply shaking them 

free. This tape was then folded over on itself multiple times to increase the total cross-

section until approximately one absorption length was achieved. Care was taken to ensure 

that the powder film was in all points pinhole-free, although one advantage of the 

multiple-fold approach to sample fabrication is that any inhomogeneities in one patch of 

the film would be averaged out by comparable inhomogeneities in the other layers. The 

majority of powder references were collected in transmission mode. For air-sensitive 

powders, the kapton pouches created in this manner were made and doubly sealed in an 

inert atmosphere glovebox, and the sealed pouches were stored and transported in inert 

atmosphere until used for spectroscopy, at which point they were studied in air (but still 

sealed).  

Non-powder samples did not require any special sample preparation for non-

vacuum XAS analysis. For ultrathin film samples grown on flat surfaces, the samples 

were generally studied in glancing-incidence fluorescence-mode geometries in order to 

maximize the flux of photons through the film. This was achieved by laying the sample 

nearly flat and allowing the incident beam to splay itself out onto the sample surface.  For 

samples on porous surfaces such as the titania nanotube arrays, the carbon fiber paper 

samples, and the nanoporous gold samples, the geometries employed varied according to 
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specimen geometry. For the titania and nanoporous gold samples, the samples were too 

small to permit significant tilting of the sample without the incident beam leaving the 

sample surface. In most cases, low-angle incidence geometries were not required of the 

high-surface-area samples due to increased amounts of Pt present. This allowed for low-

noise experiments to be conducted in a timely fashion without resorting to glancing 

geometries. 

3.5.3 Sample Preparation for Adsorbate XANES  

Samples that were studied by adsorbate XANES were fabricated at Georgia Tech 

by the usual methods and transported to the synchrotron in enclosed containers. For the 

final preparation stages and adsorption step, the samples were prepared on-site at the 

synchrotron facility in inert atmosphere glovebags after three cycles of filling and 

purging with nitrogen. Samples were then sealed in nitrogen-filled containers and 

transported to the X-ray absorption UHV chamber. During transfer from the container to 

the UHV chamber, the samples briefly (<5 sec) passed through atmospheric conditions 

before being placed in the nitrogen-backfilled UHV chamber. The total time between 

leaving the nitrogen-filled container and beginning pumpdown to vacuum conditions was 

less than 30 seconds, the majority of which was inside the vacuum chamber load lock, 

which was continuously being purged with nitrogen. 

3.5.4 Vapor Deposition of Metal Films for Substrates 

In addition to the use of bulk metal substrates, it was also useful to grow 

monolithic metal films on glass slides for use in certain spectroscopic and 

electrochemical experiments. Since the bulk metal substrates were usually in the form of 

disks with a relatively small surface area (6mm-10mm diameter), it was difficult to 
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perform X-ray absorption spectroscopy on them. For normal XAS analysis, sample size is 

not a significant issue, but with ultrathin films on the order of several angstroms 

thickness, collection times must increase to unfeasible lengths unless a larger sample area 

can be probed by the incident beam. The use of coated slides solved this problem as the 

slides were able to provide larger exposed surface areas of approximately 2cm x 4cm, 

across which the incident beam could be incident at an oblique angle. 

For the initial set of such samples, slides were created by sputtering in a bell jar 

after chemical etching of the slides in hydrofluoric acid. Additionally, a sputter-grown 

adhesion layer of tungsten was employed between the glass and the gold film to ensure 

that the gold did not flake off during use. Trace amounts of tantalum and gallium were 

detected by X-ray fluorescence in the sample films. These trace amounts were due to the 

tantalum weigh boat employed for evaporation. Trace amounts of gallium were due to the 

fact that the sputter-coating system employed was also used for gallium evaporation from 

time to time. Because of this contamination, the bell jar method was eliminated and 

another replaced with a large-scale CVC DC Sputterer in a cleanroom environment. This 

allowed for larger batches of samples to be grown and also permitted a more homogenous 

distribution of samples to be made due to the rotostrate capability of the system, which 

rotated the different slides continuously throughout the growth process.  

These slides were also employed as electrode surfaces for the flow-cell 

electrochemistry arrangement. The flow cell consisted of a two-piece plastic block with 

an o-ring seal and space for reference and counter electrodes. The plated slide itself forms 

one wall of the electrochemical cell and is the working electrode. Additionally, the cell 

features inlet and outlet nozzles which are used to exchange the electrolyte solution 
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employed. The important feature of the flow-cell geometry is the ability to maintain a 

specified potential on the electrode surface during the transfer from one electrolyte bath 

to another. This is in contrast to moving the electrode between two physical cells, which 

involves exposure to atmosphere as well as loss of potential control. Without the use of 

vapor-deposited metal films on larger monolithic substrates, this type of electrochemical 

setup would not be possible. 
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3.5.5 Carbon Fiber Paper Substrates 

Carbon fiber paper electrodes were also employed for a variety of materials 

growth systems. Carbon fiber is an attractive material in that the carbon-metal interaction 

can stabilize nanoscale metal deposits and provide an efficient, conductive support for 

many reactions. Additionally, carbon fiber paper provides a higher electrochemically 

active surface area per mass, and per nominal electrode area, than solid metal electrodes 

such as massive disks or foils. This greatly increased the ease with which X-ray 

absorption analysis of monolayer coatings could be conducted, as the monolayer (which 

may conformally coat the porous paper surface) is given more X-ray cross section, since 

the X-rays penetrate the surface of the paper multiple times. A negative aspect of CFP 

usage is that overlayer thickness calculation using XPS techniques (as applied earlier in 

the case of Ni-mediated Pt monolayer growth) is rendered nearly impossible, as the 

thickness calculation for XPS is based on a flat substrate with a flat overlayer. This is 

required in order for the elastic scattering attenuation theory on which the thickness 

calculation is based to hold.  

 One further advantage of carbon fiber paper electrodes is that they can easily be 

sectioned into smaller pieces. This makes it experimentally simple to eliminate variance 

across multiple sample preparations, as pieces of the same sample can be used for 

electrochemical analysis, spectroscopic analysis, and any other form of testing required. 

For certain tests in which it is difficult to retrieve the sample after characterization, such 

as spectroscopic analysis in which the sample must be mounted using an adhesive or 

tape, it is convenient to simply cut a small corner of the paper off for spectroscopy and 

continue using the remainder for other tests. 
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 Carbon fiber paper used was purchased from the Fuel Cell Store and was sold as a 

component of a membrane electrode assembly. The initial choice to use carbon fiber 

arose from its stability in aqueous solutions at the pH’s employed, as well as its lack of 

significant electrochemical reactions across the voltage regimes considered. As a durable, 

low-cost, high surface area material that did not add significant complications to the 

experiments, either from a spectroscopic or chemical viewpoint, it was a prime candidate. 

 Complications can arise with the use of carbon fiber paper, however. Specifically, 

the carbon fiber paper can be rendered non-conductive if a thick enough deposit of an 

insulating material (such as ceria) is grown on it. This results in significant charging of 

the sample as evidenced by shifts in the XPS binding energy (this type of problem is not 

exlusive to carbon fiber paper and also appears on Au substrates). Additionally, larger 

samples of carbon fiber paper (more than 1 sq. inch) begin to show a high degree of 

inhomogeneity across the sample surface in terms of the amount of material 

electrodeposited. This problem could possibly be resolved through different cell and 

electrode geometries, but as these factors were fixed for the experiments described here, 

the CFP electrodes employed were limited in size to less than 1 sq. inch. 

 Noble metal electrodeposition on the CFP supports was conducted by 

potentiostatic growth. This method was used to grow Au, Pt, and Ag films on the CFP 

support. These films were then used as substrates for modification by other metals and 

subsequent analysis of the bimetallic interactions that arose. In the majority of cases, the 

first metal deposited was grown in a large quantity, and the second was grown in a 

relatively small quantity, so that the influence of the CFP substrate on the bimetallic 

system could be effectively neglected. In order to get a baseline for the metal growth on 
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CFP, it was necessary to compare the electrodeposited metal film with the much smaller 

deposit that would arise from spontaneous deposition without electron flow. It was found 

that a small amount of Pt or other noble metals would adsorb on the CFP surface without 

reducing. This was seen in XPS in the form of a small salt residue on the CFP after 

dipping in a solution at open circuit. In the case of Au electrodeposition on the CFP 

surface, a fully reduced metallic deposit was formed. In the case of Pt depositions of 10 

minutes length, a significant portion of the film remained on the surface as a cationic 

species. 
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CHAPTER 4 

IMPROVEMENTS TO THE SLRR TECHNIQUE 

4.1 The Necessity of Less Noble Sacrificial Layers 

 Monolayer galvanic replacement, also called surface-limited redox replacement 

(SLRR), involves the electrodeposition of single sacrificial atomic monolayers and their 

replacement by a second element via redox galvanic replacement. The replacement 

reaction is thus limited by the amount of sacrificial material predeposited. This technique 

has received interest as a method of large scale layer-by-layer growth of metals under the 

name electrochemical atomic layer deposition (EC-ALD) 92-93, 177. Previous techniques 

have employed the use of intermediaries such as Cu and Pb due to their advantageous 

underpotential deposition (UPD) characteristics. 91, 178-181 This method has also been 

shown to be a feasible method for creation of core-shell catalyst nanoparticles. 90, 182 This 

section outlines improvements made to the traditional SLRR methodology, specifically 

the use of Ni as an intermediary for redox replacement, which was recently published by 

the author as the first reported use of this technique for growing Pt monolayer films1. 

Because SLRR is limited by the nobility of the sacrificial metal, the use of Ni instead of 

Cu or Pb opens new possibilities for this technique. The use of Ni instead of Pb as an 

intermediary also promises more environmentally friendly applications for the method.  

Redox replacement shows particular promise as a synthesis method for monolayer 

bimetallic systems, (MBS) which are of particular interest to catalytic systems. 114 

Defined as a metal substrate upon which an atomic monolayer of a foreign admetal has 

been deposited, an MBS offers the unique opportunity to probe electronic effects that 

arise as a result of the configuration of two metals. MBS structures make excellent model 
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catalysts, allowing surface science techniques that are unsuitable for use on catalyst 

nanoparticles, such as low energy electron diffraction/microscopy (LEED/LEEM) and 

surface XANES, to be employed. The MBS configuration can be considered 

representative of core-shell geometries in that a full coverage surface species (shell) of 

minimal thickness is in intimate contact with a substrate (core) while isolating the 

substrate from any possible feedstock reactants. This type of bimetallic geometry has 

recently been explored in catalysis for several applications, including oxygen reduction, 

methanol oxidation, acetylene hydrogenation, and formic acid electrooxidation 183-186.  

Electrochemical deposition techniques allow one to actively control the growth of 

deposited metals through the manipulation of experimental parameters.187 In particular, 

deposition speed and growth mode (2D vs. 3D) can be manipulated via the tuning of 

solution composition and deposition voltage. The amount of electrodeposited metal can 

be measured by charge integration and controlled with submonolayer-scale precision by 

varying deposition times. By combining well-controlled electrodeposited layers with 

galvanic replacement, a corrosion method in which a more noble metal oxidizes and 

replaces an adsorbed baser metal, spontaneous monolayer replacement can be used to 

achieve well-defined MBS structures.  

Spontaneous monolayer replacement is accomplished by the initial deposition of a 

precisely controlled sacrificial layer, which is then exposed to a more noble metal in 

solution. The more noble metal galvanically replaces the sacrificial layer via redox 

reactions, resulting in a bimetallic system in which one layer sits atop a bulk substrate, 

often retaining the epitaxy of the sacrificial layer (Fig. 4.1). The driving force for the 

replacement reaction is given by ∆E, the difference in standard reduction potentials of the 
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two metals. It is possible for metals that are only slightly more noble than the sacrificial 

layer to fail to replace it if ∆E is not large enough. A good example of this is Ru, which 

can replace Pb but not Cu, even though it is more noble than both. The requirement that 

the replacing layer be sufficiently more noble than the sacrificial pretreatment layer 

provides a constraint on the possible bimetallic systems that can be synthesized with this 

method. Previous implementations of this method have been limited to sacrificial metals 

such as Cu and Pb due to their advantageous underpotential deposition properties. The 

current work is the first implementation of well controlled 2D growth mode overpotential 

deposition to fabricate the sacrificial layer.   

In all cases when performing SLRR growth methods it is imperative to first 

characterize the monolayer growth properties of the metal to be used as a sacrificial layer. 

In traditional SLRR cases where a UPD adlayer is used as the sacrificial metal, this 

entails tuning the electroplating bath composition in order to enable the UPD growth to 

occur at a significantly different potential than the bulk growth. This requires an iterative 

approach whereby cyclic voltammetry is used to determine the UPD properties of a 

variety of bath chemistries before choosing one chemistry and a specific voltage for the 

growth to be conducted at.  

In cases where the sacrificial metal used does not rely on UPD properties, this 

characterization step is slightly different. In these cases, it is necessary to tune the 

sacrificial layer electroplating bath such that the film growth rate is very slow. This is 

necessary if monolayer- to bilayer levels of precision are to be achieved when growing 

the sacrificial layer. This measurement is typically performed by integrating the charge 

passed during anodic stripping of the sacrificial film for a series of different growth 
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potentials and times. If the valency of the cationic species being electrodeposited is 

known, this total charge can then be converted to a monolayer-equivalent charge.  

In both cases the morphology of the deposit is also important. In cases of UPD there is 

often a body of literature available to describe the growth mode and surface 

reconstruction of the adlayer at various potentials149. In cases of slow-growth 

overpotential deposition, there is usually less work available in the literature since this 

field is, in general, less interesting as it is a less cutting-edge technique. Nevertheless, 

works of this sort have been published and make valuable resources187. 
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Figure 4.1:  Schema depicting (A) the potentiostatic growth of a Ni bilayer, (B) The 
nominal 1:2 replacement by Pt by Ni, (C) The complete Pt monolayer. 
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By broadening the scope of galvanic replacement techniques to include more base 

sacrificial layers such as Ni, we can increase the selection of possible replacing elements 

available for use with this technique. Possible replacing candidates that fall between Cu 

and Ni on the potential series, and thus may replace Ni but not Cu, include Mo, Sn, and 

Pb. These candidates bear further investigation into whether or not the driving force for 

their replacement reactions is large enough. Additionally, the feasibility of Ni as an 

alternative for Pb intermediaries is a desirable avenue for the growing field of film 

fabrication via monolayer replacement, as Pb is highly toxic.  

It has previously been shown by Wang et al that Pt replacement on bulk Ni 

substrates proceeds via a monolayer growth mode 188. A study by Morin et al has also 

shown using scanning tunneling microscopy (STM) that 2D layer-by-layer Ni growth can 

be accomplished via the use of a modified Watts electrolyte.187 By pairing this modified 

Watts electrolyte deposition with replacement methods previously used to fabricate Pt/Au 

electrodes via Cu replacement, 189 we have studied the first layer-by-layer multilayer 

growth of Pt on Au via Ni monolayer replacement.  While such a method does not 

employ surface-limited techniques such as underpotential deposition to create the 

sacrificial layer, the deposition of the final layer is still limited by the amount of 

sacrificial pre-deposit on the surface and the exchange ratio that governs the replacement 

reaction. 
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4.2 Theory and Practice of Ni Deposition 

 Any electrochemical reaction must necessarily have an equilibrium reaction 

potential. This potential is often referred to as the redox potential or standard potential. In 

practice, the equilibrium potential is modified by concentrations of reactant and product by 

the Nernst equation:  
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  (Eq. 4.1) 

Where E is the observed equilibrium potential, Eo is the standard equilibrium potential, R is 

the universal gas constant, T is the temperature (K), n is the number of electrons exchanged 

per reaction, F is Faraday’s constant, aRed and aOx are activities of reduced and oxidized 

forms of the species in question, respectively. 

 Since negative perturbations from the equilibrium potential lead to reduction 

reactions, and positive perturbations lead to oxidation reactions, overpotential cathodic 

electroplating methods rely on the application of a potential more negative than this 

equilibrium potential. Thus the overpotential, η, is defined by the following relation: 

6 =  &077%8�9 − &'(  (Eq. 4.2) 

 Finally, for the replacement reaction to proceed, the difference between equilibrium 

reduction potentials for the replacing metal and for the sacrificial metal, ∆E, must be 

positive: 

:& = &'(
;< − &'(

=8 (Eq. 4.3) 
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 Electrodeposition and galvanic replacement reactions were conducted at room 

temperature in a glass cell in a hanging meniscus arrangement. Solutions were deaerated by 

bubbling with ultra high purity dry nitrogen or argon before all chemical processes. Water 

was deionized in a Barnstead NanoPure system (18.2MΩ). Chemicals used were obtained 

from Sigma-Aldrich and Alfa Aesar. Electrodes were sectioned from a 99.95% purity 

polycrystalline Au rod obtained from Goodfellow and polished using Buehler Masterprep 

alumina suspensions to 0.05 um before being annealed in a propane flame. The Pt foil 

electrode (99.99% purity, Alfa Aesar) was cleaned in 1M H2SO4 and flame-annealed 

before use. Reference electrodes were homemade Ag/AgCl electrodes. Auxiliary electrodes 

were Pt wire.  X-ray photoelectron spectroscopy (XPS) was conducted in an SSX-100 

system using Al Kα radiation (1486.6 eV), and cyclic voltammetry (CV) data was collected 

on a Solartron 1287 potentiostat, with which all deposition processes were controlled. 

 Cyclic voltammetric characterization of electrodes was performed in 50 mM 

H2SO4.  Layer-by-layer Ni deposition was performed using a Watts electrolyte modified for 

layer-by-layer growth (1 mM NiSO4 + 10 mM H3BO3 + 0.1mM HCl) as outlined by Morin 

et al. 187 Pt replacement was conducted in 1 mM H2PtCl6. The exact Ni deposition protocol, 

including deposition parameters such as potential and time, was determined by performing 

sweep voltammetry Ni deposition/stripping cycles and integrating the Ni stripping current. 

It was found that 60 seconds of Ni deposition at -0.9V vs. Ag/AgCl resulted in slightly less 

than 2 atomic monolayer (ML) charge-equivalent of Ni on the Au surface (Fig. 4.2). 

Charge-stripping experiments performed on Pt-modified gold indicate that, for this 

protocol, nearly equal amounts of Ni are deposited on the Pt-modified surface as on the 

clean gold surface. Stripping currents for identical voltage treatments revealed that, on 
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average, 7% more Ni was deposited on a Pt-modified Au surface than on a clean Au 

surface. A 2 ML charge-equivalent deposit was used rather than 1 ML due to the fact that 

H2PtCl6 provides Pt4+ ions while Ni is replaced and removed from the surface as Ni2+ 

according to the following reaction: 

 ++ +→+ 24 22 NiPtNiPt SurfaceSurface  (Eq. 4.4) 

 Additionally, the required precision for a 2ML Ni deposit can be achieved more 

easily than for a 1ML Ni deposit. This is due to the speed at which the electrodeposit 

forms, with the first monolayer forming much more quickly than the second, resulting in a 

wider window in which to terminate the Ni growth for the 2ML deposit than for the 1ML 

deposit. Due to charge balance, a nominal Pt:Ni exchange ratio of 1:2 occurs during the Pt 

replacement step. Thus 2 ML of sacrificial Ni is required to result in approximately 1 ML 

charge-equivalent (ML-EQ) of Pt. 

 Samples were transferred from the Ni deposition cell to the Pt replacement cell in 

open air. The transfer was made in less than 10 seconds with a protective wetting of de-

aerated Ni Watts solution still present on the sample surface. After emersion from the final 

Pt bath, samples were rinsed briefly in deionized water and dried in air. Samples were 

transferred in capped containers from the electrochemical station to the XPS apparatus, and 

were analyzed without further treatment in the vacuum chamber.  
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Fig. 4.2: Ni stripping current peaks on polycrystalline Au for three different 60s 

potentiostatic pretreatment voltages. Listed next to each curve is the total integrated 

stripping charge for each. Monolayer (ML) charge-equivalents for each voltage are 

shown in the legend. All stripping was performed immediately after deposition in the 

same electrolyte.  
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4.3 Replacement of Ni Adlayers by Pt 

 XPS and CV analysis were performed before and after single- and multi-layer 

deposition processes. XPS analysis was performed by comparing the 4f doublets of Pt (74.4 

eVand 71.1 eV) and Au (87.7 eV and 84 eV). Surface coverage can be inferred by the ratio 

of these peak areas after correcting for XPS sensitivity factors. It is worth mentioning here 

that the Pt spectra for both the 1ML-EQ and 2ML-EQ cases show some peaks that exhibit 

significant shifts to higher binding energy. These shifts arise from changes in the valency 

of the Pt film for thicknesses less than 2ML, and have been seen for Pt SLRR growth via 

Cu sacrificial layers as well. Trace amounts of O and C are also present on the surface. 

When approximated quantitatively using peak-area analysis, these elements are found to 

comprise 10 and 15 atomic percent, respectively, in the region sampled by XPS. 

 Control samples were used to verify that electroless Pt deposition was occurring by 

replacement of Ni and not by spontaneous deposition on the Au surface itself (Fig. 4.3). 

Spectra were collected after only Ni deposition, after only exposure to Pt solution, and after 

a Ni pretreatment followed by Pt exposure. Some Pt XPS signal is apparent without Ni 

pretreatment; this is indicative of limited spontaneous Pt deposition on the Au surface. The 

Pt signal resulting from this spontaneous deposition is insignificant compared to that 

resulting from the replacement reaction and allows us to attribute virtually all increases in 

Pt XPS signal to the replacement of Ni. It is readily apparent that the Ni 2p peak at 66 eV 

in Fig. 4.3 disappears after immersion in Pt solution. This suggests that for single 

repetitions of Pt-replacing-Ni, the residual Ni is negligible and the replacement of Ni by Pt 

is nearly complete.  
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 It is also worth mentioning that a small component of the Pt evident in XPS analysis 

is present at a binding energy of 78eV. This peak is indicative of the presence of a small 

amount of oxidized Pt, either coordinated with Cl or oxygen ligand atoms. We see this 

peak’s presence in Figures 4.3 as well as in Figures 4.4 and 4.6 for single iterations of Ni 

replacement. It can be seen that this species is then eliminated with further iterations of the 

growth process. It will be shown in this work that the formation of Pt adlayers with small 

amounts of oxide/chloride content is deleterious to performance for a range of applications, 

and the specific mechanism of this species’ formation will be explored in depth. For further 

investigation of this phenomenon, the reader is referred to chapter 5.
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Fig. 4.3: XPS of polycrystalline Au control samples. Ni potentiostatically deposited at -

0.9V vs Ag/AgCl for 180s (180s Ni), Pt allowed to deposit at open circuit potential for 5 

minutes (5 min Pt), Ni potentiostatically deposited at -0.9V vs Ag/AgCl for 120s followed 

by 5 minutes Pt exposure (120s Ni + 5 min Pt)
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 Two methods have been employed to increase the amount of Pt deposited in this 

study. The first method increases the amount of Pt deposited by increasing the amount of 

Ni pretreatment, while the second uses repeated replacements of small amounts of Ni. The 

first is accomplished by increasing the length of time the potentiostatic Ni deposition is 

performed. Since the amount of Pt deposited is proportional to the amount of Ni present 

according to Eq. 4.4, increases in pretreatment time should yield increased Pt deposition. 

XPS spectra resulting from this technique are shown in Fig. 4.4, where a singly replaced 

120s Ni pretreatment is compared with two repetitions of Pt replacing 60s Ni 

pretreatments. The two-iteration method clearly results in more Pt deposited on the surface, 

although comparable amounts of Ni should have been replaced in both cases. This 

discrepancy could be caused by increased Pt island formation (corresponding to decreased 

wetting of the surface) when replacing large amounts of Ni at a time. 

 The iterative technique employed is similar to that used by Viyannalage et al. to 

create multilayers of Cu on Au. 181 This technique achieves controlled multilayer 

thicknesses by repeating the previously described single-layer replacement, one on top of 

another. After the first replacement reaction, the sacrificial layer is deposited a second time 

on top of the replacing metal, then immersed in the replacement bath again. This is 

repeated until the desired number of layers is deposited. 
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Fig. 4.4: XPS of Pt/Au samples resulting from increasing Ni pretreatments followed by Pt 

exposure.1 iteration 60s Ni deposition followed by 5 minutes Pt (Solid). 1 iteration 120s Ni 

deposition followed by 5 minutes Pt (Dash).  2 iterations 60s Ni deposition followed by 60s 

Pt. (Dotted)  
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4.3.1 Multilayer Deposition via Repetition of Ni Replacement 

 Our method repeats the 60s (2 ML charge-equivalent) Ni deposition followed by 

60s Pt replacement to create the multilayers. As mentioned previously, XPS indicates 

minimal residual Ni after a 60s Pt exposure. Even after 8 replacement repetitions, XPS 

indicates (based on sensitivity-calibrated estimates using Surface Physics software) less 

than 1 atomic percent of residual Ni in the resultant film. This, combined with charge-

integration calibration of the Ni deposition and the replacement charge balance from Eq. 

4.4, indicates that each iteration of the replacement process should yield ~1 ML of Pt of the 

surface. This procedure has been characterized in Figs. 4.2 and 4.3. CV and XPS data were 

collected for samples fabricated by 1-8 iterations of the replacement process and are 

presented in Figures 4.5 and 4.6, respectively. 

 CV was performed as shown in Fig. 4.5 on samples fabricated by increasing 

iterations of the deposition protocol. CV was initiated at open circuit potential and swept 

negatively to -0.2V then samples were cleaned by sweeping to 1.3V. The data presented 

here thus begin at 1.3V, after the cleaning cycle corresponding to one oxidation of the 

surface.  After 1 iteration of the deposition process, we see a marked decrease in the Au 

reduction peak at 0.9V and the appearance of a Pt peak at 0.39V. This feature at 0.39V has 

been previously correlated with reduction of Pt sites by Van Brussel et al. 189 Increases in 

this feature are proportional to the surface area of Pt deposits on the surface of the sample. 

This indicates significant surface coverage of Pt, blocking Au oxidation/reduction sites. At 

3 and 5 repetitions, the Au reduction peak has almost completely disappeared and Pt 

reduction dominates the profile. The shift in the Pt reduction peak from 0.39V at 1 iteration 

to 0.43V at 5 iterations is consistent with previous studies on core-shell Au/Pt  
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nanoparticles 182 and on Pt-modified nanoporous gold 190. This shift to higher voltages may 

be indicative of a bimetallic electronic interaction by which oxygen is more easily removed 

from Pt in intimate contact with Au than from Pt in a bulk phase, such as a foil as depicted 

in Fig. 4.5 as well. For 3 and 5 iterations “hydrogen waves” between 0V and -0.2V 

characteristic of Pt are also evident. 
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Fig. 4.5: CV of Pt/Au samples with increasing iterations of 60 

second Ni potentiostatic deposition followed by 60 second Pt 

replacement. CV was conducted in 50 mM H2SO4. Scans have been 

normalized to surface area with the exception of the foil, which is 

shown truncated in increased scale for reference. Minima 

corresponding to Pt reduction are marked as an aid to the eye. 
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XPS spectra were collected for the same set of samples. In Fig. 4.6 we see, for 

increasing numbers of iterations, a significant increase in Pt peak area accompanied with a 

corresponding decrease in Au peak area. This attenuation of the gold peaks fits a simple 

model for layer-by-layer growth based on attenuation lengths of photoelectrons in Pt. By 

comparing the peak intensity of Au 4f photoemission lines with Pt 4f lines,  the thickness 

of the Pt overlayer in nm can be calculated according to Eq. 4.5 as derived by Cumpson 

and Seah 191:  

     )/1ln()cos( BAAL IId += θλ   (Eq. 4.5) 

Where λAL is the elastic-scattering-compensated attenuation length, θ is the photoemission 

angle from normal, and IA and IB are the sensitivity-corrected XPS peak areas for the 

overlayer and substrate, respectively. Sensitivity factors used were tabulated by Wagner et 

al 192. Our calculations were performed assuming λAL for Pt 4f photoelectrons traveling 

through a Pt matrix. The binding energies of Au 4f and Pt 4f emissions are close enough to 

each other to allow this approximation to be made. For approximations neglecting 

absorption by carbon contamination, our results match this type of model to within the 

limits of reasonable accuracy for the calculation of photoelectron attenuation length. These 

results have been plotted in Fig. 4.7 along with theoretical thicknesses for multilayers of Pt 

in face-centered cubic (FCC) crystalline structures. The measured thicknesses match 

relatively closely with the expected thicknesses. Deviation is attributed to carbon 

contamination which increases the absorption of Au photoelectron signal, making the Pt 

overlayer appear thicker than it actually is.  
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Fig. 4.6: XPS spectra of Pt/Au samples with increasing numbers of Pt/Ni replacement 

iterations. One iteration comprises a 60 second potentiostatic Ni pretreatment followed by 

60 second Pt exposure, with the exception of 1x, which used a 5 minute Pt exposure.  
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Fig. 4.7: Estimated thickness of deposited Pt film calculated from 

XPS peak area ratios as outlined above, compared with expected 

film thickness calculated for close packed layer growth. 
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4.4 Impact of Ni SLRR 

 It has been shown that layer-by-layer growth of Pt on Au via redox replacement can 

be achieved through the galvanic replacement of overpotentially deposited sacrificial Ni 

bilayers.  It is evident from analysis of the XPS data that repeated cycles of Pt monolayer 

replacement is effective for approximate layer-by-layer Pt deposition. It has also been 

shown that XPS spectra of the resultant Pt overlayer systems are consistent with established 

attenuation models used for calculating film thickness. 

 This constitutes two important improvements for layer-by-layer redox replacement 

techniques. First, it has been shown that UPD techniques are not required for layer-by-layer 

redox replacement to be successful. Films grown by replacing well-controlled overpotential 

2D-growth systems exhibit comparable structures to those created by UPD sacrificial 

layers. Second, the use of Ni as intermediary layers increases the number of viable 

finishing metals that can be deposited using this technique.  
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CHAPTER 5 

PLATINUM OVERLAYERS ON GOLD 

5.1 Study of Near-Surface PtAu Chemistry 

 The study of near-surface electronic and atomic structure is of direct applicability 

to a variety of devices. This section presents a comprehensive study of the near-surface 

electronic and atomic structure and outlines the dependency of electrochemical reactivity 

on these properties. By iteratively growing atomic monolayers and multilayers using an 

electrochemical technique and studying these films using X-ray spectroscopy and 

electrochemical methods, the fundamental interactions that govern oxidation state and 

electron transfer at small length scales near the surface of a Pt-Au bimetallic electrode 

have been explored. It has been shown that submonolayer coverages of Pt on Au exhibit 

deviated electronic structure, reactivity, and stability compared to films in excess of two 

monolayers in thickness. It has also been shown that the surface limited redox 

replacement technique is subject to a substrate-induced effect which causes the formation 

of cationic Pt surface complexes. Thus, this section will explore two fundamental 

properties of the Pt-Au overlayer-substrate system: (1) the substrate-induced formation of 

partially oxidized overlayers and (2) the effect of electron transfer from the substrate to 

the metallic component of the overlayer. 

 Near-surface electron transfer is one of the fundamental properties in bimetallic 

systems that governs the performance of a wide variety of materials, particularly those 

used in catalytic applications. Pt in particular is of great interest due to its excellent 

properties as a catalyst for a wide range of reactions. Previous studies of Pt as a 

component in a wide range of bimetallic systems, whether alloy or adlayer systems, have 
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found that these desirable properties may be altered by the presence of a neighboring 

metal at the nano or atomic scale.193 The knowledge of these exact changes is important, 

both to minimize possible negative effects arising from decreased Pt loading as well as to 

understand possible beneficial behaviors arising from the contact of two dissimilar metals 

on an atomic scale. This work characterizes both the electronic and atomic structure of 

ultrathin Pt films on Au supports, and then examines how changes in these properties 

influence the film’s interactions with adsorbed OH-, ethylene glycol, and carbon 

monoxide. Scheme 5.1 indicates the changing behavior of the Pt/Au surface observed in 

this work, with increasing thickness leading to decreased film oxide content as well as 

enhanced durability and reactivity after a threshold film thickness is achieved. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5.1: Pt-Au surface for three different thicknesses of Pt, indicating the prevalence 

of cation-anion complexes for thinner Pt deposits. Reaction arrows (orange) indicate CO 

electro-oxidation (left) and film dissolution (right).
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Au surface for three different thicknesses of Pt, indicating the prevalence 

anion complexes for thinner Pt deposits. Reaction arrows (orange) indicate CO 

oxidation (left) and film dissolution (right). 

 

Au surface for three different thicknesses of Pt, indicating the prevalence 

anion complexes for thinner Pt deposits. Reaction arrows (orange) indicate CO 
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Two major effects have been reported to influence the surface chemistry of 

bimetallic systems. The first of these, the bifunctional effect, refers to effects arising from 

the co-existence of multiple surface reactions occurring at neighboring sites, where 

reactant molecules may interact with two different components sequentially. The second 

effect, the ligand effect, describes modification of the electronic structure of the reaction 

site by nearby atoms which do not play a direct role in the surface reaction. In alloy 

structures, both of these effects are present, and it is difficult to distinguish between the 

two. However, by correlating the reactivity of electrode surfaces with the electronic and 

atomic structure of fully wetted ultrathin overlayers of a variety of thicknesses, the 

influence of this ligand effect over extremely short distances can be examined. Recent 

work has focused on the treatment of substrate-overlayer electrochemical systems by 

theoretical methods 194-195. This study uses surface limited redox replacement (SLRR) to 

create Pt-Au adlayer-substrate samples for the electrochemical and spectroscopic 

observation of the ligand and bifunctional effects at submonolayer-to-multilayer scales.  

The two electrochemical equations that are traditionally used to describe the 

growth of films via SLRR are given in equations 5.1 and 5.2. In equation 5.1, traditional 

electrodeposition by specifying a growth potential (or sweeping the potential) is 

performed, with the caveat that the reaction is limited by thermodynamic considerations 

which create a voltage regime in which a single monolayer or submonolayer is created. 

This technique is termed underpotential deposition (UPD). In equation 5.2, the precursor 

layer is exposed to a more noble metal in solution. In this step, the more noble metal is 

reduced onto the surface in the zero-valent state, with the electrons for this reduction 

being provided by the oxidation and dissolution of the precursor layer. 
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CueCu →+ −+ 22
     (Eq. 5.1) 

++ +→+ 24 22 CuPtPtCu
  (Eq. 5.2) 

In this way the amount of noble metal grown is restricted by the (sub-)monolayer 

of precursor on the surface and by the ratio of the charge on the precursor cation to the 

charge of the noble metal cation. The procedure can then be repeated iteratively to grow 

multilayers of the noble metal. This study will show that the above reaction pathway is 

not accurate to describe the Pt-Cu exchange reaction for very small iteration numbers, 

with Pt forming cationic species on the surface in these instances. In fact, a recent 

electrochemical STM study by Brankovic et. al. has found that the Pt-Cu replacement 

reaction does not always behave according to this model, reporting that it is in some cases 

possible for the Cu sacrificial layer to dissolve as Cu1+ anions rather than Cu2+ anions 98. 

Thus it is clear that the exact reaction mechanism for the SLRR process is not yet fully 

understood.   This study will examine the changing oxidation state of the SLRR-

deposited films as a function of thickness, and also show that the traditional reaction 

pathway becomes more accurate as the iteration number is increased. 

In addition to its use as a fabrication technique for novel catalyst structures, SLRR 

provides the unique opportunity to probe transitions occurring in materials properties as 

films are grown from sub-monolayer and monolayer coverages to multi-layer coverages. 

By characterizing these films at various growth intervals, we can target the transition 

from thin-film behavior, which is influenced by size and substrate effects, to bulk-metal 

behavior, which is characteristic of larger deposits. This is a fundamental transition that 

affects a wide range of surface- or interface-intensive material properties, from chemical 

sensing to photoelectricity to catalysis.  Whether the influence of the subsurface structure 
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is helpful or detrimental, fundamental knowledge of the tunneling length of sub-surface 

electrons to the surface atoms is critical. For example, in designed core-shell systems, the 

resistance of the shell atoms against corrosion will depend on the type of chemical 

bonding manifest at the surface and the transitions in these chemical bonds from the 

surface of the material into the bulk.  It has been shown that Au/Pt surfaces can have 

favorable results for the oxygen reduction reaction196 as well as increased reactivity 

towards CO oxidation as a result of gold-induced d-band shifts197. PtAu alloys have been 

studied for ethylene glycol oxidation123, 198 and methanol oxidation199, which are 

important reactions for direct alcohol fuel cells118. While ethylene glycol is not widely in 

use as a fuel cell fuel, it is currently under investigation for this application116-117, 200-201.  

Furthermore, an understanding of the oxidation state of the near-surface atoms of 

functional systems is important as well. Evidence of substrate-induced benefits arising 

from oxidation state changes is widespread, as several supported catalyst systems enjoy 

increased performance and durability due to an oxidic character lent to them by their 

supports202-203. Specifically, partially oxidized Pt has been reported to have a high activity 

towards gas-phase carbon monoxide oxidation 204-205. The stability of such surface-

induced Pt oxides has also been shown to depend strongly on the nature of the substrate 

on which the Pt is grown206. While these effects have been widely reported, it is still 

difficult to quantify the morphological length scales associated with these bimetallic and 

substrate-induced effects. 

The present study takes advantage of the SLRR fabrication process to study these 

effects in ultrathin films with a high degree of precision in film thickness at an atomic 

level. We combine measurements of electrochemical behavior (specifically, shifts in 
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voltages required to perform characteristic electrochemical reactions) with photoelectron 

and X-ray absorption spectroscopic studies intended to detect oxidation state changes, 

atomic structure, and shifts in binding energy associated with changes in surface 

electronic structure. The present work is based on X-ray photoelectron spectroscopy 

(XPS), X-ray absorption spectroscopy (XAS) and cyclic voltammetry (CV) data collected 

for ultrathin Pt layers (from submonolayer to multiple monolayers thick) grown on 

polycrystalline Au substrates. In addition to CV in blank acidic media, electro-oxidation 

of ethylene glycol and carbon monoxide was also performed. The layers studied were 

fabricated by Cu UPD precursor layers galvanically replaced by Pt4+ cations.  

The data collected indicate two types of deviations from the expected metallic 

overlayer growth mode. The first deviation occurs for submonolayer growth coverages, 

and involves the formation of cationic Pt species, while the second deviation is apparent 

for multilayer growth and appears as a binding energy shift resulting from changes in the 

electronic structure of the Pt overlayer as a function of distance from the Au substrate. 

For submonolayer coverages of SLRR-grown Pt, the Pt4+ cation is not completely 

reduced to the zero-valent state but is rather immobilized on the surface in an 

intermediary complex which still contains the cationic Pt ions. For repeated iterations of 

the deposition process, this intermediary is then reduced to the zero-valent state during 

plating of the next precursor layer. The second deviation we identify is trends in the 

magnitude of the surface core-level-shift (SCS) in the 4f7/2 photoelectron binding energy 

of the zero-valent Pt species. We attribute the presence of this shift to the influence of the 

gold substrate underlayer and trends in the electrochemical behavior of the film, 
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including electrochemical hydroxide removal from the surface, alcohol oxidation, and 

carbon monoxide oxidation. 
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5.2 Theory and Practice of Cu UPD Replacement 

Samples were fabricated by plating of controlled sub-monolayer Cu precursor 

deposits in one cell, followed by emersion of the sample from the Cu bath and immersion 

in a 1 mM H2PtCl6 replacement bath for 10 minutes at open circuit. Coverage of Pt 

deposits was controlled by use of Cu UPD and manipulation of the emersion potential. 

Cu UPD is a well-studied process and is known to proceed in two waves, with the first 

wave depositing 2/3 of a monolayer and the second wave completing the full monolayer 

coverage207. By emersing samples from the Cu bath at a potential between these two 

deposition waves, we were able to limit the Cu deposit to ~0.6ML per iteration. Due to 

the 2:1 Pt:Cu replacement ratio, it is possible to determine the Pt loading of a given 

sample in terms of monolayer-equivalent (ML-EQ) charge, with one iteration of the 

growth cycle corresponding to 0.3ML-EQ of Pt. 

Just as the growth of Ni layers in the previous chapter relied on an applied 

overpotential, η, for cathodic electrodeposition, the Cu UPD growth here can be 

described by the underpotential shift, Φ, which is a function of surface Cu coverage in 

monolayers, Θ. This shift is given as the difference in potential at which bulk Cu is 

removed from the surface and the potential at which a given percentage of Cu UPD 

coverage is removed94. 

>(?) = &'(
@A − &#<�87

B;C (?) (Eq. 5.3) 

Where EEq denotes, as before, the equilibrium potential for Cu in the given experimental 

conditions, and Estrip denotes the potential at which a given portion of the UPD monolayer 

is removed from the surface during anodic stripping. This phenomenon can be seen in 
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Fig. 5.1, where Cu UPD occurs in two waves, one corresponding to        Θ= -.67 and 

another corresponding to Θ=0.33.  

 Multiple iterations of Pt replacing 0.67ML of UPD-grown Cu were conducted. A 

typical cyclic voltammetry curve for Cu UPD on Au is shown in Figure 5.1. By removing 

the electrode from the Cu2+-containing solution during the positive-going sweep at  

~250mV vs Ag/AgCl, we strip off all bulk Cu and 1/3 of the Cu UPD monolayer, leaving 

the surface with only 0.67ML of Cu208. The transition from the Cu2+-containing cell to 

the Pt4+-containing cell was performed in air with a thin film of Cu2+ solution still present 

on the surface. Samples were not rinsed during the transfer from the Cu2+ cell to the Pt4+ 

cell to minimize the opportunity for the Cu UPD layer to oxidize en route, but were 

rinsed in DI water during the reverse transition to minimize drag-in from the Pt solution 

to the Cu solution. After fabrication, XPS and CV of Au samples with 1 iteration 

(0.3ML-EQ) through 6 iterations (2ML-EQ) of Pt on the surface were conducted. XAS 

was conducted for 1ML-EQ and 2ML-EQ films of Pt on Au.  

Au samples were either Au-coated glass slides or polycrystalline Au discs 

polished to 50nm using Buehler alumina suspensions mixed with H2O2, then immediately 

cleaned ultrasonically in DI water and isopropyl alcohol. Solutions were de-aerated using 

dry nitrogen for a minimum of 10 minutes before being used. The precursor solution was 

10mM CuSO4 + 50mM H2SO4. The Pt replacement bath used was 1mM H2PtCl6 in DI 

water (18.2MΩ). Voltammetry was conducted using a Pine WaveNow potentiostat and a 

Solartron 1287 potentiostat with homemade Ag/AgCl reference electrodes calibrated to a 

commercially available reference. All samples were rinsed in deaerated 1M H2SO4 and 

dried in nitrogen after fabrication. Gasses used were of 99.99% purity (N2) or 99.9% 
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purity (CO) and were obtained from Airgas and Sigma Aldrich. XPS data was collected 

using a high resolution Thermo K-Alpha spectrometer. EXAFS and XANES data was 

collected at beamlines X23A2 and X18B at the National Synchrotron Light Source, 

Brookhaven National Laboratory. XAS analysis was performed using Athena, and XPS 

fitting was performed using XPSPeak software. 
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Figure 5.1: Cu UPD on Au polycrystalline electrode. Markers indicate stripping of bulk 

Cu deposit, followed by stripping of the UPD layer in two waves. Pt SLRR was 

performed by replacing partial Cu UPD layers grown by terminating the CV between the 

two UPD stripping waves. 
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5.3 Film Characterization  

Two significant phenomena were observed during film characterization by X-ray 

techniques. The first is the presence of cationic surface Pt for small iteration numbers of 

the SLRR process, evidenced in both XPS and XAS, while the second arises from trends 

in the SCS of the photoemission binding energy of reduced (zero-valent) Pt observed in 

XPS. In this first section we address the evidence for the existence of the cationic species 

as seen in the XPS and XAS data. In the second section, we address the SCS trends seen 

in XPS, which arise as a result of substrate-film electronic interactions. 

5.3.1 Evidence for Cationic Pt Intermediaries: 

 Figure 5.2 contains the XPS spectra of several different coverages of Pt grown on 

Au using the SLRR method. Two reference curves provide spectra for Pt4+ (PtO2, 

H2PtCl6) and one reference curve for metallic or zero-valent Pt. Based on these reference 

spectra and previous work (see Table 5.1) we determined the coexistence of various 

oxidation states of Pt in the SLRR-grown film. The known position of metallic, or zero-

valent, Pt (71eV and 74.3eV) is indicated by vertical lines coincident with peaks for Pt 

reference foil. For the spontaneously grown curve, multiple features are apparent at 

various binding energies, indicating the simultaneous presence of Pt4+, Pt2+, and minimal 

metallic (zero-valent) Pt. It is apparent that the overall quantity of Pt on the Au surface 

increases with increasing iterations.  For the 0.3ML-EQ curve, we see the same features 

present in similar proportions between the different valencies. After the growth of the 

second SLRR deposit (0.6ML-EQ), all three species are still present but the Pt2+ and 

metallic species have become more predominant. After the third deposition, we see the 

elimination of the Pt4+ species and the Pt2+ species is present as only a shoulder on the 
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metallic peaks. After six iterations, there is a very small amount of Pt2+ present as a non-

resolvable shoulder and the majority of signal arises from the reduced Pt.  

The iterative accumulation of Pt on the Au surface can be better visualized in 

Figure 5.2b, which shows XPS difference spectra for the same set of samples (excluding 

references). Difference spectra were calculated by subtracting the spectrum for a given 

monolayer-equivalent from the spectrum for the following coverage. The ‘0.3ML-EQ-

spont’ curve indicates that Pt growth between 0.3ML-EQ and the spontaneous reference 

occurs in the metallic (70.8eV and 74.1eV) as well as cationic (72.2 and 75.6, 74.0 and 

77.1) regimes. The ‘0.6ML-EQ-0.3ML-EQ’ curve indicates mostly growth in the metallic 

regime, with small increases in cationic species. The ‘1ML-EQ-0.6ML-EQ’ curve 

indicates removal of cationic species (negative portions of the curve) and an increase in 

metallic content. Finally, the ‘2ML-EQ-1ML-EQ’ curve indicates that the overall 

addition of the fourth through sixth iterations is primarily metallic.  
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Figure 5.2: (a) Pt 4f XPS spectra of reference materials and series of SLRR-grown 

samples on Au substrates. Vertical lines correspond to the location of bulk Pt foil 

reference. (b) Pt4f XPS difference spectra for SLRR-grown Pt on Au substrates. The 

legend indicates how the difference calculation was performed, with each curve 

indicating incremental increase in Pt with following iterations.  
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Table 5.1: Pt photoemission binding energies for each sample/reference. 

 Metallic Pt2+ Pt4+ 
 4f7/2 4f5/2 4f7/2 4f5/2 4f7/2 4f5/2 

H2PtCl6 (IV) N/A N/A 73.6 77.0 75.4 78.8 
PtO2 (IV) N/A N/A N/A N/A 74.9 78.2 
Spontaneous 70.47 unresolved 72.3 75.4 75.4 78.5 
0.3ML-EQ 
SLRR 

70.65 74 72.3 75.3 75.3 78.3 

0.6ML-EQ 
SLRR 

70.81 74.2 72.3 75.4 75.4 78.3 

1 ML-EQ 
SLRR 

70.78 74.2 72.3 75.4 75.4 78.3 

2 ML-EQ 
SLRR 

70.85 74.2 72.3 75.4 N/A N/A 

Pt foil (bulk) 71.1 74.4 N/A N/A N/A N/A 
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One possibility that was considered when determining a possible reaction 

pathway that might result in the observed intermediary was that the Pt4+ and Pt2+ species 

were arising on the surface only from spontaneous adsorption on exposed gold sites and 

not from exchange with the precursor Cu. Pt4+ has been previously shown not to fully 

reduce in some previous studies209-210. At first this theory was enticing because the 

formation of these two cationic species is suppressed with increasing Pt coverage and 

decreasing Au surface area. This hypothesis was disproven by comparing XPS difference 

spectra (Figure 5.2b) with known coverage values determined electrochemically (Figure 

5.5) and determining that the amount of cationic species grown did not decrease 

proportionally to the electrochemically active Au surface area. We calculated difference 

spectra by subtracting Pt4f spectra for a given SLRR iteration from the spectrum for the 

subsequent iteration (i.e. subtracting the 0.3ML-EQ spectrum from the 0.6ML-EQ 

spectrum) to determine the exact contribution of the subsequent growth step to the Pt 

species present on the surface. In this manner the curves in Figure 5.2b can be viewed as 

the incremental addition to the Pt species present caused by each iteration of the 

deposition cycle.  

When analyzing Figure 5.2b, it is important to remember that reduction of the 

cationic intermediaries during the Cu precursor deposition is inherent to the SLRR 

process. In this way it is possible for both the first and second iterations to create Pt4+ 

species and still show relatively little signal in the difference spectrum (because the Pt4+ 

created in the first iteration was eliminated during the second iteration’s precursor 

growth, then replaced during the Pt-Cu exchange). This process is illustrated in equations 

5.4-5.6, where L is an unidentified complexing anion such as O2- or Cl-.  Residual traces 
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of both oxygen and Cl have been detected in XPS (not shown) and we do not attempt to 

identify the exact Pt complex formed on the surface. 

adsso CueCu →+ −+ 22
ln

        (Eq. 5.4) 

++−+−−+ ++→++ 2
ln

244
ln 4)()(2342 soads

y

ads

yy

adsso CuPtLxPtLxxLCuPt
  (Eq. 5.5) 

 (2nd Iteration): adsadsadsadsso CuPtePtPtCu +→+++ −+++ 28242
ln

  (Eq. 5.6) 

By examining the 0.3ML-EQ and 0.6ML-EQ curves in Figure 5.1b, we see that 

for the first two growth iterations, cationic as well as metallic Pt is being added to the 

surface. This means that the cationic growth is not restricted to Au sites but is actually 

promoted by the presence of the initial Pt deposit. After the third iteration, we see the 

elimination (negative portions of the curve) of most of the cationic features at 75.4eV and 

78.3eV corresponding to Pt4+ as well as further growth in the metallic regime (70.8eV 

and 74eV). No change is observed in the Pt2+ region, which indicates that for the third 

iteration of growth, Pt2+ ions are still being created (since the previously grown Pt2+ 

species were reduced during the third iteration’s precursor growth). The final curve in 

Fig. 5.2b indicates the difference spectrum between 6 iterations and 3 iterations. It is 

readily obvious that primarily metallic Pt is being added to the surface, although a small 

shoulder indicates that some Pt2+ may still be formed. When considering that the majority 

of Pt signal is metallic, it is still important to note that the zero-valent Pt grown in these 

cases is shifted negatively from the foil reference. These shifts are all measured from the 

actual XPS spectra (Fig. 5.2a) and not from the difference spectra, which may be 

distorted due to overlapping cationic peaks. These negative shifts arise from SCS-induced 

deviation from bulk behavior and will be addressed in the following section. 
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Figure 5.3a provides a direct comparison of XPS spectra for 0.3ML-EQ of Pt 

growth, both as-grown (I) and after potentiostatic reduction at 0V vs Ag/AgCl in 1M 

sulfuric acid (II). The application of a reducing voltage, in addition to lowering the 

formal oxidation state of the Pt ad-atoms, also removes anionic species such as Cl- and 

O2- from the surface and has the potential to rearrange the Pt atoms remaining on the 

surface. CV of Pt-Au samples after the reduction step was comparable to that of the as-

grown Pt-Au samples. This suggests that the reduction step at 0V is not responsible for 

any serious degree of rearrangement of the surface adataoms. 

 Also shown here are fitted spectra representative of the fitting process employed. 

Figure 5.3b tracks the peak binding energy of the primary metallic Pt feature, the 4f7/2 

emission, for the series of samples shown in Figure 5.2a. Despite the prevalence of 

cationic Pt for the spontaneous deposit and the lower iteration numbers of SLRR 

fabrication, a small amount of metallic Pt is present in all samples and allows the 

measurement of the 4f7/2 binding energy. Just as we tracked the presence of cationic Pt 

species based on positive binding energy shifts, we are able to track the presence of 

metallic Pt species exhibiting SCS effects by the negative binding energy shift of the 

metallic peak relative to its bulk position.  For the spontaneous deposit, the zero-valent Pt 

photoemission deviates from that of bulk Pt by -0.65eV. With increasing SLRR 

iterations, we see a clear trend with this deviation decreasing as the zero-valent 

photoemission feature shifts towards the binding energy characteristic of bulk Pt. 

Additionally, we see that the growth of one SLRR cycle onto a bulk Pt sample shifts the 

binding energy of the zero-valent component of the photoemission negatively. 



 

Figure 5.3: (a) Example f

after (II) electrochemical reduction. (b) 

grown and reduced on Au and Pt, compared with references for spontaneous growth on 

Au and untreated Pt foil. 
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3: (a) Example fitted spectrum for one iteration of Pt grown on Au before (I) and 

after (II) electrochemical reduction. (b) Pt4f7/2 binding energy for SLRR samples as 

on Au and Pt, compared with references for spontaneous growth on 

 

itted spectrum for one iteration of Pt grown on Au before (I) and 

binding energy for SLRR samples as 

on Au and Pt, compared with references for spontaneous growth on 
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Further evidence for the presence of cationic Pt species can be seen in the XAS 

analysis (Figure 5.4), which confirms the XPS result indicating the presence of cationic 

Pt for small iteration numbers of the SLRR process. Figure 5.4a presents the Pt L3-edge 

EXAFS spectra of the reference materials H2PtCl6, K2PtCl4, PtO2, and Pt foil. Figure 5.4b 

plots the same type of data for 1 ML-EQ and 2 ML-EQ of SLRR growth. All data are 

plotted in real space after being Fourier transformed in ATHENA. Two curves are 

provided for each of the monolayer samples, representing the as-grown state and the 

same sample after electrochemical reduction at 0.0V in H2SO4.  Note that the Fourier 

transforms here are not phase-shift corrected since this type of correction would require 

an assumption of the identity of the first scatterer.  For both the 1ML-EQ and 2ML-EQ 

samples, significant deviation in first-neighbor location peaks compared to metal foil are 

seen. This type of shift has in the past been assigned as Pt-anion bonds by other 

researchers211-212. In this case the shift may arise from a combination Pt-O bonds or Pt-Cl 

bonds. Pt-O bonds have been previously reported at 2.0Å, with Pt-Cl bonds reported at 

2.2Å and Pt-Pt bonds at 2.77Å. It is important to remember that our EXAFS spectra 

reported here are not phase-shift corrected, which explains why the reference spectra 

shown here deviate from that seen in literature. As a simple analysis, it is enough to 

accept the shifts observed here in the location of the first EXAFS peak as evidence for 

cationic surface Pt. However, since the same processing parameters were used here for 

both the reference samples and the SLRR samples, we are able to make a direct 

fingerprinting comparison between both sets of data and attempt to identify the type of Pt 

structures being created on the SLRR-grown surfaces. 
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Figure 5.4c shows the same Pt L3-edge spectra in the XANES region for the same 

set of SLRR and reference samples. We can clearly see the differing intensities of the 

white lines corresponding to different film growth and treatments, with the 1ML-EQ as-

grown sample exhibiting the most intense white line. The rest of the SLRR-grown 

samples are similar in white line intensity to the Pt foil, but a trend is seen from most 

intense to least intense white line: 1ML-EQ, 1ML-EQ (reduced), 2ML-EQ, 2ML-EQ 

(reduced). As expected, the PtO2 and H2PtCl6 reference exhibit more intense white lines, 

only being exceeded in intensity by the as-grown 1ML-EQ sample. Since the white-line 

intensity is related to d-band occupancy, this data will be examined in the next section on 

substrate-film electron transfer. 

By utilizing the dashed vertical lines in Figures 5.4A and 5.4B, we have simple 

markers for the location of first neighbor shells for Pt-O, Pt-Cl, and metallic Pt-Pt bonds. 

It is clear from qualitative examination that the as-prepared 1ML-EQ SLRR sample 

exhibits a shorter first neighbor distance than any of these lines. This indicates the 

possibility of a compressed defect-type oxide on the surface with both Cl and O present. 

This is supported by the presence of Cl and O in the XPS spectra. Meanwhile, the as-

prepared 2ML-EQ sample exhibits a first-neighbor distance close to that of Pt-Cl 

bonding, although the peak itself is broad enough not to preclude any Pt-O bonding from 

also being present. After the electrochemical reduction step, it is apparent that the 2ML-

EQ Pt deposit has converted to FCC Pt similar to that in the bulk foil, while the first peak 

of the 1ML-EQ deposit still shows a significant shift to lower interatomic distances, 

indicating the presence of residual oxides. The increase in resonance intensity when 

going from the 2ML-EQ as-prepared sample to the 2ML-EQ reduced sample indicates a 
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significant increase in ordering of the deposit. On the other hand, it is apparent that the 

reduced 1ML-EQ deposit is still dominated by the residual oxide feature, indicating that 

no such ordering of the metallic phase has occurred. 

Even though XPS has indicated that the 1ML-EQ and 2ML-EQ deposits are 

dominated by zero-valent Pt, these oxide-type signals in the EXAFS data are not 

unexpected. XPS has also indicated that trace amounts of Pt oxides are present for all 

thicknesses of deposit up to 2ML-EQ, with 1ML-EQ showing the presence of 2+ and 4+ 

oxides, while the 2ML-EQ deposit evidences only 2+ oxide. The dominance of the oxide 

signal in the Fourier transformed EXAFS data, despite its presence in relatively lesser 

amounts compared to the metallic signal in XPS, can be explained by the existence of a 

high degree of order in the oxide phase, while the metal phase exhibits a large degree of 

disorder. This disorder is then removed (along with some of the oxide itself) during the 

electrochemical reduction step, causing the Pt-Pt bonds of the metallic phase to begin to 

dominate the Fourier transformed EXAFS spectrum. The fact that the 1ML-EQ deposit 

could not be converted fully to a metallic-type atomic structure while the 2ML-EQ 

deposit was able to indicates a fundamental difference in the type of Pt growth occurring 

in the two regimes. We suggest that the inability to convert the 1ML-EQ deposit to bulk-

type structure is due to a combination of substrate-induced effects and lattice distortion 

arising from the extremely thin nature of the deposit. 
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5.3.2 Evidence for Substrate-Induced Electron Transfer 

The trend in zero-valent Pt 4f7/2 binding energy location mentioned earlier (and 

seen in Figure 5.3b) manifests as a shift in peak location to more negative binding 

energies. This negative shift in the metallic Pt4f7/2 is largest for small iteration numbers (-

0.65eV), but even for larger iteration numbers of the SLRR fabrication process, at which 

point all cationic Pt has been removed, there is still a deviation of -0.2eV from bulk-type 

photoemission spectra. In addition to the cationic features at higher binding energies as 

seen earlier, the zero-valent features are shifted negatively from that of bulk Pt, similar to 

a Pt-Au alloy. However, we conclude that this surface is not forming a surface Pt-Au 

alloy because the Au 4f photoemission (not shown) does not shift or broaden, as would 

be expected for an alloy. It has long been known that metals such as Au and Pt exhibit 

surface core-level shifts (SCS) on the order of 0.3eV to 0.5eV for the near-surface atoms, 

due to variation in coordination number compared to the bulk structure 162, 213-214. It has 

also been shown that trends in the SCS of a material can be correlated with trends in the 

d-band center134. For bulk structures and traditional non-synchrotron X-ray sources, the 

influence of this feature is minimal as it is convoluted with the bulk photoemission 

spectrum. For our SLRR-fabricated samples, however, the Pt detected is exclusively in 

the near-surface regime and thus exhibits a minimum SCS of -0.2eV at 6 and 3 iterations 

of the growth process. For 1 iteration and spontaneous growth, this shift increases to -

0.65eV. This trend in the SCS indicates that the sub-monolayer structure of the Pt 

ultrathin layer also plays a role in the photoemission binding energy. An example of this 

type of fitting is given in Figure 5.2a. The unfitted spectral features can be seen in Figure 

5.2a, but are more easily analyzed when viewed as trends in Figure 5.3b.  
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In order to discern the extent to which the Au substrate is active in this process, 

we also performed one iteration of SLRR growth on a Pt substrate. It was found that this 

shifted the emission line negatively as well, but not to the extent seen on the Au substrate. 

This indicates that the anionic shift is a result of two separate effects working together, 

one dependent on the Au substrate, and one dependent on the arrangement of the deposit 

itself. For the single iteration growth on Au, both of these effects are present. For the 

single iteration performed on bulk Pt, only the effect induced by structural distortion of 

the deposit itself is present. If we attribute all of the changes in binding energy for layers 

grown on a gold substrate to changes in the SCS, we can conclude that the submonolayer 

deposit exhibits the largest d-band variation and that this deviation decreases as the layers 

increase in coverage and thickness. Unfortunately, this neglects the distortion- and 

structure-induced effects inherent in this method of film growth and does not correlate 

well with the Norskov d-band model for Pt monolayers on Au surfaces, which suggest 

that the 1 ML-EQ deposit should exhibit the largest d-band deviation (and corresponding 

SCS deviation)197. Thus we conclude that the structural effects and d-band/SCS effects 

both play comparable roles in the determination of photoemission binding energy for 

these films. Unfortunately, further deconvolution of the two effects is difficult to conduct 

based only on XPS data, so we must examine the XANES spectra, which provide another 

avenue towards understanding the metal d-band. 

The analysis of the white-line intensity at ~4eV in the XANES spectra (Fig.  5.4b) 

allows us to qualitatively examine the occupancy of the Pt d-band directly. It is known 

that the intensity of the Pt L3-edge white line (after normalization to the total amount of 

Pt present) scales with increasing vacancies in the Pt d-band 56. Thus, we would expect 
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oxides or cationic Pt species to exhibit more intense L3-edge white lines. This is exactly 

what we observe in the current XANES spectra, with a large decrease in d-band vacancy 

upon the initial reduction of the 1ML-EQ deposit. However, it is important to remember 

that the XPS data for the as-grown 1ML-EQ deposit indicated relatively little cationic 

species present, with only small shoulders for Pt2+ and an anionic shift in the location of 

the Pt0 photoemission. We see further reductions in d-band vacancy with further 

monolayer growth, trending towards characteristic spectra for Pt foil. Although the 

extremely intense white line is only exhibited for the as-grown 1ML-EQ deposit, the as-

grown 2ML-EQ and both reduced samples still exhibit increased d-band vacancies 

relative to the Pt foil. This is to be expected, as predicted by the previous work of 

Norskov, in which the Pt d-band is susceptible to both strain effects and ligand effects. 

113, 134 In fact, the unique d-band properties of the first monolayer of Pt on Au have been 

predicted as well. Thus these results agree with  the findings of Pedersen et al, which 

predicted that the first monolayer of Pt on Au would exhibit a distorted d-band compared 

to the second and following monolayers195. However, the degree of d-band distortion is 

significantly reduced after electrochemical reduction. This observation, combined with 

the EXAFS analysis that indicates restructuring of the film during the reduction step, 

indicates that the SLRR process creates a unique surface arrangement of Pt that induces 

unique electronic properties. 
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Figure 5.4:  (a) Normalized Fourier transformed X-ray absorption data in real space.      

(b) XANES spectra for the SLRR and reference samples 
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In summary, the various X-ray spectroscopic techniques employed above have 

allowed a series of conclusions to be reached regarding the Pt SLRR film on a Au 

surface. It has been shown that the SLRR process, for very small iteration numbers, 

creates a distorted cationic surface complex that contains both Pt-O and Pt-Cl bonding. 

Furthermore, the fully reduced metallic Pt that forms in these structures displays 

disordered atomic structure as well unique electronic properties, showing significant 

shifts in its d-band center (as inferred from the SCS) and occupancy (from the XANES 

white-line intensity). These two effects suggest that the thinnest (submonolayer) Pt 

deposits on Au show an increased propensity to oxidize by complexing with either 

oxygen or chlorine, and also that the remaining Pt atoms which are formally zero-valent 

exhibit deviated electronic structure due to both vertical electron exchange with the 

substrate as well as lateral electron transfer with neighboring oxidized Pt. 

 



157 
 

5.4 Film Reactivity & Durability 

 In this second section, the interaction of the Pt films with various liquid phase 

reactants (CV in H2SO4 with and without CO and ethylene glycol) is addressed.  

5.4.1 OH
-
 Affinity 

Cyclic voltammetry performed in 1M H2SO4 is shown in Figure 5.5. Voltammetry 

was initiated at open circuit potential and scanned negatively to 0V before cycling began. 

In addition to the simple determination of Pt surface coverage (which can be determined 

by examining decreases in the Au oxide reduction peak at 1.0V), the CV in Figure 5.5 

further support for the revised SLRR process suggested in the previous section. An initial 

reductive sweep is presented for the 1ML-EQ case, indicating reduction of surface-

confined cationic Pt intermediaries at 0.24V (Arrow 1). These surface oxide species are 

likely the same as the Pt2+ and Pt4+ cationic intermediaries detected in XPS and XAS. 

This reduction step occurs once initially and is not repeated during further oxidation 

cycling. The following oxidation/reduction cycles for the remaining samples (0.3ML-EQ 

through 3ML-EQ) allow us to analyze the electrochemical behavior of the ultra-thin Pt 

layers after this initial reduction of these intermediaries.  

Most interestingly, Figure 5.5 illustrates an effect that we have previously 

reported1 but now explore in more detail, the shift of the oxide/hydroxide reduction 

feature to more negative voltages for ultrathin Pt deposits iterations. It has been 

previously shown that reductive voltage sweeps of a bulk Pt electrode after oxidation to 

1.5V result in shifted reduction peaks compared to oxidation treatments at lower voltages. 

The reduction peak after 1.5V oxidation corresponds to OH- desorption from the 

surface.215-217 We demonstrate this feature here for bulk Pt as well as varying coverages 
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of Pt SLRR on a Au surface. For the 1 iteration case, we see a -160mV deviation in the 

applied voltage required to strip adsorbed OH- from the surface compared to bulk Pt. 

Since overpotentials are measured in the negative direction for reduction processes, this 

means that an additional 160mV must be applied to the Pt(0.3ML-EQ)/Au electrode 

compared to the bulk Pt electrode in order to remove the adsorbate (in this case OH-). 

Interestingly, for the 1ML-EQ and greater cases, this deviation decreases, although we 

still see some overpotential required when compared to bulk Pt, with the 1ML-E and 

2ML-EQ cases exhibiting a 50mV shift from the peak location for bulk Pt. 

The presence of this shift indicates that for up to 6 iterations of the growth cycle, 

OH- is more difficult to remove from the SLRR surface than from a similarly treated bulk 

Pt surface. Furthermore, the submonolayer 0.3ML-EQ deposit showed evidence of a Pt 

specied with an even greater Pt-OH- bond strength. These two desorption potentials can 

be thought of as corresponding to distinct Pt surface species: one species that is thinly 

coated as a submonolayer across the surface and requires added potential to strip OH-, 

and a second species that has agglomerated to a sufficient thickness that it behaves more 

similarly to bulk Pt. Even at this point, however, a small additional voltage required to 

remove OH- is still present. Of these two species, it is likely that the species that displays 

a greater affinity for surface OH- is the same species which displays negative binding 

energy shifts in XPS and structural deviation from metallic in XAS, even after 

electrochemical reduction. It will be shown in the following sections that these two 

different species exhibit further deviations from bulk Pt in their performance in durability 

and CO electro-oxidation testing, largely as a result of their affinity for OH- groups.   
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Figure 5.5: Cyclic voltammetry in 1M H2SO4 of Au, Pt, and samples with between 

0.3ML-EQ and 2ML-EQ of Pt. Also included is a representative initial reductive sweep, 

starting at open circuit potential, to illustrate transient reduction of intermediary cationic 

Pt species (Arrow 1). Reduction of oxidic species at Au sites occurs near 1.0V and can be 

seen to decrease with increasing Pt coverage. Reduction of Pt oxides at submonolayer 

(0.3ML-EQ) Pt sites (Arrow 2) occurs at 0.35V and shifts positively to 0.52V for thicker 

deposits (Arrow 3). Reduction of hydroxides from bulk-type Pt occurs for Pt wire at 

0.56V (Arrow 4).  
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5.4.2 Durability During Electro-oxidation of Ethylene Glycol 

It is also instructive to consider the effect that the deviations in electronic and 

structural properties of the Pt film have on the durability of the Pt film. Since the films 

have already been shown to have an increased affinity for OH- adsorbates on the surface, 

a strong base environment of 1M NaOH solution was chosen to explore this relationship 

in more detail. Ethylene glycol oxidation is an excellent probe reaction for determining 

Au/Pt surface coverage due to the large voltage shift between oxidation at Pt sites and at 

Au sites. In contrast, methanol oxidation only proceeds in the voltage regimes examined 

on Pt sites. For Figure 5.6a, we see a large (390mV) difference in reaction voltage for Pt 

sites (-0.18V),  and Au sites (0.21V). We see in Figure 5.6a that the initial curve shows a 

majority of reaction occurring on Pt sites, while the reaction on Au sites increases slowly 

with further oxidation cycling, indicating that Au sites are becoming re-exposed and 

available for adsorbate electro-oxidation reactions.  

To facilitate the processing of the CV data, a custom script was written in Python 

programming language that is able to identify the maximum current exhibited by the 

system in a specific voltage range. The histograms of peak current vs. cycle number were 

obtained using this program. Figure 5.6b plots the peak currents for several samples as a 

function of repeated ethylene glycol oxidation cycling. It has been proposed that the loss 

of Pt surface area in reactions such as this occurs by agglomeration and removal of Pt 

from the surface. The curves plotted in Figure 5.6b seem to indicate two modes of Pt loss 

from the 0.3ML-EQ deposit, one type which is relatively easily removed (the steep-

sloped section of the curves), and a second type which is more difficult to remove (the 

shallow-sloped section). In contrast to this, the 1ML-EQ and 2ML-EQ deposits show 
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flatter curves, with 1ML-EQ exhibiting three slightly different modes, while the 2ML-EQ 

exhibits only one mode. We correlate the more easily removed Pt with unstable Pt grown 

on the surface. This Pt species was seen in XPS as highly deviated from metallic             

(-0.65eV) and in oxidation/reduction cycles as a species with increased affinity for OH- 

groups. The high rate of surface area loss for such small deposits can either be explained 

by agglomeration of the initial deposit into thicker isolated islands, or by simple removal 

of the Pt that deviates from bulk properties. It is also apparent that the small amount of 

bulk Pt present in the 1ML-EQ sample, and in greater quantities in the 2ML-EQ sample, 

corrodes more slowly and is thus more robust.   

This conclusion is consistent with the results reported in Figure 5.5, in which the 

0.3ML-EQ sample showed a greater affinity for adsorbed hydroxide groups than the 

1ML-EQ or 2ML-EQ samples. Since the 0.3ML-EQ deposit exhibits a greater affinity 

than thicker deposits for Pt-OH bonding, it is natural to conclude that under oxidizing 

reaction conditions the 0.3ML-EQ sample may exhibit an increased rate of corrosion, 

during which Pt-Au bonds are broken in favor of soluble Pt-OH complexes.  Rather than 

showing distinct regions of different slopes, the data indicate simpler Pt removal 

mechanisms by which the submonolayer and single monolayer deposits are less robust 

than the 2 monolayer deposit. We suggest that it is an increase in bulk-type Pt with 

increasing iteration numbers that accounts for this trend to a more robust Pt deposit with 

increased growth iterations. This claim is supported by the other trends noted in this 

paper with increasing deposit thickness: the trend in XPS binding energy towards bulk 

and the trend in XAS data towards bulk-type atomic structure.  
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Another interesting aspect of the ethylene glycol electro-oxidation experiments 

occurs during the reverse (negative-going) sweep of the cyclic voltammogram (Fig. 5.6c). 

In CV of a typical reversible reaction, this would correspond only to reduction reactions, 

but as we have already discussed, for methanol and ethylene glycol electro-oxidation, the 

reverse sweep exhibits further oxidation features characterized by positive currents. In 

this case, the anomalous ‘re-oxidation’ feature shows a constant potential shift from the 

forward oxidation feature for both pure Au and pure Pt. It is interesting that the reverse 

sweep for the Pt-Au monolayer-substrate system shows three distinct re-oxidation 

features instead of the expected two. Initially, only one feature corresponding to Pt is 

present, which decreases over time as a second unidentified feature appears. As cycling 

progresses, this second feature decreases as well, giving way to the appearance of a third 

feature corresponding in potential to that expected of the Au-site re-oxidation. We 

already know from the histograms of the forward-going sweeps that the Pt surface area is 

decreasing monotonically with cycle number. This new observation in the negative-going 

sweep suggests that new reaction sites are being created and then annihilated during the 

course of Pt surface area loss. This is consistent with the hypothesis of agglomeration 

(which creates new sites for reactions on the negative-going sweep) followed by 

dissolution (which annihilates both original and new sites). 
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Figure 5.6:  (A) Voltammetry of 

1ML-EQ Pt@Au electrode for 

multiple reaction cycles in 0.1M 

Ethylene Glycol + 1M NaOH. 

Oxidation of EG occurs on Pt sites 

at -0.18V and on Au sites at 0.21V. 

(B) Normalized peak current for 

oxidation at Pt sites (-0.2V) as a 

function of cycle number. Dashed 

lines have been added as a guide to 

the eye. (C) CV of only the 

negative-going sweeps from figure 

(a). 
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5.4.3 Film Interaction with Electroadsorbed CO 

The final tests performed on the Pt-Au surfaces involved electrochemical 

adsorption of CO molecules on the surface from solution phase. Figure 5.7 shows the 

electro-oxidation of carbon monoxide (CO) in CO-saturated 1M H2SO4 solution on a 

flame-annealed Pt wire electrode, compared with SLRR-fabricated electrodes of 

submonolayer through 4 ML-EQ thickness. We see that the thicker overlayers of SLRR-

fabricate Pt exhibit CO electro-oxidation at a much lower potential (.8V for 4ML-EQ) 

than the bulk Pt electrode (1.1V). We also notice that the submonolayer deposit behaves 

most similarly to bulk Pt, with the deviation from bulk increasing with film thickness. It 

is important to note that no potential was applied to the Pt electrode during CO bubbling; 

rather, the electrodes were introduced to the solution after CO saturation. 

The adsorbed layers were tested by anodic stripping voltammetry (ASV) in CO-

saturated solution. The Pt-CO electrooxidation reaction exhibits a unique property of 

dependence on the electrode potential during introduction of CO into the system, usually 

by bubbling. Specifically, the subsequent ASV of a CO adlayer exhibits CO oxidation 

features which shift negatively in potential with increasingly negative adsorption 

potential before and during CO introduction. This potential, referred to as the admission 

potential, or the potential at which the electrode is biased during CO admission, is 

responsible for potential shifts as large as 0.2V. In addition to the admission potential, the 

electro-oxidation features exhibited in the ASV step are strongly dependent on the 

presence or absence of bulk CO in the solution phase. Solution phase CO has the ability 

to inhibit OH- adsorption on the Pt surface. It has been known for some time that electro-

oxidation of CO requires the presence of surface-adsorbed OH-
 species140, and it has also 

been shown that solution-phase CO will readsorb onto the Pt surface after initial 
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oxidation, preventing further OH- groups from reaching the surface. This phenomenon 

inhibits the electro-oxidation reaction by blocking OH- adsorption, which occurs by 

dissociative adsorption of H2O, shifting the so-called ‘ignition’ voltage at which 

oxidation begins by as much as 0.3V 135, 140.  

In order to form a mechanistic understanding of the observed increase in CO 

electro-oxidation activity, it is important to consider previous work that has been 

conducted for the Pt-Au system, in particular in relation to carbon monoxide adsorption 

and removal. Pedersen et. al. have already shown using vacuum-based TPD and STM of 

CO adsorbed on Pt monolayers at Au(111) surface that the first monolayer of Pt is (a) 

disordered and (b) has stronger Pt-CO bonds than bulk Pt197. In fact, the disordered state 

of the first monolayer has been confirmed here by the EXAFS analysis presented earlier. 

The Pedersen study has also shown that CO-Pt bonds for the second monolayer are 

similar to that of bulk Pt. The changes in bond strength have been explained by Pedersen 

in terms of shifts in the Pt d-band center, a theory which has been proposed earlier by 

Norskov et. al and studied in some depth134. In summary, the bulk of theoretical and 

experimental vacuum-based studies of CO adsorption on the Pt-Au monolayer bimetallic 

surface indicate that CO will bond more strongly to, and be harder to remove from, a Pt 

monolayer on Au than a Pt bilayer or bulk Pt. 
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Figure 5.7: First-cycle CV of carbon monoxide electro-oxidation on multiple electrodes 

in CO-saturated 1M H2SO4 solution after adsorption of CO at -0.1V.  
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However, the data presented in Fig. 5.7 are not collected in a vacuum 

environment in the absence of oxygen-containing species. Thus, it is important to 

consider the influence of other species, most notably OH- species, on the surface-

adsorbate interaction. It is important to recall that electro-oxidation of CO species on Pt 

relies on the nucleation of OH- sites, which then enable a lower voltage oxidation 

reaction of the CO. On this note it is instructive to consider theoretical studies of OH- 

interactions with Pt monolayers from the literature. DFT calculations of potentials of zero 

charge for adsorbed OH- on bulk Pt indicate that it is feasible for some OH- to be 

adsorbed onto the surface at the open-circuit CO admission potentials used in the current 

work218. Additionally, further theoretical work by Niekar and Mavrikakis addressed OH- 

adsorption on the Pt-Au(111) monolayer system, and indicated that OH- can be expected 

to bind more strongly to the first monolayer of Pt grown on a Au substrate than to bulk 

Pt219. These two studies lead us to expect that an ultrathin Pt layer grown on Au will 

exhibit increased Pt-OH- bond strength compared to a bulk Pt electrode.  

  Recent electrochemical studies of preadsorbed CO  on SLRR-grown layers of Pt 

exclusively employed reducing CO admission potentials in the region of H+ adsorption 

220. These tests indicated that SLRR films of 4ML-EQ thickness or less exhibit stronger 

CO-Pt bonding (higher CO electro-oxidation potentials) than bulk Pt when both are 

treated with this type of pre-dosing voltage treatment. Our tests, which  bubbled CO prior 

to electrode immersion rather than applying an admission potential, show similar results, 

in that the 1ML and 2ML deposits exhibit higher CO electro-oxidation potentials than the 

4ML deposit. Thus we confirm the previous finding that monolayer and submonolayer Pt 

SLRR deposits show greater Pt-CO bond strengths than thicker SLRR-grown layers. 
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Where our results differ from those previously reported is that in all cases our SLRR-

fabricated films showed lower CO electro-oxidation potentials than the bulk Pt electrode. 

When analyzing this important difference it is important to remember that the current 

study did not apply an admission potential during CO bubbling. Essentially, the SLRR-

fabricated films studied here showed electrochemical behavior characteristic of the 

employment of an admission potential during CO bubbling, even though none was 

applied.   

This phenomenon can be explained by an examination of the chemistry behind 

why the application of a reducing admission potential causes a decrease CO electro-

oxidation potentials. As we have noted earlier, adsorbed OH-
 species are required for the 

CO oxidation reaction to proceed. When an admission potential is applied to the Pt 

electrode such that H+ UPD occurs prior to bubbling CO, the CO adlayer is prevented 

from forming completely, rather forcing the Pt-solution interface to comprise itself of a 

composite H+/CO arrangement. These adsorbed H+ species essentially ‘reserve’ space on 

the surface for dissociative water adsorption once the oxidative sweep is begun, making 

room for OH- groups to contribute to low-potential CO electro-oxidation. If there had 

been no pre-admission potential applied, the adsorbed CO layer would be more complete 

and CO electro-oxidation could not proceed until a suitably high potential was reached 

for OH- to adsorb through it.  

 In contrast, the SLRR Pt film, which has been shown in this work to be 

composed of a disordered zero-valent Pt species with an increased affinity for OH
-
 

groups, enables this lower-potential electro-oxidation reaction to occur without any pre-

admission potential applied. This occurs due to the disordered Pt film’s increased affinity 
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for OH- groups, as experimentally observed here in Fig. 5.5 and predicted in the 

literature. Thus it is important to realize that there are two competing effects at work 

when determining the CO electro-oxidation potential: the affinity for OH- groups, but 

also the strength of the Pt-CO bond in the first place. Even though the Pt layers studied 

here show an increased Pt-CO bond strength for thinner deposits (as seen before in the 

literature), the ability to nucleate an adsorbed OH- species through the CO adlayer leads 

to lower potentials required for electro-oxidation.  
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5.4.4 X-ray Absorption of Electroadsorbed Carbon Monoxide 

In addition to electrochemical characterization of the adsorbed CO layer, 

adsorbate XANES of the C K-edge was conducted in vacuum for carbon monoxide 

electrochemically adsorbed on Pt mono- and multi-layer architectures grown on 

polycrystalline Au supports (Fig. 5.8). By first electro-adsorbing carbon monoxide from a 

saturated sulfuric acid solution, then transporting the sample to the XANES chamber as 

outlined in section 3.5.3, it was possible to perform ex-situ analysis of the 

electroadsorbed CO adlayer in an arrangement analogous to the electrochemical CO 

oxidation experiment presented in Fig. 5.7. In Fig 5.8, we track changes in the resonant 

intensity of the carbon monoxide 2π* orbital at 287.8eV as a function of Pt overlayer 

thickness. There is also an artifact in all three spectra at 285eV. This artifact is generated 

by the electrically biased rejection grid which is employed to enable the partial electron 

yield measurement performed, and is amplified by the normalization inherent to the 

XANES data processing, which normalizes the orbital resonances to the total amount of 

carbon monoxide present on the surface.  

The 2π* orbital is key in the bonding of a CO molecule to the surface of a 

metallic substrate, and the intensity of this XANES feature is proportional to the number 

of electron transitions occurring at this specific energy. The number of transitions is 

related to the number of electrons present in the initial state as well as the number of 

vacancies in the final state.  in the corresponding molecular orbital. Thus, if we assume 

that the number of electrons in the initial core state is constant with increasing Pt layer 

thickness, we can attribute all increases in XANES resonance intensity at 287.8eV to 

decreased occupancy of the C-O 2π* orbital. Under these assumptions, it is apparent that 
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thinner layers of Pt lead to decreased occupancy of the 2π* orbital, and that the 3ML-EQ 

Pt-Au sample exhibits the highest occupancy of the sample set examined. This suggests 

higher levels of electron backdonation from Pt to the C-O antibonding orbital for thicker 

Pt SLRR deposits, and is consistent with the electrochemical result which indicated 

enhanced CO electro-oxidation capability for thicker layers. Thus the electrochemical 

performance shown in Fig. 5.7 may not be entirely attributable to enhanced OH- 

adsorption phenomena, but may be the result of a combination of surface adsorption 

effects in addition to surface electron transfer effects as revealed by XANES. 
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Figure 5.8: XANES spectra collected for carbon monoxide electroadsorbed onto Pt-Au 
monolayer-scale samples. The vertical marker indicates the location of CO 2π* electron 
orbital.  
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5.5 Pt Monolayers on Au-Modified Carbon Fiber 

5.5.1 Growth of Au Deposits 

 In addition to the study of SLRR-grown Pt deposits on monolithic Au supports, 

ultrathin Pt deposits on Au-modified carbon fiber paper (CFP) were also conducted. 

These were performed on two different Au morphologies, one of which was grown by 

potentiostatic deposition (PSD) and resulted in large urchin-like structures, while the 

other was grown by potential square-wave deposition (PSWD) and led to nanoscale 

particles on the surface in addition some larger structures. Modification of the CFP 

electrodes with Au nuclei of varying sizes was conducted by electrodeposition using 30 

minutes of either PSD at 0V or PSWD alternating between 0V and 0.6V. The voltage 

waveforms and current-time transients for the initial time period of both deposition 

methods can be seen in Figure 5.9a and 5.9b respectively. It can be seen for the PSD 

curve that the electrodeposition current drops off markedly in a short period of time. It is 

worth noting in the PSWD curve that the electrodeposition current is renewed with each 

current pulse, indicating that the desired effect of replenishing the depletion zone around 

the electrode was achieved. 
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Figure 5.9: Voltage-time and Current-time transients for fabrication of Au-CFP 

electrodes by (a) PSD and (b) PSWD methods.  Typical Cu UPD voltammetry (c) 
employed for SLRR modification of Au-CFP with Pt.  
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5.5.2 Modification of Gold-Carbon with Platinum 

After preparation of the Au-CFP electrodes, the resulting Au surfaces were modified 

by iterative growth of sub-monolayer coverages of Pt grown via SLRR of Cu UPD films. 

This modification is illustrated in Scheme 5.2. The Cu UPD process was conducted by 

sweep voltammetry in which a bulk deposit of Cu was grown, then stripped, leaving 

behind only the UPD partial monolayer. A representative voltammogram of the Cu UPD 

process is shown in Figure 5.9c, by which the bulk deposition and stripping process can 

be seen. By stopping the voltage sweep at a potential between the bulk removal and the 

UPD removal features in the positive-going sweep, the surface coverage of the Cu UPD 

layer on Au was specified to 0.67ML. This value is obtained from previous STM studies 

for Cu UPD on pure Au electrodes.150 The bulk-stripping method has the advantage of 

providing a cohesive UPD deposit as well as ensuring that no overpotentially deposited 

Cu remains on the CFP surface. The Cu UPD on Au/CFPs was performed in 50 mM 

H2SO4 containing 10 mM CuSO4. Pt replacement was conducted in deaerated 1 mM 

H2PtCl6 for a minimum of 5 min. 

As a result of the SLRR process, Pt is nominally deposited on the Au surface in a 1:2 

Pt:Cu ratio. This ratio arises from the ratio of the valencies of the solvated species (Pt4+ 

and Cu2+). As a result, each iteration of Pt replacing 2/3ML Cu nominally yields 1/3ML-

equivalent (ML-EQ) of Pt. Thus one replacement iteration is denoted 0.3ML-EQ, while 3 

growth iterations would be denoted 1ML-EQ. As before, it was found that this nominal 

stoichiometry was not entirely accurate, thus these ML-EQ values are called into question 

by the XAS and XPS results presented here and in section 5.4. 
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Scheme 5.2: Representative schema demonstrating (a) metallic Pt growth on carbon 
paper containing large Au structures and (b) oxidic Pt growth on carbon paper with 
smaller Au structures. 
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5.5.3 Characterization 

The morphologies of the Au-CFP and Pt-Au-CFP nanostructures were characterized by 

scanning electron microscopy (SEM). It was found that there is no appreciable difference 

detectable in SEM imaging between the Au-CFP and Pt-Au-CFP electrodes. This is to be 

expected due to the extremely small scale of the Pt deposition being conducted. Thus 

only the images of Au-CFP prior to Pt deposition are shown in Figure 5.10. For PSD at 

0V, the Au deposit takes on the morphology of nanoneedles aggregated into large urchin-

like clusters with an average diameter of several microns (Figure 5.10a).  

It was found that for the PSWD-grown Au (Figure 5.10b), there are two types of Au 

nanostructures coexisting on the CFP surface. First, the urchin-like structures noted 

earlier are once again present, this time smaller in size. In addition to these larger 

structures, we see the addition of highly dispersed Au nanoparticles with sizes in the tens 

nanometers as a result of the PSWD treatment. These particles are seen to coat the 

remainder of the exposed CFP. This morphological difference between the two growth 

modes is to be expected based on a simple model for diffusion-limited nucleation and 

growth. Here we make the reasonable assumption of diffusion-limited growth (that is, the 

rate-limiting step for Au3+ → Au is the arrival of solution-phase Au3+ at the CFP surface). 

During the PSD growth step, a depletion zone of Au3+ in the solution is formed after 

initial Au nuclei formation. Once this zone is formed, the arrival of further Au3+ ions to 

the Au-CFP surface will occur primarily at the nucleated Au nanoneedles, since they 

protrude into the depletion zone further than the (locally flat) CFP surface. This leads to 

large needle-like structures extending from initial Au nucleation sites, which also leads to 

increased electric fields near the surface sites.  On the other hand, if we perform a pulsed 
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deposition such as that used for the PSWD samples, we allow this depletion zone to 

repopulate with solution-phase Au3+ during the pulse relaxation, such that new nuclei 

formation, rather than existing nuclei growth, is the primary reaction during the 

subsequent voltage pulse. 
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Figure 5.10: SEM images of the Au-CFP electrodes: (a) PSD at 0V for 30 min, (b) 
PSWD for 30 min. 
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In addition to morphological characterization using SEM, the surface coverage of Pt on 

the Au deposits was examined by CV in acidic media and comparison of the relative 

currents associated with Au or Pt surface oxide reduction. Figure 5.11 shows CV curves 

for Au-CFP with and without varying coverages of Pt. The CV presented here were 

recorded in 0.5M H2SO4 at 20mV/s. By examining the decrease in the Au reduction 

feature at 1.0V with increased deposition iterations, we can track the amount of Au 

surface area lost due to masking by Pt deposits. Similarly, increases in Pt surface area can 

be tracked by studying the Pt oxide reduction feature near 0.47V, or the hydrogen 

adsorption/desorption curves in the 0V region of the voltammograms. It can clearly be 

seen that, with increasing amounts of Pt, the Pt surface area increases at the expense of 

the Au surface area, indicating that Pt deposition at Au sites is dominant. This method of 

tracking Pt coverage on Au has been employed successfully in the literature as well as 

earlier in this section form Au substrates.12, 221 
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Figure 5.11: Cyclic Voltammograms (CVs) of Pt-Au-CFP electrodes in 0.5 M H2SO4 
solution with a potential scan speed of 20mV/s. 

 
 

 

Table 5.2: Binding Energy (BE) and relative intensities for Pt 4f photoemissions.  
  

  

Pt Species 

     Binding Energy 

(eV) 

Peak Area Percentage 

PSD PSWD 

  4f7/2 4f5/2 0.3ML-EQ 1ML-EQ 2ML-EQ 0.3ML-EQ 1ML-EQ 2ML-EQ 

Pt
0
 71.19 74.49 10.2 65.7 65.1 9.8 55 48.7 

Pt
2+

 72.46 75.76 14.5 34.3 34.9 15.3 15.6 17.9 

Pt
4+

 74.67 77.97 75.3 0 0 74.9 29.4 33.4 



182 
 

XPS analysis was employed to determine the oxidation state of the Pt. The Pt 4f 

photoemission region for Pt catalysts grown by SLRR on PSD and PSWD Au-CFP is 

presented in Figures 5.12a-5.12c and the results after peak fitting are summarized in 

Table 5.2. A representative plot of the peak-fitting performed is shown in Figure 5.12d, 

and a comparison of the Pt4f:Au4f ratio (Au4f spectra not shown) is plotted in Figure 

5.12e as a means to track the total Pt content. The Pt4f photoemission exhibits a spin-

orbit-split doublet, with two peaks (4f7/2, 5/2) exhibiting a known spacing of 3.3eV. In this 

case, three pairs of peaks were observed in the Pt 4f region. This indicated the presence 

of three types of Pt in differing oxidation states. Each pair of peaks has a similar full-

width at half-maximum (FWHM) and a separation of 3.3eV as expected. The peaks 

located at 71.19 and 74.49 eV are undoubtedly due to Pt0, which is found to be the 

predominant species in most Pt catalysts. 222  The features located at 72.46 and 75.76 eV 

are due to Pt2+, and the last pair at 74.67 and 77.97 eV originate from Pt4+ species. 223,6 

The percentage of Pt0, Pt2+ and Pt4+ for Pt on Au-CFP grown by PSD and by PSWD are 

summarized in Table 5.2. While the oxidation states for the PSD and PSWD samples are 

virtually identical for 0.3ML-EQ of Pt on Au, the Pt4+ state disappeared completely after 

1ML-EQ of Pt deposition for the PSD-grown Au-CFP supports. In comparison, some Pt4+ 

species remained present in the film for all iteration numbers of Pt on PSWD-grown Au-

CFP. 

Even though the percentages of Pt4+ decrease along with the Pt thickness for both sets 

of samples, the rate of this decrease is much lower for the PSWD series than for the PSD 

series. Although the optimum ratio of these three states is unclear, it is clear from the 

literature that the existence of Pt oxides in catalysis plays a significant role in 
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performance.1, 7 Thus it is of critical importance that the influence of support particle size 

be considered when growing ultrathin noble metal deposits for application. Based on the 

evidence for cationic Pt formation, we present here an alternate reaction pathway: 

 

Pt4+ + 2Cu + L-
→ xPt + y[Pt2+(2/δ)L-δ] + (1-x-y)[Pt4+(4/δ)L-δ] + (2-y)Cu2+

 (Eq. 5.7) 
 

Eq. 5.7 indicates the coexistence Pt 0, Pt4+, and Pt 2+ species on the surface, coordinated 

with an as-yet unidentified anionic ligand L-δ. We will see in later sections that the use of 

EXAFS analysis allows us to tentatively identify this complexing ligand species based on 

interatomic bond lengths measured for the cationic Pt.  

A possible explanation of the Pt oxidation state change, whereby this effect was caused 

by partial oxidation of the Au particles grown by the PSWD method, was disproved by 

XPS analysis of the Au 4f photoemission (not shown), which indicated that the Au 

deposits were metallic. This leaves two alternative effects that could be responsible for 

this phenomenon, the existence of a size-dependent effect in the Pt-Cu replacement 

reaction, and/or the influence of Au-CFP boundary sites on the Pt4+ reduction reaction. 

The fact that the 0.3ML-EQ deposits are virtually identical for both series of samples 

seems to suggest that the size effect is more likely, as the difference in size would only 

become an issue once near-full coverage of Pt on Au was reached.  

In addition to quantifying the portion of Pt present by valence state, it was possible to 

quantify the overall amount of Pt present on the surface relative to the Au support. By 

analyzing the peak area ratios of the Pt4f and Au4f photoemissions, a relative 

quantification of the Pt deposit can be achieved. These peak area ratios are shown as a 

function of Pt coverage in Figure 5.12e. For both groups of catalysts, the relative 
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intensity of Pt compared to Au increases along with increasing replacement iterations, as 

expected. 
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Figure 5.12: Pt4f XPS for Pt-SLRR on Au-CFP grown by PSD and PSWD. (a) 0.3ML-
EQ, (b) 1ML-EQ, (c) 2ML-EQ. (d) Representative peak-fitting of the PSWD 2ML-EQ 

curve. (e) Plot of the Pt/Au peak ratios resulting from peak-fitting of Pt and Au 4f 
features. 
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In order to better understand the phenomenon of cationic Pt formation, EXAFS and 

XANES studies of the Pt-Au-CFP electrodes were conducted to investigate the local 

atomic structure and d-band occupancy of the Pt film, respectively. Figure 5.13 presents 

the EXAFS data for both the PSD and PSWD series of samples along with reference data, 

while Figure 5.14 presents the XANES data.  

In Figure 5.13, we see the r-space spectra, which are proportional to the radial 

distribution function around an average Pt atom. The EXAFS data allow us to analyze the 

immediate atomic vicinity of the Pt atoms within the Pt film. By comparison of the 

location of the first peak with the reference spectra, we can begin to identify the type of 

bonding present around the average Pt atom. It is clear from examination of the reference 

spectra that Pt-Pt metallic bonding exhibits a peak near 2.2Å, while the Pt-Cl and Pt-O 

bonds show significantly shorter bond lengths (1.9Å and 1.7Å, respectively). It is 

important to note that backscattering phase shifts have not been corrected for in this 

analysis in either the sample spectra or the reference spectra. This allows for meaningful 

comparison between the reference and sample, although exact determination of bond 

length is not achieved. It is clear that the 0.3ML-EQ curves for both sets of samples in 

Figure 5.13 exhibits bond lengths characteristic of Pt-O, with a first coordination shell at 

1.7Å lining up nearly exactly with the reference spectra for PtO2. We see a small shift in 

the location of the first coordination shell for 0.3ML-EQ on PSD compared with 0.3ML-

EQ on PSWD, which suggests that the Pt-O surface lattice exhibits some small amount of 

strain-induced distortion. 

  



187 
 

 

Figure 5.13: EXAFS spectra for reference compounds, PSD, and PSWD samples. 

Vertical lines mark the location of first-neighbors for reference PtO2 and PtCl, and arrows 

mark the location of common features between the metal foil reference and the metallic 

components of the Pt films. 
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When examining the 1ML-EQ and 2ML-EQ films in Figure 5.13, we see that 

each film exhibits two coexisting components of the first neighbor shell, one located at 

1.7Å and one located at 2.2Å. This holds true for both the PSD and PSWD series of 

curves, and indicates a mixed oxide-metallic structure, with the addition of metallic 

species upon increased deposition iterations appearing as increased intensity at 2.2Å. It is 

worth noting that by the time 2ML-EQ of Pt on PSD-grown Au-CFP has been reached, 

the metallic Pt-Pt contribution at 2.2Å is noticeably larger than the Pt-O at 1.7Å. In 

contrast to this, the Pt-Pt contribution for the same 2ML-EQ PSWD sample is 

significantly weaker than its corresponding Pt-O contribution. This confirms the finding 

in XPS that indicated that the PSWD samples had increased oxide content compared to 

the PSD samples. Furthermore, we are able to tentatively identify the complexing ligand 

for the cationic Pt surface oxides as oxygen based on these bond lengths. Thus it is 

possible to revise the nominal reaction mechanism: 

 

3Pt4+
(aq) + 3Cu(ads) + 3O2-

(aq)→ Pt(ads)  + PtO2(IV) (ads)  + PtO(II) (ads) 
 + 3Cu2+

(aq)   (Eq. 5.8) 

       

Note that equation 5.8 still indicates the presence of Pt of all three valencies 

observed in XPS, and that the ratio of the two species is difficult to determine using 

EXAFS data. One final point to address in the EXAFS data analysis is the question of 

why the metal/oxide ratio appears higher in XPS than in EXAFS. This discrepancy 

results from the ordering dependence of the r-space EXAFS data. While XPS is only 

sensitive to the chemical bonding and the raw amounts of a given Pt species, EXAFS 

features will become more intense as a given phase increases in local ordering. Since we 

observe higher ratios of cationic species to metallic species in EXAFS than we do in 
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XPS, we can conclude that the cationic/oxidic phases formed by the Pt SLRR process are 

more ordered than the metallic phases. 

 

Figure 5.14: XANES spectra for the SLRR-fabricated samples and reference compounds. 
Reference spectra are shown for both PSD and PSWD series. 
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In the XANES spectra in Figure 5.14, we see a series of plots for reference 

spectra and Pt SLRR on PSD and PSWD samples. By tracking the intensity of the white 

line absorption, which is proportional to the density of unoccupied d-band states in the 

material, we find another marker for the oxidic character of the Pt film. Since oxides tend 

to display more intense white line resonances (because of the d-state holes), we expect 

the thinner Pt deposits to exhibit large peaks in R than the thicker Pt deposits. This trend 

is found to hold true exactly for the PSD series of samples, with each successive increase 

in Pt deposit thickness leading to a further decrease in XANES white-line intensity. 

However, if we examine the PSWD series of samples, we see that while the 1ML-EQ 

sample shows a weaker white-line intensity than the 0.3ML-EQ sample (indicative of 

reduced cationic content), the 2ML-EQ sample is virtually identical to the 1ML-EQ 

sample. This observation serves as a third independent confirmation of the result initially 

found in XPS: that the PSWD series of samples exhibits a marked increase in cationic Pt 

content compared to the PSD series of samples, particularly for Pt deposits of 2ML-EQ. 

A second important observation of the XANES spectra is found by comparison of 

the PSD 0.3ML-EQ curve with the PSWD 0.3ML-EQ curve. Compared to the PtO2 

reference, which is the same in both sets of spectra, the PSD 0.3ML-EQ sample exhibits a 

more intense white line than the PSWD sample of similar coverage. This difference 

suggests that some degree of electron donation from the PSWD Au substrate is leading to 

decreased d-band vacancies in the Pt film. This is congruent with the smaller deposits 

arising from the PSWD fabrication process, which should exhibit a higher degree of Au-

Pt interaction due to their higher Au surface/volume ratios compared to the PSD deposits. 
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5.5.4 Reactivity and Durability for Methanol Electro-oxidation 

In order to test the electrocatalytic activity of the Pt-Au-CFP electrodes for MOR, 

samples were cycled from 0V-1.0V up to 300 times in 0.5M CH3OH + 0.5M H2SO4. This 

data is presented in Figure 5.15, with plots 5.15a and 5.15c showing maximum peak 

currents for different SLRR treatments of the PSD and PSWD-grown Au-CFP electrodes, 

respectively. Plots 7b and 7d show the decay in methanol oxidation current over multiple 

cycles, in both cases for 2ML-EQ of Pt on PSD and PSWD samples, respectively. This 

type of multi-cycle oxidation test allows for relatively simple characterization of catalyst 

deactivation processes arising from poisoning or Pt dissolution. By tracking the peak 

oxidation current for any given cycle, a measure of the remaining electrochemically 

active Pt surface area can be obtained. Since Au does not appreciably catalyze the MOR 

compared to Pt, the entire oxidation current (and corresponding decreases in that current) 

can be ascribed to Pt sites. At the same time, since the MOR does not provide a method 

for testing for re-exposure of Au sites, it is difficult to determine whether the decreases in 

Pt oxidation current presented here arise from poisoning, agglomeration, or corrosion 

effects. Even though this determination cannot be performed exactly, we suggest that the 

majority of Pt current loss is due to Pt agglomeration and removal effects, since the 

surface poisons created during methanol electro-oxidation should be desorbed during the 

low-potential segment of each oxidation cycle. 
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Figure 5.15: CV in 0.5M H2SO4 + 0.5M CH3OH at 50mV/s for Pt SLRR grown on Au-

CFP electrodes. (a) First cycle voltammetry for PSD samples (b) durability over multiple 
cycles for 2ML-EQ Pt on PSD-grown Au-CFP. (c) First cycle voltammetry for PSWD 
samples and (d) durability over multiple cycles for 2ML-EQ Pt on PSWD-grown Au-

CFP. 
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All Pt-Au-CFP electrodes exhibited some degree of cleaning phase at the 

beginning of MOR cycling, during which the peak currents increased until reaching a 

maximum before decreasing once again. These cleaning stages are omitted from the plots 

here, with the initial cycle being ascribed to the maximum oxidation current observed.  

Increases in methanol oxidation currents are apparent from 0.3ML-EQ coverage to 2ML-

EQ coverage in both groups of catalysts. The peak currents of the 1ML-EQ (3 iterations) 

and 2ML-EQ (6 iterations) catalysts are 3 and 6 times as high as the 0.3ML-EQ (1 

iteration) catalyst, respectively. This indicates that the thicker deposits (which exhibited 

more metallic-type behavior in XPS and XAS) are in all cases more active for the MOR 

than the thinner deposits. While some portion of the effect may be attributable to 

increases in total Pt surface area, the oxidation state of the Pt film also make a definite 

contribution to the activity towards the MOR. This contribution can be seen by 

comparing maximum currents exhibited in Figure 5.15a with those in Figure 5.15c. It is 

apparent from direct comparison that the PSD-grown Au support leads to higher MOR 

currents than the PSWD-grown support. In the absence of any concerns regarding 

cationic Pt, one would expect the nanostructured architecture arising from PSWD growth 

to exhibit larger surface area than the micron-scale architecture arising from PSD growth. 

Thus we can attribute the decrease in activity shown by the PSWD samples to the 

increased cationicity already observed in XPS and XAS. 

Further evidence for the detrimental effect of cationic Pt on the MOR is apparent 

in Figures 5.15c and 5.15d, in which a positive potential shift for the peak current of the 

MOR at early cycles of 2ML-EQ Pt can be seen. This type of shift is only seen for PSWD 

samples and not for PSD samples, indicating that the decreased size of the Au support 
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particles (and the corresponding increase in cationic Pt) is correlated with this positive 

shift. It has already been shown that lower reaction potentials for the MOR are indicative 

of a more active Pt catalyst. Thus it is clear that the positive shift in peak potential arises 

from a detrimental accumulation of cationic Pt, leading to deactivation of the catalyst 

surface. It is important to remember from the quantitative XPS analysis that, even though 

the proportion of cationic Pt remains roughly equal between 1ML-EQ and 2ML-EQ of Pt 

on the PSWD samples, the overall Pt content is increasing, leading to large quantities of 

cationic Pt in the 2ML-EQ film relative to the 1ML-EQ or 0.3ML-EQ films. In Figure 

5.15d, we see that as the Pt loses active surface area, this positive shift is eventually 

eliminated, with the MOR curve after 20 reaction cycles having shifted to a potential 

more characteristic of the other Pt electrode surfaces. 

In addition to the potential of maximum current and the total electro-oxidation 

peak current itself, the long-term stability of an ultrathin Pt film is a very important 

property for this type of fuel cell electrocatalyst. Even though voltammograms for all 

coverages of Pt on Au-CFP were collected, it is not practical to attempt to plot all of the 

voltammograms, so only the long-term stability results of 2ML-EQ Pt on PSD and 

PSWD Au-CFP are presented in Figures 5.15b and 5.15d. We see here clearly that the 

peak current obtained from the forward CV scans gradually decreases along with the 

successive CV scans. We can see clearly that for the 2ML-EQ PSWD sample in Figure 

5.15d after 200 CV scans, the peak current density is 1.2 mA·cm-2, which is 40% of the 

value of the peak current density at first cycle (3.0 mA·cm-2). The decrease of the peak 

current density could result either from Pt degradation by agglomeration/corrosion 

processes or from the poisoning of the catalyst by the intermediates (such as (CO) 
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adsorption) of methanol oxidation. 221, 224 It is also worth noting that the peak current for 

the PSWD catalyst (Figure 5.15d) decays significantly more quickly than for the PSD 

catalyst (Figure 5.15b) in the first 20 cycles. This increased rate of decay corresponds 

with a return to lower MOR electro-oxidation potentials, and suggests that the cationic Pt 

is quickly attacked and compromised during the initial cycles of MOR reaction. 

 
 
 
 

 
 
 

Figure 5.16: Peak current histogram for the methanol electro-oxidation reaction on all 6 
Pt-Au-CFP electrode surfaces studied. 
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The MOR peak current histogram as a function of cycle number for the remaining 

coverages studied (0.3ML-EQ through 2ML-EQ on both PSD and PSWD) is plotted in 

Figure 5.16. From this data we can clearly see that after about 100 cycles, there is almost 

no remaining electro-oxidation current for 0.3ML-EQ and 1ML-EQ on both PSD and 

PSWD, which indicates that the Pt deposit has been mostly deactivated through either 

dissolution or poisoning. Additionally, the peak currents decay faster during the first 20 

cycles for PSWD deposits than for the PSD deposits. It is possible that we witness easier 

deactivation of the PSWD sample due to the higher degree cationicity of the Pt deposit as 

proven in the above text. It is also possible that the smaller particles size of the Au 

substrate induced faster coalescence of the Au particles themselves, leading to decreased 

Pt surface area.225   

Thus it can be concluded that the propensity to form cationic Pt as shown via XPS and 

XAS analysis is detrimental to the performance of the Pt/Au-CFP electrodes for 

monolayer and submonolayer coverages, leading to decreased activity and durability. 

However, for 2 ML-EQ, both the PSD and PSWD morphologies exhibit comparable 

MOR durability histograms, indicating that for Pt deposits of a minimum 2ML-EQ 

thickness, these detrimental effects can be eliminated. In summary, we have identified a 

low-loading thickness limit of 2ML-EQ, below which the Pt film exhibits decreased 

activity and durability due specifically to chemical and structural changes arising from 

the morphology of the Au support. Factors such as increased defect concentration or non-

equilibrium structure of the PSWD-grown Au support may be responsible for the changes 

in Pt behavior observed. These possibilities are supported by the XAS data which 

indicates that the monolayer-scale Pt does not effectively arrange itself in FCC structure 
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on PSWD deposits. It is also supported by XPS data which indicates that partial oxidation 

of the smaller Au deposits is not the cause of these effects. Above the 2 ML-EQ limit, the 

Pt film may still behave differently than a bulk Pt structure, but the morphology of the Au 

support loses much of its influence on the Pt film behavior. These findings are of 

particular importance for the subset of the fuel-cell catalyst community that is focused on 

core-shell or layered structures, indicating that morphology-related support effects may 

lead to pronounced detrimental effects if a minimum amount of Pt is not achieved. 
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5.6 Impact of Pt Monolayer Findings 

It has been shown by XPS analysis, XAS spectroscopy, and cyclic voltammetry, 

that in specific cases it is possible for surface limited redox replacement to yield a layer 

of immobilized cation-anion complexes instead of the desired zero-valent metal. We have 

also shown, for both monolithic Au substrates as well as carbon-supported nanoscale Au 

supports, that for the Pt-Au system this effect terminates after several multilayer 

thicknesses of deposit on the surface have been completed. This means that for the 

specific case in which very thick deposits of Pt are grown on Au, the presence of this 

intermediary does not pose a significant problem. However, for other systems, such as the 

case in which alternating layers of different elements are grown, there is a possibility that 

ionic complexes may be grown in cases where metals are expected and desired. We have 

proposed a possible reaction mechanism that accounts for this observed behavior. We 

suggest that future implementations of redox replacement for fabrication consider the 

possibility of unwanted complexes altering the desired fabrication chemistry.  

In addition, we have identified the presence of a disordered zero-valent Pt species 

present at coverages less than 2 monolayers on Au, with lower photoelectron binding 

energy, a greater affinity for OH- groups, less durability under reaction cycling, and 

increased d-band vacancies than bulk Pt. This species of Pt occurs as a result of ligand-

effect electron transfer with the underlying Au substrate. We have demonstrated a 

correlation between thickness of ultrathin Pt films at Au electrodes and three important 

properties of ultrathin Pt films: (1) Pt photoelectron binding energy, (2) electrochemical 

affinity for oxide/hydroxide adsorbates and (3) durability of the deposit under reaction 

conditions. Finally, we have shown that the above described properties of ultra-thin Pt 
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films play an important role in the electrocatalysis of the CO oxidation reaction, and 

proposed a mechanism by which the properties of ultrathin Pt films can be exploited to 

achieve lower CO electro-oxidation potentials. 

 Finally, the Pt-Au-CFP surfaces were tested for performance and durability under 

oxidation cycling in the methanol-acid system. It was found that the Pt deposits grown on 

larger Au supports exhibited markedly improved durability during the first 20 electro-

oxidation cycles, and slight improvements in activity compared to the nanoparticle Au 

supports. This leads to the conclusion that the cationic Pt species induced by the smaller-

scale Au supports is less active towards the methanol electro-oxidation reaction as well as 

less durable than metallic-type Pt species shown to grow on larger-scale Au supports. 

Finally, it has been shown that an equivalent of two monolayers is the low-loading limit 

of Pt on Au below which the Pt  film  decreases in activity  and  durability  very rapidly 

due to presence of cationic Pt in that dimensional domain. 
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CHAPTER 6 

PLATINUM ON TITANIUM DIOXIDE NANOTUBES 

 

6.1 Modification of Titania for Catalysis and Photocatalysis 

This section presents the influence of the growth scheme of Pt films on the 

resulting atomic and electronic structure of Pt species and the consequent activity for 

methanol electro-oxidation in Pt/TiO2 nanotube hybrid electrodes. X-ray photoelectron 

spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) measurements were 

performed to relate the observed electrocatalytic activity to the oxidation state and the 

atomic structure of the deposited Pt species.  The atomic structure as well as the oxidation 

state of the deposited Pt was found to depend on the pre-treatment of the TiO2 nanotube 

surfaces with electrodeposited Cu. Pt growth through Cu replacement increases Pt 

dispersion, and a separation of surface Pt atoms beyond a threshold distance from the 

TiO2 substrate renders them metallic, rather than cationic.  The increased dispersion and 

the metallic character of Pt results in strongly enhanced electrocatalytic activity towards 

methanol oxidation.  This work points to a general phenomenon whereby the growth 

scheme and the substrate-to-surface-Pt distance dictates the chemical state of the surface 

Pt atoms, and thereby, the performance of Pt-based surface-intensive devices. Parts of 

this section have been recently published by the author226. 

It is widely recognized that the development of fuel cells that directly utilize 

renewable liquid fuels will require the design and optimization of new catalytic materials 

as well as new protocols that involve the modification of the currently used materials.227 

One critical component in these systems is the catalyst-supporting material. Titanium 
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dioxide is an attractive material as a support for metallic electrocatalysts due to the strong 

nature of the metal-support interaction.228 Traditional fabrication processing routes of 

TiO2 nanoarchitectures include the thermal oxidation of titanium metal at very high 

temperatures, template assembly and colloidal methods.144 However, high temperature 

processes usually limit control over the fine interfacial features of TiO2 films which 

significantly affect their properties.229 Templated and colloidal synthesis routes require 

subsequent careful assembly onto conductive substrates as needed for device integration. 

Further, the resultant nanomaterials are prone to aggregation when the templates are 

etched away.144 It is only through recent development of metal oxide etching processes 

that highly ordered TiO2 nano-tubular structures (TNT) were produced directly on Ti foil, 

resulting in a structure that has all of the morphological benefits of traditional TNT while 

also enjoying the advantages of vertically oriented nanotubes with tunable height and 

diameter.25-26, 230-233 Furthermore, this synthesis concept retains a metal back foil as an 

efficient electrical contact, which is very useful for electrocatalysis.  

 As the Pt/TiO2 system is stable over a wide range of pH values,234 work has been 

conducted studying traditionally grown Pt-modified TiO2 for applications including the 

methanol electro-oxidation reaction, among others.235-236 Of particular interest is the work 

by Lida et al. indicating that the Pt-TiO2 support interaction can be employed to weaken 

the Pt-CO poisoning interaction.237 However, it is still a challenge to achieve a high 

degree of dispersion of Pt over TiO2 surfaces as well as increasing the catalyst load.  

As with the design of an efficient catalytic system, rational design of beneficial 

metal-support interactions requires fundamental knowledge of the structure and the 

chemical nature of the grown metal films on the support. Therefore, this study is aimed at 
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exploring galvanic replacement of a Cu precursor to improve the dispersion and loading 

of Pt on TiO2 nanotube surfaces as well as exploring the fundamental structure-property 

relationships of Pt-TiO2 hybrid surfaces. The application of these materials is then 

demonstrated for methanol electro-oxidation. Specifically, we investigate transitions in 

the local atomic and electronic structure of ultrathin Pt films as a function of the method 

and the extent of film growth.  We further investigate the relationship between the atomic 

and electronic structure of Pt to the activity of the resulting Pt-TiO2 towards methanol 

oxidation.  We believe this work to be very important for both electrocatalytic and 

photocatalytic applications and hope that this study will open a new vista to explore more 

metal-TiO2 combinations for a diversity of various applications.   
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Scheme 6.1: Illustration of three-step formation of TNT array structure. In this specific 

case, the oxidation and etch steps were performed simultaneously in 0.2M NH4F, 0.1M 

H3PO4 20V. 

 

 
Fig. 6.1: Scanning electron microscope profile view of TNT array as grown by the 
oxidation/etch process. Note that the surface roughness of the top of the tubes is 
negligible compare to the overall tube length, and that all tubes are parallel to one 
another. 
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6.2 Details of Anodization and Modification 

Prior to anodization, titanium foil samples were ultrasonically cleaned with 

acetone followed by a deionized (D.I.) water rinse.  The anodization was performed in a 

two-electrode electrochemical cell with titanium foil as the working electrode and Pt foil 

as the counter electrode at room temperature (approximately 22°C) at 20V for 7h in an 

aqueous electrolyte containing 0.2M NH4F, 0.1M H3PO4. An Agilent E3612A-CFG001 

DC power supply was used for potentiostatic anodization. This procedure is illustrated in 

Scheme 6.1, and an SEM image of the resulting vertically oriented array of nanotubes can 

be seen in Figure 6.1. Afterwards, the samples were rinsed thoroughly with deionized 

water and isopropyl alcohol and then dried under nitrogen. Samples were not annealed, 

resulting in amorphous TNT structures. Pt deposits were formed by dipping in 1mM 

H2PtCl6 at open circuit for ten minutes with and without Cu precursor film.  The Cu 

precursor, when present, was potentiostatically grown at -0.5V vs. Ag/AgCl from a 10 

mM CuSO4 + 50 mM H2SO4 solution for either 1 minute or for 5 minutes. This protocol 

is illustrated in Scheme 6.2. 

The fabricated electrodes were examined using a Zeiss SEM Ultra60 field 

emission scanning electron microscope (FESEM). X-ray photoelectron spectroscopy 

(XPS) experiments were performed on the TiO2 films using a Thermo Scientific K-alpha 

XPS system where the binding energy of all samples were calibrated to that of a Au 

reference sample. Pt L3-edge EXAFS measurements were conducted at beamline X23A2 

at the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory.  

Measurements were made in glancing incidence fluorescence mode.  The k-space data 

was truncated by a standard Hanning function before Fourier transforming to real space. 
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The electrodes were electrochemically characterized by cyclic voltammetry (CV) 

using a Pine WaveNow potentiostat in a three-electrode electrochemical cell with Pt wire 

as a counter electrode and a Ag/AgCl reference electrode. CV experiments were 

performed in 1M H2SO4 solution with 1M CH3OH at a scan rate of 50 mV/s.  Current 

densities are plotted as a function of Ti foil surface area before TNT growth. 
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Scheme 6.2: Illustration showing Cu electrodeposition and replacement protocol on TNT 

surfaces. Note that some Cu deposit remains on the surface, and that a degree of 

clustering and nuclei formation is present for both Cu and Pt. 
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6.3 Sample Characterization 

Samples were fabricated by exposing the TNT electrode to Pt4+ solutions with and 

without the presence of Cu precursors on the surface. The redox reaction of Pt4+ with Cu0 

allowed Pt to grow in a highly dispersed manner on the surface at the expense of the Cu, 

which partially dissolved. This method resulted in morphologies with highly dispersed Pt 

co-existing with Cu/Pt. Scheme 6.3 portrays these microstructures in representative form, 

with Cu (blue) and Pt (red) deposits. The scheme illustrates the dispersion of small Pt 

nuclei that results from spontaneous Pt growth without Cu precursor. The increased 

dispersion which arises as a result of Cu-mediated growth is shown as a continuous red 

film coexisting with on-top Pt and Cu nuclei. 2D profile views of the scheme are 

provided to clarify that residual Cu is present both as an underlying film and as on-top 

nuclei. Cu-mediated growth is preferable to the direct galvanic growth of Pt, which 

would result in larger Pt nuclei. This type of redox replacement has been performed in the 

past for noble metals replacing Cu93, 238, Ni1, 239, and other metals on various substrates.  
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Scheme 6.3: Cartoon showing 3D and profile representations of TNTs with spontaneous 

Pt growth and Cu-mediated Pt growth. Note that Pt deposits (red) are grown on both Cu 

(blue) and TiO2 sites in the Cu-mediated case. 
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Fig. 6.2 shows FESEM top-view images of the fabricated electrodes. Fig. 6.2A 

shows the as-grown TNT where highly ordered hexagonal close packed cells can be seen. 

Figure 6.2B shows the nanotubes after a 10 minute immersion in the Pt solution (1mM 

H2PtCl6) without any Cu precursor. Note the light-colored deposits nucleating around the 

rims of the tubes. Cu deposition for 1 minute followed by the same 10 minute immersion 

in Pt solution (Fig. 6.2C) resulted in coarsening of the tube walls due to thicker intra-

tubular deposits as well as some supra-tubular nuclei 100-200nm in size. Increasing the 

Cu deposition to 5 minutes, followed once again by 10 minute Pt solution immersion, 

(Fig. 6.2D) appears to coarsen the TNT tubes further and increase the size of the supra-

tubular deposits. Localized energy dispersive X-ray spectroscopy (EDS) analysis of the 

Pt-TiO2 sample grown via 1 minute Cu precursor indicated that the supra-tubular nuclei 

contained both Pt and Cu in a 2:1 atomic ratio, on average, while the intra-tubular 

deposits showed a ratio of 5:1. For the 5 minute Cu growth, EDS indicated approximate 

Pt:Cu ratios of 4:1 on the nuclei and 1:1 on the tube sites.  

To further investigate the surface composition and chemical state of the fabricated 

electrodes, XPS analyses were performed. Fig. 6.3 shows the Pt 4f XPS spectra for the 

different Pt-modified TNT electrodes. Lines at 71.1eV and 74.4eV indicate the location 

of Pt foil reference peaks. The spectra for the spontaneously grown Pt and the Pt after a 1 

minute Cu treatment are positively shifted from that for the 5 minute Cu treated 

electrode, indicating that Pt exists in a cationic state. Specifically, the presence of a peak 

pair at 72.8eV, 76.2eV corresponds to 4f7/2 and 4f5/2 photoemission from Pt2+
 species, 

while pairs in the ranges of 75.1eV-76.1eV and 78.4eV-79.5eV correspond to respective 

pairs from the Pt4+ species. The sample modified with electrodeposited Cu for 1 minute 
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has a higher proportion of Pt2+ compared to the spontaneously grown sample. However, 

the sample modified with a 5 minute Cu deposition does not show significant signs of 

cationic species, exhibiting only one pair of peaks (71.1eV, 74.4eV) indicative of metallic 

character. It is apparent that the chemical identity of Pt varies with growth treatment. 

However, XPS does not provide the atomic structure within the Pt deposits. Therefore, in 

order to characterize structure of the deposits, X-ray absorption measurements were 

performed. 

Figure 6.4 depicts the magnitude of the real-space modified atomic radial 

distribution function, |χ(r)|, of collected Pt L3-edge EXAFS data for 3 treatments of Pt on 

TiO2 tubes, and a Pt reference. The inset provides the corresponding χ(k) functions. By 

examining the location of the lowest-coordination peak in real space, it can be seen that 

spontaneously grown Pt is nonmetallic in nature, with its first coordination shell located 

at 1.8Å (phase corrections not corrected for). Deposits grown via Cu precursors exhibit a 

first coordination shell characteristic of the metal reference, located at 2.4Å.  
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Figure 6.2: FESEM top view image of the TiO2 electrode, (A) as prepared, (B) after 10 
minute Pt exposure, (C) 1 minute Cu growth replaced by 10 minute H2PtCl6 exposure, 

and (D) after 5 minute Cu growth exposed to 10 minute H2PtCl6. EDS spectra were taken 
on tubular and supra-Cu regions as represented by the ovals and squares, respectively. 
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Figure 6.3: XPS Spectra of platinized TiO2 nanotube electrodes. Lines indicate location 
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It is apparent that the dipping of the TiO2 nanotube electrode in H2PtCl6 solution 

resulted in the formation of intra-tube deposits of Pt species (Fig. 6.2A). This 

spontaneous growth likely occurs through the immobilization of PtCl6
2- at the exposed 

OH sites on the TiO2 surface. This would explain the higher oxidation state for the 

spontaneously grown Pt species as evidenced by XPS analysis (Figure 6.3). This 

interpretation is further consistent with the EXAFS data for spontaneous growth, showing 

a lower first coordination shell distance of R=1.8Å compared to the 2.4Å coordination 

shell exhibited by the Pt deposits resulting from Cu replacement (Fig. 6.4). The presence 

of spontaneously grown Pt in the cationic form has many implications on its catalytic 

properties. For example, Hayden et al. showed very recently that the photocatalytic 

activity of the system CdS/TiO2 is superior to the system CdS/TiO2/Pt when used to 

photoelectrochemically disinfect E-coli.(6) On the other hand, Iwata et al. studied the 

charge carrier dynamics in TiO2 and Pt/TiO2 materials and found very fast electron decay 

kinetics in the Pt/TiO2 system relative to the pure TiO2 system.(21) They related this fast 

decay kinetics to the trapping of free electrons. However, in both cases, no explanation 

was given based on the electronic structure of Pt when attached to TiO2. Our present 

results can clearly indicate the possibility of electron traps at the Pt cationic sites 

indicating that Pt cations can act as an electron sink.  This finding is very important for 

the design of photoactive material systems.   

   When Cu precursor is used, the intra-tubular deposits are accompanied by some 

supra-tubular deposits, but in terms of Pt surface area, the intra-tubular deposits 

dominate.  EDS shows us that even in the case of lower precursor content, 10 minutes are 

insufficient for Pt ions to replace all the intra-tube Cu. Increasing the amount of Cu 
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precursor deposition should result in topical Pt that is further away from the TiO2 

substrate and in diminishing Pt-TiO2 metal-support interaction. The assertion is supported 

by the XPS data when comparing the Pt oxidation states between the samples. When 

surface Pt is relatively closer to the support (1 min. Cu deposit case) it remains cationic 

while the Pt which is further from the support (5 min. deposit case) is metallic.  We 

suggest that in the former case the underlying TiO2 continues to immobilize PtCl6
2- on the 

surface in much the same way as with the spontaneous Pt deposition scheme. In the latter 

case, the surface Pt is beyond the threshold Pt-TiO2 metal-support interaction distance. At 

the same time the net atomic structure of Pt, as seen by EXAFS (Figure 6.4), for both 

cases where it is grown through Cu replacement retains the FCC-like structure 

characteristic of metallic Pt. This suggests that while the Pt deposits resulting from 1 

minute Cu doses arrange themselves as Pt metal, their surface chemistry is still 

dominated by an oxidic character (as seen by XPS).   
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Figure 6.4: Fourier transform of Pt L3-edge EXAFS data of TiO2 samples with and 
without varying Pt treatment methods. Inset shows k-space spectra before Fourier 

transform. 
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6.4 Catalytic Activity 

To evaluate the electrocatalytic activity of the fabricated electrodes, cyclic 

voltammetric (CV) studies were carried out in 1M sulfuric acid with 1M methanol, see 

Fig. 6.5A. Note that the methanol electro-oxidation currents were seen during the forward 

sweep at 0.75V and during the reverse sweep at 0.52V for all samples treated with Pt, 

with higher currents recorded for the samples pre-modified with Cu layer. During the 

anodic scan, the current increases due to dehydrogenation of methanol followed by the 

oxidation of absorbed methanol residues, while in the cathodic scan, the re-oxidation of 

the residues is occurring. It is important to note that the cyclic voltammogram for the Pt-

dipped TNT without any Cu modification is shown in 5x scale to aid readability. Figure 

6.5B displays the peak currents after normalization to integrated Pt XPS peak area, which 

is proportional to the surface loading of Pt. The high electrocatalytic activity of Pt/TiO2 

hybrid electrodes can be mainly attributed to the remarkably active Pt sites on the TiO2 

nanotube matrix.  As amorphous titania nanotubes have many OH groups on their 

surfaces (20), it is possible that these OH moieties help in the conversion of CO poisoning 

species into CO2, leaving the active sites on Pt clean for further electrocatalytic reactions 

in a similar way to that which Ru is doing in the commercially used Pt-Ru/C catalysts.  In 

addition, the strong metal-support interaction could be another reason for the observed 

enhanced electrocatalytic activity of methanol oxidation at Pt/TiO2 hybrid electrodes.  
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Figure 6.5: (A) Cyclic voltammograms of the electrodes in 1M H2SO4 + 1M Methanol. 
(B) Forward peak current (IP) values normalized to Pt surface loading as measured by 

XPS. 
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By normalizing the methanol oxidation currents to the integrated XPS area for Pt, 

we get a measure of the reactivity per unit Pt present on the surface (Fig. 6.5B). This 

allows us to relate performance to the local environment and oxidation state of the as-

grown deposits. While Cu replacement increases Pt dispersion, growth beyond a 

threshold film thickness ensures a predominance of metallic, rather than cationic, Pt on 

the surface.  We see clearly that Pt grown beyond this threshold metal-support interaction 

distance retains metallic character and exhibits enhanced electrocatalytic activity towards 

methanol oxidation.  

 Additionally, the Pt-TNT electrodes were tested in 1M NaOH solution for 

photoelectrochemical water splitting applications. This test was performed using a Xe arc 

lamp and a filter to simulate the solar spectrum. The hypothesis when starting this 

experiment was that the cationic Pt sites would serve as electron traps and decrease the 

efficiency with which photoelectrons are made available for the water splitting reaction. 

This detrimental effect would be counter to what is expected for metallic Pt, which would 

ideally provide a catalytic reaction site for the water splitting reaction to occur (using the 

TNT-generated photoelectron). In experiment, we saw that the cationic-containing Pt 

samples performed significantly worse than the metallic-containing samples (Fig. 6.6). In 

fact, the samples with significant cationic Pt performed even worse than bare TNT itself, 

showing higher voltages and lower currents required for the water splitting reaction. As 

the Pt metal content was increased, the voltage required for the water splitting reaction to 

proceed decreased correspondingly. This suggests that the TiO2-affected cationic Pt sites 

function as recombination sites for the photoinduced electron-hole pair and actually 
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decreases performance. As this cationic effect is minimized by employment of a Cu 

precursor, the performance is seen again to increase. 
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Fig. 6.6: (a) Sweep voltammetry of Pt-TiO2 samples in 1M NaOH during exposure to Xe 
lamp with filter. (b) Oxidation current density for each sample at 1.1V. 
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6.5 Conclusions 

In this section, the platinization of titanium-foil-supported, highly ordered, 

vertically oriented titania nanotube arrays (TNT) by spontaneous growth and galvanic 

replacement of a Cu precursor layer was presented. We have tracked, using SEM and 

quantitative image analysis techniques, the formation of increased intra-tubular metal 

deposition. Spontaneously grown Pt exhibits cationic local structure, limited dispersion 

and relatively low activity for methanol electro-oxidation and photocatalytic water 

splitting. With the pre-deposition of Cu, the dispersion of surface Pt is significantly 

increased.  Increasing the metal-support distance, by increasing the thickness of the Cu 

pre-deposited layer, renders the surface Pt metallic rather than cationic, which further 

increases the activity of Pt for methanol electro-oxidation and water splitting.    
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6.6 Supplemental: Stereological Analysis of Morphology  

It was possible to determine, with statistically relevant quantification methods, the 

location of Pt and Cu nuclei growing on the Pt-TNT and Pt-Cu-TNT architectures. Since 

the tubular structures inherent to a TNT substrate are all vertically oriented parallel to 

each other, and each tube is centered around a central void which runs the length of the 

tube, it was possible to focus on these voids as the primary feature for this analysis. The 

quantification technique utilizes point counting and intersection counting techniques and 

was used to quantify the void volume, the surface area of the void-tube interface, and the 

number density of voids. By tracking the changes in these values after various treatments 

of the TNT structure, it was possible to determine, for an average nanotube site, where 

the majority of the deposits (both Pt and Cu) were forming. This simple and powerful 

technique was applied to a series of SEM images. Since the tubes are all vertically 

oriented and can be assumed to exhibit consistent diameter as a function of individual 

tube height, fluctuations in the sample height could safely be neglected and the SEM 

images were treated as planar surfaces for the purposes of quantitative point and line 

counting. 

For any TNT array, there is a certain amount of the surface plane that is occupied 

by void space, corresponding to the holes that make up the inner diameter of the tubular 

structures. Since the tubes are all parallel, it is possible to determine the volume fraction 

of voids as compared to the volume fraction of the actual TNT walls by measuring the 

area fraction in the surface plane as imaged by SEM. Furthermore, the area fraction can 

be approximated by measuring the fraction of a random set of points falling in the regime 

of interest. This type of extrapolation of point fraction measurements to volume fraction 
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values is commonly performed and is widely accepted240. This simple relation, written in 

terms of a two-phase α-β system, is given in Eq. 6.1: 

 

    Vα/Vtot = Aα/Atot = Pα/Ptot    (Eq. 6.1) 

 

Where Vα denotes volume, Aα denotes area, and Pα denotes number of points of phase α 

in the imaging plane, while Vtot, Atot, and Ptot denote the total volume, area, or number of 

test points in the sampling space.  By tracking the decrease in this void area, we are 

essentially measuring the decrease in the inner diameter of the tubes themselves (which is 

correlated directly with thickening of the nanotube walls). This type of knowledge is 

extremely important for electrodeposition of metals onto tubular structures, as it allows 

us to determine if the deposition process is occurring preferentially at sites within the 

tubes or on top of the tubes. For example, if deposition proceeds exclusively at on-top 

tube sites, the observed wall thickness will not change appreciably (assuming no blocking 

of visible voids by sufficiently large on-top nuclei). On the other hand, if growth occurs 

exclusively inside the tubes, then the wall thickening rate will be significantly higher than 

if the growth was homogenous across the tube structure itself.  

It is also possible to measure the surface area per unit volume of a specific 

interface. In this case, the interface in question is the tube/void boundary. The surface 

area of this boundary is equal to the surface area of the inner wall of the tubes. In other 

words, this parameter only measures the area internal to the tubes and excludes the on-top 

sites mentioned previously. This calculation is performed based on measurement of the 

number of intersections between a randomly placed test line and the phase boundary 
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corresponding to the interface of interest. The relationship between the measured 

intersection number and the calculated volumetric surface area is given in Eq 6.2, where 

Sv denotes the interfacial area per unit volume, and PL denotes the number of measured 

intersections per unit test line length241. 

   Sv = 2 · PL      (Eq. 6.2) 

Finally, it was possible to measure the number density of voids per unit area of 

the image surface. This allows us to track the annihilation of internal tube voids through 

accumulation of electrodeposited material, or the creation of new perceived voids by the 

‘bridging’ of an existing void by an electrodeposited particle. This figure is obtained 

simply by counting the number of voids in a series of randomly placed test areas, 

according to a specific set of counting rules242. 

The results of these imaging analysis tests are plotted in Figure 6.7(a-c). These 

data will help distinguish between two types of growth modes: on-top growth where 

deposits mask the underlying nanotubular voids, or internal growth where the deposit 

grows preferentially inside the tubes. It is clear from a cursory analysis of figure 6.7(a) 

that the total void volume decreases for both open-circuit and Cu-mediated Pt growth. 

This is to be expected and is congruent with both proposed growth modes. However, in 

figure 6.7(b), we see an increase in interfacial area for the spontaneous Cu deposit, and a 

decrease in interfacial area for the Cu-mediated deposit. This suggests that on-top growth 

(which would create new perceived interfacial area for bridging deposits) is occurring for 

the spontaneous growth step. Similarly, the Cu-mediated step leads to internal growth, 

based on the decrease in interfacial area, which corresponds to decreasing void radii.  
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This analysis is corroborated by the number density data plotted in figure 6.7(c), 

which exhibits a similar trend. Since there is no electrochemical reason to expect the 

spontaneous deposition step to create new voids, we conclude that the increased apparent 

number density is due to the presence of the previously suggested ‘bridging’ deposits 

which cause a single tube void to appear as two voids in the image. The void number 

density for the Cu-mediated case, which is greater than the initial case but less than the 

spontaneous case, also corroborates the interpretation of the interfacial area data, 

suggesting the presence of both internal and on-top deposition sites. 

Thus we are able to conclude, based on statistically significant image processing 

techniques, that the morphological change induced by the Cu-mediated Pt deposition 

process is quantifiably different from the simple spontaneous growth mode. This allows 

us to correlate the changes in surface chemistry observed in XPS, and the increased 

performance for the methanol electro-oxidation reaction, with increased deposit 

dispersion and dominance of the internal growth mode on the tubular surface. 
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Figure 6.7: Results of quantitative 

image analysis as a function of sample 

preparation technique: (a) Volume fraction 

of voids in the TNT surface, (b) Void-Tube 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

 

This study has addressed several structure-property relationships related to surface 

chemistry for both the Pt-Au and Pt-TiO2 systems, including surface chemical identity, 

electronic structure, and local atomic structure. Changes in these properties have been 

shown to depend on fabrication method and nano-scale architecture of both nanotubular 

and nanofilm-overlayer geometries. A complementary suite of techniques, including X-

ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS), and 

votammetric techniques have been shown to provide comprehensive information 

regarding coverage, electrochemical reactivity, valency, and structure of adsorbed surface 

species. This has led to the discovery of a novel behavior for CO electro-oxidation at the 

Pt-Au surface, which has been shown to result from increased OH- affinity and enhanced 

substrate-adlayer electron transfer properties. Furthermore, the influence of a metal oxide 

such as TiO2 on the oxidation of adlayer Pt deposits has been shown to play a significant 

role in the reactivity of Pt toward methanol electro-oxidation. Thus, this study allows for 

the identification of minimum thickness/size thresholds below which Pt deposits should 

not be fabricated on Au or TiO2 supports in order to obtain ideal reactivities towards CO 

or methanol.  

In addition to the creation of fundamental knowledge regarding electron transfer and 

atomic structure in these architectures, important discoveries have been made in the field 

of nanofilm fabrication by surface limited redox replacement (SLRR). This work has led 

to publication of the first-reported use of overpotentially grown sacrificial layers to 
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conduct SLRR, which will lead to further advances and the ability to use SLRR to grow a 

wider range of elements. Furthermore, flaws in the nominal reaction mechanism widely 

assumed to apply to traditional SLRR fabrication have been identified. These flaws 

include the assumption that the metal grown via SLRR is entirely zero-valent and have 

been exposed by detection of oxide species using cyclic voltammetry, XPS, and XAS. 

The use of this broad set of techniques has permitted not only the identification of the 

erroneous assumption that has been previously made, but also the proposal of a new 

reaction mechanism that accounts for these new experimental findings. Finally, this work 

identifies the range of sample geometries for which this new mechanism is applicable, 

and also the range of geometries for which the traditional mechanism is applicable. 

This work also reports testing of the substrate-adlayer systems that will lead directly 

to improved catalyst performance. By conducting accelerated aging tests for the Pt-Au 

monolayer system using ethylene glycol and methanol electro-oxidation as probes, 

regimes of enhanced nanofilm corrosion have been successfully identified and correlated 

with specific chemical species and atomic structures on the catalyst surface. These aging 

tests have also shown that new reaction sites for the ethylene glycol reaction are created 

then annihilated during reaction cycling.  

Many questions still remain to be answered in this field of bimetallic surface 

chemistry, however. This work has laid the groundwork for continuing studies using the 

same techniques of electrochemical fabrication followed by advanced X-ray analysis and 

reactivity testing. Several projects have been initiated during the course of this work that 

were not deemed complete enough for inclusion, specifically, the growth of nanoscale Pt 

and Au deposits on various other metal and metal-oxide substrates. These substrates 
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include Ni, Ag, MnO2, and CeO2. Additionally, the inverse monolayer-substrate system, 

Au on Pt, has been partially investigated and found to show interesting results with 

regard to partial film oxidation and electron transfer. The reader is also referred to 

Appendix I, in which a vacuum-based surface science study of the oxidation and 

reactivity toward epoxidation of the Ag-Ni monolayer-substrate system is presented. 

Further innovations to the SLRR technique have also been initiated as a result of the 

work using Ni sacrificial layers shown here. Initial results using nonaqueous UPD of Li 

metal as a sacrificial layer to grow Cu adlayers have proven successful, but have not been 

pursued to completion due to limitations in synchrotron time. Thus it can be seen that this 

work, through the innovative use of electrochemical fabrication of high-precision 

monolayer samples, has added to the fundamental understanding of electron exchange at 

bimetallic surfaces as well as to the practical implementation of nanoscale Pt catalyst 

surfaces and the use of SLRR as a fabrication technique. Future studies that build on this 

work and complete the ongoing projects outlined in this section will lead to the study of a 

variety of metal-substrate pairings and the study of trends within these pairings. 
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APPENDIX A 

ETHYLENE AND OXYGEN ON SILVER-NICKEL 

 

A.1 Introduction 

Catalysis science is persistently motivated by the search for low-cost 

multicomponent systems where the various components contribute in tandem or in 

concert towards important reactions.  An ideal catalyst system would have only small but 

requisite amounts of the expensive components which would retain their value by 

remaining segregated to surface sites over multiple reaction cycles. Catalytically active 

transition metals in particular are prime candidates for this type of application. The Ag-Ni 

system, for example, where the two metals are virtually immiscible with one another,243 

is a model for such a system.  With a low thermodynamic drive for intermixing, a small 

amount of silver decorating the surface of nickel should remain segregated to the surface 

with predictable catalytic properties. 

Both Ni and Ag have separately been found to contribute to different parts of the 

overall conversion reaction from ethane to ethylene oxide (EO).  EO and its derivatives 

are widely used in the plastic and other industries.  A single Ni-Ag catalyst, with a small 

amount of Ag on the surface of Ni, has the potential to strongly impact these industries 

by catalyzing a one-step reaction from ethane to EO. The full conversion from ethane to 

EO involves an oxidative dehydrogenation of ethane to ethylene and the subsequent 

epoxidation reaction to convert the ethylene to ethylene oxide.   Ag is currently the 

industrial catalyst for the latter reaction due to its high activity for ethylene oxidation244-

246. Recently, Lei et al. have shown what appears to be the first example of epoxidation of 
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a higher alkene, in this case propylene, by using subnanometer sized Ag catalysts247. Ni-

based catalysts, on the other hand, have been shown to be efficient for the 

dehydrogenation reaction in an oxidative environment248-250.  In general, oxygen, 

important for the epoxidation reaction, adsorbs poorly on Ag at low temperatures in 

comparison to Ni, and so one would expect that ethylene epoxidation occurring at Ag 

sites might benefit from oxygen present on nearby or underlying Ni sites.  Still, the 

effectiveness of a primarily Ni catalyst with only a nominal, submonolayer, amount of 

Ag on its surface for the overall epoxidation reaction has not been investigated 

systematically251.   

Considerable work has been previously reported for oxygen and ethylene 

adsorption on both Ag and Ni surfaces. The oxidation of Ni has been studied by 

temperature programmed desorption (TPD)252, low energy electron diffraction 

(LEED),253-255 X-ray photoelectron spectroscopy (XPS),252, 254, 256-265 and other 

techniques. In general, Ag is a poor candidate for oxygen adsorption at low temperatures. 

However, Benndorf et. al. found that oxygen doses conducted at 500K+ could activate 

the Ag(111) surface for oxygen adsorption256. Additionally, the characterization of the 

various reconstructions of Ag-O surface oxides has been of significant interest266-267. 

Many studies have been conducted for ethylene on Ag, and some have attempted to 

modify Ag surfaces for the selective epoxidation of ethylene in preference to the full 

oxidation reaction268-274. In addition to single crystal studies, attempts to enhance the 

selectivity of Ag for epoxidation reactions have also been conducted. These studies 

attempted to oxidize the Ag surface, and succeeded in identifying two types of adsorbed 

oxygen species, corresponding to O1- and O2-. Neither of these species, in the absence of 
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the other, causes the selective epoxidation reaction. However, when both species are 

present, a selective epoxidation reaction similar to that shown in Eq. 1 proceeds269-270. It 

has also been found that modification of the Ag surface with alkali metals and Cl can 

enhance the activity of a Ag surface for ethylene epoxidation273-274. Additionally, it has 

been shown that the addition of Cu to Ag particles enhances selectivity by modification 

of the surface chemisorbed oxygen species275. 

Eq. 1                            3C2H4+ 3O2�2C2H4O + 2CO2 + 2H2            

In addition to the study of Ag surfaces, ethylene adsorbed and reacted on Ni surfaces has 

also been a subject of much study276-282. STM studies of ethylene decomposition on a 

clean Ni(111) surface indicate preferential C-C bond breakage on step edge sites at room 

temperature. This preference disappears for elevated temperatures. The addition of Ag to 

the Ni(111) surface has been shown to inhibit C-C bond breakage278.  

In this work we have made a systematic study of the role of Ni, of Ag and the 

cooperation of Ni with Ag in the ethylene oxidation reaction.  The work was carried out 

on Ni(111) single crystals modified by high temperature oxidation and submonolayer Ag 

film growth and studied using temperature-programmed X-ray photoelectron 

spectroscopy (TP-XPS). In addition to TP-XPS, the dependence of the adsorbate 

behavior on substrate morphology was interpreted by quantitative analysis of low-energy 

electron microscopy (LEEM) and valence band photoemission electron microscopy 

(VPEEM) data. In this study, we report increases in ethylene oxidation activity and 

robustness arising from step-edge grown Ag on Ni(111), as well as a correlation of these 

properties with the presence of different oxygen species.  
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A.2 Experimental 

The Ni(111) single crystal was prepared by cycles of Ar sputtering  followed by 

annealing the sample to 1000K for 10-15 minutes. This protocol was sufficient to render 

clean and atomically flat Ni(111) surfaces free from impurities as verified by XPS and 

reported previously265, 283. After initial cleaning, sputtering was not repeated since heating 

to 1000K alone was sufficient to remove Ag, C, and O buildup during studies from the 

surface284. Ag layers of varying thicknesses were grown via vapor deposition on the 

surface of a freshly-cleaned Ni(111) single crystal using a Knudsen cell at a deposition 

rate of about 0.1 ML/min. This mode of Ag growth has been studied previously and been 

found to produce layer-by-layer growth up to 2 ML under the proper conditions284.  

LEEM and VPEEM data were collected on a commercial Elmitec LEEM III (low-

energy electron microscope) equipped with a hemispherical energy analyzer for 

spectroscopic photoemission at the beamline U5UA of the National Synchrotron Light 

Source (NSLS), Brookhaven National Laboratory (BNL), Upton, NY (USA).  Further 

description of the LEEM-PEEM system can be found in a previous work285. XPS spectra 

were collected at beamline U12A at the NSLS at BNL. The energy resolution of the XPS 

data is nominally 0.3eV. The photon energy was selected by way of a toroidal spherical 

grating monochromator (TSGM). The incident energies selected were element specific 

including C1s (400eV), O1s (600eV), and valence band (VB) (400eV). These energies 

were selected to optimize the photoelectron cross-section and surface sensitivity of the 

study. The reference valence band spectrum used to calibrate Ag coverage was collected 

at 40eV. XPS data were converted to binding energy by assigning zero binding energy 

(B.E.) relative to the Fermi edge using reference spectra. All XPS intensities were 
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normalized to the incident intensity of the photon source prior to quantitative analysis of 

the TP-XPS spectra. XPS peak fitting was performed with symmetric peakshapes 

(Gaussian). 
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A.3 Results and Discussion 

Experiments performed, in order of presentation in the following results section, 

included Ag growth and calibration, low- and high-temperature oxidation of bare and Ag-

modified Ni(111),  and ethylene reaction on four permutations of Ag- and O-exposed 

Ni(111). For TP-XPS studies, samples were allowed to cool after heating to the indicated 

temperature before spectra were collected. 

A.3.1 Ag Growth and Calibration:   

Figure A.1 shows valence band spectra for the clean Ni(111), 0.3ML, and 0.7ML 

vapor deposits of Ag on Ni(111) as well as VPEEM reference data for one monolayer of 

Ag on Ni(111). The Ag 3d5/2 features at 6eV reflect the amount of silver grown on the 

surface, and increase with larger Ag deposits. The reference data correspond to exactly 

1ML coverage as confirmed by LEEM imaging, and the 0.3ML and 0.7ML values are 

assigned based on quantitative comparison of peak sizes. Although spectra for clean 

Ni(111) and 0.3ML Ag+Ni(111) look similar, the difference in peak intensity at 3eV 

indicates Ag growth. This way of calibrating the coverage confirms results for the 

calibration of valence band spectra as previously reported by Varykhalov et al286. For 

oxidation studies, Ag was deposited at 600K. For ethylene studies, Ag was deposited at 

400K then annealed at 800K. This was done to ensure that the Ag deposit had 

equilibrated to a stable morphology before dosing ethylene, in order to discriminate 

ethylene desorption events from Ag rearrangement events.  Valence band spectra were 

employed to verify that comparable quantities of Ag were grown in both cases. 

Additionally, the LEEM technique allowed the in-situ study of the sample surface with a 

high lateral resolution up to 10nm under ultra-high vacuum (UHV) conditions. This study 
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of the growth modes of vapor-deposited Ag on Ni(111) surfaces allowed us to identify 

the preferential adsorption of Ag at step-edge sites in the chosen temperature regime. 

Figure A.2 contains two LEEM images of Ag (light colored) growing on a stepped 

Ni(111) surface (dark colored) at 600K. Notice in Figure A.2A, for a coverage of 0.4 ML, 

the initial Ag growth at step edge sites (shown as lines across the substrate). In Figure 

A.2B, at an increased coverage of 0.65 ML, the Ag areas have covered significant terrace 

surface area. By this method we conclude that, for the samples used for photoelectron 

spectroscopy, our 0.3ML Ag deposit decorates primarily step-edge sites, leaving an 

overwhelming fraction of the Ni surface area exposed, while at 0.7ML the Ag covers 

both step-edge and terrace sites, which allows us to selectively probe the influence of 

these sites in the targeted chemical reactions. The electron energy used for the presented 

images is 14.0eV at 10 µm field of view.   

A study outlining further details of the LEEM work performed, as well as analysis 

of silver growth modes at different temperatures, can be found in a recently published 

work287. Based on these LEEM images and corresponding valence band spectra, we 

conclude that our Ag deposits studied in XPS are all sub-monolayer coverage as 

calibrated previously, with smaller deposits decorating step edges and larger deposits 

covering both terrace sites and step edges.  
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Fig. A.1: Valence band XPS spectra for the clean Ni(111) surface, (solid line) 0.3ML Ag, 

(dotted line), 0.7ML Ag, (dashed line) and reference VPEEM data for 1 ML Ag (dash-dot 

line), as verified by LEEM.  



 

Fig. A.2: LEEM images collected for Ag (lightly colored) growing on Ni(111) (dark 

colored) from vapor-phase deposition. Images were taken at coverages of 0.4 ML (A) and 

0.65 ML (B). Ag growth begins at step edges and then spreads to terraces. 

energy used for the presented images is 14.0 eV at 10 µm field of view.  
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2: LEEM images collected for Ag (lightly colored) growing on Ni(111) (dark 

phase deposition. Images were taken at coverages of 0.4 ML (A) and 

0.65 ML (B). Ag growth begins at step edges and then spreads to terraces. 

energy used for the presented images is 14.0 eV at 10 µm field of view.  

 

2: LEEM images collected for Ag (lightly colored) growing on Ni(111) (dark 

phase deposition. Images were taken at coverages of 0.4 ML (A) and 

0.65 ML (B). Ag growth begins at step edges and then spreads to terraces. The electron 

 



238 
 

A.3.2. Study of Surface Oxidation 

A.3.2.1. Oxidation of Ni(111):  

The study of oxygen adsorption, reaction, and desorption on the Ni(111) and Ag-

Ni(111) surfaces is key to understanding the results of, and the mechanism behind, the 

ethylene oxidation reaction on the same surface. First we examine and identify the types 

of surface oxygen formed with various amounts of surface Ag present, and then employ 

this knowledge of the substrate-oxygen reaction to assist our analysis of the ethylene-

substrate-oxygen interactions, which will be presented in a following section.  

Oxidation studies were conducted for three different substrate conditions: clean 

Ni(111), Ni(111) with 0.3 ML Ag (step edges and minimal Ag at terrace sites), and 

Ni(111) with 0.7ML Ag (step edges + large amount at terraces). In all cases oxygen was 

dosed at 10-6 Torr for 200s, resulting in a total dose of 200L. O2 was dosed onto the fresh 

Ni(111) or Ag/Ni(111) surface at 100K followed by flash heating to various 

temperatures, after which XPS data were collected. This flash heating was conducted 

simply by heating to the indicated temperature and then immediately cooling prior to 

XPS measurement. Subsequently, the cleaned sample was held at 500K while exposed to 

oxygen, followed by flashing to discrete temperatures above 500K, after which XPS data 

were collected. The data are labeled according the temperatures they were flash heated to. 

Figure A.3 shows the oxygen 1s XPS spectra for oxygen exposure at 100K on the 

3 differently prepared samples. Three species of oxygen are apparent on the surface for 

these data. For clean Ni(111) (Fig. A.3A), the largest peak at 100K, at a binding energy 

of 532eV, shrinks upon initial heating. A small shoulder at 533.2eV is also present at 

100K, but disappears with initial heating. At 250K, a pair of oxygen peaks at binding 
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energies 530.2eV and 532eV remains. As the sample is heated past 250K, the peak at 

532eV disappears between 550K and 700K, while the 530.2eV peak persists in very 

small amounts even at 850K. 

A.3.2.2 Oxidation of Ag/Ni(111):  

For 0.3ML Ag coverage (Fig. A.3B) and 0.7ML coverage (Fig. A.3C) we observe 

similar behavior, with peaks present at the same binding energies and following the same 

trends as in Figure A.3A. As the Ag content is increased across these three figures, the 

overall magnitude of oxygen features changes. Samples with increased Ag coverage 

show a decrease in overall O1s intensity. This trend can be seen very clearly in Fig. 

A.3D, which presents the peak-fitted intensities of the two primary peaks (530.2eV and 

532eV) for all three sample surfaces as a function of temperature.  

In the case of the 500K oxidation, (Fig. A.4) a different behavior is observed. For 

clean Ni and 0.3ML coverage of Ag (Fig. A.4A-A.4B), primarily one type of oxygen 

(530.2eV) is observed, with a small shoulder near 532eV. The feature at 530.2eV 

decreases with increasing temperature as expected. No significant difference is observed 

between clean Ni (4A) and Ni with a 0.3ML Ag deposit (4B), with the exception of an 

overall increase in total oxygen adsorbed. We obtain total oxygen XPS area on the 

substrates, with Ni(111) normalized as 1, on both 0.3ML and 0.7ML Ag + Ni(111) of 

1.19. These values were obtained by summing the total XPS area of both species of 

oxygen at 500K as plotted in Fig. A.4D.  This suggests that chemisorbed oxygen at Ag 

step edge sites provides oxygen photoemission at similar binding energies as oxygen 

chemisorbed on the clean Ni surface, and that oxygen adsorbs more readily on step sites 

after Ag decoration.  
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For the 500K oxidation of 0.7ML Ag exposure on Ni(111), (Fig. A.4C) we see an 

increase in the magnitude of the feature at 532eV and an increase in total oxygen XPS 

area compared to bare Ni(111). This total value is approximately equal to that seen for 

0.3MLAg. This feature then decreases from 550K to 700K. Assignment of chemical 

identities for the three oxygen species observed has been performed based on a review of 

previous literature and is summarized in Table A.1.  

A.3.2.3 XPS Feature Identification and Analysis: 

The feature at 530.2eV has been well-documented to represent O2- species on 

both Ni252, 257-262 and Ag 288-289 surfaces. The second species, observed at a binding 

energy of 532eV, has in the past been associated with O1- species. Some studies have 

attributed this feature to OH- groups in adsorbed water on the surface or, for oxidation in 

the presence of water, metal hydroxides259, 288-289. Other studies have found that species at 

this energy can be induced by oxidation of highly defective ion-bombarded surfaces. 

These studies have referred to this species as O1- present in Ni2O3 “defect oxide” or 

oxygen-rich oxides of Ni252, 257, 290. Further studies have indicated that both OH- groups 

and defect oxides contribute to this feature 260, 264. In the absence of water, or at elevated 

temperatures, this species is likely to be an oxygen-rich or “defect” oxide of Ni or a 

similar species of chemisorbed oxygen at Ag-Ni sites. 

A final species, consisting of a poorly resolved oxygen shoulder appears at 

533.2eV for doses at 100K and has in the past been associated with adsorbed molecular 

oxygen252, 258, 261. As temperature is increased, this shoulder disappears. Additionally, 

with increasing temperature, the second peak (532eV) loses predominance in favor of the 

primary oxygen peak (530.2eV). This tendency matches those previously reported in 
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literature245, 255-256. In summary, based on the previous works outlined here and 

summarized in Table A.1, we conclude that the feature at 530.2eV is O2-, the feature at 

532eV is O1-, and the poorly resolved feature at 533.2eV is molecularly adsorbed O2. 

From this point on we will refer to the various oxygen species by these chemical 

assignments.  

With the chemical species identified, we can outline the reaction pathways 

observed for varying amounts of Ag on the Ni(111) surface. For low-temperature oxygen 

exposures on all samples, physisorbed oxygen and O1- species were initially the dominant 

species detected. Upon heating, these species decreased and O2- became the primary 

species. Increased Ag coverage did not seem to have much effect on this trend other than 

to decrease the total amount of oxygen present on the surface. This suppressive effect 

seems to indicate that the low-temperature sticking coefficient for Ag is much lower than 

for Ni.  The general behavior we observed for low-temperature oxidation of all substrate 

surfaces (Fig A.3) can be summarized by equations 2-5 as follows: 

Eq. 2    2O2(g) �O2 (ads) + O1-(ads) +O2-(ads)         100K 

Eq. 3    2O2 (ads)� 2O1-(ads) + O2(g)                        100K-250K 

Eq. 4     3O1-(ads) 
� O2-(ads)  + O2(g)                         250K-400K  

Eq. 5    2O2-(ads) 
� O2(g)                                            >400K  

In contrast to the 100K exposures, we observed significant changes with increasing Ag 

coverage for 500K oxidation. For Ni(111) and Ni(111)+0.3ML Ag (Figs. A.4A-A.4B) we 

observed the creation of primarily O2- species, followed by their desorption. The general 

behavior we observed for high-temperature oxidation of these two surfaces can be 

summarized by equations 6 and 7 as follows: 
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Eq. 6    O2(g) � 2O2-(ads)             500K 

Eq. 7    2O2-(ads) 
� O2(g)            >500K  

After increasing the Ag coverage to 0.7ML, however, a second species of oxygen, 

corresponding to O1-, was observed in significant quantities on the surface (Fig. A.4C). 

Furthermore, it is apparent based on LEEM data (Fig. A.2) that this new O1- feature 

corresponds to the addition of Ag adsorbed at terrace sites grown during the 0.7ML 

deposition. This new species is certainly adsorbed at or beneath the Ag terrace sites, as 

the total oxygen area for 0.7ML coverage is comparable to that of 0.3ML coverage and 

higher than that of clean Ni(111). The idea that this shoulder arises from oxygen at the 

interface between Ni(111) and terrace Ag sites is reinforced by the shoulder’s absence at 

higher temperatures on clean Ni(111) and the 0.3ML (primarily step-edge) dose of Ag on 

Ni(111).  The total reaction pathway, written briefly to provide representative reactions, 

for 500K oxidation on Ni(111) + 0.7ML Ag can be summarized in equations 8-10 as 

follows: 

Eq. 8    O2(g) � O2-(ads)  + O1-(ads)             500K 

Eq. 9                                           3O1-(ads)  � O2-(ads)  + O2(g)          550K-700K 

Eq. 10    2O2-
� O2(g)                                       >700K  

Based on the quantitative analysis of the two species of oxygen present, it is apparent that 

for 500K oxidation of the Ag/Ni(111) surface, significant amounts of O1- do not form in 

the absence of terrace-grown Ag. This is in contrast with low-temperature oxygen doses 

(100K), which induce O1- formation upon subsequent heating regardless of the presence 

or absence of Ag on the surface. This difference can be explained by a pathway in which 

multilayers of physisorbed oxygen at 100K can convert to O1- at higher temperatures. 

Data congruent with these steps have been reported previously in literature258. For 
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oxidation at 500K, this accumulation of excess physisorbed oxygen never occurs, 

inhibiting the production of O1- species. It is the addition of terrace-grown Ag, observed 

here only at 0.7ML Ag coverages, that induces these O1- species to form under higher 

oxidation temperatures. In other words, oxygen chemisorption onto Ni(111) containing 

Ag primarily at step edge sites occurs as O2-, while the presence of large amounts of 

terrace-grown Ag in addition to the step-grown Ag induces the formation of the O1- 

species. The specific, concomitant, structural and morphological changes and the 

preferred sites for oxygen adsorption have been studied further using LEEM. 



 

Fig. A.3: TP-XPS spectra of Oxygen dosed at 100K on (A) Ni(111), (B) Ni(111) + 

0.3ML (step edge) Ag, and (C) Ni(111) + 0.7ML (step edge + terraces) Ag growth. 

Figure (D) shows fitted oxygen 1s peak areas for oxygen dosed at 100K on various 

surfaces. Solid lines are oxygen species at 530.2eV binding energy. Dashed lines are 

oxygen species at 532eV binding energy. Symbols used indicate which sample surface 

was studied: Clean Ni(111) (squares), Ni(111) + 0.3ML (step edge) Ag exposure 

(circles), and Ni(111) + 0.7ML (step edge + terrace) Ag exposure (triangles). Areas were 

normalized to the maximum O1s intensity observed across all studies.
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XPS spectra of Oxygen dosed at 100K on (A) Ni(111), (B) Ni(111) + 

0.3ML (step edge) Ag, and (C) Ni(111) + 0.7ML (step edge + terraces) Ag growth. 

Figure (D) shows fitted oxygen 1s peak areas for oxygen dosed at 100K on various 

faces. Solid lines are oxygen species at 530.2eV binding energy. Dashed lines are 

oxygen species at 532eV binding energy. Symbols used indicate which sample surface 

was studied: Clean Ni(111) (squares), Ni(111) + 0.3ML (step edge) Ag exposure 

d Ni(111) + 0.7ML (step edge + terrace) Ag exposure (triangles). Areas were 

normalized to the maximum O1s intensity observed across all studies. 

 

XPS spectra of Oxygen dosed at 100K on (A) Ni(111), (B) Ni(111) + 

0.3ML (step edge) Ag, and (C) Ni(111) + 0.7ML (step edge + terraces) Ag growth. 

Figure (D) shows fitted oxygen 1s peak areas for oxygen dosed at 100K on various 

faces. Solid lines are oxygen species at 530.2eV binding energy. Dashed lines are 

oxygen species at 532eV binding energy. Symbols used indicate which sample surface 

was studied: Clean Ni(111) (squares), Ni(111) + 0.3ML (step edge) Ag exposure 

d Ni(111) + 0.7ML (step edge + terrace) Ag exposure (triangles). Areas were 



 

Fig. A.4: TP-XPS of oxygen dosed at 500K on (A) Ni(111), (B) Ni(111) + 0.3ML (step 

edge) Ag, and (C) Ni(111)

oxygen 1s peak areas for oxygen dosed at 500K on various surfaces. Solid lines are 

oxygen species at 530.2eV binding energy. Dashed lines are oxygen species at 532eV 

binding energy. Symbols used in

(squares), Ni(111) + 0.3ML (step edge) Ag exposure (circles), and Ni(111) + 0.7ML 

(step edge + terrace) Ag exposure (triangles). Areas were normalized to the maximum 

O1s intensity observed across all s
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XPS of oxygen dosed at 500K on (A) Ni(111), (B) Ni(111) + 0.3ML (step 

edge) Ag, and (C) Ni(111) + 0.7ML (step edge + terrace) Ag. Figure (D) shows fitted 

oxygen 1s peak areas for oxygen dosed at 500K on various surfaces. Solid lines are 

oxygen species at 530.2eV binding energy. Dashed lines are oxygen species at 532eV 

binding energy. Symbols used indicate which sample surface was studied: Clean Ni(111) 

(squares), Ni(111) + 0.3ML (step edge) Ag exposure (circles), and Ni(111) + 0.7ML 

(step edge + terrace) Ag exposure (triangles). Areas were normalized to the maximum 

O1s intensity observed across all studies. 

 

 

XPS of oxygen dosed at 500K on (A) Ni(111), (B) Ni(111) + 0.3ML (step 

+ 0.7ML (step edge + terrace) Ag. Figure (D) shows fitted 

oxygen 1s peak areas for oxygen dosed at 500K on various surfaces. Solid lines are 

oxygen species at 530.2eV binding energy. Dashed lines are oxygen species at 532eV 

dicate which sample surface was studied: Clean Ni(111) 

(squares), Ni(111) + 0.3ML (step edge) Ag exposure (circles), and Ni(111) + 0.7ML 

(step edge + terrace) Ag exposure (triangles). Areas were normalized to the maximum 
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Table A.1: Chemical states and reference binding energies for the 3 oxygen species 

considered in the present work. 

Surface Binding  

Energy (eV) 

Species Identity Ref. 

Ni(polycrystalline) 529.5 
531.4 
533.2 

NiO (O2-) 
Chemisorbed O/Defect Oxide 
 

252 

Ni(100) 529.7 
531.3 

NiO (O2-) 
Ni2O3 Defect Oxide 

257 

Ni(100) 80K 530 
531.1 
534.7 

O2- 
O1- 
Molecular O2 adsorbed 

258 

Ni(111) + H2O 530.2 
532.4 

O2- 
OH-  

259 

NiO Crystal 529.7 
531.5 

NiO 
Ni2O3 (O

1-) 

264 

Ag(111) 530.2 O2-  256 
Ag oxidized in 
H2O 

529.5 
531.6 

O2- 
Surface OH- 

288-289 
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A.3.2.4 Oxidation Analysis by LEEM: 

The application of intensity-voltage (I(V)) LEEM allows in-situ monitoring of the 

structural evolution of near-surface structure upon O2 exposure and an identification of 

the evolving phases, as shown in the following. In the I(V) mode, LEEM images are 

recorded for a predefined set of kinetic energies of the incident electrons in a given range 

(e.g., up to 40 eV). From this stack of images, local changes in the reflected intensity I as 

a function of electron energy, i.e., accelerating voltage V, can be extracted with 

nanometer resolution. These so-called I(V) curves have already been shown to represent 

reliable fingerprints of oxygen-rich structures in transition metal oxidation and surface 

chemical reactions266, 285. While the author has also contributed to a full I(V)-LEEM 

investigation of the oxidation behavior of this system287, the following discussion is 

restricted to the limiting cases of oxygen exposure on bare Ni(111) and Ag-covered 

Ni(111). 

In Fig. A.5a, the result of Ni(111) oxidation is shown after saturation exposure to 

O2 at about 450 K. In essence, the LEEM image shows a homogeneous, stepped surface, 

whose characteristic I(V) fingerprint, which has been extracted from the region indicated 

by a circle, is displayed in Fig. A.5c. The most prominent, revealing feature is the 

dominant peak at about 8eV, which is associated with the formation of NiO(111) 

domains291. In Fig. A.5b, the result of a 1200 L dose of O2 on a Ni(111) surface covered 

by a mixture of 1 ML (bright) and 2 ML (dark) thick Ag islands is displayed. While the 

I(V) signature of the 2 ML region remains unchanged upon initial oxygen exposure 

within the error bars (see Ref. 53), the monolayer film assumes the I(V) curve depicted in 

Fig. A.5c. A comparison with the result for the oxidized Ni surface indicates that the 
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oxide-related peak has also strongly developed for the Ag-precovered surface. 

Furthermore, we note the existence of sharp, additional features at about 14 eV and 18 

eV, which closely resemble the Ag-induced I(V) signature (Fig. A.5c) in the energy 

regime from about 13 eV to 21 eV as reproduced for a 2 ML Ag coverage on Ni(111) 

[46]. Since the I(V) curve for ultrathin NiO(111)/Ni(111) is rather featureless besides the 

sharp resonance at 8 eV while the I(V) signature for 2 ML Ag/Ni(111) is rather intense at 

kinetic energies between 13 eV and 21 eV, the most logical explanation is to interpret the 

experimental I(V) curve as an incoherent superposition of the individual I(V) fingerprints 

for ultrathin NiO(111) and a 2 ML Ag film on Ni(111). Hence, these results indicate the 

coexistence of 2 ML-thick Ag regions in close proximity to oxidized Ni(111) patches. 

Further support for this interpretation can be gained from earlier studies [46] where the 

Ag-related resonances were found to be of comparable sharpness for Ag layer thicknesses 

of 2 ML, but considerably smeared out for a single layer. Therefore, the shape of the 

resonances observed here points toward the onset of Ag agglomeration and partial 

dewetting, albeit at a length scale close to or even below the resolution limit of the 

microscope. As we do not observe any mass transport from the double layer regions, the 

formation of Ag double layers upon oxidation implies a nanoscale variation of the local 

Ag coverage, suggesting the formation of Ag-covered and Ag-free areas in  previous Ag 

monolayer regions. Close inspection of the LEEM image recorded after O2 exposure 

indeed reveals a slight contrast variation within the former 1 ML Ag regions, in 

agreement with this scenario. We note that this oxygen-induced dewetting process 

appears to be a general property of this system and is found to be even more pronounced 

for even higher temperatures, where we observe epitaxial growth of continuous 2 ML-
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thick islands in these regions291. Since we do not find any evidence for the evolution of a 

new phase associated with the presence of O1- species as detected by XPS, we conclude 

that the O1- species induced by the terrace Ag is not sufficiently ordered to be detectable 

by I(V)-LEEM, which is not inherently chemically sensitive. This allows us to conclude 

that the O2- species detected in XPS is formed as an ultrathin NiO(111) slab on-top of 

Ni(111), while the O1- species is a disordered species, the location of which, based on the 

I(V)-LEEM results, could potentially be correlated with nanoscale Ag/NiO(111) domain 

boundaries and Ag-decorated surface steps. 

In the following section we present data for the ethylene epoxidation reaction on 

these Ag-Ni(111) structures. By first understanding the morphology of these Ag deposits 

and their effect on the chemical state of the oxygen present, we relate phenomena 

observed during the ethylene reaction to the presence or absence of specific oxygen 

species.  
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Fig. A.5: (a) LEEM image of a clean Ni(111) surface recorded after saturation exposure 

to O2 at a substrate temperature of 450 K. (b) LEEM image of a Ni(111) surface pre-

covered by a single Ag layer (bright) and a double Ag layer (dark) recorded after 

exposure to 1200 L of O2. (c) Intensity-voltage curves extracted at positions indicated by 

circles in subfigures (a) and (b) from stacks of images. For convenience, a reference I(V) 

curve taken for a 2 ML Ag film on Ni(111) 287 has been added. 
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A.3.3. Reaction with Ethylene: 

TP-XPS study of ethylene adsorption was performed for four permutations of Ag 

and O exposures on Ni(111) surfaces. For all experiments, ethylene was dosed at 10-8 

Torr for 300s at 100K, yielding a total of 3 L. Previous studies for similar doses of 

ethylene reported coverages between 1 and 2 ML. 40 Figs. A.6 and A.7 present the C1s 

data for ethylene on these surfaces, including Ni(111), O-Ni(111), Ag-Ni(111) and O-Ag-

Ni(111).  Reference spectra were collected for commercially purchased ethylene oxide on 

Ni(111). 

A.3.3.1 Ethylene on Ni(111)  

In Figure A.6A, C1s XPS spectra of Ni(111) exposed to 3L ethylene at 100K are 

presented. A broad peak centered at 284eV appears initially. With annealing up to 250K 

the peak decreases in size and shifts to 283.5eV. This is evidence of ethylene (284eV) 

desorbing while leaving chemisorbed, partially dehydrogenated species on the surface 

(283.5eV). Further annealing causes the decrease of the 283.5eV peak gradually from 

250-700K. By 700K almost all the C containing species have left the surface of Ni(111).  

In Figure A.6B, TP-XPS spectra for Ni(111) pre-oxidized at 500K, then exposed 

to 3L ethylene at 100K are presented in the C1s region. Initially, as in Fig. A.6A, a peak 

corresponding to molecular ethylene is present at 284eV. This peak decreases in size and 

shifts to 283.5eV at 150K. The peak is gone by 250K. Additionally, a peak centered at 

287.9eV appears at 150K. A reference spectrum of ethylene oxide (EO) on Ni(111) is 

also shown.  This feature decreases steadily until 500K then disappears.  The presence of 

O on the surface in Fig. A.6B has changed the interaction completely when compared to 

the case without O (Fig A.6A). The initial peak at 284eV decreases much more quickly in 
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the presence of O, and the new peak at 287.9eV, indicative of an oxygenated carbon 

containing species, is induced. The primary similarities between the two cases are the 

initial peak intensity at 100K, and the fact that essentially all C has left the surface at 

700K for both the clean and oxidized surfaces. Figure A.6C depicts quantitatively the 

peak areas resulting from peak-fitting as described previously. It is readily apparent that 

the addition of oxygen to the surface causes a significant increase in the desorption of 

carbon-containing species, as well as the generation of a new species at a 287.9eV on the 

surface. 
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Fig. A.6: TP-XPS of ethylene on Ni(111) (A) 

and O-Ni(111) (B) including a reference 

spectrum of purchased ethylene oxide on 

Ni(111). Lower temperatures are plotted with 

more positive vertical shifts. Measurements 

were conducted at 100K after flashing to the 

temperature indicated in the plot. Figure (C) 

shows carbon 1s peak areas for ethylene 

dosed on clean and oxidized Ni(111). 

Molecular ethylene (284eV) on the non-

oxidized surface (solid line), Molecular 

ethylene (284eV) on the oxidized surface 

(dashed line), and ethylene oxide (287.8) 

evolved on oxidized surfaces (dotted line). 
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A.3.3.2 Ethylene on Ag-Ni(111) 

In Figure A.7A, TP-XPS spectra for 3L ethylene adsorbed at 100K on Ni(111) + 

0.3ML Ag are presented in the C1s region. A primary peak at 284eV is present but 

decreases quickly while shifting to 283.8eV. No second species appears with continued 

heating. The 284eV feature is comparable to that for the oxidized Ni(111) surface without 

Ag present (Fig. A.6B). However, the initial intensity of the feature at 100K is 

approximately half of that for either Ni(111) surface without Ag. This indicates that Ag 

not only enhances desorption of ethylene at lower temperatures, but that the total amount 

initially adsorbed is decreased as well.  

In Figure A.7B, TP-XPS spectra for 3L ethylene adsorbed at 100K on pre-

oxidized (500K) Ni(111) + 0.3ML Ag are presented. A reference spectrum of ethylene 

oxide (EO) is also shown. As before, an initial peak appears at 284eV (physisorbed 

molecular ethylene) and decreases with increasing temperature while shifting to 283.7eV. 

It is worth noting that the total peak intensity at 100K is less here than in any of the 

previous figures. This indicates that the O-Ag-Ni(111) surface adsorbs molecular 

ethylene less readily than any of the other surfaces studied.  Concurrently with this 

desorption of molecular ethylene, a new peak at 287.8eV appears. This feature remains 

relatively constant until 500K, after which it decreases and disappears. Figure A.7C 

depicts quantitatively the peak areas resulting from peak-fitting of the curves in Figure 

A.7A and A.7B. The addition of oxygen to the surface does not have as dramatic an 

effect on the desorption profile as in Figure A.6C, but still causes the generation of the 

second species observed at a new binding energy. 
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Finally, Figure A.8 depicts quantitatively the amount of oxygen-containing carbon 

species (287.8eV) produced for ethylene dosed and heated on Ag-Ni(111) compared to 

Ni(111). These data are the same data presented in Figs. A.6C and A.7C, but rather than 

normalizing to the maximum C1s value observed across all experiments, which gives an 

idea of the raw amount of species generated, they are normalized to the initial amount of 

ethylene adsorbed on the given surface. This gives a measurement of the amount of 

oxygen-containing species generated per unit ethylene initially adsorbed. It is evident 

from comparison that the Ag-containing surface is much more active for this reaction 

than the clean Ni(111) surface is. Additionally, the signal persists to higher temperatures 

for the Ag-containing surface. 
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Fig. A.7: TP-XPS of ethylene on Ag-Ni(111) (A) and O-Ag-Ni(111) (B) including a 

reference spectrum of purchased ethylene oxide on Ni(111). Ag coverage was 

approximately 0.3ML. Lower temperatures are plotted with more positive vertical shifts. 
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Measurements were conducted at 100K after flashing to the temperature indicated in the 

plot. Figure (C) shows carbon 1s peak areas for ethylene dosed on Ag-Ni(111) with and 

without oxygen. Molecular ethylene (284eV) on the non-oxidized surface (solid line), 

Molecular ethylene (284eV) on the oxidized surface (dashed line), and ethylene oxide 

(287.8) evolved on oxidized surfaces (dotted line). Areas were normalized to the 

maximum C1s intensity observed on all samples studied.  The reference ethylene oxide 

on Ni(111) spectra is shown in 1/3 scale.  
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A.3.3.3 Feature Identification and Analysis: 

A series of previous work was referenced to assign chemical identities to the 

species observed. The feature at 284eV, which shifts with increasing temperature to 

lower binding energies, is assigned to be either physisorbed (molecularly) or chemisorbed 

(with progressive amounts of dehydrogenation) ethylene. This assignment is based on 

multiple references summarized in Table A.2. Similarly, the feature at 287.8eV can be 

assigned, based on comparison with previous studies, as ethylene oxide (C2H4O), which 

has been reported by different researchers at either 287.8eV or 287.3eV. Additionally, 

XPS data was collected for commercially purchased C2H4O (Fig. A.7B) on Ni(111), 

confirming the findings from literature. 

As before, having identified the species detected in XPS, it is possible to propose 

reaction pathways on the various sample surfaces. Previous TPD studies of ethylene on 

Ni(111) have detected H2 and C2H4 desorption products, and indicate that molecular 

ethylene begins to desorb from Ni(111) with initial heating above 150K, while 

dehydrogenation does not begin in significant quantities before heating above 300K282, 

292. Reaction pathways proposed in these same studies indicate that, for temperatures 

above 300K, remaining carbonaceous species on the surface are most likely 

dehydrogenated ethylene chemisorbed to Ni, such as C2H2/Ni(111) and C2H3/Ni(111). As 

temperatures exceed 500K, C-C bond cleavage occurs in addition to dehydrogenation, 

and single-carbon adsorbed species such as CH appear. For ethylene dosed and heated on 

Ni(111) surfaces in the absence of oxygen, the proposed reaction pathway is outlined as 

follows in equations 11-13: 
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Eq. 11  C2H4(g) � C2H4(ads)� C2H4(g)                             100K-250K 

Eq. 12  4C2H4(ads) � 2C2H2(ads) + 2C2H3(ads) + 3H2(g)        250K-300K 

Eq. 13  2C2H2(ads) + 2C2H3(ads) � C2H2(g)+C2H3(g) + 4CH(ads) + 0.5H2(g)        300K-700K 

The expected reaction pathway for desorption of oxygen-containing ethylene species 

from a O-Ni(111) surface is somewhat different. The likely gas-phase reaction products 

include hydrogen (resulting from dehydrogenation at elevated temperature), methoxy 

species (CH3O), epoxides (C2H2O), and acetaldehyde. The proposed reaction mechanism 

is as follows in equations 14-17:  

Eq. 14   C2H4(g) � C2H4 (ads) 

Eq. 15   C2H4 (ads)� C2H4(g)                                              100-250K 

Eq. 16   C2H4(ads) + O2-(ads)� C2H4O (ads)                                    250-300K 

Eq. 17   3C2H4O(ads) + O2-(ads) � CH3CHO(g) + 2CH3O(g) + C2H2O(g)   300K-700K 

In the absence of oxygen, reaction pathways for Ag-modified Ni(111) are similar to those 

proposed for surfaces without Ag, with the primary difference being that the Ag-modified 

surface exhibits faster ethylene desorption at lower temperatures (150K-300K). In the 

presence of oxygen, however, the Ag-modified surface, in comparison to the non-

modified surface, exhibits significantly less ethylene adsorption to begin with but has a 

similar desorption profile.  

It is possible that the adsorbed oxygen present on the Ni surface behaved in a 

similar manner to the oxygen present in the Al2O3 support for the traditionally employed 

industrial Ag-Al2O3 catalyst. That is, rather than relying on competitive co-adsorption of 

a C2H4 and an oxygen at the same silver site, the presence of a more oxophilic metal (or 

metal oxide) support allows the Ag site to be dedicated to C2H4 adsorption with the 

necessary oxygen being provided either by stoichiometric oxygen (in the oxide) or by 
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adsorbed surface oxygen (on the oxophilic metal). This theory is supported by the 

decrease in oxygen adsorption observed in XPS after the addition of Ag to the Ni(111) 

surface, which indicates that oxygen adsorbed in our exact conditions is primarily 

restricted to the Ni sites. 

 

 

 

 

Table A.2: Chemical states and reference binding energies for various carbonaceous 

species considered in the present work. 

Chemical Species Substrate Ref. 

C 1s Binding 

Energy 

Ethylene Oxide (C2H4O)    Ni(110)         280 287.8 
Ethylene Oxide (C2H4O)    Ni(110) @ 100K 276 287.3 
Acetaldehyde (CH3CHO)  Ni(110)              276 288.9 
Methoxy (CH3O)                          Ni(110) 276 285.8 
Decomposed Species 
(CHx)                   

Ni(110) 276 
283.4 

Ethylene (C2H4)                 Ni(100) @ 90K    277 283.8 
Acetylide (CCH)  Ni(100) @ 265K   277 283.9 
Acetylene (HC2H) Ni(100) @ 105K   277 283.1 
Vinyl  (-CHCH2) Ni(100)   277 283.5 
Carbide  Ni(100)   277             282.9-283.1 
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This analysis also accounts for the deviation from previous results that indicate 

that a silver-based metallocycle is responsible for the selectivity determination of the 

silver surface. For larger silver deposits, this metallocycle is a common reaction step for 

the majority of ethylene oxidation and epoxidation reactions, and the specific details of 

the metallocycle will determine whether or not the desired epoxidation reaction or 

undesired combustion reactions proceed. Rather than considering the whole multitude of 

possible combustion reactions and products that could arise, it would be simpler to 

consider only two cases- one case which leads to the desired reaction and a second case 

which leads to combustion products. As it turns out, there is one intermediary product 

common to all of the combustion products and not seen in the epoxidation reaction. This 

product, acetaldehyde, is a possible side product of the reaction of ethylene and oxygen 

on the metallocycle site. The resulting acetaldehyde is then easily oxidized to CO or CO2, 

which leaves the surface as a vapor-phase product 

When assessing possible reaction pathways, it is important to consider the 

selectivity of the desired reaction product (C2H4O) compared with alternate byproducts, 

including combustion products such as CO. While this type of selectivity measurement is 

best performed by measuring the yield of various desorption products obtained, 

knowledge of the reaction pathways suggested in the literature allows us to make 

inferences based on the surface species observed in this work. A large body of previous 

work, including many such temperature programmed desorption (TPD) studies, has 

indicated that the production of a surface-confined acetaldehyde species is a common 

participant in the majority of reaction pathways leading to these undesired combustion 

species272, 293. In other words, residual acetaldehyde on the catalyst surface may be treated 
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as a marker for undesired reaction pathways. In conducting this type of analysis, it is 

important to remember that the ethylene reaction conducted was not conducted in the 

presence of vapor-phase oxygen, but rather in the presence of a limited amount of 

surface-confined oxygen. Thus it is reasonable to assume that, given the restricted oxygen 

supply, some of the intermediary acetaldehyde species would remain during XPS 

analysis, since acetaldehyde is known to adsorb on Ni(111) at room temperature or 

below. Based on XPS fingerprinting techniques, which indicate a significant difference 

(1.1eV) in binding energy between ethylene oxide and acetaldehyde, it is clear that 

acetaldehyde is not detected in the XPS data. This result seems to indicate that the 

decomposition of the adsorbed ethylene into combustion products via an acetaldehyde 

intermediary is not a dominant reaction. 

It is important to note that the 0.3ML Ag grown for the ethylene oxidation 

experiment effectively blocks the step-edge sites, according to the VPEEM and LEEM 

investigations outlined earlier. Recalling the previous section, in which we analyzed the 

chemical identities of oxygen on Ni(111) and Ag-Ni(111) surfaces, we have seen that, for 

oxygen exposures at 500K, significant quantities of O1- species form only in the presence 

of terrace-grown Ag.  By this line of reasoning, it is evident that ethylene oxide has been 

formed in the near absence of O1-, even though it has previously been shown that on a 

clean Ag(111) surface O1- species are necessary for epoxidation270. It appears as though 

the presence of sub-monolayer Ag on Ni(111) step-edge sites enables the epoxidation 

reaction to  proceed without the significant presence of O1-. Additionally, we have shown 

that step-edge grown Ag increases the total amount of oxygen adsorbed, and we suggest 

that this increased oxygen affinity may be responsible for the increase in activity. 
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It is readily apparent from comparison of figures A.6C and A.7C that Ag 

suppresses the adsorption of ethylene in the absence of oxygen. On the other hand, Ag 

does not suppress the formation of ethylene oxide when oxygen is present on the surface. 

Rather, the ethylene oxide formed in the presence of Ag is actually more stable at higher 

temperatures, persisting on the surface to higher temperatures than ethylene oxide on 

clean Ni(111). This is an important result in that the window of reaction feasibility has 

been broadened by surface modification. We correlate this increase in oxide stability with 

previous results which indicate that Ag grown at step sites decreases the activity of 

Ni(111) for C-C bond breakage278. By inhibiting the C-C bond breakage, we have 

stabilized the oxidized ethylene against further reaction. Additionally, from examination 

of Fig. A.8, we see that the amount of ethylene oxide generated per unit ethylene 

adsorbed on a Ag-Ni(111) surface is much higher than on a bare Ni(111) surface, 

showing that the Ag-Ni interaction provides a significant activity increase.   
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 Fig. A.8: Carbon 1s peak intensity at 287.8eV (ethylene oxide species) normalized to 

initial ethylene peak area. This is a measure of ethylene oxide yield per unit molecular 

ethylene initially adsorbed. 
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A.4 Conclusions: 

The results presented in this work indicate that the addition of submonolayer Ag 

to a Ni(111) surface increases the activity of the surface for ethylene epoxidation while 

simultaneously stabilizing the ethylene oxide produced from further reaction at elevated 

temperatures. We have shown that for 500K oxidation in UHV, terrace-grown Ag 

submonolayers promote an O1- species on the Ni(111) surfaces, while step-edge deposits 

and clean Ni surfaces favor O2- species. For deposits with a high degree of Ag grown at 

step-edge sites, we have correlated the absence of this O1- species and increased total 

oxygen adsorption with the enhanced performance induced by Ag submonolayers on the 

Ni(111) surface, indicating that the Ag-Ni system does not require the presence of O1- 

species for the epoxidation reaction, as has been shown to be the case for Ag(111) 

crystals. 

Additionally, we have stabilized ethylene oxide at elevated temperatures by 

employing the ability of submonolayer Ag at step-edge sites to inhibit C-C bond 

breakage. Ethylene oxide species are more stable on Ni(111) surfaces at higher 

temperatures when step-edge sites are masked by vapor-deposited Ag. By combining Ag, 

which is an excellent catalyst for the epoxidation reaction, with a Ni substrate, which 

promotes both dehydrogenation and C-C bond breaking, in a site-specific growth mode, 

we have successfully paired two active metals in a manner that retains their desired 

attributes (epoxidation and dehydrogenation activities) while suppressing the C-C bond 

breakage that would otherwise be an undesired side-effect of the use of Ni as a support. 
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CHARTS AND TABLES 

 

 

 
 

 

Figure B.1: Pourbaix potential-pH diagram for Au. Figure generated from HSC 5.1 using 
reference database294. 
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 Figure B.2: Pourbaix potential-pH diagram for Pt. Figure generated from HSC 5.1 using 
reference database294. 
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Figure B.3: Pourbaix potential-pH diagram for Cu. Figure generated from HSC 5.1 using 
reference database294. 
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 Figure B.4: Pourbaix potential-pH diagram for Ni. Figure generated from HSC 5.1 using 
reference database294. 
  

14121086420

2.0

1.5

1.0

0.5

0.0

-0.5

-1.0

-1.5

-2.0

Ni - H2O - System at 26.85 C

C:\HSC5\EpH\Ni300.iep         pH

Eh (Volts)

H2O Limits

Ni

NiH0.68

NiO

NiO*OH

Ni(+2a)

ELEMENTS Molality Pressure

Ni                         1.000E+00   1.000E+00
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Table B.1: Selected standard potentials of interest for DMFCs and SLRR96 

Reaction  Equilibrium Potential (V) 

Au+    +    e-   ↔ Au  1.692  

Pt2+    +   2e-  ↔ Pt  1.18  

Pd2+   +   2e-  ↔ Pd  0.951  

Ag+     +   e-   ↔ Ag  0.7996  

Rh3+    +    3e- ↔ Rh  0.758  

Ru2+   +    2e- ↔ Ru  0.455  

Cu2+   +    2e-  ↔ Cu  0.3419  

Ru3+   +    3e-  ↔ Ru  0.2487  

2H+    +    2e-  ↔ H2 0.00 

Pb2+   +    2e-  ↔ Pb -0.13 

Ni2+    +    2e- ↔ Ni  -0.257  

Co2+   +    2e- ↔ Co  -0.28  

Cr3+    +    3e- ↔ Cr  -0.7  

Zn2+    +   2e-  ↔ Zn  -0.7618  

Cr2+      +    2e- ↔ Cr  -0.913  

Ti2+      +    2e-  ↔ Ti  -1.6  

Al3+      +   3e- ↔ Al  -1.662  

Ce3+    +   3e- ↔  Ce  -2.336  

Li+      +     e- ↔  Li  -3.04  
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