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Gold-Catalyzed Alcohol Oxidation Reactions: Insights from Surface 
Science and Classical Catalysis Studies 

 

Gregory Michael Mullen, Ph.D. 
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Supervisor:  Charles Buddie Mullins 

 

Catalysts play an extremely important role in shaping the world around us. Foods, 

plastics, fuels, medicines, and countless other materials that are integral to our way of life 

rely on catalysts for their production. Despite their importance, to this day catalysts are 

still mysterious materials with active sites and reaction mechanisms that often remain 

unknown despite decades of investigation. 

In this dissertation, we investigate the use of gold catalysts for selective oxidation 

of alcohols, an important class of reaction used in the agrochemical, pharmaceutical, and 

fine chemicals industries. Using surface science and classical catalysis techniques, we 

demonstrate that water plays important and previously undiscovered roles in these 

processes, altering reaction mechanisms and influencing the selectivity exhibited by the 

catalysts for primary and secondary oxidation pathways. Additionally, we show that the 

structure and the composition of the support material both influence the activity and 

selectivity of gold catalysts for alcohol oxidation. 

Our results highlight the complexity that catalytic reaction mechanisms can 

exhibit and the structure-function relationships that can dictate their behavior. Knowledge 

of these factors is extremely valuable optimizing the design and implementation of 
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catalytic processes. By leveraging knowledge like this, we will be able to mitigate the 

generation of industrial waste make better use of our natural resources. 
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Chapter 1:  Introduction 

1.1:  CATALYSIS – WHY DOES IT MATTER? 

I’m going to tell you how catalysis saved the world. In order to properly set the 

stage for this story, we first have to look way back to 1798 when a then unknown English 

economist named Thomas Malthus wrote what came to be the most prominent and most 

controversial work of his life, An Essay on the Principle of Population.1 In this work, 

Malthus noted that the population of the world was growing exponentially, while the 

global supply of food was growing only linearly. He argued that there would come a 

point in time when these two curves would intersect, when farmers would no longer be 

able to raise enough crops to feed the growing population. At this point, catastrophe 

would strike. Famine and starvation would run rampant. Conflict and war would surely 

follow. The only ways Malthus could see to rectify the impending food shortage would 

be to increase death rates or decrease birth rates. The world was in for a very bleak and 

painful future… 

We now know that Malthus was incorrect in his projection. The world population 

did continue to increase exponentially, but our ability to produce food was able to keep 

pace. The solution to the Malthusian catastrophe certainly did not come easy, but 

ultimately it was attained. What Malthus failed to account for in his projections were 

several technological advances developed in the 19th and 20th centuries that resulted in 

astounding enhancements to farming efficiency.  

One of the biggest issues that had hindered 18th century farms was associated with 

limitations on the available supply of fertilizer set by the natural world. Carbon, oxygen, 

hydrogen, and nitrogen are the building blocks of life on Earth. Plants have no problem 
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taking up all of the carbon, oxygen, and hydrogen that they need from the atmosphere via 

photosynthesis; however, nitrogen poses a bit of a problem. Only certain species of plants 

and bacteria are capable of using nitrogen from the atmosphere, where it exists as N2 

molecules, and converting it into a form that they and other forms of life can use. Malthus 

and his friends in the 18th century did not even know that these organisms existed. 

Considering this, is it any wonder that Malthus could not foresee the boon in farming that 

occurred roughly one century after his time? Luckily, a method of reacting N2 with H2 to 

produce ammonia was developed, which played a large role in averting the Malthusian 

catastrophe. Ammonia can easily be converted to produce nitrogen-rich fertilizers, the 

development of which led to incredible improvements in farming efficiency.  

The reaction of nitrogen and hydrogen to produce ammonia is called the Haber-

Bosch process, and it is arguably the most important catalytic reaction ever developed. 

Approximately 1% of all energy produced the world over is used to carry out this 

process.2 Had this process not been developed, 50% of all non-ice covered continents 

would have to be devoted toward agriculture in order to produce the amount of food 

necessary to feed the world’s population today.3 Furthermore, four out of every five 

nitrogen atoms present in your body have undergone the Haber-Bosch process4 (if you 

happen to be reading this dissertation many years into the future, that percentage is likely 

to be higher, but who am I kidding, the odds of anyone actually reading this are pretty 

slim – especially as we move into the future).  

So did catalysis save the world? Possibly. Has it changed the world? Most 

definitely. The Haber-Bosch process is far from the only catalytic reaction of importance 

to the world. The industrial production of chemicals has impacted our society in countless 

ways. The chemical industry produces foods, plastics, fuels, medicines, and many other 

materials that are integral to our way of life, approximately 90% of which rely on 



 3 

catalytic transformations at some stage of their production process. In many ways, 

catalysts are the lifeblood of the chemical industry. Without catalysts, most modern 

chemical production techniques would not be possible. 

 

1.2:  THE CHALLENGES OF UNDERSTANDING CATALYSTS 

A catalyst is a material that speeds up the rate of a chemical reaction. In addition 

to making a desired reaction feasible on a timescale that is realistic for industrial 

production, catalysts can also influence the selectivity of processes that can undergo 

multiple chemical reactions, influencing their overall product distributions. A 

heterogeneous catalyst is a material that promotes a chemical reaction and is present in a 

different phase from the reactants that are being converted. Generally this means that a 

heterogeneous catalyst is a solid material, while the reactant materials are either in the 

liquid or the gas phase. Reactions facilitated via heterogeneous catalysts occur on 

surfaces. The reactants interact with the catalyst surface (adsorb), undergo a conversion 

process to generate products, and then desorb, returning to the phase from which they 

started. 

Despite the importance of heterogeneous catalysts, our understanding of how 

these materials function has severely languished. Major developments in heterogeneous 

catalysts have been discovered phenomenologically, occurring via repeated iterations of 

trial and error, rather than designed from predictive concepts and models. Catalysts are 

very confounding materials, often displaying complex material structures and unexpected 

chemical reaction pathways. 

The complexity of a heterogeneous catalyst’s structure is a multifold problem. A 

typical catalyst system is comprised of an active material and a support material. The 
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support material acts as a dispersant, spreading out the active material to provide more 

surface area on which the reaction can occur. As such, support materials should have high 

surface areas and should be cheap. Metal oxides tend to fit this bill quite nicely and are 

frequently used as support materials. The active material is dispersed out on the support 

material often in the form of nanoparticles.  

Complexity arises in that both the support material and the active material can 

display a vast number of binding sites, each influencing catalytic behavior in a different 

way. Nanoparticles are not smooth, uniform spheres as one might expect, but rather 

jagged structures made up of regions of planar crystal facets joined together at edges and 

points. Each exposed crystal plane can interact differently with the reactants, and regions 

of lower atomic coordination like edge sites can behave differently still. The support 

material can also influence the activity of the catalyst. Like the active component, the 

support can display different types of binding sites. Additionally, supports such as metal 

oxides can display regions enriched in one component. Oxygen vacancies, sites where an 

oxygen atom is missing from the crystal lattice of a metal oxide, are a classic example of 

this phenomenon. These sites can also interact differently with reactants, altering the 

behavior of a catalyst. If all of these factors didn’t make things difficult enough already, 

don’t worry – when the active component and the support material are combined to make 

the catalyst, the interface between the two materials can add even more levels of 

complexity to the structure. All told, pinpointing the site (or sites) responsible for 

catalytic activity is understandably difficult.   

Even when investigating the most uniform and controlled catalytic systems, fully 

understanding the means by which reactants are converted to products can still be quite a 

challenge. Few techniques exist to probe the surface of a catalyst while a reaction is 

taking place. Even when such in-situ probing is possible, analysis of the results tends to 
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be complicated by the myriad of transformations that can occur and intermediate species 

that can form on the catalyst surface during the reaction. Furthermore, the mechanisms 

through which catalytic reactions occur often involve multiple steps that are not easily 

probed and generally must be inferred from indirect observations. 

 

1.3:  GOLD AS A CATALYTIC MATERIAL 

Gold serves as an excellent highlight of our ignorance regarding catalytic 

behavior. For many decades, gold was considered an inert material, with little catalytic 

use. However, in 1973, Bond et al. showed that olefin hydrogenation could be promoted 

by gold catalysts.5 Then, in the late 1980s Haruta synthesized highly active gold catalysts 

for carbon monoxide oxidation,6 and Hutchings demonstrated gold-catalyzed 

hydrochlorination of ethylene.7 Haruta’s seminal findings showed that supported gold 

nanoparticles can be very active for CO oxidation at exceptionally low temperatures.6,8 

This discovery generated an explosion of interest within the scientific community 

towards the study of gold catalysis. Gold has since been shown to catalyze a significant 

number of chemical reactions with displays of unprecedented activity at low 

temperature.9–13  

To date some of the most well studied reactions catalyzed by gold include CO 

oxidation,14 the water-gas shift reaction (WGSR),15 and selective alcohol oxidation.16 

Investigation of these processes has led to the discovery of some fundamental factors 

influencing the nature of active sites and reaction mechanisms on gold catalysts. One of 

the predominant utilities in studying CO oxidation, which is primarily a model reaction, 

is the insight into the nature of oxygen activation on catalyst surfaces that it provides. 

Some of the most important catalytic processes currently in use involve oxidation 
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reactions, and O2 (from the air) is the cheapest and most abundant oxidant available. The 

understanding of O2 activation gained from the study of CO oxidation can be applied to 

other, more complicated catalytic processes.  

The WGSR is an important industrial reaction that is used in conjunction with 

steam reforming for the production of hydrogen. This process is typically carried out over 

copper catalysts at temperatures between 200 °C and 250 °C. The need for ultra-clean 

hydrogen with extremely low concentrations of CO for proton exchange membrane fuel 

cells (PEMFCs) has rekindled interest in the study of this reaction. An exothermic 

process, the WGSR must be carried out at low temperatures in order to maximize its 

extent of reaction (thus minimizing the concentration of CO remaining in the product 

gas). The concentration of CO must be reduced to very low levels (<50 ppm) in order to 

produce hydrogen that is compatible with a PEMFC.17 Catalysts displaying high activity 

for the WGSR at temperatures lower than those used for current industrial systems are 

required to achieve the necessary CO conversions. Gold was first shown to be a highly 

active WGSR catalyst potentially capable of achieving this goal in 1996 by Andreeva et 

al.18,19 

Selective oxidation of alcohols is an important class of reaction for several 

industries.20 Current techniques for carrying out these reactions use transition metal 

oxides as stoichiometric oxidants,21 resulting in the generation of environmentally 

hazardous byproducts. The development of a catalytic process for selective alcohol 

oxidation would provide a more environmentally friendly and sustainable means of 

carrying out these transformations. Gold catalysts in particular display promising 

behavior for these conversion processes, demonstrating the capacity to selectively oxidize 

a diverse array of alcohols22,23 and to do so with better selectivity than other commonly 

investigated systems.24–27 Gold-catalyzed selective alcohol oxidation was first 
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demonstrated in 1998 by Prati and Rossi, who showed that gold supported on activated 

carbon displayed high activity and exceptional selectivity for the oxidation of vicinal 

diols to α-hydroxy carboxylates.24 

 

1.4:  THE INFLUENCE OF THE SUPPORT MATERIAL ON GOLD-CATALYZED REACTIONS 

Support materials can play important roles in catalyst systems, with the capacity 

to both harm28,29 and promote30 catalytic behavior. Gold catalysts supported on different 

types of materials often display differences in reactivity.11,31–33 Many studies have 

investigated this phenomenon, but the specific role that the support material plays in 

catalytic processes has remained largely ambiguous. For a number of reactions occurring 

on gold catalysts, the activity of the supported gold catalyst correlates well with the 

reducibility of the support,30,34,35 leading many to speculate that oxygen vacancies 

associated with the support play a key role in promoting catalytic activity.  

Rodriguez et al. have provided several important contributions that have enhanced 

the understanding of the role that oxygen vacancies play in the gold-catalyzed WGSR. 

They showed that titania and ceria nanoparticles grown on Au(111) displayed high 

WGSR activity, demonstrating via X-ray photoelectron spectroscopy (XPS) that both 

titania and ceria existed in highly reduced states after the reaction.30 These reduced 

surfaces contained high concentrations of oxygen vacancies, which Rodriguez et al. 

showed to be highly active for the dissociation of H2O, a key step of the WGSR.36–38 

Furthermore, they showed that the reducibility of ceria was enhanced by interactions with 

titania, and when gold was supported on a CeOx/TiO2 surface the resulting catalyst 

displayed activity for the WGSR that far exceeded that of Au/CeO2 and Au/TiO2.39 These 

results suggest that oxygen vacancies are crucial to the promotion of the WGSR. The 
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work of Rodriguez et al has indicated that the WGSR likely proceeds via a bifunctional 

mechanism, with the gold surface responsible for adsorbing CO and the metal oxide 

particles responsible for the dissociation of water.40 The active sites on this catalyst then 

arise at the gold-support interface. Notably, the support material is directly involved in 

this catalytic mechanism acting as a co-catalyst rather than simply an inert dispersant 

phase. Evidence for the importance of the gold-support interface in the generation of 

active sites for CO oxidation has also been presented previously,11,41–43 suggesting that the 

participation of the support material in gold-catalyzed reactions likely extends to other 

processes as well. 

Apart from varying the type of support material used, introducing changes to the 

nanoscale structure of a support can also have a significant impact on the behavior of a 

catalyst.44–49 Gold supported on nanoparticulate ceria has been shown to display activity 

for CO oxidation49 and selective alcohol oxidation23 that far exceeds the activity of gold 

supported on conventional (microcrystalline) ceria. Additionally, ceria particles exposing 

specific crystal planes displayed significant variations in activity for the WGSR50 and 

selective oxidation of benzyl alcohol.51 The reasons for these activity enhancements are 

still debated, but may also be associated with metal-support bifunctionality as described 

above. The influence of the support structure on catalytic behavior remains an open area 

of investigation. 

 

1.5:  THE INFLUENCE OF WATER ON GOLD-CATALYZED REACTIONS 

Important insights into the nature of reaction mechanisms on gold catalysts have 

been gained through the study of CO oxidation, the WGSR, and alcohol oxidation. One 

of the most surprising discoveries in this realm was made by Daté et al., who showed that 
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water plays a key role in the CO oxidation reaction on gold catalysts, enhancing activity 

by as much as two orders of magnitude upon the inclusion of mere ppm quantities of 

water in the reactor feed.52,53 Activating molecular oxygen, aiding in the decomposition of 

surface intermediates, and/or modifying the electronic state of gold atoms at the catalyst 

surface were each put forth by Daté et al. as potential mechanisms by which water may 

promote this process.52,53 The role of water in gold-catalyzed CO oxidation confounded 

researchers for nearly a decade, with subsequent investigations providing evidence in 

support of each potential mechanism proposed in Daté’s seminal study.54 Only recently 

have many of these seemingly disparate observations been tied together into one cohesive 

mechanism; Saavedra et al. showed that the role of water in the CO oxidation reaction is 

multifold, enhancing O2 activation and assisting in the decomposition of key 

intermediates on the gold surface.55 

Most reactor systems contain water, whether at ppm levels as an impurity or at 

higher concentrations as a reactant or a solvent. Furthermore, water can interact with 

metal oxide support materials to generate hydroxyls, which can also take part in catalytic 

reactions.56 Water, in each form, has been shown to influence catalytic behavior. Apart 

from playing a key role in promoting CO oxidation,52,53 studies have also shown that 

water enhances the selectivity of gold catalysts for propene epoxidation,57–59 drastically 

influences the performance of gold catalysts for the partial oxidation of CO in H2,60 and 

participates in gold-catalyzed selective oxidation of alcohols.16,61 Few investigations into 

the influence of water on each of these processes have been made, and the role of water 

in each reaction is still not well understood. 
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1.6:  AN OVERVIEW OF THIS DISSERTATION 

 The focus of my graduate studies has been two-fold, involving the investigation 

of (1) the influence of water on gold-catalyzed alcohol oxidation reactions and (2) the 

role that the support material plays in directing these processes. My collaborators and I 

have studied these influences both on simplified model gold surfaces operating under 

ultrahigh vacuum conditions where surface coverages of reactants can be tightly 

controlled and on high surface area gold catalysts operating at conditions of more 

industrial relevance where the makeup of surface intermediates is dictated by 

adsorption/desorption equilibria. Through our investigations, we have uncovered 

evidence to suggest that water can play roles both in directing reaction pathways on gold 

surface and in altering product distributions of gold-catalyzed processes. we have also 

discovered that the structure and composition of the support material is influential in 

dictating both the activity and the selectivity of gold catalysts for alcohol oxidation. 

 In the chapters that follow I explain our investigations of these phenomena in 

detail. In Chapter 2, we show that multiple reaction pathways can be promoted for the 

dehydrogenation of allylic alcohols to aldehydes on model gold surfaces. These pathways 

are dictated by the type of oxidative species present on the surface (oxygen adatoms 

and/or surface hydroxyls). This work has been published in the Journal of the American 

Chemical Society.62 Chapter 3 extends the work of Chapter 2 to discuss the influence that 

oxygen adatoms and hydroxyls on the gold surface have on the selectivity of alcohol 

conversion to primary and secondary oxidation products. This work has been published 

in Physical Chemistry Chemical Physics.63 

 In Chapter 4, we shift the scope of the dissertation to discuss high surface area 

ceria-supported gold (Au/CeO2) catalysts operating at ambient pressure. Here, we show 

that water plays a role in directing the activity and selectivity of Au/CeO2 for primary and 
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secondary oxidation pathways as well. We demonstrate that on this catalyst, the support 

material promotes the ester formation process. A manuscript detailing this work has been 

submitted to ACS Catalysis. In Chapter 5, we discuss the influence that the structure of 

the support material plays in directing the activity of Au/CeO2 catalysts for ethanol 

oxidation. We show that the activity of these catalysts scales linearly with the amount of 

reducible surface oxygen present on each sample, and we provide evidence to suggest 

that the ability of the catalyst to activate O2 is of critical importance for ethanol oxidation. 

A manuscript detailing this work has been submitted to the Journal of the American 

Chemical Society. In Chapter 6, we discuss the influence that the composition of mixed 

cerium oxide supports has on the behavior of Au/CeO2 catalysts for ethanol oxidation. 

We show that compositional heterogeneities present in these supports that are not readily 

observed using conventional structural analysis techniques exist in these materials and 

influence the selectivity of the catalysts. A manuscript detailing this work has been 

submitted to ACS Catalysis. 

 I conclude this dissertation by summarizing our key findings in Chapter 7. In light 

of my discoveries, I provide suggestions for future studies of gold catalysts and make 

recommendations for the design of the new generations of catalytic materials. 
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Chapter 2:  Oxygen and Hydroxyl Species Induce Multiple Reaction 
Pathways for the Partial Oxidation of Allyl Alcohol on Gold* 

2.1:  INTRODUCTION 

Long thought to be an inert material with no catalytic use, in 1973, Bond et al. 

showed that olefin hydrogenation could be facilitated by gold catalysts.5 In the mid-

1980s, gold catalysts were demonstrated to display high activity for the CO oxidation 

reaction by Haruta et al.6 and hydrochlorination of ethylene by Hutchings.7 These 

discoveries led to an explosion of interest in the field of gold catalysis. Gold has been 

demonstrated to catalyze both oxidation and hydrogenation reactions, displaying 

exceptional activity and selectivity for a host of processes of catalytic interest at low 

temperatures.9,10,41,64 Studies of model gold surfaces have guided catalyst development and 

enhanced the fundamental understanding of gold-adsorbate interactions.12,40,65–70 

Several studies have shown that gold displays exceptional activity and selectivity 

for catalytic partial oxidation reactions of alcohols,16,23,24,71 a class of transformation of 

interest to several industries including pharmaceuticals, cosmetics, and agrochemical. 

Current practices for carrying out such reactions utilize hazardous and expensive metal 

oxides as stoichiometric reactants. A “green” alternative for carrying out such processes 

utilizing a catalytic material is desirable.  Catalysts composed of gold,23,24,71 palladium,72 

and gold-palladium bimetallic mixtures73 have been shown to display activity for the 

partial oxidation of a number of alcohols, demonstrating high selectivity toward the 

corresponding aldehydes. Despite the breadth of investigation on the subject, the reaction 

mechanisms and active sites for oxidation of alcohols over gold catalysts remain topics of 

debate. Model studies performed on single crystal surfaces in ultrahigh vacuum (UHV) 

                                                
* This work was previously published: Mullen, G. M.; Zhang, L.; Evans, E. J.; Yan, T.; Henkelman, G.; 
Mullins, C. B., J. Am. Chem. Soc., 2014, 136, 6489-6498. The author of the dissertation was responsible for 
developing/conducting the ultrahigh vacuum experiments and analyzing the data. 
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have helped elucidate the mechanisms for partial oxidation of many simple alcohols over 

gold surfaces.74–80 However, little investigation into the partial oxidation of alcohol 

species with multiple functional groups has been carried out.77,81 Furthermore, studies 

have shown that on gold surfaces oxidation mechanisms for simple alcohols vary as chain 

length is increased.76 Accordingly, the presence of multiple functional groups may also 

prove to influence oxidative reaction pathways over gold surfaces. 

Corma et al. have shown that allylic alcohols do not display the same trends in 

reactivity as simple alcohols for catalytic partial oxidation processes carried out over 

palladium-gold systems.25 These catalysts induce isomerization, hydrogenation, and 

polymerization pathways in addition to catalyzing the partial oxidation reaction.25 Model 

palladium surfaces have been shown to catalyze the partial oxidation of allyl alcohol to 

acrolein, the corresponding aldehyde, in addition to inducing parallel reaction 

processes.82,83 The side reactions observed over palladium-gold catalysts25 and model 

palladium surfaces82,83 limit the selectivity towards the partial oxidation pathway. In 

contrast, gold catalysts supported on nanoparticulate ceria have demonstrated high 

activity and selectivity for the partial oxidation of allylic alcohols.25,84 It is of interest to 

understand the fundamental reactive processes that occur between allylic alcohols and 

oxygen on the gold surface. 

Some studies have investigated the oxidation of allylic alcohols over the oxygen 

covered Au(111) surface.77,81 In a UHV study, Deng et al. showed that the Au(111) 

surface precovered with oxygen adatoms by exposure to ozone induced the partial 

oxidation of allyl alcohol to acrolein in the subsequent temperature programmed 

desorption (TPD) spectrum at 255 K in addition to producing several other oxidation 

products (CO2, acrylic acid, and carbon suboxide).81 Based on analogy to TPD studies of 

isotopically-labelled propene on O/Au(111), which displayed a similar product 
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distribution, they proposed a mechanism for this reaction which proceeds through a 

surface bound allyloxide intermediate.81 Liu et al. showed that cyclohexanol (a saturated 

alcohol) and 2-cyclohexen-1-ol (an allylic alcohol) exhibit differences in reactivity on 

O/Au(111).77 Both species were oxidized to yield their corresponding ketones and CO2, 

but 2-cyclohexen-1-ol also underwent secondary oxidation pathways, resulting in the 

production of 2-cyclohexen-1,4-dione and phenol.77 The observation of additional 

pathways for 2-cyclohexene-1-ol was attributed to the higher relative acidity of the allylic 

C-H bonds in 2-cyclohexene-1-ol vs. C-H bonds in cyclohexanol.77 These works present 

interesting insights into the oxidation of allylic alcohols over gold surfaces. 

Studies have explored the effects of water and hydroxyl species on the catalytic 

activity of gold surfaces toward a host of reactions.61,85 Water has been shown to 

significantly enhance the activity of gold catalysts for CO oxidation.53,86–88 The 

mechanistic reason for this enhancement remains a topic of debate.  Some studies have 

argued that water aids in the activation of molecular oxygen,14,89 while others suggest that 

it is associated with the decomposition of reactive intermediates on the gold surface.90 

Yet another possible explanation was provided by Ide et al. in a review of the role of 

hydroxyl species in gold catalysis.61 The authors provide interesting evidence linking CO 

oxidation experiments carried out in the vapor phase to experiments performed in the 

liquid phase in both classical catalytic and electrocatalytic systems. Their conclusions 

suggest that hydroxyl species on the gold surface are responsible for oxidizing CO, while 

O2 acts to scavenge electrons from the surface and regenerate hydroxyl species.   

Water has also been shown to affect the activity of gold surfaces for other 

reactions.  Propene epoxidation57,58,91 and the reduction of nitric oxide with propene92 have 

been shown to be enhanced by the presence of water when carried out over gold catalysts.  

Additionally, water plays an important role in the selective oxidation of alcohols on gold 
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catalysts.61,93 Water is a component in every system for the selective oxidation of alcohols 

to aldehydes, as a product of the reaction at the very least, but often as a solvent as 

well.16,24,94 Differences have been observed for alcohol oxidation carried out in water 

versus in the absence of solvent.16 Furthermore, changing the pH of the solution has been 

shown to significantly affect the oxidation activity for various alcohol species over gold 

catalysts, with the reaction occurring more readily in basic solutions.61,94 When carrying 

out partial oxidation of alcohols in alkaline media, production of the corresponding 

carboxylic acid dominates rather than the aldehyde, but this process has been suggested 

to first proceed through the production of the corresponding aldehyde.16 Evidence has 

been provided to suggest that production of the aldehyde is the rate limiting step of the 

partial oxidation process to generate carboxylic acids.95 The incorporation of base in the 

reactant solution, therefore, appears to increase the rate of alcohol oxidation to the 

resulting aldehyde. An increase in the presence of surface hydroxyl species when in basic 

solutions may be responsible for this enhancement in partial oxidation activity. Several 

studies have supported this conclusion, as summarized in the excellent review by Ide et 

al.61 Of particular interest is the observation that the effect of gold particle size on activity 

for glycerol and CO oxidation reactions is far less significant for systems in basic 

aqueous media than in neutral, acidic, or vapor phase conditions.96 In fact, even bulk gold 

powder has been shown to display activity for these reactions in basic solutions.96 

Here we report on the systematic study of allyl alcohol oxidation over the 

Au(111) surface precovered with various exposures of oxygen and hydroxyl species. We 

utilize TPD with isotopically labelled water (D2O) and oxygen (18O), reactive molecular 

beam scattering (RMBS), and density functional theory (DFT) methods to elucidate the 

mechanistic details of the selective oxidation reaction of allyl alcohol to acrolein. This 

reaction can occur through multiple pathways, proceeding via both reaction-limited and 
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desorption-limited kinetic processes. The choice of pathway is dictated by the 

arrangement of oxygen adatoms, hydroxyl species, and allyloxide intermediates on the 

gold surface. Our results suggest that both oxygen adatoms and hydroxyl species can 

oxidize allyl alcohol to acrolein, depending on the relative proportions of surface species. 

These observations may aid in the general mechanistic understanding of oxidative 

alcohol catalysis and enhance the fundamental understanding of oxidation reactions over 

gold surfaces.  

 

2.2:  EXPERIMENTAL AND COMPUTATIONAL METHODS 

2.2.1:  Ultrahigh Vacuum Experiments 

All experiments in this study were performed in a UHV chamber that has been 

described in detail previously.97 A thin Au(111) single crystal sample, cut into a circular 

disk ~11 mm in diameter and 1.5 mm thick, is mounted to a tantalum plate that can be 

resistively heated to 900 K via a DC power supply regulated by a proportional-integral-

differential controller. The gold sample is also in thermal contact with a liquid nitrogen 

reservoir for cooling to a minimum temperature of 77 K. The sample temperature was 

monitored with a K-type thermocouple spot welded to the tantalum plate. Prior to each 

experiment, the gold surface was cleaned by exposure to atomic oxygen at 77 K, 

followed by annealing to 700 K unless otherwise specified. Cleanliness was routinely 

verified by Auger electron spectrometry (AES). Periodically, the surface was sputtered 

by Ar+ ion bombardment at room temperature to remove impurities, followed by 

annealing to 800 K for 10 minutes to restore the (111) structure. 

Reactants were delivered to the sample via a supersonic molecular beam dosing 

apparatus consisting of four differentially pumped subchambers. Analyses were carried 
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out in a scattering chamber (base pressure of less than 1x10-10 Torr) equipped with a 

quadrupole mass spectrometer (QMS), AES, and low energy electron diffraction optics. 

TPD spectra were obtained by heating the Au(111) sample at a rate of 2 K/s while 

monitoring desorption of various species via QMS. For oxidation experiments, oxygen 

adatoms were dosed onto the sample first, followed by allyl alcohol. Isotopic oxygen was 

employed in these experiments to observe the production of water in TPD spectra without 

interference from H2
16O displaced from the chamber walls by allyl alcohol (see the 

Supporting Information in Appendix A for further discussion). We populated the Au(111) 

surface with 18O and monitored m/z = 20 (H2
18O), which was not affected by allyl alcohol 

desorption in the chamber. Additionally, the use of 18O allowed us to determine whether 

oxygen associated with the surface was exchanged with oxygen in allyl alcohol or 

incorporated into the resulting products. 

Oxygen adatoms were dosed onto the gold sample via a radio frequency (RF) 

powered plasma-jet source using a gas mixture of 8% (v) O2 in argon.98,99 Oxygen surface 

coverages were estimated by AES following a method employed in a previous study.87 

All reactant species were dosed onto the sample through the same nozzle to promote 

coincident exposure, but the RF power was only engaged while dosing the atomic 

oxygen. Deionized water was used for TPD experiments employing H2O. Allyl alcohol 

(ACROS, 99%), D2O (Spectra, 99.9%), 16O2 (Matheson Trigas, 99.99%), 18O2 (Isotec, 

99%), and Ar (Matheson Trigas, 99.9%) were used as received, without further 

purification. 

RMBS spectra were obtained by monitoring product and reactant species via 

QMS while impinging allyl alcohol onto the O/Au(111) surface held at constant 

temperature. Atomic oxygen was dosed onto the Au(111) surface at 77 K. The surface 

was then ramped to the specified temperature in vacuum prior to impingement of pure 
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allyl alcohol. Allyl alcohol was impinged first onto an inert flag held in front of the gold 

sample to obtain baseline signals for each spectrum and then impinged onto the sample 

itself to observe product generation signals. Under these conditions, we estimate the allyl 

alcohol translational energy to be approximately 0.1 eV and that virtually every ally 

alcohol molecule adsorbed to both the clean and adsorbate-covered surfaces.100–102 

 

2.2.2:  Density Functional Theory Calculations 

Calculations were performed with the Vienna ab initio Simulation Package.103–106 

The interaction between the ionic core and the valence electrons was described by the 

projector-augmented wave method107 and the valence electrons with a plane-wave basis 

up to an energy cutoff of 280 eV.108,109 The exchange correlation contribution to the total 

energy functional was determined using the PBE generalized gradient approximation 

functional.110 Corrections for Van der Waals interactions were made using the optB86b-

dvW density functional as implemented by Klimeš et al.111 The location and energy of the 

transition states were calculated with the climbing-image nudged elastic band 

method.112,113 Spin polarization was tested and applied when necessary.  The gold surface 

was modeled as a (3x3) Au(111) slab with 4 atomic layers and 14 A ̊ of vacuum. The 

Brillouin zone was sampled using a 4×4×1 Monkhorst–Pack k-point mesh.114 The 

convergence criteria for the electronic structure and the atomic geometry were 10−4 eV 

and 0.01 eV/A ̊, respectively.  
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2.3:  RESULTS AND DISCUSSION 

2.3.1:  Allyl Alcohol Desorption from the Clean Au(111) Surface 

TPD spectra were taken for allyl alcohol desorption from the clean Au(111) 

surface for coverages ranging from 0.5 ML to 7.7 ML. These spectra, depicted in Figure 

2.1, were obtained by monitoring m/z = 57 (the primary mass fragment for allyl alcohol) 

via QMS. The desorption spectra displayed three features, which we label α1, α2, and β.  

The β feature displayed a peak at 195 K. This feature was populated first and saturated 

before the α1 and α2 features began to appear. First order desorption behavior was 

observed for this feature, with a desorption energy estimated to be 50.1 kJ/mol by 

Redhead analysis.115 We attribute the β feature to desorption of the allyl alcohol 

monolayer interacting directly with the Au(111) surface. 

The α2 feature displayed a peak at 167 K. This feature began to populate after the 

β feature had saturated and also displayed first order desorption kinetics. The desorption 

energy for this feature was estimated to be 42.7 kJ/mol by Redhead analysis.115 The α2 

peak saturated before the α1 feature began to populate. The desorption of alcohol species 

from a number of different surfaces have demonstrated features similar to α2 in the allyl 

alcohol TPD spectrum.76,116–119 Brown et al. observed similar behavior for allyl alcohol 

TPD from the Rh(111) surface,119 however, the reasons for such behavior were not 

discussed in this work.  Ehlers et al. studied the interactions of methanol with the Pt(111) 

surface via IR spectroscopy and observed three distinct layers were formed on this 

surface.117 The methanol monolayer interacted strongly with the surface and did not 

undergo hydrogen bonding interactions. The multilayers of methanol, on the other hand, 

did hydrogen bond, as evidenced by the width and position of the O-H stretch. At the 

dosing temperature of 90 K, the methanol multilayers were amorphous. A significant 

portion of the multilayer methanol underwent a phase transition to generate an α-ice 
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phase upon annealing the surface, while some of the multilayer remained amorphous due 

to stronger interaction with the surface or with the methanol monolayer. Similar 

observations were made in the study of ethanol on highly ordered pyrolytic graphite,118 

which displayed a very similar TPD spectrum to that we have observed for allyl alcohol 

desorption from the Au(111) surface in this study, suggesting that the formation of an 

amorphous second layer interacting with the monolayer or weakly with the surface may 

be a general phenomenon displayed in a number of alcohol/surface interactions. 

Additionally, both methanol116 and 2-butanol76 have been shown to display similar 

features for desorption from the Au(111) surface, in further support of this phenomenon.  

 

 

Figure 2.1. TPD spectra for allyl alcohol (m/z = 57) desorption from Au(111).  Allyl 
alcohol was adsorbed on the Au(111) surface at a sample temperature of 77 
K. 

The α1 feature displayed a peak at ~160 K. This feature appeared after the α2 

feature had saturated and grew indefinitely as allyl alcohol coverage was increased, 

displaying zero order desorption kinetics. These characteristics are consistent with 

desorption of condensed phase multilayers physisorbed on top of the α2 species. 
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No decomposition, coupling, or isomerization products were detected during allyl 

alcohol TPD from the Au(111) surface. AES taken after allyl alcohol desorption tests did 

not detect the presence of decomposition products (carbon and oxygen) on the Au(111) 

surface. Furthermore, TPD spectra of allyl alcohol desorption from the clean Au(111) 

surface taken repeatedly without cleaning the surface in between experiments were 

highly reproducible, suggesting that the surface was unchanged before and after each 

experiment. These observations suggest that allyl alcohol did not react during TPD 

experiments on the clean Au(111) surface.  

 

2.3.2:  Acrolein Desorption from the Clean Au(111) Surface 

TPD spectra were taken for acrolein desorption, monitored by m/z = 56 (the 

parent mass of acrolein), from the clean Au(111) surface for coverages ranging from 0.9 

ML to 2.9 ML, as displayed in Figure 2.2. These desorption spectra exhibited two 

features. The high temperature feature displayed a peak at 166 K. This feature was 

populated first and saturated before the low temperature feature began to appear, 

displaying first order desorption behavior, with a desorption energy estimated to be 42.4 

kJ/mol by Redhead analysis.115 We attribute this high temperature feature to desorption of 

the acrolein monolayer interacting directly with the Au(111) surface. 

The low temperature feature displayed a peak at ~133 K. This feature appeared 

after the high temperature feature had saturated and grew indefinitely as acrolein 

coverage was increased, displaying zero order desorption kinetics. These characteristics 

are consistent with desorption of condensed phase multilayers physisorbed on top of the 

monolayer. 
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Figure 2.2. TPD spectra for acrolein (m/z = 56) desorption from Au(111).  Acrolein was 
adsorbed on the Au(111) surface at a sample temperature of 77 K. 

 

2.3.3:  Multiple Reaction Pathways for Oxidation of Allyl Alcohol on O/Au(111) 

Allyl alcohol oxidation was carried out on the gold surface predosed with 0.02 

and 0.15 ML coverages of 18O adatoms, as shown in Figure 2.3. In these experiments 

each specified coverage of oxygen was dosed onto the Au(111) surface, followed by 3.6 

ML of allyl alcohol prior to TPD. The spectra taken at each oxygen coverage displayed 

some similar features. Allyl alcohol multilayers desorbed at 160 K in the spectra for both 

oxygen coverages (Figure 2.3), displaying features characteristic of the α1 feature as 

observed over the clean Au(111) surface (Figure 2.1). This observation suggests that the 

multilayer allyl alcohol species was unaffected by the presence of oxygen adatoms on the 

gold surface.   

Peaks characteristic of the α2 feature observed over the clean Au(111) surface 

were no longer evident in the allyl alcohol spectra in Figure 2.3, suggesting that the 

interaction resulting in this feature had been disrupted by the presence of oxygen adatoms 
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on the gold surface at both precoverages. Attenuation of the α2 feature may result from 

differences in the adsorption structure of the allyl alcohol monolayer or changes to the 

electronic structure of surface gold atoms induced by oxygen. 

 

 

Figure 2.3. TPD spectra for acrolein (m/z = 56), allyl alcohol (m/z = 57), and H2
18O 

(m/z = 20) following adsorption of 3.6 ML of allyl alcohol on the Au(111) 
surface populated with (a) 0.02 ML of 18O and (b) 0.15 ML of 18O. Allyl 
alcohol and 18O were adsorbed at a sample temperature of 77 K. 
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Relative to the β feature for allyl alcohol desorption from the clean Au(111) 

surface, which displayed a peak at 195 K, the peak of the β feature was shifted upward in 

temperature to 205 K and 210 K for the 0.02 ML O/Au(111) (Figure 2.3a) and 0.15 ML 

O/Au(111) (Figure 2.3b) surfaces, respectively. A portion of this feature may result from 

desorption of unreacted allyl alcohol in the monolayer, but the shift to higher temperature 

suggests that some allyl alcohol associated with the monolayer interacted with the oxygen 

precovered gold surface more strongly than with the clean Au(111) surface. The 

formation of an allyl alcohol-oxygen complex or a surface allyloxide species are possible 

explanations for this observation.  Similar effects observed in the study of various alcohol 

species over O/Au(111) have been suggested to result from alkoxide formation.74–76,116 

Deng et al. have also suggested that the partial oxidation of allyl alcohol to acrolein 

proceeds through an allyloxide intermediate by analogy to experiments with isotopically-

labeled propene.81 

We carried out DFT studies to explore the energetics associated with allyloxide 

formation from allyl alcohol on the oxygen precovered Au(111) surface. Removal of the 

hydroxyl hydrogen from allyl alcohol via surface oxygen, resulting in the formation of an 

allyloxide and a surface hydroxyl species, as depicted in Illustration 2.1a, occurs with a 

very low activation barrier of 1.9 kJ/mol. Hydroxyl species on the Au(111) surface can 

also readily promote removal of the hydroxyl hydrogen from allyl alcohol, as depicted in 

Illustration 2.1b, via a barrier-less process (Ea = 0.1 kJ/mol). Reaction energy diagrams 

for these processes are included in the Supporting Information in Appendix A. As shown 

in Figure 2.3, the water production (H2
18O, m/z = 20) spectrum for each oxygen coverage 

displayed a feature peaked at 155 K, characteristic of molecular desorption of water.120 

These results are also in good agreement with a DFT study in which the interactions of 

methanol with the O/Au(111) and OH/Au(111) surfaces were explored.121 
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Illustration 2.1. Proposed mechanistic pathways for dehydrogenation of allyl alcohol to 
generate allyloxide on the O/Au(111) surface via (a) an oxygen adatom 
and (b) a hydroxyl species. Activation barriers (Ea) were determined via 
DFT calculations. 

In addition to the molecular water desorption feature, a small shoulder at 165 K is 

also evident in each of the water production spectra in Figure 2.3. When oxidized over 

O/Au(111) surfaces, simple alcohols have been shown to display water production 

features at ~175 K, which are characteristic of hydroxyl recombination.74–76 The shoulders 

observed in the spectra in Figure 2.3 may correlate to water produced via hydroxyl 

recombination on this surface. In addition to the features at 155 K and 165 K, each water 

production spectrum in Figure 3 displayed an additional feature at higher temperature. 

For the 0.02 ML O/Au(111) surface only one acrolein feature was observed, with 

a peak at 215 K, as displayed in Figure 2.3a. This peak shifted upward in temperature on 

the 0.15 ML oxygen surface to 225 K, as observed in the feature which we have labeled 

γ3 in Figure 2.3b (discussion of γ1 and γ2 features to follow). The acrolein production 

feature displayed in Figure 2.3a and the γ3 feature in Figure 2.3b coincided with the high 

temperature desorption features for allyl alcohol and water. These acrolein production 

features appeared higher in temperature than both the multilayer (peaked at 133 K) and 
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the monolayer (peaked at 166 K) features for acrolein desorption from the clean Au(111) 

surface (Figure 2.2). These observations indicate that acrolein production associated with 

the feature in Figure 2.3a and the γ3 feature in Figure 2.3b occurs via a reaction-limited 

kinetic process on the gold surface. Similar TPD features observed in the selective 

oxidation of simple alcohols to aldehydes over O/Au(111) have been attributed to the 

decomposition of an alkoxide intermediate. 74,75 

Two additional features, which we label γ1 and γ2, became evident in the TPD 

spectrum for acrolein production when the oxygen coverage was increased from 0.02 ML 

to 0.15 ML (Figure 2.3b). The lowest temperature feature (γ1) displayed a peak at 125 K. 

To probe the process responsible for generating this feature, we carried out the RMBS 

experiment depicted in Figure 2.4, in which acrolein production was monitored while 

allyl alcohol was dosed onto the 0.15 ML O/Au(111) surface held at 150 K (above the 

temperature at which the γ1 feature appeared, but below the temperature at which the γ2 

feature appeared). In this experiment, a molecular beam of allyl alcohol was impinged 

onto an inert flag held in front of the O/Au(111) sample for 20 s (Time = 20-40 s) to 

establish baseline signals for acrolein and allyl alcohol and then onto the O/Au(111) 

sample for 20 s (Time = 70-90 s) to observe acrolein production dynamics. An induction 

period of ~6 s was observed, as shown in Figure 2.4, prior to acrolein production. At the 

given allyl alcohol flux rate of 0.17 ML/s, this exposure roughly corresponds to the 

dosing equivalent required to saturate the β feature (monolayer) of allyl alcohol on the 

clean Au(111) surface (Figure 2.1). This observation may suggest that acrolein produced 

on the O/Au(111) surface during the experiment diffused away from the monolayer and 

desorbed from a multilayer-like state once a sufficient coverage of allyl alcohol had been 

dosed. Furthermore, the temperature at which the γ1 feature appeared in Figure 2.3b 

coincides with the desorption feature of acrolein multilayers on the clean Au(111) surface 
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(Figure 2.2). These observations suggest that the γ1 acrolein production feature in Figure 

2.3b was the result of acrolein desorption from a multilayer-like state, and the process 

responsible for its production was desorption-limited. 

We suggest that for multilayer coverages of allyl alcohol on the 0.15 ML 

O/Au(111) surface, acrolein was produced at or below the temperature region associated 

with the γ1 feature, and diffused into the overlying multilayers of allyl alcohol, desorbing 

from a multilayer-like state. To test this mechanism further, we carried out an experiment 

in which 0.6 ML of acrolein was dosed on the clean Au(111) surface, followed by 3.6 

ML of allyl alcohol before carrying out TPD (shown in the Supporting Information in 

Appendix A). Despite having been dosed directly onto the gold surface, acrolein 

desorbed at a lower temperature than allyl alcohol in a single feature characteristic of 

multilayer desorption. Monolayer acrolein desorption was not observed during this TPD 

experiment, supporting our assertion that acrolein associated with the γ1 production 

feature diffused into the allyl alcohol multilayers prior to desorption.  
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Figure 2.4. RMBS of allyl alcohol on 0.15 ML of O/Au(111).  Allyl alcohol was dosed 
onto the sample at a surface temperature of 150 K while monitoring acrolein 
(m/z = 56) production and allyl alcohol (m/z = 57) desorption via QMS.  
Atomic oxygen was adsorbed at a sample temperature of 77 K.  The flux of 
allyl alcohol on the surface was 0.17 ML/sec. 

The intermediate temperature acrolein production feature, denoted γ2, displayed a 

peak at 163 K as shown in Figure 2.3b. This peak temperature roughly coincided with the 

desorption peak of the acrolein monolayer on the clean Au(111) surface (Figure 2.2). The 

γ2 feature may result from acrolein produced at lower temperature desorbing from a 

monolayer-like state or to acrolein production due to the decomposition of reactive 

intermediates on the surface. The results displayed in Supporting Information in 

Appendix A would seem to suggest the latter because the clean Au(111) surface 

populated with acrolein and allyl alcohol did not display the monolayer feature in the 

acrolein desorption spectrum. Therefore, we would expect acrolein produced at low 

temperature to desorb from a multilayer-like state, as suggested for the γ1 feature. 

The observation of both reaction-limited and desorption-limited kinetic processes 

indicates that the partial oxidation of allyl alcohol to acrolein proceeds via multiple 

reaction pathways over the O/Au(111) surface. Propagation of low temperature features 
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(γ1 and γ2) occurred as the oxygen coverage was increased from 0.02 to 0.15 ML, as 

displayed in Figure 2.3. Only the γ3 acrolein production feature was observed at the 

oxygen adatom coverage of 0.02 ML (Figure 2.3a). The γ1 and γ2 features grew as 

oxygen coverage was increased, while the size of the γ3 feature did not significantly 

change (Figure 2.3b). These observations suggest that the surface arrangement of oxygen 

adatoms is instrumental in dictating the oxidation kinetics of allyl alcohol on O/Au(111). 

DFT and UHV studies have shown that oxygen adatoms on the Au(111) surface 

can induce significant changes to the gold surface morphology.122,123 Several types of 

oxygen-gold interactions are known to occur on this surface, resulting in variations to the 

reactivity of the oxygen.  The most reactive form of oxygen on the Au(111) surface, 

chemisorbed oxygen, binds in the 3-fold coordination sites.124 Chemisorbed oxygen 

dominates for exposures at low coverages and low surface temperatures.124 The other 

forms of oxygen on gold, surface oxide and bulk oxide, are less reactive and result from 

stronger interactions between gold and oxygen atoms. Generation of gold oxide causes 

significant restructuring of the (111) surface, resulting in the release of gold atoms into 

nanostructures that assemble on the surface.125 High oxygen coverages and high surface 

temperatures have been shown to favor the formation of gold oxides.124 The allyl alcohol 

oxidation experiments carried out in this study all utilized relatively low oxygen 

coverages dosed at low surface temperature. It is unlikely that significant amounts of gold 

oxide were generated on the surface in our experiments. A study from Baker et al. 

showed that even when dosed at 200 K, only chemisorbed oxygen was detected on the 

Au(111) surface until the oxygen coverage was increased beyond 0.5 ML.123 We suggest 

that under the conditions employed in our study, only chemisorbed oxygen adatoms were 

present on all of the oxygen-precovered Au(111) surfaces. 
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Initial oxygen coverages may prove to direct relative populations of reactive 

intermediates on the Au(111) surface, and adsorbed allyloxide species may react 

differently with atomic oxygen adatoms and hydroxyl species on the Au(111) surface, 

causing changes to the patterns of reactivity as surface oxygen coverage is increased.  It 

should be noted that the presence of water and hydroxyl species have been shown to 

significantly affect catalytic processes over gold surfaces.61,85 We performed DFT 

calculations to further investigate the influence of oxygen and various intermediates on 

acrolein production over the Au(111) surface. As mentioned previously, allyl alcohol is 

readily dehydrogenated to yield allyloxide via removal of its hydroxyl hydrogen by either 

atomic oxygen or hydroxyl species on the gold surface. The second dehydrogenation step 

(removal of an α-hydrogen from the allyloxide) is facile if atomic oxygen is present on 

the surface, occurring with an activation energy of 10.6 kJ/mol, whereas the process is 

less facile if a surface hydroxyl species is the oxidizing agent (Ea = 36.5 kJ/mol). The 

reaction energy diagrams for these processes are depicted in the Supporting Information 

in Appendix A. We expect that dehydrogenation of allyloxide to generate acrolein and 

surface hydrogen would be a highly unfavorable process, as the instability of the gold-

hydride has been well documented.126,127 Furthermore, this dehydrogenation process was 

shown to be unfavorable for methoxide on the Au(111) surface.121 Therefore, we suggest 

that the γ1 acrolein production feature is the result of α-hydrogen removal from allyloxide 

via surface oxygen adatoms, as shown in Illustration 2.2a. The low activation barrier of 

only 10.6 kJ/mol for this process would allow it to occur at temperatures consistent with 

desorption-limited acrolein production. Also, this process would not be expected to occur 

at very low oxygen coverages, as observed in Figure 2.3a. At low oxygen coverages, a 

single allyl alcohol species would be unlikely to encounter a cluster of oxygen adatoms 

on the surface. Each oxygen would be converted to a hydroxyl species via removal of a 
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hydroxyl hydrogen from allyl alcohol in the allyloxide formation process prior to 

interaction with allyloxide on the surface.  

 

 

Illustration 2.2. Proposed mechanistic pathways for α-dehydrogenation of allyloxide to 
generate acrolein on the O/Au(111) surface. Activation barriers (Ea) 
were determined via DFT calculations. 

We suggest that the γ2 acrolein production feature is also due to allyloxide 

dehydrogenation via surface oxygen, however, in this case the surface oxygen is 

generated as a product of the recombination of two hydroxyl species, producing H2O and 

an oxygen adatom, as depicted in Illustration 2.2b. We calculated the activation barrier 

for this process to be 17.3 kJ/mol (reaction energy diagram in the Supporting Information 

in Appendix A). After hydroxyl recombination, the resulting oxygen adatom would be 

free to induce α-hydrogen removal via the mechanism suggested in Illustration 2.2a. In 

this sense, the hydroxyl species acts to poison the surface towards the low-temperature 
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oxidation pathway, inhibiting this process until sufficient energy has been provided to 

cause hydroxyl recombination and regenerate oxygen adatoms. The temperature at which 

the γ2 feature appeared in Figure 2.3b is the approximate onset temperature for hydroxyl 

recombination on the Au(111) surface.87 

Occurrence of the hydroxyl recombination pathway is further substantiated by 

TPD of allyl alcohol carried out on the H2O/O/Au(111), displayed in Figure 2.5. Several 

studies have suggested that hydroxyl formation from water and oxygen atoms on the 

Au(111) surface is a facile process that occurs at temperatures as low as 77 K,87,128 

therefore, we would expect the H2O/O/Au(111) surface to be populated with hydroxyl 

species rather than oxygen adatoms at the time of allyl alcohol dosing. When allyl 

alcohol oxidation was carried out over this surface, the γ1 acrolein production feature was 

inhibited and the γ2 feature was enhanced. These observations suggest that atomic oxygen 

is required for the low temperature (γ1) pathway and that hydroxyl species are associated 

with the intermediate temperature (γ2) pathway, in support of our proposed mechanism.  
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Figure 2.5. TPD spectra for acrolein (m/z = 56) following adsorption of 3.6 ML of allyl 
alcohol on the Au(111) surface populated with 0.15 ML of atomic oxygen 
and 0.15 ML of atomic oxygen followed by ~0.15 ML of H2O. All species 
were adsorbed at a sample temperature of 77 K. 

The γ3 feature is suggested to result from removal of an α-hydrogen from 

allyloxide via a hydroxyl species in a process mediated by a second allyloxide, as shown 

in Illustration 2.2c. As mentioned previously, the DFT-derived activation barrier for 

removal of an α-hydrogen from allyloxide via a single hydroxyl species is relatively high 

(36.5 kJ/mol), however, if this process is mediated by the interaction of a second 

allyloxide, the activation barrier is decreased to 29.2 kJ/mol. Reaction energy diagrams 

for these processes are displayed in the Supporting Information in Appendix A. The 

allyloxide mediator species partially abstracts hydrogen away from the surface hydroxyl 

species, as suggested by elongation of the surface hydroxyl O-H bond from 1.00 A ̊ on the 

clean Au(111) surface to 1.05 A ̊ in the transition state for this dehydrogenation process. 

This elongation increases the oxidizing potential of the hydroxyl species and allows 

abstraction the α-hydrogen from the reactant allyloxide to occur more readily. For this 

process, we would expect both water and allyl alcohol production to be observed in 
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addition to acrolein since hydrogen transfer between the resulting surface species would 

be facile. Processes resulting in the generation of water and allyloxide (Ea = 0.1 kJ/mol) 

or allyl alcohol and a hydroxyl species (Ea = 1.5 kJ/mol) both occur readily.  Reaction 

energy diagrams for this process are displayed in Supporting Information in Appendix A.   

To probe the γ3 acrolein production process in our UHV system, we carried out 

allyl alcohol oxidation on the Au(111) surface populated with deuterated hydroxyl (d-

hydroxyl) species.  Ojifinni et al. showed that D2O readily forms d-hydroxyl species upon 

interaction with oxygen adatoms on the Au(111) surface.87 The authors of this study 

showed that upon heating the Au(111) surface populated with 0.08 ML of D2
16O and 0.18 

ML of 18O, a signal for m/z = 22 (D2
18O) was observed in the corresponding TPD 

spectrum, indicating that deuterium had transferred from the water that was impinged on 

the surface to the surface oxygen adatoms.87 Furthermore, significant swapping of surface 

oxygen atoms with oxygen from the water was demonstrated by monitoring the TPD 

signals for m/z = 32 (16O2), m/z = 34 (16O18O), and m/z = 36 (18O2). We dosed 0.15 ML of 

D2
16O on the Au(111) surface precovered with 0.15 ML of 18O to generate a surface 

populated with d-hydroxyl species. Upon this surface, we dosed 3.6 ML of allyl alcohol, 

and then carried out TPD while monitoring the production of acrolein, D2
18O, and HD18O 

(Figure 2.6). In the temperature region correlating to γ3 acrolein production, generation of 

HD18O (m/z = 21) was observed, while D2
18O (m/z = 22) was not. These observations are 

consistent with the mechanism depicted in Illustration 2.2c. Because the allyl alcohol 

dosed onto the surface was not deuterated, we would expect HD18O to be produced via α-

hydrogen abstraction from the resulting allyloxide, while D2
18O would not be generated 

since the allyloxide was not deuterated. Furthermore, acrolein production associated with 

the γ3 feature was less pronounced for the D2O/O/Au(111) surface (Figure 2.6) than for 

the H2O/O/Au(111) surface (Figure 2.5), suggesting a kinetic isotope effect (KIE) had 
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occurred when d-hydroxyl species were populated on the gold surface. The observation 

of a KIE would be expected since abstraction of the O-H/D bond is associated with the 

rate-limiting step of our proposed mechanism for the γ3 acrolein production pathway.  

 

 

Figure 2.6. TPD spectra for acrolein (m/z = 56), HD18O (m/z = 21), and D2
18O (m/z = 

22) following adsorption of 3.6 ML of allyl alcohol on the Au(111) surface 
populated with 0.15 ML of 18O and 0.15 ML of D2

16O. All species were 
adsorbed at a sample temperature of 77 K. 

Oxygen swapping from surface adatoms into the acrolein product or the unreacted 

allyl alcohol was not observed in any of the spectra taken in this study (data not shown), 

suggesting that the C-O bond was not broken in the oxidation of allyl alcohol on 

O/Au(111). It has been suggested that the presence of an intact C-O bond facilitates α-

hydrogen cleavage of alkoxide species over various surfaces,129,130 further supporting our 

proposed mechanisms. 

Allyl alcohol and 1-propanol have similar structures, but display different TPD 

features upon oxidation on the O/Au(111) surface. Although the mechanism of partial 

oxidation which we have determined for allyl alcohol is similar to that suggested for 1-
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propanol on the O/Au(111) surface (hydroxyl hydrogen removal to generate a surface 

alkoxide followed by α-hydrogen removal from the alkoxide),75 allyl alcohol displayed 

three aldehyde production features (γ1, γ2, and γ3) when oxidized on the O/Au(111) 

surface, whereas 1-propanol displayed only one feature.75 The temperature at which the 

peak for propanal, the aldehyde product of 1-propanol oxidation, occurred was ~200 K,75 

which is analogous to the γ3 feature we observed in Figure 2.3 for acrolein production.  

This observation may suggest that 1-propanol and other simple alcohols that display 

similar TPD features for oxidation on the O/Au(111) surface74,75 do not observe the same 

set of reaction pathways as allylic alcohols with respect to surface oxygen adatoms and 

hydroxyl species on the Au(111) surface. These differences may begin with alkoxide 

formation. The observation of predominantly molecular H2O desorption for allyl alcohol 

TPD on O/Au(111) rather than hydroxyl recombination as observed for TPD of simple 

alcohols on O/Au(111)74–76 suggests that the allyloxide species can be formed via 

hydroxyl hydrogen abstraction via either oxygen adatoms or surface hydroxyl species. 

Our DFT results support this conclusion. Simple alcohols may only generate alkoxides 

via hydrogen abstraction by oxygen adatoms on the surface and not by hydroxyl species, 

and the resulting differences in surface intermediate populations may drive reaction 

kinetics towards different pathways. However, this prospect is not supported in the DFT 

study carried out by Chang et al. for methanol interaction with O/Au(111), which 

suggested that methoxide can be readily formed via hydroxyl hydrogen removal from 

methanol by either oxygen adatoms or hydroxyl species on the gold surface.121 

The alkoxide intermediate present on the gold surface during oxidation of 1-

propanol may interact strongly with hydroxyl species in a surface complex, hindering 

recombination and inhibiting a potential γ2 production pathway. Alternatively, 

differences in the reactivity of the α-hydrogen due to the lack of allylic nature may 
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inhibit the activity of the 1-propyl alkoxide towards the γ1 production pathway. It is 

possible that 1-propanol (and other simple alcohols) can undergo multiple reaction 

pathways on the Au(111) surface due to the relative populations of surface intermediates, 

but these pathways simply cannot be observed in TPD spectra because the required 

surface ensembles are not sampled. 

The oxidation of 2-propanol to acetone on O/Au(111) was demonstrated by Gong 

et al. to display features with peaks at ~180 K and 210 K.75 Elaboration as to the reason 

for the observation of multiple features was not provided in this work. It is possible that 

these features resulted from the oxidation of the 2-propyl alkoxide via different surface 

species on the gold surface. Unless hindered from desorption by interaction in a surface 

complex, it seems unlikely that a reaction process analogous to the γ1 pathway observed 

for allyl alcohol oxidation occurred for 2-propanol oxidation. Multilayer desorption of 

acetone on the clean Au(111) surface has been shown to occur at 132 K,131 well below the 

onset of the acetone production feature in the study by Gong et al.23  The observation of 

multiple production features for 2-propanol oxidation may suggest that multiple reaction 

pathways occurred, however, potential differences in reaction pathway brought on by the 

presence of the carbon-carbon double bond cannot be ruled out, and the observation of 

multiple reaction pathways may be unique to allylic alcohols. 

The differences we observed in the reactivity of hydroxyl species and oxygen 

adatoms on the Au(111) surface is of a topic particular interest. Zope et al. showed that 

hydroxyl species are directly involved in the partial oxidation of ethanol and glycerol to 

their corresponding carboxylic acids over gold catalysts in basic aqueous media.93 These 

processes were suggested to proceed first through gold catalyzed partial oxidation to 

generate the corresponding aldehydes.93 Via a combination of DFT studies and 

experiments with isotopically labeled water (H2
18O) and molecular oxygen (18O2), the 
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authors showed that oxygen from the water rather than from O2 was incorporated into the 

resulting product species and suggested that O2 acted, instead, to scavenge electrons from 

the gold particles after oxidation of alcohol had occurred via a hydroxyl species, 

regenerating the hydroxyl and closing the catalytic cycle.93 

Our results show that oxidation of allyl alcohol via hydroxyl species is possible 

but occurs with a higher activation barrier than hydroxyl recombination on the gold 

surface followed by oxidation of allyloxide via a surface oxygen adatom. The activation 

barrier for oxidation of allyloxide via a hydroxyl species is lowered by mediation from a 

second surface allyloxide, therefore, we suggest that the relative proportions of reactive 

intermediates on the gold surface dictate the mechanism for allyl alcohol oxidation. For 

conditions under which large concentrations of hydroxyl species are expected to reside on 

the gold surface, hydroxyl recombination followed by oxidation of allyloxide via surface 

oxygen would be the most likely pathway. For conditions with low surface hydroxyl 

concentrations, dehydrogenation of allyloxide via a surface complex consisting of a 

hydroxyl species interacting with a second allyloxide would be expected to dominate. 

Such pathways may be broadly applicable to other alcohol species as well. 

  

2.4:  CONCLUSIONS 

Allyl alcohol adsorbs and desorbs molecularly from the clean Au(111) surface 

without undergoing any chemical transformations. Oxidation of allyl alcohol to acrolein 

occurs over oxygen precovered Au(111) surfaces and proceeds via a mechanism similar 

to those suggested for other alcohol species over gold catalysts, dehydrogenation of the 

hydroxyl hydrogen to form a surface alkoxide followed by α-dehydrogenation of the 

alkoxide to selectively generate the aldehyde product. 
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Oxidation of allyl alcohol to acrolein occurs via three different reaction pathways 

over the Au(111) surface which are dictated by the relative populations of atomic oxygen 

and hydroxyl species on the surface. Similar results have not been observed in the TPD 

spectra for oxidation of simple alcohols on the Au(111) surface, which may suggest that 

allylic alcohols and simple alcohols react differently in the presence of various surface 

intermediates or that aldehydes produced on the surface during oxidation of simple 

alcohols by an analogous mechanism are retained on the surface in structures that desorb 

at higher temperatures. 

Our observations may provide insight into the pathways for oxidation of alcohols 

over gold surfaces, both in vapor and liquid phase systems. Our results suggest that allyl 

alcohol is most readily oxidized to acrolein via oxygen adatoms on the Au(111) surface.  

If a single allyl alcohol molecule encounters multiple surface oxygen adatoms, then this 

process can occur at very low temperatures. A hydroxyl species can also oxidize the 

reactive intermediate, allyloxide, but does so via a process with a higher activation 

barrier. Yet another oxidative pathway involves the generation of surface oxygen by 

hydroxyl recombination, followed by oxidation via the low temperature pathway. This 

process may dominate in the high pH conditions under which alcohol oxidation has been 

shown to occur readily over gold catalysts.   

Our work may also aid in the general understanding of the reactivity of oxygen 

and hydroxyl species on gold surfaces. Such reactions are of great interest considering the 

enhancement effect many gold catalysts observe upon interaction with water. Water is 

present to some extent in most catalytic systems, whether as an impurity, reactant, 

product, or solvent. Accordingly, water may have unknown/unexplored effects on a host 

of catalytic reactions. Therefore, thorough consideration of the effects of water is 
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necessary when assessing a catalytic system, particularly when oxidation reactions are 

involved.  
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Chapter 3:  Control of Selectivity in Allylic Alcohol Oxidation on Gold 
Surfaces:  The Role of Oxygen Adatoms and Hydroxyl Species† 

3.1:  INTRODUCTION 

Selective partial oxidation reactions involving conversion of alcohols to 

corresponding ketones, aldehydes, or carboxylic acids are challenging chemical 

processes. Current industrial techniques utilize hazardous transition metal oxides as 

stoichiometric reactants. Handling and disposal of these materials creates a number of 

environmental issues. The development of a catalytic alternative for partial oxidation of 

alcohols could help alleviate these concerns. Gold catalysts display high activity for a 

number of reactions,9,10,64 including partial oxidation of alcohols,16,24,71,94 offering a 

promising alternative to current industrial methods.   

Generally, gold catalysts display high activity for partial oxidation reactions in 

basic aqueous media.61,94 The reaction mechanism for such processes has been suggested 

to involve the production of an aldehyde intermediate species with subsequent oxidation 

of the aldehyde yielding a carboxylic acid.16 The initial oxidation reaction associated with 

transformation of the alcohol species to the aldehyde has been proposed to be the rate-

determining step for this process.95  

Most gold catalysts only display high activity for partial oxidation of alcohols 

under basic aqueous conditions.61,94 However, some catalysts consisting of gold 

nanoparticles supported on ceria (Au/CeO2)23 can effectively promote partial oxidation in 

the pure alcohol phase. Cationic sites (Ce3+ and Au+) at the interface between the gold 

particles and the ceria support have been suggested to promote activity on this catalyst by 

facilitating hydride removal from the reactive intermediate.23 However, this mechanism 

                                                
† This work was previously published: Mullen, G. M.; Zhang, L.; Evans, E. J.; Yan, T.; Henkelman, G.; 
Mullins, C. B., Phys. Chem. Chem. Phys., 2015, 17, 4730-4738. The author of the dissertation was 
responsible for developing/conducting the ultrahigh vacuum experiments and analyzing the data. 
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has yet to be confirmed, and the reasons for the high activity displayed by Au/CeO2 

remain under debate. 

Allylic alcohols contain C=C bonds, which can influence their reactivity and 

selectivity towards catalytic processes. While simple alcohols can be oxidized to their 

corresponding aldehydes with high selectivity over Au-Pd/TiO2 catalysts,25,73 the 

selectivity towards partial oxidation of allylic alcohols displayed on these catalysts is 

limited by a number of parallel reactions, including isomerization, hydrogenation, and 

polymerization.25 In contrast, Au/CeO2 catalysts have demonstrated high activity and high 

selectivity for the partial oxidation of allylic alcohols to aldehydes.25,84 A fundamental 

mechanistic understanding of the interactions between allylic alcohols and oxidant 

species on the gold surface may help explain this behavior and guide future catalyst 

development. 

Surface science studies carried out on model gold catalysts under UHV conditions 

have advanced fundamental understandings of gold-adsorbate interactions.12,40,65–70,116 

Previous studies have investigated oxidation of allylic alcohols on O/Au(111)62,77,81 and 

Au/Pd(111) surfaces.132 Lee et al. found that incorporating small amounts of gold into the 

Pd(111) surface improved selectivity for the partial oxidation of crotyl alcohol to 

crotonaldehyde by suppressing side reaction pathways.132 In a series of studies, Friend 

and coworkers investigated the interactions of allylic alcohols with oxygen adatoms on 

the Au(111) surface.77,81 Various oxidation reactions were promoted on the gold surface, 

resulting in the generation of several products.77,81   

We previously investigated the partial oxidation of allyl alcohol to acrolein on the 

O/Au(111) surface (CH2=CHCH2OH + O → CH2=CHCHO +H2O).62 This process can 

occur via multiple reaction mechanisms (depicted in Illustration 3.1), which are dictated 

by the relative coverage of oxygen adatoms and hydroxyls on the gold surface. The 
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reaction is initiated by removal of the hydroxyl hydrogen from allyl alcohol via an 

oxygen adatom (Illustration 3.1a), resulting in the generation of an alkoxide intermediate 

and a surface hydroxyl.  Hydroxyls on the gold surface can also facilitate this process, 

producing the alkoxide and water (Illustration 3.1b). Both of these processes are facile, 

occurring with very low activation barriers (Ea), which are shown in Illustration 3.1, as 

determined via DFT calculations.62 Acrolein is generated by α-dehydrogenation of the 

alkoxide intermediate, which can also be promoted by either an oxygen adatom 

(Illustration 3.1c) or a hydroxyl species with a second alkoxide mediating the process 

(Illustration 3.1d). The oxygen-promoted α-dehydrogenation process is facile, occurring 

with a very low Ea. α-dehydrogenation via a surface hydroxyl occurs via a more energetic 

process which is lowered by the participation of a second alkoxide species. This work62 

elucidated the mechanism for partial oxidation of allyl alcohol to acrolein on the gold 

surface. However, the factors governing the selectivity towards the various oxidation 

pathways that can be facilitated on the gold surface remain unknown. Understanding 

these factors could prove useful in tailoring catalyst design. The current work builds upon 

this previous study62 by exploring other oxidative pathways promoted on O/Au(111) 

surfaces and the mechanistic factors that dictate selectivity towards each pathway. 

 



 44 

 

Illustration 3.1. Mechanistic pathways for partial oxidation of allyl alcohol to acrolein on 
O/Au(111) surfaces. 62 

The presence of water and/or hydroxyls may influence the selectivity displayed 

by gold surfaces for alcohol oxidation reactions. Incorporation of water into the reactant 

feed stream has been shown to improve the activity of gold catalysts for a number of 

reactions,61,85 including CO oxidation,53–55,133 propene epoxidation,57,58,91 and reduction of 

nitric oxide with propene.92 Furthermore, Zope et al. suggested that hydroxyls are 

responsible for facilitating partial oxidation of ethanol and glycerol on the gold surface 

after observing incorporation of isotopically labeled oxygen into product species. This 

reaction required the presence of O2 as well, but O2 was suggested to be responsible for 

scavenging electrons from the catalyst surface to regenerate hydroxyls and close the 
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catalytic cycle.93 These studies61,93 suggest that hydroxyls present in the solution phase 

may play an important role in partial oxidation reactions of alcohols on gold catalysts.  

In the current study, we explore the trends in selectivity displayed for oxidation of 

allylic alcohols (allyl alcohol and crotyl alcohol) to various products on O/Au(111) 

surfaces.  Both alcohols were partially oxidized to their corresponding aldehydes with 

nearly 100% selectivity on the Au(111) surface at low oxygen coverage.  At higher 

oxygen coverages, combustion was observed in addition to partial oxidation.  TPD and 

RMBS results suggest that hydroxyl species generated as intermediates during the 

reaction on the gold surface promote the partial oxidation reaction with high selectivity.  

The decrease in selectivity observed at higher oxygen coverages can be attributed to 

reaction pathways facilitated by oxygen adatoms, which can promote both partial 

oxidation and combustion as suggested by DFT calculations. 

 

3.2:  EXPERIMENTAL AND COMPUTATIONAL METHODS 

3.2.1:  Ultrahigh Vacuum Experiments 

The experiments discussed in this study were carried out in a UHV chamber that 

has been described in detail previously.97,134 A thin Au(111) single crystal sample, cut into 

a circular disk ~11 mm in diameter and 1.5 mm thick, is mounted to a tantalum plate that 

can be resistively heated to 900 K with a DC power supply regulated by a proportional-

integral-differential controller. The gold sample is also in thermal contact with a liquid 

nitrogen reservoir for cooling to a minimum temperature of 77 K. The sample 

temperature was monitored with a K-type thermocouple spot welded to the tantalum 

plate. Prior to each experiment, the gold surface was cleaned by exposure to atomic 

oxygen at 77 K, followed by annealing to 700 K. Cleanliness was routinely verified by 
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AES. Periodically, the surface was sputtered by Ar+ ion bombardment at room 

temperature to remove impurities followed by annealing to 800 K for 10 minutes to 

restore the structure of the (111) surface. 

Analyses were carried out in a scattering chamber with a base pressure of less 

than 1x10-10 Torr. This chamber is equipped with a QMS and AES. Reactants were 

delivered to the Au(111) sample via a supersonic molecular beam dosing apparatus 

consisting of four differentially pumped subchambers. Oxygen atoms were dosed onto 

the gold sample via a radio frequency powered plasma-jet source using a gas mixture of 

8% (v/v) O2 in argon.98,135 Oxygen surface coverages were estimated by AES following a 

method described in a previous study.87 All reactant species were dosed onto the sample 

through the same nozzle and beam apertures to ensure coincident exposure. 

TPD spectra were obtained by heating the Au(111) sample at 2 K/sec while 

monitoring m/z signals corresponding to the desorption of various species via QMS. For 

oxidation experiments, oxygen atoms were dosed onto the gold surface first, followed by 

the alcohol species. Isotopic oxygen (18O) was employed in some of these experiments to 

enhance the sensitivity towards features associated with carbon dioxide generation, as the 

signal to noise ratios for C16O18O (m/z = 46) and C18O2 (m/z = 48) were higher than the 

ratio for C16O2 (m/z = 44) due to the presence of C16O2 in the background of the UHV 

system. Additionally, the use of 18O allowed us to observe water production features (m/z 

= 20) in TPD spectra without interference from water desorbed from the walls of the 

UHV chamber (m/z = 18), as discussed in a previous work.62 

RMBS spectra were obtained by monitoring product and reactant species via 

QMS while impinging allyl alcohol onto the O/Au(111) surface held at a constant sample 

temperature.  In each of these experiments, atomic oxygen was dosed onto the Au(111) 

surface at 77 K.  The surface was then heated to the specified temperature prior to 
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impingement of a pure molecular beam of allyl alcohol.  Under these conditions we 

estimate translational energy of allyl alcohol molecules to be approximately 0.1 eV and 

the trapping probability to be unity.99,101,102,134,136,137 At temperatures above ~120 K there 

will be a kinetic competition for trapped molecules to either desorb or react with oxygen 

on the surface.137–140 

Allyl alcohol (ACROS, 99%), 16O2 (Matheson Trigas, 99.99%), 18O2 (Isotec, 

99%), and Ar (Matheson Trigas, 99.9%) were used as received, without further 

purification. 

 

3.2.2:  Density Functional Theory Calculations 

DFT calculations were performed with the Vienna ab initio Simulation 

Package.103–106 The interaction between the ionic core and the valence electrons was 

described by the projector-augmented wave method107 and the valence electrons with a 

plane-wave basis up to an energy cutoff of 280 eV.  A higher cutoff energy of 400 eV 

resulted in variations of less than 0.005 eV to calculated energy barriers.  The exchange 

correlation contribution to the total energy functional was determined using the 

functional optB86b-vdW that includes van der Waals interactions directly in its 

functional form by Klimeš et al.111 The locations and energies of the transition states were 

calculated with the climbing-image nudged elastic band method.112,113 Spin polarization 

was tested and applied when necessary. The gold surface was modeled as a (3x3) 

Au(111) slab with 4 atomic layers and 14 A ̊ of vacuum. The Brillouin zone was sampled 

using a 4×4×1 Monkhorst–Pack k-point mesh.114 The convergence criteria for the 

electronic structure and the atomic geometry were 10−5 eV and 0.01 eV/A ̊, respectively. 



 48 

3.3:  RESULTS AND DISCUSSION 

Figure 3.1 displays TPD spectra for acrolein and C16O18O production, the 

respective products of partial oxidation and combustion of allyl alcohol, obtained in a set 

of experiments in which allyl alcohol was oxidized on the Au(111) surface precovered 

with varying amounts of 18O. Acrolein production and C16O18O production were observed 

by monitoring m/z = 56 and m/z = 46, the parent masses of each species, respectively. 

Acrolein production was observed on the 0.02 ML O/Au(111) surface, as shown in 

Figure 3.1a. This process also resulted in the production of water, shown in the 

Supporting Information in Appendix B. Production of C16O18O was not observed for TPD 

of allyl alcohol on the 0.02 ML O/Au(111) surface. A number of other possible 

oxidation, decomposition, coupling, and hydrogenation products were also monitored for 

the TPD experiment at this oxygen coverage. These additional spectra are included in the 

Supporting Information in Appendix B. Production signals were not observed for any 

species other than acrolein and water on the 0.02 ML O/Au(111) surface. An AES 

spectrum taken immediately after this TPD experiment was identical to that of the clean 

Au(111) surface, shown in the Supporting Information in Appendix B, suggesting that 

neither carbon nor oxygen remained on the surface after TPD. These TPD and AES 

results suggest that allyl alcohol did not decompose or undergo any reaction apart from 

partial oxidation on the 0.02 ML O/Au(111) surface. Acrolein was generated with ~100% 

selectivity. This behavior is consistent with the high selectivity displayed by Au/CeO2 

catalysts for partial oxidation of allylic alcohols.25 
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Figure 3.1. TPD spectra displaying production of (a) acrolein (m/z = 56) and (b) 
C16O18O (m/z = 46) following adsorption of 3.6 ML of allyl alcohol on the 
Au(111) surface precovered with varying amounts of 18O.  Allyl alcohol and 
18O were both adsorbed at a sample temperature of 77 K. 

The features displayed in the TPD spectra for acrolein production shown in Figure 

3.1a varied with oxygen coverage. The high temperature feature, labeled γ3 in Figure 

3.1a, has been previously shown to result from α-dehydrogenation of the surface alkoxide 

intermediate via a hydroxyl species as shown in Illustration 3.1d.62 Although hydroxyls 

were not initially present on the O/Au(111) surfaces in these experiments, hydroxyls are 

generated as intermediate species via the interaction of the alcohol species with surface 
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oxygen adatoms on the surface. As the γ3 feature was the only acrolein production feature 

observed for the TPD experiment on the 0.02 ML O/Au(111) surface, it is likely that all 

of the oxygen adatoms initially present on this surface were converted to hydroxyl 

species via the alkoxide formation process. We would expect that the diffuse coverage of 

oxygen adatoms relative to allyl alcohol on the surface during this experiment would 

favor the complete conversion of oxygen adatoms to surface hydroxyl species. After the 

hydroxyl dehydrogenation step oxygen adatoms would no longer be present on the 

surface to react with the intermediate species or the acrolein product. 

We observed the γ3 acrolein production feature at every oxygen coverage tested in 

Figure 3.1, and this feature did not change significantly as oxygen coverage was varied. 

The low and intermediate temperature features, labeled γ1 and γ2 in Figure 3.1a only 

appeared on surfaces with oxygen coverages in excess of 0.02 ML. These features are 

both due to α-dehydrogenation of the alkoxide intermediate via oxygen adatoms 

(Illustration 3.1c).62 Production of C16O18O, indicative of combustion, was also only 

evident on surfaces with oxygen coverages in excess of 0.02 ML, as shown in Figure 

3.1b. On these surfaces we would expect oxygen adatoms to encounter and interact with 

intermediate species on the surface, as γ1 and γ2 acrolein production pathways require this 

interaction. Acrolein produced via the partial oxidation reaction may also interact further 

with oxygen adatoms on these surfaces. The observation of CO2 production at the onset 

of these partial oxidation pathways suggests that oxygen adatoms may be responsible for 

facilitating combustion in addition to partial oxidation. 

In addition to not appearing for TPD of allyl alcohol on the 0.02 ML O/Au(111) 

surface, the carbon dioxide production features and the γ1 and γ2 acrolein production 

features also propagated in similar monotonic manners as the coverage of oxygen was 

increased, as shown in Figure 3.1. For a more quantitative comparison, we integrated 
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these features and plotted them together in a common graph, shown in Figure 3.2. To 

integrate the γ1 and γ2 acrolein production features individually, deconvolution of the 

spectra in Figure 3.1a was necessary. Deconvoluted spectra are shown in the Supporting 

Information in Appendix B. Figure 3.2 plots the sum of the integral areas for the γ1 and γ2 

features against the integral area for the CO2 feature at each oxygen coverage. A linear 

correlation was observed between these integrals, suggesting that a relationship exists 

between the γ1 and γ2 acrolein production pathways and the combustion pathway. Since 

the γ1 and γ2 features for acrolein production have been previously attributed to partial 

oxidation of the alkoxide intermediate via oxygen adatoms,62 the correlation shown in 

Figure 3.2 can be explained by oxygen adatoms promoting both partial oxidation and 

combustion of the alkoxide intermediate. The γ3 feature, on the other hand, did not 

propagate as the oxygen coverage was increased, as shown in the Supporting Information 

in Appendix B. 

To investigate this behavior further, we carried out a set of RMBS experiments on 

the Au(111) surface at two different oxygen precoverages (Figure 3.3). These 

experiments allow surface dynamics to be probed at a specific temperature. In each 

experiment atomic oxygen was dosed onto the gold surface at 77 K. The surface was then 

heated to 350 K prior to impingement of allyl alcohol. At this temperature both partial 

oxidation and combustion pathways are accessible. Additionally, 350 K is below the 

temperature at which oxygen adatoms recombine on the Au(111) surface to desorb as O2.  
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Figure 3.2. Integrals for C16O18O features and the sum of acrolein γ1 and γ2 features for 
spectra displayed in Figure 3.1.  Deconvolution of the features in the 
acrolein production spectra is shown in the Supporting Information in 
Appendix B. 

During impingement of allyl alcohol we monitored production of acrolein and 

carbon dioxide (C16O2) and desorption of allyl alcohol. In these experiments allyl alcohol 

desorption was observed by monitoring m/z = 57, the primary mass fragment of allyl 

alcohol, and CO2 production was observed by monitoring m/z = 44, the parent mass of 

CO2. Figure 3.3a displays a RMBS experiment in which allyl alcohol was impinged onto 

the 0.15 ML O/Au(111) surface. Production signals for both acrolein and CO2 were 

detected immediately upon impingement, which began at time = 10 sec in Figure 3.3a. 

The peak for CO2 production was observed after ~1 second of impingement (time = 10.9 

sec), while the peak for acrolein production was not observed until ~2 seconds of 

impingement (time = 11.8 sec).  In this experiment, the gold surface was initially 

populated exclusively with oxygen adatoms. Upon impingement of allyl alcohol onto the 

surface, oxygen was consumed by combustion and via the processes depicted in 
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Illustrations 3.1a and 3.1c. The decrease in CO2 production, indicative of combustion, 

observed after 1 sec of allyl alcohol impingement can be attributed to the decrease in 

surface oxygen adatom coverage brought about by these processes. The time delay 

between the peaks for CO2 production and acrolein production can be explained by the 

participation of the hydroxyl species in the partial oxidation reaction via the mechanism 

shown in Illustration 3.1d. The increase in hydroxyl coverage brought about by the 

reaction of oxygen adatoms with allyl alcohol would allow partial oxidation to continue 

to increase as oxygen was consumed. This behavior is in agreement with the TPD results 

shown in Figure 3.1 and also supports a mechanism whereby oxygen adatoms promote 

both partial oxidation and combustion of allyl alcohol on the gold surface while hydroxyl 

species are selective towards partial oxidation. 
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Figure 3.3. RMBS of allyl alcohol on the (a) 0.15 ML O/Au(111) surface and (b) 0.61 
ML O/Au(111) surface.  Allyl alcohol was dosed at a surface temperature of 
350 K while monitoring the production of acrolein (m/z = 56) and CO2 (m/z 
= 44) and the desorption of allyl alcohol (m/z = 57) via QMS.  Oxygen 
adatoms were dosed at a surface temperature of 77 K.  The flux of allyl 
alcohol onto the surface was 0.17 ML/sec. 

Figure 3.3b displays another RMBS experiment in which allyl alcohol was 

impinged onto the 0.61 ML O/Au(111) surface. In this experiment, similar behavior was 

observed with respect to the peaks for CO2 and acrolein production. Namely, both 
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combustion and partial oxidation began immediately upon impingement of allyl alcohol, 

and the peak for CO2 production was observed before the peak for acrolein production. 

The higher oxygen coverage (0.61 ML) relative to the experiment in Figure 3.3a (0.15 

ML) allowed CO2 production to be sustained for a longer period of time, displaying a 

peak after ~5 sec of impingement. The time delay between the CO2 production peak and 

the acrolein production peak was also extended from 1 sec on the 0.15 ML O/Au(111) 

surface to ~5 sec on this surface. 

We performed DFT calculations to investigate a mechanism by which oxygen 

adatoms on the gold surface can initiate combustion. While determining a complete 

mechanism for the combustion process would be the ideal case, the number of potential 

reaction pathways through which the alkoxide intermediate can proceed rendered such an 

investigation unfeasible in this study. Previous studies129,130 have suggested that selective 

cleavage of an α C-H bond from the process leads to high selectivity for aldehyde 

formation, whereas nonselective C-H bond cleavage ultimately leads to other oxidative 

pathways. Therefore, we first investigated the energetics associated with direct β-

dehydrogenation of the alkoxide intermediate via oxygen atoms on the Au(111) surface, 

as shown in Figure 3.4. However, we found the energy barrier for this process to be 96.0 

kJ/mol, far higher than those associated with partial oxidation of allyl alcohol,62 which are 

displayed in Illustration 3.2. We also investigated the energetics associated with β-

dehydrogenation from the alkoxide intermediate via a hydroxyl species on the Au(111) 

surface (Figure 3.4). This process also has a high activation barrier of 111.9 kJ/mol. 

Therefore, we suggest that direct β-dehydrogenation of the alkoxide intermediate is an 

unlikely initiation step for combustion of allyl alcohol on this surface.  
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Illustration 3.2. Reaction pathways associated with potential initiation steps for 
combustion of the alkoxide intermediate on O/Au(111) and OH/Au(111) 
surfaces.  Activation barriers and atomic structures were determined via 
DFT calculations. 

Another process through which oxygen adatoms may initiate combustion is via 

insertion into the C=C bond of the alkoxide. This process would weaken the C=C bond, 

which could destabilize the intermediate, facilitating its decomposition into hydrocarbon 

fragments and/or carbon deposits on the surface which could undergo further oxidation to 

CO2. However, the energy barrier for insertion of oxygen from the gold surface into the 

C=C bond, depicted in Figure 3.4, was found to be 27.0 kJ/mol, which is higher in energy 

than the oxygen-promoted α-dehydrogenation step. Furthermore, this process would 

generate a surface bound alkoxy-epoxide intermediate species (additional view shown in 

the Supporting Information in Appendix B), which we expect would result in the 

formation of glycidol, a C3 epoxy-alcohol, and glycidaldehyde, a C3 epoxy-aldehyde via 

low energy pathways. No features were apparent in the spectrum for m/z = 43, a 
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significant mass fragment for glycidol and an expected mass fragment of glycidaldehyde, 

during the TPD experiment in which allyl alcohol was oxidized on the 0.15 ML 

O/Au(111) surface, as shown in the Supporting Information in Appendix B, suggesting 

that neither species was produced and that the alkoxy-epoxide is an unlikely intermediate 

for the combustion process. 

 

 

Figure 3.4. Reaction pathways associated with potential initiation steps for combustion 
of acrolein on O/Au(111) and OH/Au(111) surfaces. Activation barriers and 
atomic structures were determined via DFT calculations. 

Yet another potential combustion process involves sequential oxidation of 

acrolein after its production via the partial oxidation reaction. To study this potential 

combustion pathway, we first calculated the energy barrier for insertion of oxygen into 
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the C=O bond of acrolein, a process that has been suggested to be an initiation step for 

combustion of acetaldehyde141 and acetone142 on silver surfaces. The energy barrier for 

this process was found to be quite low on the Au(111) surface (3.9 kJ/mol), as shown in 

Figure 3.4. Furthermore, this process is exothermic, with a formation energy of -55.0 

kJ/mol, suggesting that the resulting intermediate species would be stabilized on the gold 

surface. Once formed, removal of the α-hydrogen from this intermediate occurs with an 

energy barrier of 26.1 kJ/mol, resulting in the generation of a bidentate surface species. 

The interaction of acetaldehyde with oxygen on silver surfaces has been shown to 

result in the formation of ethane-1,1-dioxy,143,144 a bidentate intermediate that 

dehydrogenates to generate surface acetate. Surface acetates decompose on the Ag(110) 

surface in the presence of oxygen at ~400 K to yield combustion products145 a 

temperature very close to what we observed for allyl alcohol combustion on O/Au(111). 

Therefore, we suggest that a combustion pathway associated with formation of this 

bidentate intermediate is fitting with the behavior we have observed for allyl alcohol on 

O/Au(111). 

Insertion of a surface hydroxyl species into the C=O bond of acrolein also occurs 

with a low barrier (5.8 kJ/mol), as shown in Figure 3.4. However, α-dehydrogenation of 

the resulting species has a far higher activation barrier of 63.7 kJ/mol, which exceeds that 

of the reverse barrier for the hydroxyl insertion step (51.1 kJ/mol), a process that would 

regenerate acrolein and the surface hydroxyl species. Further oxidation of the 

intermediate species generated upon insertion of a hydroxyl into the C=O bond of 

acrolein would therefore be unfavorable if oxygen adatoms are not present on the surface, 

hindering the combustion process. 

Barteau et al. showed that a surface acetate intermediate was formed after dosing 

acetaldehyde onto O/Ag(110) and that some carbon remained on the silver surface after 
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decomposition of this species.141 To probe our combustion mechanism further, we carried 

out AES after the TPD experiment in which 3.6 ML of allyl alcohol was oxidized on the 

0.15 ML O/Au(111) surface (Figure 3.1). This AES spectrum and a spectrum taken on 

the clean gold surface are displayed in Figure 3.5. A small feature is evident at ~274 eV 

in the AES spectrum taken after the TPD experiment, marked with a dashed line. This 

feature corresponds to carbon remaining on the gold surface after the experiment. It is the 

only apparent difference between the AES spectrum taken post-TPD and that of the clean 

Au(111) surface. The observation of carbon on this gold surface provides further 

evidence for our proposed combustion mechanism by analogy to the results of Barteau et 

al. for acetaldehyde oxidation on the O/Ag(110). 141 

 

 

Figure 3.5. AES spectra obtained for the clean Au(111) surface (black spectrum) and 
for the Au(111) surface following TPD of 3.6 ML allyl alcohol on the 0.15 
ML O/Au(111) surface (red spectrum).  The dashed line indicates an 
electron energy of 274 eV, the location of an AES feature associated with 
carbon. 
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We performed a number of TPD experiments in which crotyl alcohol was 

oxidized on O/Au(111) surfaces, as well. The spectra for these experiments, which are 

included in the Supporting Information, displayed trends in selectivity that are similar to 

those displayed for allyl alcohol oxidation on O/Au(111) surfaces. The similarities in 

oxidation behavior between these two allylic alcohols suggests that the selectivity trends 

observed in this study may extend broadly amongst allylic alcohol species. 

Ethanol,74 1-propanol,75 2-propanol,75 and 2-butanol76 have all been shown to 

display high selectivity towards production of their corresponding aldehydes in TPD 

experiments on O/Au(111) surfaces at low oxygen coverages, while both partial 

oxidation and combustion are observed at higher oxygen coverages. Gong et al. 

suggested that a change in the chemical state of oxygen on the gold surface from 

chemisorbed oxygen at low coverage to an oxide phase at high coverage might be 

responsible for the change in product distribution.74 The low coverages and surface 

temperatures employed during oxygen deposition in our study would not be expected to 

promote the formation of gold oxide.124 The similarities between our results and TPD 

results for oxidation of other alcohols74–76 may suggest that the selectivity effects induced 

by hydroxyl and oxygen species extend broadly to the oxidation of many alcohol species 

on gold surfaces. 

The participation of hydroxyls in partial oxidation reactions of alcohols on gold 

surfaces may also help explain observations presented in classical catalysis studies. Abad 

et al. showed that an Au/CeO2 catalyst could promote the partial oxidation of alcohols to 

aldehydes in the absence of solvent.23 In their study, partial oxidation reactions were 

carried out in neat alcohol and in basic aqueous solutions. Cinnamyl alcohol and 3,4-

dimethoxybenzyl alcohol were tested under both sets of conditions, and each species 

displayed higher conversion and higher selectivity towards partial oxidation products 
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under basic aqueous conditions. A similar conclusion can be drawn from the study by 

Biella et al. in which phenylethane-1,2-diol oxidation was carried out on a gold 

catalyst.146 The authors showed that the selectivity towards the production of mandelic 

acid, the corresponding carboxylic acid, was enhanced as the pH of the solution was 

increased. These observations may suggest that hydroxyls play a role in these partial 

oxidation reactions. 

The role of solution phase hydroxyl species in partial oxidation of alcohols was 

investigated by Zope et al.93 The authors of this study suggested that oxidation of alcohols 

on the gold surface occurs via hydroxyl species. Oxygen (O2) is required for the reaction 

to proceed, but the authors suggested that O2 acts to scavenge free electrons and 

regenerate the hydroxyl species in solution, closing the catalytic cycle rather than 

oxidizing the alcohol directly.93 Our results suggest that hydroxyl species on the gold 

surface can facilitate the partial oxidation of alcohols with high selectivity. Therefore, 

promotion of the reactions via hydroxyl species may account for the high activity and 

selectivity observed for partial oxidation of alcohols in basic aqueous media.61,94 

The promotional effect of water on the partial oxidation of alcohols extends to 

other transtion metals as well.  Platinum,147,148 palladium,149 and ruthenium150 catalysts 

also demonstrate enhanced activity when in the presence of water.  In a DFT study, 

Chibani et al.147 showed that hydroxyl groups on the Pt(111) surface, readily generated in 

the presence of water and oxygen, can promote the partial oxidation of alcohols to their 

corresponding aldehydes by directly participating in the reaction mechanism. These 

studies suggest that the influence of water extends beyond catalytic reactions on gold 

surfaces to other transition metal systems. 
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3.4:  CONCLUSIONS 

We have studied the trends in selectivity displayed on O/Au(111) surfaces 

towards oxidation reactions involving allylic alcohols. The oxygen precovered gold 

surface can promote both partial oxidation and combustion pathways. Nearly 100% 

selectivity towards partial oxidation, resulting in the production of the corresponding 

aldehydes, was observed when allyl alcohol and crotyl alcohol were oxidized on the gold 

surface with low oxygen coverage. At higher coverages, combustion was observed in 

addition to partial oxidation. 

TPD and RMBS results suggest that oxygen adatoms are responsible for 

facilitating both partial oxidation and combustion of allyl alcohol on the gold surface 

while hydroxyl species, generated as reactive intermediates via the interaction of oxygen 

adatoms with allyl alcohol, are highly selective for the partial oxidation reaction. DFT 

calculations suggest that a plausible combustion pathway involves the reaction of 

acrolein with oxygen adatoms on the gold surface to form a bidentate surface 

intermediate, decomposition of which would be expected to result in combustion 

products. AES spectra taken immediately after TPD experiments support this conclusion. 

Water plays a key role in a number of catalytic reactions. Studies have shown that 

water can promote catalytic activity for several reactions over various catalysts including 

partial oxidation of alcohols, and our results suggest that water may also alter reaction 

pathways, influencing patterns of reactivity displayed by gold catalysts. These 

observations help explain behavior observed in previous studies and may assist in the 

design of future catalysts.  
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Chapter 4:  Water Influences the Activity and Selectivity of Ceria-
Supported Gold Catalysts for Oxidative Dehydrogenation and 

Esterification of Ethanol 

4.1:  INTRODUCTION 

Oxidative transformations of alcohols represent an important class of reactions for 

a number of industries,20 and the growth of ethanol as a biorenewable fuel/feedstock 

offers the potential to significantly deepen the impact of such conversion processes. 

Industrial techniques for selectively oxidizing alcohols commonly use transition metal 

oxides as stoichiometric reagents.21 These methods suffer from significant drawbacks as 

they are expensive and generate environmentally hazardous waste products. The 

development of a catalyst for selective alcohol oxidation would provide a more 

environmentally friendly and sustainable means of carrying out these transformations.  

A number of transition metals catalyze selective alcohol oxidation.16,20,151 Gold 

catalysts in particular display promising behavior for these reactions, demonstrating the 

capacity to selectively oxidize a diverse array of alcohols22,23 and to do so with higher 

selectivity than other commonly studied metal catalysts.24–27 Gold-catalyzed selective 

alcohol oxidation was first demonstrated by Prati and Rossi, who showed that gold 

supported on activated carbon displayed high activity and exceptional selectivity for the 

oxidation of vicinal diols to α-hydroxy carboxylates.24 Gold catalysts are also capable of 

promoting the oxidative dehydrogenation of primary and secondary alcohols in the gas 

phase, resulting in the production of aldehydes and ketones, respectively.71 Several 

studies from Friend et al. have shown that oxidative esterification can be promoted in the 

gas phase as well for a number of simple alcohols with nanoporous gold catalysts,80,152–154 

and Zheng and Stucky demonstrated that dehydrogenation and esterification can each 

occur during the gas phase oxidation of ethanol over an Au/SiO2 catalyst.155 Under 
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condensed phase conditions, gold catalysts can promote alcohol oxidation to carboxylic 

acids27,95 and to esters.23,95 Rautiainen et al. showed that benzaldehyde, benzoic acid, and 

methyl benzoate could be each generated via the oxidation of benzyl alcohol over an 

Au/Al2O3 catalyst with the product distribution dictated by the choice of solvent.156  

The aqueous phase oxidation of aliphatic alcohols over gold catalysts generally 

results in the production of carboxylic acid derivatives at high yields,27,93,95 while 

reactions conducted in neat or mixed alcohol phases tend to generate esters.23,95 The 

oxidative dehydrogenation process, which results in the production of an aldehyde, has 

been proposed to be an intermediate step for reaction pathways involving the synthesis of 

carboxylic acids and esters in condensed phase studies,23,95 with removal of hydrogen 

from the CH bond identified as the rate-determining step of this process.95,157 Carboxylic 

acids are produced through subsequent oxidation of the aldehyde intermediate via the 

formation and dehydrogenation of geminal diol intermediates.93 Ester formation proceeds 

through the generation and subsequent dehydration of a hemiacetal intermediate23,158 or 

through the condensation of a carboxylic acid with another alcohol. In the gas phase, the 

generation of esters via oxidation of alcohols over nanoporous gold catalysts has also 

been proposed to proceed through the formation of an aldehyde intermediate.153,154,159,160 

Surface science techniques have been leveraged to conduct detailed molecular level 

studies of alcohol esterification on model gold surfaces and have provided evidence in 

support of this mechanism.78,79,161,162 Although significant gaps exist with respect to the 

materials and conditions employed, the results obtained from surface science studies of 

alcohol oxidation on gold display very good agreement with those observed in the gas 

phase alcohol oxidation studies conducted at atmospheric pressure.162,163 

Many of the investigations of alcohol oxidation with condensed phase systems 

discussed above used water as a solvent for the reaction medium. Water is also the 
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byproduct of alcohol oxidation reactions and is, therefore, always present in the reaction 

system at some concentration. Water has previously been shown to have significant 

effects on the behavior of gold catalysts.61,85 Minute quantities of water vapor can 

enhance the activity of gold catalysts for carbon monoxide oxidation by orders of 

magnitude versus dry conditions.52,53 Water also plays a role in several other gold-

catalyzed reactions, including propene epoxidation57,164 and reduction of nitric oxide with 

propene.92  

Previous studies have probed the role of water in gold-catalyzed alcohol 

oxidations. Incorporating water into the reactant liquor induced a seven-fold 

enhancement of the activity for oxidative dehydrogenation of benzyl alcohol to 

benzaldehyde over an Au/TiO2 catalyst,165 which was suggested to result in part from 

water-assisted activation of O2 on the catalyst surface. Additional support for this 

mechanism has been provided by DFT studies. Chang et al. conducted a DFT 

investigation of methanol dehydrogenation on the Au(111) surface and showed that water 

lowers the energy barrier for formation of a hydroperoxyl intermediate (the proposed 

rate-determining step for the reaction) by a factor of two.121 Similarly, Shang et al. 

showed that solvation effects induced by water bring about a dramatic enhancement in 

the adsorption energy of O2 on gold nanoclusters.166  

Water has also been suggested to play a more direct role in some gold-catalyzed 

alcohol oxidation processes. Using mass spectroscopy in conjunction with isotope 

labeling experiments during ethanol and glycerol oxidation, Zope et al. showed that 

oxygen from O2 was not incorporated into the reaction products (acetic acid and glyceric 

acid, respectively).93 When conducting these reactions in H2
16O and using 18O2 as the 

oxidant species, the carboxylic acids products contained only 16O and did not incorporate 

the isotopic oxygen from O2. Previous work from our research group investigating the 
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oxidation of allylic alcohols on model gold surfaces provided evidence that hydroxyl 

species can also participate directly in the dehydrogenation reaction62 and can also 

influence the selectivity displayed toward other oxidative processes promoted on the 

surface.63 

In this study, we investigated the effects of water on the behavior of a ceria-

supported gold catalyst for oxidative dehydrogenation and esterification of ethanol using 

a fixed-bed flow reactor system. The Au/CeO2 catalyst promoted both reactions under the 

conditions tested. Including water in the reactant feed shifted the overall activity and 

selectivity displayed by the system. Water increased the rate of ethanol dehydrogenation 

but did not significantly influence the kinetics of this process, leaving the reaction orders 

largely unchanged. Significant changes to the ethanol reaction order for the esterification 

reaction were observed upon incorporating water in the feed. Additionally, a primary 

kinetic isotope effect (KIE) for the esterification reaction was observed when the water or 

ethanol hydroxyl hydrogens were replaced with deuterium, suggesting that breaking an 

OH bond is associated with the rate-determining step for this process. These observations 

are consistent with ethyl acetate formation proceeding through the condensation of 

ethanol with acetate species on the ceria support surface, a mechanism which is further 

supported by attenuated total reflectance infrared spectroscopy and residual gas analysis 

tests. Our results provide new insights into the many roles that water can play in gold-

catalyzed oxidation reactions and demonstrate that water can influence both the activity 

and the selectivity of oxidation processes. 
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4.2:  EXPERIMENTAL METHODS 

4.2.1:  Synthesis of CeO2 and Au/CeO2 

The ceria support material was prepared via a urea coprecipitation-gelation 

method similar to that employed by Li et al.167 A solution of 0.11 M ammonium cerium 

nitrate and 2.0 M urea in deionized water was first prepared. This solution was then 

transferred to a round bottom flask and heated to 100 °C under vigorous stirring. A light 

yellow precipitate was formed after ~1 h, at which point the solution was diluted by 

~50% with deionized water. The resulting mixture was aged at 100 °C for 8 h. After 

cooling to room temperature, the mixture was centrifuged, and the supernatant was 

discarded. The remaining solids were washed by resuspending three times in deionized 

water. The product, a light yellow powder, was dried for ~24 hours under vacuum at 

room temperature and then calcined at 400 °C for 4 h.  

The gold-ceria catalyst employed in this study was synthesized via the deposition 

precipitation with urea technique developed by Zanella et al.168 A solution of 6.1x10-3 M 

HAuCl4 and 0.42 M urea in deionized water was prepared. The ceria support was 

suspended in this solution under vigorous stirring in a quantity sufficient to produce a 5 

wt.% Au catalyst at full gold incorporation. This mixture was aged at 80 °C for 16 h to 

deposit gold onto the ceria surface. After deposition, the suspension was centrifuged, and 

the supernatant was discarded. The catalyst was washed by resuspending three times in 

deionized water. A residual chloride test conducted on the supernatant after the third 

wash confirmed that this procedure was sufficient to remove chloride ions from the 

material. The product was dried for ~24 h under vacuum at room temperature. The 

resulting solid material was crushed and sieved to between 200 and 500 µm and stored in 

a dark refrigerator until use. 
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4.2.2:  Characterization 

BET surface area analysis was performed with a Quantachrome Instruments 

NOVA 2000 high-speed surface area BET analyzer at a temperature of 77 K. Before N2 

physisorption, the sample was degassed at 100 °C overnight in a vacuum oven. The data 

was analyzed with the Quantachrome Autosorb1 software, using multipoint BET analysis 

from P/P0 = 0.1 to 0.3. The correlation coefficient achieved was greater than 0.9999. 

XRD was conducted with a Rigaku R-AXIS SPIDER diffractometer equipped 

with a Cu sealed tube source and an image plate detector. Spectra were collected with 

radiation from a Cu Kα X-ray source operated at 40 kV and 40 mA. The sample was 

rotated at 10°/sec during X-ray exposure. 

An Agilent 7500ce spectrometer was used to analyze the mass density of gold 

incorporated into the catalyst sample via inductively coupled plasma-mass spectrometry 

(ICP-MS). A 10 mg sample of Au/CeO2 was digested in 6 mL of conc. HCl / 30% H2O2 

solution in a 2/1 mixture. This sample was diluted with 1% HCl solution prior to analysis. 

A field emission JEOL 2010F high-resolution transmission electron microscope 

operated at 200 kV was used to obtain high angle annular dark field-scanning 

transmission electron microscopy (HAADF-STEM) images. An Oxford energy 

dispersive spectroscopy (EDS) instrument employing a SiLi detector was used for 

elemental analysis. A lacey carbon coated copper TEM grid was prepared by drop casting 

from a suspension of the catalyst sample prepared by sonicating a small amount of the 

material in ethanol. The TEM grid was placed in a vacuum oven and heated to 100 °C 

overnight to remove excess solvent prior to imaging. 
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4.2.3:  Ethanol Oxidation Activity Testing 

Catalytic activity for ethanol oxidation was studied in an ambient pressure fixed-

bed flow reactor system. The catalyst bed, 90 mg of Au/CeO2 diluted with 900 mg of SiC 

(unless otherwise indicated), was held between two quartz wool plugs in a quartz tube 

with a 7 mm ID. The tube was supported in an Applied Test Systems Model 3210 tube 

furnace. MKS Type M100B mass flow controllers were used to deliver permanent gases 

to the reactor bed. A calibrated New Era Pump Systems syringe pump was employed to 

deliver deionized water into a heated section of tubing upstream from the reaction zone. 

Ethanol was introduced to the system by bubbling the reactant feed stream through a 

temperature-controlled liquid-vapor saturator. All gas lines downstream from the 

saturator and syringe pump were heated to maintain condensable species in the gas phase.  

Immediately prior to reaction testing, the catalyst was calcined in-situ at 300 °C in 

30 standard cm3 per min (sccm) of dry air flow for 1 h. Following this pretreatment, the 

catalyst bed was cooled to 80 °C, the reaction temperature for all experiments, under 

continued air flow. Upon reaching the reaction temperature, ethanol was introduced to the 

reactant stream and the air flow was adjusted to deliver a space velocity of 32,000 h-1 

across the catalyst bed. This space velocity was used for all experiments. The ethanol 

partial pressure in the feed stream was adjusted by changing the temperature of a cooling 

bath in thermal contact with the ethanol saturator. The O2 partial pressure was adjusted by 

diluting the air stream with a stream of pure N2. The reactor was held for several hours at 

each condition tested to ensure a steady state had been reached. These conditions were 

chosen such that ethanol conversions were <10% for all tests conducted in order to ensure 

that the system was operating in a differential conversion regime. 

Quantitative analysis of the reactor effluent was conducted with a HP 5890 Series 

II gas chromatograph (GC). Separation of components within the GC was achieved with 
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a stainless steel column packed with Chromosorb 101 as the stationary phase. Both a 

flame ionization detector and a thermal conductivity detector were used to analyze the 

column effluent. An additional liquid-vapor saturator was used to deliver propanol, which 

was used as an internal standard, to the reactor effluent prior to injection into the GC. 

Carbon balances were calculated to be within 5% of unity for all experiments discussed 

in this study. Acetaldehyde and ethyl acetate turnover frequency (TOF) values were 

calculated by normalizing the production rate for each species by the total number of 

surface gold atoms present in the catalyst bed, which was estimated using the average 

particle size from TEM image analysis and the specific gold content determined via ICP-

MS. The gold particles were assumed to be hemispherical. 

 

4.2.4:  Attenuated Total Reflectance Infrared Spectroscopy 

Attenuated total reflectance infrared spectroscopy (ATR-IR) spectra were 

collected with a Thermo Nicolet Nexus 470 spectrometer equipped with a Nicolet 

SMART Golden Gate ATR, a diamond crystal with KRS-5 focusing element, and a 

DTGS detector. Spectra were collected using a resolution of 4 cm-1. Post-reaction 

samples were analyzed after allowing the ethanol oxidation process to reach steady state. 

The samples were then quenched to room temperature under continued reactant flow and 

stored in a glass vial until testing. Control samples were prepared by adding drops 

of acetic acid, ethyl acetate, or a NaOH solution in ethanol to ~30 mg of the 

CeO2 support. Samples were then heated at 100 °C for 8 hours and stored in glass vials 

until testing. 
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4.2.5:  Residual Gas Analysis 

Residual gas analysis (RGA) of the reactor effluent was conducted with an on-line 

mass spectrometer using a custom-built gas analysis system consisting of an ExTorr 

XT100 Residual Gas Analyzer operating in a stainless steel chamber maintained at a base 

pressure of ~1x10-9 Torr. Gas from the reactor effluent was introduced to this chamber at 

a pressure of 1.0x10-6 Torr via a temperature-controlled leak valve sampling system. This 

system allowed time-resolved analysis of the reactor effluent gas composition to be 

conducted. 

 

4.3:  RESULTS AND DISCUSSION 

4.3.1:  Characterization of CeO2 and Au/CeO2 

XRD spectra of the as-synthesized ceria support material and the gold-ceria 

catalyst after calcination at 300 °C are shown in Figure 4.1. All features displayed in both 

spectra correspond to the cubic fluorite phase of CeO2 (JCPDS 34-0394), indicating that 

the urea coprecipitation-gelation method used to synthesize the support resulted in the 

production of phase pure CeO2, and no gold peaks were detected in the spectrum for the 

Au/CeO2 sample, indicating highly disperse Au nanoparticles. The specific surface areas 

determined by BET analysis for the CeO2 support material and the Au/CeO2 catalyst after 

the calcination pretreatment were 77 and 87 m2/g, respectively; the gold content in the 

Au/CeO2 catalyst was determined to be 2.5 wt% by ICP-MS analysis.  
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Figure 4.1. (a) XRD spectra of CeO2 (blue) and Au/CeO2 (black) and (b) reference 
peaks for the cubic fluorite phase of CeO2 from JCPDS 34-0394. 

A representative HAADF-STEM image of the Au/CeO2 catalyst after calcination 

is shown in Figure 4.2a. Gold particles in this image appear brighter than ceria due to 

differences in the Z-contrast between these two materials. We confirmed our ability to 

distinguish between gold and ceria via EDS mapping analysis, images from which are 

included in the Supporting Information in Appendix C. From the image shown in Figure 

4.2a, it is apparent that both the gold and the ceria in the catalyst were present in the 

material as nanoparticles. A histogram displaying the gold particle size distribution for 

the catalyst sample is shown in Figure 4.2b. More than 100 unique particles were 

measured to generate this histogram. The average size of the gold particles in this sample 

was calculated to be 3.5 ± 1.4 nm. 
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Figure 4.2. (a) A representative HAADF-STEM image of Au/CeO2 after the calcination 
pretreatment at 300 °C, and (b) the gold particle size distribution from 
analysis of several images. 
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4.3.2:  Ethanol Oxidation with Varied Water Pressure in the Reactor Feed 

The Au/CeO2 catalyst was capable of promoting the oxidative dehydrogenation 

and esterification of ethanol in a stream of 3.5 kPa ethanol with a balance of air. Under 

these conditions, ethanol dehydrogenation was the dominant process, and acetaldehyde 

was generated with a TOF of 85 h-1 (per surface gold atom). Ethanol esterification, 

resulting in the production of ethyl acetate, was an order of magnitude slower, with an 

observed TOF of 9 h-1. No other products were generated at detectable levels under these 

conditions. Zheng and Stucky155 as well as Kosuda et al.159 also observed acetaldehyde 

and ethyl acetate as the predominant products of the gas phase oxidation of ethanol with 

Au/SiO2 and nanoporous gold catalysts, respectively, operating under conditions similar 

to those we have studied. 

We investigated the influence of water on these ethanol oxidation reactions by 

introducing various partial pressures of water to the reactor feed stream. Results from 

these experiments are shown in Figure 4.3. The feed stream consisted of the specified 

pressure of water and 3.5 kPa ethanol with a balance of air for these reaction tests. 
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Figure 4.3. Steady state TOFs for acetaldehyde production (νacetaldehyde, black squares) 
and ethyl acetate production (νethyl acetate, red triangles) over Au/CeO2 during 
ethanol oxidation with various partial pressures of water in the reactor feed 
stream. 

Incorporating water into the reactor feed stream induced changes to the overall 

reaction selectivity. The activity for acetaldehyde production, the primary oxidation 

process, increased by ~10% shifting from 85 h-1 under dry conditions to 95 h-1 upon 

incorporation of 2 kPa water in the feed. As water content was increased further, the 

acetaldehyde production rate decreased, measuring 82 h-1 at 10 kPa water, slightly below 

the rate observed under dry conditions. Ethyl acetate production was inhibited at all water 

concentrations tested, shifting from 9.0 h-1 under dry conditions to 6.8 h-1 at a water 

pressure of 10 kPa (~25% reduction in rate).  

Water is a byproduct of both ethanol oxidation reactions; therefore, even with a 

dry reactor feed stream, the catalyst was still exposed to ~0.1-0.3 kPa water generated in-

situ. We were unable to design an experiment in which water was completely removed 

from the reactor system, but we were able to mitigate the exposure of the catalyst to 

water produced in-situ by using molecular sieve type 3A as the dilutent material in place 

of SiC. This molecular sieve has pores that are 3 Å wide, allowing it to absorb water, 
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which has a kinetic diameter <3 Å, but not to take up the other reactant or product 

species, which all have diameters >3 Å. When diluted with molecular sieve instead of 

SiC, the activity for acetaldehyde production decreased by 6% to 80 h-1, while the activity 

for ethyl acetate production was not changed. 

 

4.3.3:  Kinetic Analysis – Acetaldehyde Production 

To more rigorously study the effects of water on the ethanol dehydrogenation 

reaction, we determined the O2 and ethanol reaction orders for each process using dry 

reactant feeds and feeds containing 5 kPa water. Log-log plots used for the determination 

of ethanol and O2 reaction orders for acetaldehyde production are shown in Figure 4.4. 

The O2 partial pressure was fixed at 21 kPa for the ethanol reaction order tests, and the 

ethanol pressure was fixed at 1.5 kPa for the O2 reaction order tests. With a dry reactor 

feed, the ethanol reaction order for acetaldehyde production was measured to be 0.22 ± 

0.02. The inclusion of water in the feed did not affect the reaction order for this process, 

which we measured to be 0.24 ± 0.01 in the presence 5 kPa water.  

 



 77 

 

Figure 4.4. Log-log plots of (a) ethanol partial pressure and (b) O2 partial pressure in the 
reactor feed stream versus steady state production rates for acetaldehyde 
(νacetaldehyde). Data shown as black squares were collected with a dry reactor 
feed. Data shown as blue triangles were collected with a reactor feed 
containing 5 kPa water. 

A low O2 reaction order of 0.12 ± 0.01 was measured for acetaldehyde production 

when using a dry reactor feed. This values is in good agreement with observations made 

by Kosuda et al. who demonstrated a weak dependence of the acetaldehyde on O2 partial 

pressure during ethanol oxidation with a nanoporous gold catalyst.159 Ethanol oxidation to 

acetaldehyde catalyzed by Au/MgAl2O4
27 and Au/TiO2

169 displayed low dependences on 
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O2 partial pressure as well. Including 5 kPa water in the reactor feed changed the O2 

reaction order for acetaldehyde production, increasing the value from 0.12 ± 0.01 to 0.20 

± 0.02. This shift in O2 reaction order could signify a small change to the surface kinetics 

for the ethanol oxidation reactions; however, considering the low dependence measured 

for O2, this shift could also be an artifact of the log function as the changes in reaction 

rates are relatively small and thus may not be significant. 

To further assess the role of water in the acetaldehyde production reaction, we 

performed ethanol oxidation with 5 kPa D2O in the reactor feed in place of H2O to probe 

potential isotope effects. A small effect was observed for the initial oxidation to 

acetaldehyde production process, with a kH/kD value of 1.19 ± 0.03, suggesting that an 

equilibrium isotope effect is at play. Studies of gold-catalyzed CO oxidation employing 

similar experiments also observed low KIE values in the range of 1.0-1.4,55,86,170 all of 

which were attributed to equilibrium isotope effects. Our observed KIE for acetaldehyde 

production is consistent with these results. 

The rate-determining step in the oxidative dehydrogenation of alcohols over gold 

catalysts has frequently been suggested to be associated with cleavage of a CH bond 

associated with the α-carbon of an alkoxide intermediate.95,157 This conclusion has been 

substantiated by the observation of large KIE values upon deuterating the alcohol at the 

α-carbon position.161,171–174 Several surface science studies have suggested similar 

mechanisms for the oxidative dehydrogenation of many different types of alcohols.62,74,75 

In this study, the observed behavior for ethanol oxidation on the Au/CeO2 catalyst is 

consistent with these previously proposed mechanisms. The low reaction order in O2 

suggests that oxygen activation is not kinetically important. Furthermore, DFT 

calculations from a recent study by Saavedra et al. indicate that water-assisted O2 

activation is an extremely facile process,55 suggesting that O2 activation is not likely to be 
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associated with the rate-determining step of oxidative processes on gold catalysts when 

water is present. 

The role of water in this process could be similar to that previously shown for 

water-enhanced CO oxidation.52–54,61,85 A number of potential mechanisms to explain the 

role of water in ethanol oxidation have been proposed, ranging from assisting in the 

activation of O2 to promoting the decomposition of reaction intermediates.54,61,85 As 

studies have shown that hydride transfer from an adsorbed alkoxide to gold is likely the 

rate determining step of this process,23,173 promoting activation of O2 would be unlikely to 

cause the observed change in the rate of this reaction, as oxidation of the Au-H species 

occurs after the rate determining step. Rather, water likely plays a role in facilitating 

ethoxide formation on the catalyst surface when present at low coverages. Water may 

also help to prevent poisoning of the Au sites by adsorbed carboxylates,175,176 leaving 

greater availability for ethoxide adsorption near the Au nanoparticles. 

 

4.3.4:  Kinetic Analysis – Ethyl Acetate Production 

While enhancement effects were observed for acetaldehyde production, a 

decrease in ethyl acetate production occurred upon incorporating water in the reactor feed 

during the tests shown in Figure 4.3. These observations suggest that water plays a 

different role in each reaction. We performed kinetic analysis for the esterification 

process to study the effects of water on this reaction. Log-log plots used to determine the 

ethanol and O2 reaction orders for ethyl acetate production are shown in Figure 4.5. 

Again, the O2 partial pressure was fixed at 21 kPa for the ethanol reaction order 

experiments, and the ethanol pressure was fixed at 1.5 kPa for the O2 reaction order 

experiments. This data was collected in the same set of experiments as the acetaldehyde 
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production tests shown in Figure 4.4. The ethanol reaction order for ethyl acetate 

production with a dry feed was determined to be 0.78 ± 0.03, larger than that measured 

for acetaldehyde production. Furthermore, water had a significant effect on the kinetics of 

this process, decreasing the reaction order in ethanol by a factor of four to 0.20 ± 0.02. 

 

 

Figure 4.5. Log-log plots of (a) ethanol partial pressure and (b) O2 partial pressure in the 
reactor feed stream versus steady state production rates for ethyl acetate 
(νethyl acetate). Data shown as black squares were collected with a dry reactor 
feed. Data shown as blue triangles were collected with a reactor feed 
containing 5 kPa water. 
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An O2 reaction order of 0.07 ± 0.01 was measured for ethyl acetate production 

with a dry reactor feed, similar to that observed for acetaldehyde production and in 

agreement with observations from previous studies of gold catalysts, which showed a 

weak dependence of ethyl acetate production on O2 pressure.27,159,169 The observed O2 

reaction order for ethanol esterification increased upon incorporating water in the feed 

stream, shifting from 0.07 ± 0.01 to 0.22 ± 0.01. Again, this shift could also be an artifact 

of the log function and may not be significant, but may also indicate small kinetic 

changes to the O2 activation process upon water incorporation. 

We note that acetaldehyde is a likely intermediate species in the ethanol 

esterification process, as suggested in several studies.78,157 The kinetics of ethyl acetate 

production should be influenced by changes to the acetaldehyde production rate, which 

would change the effective acetaldehyde concentration in the system. However, water did 

not significantly change the observed trends in reaction orders for acetaldehyde 

production, and acetaldehyde production increased by only 10% with added water.  Ethyl 

acetate production, on the other hand, decreased at the lower added water contents, so we 

can reasonably surmise that the changes observed in the ethyl acetate kinetics resulted 

from the presence of added water in the system and not from changes to the acetaldehyde 

concentration. 

The kinetic isotope effect experiments described above (1.5 kPa ethanol, 5 kPa 

H2O/D2O, balance air) had a much larger impact on ethyl acetate kinetics, as the kH/kD 

ratio was determined to be 2.0 ± 0.1 under these conditions This large kH/kD value is 

consistent with a primary KIE, suggesting that the esterification rate-limiting step 

involves breaking an O-H bond. When this observation is coupled with the changes to the 

ethanol reaction order upon inclusion of water in the feed stream, it becomes clear that 

water plays a key role in directing the kinetics of the oxidative esterification reaction. 



 82 

Proton exchange between the OH groups of water, ethanol, and any surface 

hydroxyls on the support is a facile process. Therefore, the observed KIE could be 

associated with the reactivity of any of these species, rather than direct involvement of 

water in the reaction mechanism. Further, since water is a byproduct of both reactions, it 

is difficult to decouple the effects that result from the direct participation of water in 

mechanistic processes from the effects induced by other deuterated species in the system. 

As a further probe of this process, we determined kH/kD with d1-ethanol and as a function 

of the ethanol content in the reactor feed at a fixed water content (5 kPa H2O/D2O). 

Results from these tests are shown in Figure 4.6. 

 

 

Figure 4.6. KIE values for ethyl acetate production during ethanol oxidation on 
Au/CeO2. Data points shown as squares were collected with a feed stream 
consisting of the specified pressure of ethanol and 5 kPa H2O/D2O with a 
balance of air. The data point shown as a triangle was collected with a feed 
stream consisting of 1.5 kPa ethanol/d1-ethanol with a balance of air. 

The measured kH/kD for the ethyl acetate production process decreased 

monotonically as the ethanol content in the reactor feed increased, shifting from 2.0 ± 0.1 

at an ethanol pressure of 1.5 kPa to 1.45 ± 0.03 at an ethanol pressure of 4.8 kPa. As the 
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ratio of ethanol to D2O increased, the fraction of deuterium atoms available for 

scrambling between water, ethanol, and the surface hydroxyls, decreased. Therefore, we 

propose that the variation in kH/kD for ethyl acetate production was likely due to reduced 

amounts of deteurium available for the rate-determining step as the fraction of deuterated 

hydroxyls in the system was decreased. 

We also performed ethanol oxidation in the absence of added water using ethanol 

that was deuterated at the hydroxyl proton. When d1-ethanol was fed to the reactor in the 

absence of added water (triangular data point in Figure 4.6), the magnitude of the KIE for 

ethyl acetate production increased to 3.04 ± 0.05. These conditions lead to the highest 

fraction of deuterium in the system, since during this test protons were only generated by 

the oxidation catalysis.  Thus the higher KIE measured in this experiment is likely more 

representative of the “true” value.  This indicates a primary KIE for esterification, 

suggesting that a proton transfer is rate-limiting. We also note that the measured kH/kD for 

the acetaldehyde production process varied only slightly in the range of 1.2-1.3 during all 

of these tests, in agreement with expected behavior for an equilibrium isotope effect. 

 

4.3.5:  FTIR Spectroscopy 

To probe the effects of water on the surface species present during the reaction, 

we performed post-reaction ATR-IR spectroscopy on the Au/CeO2 catalysts. Figure 4.7a 

shows IR spectra for the Au/CeO2 catalyst after ethanol oxidation with and without added 

water.  The spectra are largely similar, with a large band centered at 1535 cm-1, a pair of 

overlapping bands at approximately 1440 cm-1 and 1415 cm-1, and a shoulder at about 

1340 cm-1.  The only major difference between the two spectra is the broad band centered 

at about 1640 cm-1, which we assign to bending vibration of water adsorbed on the ceria 



 84 

support.  There is notably little adsorbed water on the catalyst sample operated without 

additional water, indicating that the support is essentially completely covered with 

strongly adsorbed products of the reaction.  This points to an important role of water, 

namely protecting the surface and metal-support interface sites from poisoning by 

carbonates and other reaction products, an effect that has previously been described for 

CO oxidation.55,175 

To identify the adsorbed species, we deposited acetic acid, ethyl acetate, and 

sodium ethoxide (prepared from NaOH dissolved in ethanol) onto separate samples of the 

ceria support.  Spectra obtained for each sample in the region from 1200-1700 cm-1 are 

shown in Figure 4.7b. All of the spectra were similar to the spectra of the used catalysts, 

displaying similar features at 1535, 1440, 1415, and 1340 cm-1; the only exception was 

the ethoxide spectrum, which did not have a discernable band at 1415 cm-1. The observed 

bands are in good agreement with bands that have previously been assigned to 

νassym(OCO) stretches of acetate intermediates.177–179 
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Figure 4.7. ATR-IR spectra of (a) Au/CeO2 after the ethanol oxidation reaction without 
water in the reactor feed and with 5 kPa water in the feed and (b) CeO2 after 
treatment in acetic acid, ethyl acetate, and sodium ethoxide. 

The formation of surface acetates during the ethanol oxidation reaction is not 

surprising. Surface carboxylates are known to be produced in gold-catalyzed oxidation 

reactions.175 Acetates may play a role in the secondary oxidation of acetaldehyde to ethyl 

acetate, as the condensation of ethanol with the surface acetate would lead to ethyl 

acetate production. The similarity of the spectra for the samples treated with acetic acid 

and with ethyl acetate suggests that either (a) the IR spectra of the two species are too 

similar to differentiate the surface species or that (b) acetate species are formed upon the 
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interaction of ethyl acetate with the ceria surface as well. This formation would require 

the reaction between hydroxyls/adsorbed water on the ceria surface and ethyl acetate in 

the reverse of the esterification process, generating a surface acetate and ethanol. Ethanol 

is too volatile to remain on the surface between the reaction and collecting the ATR-IR 

spectrum, but the strongly bound acetate species would remain.  

To test this possibility further, we performed a test in which we exposed the ceria 

support material to ethyl acetate in a stream of argon while monitoring the production of 

ethanol in real-time with an RGA system. Ethanol production can be monitored by 

measuring m/z = 31, the largest mass fragment in the ethanol electronic ionization 

spectrum; however, this m/z value is also a small fragment observed in the ethyl acetate 

spectrum. To determine the proportion of the m/z = 31 spectrum that resulted from ethyl 

acetate, we also monitored m/z = 61, a mass fragment unique to ethyl acetate. By 

measuring the ratio of m/z = 31 to m/z = 61 observed while bypassing the reactor and 

flowing ethyl acetate directly to the RGA, the proportion of m/z = 31 originating from 

ethyl acetate was determined. We multiplied this ratio by the observed m/z = 61 signal 

and subtracted the result from the m/z = 31 to obtain a spectrum associated only with 

ethanol production. The results from this test are shown in Figure 4.8. 
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Figure 4.8. RGA spectra for m/z = 61 (ethyl acetate), m/z = 31 (ethanol and ethyl 
acetate), and a deconvoluted ethanol spectrum during a test for ethyl acetate 
exposure to CeO2. From the start of the test to min 1.5, the ethyl acetate 
stream was flowing through a gas line that bypassed the reactor. At min 1.5, 
the stream was switched to flow through the reactor and across the CeO2 
bed. 

For the experiment shown in Figure 4.8, 200 mg of the ceria support was diluted 

in 1.8 mg SiC and pretreated at 300 °C in 30 sccm air for 1 h. The system was then 

cooled to 80 °C and flushed with 50 sccm Ar for 30 min. Ethyl acetate was introduced 

first to a gas line that bypasses the reactor via the syringe pump at a rate of 8 μL/min to 

establish baseline signals for m/z = 61 and m/z = 31. Once the signals had stabilized, the 

flow stream was switched to the reactor and the ethyl acetate was exposed to the ceria 

bed. This switch occurred at min 1.5 in Figure 4.8. Upon switching the flow to the 

reactor, the signals initially decayed as the ethyl acetate made its way through the 

residence volume of the system, which had previously contained only Ar. A sharp 

increase in m/z = 31 and a peak were observed at ~min 3 in Figure 4.8, while the signal 

for m/z = 61 did not display such a peak and simply increased continuously before 
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saturating at the baseline level. The peak in m/z = 31 corresponds to ethanol production, 

which increased rapidly after min 3 and then decayed back to baseline. 

The RGA test displayed in Figure 4.8 shows that ethanol was generated when 

ethyl acetate was exposed to the ceria surface. These results and the ATR-IR spectrum 

for the ceria sample treated in ethyl acetate indicate that ethyl acetate can react with water 

on the ceria surface to generate ethanol and surface acetates. 

 

4.3.6:  Mechanistic Roles of Water 

We first address the role of water in ethanol oxidation to acetaldehyde, where 

water promotes the reaction at lower pressures and then inhibits at higher water contents. 

The mild promoting effect, as suggested by the IR data, is in mitigating carboxylate 

formation at or near the Au active sites. Similar to effects on CO oxidation, reducing 

carboxylate poisoning leaves a larger number of Au sites available to perform ethanol 

oxidation.55,175 As the feed water content and water coverage increases, water prevents 

ethanol from accessing the active sites, thus inhibiting the reaction.   

The mechanistic details of the secondary oxidation of acetaldehyde to ethyl 

acetate are more complicated, as it requires a second oxidation of acetaldehyde, followed 

by condensation with ethanol. An appropriate explanation must take into account the 

following pieces of kinetic evidence: (i) primary KIE, indicating that ethyl acetate 

production is controlled by an elementary step that includes the transfer of an 

exchangeable proton, (ii) inhibition of ethyl acetate production by water, and (iii) reduced 

reaction order in ethanol when water is present. Assuming that acetaldehyde oxidation 

goes by a similar hydride transfer mechanism as ethanol oxidation, the KIE data indicates 

that this step cannot be rate-determining for ethyl acetate production.          
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Two likely (but related) reaction pathways for the production of ethyl acetate are 

shown in Illustration 4.1.  In the direct pathway, a hydride transfer from acetaldehyde to 

Au results in a stabilized carbocation, which can react directly with ethanol. A 

subsequent proton transfer yields ethyl acetate. The reactive carbocation, however, can 

also react via the same mechanism with water or a surface hydroxyl group, yielding 

acetic acid and acetate, respectively. The fraction of activated acetaldehyde molecules 

that goes down each path depend largely on the coverages and availability of water, 

ethanol, and support OH groups. However, given the relatively low reaction temperature 

(80 °C), only ethyl acetate is volatile enough to be carried away from the surface.  

 

 

Illustration 4.1. Proposed reaction pathway for ethyl acetate formation. 
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While the direct pathway involves a proton transfer, that step is unlikely to be rate 

determining; further, the attack of ethanol on the carbocation is likely to have a strong 

dependence on the ethanol coverage since the hydride transfer cannot be rate determining 

since it does not involve an exchangeable proton. Thus, the direct route is generally 

inconsistent with the kinetic data.    

The second pathway involves the acid catalyzed condensation of ethanol with a 

surface acetate. The initial reactions are likely equilibrated with the direct mechanism 

under steady state conditions. However, since only the volatile ethyl acetate is observed, 

and the IR spectra of the surface species are not readily distinguishable, we can only 

monitor changes to the path that leads to ethyl acetate and are blind to any other changes 

in the equilibria. The addition of water should decrease the surface coverage of ethanol, 

shifting the equilibria away from the production of ethyl acetate.   

The proposed mechanism is also consistent with the large primary KIE associated 

with ethyl acetate production, as a proton transfer to the adsorbed intermediate 

immediately precedes the production of ethyl acetate. The control experiment in Figure 

4.8 shows that the ceria support can catalyze the saponification of ethyl acetate; it should 

therefore be an active catalyst for the esterification of acetate and ethanol. The change in 

ethanol reaction order for ethyl acetate production in the presence and absence of water is 

also consistent with this mechanism. The acid catalyzed reaction requires proton carriers 

on the surface. In the absence of water, ethanol, which is more mobile than acetate, is the 

most likely proton carrier. A protonated ethanol would then be required to initiate the 

saponification reaction, explaining the large reaction order in ethanol. Water is a better 

proton carrier than ethanol, so the addition of water reduces the effects of ethanol on this 

step. Thus, the reaction mechanism depicted in Illustration 4.1 is consistent with all of the 

observed kinetic data for ethyl acetate production.   
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In previous studies, we showed that water can influence the reaction pathways 

and product selectivities observed for allyl alcohol oxidation on the oxygen-covered 

Au(111) surface.62,63 Here, we have shown that water can influence different reaction 

pathways in different ways under the same set of conditions on the same catalyst. 

Including water in the reactor system may be used as a tool to tune the selectivity of 

alcohol oxidation reactions. Furthermore, water, which is frequently present in reactor 

systems as an impurity or byproduct, may play an unrecognized role in many other 

reactions, influencing both catalytic activities and product distributions. Controlling 

water content in the catalyst bed may prove influential in directing kinetic behavior of 

many systems. 

 

4.4:  CONCLUSIONS 

Both oxidative dehydrogenation and esterification of ethanol were promoted via 

an Au/CeO2 catalyst in a fixed bed flow reactor at 80 °C, resulting in the production of 

acetaldehyde and ethyl acetate, respectively. The behavior of this catalyst was altered by 

incorporating water into the reactant feed stream, resulting in shifts to the activity and 

selectivity for acetaldehyde and ethyl acetate production. The inclusion of water in the 

feed stream at partial pressures below 7 kPa promoted the dehydrogenation process, 

increasing the activity for acetaldehyde production. The ethanol esterification process 

was also influence by water. Introducing water into the reactor feed stream led to changes 

in the activity displayed by the system for ethyl acetate production and brought about a 

four-fold decrease in the ethanol reaction order. Furthermore, a primary KIE was 

measured upon replacing this H2O in the feed stream with D2O. These kinetic data are 
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consistent with an ethyl acetate production pathway that involves acetates present on the 

catalyst surface.  

Our results suggest that water plays an important role in dictating the kinetics of 

the ethanol oxidative coupling process. Water influenced both ethanol oxidative 

transformations catalyzed by Au/CeO2, and did so in different ways. Controlling water 

content in the reactor system may, therefore, be a key parameter in tuning the selectivity 

of these processes. Water affects the behavior for a host of gold-catalyzed reactions, and 

may have an untold impact on many more systems. 
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Chapter 5:  The Interplay between Ceria Particle Size, Reducibility, and 
Ethanol Oxidation Activity of Ceria-Supported Gold Catalysts 

5.1:  INTRODUCTION 

Gold, chemically inert as a bulk material, demonstrates high catalytic activity for 

a number of reactions when stabilized in nanoparticulate form.10,9 Many insights into the 

catalytic behavior of gold have been made since the seminal studies of Haruta et al.,6,8 but 

a number of lingering questions regarding the nature of gold as a catalytic material 

remain unanswered. One of the most confounding aspects of gold catalysis regards the 

role that the support material plays in generating active sites on the catalyst surface.  

Support materials influence the behavior of many catalyst systems. In some cases, 

interactions between catalyst particles and support materials inhibit chemisorption of 

reactant species, harming catalytic activity.28,29 However, metal-support interactions can 

also promote catalytic activity, and supports are even believed to take part in some 

reactions.30 By altering the properties of the support, the activity of the resulting catalyst 

can be influenced; therefore, tailoring the interactions between the support and the active 

phase offers a useful tool for tuning catalytic behavior. Indeed, a number of studies have 

demonstrated that variations to the activity of gold catalysts for several reactions occurred 

when the supported material was changed.31–33,11 

Introducing changes to the nanoscale structure of a support material can have 

significant impacts on the behavior of a catalyst.44–48 This phenomenon is well-

documented for gold catalysts – especially with systems using ceria as the support 

material. Carrettin et al. showed that gold supported on nanocrystalline ceria generated a 

far more active catalyst for CO oxidation than gold supported on microcrystalline ceria.49 

Park et al. demonstrated that a pronounced enhancement in activity for the WGSR 

occurred when gold was supported on CeOX/TiO2 surfaces.39 The resulting catalyst 
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exhibited activity surpassing both Au/CeO2 and Au/TiO2, indicating that the interaction 

between ceria and titania resulted in a synergistic effect which was suggested to stem 

from the stabilization of ceria as nanoparticles on the titania surface. Si and 

Stephanopoulos showed that gold supported on nanostructured ceria particles exposing 

specific crystal planes displayed significant variations in activity for the WGSR.50  

The authors of each study discussed in the paragraph above suggested that the 

influences on catalytic activity resulted from enhanced reducibility of the nanostructured 

supports. Support reducibility correlates with catalytic activity for several reactions,30,34,35 

and catalysts comprised of gold supported on reducible materials such as ceria and titania 

exhibit some of the highest reported activity for both the WGSR31,32,180 and CO 

oxidation,33 two of the most well-studied reactions catalyzed by gold. By influencing the 

reducibility of a metal oxide support through manipulation of its nanostructure, insight 

into the nature of the structure-function relationships that dictate catalytic behavior can be 

gained.  

Previous studies have investigated the influence of the support material’s structure 

on the activity of gold catalysts for selective oxidation of alcohols as well. Abad et al. 

showed that the activity of gold catalysts for alcohol oxidation was far higher when using 

nanocrystalline ceria as the support material than when using microcrystalline ceria and 

suggested that the enhanced activity was due to the formation of Ce3+ and Au+ sites on the 

catalyst surface which facilitated hydride transfer from the surface alkoxide 

intermediates.23 Studies have also shown that the shape of nanostructured ceria supports 

played an important role in determining the activity of Au/CeO2 catalysts for benzyl 

alcohol oxidation, with gold supported on ceria nanorods resulting in a more active 

catalyst for the reaction than gold supported on ceria nanocubes or nanopolyhedra,51,181 an 

effect that Wang et al. attributed to the exposure of different crystal planes on the various 
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nanostructured materials.51 Nanostructuring also influenced the behavior of MnO2-

supported gold catalysts for benzyl alcohol oxidation. Wang et al. showed that gold 

catalysts were more active for benzyl alcohol oxidation when supported on MnO2 

nanorods than catalysts supported on commerical MnO2 powder,182 and Alhumaimess et 

al. demonstrated that the nanoscale structure of MnO2 nanowire supports influenced the 

activity of gold catalysts for benzyl alcohol oxidation.183 

In this study, we have systematically investigated the influence of ceria particle 

size on the activity of Au/CeO2 catalysts for the selective oxidation of ethanol in a fixed 

bed flow reactor. Ceria nanoparticles varying in size between 3 nm and 22 nm were 

prepared by doping with Al, La, and Zr during coprecipitation synthesis and by 

calcinating the ceria at various temperatures after synthesis. Smaller ceria particles more 

readily stabilized gold in a highly disperse form, and we provide evidence via X-ray 

photoelectron spectroscopy (XPS), temperature programmed reduction (TPR), and STEM 

to suggest that atomic dispersion of gold occurred on some of the samples. The catalysts 

exhibited an inverse monotonic trend between ceria particle size and ethanol oxidation 

activity, with a sharp rise in activity occurring for the samples made with the smallest 

ceria particles. Additionally, a linear correlation between the ethanol oxidation activity 

displayed by each catalyst and the amount of reducible oxygen on the catalyst surface as 

determined by XPS and TPR measurements occurred, suggesting that the ability of the 

catalyst to activate oxygen, which was controlled by the support material, was of critical 

importance to the promotion of activity. 
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5.2:  EXPERIMENTAL METHODS 

5.2.1:  Synthesis of Ceria Supports and Au/CeO2 Catalysts 

The ceria support materials were prepared via a urea decomposition 

coprecipitation method. For each synthesis, a solution of 0.11 M ammonium cerium 

nitrate and 2.0 M urea in deionized water was prepared. For the synthesis of doped ceria 

supports, the dopant precursor, a hydrated nitrate salt in each case, was incorporated into 

the solution at a molar ratio of 1:9 (Dopant:Ce). The solution was then transferred to a 

round bottom flask and heated to 100 °C under vigorous stirring. A precipitate was 

formed after ~1 h at 100 °C, at which point the solution was diluted by ~50% with 

deionized water. The resulting mixture was aged at 100 °C for 8 h. After cooling to room 

temperature, the mixture was centrifuged, and the supernatant was discarded. The 

remaining solid was washed three times with deionized water. The product was dried for 

~24 hours under vacuum at room temperature. Portions of the undoped ceria were 

calcined for 4 h at various temperatures (400 °C, 600 °C, and 800 °C). The doped ceria 

supports were all calcined at 400 °C for 4 h. 

The Au/CeO2 catalysts employed in this study were synthesized via deposition 

precipitation with urea as developed by Zanella et al.168 For each synthesis, a solution of 

6.1x10-3 M HAuCl4 and 0.42 M urea in deionized water was prepared. The ceria support 

was suspended in this solution under magnetic stirring. The mixture was heated to 80 °C 

and aged for 16 h to deposit gold on the support surface. After deposition, the suspension 

was centrifuged, and the supernatant was discarded. The catalyst was washed three times 

with deionized water. The product was dried for ~24 h under vacuum at room 

temperature and then calcined at 300 °C in a box furnace for 1 h. The resulting solid 

material was crushed and sieved to between 200 and 500 µm. 
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5.2.2:  Characterization 

BET surface area analysis was performed with a Quantachrome Instruments 

NOVA 2200e high-speed surface area BET analyzer at a temperature of 77 K. Before N2 

physisorption, the samples were degassed at 100 °C overnight in a vacuum oven. 

Multiple data points in the pressure range of P/P0 = 0.1 to 0.3 were used to fit a line to the 

BET plot for each sample. All fits achieved correlation coefficients greater than 0.999. 

XRD was conducted to investigate the crystal structure of the support materials 

and supported gold catalysts. Spectra were collected with a Rigaku MiniFlex 600 

diffractometer equipped with a Cu Kα X-ray source operated at 40 kV and 15 mA. 

Crystallite sizes were determined by Williamson-Hall analysis. XPS was conducted to 

probe the chemical states of Ce, O, and Au in the Au/CeO2 catalysts. Spectra were 

collected with a Kratos AXIS Ultra XPS spectrometer employing an Al Kα X-ray source 

operated at 13 kV and 10 mA. A low energy electron flood source was used to minimize 

static charge buildup on the samples while collecting the XPS spectra. Analysis of XPS 

spectra was conducted with the CasaXPS software. The binding energies of the resulting 

spectra were adjusted by shifting the C 1s level for adventitious carbon to 284.8 eV. Two 

Gaussian-Lorentzian curves were used to fit peaks in the O 1s region of each spectrum. 

The wt % of gold incorporated into the catalyst samples for each catalyst was 

determined by ICP-MS. A 10 mg aliquot of each material was digested in 10 mL of conc. 

HCl / 30% H2O2 solution in a 2/1 mixture. The digested samples were each diluted by a 

factor of 1000 with an aqueous solution containing 2% HCl (v/v) and 1% thiourea (w/v) 

prior to analysis. Cation concentrations of Au and Ce in the diluted samples were 

determined using an Agilent 7500ce ICP-MS.  The instrument was optimized for 

sensitivity across the AMU range, while minimizing oxide production (CeO/Ce <1.2%).  

The analytical method employed an octopol reaction system, operated in no gas mode. 
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Internal standards, mixed into unknowns during analysis, were used to compensate 

analyte intensities for instrumental drift. The matrix for all standards and unknowns was 

2% HCl (v/v) plus 1% thiourea (w/v), which has been shown to reduce gold memory 

effects.184,185 Limits of detection, based upon the population of matrix blank analyses 

interspersed throughout the analytical sequence were typically better than 0.1 ppb 

(median = 0.015 ppb). Analyte recoveries obtained for replicates (n=4) of a mid-

calibration range quality control standard were typically within 5% of certified values. 

A Hitachi S-5500 STEM operated at 30 kV was used to image the ceria support 

materials prior to deposition of gold, and a field emission JEOL ARM 200F aberration-

corrected STEM operated at 200 kV was used to image a subset of the Au/CeO2 catalysts 

for analyzing the dispersion of gold. Lacey carbon coated copper TEM grids were 

prepared by drop casting from a suspension of the catalyst sample made by sonicating a 

small amount of the material in ethanol. The TEM grids were heated to 100 °C in a 

vacuum oven overnight to remove excess solvent prior to imaging. 

TPR testing was conducted in an ambient pressure fixed-bed flow reactor system 

to probe the reduction behavior of each material. Approximately 100 mg of each sample 

was supported on a quartz wool plug in a quartz tube and held in an Applied Test 

Systems Model 3210 tube furnace. MKS Type M100B mass flow controllers were used 

to deliver H2 and Ar to the sample bed. The system was purged with argon at 50 sccm for 

30 min before equilibrating the sample in a stream of 5% H2/Ar at 50 sccm for an 

additional 30 min. The sample was then heated from room temperature to 600 °C at a rate 

of 10 °C/min. The reactor effluent composition was measured throughout this process 

using a custom-built gas analysis system consisting of an ExTorr XT100 RGA operating 

in a stainless steel chamber maintained at a base pressure of ~1x10-9 mbar. Gas from the 

reactor effluent was introduced to this chamber at a pressure of 1.0x10-6 mbar by a 
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temperature-controlled leak valve sampling system. The ratio of H2 to Ar in the effluent 

stream was calculated by tracking the ratio of the RGA signal for m/z = 2 (H2
+) to the 

signal for m/z = 40 (Ar+). We confirmed that this signal ratio accurately reflected the ratio 

of H2 to Ar in the effluent stream by calibrating the instrument across a range of known 

gas compositions. Linearly fitting a calibration parity plot of the ratio of m/z = 2 to m/z = 

40 versus the ratio of H2 to Ar within the composition range used for the TPR tests 

resulted in a correlation coefficient of <0.9999. Hydrogen consumption rates were 

calculated by subtracting the calculated amount of H2 remaining in the effluent stream 

from the inlet flow rate of H2 to the reactor. 

 

5.2.3:  Ethanol Oxidation Activity Testing 

The catalytic activity of the Au/CeO2 materials for ethanol oxidation was studied 

in the same reactor system used to conduct TPR. The reaction bed, 90 mg of catalyst 

diluted in 900 mg of SiC, was held between two quartz wool plugs in a quartz tube with a 

7 mm ID. Ethanol was introduced to the system by bubbling the reactant feed stream 

through a temperature-controlled liquid-vapor saturator. All gas lines downstream from 

the saturator were heated to keep ethanol from condensing on the walls of the system. 

The reactant stream, comprised of 1.5 kPa ethanol in air, flowed across the 

catalyst bed, which was held at 80 °C, at a space velocity of 32,000 h-1. Each catalyst was 

held for several hours under these conditions to ensure that a steady state was reached. 

These conditions were chosen such that ethanol conversions were held at <10% in order 

to ensure that the catalysts were operating under a regime of differential conversion. 

Quantitative analysis of the reactor effluent gas composition was conducted with a HP 

5890 Series II GC equipped with a stainless steel column packed with Chromosorb 101 
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as the stationary phase. Both a flame ionization detector and a thermal conductivity 

detector were used to analyze the column effluent. An additional liquid-vapor saturator 

was employed to deliver propanol, which was used as an internal standard, to the reactor 

effluent prior to injection into the GC. Carbon balances were calculated to be within 5% 

of unity for all experiments discussed in this study.  

 

5.3:  RESULTS AND DISCUSSION 

5.3.1:  Characterization 

Figure 5.1 displays the XRD spectra of gold supported on ceria that was calcined 

at 400 °C, 600 °C, and 800 °C (denoted Au/CeO2-400C, Au/CeO2-600C, and Au/CeO2-

800C, respectively) and gold supported on ceria doped with Al, La, and Zr that was 

calcined at 400 °C (denoted Au/Al-CeO2, Au/La-CeO2, and Au/Zr-CeO2, respectively). 

All features appearing in these spectra corresponded to the cubic fluorite phase of CeO2 

(JCPDS 34-0394). None of the spectra displayed peaks corresponding to gold, suggesting 

that the dispersion of gold was high for all samples. Ceria crystallite sizes determined via 

Williamson-Hall analysis are shown in Table 5.1. Additional XRD spectra of the supports 

prior to gold deposition are included in the Supporting Information in Appendix D. The 

spectra taken before and after gold deposition did not exhibit any significant differences.  
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Figure 5.1. (a) XRD spectra for the Au/CeO2 catalysts. (b) Reference peaks for the 
cubic fluorite phase of CeO2 from JCPDS 34-0394. 

Table 5.1 displays the average ceria particle size for each support as determined 

by analysis of STEM images. We measured approximately 100 unique particles to 

calculate each average size. Representative STEM images and histograms displaying 

particle size distributions are included in the Supporting Information in Appendix D. In 

general, the crystallite sizes determined via Williamson-Hall analysis of XRD spectra and 

the average particle sizes determined via analysis of STEM images correlated well, 

suggesting that the particles imaged microscopically were single crystals. 
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Sample Gold wt % Ceria 
crystallite size 

(nm) 

Average ceria 
particle size 

(nm) 

BET surface 
area (m2/g) 

Au/CeO2-400C 1.0 6.8 6.2 89 

Au/CeO2-600C 1.0 8.5 7.0 84 

Au/CeO2-800C 0.8 24.0 21.6 16 

Au/Al-CeO2 0.8 5.0 3.0 172 

Au/La-CeO2 1.0 5.1 3.6 146 

Au/Zr-CeO2 1.1 5.1 4.3 139 

Table 5.1. Results from ICP-MS, XRD, STEM, and BET analyses of the Au/CeO2 
catalysts. 

Both doping and varying the calcination temperature of the ceria influenced the 

particle size of the materials. A monotonic increase in particle size occurred with 

increasing calcination temperature, and each doped ceria sample displayed a smaller 

average particle size than the undoped ceria sample that was calcined at the same 

temperature (400 °C). We attribute the decreased sizes of the doped ceria supports to 

enhancement of the thermal stability induced by the presence of the dopants, an effect 

documented previously for ceria doped with Al, La, and Zr.186 
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Figure 5.2 displays XPS spectra in the Ce 3d, O 1s, and Au 4f regions for the 

Au/CeO2 catalysts. The Ce 3d region of each spectrum exhibited features appearing at 

binding energies that have been previously attributed to Ce4+ and Ce3+.187 It is widely 

accepted that Ce4+ and Ce3+ display three and two sets of spin-orbital coupled peaks in the 

3d region, respectively, together, exhibiting ten peaks (the approximate locations of 

which are marked by the dotted lines in Figure 5.2a). Many previous studies have 

attempted to determine the relative amounts of Ce4+ and Ce3+ present in ceria samples by 

peak fitting the Ce 3d region.188–190 However, several of the cerium features overlap with 

one another, rendering analysis of this region rather ambiguous. Additionally, exposure 

of ceria to X-ray radiation promotes the reduction of Ce4+ to Ce3+,191,192 indicating that the 

parameters of data acquisition during XPS analysis can also influence the observed 

distribution of cerium states within the material, complicating the analysis further.  
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Figure 5.2. XPS spectra for the Au/CeO2 catalysts in (a) the Ce 3d region, (b) the O 1s 
region, and (c) the Au 4f region. 
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Many previous studies of ceria nanoparticles have claimed that the concentration 

of Ce3+ in the material increases as the particle size decreases,189,193,194 however, some 

recent investigations have provided evidence to the contrary. By fitting the Ce 3d region 

of XPS spectra for ceria particles varying in size between 4 nm and 10 nm, Xu et al. 

measured a nearly identical amount of Ce3+ in each material.190 Paun et al. showed via X-

ray absorption near-edge structure spectroscopy at the Ce K-edge that the amount of Ce3+ 

present in a series of ceria nanoparticles of varying size was low (<5%) and roughly 

constant, displaying no correlation with particle size.195 Cafun et al. probed the oxidation 

state of cerium ions using hard X-ray absorption spectroscopy during synthesis of ceria 

nanoparticles via coprecipitation and showed that all of the Ce3+ ions from the precursor 

solution were converted to Ce4+ in the precipitated product.196 In light of these results and 

the ambiguities associated with XPS analysis of the Ce 3d region discussed in the 

paragraph above, we chose to approach the spectra in Figure 5.2a from a qualitative 

perspective only. Qualitatively, despite nearly an order of magnitude difference in size 

between the largest and smallest ceria particles, the Ce 3d regions appeared very similar 

for all of the materials, displaying no obvious differences to suggest that significant 

changes in cerium oxidation state existed between the materials. 

The O 1s region of the XPS spectra shown in Figure 5.2b displayed less 

convoluted features than those in the Ce 3d region. A sharp peak appeared in the O 1s 

region at 529.3-529.4 eV in all of these spectra. This feature is widely accepted to result 

from lattice oxygen in the CeO2 crystallites.187 Each spectrum also exhibited a broad 

peak/shoulder at binding energies between 531.4 eV and 531.9 eV. No consensus exists 

regarding the precise assignment of this feature for metal oxide systems, but peaks within 

this binding energy region tend to be assigned to oxygen present on the surface of the 

oxide in the form of chemisorbed O2, hydroxyls, and carbonates on the ceria surface.197–200 
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The ratio of the area associated with the high binding energy feature to the area of the 

low binding energy feature serves as a gauge of the specific amount of surface oxygen 

present in a ceria sample.197,198 We fit two peaks to each spectrum in the O 1s region to 

determine the relative amounts of surface and lattice oxygen in the Au/CeO2 samples. 

The overall fits for these spectra are shown as the colored lines in Figure 5.2b, while the 

data from acquisition is overlaid on each spectrum as black dots. 

Figure 5.2c displays the Au 4f region of each spectrum. Gold in the Au0 state 

exhibits one set of spin-orbital coupled peaks within this region appearing at 84.0 eV and 

87.7 eV.201 The Au/CeO2-800C sample demonstrated strong peaks corresponding to Au0, 

but these features attenuated significantly for the other catalyst samples despite ICP-MS 

results demonstrating that the wt % of gold for all of the materials fell within the range of 

0.8-1.1% as shown in Table 5.1. The Au/Al-CeO2, Au/La-CeO2, Au/Zr-CeO2, Au/CeO2-

400C, and Au/CeO2-600C samples generally displayed broader features in the Au 4f 

region extending to higher binding energies. Au3+ and Au+ display coupled peaks at 86.1 

eV / 89.8 eV and 84.2 eV / 87.9 eV, respectively.202–204 The broad, attenuated features in 

these Au/CeO2 samples likely resulted from the presence of oxidized gold. The Au0 peak 

was scarcely observable for the samples made with doped ceria supports. Previous 

studies have suggested that defect sites at the ceria surface interact strongly with gold, 

stabilizing it in the Au3+ and Au+ oxidation states.205 The doped ceria samples likely 

exhibited a greater number of defect sites arising from the influence of the dopants on the 

electronic structure of the ceria and the stabilization of smaller ceria particles. 

Figure 5.3 displays TPR spectra for the ceria supports and the Au/CeO2 catalysts. 

The reduction features observed in the TPR spectra for the ceria samples prior to 

deposition of gold (Figure 5.3a) generally agreed with TPR spectra for ceria discussed in 

previous studies,188,206 exhibiting a broad feature extending from low temperatures to 
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~500-550 °C. In general the larger ceria particles were less reducible than the smaller 

particles, in agreement with observations from previous studies demonstrating an inverse 

correlation between ceria particle size and oxygen storage capacity.190,207,208  

 

 

Figure 5.3. TPR spectra for (a) the ceria support materials prior to deposition of gold 
and (b) the Au/CeO2 catalysts. 

In order to properly account for the relationship between ceria particle size and 

reduction behavior, one must understand the reduction mechanism associated with these 

materials, which remains a topic of debate. Several studies have suggested that capping 
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oxygen atoms at the surface of the ceria particles are reduced during TPR, a conclusion 

based in part on the relationship between surface area and reducibility.209,210 However, 

recent studies have put forth evidence in favor of alternative reduction models has also 

been presented in other studies. Xu et al. showed that the amount of reducible oxygen 

present in ceria nanoparticles increased dramatically as the particles decreased in size 

below 5 nm.190 This increase correlated with the observation of superoxides in electron 

paramagnetic resonance spectra of the ceria particles. Huang and Beck also provided 

evidence for the formation of activated oxygen molecules on small ceria nanoparticles via 

FTIR spectroscopy.211 A model by Kullgren et al. based on DFT calculations suggested 

that the reduction of surface capping oxygen atoms cannot account for the reduction 

behavior exhibited by small ceria nanoparticles, and that activation of O2 provides a 

better description of the oxygen storage behavior demonstrated by these materials.208 

We calculated the total surface oxygen reduction percentage during each TPR test 

shown in Figure 5.3 assuming that the reduction process occurred via the formation of 

oxygen vacancies generated by removal of capping oxygen atoms on the surface of the 

ceria particles. A detailed explanation of how we conducted these calculations is included 

in the Supporting Information in Appendix D, and the results of each calculation are 

shown in Table 5.2. Assuming this reduction model, <50% of the capping oxygen would 

have been reduced for every sample (<20% for most of the Au/CeO2 catalysts). These 

observations suggest that reduction occurred only at specific sites on the catalyst surface, 

which supports a model consistent with reduction of activated O2 rather than surface 

capping oxygen. 
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Sample Specific H2 
uptake 

(μmol/g-cat) 

Percent 
reduction of 

surface 
capping 
oxygen 

Au/Al-CeO2 307 14% 

Al-CeO2 475 21% 

Au/La-CeO2 288 15% 

La-CeO2 394 21% 

Au/Zr-CeO2 245 13% 

Zr-CeO2 619 34% 

Au/CeO2-400C 221 19% 

CeO2-400C 420 36% 

Au/CeO2-600C 186 17% 

CeO2-600C 392 36% 

Au/CeO2-800C 102 49% 

CeO2-800C 85 41% 

Table 5.2. Specific uptake of hydrogen from TPR spectra and calculated percent 
reduction of surface capping oxygen during TPR for each ceria support and 
Au/CeO2 catalyst. 

The total amount of hydrogen consumed during TPR was lower after deposition 

of gold onto the ceria supports for every material except CeO2-800C. Lu et al. showed 

that gold preferentially nucleates at surface defects and low coordination sites on 

CeO2(111),212 and previous studies have also suggested that these sites are associated with 
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activation of O2.35,208 Therefore, this behavior is also fitting with a reduction mechanism 

involving activated O2 on the ceria surface. Incorporation of gold on the surface at the 

same sites where O2 activation occurs could explain these decreases.  

Figure 5.4 displays the specific amount of H2 consumed by the Au/CeO2 samples 

during TPR plotted against the ratio of Osurface/Olattice measured by peak fitting the O 1s 

region of the XPS spectra shown in Figure 5.2b, which exhibit a linear correlation. As 

mentioned previously, the high binding energy feature in the O 1s region of the XPS 

spectrum has been attributed to several types of surface oxygen species on ceria, with 

chemisorbed O2 among the proposed species.199 The linear correlation between the 

Osurface/Olattice ratio and H2 consumption shown in Figure 5.4 suggests that the Osurface/Olattice 

ratio can be used to gauge the relative amount of reducible oxygen present on the surface 

of the Au/CeO2 samples, also consistent with the TPR process involving chemisorbed O2 

on the sample surface.  

 

 

Figure 5.4. Osurface/Olattice associated with the Au/CeO2 catalysts calculated from peak 
fitting the O 1s region from XPS spectra versus specific H2 consumption 
calculated by integration of TPR spectra for the Au/CeO2 catalysts. 
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Figure 5.3 indicates that deposition of gold onto the ceria supports caused the 

reduction features to shift to lower temperatures for all of the samples. The TPR spectrum 

for each Au/CeO2 catalyst displayed only one peak between 140 °C and 150 °C, in good 

agreement with TPR spectra for similar materials from previous studies.206,213,202 The 

decreases in reduction temperature after deposition of gold onto the ceria supports 

indicate that gold significantly enhanced the reducibility of these materials. We note that 

nearly all of the reduction observed in TPR spectra occurred at lower temperatures after 

gold deposition, indicating that gold had a deep influence on the reducibility of the entire 

material. This behavior may portend important implications regarding the structure of the 

Au/CeO2 materials. Unless transfer of activated H2 from ceria particles containing gold to 

particles without gold occurred, nearly every ceria particle would have to bind some 

amount of gold for the observed shifts in reduction behavior to be possible. Otherwise 

reduction features at higher temperatures would have been observed.  

We calculated the average gold content associated with each ceria particle for the 

various supports assuming that gold dispersed uniformly across the support surfaces. The 

results of these calculations are shown in Table 5.3, and a detailed explanation of how 

these calculations were carried out is included in the Supporting Information in Appendix 

D. The calculated number of gold atoms associated with each ceria particle was very low 

for many of the supports, suggesting that near atomic dispersion of gold (e.g. the Au/Al-

CeO2 and Au/La-CeO2 samples would require that fewer than 6 gold atoms be associated 

with each ceria particle).  
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Sample Specific H2 
uptake 

(μmol/g-cat) 
Au/Al-CeO2 3 

Au/La-CeO2 5 

Au/Zr-CeO2 11 

Au/CeO2-400C 33 

Au/CeO2-600C 44 

Au/CeO2-800C 1080 

Table 5.3. Calculated average number of gold atoms per ceria particle for the Au/CeO2 
catalysts assuming uniform distribution of gold across the ceria surface. 

We performed aberration-corrected STEM to assess the distribution of gold on 

samples with small (Au/Al-CeO2), medium (Au/CeO2-400C), and large (Au/CeO2-800C) 

ceria particles. Figure 5.4 displays representative images for each sample. Gold particles 

were easily identified on the Au/CeO2-800C sample (Figure 5.4c), displaying an average 

particle size of 3.1 ± 1.5 nm. However, the other catalysts did not contain any similar 

structures that could be readily attributed to gold particles. The Au/Al-CeO2 and 

Au/CeO2-400C samples did, however, exhibit several bright spots in their representative 

STEM images (some of which are indicated by the arrows in Figures 5.4a and 5.4b). As 

gold is more electron rich than cerium, the observation of bright spots in these images is 

consistent with the presence of individual gold atoms within the materials. These results 

together with the changes in TPR behavior upon deposition of gold onto the supports and 

observation of features in the Au 4f region of the XPS spectra corresponding to oxidic 

gold suggest that these samples exhibited atomically disperse gold.  
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Figure 5.5. Aberration-corrected STEM images for (a) Au/Al-CeO2, (b) Au/CeO2-400C, 
and (c) Au/CeO2-800C. Bright-field images are shown for Au/Al-CeO2 and 
Au/CeO2-400C. A dark field image is shown for Au/CeO2-800C. 
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5.3.2:  Ethanol Oxidation Reaction Testing 

All of the Au/CeO2 catalysts demonstrated activity for oxidative dehydrogenation 

of ethanol, resulting in the production of acetaldehyde, and esterification, resulting in the 

production of ethyl acetate. We did not observe any other products under the conditions 

tested in this study, and each catalyst displayed a similar product distribution, with 

selectivities for acetaldehyde production varying only within the narrow range of 94-95% 

(as calculated on the basis of ethanol conversion). 

Doping and calcination of the ceria support materials caused significant variations 

to the activity of the resulting catalysts, with more than an order of magnitude difference 

in activity observed between the most active (Au/Al-CeO2) and least active (Au/CeO2-

800C) materials. Figure 5.6 plots the activity of each material for acetaldehyde 

production against the average particle size of the corresponding ceria support material, 

which exhibit an inverse monotonic trend. The activity increased as the size of the ceria 

particles decreased, with a sharp increase occurring as the particles became very small 

(i.e. less than ~5 nm).  
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Figure 5.6. Acetaldehyde production rates for the Au/CeO2 catalysts versus average 
sizes of the corresponding ceria supports as determined by analysis of 
STEM images. 

The trend observed between ceria particle size and ethanol oxidation activity 

shown in Figure 5.6 was similar to the trend between oxygen storage capacity and 

particle size shown in previous studies, as the size regime at which the activity sharply 

increased correlated closely with the threshold at which precipitous increases in the 

oxygen storage capacity of ceria occurred.190,207,208 Figure 5.7 plots the specific hydrogen 

consumption from TPR spectra for the Au/CeO2 catalysts against the activity of each 

catalyst for ethanol oxidation. A linear correlation between hydrogen consumption and 

acetaldehyde production is apparent from this figure, suggesting that the reducibility of 

the catalysts is of critical importance to promotion of the reaction.  
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Figure 5.7. Specific H2 consumption from TPR spectra for the Au/CeO2 catalysts versus 
acetaldehyde activity exhibited by the catalysts. 

Most gold catalysts only display activity for alcohol oxidation when operating in 

basic solutions.20 Under these conditions, the activity of gold catalysts does not tend to 

vary significantly with particle size,61 in contrast to the behavior that gold catalysts 

commonly exhibit for oxidation reactions in the gas phase. Ketchie et al. showed that 

even bulk gold powder promoted glycerol oxidation when conducting the reaction under 

basic aqueous conditions.96 The catalytic activity of this system displayed a strong 

dependence on pH, increasing by two orders of magnitude upon increasing the pH from 7 

to 14. Bulk gold powder also promoted CO oxidation in basic solutions.96 Ketchie et al. 

showed that gold catalysts exhibit nearly identical turnover frequencies for both CO 

oxidation and glycerol oxidation in basic solution, suggesting that the two processes may 

share similar mechanistic attributes under these conditions.214 Zope et al. demonstrated 

that O2 did not directly take part in the alcohol oxidation process when conducted in basic 

solution, but instead acted to scavenge electrons from gold and regenerate hydroxyls in 

solution after dehydrogenation of the alcohol.93 Additionally, studies have shown that CO 

oxidation215 and alcohol oxidation216 can be catalyzed by gold under base-free conditions 
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if H2O2 is used as the oxidant instead of molecular oxygen. These studies suggest that the 

role of oxygen activation in the reaction mechanism dictates the behavior of gold 

catalysts for oxidation reactions. 

Similar observations extend to systems employing Au/CeO2 catalysts. Guan et al. 

tested ceria nanorod and ceria nanocube-supported gold catalysts for benzyl alcohol 

oxidation in both neat alcohol and under basic aqueous conditions.181 When carrying out 

the reaction in neat alcohol, the nanorod-supported catalyst displayed higher activity for 

benzaldehyde production, in agreement with the findings of Wang et al. who performed 

the reaction with similar nanostructured catalysts.51 However, when conducting the 

reaction in basic solution, the activity of each catalyst increased substantially and the 

nanocube-supported catalyst became more active than the nanorod-supported catalyst. 

Nanorod ceria displays greater reducibility than other shapes of nanostructured ceria,50 

which would suggest that it activates oxygen more readily. These observations support a 

reaction model in which O2 activation on the support surface plays a key role in the 

process of active site generation, fitting with the linear correlation between reducibility 

and ethanol oxidation activity that we show in Figure 5.7 and the results of our TPR and 

XPS analyses.  

 

5.4:  CONCLUSIONS 

We have demonstrated that the structure of the ceria support material impacts the 

behavior of Au/CeO2 catalysts for the selective oxidation of ethanol. By calcining ceria at 

various temperatures and by introducing dopants to the material during synthesis, we 

were able to tune the size of the ceria particles, which influenced the interaction between 

gold and the support, the dispersion of gold on the support surface, and the reducibility of 
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the Au/CeO2 catalysts. Analysis of TPR, XPS, and STEM results suggested that some 

level of atomic dispersion of gold occurred when supported on very small ceria particles. 

Additionally, TPR spectra suggested that the reducibility changes resulted from an 

enhanced ability of the Au/CeO2 catalysts made with small ceria particles to activate O2.  

The activity displayed by the Au/CeO2 catalysts for selective oxidation of ethanol 

varied with the particle size of the ceria support, demonstrating an inverse monotonic 

relationship. We also observed a linear correlation between hydrogen consumption 

measured from TPR spectra and catalytic activity of the Au/CeO2 materials, suggesting 

that the ability of the catalyst to activate O2 was of paramount importance to the 

promotion of alcohol oxidation activity.  
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Chapter 6:  Heterogeneity in Mixed Cerium Oxides and its Influence on 
the Behavior of Gold Catalysts for the Selective Oxidation of Ethanol 

6.1:  INTRODUCTION 

The investigation of gold catalysts has become a rich field of study since the early 

work of Haruta8 and Hutchings7. However, despite several decades of progress, a number 

of lingering questions remain regarding the nature of gold catalysts, one of which 

involves the role that the support materials play in gold-catalyzed processes. Previous 

studies have demonstrated that the support material can influence the behavior of gold 

catalysts.11,19,31,33,217,218 Most of this previous work has focused on CO oxidation33,217 or the 

WGSR,19,31 processes that do not readily undergo side reactions and each result in a single 

set of products. However, gold catalysts also display exceptional activity for other 

reactions such as the selective oxidation of alcohols, which can undergo multiple 

pathways and generate distributions of products that vary under different sets of reaction 

conditions. By tailoring the properties of the support, it may be possible to tune the 

selectivity of the catalyst for reactions such as these.  

Metal oxides are the most common materials used as supports for gold catalysts. 

In fact, all of the studies mentioned above that demonstrated support effects on catalytic 

behavior employed metal oxides as the support materials.31,33,217,218 The material properties 

of mixed metal oxides can differ substantially from those of the constituent pure oxides, 

and these properties can significantly influence the activity of the resulting catalyst. 

Introducing an additional element into any compound can change the electronic 

properties of the mixture, but in addition to exhibiting an altered electronic structure, 

mixed metal oxides can also display differences in thermal stability,219 acid-base 

functionality,220 and reducibility.221–223 Leveraging these material changes provides a 

powerful tool for tuning catalytic performance.  
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Previous studies have shown that employing mixed metal oxide supports can alter 

the behavior of gold catalysts for CO oxidation,224,225 the WGSR,226 and total oxidation of 

hydrocarbons.227–229 Ceria in particular has frequently been used as the support material 

for these types of studies. Mixed cerium oxides can be prepared easily and often display 

novel behavior. Sudarsanam et al. demonstrated that modification of CeO2 with Fe, La, 

and Zr prior to deposition of gold resulted in Au/CeO2 catalysts with altered activity for 

CO oxidation.230 Both enhanced and decreased activity was observed depending on the 

additive metal employed. Modification of ceria supports can also influence the tolerance 

of gold catalysts toward deactivation during the preferential oxidation of CO in H2.231,232 

Rodriguez and colleagues have conducted a number of enlightening studies of gold 

supported on mixed ceria-titania surfaces.30,39 Ceria-titania supported gold surfaces 

displayed extraordinary activity for the WGSR,39 resulting from synergistic effects 

brought about by the interaction between the two metal oxides. As a result of this 

interaction, the activity of Au/CeOx/TiO2(110) far surpassed that of Au/TiO2(110) and 

Au/CeO2(111).39 The gold-support interface is believed to be the location of active sites 

for the WGSR with these catalysts – the gold and oxide surfaces acting as co-catalysts.30 

Recent studies by Cowdhury et al. showed that the activity of Au/CeO2 catalysts 

for selective oxidation of alcohols was enhanced by modification of the support with 

Bi,233 Mn,234 Sn,235 or alkali-earth metals.236 The authors proposed that the activity 

variations observed in these studies resulted from changes to the reducibility and to the 

acid/base character of the mixed oxide supports. Su et al. found that gold catalysts 

supported on binary mixed oxides of Ga and Al were more active for alcohol oxidation 

than Au/Ga2O3 and Au/Al2O3,237 and Haider and Baiker were able to tailor the activity of 

gold catalysts for alcohol oxidation by varying the composition of ternary Cu-Mg-Al 

oxide support.238 We note that the conditions under which each of these studies was 
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carried out resulted in nearly 100% selectivity towards the corresponding aldehyde 

products. Systems operating in regimes under which parallel and/or sequential reactions 

can occur may experience shifts to selectivity as well as activity brought about by 

changes to the support material. As gold-catalyzed alcohol oxidation reactions carried out 

in both condensed and gas phases frequently generate aldehydes, esters, and/or 

carboxylic acids,95,155,156,159,165 these reactions may provide useful insight into the influence 

that the support material can have on reaction selectivity when conducted under 

conditions that result in multiple products. 

In this study, we investigated the effects that various binary mixed cerium oxide 

supports, modified with ~10 mol % Al, Bi, Co, Cu, Fe, La, Pb, and Zr during synthesis, 

have on the activity and selectivity of supported gold catalysts for oxidative 

dehydrogenation and esterification of ethanol in a fixed bed flow reactor system. Despite 

all of these materials displaying XRD spectra attributed to a pure phase of CeO2 that 

exhibits lattice parameter shifts consistent with incorporation of the additive materials 

into the crystal structure, we observed compositional heterogeneities in some of the 

materials by time-of-flight secondary ion mass spectrometry (TOF-SIMS) imaging, 

indicating that these mixed oxides were not uniform solid solutions. Furthermore, each of 

the mixed oxides exhibiting such heterogeneity also displayed peaks in TPR spectra 

consistent with the presence of separate oxide phases. These compositional differences 

brought about changes to the reduction behavior of the supported gold catalysts, 

suggesting that the additive phases interacted directly with the gold particles. 

Furthermore, several of the mixed ceria-supported gold catalysts exhibited different 

activities and selectivities for the oxidative dehydrogenation and esterification of ethanol. 

The appearance of compositional heterogeneity in the mixed oxide samples correlated 

with shifts to the selectivity for ethyl acetate production, and we demonstrate a positive 
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relationship between electronegativity of the additive and ester selectivity, suggesting 

that changes to the acidity of the support may have been the cause of these shifts. Our 

findings demonstrate that mixed cerium oxide supports can influence the activity and 

selectivity of gold catalysts. It follows that catalytic behavior may be “tunable” by 

customizing the composition of mixed metal oxide supports. 

 

6.2:  EXPERIMENTAL METHODS 

6.2.1:  Synthesis of Ceria Supports and Ceria-Supported Gold Catalysts 

The ceria support materials were prepared via a urea decomposition 

coprecipitation method. For each synthesis, a solution of 0.11 M ammonium cerium 

nitrate and 2.0 M urea in deionized water was prepared. For the mixed cerium oxide 

supports, the additive precursor (M), a hydrated nitrate salt in each case, was incorporated 

into the solution at a molar ratio of 1:9 (M:Ce). The solution was then transferred to a 

round bottom flask and heated to 100 °C under vigorous stirring. A precipitate was 

formed after ~1 h at 100 °C, at which point the solution was diluted by ~50% with 

deionized water. The resulting mixture was aged at 100 °C for 8 h. After cooling to room 

temperature, the mixture was centrifuged, and the supernatant was discarded. The 

remaining solid was washed three times with deionized water. The product was dried for 

~24 hours under vacuum at room temperature and then calcined at 400 °C for 4 h. 

The gold-ceria catalysts employed in this study were synthesized via the 

deposition precipitation with urea technique developed by Zanella et al.168 For each 

synthesis, a solution of 6.1x10-3 M HAuCl4 and 0.42 M urea in deionized water was 

prepared. The ceria support was suspended in this solution under magnetic stirring. The 

mixture was heated to 80 °C and aged for 16 h to deposit gold on the support surface. 
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After deposition, the suspension was centrifuged, and the supernatant was discarded. The 

catalyst was washed three times with deionized water. The product was dried for ~24 h 

under vacuum at room temperature and then calcined at 300 °C in a box furnace for 1 h. 

The resulting solid material was crushed and sieved to between 200 and 500 µm. 

 

6.2.2:  Characterization 

BET surface area analysis was performed with a Quantachrome Instruments 

NOVA 2200e high-speed surface area BET analyzer at a temperature of 77 K. Before N2 

physisorption, the samples were degassed at 100 °C overnight in a vacuum oven. 

Multiple data points in the pressure range of P/P0 = 0.1 to 0.3 were used to fit a line to the 

BET plot for each sample. All fits achieved correlation coefficients greater than 0.999. 

XRD was conducted with two different diffractometers to investigate the crystal 

structure of the support materials and supported gold catalysts. A Rigaku R-AXIS 

SPIDER diffractometer equipped with an image plate detector was used to collect spectra 

used to determine the lattice parameter of each sample. Spectra from this instrument were 

collected with radiation from a Cu sealed tube Kα X-ray source operated at 40 kV and 40 

mA. The sample was rotated at 10°/sec during X-ray exposure. Due to excessive 

instrumental peak broadening associated with spectra obtained from the SPIDER 

diffractometer, which complicated the determination of crystallite sizes by Williamson-

Hall analysis, a Rigaku MiniFlex 600 diffractometer, which did not exhibit as much 

broadening, was used to collect spectra for determining crystallite sizes. Spectra from this 

instrument were collected with radiation from a Cu sealed tube Kα X-ray source operated 

at 40 kV and 15 mA. 
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The wt % of gold incorporated into the catalyst samples for all materials and the 

mol % of additive incorporated into the samples made with mixed cerium oxides were 

determined by ICP-MS. A 10 mg aliquot of each material was digested in 10 mL of conc. 

HCl / 30% H2O2 solution in a 2/1 mixture. The digested samples were each diluted by a 

factor of 1000 with an aqueous solution containing 2% HCl (v/v) and 1% thiourea (w/v) 

prior to analysis. Cation concentrations in the diluted samples (Al, Fe, Co, Ni, Cu, Zr, La, 

Ce, Au, Pb, Bi) were determined using an Agilent 7500ce ICP-MS.  The instrument was 

optimized for sensitivity across the AMU range, while minimizing oxide production 

(CeO/Ce <1.2%).  The analytical method employed an octopol reaction system, operated 

in hydrogen (reaction-mode) for removal of polyatomic interferences on Fe, and no gas 

mode. Internal standards, mixed into unknowns during analysis, were used to compensate 

analyte intensities for instrumental drift. The matrix for all standards and unknowns was 

2% HCl (v/v) plus 1% thiourea (w/v), which has been shown to reduce gold memory 

effects.184,185 Limits of detection, based upon the population of matrix blank analyses 

interspersed throughout the analytical sequence were typically better than 0.1 ppb 

(median = 0.015 ppb). Analyte recoveries obtained for replicates (n=4) of a mid-

calibration range quality control standard were typically within 5% of certified values 

(except Fe, which was 25%). 

TOF-SIMS images were acquired using an ION-TOF GmbH TOF.SIMS 5 

instrument to assess the spatial distribution of cerium and the additive metal in each 

mixed oxide. A pulsed Bi1
+ ion beam at 30 keV energy (~0.1 pA measured sample 

current) was used to generate secondary ions for surface chemical analysis via time-of-

flight mass spectrometry. A low energy (21 eV) electron beam was directed onto the 

sample surface during data acquisition for charge compensation. The data was recorded 

with a base pressure of 10-8 mbar, and all detected ions had positive polarity. Prior to data 
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acquisition the samples were sputtered for ~2000 seconds with the O2
+ beam at 1 keV 

(~40 nA measured sample current) to remove all adventitious residues and to alleviate 

any surface artifacts by exposing the bulk of the materials.  The chemical maps were 

acquired in Burst Alignment mode by raster scanning the Bi1
+ beam across an analysis 

area of 100 x 100 μm2 centered within a previously O2
+ sputtered area of 300 x 300 μm2. 

Each map integrated more than 500 individual scans of 256 x 256 pixels acquired by 

shooting one Bi1
+ pulse per pixel. Qualitative metrics for the concentration of Ce, Al, Bi, 

Co, Cu, Fe, La, Pb, and Zr were traced by monitoring the strongest secondary ion 

markers associated with each component, that is, CeO+, Al+, Bi+, Co+, Cu+, Fe+, LaO+, 

Pb+, and ZrO+, respectively.  

TPR testing was conducted in an ambient pressure fixed-bed flow reactor system 

to probe the reduction behavior of each material. Approximately 100 mg of each sample 

was supported on a quartz wool plug in a quartz tube and held in an Applied Test 

Systems Model 3210 tube furnace. MKS Type M100B mass flow controllers were used 

to deliver H2 and Ar to the sample bed. The system was purged with argon at 50 sccm for 

30 min before equilibrating the sample in a stream of 5% H2/Ar at 50 sccm for an 

additional 30 min. The sample was then heated from room temperature to 600 °C at a rate 

of 10 °C/min. The reactor effluent composition was measured throughout this process 

using a custom-built gas analysis system consisting of an ExTorr XT100 Residual Gas 

Analyzer operating in a stainless steel chamber maintained at a base pressure of ~1x10-9 

mbar. Gas from the reactor effluent was introduced to this chamber at a pressure of 

1.0x10-6 mbar by a temperature-controlled leak valve sampling system. The ratio of H2 to 

Ar in the effluent stream was calculated by tracking the ratio of the RGA signal for m/z = 

2 (H2
+) to the signal for m/z = 40 (Ar+). We confirmed that this signal ratio accurately 

reflected the ratio of H2 to Ar in the effluent stream by calibrating the instrument across a 
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range of known gas compositions. Linearly fitting a calibration parity plot of the ratio of 

m/z = 2 to m/z = 40 versus the ratio of H2 to Ar within the composition range used for the 

TPR tests resulted in a correlation coefficient of <0.9999. Hydrogen consumption rates 

were calculated by subtracting the calculated amount of H2 remaining in the effluent 

stream from the inlet flow rate of H2 to the reactor. 

 

6.2.3:  Ethanol Oxidation Activity Testing 

The catalytic behavior of the Au/M-CeO2 materials for ethanol oxidation was 

studied in the same reactor system used to conduct TPR. The reaction bed, 90 mg of 

catalyst diluted in 900 mg of SiC, was held between two quartz wool plugs in a quartz 

tube with a 7 mm ID. Ethanol was introduced to the system by bubbling the reactant feed 

stream through a temperature-controlled liquid-vapor saturator. All gas lines downstream 

from the saturator were heated to keep ethanol from condensing on the walls of the 

system.  

The reactant stream, comprised of 1.5 kPa ethanol in air, flowed across the 

catalyst bed, which was held at 80 °C, at a space velocity of 32,000 h-1. Each catalyst was 

held for several hours under these conditions to ensure that a steady state was reached. 

Quantitative analysis of the reactor effluent gas composition was conducted with a HP 

5890 Series II GC equipped with a stainless steel column packed with Chromosorb 101 

as the stationary phase. Both a flame ionization detector and a thermal conductivity 

detector were used to analyze the column effluent. An additional liquid-vapor saturator 

was employed to deliver propanol, which was used as an internal standard, to the reactor 

effluent prior to injection into the GC. Carbon balances were calculated to be within 5% 

of unity for all experiments discussed in this study. The specific steady state production 
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rates for acetaldehyde and ethyl acetate with each catalyst were calculated by normalizing 

the measured production rates of each species by the total mass of gold in the catalyst bed 

as determined from ICP-MS analysis. The selectivity for each product was calculated on 

the basis of ethanol conversion, as shown in Equation 6.1 for ethyl acetate. 

 
𝐸𝑡ℎ𝑦𝑙  𝑎𝑐𝑒𝑡𝑎𝑡𝑒  𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =   !"#$%  !"  !"!!"#$  !"#$%&'%(  !!  !"!!"  !"#$!$#

!"#$%  !"#$%  !"  !"!!"#$  !"#$%"&
 (6.1) 

 

6.3:  RESULTS AND DISCUSSION 

6.3.1:  Characterization 

The BET surface area, gold wt %, and mol % of the additive in the M-CeO2 

samples are shown in Table 6.1. All samples displayed relatively high surface areas 

between 90-150 m2/g, and the gold wt % in each catalyst ranged between 0.8% and 1.1%. 

The mol % of additive in each sample was within 2% of the anticipated level of 10 mol 

%. Deviations of the nitrate precursors from their expected hydration levels may account 

for these variations. Due to the lack of a suitable internal standard for the hydrogen mode 

analysis we were unable to measure the mol % of Fe in the Au/Fe-CeO2 sample. 
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Sample Gold wt.% Additive 
mol.% 

BET surface 
area (m2/g) 

Ceria 
crystallite size 

(nm) 
Au/CeO2 1.0 - 89 6.8 

Au/Al-CeO2 0.8 10 172 5.0 

Au/Bi-CeO2 1.0 11 108 8.3 

Au/Co-CeO2 0.8 10 135 6.3 

Au/Cu-CeO2 1.0 10 120 6.6 

Au/Fe-CeO2 0.9 unknown 113 7.9 

Au/La-CeO2 1.0 11 146 5.1 

Au/Pb-CeO2 1.0 11 135 5.1 

Au/Zr-CeO2 1.1 8 139 5.1 

Table 6.1. Data from ICP-MS, BET, and XRD analysis of Au/CeO2 and Au/M-CeO2 
samples. 

Figure 6.1 displays XRD spectra for Au/CeO2 and each Au/M-CeO2 sample. All 

peaks displayed in these spectra corresponded to the cubic fluorite phase of CeO2 (JCPDS 
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34-0394). Additional XRD spectra for the ceria supports prior to gold deposition are 

included in the Supporting Information in Appendix E. These spectra did not exhibit any 

qualitative differences relative to those of the supported gold catalysts. Table 6.1 shows 

the ceria crystallite size of each material as determined by Williamson-Hall analysis, and 

the spectra used to conduct these analyses are shown in the Supporting Information in 

Appendix E. By incorporating additives into the ceria, materials with crystallites both 

larger and smaller than the unmodified CeO2 were generated. 

 

 

Figure 6.1. (a) XRD spectra of Au/CeO2 and each Au/M-CeO2 sample. (b) Reference 
peaks for the CeO2 cubic fluorite phase from JCPDS 34-0394. (c) An 
enlargement of the region in the XRD spectrum displaying the (111) 
reflection of CeO2. The dashed line in panel (c) marks the location of the 
(111) reflection from JCPDS 34-0394. 

The formation of separate crystalline phases of the additive metal oxides would 

have resulted in the appearance of additional features in the XRD spectra. We did not 

observe any XRD features apart from those attributed to CeO2. However, this observation 



 130 

alone is not sufficient evidence to indicate that the additives were incorporated into the 

ceria lattice. To gain further insight into the structure of the oxide materials, we 

calculated the lattice parameter of the CeO2 crystallite for each sample. Incorporation of 

additives within ceria crystallites can produce an expansion or contraction of the lattice, 

resulting in a shift to the 2-theta peak positions.239 The position of the major peak 

associated with the CeO2(111) reflection clearly shifted in the spectra for several of the 

mixed oxide samples as shown in Figure 6.1c. The corresponding lattice parameters 

calculated from this reflection for each sample are shown in Figure 6.2. Bulk CeO2 has a 

lattice parameter of 0.5411 nm.239 The lattice parameter of the unmodified CeO2 sample 

used in this study was 0.0012 nm larger than that of bulk CeO2. Expansion of the lattice 

upon decreasing the size of ceria particles is a well-established phenomenon. A steep 

monotonic rise in the lattice parameter occurs when the ceria crystallite size is decreased 

below ~10 nm;189,194,240 therefore, the lattice parameter can serve as a gauge of the 

crystallite size of CeO2 nanoparticles. 
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Figure 6.2. Calculated CeO2 lattice parameters for Au/CeO2 and each Au/M-CeO2 
sample. The additive metal (M) in each mixed oxide is indicated below each 
bar. The dashed line shows the lattice parameter of bulk CeO2. 

We compared the calculated lattice parameter for each M-CeO2 sample to that of 

unmodified CeO2 sample. Both expansions and contractions to the lattice occurred in the 

M-CeO2 crystallites. Only Fe-CeO2 displayed an appreciable contraction relative to bulk 

CeO2, but several samples were contracted relative to the unmodified CeO2 sample tested 

in this study. Changes to the crystallite size of ceria and incorporation of additives within 

the crystal structure can each result in changes to the lattice parameter of a mixed cerium 

oxide. Deconvoluting the contributions from each of these influences can be difficult. We 

used the crystallite size and lattice parameter of the unmodified CeO2 sample as a basis of 

comparison to gauge potential additive incorporation into the ceria crystal structures. 

Based on the trends between ceria crystallite size and lattice parameter shown in previous 

studies,189,194,240 the materials with smaller crystallite sizes should have larger lattice 

parameters.  
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The Bi-CeO2 sample had a larger crystallite size than the unmodified CeO2 

sample and thus would be expected to have a smaller lattice constant; however, Bi-CeO2 

had a larger lattice parameter than CeO2, consistent with incorporation of Bi3+ (which has 

a larger ionic radius than Ce4+) into the ceria lattice. The XRD spectra for La-CeO2 and 

Pb-CeO2 also exhibited lattice parameter shifts consistent with expansion, but each of 

these samples had a smaller crystallite size than the CeO2 sample as well, which could 

also account for the lattice shift. Co-CeO2, Cu-CeO2, and Zr-CeO2 all had smaller 

crystallite sizes than CeO2, yet each of their lattice parameters were lower than that of the 

CeO2 sample, behavior that is consistent with lattice contraction due to incorporation of 

the additives within the crystallites. The Al-CeO2 crystallite size was significantly smaller 

than CeO2, yet the lattice constant of the Al-CeO2 sample was approximately the same as 

unmodified CeO2, consistent with incorporation of Al into the ceria crystals leading to a 

contracted lattice.  

For binary mixed metal oxides, changes to the lattice parameter of the host oxide 

and/or the observation of XRD spectra indicative of a single crystalline phase have been 

used as common lines of evidence advanced in support of solid solution 

formation.230,233,234,236,237,241–243 The lattice parameter shifts for all of our samples were not 

inconsistent with incorporation of the additive material in the CeO2 crystal structure. 

However, mixed metal oxides can be rather complex materials with structures that are 

difficult to properly characterize. Although XRD can provide some evidence for the 

incorporation of an additive material into a host’s lattice, it cannot exclude the presence 

of nanoclusters or amorphous phases within the material that might affect catalytic 

processes. 

 To assess the spatial distribution of elements within the M-CeO2 materials, we 

acquired TOF-SIMS images for each sample. This technique uses an ion beam to sputter 
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the sample surface while detecting secondary ions ejected from the material by time-of-

flight mass spectrometry. By raster scanning the analysis ion beam across the sample 

surface, an image corresponding to the spatial distribution of a particular m/z can be 

generated. False-color TOF-SIMS images that overlay the in-plane distributions of both 

the cerium and additive for each Au/M-CeO2 sample are shown in Figure 6.3. Each 

image displays the intensity of the cerium component in red and the additive component 

in blue. Therefore, regions in each image that appear red were rich in ceria, while blue 

regions were rich in the additive, and purple regions contained both materials. The 

individual images used to generate these overlays are included in the Supporting 

Information in Appendix E. 
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Figure 6.3. TOF-SIMS images of the Au/M-CeO2 samples. Each image displays cerium 
in red and the additive (denoted in the lower right-hand corner of each 
panel) in blue. All of the images are the same scale. 

The materials displayed differing levels of compositional heterogeneity. The 

distribution of lanthanum in Au/La-CeO2, for example, was consistent with a well-mixed 
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phase since its corresponding image appeared almost entirely in purple. On the other 

hand, the Au/Al-CeO2, Au/Zr-CeO2, and Au/Fe-CeO2 samples displayed both purple 

regions representing the mixed phase and red regions rich in ceria, while exhibiting few if 

any regions that were rich in the additive phase. Segregation of the additive was apparent 

in Au/Bi-CeO2, Au/Co-CeO2, and Au/Cu-CeO2, as blue regions appeared in each of these 

images. Mixed regions were also present in these samples, appearing in purple; however, 

the additive components were not homogeneously distributed within these materials. The 

Au/Pb-CeO2 sample was somewhat ambiguous due to the low Pb signal level, rendering 

the image difficult to assess. 

The reducibility of each M-CeO2 and Au/M-CeO2 sample was determined from 

TPR spectra recorded from room temperature to 600 °C. Spectra for the M-CeO2 samples 

are shown as the black curves in Figure 6.4, and spectra for the Au/M-CeO2 samples are 

shown in red. Each material displayed reduction features within this temperature range, 

and many of the mixed oxide samples displayed features that differed from the 

unmodified CeO2 sample. Reduction of oxygen within the bulk of a CeO2 crystal occurs 

above 800 °C, whereas reduction of surface oxygen is more facile, occurring below 600 

°C.209 The TPR spectrum for the unmodified CeO2 sample is consistent with surface 

reduction, displaying a broad peak at 425 °C with a small shoulder stretching to lower 

temperatures. A single peak at 140 °C characterized the TPR spectrum for Au/CeO2, 

consistent with previous TPR spectra for Au/CeO2 materials.202,206,213 
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Figure 6.4. TPR spectra for M-CeO2 (black curves) and Au/M-CeO2 (red curves) 
samples. The additive metal (M) for each pair of spectra is shown in the 
upper right-hand corner of each panel. 

The TPR spectra for Al-CeO2, La-CeO2, and Zr-CeO2 were generally very similar 

to the spectrum for CeO2, and spectra for Au/Al-CeO2, Au/La-CeO2, and Au/Zr-CeO2 

were similar to Au/CeO2. These spectra indicate that samples modified with Au, La, and 

Zr had reduction behavior similar to unmodified CeO2 samples, and that the gold-support 

interaction was similar for each of these materials. All other mixed oxide samples (Bi-
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CeO2, Co-CeO2, Cu-CeO2, Fe-CeO2, and Pb-CeO2) had TPR spectra that differed in shape 

and/or peak temperature from unmodified CeO2, which ostensibly can be attributed to 

inclusion of the additives. The TPR spectra for Cu-CeO2, Pb-CeO2, and Bi-CeO2 

displayed peaks at similar temperatures to those in TPR spectra for CuO/Al2O3,244 

PbO/Al2O3,245 and Bi2O3/TiO2,246 respectively, from previous studies. The spectra for Co-

CeO2 and Fe-CeO2 were more complex, but peaks in these spectra appeared at 

temperatures similar to those in TPR spectra attributed to reduction of CoOx,247,248 and 

Fe2O3,249,250 respectively, in previous studies. Each of the samples exhibiting TPR peaks 

that were different from the unmodified CeO2 sample also displayed clear regions of 

additive segregation in TOF-SIMS images (with the exception of Fe-CeO2, which 

displayed no obvious segregation, and Pb-CeO2, which was ambiguous). 

Gold deposition altered the reduction behavior of these samples as well. The 

Au/Co-CeO2 and Au/Fe-CeO2 samples each had low temperature TPR peaks in common 

with the TPR spectrum for Au/CeO2, but also exhibited broad peaks at high temperatures. 

Au/Pb-CeO2 showed a similar low temperature peak as well but also displayed an 

additional peak higher in temperature than Au/CeO2 but lower in temperature than the 

predominant peak in the TPR spectrum for Pb-CeO2 prior to gold deposition. The TPR 

spectra for Au/Bi-CeO2 and Au/Cu-CeO2 each displayed peaks that were distinctly 

different from those in the Au/CeO2 spectrum, with the mixed oxide samples exhibiting 

peaks at higher temperatures, but these peaks, too, were shifted to lower temperatures 

than those observed in the TPR spectra of the support materials alone. 
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6.3.2:  Ethanol Oxidation Reaction Testing 

The specific ethanol conversion activities and selectivities towards ethyl acetate 

production exhibited by the catalysts are shown in Figure 6.5. Each catalyst exhibited 

activity for oxidative dehydrogenation of ethanol (resulting in the production of 

acetaldehyde) and esterification of ethanol (resulting in the production of ethyl acetate). 

No other products were observed under the test conditions. Therefore, the production of 

acetaldehyde comprised the remainder of the converted ethanol that did not result in ethyl 

acetate production shown in Figure 6.5. None of the mixed cerium oxides showed 

appreciable activity for ethanol oxidation prior to deposition of gold. 

 

 

Figure 6.5. Specific ethanol conversion rate (black circles) and selectivity toward ethyl 
acetate production (red bars) for each Au/M-CeO2 catalyst. The additive 
metal (M) in each mixed oxide is indicated below each bar. 

The additive metals altered both the activity and selectivity exhibited by many of 

the catalysts. Most of the Au/M-CeO2 catalysts showed higher activity for ethanol 

conversion than Au/CeO2, but Au/Co-CeO2, Au/Fe-CeO2, and Au/Pb-CeO2 were each 
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less active than Au/CeO2. Differences in the ceria crystallite sizes, reducibilities, and 

compositions of the various Au/M-CeO2 catalysts could each play a role in influencing 

catalytic behavior. Active sites on gold catalysts have been suggested to form at the gold-

support interface.41,70 Rodriguez et al. demonstrated that ceria acts as a co-catalyst for the 

WGSR.30 As described in section 3.1, the reduction behavior of several Au/M-CeO2 

samples contrasted distinctly with the Au/CeO2 sample, suggesting that different gold-

support interactions occurred in these catalysts, which could play a role in altering the 

active sites. The influence of the support structure on catalytic activity is the subject of a 

separate ongoing study. 

The selectivities for production of ethyl acetate exhibited by the Au/M-CeO2 

catalysts varied significantly as shown in Figure 6.5. The selectivity of the Au/CeO2 for 

ethyl acetate production was, the lowest for any of the materials tested in this study. The 

least selective (Au/CeO2) and most selective (Au/Pb-CeO2) catalyst for the esterification 

reaction demonstrated nearly a 2.5-fold difference in selectivity. The selectivities of 

Au/Al-CeO2, Au/La-CeO2, and Au/Zr-CeO2 for ethyl acetate production were each within 

the range of 5.7-6.0%, close to that of the Au/CeO2. Au/Fe-CeO2 demonstrated a slightly 

higher ethyl acetate selectivity of 7.9%, while the selectivities of Au/Co-CeO2 and Au/Bi-

CeO2 were higher still at ~10.4% each. Au/Cu-CeO2 and Au/Pb-CeO2 were the most 

selective catalysts for the esterification process with ethyl acetate selectivities of 12.0% 

and 13.4%, respectively. 

To better understand the factors influencing selectivity of gold catalysts in this 

study, it is important to consider the reaction mechanisms that give rise to oxidative 

dehydrogenation and esterification of alcohols. Dehydrogenation is considered to proceed 

through the formation and subsequent α-dehydrogenation of an alkoxide intermediate on 

the catalyst surface; with cleavage of the intermediate α-CH bond implicated as the rate-
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determining step of the process.95,157 The aldehyde then acts as a reaction intermediate for 

a secondary oxidation pathway that produces the ester23,95,154,158 (or a carboxylic acid when 

carried out under different conditions).27,93,95 The esterification reaction on gold catalysts 

may also proceed through the formation of surface hemiacetal species23,158 or through the 

generation of an acetate (surface acetate/carboxylic acid) followed by the condensation 

reaction of the acetate with an alcohol. Both of these processes would likely be acid-

catalyzed, and a metal oxide displaying solid acid properties may be able to act as a 

catalyst for either pathway. 

The choice of additive metal can influence the strength and concentration of 

acidic and basic sites in mixed metal oxides.251 For the Au/M-CeO2 samples in this study, 

these influences may control catalytic behavior by regulating the acidity/basicity of the 

catalyst surface. The acid strength of mixed metal oxides generally correlates with the 

average electronegativity of the cations in the oxide.251–253 Most of the additive metals in 

our Au/M-CeO2 catalysts had electronegativities that differ from that of cerium. We 

observed a strong positive correlation between electronegativity of the additive and 

selectivity for ethyl acetate production among our Au/M-CeO2 catalysts depicted in 

Figure 6.6. Although the trend not perfectly linear, it supports that additive 

electronegativity may affect surface acid sites that regulate selectivity for alcohol 

esterification. 
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Figure 6.6. Plot of average electronegativity of the additive metal and cerium in the 
mixed cerium oxides versus selectivity of the Au/M-CeO2 catalysts for ethyl 
acetate production. The additive metal (M) in each mixed oxide is indicated 
next to each data point. The electronegativity of the unmodified sample 
corresponds to that of cerium. 

 

6.4:  CONCLUSIONS 

We have shown that coprecipitation synthesis of binary mixtures composed of 

cerium oxide and various metals resulted in materials with similar crystal structures, as 

indicated by XRD; however, solid solutions were not obtained for several metal additives 

as shown by TOF-SIMS chemical imaging and TPR spectroscopy. Catalysts synthesized 

by depositing gold onto these mixed oxides differed in both activity and selectivity for 

oxidative dehydrogenation and esterification of ethanol. Materials with significant 

differences in selectivity also exhibited reduction behavior that differed from Au/CeO2 

and compositional heterogeneity in TOF-SIMS images, and we observed a positive 
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correlation between selectivity for the esterification process and the average 

electronegativity of the cations in the mixed oxide supports. 

Our results highlight how transition metal additives in multifunctional catalysts 

can influence systems that undergo multiple simultaneous reaction pathways. The 

composition of mixed metal oxide supports may, therefore, be customized to direct 

catalytic activity and reaction selectivity. 

Our results highlight the paramount influence that multifunctional catalysts can 

have on systems that can undergo multiple simultaneous reaction pathways. Mixed metal 

oxide supports can be employed to tailor both the structure and functionality of catalysts, 

and both of these factors can play a significant role in directing catalytic activity and 

selectivity. 
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Chapter 7:  Conclusions 

7.1:  THE INFLUENCE OF WATER ON GOLD-CATALYZED ALCOHOL OXIDATION 

The effects of water on gold-catalyzed alcohol oxidation reactions are multifold, 

taking part in reaction pathways and altering selectivity for primary versus secondary 

oxidation reactions.  

In Chapter 2, we provided evidence to show that the partial oxidation of allyl 

alcohol to its corresponding aldehyde, acrolein, over oxygen-precovered gold surfaces 

occurs via multiple reaction pathways. Utilizing TPD with isotopically labeled water and 

oxygen, RMBS, and DFT calculations, we demonstrated that the reaction mechanism for 

allyl alcohol oxidation is influenced by the relative proportions of oxygen and hydroxyls 

on the gold surface. Both oxygen adatoms and surface hydroxyls were shown to be active 

for allyl alcohol oxidation, but each displayed a different pathway of oxidation, as 

indicated by TPD measurements and DFT calculations. The hydroxyl hydrogen of allyl 

alcohol was readily abstracted by both oxygen adatoms and hydroxyls on the gold surface 

to generate a surface-bound allyloxide intermediate, which then underwent α-

dehydrogenation via interaction with an oxygen adatom or surface hydroxyl species to 

generate acrolein. Mediation of a second allyloxide with the hydroxyl lowers the 

activation barrier for the α-dehydrogenation process. A third pathway also existed in 

which two hydroxyl species were recombined to generate water and an oxygen adatom, 

which subsequently dehydrogenated allyloxide. 

In Chapter 3, we discussed the effects of oxygen adatoms and surface hydroxyls 

on the selectivity for oxidation of allylic alcohols (allyl alcohol and crotyl alcohol) on the 

Au(111) surface. Again utilizing TPD, RMBS, and DFT techniques, we provided 

evidence to suggest that the selectivity displayed towards partial 

oxidation versus combustion pathways was dependent on the type of oxidant species 
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present on the gold surface. TPD and RMBS results suggested that surface hydroxyls 

promoted partial oxidation of allylic alcohols to their corresponding aldehydes with very 

high selectivity, while oxygen adatoms promoted both partial oxidation and combustion 

pathways. DFT calculations indicated that oxygen adatoms can react with acrolein to 

promote the formation of a bidentate surface intermediate similar to structures that have 

been shown to result in combustion products over other transition metal surfaces. Surface 

hydroxyls do not readily promote the formation of such species.  

In Chapter 4, we transitioned our focus to investigate more industrially-relevant 

catalysts under more applicable conditions and showed that water influences the activity 

and selectivity of a ceria-supported gold catalyst for the oxidative dehydrogenation and 

esterification of ethanol in a fixed-bed flow reactor, resulting in the production of 

acetaldehyde and ethyl acetate, respectively. The rate of acetaldehyde formation was 

enhanced upon incorporation of water in the feed stream at low pressures, but beyond 

this, the water had little effect on the kinetics of the primary oxidation reaction. Water, 

however, induced significant changes to ethyl acetate production, increasing the reaction 

order in ethanol while slowing the reaction rate. Furthermore, a large kinetic isotope 

effect for esterification was observed upon incorporation of either D2O or d1-ethanol in 

the system, suggesting that breaking an OH bond was associated with the rate-

determining step for this reaction.  

 

7.2:  THE INFLUENCE OF SUPPORT STRUCTURE ON GOLD-CATALYZED ALCOHOL 
OXIDATION 

Both the activity and the selectivity of gold catalysts for the oxidation of ethanol 

on ceria-supported gold catalysts were influenced by altering the structure and 

composition of the support material.  
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In Chapter 5, we investigated the influence of the support structure on the activity 

displayed by Au/CeO2 catalysts for selective oxidation of ethanol in a fixed-bed flow 

reactor. By doping the ceria with Al, La, and Zr during synthesis and by altering the 

temperature of calcination after synthesis, ceria particles varying in size between 3 nm 

and 22 nm were prepared. The smaller ceria particles interacted more strongly with gold 

in the Au/CeO2 catalysts resulting in stabilization of gold in the atomic form as indicated 

by scanning transmission electron microscopy and analysis of spectra from X-ray 

photoelectron spectroscopy and temperature programmed reduction. The activity of the 

Au/CeO2 catalysts for selective oxidation of ethanol varied inversely with ceria particle 

size, and the catalysts exhibited a linear correlation between specific hydrogen 

consumption during temperature programmed reduction and catalytic activity for ethanol 

oxidation. 

In Chapter 6, we explored the structure and composition of binary mixed cerium 

oxide supports with various metal additives and their corresponding influences on the 

behavior of gold catalysts for selective oxidation of ethanol. We have found that, 

although all of these materials displayed X-ray diffraction spectra consistent with a pure 

cerium oxide phase, compositional heterogeneities were present in many of the samples, 

as indicated by time-of-flight secondary ion mass spectrometry and temperature 

programmed reduction. Furthermore, the mixed cerium oxide-supported gold catalysts 

exhibited differences in both activity and selectivity for ethanol oxidation, with the 

materials that displayed heterogeneous phases demonstrating higher selectivities for the 

esterification reaction. 
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7.3:  SUGGESTIONS FOR FUTURE STUDIES AND FOR THE DESIGN OF NOVEL CATALYSTS 

One of the most daunting challenges hindering our understanding of catalysis has 

been the dearth of in-situ techniques available for the study of catalysts under operating 

conditions. Catalysts are, by nature, materials that can undergo chemical changes. 

Interactions between reactants and surface sites inevitably involve electronic 

rearrangements that are heavily dependent on the structural and chemical nature of the 

materials. Most techniques of analyzing catalysts require specialized conditions (UHV, 

specific gas environments, etc.) and, as a result, tend to be conducted ex-situ. There exists 

the very likely possibility that the properties probed during such testing are not 

representative of the catalyst when under reaction conditions. The development and 

widespread implementation of better in-situ techniques for probing catalyst behavior 

could lead to revolutionary discoveries that enhance our understanding of these materials 

by leaps and bounds. In-situ probing analyses (e.g. X-ray absorption spectroscopy, 

Raman spectroscopy, diffuse reflectants infrared Fourier transform spectroscopy, and 

others) do currently exist, but they tend to be rare, expensive, and thus uncommonly used 

in literature. The development of new in-situ techniques or the simplification of existing 

methods could go a long way toward promoting more widespread adoption. 

Many studies of gold-catalyzed oxidation reactions to date have focused on 

determining the factors that direct activity with the goal of designing more highly active 

catalysts. Gold catalysts tend to intrinsically display high selectivity for oxidative 

processes (such as partial oxidation of alcohols). Understanding the factors leading to the 

high selectivity of gold catalysts for complex reactions such as these could help uncover 

factors of fundamental importance that can then be translated into the design other, 

cheaper materials. Much excitement has surrounded the development of gold catalysis. 

By harnessing their unprecedented behavior we may be able to develop new catalytic 
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processes that facilitate the adoption of clean energy technologies; however, gold remains 

a very rare and expensive material. The cost associated with gold severely hinders its 

application and use in realistic industrial systems. However, if we could understand at a 

fundamental level why gold displays such beneficial behavior, particularly its remarkable 

selectivitiy, we may be able to design materials that have similar properties using cheaper 

materials. 

The structure of a support material clearly plays an important role in determining 

catalytic behavior. Nanostructuring of metal oxide supports has received significant 

attention in recent literature, and there is a clear influence of nanostructuring metal oxide 

supports on the behavior of gold catalysts. Much ado has been made about nanostructured 

ceria, but many other supports may also prove to display characteristics that are 

beneficial for catalytic processes upon nanostructuring. Little attention has been paid to 

other types of nanostructured materials as supports – carbides, phosphides, nitrides, 

zeolites, etc. The synthesis of such materials is tenable and the resulting nanostructures 

often display novel properties. Utilizing these materials as catalyst supports may result in 

the discovery of a powerful new swath of materials with unprecedented behavior and 

capabilities. 

The influence of water on gold-catalyzed oxidation reactions is undeniable, but 

apart from promoting O2 activation and enhancing oxidation activity, water can also play 

an important role in manipulating protons on catalyst surfaces and influencing selectivity. 

Proton transfer processes are crucial for acid- and base-catalyzed reactions, and water 

mediates these transfers. The roles that water can play in catalytic reactions tend to be 

integral to the overall nature of the processes, influencing activity and selectivity. Despite 

studies demonstrating, time and again, the importance of water in catalytic processes, the 

water content of the system is often ignored in the study of catalysis. I believe that careful 
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consideration of the presence of water in catalytic systems and its influence on reactivity 

should be viewed as standard considerations for the study of catalysts. 

The understanding of gold as a catalytic material has progressed a long way since 

the seminal work of Bond,5 Haruta,6 and Hutchings,7 but many important questions 

remain unanswered to this day. We are only now beginning to understand the 

mechanisms through which gold-catalyzed reactions proceed and the structure-function 

relationships that dictate the formation of active sites. Through this understanding, we 

have been able to design some new materials with improved catalytic properties, but I 

believe that we are only scratching the surface of this concept. Deeper knowledge and 

more fundamental understanding of both reaction mechanisms and active sites will be 

required if we intend to design new catalytic processes that will help meet the energy and 

fuels needs of the future as fossil fuels dwindle and our chemical feedstocks change. 

Biomass figures to become an increasingly important source of energy, fuels, and 

chemicals in this future, offsetting the current petroleum-based sources. An intrinsic 

understanding of hydrocarbon conversion processes with a strong emphasis on the factors 

that allow a catalyst to selectively break and form bonds involving carbon will be 

required to make efficient use of these resources in a future that will almost certainly 

require it. Since the industrial revolution, our society has witnessed an unprecedented 

pace of technological evolution. We have lived through an era of mind-blowing 

development that has enriched our lives in untold ways but has also promoted a culture of 

wastefulness that must end if we are to achieve a sustainable existence. Catalysts will 

play an important role in that future. It is imperative that we understand them. 
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Appendix A:  Supporting Information for Oxygen and Hydroxyl Species 
Induce Multiple Reaction Pathways for the Partial Oxidation of Allyl 

Alcohol on Gold 

A.1:  DISPLACEMENT OF H2
16O FROM WALLS OF UHV CHAMBER BY ALLYL ALCOHOL 

Allyl alcohol readily displaces water from the walls of our UHV system. We 

observed a signal for m/z = 18 (H2O) via QMS when carrying out allyl alcohol TPD from 

the clean Au(111) surface. This water spectrum displayed features that coincided with the 

allyl alcohol (m/z = 57) desorption features, a surprising result since m/z = 18 is not a 

significant fragment in the allyl alcohol electronic ionization spectrum (based on the 

spectrum in the NIST Chemical Webbook). When a chamber adjacent to the scattering 

chamber was backfilled with allyl alcohol via a leak valve, only m/z = 18 was detected, 

with no observable rise in the m/z = 57 signal, suggesting that allyl alcohol readily 

condenses on chamber walls, displacing water in the process. Furthermore, when 

shooting a molecular beam of allyl alcohol directly into the QMS, a signal for m/z = 18 

was not detected. 
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A.2:  DFT-CALCULATED REACTION ENERGY DIAGRAMS FOR ACROLEIN PRODUCTION 
ON THE AU(111) SURFACE 

 

Figure A.1. Reaction energy diagram for α-dehydrogenation of allyloxide via a hydroxyl 
species on the Au(111) surface. 
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A.3:  ACROLEIN AND ALLYL ALCOHOL DESORPTION FROM THE CLEAN AU(111) 
SURFACE 

 

Figure A.2. TPD spectra for acrolein (black trace) and allyl alcohol (red trace) 
desorption following adsorption of 0.6 ML acrolein and 3.6 ML allyl 
alcohol on the Au(111) surface. Acrolein was dosed first, followed by allyl 
alcohol. Allyl alcohol and acrolein were both adsorbed at a sample 
temperature of 77 K. The heating rate was 2 K/sec. 
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Appendix B:  Supporting Information for Control of Selectivity in 
Allylic Alcohol Oxidation on Gold Surfaces:  The Role of Oxygen 

Adatoms and Hydroxyl Species 

B.1:  ACROLEIN AND ALLYL ALCOHOL DESORPTION FROM THE CLEAN AU(111) 
SURFACE 

In addition to the spectra shown in Figure 1 of the main text, we also monitored a 

number of m/z signals corresponding to other potential products for the TPD experiment 

in which 3.6 ML of allyl alcohol was oxidized on the 0.02 ML O/Au(111) surface. These 

spectra are shown in Figures B.1 and B.2. Allyl alcohol displays a number of mass 

fragments that contribute to some the m/z signals shown in these spectra. To visualize 

production of potential products without interference from allyl alcohol mass fragments, 

we adjusted each spectrum by subtracting out the proportion of the signal resulting from 

allyl alcohol when applicable. Spectra in which we performed this alteration are marked 

with an asterisk (*).  

We used the signal corresponding to m/z = 57, the primary mass fragment for 

allyl alcohol, as a basis for adjusting other m/z spectra. The proportion of each signal 

resulting from allyl alcohol was determined by multiplying the measured signal for m/z = 

57 by the relative intensity of the relevant fragment as shown in the electronic ionization 

spectrum from the NIST Webbook. Acrolein and allyl alcohol both display significant 

m/z = 27 signals. To adjust the m/z = 27 spectrum we subtracted the components 

resulting from both allyl alcohol and acrolein. We used the measured signal for m/z = 56 

as the basis to adjust for the component of the m/z = 27 spectrum that resulted from 

acrolein. 
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Figure B.1. TPD spectra for various species following adsorption of 3.6 ML of allyl 
alcohol on the Au(111) surface populated with 0.02 ML of 18O. Allyl 
alcohol and 18O were deposited at a sample temperature of 77 K. 



 154 

 

Figure B.2. TPD spectra following adsorption of 3.6 ML of allyl alcohol on the 0.02 ML 
16O/Au(111) surface. Allyl alcohol and oxygen were adsorbed at a sample 
temperature of 77 K. The heating rate was 2 K/sec. 
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B.2:  AES SPECTRA PRE- AND POST-TPD FOR ALLYL ALCOHOL OXIDATION ON 0.02 
ML O/AU(111) 

 

Figure B.3. AES spectra obtained on the clean Au(111) surface (black spectrum) and on 
the Au(111) surface following TPD of 3.6 ML allyl alcohol/0.02 ML 
O/Au(111) (red spectrum). The dotted line indicates an electron energy of 
274 eV, the location of the AES feature associated with carbon. 
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B.3:  DECONVOLUTION OF TPD FIGURES FOR ACROLEIN PRODUCTION ON O/AU(111) 
SURFACES WITH VARIOUS OXYGEN COVERAGES 

 

Figure B.4. Deconvolution of TPD spectra for acrolein production displayed in Figure 
1a. Solid lines display fitted curves for overall spectra. Dotted lines display 
curves for individual features. The two low temperature features of each 
spectrum were integrated to make the plot provided in Figure 3.2. 
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B.4:  INTEGRALS FOR C16O18O FEATURES AND ACROLEIN Γ3 FEATURE FOR SPECTRA 
DISPLAYED IN FIGURE 3.1 

 

Figure B.5. Integrals for C16O18O features and acrolein γ3 features for spectra displayed 
in Figure 3.1. Deconvolution of the features in the acrolein production 
spectra is shown in Figure B.4. 

  



 158 

B.5:  OXYGEN INSERTION INTO ALKOXIDE INTERMEDIATE 

 

Figure B.6. Additional view of alkoxy-epoxide intermediate. 
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Figure B.7. TPD spectra for various species following adsorption of 3.6 ML of allyl 
alcohol on the Au(111) surface populated with 0.15 ML of oxygen adatoms. 
Allyl alcohol and oxygen were deposited at a sample temperature of 77 K. 
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B.6:  TPD OF CROYL ALCOHOL ON THE CLEAN AU(111) SURFACE 

Crotyl alcohol, C(CH3)2=CHCH2OH (TCI, 95%), was purified by stirring 

overnight in contact with molecular sieve Type 4A (Fisher Scientific) to remove residual 

moisture. The dried alcohol was collected and purified further via several freeze-pump-

thaw cycles.  

Figure B.8 displays TPD spectra for crotyl alcohol desorption from the clean 

Au(111) surface. These spectra displayed three features, which are similar to those 

observed for desorption of allyl alcohol from the clean Au(111) surface shown in Chapter 

2. Crotyl alcohol desorption was observed by monitoring m/z = 72, the parent mass of 

crotyl alcohol. We attribute the highest temperature feature, which displayed a peak at 

220 K, to desorption of the crotyl alcohol monolayer. The intermediate temperature 

feature was peaked at 180 K. We attribute this feature to desorption of a second layer of 

crotyl alcohol interacting with the monolayer or weakly with the gold surface. The lowest 

temperature feature is attributed to desorption of physisorbed multilayers of crotyl 

alcohol from the surface. Crotyl alcohol did not react or decompose on the clean Au(111) 

surface, adsorbing and desorbing from the surface molecularly, as suggested for allyl 

alcohol on Au(111) in Chapter 2. 
  



 161 

 

Figure B.8. TPD spectra displaying desorption of crotyl alcohol (m/z = 72) following 
adsorption of various coverages on the clean Au(111) surface. Crotyl 
alcohol was adsorbed at a sample temperature of 77 K. The heating rate was 
2 K/sec. 
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B.7:  CROTONALDEHYDE IMPURITY IN CROTYL ALCOHOL 

After purification, crotyl alcohol was found to still contain a small amount of 

crotonaldehyde as an impurity. For TPD of crotyl alcohol on the clean Au(111) surface 

we observed a small feature peaked at 145 K in the m/z = 70 spectrum, as shown in 

Figure S6. We attribute this feature to desorption of crotonaldehyde from a multilayer-

like state. The other feature in the m/z = 70 spectrum (peaked at ~180 K), resulted from a 

mass fragment of crotyl alcohol.  

 

Figure B.9. TPD spectra following adsorption of 4.1 ML of crotyl alcohol on the clean 
Au(111) surface. Crotyl alcohol was adsorbed at a sample temperature of 77 
K. The heating rate was 2 K/sec. 
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B.8:  TPD OF CROYL ALCOHOL ON O/AU(111) SURFACES 

TPD experiments with crotyl alcohol displayed behavior similar to that observed 

in TPD experiments with allyl alcohol. Figure B.10 displays crotonaldehyde and C16O18O 

production spectra for TPD experiments in which 4.1 ML of crotyl alcohol was dosed 

onto the Au(111) surface precovered with 0.02 ML and 0.15 ML of 18O. Crotonaldehyde 

production was observed by monitoring m/z = 70, the parent mass of crotonaldehyde. 

Crotyl alcohol also displays a small feature for m/z = 70, corresponding to a mass 

fragment, as observed in Figure B.9. We adjusted the m/z = 70 spectra in Figure B.10 by 

subtracting out the portion of the signal that resulted from crotyl alcohol using the same 

procedure as applied for adjusting the allyl alcohol TPD spectra shown in Figure B.2. 

Features associated with crotonaldehyde production in Figure B.7 are similar to those 

associated with acrolein production in Figure 3.1. Three features were observed in the 

crotonaldehyde spectrum for TPD of crotyl alcohol on the 0.15 ML O/Au(111) surface. 

On the 0.02 ML O/Au(111) surface two features were observed in the crotonaldehyde 

spectrum. We attribute the feature at 140 K to a crotonaldehyde impurity shown in Figure 

B.9. Therefore, only the high temperature feature in the TPD experiment on the 0.02 ML 

O/Au(111) surface is indicative of crotonaldehyde production.  
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Figure B.10. TPD spectra of (a) crotonaldehyde (m/z = 70) and (b) C16O18O (m/z = 46) 
production following adsorption of 4.1 ML of crotyl alcohol on the Au(111) 
surface precovered with 0.02 ML and 0.15 ML of 18O. Crotyl alcohol and 
18O were both adsorbed at a sample temperature of 77 K. 

The evolution of crotonaldehyde production features with oxygen coverage 

suggests that oxidation of crotyl alcohol on the O/Au(111) surface occurs via partial 

oxidation pathways that are similar to those displayed by allyl alcohol on O/Au(111) 

surfaces. Figure B.8 displays together acrolein and crotonaldehyde production spectra for 

TPD experiments in which allyl alcohol and crotyl alcohol were oxidized on O/Au(111) 

surfaces with various oxygen precoverages, respectively. 
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Figure B.11. TPD spectra associated with (a) acrolein production for 3.6 ML of allyl 
alcohol on the Au(111) surface precovered with various amounts of oxygen 
and (b) crotonaldehyde production for crotyl alcohol on the Au(111) surface 
precovered with various amounts of oxygen. Allyl alcohol, crotyl alcohol, 
and oxygen were adsorbed at a sample temperature of 77 K. 

Crotonaldehyde production was observed at both oxygen coverages shown in 

Figure B.10, but C16O18O production was not observed in the TPD experiment for crotyl 

alcohol on the 0.02 ML 18O/Au(111) surface. In addition to the spectra shown in Figure 

B.10, we also monitored a number of other m/z signals corresponding to other potential 

products for the TPD experiment in which 4.1 ML of crotyl alcohol was oxidized on the 

0.02 ML O/Au(111) surface. These spectra are shown in Figure B.12. Crotyl alcohol 

displays mass fragments that contribute to some the m/z signals shown in these spectra. 

To visualize production of potential products without this interference, we adjusted the 
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spectra by subtracting out the proportion of the signal resulting from crotyl alcohol when 

applicable. Spectra in which we performed this alteration are marked with an asterisk (*).  

We used the signal corresponding to m/z = 72, the parent mass for crotyl alcohol, 

as a basis for adjusting other m/z spectra. The proportion of each signal resulting from 

crotyl alcohol was determined by multiplying the measured signal for m/z = 72 by the 

relative intensity of the relevant fragment as shown in the electronic ionization spectrum 

from the NIST Webbook. 

On the 0.15 ML O/Au(111) surface combustion was observed in addition to 

partial oxidation (Figure B.10). These observations are consistent with phenomena 

observed in allyl alcohol TPD on O/Au(111) surfaces, suggesting that both alcohol 

species follow similar trends for combustion and partial oxidation pathways on 

O/Au(111) surfaces. 
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Figure B.12. TPD spectra following adsorption of 4.1 ML of crotyl alcohol on the 0.02 
ML O/Au(111). Crotyl alcohol and oxygen were adsorbed at a sample 
temperature of 77 K. The heating rate was 2 K/sec. 

  



 168 

Appendix C:  Supporting Information for Water Influences the Activity 
and Selectivity of Ceria-Supported Gold Catalysts for Oxidative 

Dehydrogenation and Esterification of Ethanol 

C.1:  STEM IMAGE AND EDS MAPS OF AU/CEO2 CATALYST FOR IDENTIFICATION OF 
GOLD PARTICLES 

 

Figure C.1. STEM image of the Au/CeO2 catalyst. 

 

 

Figure C.2. Overlaid EDS map of the rectangular region in Figure C.1. Cerium signal is 
shown in green, and gold is shown in red. 
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Figure C.3. EDS map of cerium from the rectangular region in Figure C.1. 

 

 

Figure C.4. EDS map of gold from the rectangular region in Figure C.1. 
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Appendix D:  Supporting Information for The Interplay Between Ceria 
Particle Size, Reducibility, and Catalytic Activity for the Selective 

Oxidation of Ethanol with Ceria-Supported Gold Catalysts 

D.1:  XRD SPECTRA OF CERIA SUPPORTS PRIOR TO GOLD DEPOSITION 

 

Figure D.1. XRD spectra of ceria supports prior to gold deposition. 
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D.2:  REPRESENTATIVE STEM IMAGES OF CERIA SUPPORTS PRIOR TO GOLD 
DEPOSITION AND HISTOGRAMS OF CERIA PARTICLE SIZE DISTRIBUTION FROM STEM 
IMAGE ANALYSIS 

 

Figure D.2. STEM image of CeO2-400C. 

 

 

Figure D.3. Histogram of particle size distribution for CeO2-400C. 
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Figure D.4. STEM image of CeO2-600C. 

 

 

Figure D.5. Histogram of particle size distribution for CeO2-600C. 
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Figure D.6. STEM image of CeO2-800C. 

 

 

Figure D.7. Histogram of particle size distribution for CeO2-800C. 
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Figure D.8. STEM image of Al-CeO2. 

 

 

Figure D.9. Histogram of particle size distribution for Al-CeO2. 
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Figure D.10. STEM image of La-CeO2. 

 

 

Figure D.11. Histogram of particle size distribution for La-CeO2. 
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Figure D.12. STEM image of Zr-CeO2. 

 

 

Figure D.13. Histogram of particle size distribution for Zr-CeO2. 
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D.3:  CALCULATION OF NUMBER OF GOLD ATOMS PER CERIA PARTICLE 

To calculate the average number of gold atoms associated with each ceria particle 

for uniform dispersion of gold across the ceria surface, we first calculated the number of 

ceria particles that would be present in 1 g of each Au/CeO2 sample using the volume 

averaged particle size of ceria and the bulk density of CeO2 (7.65 g/cm3) and assuming 

that the particles were octahedral in shape. We then calculated the number of gold atoms 

in 1 g of each Au/CeO2 sample using the wt.% of gold from ICP-MS analysis. Dividing 

the number of gold atoms per gram by the number of ceria particle per gram yielded the 

result. Since the ceria particles were not perfect octahedral but rather polyhedral in shape, 

we also performed this calculation assuming spherical ceria particles, which we took to 

be a limiting case. The calculated values of gold atoms per ceria particle were only ~10% 

higher when assuming this shape. 

 

D.4:  CALCULATION OF PERCENT REDUCTION OF SURFACE CERIUM DURING H2-TPR 
OF AU/CEO2 CATALYSTS 

We calculated the atomic density of cerium at the surface of the CeO2 particles 

assuming that the surface consisted entirely of the CeO2(111) facet. Using the lattice 

parameter of CeO2, we calculated the Ce density of the (111) surface to be 1.31x10-5 mol. 

Ce/m2. By multiplying this density by the specific surface area of each catalyst, we 

obtained the amount of surface cerium per gram of material. Integrating the reduction 

features in the TPR spectra provided the specific amount of H2 consumed by the material. 

Assuming that each mol. of H2 reduced one mol. of surface cerium, we calculated the 

percent of cerium at the surface that would have been reduced during the TPR process 

given these assumptions. 
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Appendix E:  Supporting Information for Heterogeneity in Mixed 
Cerium Oxides and its Influence on the Behavior of Gold Catalysts for 

the Selective Oxidation of Ethanol 

E.1:  XRD SPECTRA OF M-CEO2 SUPPORTS PRIOR TO GOLD DEPOSITION 

 

 

Figure E.1. XRD spectra of M-CeO2 supports prior to gold deposition. 
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E.2:  XRD SPECTRA OF AU/M-CEO2 SAMPLES USED FOR WILLIAMSON-HALL 
ANALYSIS 

 

 

Figure E.2. XRD spectra of Au/M-CeO2 supports used for Williamson-Hall analysis. 
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E.3:  TOF-SIMS MAPS FOR INDIVIDUAL COMPONENTS 

Individual TOF-SIMS false color chemical maps of cerium and corresponding 

metal additive for each Au/M-CeO2 catalyst. The secondary ion yield is shown on the 

right hand side of the maps for the single elements.  

 

Figure E.3. TOF-SIMS maps for individual components of Au/Al-CeO2, Au/Bi-CeO2, 
Au/Co-CeO2, and Au/Cu-CeO2. Overlaid maps from Figure 6.3 are shown 
as well.  
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Figure E.4. TOF-SIMS maps for individual components of Au/Fe-CeO2, Au/La-CeO2, 
Au/Pb-CeO2, and Au/Zr-CeO2. Overlaid maps from Figure 6.3 are shown as 
well.  
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