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Catalysts are essential for technological advances, because of their in-

dispensable role in chemical and material manufacturing, energy conversion,

and pollution control systems. Developing better catalysts is a highly desired

goal that is impeded by the complexity of heterogeneous catalysts. This makes

it extremely difficult to obtain information regarding active sites and reaction

mechanisms, which is critical for improving catalyst design and performance.

My research work has led to the understanding of how specific catalytic surface

sites affect the performance of catalysts by constructing conceptually simpler

planar model catalysts for kinetics and mechanism studies using model surface

science tools and batch reaction testing.

The work in this dissertation has demonstrated that planar model cat-

alysts are versatile tools to probe reaction mechanisms on industrial catalysts.

Supported gold nanoparticles have shown remarkable catalytic activity in a

variety of reactions. However, many fundamental aspects of gold catalysts
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are still unclear, especially about the identity of active sites and oxidizing

species. A Au(111) single crystal, the most stable and abundant facet on gold

nanoparticles, is utilized to understand the reaction mechanisms of partial ox-

idation of 2-butanol and allyl alcohol. By controlling oxygen coverage on the

surface, 100% selectivity to corresponding ketone and aldehyde, the desirable

products, can be achieved. Two model catalysis systems, gold nanoclusters

supported on a TiO2(110) substrate and iron oxide dispersed on a Au(111)

surface, were employed to understand the reaction pathways of CO oxidation

and probe the role of the oxide/metal interface. The mechanistic and kinetic

studies have shown that planar model catalysts are useful tools to probe re-

actions on industrial catalysts. The mechanistic understanding obtained from

model catalyst studies can be used to create better catalysts.
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Chapter 1

Introduction

A central theme of the work described in this dissertation is the use

of conceptually simple model catalysts to gain insight on the mechanisms and

kinetics of chemical reactions on the high surface area catalysts. The work

described herein uses a combination of surface science techniques and batch

reactor testing. The proceeding sections will discuss some of the motivations

for this work and provide a summary of the proceeding chapters, respectively.

1.1 Motivations

Catalysts are essential for technological advances, because of their in-

dispensable role in chemical and material manufacturing, energy conversion,

and pollution control systems. [1,2] Although catalysts have been widely used

in a variety of industries, they are far from perfect. It is highly desirable to

improve the performance of catalysts. For instance, if a catalyst can further

lower the activation energy of reaction, a great amount of energy can be saved.

Higher selectivity, longer working life, and lower cost are also desirable proper-

ties of good industrial catalysts. Improving catalyst design is impeded by the

complexity of the heterogeneous catalysts. In general, the industrial catalysts
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are made of metal clusters supported on porous metal oxide powders. What’s

more, industrial processes are often carried out under harsh reaction condi-

tions, i.e., high temperatures and elevated pressures - atmospheric pressure

or even higher. These severe reaction conditions prohibit the application of

modern spectroscopies while the reaction is proceeding. Thus, it is hard to

obtain microscopic details of the chemistry on the catalytic surfaces while the

reaction is happening. This makes it extremely difficult to obtain information

on active sites and reaction mechanisms, which is critical for improvements in

catalyst performance.

My research work aims to understand of how specific catalytic surface

site affects the performance of catalysts by constructing conceptually simpler

planar model catalysts for kinetics and mechanism studies using modern sur-

face science tools and a batch reactor. Model catalysts are simplified toy

model systems to represent certain features of more complicated high surface

area catalysts. They are usually based on well-ordered extended surfaces of

catalytic metal prepared under ultra-high vacuum (UHV) conditions. [3,4] The

surface structures on model catalysts are well-controlled so that it is much eas-

ier to correlate the catalytic activity to specific surface site. The microscopic

details of the chemistry on planar model catalysts can be effectively explored

employing surface science techniques.

In my research work, I utilized model catalysts to understand the sur-

face reactions on high surface area gold catalysts. Gold has been considered as

“catalytically dead” for a long time till gold nanoparticles supported on metal
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oxide were found to actually possess remarkable catalytic activity under rela-

tively mild conditions in 1980s. [5–7] These early studies motivated extensive

research activities in gold catalysis. Supported gold nanoparticles are shown

to be active for a variety of chemical reactions, including selective oxidation of

hydrocarbons, CO oxidation at low temperature, propylene epoxidation, and

the water gas shift reaction. [1, 2, 5,6,8–10] Despite extensive research carried

out on supported gold catalysts, many of the fundamental aspects of the gold

catalysts remain unknown, for example: What is the nature and structure of

the active sites? What mechanisms drive the reactions?

The goal of my research is to contribute to the understanding of some

of these issues through the study of surface chemical reactions on gold model

catalysts. A variety of model catalysts were utilized in my research work, in-

cluding the Au(111) single crystal, gold nanoparticles supported on TiO2(110)

single crystal, and metal oxide nanoparticles supported on Au(111) single crys-

tal. Besides surface science techniques, batch reactor testing is also employed

to understand the kinetics.

1.2 Overview of Dissertation

Each of the proceeding chapters are self-contained stories. Their con-

tents are as follows:

In Chapter 2, we used a Au(111) single crystal, the most abundant and

stable facet on gold nanoparticles, to interpret the chemistry on supported

gold catalysts. Gold nanoparticles supported by metal oxides can catalyze

3



the selective oxidation of primary and secondary alcohols with high turn-over

frequencies (TOFs) and selectivities. However, less is known regarding the

fundamental aspects of the chemistry. We studied the partial oxidation of

alcohols under ultra-high vacuum (UHV) conditions using the Au(111) single

crystal as a planar representative of supported gold catalysts. Herein we re-

port new evidence of oxygen exchange in the selective oxidation of 2-butanol

into 2-butanone on oxygen pre-covered Au(111). Direct evidence for C-O bond

cleavage in the partial oxidation of 2-butanol on oxygen pre-covered Au(111)

is provided. Oxygen pre-covered Au(111) surface can promote the partial

oxidation of 2-butanol into 2-butanone with near 100% selectivity at low oxy-

gen coverages, while 2-butanol adsorbs and desorbs molecularly on the clean

Au(111) surface. Both C2H5C
16OCH3 and C2H5C

18OCH3 are observed in TPD

after 2-butanol (C2H5CH16OHCH3) was dosed onto Au(111) pre-covered with

18Oa. This oxygen exchange phenomenon serves as a strong evidence for the

C-O bond cleavage in 2-butanol partial oxidation to 2-butanone. Two surface

intermediates are proposed for the selective oxidation of 2-butanol: 2-butoxide

and η2-aldehyde. As oxygen coverage increases, full oxidation is activated in

addition to selective partial oxidation.

The work described in Chapter 2 was published in the Journal of Amer-

ican Chemical Society in 2009. [11]

In Chapter 3, we extended the research on selective oxidation of simple

alcohols on Au(111) onto alcohols with more than one function groups. We

utilized allyl alcohol, the simplest allylic alcohols, to understand the reactions

4



of unsaturated alcohols on gold surfaces. We found that the Oa pre-covered

Au(111) can promote the selective oxidation of allyl alcohol into its corre-

sponding aldehyde, acrolein, with 100% selectivity at low oxygen coverage,

while allyl alcohol adsorbs and desorbs molecularly on clean Au(111). At

higher oxygen coverages, high selectivity to the partial oxidation product can

be achieved by controlling the relative population of the reactants and by car-

rying out an annealing treatment of the oxygen covered surface. The high

selectivity to aldehyde and absence of isomerization products confirms the re-

ports on the superior chemoselectivity of supported gold clusters in aerobic

oxidation of allylic alcohols.

The work described in Chapter 3 is yet to be published.

In Chapter 4, we investigated the effect of adsorbed water in CO oxida-

tion on gold nanoparticles supported on TiO2(110) single crystal. The effect of

moisture, a common contaminant in the gas feed, in CO oxidation is one of the

unsolved mysteries in gold catalysis. [12] Remarkable promotional effect of ad-

sorbed water on various gold catalysts were reported, including Au/TiO2 and

Au/Al2O3. [13–15] However, the mechanism of this promotional effect is still

unclear. Two popular speculations are that water either activates molecular

oxygen or promotes the decomposition of carbonate species. [16,17] Due to the

complexity of high surface area catalysts, direct evidence for those arguments

is rare. [18] With the hope of further understanding the effect of adsorbed

water on supported Au catalysts, we carried out experiments on gold clusters

supported on a highly reduced TiO2(110) single crystal under UHV conditions.
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With the hope of further understanding the effect of adsorbed water on sup-

ported Au catalysts, we carried out experiments on gold clusters supported on

a highly reduced TiO2(110) single crystal under UHV conditions. A series of

Au/TiO2(110) model catalysts with various gold coverages were investigated

and compared to the Au(111) single crystal. Our TPD results provide di-

rect evidence for the interaction between adsorbed water and oxygen adatoms

on the reduced TiO2(110) single crystal and Au/TiO2(110) model catalysts.

The isotope experiments involving 16Oa and H2
18O on Au/TiO2(110) catalysts

demonstrate that CO can be oxidized by adsorbed water or hydroxyl groups.

However, overall, adsorbed water hinders the CO oxidation process as deter-

mined by a reduced total amount of CO2 production under UHV conditions.

The work described in Chapter 4 was published in the Journal of Phys-

ical Chemistry C in 2011. [19]

In Chapter 5, we endeavor to further the understanding of active sites

and the mechanism of CO oxidation on supported gold catalysts using batch

reactor testing on inverse model catalysts. The nature of active sites in the ox-

idation of CO continues to be a source of debate [20,21]. Oxidized Au species,

metallic Au particles, and the Au/metal oxide perimeter have been proposed to

be the active center, although direct evidence is rare. [2,22–24] The complexity

of heterogeneous catalysts makes it extremely difficult to obtain information

regarding active sites and reaction mechanism, which is critical for improving

catalyst design and performance. Recently, planar “inverse” model catalysts

made of metal oxide nanoclusters on metal single crystal surfaces have been

6



utilized to investigate the surface reaction at the molecular level by employing

modern surface science tools. [25–32] Different from model catalysts consisting

of metal nanoparticles dispersed on metal oxide substrates, the inverse model

catalysts may offer alternative chemistry and emphasize the metal/metal oxide

interaction. [25, 33] Recent research using inverse model catalysts shows that

transition metal oxides can either enhance the reactivity or change the reac-

tion kinetics in CO oxidation [28,34]. Here, we demonstrate that the addition

of Fe2O3 transforms the inert Au(111) single crystal into an active catalyst

for CO oxidation between 400 K to 670 K. CO oxidation measurements were

carried out on Fe2O3/Au(111) inverse model catalysts at pressures between

4 and 100 Torr. Our experimental results together with findings from others

strongly suggest that the active sites for CO oxidation are located at the iron

oxide/gold perimeter. Kinetic measurements show that the reaction rate has

a first order dependence on oxygen partial pressure. The rate dependence for

the CO partial pressure changes from first order into zero order as CO partial

pressure increases.

The work described in Chapter 5 was published in the Journal of Catal-

ysis in 2012. [35]
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Chapter 2

Oxygen Exchange in the Selective Oxidation

of 2-butanol on Oxygen Pre-covered Au(111)

2.1 Abstract

Direct evidence for C-O bond cleavage in the partial oxidation of 2-

butanol on oxygen pre-covered Au(111) is provided using temperature pro-

grammed desorption (TPD) and molecular beam reactive scattering (MBRS)

under ultra-high vacuum (UHV) conditions. Oxygen pre-covered Au(111)

surface can promote the partial oxidation of 2-butanol into 2-butanone with

near 100% selectivity at low oxygen coverages, while 2-butanol adsorbs and

desorbs molecularly on the clean Au(111) surface. Both C2H5C
16OCH3 and

C2H5C
18OCH3 are observed in TPD after 2-butanol (C2H5CH16OHCH3) was

dosed onto Au(111) pre-covered with 18Oa. This oxygen exchange phenomenon

serves as a strong evidence for the C-O bond cleavage in 2-butanol partial oxi-

dation to 2-butanone. Two surface intermediates are proposed for the selective

oxidation of 2-butanol: 2-butoxide and η2-aldehyde. As oxygen coverage in-

creases, full oxidation is activated in addition to selective partial oxidation.
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2.2 Introduction

In recent years, gold nanoparticles have attracted attention as promis-

ing heterogeneous catalysts, because of their high activity in the challenging

selective oxidation of alcohols [36–38] and other conversions. [39–43] Abad et

al. reported that gold nanoparticles supported by cerium oxide catalyze the

selective oxidation of primary and secondary alcohols with high turn-over fre-

quencies (TOFs) and selectivities. [37] Enache et al. observed that the addition

of Au to Pd nanoparticles improved the selectivity in the partial oxidation of

primary alcohols. [38] Biella and Rossi not only showed the high selectivity of

Au/SiO2 for a variety of alcohols, but also suggested that relatively large gold

clusters (i.e., 15 to 25 nm) play a dominant role in the catalytic process. [36]

However, less is known regarding the fundamental aspects of the chemistry. [44]

With the hope of better understanding the mechanism, the partial oxidation

of alcohols has been studied under ultra-high vacuum (UHV) conditions using

the Au(111) single crystal as a planar representative of supported gold cata-

lysts. [45,46] Herein we report new evidence of oxygen exchange in the selective

oxidation of 2-butanol into 2-butanone on oxygen pre-covered Au(111).

The oxidation reactions of a series of simple alcohols have been stud-

ied on Au(111). Previous research showed that methanol is fully oxidized to

CO2, CO and H2O on the Au(111) surface exposed to atomic oxygen at a

surface temperature of 77 K. [47,48] But ethanol, [49] 1-propanol, [50] and 2-

propanol [50] are selectively oxidized to their corresponding aldehydes and ke-

tones with the C-O bonds remaining intact, as revealed by isotope experiments
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with 18Oa. Meanwhile, esterification reactions in methanol and ethanol have

also been detected on the Au(111) surface oxidized by ozone at 200 K. [51,52]

Methanol is converted into methyl formate, formaldehyde, and formic acid via

adsorbed methoxy, [51] while ethanol is oxidized to ethyl acetate and acetic

acid. [52] These results indicate that the reaction pathways may be influenced

by the length of carbon chain and the reaction conditions. More work is re-

quired to interpret the versatile and complex reaction pathways in the selective

oxidation of alcohols. In this paper, we present experimental results regarding

the partial oxidation of 2-butanol with high selectivity on a Au(111) surface

which is pre-covered with atomic oxygen under UHV conditions. Atomic oxy-

gen covered Au(111) promotes the partial oxidation of 2-butanol, leading to

the formation of 2-butanone with a small quantity of combustion and dehydra-

tion products. Evidence regarding C-O bond cleavage and subsequent oxygen

exchange during partial oxidation to 2-butanone is provided via isotope exper-

iments employing 18Oa. It is our hope that this study will contribute to further

understanding of the reaction mechanisms of high-surface-area gold catalysts.

2.3 Experimental

All the experiments reported here were performed in a molecular beam

surface scattering apparatus that has been described in detail elsewhere. [53–

55] The apparatus consists of individually pumped vacuum chambers that are

divided into two sections: a supersonic molecular beam source section and an

ultrahigh vacuum scattering chamber. The supersonic molecular beam source
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is quadruply differentially pumped to reduce the effusive beam component.

Beam defining apertures were recently modified to provide a beam about 6

times larger than that used in precious studies in order to increase measure-

ment sensitivity. [47, 49, 50, 53–55] The molecular beam spot on the sample

now has an area of approximately 46 mm2. The scattering chamber includes

the following surface science tools: an Auger electron spectrometer (AES),

low-energy electron diffraction optics (LEED), and a quadrupole mass spec-

trometer (QMS). The Au(111) crystal used in this study is a thin circular disk

with a diameter of ∼11 mm. It is mounted to the sample probe via a tanta-

lum plate and is in thermal contact with a liquid nitrogen reservoir. The Au

sample is heated by resistive heating of the tantalum support plate. The sam-

ple temperature is measured by a type K thermocouple spot-welded to the Ta

plate. An inert flag made of stainless steel can be moved in front of the sample

to block the beam from striking the crystal when necessary. The sample was

cleaned by cycles of Ar+ ion bombardment at room temperature and anneal-

ing at 850 K, as well as exposure to atomic oxygen at 77 K with subsequent

desorption of the oxygen and other oxidation products. The cleanliness of the

surface was routinely verified by AES and after each experiment the sample

was cleaned by atomic oxygen. Both the molecular beam reactive scattering

experiments and temperature programmed desorption (TPD) experiments are

conducted in an angle-integrated manner with the sample facing away from

the QMS.

Our atomic oxygen beam is generated by a plasma source, which is
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powered by radio frequency (rf) energy. [56,57] The supersonic O-atom beam

is made from 8% O2 (vol.), seeded in 92% Argon. The oxygen dissociation rate

is 40%, as measured by the time-of-flight technique. [58] The radio frequency

power was switched on only when the atomic oxygen beam was employed. The

absolute oxygen coverages are estimated by comparing them to the saturated

coverage (∼ 2.1 ML), which was obtained in a previous study. [59] One mono-

layer of oxygen is defined as 1.387 x 1015 atoms/cm2 and refers to a single

atomic layer of close-packed gold. Molecular beams of 2-butanol are generated

via the same nozzle as oxygen beams however the rf power is left off. The

integral area under the temperature programmed desorption (TPD) spectra

is proportional to the coverage, thus the absolute coverages of 2-butanol were

estimated using the stoichiometry in the partial oxidation reaction. Under cer-

tain experimental conditions in which 100% selectivity and yield is achieved,

one 2-butanol molecule reacts with one adsorbed oxygen atom to form water

and 2-butanone. Using this information, the 2-butanol molecular beam flux

has been determined in several experiments to be approximately 0.022 ± 0.004

ML/s. Reagent purity is as follows: 2-butanol (ACROS, anhydrous, 99.0%),

16O2 (Matheson Tri-gas, 99.99%), 18O2 (Isotec, 99%), and Argon (Praxair,

99.9%).

12



2.4 Results

2.4.1 Adsorption and desorption of 2-butanol on clean Au (111)

Temperature programmed desorption (TPD) spectra of 2-butanol from

the clean Au(111) surface are shown in Figure 2.1. A number of ion frag-

ments were measured; however, no surface dissociation products were identi-

fied during sample heating. Repeated experiments without cleaning between

successive measurements showed that the TPD spectra of 2-butanol are highly

reproducible. Additionally, Auger electron spectra confirmed that no dissoci-

ation products were left on the surface after successive TPD measurements.

Thus, we conclude that 2-butanol adsorbs and desorbs molecularly on the

Au(111) surface. Only the signals for the most intense fragment of 2-butanol,

which has a mass to charge (m/e) ratio of 45, are shown in Figure 1 for different

coverages ranging from ∼ 0.11 ML to ∼ 1.32 ML. The TPD spectra show three

distinct peaks, which we denote as α1, α2, and β. The β peak fills at the lowest

coverage and desorbs with a peak at ∼ 206 K, and therefore is assigned to the

2-butanol monolayer physically adsorbed on the Au(111) surface. Peaks 1 and

α2, the multilayer features, appear as the 2-butanol exposure increases. The

α2 peak at 170 K represents desorption of a bilayer which is directly associated

with the monolayer. [60] The weaker bound multilayer feature, α1, appears on

the shoulder of the α2 peak at 166 K when the exposure reaches ∼ 0.66 ML,

and begins to dominate the TPD spectra at exposures higher than 1.32 ML

(not shown in Figure 1). Using a Redhead analysis, [61] we estimate that the

adsorption energy of 2-butanol on Au(111) ranges from ∼ 41.5 kJ/mol for the
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multilayer to ∼ 51.5 kJ/mol for the monolayer. The adsorption energy of 2-

butanol is slightly higher than methanol (33.5 KJ/mol ∼ 38.75 KJ/mol) [47]

and ethanol (36.3 KJ/mol ∼ 45 KJ/mol) [50], but comparable to that of 1-

propanol (40.0 KJ/mol ∼ 49.3 KJ/mol) and 2-propanol (39.3 KJ/mol ∼ 46.5

KJ/mol) [49].

The adsorption and thermal chemistry of 2-butanol has been studied

on other well-characterized, clean surfaces as well. [62–64] In a TPD study on

clean Pt(111) by Lee and Zaera, 2-butanol was converted to 2-butanone, buty-

lene oxide, and butanal. [62] Reflection-absorption infrared spectra (RAIRS)

were also acquired and indicate that 2-butanol binds to Pt(111) through the

C-O bond which is almost perpendicular to the surface. [62] A series of RAIRS

measurements at different temperatures suggest that 2-butoxide, the surface

intermediate, forms between 170 K and 200 K and then decomposes around

210 K. [62] Similar results were found for clean Pd(111) by Tysoe and co-

workers. The key surface intermediate on the Pd(111) surface is suggested

to be 2-butoxide via RAIRS measurements. [64] But only a limited portion

of 2-butoxide species are converted to 2-butanone via β-hydrogen elimination

while the majority of 2-butoxide reforms to 2-butanol, as revealed by TPD

experiments. [63]

2.4.2 Reaction of 2-butanol on atomic oxygen pre-covered Au(111)

At low oxygen pre-coverages (e.g., θO = 0.11 ML) on Au(111), 2-butanol

undergoes partial oxidation with high selectivity upon heating, producing 2-
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Figure 2.1: TPD spectra for various 2-butanol coverages on clean Au (111).
The heating rate was 1 K/s.

butanone and water, along with minor combustion and dehydration products

which vary with the Oa/2-butanol ratio. When 0.11 ± 0.02 ML of 2-butanol

is co-adsorbed with 0.11 ML Oa at 77 K, the selectivity for partial oxidation

is 100%, as shown in Figure 2.2(a). The reaction products were identified

by comparing the mass to charge (m/e) ratios to the cracking patterns of 2-

butanol desorption spectra detailed in previous experiments and also standard

spectra from the National Institute of Standards and Technology (NIST). The

peak at 188 K for m/e = 43 in Figure 2.2(a) indicates the formation of 2-

butanone. Meanwhile no signal for m/e = 45, the most intense fragment of 2-

butanol, is observed. The signals for water desorption (m/e = 18) expand into
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a broad peak around 174 K. This peak is close to the desorption temperature

of the water formed by hydroxyl disproportionation on Au(111). Previous

investigations by Koel et al. (and confirmed by our group and the Friend

group) have shown that water interacts strongly with oxygen on Au(111) and

desorbs in two peaks on the oxygen pre-covered Au(111) surface. [48,59,65–67]

One peak is at the same temperature as the water desorption peak on the

clean Au(111) surface (i.e., ∼ 155 K), while the other is a new peak at 175 K,

attributed to the disproportionation of OH on Au(111). Besides 2-butanone

and water, we found no other possible oxidation products or coupling species,

such as 2-butenal, butanal, butane, 2,3-dimethyloxirane, 2-butanal, butanoic

acid, butyl butyrate, ethyl ester, butyric acid, 2-butenoic acid, 3-butenoic acid,

methyl propionate, or H2. Neither C1 to C3 species, nor CO2 were detected

during exposure of 2-butanol or during the TPD measurements at low oxygen

coverages (i. e., up to 0.11 ML). The CO (m/e = 28) features between 77

K and 140 K are due to desorption of carbon monoxide that has adsorbed

onto the sample and other nearby structures (e.g., the Ta support plate for

the gold sample) from the residual gases in the scattering chamber, which

we refer to hereafter as “background CO. These features appear in several

TPD spectra obtained with our apparatus. Since m/e = 28 is a cracking

fragment of 2-butanone, the peak around 185 K for m/e = 28 is assigned to

2-butanone instead of CO. In order to verify the lack of combustion products,

we carried out experiments with adsorbed 18O under the same conditions,

as shown in Figure 2.2(b). The m/e = 30 peak at 184 K is negligible and
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no C16O2, C18O16O, or C18O2 are formed. Thus, we claim that 2-butanol is

partial oxidized to 2-butanone with near 100% selectivity under these reaction

conditions. The reaction formulary for partial oxidation is

C4H10O +Oa → C4H8O +H2O (2.1)
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Figure 2.2: a) TPD spectra of co-adsorbed 2-butanol (0.11 ± 0.02 ML) and
16Oa (0.11 ML) from Au (111). The atomic oxygen was dosed first followed
by the 2-butanol, both with a sample temperature of 77 K. The heating ramp
was 1 K/s. b) Similar TPD spectra except of co-adsorbed 2-butanol (0.11 ±
0.02 ML) and 18Oa (0.10 ML).
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An extremely interesting phenomenon in our experiments involves oxy-

gen exchange between 2-butanol and adsorbed oxygen in the formation of

2-butanone. To demonstrate this, we conducted additional TPD experiments

with 16Oa and 18Oa under the same conditions for comparison: 0.29 ± 0.05

ML 2-butanol was dosed on the Au(111) surface pre-covered with 0.10 ML Oa

and the results are shown in Figure 2.3. In the 16Oa experiments, shown in

Figure 2.3(a), multiple products can be identified, including H2O (m/e = 18),

2-butanone (m/e = 43), and 1-butene or 2-butene (m/e = 56). The CO2 (m/e

=44) peaks are negligible, while the m/e =28 peak around 185 K is assigned

as a fragment of 2-butanone. Because 1-butene and 2-butene have the same

cracking pattern, which is similar to that of isobutene, we cannot designate

the m/e =56 peak to a single structure; however, the probability of forming

isobutene via reconstruction of carbon chains is slim, since almost no prod-

ucts due to C-C bond cleavage are found. Thus, we deduce that the m/e =56

peaks come from 1-butene or 2-butene. The un-reacted 2-butanol desorbs off

the surface during heating, which accounts for the m/e =45 peak at 207 K, the

desorption temperature of 2-butanol on clean Au(111). If a 2-butanol molecule

would exchange its 16O atom with adsorbed 18Oa, C4H8
18O (m/e = 45 or 74)

or C4H10
18O (m/e = 47) would be expected. In the 18Oa experiment shown

in Figure 2.3(b), several peaks were detected at 185 K, including m/e = 43,

45, and 74. As discussed earlier, the m/e = 43 peak comes from 2-butanone

(C4H8O), while the m/e = 45 and 74 signals indicate the formation of C4H8
18O

via oxygen scrambling. Thus, we speculate the 16O atom in H2
16O is from the
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hydroxyl group in the 2-butanol. We also note that excess 2-butanol desorbs

at 207 K, the same as for the 16O experiment shown in Figure 2.3(a), while no

2-butanol with an 18O atom (m/e = 47) is found.

On the basis of the appearance of multiple products in these two experi-

ments, several possible pathways take place on the oxygen pre-covered surface,

including partial oxidation and dehydration. Since C-O bond cleavage is re-

quired to form C4H8
18O, 1-butene or 2-butene may serve as the precursor for

C4H8
18O. However, C4H8 was absent under some reaction conditions while

C4H8
18O (m/e = 45) occurs around 185 K, the desorption temperature of

2-butanone converted from 2-butanol, as shown Figure 2.2(a). Additional ex-

periments show that the dehydration product (C4H8) can only be observed at

low Oa coverage (θO ∼ 0.11 ML) with an Oa/2-butanol ratio of ∼ 0.5. Since

the reactivity toward dehydration is very small, the probability for oxygen

exchange can be estimated by comparing the signals for H2
16O (m/e = 18) to

H2
18O (m/e = 20). In Figure 2.3(b), H2

16O: H2
18O ≈ 1: 2.8, which suggests

approximately 26% of adsorbed 2-butanol molecules go through the oxygen

exchange process.

At higher oxygen coverages (θO ≥ 0.70 ML), both partial oxidation

and full oxidation are possible reaction pathways regardless of 2-butanol cov-

erages. A small amount of CO and CO2, together with water, were found as

combustion products. TPD spectra (Figure S3) show multiple peaks for water,

which are due to different reaction pathways. The O-atoms abstract hydrogen

atoms either from the hydroxyl or the carbon backbone, and desorb as water

20



	  

100 200 300 400 500100 200 300 400

 θO = 0.10 ML 
 θ2-butanol = 0.29 ± 0.05 ML 

m/e = 47 

m/e = 74 

m/e = 43 

m/e = 18 

m/e = 28 

m/e = 20 

 C4H8
18O

C4H10O

 H20

2-butanol/18Oa/Au(111)

Q
M

S 
In

te
ns

ity
 (a

.u
.)

Temperature (K)

x10

C4H8
18O

a

~ 185 K

 C4H8O

m/e = 45

 H2
180

 

 

~ 185 K

 θ2-butanol = 0.29 ± 0.05 ML 

m/e = 56 

m/e = 74 x10

 H20

 C4H8O

C4H10O
m/e = 45 

m/e = 44 

2-butanol/16Oa/Au(111)

m/e = 43 

m/e = 18 

x10

 

b

C4H8

 θO = 0.10 ML 

 

 

Figure 2.3: a) TPD spectra of co-adsorbed 2-butanol (0.29 ± 0.05 ML) and
16Oa (0.10 ML) from Au (111). The atomic oxygen was dosed first followed
by the 2-butanol, both with a sample temperature of 77 K. The heating ramp
was 1 K/s. b) Similar TPD spectra except with an 18Oa coverage of 0.10 ML.
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at different temperatures. The 2-butanone peak also broadened, suggesting

multiple pathways. No dehydration products were identified.

A series of transient reactive scattering experiments were made at dif-

ferent oxygen coverages between 300 K and 400 K, as shown in Figure 2.4.

A beam of 2-butanol was directed onto the Oa pre-covered Au(111) surface

at t = 10 s, and the 2-butanone signal (m/e = 43) appeared promptly. The

reaction rate increases to a maximum and then decreases due to the depletion

of adsorbed oxygen. The maximum reaction rate increases with higher initial

oxygen coverages; however, the higher the initial oxygen coverage, the longer

time is needed to reach the maximum rate. The surface temperature also in-

fluences the reaction rate. From 300 K to 400 K, the maximum reaction rates

increase, as shown in Figure 2.4. Thus, 2-butanol partial oxidation likely has an

overall positive activation energy. Considering a simple kinetic model in which

2-butanol first physically adsorbs to the surface, the physisorbed 2-butanol has

two pathways to follow at elevated temperatures: reaction (partial oxidation)

or desorption. As surface temperature increases, more 2-butanone is observed,

which may suggest that the partial oxidation pathway has a larger activation

energy than that of desorption. [54, 55, 68–79] However, in TPD experiments

(Figure 2.2), adsorbed 2-butanone desorbs at ∼ 188 K, a temperature lower

than that of 2-butanol (∼ 206 K), which may suggest a lower activation energy

for 2-butanone.

The results presented here provide information regarding the mecha-

nism for the selective oxidation of alcohols on gold. The atomic oxygen pre-
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Figure 2.4: Production of 2-butanone (m/e = 43) during reactive scattering
measurements of 2-butanol at a) 300 K, b) 350 K, c) 400 K. At t = 10 s, a
beam of 2-butanol was dose on the Au(111) surface pre-covered with various
coverages of atomic oxygen. All the graphs employ the same Y scale.

covered Au(111) surface effectively catalyzes the reaction of 2-butanol into

2-butanone and water, with few side products. Our previous investigations

also show high selectivity in the partial oxidation of ethanol, 1-propanol, and

2-propanol under similar conditions to those reported here. [49,50] The exper-

iments with isotope-labeled ethanol (CD3CH2OH and C2H5OD) demonstrate

the cleavage of the O-H and β-C-H bonds. When the Oa covered Au(111)

surface is exposed to CD3CH2OH at 300 K, only H2O and CD3CHO are ob-

served; however, three types of water (H2O, HDO, and D2O) occur during

C2H5OD dosing. [50] However, experiments involving isotopically labeled 18Oa

suggest that the C-O bonds in ethanol and propanol remain intact. [49, 50]

As mentioned earlier, we have modified our UHV apparatus with larger beam

apertures for the 2-butanol studies reported here leading to an increased signal

intensity, thus, the absence of detection of C-O bond cleavage in ethanol and

propanol may be due to our lower detection sensitivity for the earlier experi-
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ments. Recently, ester formation has been reported in methanol and ethanol

oxidation on Au(111), [51, 52] but no information about C-O bond cleavage

was revealed.

We speculate that two kinds of surface intermediates may form in the

reactions of 2-butanol on oxygen covered Au(111): 2-butoxide and η2-butanone

(in which both the α-C and O interact with the surface). The formation of

an alkoxide intermediate has been suggested or confirmed in oxidation stud-

ies of simple alcohols on other clean and adsorbate-modified surfaces. [80–83]

Madix and coworkers performed a series of pioneering investigations on the

oxidation of alcohols on the Ag(110) and the Cu(110) single crystal surfaces

under UHV conditions. [80–83] On a pre-oxidized Ag(110) surface, partially

deuterated ethanol, CH3CH2OD, can be converted to CH3CHO, C2H4, H2,

and D2O. [80] Employing temperature programmed desorption, only a trace

amount of CH3CHO, observed at 180 K, is formed on the clean Ag(110) sur-

face, but the observed CH3CHO signal increases dramatically with increasing

oxygen coverage. The hydroxyl group of the CH3CH2OD molecule probably

interacts with the surface oxygen atoms during the adsorption process, lead-

ing to the formation of CH3CH2O and D18
2 O, [80] while ethoxide is suggested

to be the surface intermediate. In addition to TPD, X-ray photoelectron

spectroscopy (XPS) and ultra-violet photoelectron spectroscopy (UPS) were

employed to study the oxidation of ethanol on Cu(110). [83] The oxidation of

ethanol on Cu(110) shares similar mechanisms with those on Ag(110), except

for a few different features. [80] Although ethanol can be oxidized to CH3CHO
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on clean Cu(110), the formation of an alkoxy intermediate is promoted on

the oxygen covered Cu(110) surface. [83] The ethoxide then decomposes to

acetaldehyde and hydrogen. [80] McCash and coworkers performed a RAIRS

study of ethanol adsorption on Cu(100) and observed the ethoxide with the C-

O bond perpendicular to the surface. [84] Using TPD, XPS, and UPS, Madix

et al. also showed that the O-H bond was broken in 1-propanol and 2-propanol

forming alkoxy species on both clean and oxygen covered Cu(110) surfaces. [83]

Based on extensive investigations regarding alcohol oxidation, Madix et al.

proposed mechanisms that involve O-H bond cleavage, enhanced by surface

oxygen, leading to the formation of an alkoxy intermediate, water, and β-C-H

bond activation. [82] Returning to the previously mentioned RAIRS studies

by Lee and Zaera on the Pt(111) surface and by Tysoe and co-workers on the

Pd(111) surface; this research indicates that 2-butoxide is a surface interme-

diate in 2-butanol decomposition under UHV conditions. [62,63]

The C-O bond in the 2-butoxide intermediate may be weakened by

bonding to the surface, which has been demonstrated in the reaction of 2-

propanol on Mo(110). [85] In the surface vibrational spectra, the C-O stretch

is shifted to lower energy for 2-propanol adsorbed on Mo(111) compared to gas

phase 2-proponal. Propene is formed as the result of C-O bond breaking. [85]

Therefore, regarding the experiments reported here, the weakened C-O bond

may break in some of the intermediates, which accounts for the formation

of C4H8 and oxygen exchange between 2-butanone and adsorbed 18O. The

formation of C4H
18
8 O requires the formation and diffusion of transient sec-
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butyl radicals. Bol and Friend reported both t-butyl iodide and t-butanethiol

react on the Rh(111)-p(2x1)-O surface to produce t-butanol, isobutene and

water via t-butyl radicals formed by cleavage of the C-S or C-I bond. [86]

So we speculate that transient sec-butyl radicals could form on the oxygen

covered Au(111) surface.

Another possible configuration on the surface is η2-butanone. Although

the η2 state is less preferred on oxygen covered surfaces than clean surfaces, [87]

it cannot be ruled out on the Au(111) surface pre-covered with a small amount

of adsorbed oxygen. The η2-aldehyde species may occur after the formation

of alkoxides in alcohol oxidations. Davis and Barteau reported that ethanol

and 1-propanol form η2-aldehydes and η1(C)-acyl, following the alkoxide in-

termediates on clean Pd (111) under 300 K. [88] They also carried out a TPD

study on clean Pd(111) showing that 2-propanol is selectively dehydrogenated

to acetone, in addition to decomposition products, such as methane, CO, and

H2. [89] Although the isopropoxide is more stable than the primary alkoxides,

the acetone derived from isopropoxide is adsorbed in the η2 configuration, as

revealed by high resolution electron energy loss spectroscopy (HREELS). [88]

With both the α-C and O interacting with the surface, portions of the η2-

butanone on Au(111) species may experience C-O bond scission forming C4H8

or 2-butanone. Reaction pathways for alcohol oxidation have also been stud-

ied on supported metal particles. [37, 90, 91] By studying the kinetics of the

selective oxidation of aqueous ethanol on a carbon supported platinum cat-

alyst, Van den Tillaart et al. proposed that the first step is the abstrac-
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tion of the hydroxyl hydrogen of ethanol and the formation of the ethoxide,

CH3CH2Oads. [91] The ethoxy species then react with dissociatively adsorbed

oxygen to yield acetaldehyde, meanwhile the hydroxyl species and hydrogen

adatoms form water. [91]

The high activity and selectivity of the bulk gold surface may help to

elucidate the size-property relationship of gold catalysts. Although small gold

nanoparticles (2 - 4 nm) have high catalytic activity in low temperature CO

oxidation as shown by Haruta and Goodman, [10,92] the particle size effect on

alcohol partial oxidation remains uncertain. [93] It is possible that both small

and large gold particles may contribute to the high selectivity. [36, 37, 94–96]

[36, 37, 94–96] Our findings are consistent with Biella and Rossis results on

the selective oxidation of alcohols with relatively large Au particles, including

2-butanol.1 Biella and Rossi tested gold catalysts (1wt %) supported on silica

for 1-propanol oxidation at 573 K. X-ray powder diffraction (XRPD) data

showed that the gold particle sizes increased from 15 nm to 25 nm after 18

h and then remained stable after 60 h. [36] The authors conclude that the

catalytic properties are due to relatively large Au clusters supported on silica.

[36] Since, the (111) surface is the most abundant surface configuration on the

gold nanoparticles, the Au(111) surface may account for the high selectivity

of the relatively large gold nanoparticles. In addition, Abad and co-workers

carried out a systematic study on the particle size effect of supported gold

catalysts. [95] By studying cinnamyl alcohol oxidation using Au/TiO2, they

demonstrate that selectivity is independent of gold particle size, although turn-
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over frequencies decrease exponentially with the increase in particle size. [95]

In their study, the sizes of gold particles on TiO2 ranged from 5 to 25 nm.

Thus, the oxygen precovered Au (111) surface under UHV conditions could

serve as a useful model catalyst in future studies of the partial oxidation of

alcohols.

2.5 Concluding Remarks

In this paper, we have presented the results of an investigation of the

selective oxidation of 2-butanol on the atomic oxygen pre-covered Au(111)

surface. The 2-butanol molecule adsorbs and desorbs reversibly on the clean

Au(111) surface. However, atomic oxygen pre-covered bulk gold shows high

reactivity and selectivity in partially oxidizing 2-butanol into 2-butanone and

water at low oxygen coverages (θO ≤ 0.11 ML). Isotope experiments show

that 2-butanol (C4H10
16O) can exchange its 16O atom with an adsorbed 18Oa,

producing 18O containing 2-butanone (C4H8
18O). This oxygen exchange phe-

nomenon indicates C-O bond cleavage during the reaction. Besides partial

oxidation, combustion and dehydration products can be found along with 2-

butanol and water. At higher oxygen coverages (θO ≥ 0.70 ML), both partial

oxidation and combustion are active. Employing previous results regarding

the selective oxidation of simple alcohols on Au(111) and other surfaces, we

propose two kinds of surface intermediates: 2-butoxide and η2-aldehyde.
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Chapter 3

Selective Oxidation of Allyl Alcohol on

Au(111)

3.1 Abstract

We investigated the selective oxidation of allyl alcohol on oxygen pre-

covered Au(111) using temperature programmed desorption (TPD) and molec-

ular beam reactive scattering (MBRS) under ultrahigh vacuum (UHV) con-

ditions. The Oa pre-covered Au(111) can promote the selective oxidation of

allyl alcohol into its corresponding aldehyde, acrolein, with 100% selectivity

at low oxygen coverage, while allyl alcohol adsorbs and desorbs molecularly

on clean Au(111). At higher oxygen coverages, high selectivity to the partial

oxidation product can be achieved by controlling the relative population of the

reactants and by carrying out an annealing treatment of the oxygen covered

surface. The high selectivity to aldehyde and absence of isomerization prod-

ucts confirms the reports on the superior chemoselectivity of supported gold

clusters in aerobic oxidation of allylic alcohols.
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3.2 Introduction

Selective oxidation of allylic alcohols into their corresponding aldehy-

des and ketones is a desirable yet challenging process in the pharmaceutical,

cosmetic and fine chemical industry. [37,38,97] Traditionally, this process has

been carried out using stoichiometric amounts of transition metal oxidants,

which are often both expensive and toxic. [98, 99] Thus, an environmentally

friendly catalytic alternative is highly desirable. Recently, supported gold

nanoparticles have been shown to be capable of catalyzing aerobic oxidation

of allylic alcohols with high selectivity towards partial oxidation. [37,100,101]

Abad et al. reported that gold nanoparticles supported on nanocrystalline

CeO2 are more active and selective in the partial oxidation of allylic alcohols

than Pd and Pd-Au core-shell catalysts, which yield considerable amounts of

isomerization and polymerization products. [101] Gold’s unique selectivity in

the partial oxidation of alcohols with multiple functional groups is of great

research interest. Molecular level understanding of the reaction mechanism is

vital for catalyst design and improvement. Herein, we utilize allyl alcohol to

probe the reaction mechanism of allylic alcohols on the Au(111) single crystal

under ultra-high vacuum (UHV) conditions.

As the most abundant and stable facet of gold nanoparticles, the Au(111)

single crystal is a useful model catalyst for understanding the microscopic

chemistry of high surface area gold catalysts. The selective oxidation of a se-

ries of simple alcohols has been investigated on Au(111), including methanol,

[47, 51] ethanol, [50, 102] 1-propanol, [49] 2-propanol, [49] and 2-butanol. [11]
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These studies show that oxygen pre-covered Au(111) promotes the selective

oxidation of these alcohols into corresponding aldehydes/ketones as well as

coupling reactions. [51, 102] High selectivity towards the desired partial ox-

idation product can be achieved by controlling the oxygen coverage on the

Au(111) surface. [11, 47] However, studies of the partial oxidation of alcohols

with multiple functional groups on Au(111) are still quite rare. [103,104] Deng

and coworkers reported allyl alcohol oxidation over an Au(111) surface pre-

exposed to ozone yielding a Oa coverage of 0.3 ML as part of a larger study on

propene oxidation. [104] Their measured reaction products included acrolein,

CO2, H2O, trace amounts of 2-propenoic acid and carbon suboxide. Deng et

al. did not undertake a systematic investigation on the partial oxidation of

allyl alcohol. However, intrigued by their important results and those of Abad

et al., [100, 101] we have studied the selective oxidation of ally alcohol on a

Au(111) surface under UHV conditions with various coverages of atomic oxy-

gen pre-adsorbed and present experimental results demonstrating that 100%

selectivity towards partial oxidation products can be achieved. The C=C

double bond in allyl alcohol remains intact without isomerizing during partial

oxidation on the oxygen pre-covered Au(111) surface under certain conditions.

Indeed, the high selectivity towards partial oxidation products can be achieved

by controlling the relative coverage of the reactants or an annealing treatment.
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3.3 Experimental

All the experiments reported here were performed in a molecular beam

surface scattering apparatus that has been described in detail elsewhere. [53–

55] The apparatus consists of individually pumped vacuum chambers that are

divided into two sections: a supersonic molecular beam source section and an

ultrahigh vacuum scattering chamber. The supersonic molecular beam source

is quadruply differentially pumped to reduce the effusive beam component.

The molecular beam spot on the sample was adjusted and now has an area

of approximately 46 mm2. The scattering chamber includes the following sur-

face science tools: an Auger electron spectrometer (AES), low-energy electron

diffraction optics (LEED), and a quadrupole mass spectrometer (QMS). The

Au(111) single crystal (Princeton Scientific, 12 mm in diameter x 2 mm thick)

is mounted onto a probe via a tight-fitting continuous loop of 0.03 in. molyb-

denum wire such that the surface temperature can be controlled by thermal

contact with a liquid nitrogen reservoir and resistive heating. The surface

temperature is monitored by a type-K thermocouple in mechanical contact

with the crystal (placed into a 0.04 in. hole in the side of the disk-shaped

sample). The sample was cleaned by cycles of Ar+ ion bombardment at room

temperature and annealing at 850 K, as well as exposure to atomic oxygen at

77 K with subsequent desorption of the oxygen and other oxidation products.

The cleanliness of the surface was routinely verified by AES and after each

experiment the sample was cleaned by atomic oxygen. Both the molecular

beam reactive scattering experiments and temperature programmed desorp-
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tion (TPD) experiments are conducted in an angle-integrated manner with

the sample facing away from the QMS. Our atomic oxygen beam is generated

by a plasma source, which is powered by radio frequency (rf) energy. [56, 57]

The supersonic O-atom beam is made from 8% O2 (vol.), seeded in 92% Ar-

gon. The oxygen dissociation rate is ∼ 40%, as measured by the time-of-flight

technique. [58] The radio frequency power was switched on only when the

atomic oxygen beam was employed. The absolute oxygen coverages are esti-

mated by comparing them to the saturated coverage (∼ 2.1 ML), which was

obtained in a previous study. [59] One monolayer of oxygen is defined as 1.387

x 1015 atoms/cm2 and refers to a single atomic layer of close-packed gold.

Molecular beams of other chemicals are generated via the same nozzle as the

oxygen beams with the rf power switched off. Reagent purity is as follows: O2

(Matheson Tri-gas, 99.99%), Argon (Praxair, 99.9%) and allyl alcohol (Acros

Organics, 99%).

3.4 Results

3.4.1 Allyl Alcohol Adsorption and Desorption on Clean Au(111)

Temperature programmed desorption (TPD) spectra of allyl alcohol

from the clean Au(111) surface are shown in Figure 3.1. No surface dissoci-

ation products were identified during sample heating. Repeated experiments

carried out without cleaning between successive measurements showed that

the TPD spectra of allyl alcohol are highly reproducible. No carbon accumu-

lation on the Au(111) surface was observed in post reaction AES. Therefore,
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we conclude that allyl alcohol adsorbs and desorbs molecularly on the clean

Au(111) surface. Only signals for a mass to charge ratio (m/e) of 57, unique

to allyl alcohol, are shown in Figure 1 for varying coverages. These TPD spec-

tra show three desorption features, which we denote as α, β, and γ. The α

peak fills at the lowest coverage and desorbs around 185 K and is likely due

to polymerization of allyl alcohol on Au(111). Another possible origin of the

α peak is allyl alcohol bound to surface defects on the Au(111) surface. We

intentionally created more surface defects using a brief Ar+ sputtering and the

α peak in allyl alcohol desorption spectra did not increase. Thus, the α peak

does not appear to be associated with surface defects. The β peak appears as

allyl alcohol coverage increases. The shape of the β peak at 164 K matches

that of first order desorption, suggesting that it is due to physically adsorbed

allyl alcohol monolayer desorption. The γ peak, which represents a weakly

bound multilayer, occurs on the shoulder of the β peak at 151 K. As the cov-

erage increases, the γ peak shifts to a higher desorption temperature of 159 K.

The behavior of the γ peak suggests zero order desorption of the multilayer.

The saturation of the β peak suggests that the Au(111) surface is covered by

a layer of allyl alcohol. Thus, we use this coverage to define a monolayer of

allyl alcohol. Using a Redhead analysis, [61] we estimate that the adsorption

energy of allyl alcohol on Au(111) ranges from ∼ 37.8 kJ/mol for the multi-

layer to ∼ 46.3 kJ/mol for the polymerization layer. The adsorption energy

of allyl alcohol is comparable to that of 1-propanol (40.0 - 49.3 kJ/mol) and

2-propanol (39.3 - 46.5 kJ/mol). [49]
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Figure 3.1: TPD spectra for various coverages of allyl alcohol on the clean
Au(111) surface. The heating rate was 1 K/s.

3.4.2 Reaction of Allyl Alcohol on Atomic Oxygen Pre-covered
Au(111)

At low oxygen coverages, (e.g., θO ≤ 0.7 ML) on Au(111), allyl alcohol

underwent partial oxidation with high selectivity towards acrolein as shown

in Figure 3.2a. 1-propanal, the isomerization product, was not observed in

the desorption spectra. A small amount of combustion products can be ob-

served when the Oa/allyl alcohol ratio is high. When 0.6 ML allyl alcohol

was co-adsorbed with 0.7 ML Oa at 77 K, the selectivity towards acrolein

was 100%. The reaction products were identified by comparing the mass to

charge ratios (m/e) to the cracking patterns of certain species in our chamber

and also the standard spectra from the National Institute of Standards and
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Technology (NIST). The observation of a feature for m/e = 56 from 150 to

250 K indicates the formation of acrolein. The desorption feature for water

extended from approximately 130 K to 250 K, as water is also a partial oxi-

dation product. Meanwhile, m/e = 57, a mass fragment of allyl alcohol, was

significantly reduced in intensity. An exploded view of the m/e = 56 and 57

spectra in Figure 3.2a is shown in Figure 3.2b. Compared to the allyl alcohol

desorption spectra on the clean Au(111) surface (Figure 3.2c), the m/e = 57

signal (allyl alcohol) significantly decreases and the m/e = 56 signal (acrolein)

increases. This demonstrates the consumption of allyl alcohol and the produc-

tion of acrolein. Because m/e = 56 is also a mass fragment of allyl alcohol, a

weak desorption feature for m/e = 56 also occurred in Figure 3.2c around 200

K.

At higher Oa coverages (θO ≥ 1.2 ML), both partial oxidation and

combustion are possible reaction pathways regardless of allyl alcohol cover-

ages. Figure 3.3 shows the TPD spectra for 2 ML allyl alcohol on Au(111)

pre-covered with 1.5 ML Oa. Combustion products (CO, CO2, and H2O) are

clearly present in these spectra. These products (CO, CO2, and H2O) desorb

off the surface at the same temperature, ∼ 313 K, which indicates that they

likely have the same origin. On clean and oxygen pre-adsorbed Au(111) sur-

face, pre-dosed CO, CO2, and H2O desorb off the surface under 200 K. The

desorption feature for m/e = 28 around 100 K is attributed to CO desorp-

tion from the sample mounting assembly during heating. Acrolein desorption

features have two peaks at 123 K and 253 K. The m/e = 18 features at 160
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Figure 3.2: (a) TPD spectra of co-adsorbed 0.6 ML allyl alcohol and 0.7 ML
Oa from Au(111). The atomic oxygen was dosed first, followed by the allyl
alcohol, both at a sample temperature of 77 K. The heating rate was 1 K/s.
(b) Exploded view of m/e = 56 and m/e = 57 in the TPD spectra of 0.6 ML
allyl alcohol on 0.7 ML Oa/Au(111). (c) Exploded view of m/e = 56 and m/e
= 57 in TPD of 0.6 ML allyl alcohol on the clean Au(111) surface.
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K and 202 K are likely from water produced in partial oxidation. Unreacted

allyl alcohol desorbs off the surface at 160 K, resulting in desorption features

for its mass fragments, including m/e = 28 and 56.
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Figure 3.3: TPD spectra for 2 ML allyl alcohol co-adsorbed with 1.5 ML Oa

on Au(111). The heating rate was 2 K/s.
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We examined how the selectivity of oxidation products changes as a

function of Oa coverages and the results are summarized in Figure 3.4. As

the Oa coverage increases, the amount of CO and CO2 produced increases

monotonically, as shown in Figures 3.4a and 3.4b, respectively. However, the

acrolein production increases until it reaches a maximum at θO = 1.2 ML

and then decreases, as shown in Figure 3.4c. The trend in water features

(Figure 3.4d) is more complicated. A desorption feature for water appears at

higher temperature (220 to 350 K), when the oxygen coverage reaches 1.2 ML,

and this peak shifts to higher temperature as oxygen coverage increases. The

occurrence of this water peak and its shift to higher temperature coincides

with the appearance of CO and CO2 desorption features at 300 ∼ 400 K. We

believe that the water desorption feature at 220 to 350 K results from the

total oxidation of allyl alcohol on Au(111) pre-covered with a large amount of

oxygen.

In our TPD experiments, we did not detect any 1-propanal, the isomer-

ization product observed for aerobic oxidation of allyl alcohol over supported

Pd and Pd-Au catalysts. [101] No hydrogenation or dehydrogenation prod-

ucts, for instance, 1-propanol, propene, and H2, were detected either. We did

not detect other possible oxidation products in our TPD experiments, such

as 2-propenoic acid, propiolactone, and cyclopropane. No C1 or C2 species,

such as acetaldehyde, formaldehyde, and methanol, were found in our TPD

measurements either. We also looked into possible coupling products, for ex-

ample, 2-propenyl ester (m/e = 67 and 112) and diallyl ether (m/e = 69),

39



100 200 300 400 500 600
300000

400000

500000

600000

700000

800000

900000

1000000

  θ
O
 (ML)

 .3 
 .7
 1.2
 1.5 
 2.1 

a

m
/e

 =
 2

8 
In

te
ns

ity
 (a

. u
.)

Temperature (K)

CO production as a function of θ
Ο

 

 

100 200 300 400 500 600
0

20000
40000
60000
80000

100000
120000
140000
160000
180000
200000
220000
240000

  θ
O
 (ML)

 .3 
 .7
 1.2
 1.5 
 2.1 

CO2 production as 
a function of θ

Ο

b

m
/e

 =
 4

4 
In

te
ns

ity
 (a

. u
.)

 Temperature (K)

 

 

100 200 300 400
0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

24000

26000

28000   θ
O
 (ML)

 .3 
 .7
 1.2
 1.5 
 2.1 

Acrolein production
 as a function of θ

Ο

 

 
m

/e
 =

 5
6 

In
te

ns
ity

 (a
. u

.)

Temperature (K)

c
 

 

100 200 300 400 500 600
0

50000

100000

150000

200000

250000

300000

350000   θ
O
 (ML)

 .3 
 .7
 1.2
 1.5 
 2.1 

d

 

 Temperature (K)

m
/e

 =
 1

8 
In

te
ns

ity
 (a

. u
.)

H2O production as
 a function of θ

Ο

 

 

Figure 3.4: TPD spectra of 2 ML allyl alcohol co-adsorbed with various cov-
erages of Oa (0.3 to 2.1 ML) on Au(111). Displayed spectra of (a) CO, (b)
CO2, (c) H2O, and (d) acrolein. The heating rate was 2 K/s.

and we did not detect any of these mass fragments in our apparatus. Deng

and coworkers also reported allyl alcohol oxidation over an Au(111) surface

that had been exposed to ozone at 200 K (yielding 0.3 ML Oa) as part of a

study on propene oxidation. Their reaction products included acrolein, CO2,

H2O, trace amount of 2-propenoic acid and carbon suboxide. The absence of

2-propenoic acid and carbon suboxide in our study may be explained by the

difference in surface oxygen preparation methods (discussed more below) and

apparatus setups. We populate the Au(111) surface with atomic oxygen using
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an atomic oxygen beam at 77 K, while Deng et al. used ozone at 200 K. Our

TPD measurements were conducted in an angle-integrated manner with the

sample facing away from the QMS. Thus, our ability to detect trace amounts

of large organic species is limited by our experimental setup.

The state of the surface oxygen has a dramatic effect on the reaction

patterns of allyl alcohol on Au(111). We found that thermal treatment of

the Oa/Au(111) can increase the selectivity towards acrolein by suppressing

the combustion reaction. Figure 3.5 shows how thermal annealing suppresses

the total oxidation of allyl alcohol on an Au(111) surface pre-covered with 1.2

ML Oa. As the annealing temperature increases (from 200 K to 400 K), the

yields of combustion products decrease and an increasing amount of Oa is left

on the surface. However, the amount of acrolein produced is not significantly

affected by the thermal treatment. We also looked into the effect of annealing

on Au(111) surfaces with low atomic oxygen coverages, where 100% selectivity

towards acrolein can be achieved by using an excess amount of allyl alcohol.

Under these reaction conditions, annealing the Oa/Au(111) to 200 K or 400

K (lower than the desorption temperature of recombinary O2 on Au(111))

reduces the acrolein production without activating the combustion reaction

pathway. Previous research from our group has shown that annealing reduces

the reactivity of atomic oxygen adsorbed on Au(111) towards H2O, CO and

CO2. [105] The loss of activity was attributed to the stabilization of the more

active metastable oxygen species on Au(111) created by adsorption of oxygen

atoms at 77 K. Our observation agrees with our previous report regarding
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annealing effect on the oxygen pre-covered Au(111) surface: the higher tem-

perature the surface is heated to, the less combustion products and the more

unreacted oxygen remains on the surface. [105]
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Figure 3.5: Effect of the annealing treatment of the Oa/Au(111) surface on
oxidation products. Both Oa and allyl alcohol were dosed onto Au(111) at 77
K, followed by heating to 700 K at 2 K/s. The thermal treatment was after
exposure to Oa but prior to exposure of allyl alcohol. The yield of oxidation
products is normalized to that in the TPD without an annealing treatment.
(a) No annealing. (b) Oa/Au(111) was annealed to 200 K. (c) Oa/Au(111)
was annealed to 400 K. The dosages of atomic oxygen and allyl alcohol were
1.0 ML and 2 ML, respectively, for all experiments displayed in this figure.

A series of reactive scattering molecular beam experiments were carried

out between 200 K and 400 K in which a beam of allyl alcohol was directed

onto the Au(111) surface held at elevated temperature, which had been pre-
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covered with 0.8 ML atomic oxygen. Figure 3.6 summarizes the effect of surface

temperature on reactivity and selectivity during these scattering experiments.

The initial reaction rates toward all oxidation products increase as the surface

temperature increases from 200 K to 400 K. High surface temperature has a

stronger promotional effect on the initial reaction rate of combustion products

(CO and CO2) than acrolein. As surface temperature increases, the selectivity

towards acrolein decreases. Therefore, we think that the combustion reaction

of allyl alcohol on Oa/Au(111) has a higher energy barrier than that of partial

oxidation. Another interesting finding is that we detected some new mass

fragments, i.e., m/e = 15, 41, 42, and 43, when the surface temperature is

higher than 300 K. It is difficult to assign the parent molecules for these mass

fragments, due to their low intensities in our scattering experiments. We

speculate that these mass fragments are likely from propene (m/e = 41 and

42) and acetaldehyde (m/e = 15 and 43). None of these mass fragments are

detected in TPD measurements, regardless of Oa and allyl alcohol coverages.

It is possible that the activation of the C=C and C=O double bonds has higher

energy barriers, compared to partial oxidation and combustion. Thus, a higher

surface temperature could activate the reaction pathways towards propene and

acetaldehyde.

Our experimental results suggest that the partial oxidation of allyl al-

cohol on Oa/Au(111) may have a lower energy barrier than total oxidation. In

TPD experiments, in which both allyl alcohol and atomic oxygen are dosed on

the Au(111) at 77 K, the combustion products desorb at 315 K, a desorption
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Figure 3.6: Products of 1s pulse of allyl alcohol in reactive scattering ex-
periments on Au(111) pre-covered with 0.8 ML Oa as a function of surface
temperature. The signals were normalized to those in the experiment with a
surface temperature of 400 K.

temperature much higher than that of acrolein (128 to 245 K), as shown in Fig-

ure 3.3. On the clean and oxygen pre-covered Au(111) surface, pre-adsorbed

CO2, CO and H2O all desorb at temperatures under 200 K. This means that

combustion products are generated at a higher surface temperature than the

partial oxidation products. Therefore, the combustion reaction has a higher

energy barrier. This is also confirmed in scattering experiments at varying

surface temperatures in Figure 3.6 higher surface temperature favors com-

bustion over partial oxidation. All of these experimental results support that

combustion of allyl alcohol on Oa/Au(111) has a higher energy barrier than
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the partial oxidation process.

We also investigated the effect of surface Oa coverage in scattering ex-

periments. A beam of allyl alcohol was directed onto the Au(111) surface held

at 300 K, which had been pre-covered with varying coverages of atomic oxy-

gen. At this temperature, all reaction products should desorb off the surface

promptly. The production of acrolein in a series of scattering experiments is

shown in Figure 3.7a. The allyl alcohol first hits an inert flag from t = 0 s

to t = 1 s and no acrolein production is observed. Later, the allyl alcohol is

impinged on the sample surface at t = 30 s for a brief pulse of 1s and then a

longer dose of 30 s starting at t = 50 s. The initial reactivity towards acrolein

in the 1s pulse is comparable for surfaces with Oa coverages ranging from 0.7

ML to 1.5 ML, while the reactivity of acrolein on the surface with a saturation

coverage of Oa is significantly lower. The further evolution of acrolein was

observed in the 30 s exposure of allyl alcohol after the 1s pulse. The reaction

rates towards acrolein in all cases increases to a maximum and then decrease

due to the depletion of the adsorbed atomic oxygen. The maximum reaction

rate increases with Oa coverage except for the case with saturation oxygen

coverage. The higher the Oa coverage, the longer the time it takes to reach

the maximum reactivity. The initial reaction rates for other products are sum-

marized in Figure fig:a7b. The increasing Oa coverages on the Au(111) surface

inhibits the initial reaction rates, possibly due to a lack of vacant gold sites on

the surface. The overall yield of oxidation products monotonically increases

with greater Oa coverages, as shown in Figure 3.7c.
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Figure 3.7: Reactive scattering experiments of allyl alcohol on Au(111) pre-
covered with varying oxygen coverages at 300 K. (a) Acrolein production as a
function of oxygen coverages. (b) Normalized initial reactivity as a function of
oxygen coverages. The yield was normalized to that in the scattering experi-
ment with 0.7 ML Oa. (c) Normalized overall production of various oxidation
products as a function of oxygen coverages. The integral includes the 1 s and
30 s pulse.

Deng and coworkers proposed an allyloxy intermediate for allyl alco-

hol on Au(111) pre-covered with oxygen. [104] We speculate that the partial
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oxidation of allyl alcohol on Au(111) proceeds via an allyloxy intermediate (2-

propenyloxy). On the oxygen pre-covered Au(111) surface, allyl alcohol may

react with the adsorbed oxygen to form a surface allyloxy intermediate and

surface hydroxyls. The allyloxy surface intermediate has also been observed

on the oxygen pre-covered Ag(110) surface using near edge x-ray absorption

fine structure (NEXAFS) measurements. [106, 107] On oxygen pre-covered

Ag(110), the allyloxy intermediate further dehydrogenates making acrolein,

hydrogen, and water with negligible generation of the hydrogenation prod-

ucts. [106] Brainard and coworkers also proposed an allyloxy intermediate for

the reaction of allyl alcohol on Cu(110). [108] Allyl alcohol reacts with both

clean and oxygen-covered Cu(110) surfaces to produce propanal, acrolein, 1-

propanol, hydrogen, propene, and water under UHV conditons. [108] On clean

Cu(110), allyl alcohol undergoes O-H cleavage to form surface allyloxy inter-

mediate and adsorbed hydrogen and the surface hydrogen can hydrogenate

the carbon double bonds. [108] On the oxygen pre-covered Cu(110) surface,

surface oxygen promotes the yield of all products by facilitating the cleavage

of the O-H bond. [108] The reaction of allyl alcohol on oxygen pre-covered

Au(111) is similar to that of oxygen pre-covered Ag(110). The absence of H2

and hydrogenation products suggests that the carbon double bond in allyl al-

cohol has a weak or little interaction with the Au(111) surface. As mentioned

earlier, the acrolein yield reaches the maximum when the oxygen coverage

is approximately 1.2 ML and starts to decrease at higher oxygen coverages.

This suggests that the formation of the allyloxy intermediate needs both the
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presence of oxygen and gold surface sites.

The reaction patterns of allyl alcohol show both similarities and dif-

ferences when compared to those of saturated simple alcohols on oxygen pre-

covered Au(111) under UHV. As with the other simple alcohols, high selec-

tivity towards acrolein can be achieved on Au(111) by controlling the oxygen

coverage and the relative population of reactants. However, the reactivity of

allyl alcohol on oxygen pre-covered Au(111) seems to be lower than other sat-

urated simple alcohols. Contrary to the tendency of some simple alcohols to

make coupling products on Oa/Au(111), [51,102] we did not find any coupling

products in the oxidation of allyl alcohol on Oa/Au(111).

The high selectivity in oxidation of allyl alcohol on Oa/Au(111) is in

a agreement with the results on high surface area gold catalysts. Abad et al.

investigated the catalytic activity of supported Au, Pd and Pd-Au core-shell

catalysts on the aerobic oxidation of a series of allylic alcohols under solvent-

less conditions. [101] In the oxidation of cinnamyl alcohol to cinnamaldehyde,

the Au/CeO2 catalysts showed excellent selectivity and the highest turnover

frequency among all catalysts reported with no isomerization products. In the

case of 1-octen-3-ol, the Au/CeO2 catalyst has the lowest TOF values towards

the undesired reaction pathways - isomerizaiton and hydrogenation. In our

experiments on allyl alcohol over clean and oxygen pre-covered Au(111), no

hydrogenation or isomerization production was found in neither TPD or re-

active scattering experiments regardless of surface conditions or the relative

coverage of reactants. Our results confirm the superior chemoselectivity of
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gold surface observed in high surface area gold catalysts.

3.5 Concluding Remarks

In this paper, we have presented the results of an investigation of the

selective oxidation of allyl alcohol on the atomic oxygen pre-covered Au(111)

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

surface. When the Au(111) surface is pre-covered with a low coverage of atomic

oxygen, allyl alcohol can be oxidized into acrolein with 100% selectivity. At

higher oxygen coverages, high selectivity can be achieved using an anneal-

ing treatment on the Oa/Au(111) surface, which suppresses the combustion

pathway without significantly affecting acrolein production. No isomeriza-

tion, hydrogenation or coupling products were detected in our temperature

programmed desorption measurements.
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Chapter 4

The Effect of Adsorbed Water in CO

Oxidation on Au/TiO2(110)

4.1 Abstract

The effect of moisture on CO oxidation on Au/TiO2(110) model cat-

alysts is investigated using temperature programmed desorption (TPD) and

molecular beam reactive scattering (MBRS) under ultra-high vacuum (UHV)

conditions. Oxygen exchange is observed between adsorbed atomic oxygen

and isotopically labeled water. Co-adsorbed water (H2
18O) takes part in CO

oxidation on Oa pre-covered Au/TiO2(110) model catalysts, leading to the for-

mation of C16O18O and C16O16O. The amount of C16O18O produced increases

with increasing water coverages; however, the total amount of CO2 produced

decreases. Although co-adsorbeda and H2O have a minimal influence on the

initial adsorption probability of CO, the total uptake of CO decreases as H2O

coverages increase. Interestingly, the adsorption of water induces desorption

of pre-deposited molecularly chemisorbed O2. Thus, adsorbed water slightly

inhibits CO oxidation on atomic oxygen pre-covered Au/TiO2(110) model cat-

alysts under UHV conditions.
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4.2 Introduction

It is well known that gold nanoparticles supported by metal oxide sub-

strates possess excellent catalytic activity for carbon monoxide oxidation. [5,6]

Despite extensive investigations carried out on supported gold catalysts, the

mechanism for the reaction is still under debate. [2] One of the unsolved mys-

teries is the effect of moisture, a common contaminant in the gas feed. [12]

By employing a special reactor system with ultra-dry reaction conditions,

Date et al. were able to assess the effect of water vapor at very low con-

centrations. [12, 13] Their studies demonstrated the remarkable promotional

effect of adsorbed water on various gold catalysts, including Au/TiO2 and

Au/Al2O3. [13] A few other studies have also focused on the effect of adsorbed

water, and increases in catalytic activity are reported in most cases. [14, 15]

However, the mechanism of this promotional effect is still unclear. Two popu-

lar speculations are that water either activates molecular oxygen or promotes

the decomposition of carbonate species. [16,17] Due to the complexity of high

surface area catalysts, direct evidence for those arguments is rare. [18]

One promising approach for obtaining direct evidence is to construct

planar model catalysts which enable the use of surface science tools. Previ-

ous research in our group has utilized the Au(111) single crystal, the most

abundant and stable facet of Au nanoclusters, to probe waters role in CO ox-

idation under ultra-high vacuum (UHV). [46,59,65] We previously discovered

that when C16O adsorbs on the Au(111) surface pre-covered with atomic 16O

and H2
18O, both C16O18O and C16O16O are produced promptly, even at 77
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K. Additionally, the total CO2 production is higher when water is involved,

providing direct evidence for the promotional effect of water on the Oa-covered

Au(111) single crystal.11 Recently, Goodman and co-workers investigated the

effect of water on Au clusters deposited on TiO2 films grown on Mo(110) us-

ing Auger electron spectroscopy (AES) and polarization modulation infrared

reflection absorption spectroscopy (PM-IRAS). [109] As increasing amounts

of water (0.05, 0.15, 0.3, 1 Torr) were introduced into the reactor containing

8 Torr of CO and 40 Torr of O2 at 300 K, the intensity of the CO feature

in PM-IRAS spectra decreased and signals associated with carbonate species

developed, which suggests a decrease in CO coverage and the appearance of

carbonate. Post-reaction AES analysis shows more carbon remains on the

surface when water is included in the gaseous reactant mixture. [109] Thus,

it is inferred that water promotes the formation of carbonate species, not the

decomposition which differs from the prevalent speculations. [109]

With the hope of further understanding the effect of adsorbed water on

supported Au catalysts, we carried out experiments on gold clusters supported

on a highly reduced TiO2(110) single crystal under UHV conditions. A series of

Au/TiO2(110) model catalysts with various gold coverages were investigated

and compared to the Au(111) single crystal. Our TPD results provide di-

rect evidence for the interaction between adsorbed water and oxygen adatoms

on the reduced TiO2(110) single crystal and Au/TiO2(110) model catalysts.

The isotope experiments involving 16Oa and H2
18O on Au/TiO2(110) catalysts

demonstrate that CO can be oxidized by adsorbed water or hydroxyl groups.
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However, overall, adsorbed water hinders the CO oxidation process as deter-

mined by a reduced total amount of CO2 production under UHV conditions.

4.3 Experimental

All the experiments reported here were performed in a molecular beam

surface scattering apparatus that has been described in detail elsewhere. [47,

53–55] The apparatus consists of individually pumped vacuum chambers that

are divided into two sections: a supersonic molecular beam source section

and an ultrahigh vacuum scattering chamber. The supersonic molecular beam

source is quadruply differentially pumped to reduce the effusive beam compo-

nent. The molecular beam spot on the sample has an area of approximately 46

mm2. [11] The scattering chamber includes the following surface science tools:

an Auger electron spectrometer (AES), low-energy electron diffraction optics

(LEED), and a quadrupole mass spectrometer (QMS).

The TiO2(110) single crystal (10 mm x 10 mm x 1mm, ESPI) is cleaned

by cycles of Ar+ ion bombardment at room temperature and annealing at 850

K, as well as exposure to atomic oxygen at 77 K with subsequent desorption of

the oxygen and other oxidation products. It is highly reduced as indicated by a

dark blue color and a Ti/O ratio of 1.21 as measured by AES. The cleanliness of

the surface was routinely verified by AES and after each experiment the sample

was cleaned by atomic oxygen. The TiO2(110) wafer is mounted to the sample

probe via a tantalum plate and is in thermal contact with a liquid nitrogen

reservoir. Its temperature is measured by a type K thermocouple spot-welded
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to the Ta plate. An inert flag made of stainless steel can be moved in front

of the sample to block the molecular beam from striking the crystal when

necessary. Both the molecular beam reactive scattering experiments (MBRS)

and temperature programmed desorption (TPD) experiments are conducted

in an angle-integrated manner with the sample facing away from the QMS.

The gold nanoparticles are deposited onto TiO2(110) via a homemade

thermal evaporator following an established procedure developed by Lai et

al. [39, 110] The size of nanoparticles can be controlled by varying the gold

coverage on TiO2(110). [110] The quantity of gold deposited is determined by

a quartz crystal microbalance (QCM). One monolayer (ML) of gold is defined

as 1.387 x 1015 atoms/cm2 and refers to a single atomic layer of close-packed

gold.

The atomic oxygen beam is generated by a plasma source, which is pow-

ered by radio frequency energy. [56,57] The supersonic O-atom beam is made

from 8% O2 (vol.) seeded in 92% Ar. The oxygen dissociation rate is 40%,

as measured by the time-of-flight technique. [58] The radio frequency power

was switched on only when the atomic oxygen beam was employed. The Oa

beam populates the surface with both atomic oxygen and chemisorbed molec-

ular oxygen. [39,111,112] The oxygen coverages are relative to the saturation

coverage of each sample and are determined by comparing the integrals of the

recombinative O2 desorption features (460 K to 620 K). The collision induced

desorption experiments employed an energetic Kr beam ( 1 eV) composed of

2% Kr seeded in He. [39] Reagent purity is as follows: 16O2 (Matheson Tri-gas,
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99.997%), H2
16O (Fisher chemicals, HPLC grade), H2

18O (Cambridge Isotope

Laboratories, 97%), CO (Matheson Tri-gas, 99.99%).

4.4 Results

4.4.1 Oxygen and Water Interaction on Highly Reduced TiO2(110)

Since adsorbates, either oxygen or water, can change the surface chem-

istry of titania, the interaction between oxygen and water on TiO2(110) single

crystals and supported model catalysts is of great research interest. [113,114]

Figure 4.1 displays the TPD spectra of (a) water molecules (H2
18O), (b) atomic

oxygen (16Oa), and (c) co-adsorbed 16Oa and H2
18O on the nominally gold free

TiO2(110) single crystal. The TPD spectra in Figure 1(a) shows the desorption

of one monolayer H2
16O on TiO2(110). Other H2

16O desorption spectra with

various coverages are shown in Figure S1. As mentioned earlier, an rf powered

oxygen plasma (16Oa) beam populates the surface with both molecular oxygen

and atomic oxygen at 77 K. Oxygen (m/e = 32) desorbs in three peaks (α, β

and γ) upon heating, as shown in Figure 4.1(b). The α peak which appears

from ∼ 100 K - 140 K is assigned to molecularly adsorbed oxygen, [39,111,112]

while the β peak ranging from 300 K to 400 K is attributed to recombinative

desorption of atomic oxygen adsorbed on the TiO2 substrate. [115, 116] The

high temperature γ feature which appears around 500 K, close to the desorp-

tion temperature of atomic oxygen on Au(111), [47, 48, 66, 117, 118] is caused

by oxygen recombinatively desorbing from a trace amount of gold contamina-

tion due to repeated Au deposition during these experimental studies, which
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cannot be completely removed by repeated sputtering. The m/e = 20 peak at

∼ 100 K is due to doubly ionized Ar which adsorbs/absorbs on some portion

of the sample probe during atomic oxygen exposure. [67] The m/e = 40 signal

from Ar is also observed in TPD spectra after oxygen exposure at low temper-

ature, as shown in Figure S3. If H2
18O is added to a surface pre-covered with

atomic oxygen adatoms (16Oa), a new feature for 16O18O (m/e = 34) occurs

in addition to 16O2 and H2
18O, as shown in Figure 4.1(c), suggesting oxygen

scrambling. But no 18O2 signal (m/e = 36) is observed which implies the de-

gree of exchange is low. The adsorption of water on the defective TiO2(110)

surface has been investigated by a variety of experimental techniques. Many

experimental results suggest water dissociates at defect sites, i.e., oxygen va-

cancies. [119] Henderson and coworkers studied the dissociation of water on

an oxygen-adatom covered TiO2(110) single crystal. [120] In their work, the

pre-annealed TiO2(110) sample was exposed to 18O2 and then H2
16O at 135

K and in subsequent TPD measurements, a new feature for H2
18O occurred

at ∼ 315 K, which is higher than the desorption temperature for H2
16O, 280

K. This suggests that water dissociates and reacts with 18O adatoms nearby,

leading to the formation of terminal hydroxyl groups on the surface. [120] The

recombination of the hydroxyls results in H2
18O and 16O adatoms.

Therefore, possible oxygen scrambling pathways for adsorbed water and
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Figure 4.1: TPD spectra on TiO2(110) surface (a) 1 ML H2
18O, (b) 15% 16Oa,

(c) 1 ML H2
18O dose on TiO2(110) surface pre-covered with 15% 16Oa. A

heating ramp of 3 K/s was used.
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oxygen adatoms on TiO2(110) are as follows:

H18
2 O +16 Oads →16 OHads +18 OHads (4.1)

218OHads → H18
2 Oads +18 Oads (4.2)

or16OHads +18 OHads → H16
2 Oads +18 Oads (4.3)

16Oads +18 Oads →18 O16Oads →18 O16O (4.4)

4.4.2 Oxygen and Water Interaction on Au/TiO2(110)

Figure 4.2 displays experiments showing oxygen scrambling between ad-

sorbed H2
18O and 16Oa on a 0.5 ML Au/TiO2(110) surface, with a mean cluster

diameter estimated to be approximately 2 - 4 nm. [110] The Au/TiO2(110)

surface is covered with oxygen adatoms equivalent to 15% saturation coverage,

and then exposed to 1 ML H2
18O. Upon heating, a 16O18O (m/e = 34) des-

orption peak appears around 535 K (Figure 4.2(c)). Features for 16O2 (m/e =

32) and 18O2 (m/e = 36) also occur at the same temperature. The desorption

temperature (535 K) is the same as the that for oxygen on the Au(111) single

crystal, which indicates the oxygen scrambling may be localized around the

gold clusters. Calculations show that 18O makes up approximately 10% of the

total amount of oxygen desorbing at ∼ 540 K in the experiments shown in

Figure 4.2. The degree of oxygen exchange depends on the coverages of 16Oa

and H2
18O. On surfaces with the same Oa coverage, the percentage of 18O

in the total amount of oxygen increases with greater H2
18O coverages until

it reaches approximately 17%, as shown in Figure 4.2(d). But in general the

extent of oxygen exchange on Au/TiO2(110) is considerably lower than that
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of the Au(111) single crystal (on Au(111) pre-covered with H2
16O and 18Oa,

the 16O/(16O+18O) ratio may reach ∼ 60%). [48, 117]

Besides the new feature for 16O18O recombinative desorption, the in-

tensity of the molecular chemisorbed 16O2 desorption feature decreases when

H2
18O is introduced onto the surface. Apparently since molecularly adsorbed

oxygen is only weakly chemisorbed on the Au/TiO2(110) surface, [39,112,121]

the adsorption of H2O molecules onto the surface at 77 K or the water dispro-

portionation reaction can cause 16O2 to desorb. Thus, the molecular oxygen

desorption peak (100 K - 140 K) in Figure 4.2(c) is much smaller than that

for TPD spectra (Figure 4.2(b)) with 16Oa only, i.e., without adsorbed wa-

ter. Adsorption or reaction induced O2,a desorption on TiO2 supported gold

clusters has been reported previously by our group. [39, 112, 121] On a 2 ML

Au/TiO2(110) pre-covered with 60% saturation coverage of oxygen, a small

amount of O2 desorbs when the surface is exposed to a CO beam. [39] For

this case, the desorption of oxygen is induced by the heat generated in CO

oxidation. Both annealing to 300 K and energetic Kr bombardment have

been shown to induce molecular oxygen desorption, and correspondingly these

treatments eliminates the desorption of molecular oxygen during CO oxida-

tion. [39] Adsorption/reaction induced desorption of O2 is also observed on

Au(111) [39,112] and Pt (111) [57,122].

To confirm that the 16O2 desorption is induced by the water adsorp-

tion or disproportionation, we impinged an intense H2
18O beam on a 0.5 ML

Au/TiO2(110) surface pre-covered with 15% saturation coverage of oxygen.
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Figure 4.2: (a) TPD spectra of 1 ML H2
18O dose on 0.5 ML Au/TiO2(110)

surface. (b) TPD spectra of 15% 16Oa dose on 0.5 ML Au/TiO2(110) surface.
(b) TPD spectra following 1 ML H2

18O dose on a 0.5 ML Au/TiO2(110) surface
pre-covered with 15% 16Oa. A heating ramp of 3 K/s was used. (d) The
percentage of 18O in total amount of oxygen as a function of H2

18O coverages,
on 0.5 ML Au/TiO2(110) surface pre-covered with 15% Oa.
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Figure 4.3: (a) Scattering signals during 20 s H2
18O dose on a 0.5 ML

Au/TiO2(110) surface pre-covered with 15% Oa. H2
18O flux is ∼ 2.5 ML/s.

(b) TPD spectra after the scattering experiment shown in (a). A heating
ramp of 3 K/s was used. (c) TPD spectra on a 0.5 ML Au/TiO2(110) surface
pre-covered with 15% Oa.
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The relative oxygen coverage is determined by comparing the integral of the

desorption peak for recombinative O2 desorbing from Au clusters. In Figure

4.3(a), a sharp 16O2 desorption peak occurs as soon as the H2
18O beam strikes

the surface. In the subsequent TPD spectra, water desorbs at 170 K, to-

gether with a small amount of molecularly bound oxygen, as shown in Figure

4.3(b). 16O18O and 18O18O desorb at 530 K as well as recombinative 16O2. For

comparison, a TPD spectra of 0.5 ML Au/TiO2(110) with 15% Oa without

adsorbed water is presented in Figure 4.3(c).

If the adsorbed molecular oxygen is removed from the Au/TiO2(110)

sample by annealing to 300 K, the adsorption or reaction-induced 16O2 des-

orption feature is completely eliminated, as shown in Figure 4.4(a). Exposing

the Oa pre-covered surface to an energetic (∼ 1 eV) Kr beam [39] for 30 s

prior to the H2O dose can reduce the O2 desorption by 55%, as shown in Fig-

ure 4.4(b). Thus, we believe the origin of this desorption feature is adsorbed

molecular oxygen, rather than recombinative desorption of oxygen adatoms.

The desorption energy of chemisorbed O2,a on Au/TiO2(110) is ∼ 0.27 eV,

based on a Redhead analysis. The average kinetic energy of the impinging

H2O beam is ∼ 0.1 eV suggesting that the kinetic energy in the water beam is

not sufficient to collisionally desorb O2,a from the surface. Since the binding

energy of water on Au/TiO2(110) ranges from ∼ 0.49 to 0.7 eV, the heat of

adsorption from water may induce O2 to desorb. It is also possible that O2

desorption is induced by the heat of reaction from water dispproportionation

(H2O + Oa → 2OH). However, a DFT study on Oa/Au(111) suggests that
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this reaction is endothermic with a small barrier of 0.05 eV. [117] The des-

orption of O2 induced by H2O adsorption is also observed on Au/TiO2(110)

samples with higher gold coverages (up to 5 ML) and the spectra is similar

to that shown in Figure 4.3(a). Note that a small m/e = 34 signal (1% with

respect to the m/e = 32 signal) also appears at the same time due to the

natural abundance of 18O in O2 gas and 18O in the TiO2(110) lattice due to

repeated exposure to H2
18O, rather than a reaction between Oa and H2

18O.

The intensity of the 16O18O (m/e = 34) signal for the Au/TiO2(110) surface

pre-covered with 15% Oa is independent of the water species (H2
16O or H2

18O)

used to induce desorption.

We carried out experiments on Au/TiO2(110) model catalysts with

other gold coverages as well. The mean diameter of the Au cluster and the

surface area covered by gold are expected to increase with the gold coverages.

[110] As a result, the saturation coverage of Oa increases on samples with

increase gold loading. [39] The results on 1 ML Au/TiO2(110) and 2 ML

Au/TiO2(110) are shown in Figure S4 and S5, respectively. For Au/TiO2(110)

model catalysts with higher coverages of Au, the interaction of adsorbed atomic

oxygen (16Oa) and water (H2
18O) follows the same pattern. The upper limit

of the percentage of 18O in the total amount of the oxygen desorbed remains

approximately 16% to 17%, as shown in Figure S4(d).
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Figure 4.4: (a) Scattering signals during 20 s H2
18O dose on a 0.5 ML

Au/TiO2(110) surface pre-covered with 15% Oa and annealed to 300 K. H2
18O

flux is 2.5 ML/s. (b) Scattering signals during 20 s H2
18O dose on a 0.5 ML

Au/TiO2(110) surface pre-covered with 15% Oa and 30 s Kr beam.
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4.4.3 Carbon Monoxide Oxidation by Co-adsorbed Water and Atomic
Oxygen on Au/TiO2(110)

Moisture is known to dramatically affect the rates of CO oxidation

on high surface area gold catalysts [12, 13] and the Au(111) single crystal in

UHV [66, 117]. In hopes of obtaining additional insight into waters role in

CO oxidation, we carried out experiments on a series of Au/TiO2(110) model

catalysts with co-adsorbed atomic oxygen and water. The gold coverages on

the TiO2(110) substrate vary from 0.5 ML to 10 ML, representing a variety of

cluster sizes.

Figure 4.5 shows CO oxidation experiments involving isotopically la-

beled water (H2
18O) on a 0.5 ML Au/TiO2(110) sample. The mean diameter

of gold clusters for a 0.5 ML Au/TiO2(110) sample is expected to be 2 -

4 nm, [110] which falls into the optimum cluster size range for the highest

turnover frequency in CO oxidation with gaseous molecular oxygen. [42] The

sample surface is populated with 15% of the saturation coverage of atomic

oxygen and coverages of H2
18O ranging from 0.5 3.75 ML at 77 K. The sur-

face is then held at 180 K for scattering measurements. The elevated surface

temperature (180 K) ensures that CO and CO2 do not accumulate on the

surface. At t = 5 s, the surface is exposed to a C16O beam for 300 s and

CO2 is promptly produced as CO strikes the surface, as shown in Figure 5(a).

For the surface pre-covered with atomic oxygen (16Oa) in the absence of ad-

sorbed water, only C16O16O (m/e = 44) is produced. [42,66] For this case, no

isotopically labeled carbon dioxide (C16O18O, m/e = 46 or C18O18O, m/e =
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48) is expected or observed. However, when the surface is co-adsorbed with

16Oa and H2
18O, both C16O16O and C16O18O signals occur promptly upon im-

pingement by the CO beam (Figure 4.5(a) dashed curve), followed by a slow

decay. The formation of C16O18O demonstrates that the oxygen in H2
18O is

activated in CO oxidation. Neither C18O18O nor C18O is detected suggesting

that the C-O bond in carbon monoxide remains intact in the oxidation pro-

cess. The relative amounts of CO2 produced in each experiment are plotted

in Figure 4.5(b). The amount of C16O18O produced increases approximately

linearly in proportion to the initial coverages of H2
18O on the surface; however,

the total amount of CO2 decreases linearly. Control experiments show that a

Au/TiO2(110) surface pre-adsorbed with H2O but Oa free is inactive for CO

oxidation.

The CO2 production varies as Oa coverages change. Figure 4.6 shows

the CO2 production as a function of Oa coverages with fixed H2
18O exposure

(0.5 ML) on a 1 ML Au/TiO2(110) sample. As Oa coverages increase, both

the C16O2 and C16O18O production increases at first and then decreases. This

phenomena resembles the trend on Au/TiO2 surfaces pre-covered with Oa in

the absence of water. [39]

We also tested CO oxidation with and without water on model catalysts

with gold coverages up to 10 ML. The results for 2 ML Au/TiO2(110) are

shown in Figures 4.7. For all the samples we tested, the reaction patterns are

consistent. If isotopically labeled water (H2
18O) is co-adsorbed with atomic

oxygen 16Oa, C16O16O and C16O18O evolve once the CO beam strikes the
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Figure 4.5: (a) Production of carbon dioxide in CO scattering measurements
on the 0.5 ML Au/TiO2(110) surfaces at 180 K. The blue solid lines represent
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Figure 4.6: Production of carbon dioxide as a function of Oa coverage on a 1
ML Au/TiO2 sample pre-covered with Oa and 0.5 ML H2

18O at 180 K.
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sample. The total amount of CO2 produced decreases as the water coverage

increases, although the amount of C16O18O generated increases. Adsorbed

water appears to play a negative role in the CO oxidation process for all

the Au coverages we tested (0.5 - 10 ML). As the gold coverages increase,

we expect that the mean diameter of clusters should increase as well. [110]

Therefore, waters negative effect in CO oxidation on Au/TiO2(110) model

catalysts is relatively particle size independent. In an earlier study, we found

that CO oxidation was independent of particle-size when adsorbed atomic

oxygen was employed as the reactant, [123] contrary to results by Haruta [18]

and Goodman [40] who showed a strong particle-size dependence at ambient

pressure using gaseous molecular oxygen.

Since metal oxide supported Au nanoparticles are active for the water-

gas shift reaction (WGSR) (H2O + CO ↔ CO2 + H2), [22, 124, 125] it is

necessary to examine the WGSR as a possible reaction pathway. On Au/TiO2

interfaces, the WGSR may proceed by one of two general mechanisms. [22,126]

In the redox mechanism, CO is oxidized into CO2 by adsorbed atomic oxy-

gen. [126] The other possibility is an associative mechanism, in which hydrox-

yls combine directly with CO to form one of a number of possible interme-

diates, for instance, formate and carboxylate species. [126] The intermediates

then decompose into CO2 and H2. For either mechanism, H2O is the only

reactant required to oxidize CO. In the control experiments performed on

Au/TiO2(110) samples in the absence of pre-adsorbed oxygen, adsorbed wa-

ter on Au/TiO2(110) does not oxidize CO. We expect that under UHV con-
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ditions, the concentration of dissociated or activated H2O on Au/TiO2(110)

is immeasurable at the employed reaction temperature, 180 K. These obser-

vations are in agreement with reports that Au/TiO2 catalysts for the WGSR

require higher reaction temperature, i.e., above 473 K, in order to display mea-

surable activity. [127] However, water assisted CO oxidation can proceed at

surface temperatures as low as 77 K, presumably due to a synergistic interac-

tion between water and oxygen. We note that no hydrogen is observed in any

of our experiments, which is consistent with Harutas high surface area gold

catalyst studies at 270 K. [12] Therefore, under the conditions utilized in our

investigation reaction mechanisms associated with the WGS reaction may not

play a role in water assisted CO oxidation.

Our results suggest that water slightly inhibits CO oxidation on atomic

oxygen pre-covered Au/TiO2(110) model catalysts under UHV conditions.

Given that the Au/TiO2(110) model catalyst is a complicated system, wa-

ter may affect CO oxidation in multiple ways. First, the adsorption of CO

on the catalyst surface is a requisite step in CO oxidation. [127] One possible

mechanism for waters negative role is that H2O may reduce CO uptake on the

surface. In the study by Gao et al. on a 1 ML Au/TiO2/Mo(110) sample, the

integrated CO peak areas in PM-IRAS spectra decrease as water (0 to 1 Torr)

is introduced into the reaction system containing 8 Torr of CO and 40 Torr of

O2 at 300 K. [109] This indicates less CO is adsorbed on the Au/TiO2/Mo(110)

surface, assuming the CO signal intensity is quantitatively related to the CO

coverages.14 We measured the initial adsorption probability of CO on a 0.5
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Figure 4.7: Production of carbon dioxide during reactive scattering measure-
ments on the 2 ML Au/TiO2(110) surfaces at 180 K. The surface was covered
with 15% Oa followed by annealing to 170 K, and various amount of H2

18O at
77K.
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ML Au/TiO2(110) surface using the method of King and Wells [128] under

UHV conditions, as shown in Figure 4.8. The initial CO adsorption probabil-

ity (So) at 77 K on a 0.5 ML Au/TiO2(110) sample pre-covered with either

Oa or H2O is around 0.8, which is indistinguishable within the experimental

uncertainty to the value of So (∼ 0.8) on a TiO2(110) single crystal. [129] As

the coverages of Oa increase (up to 40% of saturation coverage), the initial

CO adsorption probability remains in the range of 0.76 - 0.80. The initial

CO adsorption probability on H2O/Au/TiO2(110) decreases slightly as water

coverages increase. For a Au/TiO2(110) sample with 1 ML of water, the value

of SO for CO is 0.79, which is virtually indistinguishable compared to a surface

free of water (SO ∼ 0.8). Figure 8(c) shows the trend in So on Au/TiO2(110)

pre-covered with 15% of saturation coverage of Oa and various H2O coverages,

which provides the same surface conditions as those in Figure 5. The value

of SO fluctuates around 0.8 for a wide range of H2O coverages. It seems that

co-adsorbed Oa and H2O have a minimal influence on the initial adsorption

probability of CO under our conditions. We also repeated measurements on 5

and 10 ML Au/TiO2(110) samples and obtained similar results. These obser-

vations on Au/TiO2(110) model catalysts are quite different from the Au(111)

single crystal. [117] Previous research shows that either low coverages of Oa,

H2O, or the combination of Oa and H2O can enhance the initial CO adsorption

probability on Au(111) significantly. [117]

Although water has minimal influence on the initial adsorption proba-

bility of CO on Au/TiO2(110), it reduces the total CO uptake on the surface
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Figure 4.8: Initial CO adsorption probability (So) at 77 K by using the method
of King and Wells on a 0.5 ML Au/TiO2(110) with varying surface coverages:
(a) various Oa coverages, (b) various H2O coverages, (c) 15% Oa saturation
coverage, following by annealing to 170 K and H2O exposure at 77 K. A CO
pulse of 1 s was used in all measurements.
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at 77 K, as shown in Figure

Water has been proposed to promote the decomposition of carbonate

species, which are common intermediates in CO oxidation. [17] Carbonate

species are readily formed on Au catalysts under ambient pressure and may

cover the catalyst surface, causing a decrease in reaction rates. [130] Although

the regeneration of deactivated Au catalysts by addition of water into the

system has been reported, there is no direct evidence that reveals how water

affects the formation or decomposition of carbonate species. [13, 131] In the

study on CO oxidation on a 1 ML Au/TiO2/Mo(110) sample mentioned earlier,

[109] as 0.15 Torr water is added into the system with 8 Torr CO and 40

Torr O2, the CO feature in PM-IRAS decreases dramatically and new features

related to carbonate or carboxylate species occur. These results may suggest

that the formation of stable, carbonate surface intermediates is promoted by

the addition of adsorbed water. [109] Under the UHV conditions utilized in

our investigation, no carbon deposition is measured within the limits of our

detection by Auger spectra on Au/TiO2(110) model catalysts after repeated

CO oxidation experiments and the amount of CO2 produced during MBRS

experiments remains relatively constant. Therefore, we determine that the

formation of carbon-containing residues cannot be responsible for the observed

negative effect of H2O on the rate of CO oxidation in our experiments.

The formation and decomposition of carbonate can be observed on

the oxygen pre-covered Au(111) single crystal under UHV conditions, al-

though the reaction probability of carbonate formation is approximately 10−3
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Figure 4.9: (a) CO uptake measurements on a 0.5 ML Au/TiO2(110) sample
with varying H2

16O coverages at 77 K, and on the inert flag. The same inten-
sity CO beam was used for all measurements. (b) Approximate CO uptake
calculated from (a).
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to 10−4. [132] We carried out similar experiments with the addition of water

on Au(111). The Au(111) sample was pre-covered with 0.39 ML 16Oa and

exposed to C18O2 and H2
16O at 167 K, which is above the desorption temper-

atures of both H2O and CO2 on clean Au(111). The C18O2 is introduced into

the UHV chamber via backfilling with a total exposure of 30 L, while water

is dosed as a molecular beam giving exposures estimated from 30 L to 70 L.

A by-product of carbonate decomposition, 18O16O (m/e = 34), is monitored

in the subsequent TPD spectra. A control experiment without water is also

carried out with the same reaction conditions; however, the 18O16O signals

observed for experiments with water are indistinguishable to that from ex-

periments without water, suggesting that on Au(111) water does not have a

significant effect in the formation and decomposition of carbonate.

Our results show that water slightly inhibits CO oxidation on atomic

oxygen pre-covered Au/TiO2(110) model catalysts. However, high surface area

catalysis investigations demonstrate that low concentrations of moisture (0.1

200 ppm) affect the reaction rate dramatically.4 The reaction conditions for our

studies are quite different from typical classical catalytic research. First, we

have employed planar model catalysts made of gold clusters on a TiO2(110)

wafer. In highly dispersed catalysts, porous TiO2 powders are used as the

supporting material, which results in more defective surface structures. The

fraction of the surface covered by gold in high surface area catalysts is much

lower than on the planar model catalysts employed here. Secondly, we employ

atomic oxygen, since only a small amount molecular oxygen adsorbs onto the
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Au/TiO2(110) surface under UHV conditions. Populating the surface with

atomic oxygen eliminates the need for activating molecular oxygen, which is

an essential step for high surface area catalysis using gaseous molecular oxygen.

Furthermore, the classical catalysis studies are usually carried out at ambient

pressure and temperatures (≥ 270 K). The high reactant pressure gives a

considerably larger coverage of required surface species at the temperatures

utilized in the classical catalysis research. Under the UHV conditions employed

in our investigation, both CO and H2O desorb from the Au/TiO2(110) surface

at temperatures lower than room temperature. Thus, the difference between

Harutas study4,5 and ours can be rationalized as stemming from a promotional

effect of water on the adsorption or activation of molecular oxygen or the

difference between our planar model catalyst surface and the more defective

high surface area catalysts which are the two most profound differences in the

studies. Using first-principles calculations, Bongiorno and Landman studied

small Au clusters supported on a defect-free MgO(100) surface. [133] While O2

does not adsorb on the free Au8 cluster or Au8 supported on perfect MgO(100),

if a water molecule is pre-adsorbed on the Au cluster, O2 can adsorb at a

nearby site. [133] The adsorption of molecular oxygen on Au/TiO2(110) with

the addition of water can be measured using the King and Wells method [128]

in UHV. On the clean 0.5 ML Au/TiO2(110) surface, the initial adsorption

probability of O2 is 0.62 at 77 K, as shown in Figure S5. If the surface is

pre-covered with 0.5 ML water at 77 K, the initial adsorption probability of

O2 is 0.57. The initial adsorption probability of O2 remains in the range of
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0.56 - 0.63 for water coverages up to 2 ML. Thus, waters effect in the initial

adsorption of molecular oxygen is unlikely to account for the enhancement

observed with high surface area Au catalysts which is more likely due to (at

least in part) the activation of molecular oxygen.

4.5 Concluding Remarks

We have presented results of an investigation into the effect of ad-

sorbed water on CO oxidation on a series of Au/TiO2(110) model catalysts

under UHV conditions. Our results demonstrate that water slightly inhibits

CO oxidation on Au/TiO2(110) pre-covered with atomic oxygen. Isotope ex-

periments show that C16O can be oxidized into C18O16O when Oa and H2
18O

are co-adsorbed on the Au/TiO2(110) surface. The absence of C18O2 and

C18O suggests that the CO remains intact during the oxidative reaction. We

also provide direct evidence for oxygen scrambling between adsorbed atomic

oxygen and isotopically labeled water on the Au/TiO2(110) surface. The ad-

sorption or reaction induced desorption of chemisorbed molecular oxygen is

observed during H2O exposure onto Au/TiO2(110) surfaces pre-covered with

O2,a and Oa. We speculate that the enhancement of CO oxidation by moisture

over high surface area gold catalysts is due to increased activation of molecular

oxygen.

78



Chapter 5

CO Oxidation on Inverse Fe2O3/Au(111)

Model Catalysts

5.1 Abstract

CO oxidation is studied at pressures between 4 to 100 Torr and tem-

peratures from 400 K to 670 K on inverse model catalysts made of Fe2O3 nan-

oclusters grown on a Au(111) single crystal surface. The addition of Fe2O3

nanoclusters transformed the inert Au(111) single crystal into an active cata-

lyst for CO oxidation. The catalytic activity increases with iron oxide coverage

initially, and then decreases when the iron oxide coverage is greater than 0.5

monolayers. Additionally, when the iron oxide particles form a continuous film

on Au(111) there is no catalytic activity. These experimental results strongly

suggest that the active sites for CO oxidation are located at the iron oxide/gold

perimeter. Kinetic measurements suggest that CO oxidation by chemisorbed

oxygen at the Fe2O3/Au perimeter is likely to be the rate limiting step. Carbon

deposition observed via a post-reaction Auger electron spectra suggests that

multiple reaction pathways are involved in CO oxidation over Fe2O3/Au(111).
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5.2 Introduction

Gold nanoparticles supported on metal oxides show remarkable cat-

alytic activity in CO oxidation at low temperatures [2, 22, 40, 122, 128, 134].

Gold catalysis is an area of intense study, but many fundamental aspects re-

main unclear. For instance, the nature of active sites in the oxidation of CO

continues to be a source of debate [20, 21]. Oxidized Au species, metallic Au

particles, and the Au/metal oxide perimeter have been proposed to be the

active center, although direct evidence is rare [2, 22–24]. The complexity of

heterogeneous catalysts makes it extremely difficult to obtain information re-

garding active sites and reaction mechanism, which is critical for improving

catalyst design and performance. Recently, planar “inverse” model catalysts

made of metal oxide nanoclusters on metal single crystal surfaces have been

utilized to investigate the surface reaction at the molecular level by employing

modern surface science tools [25–32]. Different from model catalysts consisting

of metal nanoparticles dispersed on metal oxide substrates, the inverse model

catalysts may offer alternative chemistry and emphasize the metal/metal ox-

ide interaction [25, 33]. Recent research using inverse model catalysts shows

that transition metal oxides can either enhance the reactivity or change the

reaction kinetics in CO oxidation [28,34].

Iron oxide is one of the most widely used metal oxide supports for gold

nanoparticles in low temperature CO oxidation [17, 135]. Gold catalysts sup-

ported on Fe2O3 have advantages over Au/TiO2 for commercialization because

iron oxide is not only economical and abundant, but also can enhance catalytic
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activity or provide new reaction pathways [17,128,136]. Multiple studies utiliz-

ing Fe2O3 as a support for gold nanoparticles show high activity in low temper-

ature CO oxidation [23, 135,137]. Schubert et al. found a positive correlation

between turn over frequency (TOF) and the amount of Fe2O3 in CO oxidation

over Au/Fe2O3 • MgO [17]. Another study by Hutchings and coworkers dis-

covered CO bond cleavage during CO oxidation over Au/Fe2O3, while no CO

bond cleavage was observed on Au/ZnO catalysts [136]. There is also conflict-

ing information in the literature about the active species on Au/Fe2O3 during

dry (without water vapor) CO oxidation. The proposed active centers include

oxidized gold species, metallic gold particles, and metal oxide support surfaces

modified by the interaction with Au nanoparticles [20,23,138,139]. Thus, it is

beneficial to study the interaction between iron oxide and gold using inverse

model catalysts of the Fe2O3/Au(111) type.

The selective growth of Fe2O3 nanoclusters on the Au(111) single crys-

tal surface was reported by Deng, et al. [140]. Their scanning tunneling mi-

croscope (STM) study shows that the well-ordered α-Fe2O3 particles have a

three-dimensional structure with a height of 5 to 6 Å [140]. The morphol-

ogy of α-Fe2O3 particles changes from nanoparticles to islands as coverages

increase [140]. The adsorption of CO is observed on the Au(111) single crystal

decorated with Fe2O3 particles at room temperature using XPS, while Au(111)

and the Au(111) surface covered by a continuous Fe2O3 film remain inert [141].

A study on the Au(111) single crystal in ultrahigh vacuum (UHV) conditions

also reports that CO adsorbs on the Au(111) surface at 77 K and desorbs at
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around 140 K [65].

In this paper, we demonstrate that the addition of Fe2O3 transforms

the inert Au(111) single crystal into an active catalyst for CO oxidation

between 400 K to 670 K. CO oxidation measurements were carried out on

Fe2O3/Au(111) inverse model catalysts at pressures between 4 and 100 Torr.

Our experimental results together with findings from others strongly suggest

that the active sites for CO oxidation are located at the iron oxide/gold perime-

ter. Kinetic measurements show that the reaction rate has a first order de-

pendence on oxygen partial pressure. The rate dependence for the CO partial

pressure changes from first order into zero order as CO partial pressure in-

creases.

5.3 Experimental

All the experiments reported here were performed in an ultrahigh vac-

uum (UHV) molecular beam surface scattering apparatus equipped with a high

pressure cell (HPC) that has been described in detail elsewhere [53–55]. The

apparatus includes an Auger electron spectrometer (AES), low-energy elec-

tron diffraction optics (LEED), and a quadrupole mass spectrometer (QMS).

The Au(111) single crystal (Princeton Scientific, 12 mm in diameter × 2 mm

thick) is mounted onto a probe via a tight-fitting continuous loop of 0.03 in.

molybdenum wire such that the surface temperature can be controlled by ther-

mal contact with a liquid nitrogen reservoir and resistive heating. The surface

temperature is monitored by a type-K thermocouple mechanically contacted
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to the crystal, (i.e., placed in a 0.04” hole in the side of the disk shaped sam-

ple). The sample surface is cleaned by cycles of Ar+ ion bombardment at

room temperature and annealing at 850 K. The surface cleanliness is routinely

verified by AES.

The Fe2O3/Au(111) surface is prepared in the HPC following a method

developed by Deng et al. [140]. The iron clusters are deposited onto both sides

of our Au(111) single crystal using a commercial E-beam evaporator (Omicron

EFM 3s). The deposition flux is monitored by a quartz crystal microbalance

(QCM). The iron clusters are oxidized by heating to 450 K at 0.13 K/s in

5×10−7 Torr of NO2 (99.5%, Matheson) and then annealing at 700 K for

10 min in vacuum. Iron coverages can be calibrated using the Fe/Au signal

ratio in AES before iron clusters are oxidized. We assume that the iron oxide

coverage on the Au(111) single crystal is the same as the coverage of iron

deposited on the Au(111) surface. The details of the calibration method are

contained within the Supporting Information.

CO oxidation experiments are carried out in batch reactor conditions

in the HPC (V = 15.8 L), which can be isolated from the molecular beam

chamber by a gate valve. Reagent gases were introduced into the HPC rapidly

in sequence. Carbon monoxide was purified by passing it through a molecu-

lar sieve 4A filter at 423 K and a copper loop submerged in liquid nitrogen.

This procedure has proven to remove metal carbonyl effectively [142]. Oxygen

(99.98%, Matheson) was used without further purification. The production

of CO2 was analyzed using gas chromatography (GC). An approximately 35
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mL gas sample was taken out of the HPC and compressed into a 10 mL GC

sample loop by high pressure He (55 psi). The gas sample was later injected

into the GC by switching a standard 6-port valve. The GC (HP 5890 series

II) is equipped with a thermal conductivity detector (TCD) and a packed

column (Carboxen-1000, 1/8 inch diameter, 15 foot length, Supelco), which

can separate O2, CO, and CO2 at 398 K. The CO2 production is calculated

by comparing the CO2 signals from the GC to a CO2 calibration curve. We

are able to take gas samples every 10 to 15 minutes, which is limited by the

GC analysis method and time needed to pump down the gas sample loop to

vacuum. The calculation method for initial reaction rate is illustrated in the

Supporting Information.

The Fe2O3/Au(111) sample was cleaned between CO oxidation mea-

surements by holding it at 450 K in 5×10−7 Torr NO2 for 10 min, and then

annealing to 700 K in vacuum. AES showed that this procedure can remove

carbon deposition on the surface without further oxidation of the surface.

We have noticed that high O2 partial pressures can help to maintain

the catalytic activity of the sample, but it can aggressively oxidize the sample

mounting wire at elevated temperatures. The oxidized layer on the wire can

cause the thermal contact between the heating wire and the sample to dete-

riorate, which results in reduced surface temperature control. Thus, we had

to adapt a moderately O2 rich reaction condition in order to collect repeat-

able data without dramatically shortening the life time of the inverse catalyst

and sample mounting. We would make new samples once the reaction rates
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started to decrease over repeated experiments under the same conditions, as

we believe the morphology of the surface changes gradually during reaction.

5.4 Results

The catalytic activity of Fe2O3/Au(111) inverse model catalysts for CO

oxidation was tested in a batch reactor setting. Although the clean Au(111)

single crystal is inert, the Fe2O3/Au(111) surfaces (θFe ≤ 1 ML) show catalytic

activity for CO oxidation at slightly elevated temperatures, as shown in Figure

5.1.
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Figure 5.1: CO2 production and reaction rate as a function of reaction time
on a 0.55 ML Fe2O3/Au(111) sample exposed to a mixture of 10 Torr O2 and
1 Torr CO at 525 K.
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We monitored the activity of the Fe2O3/Au(111) surfaces over an ex-

tended period of time in order to determine the stability of the catalyst and to

learn the mechanism for deactivation. It is obvious that the CO2 production

rate decreases over time. At t = 48 min, the activity of the sample is roughly

60% of the activity at t = 5 min. Since the conversion of CO is only 3%

after 70 min at 1 Torr CO and 10 Torr O2 at 525 K, the CO and O2 pressure

did not change significantly during this period. Therefore, the loss of activity

must be caused by changes in the Fe2O3/Au(111) surface. Similar deactivation

behavior was observed on samples with other iron oxide coverages. Further

details are contained in the Supporting Information. Taking the deactivation

phenomenon into account, we report the activity of Fe2O3/Au(111) surfaces

using the initial reaction rates in the rest of this paper.

We are interested in the possible causes for the pronounced deactivation

in Figure 5.1 so we checked surface composition after CO oxidation. The

post-reaction AES displayed in Figure 5.2 shows that carbon deposition on

the surface increases with reaction time when the Fe2O3/Au(111) surface was

exposed to a gas mixture at elevated temperature. However, exposing the

sample to 1 Torr CO in the absence of O2 at 525 K for 70 min results in

nearly immeasurable (≤ 0.1%) carbon deposition in post-reaction AES, which

is negligible compared to that from our CO oxidation reactions. Thus, carbon

deposition appears to occur more rapidly under reaction conditions. This

suggests that the majority of carbon deposition occurs during CO oxidation

and that CO disproportionation via the Boudouard reaction (2CO → CO2
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Figure 5.2: Carbon deposition in post reaction AES as a function of reaction
time. The Carbon signals are normalized by the sum of signals from all surface
components (Au, Fe, O, and C). The 0.55 ML Fe2O3/Au(111) samples were
exposed to a mixture of 10 Torr O2 and 1 Torr CO at 525 K.

+ C) happens to a much smaller extent. Carbon-containing species, e.g.,

carboxylates, atomic carbon deposition, and carbonates, have been observed

as poisons on gold catalysts supported on iron oxide and other metal oxides

[136,143–145].

Carboxylates decompose at temperatures lower than 423 K on sup-

ported gold catalysts [143, 146]. Thus, they are less likely to be the surface

poison at the reaction temperatures employed in this study (470 to 670 K).

Although carbonates desorb from the Au(111) single crystal at temperatures

between 100 and 125 K [147], it may be possible to accumulate carbonates
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at the iron oxide/gold perimeter during reaction. Atomic carbon deposition

can form via C-O bond cleavage, which has been observed on high surface

area Au/Fe2O3 catalysts prepared by co-precipitation [136]. We cannot dif-

ferentiate carbonates from atomic carbon deposition in AES because of the

pre-existing oxygen signal from iron oxide. Therefore, the poison accumulated

during CO oxidation is probably in the form of atomic carbon or carbonates.

Another possibility accounting for the loss of activity could be changes

in the morphology of the Fe2O3/Au(111) sample, induced by either adsorp-

tion of the reactants or by CO oxidation reaction itself. We have noticed that

the surface reactivity decays rapidly over repeated experiments under the CO

rich reaction conditions, even though the carbon deposition on the surface can

be removed by the cleaning procedure described in the experimental section.

Thus, we believe that the surface changes irreversibly during CO oxidation.

Cluster agglomeration is very common for nanoparticles under elevated pres-

sure or temperature [134,148]. In this case iron oxide clusters may agglomerate

on the Au(111) surface leading to a decrease in the number of perimeter sites;

however we do not have direct experimental evidence to support this claim.

We monitored the changes in surface composition before and after reaction

using AES; however, there is no clear trend based on these measurements.

Cluster sintering would result in a decrease in both particle density and the

number of perimeter sites, which would then lead to irreversible activity loss.

This is a common cause for catalyst deactivation and cluster agglomeration is

also observed on model catalyst surfaces, for instance, Au particles supported
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on TiO2 [148,149].

The CO oxidation reaction rate on Fe2O3/Au(111) surfaces is depen-

dent on the iron oxide coverage, as shown in Figure 5.3. The reaction rate

reaches a maximum between 0.4 to 0.6 monolayer (ML) Fe2O3, and then de-

creases and disappears as the Fe2O3 coverage increases to a level high enough

to completely cover the gold. The two reaction conditions tested (O2 : CO =

1 or 10) show the same trend in reaction rate dependence on Fe2O3 coverage.

Note that neither the bare Au(111) single crystal nor a continuous iron oxide

film on Au(111) (θFe ∼ 2 ML) is an effective catalyst for CO oxidation. The

experimental results presented in Figure 5.3 provide strong evidence in support

of the iron oxide/gold perimeter being the active region for the catalysts.

Based on a STM study of the Fe2O3/Au(111) surfaces, the iron oxide

clusters are three-dimensional structures with identical heights (5 to 6 Å) for

all coverages, which suggests that the Fe2O3 particles consist of two or three

layers of O(0001) planes with Fe atoms in between [140]. The shape of the

particles is coverage dependent. At smaller coverages (θFe ≤ 0.25 ML), Fe2O3

particles are either triangular or hexagonal with an average diameter of ∼ 5

nm [140]. As coverages increase, the diameter of the particles increases and

the shape becomes more irregular. The particle density decreases. At 1 ML,

Fe2O3 islands cover 80% of the Au(111) surface. Fe2O3 forms a continuous

film at a coverage of 2 ML [141].

Determining the total number of active sites, i. e., perimeter sites

in our case, is important for calculating the TOF for CO oxidation over
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CO oxidation on Fe2O3/Au(111)

Figure 5.3: CO2 production during CO oxidation on Fe2O3/Au(111) samples
with various Fe2O3 coverages. Red dots represent samples that were exposed
to a mixture of 7.5 Torr of CO and 7.5 Torr of O2 at 575 K. Black squares
represent samples that were exposed to a mixture of 1 Torr of CO and 10 Torr
of O2 at 525 K.

Fe2O3/ Au(111) inverse model catalysts. Unfortunately, we do not have the

capability to experimentally quantify the number of perimeter sites on the

Fe2O3/Au(111) surfaces. We provide an estimate of the number of perime-

ter sites here. We obtained the density of perimeter sites on certain Fe2O3/

Au(111) surfaces (θFe = 0.1, 0.25, 0.5, 0.75, and 1 ML) by measuring the

length of the perimeter of the Fe2O3 particles on published STM images on

Fe2O3/Au(111) surfaces [140] and assuming the perimeter sites are the gold

atoms at the perimeter (dAu = 0.288 nm). We used linear interpolation to ob-

tain the density of perimeter sites for iron oxide coverages that fall in between

the coverages listed above. The highest reaction rate for CO oxidation in our
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study is observed on a 0.42 ML Fe2O3/Au(111) sample in 7.5 Torr CO and 7.5

Torr O2 at 575 K. On this particular sample, the number of perimeter sites

is estimated to be approximately 1.2% of the total number of surface atoms

present on Au(111) and the estimate for the initial TOF is 684 per perimeter

site per second. It is possible that 1.2% of the total number of sites present

on Au(111) is the lower limit of the number of perimeter sites on this surface.

Rodriguez et al. investigated CO oxidation over inverse CeOx/Cu(111) model

catalysts using a combination of STM and batch reactor testing [150]. The

number of active sites at the perimeter between the metal oxide and copper

is estimated to be at most 20% of the total sites on the Cu(111). If we make

the same assumption here that the upper limit of the number of perimeter

sites is 20% of the total number of surface atoms on Au(111), the initial TOF

becomes 40 per perimeter site per second. It is more likely that the actual

number of perimeter sites on Fe2O3/Au(111) surfaces falls between 1.2% and

20% of the total number of surface atoms present on Au(111). As a result,

the initial TOF on the 0.42 ML Fe2O3/Au(111) sample in 7.5 Torr CO and

7.5 Torr O2 at 575 K is likely to be in the range of 40 to 684 per perimeter

site per second. A more detailed calculation is contained in the Supporting

Information.

A comparison with other inverse model catalysts shows that Fe2O3/

Au(111) is less active than CeOx/Cu(111) under the same reaction conditions

(10 Torr O2 and 20 Torr CO) [150]. The activity of Fe2O3/Au(111) is estimated

to be 3% to 25% of that of CeOx/Cu(111) over the reaction temperature range
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employed in this study, but Fe2O3/Au(111) is 2 to 13 times more active than

clean Cu(111) [150]. In the case of CeOx/Cu(111), the ceria-copper oxide

perimeter and the oxidized terraces of copper probably contribute to the CO

oxidation [150], while in the case of Fe2O3/Au(111), the gold terraces are

inactive and all the activity comes from the Fe2O3-Au perimeter.

It is not straightforward to compare the TOF of the CO oxidation

on Fe2O3/Au(111) inverse model catalysts with those on high surface area

gold catalysts, because the TOF is highly dependent on reaction conditions

and the preparation methods of Au/Fe2O3 catalysts. Many high surface area

catalysts are tested in flow reactors with atmospheric pressure gas flowing

through, which is very different with the reaction conditions employed in our

study. Also, the activity of our inverse model catalysts was reported in term of

initial TOF, which is different from the steady state TOF in high surface area

studies [17]. Thus, we think such a comparison is not completely validated.

We report the TOF of high surface area gold catalysts here just for the readers’

convenience. Haruta et al. reported TOF in the range of 0 to 0.15 s−1 over

Au/Fe2O3 catalysts [135]. The activity was measured in a fixed bed reactor

at temperatures under 0 ◦C and the reaction gas was 1% CO in air [135].

Schubert et al. reported TOF of 1.3 to 6.7 s−1 on their gold catalysts supported

on Fe2O3 [17]. The catalysts were tested in a tubular reactor at 80 ◦C in an

atmosphere of gas which contained 1 kPa CO and 1kPa O2 in 75 kPa H2 and

balance N2 [17].

Figure 5.4 shows Arrhenius plots of the Fe2O3/Au(111) surfaces with
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different Fe2O3 coverages for the CO oxidation reaction rate measured at 10

Torr O2 and 1 Torr CO over the temperature range from 440 to 667 K. The

apparent activation energy (Eapp) for CO oxidation over Fe2O3/Au(111) is ∼

20 ± 4 kJ/mol. The Eapp value for high surface area Au/α-Fe2O3 catalysts

ranges from 9.9 [23] to 35.3 kJ/mol [1, 135], apparently because the value of

Eapp is highly dependent on the catalyst preparation methods and reaction

conditions [20].
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Figure 5.4: Arrhenius plots for CO oxidation on Fe2O3/Au(111). The samples
exposed to a mixture of 10 Torr O2 and 1 Torr CO.

Detailed information regarding the reaction mechanism is critical for

catalyst design and improvement. Therefore, a substantial amount of effort

has been devoted in the search for reaction mechanisms for CO oxidation

on a variety of catalytic systems, including high surface area catalysts, gold

nanoparticles supported on planar metal oxide substrates, and gold single
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crystals [2, 19, 20, 22, 59, 151, 152]. Iglesia et al. carried out kinetic studies

on Au particles supported on metal oxides and proposed a mechanism for

CO oxidation involving H2O [151]. But precise or quantitative analysis of

the reaction mechanism is still limited because the kinetic results are highly

dependent on the type of catalysts, catalyst preparation methods, and reaction

conditions. It is believed that multiple reaction channels exist on various gold

catalysts [1, 153]. CO can be oxidized by atomic oxygen or molecular oxygen

at the metal oxide support, gold particles, or preferentially at the edges of gold

particles [1].

The kinetic effects of reactant partial pressures on CO oxidation rates

were measured on Fe2O3/Au(111) over a range of O2 and CO partial pressures

on samples with various iron oxide coverages. Figures 5.5 and 5.6 show the

rate dependence of CO oxidation on O2 and CO partial pressures at 525 K,

respectively. Figure 5.5 shows that the reaction rate has a first order depen-

dence on oxygen partial pressure (PO2) over a pressure range from 3 to 20 Torr

at 525 K. The rate dependence on CO partial pressure (PCO) is best described

as first order under 30 Torr and zero order at higher pressure, as shown in

Figure 5.6. Additional experiments show that the Fe2O3 coverage does not

change the rate dependence for the O2 or CO partial pressure.

In order to reveal more about the chemistry and the reaction kinetics,

we have developed kinetic models to describe our data. In the model presented

here, we consider that two types of sites participate in the catalytic cycle on

the inverse model catalyst: perimeter sites (∗P ) and oxygen vacancies on iron
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Figure 5.5: CO oxidation reaction rate dependence on the partial pressure
of O2 at 1 Torr CO at 525 K. (a) 0.45 ML Fe2O3/Au(111) and (b) 0.77 ML
Fe2O3/Au(111).
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Figure 5.6: CO oxidation reaction rate dependence on the partial pressure of
CO at 10 Torr O2 on a 0.2 ML Fe2O3/Au(111) sample at 525 K.

oxide (∗V ). The perimeter sites could be located on the gold atoms close to the

particles, iron oxide near the gold, or at the perimeter between the two [137].

Oxygen vacancies exist on the Fe2O3 clusters, which could be formed during

annealing or exposure to CO [140]. The sequence of elementary steps is shown

in Table 5.1. A second mechanism with the two active sites grouped together

but the same reaction pathway is presented in the Supporting Information. It

results in the same rate expressions.

In the elementary steps and rate expressions, unoccupied perimeter

gold sites and the adsorbed species X at such sites are denoted by ∗P and X∗P ,

respectively. The unoccupied oxygen vacancy sites and the adsorbed species X
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step (1) 2CO + 2∗P −→ 2CO∗P K1

step (2) O2 + ∗V −→ O2
∗
V K2

step (3) O2
∗
V + CO∗P −→ CO2

∗
P +O∗V k+3 , k

−
3

step (4) 2CO2
∗
P −→ 2CO2 + 2∗P K4

step (5) O∗V + CO∗P −→ CO2
∗
P + ∗V k+5 , k

−
5

Table 5.1: Proposed sequence of elementary steps for CO oxidation on
Fe2O3/Au(111)

at vacancy sites are denoted by ∗V and X∗V , respectively. Ki is the equilibrium

constant for step (i). The forward reaction constant for step (i) is k+
i , while

the backward reaction constant is k−i .

In order to derive an analytical expression for the reaction rate, we as-

sume that the reaction follows a Langmuir-Hinshelwood mechanism and that

the pseudo-steady state hypothesis holds for all adsorbed species. We also as-

sume that one of the elementary steps is the rate-determining step (RDS) and

steps preceding the RDS are at quasi-equilibrium. By assuming that a specific

surface intermediate is the most abundant reactive intermediate (MARI) for

a certain type of active site, we can obtain a series of rate expressions. In the

following paragraph, we present a set of assumptions leading to rate expres-

sions that match our kinetic measurements. More details regarding our rate

expression derivation is contained within the Supporting Information.

The adsorption and desorption of reactants (CO and O2) and product

(CO2) are assumed to be quasi-equilibrated because the rates of adsorption and
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desorption of both molecules are much faster than the overall forward reaction

rate (∼ 1015 molecules·cm−2·s−1) under the reaction conditions employed in

this study. We estimated the adsorption and desorption rates based on studies

on Au(111) and iron oxide surfaces, since little is known on the Fe2O3/Au(111)

surface [65, 141, 154]. Adsorption rates of these molecules are equal to the

estimated sticking probability multiplied by the rate of surface bombardment

(∼1020 cm−2·s−1), which is given by the kinetic theory of gases. The desorption

rates can be estimated by the Polanyi-Wigner equation using prefactors and

known desorption energies on Au(111) or estimated desorption energies on

iron oxide [65,144,154].

Step (1) represents quasi-equilibrated adsorption of CO on the perime-

ter gold sites. We consider the perimeter sites to be involved due to the strong

dependence of CO oxidation rate on Fe2O3 coverages, as shown in Figure 5.3.

Thus, we assume CO adsorption sites are most likely perimeter sites. Step

(2) represents quasi-equilibrated non-dissociative adsorption of O2 on oxygen

vacancies on iron oxide. It is well known that molecular oxygen is not exten-

sively chemisorbed on metallic gold, even on small particles [1]. So, oxygen

is assumed to adsorb mainly on iron oxide related sites, especially the oxygen

vacancies. Irreversible O2 adsorption (either molecular or dissociative) would

lead to a first order dependence on O2 pressure and a negative order depen-

dence on CO pressure at near-saturation CO∗ coverages, which is inconsistent

with the kinetic data in Figure 5.6.

In step (3), proximate O2
∗
V and CO∗P react and form CO2

∗
P and O∗V .
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Step (4) represents the desorption of product (CO2
∗
P ). This step is assumed

to quasi-equilibrated because desorption of CO2 is much faster than the rate

of CO oxidation at temperatures employed in the study [144]. The remaining

adsorbed oxygen atom can react with adsorbed CO forming CO2 and leaving

an oxygen vacancy on the oxide, as shown in Step (5).

The assumption that CO oxidation (step 3) is the rate determining step

leads to following rate expression for CO oxidation:

r3 = kappPCOPO2 ·
1

αβ
(5.1)

where kapp denotes the apparent rate constant for the overall reaction and

PCO and PO2 represent partial pressures of CO and O2, respectively. The

symbol α in the denominator represents the sum of the concentrations of all

possible surface intermediates on perimeter sites (∗P , CO∗P , and CO2
∗
P ) and β

represents the sum of the concentrations of all possible surface intermediates

on oxygen vacancy sites (∗V , O∗V and O2
∗
V ). A detailed derivation is contained

within the Supporting Information.

α = 1 +K1PCO +K−14 PCO2 (5.2)

β = 1 +K2PO2 +
k+3 K1K2PCOPO2 + k−5 K

−1
4 PCO2

k+5 K1PCO + k−3 K
−1
4 PCO2

(5.3)

Under low CO partial pressures (PCO ≤ 30 Torr), the most abundant

reactive intermediate (MARI) is likely to be unoccupied sites (∗P and ∗V ).

Under these conditions, α =1 and β = 1. Thus, the rate expression becomes:

r3 = k
′

appPCOPO2 (5.4)
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This rate expression is consistent with our experimental observation that the

CO oxidation rate has a first order dependence on both O2 and CO, when PCO

is lower than 30 Torr. Rate expressions with other surface sites as the MARI

are inconsistent with our kinetic data.

As PCO increases, more adsorbed CO (CO∗P ) becomes available for

reaction on the surfaces, which facilitates CO2 production. CO∗P saturates

the perimeter sites and become the MARI when PCO is sufficiently high [155].

When CO∗P and ∗V are the MARI, the rate expression takes on the form:

r3 = k
′′

appPO2 (5.5)

This rate expression describes the zero order rate dependence on PCO at high

CO partial pressure (PCO ≥ 30 Torr) correctly. Adsorbed CO∗2 can be ruled

out as the MARI because the CO oxidation reaction is carried out in the

low conversion limit in our studies (so the CO2 concentration is low) and

also the desorption of CO2 is much faster than the rate of CO oxidation at

the conditions employed in this study [144]. The rate expressions with ∗P

and O2
∗
V as the MARI are inconsistent with the rate dependence observed in

our kinetic measurements. Additional details can be found in the Supporting

Information.

CO oxidation at the perimeter in the rate determining step may pro-

ceed via a surface intermediate bridging across two active sites with CO on a

perimeter site and O2 on a nearby oxygen vacancy (O=C∗P · · ·O2
∗
V ) [156, 157]

or a carbonate species [136, 144, 145]. As indicated by DFT calculations on
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the Au/TiO2 surface, the O-O bond can be significantly weakened when it

interacts with CO in the form of O=C∗ · · ·O∗2 bridging across the Au/TiO2

perimeter [156]. Further, this intermediate decomposes into CO2 and O with

a very small energy barrier [156]. Allian et al. investigated the mechanism of

CO oxidation on supported Pt nanoclusters [157]. This kinetic study shows

that the CO oxidation rate has a first order dependence on O2 partial pressure

and a negative order dependence on CO. Combining kinetic analysis and DFT,

the authors were able to confirm that the RDS is O∗2 and CO∗ forming reactive

O=C∗P · · ·O2
∗
V intermediates, that decompose into CO∗2 and O∗. The activa-

tion barrier for CO∗ assisted O2 activation is much smaller than that of direct

O2 dissociation. On the other hand, the existence of carbonate is frequently

observed on supported gold catalysts [136, 144–146], but the decomposition

of carbonate is difficult without the help of water vapor on supported gold

catalysts [136,144,145]. Thus, the formation of carbonate at the perimeter is

more likely to hinder the reaction rate of gold catalysts by blocking sites on

our sample without the presence of H2O [144,145].

Our inverse model catalyst study suggests that the metal/support perime-

ter is the location of active sites for the Fe2O3/Au(111) system in CO oxidation.

It can serve as a benchmark for supported gold catalysis research assisting de-

veloping catalytic mechanisms for conventional metal/oxide catalysts. The

kinetics of CO oxidation over Fe2O3/Au(111) model catalysts used in this

study show both similarity and differences to the kinetics in some reports

regarding high surface area gold catalysts [135–137]. Haruta and coworkers
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reported that the CO oxidation rate over Au/Fe2O3 is independent of the con-

centration of CO and is slightly dependent on the concentration of O2 [135].

The activation of molecular oxygen is expected to be the rate limiting step

on many supported gold catalysts, including Au/TiO2 [153,158].But here, O2

appears to be readily activated in a concerted step which also oxidizes CO at

the Fe2O3/Au perimeter, which is the rate limiting step. Furthermore, it is

possible that more than one mechanism is active on inverse Fe2O3/Au(111)

model catalysts.

5.5 Concluding Remarks

In this study, we have demonstrated that inverse Fe2O3/Au(111) model

catalysts have catalytic activity for CO oxidation at pressures between 4 and

100 Torr. The reaction rate has a strong dependence on the iron oxide cover-

age. The experimental results demonstrates that the Fe2O3/Au perimeter is

the active center for CO oxidation. The reaction rate for CO oxidation has a

first order dependence on O2 partial pressure. Its dependence on CO partial

pressures can be described as first order at lower pressures and zero order at

higher pressures. Kinetic measurements suggest the rate limiting step is likely

to be CO oxidation by chemisorbed molecular oxygen at the perimeter. Car-

bon deposition was observed in post reaction AES. The reaction rate for CO

oxidation decays with reaction time, which is likely due to carbon accumu-

lating at active centers and the iron oxide morphology changing during CO

oxidation.
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Chapter 6

Concluding Remarks and Future Research

6.1 Overview of Completed Work

As discussed in this dissertation, conceptually simpler model catalysts

can be used to interpret chemistry on much more complicated high surface area

catalysts. This type of research can help to correlate the catalytic properties

to specific surface structures in hope of clarifying the “structure-property re-

lationship”. My work also provides more detailed information on mechanism

and kinetics for chemical reactions on catalytic surfaces.

In Chapter 2, we utilized Au(111) as a planar representative for gold

nanoparticles to investigate the selective oxidation of 2-butanol under UHV.

By using isotopes in carefully designed TPD and MBRS experiments, we ob-

served the C-O bond cleavage in partial oxidation of 2-butanol for the first

time. We also achieved 100% selectivity to 2-butanone, the desired product.

Complete reaction mechanism for the partial oxidation and C-O bond cleavage

was proposed.

In Chapter 3, we examined the selective oxidation of allyl alcohol on

oxygen pre-covered Au(111) single crystal. When the Au(111) surface was

pre-covered with a low coverage of atomic oxygen, allyl alcohol can be oxi-
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dized into acrolein with 100% selectivity. At higher oxygen coverages, high

selectivity can be achieved using an annealing treatment on the Oa/Au(111)

surface, which suppresses the combustion pathway without significantly affect-

ing acrolein production. No isomerization, hydrogenation or coupling products

were detected in our temperature programmed desorption measurements.

In Chapter 4, we investigated the effect of moisture in CO oxidation

using a model catalyst closer to industrial catalysts, which are generally made

of metal clusters dispersed on metal oxides. We fabricated a supported gold

model catalyst by depositing gold nanoparticles on a TiO2(110) single crystal,

in order to incorporate the effect of metal/metal oxide interface into our study.

Our results demonstrate that adsorbed water slightly inhibits CO oxidation

on Au/TiO2(110) pre-covered with atomic oxygen. Isotope experiments show

that adsorbed water is involved in the reaction.

In Chapter 5, we tried to bridge the “pressure gap” between surface

science studies under UHV and the classical catalysis studies under elevated

pressures. We adapted the existing UHV chamber to obtain the capability to

do batch reactor testing. In this study, we have demonstrated that inverse

Fe2O3/Au(111) model catalysts have catalytic activity for CO oxidation at

pressures between 4 and 100 Torr. We were able to provide direct evidence

to show that the Fe2O3/Au perimeter is the active center for CO oxidation.

Extensive kinetic measurements yield a detailed reaction pathway.
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6.2 Future Research

Bimetallic catalysts are a very promising class of candidates for im-

proving the performance and reducing the cost of catalytic systems. A natural

extension of my graduate work would be exploring bimetallic model catalyst

systems for a variety of chemical reactions, including selective oxidation of al-

cohols, CO oxidation and the water gas shift reaction. An interesting example

of future work is to look into the possibility of using Pd-Au catalysts in the

oxidation of allyl alcohol under UHV conditions.

The selective oxidation of alcohols into aldehydes is a fundamentally

important process in both laboratory and commercial production. [37, 38, 97]

Aldehydes are important intermediates and of great economical value in phar-

maceutical and fine chemical industries. Extensive research efforts have been

put into the search of environmentally friendly catalysts to replace the tra-

ditional stoichiometric oxygen donors used in the selective oxidation process,

which are usually associated with toxic issues. Pd by itself is one of the

most active and general catalysts for the aerobic oxidation of allylic alco-

hols. [159–162] However, the major existing problem for Pd catalysts in allylic

alcohols oxidation is that Pd promotes isomerization and hydrogenation re-

actions. Recently, bimetallic catalysts containing gold have been reported to

possess high activity and selectivity in selective oxidation of alcohols. [163] The

beneficial role of gold is attributed to enhanced reaction rate and selectivity.

Thus, adding gold into Pd catalysts offers a promising way to improve the

performance of the catalysts for the selective oxidation of alcohols. Bimetallic
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PdAu catalysts have been shown to have high activity in selective oxidation

of alcohols in both aqueous solutions and solventless conditions, [38, 164–166]

as well as the acetoxylation of ethylene to vinyl acetate, [167] glycerol oxi-

dation, [168] hydrochlorination of acetylene, [169] and the direct synthesis of

H2O2 from H2 and O2. [170] Hutchings et al. found that Au-Pd alloys sup-

ported on TiO2 can catalyze the aerobic oxidation of a variety of primary

alcohols, including allylic alcohols, with very high turnover frequencies, and

the addition of gold improves the selectivity towards aldehydes. [38] Corma

and coworkers also reported Pd-Au nanoparticles supported on TiO2 or CeO2

can achieve high conversions in aerobic oxidation of allylic alcohols in sol-

ventless conditions; however, isomerization products were produced in some

cases. [101]

Pd-Au alloy surfaces made by depositing Pd on the Au(111) single crys-

tal have been used to understand a variety of reactions on much more compli-

cated high surface area Pd-Au bimetallic catalysts. [109, 167, 171–173] Good-

man and coworkers studied the synthesis of vinyl acetate on the Pd/Au(111)

surface. [167] Compared to pure Pd, the addition of gold has resulted in a

significant increase in reaction rate and a moderate improvement in selectiv-

ity. [167] Thus, the Pd/Au(111) model catalyst could be used as a planar

representative for PdAu bimetallic catalysts to investigate the selective oxida-

tion of allyl alcohol. By comparing results on Pd/Au(111) to those on Au(111)

and Pd(111) single crystals, one can learn a great deal regarding the reaction

mechanism and possibly active sites on PdAu bimetallic catalysts, which is
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useful and relevant to classical catalysis research.
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Appendix 1

Supporting Information: CO Oxidation on

Inverse Fe2O3/Au(111) Model Catalysts

1.1 Iron Coverage Calibration using Auger Electron Spec-
troscopy

The coverage of iron clusters was calibrated using the intensity ratio of

iron and gold signals from Auger electron spectroscopy (AES). Our calculation

follows an established method for estimating the coverage of a metal overlayer

on metal single crystals using a single AES spectrum [174]. Fe coverage (x)

can be obtained by solving the following equation using Mathematica for n =

20, as the contributions from n ≥ 20 layers are negligible:

IFe

IAu

=
xI◦Fe∑

n

{(1− x)e
−(n−1) dAu

λAu + xe
− dFe+(n−1)dAu

λAu }I◦Au

(1.1)

IFe = xI◦Fe

I◦Fe/SFe = I◦Au/SAu

The parameters are defined as:

I◦Fe: intensity of Fe (703 eV) feature for 1 monolayer (ML) Fe
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I◦Au: intensity of Au (239 eV) feature for 1 ML Au

IFe: AES intensity of Fe (703 eV) for Fe/Au(111)

IAu: AES intensity of Au (239 eV) for Fe/Au(111)

SFe: sensitivity factor for Fe (703 eV) for Fe

SAu: sensitivity factor for Au (239 eV) for Au

λAu: the mean free path of the Au(239 eV) electrons, which is estimated

to be ∼ 5.46 Å from the Universal curve [175]

dFe: the thickness of an Fe monolayer which equals the diameter of an

Fe atom (DFe = 2.52 Å)

dAu: the thickness of each Au layer in the Au(111) single crystal, which

is 2.4 Å [140]

An example AES spectrum is displayed in Figure 1.1. All the AES

spectra in this study were collected using a beam energy of 3 keV. Under

these conditions, SAu = 0.1794 and SFe = 0.9494 [176]. The intensities of Fe

and Au signals in Figure 1.1(a) are: IFe = 642.2 and IAu = 1680.1. By solving

Equation (1.1), the Fe coverage for this sample is 0.19 ML. Figure 1.1(b) shows

the AES of the oxidized Fe2O3/Au(111).

1.2 Sample Deactivation under Reaction Conditions

Sample deactivation was observed on surfaces with various iron oxide

coverages as well. The deactivation of a 0.19 ML Fe2O3 sample is shown in
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Figure 1.1: AES of (a) a fresh made Fe/Au(111) sample and (b)
Fe2O3/Au(111)

Figure 1.2 below. This sample deactivated at a slightly slower rate, compared

to that of the 0.55 ML sample shown in the paper. At t = 35 min, the average

reaction rate is approximately 80% of that of t = 5 min.
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Figure 1.2: CO2 production and reaction rate as a function of reaction time
on a 0.19 ML Fe2O3/Au(111) sample exposed to a mixture of 10 Torr O2 and
1 Torr CO at 525 K.

1.3 Initial Reaction Rate Calculation

Since Fe2O3/Au(111) inverse model catalysts deactivate during reac-

tions, we compare the CO oxidation activities of different samples using the

initial reaction rate. The initial reaction rate was calculated by extrapolating

the CO2 production data to time zero using quadratic equations.
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Figure 1.3: Illustration of the method for calculating the initial reaction rate
for CO oxidation on a 0.37 ML Fe2O3/Au(111). The sample was exposed to
a gas mixture of 1 Torr CO and 10 Torr O2 at 525 K.
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1.4 Estimation of the Number of Perimeter Sites using
STM Images

We estimated of the number of perimeter sites on the surface using

published STM images of the Fe2O3/Au(111) surfaces [140]. We manually

measured the total length of the perimeter of nanoparticles on the STM images

[140]. The density of perimeter length is the total length of particle perimeter

divided by the area of the STM image. The density of perimeter length of the

Fe2O3/Au(111) surfaces with various iron oxide coverages is listed in Table 1.1

below:

Iron oxide coverage (ML) Density of perimeter length (nm−1)

0.1 0.00928

0.25 0.0865

0.5 0.0286

0.75 0.0452

1 0.0423

Table 1.1: Density of perimeter length obtained from STM images (Figure 2
and 5 in [140]).

The density of perimeter length is proportional to the density of perime-

ter sites. The density of the perimeter length reaches the maximum when iron

oxide coverage is 0.25 ML and decreases at higher coverages. Assuming that
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density of the perimeter length changes linearly between 0.25 ML and 0.5 ML,

the density of the perimeter length for a 0.42 ML Fe2O3/Au(111) sample is

calculated to be 0.0470 nm−1 using linear interpolation. To get the number

of perimeter sites, we assume that the perimeter sites are Au atoms (dAu =

0.288 nm) at the Fe2O3/Au(111) perimeter. So on a 0.42 ML Fe2O3/Au(111)

sample, the total number of perimeter sites is:

N =
Sample area×Density of perimeter length

Diameter of Au atom

=
2.26× 1014nm2 × 0.0470nm−1

0.288nm

=3.69× 1013

(1.2)

The surface atom density of the Au(111) single crystal is 1.39 × 1015

atom/ cm2. Thus, the perimeter sites on a 0.42 ML Fe2O3/Au(111) sample

only make approximately 1.2 % of the total number of gold atoms on Au(111).

The initial reaction rate in CO oxidation on the 0.42 ML Fe2O3/Au(111)

sample in 7.5 Torr CO and 7.5 Torr O2 at 575 K is 2.53× 1016 CO2 molecules/s.

The initial turn over frequency (TOF) is:

Initial TOF =
2.53× 1016s−1

N
= 684 site−1s−1 (1.3)
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1.5 Derivation of Rate Expressions

1.6 Mechanism with Two Active Sites (1)

In this kinetic model developed to describe our data, we consider two

kinds of active sites present at the Fe2O3/Au(111) perimeter: the perimeter

sites (∗P ) and the oxygen vacancies on the Fe2O3 (∗V ). A possible mechanism

is laid out with the following elementary steps:

step (1) 2CO + 2∗P ←→ 2CO∗P k+1 , k
−
1

step (2) O2 + ∗V ←→ O2
∗
V k+2 , k

−
2

step (3) O2
∗
V + CO∗P ←→ CO2

∗
P +O∗V k+3 , k

−
3

step (4) 2CO2
∗
P ←→ 2CO2 + 2∗P k+4 , k

−
4

step (5) O∗V + CO∗P ←→ CO2
∗
P + ∗V k+5 , k

−
5

Unoccupied perimeter gold sites and the adsorbed species X at such sites are

denoted by ∗P and X∗P . Similarly, the unoccupied oxygen vacancy sites and the

adsorbed species X at vacancy sites are denoted by ∗V and X∗V . The forward

reaction constant for step (i) is k+
i , while the backward reaction constant is

k−i .

We assume that the total number of accessible sites on the Fe2O3/Au(111)

surface does not change during reactions. The two different types of active sur-

face sites are treated separately here. Based on the principle of conservation of

sites, the sum ([LP ] or [LV ]) of the concentration of unoccupied sites ([∗]) and

all individual surface species ([X∗]) for each type of sites is a constant [177,178].
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We also assume that the pseudo-steady state hypothesis (PSSH) holds. Thus,

we get the following expressions for the site balance:

[LP ] = [∗P ] + [CO∗P ] + [CO2
∗
P ] (1.4)

[LV ] = [∗V ] + [O2
∗
V ] + [O∗V ] (1.5)

[L] = [LP ] + [LV ] (1.6)

In order to obtain analytical expressions, we assume that one of the

elementary steps is the rate-determining step (RDS) and steps proceeding the

RDS are at quasi-equilibrium. By assuming that a specific surface interme-

diate is the most abundant reactive intermediate (MARI) for a certain type

of active site, the expression for the site balance can be further simplified. In

the following paragraphs, we present the derivation of rate expressions with

various assumptions of the RDS and the MARI.

1.6.1 CO oxidation (step 3) as the RDS

The adsorption and desorption of reactants (CO and O2) and product

(CO2) are assumed to be quasi-equilibrated because the rates of adsorption and

desorption of both molecules are much faster than the overall forward reaction

rate (∼ 1015 molecules·cm−2·s−1) under the reaction conditions employed in

this study. We estimated the adsorption and desorption rates based on studies

on Au(111) and iron oxide surfaces, since little is known on the Fe2O3/Au(111)

surface [65, 141, 154]. Adsorption rates of these molecules are equal to the

estimated sticking probability multiplied by the rate of surface bombardment
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(∼1020 cm−2·s−1), which is given by the kinetic theory of gases. The desorption

rates can be estimated by Polanyi-Wigner equation using prefactors and known

desorption energies on Au(111) or estimated desorption energies on iron oxides.

The elementary steps can be written as follows:

step (1) 2CO + 2∗P ←→ 2CO∗P K1

step (2) O2 + ∗V ←→ O2
∗
V K2

step (3) O2
∗
V + CO∗P ←→ CO2

∗
P +O∗V k+3 , k

−
3

step (4) 2CO2
∗
P ←→ 2CO2 + 2∗P K4

step (5) O∗V + CO∗P ←→ CO2
∗
P + ∗V k+5 , k

−
5

Assuming step (1), (2), and (4) are at quasi-equilibrium:

[CO∗P ] = K1PCO[∗P ] (1.7)

[O2
∗
V ] = K2PO2 [∗V ] (1.8)

[CO2
∗
P ] = K−14 PCO2 [∗P ] (1.9)

The formation rate of O∗V is

rO∗V = k+3 [O2
∗
V ]

[CO∗P ]

[L]
+ k−5 [CO2

∗
P ]

[∗V ]

[L]
− k+5 [O∗V ]

[CO∗P ]

[L]
− k−3 [CO2

∗
P ]

[O∗V ]

[L]

(1.10)

Using the PSSH, the net rate of the formation of OV is zero.

rO∗V = 0 (1.11)
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Solving Equation (1.10) and (1.11),

[O∗V ] =
k+3 K1K2PCOPO2 + k−5 K

−1
4 PCO2

k+5 K1PCO + k−3 K
−1
4 PCO2

[∗V ] (1.12)

Site balance equations can be expressed as [LP ] = [∗P ] · α and [LV ] =

[∗V ] · β, in which:

α = 1 +K1PCO +K−14 PCO2 (1.13)

β = 1 +K2PO2 +
k+3 K1K2PCOPO2 + k−5 K

−1
4 PCO2

k+5 K1PCO + k−3 K
−1
4 PCO2

(1.14)

Assuming that the CO oxidation reaction (step 3) is the rate determin-

ing step, the rate expression of the overall reaction is:

r3 = k+3 [O2
∗
V ]

[CO∗P ]

[L]

= k+3 K1K2PCOPO2 [∗P ]
[∗V ]

[L]

= k+3 K1K2PCOPO2 [LP ]
[LV ]

[L]
· 1

αβ

(1.15)

Since CO oxidation was carried out in the low conversion limit, CO2

is unlikely to be the MARI at the perimeter sites at the temperatures em-

ployed in this study. The rate expressions obtained as the result of a series of

assumptions and simplifications are listed in Table 1.2.

For the rate expressions listed in Table 1.2, the rate expression with

∗P and ∗V as the MARI is consistent with kinetic measurements at low CO

partial pressures and the rate expression with CO∗P and ∗V as the MARI can

explain the kinetic data at high CO partial pressures. The rate expressions
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MARI α β r3

∗P and ∗V 1 1 ∝ k+3 K1K2PCOPO2

CO∗P and ∗V K1PCO 1 ∝ k+3 K2PO2

∗P and O2
∗
V 1 K2PO2 ∝ k+3 K1PCO

∗P and O∗V 1
k+3 K1K2PCOPO2

+k−5 K−1
4 PCO2

k+5 K1PCO+k−3 K−1
4 PCO2

∝ 1
k+5
K1PCO when

PCO2 → 0

Table 1.2: Simplification of rate expressions assuming different species as the
MARI when step (3) is the RDS.

derived with O∗V or O2∗V as the MARI have a zero order dependence on O2

partial pressures and a first order dependence on CO partial pressures, which

are inconsistent with our data.

1.6.2 Adsorption of CO (step 1) as the RDS

When the adsorption of CO is the kinetically relevant step, the overall

rate is:

r1 = k+1 PCO[∗P ]

=
k+1 PCO[LP ]

α

(1.16)

When step (1) is the RDS, the MARI on perimeter sites is most likely

to be unoccupied sites (∗P ) and α = 1. Thus, the CO oxidation rate is given

by

r1 = k+1 PCO[LP ] (1.17)
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This rate expression is inconsistent with our kinetic data.

1.6.3 Adsorption of O2 (step 2) as the RDS

When the adsorption of O2 is taken as the kinetically relevant step, the

overall rate is:

r2 = k+2 PO2 [∗V ]

=
k+2 PO2 [LV ]

β

(1.18)

When the adsorption of O2 is the RDS, the MARI on oxygen vacancy

sites is most likely to be unoccupied sites (∗V ) and β = 1. Thus, the CO

oxidation rate is given by

r2 = k+2 PO2 [LV ] (1.19)

Rate expressions with step (1) or (2) as the RDS are inconsistent with

our experimental data.

1.6.4 Step (5) as the RDS

Assuming step (5) is taken as the kinetically relevant step and step (1)

through (4) are at quasi-equilibrium:

[CO∗P ] = K1PCO[∗P ] (1.20)

[O2
∗
V ] = K2PO2 [∗V ] (1.21)

[O∗V ] = K3
[O2
∗
V ][CO∗P ]

[CO2
∗
P ]

= K1K2K3K
−1
4 PO2PCOP

−1
CO2

[∗V ] (1.22)

[CO2
∗
P ] = K−14 PCO2 [∗P ] (1.23)
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The overall rate is:

r5 = k+5 [O∗V ]
[CO∗P ]

[L]

= k+5 K
2
1K2K3K

−1
4 PO2P

2
COP

−1
CO2

[∗V ]
[∗P ]

[L]

= k+5 K
2
1K2K3K

−1
4 PO2P

2
COP

−1
CO2

[LP ]
[LV ]

[L]
· 1

αβ

(1.24)

where

α = 1 +K1PCO +K−14 PCO2 (1.25)

β = 1 +K2PO2 +K1K2K3K
−1
4 PO2PCOP

−1
CO2

(1.26)

The rate expressions obtained as the result of a series of assumptions

and simplifications are listed in Table 1.3. They can not explain our kinetic

data.

MARI α β r5

∗P and ∗V 1 1 ∝ k+5 K
2
1K2K3K

−1
4 PO2P

2
COP

−1
CO2

CO∗P and ∗V K1PCO 1 ∝ k+5 K1K2K3K
−1
4 PO2PCOP

−1
CO2

∗P and O2
∗
V 1 K2PO2 ∝ k+5 K

2
1K3K

−1
4 P 2

COP
−1
CO2

∗P and O∗V 1 k+5 K1K2K3K
−1
4

·PCOPO2P
−1
CO2

∝ k+5 K1PCO

Table 1.3: Simplification of rate expressions assuming different species as the
MARI when step (5) is the RDS.
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1.7 Mechanism with Two Active Sites (2)

Another possible mechanism with two active sites at the iron oxide/gold

perimeter can be used to describe our kinetic data and is listed below:

step (1) Fe−O − Au− ∗P + CO ←→ Fe−O − Au− CO∗P k+1 , k
−
1

step (2) Fe−O − Au− CO∗P ←→ Fe− ∗V − Au− ∗P + CO2 k+2 , k
−
2

step (3) Fe− ∗V − Au− ∗P + CO ←→ Fe− ∗V − Au− CO∗P k+3 , k
−
3

step (4) Fe− ∗V − Au− CO∗P +O2 ←→ Fe−O2
∗
V − Au− CO∗P k+4 , k

−
4

step (5) Fe−O2
∗
V − Au− CO∗P ←→ Fe−O − Au− ∗P + CO2 k+5 , k

−
5

Here, Fe-O-Au-*P represents a group of two active sites on the iron

oxide/gold perimeter and the lattice oxygen can be reduced into a vacancy site

(*V ). Step (1) describes quasi-equilibrated adsorption of CO on the perimeter

gold sites. In step (2), adsorbed CO reacts with the lattice oxygen at the

perimeter and creates an oxygen vacancy. The assumption of step (2) as the

RDS leads to a rate expression independent of O2 partial pressure, which

is inconsistent with our kinetic data. So step (2) is assumed to be quasi-

equilibrated. In step (3), CO adsorbs to the perimeter site that is adjacent

to the newly generated oxygen vacancy. O2 adsorbs on the oxygen vacancies

in step (4). O2 and CO∗ proximately adsorbed can react and form CO2, as

shown in step (5).

The derivation of rate expressions assuming that step (1) through (4)
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at quasi-equilibrium and step (5) as the RDS is shown here:

[Fe−O − Au− CO∗P ] =K1PCO[Fe−O − Au− ∗P ]

[Fe− ∗V − Au− ∗P ] =K2P
−1
CO2

[Fe−O − Au− CO∗P ]

=K1K2PCOP
−1
CO2

[Fe−O − Au− ∗P ]

[Fe− ∗V − Au− CO∗P ] =K3PCO[Fe− ∗V − Au− ∗P ]

=K1K2K3P
2
COP

−1
CO2

[Fe−O − Au− ∗P ]

[Fe−O2
∗
V − Au− CO∗P ] =K4PO2 [Fe− ∗V − Au− CO∗P ]

=K1K2K3K4PO2P
2
COP

−1
CO2

[Fe−O − Au− ∗P ]

(1.27)

Site balance:

[L] =[Fe−O − Au− ∗P ] + [Fe− ∗V − Au− ∗P ] + [Fe−O − Au− CO∗P ]

+ [Fe− ∗V − Au− CO∗P ] + [Fe−O2
∗
V − Au− CO∗P ]

=[Fe−O − Au− ∗P ] · α
(1.28)

where

α =1 +K1K2PCOP
−1
CO2

+K1PCO

+K1K2K3P
2
COP

−1
CO2

+K1K2K3K4PO2P
2
COP

−1
CO2

(1.29)

The reaction rate is:

r5 =k+5 [Fe−O2
∗
V − Au− CO∗P ]

=k+5 K1K2K3K4PO2P
2
COP

−1
CO2
· [L]

α

(1.30)

Rate expressions with the assumptions of various of surface sites as the

MARI are listed in Table 1.4. The rate expressions with either Fe-*V -Au-*P or
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MARI α r5

Fe-O-Au-*P 1 ∝ k+5 K1K2K3K4PO2P
2
COP

−1
CO2

Fe-∗V -Au-*P K1K2PCOP
−1
CO2

∝ k+5 K3K4PO2PCO

Fe-*V -Au-CO∗P K1K2K3P
2
COP

−1
CO2

∝ k+5 K4PO2

Fe-O-Au-CO∗p K1PCO ∝ k+5 K2K3K4PO2PCOP
−1
CO2

Fe-O2
∗
V -Au-CO∗P K1K2K3K4

·PO2P
2
COP

−1
CO2

∝ k+5

Table 1.4: Simplification of rate expressions assuming different species as the
MARI when step (5) is the RDS.

Fe-O-Au-CO∗P as the MARI are consistent with kinetic measurements at low

CO partial pressure. Meanwhile, the rate expressions with Fe-O2
∗
V -Au-CO∗P

as the MARI can explain our kinetic data at high CO partial pressure.

If step (4) is assumed to be the RDS, identical rate expressions can be

obtained and could be used to explain our kinetic data. However, as discussed

earlier, the adsorption and desorption rate of O2 is much greater than the

overall reaction rate of CO oxidation in our studies. Therefore, step (4) is

more likely to be a fast step rather than the RDS.
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1.8 Mechanism with Uniform Sites and non-dissociative
adsorption of O2

We started developing kinetic models from mechanisms with uniform

active surface sites; however, these models with uniform sites turned out to

be inadequate to explain our kinetic data. For the sake of completeness, we

include the models with uniform sites here. In the following mechanisms, the

active sites on the perimeter of Fe2O3/Au(111) are considered to be uniform.

A mechanism similar to that in Section 2.1 is proposed and studied. The

elementary steps are:

step (1) 2CO + 2∗ ←→ 2CO∗ k+1 , k
−
1

step (2) O2 + ∗ ←→ O∗2 k+2 , k
−
2

step (3) O∗2 + CO∗ ←→ CO∗2 +O∗ k+3 , k
−
3

step (4) 2CO∗2 ←→ 2CO2 + 2∗ k+4 , k
−
4

step (5) CO∗ +O∗ ←→ CO∗2 + ∗ k+5 , k
−
5

The rate expressions derived from this single-site mechanism are incon-

sistent with kinetic data. The derivations with various assumptions on the

RDS and the MARI are presented here.

The expression for site balance can be written as:

[L] = [∗] + [CO∗] + [O∗2] + [CO∗2] + [O∗]

= [∗] · α
(1.31)
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1.8.1 Adsorption of O2 (step 2) as the RDS

The adsorption of O2 is taken as the kinetically relevant step, proceeded

by quasi-equilibrated adsorption of CO.

[CO∗] = K1PCO[∗] (1.32)

The overall rate is:

r2 = k+2 PO2 [∗]

=
k+2 PO2

α

(1.33)

where

α = 1 +K1PCO + · · · (1.34)

The rate expressions are summarized in Table 1.5. When the vacant

sites are the MARI, the rate expression has a first order dependence on O2

partial pressure. The rate expressions have a reverse first order dependence

of CO partial pressure when CO∗ is the MARI, which is inconsistent with our

data.

MARI α r2

* 1 ∝ k+2 PO2

CO∗ K1PCO ∝ k+2 K
−1
1 PO2P

−1
CO

Table 1.5: Simplification of rate expressions assuming different species as the
MARI when step (2) is the RDS.
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1.8.2 CO oxidation (step 3) as the RDS

Assuming CO oxidation (Step 3) as the RDS and step (1), (2), and (4)

are at quasi-equilibrium:

[CO∗] = K1PCO[∗] (1.35)

[O∗2] = K2PO2 [∗] (1.36)

[CO∗2] = K−14 PCO2 [∗] (1.37)

Using the PSSH, the net formation rate of O∗ is zero. The concentration

of O∗ is:

[O∗] =
k+3 K1K2PCOPO2 + k−5 K

−1
4 PCO2

k+5 K1PCO + k−3 K
−1
4 PCO2

[∗] (1.38)

The site balance can be expressed as [L] = [∗] · α, in which:

α = 1 +K1PCO +K2PO2 +K4PCO2 +
k+3 K1K2PCOPO2 + k−5 K

−1
4 PCO2

k+5 K1PCO + k−3 K
−1
4 PCO2

(1.39)

The overall rate of CO oxidation is

r3 = k+3 [O∗2]
[CO∗]

[L]

= k+3 K1K2PCOPO2

[∗]2

[L]

= k+3 K1K2PCOPO2 [L] · 1

α2

(1.40)

The rate expressions listed in Table 1.6 are inconsistent with our ex-

perimental data.
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MARI α r3

* 1 ∝ k+3 K1K2PCOPO2

CO∗ K1PCO ∝ k+3 K
−1
1 K2PO2P

−1
CO

O∗2 K2PO2 ∝ k+3 K1K
−1
2 PCOP

−1
O2

CO2
∗ K−14 PCO2 ∝ k+3 K1K2K

2
4PCOPO2P

−2
CO2

O∗
k+3 K1K2PCOPO2

+k−5 K−1
4 PCO2

k+5 K1PCO+k−3 K−1
4 PCO2

∝ (k+5 )2

k+3
K1K

−1
2 PCOP

−1
O2

when PCO2 → 0

Table 1.6: Simplification of rate expressions assuming different species as the
MARI when step (3) is the RDS.

1.9 Mechanism with Uniform Sites and Dissociative Ad-
sorption of O2

We studied a reaction mechanism involving dissociative adsorption of

oxygen, since the dissociative adsorption of oxygen is proposed on some gold

catalysts. [17] A sequence of elementary steps with dissociative adsorption of

O2 is presented here:

step (1) 2CO + 2∗ ←→ 2CO∗ k+1 , k
−
1

step (2) O2 + 2∗ ←→ 2O∗ k+2 , k
−
2

step (3) 2O∗ + 2CO∗ ←→ 2CO∗2 + 2∗ k+3 , k
−
3

step (4) 2CO∗2 ←→ 2CO2 + 2∗ k+4 , k
−
4
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The expression for the site balance can be written as:

[L] = [∗] + [CO∗] + [CO∗2] + [O∗]

= [∗] · α
(1.41)

1.9.1 Dissociation of O2 (step 2) as the RDS

Here, the adsorption of O2 is assumed to be the RDS, proceeded by

quasi-equilibrated adsorption of CO.

[CO∗] = K1PCO[∗] (1.42)

The overall rate is:

r2 = k+2 PO2 [∗]2

= k+2 PO2 [L]2 · 1

α2

(1.43)

The rate expressions listed in Table 1.7 are inconsistent with our data.

MARI α r2

* 1 ∝ k+2 PO2

CO∗ K1PCO ∝ k+3 K
−2
1 PO2P

−2
CO

Table 1.7: Simplification of rate expressions assuming different species as the
MARI when step (2) is the RDS.
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1.9.2 CO oxidation (step 3) as the RDS

Here, the CO oxidation step is taken as irreversible and the kinetically

relevant step. Step (1), (2) and (4) are assumed to be quasi-equilibrated.

[CO∗] = K1PCO[∗] (1.44)

[O∗] = K0.5
2 P 0.5

O2
[∗] (1.45)

[CO∗2] = K−14 PCO2 [∗] (1.46)

The overall rate is:

r3 = k+3 [O∗]
[CO∗]

[L]

= k+3 K1K
0.5
2 PCOP

0.5
O2

[∗]2

[L]

= k+3 K1K
0.5
2 PCOP

0.5
O2

[L] · 1

α2

(1.47)

α = 1 +K1PCO +K0.5
2 P 0.5

O2
+K−14 PCO2 (1.48)

The rate expressions listed in Table 1.8 are inconsistent with our kinetic

data. In summary, none of the rate expressions derived from the mechanisms

with uniform sites match the kinetic data of CO oxidation on Fe2O3/Au(111)

inverse model catalysts.
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MARI α r3

* 1 ∝ k+3 K1K
0.5
2 PCOP

0.5
O2

CO∗ K1PCO ∝ k+3 K
−1
1 K0.5

2 PO2K
0.5
2 P−1CO

O∗ K0.5
2 P 0.5

O2
∝ k+3 K1K

−0.5
2 PCOP

−0.5
O2

Table 1.8: Simplification of rate expressions assuming different species as the
MARI when step (3) is the RDS.
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