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ABSTRACT

Electron Microscopy Studies of Real and Model Oxide Supported Au Catalysts

Yingmin Wang

Oxide supported Au catalysts have been the center of intensive research since being
discovered as the most active catalysts for low temperature CO oxidation. However, the
origin of the high activity of these catalysts remains unknown. The complexity of this
catalytic system prevents a clear identification and characterization of the factors truly
affecting its properties. In this thesis research, the attention was focused on certain areas
that are truly crucial for the understanding of the Au catalysts, including the preparation
and activation of Au catalysts, the properties of the TiOy surface and the interaction
between TiO, and gold nanoparticles. Electron microscopy was used throughout this re-
search along with other techniques and has been proved to be a powerful and irreplaceable
tool and provide an insight into this catalytic system with a unique angle.

Among all of the findings of this research, the examination of Au catalysts identified
the role of chlorine in accelerating the agglomeration of gold particles and poisoning the
active sites. Studies on the activation of Au/Al,O3 and Au/TiO, catalysts demonstrated

the oxidation state and the size of the gold particles were two competing factors during



activation and both were very important. The difference in the mobility of gold species
on oxide surfaces affects them.

The study of the TiO, surface described the reoxidation process of the TiO5 surface and
a new surface reconstruction, c¢(2x2), on this surface was reported. Its atomic structure
was solved by applying Direct Methods and Density Functional Theory calculations.

The study of Au/TiOs model catalysts revealed no preferred orientation between gold
nanoparticles and TiOy supports with various crystallographic orientations and surface
conditions, and this fact was explained by the influence of surface adsorbates. Model cat-
alyst studies also characterized surface induced sintering, and estimated the temperature
of local heating during surface induced sintering. Finally, the attempt to measure the

catalytic properties of the Au model catalyst was presented and the initial results was

described.
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CHAPTER 1

Introduction

1.1. Heterogeneous Catalysis and Model Catalysts

The concept of catalysis was introduced in 1835 by Berzelius. Nowadays catalysis, par-
ticularly heterogeneous catalysis, has become a crucial part of many industrial activities,
including oil refining, organic synthesis, pollution control and many other fields. Modern
catalysts are generally composed of several elements in precise proportions. They are
optimized in order to give the highest reaction rate and also, equally important, to have
the best selectivity. After decades of research, systematic information on the catalytic
properties of many catalysts has been established and accumulated. However, further op-
timization is mainly based on the empirical method of trial and error. Even if the general
features of a heterogeneous catalysis are known, it is usually impossible to describe the
details of the reaction mechanisms taking place during a practical catalytic reaction. This
is partly due to the complexity of the catalysts and also due to their lack of characteriza-
tion. For example, many real catalysts are composed of small (in the nanometer range)
metal particles dispersed on a porous material. The uncertainty and nonuniformity of
the materials involved, preparation methods, surface conditions, particle-support inter-
action and more make real catalysts intrinsically difficult to characterize. Even electron
microscopy, one of the best techniques for catalysis study, has its limitations on these

samples. Information on size distribution, particle morphology, surface and interface
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structure is manageable to obtain, but relating this information to catalytic properties
with confidence is still a challenge. In order to overcome this difficulty, basic studies in
heterogeneous catalysis are undertaken on model catalysts.

Model catalysts were introduced in the late 1960s with the development of UHV tech-
nology. They were basically well-ordered extended surfaces of catalytic metals prepared
under UHV conditions. These surfaces are relatively simple and remain clean in a UHV
environment, and furthermore, they can be fully characterized by the numerous surface
science techniques available. Since the introduction of model catalysts, the atomic struc-
ture and electronic properties of many metal surfaces have been studied (Somorjai|[1994).
Their chemical properties were investigated for the first time by studying the chemisorp-
tion properties of these surfaces (Somorjai/|1994). As a result, the mechanism of some
catalytic reactions has been elucidated from UHV experiments, including the oxidation of
CO (T. Engel [1978) and the synthesis of ammonia (Ertl/|[1983) and methanol (Askgaard
et al.|[1995).

Now, the remaining question is: does the mechanisms in UHV conditions extend
to practical catalysis conditions? Indeed most catalytic reactions are operated at at-
mospheric or even higher pressure. This ”pressure gap” is overcome by using high pres-
sure cells, where model catalytic reactions take place at high pressure, and a coupled
UHV chamber is used for characterization of the catalyst before and after the reaction
(Rodriguez and Goodman|1995)). One can argue that the surface structure of the catalyst
can be modified during the reaction itself. To invalidate this argument, the atomic struc-
ture of a model catalyst has been investigated during a reaction by infrared spectroscopy

(Vesecky et al.|1995)). Scanning tunneling microscopy (STM) is also a very promising tool,



20

permitting one to follow a catalytic reaction, in situ, on the atomic scale at low pressure
(Crew and Madix |1994)) and possibly at atmospheric pressure (Schfoder et al.|[1995).
However, metal single crystals cannot account for two important characteristics of
practical catalysts, namely the finite size of the metal particles and the presence of the
support material. It is well documented that both the reactivity and the selectivity
of a catalyst can depend on the particle size (Che and Bennett|[1989). Additionally, the
catalyst support is not necessarily a simple mechanical support for the metal particles since
the support can modify the electronic properties (therefore the reactivity) of the particles
(Kao et al.|[1980; |Ogawa and Ichikawa 1995} Pacchioni and Rrsch/{1994). In some cases,
the support material can even migrate over the particles, as in the case of the strong metal
support interaction (SMSI) (R. Persaud|1997). These new limitations, sometimes named
the "material gap” (Goodman||1995a)), have been recently overcome by the introduction
of a new type of model catalyst: the supported model catalyst. The supported model
catalyst is composed of small metal particles supported on planar surfaces. The planar
support surfaces allow for a precise characterization similar to the case of extended metal
surfaces. Furthermore, the small metal particles are prepared on the support either by
physical deposition in UHV, or by chemical deposition, mimicking the preparation of
industrial catalysts, as in the case of decomposition of metal-organic precursors (Purnell
et al.|1994) or wet impregnation (Valden et al.[1994)). The similarities in preparation allow
for more information to be gained about real catalysts by characterizing the nucleation
and growth of metal clusters on the model support (Poppal|1993; Lad [1995; (Campbell
1997). At the same time, related deposition methods and characterization techniques in

a non-UHV preparation environment are also well developed (Gunter et al.|[1997; Raupp
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et al.[[1986). Although the surface science approach to supported model catalysts is still
in its infancy, it is a rapidly growing field. Moreover, the introduction of new techniques
with atomic spatial resolution opens the way to a real time atomic scale investigation of

supported model catalysts closely related to real catalysts.

1.2. Au Catalysis

Gold has long been known to be far more inert than other transition metals. Conse-
quently, its catalytic properties have remained unexplored. Little research has been done
to study the chemisorption of reactant gases on bulk gold surfaces. Of the studies done,
it has been shown that bulk gold adsorbs CO at temperatures below -123°C or at ambient
temperatures if the CO partial pressure is sufficiently high. The adsorption properties
of certain crystallographic surfaces of gold, including Au(110) (Yates |1969) and Au(332)
(Ruggiero and Hollins|[1996]) have also been investigated. In particular, the work on the
Au(332) surface (Ruggiero and Holling||1996) nicely demonstrates the importance of low
coordination number (CN) atoms in enabling the chemisorption of carbon monoxide on
gold, since it has steps on terraces of the (111) structure. As to its activity, bulk gold is
not a good catalytic candidate since the oxidation of CO can occur only when oxygen is
provided in dissociated form. Only at temperatures less than 400°C can the completed d
shell of gold allow for a weak coupling with adsorbed species, thus creating a high energy
barrier for dissociative adsorption (Schubert et al.[2001)) and a slow reaction rate.

In the 1970’s, Bond and Sermon found that, when dispersed as small, nanosize parti-
cles on a SiO, or Al,O3 support, Au could catalyze the hydrogenation of linear alkenes

at moderate temperatures (Bond et al.|[1973; Sermon et al.|[1979). Also in the 1970’s
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Parravano and coworkers prepared Au nanoparticles dispersed on MgO and Al;O3 that
were active for oxygen and hydrogen transfer reactions (Cha and Parravano [1979; |Gal-
vano and Parravano||[1978). Ozin and et al. also discovered that single Au atoms, when
co-condensed with an equilmolar mixture of CO and O5 at 10K, could liberate COy when
the temperature was increased to 30-40K (Huber et al.||1977).

However, because the catalytic activity of early supported Au catalysts was inferior
to other noble metals for hydrogenation and oxidation reactions, Au was never at the
forefront of catalytic research. It was only when Haruta demonstrated that metal oxide
supported nanoparticles gold are in fact the most active catalyst for low temperature CO
oxidation, and that the reaction can be carried out at temperatures as low as -70°C (Haruta
et al.|[1987), that interest was rekindled. Since then, unusual activity and selectivity of
supported gold nanoparticle catalysts for various reactions have been reported, including
the water gas shift reaction (Sakurai et al.[1997)), methanol synthesis from CO, (Sakurai
and Haruta/|1996)), NO reduction by Hy, CO, or propene (Kung et al.[1996)), and propene
epoxidation (Hayashi et al.[1998)). But, despite the efforts of many research groups, the
origin of the remarkable catalytic properties of supported gold catalysts remains unknown.

The majority of published work in this field focuses on elucidating the nature of the
active sites and reaction mechanism for low temperature CO oxidation. Few definitive
answers have emerged, and much confusion remains regarding the properties of the cat-
alytic active sites for this oxidation reaction. A greater understanding of the nature of
the active sites, as well as the corresponding reaction mechanism, will provide s means
to design more active or selective catalysts and regulate the entire surface reaction at the

catalyst surface.
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Research at Northwestern University has focused on various types of oxide supported
Au catalysts for the oxidation of CO, including Au/Zeolite, Au/TiOy and Au/AlyO3. The
effects of preparation methods on catalytic properties, the role of certain key treatments,
in particular H,O, in the activation and regeneration process, and the changes in chem-
ical states and structure of nanosize gold particles during reaction have been thoroughly
investigated. Consequently, an active site consisting of a ensemble of metallic Au atoms
and Aut-OH~, along with a CO oxidation reaction mechanism involving the formation
and decomposition of a bicarbonate intermediate, has been proposed (Costello et al.[|2002,

2003, 2004; |Yang et al.[2005; Kung et al.[2003)).

1.3. Factors Affecting Catalytic Activity

It is helpful to have a picture of what really happens during gold catalysis at the atomic
level. In particular, an understanding of the status of the supported gold nanoparticles
and the condition of the support surface needs to be established, because it is these fine
details, such as the structure, epitaxy and morphology of gold nanoparticles under various
preparation conditions and treatments, that decide the mechanism of the reaction.

The dependence of catalytic efficiency on the size of gold nanopartilces has attracted
attention both in experiments and theoretical studies. The previous attempts to inter-
pret experimental observations for other generally active metals of Groups 8-10 have been
clouded by factors including the difficulty of preparing mono-dispersed particles and iso-
lating the influence of adsorbates and the support. These factors apply to gold also, and
this is one of the reasons why various theories have been proposed, including electronic

effects (Valden et al.[[1998) and the increase in step and edge sites with decreasing particle
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size (Mavrikakis et al.|2000; (Gupta and Tripathi 2001), etc.. Sometimes, however, these
theories contradict each other. All we know for sure is that as long as the rate is not
limited by mass-transport, the reaction rate per unit area of gold surface is dependent on
particle size. Although there is no apparent optimal particle size for the reaction, it can
be concluded that gold in nanoparticle form is one necessary requirement for activity.

Various gold crystallographic surfaces, steps and edges have different properties for
chemsorption of reaction gases (Yates|[1969; |Ruggiero and Hollins [1996; Mills et al. |2003;
Hagen et al.[2002). The structure and morphology of gold nanoparticles therefore control
the chemical properties of the nanoparticle. Gold nanoparticles can form various types
of FCC structured particles with different symmetries or even multiple twinned particles
(MPTs). Some of the particles share similar stabilities, and rapid fluctuation between
different structures can be observed directly by TEM (Marks et al. 1988, 1986). The
interaction between gold nanoparticles and oxide supports sometimes forces certain epi-
taxial relationships or dampens the fluctuation between different forms of particles (Smith
and Marks [1985). Furthermore, as the facets of a small gold particle are different with
respect to structure and energy, its equilibrium shape can be changed in the presence of
an adsorbate (Shi |1987), since the energy of a surface changes upon foreign molecules
adsorption and this effect of adsorbates introduces more complexity to understanding
the morphology and structure of nanoparticls, especially nanoparticles prepared by wet
chemistry method.

Clearly, the catalytic activity of gold nanoparticles depends on the metal oxide sup-

port, since unsupported gold nanoparticles are not as active as supported ones (lizuka
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et al.|[1999). However, the degree of this effect is much less certain. Many studies report-
ing that the activity does depend on the choice of support, suggest that gold supported on
insulating , covalently bonded metal oxides like Al;O3 and SiO5 are much less active than
those supported on TiO,, Fe,O3, Co304 and NiO (Schubert et al.|[2001). However, other
results (Okumura et al. [1998) showed that Au/TiO,, Au/Al,O3 and Au/SiO, catalysts
prepared by chemical vapor deposition (CVD) exhibit essentially the same catalytic activ-
ity. The contradictory results imply that it is not the support itself that is important, but
rather it is the creation of a strong interaction at the gold-support interface, dependent
on the method of preparation, that is critical.

The roles the oxide supports play can be divided into two categories. Firstly, as
proposed by many groups (Schubert et al. 2001; Liu et al.|[1999), the oxide support
provides the activated oxygen species for the CO oxidation reaction. Unsupported Au is
incapable of activating O,. Although some experimental research groups (Valden et al.
1998)) and density functional theory (DFT) calculations (Mavrikakis et al.2000) proposed
the direct adsorption of oxygen on gold, there is no direct experimental evidence that
supported Au nanoparticles can dissociate O,. It has been suggested that the O, adsorbs
on the support at the support-particle interface in the form of a superoxide.

On the other hand, oxide supports provide a surface where gold particles nucleate, grow
and propagate. Besides the atomic structure of the support, for an oxide with a large flat
surface in UHV, surface defects, which are often oxygen vacancies (Moorhead and Poppa
1979), have the biggest influence on nucleation. Outside of UHV environment, oxide
surfaces are contaminated by hydroxyls (Coluccia et al.[1979) and carbonates (Onishi

et al||1987)) after being exposed to air, even for a short time. These contaminants act
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as the nucleation centers for gold nanoparticles, in particular when wet chemistry is the
method for sample preparation. After sample preparation, the interaction between the
oxide support and gold nanoparticles reduces sintering, despite the fact that nanoparticles
are unstable with respect to the bulk and there is a driving force for coalescence. It is
during calcination or reaction that the elevated temperature increases the mobility of
gold atoms, thereby introducing structure and morphology changes, further affecting the

chemical properties of gold catalysts.

1.4. Objective

As illustrated in the above review of the literature, many unresolved issues remain in
the field of gold catalysis. Although a fair number of studies have been done in attempt
to understand the nature of the chemical reactions of real catalysts, the results from
these studies vary from one to another, sometimes even contradicting each other. The
large number of variables involved in each study might be the reason why not many
definite conclusions have been made. On the other hand, model gold catalysts have been
extensively investigated. But most of the systems are oversimplified compared to the
real catalyst system. The existence of the so-called ”pressure gap” and ”material gap”
between real and model catalysts makes these results informative but less relevant to real
catalytic systems.

This presented work targets improving the understanding of the many factors affecting
catalytic properties of oxide supported gold catalysts, in order to explain the existing
observations and provide clear and relevant characterizations of this catalytic system.

This objective was accomplished by studying the surface of oxide supports and oxide
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supported Au catalytic systems, representing both real and model catalysts, using electron
microscopy and other surface science techniques. In this study, the Au/TiO, system was
chosen as the target of interest because it exhibits an excellent catalytic ability for CO
oxidation at room temperature. This study has not attempted to be exhaustive, but rather
had focused on some specific issues, which are crucial for the understanding this system:
the structure and morphology of gold nanoparticles in real catalysts, the characterization
of the TiOs surface, and the effects of the state of the support surface and subsequent
treatments on gold nanoparticles.

The general experimental techniques, including a description of electron microscopy,
sample preparation, procedures for data acquisition and processing, and a description of
other experimental techniques employed in this study, are presented in Chapter 2. Chapter
3 describes a study of real catalysts using electron microscopy and other techniques. The
surface evolution of the TiOy (100) surface during annealing is presented in Chapter 4.
Chapter 4 describes the atomic structure of a surface reconstruction on the TiO5 (100)
surface and its implication. The characterization of the model catalyst on various TiO,
surfaces is given in Chapter 5. Conclusions from this study and suggestions for future

work are presented in Chapter 6.
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CHAPTER 2

Experimental Techniques

As described in Chapter 1, an atomic level understanding of the structure and elec-
tronic properties is required in order to gain an accurate, fundamental view of Au catalysis.
Ideally, these properties can be related to the observed catalytic properties (activity, selec-
tivity and durability) in real catalyst. For this purpose, transmission electron microscopy
(TEM) has been used as a major experimental tool in this study.

TEM studies the interaction between condensed materials and an accelerated electron
beam, by analyzing after-interaction electron intensity and other signals generated during
this process, to obtain crystallographic and chemical information about the sample under
study.

The most common application of TEM is imaging. Compared to other microscopic
techniques, TEM is able to form 2-D projection of 3-D structure over a wide scale range,
from micrometer to sub-nanometer. Various techniques (including Bright Field (BF),
Dark Field (DF) and High Resolution TEM (HRTEM) etc.) have been developed to
obtain an informative image under different conditions.

Electron diffraction is another indispensable part of TEM, containing information on
the crystal structure, lattice repeat distance, specimen shape and even crystallographic
symmetry. At the same time, the diffraction pattern can always be related to the image

of the area of the specimen from which it came. It is also possible to obtain diffraction
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2 allowing the determination of

patterns for a large area (several ym?) down to few nm
the structure of a single metal particle when a field emission gun is used.

Electron radiation from TEM produces a wide range of secondary signals from the
specimen, most of which are used in analytical electron microscopy, giving us chemical
information and other details about the sample. For example, X-ray energy dispersive
spectrometry (XEDS) and electron energy loss spectrometry (EELS) can be used to iden-
tify elemental changes associated with inhomogeneous micro-structures and the chemical
state of certain elements. Figure [2.1] shows the applications of various TEM techniques
employed in this study.

All of the above advantages of the TEM bring accompanying drawbacks. First of all,
the price to pay for any high-resolution imaging technique is that only a small portion of
specimen is examined at any time. It is especially important when studying the size distri-
bution of nano-sized Au particles of Au catalysts. Large scale sampling is necessary in this
case. Secondly, TEM requires the specimen to be thin enough for electron transmission
and operation to be carried out under high vacuum conditions. These requirements limit
the types of samples that can be studied by TEM and, under certain circumstances, ex-
clude the possibilities of in situ experiments. Finally, as mentioned above, TEM presents
2-D images of 3-D specimens, which makes the acquired information difficult to interpret.
Furthermore, the TEM information generally is averaged through the thickness of the

specimen. In this study, no depth sensitivity means profile information, including the

height and faceting, of nano-sized Au particles is not simple to obtain.
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Figure 2.1. Applications of transmission electron microscopy (TEM): (a)
High resolution TEM (HRTEM) image of polycrystalline TiC film on sin-
gle crystal Si substrate (b) Scanning TEM (STEM) images of mineral
Hematite with TiOs precipitates, (¢c) HRTEM image of CeO+CuO cata-
lyst, (d) STEM image and EDS analysis of tungsten sustained siloxane
nano-network

In this chapter, several issues related to the advantages and drawbacks of TEM will be
discussed, including the selection of proper microscopes and techniques, sample prepara-

tion, data acquisition and processing. The last section is devoted to other complementary
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experimental techniques used in this study in order to achieve full characterization of Au

catalysts.

2.1. Transmission Electron Microscopes

Various types of microscopes were used in this study. The selection was dependent on
the samples under study and each instrument’s unique features.

The Hitachi 8100 (operated at 200kV with a W hairpin filament) was used to perform
general examination of samples at low magnification, including bright field and dark field
imaging and Selected Area Diffraction (SAD). Due to the microscope’s low requirement
for vacuum, samples can be exchanged within a much shorter time compared to other mi-
croscopes. Another advantage of using this microscope is that it has a large specimen tilt
(£45°) pole piece, which makes it possible to carry out crystallographic characterization.

The Hitachi HF2000 (operated at 200kV with a cold cathode Field Emission Gun
(cFEQ)) is a fully equipped atomic resolution analytical electron microscope, capable of
Gatan Image Filtering (GIF), high resolution Electron Energy Loss Spectroscopy (EELS)
and Energy Filtering TEM (EFTEM), so local chemical information about the specimen
and high contrast/resolution images can be obtained. Its BF/ADF STEM detector with
simultaneous Emispec PC acquisition system for STEM, EDS and EELS can be used for
automated line scans, mapping and spatially resolved analytical studies with nanoscale
resolution.

The UHV Hitachi 9000 (operated at 300kV with a LaBg filament) is another micro-
scope used in this study. It was redesigned based upon the Hitachi H9000 to be fully

UHV compatible and bakeable to 200°C (Marks et al. |1988]). In addition to standard
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electron microscopy, the instrument is equipped with a Gatan Parallel Electron Energy
Loss Spectrometer which can be used for elemental analysis and to determinie the sample
thicknesses. A 1024x1024 slow-scan CCD camera was retrofitted to the microscope, thus
enabling real time digital imaging. Most importantly, a UHV system called SPEAR (Fig
2.2) (Collazo-Davila et al|[1995)), is attached to this microscope, which makes it possible
to perform in situ sample preparation and characterization. Magnetron sputtering, PVD,
SEM, Ion gun, E-gun, XPS and gas/heat treatment can be readily employed if necessary.
This system has been used for studying a variety of materials (Grozea et al.|2000; (Widjaja
and Marks|2003; Bengu and Marks [2001; [Erdman et al.|2002). In this study, parts of
model catalyst sample preparation and HRTEM were done by using this microscope.

The JEOL JEM 2100F fast TEM (operated at 200kV with a high brightness Schottky
emitter) is the center piece of STEM work in this study. As an Analytical Scanning Trans-
mission Atomic Resolution (A STAR) electron microscope, it is equipped with STEM,
GIF, EDS and a 2kx2k CCD camera. A probe size of less than 2A can be formed in the
STEM mode, which enables sub-nanometer imaging and chemical analysis.

A VG Microscopes HB603U STEM with a Nion aberration corrector in Oak Ridge
National Lab (ORNL) was used as part of a collaboration. After aberration correction, a

0.6A beam size was obtained to produce single Au Z-contrast images.

2.2. TEM Sample Preparation

A wide variety of specimens were studied using TEM. Besides real Au catalysts sup-

ported by different oxides (AlyOg, zeolite and rutile TiOs), model catalysts with single
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Figure 2.2. Picture of Hitachi UHV 9000 microscope with attached UHV
sample preparation and characterization system (SPEAR)

crystal rutile TiO, supports were used. In order to meet the requirements necessary for
TEM study, sometimes special treatments were needed.

Au catalyst specimens were prepared by a wet chemistry method (see Chapter 6).
Nano-sized Au particles were deposited onto a powder oxide support in solution, and
then were dried in a desiccator or calcined in a furnace. Since the size of powder oxides
was less than 100nm, it was ready to be used in the TEM study without pulverization.
The sample can be directly dispersed onto lacey carbon grid (Ted Pella) after grinding,
but special attention needs to be paid to the water left in the as-prepared specimens and
contamination introduced during preparation and treatment, as they might deteriorate
the high vacuum and produce artifacts interfering with the interpretion of experimental

results.
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For the model catalyst study, the sample preparation process can be separated into
two parts: first is making single crystal TEM samples, then depositing nano-sized Au
particles to form the model catalyst. Single crystal rutile TiOy samples were made by
conventional TEM sample preparation techniques. Highly pure oriented single crystal
plates (purity 99.98%, miscut <0.5°)were obtained commercially (MTI Crystal Inc.) and
cut into 3mm discs using an ultrasonic cutter. These disks were subsquently mechanically
polished to a thickness of about 100 microns and dimpled. After this, samples were
thinned down by ion-milling (GATAN, PIPS) using 5 kev Ar" ions until perforation.
The process of ion-milling affected the samples’ stoichiometry and created defects and
an amorphous region on the surface. Tube furnaces were then employed to carry out
the requisite high temperature anneals to recover surface stoichiometry and crystallinity
(the experimental parameters used will be described in detail in Chapter 4). Nano-sized
Au particles were then deposited either by a wet chemistry method (see Chapter 6) or

physcial vapor deposition (see Chapter 5).

2.3. Data Acquisition and Processing

Since almost all the results in this study were obtained by acquiring data using TEM,
a discussion of different TEM data acquisition methods is justified. Either traditional
film or a CCD camera has been used to record images or electron diffraction patterns,
each method with its own advantages and disadvantages. Traditional film is available on
most TEMs and has relatively high resolution compared to CCD. At the same time, the
inefficiency of traditional film in responding to light (2%) turns out to be a good thing

for recording electron diffraction patterns because the high intensity of the transmitted
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and diffracted electron beams would easily burn out the CCD, which has light sensing
efficiency of about 70%. On the other hand, the CCD has advantages in sensitivity,
linearity, superior dynamic range, real-time feedback and image distortion. The digital
pictures obtained can be transfered and processed conviniently. In this study, the majority
of all images were recorded electronically. Fig|2.1| (a and ¢) show some examples of images
captered by a CCD camera.

Transmission electron diffraction (TED) take advantage of the interaction between
electron beams and the periodic arrangement of atoms. For decades, it has been the
standard technique for the examination of crystal structures of 3-D bulk materials. Nat-
urally, it has been extended to the surfaces and used for the determination of surface
structure. The major advantages of TED include the isolation of a small region of inter-
est, as a small probe can be formed to obtain information from an area with a size of
several nanometers; the ease of data acquisition, since negatives or a CCD camera can be
readily used in diffraction mode of any TEM to record a pattern; and the sensitivity to
surface features, because in-plane periodicity of surface structures can be captured easily
by TED, even if the thickness is no more than few layers of atoms. Since an electron
has a significantly higher scattering probability than an X-ray, a dynamical treatment is
required to interpret the data. Although data interpretation models for TEM have been
established, it is still more complicated and less accurate than those for X-ray. In this
study, a kinematical theory of diffraction can be used to approximate the more rigorous
dynamical case for very thin crystals and far off-zone conditions (Marks et al.|[1991)).

Diffraction information from a small volume of material can be obtained by two differ-

ent approaches: 1) illuminate a large region of the sample and use a selected area aperture
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to limit the region contributing to the diffraction pattern, or 2) use a small probe (mi-
crodiffraction mode, use a smaller condenser aperture and spot size), thereby limiting the
illuminated region. In the SA mode, regions outside the aperture may contribute to the
diffraction pattern due to microscope imperfections (spherical aberration of the objective
lens) or user error (incorrect focusing of objective lens) (Hirsch et al.[|[1977). The effect is
made worse by the fact that different sections of the diffraction pattern are from different
regions of the sample. All the diffraction patterns used in this study were obtained by
the second approach, namely microdiffraction.

In the case of employing direct methods to solve surface structure, extreme care is
needed in order to record the exact diffraction intensity on the film. Diffraction patterns
were digitized using an Optronics P-1000 microdensitometer. The microsdensitometer
was calibrated to be linear over the entire range of exposure series. The relative inten-
sities of various surface diffracted beams were then measured using a cross-correlation
technique developed and implemented using the SEMPER image procession language
(Xu et al.|[1994). The measurements from multiple negatives were then reduced to yield
one measurement and an associated error for every measured reflection following standard
statistical methods (Collazo-Davila/[1999)). These were then symmetry averaged to yield
the final data set of symmetry independent beams.

As with any experiment, one has to take care that the sample is not altered by the
probing radiation, and this is particularly important when dealing with a high energy
electron beam. The effect of electron irradiation on oxides is a discipline that is well
studied (Buckett|1991). For the TiO, system, beam damage is a serious setback only when

high fluxes are used in TEM. In this study, besides TiO,, nano-sized gold particles (<5nm)
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were the central subject of the TEM research. It is known that nano-sized gold particles
are easily affected by electron beams. Atomic rearrangements can be observed in real
time by TEM, either in the form of change of crystal shape and orientation (Wallenberg
and Bovin |1984; Bovin and Smith |1985)) for small gold particles (<5nm), or by localized
column hopping (Wallenberg et al.[1985) for bigger particles. Figure provides an
example of two adjacent gold particles coalescing under the beam. In this study, various
precautions were taken to check for and minimize irradiation damage: low emission current
and a spread beam were used whenever possible; region of interest of a sample was never
exposed to electron beam if not necessary; snapshots were always taken before and after
each study to insure the sample was not changed during observation. In most of the cases,
the radiation damage was minimal.

Z-contrast imaging was used to detect extremely small gold particles. With this
method, which is available in the JEOL HF2100F and VG Microscopes HB603U in-
struments, a fine electron probe is scanned over the region of interest while an annular
dark-field detector records the electrons that are scattered into high angles by thermal
diffuse scattering. Since the thermal diffuse scattering of atoms mainly depends on the
atomic number, heavy atoms appear brighter in the image than light atoms, which enables
distinguishing between very heavy elements and light elements. With aberration correc-
tion, single atom resolution can be reached (see Chapter 3). In general, sub-nanometer
features can be detected due to the high contrast between gold and TiO, support. Figure

m(b,c and d) demonstrate some applications of Z-contrast imaging.
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Figure 2.3. Two adjacent gold particles in gold catalysts coalesce under the
electron beam of TEM, several seconds between each frame was taken

2.4. Direct Methods

Despite their ability to provide direct structural information at the atomic scale, imag-
ing techniques are seldom sufficient to solve a surface structure due to limitations in the
resolution from the weak signals. The resolution obtainable in a diffraction experiment
is far superior, and the process of data collection is parallel and fast, without the com-

plications of radiation damage. Unfortunately, direct fourier inversion of the acquired
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intensities is impossible since the phases of the scattered beams are lost in the diffrac-
tion experiment. However, the intensities can be used with various structure determining
techniques, collectively known as Direct Methods (Landree et al.|[1997, 1998; Marks [1999;
Marks et al. [2001), to yield a reasonable estimate of the true surface structure. Crys-
tallographic Direct Methods have become popular for surfaces over the last decade and
have been successfully used to solve various structures. In simple terms, Direct Methods
exploit a prior: information to constrain the phases of measured reflections. The common

constraints used are:

(1) Atomicity : Scattering originates from atoms and hence the solution should have
atomic features i.e. regions of large charge densities separated by charge-free
regions.

(2) Positivity : Charge density in a real crystal is always positive

(3) Localisation : The region of space with significant atomic displacements (from

bulk positions) is limited to the near-surface region.

The phases of the measured reflections cannot be totally random - i.e. they have to
obey the above constraints and this can be used to gauge the 'figure of merit’ (FOM) of
a given set of phases. These constraints are iteratively imposed in a Gerchberg-Saxton
fashion (Gerchberg and Saxton|1972)) using a projection onto convex sets algorithm (Com-
bettes|1996) to refine the phases of the measured reflections. The solution space is spanned
effectively by multi-solution search technique, namely a genetic algorithm (Landree et al.
1997; \Goldberg/|{1997). A detailed review of the theory behind Direct Methods for sur-
faces and the various details of the current implementation is published elsewhere (Marks

1999; Marks et al. 2001). The top solutions obtained from Direct Methods can be used
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to generate scattering potential (electron) or charge density (x-ray) maps. These maps
with atoms assigned to regions of high intensity, provide models that can then be used
as the starting point for further refinements. Most often, only a part of the structure can
be identified from these maps owing to unmeasured reflections and experimental errors.
The various techniques employed for structure completion include fourier-difference meth-
ods, projection-based methods (Cowley|1986|) and heavy atom holography (Dorset| 1997)).
The structure so determined can be further refined by using the conventional R-factor or

2-type analysis against simulated data.

2.5. Other Experimental Techniques

To understand a catalyst, it is important to characterize its catalytic properties. Var-
ious techniques, including gas chromatography (GC), temperature programed reduction
(TPR), Fourier transform infrared (FTIR) spectroscopy, Raman and etc. were employed
to examine every catalysis process, from sample preparation, activation, deactivation to
reactivation; to explore all the factors influencing its activities; and to build up a model
to explain the reaction mechanism. If not being indicated otherwise, all the catalytic
prosperities referenced in this study are from such work.

X-ray photoelectron spectroscopy (XPS) is a surface sensitive analytic tool to study
the surface composition and electronic state of a sample. Although the X-rays penetrate
a substantial distance into the sample (~mm) and excite electrons (photoelectrons), only
a small fraction of these electrons from about the top 5 nm make it outside the sample
and are detected. The XPS used in this study is attached to the UHV sample preparation

and characterization system (SPEAR) and is composed of a FEI x-ray source and a PHI
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electronics spherical electron energy analyzer. It was used on various occasions, including
detecting the chemical state of TiO, support and gold particles in real catalysts and model
catalysts, examining the cleanliness of the surface before and after treatment to exclude
the possibility of contamination, and measuring the gold coverage on catalyst sample
after preparation. Since XPS analyzes surface exit electrons with relatively low energy,
special care needs to be taken to insure trustworthy results. One precaution is to maintain
the UHV environment of the chamber, which is difficult for real catalyst samples. Real
catalyst samples contain moisture introduced at the stage of sample preparation which
can not be removed without permanently changing the catalyst. Extra long pumping
and dry ice cold trapping were found to be a good method for reducing water out-gasing.
Charging was inevitable in some cases due to the nature of the sample (powdered and
semi-conductive), accordingly the carbon 1s peak with a binding energy of 284.7ev was
used as a reference.

X-ray adsorption related techniques (Extended X-ray Absorption Fine Structure, EX-
AFS and Near Edge X-ray Absorption Fine Structure, XANES) utilize the information
produced by the interaction between intense synchrotron irradiation and the target sam-
ple. XANES spectroscopy corresponds to the transition from a core-level to an unoccupied
orbital or band and mainly reflects the electronic state (chemical state of certain species).
In contrast, the oscillatory structure of EXAF'S results from the interference effect between
an emitted electron from an X-ray absorbing atom and scattered electrons by surrounding
atoms and provides information on the local structures around an X-ray absorbing atom
(particle size and coordination number). To take advantage of X-ray’s non-destructive na-

ture (in most cases), in situ experiments had been taken to obtain chemical and catalytic
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information of the sample as the same time. Furthermore, the strong signal produced
by strong incident beams made time resolution experiments possible (see Chapter 3). In
this study, all the synchrotron experiments were carried out at Beamline 5-BMD of the
DuPont Northwestern Dow Collaborative Access team at the Advanced Photon Source
at Argonne National Laboratory in Argonne, IL. Results were collected as a team and
data analysis was carried out by Dr. C.K. Costello and J.H. Yang from the chemical
engineering department.

In order to use model catalysts to explain some properties of real catalysts, some
connection must be made between these two. In this study, an effort was made to obtain
catalytic activities from model catalysts (see Chapter 6). Compared to real catalysts,
model catalysts can only provide a very limited amount of surface area, subsequently,
the gold loading for model catalysts was much lower (about 107%) than for real catalyst.
Experiments were designed to try to detect trace amount of reaction products. FTIR
and mass spectrometry were used for this purpose. In this study, FTIR was used as a
GC detector, where its power for identifying compounds was coupled with the remarkable
ability of GC to separate the components of complex mixtures. Mass spectrometry works
by converting components of a sample into rapidly moving gaseous ions and separating
them on the basis of their mass-to-charge rations. Its sensitivity, fast data collecting
speed and ability to distinguish compounds composing of two isotopes make it a preffered
tool for real time isotope experiments. In this study, the FRIR and mass spectrometry

experiments were carried out by Juan D. Henao.
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CHAPTER 3

Studies on Oxide Supported Au Catalysts

3.1. Catalysts Preparation And Catalytic Properties

3.1.1. Catalysts preparation

Au/Al,O3 and Au/TiO catalysts were the foci of this part of study. They were prepared
by the deposition-precipitation method, similar to the procedure of Haruta et al. (T'subota
et al.[[1991; Haruta et al.[1993). 40 mL of a 8.4 mM HAuCly (Aldrich, 99.999%) solution
was heated to 70°C while stirring. Then the pH was adjusted to 7 with NaOH. Initially,
the solution was yellow, with a pH of around 4.5, and it became colorless as the pH was
increased. This solution was added rapidly with vigorous stirring to 2.5 g of the support
suspended in 60 mL of deionized HyO at 70°C and the aged for 1 hour. This procedure
was carried out with minimal exposure to light in order to avoid possible light reactions
of the Au precursors.

The suspension was then suction filtered, and the solid was resuspended in 50 mL of
deionized HyO at room temperature, stirred for 10 min, and then suction filtered again.
This procedure was repeated with another 50 mL H;O at room temperature, followed
by 50 mL of HyO at 50°C. The resulting solid was dried in air at room temperature
overnight. This sample is the ”as prepared”, or "uncalcined”, sample. The calcined
sample was prepared by heating up the as-prepared sample at 350°C for 4 hours in air.

All samples were stirred in air in a vial with no exposure to light. The chloride content of
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the catalysts was not determined, but, from previous experience, it should be below the
detection limit of 0.01 wt%Cl, or a Cl/Au atomic ratio <0.03.

This preparation method consistently yields excellent Au catalysts on various supports
with an average gold particle size of less than 5 nm. As prepared, they are mainly ionic
gold species on the surface. The detailed characterization will be described later in this

chapter.

3.1.2. Catalytic properties of Au catalysts

Catalytic properties of Au catalysts supported on various of oxides were studied here
at Northwestern University, especially CO oxidation on Au/Al,O3 and Au/TiO,. The
reaction studies were carried out in order to understand the process of activation, deacti-
vation, and regeneration and how the catalytic properties were affected by various factors,
including preparation methods, pretreatments, and temperature. The active site and cat-
alytic mechanism were elucidated using various experimental techniques, including Fourier
Transform Infrared Spectroscopy (FTIR), temperature programmed reduction (TPR) by
H,, Diffuse Reflectance Fourier Transform Infrared Spectroscopy (DRIFTS), XPS, and
synchrotron X-ray Adsorption Spectroscopy (XAS, including XANES and EXAFS).

The major findings from studies on Au/Al,O3 catalysts are (Costello et al.|2002, 2003,
2004; Kung et al.|2003; (Costello 2003): metallic Au must be present in the Au/y-Al,O3
catalysts in order to effect CO oxidation, and H,O is necessary to activate and regenerate
the catalysts, as it enhances the reduction of Au during activation. Consequently, a model

of the active site for CO oxidation over supported Au catalysts consisting of metallic
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Au atoms and Au™-OH™ has been proposed, along with a corresponding model for the
reaction mechanism.

The studies on Au/TiO, catalysts indicate that this catalytic system shares many com-
mon characteristics regarding to the active site and the reaction mechanism as Au/Al,Os,
but with one order of magnitude higher activity for the CO oxidation reaction. Au/TiOq
catalysts are much easier to activate, compared to Au/Al;O3. The activation process was
found (Yang et al.[2005) to begin with an induction period when sites for nucleation and
reaction, consisting of reduced Au species, are formed; ionic Au species were then further
reduced until gold particles with an average diameter of 1 to 1.5 nm are obtained.

During the above studies, TEM and other techniques played an important role in
helping to understand oxide supported catalysts by clarifying the effects of various para-
meters, including preparation methods, treatments, and supports on catalytic properties
of a Au catalyst by monitoring changes in the size and structure of gold nanoparticles.
These findings usually provide guidance for the subsequent studies and sometimes offered

insight into the reaction mechanism for CO oxidation on Au catalysts.

3.2. Effects of Chlorine on Supported Au Catalysts

3.2.1. Objective and experiments

The properties of a supported Au catalyst are highly sensitive to preparation conditions.
It is very important to understand and control the variables important in the preparation
of these catalysts. Chlorine-containing precursors are commonly used in the preparation
of Au catalysts. It is well known that the average gold particle size is large for catalysts

with high residual Cl~ contents, but there are few details available on how CI~ influences
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the evolution of the gold particle morphology. It is also not clear whether Cl~ also
inhibits catalytic activity. The goal of this research is to provide a clearer understanding
of the impact of Cl™ in order to permit a better evaluation of other factors important
in the preparation of Au catalysts. Specifically, one objective of this work is to confirm
the agglomeration of gold particles by Cl~ and to determine how the growth of gold
particles depends on the Cl™ content. The second objective is to establish whether CI™
has any direct effect on the catalytic activity. These objectives were accomplished by
examining the changes in gold particle size and catalytic activity when Cl~ is removed or
quantitatively added to a catalyst. As a control, a Au catalyst without chlorine content
was also prepared and tested.

Gamma-Al,O3 was used as support for Au catalysts, and three types of Au/Al,O3
catalysts were prepared. The first was prepared with the HAuCly precursor by deposition-
precipitation method as described earlier. The only exception was NaOH was not added
to increase pH value. In this way, a high concentration of CI~ was left on the surface of
the catalyst. Some of the catalysts were then treated with Mg citrate either before or
after calcination, which was carried out at at 350°C for 4 hours. The second type was
prepared with Au acetate by incipient wetness method (not described). The third type
was prepared with HAuCly precursor by deposition-precipitation method as described
earlier.

TEM was used to examine the particles size of Au/Al,O3 catalysts before and after
various treatments. Size distribution of gold particles were carried out by measuring
between 100 to 300 individual particles at various locations of a catalyst sample. The

average particle size was then calculated. The analysis of chloride concentration in the
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catalysts was done by monitoring HCIl during Ho-TPR with FTIR. The catalytic properties
of the catalysts were tested by running either selective CO oxidation reaction (1%CO,
0.5%04, 48%H, and balance He) or CO oxidation reaction (1%CO, 0.5%He and balance

He) at 100°C.

3.2.2. Results and discussion

3.2.2.1. Au/Al,0O; catalysts prepared with HAuCl,. Figure shows the TEM
images of calcined Au/Al,O3 catalyst prepared from HAuCl, with no pH adjustment and
after the catalysts was treated with Mg citrate either before or after calcination. The
size distributions of gold particles for these samples were compared in Figure It
was found that addition of Mg citrate before calcination (Figure [3.1h) resulted in much
smaller gold particles than in the other two cases (Figure , c¢). At the same time, the
sample not treated with Mg citrate and that treated with Mg citrate after calcination
yielded similar particle size, which indicates that addition of Mg citrate didn’t affect the
particle size after the catalyst was calcined.

The purpose of adding Mg citrate to the sample was to remove the residual chloride
from the surface of the catalysts. The effectiveness of the removal was observed from
the changes of residue chlorine level, expressed by molar ratio of chlorine to Au, in these
samples. For samples treated with Mg citrate, the residue chlorine level was reduced from
0.98 to 0.03 wt%, whether the treatments happened before or after calcination. Since
all the catalysts had similar Au loadings and differed only significantly in their chloride
content, it appears that elevated temperature induced the agglomeration of Au in the

presence of high residual chloride.
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Figure 3.1. TEM images of catalysts prepared with HAuCly, with the ad-
dition of Mg citrate (a) before calcination, (b) after calcination, (¢) with no
Mg citrate addition.

3.2.2.2. Au/Al,0; catalysts prepared with Au acetate. To examine the effect of
chloride on gold particle size, chloride was added as a post-synthesis treatment to calcined
catalysts. Two types of catalysts were examined. In the first series of experiments,

chloride was added to catalysts prepared with a chloride-free precursor and, in the second,
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to catalysts prepared under conditions where the residual chloride content should be
low. Figure shows the TEM images of Au/Al,O3 prepared using a gold acetate
precursor. The gold particles shown in these pictures were representative of the majority
of the particles present. They were small and generally well separated from one another.
However, occasionally, there were a few scattered clusters of larger Au particles (not
shown). The presence of clusters of larger gold particles was probably due to the fact that
Au acetate is only sparingly soluble in water. Thus, some solid particles of Au acetate
were introduced onto Al;O3 during impregnation. While some of the Au particles looked
distinctly nonspherical , they are definitely single crystals with various shapes(e.g. Figure
2). The average particle size of the as-calcined, further heat treated, and chloride-
treated samples were 4.8, 5.8, and 7.9 nm, respectively, and the particles counted to obtain
these values ranged from 148 to 223 particles. Figure shows the size distribution on
these catalysts. The clusters of larger Au particles were not plotted in this graph for
clarity, and also because they were very scarce. The average gold particle size of the
chloride-treated sample had almost doubled and the population distribution broadened
relative to the parent catalyst. Although this sample was heated for 4 hours at 350°C after
the addition of chloride, the agglomeration was primarily the effect of chloride because
the increase in gold particle size of the sample subjected to an identical heat treatment
of the calcined catalyst was significantly less.

3.2.2.3. Au/Al,0; catalysts prepared with HAuCl,; and NaOH. Similar increases
in average gold particle size due to Cl~ addition (Figure were observed for
catalysts prepared with HAuCl, precursor at pH 7 and 70°C. These synthesis conditions

minimized the residual chloride on the catalysts due to replacement of chloride ligands
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Figure 3.3. TEM images of Au/Al,O3 prepared from Au acetate precursor:
(a) as calcined; (b) additional 4 hours calcinations at 350°C; (c1) and (c2)
catalyst with 0.3 wt.% Cl added (Cl/Au=0.15) and then calcined at 350°C
for 4 hours.

with hydroxide ligands (Kozlov et al.|1999)) and suppression of Cl~ adsorption on Al,Os.
It is interesting that most of the agglomeration of gold induced by the presence of chloride

took place at the low temperature of 100°C.
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Figure 3.5. TEM images of Au/Al,O3 prepared by hydrolyzing HAuCly
at pH7 and 70°C: (a) as calcined; (b) catalyst with 0.3 wt% Cl added
(Cl/Au=0.15) and then heated at 100°C for 1 hour; (c) catalyst with 0.3
wt% Cl added (Cl/Au=0.15) and then heated at 350 °C for 4 hours.

3.2.3. Catalytic properties

The effect of chloride on the activity was examined by observing the changes in the

catalytic properties upon removal, addition and calcination with addition of chloride.
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Table show the catalytic properties of various samples studied. The catalysts prepared
with HAuCly showed changes in the catalytic property upon removal of residual chloride.
The oxidation activities of the catalyst that contained high residual chloride were very
poor, but improved greatly after chloride removal with Mg citrate treatment. Mg citrate
treatment before calcination resulted in catalysts with the highest oxidation activities.
The impact of chloride addition to catalysts prepared with Au acetate is shown in the
table too. The CO oxidation activity of the as prepared catalyst prepared with Au acetate
was nearly 30 times better than the as pepared catalyst prepared with HAuCl, at low
pH value. Additional heating and chloride decreased the activity. Similarly, addition of
chloride to the catalyst prepared with HAuCl, at pH 7 and a higher temperature resulted
in a decrease in activity. The decrease was less when the sample was heated to only 100°C

after the chloride addition than when the sample was heated to 350°C.

3.2.4. Conclusions

After considering all of the above results, the dual role of CI™ in suppressing the CO
oxidation activity of a Au/Al,O3 catalyst can be concluded: accelerating the agglomer-
ation of gold particles and poisoning the active sites. Considering the fact that only a
small amount of Cl1~ was needed for poisoning, and the amount of residual Cl~ on the
catalyst is determined by the pH value during deposition-precipitation and the rinsing
afterwards, one can make the conclusion that this certainly is one of the reasons why the
activity of a Au catalyst is so sensitive to preparation conditions. In this study, TEM

provided quantitative characterization of the change of gold particle size for all of the
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samples. By comparing the particle size distributions, the effect of CI~ in accelerating

the agglomeration of gold particles was clearly demonstrated.

3.3. Activation of Au/~-Al,O3 Catalysts for CO Oxidation

3.3.1. Objective

After supported Au catalysts were reported to be very active for CO oxidation at low tem-
perature, tremendous efforts have been made to understand the origin of this surprising
catalytic property. However, the nature of the active sites and the mechanism of the CO
oxidation reaction remain unknown. Nonetheless, it is well established that the activity of
supported gold prepared by deposition-precipitation or coprecipitation methods depends
strongly on the pretreatment conditions and, more generally, on the history of the sample.

The recent investigations have been focused on the effects of the pretreatments, espe-
cially the calcination temperature. Most of the research uses either the oxidation state of
gold species or the size of gold particles to explain the experimental results obtained from
characterizing catalytic properties of the gold catalysts calcined at different temperature.
Sometimes, conflicting conclusions were made on similar findings. For examples, Au/TiO,
catalysts were found to have a decreasing activities as calcination temperature increased
from 100 to 400 °C. Park et al. (Park and Lee|1999) suggested that the cationic Au species
are responsible for the higher catalytic activity because their XANES and XPS results
indicated gold was reduced with increasing temperature. However, Wolf et al. (Wolf and
Schuth|2002) noted that, after calcination at 400°C, the samples should contain entirely
metallic gold, yet they still exhibited respectable activity for CO oxidation. Therefore,

they concluded that metallic gold is active and the decrease in catalytic activity with
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increasing temperature is associated with the corresponding increase in gold particle size
and decreasing surface area. Boccuzzi et al. (Boccuzzi et al|2001) suggested a similar in-
terpretation, but failed to explain that while the gold particle sizes in the samples calcined
at 300 and 400°C were approximately the same, the former showed higher CO oxidation
activity.

The attempts to explain the activation process of Au/Al,O3 catalysts encountered the
same problems; between oxidation state and the particle size, which factor contributes
more to the activation? The smaller and more reduced gold particles seem to be better
for catalytic activities. But free (reduced) gold particles always tend to agglomerate. The
objective of this study was to provide an insight into this problem by combined knowledge
from catalytic properties characterization, and TEM and XANES studies of the Au/Al;O3

catalysts.

3.3.2. Results and discussion

3.3.2.1. Catalytic activity for CO oxidation. Much work has been done to study
activation of Au/Aly O3 catalysts for CO oxidation at low temperature. Table sum-
marizes the main experimental results. The best activation condition for Au/Al,O3 was
found to be 30 min Hy at 100°C, then 30 min Hy+H>O at 100°C. Various combination
of a reducing gas and H,O seem to be the key for a successful activation. A better un-
derstanding of this activation process can be achieved by studying the size and oxidation
state of the gold particles.

3.3.2.2. Electron microscopy study on activation of Au/y-Al,O3. TEM pictures

in Figure demonstrate the effects of various treatments on gold particle size for
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Au/Al O3 catalysts. Compared to an uncalcined catalyst (Figure [B.7h), the applied
treatments, such as activation (Figure , Hy 3 Omin, and Hy+H50O 30 min at 100°C),
deactivation (Figure [3.7d, He 1 hour at 100°C) and regeneration (Figure 3.7, H,O 30
min at room temperature) made no obvious change to the particle size. It is noteworthy
that subtle changes of particle size introduced by treatments might not be detectable due
to the limited resolution of the microscope and finite sampling area. On the other hand,
after calcination (Figure , 350°C for 4 hours), the catalysts show an obvious increase
in particle size.

As discussed earlier, the interference from the support and the limitation of finite
sampling area make it difficult to perform quantitative characterization at an atomic
level on Au catalysts. There are two ways to overcome this obstacle. One of them is to
build up model catalyst system and start with a uniform and low contrast surface, which
will be discussed in Chapter 4. The other one is to improve the contrast between gold
particles and supports by carrying out Z-contrast imaging using STEM.

The Z-contract imaging of activated Au/AlyO3 was obtained through collaboration
with the STEM group (S. Pennycook, A. Lupini, et al.) at ORNL. Since STEM can pro-
duce a high contrast signal between light and heavy elements, this technique is especially
suitable for Au catalyst studies. The HB603U STEM at ORNL is equipped with an Nion
aberration correcter and is capable of providing information down to 0.6A, which enables
us to detect single gold atoms and find out the structure of gold species in Au catalysts.
By using traditional TEM, gold nanoparticles with sizes down to sub-nanometer can be
imaged. However the unpredictability of surface condition in Au catalysts makes isolated

atoms and clusters invisible in many cases. Since these isolated atoms and clusters are
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Figure 3.7. TEM images of Au/Al,O3 after various treatments: (a) un-
calcined (as prepared); (b) calcined at 350°C for 4 hours; (c) activated by

Hy+H,0 at 100°C for 1 hour; (d) deactivated by He at 100°C for 1 hour, (e)
regenerated by HoO at room temperature for 30 minutes.

thought to be the most unstable and ionic in nature, they might be the key to understand
the activation process of Au catalysts at the atomic level.

Activated Au/Al,O3 catalyst was studied using STEM. In these catalysts, there are
still a large number of isolated gold atoms (Figure ) As for the larger particles (Figure
), they have various irregular shapes and are not well faceted. Even though activation

has occurred, these isolated atoms and gold clusters seem to be quite stable. Although
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3nm

Figure 3.8. Au/Al;,O3 catalyst after Hy 30min, then Ho+HyO 30min at
100°C activation: (a) isolated gold atoms; (b) gold clusters.

no apparent size difference was observed on Au/Al,O3 catalysts with various catalytic
properties, these atoms and clusters might respond well to the treatments, exhibit certain
chemical properties, and represent the catalytic activities of the whole catalyst.

In order to verify this assumption, knowing the chemical state of these gold species
is very important. Direct observation of the change of chemical states in gold clusters
would help to clarify issues related to the above assumption. Unfortunately, techniques
with high spacial resolution, such as EELS, are not suitable for the study of gold. A well
controlled model catalyst system is a good way to start, since the knowledge obtained by
characterizing a large number of uniformly distributed (in space and composition) gold
species is more representative and definitive. Although only an overall averaged chemical
state information is attainable from the techniques, such as XPS and XANES, further

understanding the Au catalysts can still be achieved.
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3.3.2.3. In situ XANES study on activation of Au/y-Al,O3. XAS has proved to
be a fast, non-surface sensitive, and non-destructive technique to examine the chemical
state and atom local environment. For catalyst samples, one major advantage of XAS
is that data can be collected in situ while carrying out reactions. Therefore, XAS data
can be straightforwardly correlated to the catalytic properties without introducing more
variables if done otherwise. In this study, XANES was used to study the oxidation state
of the gold catalysts.

Figure [3.9 shows the X-ray absorption spectrum of Au at the 11.919 keV edge for a
number of compounds. The intensity of the white line, which occurs at about 11.922 keV
and corresponds to a 2p3/2 f 5d transition, is proportional to the density of unoccupied
d states, which is the highest for Au®* (Figure [3.9h) in gold acetate and Au(OH); and
decreases as the Au in the sample is reduced to Au™ (Figure ) and further to metallic
Au. Au®* is also characterized by a shoulder at 11.939 keV and an intense broad peak
at 11.968 keV. Au® (Figure ) is characterized by a shoulder at 11.923 keV and peaks
at 11.934, 11.947, and 11.971 keV. The Au™ spectrum is similar to that of Au®*, but
with an intermediate white line intensity. These spectra did not change from one scan
to another, indicating the absence of beam damage of the sample. The spectrum of an
inactive, as-prepared sample is shown in Figure |3.9b. The intense absorption at 11.922
keV suggests that all the Au in this sample was Au®*, presumably as Au(OH),_,Cl,.

Figure [3.10] shows the change of oxidation state during activation of the as prepared
Au/~-Aly 05 catalyst. Figure shows the spectrum of the same sample after treatment
at 100°C in H, for 30 min. Based on the decrease in the white line intensity and the broad

peak at 11.986 keV, it is apparent that reduction of some of the Au in this sample had



Figure 3.9. AXANES spectra of Au coumpounds : (a) Au" acetate, (b)
as-prepared Au/y-Al203 catalyst, (¢) Au™Cl, (d) Au foil.

Figure 3.10. XANES characterizing 1.3wt% Au/~-Al,O3(DP): (a) as pre-
pared uncalcined, (b) after 30 min in Hy at 100°C, (c) after subsequent
treatment in HoO and Hy at 100°C for 30 min, (d) after an additional 30

min in Hy and HyO at 100°C. (e) another sample after treatment in HyO
and Hs at 100°C for 2 h.
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occurred. This sample was only barely active for CO oxidation. XANES spectra of the
highly active samples are shown in Figures and [3.10{d, which were collected after
treatment at 100°C in Hy for 30 min followed by Hs saturated with water for 30 and 60
min, respectively. Compared to Figure [3.10p, these samples were much more severely
reduced, and the sample shown in Figure [3.10d was more reduced than the sample in
Figure [3.10c. The majority of the Au in these samples were metallic, and the pseudo
steady state activity was reached. Thus, once the catalyst had been reduced to a certain
point, further reduction did not improve its activity significantly. Interestingly, Figure
shows that the Au species was not as reduced after an as prepared catalyst was

treated in Hy and HyO at 100°C for 2 hours.

3.3.3. Conclusions

As described above, gold species in Au/Al,O3 was almost fully reduced after activation
(after 30 min in Hy at 100°C and subsequent treatment in HoO and Hy at 100°C for 30
min). The catalyst was highly active without any noticeable change of the Au particle
size. Furthermore, a large number of isolated atoms and gold clusters are shown in STEM
images on the active catalyst. These species were inferred to be metallic from the XAS
data, and should be very active. Although it is too early to say that they actually account
for the activities of activated catalysts, they certainly play a big role in the catalytic
properties of the Au/Al,O3 catalysts.

In the case of Au/Al O3 system, the agglomeration of gold atoms was confined by

their mobility on the Al,O3 surface.
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3.4. Activation of Au/TiO, Catalysts for CO Oxidation
3.4.1. Objective and experiments

In addition to Au/Al,O3 , Au/TiOs is another very active catalytic system for CO oxi-
dation at room temperature. The catalysts were prepared by the deposition precipitation
method described earlier. Different from the Au/Al,O3 catalysts, no additional activation
process is needed since the Au/TiO, catalysts can be reduced instantaneously at room
temperature by CO or Hy. However, the relative importance of the two factors, size and
chemical state of gold particles, to the activity still needs to be elucidated. Since the
degree of reduction can be controlled by precisely measuring the amount of reduction
gas, it would be possible to monitor the change of catalytic properties at each stage of
reduction. Therefore, the relationship among the average Au oxidation state, Au metal
cluster size, and catalytic activity during the activation process could also be obtained.
In this study, Hy pulses were used to gradually reduce the Au/TiO, catalysts at 195K.
Hs consumption of each pulse was taken as an indicator for the degree of reduction. Gold
particle size was examined by TEM and EXAFS, oxidation state was checked by XPS

and XANES, and at each stage, the activity for CO oxidation was recorded.

3.4.2. Results and discussion

3.4.2.1. Change of particle size during activation of Au/TiO,. Au/TiO, catalysts
exhibit the same particle size increase as Au/Al,O3 catalysts after calcination (Figure
3.11k). The difference between these two catalysts is that after reduction of the Au/TiOq
catalysts, an increase in particle size can be easily noticed. It might be explained that gold

particles have higher mobility on the TiO4 surface than on Al,O3 surface. After reduction,
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Figure 3.11. TEM images of Au/TiO, after various treatments: (a) uncal-
cined (as prepared); (b) reduced by Hs at room temperature; (c) calcined
in air at 350°C for 4 hours.

gold atoms agglomerated to form larger particles, which infers that fewer isolated atoms
are expected, and gold clusters and more well faceted particles should be found in the
catalysts. The STEM study of activated Au/TiO, catalysts, indeed shows no isolated gold

atoms (Figure [3.12a) on the surface; large gold atom agglomerates are formed instead.
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Different from the crystals, they are not all well crystallized , and in some cases, loose
clusters are attached on the surface of the agglomerates. In another part of the same
catalyst (Figure ), well faceted and stable gold nanoparticles are seen. In some well
aligned particles, lattice fringes can be readily identified.

An EXAFS spectrum was taken between each Hy pulse. Figure shows the mag-
nitude of the Fourier transformed, k2--weighted y function of selected EXAFS spectra in
R-space. The positions corresponding to Au-O and Au-Au scatterings are indicated by
arrows. The magnitude of the transform due to the Au-O scattering barely decreased
from pulse 1 to pulse 5, and then much more rapidly, particularly between pulse 8 and
14. After pulse 15, there was little Au-O scattering. In contrast, there was little Au-Au
scattering until pulse 9. The Au-Au scattering then increased, reaching a maximum value
at pulse 16. At this point, assuming hemispherical particles, the coordination number
(CN) of about 6 corresponded to a particle of about 1 nm. This implies that Au particles
agglomerate as the sample is reduced.
3.4.2.2. Change of oxidation state during activation of Au/TiO,. As a fast and
widely available technique, XPS has been used routinely to check the chemical states of
Au species at different stages of reaction/treatment. Although not a very good method for
analyzing chemical composition, XPS is very sensitive to the chemical state of gold, e.g.
Figure [3.14 Au/TiO, catalysts were treated by H, in this case. XPS was carried out on
samples at different reduction states, then the spectra were compared to a spectrum from
a reference Au/TiOy (calcined) distributed by the World Gold Council (WGC). The Au
4f peak positions for uncalcined samples agree well with what was reported in literature

(Park and Lee|[1999) for Au®* compounds. A shift of 2.5¢V in Au 4f binding energy was
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Figure 3.12. TiO, catalyst after CO activation at room temperature: (a)
gold atom clusters; (b) well faceted gold nanoparticles.

Figure 3.13. Magnitude of the Fourier transformed k?2-yfunction in R-
space of Au/TiO, after selected Hy pulse. The arrows indicate positions
of Au-O and Au-Au scattering at 1.6 and 2.3 A in R space.

clearly shown between uncalcined (oxidized) and calcined (reduced) samples. For the 50%

reduced sample, the Au 4f peaks were broader, and the maxima appeared in between the
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Figure 3.14. Au (4f) binding energy of Au/TiO, catalyst: (a) as-prepared
sample; (b) sample fully reduced by Hy pulses; (c) sample 50% reduced by
H, pulses; and (d) reference Au/TiO, catalyst (calcined) distributed by
WGC.

other two samples, which is expectated if a mixture of Au oxidation states was present.
The oxidation state of the 50% reduced sample was independently determined by XAS
measurement (data not shown). With the use of a linear combination of Au** and Au°
XANES spectra, the percentage of Au* being reduced was confirmed.

The reduction of Au®* species by Hy pulses at 295 K was also monitored by XAS. The
spectrum of the as-prepared sample showed an intense white line at the Au LIII edge,
typical of supported Au** species. Within experimental uncertainties, the intensity of the
white line remained unchanged for the first 5 pulses, and began to decrease afterward,
indicating detectable reduction of Au* to Auy. By using a linear combination of XANES
spectra of Au3+ and Au0 reference compounds, the percentage of Au** and Au® in the

sample was determined. The decrease in the percentage of Au** after each pulse is shown
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in Figure [3.15, The curve in [3.15] showed a trend as : an induction period followed by

increasingly faster and then decreasing reduction rate.

3.4.3. Conclusions

The relationship between particle size and catalytic properties can be demonstrated by
Figure [3.16] where the coordination number of Au can be obtained simultaneously with
the catalytic properties. With the increase of the gold particle size, the activity of the
catalyst lagged behind. An induction period was then proposed when gold nanoparticles
grew but are not activated to CO oxidation.

Therefore, the picture of the activation of a Au/TiO, catalyst by Hy pulse has emerged
from this study and becomes clear. The process was found to begin with an induction
period when ionic gold species agglomerate, but remain oxidized. The catalysts are not
activated and there is no consumption of Hy. After reaching a critical point, Hy started
to decompose gold agglomerates, Hy consumption starts. If the activity is tested at this
moment, it will increase with the extent of reduction until gold particles with an average
diameter of 1 to 1.5 nm are obtained. Form this point, further reduction only increases
the size of gold particles. The high mobility of gold species on TiO, surface is the key
to this mechanism. For example, if similar experimental method is applied to Au/Al;O3

catalysts, most likely, the induction period won’t be observed.

3.5. Conclusions

In this chapter, the studies on oxide supported Au catalysts by electron microscopy

and other techniques were presented. The size, structure, morphology and chemical states



Figure 3.15. Activity and gold particle size change with time on stream.
Temperature: -68°C; reaction gases: CO 1%, O,: 2.5%, balanced by He at
latm; ananlyzed and graphed by J.H. Yang

Figure 3.16. Activity and gold particle size change with time on stream.
Temperature: -68°C; reaction gases: CO 1%, O,: 2.5%, balanced by He at
latm; ananlyzed and graphed by J.H. Yang
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of gold particles were investigated. Accordingly, the effects of chlorine on the activation
and the activity of the supported Au catalysts, Au/Al,O3 and Au/TiO,, were discussed.
Some questions were answered, but some still remain unclear.

The research on the effects preparation methods on catalytic properties revealed the
dual role of C1~ in suppressing the CO oxidation activity of a Au/Al,O3 catalyst: accel-
erating the agglomeration of gold particles and poisoning the active sites. Considering
the fact that only a small amount of Cl~ was needed for poisoning and the amount of
residual Cl~ on the catalyst is decided by the pH value during deposition-precipitation
and the rinsing afterwords, one can draw the conclusion that this certainly is one of the
reasons why the activity of a Au catalyst is so sensitive to the preparation condition. The
research on the activation of Au/Al,O3 and Au/TiO, catalysts demonstrated that the
oxidation state and the size of the gold particles were two important factors on the final
catalytic activity. The difference in the mobility of gold species on oxide surfaces affects
them. Au/Al,Oj3 catalysts were not as easily activated as Au/TiOq catalysts. Gold atoms
and/or ions have low mobility on the Al;O3 surfaces. The agglomeration of them was
confined by their mobility on the Al,O3 surface. Since the size of gold particles tends to
remain constant during activation, the oxidation state of gold species can be used as an
indicator for the activities of the catalysts. In the case of Au/TiO,, gold has a higher
mobility on TiO,. Both the reduction of ionic gold and the growth of gold particles are
fast during the activation. And the induction period suggests that ionic gold species
agglomerate before being reduced.

A number of questions remain, which include how the surface of support looks like,

how gold nanoparticles grow on surface, and how treatments exactly change the size and
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morphology of gold nanoparticles, etc.. A thorough investigation of oxide surfaces and
model catalysts is needed to even come close to answer these questions. In the following

chapters, a study of TiO, surface and Au/TiOs catalyst were carried out for that purpose.
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CHAPTER 4

Studies on TiO, (100) surface

4.1. Introduction

As a commonly used catalyst support and substrate for studies of thin films, rutile
TiOy has been the subject of active investigation for decades. Various methods have
been employed in order to gain a fundamental insight into its surface properties and to
understand and improve the performance of TiO,-related materials and devices. However,
in the past decades, the main driving force for surface investigations of TiOs has been to
understand and improve catalytic reactions, since most heterogeneous catalysts system
consist of small metal clusters on an oxide support. As a simple system, a metal/TiO,
system often serves as a model for other metal/oxide surfaces. At the same time, the
recent discovery that finely dispersed Au particles supported on TiOs, as well as other
reducible metal oxides oxidize CO at low temperatures (Haruta et al.[1987) has made the
Au/TiO; system a very promising catalytic system and further increased the interest in
the surface science community.

The local environment of the TiOy surface is very important to understand Au/TiO,
system. The most well known example is the so-called strong metal support interaction
(SMSI) (Horsley| 1979), which has long been accepted as one of the major factors in-
fluencing catalytic properties. The extremely small dimensions of the gold particles not

only cause changes in the electronic structure due to quantum size effects, but also makes
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it possible for SMSI to extend its influence to the whole single particle. On the other
hand, oxygen vacancies at the TiO, surface act as active sites for gold particle nucleation
(Wahlstrom et al. [2003) on the TiO, surface and considering the role oxygen vacancies
play in the process of water dissociation (Salvador| (1992; |Schaub and Thostrup 2003;
Brooks et al.|2001)) and gas sensing for oxygen (Sheveglieri|1992)), they can be expected to
be deeply involved in the catalytic process (Harber and Nowak [1999; |Xu et al.||[1995; |Gao
et al. [1996). In order to fully comprehend the nature of Au/TiO, interaction, it seems
natural to start with the TiO5 surface.

TiO5 crystallizes in three major different structures: rutile, anatase and brookite.
However, only rutile and anatase play any role in applications and are of any interest for
surface scientists. In this study, only rutile (tetragonal, D'4,h-P4,/amd, a=b=4.584A,
c=2.953A (Grant||1959)) was used, either in powder form for real catalyst experiments, or
single crystal form for model catalyst studies. Specifically, one of its low indexed stable
surface, (100), was selected for this study due to its simplicity and relatively lesser amount
of research attention received than the (110) surface.

According to the rules of auto-compensation and the creation of non-polar surfaces
(Tasker||1970; LaFemina [1994)), a straightforward prediction of the stable surface termi-
nation can be obtained (Figure . It is a strongly corrugated surface, with rows of
bridging oxygen atoms at the outermost layer, forming (010) oriented ridges. After sput-
tering and annealing, a (1x1) terminated LEED pattern is observed on this surface, and
STM and non-contact AFM images (Raza et al.|[1999ab)) are consistent with the pro-

posed model. However, the process of how the surface recovers to (1x1) after annealing
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Figure 4.1. Ball and stick model of rutile TiOy (100) surface. Ti: filled
sphere O: open sphere

and the accompanying defect structures are the real interests of this study, because all of
the catalytic properties of the TiO, surface are related to defects on the surface.

The titanium-oxygen phase diagram is very rich with many stable phases with a vari-

ety of crystal structures (Samsonov|1982). Consequently, rutile is easily reduced , either

by irradiation or by annealing in reducing condition(Samsonov||1982), and different reduc-

tion and oxidation treatments yield significantly different surfaces (Diebold 2003]). A large

amount of work has focused on the (110) surface by several groups (Onishi and b||1996;

(Onishi and &/|1994; Blanchin and Bursill [1984} |Anderson and Hyde|[1967} [Li et al.[[1999).

Using scanning tunneling microscopy (STM), a number of reconstructions and surface

features have been identified (Onishi and b||1996), including, under certain conditions,

ad-atom rows of Ti;O3 (Onishi and al[1994), shear-planes (Blanchin and Bursill |1984;

‘Anderson and Hyde||1967) and so-called "rosettes”: sub-stoichiometric, quasi-hexagonal

overlayer islands (Li et al|[1999). Principal variables in the formation of these struc-

tures appear to be the oxygen partial pressure and temperature during the annealing

treatment. However, experimental studies of the rutile (100) surface thus far have been

primarily carried out under ultra high vacuum (UHV) using STM (Murry et al.| 1994}

Raza et al.|[1999b)), low energy electron diffraction (LEED) (Guo et al|[1996)), surface




78

X-ray diffraction (SXRD) (Zajonz et al.[1998), and grazing incidence X-ray diffraction
(GIXD) combined with direct methods (DM) (Landree et al.[1998). The process of reduc-
tion and re-oxidation of this surface has been thoroughly studied, and different models
for the (1x3) surface reconstruction have been proposed. In this study, attention was paid
to the surface recovery process of the reduced TiO, (100) surface. Since Au/TiO, real
catalysts perform CO oxidation at room temperature, it is more relevant and justifiable
to study the surface annealed under oxidizing conditions and stable in air.

In this chapter, the results from TEM studies of the TiO5 (100) surface annealed under
oxidizing conditions are presented. The surface morphology evolution with annealing
temperature and time are described. Finally, the surface re-oxidation process during

annealing is explained.

4.2. Sample Preparation and Characterization

Single crystal TiOs (100) TEM samples were prepared as described in Chapter 2.
Samples were then subjected to the various annealing treatments listed in Table in a
tube furnace. The alumina boat and the quartz tube used for the anneals were thoroughly
cleaned in nitric acid prior to every annealing experiment. XPS was used to check the
cleanliness before and after anneals (Figure [4.2). Other than a trace amount of carbon,
no impurities were detected on the sample surface.

There is overwhelming spectroscopic and chemical evidence for the presence of point
defects on the surface of samples sputtered and annealed in UHV. These defects are
attributed to vacancies in the bridging oxygen rows. In this study, the last sample thinning

process before annealing is ion-milling, basically a severely intensive Ar™ ion sputtering.



79

Table 4.1. Parameters used in annealing experiments

Sample Number Temperature (°C) Time (Hour) Gas (1 atm)  Notes
1 750 1 Os No ¢(2x2)
2 800 1 O, c(2x2)
3 900 1 0, No c(2x2)
4 750 2 O, c(2x2)
5 800 1 Ar c(2x2)
6 830 6 0, No c(2x2)

Figure 4.2. XPS spectrum of TiO, (100) TEM sample after anneals

Oxygen vacancies were readily created, as TiO, is the classic example for a maximum-
valency compound material where electron-stimulated desorption occurs via the Knotek-
Feibelman process (Knotek and Feibelman|1979)). XPS was also used to investigate oxygen
vacancies on the surface, since these imperfections introduce changes in the electronic
structure. In particular, oxygen vacancies lead to the development of a shoulder in the
XPS Ti2P peak, which is formally assigned to a Ti*? oxidation state, and a band gap

feature at 0.8eV below Eg.mmi, which was produced by increased free electrons in the
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valance band. The shoulder in the XPS Ti2P peak was observed to be broadened in
Figure due to preferential sputtering of oxygen from the surface. The electron density
change in the valence band was demonstrated by the extra peak shown on the shoulder
of LMV Auger peak low kinetic energy end of the spectrum in Figure [4.3

TiO, bulk defects play a major role in a variety of surface phenomena where annealing
to high temperatures is necessary, e.g. in bulk-assisted reoxidation (Henderson| (1999,
1995) and in restructuring and reconstruction processes (Li et al.|[1999; Bennett et al.
1999). The bulk structure of reduced TiOs_, crystals is quite complex with various
types of defects such as doubly charged oxygen vacancies, Ti™® and Ti™* interstitials,
and planar defects such as crystallographic shear planes (CSP). The question of which
type of defect is dominant in which region of oxygen deficiency is still a subject of debate
(Kofstad|1967)). As to the diffusion mechanism, it is quite different for the various types of
defects: oxygen migrates via a site exchange (vacancy diffusion) mechanism, while excess
Ti diffuses through the open channels along the crystallographic c-axis (Huntington and

Sullivan|1965). Consequently, the diffusing species in oxidation reactions of reduced TiO,

is the Ti atom and not the O vacancy (Henderson |1999, 1995)).

4.3. Surface Morphology

4.3.1. Rutile TiO; (100) surface evolution with temperature

To ensure a common reference point, all samples were ion milled to disorder the surface
prior to annealing. Due to the differences in the relative sputtering rates of titanium
and oxygen(Mens and Gijzeman|[1996; Knotek and Feibelman!1979)), ion milling produces

samples that are oxygen deficient on the surface. In the bright field TEM image from this
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Figure 4.3. XPS spectrum of TiO, (100) TEM sample before and after
ion-milling: (a) Ti 3ps/» peak; (b) LMV Auger peak

sample (Figure , thickness fringes and bend contours are the two dominant features.
The former is a direct result of the sample preparation technique employed, which pro-
duces wedge-shaped region around the hole (with thickness increasing into the sample),
and the latter is from the strain resulting from ion bombardment. The diffraction pat-
tern (DP) (Figure shows only the bulk (100) diffraction spots and diffuse diffraction
(indicated by arrows) from ordered defects on surface.

Images and diffraction patterns from samples after various treatments are shown in
Figure [{.54.7] Annealing resulted in the formation of extended faceting with flat (100)
terraces separated by step bunches in order to reduce surface energy. Step edges composed
of (010) and (001) planes readily formed on samples annealed at 750°C for 1 hour (Figure
[1.5). The width of the terraces along the [010] direction is much smaller compared to that
along [001] direction, which results in streaks along the [010] direction in the DP. Rutile
TiO, has a tetragonal structure with different surfaces exposed on (010) and (001). This

anisotropy is clearly demonstrated in the images and DPs of annealed samples.
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Figure 4.4. Rutile TiOy (100) surface evolution with temperature. After
ion milling sample, bright field image with DP.

For samples annealed at 800°C, the width of surface terraces became noticeably larger,

which led to the disappearance of streaks along the [010] direction in the DP(Figure [4.6)).
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Figure 4.5. Rutile TiO4 (100) surface evolution with temperature. 750°C 1
hour in O,, dark field image with DP.

At the same time, low index faces, (001) and (010), formed at the edge of the sample,

which are indicated in the dark field image. The faceting of the sample edge was observed
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Figure 4.6. Rutile TiO5 (100) surface evolution with temperature. 800°C 1
hour in O,, dark field image with DP.

in all the samples annealed and can be used as a measure to judge the amount of surface

diffusion. In all the samples studied thus far, there is a positive correlation between
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Figure 4.7. Rutile TiO5 (100) surface evolution with temperature. 900°C 1
hour in O,, dark field image with DP.

faceting of the edge and degree of surface ordering. The most important observation on

samples annealed at 800°C is the ¢(2x2) surface reconstruction observed in the DP. This
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was the first observation of this reconstruction on the rutile (100) surface, and the DP unit
cell for the surface reconstruction and bulk TiO, are outlined in Fig. 1c. The formation
and structure of this surface reconstruction will be discussed later.

After annealing at 900°C for an hour, the surface became flat and c(2x2) diffraction
spots were not present. However in part of the sample where ion-milling damage was
severe, straight defects were observed parallel to the (011) plane (Figure [£.7). These
defects were formed by in-plane pure shear, which is common in the rutile-type structure.
In this case, annealing did not fully restore the surface stoichiometry but instead made
oxygen vacancies coalesce to form (011) type shear structures. The corresponding DP

(Figure shows two sets of diffuse streaks confirming the presence of ordered defects.

4.3.2. Rutile TiO; (100) surface evolution with annealing time and annealing

environment.

Longer annealing time did not affect the general morphology of the surface given an
annealing temperature. Flat and well oriented terraces and low index faces at the edge
were still the main features observed. However the surface structures were completely
different from those observed after shorter annealing time. Figure 4.8 shows the sample
after 2 hours of Oy annealing at 750°C. Not only have the streaks along [010] direction
disappeared (compare to Figure , but also ¢(2x2) spots were clearly visible. On the
contrary, after annealing at 830°C for 6 hours, the DP (Figure shows only clear TiO,
bulk spots, instead of ¢(2x2). It seems that c¢(2x2) surface reconstruction only develops
between a small temperature and time window. The implications of this will be discussed

later.
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Figure 4.8. Effects of time and annealing environment on rutile TiO (100)
surface. 750°C 2 hours in Oq, dark field image with DP.

The effect of annealing environment was further studied by changing the annealing

gas from Oy to Ar. This annealing experiment was done within the ”window” for ¢(2x2)
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Figure 4.9. Effects of time and annealing environment on rutile TiO (100)
surface. 830°C 6 hours in Og, bright field image with DP.

formation. After anneals, the sample (Figure 4.10) showed the same morphology as

samples annealed in Oy, and additionally the c¢(2x2) was observed. At first, this result
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Figure 4.10. Effects of time and annealing environment on rutile TiO,
(100) surface. 800°C 1 hour in Ar, dark filed image with DP

seemed to be against the original thought of ¢(2x2) being an oxidization product. Until

now, the ¢(2x2) was only observed after annealing in Oy environments, and not in UHV,
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indicating that the presence of O in the gas phase was necessary for its formation.
Therefore we consider the possibilities of oxygen impurities in the Ar feed gas, possible
air leakage in the furnace seals and the effects of body assisted re-oxidation as sources for
oxygen at the surface. We conclude that the partial pressure of gas phase oxygen required

to form the c¢(2x2) might be lower than initially thought.

4.3.3. "Healing effects” of O, on rutile TiO, surface

For samples which had been ion-milled for a long period of time, annealing at 800°C in
O4 for one hour sometimes could not completely recover the damaged surface. Fig. 3a
shows a large number of small grains on the surface, which were proved to be Magnelli
phases (DP not shown). Considering the phase diagram of the Ti-O system (Waldner
and Eriksson||1999)), it is understandable that while annealing in a high partial pressure of
O,, a deeply reduced surface would form Magnelli phases during re-oxidation. Annealing
at 830°C for 6 hours in Oy entirely healed the reduced surface (Figure . Therefore,

Figure provides direct proof of the surface re-oxidation process during annealing.

4.3.4. Conclusions

The process of surface recovery from ion-mill damage was a process of surface re-oxidation
and re-crystallization. Although the same process happens when reduced TiO, is annealed
in vacuum, it seems to have a different mechanism due to a different annealing environ-
ment, which can be straightforwardly demonstrated by the color change of annealed sam-
ples. It is well established that the blue color in TiO, single crystals is associated with

bulk defects which are formed upon reduction of the bulk (Cronemeyer| 1952; Diebold
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Figure 4.11. ”Healing effects” of Oy on rutile TiO (100) surface: (a) 800°C
1 hour in Og; (b) 830°C 6 hours in O, image.

2000)) and the resulting color center. In previous studies, vacuum-annealing sam-

ples showed a (1x1) surface with the color of the bulk changing to various shade of blue,
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implying the bulk TiO, was reduced. In this study, all samples were transparent after
annealing, including the one treated in Ar, suggesting a decrease in the number of oxygen
vacancies and Ti interstitials in the bulk. This difference in bulk structure is caused by
the different oxygen partial pressure used during annealing and is strongly related to the
formation of ¢(2x2) surface reconstruction, as discussed later.

Figure 4.4 show the effect of temperature and time on surface morphology during
O, annealing. Before annealing, the sample is damaged and full of defects on the surface.
Annealing treatments at 750°C and above always resulted in the reduction of surface
disorder and recovery of the surface crystallinity. Even after a short time of annealing,
the disordered layer at the surface (Figure was no longer present and the surface
exhibited signs of flattening, terraces began to form and low index surfaces appeared at
the profile edge of the sample. Higher annealing temperatures and longer annealing times
generally correlated with larger terrace widths and fewer step bunches, characteristic of
the synergistic role of temperature and time in diffusion controlled processes.

In all samples, the steps were entirely composed only of the (010) and (001) facets;
(110) facets were not observed. The (100) terraces appeared in the form of long strips
along [001] direction. Such anisotropic faceting behavior offers an insight into mechanism
of formation and the atomic structure of the ¢(2x2) reconstruction, since ¢(2x2) might
form right at the moment when small (100) terraces expand along [010] direction and
atomic height steps disappear (Figure , and .

The atomic structure and thermodynamics of a ¢(2x2) structure on the TiOy (ru-
tile) (100) surface were studied using a combination of direct methods with transmission

electron diffraction data and density functional calculations and will be talked about
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later. Both experimental and theoretical work on this surface suggests that the surface
is oxygen-deficient. This is a rather interesting observation, since the reconstruction was

obtained by annealing in Oy and is stable in air.

4.4. C(2x2) Surface Reconstruction

4.4.1. Formation of c¢(2x2) Surface Reconstruction

The ¢(2x2) reconstruction is obtained over a certain range of annealing temperatures and
times. This study suggests that the small "window” condition for formation of ¢(2x2) is
around 800°C for about 1 hour in an environment where Oy partial pressure in not very
low (compared to UHV). Since it has never been observed in UHV surface re-oxidation
studies, it is believed that the ¢(2x2) is introduced and stabilized by the presence of O
in the gas phase. O, partial pressure plays a crucial role in this process, although the
c(2x2) itself is a structure with oxygen vacancies at the surface, which is proved by the
fact that extended annealing in O,, at higher temperatures or for longer times, results in
the annihilation of the ¢(2x2) domains on the surface.

Previous studies on the rutile (100) surface have underscored the active role of oxygen
vacancies in the surface reconstruction process. It was widely believed that oxygen vacan-
cies obtained under reducing conditions would be inherently unstable when exposed to
oxygen (Onishi and b|[1996; Onishi and a,1994). In this study, it is found that the slightly
reduced surface (even after annealing in O) is quite stable in air. Moreover the recon-
struction can be reproducibly obtained by annealing under conditions usually considered
reducing, i.e. annealing under flowing Ar at 800°C. The oxygen vacancies that stabilize

the surface reconstruction are introduced in the ion milling stage of sample preparation,
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and annealing primarily serves to provide the energy for ordering of these point defects.
It seems that ion milling provides an alternative route to selectively reduce the surface,
and the degree of reduction can be controlled by varying the time of sputtering.

It is natural to compare the c¢(2x2) reconstructed surface with other surface recon-
structions on the same surface. The rutile (100) - (1x3) surface is reported to form after
annealing at temperatures between 600-1000°C in UHV environment (Lindan and Harri-
son|2001} Lo et al.||1978). Although the structure of this surface has not been determined
conclusively, there is a general consensus that this surface is deeply oxygen deficient. The
(1x3) surface was never observed in this study and we believe that this is due to the high
partial pressures of Oy employed during annealing. Most of our annealing experiments
were carried out under an oxidizing environment. Even in the case of annealing in Ar,
the oxygen partial pressure was much higher than the pressure in previous studies. The
experimental evidence points to the conclusion that the (1x3) surface has a much higher
concentration of oxygen vacancies than the c¢(2x2) surface. The ¢(2x2) forms when the
oxygen deficient (100) surface is close to regaining its stoichiometry and this regime was
not explored in the previous studies.

At the same time, on annealing experiments done in both oxygen and Ar, shear-planes
indicative of the start of formation of the Magnelli phases (Bursill and Blanchin||1984;
Kosuge|1994) were observed (Figure in samples which were more reduced than those
where the ¢(2x2) occurred. From the bulk phase diagram (Waldner and Eriksson/|1999;
Zador||1983) and previous studies on oxidation of rutile surfaces during UHV annealing,

it can be concluded that the ¢(2x2) is formed on slightly reduced TiOs_,, so in terms of
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increasing reduction, it holds true that

(4.1) 1 x1<¢(2x2) < Magnelli Phases

In this following sections, the surface structure of ¢(2x2) TiO, (100) was presented.
The DM refinement described in the chapter was done in collaboration with Dr. A.K.
Subramanian and first principle density functional theory (DFT) calculations were carried
out by Dr. O. Warschkow and Prof. L.D. Marks. The thermodynamics of this surface

structure will be discussed.

4.4.2. DM Analysis of c(2x2)

Off zone axis electron diffraction patterns, necessary for surface diffraction data analysis
were obtained using the Hitachi UHV-H9000 electron microscope operated at 300kV. Elec-
tron diffraction patterns with varying exposure times were recorded from the surface using
the techniques detailed in Chapter 2. A thin region of the target surface was chosen to fur-
ther avoid dynamical effects. The exposure series comprising 9 negatives with ascending
exposure time was subsequently digitized to 8 bits using an optronics negative scanner.
Care was taken to ensure that under the exposure conditions the microdensitometer is
linear. The intensities of 411 surface reflections were measure using a cross-correlation
technique from 830 raw measurements and weighted symmetry averaging resulted in 70 in-
dependent reflections in ¢c1m1 plane group symmetry. These reflections were subjected to
direct methods analysis, which solves the phase problem without the need for a structure

guess. A different plane group (¢2mm) was used too and both revealed similar solutions



Figure 4.12. Magnelli phases formed on TiO, surface after annealed in ei-
ther O or Ar: (a) High resolution TEM of Magnelli phases; (b) Electron
diffraction pattern for Magnelli phase.

96
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and the scattering map corresponding to the best solution is shown in Figure 4.13| which
reveals the position of the surface Ti-atoms as bright spots. The position of (more weakly
scattering) surface oxygen atoms is not fully revealed in the scattering maps and must be
deduced through refinement analysis. But the possible location of surface oxygen atoms
can be obtained directly and are shown in Figure [£.13]

Using the assigned positions of titanium atoms as a starting point, oxygen positions
for an initial trial structure can be inferred by comparing the Ti-positions in the c¢(2x2)
scattering map with the positions for a bulk-like (1x1)-terminated surface. Relative to the
(1x1) stoichiometric (Figure [4.14h), the ¢(2x2) reconstruction has every other Ti atom
shifted by approximately 1/4 lattice units in the [010] direction. This transformation
takes Ti atoms from one surface five-fold O-coordinated site to an adjacent five-fold site
and leads to the structure shown in Figure f.14p: a stoichiometric trial structure for a
¢(2x2) reconstruction. This trial structure however refines poorly against the diffraction
data, although the atoms positions fit fairly well with what was obtained from scattering
map.

Considering the experimental facts, ¢(2x2) is apparently a reduced structure compared
to stoichiometric TiO,. Improvements were then made on this trial structure to make sure
it oxygen deficient, but still valid. One of the improved structures turned out to fit the ex-
perimental data quite well. At the same time, this structure passed the DFT calculations
and turned out to be energy stable too. Figure [£.14k shows the configuration of this struc-
ture, which results when oxygen vacancies are introduced into the stoichiometric ¢(2x2)

(Figure 4.14]) such that every double oxygen-bridge below Ti layer and between paired Ti
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Figure 4.13. Direct Method scattering map for TiOy ¢(2x2) surface. Inset:
atoms arrangements obtained directly from the map. Filled sphere Ti; open
sphere O

atoms is replaced by a single oxygen-bridge. The oxygen atoms from the outermost layer

were kept unchanged.

4.4.3. Energy calculation of c(2x2) surface reconstruction

The critical question is whether the surface is a local kinetic structure, as suggested by
the previous literature, or is in metastable equilibrium with reduced bulk TiO,_,. For
this purpose, it is necessary to analyze the stability of the ¢(2x2) surface relative to the
(1x1) surface as a function of oxygen chemical potential and temperature, furthermore,
incorporate this information into the bulk phase diagram to explore the thermodynamics
of the formation of the ¢(2x2) structure under oxidizing condition.

The tool used for this was DFT, the all-electron Wien2k (Blaha et al.[2001)) code.

Calculations were performed for two different models, which were constructed by putting



99

ON[( oIk SWIO)R USAX() ‘MO[[A 9IR SWO)e
wnruejL], Y[Nng ‘pal ale SWOe WNIUR)L], 90JING "9dRLINS ADURIRA (ZXg) (D) ‘90RJINS DLIJOUWIONYDIO)S

X ‘90RIINS OLIJOWIOIYDI0)S (TXT) (®) :00eIns COLT, JO MoIA opts pue dOT, "F'F oINSt
¢xe) ¥ ! ot IXT J 00T) “OLL } A OPIS P L VIV |



100

the primitive ¢(2x2) cell on a 7 layer (Ti;4046) slab and a thicker 13 layer (TixO30) slab
respectively. With oxygen vacancies in the surface, certain charge distribution will be
introduced into the slabs. Therefore, these models can be compared to the real systems,
where the ¢(2x2) surface is formed on a charged TiOs_, bulk. In order to calibrate the
equivalent stoichiometries of these two slabs, charged cell calculations for bulk TiO, were
performed by adding different fractional charges to model TiOs_,. Bader charge analysis
indicated that Ti atom in stoichiometric TiO, has a Bader charge of 2.27 and one extra
electron in the bulk will introduce a change of Bader charge by 0.26. Then the charge
within the atomic spheres in a bulk was compared to the corresponding charge in the
center of each slab. By this method it was estimated that the 7 layer slab corresponds to
an equivalent bulk stoichiometry of TiOq g75, the 13 layer slab to TiOj gg.

One additional energy adjustment was taken into consideration during this calculation.
It was the extra entropy contribution introduced by the fact that the reduced c¢(2x2)
has states at the Fermi-energy. The Fermi-Dirac free energy of these n-type carriers was
considered by using a conventional Mermin functional in the DF'T calculations. The extra
entropy contribution increases the stability of the ¢(2x2) structure and was estimated to
be 0.32eV and 0.60eV at 1215K per primitive cell for the 7 layer (TiO;975) and 13 layer
(TiO1.99) structures respectively.

After combining all the above calculation, the DFT energies of the models were ob-
tained. The next step was then to use these energies to determine if the ¢(2x2) structure

was stable thermodynamically at certain temperature and oxygen chemical potential.
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Considering the ¢(2x2) shares the same stoichiometry with a TiyO7 structure, the oxida-

tion reaction that transforms the ¢(2x2) to a (1x1) structure can be written as

(4.2) Ti4O7 +1/205 — ATiO,

according to which, the c¢(2x2) is stable when the free energy change of this reaction is
negative. In order to calculate the equilibrium condition for these two structures, the
following procedure was followed. First, the energy required to transform the c(2x2) to
a TiyO7 was calculated by taking the DFT energies with additional free energy detailed
above and subtracting the corresponding bulk Ti;O7; and TiO, DFT enthalpies at T=0 k.
Then, this energy difference was referenced to the equilibrium between TisO7 + 1/205 and
TiO,, which was calculated using published bulk thermodynamical data. In the end, the
phase-stability diagram shown in Figure [4.15( was obtained, on which are superimposed
the locations for the bulk Magnelli phase transitions as well as isoconcentration lines for
three representative reduced bulk compositions as a function of oxygen chemical potential
and temperature (see Appedix for detail). The lines in this figure correspond to chemical
potentials for which the free-energy change for the reaction above is zero. Therefore, if
the bulk isoconcentration line lies to the left of the solid line, the ¢(2x2) reconstruction is
stable on a reduced TiOs crystal with that composition. The results are in good agreement
with the experimental data; the ¢(2x2) structure is more stable than the (1x1) structure
for the experimental temperatures for a relatively wide range of conditions where it is in
equilibrium with reduced, bulk TiO,_,.

Both the experiments and theoretical calculations lead to another important conclu-

sion: reoxidation by gas phase O, is a rather slow process, since all the surfaces considered
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Figure 4.15. DFT calculation of ¢(2x2) energy on reduced TiOs with calcu-
lated phase diagram for the Ti-O system in the composition range between
TisO7 and rutile: Magnelli phase is shown as equilibrium line between ad-
jacent phases; ¢(2x2) is calculated by using Ti,O; as reference

have tetrahedrally co-ordinated Ti atoms. Surfaces with tetrahedral Ti are rather unreac-
tive and not provide ready sites for dissociation of molecular Oy, which will have to occur
at surface defects. This is consistent with the experimental observation that the surfaces
were stable for extended periods of time at room temperature. Therefore, it is suggested
that reoxidation occurs by a process similar to Mars-Van Krevelen catalytic mechanism

(Mars and van Krevelen|[1954)) where bulk oxygen diffusion plays a dominant role.
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4.4.4. Conclusions

The ¢(2x2) surface reconstruction was observed when reduced TiO; TEM samples were re-
oxidized in oxygen at around 800°CThe atomic structure and thermodynamics of a c(2x2)
structure on the TiOy(rutile) (100) surface were studied using a combination of direct
methods with transmission electron diffraction data and density functional calculations.
Experiments and theoretical DFT calculations including the primary electronic entropy
terms yield a consistent picture that the reduced c¢(2x2) surface is in equilibrium with
reduced, bulk TiO,_,. Despite being reduced the surfaces involve a long-energy poly-
morphic structure with tetrahedral Ti atoms and do not provide site for dissociation of
molecular O,. Reoxidation probably involves bulk oxygen diffusion and dissociation of

gas phase Oy by a relatively low concentration of defects.
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CHAPTER 5

Studies on Au/TiO, Model Catalysts

5.1. Sample preparation

5.1.1. Deposition precipitation method

For the purpose of investigating model catalysts with electron microscopy, all the samples
in this study were prepared by depositing gold nanoparticles onto a TiO, single crystal
TEM support. TEM supports were made following the procedure described in Chapter
2, then annealed to obtain (1x1) stoichiometric surface under the conditions detailed in
Chapter 4. In this part of the study, the wet chemistry (deposition-precipitation) method
described in Chapter 3 was used for gold deposition. Considering that the surface area
of a single crystal is much less than that of real catalyst support in the powder form, the
amount of Au precursor used was reduced accordingly. The exact same procedure was
repeated in order to guarantee the comparability of real and model catalysts. During the
process, extreme care was taken to insure good contact between the TEM support and
solution by vigorously stirring, but at the same time maintaining the fragile TEM support
without losing all of the thin area. Lights were turned off during the whole process to
prevent possible decomposition of gold precursor before deposition. After the deposition,
the samples were rinsed carefully using deionized water, dried in air, then saved in a clean

TEM sample box wrapped with aluminum foil for further study.
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5.1.2. Physical vapor deposition

(1x1) TiOy TEM sample was prepared by annealing and checked for the cleanness with
XPS. The Denton Desk III TSC Sputter Coater at EPIC center and a standard thermal
evaporation source in our UHV chamber were used to deposit metallic gold onto TEM
samples. Afterward, the samples were either transfered to a JEOL 2100F microscope or
studied in situ with the Hitachi UHV 9000 microscope. No differences were observed be-
tween these two. Although the targeted particle size could be easily achieved by carefully
controlling the PVD parameters, small size variations still exist. For this reason, all of
the studies about size changes of nanoparticles were carried out on the samples made at

the same time, and under the same conditions.

5.2. Growing of Au on TiO, surface
5.2.1. Au/TiO, (100) surface prepared by wet chemistry

The Au/TiOy model catalysts were studied using a Hitachi 2000F microscope initially.
Severe carbon contamination was soon observed after shining the electron beam onto the
sample. The model catalyst sample was found to be very efficient in cracking hydrocarbon
species in the microscope chamber with the electron beam, thus a very clean vacuum was
required to carry out any form of characterization. The samples were then sent into the
UHYV system (see Chapter 2) and the same dry ice treatment (see Chapter 3) to the load
lock was used. Beam damage was constantly monitored and beam current was kept as
low as possible.

The first observation of this model catalyst was that the gold loading was very low (one

magnitude lower), compared to that of real catalysts. Figure was taken in an area
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with a relatively large number of gold particles. Although some of these dark contrast
area (less than 2nm in diameter) exhibit well faceted surfaces, implying the formation
of gold particles, most of them are just clusters of atoms scattered randomly. STEM
studies (not shown) supported this observation. The low loading of gold on the TiO,
surface can be explained as follows. The nucleation process of deposition-precipitation
is considered a preferred nucleation process where the precipitation of gold precursor
only happens through ion-exchange with surface cations. The surface defect sites provide
cations (protons) through water dissociation, but the number of them is greatly reduced
after complete annealing in oxygen. Large gold particles have been observed in this
sample too. Figure shows the typical size (3-8nm) and location (at the edge) of these
particles on TiO, TEM samples. Moire fringes from gold particles clearly indicate the
formation of MTPs and no preferred orientation of these gold particles were observed.
The extra large particle size and random orientation might be attributed to the local high
concentrations of alkali in the solution during sample preparation, which facilitate gold
precipitation away from the support surface, followed by attachment to the surface.
Although Au/TiO; model catalysts prepared by the wet chemistry method are similar
to real catalysts, the low loading of gold species is a real challenge for further studies.
Since it is difficult to control the surface defect density, physical vapor deposition (PVD)
was used to achieve the desired amount of loading. By carefully controlling the parame-
ters, PVD method directly results in uniformly distributed metallic gold nanoparticles of
relevant sizes. Since metallic gold is considered to be essential to the catalysis process,

the prepared sample should not need to be activated by reduction.
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Figure 5.1. TEM images of Au/TiOy model catalyst sample prepared by
deposition-precipitation: (a) low loading of gold on the surface; (b) gold
particles with abnormally large size.

5.2.2. Au/TiO, (100) surface prepared by PVD

Figure provides a typical portrait of a Au/TiOs model catalyst sample with gold
particle size less than 2nm. No specific crystallographic orientation or shape was detected
from the TEM images and diffraction patterns. From the literature (Cosandey et al.|2001)),
preferred orientations between gold and TiOs (110) have been reported in a UHV PVD
study. In another study (Akita et al.|2000)), a wet chemistry method was used to deposit
gold nanoparticles on a rutile TiO, surface, and no epitaxial growth of gold was discovered
either. The coincidence of reciprocal lattice point (CRLP) calculation was examined, and
confirmed the possibility of having various orientation relationships between Au and rutile
TiO, and that it is difficult to find specific orientation relationships by TEM observation.
Another reason for this lack of preferred orientation is that the surface adsorbates on

the TiOq surface interfered with the interaction between particle and surface. The TiO,
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Figure 5.2. Au/TiOy model catalyst sample prepared by PVD: (a) TEM

image at lower magnification; (b) High resolution TEM image.
surface was exposed to air before any deposition, hence hydroxyls and carbonates had been
formed. They act as nucleation center for gold particles, and at the same time, blocking
some of the effects from the substrate. This type of blocking can be clearly demonstrated
by Au/TiO; (110) and was studied later. It is definitely not an ideal situation for general
surface science study, but most of the real catalysts were prepared in this way. Although
it is difficult to determine the preferred orientation between gold and TiOs support in
real catalysts, and there are always some specially oriented particles found at the edge of
support, there might still be no such kind of relationship existing.

After more than the desired amount of gold was deposited onto the surface, the random
orientation of gold particles can been seen more clearly. With the growth of gold particles,
twinning along {111}, {112} and MTPs started to appear. But all of these can not
overshadow the obvious lack of direction of Moire fringes and the presence of faceted

surface exposed by the profile of gold particle at the edges (Figure ) The apparent
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polycrystalline diffraction pattern (Figure [5.3p inset) is another direct proof. When even
more gold was added, islands were formed and the entire morphology changed, with more
discrete diffraction patterns observed (Figure [5.3b).

TiO (100) surfaces with various conditions have been used to determine if the change
of support would introduce any difference to the gold morphology and orientation. Com-
pared to the (1x1) surface, Magnelli phases and ¢(2x2) have dramatically different atomic
arrangements on the surface, but after deposition, both yield similar results. From Figure
.4k, the bulk diffraction from Magnelli phases can still be seen. The size of gold nanopar-
ticles is so small that the discrete diffraction ring becomes diffuse. The surface diffraction
from c¢(2x2) structure is shown in Figure and similar diffuse diffraction ring appears
in the same pattern. Both of them demonstrate the irrelevance of gold particle growth to

the surface condition of the substrate.

5.2.3. Au/TiO, (110) and (001) surfaces prepared by PVD

TiO, (110) and (001) surfaces are the other two low indexed surfaces that have been
extensively studied. For the purpose of comparison, it is interesting to see how gold
nanoparticles interact with these two surfaces.

Among all of TiOy low indexed surfaces, the (110) surface is the most energy stable
one. Although it has been the center of numerous studies (Diebold|2003), and is consid-
ered the ’best-characterized’, prototypical metal oxide surface, the atomic-level structure
of the (110) surface is quite complex. Both the oxidation conditions and the history of
the TiO5 sample have significant influence on the morphology of the surface. Recent work

(Bennett et al.|[1999; |Li et al.| [1999)on this surface suggested, for a not heavily reduced
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Figure 5.3. TEM images of Au/TiOy model catalyst sample prepared by
PVD with: (a) 10 times more than desired deposition ; (b) 50 times more
than desired deposition.

Figure 5.4. Diffraction pattern of Au/TiOy model catalyst sample prepared
by PVD: (a) on Magnelli surface; (b) on ¢(2x2) surface.

TiO, (110) sample, annealing in oxygen will result in stoichiometric (1x1)-terminated
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surface. As to the growing of gold nanoparticles on the (110) surface, a preferred orien-
tation (Au[110]{111}//TiO2[001](110)) was discovered when the gold nanoparticles were
deposited in a UHV environment, by PVD (Cosandey et al. 2001)), ion implantation fol-
lowed by high temperature annealing (Wang et al. 2004) or gas-phase grafting (Akita
et al.|2002)). For a sample prepared using wet chemistry method, only a weak preferred
orientation as above was observed (Akita et al.|2002).

The studies on the TiO, (001) surface have been focused on its applications for reac-
tions of organic molecules and eletrochemistry, and very few detailed structural informa-
tion is available. The (001) surface is not a low energy surface and annealing does not
yield a (1x1) terminated surface. Instead, complicated {114} and {011} facets are formed
(Tait and Kasowski |1979; Fukui et al.[2001). No studies of growing gold nanoparticles on
this surface have been reported.

Following the procedures described in Chapter 2, single crystal TEM samples with
(110) and (001) surface orientations were prepared respectively, and then annealed in
oxygen at 900°C for 1 hour to obtain desired stoichiometric (1x1) surface. The annealing
condition was taken based on previous experience on the TiOy (100) surface, and proved
to be adequate for this purpose. Figure [5.5 shows TEM image and diffraction pattern of
annealed Au/TiO, (110) sample. A well faceted surface and a clear (1x1) pattern were
obtained.

Subsequently, gold nanoparticles were deposited onto TiOs (110) and (001) samples
at the same time using PVD method. After that, high resolution TEM and Z-contrast
STEM were carried out by using a JEOL 2100F microscope. Figure demonstrates

the effects of substrates on growing gold particles. On a (110) substrate, decahedron and
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Figure 5.5. TiOy (110) TEM sample after annealing in oxygen at 900°C for
1 hour (a) TEM image; (b) (1x1) diffraction pattern.

icosahedron gold MTPs with size larger than 4nm were formed across the sample (Figure
[.6k). The smaller nanoparticles (< 2nm), which are obscured by TiO, substrate in TEM
images, can be clearly seen in the STEM image (Figure ) A preferred orientation
between the gold particles and the (110) surface were not observed on this sample. Gold
nanaparticles deposited on TiOy (001) substrate didn’t show the formation of very large
particles, and therefore, far more particles can be observed (Figure ) Specific facets of
individual gold particles were found to align with substrate [1-10] direction. Therefore, the
possibility of a match between Au(211) (1.67A) and TiO, [220] (1.62A) was investigated.
However, the diffraction patterns from this area (not shown) dismissed this possibility

due to lack of the discrete diffraction spots from gold.
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Figure 5.6. Au/TiO system (a) TEM image of Au/TiO, (110); (b) STEM
image of Au/TiO, (110); (¢) TEM image of Au/TiOy (001); (d) STEM
image of Au/TiOy (001).

5.2.4. Conclusions

The Au/TiO, model catalyst studies covered the growing, sintering and catalytic proper-
ties of gold nanoparticles deposited onto TiO, surface. There was no preferred orientation

of gold particles found on any types of TiO, surfaces studied. It is not a very surprising



114

result considering only weak epitaxial relationship has been reported when gold particles
were deposited onto a non-UHV-clean TiO, flat surface. It should be the same case in
a real catalyst. This means the orientation relationship between gold particles and TiO,

support is not that crucial for its catalytic property.

5.3. Sintering of Au on TiO, (100) surface

5.3.1. Experiments

Reaction induced sintering has long been observed in Au catalysts supported by various
types of oxide supports. Figure [3.11], obtained in this study, is a good example of this
phenomenon. Although it is a well known fact, very few studies have been carried out to
characterize and provide a quantified description of reaction induced sintering. The most
important reason might be, compared to heating (calcination) induced sintering, that the
particle size change resulting from reaction is rather small. Relatively high temperatures
(above 300°C) were widely used in calcination, therefore the magnitude and speed of
sintering was dramatically different. Relatively, the reaction induced sintering is almost
neglectable. Since most of catalysts were calcined before reaction and particles are already
stabilized, reaction induced heating can not make significant impact on particle size and
activity. But in our case, the CO oxidation reaction releases a fair amount of heat. For an
active catalyst (typically 0.1 g), running a reaction (total flow rate 600 cc/min, CO 1%,
O5 2.5%) for half an hour will noticebly increase the temperature of the reaction cell by
more than 3°C, which was measured by a thermocouple placed outside of the cell. Local
temperature on the gold surface was definitely much higher in order for the heat to elevate

the temperature of the whole cell. At the same time, the uncalcined Au/TiO, catalysts
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are the most active ones. The initial gold particle size is extremely small (less than 2nm),
hence the change introduced by reaction heat should be huge. Considering the crucial
role of particle size plays in the catalytic properties of Au catalysts, it is necessary to
make further investigation.

Another reason for the lack of reaction induced sintering studies might lie in the
difficulty of analyzing gold nanoparticles on a complicated surface, as in a real catalyst,
where surface defects are prevalent. Therefore, no statistically relevant results can be
obtained to manifest the size change. The lack of a reliable way to measure the size of
very small particles might be one of the reason too. For particles with size less than 1 nm,
even high resolution TEM is plagued by severe contrast and focusing problems, which
can easily lead to size errors of the order of 70% (Poppa/[1993). In this study, Au/TiO,
model catalysts were used as a simple and controllable environment. STEM Z-contrast
imaging technique was used to measure the size of gold particle due to its sensitivity to
heavy elements and ease of interpretation.

Before PVD, multiple (1x1) TiOy TEM samples were prepared by annealing at high
temperature in oxygen. TEM and XPS were carried out to verify the surface condition
and cleanness. Gold nanoparticles were then deposited onto those TEM samples using
PVD method at the same time. The samples followed one of the treatments listed in
Table respectively. A JEOL 2100F microscope was then used to characterize these

samples.
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Table 5.1. Parameters used in reaction induced sintering experiments

Treatment  Temperature (°C) Time (Hour) Environment (1 atm)
Annealing 100 1 Air
Annealing 200 1 Air
Annealing 300 1 Air
Gas Treatment RT 1 Reaction Gas (1%CO, 2.5%05)

5.3.2. Results and discussion

The STEM images of Au/TiOs model catalyst samples after various treatments are shown
in Figure[5.7] Little difference can be told from the as prepared sample (Figure 5.7h) and
the sample annealed at 100°C (Figure[5.7p). On the sample annealed at 200°C, the number
of ultra small (less than 2 nm) gold particles was drastically reduced, since sintering took
place and small particles migrated and agglomerated with big particles. At 300°C, the
inter-particle space was increased and very large particles were formed.

For samples which underwent reaction gas treatment, no apparent changes in particle
size and morphology were observed (Figure . Only carefully carried out statistical
analysis can help tell the difference. In Figure[5.9] the size of more than 300 particles was
measured and counted. The trend of particle size increase can easily be seen for the as
prepared sample, sample annealed at 100°C, and sample treated in reaction gas. Similarly,
a graph (Figure showing the increase of particle size for sample annealed at 200°C
and 300°C can be drawn, by measuring and counting more than 200 particles.

The above results indicate that the effect of reaction heat produced on the gold surface
is similar to annealing the whole sample at a temperature between 100°C and 200°C. This
is a surprisingly high number compared to the temperature observed during reaction.

Although it is extremely difficult to measure the local heating produced by reaction on the
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Figure 5.7. STEM Z-contrast image of Au/TiO, model catalyst sample: (a)
as prepared; (b) annealed in air for 1 hour at 100°C; (¢) annealed in air for
1 hour at 200°C; (d) annealed in air for 1 hour at 300°C.

surface, this set of experiments essentially demonstrated a new way to roughly measure it
by evaluating the effects of this local heating. That is, the temperature of the Au particle

- support interface is probably between 100-200°C during reaction.
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Figure 5.8. STEM Z-contrast image of Au/TiO; model catalyst sample
after 1 hour CO oxidation reaction gas treatment at room temperature: (a)
at high magnification; (b) at low magnification.

Figure 5.9. Size distribution of gold particles for as prepared sample, sample
annealed in air for 1 hour at 100°C and sample treated by reaction gas for
1 hour at room temperature, respectively.
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Figure 5.10. Size distribution of gold particles for samples annealed in air
for 1 hour at 200°C and 300°C respectively.

5.3.3. Conclusions

Reaction induced sintering was observed when a Au/TiO, catalyst sample was exposed
to a reaction gas flow. After comparing the particle size with those from annealed model
samples, the conclusion was made that the local heat generated by reaction mobilized gold
particles and this effect is comparable to annealing the sample at a temperature between

100-200°C.

5.4. Catalysis of Au on TiO, surface

5.4.1. Experiment

The above studies on reaction induced sintering were partly based on the assumption

that the Au/TiOy model catalysts were catalytically active. Although the change of gold
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particle size after treatment of reaction gas agrees with this assumption, it is still more
convincing if direct evidence of activity can be measured.

The catalytic activities of model catalysts have been studied widely. Due to its low
surface area, a specially designed system was usually needed in order to analyze small
amounts of products (Goodman |1995b)). In this study, efforts were made to measure
activity data of CO oxidation reaction from a Au/TiO; model catalyst using available
experimental systems and techniques at Northwestern University. The experiments were
carried out by J.D. Henao from Prof. H.H. Kung’s research group. The initial result
obtained will be presented later.

The most difficult part of this study is to circumvent the small total amount of catalyti-
cally active species in a model catalyst. For the model catalyst used in the experiment, the
loading of gold nanoparticles are much lower (107%) than real catalysts, even after maxi-
mizing the number of single crystal plates. Experimental techniques have been designed

to better detect trace amounts of reaction products by taking the following procedures:

(1) Technique : FTIR and Mass spectrometry (see Chapter 2) to improve detection
limit.

(2) Tsotope : O to distinctively label the reaction product.

(3) Reaction : Small reaction cell to increase the concentration of products; and high
reaction temperature and trapping experiment to increase the total amount of

products.
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5.4.2. Results and discussion

The most promising results came from FTIR experiments, where 1%CO and 2.5%02® in
He were trapped in a 6 mL heated (80°C) reaction cell, and IR tranmitted though the
single crystal substrates was used to monitor the gas contents and surface adsorbates.
Figure shows the changes of CO and COy concentration in the trapped reaction
gas. After taking the leak rate of the reaction cell into account, the only promising sign
of activity is the decreasing of CO concentration and the carbonate (FTIR spectrum not
shown) buildup on TiO, surfaces during the first several hours of reaction. The fact
that CO, production was not observed can probably be explained by the generation of

carbonates instead and these carbonates prevent CO from further oxidization.

5.4.3. Conclusions

Attempts were made to measure the catalytic activity of Au/TiO model catalyst for CO
oxidation. Other than carbonate buildup on the surface after the model catalyst contacts
with reaction gas, no gas phase CO, was observed using FTIR or mass spectrometry. This
low activity might be caused by blocking of the active sites by the carbonates formed,
which was detected. Further investigation needs to be carried out in order to find out

why this sample is not as active as real catalysts.
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Figure 5.11. FTIR experiment on the activity of Au/TiOy model catalyst:
the changes of CO and CO, concentration in the trapped reaction gas
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CHAPTER 6

Conclusions and Future Work

6.1. Conclusions

The objective of this research was to develop insight into the many factors affecting
catalytic properties of oxide supported gold catalysts, in order to explain the existing
observations and provide clear and relevant characterizations of this catalytic system.
This objective was accomplished by studying the surface of oxide supports and oxide
supported Au catalytic systems, representing both real and model catalysts, using electron
microscopy and other surface science techniques.

The studies of Au catalysts was carried out in two directions. The research on the effect
of preparation methods on catalytic properties revealed the dual role of C1™ in suppressing
the CO oxidation activity of a Au/Al,O3 catalyst: accelerating the agglomeration of
gold particles and poisoning the active sites. Considering the fact that only a small
amount of CI~ was needed for poisoning and the amount of residual CI~ on the catalyst is
decided by the pH value during deposition-precipitation and the rinsing afterwords, one
can coclude that this certainly is one of the reasons why the activity of a Au catalyst is so
sensitive to the preparation condition. The research on the activation of Au/Al,O3 and
Au/TiO, catalysts demonstrated that the oxidation state and the size of the gold particles
were two important competing factors during catalytic activation. The difference in the

mobility of gold species on oxide surfaces affects them. Au/Al,O3 catalysts were not as
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easily activated as Au/TiO; catalysts. Gold atoms/ions have low mobility on the AlyOj
surfaces. The agglomeration of gold atoms was hindered by their low mobility on the
Al O3 surface. Since the size of gold particles, once formed, does not change significantly
during activation, the oxidation state of gold species can be used as an indicator for the
activities of the catalysts. In the case of Au/TiO, catalysts, gold has a higher mobility
on TiO,. Both the reduction of ionic gold and the growing of gold particles are very
fast during the activation. And the induction period suggests that ionic gold species
agglomerate before being reduced.

When a reduced TiOs was annealed in oxidizing environment, the surface slowly reox-
idized by diffusion of interstitial Ti to the surface and reaction with atmospheric oxygen.
A ¢(2x2) surface reconstruction occured before the surface regain stoichiometry. Exper-
iments and theoretical DFT calculations including the primary electronic entropy terms
yield a consistent picture that the reduced ¢(2x2) surface is in equilibrium with reduced,
bulk TiOs_,. Despite being reduced the surfaces involve a long-energy polymorphic struc-
ture with tetrahedral Ti atoms and do not provide sites for dissociation of molecular O,.
Reoxidation probably involves bulk oxygen diffusion and dissociation of gas phase O, at
a relatively low concentration of defects.

The Au/TiO, model catalyst studies covered the growing, sintering and catalytic
properties of gold nanoparticles deposited onto TiOy surfaces. There was no preferred
orientation of gold particles found on all types of TiOs surfaces studied. It is not a very
surprising result considering that only weak epitaxial relationships have been reported
when gold particles were deposited onto a non-UHV-clean TiO, flat surface (see Chapter

5). It should be the same case in a real catalyst. However, reaction induced sintering
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was observed when a Au/TiO, catalyst sample was put into a reaction gas flow. After
comparing the particle size with those from annealed model catalysts, the conclusion
was made that the local heat generated by reaction mobolized gold particles and this
effect is comparable to annealing the sample at a temperature between 100-200°C. Finally,
attempts were made to measure the catalytic activity of Au/TiO model catalyst for CO
oxidation. Other than carbonate buildup on the surface after the model catalyst contacts
with reaction gas, no gas phase COy was observed using FTIR or mass spectrometry.

This low activity might be caused by blocking of the active sites by the carbonates.

6.2. Future work

The top priority for future work should be given to the investigation of catalytic prop-
erties of the model catalyst, since these measurement will provide a direct link between
real and model catalysts. First, the carbonate buildup problem should be verified by
using XPS, Auger Electron Spectroscopy or other surface sensitive techniques. The ori-
gin of the carbonates should be invesitgated too. It is quite possible that the problem
was the clean (1x1) TiO, surface. As mentioned in Chapter 5, when a Au/TiOy model
catalyst were studied in TEM, it would be contaminated very quickly after high energy
electron beam shone on the sample. This phenomenon was observed on single crystal
TiOy samples also but never happened to real catalyst samples. Since TiO, itself is a
very good catalyst with many applications, it is worthwhile to investigate the difference
between powder TiOy sample and the (1x1) single crystal TiOy sample.

Another direction of future work is related to the TiOg surfaces also. The low loading

of gold nanoparticles on the TiO, surface was the major obstacle to use the wet chemistry
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method to prepare samples for reaction. It would be ideal if the TiO (1x1) surface can
be modified to a known structure and kept passivated. As mentioned above, we need to
know the surface structure of the powder TiOy sample first.

The mobility of gold atoms on different oxide surfaces is apparently different. However,
how does this difference affect the property of Au catalyst is still not clear. To what
extent is the reduction rate dependent on the mobility of gold species? The answer to
this question would be helpful to understand the different procedure it takes to activate

Au/Al,O3 and Au/TiO, catalyst.
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APPENDIX A

Calculation of the TiO, Phase Diagram

A.1l. Introduction

The system Ti-O plays a fundamental role as part of multicomponent titanium con-
taining alloys, ceramics and oxide systems. A consistent and comprehensive model is
required in order to fully understand the properties of this binary system. Based on
the experimental data obtained by numerous studies of the thermodynamic properties
of rutile TiO,, various types of models have been proposed and applied to explain the
experimental results with different degrees of success. Among them, Waldner et. al.
(Waldner and Eriksson |1999) presented the most comprehensive thermodynamic model-
ing of the system, in which the binary phase diagram of the Ti-O system was calculated
for the first time over the whole composition range. As a result, a set of optimized Gibbs
energy parameters for all known phases was obtained. Therefore, it is possible to de-
rive the thermodynamic properties of Ti-O phases by directly applying these calculated
parameters.

In this study, research efforts were focused on the surface reoxidation process of reduced
rutile TiO, while being annealed in an oxidizing environment, in particular, the formation
and structure of ¢(2x2) surface reconstruction during this process. As described in Chapter
4, the ¢(2x2) reconstruction was suggested by experimental data and DFT calculations

to be a reduced structure, consisting of a layer of sub-surface, ordered oxygen vacancies.
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In an attempt to explain how this structure is formed, a direct comparison between the
thermodynamic properties of various bulk phases and ¢(2x2) reconstruction would be very
helpful. Therefore, a phase diagram covering all of the phases involved in reoxidation is
needed before ¢(2x2) can be fitted into this diagram and its implication can be explored.

Considering the complexity of the Ti-O system, only those phases/mixture phases with
composition falling in the category of reduced TiOy were considered in this calculation. In
particular, the Gibbs free energy of TisO; was used (see Chapter 4) to calculate the energy
of the ¢(2x2) surface reconstruction in order to reduce the systematic errors. Therefore,
calculations were applied to Magnelli phases with the generalized formula Ti,09,_; (n >
4) and the non-stochiometric rutile TiOs_,. As mentioned above, all the related Gibbs
energy parameters needed in the calculation are taken from Waldner’s paper and listed

in Table and Table[A.2] The exact procedures are described in the next section.

A.2. Thermodynamic Models for the Calculation

A.2.1. Calculation of Gibbs free energy

A.2.1.1. Stoichiometric phases. In order to carry out thermodynamic calculations,
the Gibbs free energies Go(7') of the various phases needs to be obtained first. For
stoichiometric phases, such as rutile TiOs and all of the Magnelli phases, this process
is straightforward. By using the entralpy (Ho(7T = 298)) and entropy (So(T" = 298))

values given in Table and Table [A.2] the Gibbs free energy Go(T = 298) at room

temperature can be easily determined by the flowing equation:

(A.1) Go(T = 298) = Ho(T = 298) — Ty(298)S,(T = 298)
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Using the relations: C, = dH/dT and C,/T = dS/dT, the changes of Hy(T') and Sy(T)

at temperatures 7" can be calculated. As a result, Go(7") is determined by

Hy(T) = Ho(T = 298) + [ 305Cp(T")dT"
So(T) = So(T = 298) + [ 35:C,(T")/T'dT’
GO(T) = HO(T) - TSO<T)

(A.2) = Hy(T = 298) — T'So(T = 298) + / LsCo(T) (1 = T/T")dT’

A.2.1.2. O,. In the case of O,, the entralpy and entropy changes at temperature T
can be treated in a similar manner to Equation [A.2] but for gases, the entropy change
with pressure is not a neglectable term in the total free energy change. Therefore, the

expression for Go(O2,T') should be modified as:

G()(OQ,T) - H()(OQ,T) - TSO(OQ,T)
= Hy(Oy, T = 298) — T'Sy(Os, T = 298) +

(A3) RTLn(p/po) + [ 3sColOa, TY(1 — T/T')dT"

It should be noted that the temperature dependence of the heat capacity for Oy (C,,(O2,T))
is quite complicated with the integral having to be split up over different temperature in-
tervals.

A.2.1.3. TiO,_,. A special TiO; phase (TiVy) where all the oxygen is replaced by va-
cancies was constructed. Although the nature of the defect structure is not yet fully

understood and there is some debate if interstitially dissolved Ti** is the main defect
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species, for the present work the oxygen vacancy model was used. The formation of

defects can be written according to the following chemical reaction:
(A.4) 0f =1/20,+ 0% + 2e~

V., denotes a vacant oxygen position with which the two excess electron are not associated.
Without considering these free electrons in conduction band, two sublattices are postu-
lated formally giving the vacancy a double negative charge to maintain electroneutrality.

The free energy of non-stoichiometric TiOs_, then can be calculated by mixing a
specific amount of TiVy with stoichiometric TiO,. According to the paper,the free energy

of the TiO,_, can be written in the following form:

Gy, T) =yGo(TiO2, T) + (1 — y)Go(TiVa, T) +
2RT[ylny + (1 — y)in(1 —y)] +

(A.5) Loy(1—y)+ L'y(1 —y)(2y — 1)

where y is the fraction of the oxygen sublattice sites occupied by oxygen, and 1 — y is
the fraction of sites that are vacant. For TiO,_,, where some fraction sites of oxygen are
ocuupied by vacancies, we have y = 1 — x/2. The first two terms on the right hand side
of Equation are the free energies of stoichiometric TiOy and TiOy with all oxygen
sites vacant. The other three terms are the mixing entropy contributions to the final free

energy with some adjustments. The value of L° and L' can be found in Table [A.1]
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A.2.2. Calculation of the equilibrium between Magnelli phases (Ti,0,,_1, n>4)

The phase equilibrium between adjacent Magnelli phases in system Ti-O can be calcu-
lated by running a reaction between these two phases, where additional Oy needs to be

considered to keep stoichiometry. Using TisO7 and TizOg as an example:

(A.6) 5Ti407 + 1/20, = ATi50

At a temperature T and pressure P, an equilibrium between these two phases is achieved,
when there is no free energy change AG between reaction product (Ti;Og) and reactants
(Ti4O7 and Oy). In this way, an oxygen chemical potential-temperature diagram for Ti;O5
- Ti5Og equilibrium can be drawn.

In the same way, the equilibrium diagrams between other Magnelli phases can be
obtained. As described in Waldner’s paper, for Magnelli phases with the general formula
Ti,09,_1, the highest value of n is not fully clarified. Therefore, phases with n higher
than 10 are represented by one compound with an arbitrary value of n equal to 20. The
calculation of equilibrium diagram between TisgO39 and reduced TiOy will be discussed

later.

A.2.3. Calculation of oxygen chemical potential for rutile TiO,_, solid solution

The expression for the free energy of TiO,_, is given in Equation [A.5] Taking it as
a starting point, the oxygen chemical potential for rutile TiO5_; solid solution can be

derived as the following. If a small amount § of oxygen is added to TiO,_,, we have a
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reaction:

(A7) TiOy_y + 60y = TiOs_y 52

This reaction, at equilibrium, implies the following relationship between the free energies

and chemical potentials:

Gly=2—-2/2)+0po=Gly=2—-1x/2+4/2)

so we have:

po=I[Gly=2-2/2+0/2) -Gy =2—1x/2)|/
which can be re-written in the more suggestive form:
(A8) po={lGly=2—2/2+p/2) =Gy =2—-z/2)]/2—2/2+p/2 = (2 - z/2)]}/2

where the term in the brackets { } can be identified as G’ (= dG/dy)in the limit that

0 — 0. Therefore,

(A,Q) Ho = G//Q

Another way to rationalize this relation is as follows. As described above, in terms of
the variable z in the stoichiometry notation TiOy_,, we have x = 2(1 — y). Similarly, the

mole fraction of oxygen atoms is X = (2—x)/(3—z) = 2y/(1+42y). Three more relations
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that are useful for what follows are:

r=(2-3X)/(1-X)
dr/dX = —1/(1 — X)?

3—2=1/1-X)

From method-of-intercepts formulas, we have:

(A.10) 410 = G + (1 — X)dG,, /dX

where G, is the free energy per mole of atoms and is related to G through the formula:

(A.11) G =G/(3—2)=(1-X)G

Then we have:

B dG dy
(A.12) AG/dX = (1= X) Qo0 =G

Using the notation that G’ = dG/dy, and noting that dy/dX = dy/dx * dz/dX =
1/2(1 — X)?, we have Equation [A.9]
Therefore using Equation [A.8] the final expression for the oxygen chemical potential

can thus be written:

(A13) o = [G(TiO2)—Go(TiVa)+2RT[Iny—In(1—y)]+L°(1—2y)+ L' [6y(1—y)—1)] /2
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A.2.4. Calculation the phase boundary between TiyO39 and TiO,_,

Since TiO,_, is a solution phase whose chemical potential varies smoothly with x, the
phase boundary between TisnO39 and TiO5_, should be derived using the common-tangent
construction. The exact formula used to apply the construction can be written as:

N dGTi02 (y = X*)
dX

(A.14> GZJOZ_QC (X*) (39/59 _ X*) — ngzoOsg

where Tiy0O39 was treated as a ”line compound” which means that its free energy has ex-
tremely high curvature, so that it does not accommodate off-stoichiometric compositions.
In this way, the exact composition of TiOs_,, which achieves equilibrium with TiygO39 at

certain temperature, can also be calculated.

A.3. Results and discussion

Figure shows the results of all the above calculation. At the same time, the
calculated oxygen chemical potentials for TiO,_, solid solutions with various composition
were plotted in the same graph for reference.

Since the purpose of this part of study is to use the optimized Gibbs energy parameters
provided by Waldner et. al. to calculate certain accurate thermodynamic properties of
related phases, a direct comparison with the results from the paper would tell if the
correct method and procedure were followed in this study. As indicated in Figure
(equilibrium between Ti;O; and Ti5Og, they indeed agree with each other within error.
It implies that the same set of parameters and methods can be applied to other types of

thermodynamic properties.
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Figure A.1. Calculated phase diagram for the Ti-O system in the composi-
tion range between Ti;O7 and rutile

A.4. Conclusion

The detailed method and procedure for the thermodynamic calculation of Ti-O binary
system were described. The calculated phase diagram for various phases, including Mag-
nelli phases and rutile TiO, solid solution was presented, which was proved to be accurate

after being compared with the original calculation and experimental data.
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Figure A.2. Comparison between equilibrium between TisO; and TizOq
calculated and that from the paper and experimental data
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