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ABSTRACT

Scanning Tunneling Microscopy Studies on
the Structure and Stability of Model Catalysts.
(December 2007)

Fan Yang, B.S., Peking University (P. R. China)

Chair of Advisory Committee: Dr. D. Wayne Goodman

An atomic level understanding of the structure and stability of model catalysts is
essential for surface science studies in heterogeneous catalysis. Scanning tunneling
microscopy (STM) can operate both in UHV and under realistic pressure conditions with
a wide temperature span while providing atomic resolution images. Taking advantage of
the ability of STM, our research focuses on 1) investigating the structure and stability of
supported Au catalysts, especially under CO oxidation conditions, and 2) synthesizing
and characterizing a series of alloy model catalysts for future model catalytic studies.

In our study, Au clusters supported on TiO»(110) have been used to model
supported Au catalysts. Our STM studies in UHV reveal surface structures of TiO»(110)
and show undercoordinated Ti cations play a critical role in the nucleation and
stabilization of Au clusters on TiO,(110). Exposing the TiO»(110) surface to water vapor
causes the formation of surface hydroxyl groups and subsequently alters the growth
kinetics of Au clusters on TiO»(110). STM studies on Au/TiO»(110) during CO

oxidation demonstrate the real surface of a working catalyst. Au clusters supported on
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Ti0,(110) sinter rapidly during CO oxidation, but are mostly stable in the single
component reactant gas, either CO or O,. The sintering kinetics of supported Au clusters
has been measured during CO oxidation and gives an activation energy, which supports
the mechanism of CO oxidation induced sintering. CO oxidation was also found to
accelerate the surface diffusion of Rh(110). Our results show a direct correlation
between the reaction rate of CO oxidation and the diffusion rate of surface metal atoms.
Synthesis of alloy model catalysts have also been attempted in our study with
their structures successfully characterized. Planar Au-Pd alloy films has been prepared
on a Rh(100) surface with surface Au and Pd atoms distinguished by STM. The growth
of Au-Ag alloy clusters have been studied by in-situ STM on a cluster-to-cluster basis.
Moreover, the atomic structure of a solution-prepared Rus;Sn; cluster has been resolved
on an ultra-thin silica film surface. The atomic structure and adsorption sites of the ultra-

thin silica film have also been well characterized in our study.
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CHAPTERII

INTRODUCTION

The study of heterogeneous catalysis has been a major subject in the field of
surface science since the early twentieth century [1]. In heterogeneous catalysis, the
catalytic reaction occurs on the surface of catalysts, which is well suited to the focus of
surface science. Starting from the pioneering work by Langmuir [2] on the adsorption of
gases on catalyst surfaces in the 1910s, surface science has served as the fundamental
approach to understand and develop heterogeneous catalysis.

A major focus of surface science research in heterogeneous catalysis is to
correlate the elemental composition and the electronic and geometric structure of catalyst
surfaces with their catalytic reactivity in specific chemical processes. Since the early
1970s, ultra high vacuum (UHV) surface science techniques have been developed to
provide spectroscopic and structural information of catalyst surfaces at the atomic level.
The integration of UHV surface science techniques with conventional catalytic studies
has improved our understanding of heterogeneous catalysis and facilitated the discovery
and design of new catalysts. Some difficulties remain, however, in connecting the
information obtained from UHV surface science studies to the real world catalytic
reactions. These difficulties have often been termed as the material gap and the pressure
gap.

The material gap refers to the gap between the surface structure of metal single

crystals usually studied in surface science and surfaces of real catalysts. The real catalysts

This dissertation follows the style and format of Surface Science.



usually consist of small metal clusters ranging from 1-100 nm in size and dispersing
finely on a high-surface-area oxide support. These metal clusters of finite size can have
structures and properties that are quite different from the bulk metal. In catalysis research,
it is well documented that the reactivity and selectivity of catalysts often depend on the
size of supported metal clusters [3]. Meanwhile, the presence of oxide support can
modify the structure and properties of supported metal clusters. For example, in the late
1970s, Tauster et al. [4-6] discovered the unusual properties of group VIII metal, e.g., Pt
and Ir, when they are supported on TiO, and reduced at relatively high temperatures. The
Pt and Ir clusters supported on TiO; then show a suppressed CO and H, chemisorption
and increased methanation reactivity. “Strong metal support interaction” (SMSI) has
since been introduced to describe the unusual properties of group VIII metal supported on
TiO,. Apparently, the effect of cluster size and metal support interaction, cannot be
addressed from surface science studies on the well-defined single crystal metal surfaces.
The pressure gap refers to the fact that whereas surface science studies are
conducted under UHV conditions (10"°-107"* bar), the industrial catalysis reactions
usually take place at high pressures (1-1000 bar). Thermodynamically, when the pressure
of reactants is raised from 10™'° bar to 1 bar, the chemical potential of reactants is
increased by an amount of 27 kJ/mol at room temperature. Over 10 orders of magnitude
of difference in the pressure of reactant gases can drastically change the chemisorption
and interaction of reactants on the catalyst surface, which is essential to the catalytic
reaction. Moreover, chemisorption can often cause metal atoms on the catalyst surface to
change positions. In the early 1980s, Somorjai et al. [7-9] demonstrated that adsorbates

could induce the reconstruction of catalyst surfaces. Ertl et al. [10-12] showed a parallel



between the restructuring of Pt surfaces and an oscillation in CO oxidation, which also
occurs on other noble metals. In order to relate the structural information obtained on
single crystal metal surfaces to their catalytic performance at high pressures, specially
designed chemical reactors allowing high pressure reaction studies have been attached to
UHV chambers. The model catalyst could thus be characterized before and after reaction
in the coupled UHV chamber. However, the question remains on whether the surface
structure observed in UHV is the working phase during high pressure catalytic reactions.
This has been a big challenge for surface science studies in heterogeneous catalysis.

Over the past three decades, tremendous efforts have been devoted to bridge these
two gaps. Studies have shown these gaps might not be so important for some specific
catalysts and reactions. Goodman et al. [13-15] demonstrated the material gap might be
trivial in the catalytic methanation reaction (CO + 3H, = CH, + H,0). In a set of
experiments, they measured the activity on surfaces of Ni single crystals and compared to
that of supported Ni catalysts under identical conditions. The reactivity of Ni single
crystal surfaces is essentially the same as that of the small Ni clusters supported on a
high-surface-area Al,O; in the methanation reaction. Stoltze and Norskov [16] illustrated
the pressure gap might not be a problem for the catalytic synthesis of ammonia

(N, +3H, =2NH,). Based on the kinetic parameters measured by Ertl et al. [17] on

well-defined metal single crystals under UHV conditions, Stoltz and Norskov
successfully reproduced the reaction rates for ammonia synthesis under industrial
conditions.

In the past decade, progress in bridging these gaps has been made as a result of

the development of model systems and high pressure surface science techniques. To



bridge the material gap, a new type of model catalyst, i.e. supported model catalyst, has
been introduced into surface science studies (Figure 1). Supported metal catalyst is
constituted of small metal clusters supported on planar surfaces, allowing precise
characterization as in the case of single crystal metal surfaces. Methodologies on the
synthesis of supported model catalysts have been reported extensively in the last decade
[18-26].

In supported model catalysts, oxide single crystal or oxide thin film coated on a
metal single crystal is used as the planar support. Metals of interest are then deposited
onto the support mainly via either 1) the evaporation of metal atoms in UHV, 2)
deposition of size selected metal clusters in UHV, 3) nanolithography, or 4) chemical
deposition of metal-organic precursors. Among these methods of metal deposition,
evaporation of metal atoms under UHV has been the most convenient and is used
frequently in the preparation of supported model catalysts. Deposition of size selected
metal clusters can produce supported metal clusters with uniform size, which has been of
great interest in probing the size effect in catalysis. Supported model catalysts
synthesized via size selected cluster deposition have just emerged in recent years. In these
model catalysts, the size of selected metal clusters has been limited by their cluster
sources and mass filters to N < 100, where N is the total number of atoms in each cluster.
Nano-lithography can prepare supported model catalysts with uniform cluster shape and
separation. However, supported metal clusters prepared by nano-lithography are
relatively large so far, ranging from 10-100 nm in size. The deposition of metal-organic
precursors onto the planar oxide support could be carried out by either evaporation in

UHYV or wet-impregnation in ambient conditions. The latter case is most close to the
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Figure 1. Schematic illustration of “material gap” and the efforts to bridge “material gap”.
(a) A real catalyst. (b) The development of model catalysts.



preparation of industrial catalysts, but has rarely been used to prepare model catalysts for
UHV studies because of contaminations and erosions when model catalysts are exposed
to ambient pressures and solutions.

The progress in bridging the pressure gap has mostly benefited from the
development of surface science techniques. In recent years, the development of high
pressure surface science techniques, which can work at realistic operating temperatures
and pressures, has provided an opportunity to reveal the nature of working catalysts.

The high pressure surface science techniques can be divided into three groups.
The first group of techniques is developed by integrating the differential pumping stages
with conventional UHV surface science techniques based on electrons, ions, or molecular
beams. Conventional surface science techniques have been limited to operate in UHV
because the mean free path of electrons, ions, and molecules is not long enough to reach
the detector under high pressures. Therefore, by lowering the pressure between the
sample surface and the detector, the pressure range of these techniques, such as low-
energy ion scattering (LEIS), transmission electron microscopy (TEM), and X-ray
photoelectron spectroscopy (XPS), has been extended up to several mbar [27-29]. The
second group of the techniques is surface sensitive optical probes emerged in the last two
decades. The application of optical probes is less limited by ambient pressures.
Techniques such as polarization modulation infrared adsorption spectroscopy (PM-
RAIRS) and sum frequency generation spectroscopy (SFG), can provide spectroscopic
information of the surface at atmospheric pressures [30-38]. Taking advantage of the high
brilliance X-ray beams from synchrotron radiation, surface X-ray diffraction (SXRD) has

been developed to determine the structural parameters of model catalyst surfaces at



atmospheric pressures [39-42]. The third group of techniques is the family of scanning
probe microscope (SPM), such as scanning tunneling microscope (STM) and atomic
force microscope (AFM). STM has greatly facilitated the development of surface science
since its invention, because it can give atomic-scale structural information of the surface
in both vacuum and atmosphere.

The application of STM to high pressure catalysis studies started in the 1990s
with the work by Somorjai, Salmeron and co-workers [43-45], in which they
demonstrated that catalytic surfaces can be imaged at high temperatures and in the
presence of high pressure reactant gases. Since then, a series of high pressure STM
studies have been conducted on both metal single crystals and supported model catalysts
[43-72]. Most of these studies have been focusing on the adsorbate structure and surface
reconstruction on single crystal metal surfaces in the presence of single-component gases.
High pressure STM studies of model catalysts under reaction conditions have emerged
recently and delivered promising information to reveal the surface structure of working
catalysts.

In the early 1990s, a hypothesis proposed by Somorjai [73-77], termed as the
“flexible surface”, promoted the idea that metal surfaces exhibit high flexibility under
reaction conditions. The low coordination number of metal atoms on a planar or curved-
cluster surface can cause high diffusivity of these metal atoms and thus the
morphological reconstruction of metal surfaces. To support his hypothesis, Somorjai has
referred to the high activity of surface defect sites or rough surfaces, generally observed
in surface science studies. In this hypothesis, it is critical to determine the time-scale and

energetics of surface diffusion of metal atoms with their catalytic reactivity. In other



words: To what extent does the surface flexibility impact the catalysis? Are the moving
metal atoms (metal complex) or the reconstructed but rigid surface doing the catalysis?
High pressure STM is an excellent tool to conduct in-situ and real time studies on the
surface of working catalysts, and thus provides a great opportunity to test this hypothesis.
In this dissertation, taking advantage of the development of supported model
catalysts and high pressure STM, we have investigated the working principles of
supported Au catalysts. Using Au clusters supported on TiO,(110) as a model system, in-
situ STM has been applied to study supported Au clusters both in UHV and under
realistic conditions. The surface of Au/TiOy(110) during CO oxidation has been further
compared to that of Rh(110) to reveal the active phase of Au for CO oxidation. In
addition, we have also explored the synthesis and characterization of supported alloy
catalysts. STM has shown many advantages in determining structures of the alloy model

catalysts.

Au clusters supported on TiO,(110)

Au clusters supported on high-surface-area titania have been found to be an active
catalyst for low temperature CO oxidation and selective hydrogenation reactions[78, 79].
The unusual catalytic reactivity of supported Au clusters has been of great interest in both
fundamental and applied research because (1) neither bulk Au nor the TiO, support alone
exhibits catalytic reactivity in these reactions, and (2) this catalyst has great technological
potential in applications, such as preventing CO poisoning of proton exchange membrane
fuel cells. In particular, supported Au clusters in the 2-4 nm size range show a remarkable

catalytic reactivity in low temperature CO oxidation [80-83]. Meanwhile, the support



effect is generally present in supported Au catalysts. Au clusters exhibit better reactivity
when they are supported on reducible oxides, e.g., TiO, and Fe,O; , than on non-
reducible oxides, such as MgO, Al,O3 , and SiO, [84-86]. Although the cause of the
extraordinary activity of Au clusters is still under debate, it is clear that a supported Au
model catalyst needs to be used in surface science studies to address the phenomenal size
and support effect in supported Au catalysts.

Au clusters supported on a planar TiO,(110) single crystal have been used as the
model system to investigate the origin of the reactivity of Au catalysts during CO
oxidation. Early studies on Au deposited on TiO»(110) and Au on high-surface-area
titania have shown a similar correlation between the Au cluster size and the catalytic
activity for CO oxidation [80, 81]. TiO, supported Au catalysts with cluster size of 3 nm
exhibit the highest reactivity. Several suggestions have been put forward to speculate the
origin of catalytically active Au. Valden et al. [81] highlighted the size and band structure
effect because the measured onset of reactivity corresponds to the transition of supported
Au clusters from metallic to non-metallic state. Chen et al. [87, 88] further emphasized
that bi-layer Au supported on a reduced TiOy film exhibit an optimum reactivity in CO
oxidation while the population of Au clusters in the 3 nm size peaked with Au clusters of
2 layer thickness [87, 88, 91]. Meanwhile, Pietron et al. [92] observed high reactivity for
Au-TiO; aerogels with large cluster sizes and proposed that the enlargement of the
Au/TiO, contact area is critical. Among these speculations, it is generally agreed that the
TiO; support tunes the structure and reactivity of supported Au clusters. It is thus
important to find out the Au binding sites and their structure on TiO, in order to elucidate

the origin of catalytically active Au.
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Surface defects and Au growth on TiO,(110)

TiO, has been the most investigated metal oxide by surface science techniques,
because of 1) its great technological potentials in areas, such as photocatalysis and micro-
electronics, and 2) its transparency to electron probes making it approachable by most
surface science techniques. Mineral TiO; usually has many different phase structures,
such as rutile, anatase, and brookite [93]. The rutile phase is the most stable phase of
TiO; and readily available for research and technological development. In particular, the
rutile-TiO2 (110) crystal with a (1 x 1) surface has been studied most extensively by
surface science techniques. The rutile phase is assumed in the following discussions
regarding TiO»(110).

Figure 2 demonstrates the structural model of TiO2(110)- (1 % 1) surfaces, both
stoichiometric and defective. From Figure 2(a), the (1 % 1) surface of TiO,(110) contains
two different types of Titanium atoms, which form rows along the [001] crystal orientation.
Rows of 6-fold coordinated Ti ions alternate with the 5-fold terminal Ti ions, which are
missing a single O atom ligand perpendicular to the surface. The surface also contains two
kinds of oxygen atoms, i.e., 3-fold coordinate oxygen atoms sitting within the surface plane
and bridging oxygen atoms sitting above the surface plane and bonded to two 6-fold
coordinated Ti atoms in the surface plane. The different positions and bondings of Ti and O
atoms should make their stability different. Under-saturated bridging oxygen atoms are
subjected to surface reaction and can be easily removed from the surface by thermal
annealing, electron bombardment, or ion sputtering. The TiO,(110) surface can thus
accommodate a range of sub-stoichiometry while undergoing oxygen loss, which has also
been observed on other reducible oxides [94]. Bridging oxygen vacancies are the most

common and well-defined defects on the TiO,(110) surface (Figure 2(b)). Surface science
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Figure 2. Schematic drawing of the TiO,(110) surface. (a) A stoichiometric surface. (b)
A defective surface with bridging oxygen vacancies. In the model, red balls represent Ti
atoms and blue represent O atoms.
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studies have also revealed other types of defects on the TiO,(110) surface, such as step
edges, TiOy strands, and shear plan dislocations. However, the detailed structure of these
defects remains largely unknown. The coordination number of atoms in these defects
might vary with different surface preparation conditions and thus affect the overall surface
chemistry.

In general, the nucleation and growth of Au on TiO,(110) is an interplay between
thermodynamics and kinetics of metal atom adsorption, surface diffusion, nucleation, and
island growth. Campbell et al. [25] have reviewed the growth of late transition metals on
oxide surfaces. The review show that 1) at low temperature, the growth of metal on oxide
is controlled by kinetics leading to a flat 2D island, and 2) at high temperature or under
equilibrium condition, it is controlled by thermodynamics leading to 3D shapes. Lai et al.
[95] have further confirmed in their STM study that Au grows as three dimensional (3D)
hemispherical clusters on TiO,(110), while 2D island formation is observed at low Au
coverages (< 0.1ML).

Moreover, studies have suggested that the nucleation and growth of Au on
Ti0O,(110) are primarily influenced by surface defects, such as oxygen vacancies and step
edges. Using STM, Lai et al. [95] found Au clusters prefer to grow at step edges of
TiO,(110) after UHV annealing. STM and DFT studies by Wahlstrom et al. [96] show
bridging oxygen vacancies bind Au most strongly on surface terraces of TiO»(110). A
different opinion has recently been brought up by Matthey et al. [97]. In their study, the
thermal stability of Au clusters was compared on TiO»(110) surfaces with different
pretreatments. They found Au clusters exhibit better stabilities on the TiO»(110) surface
pretreated with O,, and thus concluded Au binds more strongly on an oxygen covered

TiO,(110) surface due to the formation of Au-O-Ti bonds. Indeed, the thermal stability of
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Au/Ti0,(110) has been studied extensively using a variety of surface science techniques.
However, discrepancies remain in studies on the thermal stability of Au/TiO,(110). In
this dissertation, we scrutinized surface structures of TiO,(110) after a variety of
pretreatments and their influence on the growth and stability of Au clusters supported on
TiO,(110). Our studies reveal the strongest Au binding sites of TiO,(110) and can explain

the discrepancies among previous studies.

Au/TiO,(110) in the presence of reactant gases

The morphology of supported metal clusters can change dramatically upon
exposure to adsorbate gases due to the low coordination number and high surface
chemicall potential of metal clusters. For example, CO, NO and O, have been reported to
promote the dissociation of Rh and Ir clusters into metal atoms at room temperature [98-
100]. At 1000 K, O, promoted the disappearance of Pt clusters supported on alumina
[101]. For supported Au catalysts, the presence of reactant gases has caused a major
problem for their technological application. The major problem for the commercialization
of supported Au catalysts is that these catalysts deactivate rapidly [78, 79, 81]. The fast
deactivation of a Au catalyst consisting of Au clusters supported on TiO»(110) has been
attributed to the sintering of Au clusters induced by O, [81, 95]. This is a typical example
of pressure gap since Au/TiO,(110) is stable in UHV while it is susceptible to sintering in
the presence of reactant gases.

Sintering of supported metal catalysts has been central for catalysis research.
Metal particles of several nanometers in size, supported on oxide surfaces are often

efficient catalysts [18, 19, 22, 25,79, 102]. These catalysts, however, frequently
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deactivate as the average size of the supported metal particles increases via sintering [79,
81, 103]. Numerous studies have addressed the sintering of supported nanoparticles in
order to understand the sintering mechanisms and to formulate kinetic models that allow
the prediction of the sintering kinetics of supported nanoparticles [101, 103-106].

A fundamental issue in sintering kinetics is to determine the dominating mass
transport process. The sintering of supported nanoclusters can occur in essentially two
modes, either by the migration and coalescence of whole clusters or by the migration of
monomers (single metal atoms or metal complexes). These modes are illustrated in
Figure 3. In the first mode, known as cluster migration, metal atoms diffusing on the
cluster surface accumulate on one side by random fluctuations, causing the cluster to
advance. These events repeated over time cause Brownian motion of the clusters on the
substrate, that then coalesce with neighboring clusters. The second mode, known as
Ostwald ripening, entails monomers dissociating from small clusters, which then diffuse
to and coalesce with large ones. Kinetic models of the sintering of supported metal
clusters have been developed based on these two modes [105, 106].

Previous experimental studies [101, 103] have tried to determine the predominant
mass transport mode, as well as the kinetic parameters of sintering, by fitting the average
cluster size distribution or average cluster size with theoretical kinetic models. These
models provide the rate equation of sintering for a single cluster, which is then
generalized to clusters on the whole surface with approximation. On the other hand,
previous kinetic studies focused on the behavior of the whole cluster ensemble, such as

average cluster dispersion and average cluster size, rather than on individual clusters.
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Figure 3. Schematic illustration of sintering modes: (a) cluster migration, and (b) Ostwald
ripening.



16

Discrepancies exist between the kinetics predicted by these theoretical models and
experimental results on the sintering of supported metal clusters [101, 107].

In-situ STM presents a great opportunity to monitor individual clusters under
realistic conditions and directly determine the controlling mass transport mode.
Continuous STM snap shots of certain clusters could reveal which mode is dominating
the sintering process. Moreover, STM measurements on volume change of supported
metal clusters as a function of time at constant temperature could directly provide the
most accurate rate data for the simulation of sintering kinetics and the determination of
activation energy of sintering. In-situ STM studies on supported metal clusters have been
limited [64, 65, 108], due to experimental difficulties, such as tip instability in the
reactive environment and scan drifts caused by ambient pressure/temperature changes.
Methods to overcome these difficulties have been addressed in preceding studies [65, 108,
109]. In this dissertation, we report an in-situ kinetic study on the sintering of Au clusters
supported on TiO,(110) in the presence of reactant gases. In addition to the sintering
kinetics of Au/TiO,(110), in-situ STM studies can also reveal the active phase of

catalytically active Au.

W-J model of Ostwald ripening

In this dissertation, the theoretical model of Ostwald ripening is used to analyze
the sintering kinetics of Au/Ti0,(110) during CO oxidation. The theoretical model of
Ostwald ripening for supported metal clusters has been developed by Wynblatt and
Gjostein [106] (“W-J” model). The rate equation of sintering is derived based on two

kinetic processes: the diffusion of monomers across the surface and the detachment of
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monomers, as shown in Figure 4. The main elements of the model of Ostwald ripening
[106] are rewritten as below, considering two corrections addressed by Campbell et
al.[107]

For a metal cluster supported on an oxide surface, the sintering rate of the metal
cluster is determined by two kinetic processes: the detachment of monomers across the
edge of metal clusters and the diffusion of monomers on the surrounding terraces of
metal clusters.

For a spherical cap shape cluster labeled with index i (Figure 4), the net flux of

monomers coming on to the metal cluster can be given by the vicinity area, 2zr.a, times

the difference of concentration between monomers attaching to the cluster and monomers

leaving the cluster, IRZ(c;—ci): 3.=7P ey

|2

Here D is diffusion coefficient of monomers, r; is the effective radius of the metal cluster,
a is the lattice constant of metal clusters and | is the monomer jumping length on the

terrace. C,' denotes the monomer concentration adjacent to the metal cluster and C,

denotes the monomer concentration detached from the cluster. At steady state, the flux

J; . matches the net flux of monomers coming towards the metal cluster, J,  , which is

1,82

27D —
ivenby J _=——— (Ci-C."). 2
given by J; ln(Li/ri)( i (2

Here L; specifies the length for monomer concentration to reach far field equilibrium, Ci.

Since J; =J; . =J;, the rate equation of the cluster volume can thus be yielded to

— Vi,so

dv, 27 QD =
I = Q: CI_C Py 3
da ln(Li/ri)+I2/ria( ) ©)
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Figure 4. Schematic view of the W-J model of Ostwald ripening. (a) and (b) represent the
two-step treatment in W-J model. (a) shows the top view of a cluster in equilibrium with
the surrounding monomer sea. (b) shows monomers detaching from the cluster and the
relationship between the monomer concentration of clusters and the monomer
concentration of bulk.
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where Q is the volume of a metal atom. Not considering the influence of adsorbates, the
detachment of monomers from the cluster can be treated as a 2D evaporation process and

equal to the equilibrium 2D vapor pressure of the cluster,

u(t)—p ()

C,=Cl ™ . (4
Here C_* is the equilibrium 2D vapor pressure of an infinite size cluster supported on an
oxide, u(r;) is the chemical potential of the cluster i, and () is the bulk chemical

potential. Thus, Equation (3) can be expressed as

e 9-u(o)  p(r)-a)
dv, __ 27QDC | M g )
dt  In(L/r)+1°/ra

Here r;* is the critical radius of the cluster that neither decays nor grows at diffusion

equilibrium. The cluster with a radius of ri* has a monomer concentration leaving the

_ A *)—pu(0)
cluster equal to the far field monomer concentration, C, =C>%¢ T . Assuming

clusters on the surface in equilibrium with the same far field monomer concentration
(mean field approximation), ri* is the average radius of all clusters and increases as a
function of time.

Equation (5) yields two kinetic limits for the sintering of nanoclusters. If the

diffusion of monomers is much slower than the detachment of monomers, i.e.

In(L; /r,)>>1?/ra, the rate of cluster sintering is completely determined by the
monomer diffusion on the terrace and the situation is termed as “diffusion control”.
Equation (5) is thus simplified to

e 1(5 )= p () (f)—p(0)
dV, _270DC," e e ©)
dt  In(L/r)
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If the flux across the edge of clusters is the rate limiting step, i.e. ln( L/ ) <<I*/ra, the

situation is termed as “interface control”. Equation (5) is simplified to

eq  H(G%)—p(o) 4(5)—p(o)
dd\t/i _2z QTZiDCOC [e T —e ] (7)

S S

The diffusion coefficient D equals to I*v, exp(—S?m) exp(— k_l’_“

) assuming

isotropic diffusion. Here v, is the vibrational frequency of monomer on the substrate site,

S, is the entropy of monomer diffusion on the substrate, and H_, is the enthalpy for
monomer diffusion on the substrate. The equilibrium 2D vapor pressure of an infinite size

VC
2
a’v,

: E .
cluster supported on an oxide, C_*, equals to exp(—ﬁ) , where v, is the

vibrational frequency of monomer on the cluster edge. The detachment activation energy,

E,, equals to AH_, —E;

ad °

where AH_, is the sublimation enthalpy of bulk metal,
and E;, is the adsorption energy of a monomer on the substrate. The contributions from

entropies are neglected in C_*, because they are very small compared with the

enthalpies for metal clusters. Therefore, the equation (6) for diffusion control limit can be

expressed as,

Eit (%)~ (o) (1)—p()
dVi _ ch e_ﬁ [e” kT/u ~ e/l kTy ] . (8)
dt  In(L/r)

And the equation (7) for interface control limit can be rewrote as,

dv. B AN-p(®)  u(h)-p()
d—t':Kicrie KT [e kT —e K 1. )
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K, and K, are prefactors. E,, equalsto AH_, —E_, +H.,, the summation of

tot
detachment activation energy and diffusion activation energy.
In conventional treatments of the W-J model, the chemical potential of supported

metal clusters, u(r), was expressed by Gibbs-Thomson (G-T) relationship,

u(r) = p(0) =2/, (10)
where y is the surface free energy of the bulk metal and r is the radius of the cluster. The

rate equation was then simplified by Taylor expansion, assuming the chemical potential
of clusters is much smaller than kT. These simplifications were void as addressed by
Campbell et al.[107]. Their microcalorimetric studies on supported metal clusters
suggested that the chemical potentials of nanoclusters are much higher than the values

estimated from G-T relationship.

Synthesis and characterization of alloy model catalysts

In recent years, the development of model catalysts has further expanded to a
more complex system, i.e., supported alloy catalysts. Supported alloy clusters are used
for several industrially important heterogeneously catalyzed reactions [110-112].
Extensive studies of alloy catalysts by Sinfelt et al. [110, 113-115] have demonstrated the
reactivity and selectivity of alloy clusters can change drastically as the cluster
composition changes for hydrogenolysis and dehydrogenation reactions. Meanwhile,
tuning alloy composition can often prepare catalysts with reactivity and selectivity
superior to monometallic catalysts. The enhanced properties of alloy catalysts are
generally attributed to either ensemble or electronic effects although other factors related

to cluster size effects, matrix effects, and catalyst stability have been invoked [111].



22

Studies on model systems consisting of small alloy clusters supported on planar surfaces
is still in its infancy due to the difficulties in preparation and characterization [19]. The
methods of metal deposition described above have caused some difficulties for the
characterization of supported alloy clusters. For instance, evaporation of metal atoms in
UHYV can be a simple and convenient way to make clusters. However, it is difficult to
prove that two metals form alloy clusters. Deposition of metal-organic precursors and
subsequent annealing to remove organic ligands can make alloy clusters of uniform size
and structure. However, same as the preparation of monometallic model catalysts using
wet-impregnation, contamination and erosions cause difficulties in surface
characterization.

In this dissertation, supported alloy model catalysts have been synthesized via the
evaporation of metal atoms in UHV and wet impregnation of metal-organic precursors. In
the case of UHV deposition of metal atoms, we have successfully applied in-situ STM to
verify the formation of alloy clusters. In the case of wet impregnation of metal-organic
precursors, we have been able to obtain the atomic structure of Ru;Sn; alloy cluster
supported on a thin silica film. STM has provided great opportunities for the atomic

understanding of complex heterogeneous catalysts.
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CHAPTER II

EXPERIMENTAL

In this chapter, we describe our experimental setups, summarize the related
theories, and discuss experimental considerations for both in-situ and high resolution

STM studies.

Instrumentation

Two experimental setups are employed to study the structure and stability of
model catalysts. The first setup, named as “in-situ STM system”, can conduct in-situ
STM studies on model catalysts both in UHV and under realistic reaction conditions. The
second setup mainly focuses on resolving the surface atomic structures of model
catalysts and is thus termed as “high resolution STM system” in following discussions.

The in-situ STM system consists of three parts: 1) an UHV analysis chamber
equipped with Auger electron spectroscopy (AES) and quadrupole mass spectrometry
(QMS), 2) a commercial (RHK VT-UHV300) variable temperature STM chamber, and 3)
a fast loadlock transfer chamber. A 60 inch long linear rotary feedthrough is used to
transfer the sample between the UHV analysis chamber and the STM chamber while a 10
inch long linear feedthrough is used to transfer the sample or STM tip holders between
the STM chamber and the loadlock chamber. A schematic of the entire system is shown
in Figure 5a. The entire system is supported by a steel frame which rests on three
pneumatic air legs (Newport Laminar Flow Isolators, I-2000 Series) for primary vibration

1solation.
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Figure 5. Schematic drawing of a surface analysis system for in-situ STM studies. (a)
Side view of the surface analysis system. (b) 3D demonstration of the STM chamber for

in-situ studies.
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The base pressure of the in-situ STM system is typically < 2.0 x 107 Torr. The
UHYV is achieved and maintained through three stages of pumping systems. The first
stage is a mechanical rotary pump (Alcatel), which allows the system to be pumped down
from atmospheric pressure into milliTorr pressure range. The second stage is a 330 I/s
turbo molecular pump (Balzers—Pfeiffer, Model TPU 330) attached below the STM
chamber. The turbo molecular pump, backed up by the mechanical rotary pump, can
achieve an operating vacuum of 10” Torr. The third stage is a 220 1/s ion pump (Perkin-
Elmer) and a titanium sublimation pump (TSP), which are attached below the UHV
analysis chamber and provide a working base pressure <2 x 10"° Torr. The ion pump
does not need to be backed once the operating pressure is reached below 10° Torr,
resulting in a cleaner UHV environment with respect to the turbo molecular pump.
Additional efficiency is provided by TSP, which utilizes a reactive titanium film to
remove active gas molecules, such as H,, H,O, and O,. During STM experiments in UHV,
both the first and second stage of pumping systems are turned off to reduce the vibration.

The STM chamber is equipped with RHK variable temperature STM (RHK VT-
UHV300), as shown in Figure 5b. The microscope is Besocke-type, with compact
construction and high thermal stability [116], and can be applied to conduct in-situ STM
experiments at temperature ranges between 100-600 K. The sample stage is mounted on
three viton spacers, which provide secondary vibration isolation for STM measurements.
The STM chamber can be isolated from the UHV system via gate valves and pressurized
with gases from a gas manifold to 1 atmosphere while the UHV analysis chamber and the
loadlock remain in vacuum. As the pressure in the STM chamber is increased, STM tip

can remain in tunneling range and keep scanning the same area of the surface. Under
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tunneling conditions, the STM chamber can also be evacuated with a sorption pump
(ULTEK), attached below the STM chamber, to 10™ Torr without inducing vibrations
that could crash the STM tip.

For sample preparation, an ion sputtering gun (PHI 20-015) is equipped in the
STM chamber with the gun head facing the sample storage. The bottom storage fork on
the sample storage is modified to be rotary so that the sample can be rotated to face the
sputtering gun with adjustable angles. Two methods are available for the sample
annealing in UHV. The first method is electron beam heating in the UHV analysis
chamber. An electron beam filament is mounted on a linear feedthrough, which is
perpendicular to the sample manipulator in the UHV analysis chamber. The filament can
be moved close to the back of the sample while heating, and it can be retracted away
afterwards. The second method is resistive heating, which uses a highly doped Si wafer
attached to the back of the sample and sandwiched in the sample holder. In order to heat
the sample in high pressures, the sample stage is equipped with a 30 W halogen filled
quartz bulb. While heating, the bulb is raised to the back of the sample, keeping an
approximately 1 mm distance between the top of the bulb and the back of the sample.
This provides radiative heating without causing additional vibration to the STM stage.
Depending on the sample size, the bulb can usually be used to heat the sample up to 600
K in pressures up to 1 atm. The sample temperature can be measured by a type K
thermocouple mounted in the sample holder through ceramic tube leads and held in place
by screw. The bare thermocouple wires protrude from the sample holder and have an

efficient contact with the spring clips of thermocouple leads on the sample stage.
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The high resolution STM system consists of an UHV STM chamber, an UHV
sample preparation chamber, an UHV analysis chamber, and a loadlock chamber.
Detailed schematics of this system are shown in Figure 6. The UHV STM chamber is
equipped with an Omicron room temperature STM (STM-1) for surface structure
characterization. The UHV analysis chamber is equipped with a double-pass cylindrical
mirror analyzer (PHI model 25-255) for AES measurements and a set of low energy
electron diffraction (LEED) optics (Perkin-Elmer). The sample preparation chamber
contains an array of metal and semiconductor evaporators (Au, Pd, Ag, Ti, Si). These
evaporators are used to deposit metal clusters or oxide thin films onto the planar support
by resistive heating. A Ta sample holder is attached to the end of a linear rotary sample
manipulator, which is used to transfer the sample between the UHV analysis chamber and
the UHV preparation chamber. A W filament is implemented to the back of the Ta
sample holder for electron beam heating. With a wobble-stick, the sample can be
transferred between from the Ta sample holder to the STM chamber, and vice versa.
Besides AES and LEED, the UHV analysis chamber is also equipped with an ion gun for
Ar" sputtering. The sample can be moved in for surface cleaning or spectroscopic studies.
A loadlock chamber is located at one end of the system. This design enables the sample
to be linearly transferred into the loadlock chamber for high-pressure exposures.

The base pressure of the high resolution STM system is typically < 1.0 x 10"°
Torr. The UHV is achieved and maintained through a series of pumping systems, which
consist of a mechanical roughing pump (