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ABSTRACT

Surface Characterization of Heterogeneous Catalysts Using Low Energy lon Scattering
Spectroscopy Combined with Electrochemistry. (December 2009)
Stephanus Axnanda, B.S., Texas A&M University;

M.S., Texas A&M University

Chair of Advisory Committee: Dr. David Goodman

Fundamental studies of heterogeneous catalysis were performed and presented in
this dissertation to gain a better understanding of heterogeneous catalytic reactions at a
molecular level. Surface science techniques were employed in achieving the goal. Low
energy ion scattering spectroscopy (LEISS) is the main surface science technique which
will be used in all the studies discussed throughout this dissertation. The main objectives
of LEISS measurements are to: 1) obtain the information of surface composition of
heterogeneous catalysts from the topmost layer; 2) observe the effects of reaction
conditions on the surface composition of heterogeneous catalysts.

The surface composition and morphology of Au-Pd clusters bimetallic model
catalysts supported on SiO, were characterized using LEISS, infrared reflection
absorption spectroscopy (IRAS), and temperature programmed desorption (TPD). It is
observed that relative to the bulk, the surface of the clusters is enriched in Au. Ethylene
adsorption and dehydrogenation show a clear structure-reactivity correlation with respect

to the structure/composition of these Au-Pd model catalysts.



Pd-Sn bimetallic model catalysts were also studied. The surface composition,
structure, and chemisorption properties were studied by low energy ion scattering
spectroscopy (LEIS), low energy electron diffraction (LEED), X-ray photoelectron
spectroscopy (XPS), infrared reflection adsorption spectroscopy (IRAS), and
temperature programmed desorption (TPD). It is observed that a pair of suitably spaced,
isolated Pd monomers is the efficient site for vinyl acetate (VA) synthesis.

A AuPd(100) alloy single crystal was also studied using LEISS and scanning
tunneling microscopy (STM). It is shown that the distance between surface Pd atoms
controls the catalytic formation of vinyl acetate from ethylene and acetic acid by AuPd
catalysts. Scanning tunneling microscopy reveals that sample annealing has a direct
effect on the surface Pd arrangements.

A combined UHV (LEIS, STM, XPS) and electrochemical study on Pt3Co thin
film and clusters alloy is also described in this dissertation. It was found that Pt-Co films
yield a stable and well-ordered alloy at the outermost layer when annealed at a
sufficiently high temperature, 900 to 1000 K. The surface phase diagram of the Pt-Co
co-deposit shows Pt surface segregation. The stability of Pt-Co electrocatalysts was also

studied.
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1. INTRODUCTION

Studies of Heterogeneous Catalysts Using Surface Science Techniques

Heterogeneous catalysts are important materials in many fields such as chemical
production, energy storage and conversion, renewable energy, and environmental
science. The activity of heterogeneous catalysts depends on many factors such as size
and shape of the particles, properties of the metals, and supports or promoters of the
catalyst. Knowledge of structural and chemical properties of the catalyst is needed to
improve its selectivity and activity towards specific reactions. This knowledge comes
from a fundamental understanding of the catalysts that correlates the microscopic
structure of the catalyst and reaction kinetics. In the past decade, efforts have focused on
obtaining a fundamental understanding of the heterogeneous catalyst."* Understanding
the complex catalysts at the microscopic level has been made possible by studying
model systems that have specific features of real catalysts without the full complexity of
the catalyst itself.

The ultimate goal in heterogeneous catalysis research is to understand the
correlation between the atomic-scale structure of a catalyst with its catalytic activity and
selectivity toward specific reactions and products. Surface science techniques can

provide information about atomic and molecular adsorption, diffusion, reaction, and

This dissertation follows the style of Journal of Physical Chemistry B.



desorption of molecule adsorbates on the surface of the catalyst by observing the surface
of the model of the real catalyst. Most surface science techniques are performed under
ultrahigh-vacuum (UHV, < 10 Torr) conditions. These reaction conditions differ
markedly from the usual high-pressure and high-temperature conditions used in actual
catalytic applications. The difference in the conditions used in surface science studies
and the real-world catalyst is referred to as the “pressure gap.” Studies of CO oxidation
on a Pd(111) single crystal," Ru(001),> and Ir(111)* have shown that information
obtained in low-pressure conditions can be applied to high-pressure conditions assuming
that the surface structure of the catalyst does not undergo any modification with pressure
change.

Initial studies of heterogeneous catalysis using surface science techniques were
performed on model catalysts using metal single crystals."? The adsorption of reactant
gases and the reaction rate of a specific reaction with a metal single crystal were studied
to understand the mechanism of the reaction. In 1978, Ertl studied the oxidation of CO
on a Pd(111) single crystal using a molecular beam technique. It was observed that CO
oxidation occurs after both the reactant gases, O, and CO, are adsorbed on the surface of
Pd. This mechanism is also known as Langmuir-Hinshelwood. However, it is observed
that at different pressure and temperature ranges, changes in the adsorption rate of Oy,
co-adsorption of CO and O,, and in the geometrical arrangement within the adlayer will
occur. Therefore, it was then proposed that the CO oxidation reaction rate expression is
dependent on the coverage of CO and O,.! There were many other metal single crystals

used in the study of CO oxidation such as Ru(001)  and Ir(111).> However, real



catalysts are rarely in the form of bulk metals. Most catalysts are prepared as metals or
oxide metals supported on oxide materials. Therefore, the studies reported do not
represent all of heterogeneous catalysis. Fortunately, it is possible to apply surface

science methods to study oxide surfaces that better represent real catalysts.

Supported Catalysts

Surface science has been applied in studies of many oxide-supported catalysts. In
1998, Valden et al. applied surface characterization techniques on Au catalysts supported
on oxide materials to explain the origin of increased Au clusters activity in CO oxidation
reactions.* Recently, it has been observed that the catalytic activity of highly dispersed
Au on a metal oxide support is greatly enhanced toward a variety of reactions such as the

partial oxidation of hydrocarbons, hydrogenation of unsaturated hydrocarbons, >°

1 and CO oxidation at low temperatures. **** This

reduction of nitrogen oxides,
discovery has led to considerable research in an attempt to better understand the unusual
catalytic properties of Au. Although various mechanisms have been proposed, no
consensus exists at this time. In the experiments performed by Valden et al., a highly
dispersed nanosized planar model of Au supported on TiO, was studied by depositing
Au particles on top of TiO, single crystals, TiO, (110). The system was probed with
scanning tunneling microscopy (STM) to obtain an atomic scale image of the surface of
the system. Scanning tunneling spectroscopy (STS) was used to obtain information
about the electronic state of the observed area. It was found that the thickness of the

particle rather than the particle diameter is the key structural feature that defines the

catalytic activity.



Further investigation in the use of the Au/TiO; system for CO oxidation provided
information on the effects of surface composition and electronic state with regard to
catalytic activity. The interaction between Au and the support alters the electronic
structure of Au nanoparticles.*>*® When depositing Au on an oxide support, defects on
the oxide are thought to play an important role in the bonding that leads to a charge
transfer from the oxide to the Au atoms.”® Upon Au deposition onto TiO»(110), low-
energy ion scattering (LEIS) data show that Au initially forms two-dimensional (2-D)
islands up to a critical coverage that depends on the defect density of the titania surface;
higher Au coverage leads to a three-dimensional (3-D) particle growth.™® The
maximum coverage of the 2-D domains correlates with the surface defect density. '8
However, it has recently been shown that Au wets a reduced titania surface more

completely than does Au on TiO, .22

Specifically, Au completely wets a highly-
ordered TiOy film deposited on a Mo(112) substrate by forming well-ordered Au
monolayer and bilayer structures. *** A comparison between Au on TiO, "*"*® and Au
on a reduced titania surface (TiOx/Mo(112)) **# shows that Au interacts to a greater
extent with a reduced titania, Ti**.? The studies described demonstrate that surface
science is a powerful technique for studying this area of heterogeneous catalysis, namely
an oxide-supported metal catalyst. There are other types of heterogeneous catalysts that

also have important roles in the industrial applications, bimetallic catalysts.

Bimetallic Catalysts

Fundamental surface science studies of bimetallic alloy systems are important to

many industrial applications, some of which include metallurgy, catalysis,



electrochemistry, magnetic materials, and microelectronics fabrication.?® Particularly in
heterogeneous catalysis, the addition of a second metal often significantly enhances the
reaction activity, selectivity, and stability.?*%

Further optimization of the catalytic performance requires a thorough
understanding of the reaction mechanism at the atomic level for which model surface
science studies on well-defined surfaces can provide critical information. The study of
the Pt-Sn bimetallic catalyst is an example of the use of surface characterization
techniques on a bimetallic system. The preparation of ordered Pt-Sn surface alloys was
first demonstrated by depositing Sn on Pt(111) or Pt(100) followed by annealing to
elevated temperatures.”’*® These well-characterized surface templates were used for
extensive catalytic reaction studies.”** Model studies have provided a more in-depth
understanding of the chemistry observed on ordered alloy surfaces, including the relative
importance of ensemble and ligand effects. Another important bimetallic catalyst system
is Pd-Sn system. Only a limited number of model studies on Pd-Sn bimetallic systems
have been performed, despite the importance of Pd-based industrial catalysts.**>° Hamm
et al.*® and Lee et al.*” studied the formation of two ordered Pd-Sn surface alloys by
thermal treatment of vapor-deposited Sn films on a Pd(111) single crystal. Depending on
the preparation conditions, two surface periodicities, p(2 x 2) and (V3 x Y3)R30°, were
observed with surface stoichiometries of PdsSn and Pd,Sn, respectively.***” On the
Pd(110) single crystal, two ordered structures, c(2 x 2) and (3 x 1), were also reported,
which corresponded to an 0.5 monolayer (ML) and 0.67 ML of Sn in the surface layer.*

In both cases, a strong chemical interaction between Sn and Pd was deduced based on



core-level binding-energy shifts (CLS) and attenuation of the CO adsorption energy in
temperature programmed desorption (TPD) data.®** However, no detailed
investigations concerning Pd-Sn alloy formation on <100> oriented substrates have been

24,4044 \vhere Pd

reported. Previously, we studied disordered Pd-Au model alloy surfaces
atoms were found to be isolated by Au atoms at low surface Pd coverage.”**** It has
been proposed that a pair of these Pd monomers serve as the active site for vinyl acetate

synthesis.***® A study of a Pd-Sn bimetallic model alloy will be presented in a later

section.

Surface and Electrochemical Characterization of Pt-Co Electrocatalysts

To correlate surface and electrocatalytic properties, surface science can also be
used in the study of electrocatalysts combined with traditional electrochemical
measurements. In this study, Pt-Co is analyzed to obtain a better understanding in the
use of this bimetallic system in fuel-cell applications. A fuel cell can be thought of as a
cold-combustion device capable of converting stored chemical energy into usable
electrical energy. Without a large heat transfer, a fuel cell is not plagued by the
conversion efficiency penalties associated with hot-combustion devices. However,
unlike a battery, the fuel cell is not a closed system as fuel and oxidant must be
continuously supplied for its operation. In an operating fuel cell, the fuel is introduced
through the fuel feed plates to the surface of the anode. Simultaneously, oxygen is
delivered through oxidant feed plates to the surface of the cathode. The reactions that
occur at the electrodes are facilitated by the surface properties of the catalyst. At the

anode, H; is catalytically oxidized to H" through the following reaction



H, > 2H"+2¢” E* =0.0V . (1.1)
The positively charged protons, because of a concentration gradient, diffuse

through the electrolyte toward the cathode. The electrons travel through the completed
external circuit toward the cathode where reduction of the oxidant will occur.
20,+2H" +2¢e" ->H,0 E% =1.220V (1.2)

At the cathode, electrons recombine with H* from equation (1.1) and in the
presence of oxygen, react to form water, which can be easily transported from the cell,
giving

H,+30, > H,0 E% =1.229V (1.3)
whose products, besides water, are the unidirectional flow of energy in the form of
electrons. Figure 1 shows the reactions occurring at the electrodes.

Although the process is relatively simple, hydrogen fuel-cell research is over 200
years old. Fuel cell research can be said to have begun in the 1800s by Nicholson and
Carlisle with their research of water electrolysis.*® In 1833, Faraday’s laws of
electrolysis were proposed, *’ followed by the theory on the inter-relation of chemical
affinity, electricity, heat, and magnetism in 1835.* In 1843, the first functioning
hydrogen fuel cell, the “gas battery” was constructed and demonstrated by William
Robert Grove.* In 1893, Friedrich Wilhelm Ostwald, founder of the field of physical
chemistry, formulated the theoretical underpinnings of how the hydrogen fuel cell
operates.*®**** Following another 50 years of development, Francis Tomas Bacon

invented the first practical hydrogen-oxygen fuel-cell, licensed to Pratt & Whitney. An



H, 2>

Proton

Exchange

Membrane

Exhaust

Figure 1. Schematic of fuel cell.




alkaline fuel cell using a nickel catalyst was developed. By increasing the operating
temperature to 205 °C and the pressure to about 600 psi, useful currents were achieved
without boiling off the electrolyte. By increasing the catalyst-electrolyte-gas interfacial
area, a 5kW system capable of powering a welding machine, a circular saw, and a 2-ton
capacity forklift truck was constructed.>*>?

Of the different types of fuel cells, the proton exchange membrane fuel cell
(PEMFC) shows the most promise for commercialization. The PEMFC is the first type
of fuel cell that had practical applications. In the 1960s, the National Aeronautic and
Space Administration’s Gemini space flight program used the PEMFC for on-board
power generation. Twenty years later, the state of California and the U.S. Partnership for
a New Generation of Vehicles program (PNGV) initiated the use of the PEMFC in
transportation applications.>® The electrolyte in the PEMFC is a solid proton-conducting
membrane that allows the PEMFC to operate at low temperature and produces specific
power (W/kg) and power density (W/cm?®), both of which are higher than other types of
fuel cells. Therefore, in the PEMFCs, the membrane and the electrode are the important
components. Of these two components, the membrane electrode assembly (MEA) is the
center of operation in the fuel cell. However, there are two major problems in
commercializing this technology: high cost and low reliability. The fuel-cell catalyst is
the main contributor to these problems. In current PEMFC construction, Pt metal

dispersed on a support is the most widely used electrocatalyst in fuel cells. Major

drawbacks in employing Pt as the catalyst include high cost, sensitivity to contaminants,
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and loss of Pt surface area.>* For the PEMFCs, platinum is used as the catalyst in both

the anode and the cathode.

Oxygen-Reduction Reaction (ORR) on Pt and Pt Alloy Thin Films

The mechanisms and reaction pathways of the oxygen reduction reaction (ORR)
have been investigated thoroughly in an attempt to realize the promise of low-cost, low-
temperature hydrogen fuel cells. As will be treated in a later section, the oxygen-
reduction Kinetics is very sluggish compared with that at the anode, and remains a major
bottleneck in the overall performance of fuel cells. Slow electrode kinetics results in
large overpotentials associated with reaction activation. Overcoming this problem is the
main goal in efforts to develop better electrocatalysts.

Cell Overpotentials

When a net current flows from a fuel cell, the terminal voltage of the cell, Egj,
drops from the open circuit voltage, Ey, by a value that is proportional to the current
flowing from the cell. In this case, the cell is said to be polarized. Polarization of a cell
can be further classified into three main types: activation polarization, concentration

polarization, and ohmic polarization.>

Activation Polarization

Activation polarization is the potential drop across the cell that results from a net
flow of current for reactions exhibiting slow electron transfer rates. When this occurs,
part of the output potential of the cell must first be supplied as activation energy to keep

up with the current demands of the cell. Many factors play a role in this loss, including
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structure of the electrical double layer (EDL), interactions with solvent and electrolyte,
interactions with the electrode surface, and low intrinsic reactivity. For most hydrogen-
oxygen fuel cells, electron transfer is the rate-determining step (RDS). This rate at the
cathode is on the order of 10° times less than the rate of hydrogen oxidation at the anode.
This low-rate constant is the most significant source of over-potential with respect to the
ORR at a Pt electrode and can quickly rise to 300 to 400 mV. The majority of studies on

fuel cells are aimed at improving this problem.

Ohmic Polarization

Ohmic polarization or ohmic losses in the cell is the result of the electrical
resistances of the electrolyte, electrode, and electrical connections. This overpotential
scales linearly with current density, following Ohm’s Law. This is an unavoidable drop,

but can be minimized by careful materials selection and cell construction.

Concentration Polarization

Concentration polarization is the potential drop across the cell that results from
mass transfer requirements in the conditions of high current. It results from the need to
deliver electroactive species through the diffusion layer for electron transfer to occur.
Even in cases of very large rate constants, concentration polarization will be present in
perhaps tens of millivolts. However, fuel cells are rarely operated in the current range

where this loss is significant.
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ORR Mechanism on Pt
As demonstrated by Gubbins and Walker,>® oxygen reduction can proceed by one
of two overall pathways in aqueous media. In acidic solutions:
1. Direct 4 e pathway:
O, +4H" +4e” — 2H,0E” =1.229V (1.4)
2. Peroxide pathway:
0, +2H" +2e” - H,0, E* =0.67V (1.5)
followed by either reduction of the peroxide
H,0, +2H" +2¢” > H,0E® =1.77V (1.6)
or its decomposition
2H,0, > 2H,0+ 0O, (1.7
At an electrode where oxygen reduction is occurring, one or both of these
reactions can be present at the same time and the products may feed into each other.
More detailed descriptions of the overall mechanism and reaction process have been
proposed for various conditions.”® A pathway proposed by Appleby and Savy considers
likely reaction intermediates and accounts for feedback from side reactions.>” Figure 2
shows the proposed reaction pathways.”’ For a Pt surface, the 4e” direct-reduction
process can be described as following a bridge-type Griffith’s model of a transition
metal oxide.®
Some important points need to be considered. In the case where oxygen coverage
of the electrocatalyst surface can be increased, more reduction will occur on oxide-

covered sites; thus, favoring the direct 4" mechanism and operation closer to the
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Figure 2. Proposed reaction pathways by Appleby and Savy.>’
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reversible cell potential. Additionally, the adsorption model proposed by Yeager®®
indicates the importance of the spacing of metal centers relative to the oxygen. This
gives us a good impetus to pay attention to the lattice parameters of alloy surfaces and
how they pertain to catalysis.

Theoretical and Experimental Studies on Model Catalysts for ORR

In the PEMFC, cathode and anode electrode materials are heterogeneous
catalysts. As explained previously, increasing the catalytic activity of the cathode in the
PEMFC results in a higher fuel efficiency and reduces the amount of Pt, increasing the
cost efficiency of the fuel cells. Therefore, many efforts have been directed toward
searching for a way to reduce the amount of Pt used while simultaneously increasing the
catalytic activity. One way to increase the efficiency of the PEMFC is to increase the
catalytic activity of the ORR catalyst. It has been shown that alloying Pt with a less-
noble metal can achieve this in a dual-effect mode: first, by increasing the catalytic
activity towards ORR and second, by decreasing the Pt required for the same output
power density.

It was recently reported that the Pt-Co alloys have enhanced catalytic activity
compared to pure Pt for ORR.>® Some explanations for the increase of catalytic activity
of Pt-Co towards ORR have been proposed,’®® including (i) changes in the electronic
structure of Pt atoms by the interaction with the alloying metal; (ii) changes in Pt-Pt
bonding distance, and (iii) changes in oxygen-adsorption sites on Pt or alloying metal.

Many studies to date have presented the changes in the catalytic activity of Pt-Co
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electrocatalysts as compared to those of pure Pt in fuel cell. A few studies have
characterized the functional Pt-Co electrocatalyst materials outside of the fuel cell.
Theoretically, it can be shown that the role of alloy metals in the increase of the
electrocatalytic activity of Pt for the ORR is to tune the electronic structure of Pt.®*
Density functional theory (DFT) calculations were used to measure the activity of the
model Pt-M alloy towards ORR. This activity is indicated by the oxygen-metal bond
interaction® and shows that the oxygen-metal bond depends on the position of the metal

d states relative to the Fermi level ®*

The plot of activity at 0.9 V versus d-band center
position shows volcano-shaped dependence, which was also observed experimentally.®
Another theoretical study performed by Wang and Balbuena proposed a mechanism in
the increased activity toward ORR for any two metals.®® They observed that when two
metals with different occupancy of d-orbitals are alloyed, the d-orbital coupling effect
between the two metals can significantly decrease Gibbs free energy for the electron
transfer steps in the ORR. For example when metals with a low level of occupancy of d-
orbitals, such as Co, Ni, Cr, or V, are alloyed with metals with fully occupied d-orbitals,
such as Pd, Au, and Ag, the Gibbs free energy for electron transfer steps in the ORR will
be decreased.®® Hammer and Norskov made density functional theory calculations
showing that a reduction of bond lengths between metals could be the explanation
supporting the increased activity: in this case, Pd metal favors ORR.?® When metals are
alloyed, the d-band center of the metal can be shifted, resulting in a reduction of the

metal’s lattice parameter: i.e., shortening the bond lengths. The change in the metal d-

band center will result in a change in the surface activity of the metals.®
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In 2002, an experimental study by Stamenkovic et al characterized the real
surface composition of Pt3Co and Pt3Ni using a highly sensitive surface science
technique called low-energy ion scattering spectroscopy (LEISS).®” With this
combination they were able to establish a clear correlation between the catalyst surface
properties and its activity towards ORR. From the LEISS study, it was shown that two
different surfaces can be prepared in UHV, depending on the treatment of a bulk Pt3Co
and Pt3;Ni polycrystalline sample.®” Following sputtering of the polycrystalline sample
with 0.5 keV Ar” ions, the surface has a 75 at. % Pt and 25 at. % Co characteristic. When
the polycrystalline is annealed at 1000 K, the topmost surface layer consists of only Pt
atoms and has been referred to as a “Pt-skin.” From their activity study, they found that
the “Pt-skin” surface has a higher activity (3-4 times that for pure Pt) compared to Pt3Co
and Pt3Ni when 0.1 M HCLOy is used as the electrolyte.

In 2006, Stamenkovic et al. presented another study of Pt-Co alloy, showing the
effect of immersion on the alloy surface composition by the electrolyte as determined by
LEISS, Auger electron spectroscopy (AES), and ultraviolet photoemission spectroscopy
(UPS).% In this study, they found that following the immersion of “Pt-skin” in 0.1 M
HCIO,4, the LEISS of the sample does not change, indicating a constant surface
composition. However, when a sputtered Pt;Co sample was immersed, Co dissolution
from the near surface was observed, giving a “Pt skeleton” surface. However, in this
study, when a Pt-Co alloy with 50 at % Pt and 50 at % Co was annealed in UHV at 1000
K, the LEISS data showed no “Pt skin” formation on the surface. A weak increase in Co

surface composition was observed for the annealed sample compared to the sputtered Pt-
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Co sample. It can then be concluded then that the extent of Pt segregation in Pt alloy
depends on the bulk ratio of the alloying components. However, there is no experimental
study showing the real surface composition of Pt-Co alloys with varying bulk
compositions after annealing to sufficiently high temperatures to achieve stable alloying
composition. Also, no studies have been conducted at different fuel cell operating
conditions, where the change in surface composition of Pt-Co electrocatalysts has been
monitored after electrochemistry. In a later section, a case study performed in our
laboratory is presented showing the surface phase diagram as well as a correlation
between the surface composition and electrochemical behavior of Pt-Co model alloys

utilizing surface science and electrochemistry techniques.
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2. EXPERIMENTAL

This section provides brief descriptions of the important surface-science
techniques used throughout the studies and discusses experimental procedures for each
experiment described in this dissertation. Surface science techniques, such as X-ray
photoelectron spectroscopy (XPS), LEIS, low energy electron diffraction (LEED),
temperature programmed desorption (TPD), and STM, and electrochemistry
measurements will be discussed briefly. Comprehensive reviews on XPS®, LEIS®,

LEED”, TPD™®™, and STM'? provide more detailed explanations about the techniques.

Ultra High Vacuum (UHV) Chamber

For most of the studies that will be discussed in the following sections, the UHV
chamber is equipped with XPS, LEISS, LEED, and TPD. Figure 3 shows the front view
of the UHV chamber. The base pressure of the chamber is 5 x 10™ Torr. XPS and
LEISS spectra are collected using a concentric hemispherical analyzer (PHI, SCA 10-
360). The sample is mounted on a stainless steel sample probe at the top of the chamber.
Liquid nitrogen can be filled into the probe to lower the sample temperature to around 80
K. On the feedthrough, there are four connections: two thermocouple connections and
two copper leads for sample heating and cooling. A type C thermocouple (5%Re/W-
26%Re/W, provided by H. Cross Co.) is used to measure the sample temperature. The
sample can also be heated using a DC power supply that supplies current through the
sample to heat it resistively. Resistive heating can bring the sample temperature up to

1500 K. For higher temperature heating, electron-bombardment heating is used. In
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Figure 3. Front view of UHV chamber.
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electron-bombardment heating, the sample is heated by a filament made out of W wire
placed behind the sample. The sample is then positively biased (up to 600 V) to extract
electrons from the W filament. At one end of the probe where the sample is mounted, a
metal-ceramic feedthrough is attached.

Infrared studies were carried in a second chamber, equipped with AES, IRAS,
and TPD with a base pressure of 1 x 10™° Torr. The IR cell was equipped with CaF,
windows and could be pressurized to several Torr. The sample can be cooled and heated
as described previously.

For electrocatalytic activity measurements, the sample is transferred to an
electrochemistry cell that is at a higher pressure condition through series of differentially
pumped sliding seals. The sliding seals design consists of three Teflon seals separated
from each other by two pump-out ports placed in between the seals. The pump-out port
in the bottom section is pumped with a mechanical pump while the upper section is
pumped by a turbo pump. The inner diameter of the seals fits perfectly over the polished
chrome-plated probe. When the probe is passed through the seals and the differential
pumping lines are connected, the UHV chamber is isolated from the elevated pressure
section of the chamber. The differential pumping also allows the probe to be rotated

without losing vacuum inside the chamber.

Surface Science Techniques

X-Ray Photoelectron Spectroscopy

Electronic structure of solid surfaces can be analyzed using photoelectron

71,73

spectroscopy. In photoelectron spectroscopy techniques, photons (hv) induce
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electron emission from a solid surface, provided the photon energy is greater than the
work function (®) plus the binding energy of the electrons. The work function of a solid

is defined as the minimum energy required to remove an electron from the highest
occupied energy level in the solid to the “vacuum level’. Figure 4 illustrates the X-ray
photoemission process.

In XPS, a monochromatic beam of X-ray collides with the sample surface, which
causes electrons from both core and valence levels to be ejected. Core-level electrons
are electrons at the inner quantum shells while valence electrons are electrons in the
partially filled outer quantum shells that are more weakly bound. The outermost
electrons are involved in chemical bonding. The ejected electron caused by the incoming
photon has a certain kinetic energy that can be estimated as:

Exin=hv-Ep- @, (2.1)
where E;, represents the binding energy of the particular core level. Each core-level peak
represents particular elemental species. Therefore, by observing the binding energies of
different core-level photoelectron peaks, elements at the surface can be identified.

Other then identifying elements available on the surface region, XPS can also be
used to indicate the chemical environment of the elements. Core-level binding energies
can be modified by many factors such as valence state of the element and the molecular
environment in general. Changes in these factors can shift the core-level binding energy
of an element as much as a few eV. By observing the shift in the binding energy of a
pure element, information about bonding between atoms in the surface region, oxidation

state, charge transfer, or electron orbital redistribution can be assessed.®
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Another useful application of XPS in surface science techniques is determining
the thickness of a deposited film on a surface. The thickness of the deposited film can be
estimated by observing the attenuation of the XPS intensity caused by the underlying
substrate, as defined by the following equation:

d =—A[In(1/1,)], (2.2)

where d is the thickness of the deposited film, A is the mean free path of the electron, I is
the intensity of the underlying substrate after a certain amount of film is deposited, and
lo is the initial intensity of the underlying substrate before any film is deposited.®®

XPS can also be used to differentiate the composition at various surface depths.
X-rays can penetrate deep into materials; however, when an X-ray beam strikes the
surface at a grazing angle, only near surface atoms will be identified by XPS. Therefore,
by setting the X-ray beam at different angles with respect to the sample, information
from various depths of the surface can be acquired.®®

The studies that will be discussed in this dissertation were performed using a
Perkin-Elmer 5500 XPS system. This system uses a hemispherical analyzer and a dual
Mg/Al anode.

Low-Energy lon-Scattering Spectroscopy (LEISS or ISS)

LEISS provides surface atomic composition information. An ion beam with
energy ranging between 100 eV and 10 keV collides with a target surface and the
primary backscattered ions are detected. lons from inert gases such as He*, Ne*, and Ar”
are the most commonly used incident ions. When the incident ion impinges the target

surface at a fixed angle, it will lose a certain amount of energy that depends on the mass
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of the surface atoms. In LEISS, only the signal from the scattered ions will be analyzed
for quantitative surface analysis. The analyzed ions are scattered from the surface mainly
by binary collisions. In these elastic binary collisions, the incoming ions can be seen as a
projectile having mass of m;" and initial energy Eo. The surface can be treated as a target
atom with mass m; at rest. When the projectile collides with a target atom, there will be a
resulting energy transfer that depends on the scattering angle, 6. Figure 5 shows a
schematic of a binary collision in ISS techniques. The scattered projectile will then have
a different energy, E;, which can be calculated from energy and momentum conversion,

yielding the following equation®:

E, (2:3)

where the positive sign is applied when my/m; > 1, while both positive and negative
signs are used when 0 <my/m; < |sin@|. Therefore, the LEISS data plot an energy
spectrum of the different energy losses which correspond to elements with specific
masses available on the surface of the target.”

In a LEISS experiment, the scattering angle, 6, is usually about 140°.°® From
equation (2.3), it is shown that backscattering with 6 > 90° for m,/m; <1 is impossible.
Because the lightest inert ion available is He", hydrogen is the only element that cannot

be detected by LEISS.
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Figure 5. Schematic of binary collision in ISS technique.
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Other than indicating the type of elements that are available on the surface,
LEISS can also be used to measure the concentration of each element. The intensity or
the peak area of the LEISS signal can be used for surface composition measurement.
However, using the peak area in the determination of surface composition is more
accurate. The following equation shows the relationship between surface concentrations,

N; and ion yield of the backscattered ions, S$;%:

|
S = ?p.t.g.R.ni N, (2.4)

where I, is the primary ion beam current; e the elementary charge; t is the acquisition
time; & is an instrumental factor including detector solid angle, detector efficiency and
analyzer transmission; R is a factor, which takes the surface roughness and the shielding
by neighboring atoms into account; and #; is the elemental sensitivity factor.

Although equation (2.4) shows an elemental sensitivity factor in the quantitative
measurement, it is useful to perform actual calibration against a reference sample
because the elemental sensitivity factor is only available for certain combinations of
elements, ion energies, and scattering angles. For LEISS calibration, a single crystal or a
thick film of a fixed amount of pure elements being studied is measured under the same
conditions. The peak intensity from each element will be the reference for quantitative
measurements of elemental surface concentrations.

LEISS is extremely surface sensitive because of the low-energy ion beam, which
allows the electron to obtain information of the topmost layer of the surface. Also,

because of the large cross section for the interaction between the ion and the surface
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atoms, the atoms on the first surface layer will screen the atoms from the second layer.
For the studies that will be discussed in the next sections, a Perkin-Elmer ion gun and
hemispherical analyzer were utilized for LEISS measurements. He" ions with energies
ranging between 500 eV and 1000 eV have been employed.

Low Energy Electron Diffraction (LEED)

LEED is a surface characterization technique used in determining the crystal
surface structure of a metal. Low-energy electrons (50 to 200 eV) impinge the surface of
a metal and the diffracted electrons then travel to a fluorescent screen. Only elastically
scattered electrons reach the fluorescent screen. Figure 6 shows a diagram of the LEED
optics, including the hemispherical fluorescent screen that is incorporated with an
electron gun at the central axis of the screen. The hemispherical screen contains three to
four grids for screening out the inelastically scattered electrons. The sample is placed at
the center of the hemispherical screen and the position can be optimized to obtain a
LEED pattern on the fluorescent screen.

LEED is a surface-sensitive technique due to the low-energy electrons used in
the process. Following the universal curve,” electrons with energies between 50 and 200
eV will penetrate only ~10 A into the surface, providing surface sensitivity. Constructive
or destructive interference patterns will form on the fluorescent screen from the scattered
electron. Constructive interference occurs only when the Bragg condition is satisfied by
the scattering’:

d=asinéd=n4, (2.5)
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where d is the path difference of scattered electrons traveling toward a detector; a is the
distance between two adjacent atoms; and 0 is the angle between the scattered beam and
the surface normal.

Temperature-Programmed Desorption (TPD)

TPD is a technique used to study the surface-adsorbate bonding strength and
desorption kinetics. In a TPD experiment, the sample is heated at a constant heating rate
while adsorbate with a specific mass desorbs into the gas phase and is monitored using a
quadrupole mass spectrometer. The mass spectrometer is positioned near the front side
of the sample in a direct line of sight.”* The heating is restricted only to the sample; thus,
avoiding desorption from other surfaces such as the sample holder. The amount of
desorbed adsorbate with respect to time is recorded. The thermal desorption rates are
described by the Polanyi-Wigner equation”:

r(®)=—de/dt=v(0©)0"exp[-E(®)/RT], (2.6)
where r is the desorption rate; ® is the adsorbate coverage; t is the time; v is the pre-
exponential factor for desorption; n is the order of desorption; E is the activation energy
for desorption; R is the gas constant; and T is the temperature.

By analyzing a TPD spectrum, the relative surface coverage of the adsorbate, the
activation energy for desorption, and the strength of the lateral adatom interactions can
be estimated. Because the heating rate is linear, temperature and time are related by the
following equation:

[ =dT /dt. (2.7)
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Lateral interactions between adsorbates on the surface will dictate the desorption
parameters mentioned previously.”

Scanning Tunneling Microscopy (STM)

Invented in early 1980s by Binnig and Rohrer’?, STM was used originally to
image surface structures and also to probe the electrical properties of insulating materials
sufficiently thin to allow electron tunneling.”® This means that initially, STM was
invented to image the structure of conducting materials or thin insulating materials and
also to probe the local conductivity. However, because of the adaptability of the
technique and the tunable low-electron energies used in the technique, STM has been
used for real-space imaging with atomic resolution for many types of surfaces.

The basic principle of the STM technique involves electron tunneling, which is a
phenomenon that occurs between two conductors separated by a thin insulating layer or
potential barrier. In STM, the electron tunneling occurs between the tip and the sample
surface as can be seen in Figure 7. To image the surface, a bias voltage is applied
between the metal tip that is atomically sharp and a conducting sample surface. When
the distance between the sample and the surface is a few A, a tunneling current will flow
between the tip and the surface. The piezoelectric tripod allows the positioning of the tip
in the z-direction, and to also scan the tip across the surface in the x-direction and y-
direction.”” There are two types of scanning methods that can be used to image the
surface. In constant height imaging (CHI), the height between the surface and the tip is
kept constant and the change in the tunneling current is recorded. Another type of

scanning method, constant current imaging (CCl), is used in the following studies and
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Figure 7. Diagram showing basic principle of STM.
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discussed in the later sections. In CCI, the tunneling current between the tip and the
sample is kept constant and the height of the tip varied to maintain a constant current.

Additional Techniques

A Mattson Cygnus 100 FTIR spectrometer was used for the infrared reflection
absorption spectroscopy (IRAS) measurements of bimetallic clusters system (Au-Pd)
and bimetallic planar system (Pd-Sn). An FEI Tecnai F20 G2 Transmitted Electron
Microscopy (TEM) equipped with a field emission gun at a working voltage of 200 kV
and energy dispersive spectrometer (EDS) and post-column Gatan Image filter was used
for the study of bimetallic alloy electrocatalyst (Pt-Co). TEM imaging and EDX analysis

were used to characterize the Pt-Co nanoparticles.

Electrochemistry Techniques and Procedures

One section in this dissertation will discuss the combined study of surface
science (UHV) and electrochemistry (EC) of Pt-Co electrocatalyst. In this work, the
UHV-EC studies of ORR catalysis on Pt-Co thin-film and cluster alloys will include the
use of cyclic voltammetry (CV) and open circuit potential (OCP) analysis for
electrochemical characterization and steady-state polarization for dissolution/corrosion
studies using a stationary electrode of conventional dimensions. All potentials referenced
are versus the reversible hydrogen electrode (RHE). High purity 0.1 M H,SO,4 was used
as the electrolyte and solutions were prepared using Millipore MilliQ water. UHP N, and
O, were used for oxygen-saturated and deaerated conditions. Experiments were
conducted using an EG&G PARC model 273 Potentiostat interfaced with a Windows PC

running EChem software. A three-electrode assembly was employed. The reference
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electrode and auxiliary electrode were separated from the working electrode by a fine
glass frit. A custom Ag/AgClI reference was used with a 0.01mM NacCl filling solution.

Voltammetry

For voltammetric analysis, cyclic voltammetry (CV) was conducted according to
the following procedure. Once the sample is introduced to the electrolyte, the system
was allowed to remain at rest for 20 minutes to reach a steady state. Before any other
experimental measurements took place, the open circuit potential (OCP) of the system
was recorded for later analysis. Scans started at OCP and were scanned cathodically to
hydrogen evolution and reversed. The upper switching potential, dependent upon the
experiment, was set as OCP, 1.1 V, or 1.4 V. After the scans were complete, the OCP
was recorded and the sample removed. CVs were collected at a scanning rate of 1 mV/s
unless otherwise indicated.

OCP Analysis

To produce an electrode that operates closer to the theoretical potential for Pt will
require more complete oxygen coverage of surface Pt sites. A fast and very simple
method for determining the affinity of the electrode for increased oxygen coverage is to
evaluate the OCP of the model alloy in an oxygen-saturated solution and compare the

results from one Pt-Co model alloy composition to the next.

Samples and Dosers Preparations

Au-Pd/SiO,
Au and Pd were evaporated from dosers made of high-purity Au and Pd wires

(99.99%) wrapped around Ta filaments. The Au or Pd coverages were calibrated using
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the distinct monolayer and multilayer TPD desorption features of the corresponding
metal from a Mo substrate. XPS, LEIS, and AES data were also collected and used to
monitor the coverage. Ultrahigh purity O, (99.98%, Matheson Tri-gas), CO (99.99%,
Matheson Trigas), and deuterated ethylene (99%, Aldrich) were introduced through leak
valves. The silicon dosers were wrapped with W wires and resistively heated during
deposition. The details of the SiO, film preparation have been described previously.”
The SiO; films were characterized with AES and XPS with the results showing that the
SiO; films were fully oxidized. The SiO, film thickness was measured using the
attenuation of the Mo substrate signals and the known mean-free paths of the X-ray and
Auger electrons.

Pd-Sn/Rh(100)

The Rh(100) single crystal was cleaned by Ar* sputtering, oxidation (1200 K, 5 x
107 Torr O,) and vacuum annealing (1400 K) cycles until no carbon and oxygen were
detected in AES and a sharp (1 x 1) LEED pattern was observed. The Pd doser consisted
of a tungsten filament about which a high-purity Pd wire was wound. The Sn doser was
similarly constructed with the Sn wire source housed in a ceramic tube. Impurities in the
evaporators were removed thoroughly by degassing prior to use. All metal depositions
were performed with the sample at room temperature and the dosing rates calibrated by
the break points in the LEIS, XPS, or AES data as a function of coverage. Carbon
monoxide and oxygen (99.99%, Matheson Gas Products) were further purified by
storage in a liquid-nitrogen reservoir prior to transfer to glass bulbs attached to the gas

manifold.
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AuPd(100)

The AuPd(100) bulk-alloy single crystal was purchased from Matek, and the
ordered surface was obtained through repeated sputtering and annealing cycles (E = 500
eV, 1 = 0.38 uA, Ar’ sputtering at room temperature for 20 min, and annealing at ~550
°C for 15 min). The sample was annealed without sputtering at 550 °C for 30 min before
imaging and was allowed to cool to room temperature without deliberate temperature
guenching. The surface temperature was measured optically by infrared pyrometry.

Pt-Co Films and Clusters

Thin films were prepared by physical vapor deposition in an ultrahigh vacuum
(UHV) as described previously.”” A doser was constructed by tightly winding wires of
the Pt and Co metals in small segments around a Ta filament. The filament was heated
resistively at a current sufficiently high to initiate sublimation of subject metals onto a
cold (Ru or Mo) substrate. For Pt-Co clusters, Pt and Co metals were deposited onto a
highly oriented pyrolitic graphite (HOPG) sample with a submonolayer amount of Pt or

Co to achieve clusters of Pt-Co alloy.
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3. BIMETALLIC CLUSTERS MODEL SUPPORTED CATALYST

CHARACTERIZATION*

Preparation and Characterization of Silica Supported Au-Pd Model

Catalysts

Au-Pd mixed-metal catalysts are currently used for a variety of reactions,

78-81 83-85

including vinyl acetate synthesis, acetylene hydrogenation®/trimerization, and
CCl,F, hydrodechlorination.®®®” An atomic-level characterization of the surface
composition, morphology, physical/electronic structure, and chemisorptive/catalytic
properties of oxide-supported Au-Pd model catalysts is critical to understanding the role

8-% and thin-film

Au plays in enhancing the catalytic properties of Pd. Stable bulk alloys
alloys of Au-Pd grown on low index single crystals®®% have been extensively studied
using various surface sensitive techniques. Preferential segregation of Au at the surface
has been observed by Auger electron spectroscopy (AES),%#9! X-ray photoelectron
spectroscopy  (XPS),**%> and low energy ion scattering  spectroscopy
(LE|S).%0:92%69.100.002 Flactronic perturbation of Au and Pd due to the sp and d band
charge redistribution or orbital hybridization has been proposed based on studies by X-

ray absorption near-edge spectroscopy (XANES),*® ultraviolet photoelectron

spectroscopy (UPS),®" XPS,**® and computational modeling.***" Using scanning

*Reprinted with permission from “Preparation and Characterization of Silica Supported
Au-Pd Model Catalysts” by K. Luo, T. Wei, C.-W. Yi, S. Axnanda, and D. W.
Goodman, Journal of Physical Chemistry B 2005, 109, 23517-23522, Copyright [2005]
by American Chemical Society
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tunneling microscopy (STM), Behm and co-workers carried out a detailed structural
study of the surface of Pd/Au(111).® With supporting infrared data, these authors
observed a marked ensemble effect with respect to adsorption of CO and H,. Our group
has recently studied alloy surfaces of Au-Pd/Mo(110),* Pd/Au(100),** and
Pd/Au(111),* characterizing them with LEIS, XPS, AES, infrared reflection absorption
spectroscopy (IRAS), and temperature programmed desorption (TPD).** The formation
of stable AuPd surface alloys and surface segregation of Au were observed after

sequential deposition of Au and Pd with subsequent annealing. A special surface
ensemble consisting of isolated Pd sites was identified by CO-TPD and CO-IRAS.*®
Moreover, an ensemble consisting of noncontiguous Pd dimers on Pd/Au(100) was
shown to exhibit an unusually high reactivity (turnover frequency or TOF) for vinyl
acetate synthesis.”* Several studies have addressed oxide-supported Au-Pd
catalysts.”®%1% The structural properties of silica supported Au-Pd catalysts prepared
from colloid precursors were studied using X-ray diffraction (XRD), extended X-ray
absorption fine structure (EXAFS), and XANES.!®1% Davis et al. concluded that Pd
atoms decorate a core of Au atoms using EXAFS.'® Utilizing similar techniques, Lamb
et al. also concluded that a partial monolayer of Pd atoms decorates a Au-rich core.***

.19 ysed XRD to show that a Pd-decorated surface

On the other hand, Kaszkur et a
induced by oxygen adsorption can be transformed to a Au-decorated surface with a pulse
of H,. Related infrared studies from our laboratories of CO adsorption on alumina
supported Au—Pd and Cu—Pd clusters®™ suggested that a geometrical rather than a ligand

effect was dominant. The present investigation is an extension of our previous studies of
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planar surfaces to silica-supported Au-Pd bimetallic clusters.**** LEIS, IRAS, and TPD
with CO as a probe are utilized to systematically investigate the cluster surface
composition and structure. To highlight the effects of alloying on catalysis, ethylene

dehydrogenation was investigated and a structure—reactivity correlation obtained.

Growth of Au-Pd Alloy Clusters

The experiments were carried out in two ultrahigh vacuum (UHV) chambers.
One chamber was equipped with LEIS, XPS, AES, TPD, and low energy electron
diffraction (LEED) with a base pressure of 2 x 10™° Torr. The Mo(112) single crystal
was mounted to copper leads by high purity Ta wires. The sample could be heated to
1500 K resistively or to 2400 K by an e-beam and cooled to 90 K by a liquid nitrogen
reservoir attached to the copper leads. The temperature was measured using a W-
5%Re/W-26%Re (C-type) thermocouple spot-welded to the backside of the sample.
LEIS experiments were carried out with a He* beam with energy of 1050 eV and an
incident angle of ~45° from the surface normal. The TPD apparatus utilizes a line-of-
sight quadrupole mass spectroscopy (QMS) with a differential pumped aperture and a
linear heating ramp of 5 K/s. The second chamber was equipped with AES, IRAS, and
TPD and maintained at a base pressure of 1 x 10™° Torr. The substrate Mo(110) single
crystal could be heated as described above. The substrate can be cooled to 80 K due to
the slight difference of the probe design and sample mounting. The IR cell was equipped
with CaF, windows and could be pressurized to several Torr. The infrared spectra were
collected while exposing the sample to 1 x 10°® Torr CO, i.e., saturation coverage, at

various substrate temperatures.
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Au and Pd were evaporated from dosers made of high-purity Au and Pd wires
(99.99%) wrapped around Ta filaments. The Au or Pd coverages were calibrated using
the distinct monolayer and multilayer TPD desorption features of the corresponding
metal from a Mo substrate. XPS, LEIS, and AES data were also collected and used to
monitor the coverage. Ultrahigh purity O, (99.98%, Matheson Tri-gas), CO (99.99%,
Matheson Trigas), and deuterated ethylene (99%, Aldrich) were introduced through leak
valves. The silicon dosers were wrapped with W wires and resistively heated during
deposition. The details of the SiO, film preparation have been described previously.”
The SiO; films were characterized with AES and XPS, with the results showing that the
Si0O; films were fully oxidized. The thickness of the SiO, films was measured using the
attenuation of the Mo substrate signals and the known mean free paths of the X-ray and
Auger electrons.

The growth and characterization of nanosized clusters of Au and Pd on SiO;
surfaces have been discussed in the literature.”®*%% |n general, Pd clusters are more
highly dispersed for a given coverage and are more sinter-resistant compared to Au.'%"
199 1n the present study, amorphous SiO, films (2-5 nm) were used to support Au-Pd
clusters. To synthesize the clusters, 1.0 monolayer (ML) Pd was first deposited on SiO,
and then annealed to 800 K for 10 min. Subsequently, Au was deposited at 300 K and
annealed to 800 K for 10 min. LEIS was used to characterize the surface composition
and morphology for each deposition condition, with all spectra being collected with a
substrate temperature of 300 K. The LEIS spectrum in Figure 8a is that following the

deposition of 1.0 ML Pd on the SiO, film and a subsequent 800 K anneal. Three LEIS
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Figure 8. LEIS spectra of (a) 1.0 ML Pd/SiO, after a 800 K anneal; (b) after deposition
of 1.0 ML Au deposition 300 K on 800 K preannealed 1.0 ML Pd/SiO,; and (c) 1.0 ML
Au/1.0 ML Pd/SiO, annealed to 800 K. All spectra were collected at 300 K.
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features with kinetic energy (KE) at 0.45, 0.70, and 0.97 keV are assigned to O, Si, and
Pd, respectively. A Mo feature at 0.94 keV was not present, consistent with the Mo
substrate being fully covered by the SiO, thin film. Upon deposition of 1.0 ML Au at
300 K, the intensity of the Pd feature dramatically decreases by ~65%. Concomitantly,
a large Au scattering feature appears at 1.03 keV. The significant decrease of the Pd
feature upon deposition of Au indicates that a significant amount of the deposited Au
decorates the Pd clusters. Upon annealing 1.0 ML Au/1.0 ML Pd/SiO, to 800 K, the Pd
feature intensity remained essentially constant; however, the Au intensity decreased by
~30%, likely due to alloying of the Au with Pd and/or sintering of Au-only clusters.
Similar LEIS measurements were carried out by reversing the deposition sequence, i.e.,
1.0 ML Pd/1.0 ML Au/SiO, (Au deposited first) (data not shown here). The Au
scattering intensity was unchanged following Pd deposition, likely because only a small
fraction of the added Pd nucleates on the Au clusters, with the remainder forming Pd-
only clusters.’®®*% Based on data above, the deposition of Pd first is clearly preferable
for the synthesis of more uniform Au-Pd alloy clusters.

LEIS Au-Pd scattering data for Au-Pd silica supported clusters, i.e., 1.0 ML
Au/1.0 ML Pd/SiO,, and a planar Au-Pd surface, i.e., 5.0 ML Au/5.0 ML Pd/Mo(110),
are shown in Figure 9 as solid and dashed lines, respectively. Note that each of these was
annealed to 800 K prior to acquisition of the LEIS spectrum at 300 K. The preparation
details of the planar 5.0 ML Au/5.0 ML Pd/Mo(110) surface are described elsewhere.*?
The data of ref ** show the planar surface composition consists of ~20% Pd and ~80%

Au. For 1.0 ML Au/1.0 ML Pd/SiO,, the LEIS data show Pd to have a similar relative
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Figure 9. LEIS data for 1.0 ML Au/1.0 ML Pd/SiO, after 800 K annealing (solid line)
and 5.0 ML Au/5.0 ML Pd/Mo(110) after 800 K annealing (dashed line). All spectra
were collected at 300 K.
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intensity compared to the extended Au-Pd surface spectrum. The Au LEIS spectral
intensity for the Au-Pd clusters, however, is significantly less in Figure 9 compared to
the Au LEIS signal for the extended Au-Pd surface, implying that the Au-Pd cluster
surfaces are more Pd-rich compared to the corresponding Au-Pd extended surface.
Normalization of the Pd LEIS intensity suggests that the cluster surface concentration
consists of ~33% Pd and ~67% Au. We note also that XPS of supported Pd clusters on
the silica films here after annealing to temperatures as high as 800 K indicated no
silicide formation as previously reported for Pd growth on monolayer SiO,.**"1%

In previous studies of Au-Pd surface alloys on Mo(110) surface, CO TPD was
used to distinguish isolated Pd sites from Pd bridging/three-fold hollow sites. This same
methodology was used in the present studies for the silica-supported Au-Pd clusters.
TPD from a saturated coverage of CO (1.0 Langmuir, L) was carried out for the bare
SiO; and SiO,-supported Au-Pd clusters, each annealed to 800 K. In Figure 10, CO TPD
spectra for the bare SiO, surface, 1.0 ML Pd/SiO,, and 1.0 ML Au/SiO; are shown in
Figures 11a, Figure 10b, and Figure 10c, respectively. In Figure 10a, for CO on bare
Si0O,, a single broad low-temperature feature centered at 135 K was observed from CO
adsorbed on the SiO; support. In Figure 10b for CO/1.0 ML Pd/SiO,, additional features
centered at 465, 320, and 250 K were observed. Based on previous studies of CO TPD
on Pd low index single-crystal surfaces and oxide-supported clusters,**%®115 the 465
K feature is assigned to CO adsorbed on Pd three-fold hollow sites. The features at 250
and 320 K are likely due to CO adsorbed on atop Pd sites at various Pd facets, e.g.,

Pd(100), Pd(111), corners/edges, etc. The desorption features between 320 and 465 K
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Figure 10. TPD spectra of CO: (a) with 1.0 L CO exposure at 90 K on bare SiO,; (b) 1.0
ML Pd/SiOy; (c) 1.0 ML Au/SiOy; (d) 1.0 ML Pd/1.0 ML Au/SiO,; and (¢) 1.0 ML
Au/1.0 ML Pd/SiO..
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are assigned to CO on Pd bridging sites, in agreement with the studies of Carlson et al.,
of CO adsorption on Pd/Al,O3 surfaces.™'? Figure 10c shows CO TPD from 1.0 ML
AuU/SiO,, with no strong desorption features apparent above 200 K, indicating weak CO
bonding as reported previously.****'® In Figure 10d and Figure 10e, CO TPD from 1.0
ML Pd/1.0 ML Au/SiO; and 1.0 ML Au/1.0 ML Pd/SiO; are shown, respectively. In
Figure 10d, a slight decrease of CO desorption is apparent for all the features above 200
K, compared to Figure 10b of CO/1.0 ML Pd/SiO,. In comparison to Figure 10a,b,c, an
increase in intensity for the low temperature feature at 135 K was observed due to the
additional weakly bonded CO on Au. In this deposition sequence, the surface exhibits
the primary CO desorption features associated with pure Pd clusters, i.e.,, 1.0 ML
Pd/SiO,, and is consistent with the primary nucleation of Pd-only, rather than Au-Pd
clusters. However, in Figure 10e, both the high temperature feature at 465 K and the
features between 320 and 465 K completely disappear for 1.0 ML Au/1.0 ML Pd/SiO..
The intensity of the atop Pd sites at 250 and 320 K remains with ~30% attenuation.
These results are significantly different from those of Figure 10b, implying considerable

alloying with Au deposition onto pre-deposited Pd clusters and a subsequent anneal.

Surface Pd Sites

LEIS, CO-TPD, and CO-IRAS were combined to characterize the compositional
and structural properties of the Au-Pd alloy clusters. First, LEIS experiments of various
Au coverages (0.1-1.0 ML) on 1.0 ML Pd/SiO, were carried out. Note that the surface
was annealed to 800 K for 10 min after each Au deposition and all LEIS spectra were

collected at 300 K. Using the same method used to acquire the data of Figure 8 and



46

Figure 9, the surface concentration of Pd on Au-Pd alloy clusters was measured with
various Au coverages and plotted as a function of the Au/Pd atomic ratio in the filled
square data of Figure 11. The dashed line is the calculated Pd concentration, assuming
that the surface composition reflects the bulk composition. The concentration of Pd at
the cluster surface decreases more rapidly than does the dashed line data, indicating that
the cluster surfaces are Au-rich compared to the bulk. For comparison, the surface
concentration of Pd for Au-Pd/Mo(110) planar surfaces as a function of the Au/Pd
atomic ratio has been extracted from ref ** and plotted in Figure 11 as the filled circle
data. For Au-Pd planar surfaces, segregation of Au to the surface as a function of the
Au/Pd ratio is much more significant. For example, for a Au/Pd ratio atomic ratio of
~0.11, only ~60% Pd is observed at the surface, whereas for a Au/Pd ratio of 1:1, the
surface is only ~20% Pd. In any case, for Au-Pd clusters and extended surfaces, the
outermost surface layer is enriched significantly in Au, with the surface concentration
of Pd on Au-Pd clusters being greater than that for planar surfaces with an identical
Au/Pd bulk composition.

To further characterize the surface composition, CO TPD experiments were
carried out to probe the surface structure and absorption sites on 0.1-1.0 ML Au/1.0
ML Pd/SiO,. Note that each surface was annealed to 800 K for 10 min, then cooled to
90 K prior to CO adsorption and TPD. In Figure 12, CO TPD spectra are shown as a
function of Au coverage. As discussed earlier, Figure 12a exhibits multiple CO
adsorption features on Pd: atop, bridging, three-fold hollow sites, and support-related

sites for 1.0 ML Pd/SiO,. With a very small amount of Au deposition, e.g. 0.1 ML, an
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Figure 11. Surface concentration of Pd as a function of Au/Pd atomic ratio for various
Au coverage (0.1-1.0 ML) on 1.0 ML Pd/SiO, after 800 K annealing (m); for Au-
Pd/Mo(110) after 800 K annealing (e).
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Figure 12. CO TPD with 1.0 L CO exposure at 90 K of different Au coverage (0.1-1.0
ML) on 1.0 ML Pd/SiOs.
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obvious signal reduction was detected for the three-fold hollow sites at 465 K in 5b, and
a slight intensity increase for the atop site features at 250 and 320 K. Simultaneously, an
increase in the low temperature desorption feature at 135 K was observed due to the
addition of Au. Considering the relatively large density of Pd clusters,*®"*%® higher
sticking coefficients of Au on Pd versus Au on silica and the low Au coverage of 0.1
ML, we assume that all Au atoms nucleate on Pd clusters to form alloy clusters after
annealing. Alloying leads to the following: (a) the formation of 85% Pd versus 15% Au
on the alloy cluster surfaces (from the LEIS data in Figure 11 with a Au/Pd ratio of 0.1);
(b) diminution of the Pd three-fold hollow site density; and (c) an increase in the density
of the Pd atop sites. As the Au coverage increases from Figure 12b to Figure 12d, the
density of the Pd three-fold hollow features progressively decreases. These features
completely vanish at a Au coverage of 0.6 ML in Figure 12e. In this transition, the signal
intensity of the feature between 320 and 465 K, assigned to Pd bridging sites, also
gradually decreases at 0.6 ML Au coverage. However, the Pd atop features at 250 and
320 K remain unchanged up to 0.6 ML Au. With increasing Au coverage to 1.0 ML, the
bridging sites completely disappear and the intensity of the atop feature decreases ~30%.
As a result, the loss of Pd bridging/three-fold hollow sites and the prevalence of atop
sites are apparent on the Au-Pd alloy cluster surfaces.

IRAS studies addressing the surface morphology of the Au-Pd clusters were first
carried out by adsorbing CO on 1.0 ML Au/SiO,/Mo(110). The spectra as a function of
temperature are shown in Figure 13a. Only a single, sharp feature at 2109 cm™ is evident

at 80 K, and is assigned to CO on Au atop sites.”*™® The intensity of this feature
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decreases with an increase temperature, and its position blue shifts to 2129 cm™ at 175
K; at 200 K the intensity of this feature vanishes. This behavior parallels closely the
TPD results of Figure 10c, where no CO desorption was detected above 200 K. The blue
shift for the Au clusters is decidedly different from the red-shift for CO adsorption on Pd
clusters.?® The blue shift is characteristic of CO on Au clusters and accordingly can be
used to identify Au-only clusters. In Figure 13b, IRAS spectra of CO adsorption on 1.0
ML Pd/SiO, are shown as a function of temperature. A relatively narrow feature at
~2105 cm™ and a broad feature extending from 2000 to 1875 cm™ are apparent at 80 K.
Extensive studies have been carried out with IRAS of CO adsorption on Pd(111),
Pd(100), and oxide-supported nanosized Pd particles.2 01141 Erom studies on
Pd(111) and Pd(100), three CO adsorption sites, atop, bridging, and three-fold hollow
sites are observed with CO stretching frequency in the ranges 2090 to 2120 cm™,
1895-2000 cm™, and 1830-1920 cm™, respectively. For alumina- or silica-supported Pd

cl USterS,98'111'113'114'117'118

the CO adsorption sites and their corresponding frequencies are
in agreement with previous work on Pd(100) and Pd(111). Accordingly, the high-
frequency feature at ~2105 cm™ is assigned to CO on Pd atop sites and the broad band at
2000 cm™ —1875 cm™, to CO on bridging and three-fold hollow sites.?*1413114.117.118
With increasing temperature, the atop feature red shifts to 2068 cm™ at 300 K the signal
intensity gradually decreases and completely vanishes at 350 K. Concomitantly, the
intensity of CO on bridging/three-fold hollow sites also decreases. The peak position red

shifts to ~1860 cm™ before the signals completely disappear above 550 K. Our data

closely agree with the previously reported IRAS data for small Pd particles grown on
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Si0, and Al,05. %8148 The 0 adsorption sites and the corresponding desorption
temperatures agree with the CO TPD results discussed above. In Figure 14, the IRAS
spectra of CO absorbed on 1.0 ML Au/1.0 ML Pd/SiO,/Mo(110) are presented as a
function of temperature. At 80 K, a sharp feature at 2112 cm™ with a small shoulder at
lower frequency side is apparent, with no features corresponding to CO adsorbed on Pd
in bridging or three-fold hollow sites. As the temperature is increased, the primary
feature blue shifts to 2122 cm™ at 200 K and completely vanishes at 250 K. According to
the distinctive blue shift exhibited by CO stretching frequency on Au clusters upon
annealing in Figure 13a and the complete loss of signal intensity at 250 K, we conclude
that the feature at 2112 cm™ is from CO adsorbed on Au atop sites. The shoulder
observed on the low-frequency side of the 2112 cm™ peak at 80 K is clearly evident at
150 K with a stretching frequency at 2086 cm™ and distinctly resolved from the Au atop
sites at 200 K. Furthermore, it is the only CO feature present at 250 K. In the inset of
Figure 14, this feature can still be seen at 2083 cm™ at 300 K. This unique feature, with a
frequency of ~20 cm™ lower than CO adsorbed on regular Pd atop sites on Pd single-

4398110 11L114115 4o characteristic of a

crystal substrates and oxides supported clusters,
Au-Pd alloy cluster surface and has been observed for Au-Pd planar alloy surfaces and
for alumina-supported Au-Pd clusters.*** No significant frequency shift was observed
over the entire temperature range investigated. With consideration of enhanced surface

segregation of Au and the characteristic atop Pd sites observed by CO TPD, the Pd

atoms are believed to be surrounded by Au atoms, forming isolated Pd sites on the alloy
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Figure 14. IRAS spectra of CO adsorption on 1.0 ML Au/1.0 ML Pd/SiO,/Mo(110) as a
function of temperature.
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clusters of 1.0 ML Au/1.0 ML Pd/SiO,. The red shift can be due either to stronger
bonding of CO to the isolated Pd or to reduced lateral destabilization of CO on the
surrounding Au atoms. The apparent stabilization of the CO/Au feature in the IRAS
data of Figure 14 compared with the CO/Au-only feature of Figure 13a may be a

consequence of a small electronic effect of Pd on the surrounding Au atoms.

Correlation of Surface Structure and Reactivity

To probe the surface structure of the Au-Pd alloy clusters as well as their
catalytic reactivity, a TPD study of deuterated ethylene (C,D,) adsorption and
dehydrogenation on the silica-supported Pd and Au-Pd alloy clusters was carried out. In
Figure 15, the TPD spectrum acquired following 2.0 L C,D4 adsorption on 1.0 ML
Pd/SiO,/Mo(112) is shown as the open circle line. The C,D,4 spectra are shown after
subtraction of background contributions below 170 K. A broad feature is observed with
a desorption temperature peak maximum at 250 K, assigned to contributions from 7-
bonded and di-c bonded C,D4.***%* The broadness of the desorption features is likely
due to the inhomogeneity of adsorption sites on the clusters. ****?® The data shown in
the solid circles were acquired after the addition of 0.2 ML Au to the 1.0 ML Pd/SiO,
clusters followed by a 800 K anneal. Compared to C,D4/1.0 ML Pd, the C,D, TPD
shows a reduction in the signal intensity and a shift in the peak desorption maximum
from 250 to 230 K. These changes are attributed to dilution of the Pd surface
concentration upon Au deposition. With 1.0 ML Au deposition to 1.0 ML Pd/SiO, and

annealing, a significant further loss of C,D, desorption intensity is obvious, together
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with a desorption peak maximum shift to 215 K. These data indicate that the addition of
Au to Pd clusters leads to attenuation of the stronger di-c bonded C,D4 requiring
adjacent Pd atoms. C,D,, in contrast, bonds primarily to isolated Pd sites via m-bonding.
These results are in agreement with the CO-IRAS and CO-TPD data discussed above.

D, formation from ethylene dehydrogenation was also monitored with TPD. Pd-
catalyzed ethylene dehydrogenation has been studied extensively on Pd(111), Pd(100),
and alumina-supported Pd cluster surfaces.’***2! From these studies, a strong interaction
between ethylene adsorbates and two adjacent Pd atoms via di-c bonding is purported to
be responsible for ethylene dehydrogenation. Ethylidyne (=C—CHs3) and vinylidene
(=CH—CH;) species are proposed to be the reaction intermediates on Pd(111) and
Pd(100) facets, respectively, with the reaction site requiring three-fold hollow and
bridging Pd sites. In Figure 16, D, produced in the TPD following C,D, adsorption on
silica supported Pd and Au-Pd clusters are shown after subtracting the background
signals for C,;D4/SiO,. In Figure 16a for C,D, dehydrogenation on 1.0 ML
Pd/Si0,/Mo(112), two D, features appear with the desorption peak maxima at 310 and
470 K. These features are assigned to the B and y states (the combination of y; and vy
states), respectively. 9?12 With the addition of 0.1, 0.2, and 0.4 ML Au to 1.0 ML
Pd/SiO, and a subsequent annealing at 800 K, the production of D, from C,D4 TPD
gradually decreases from Figure 16b to Figure 16d. Upon addition of 0.6 ML Au in
Figure 16e, the D, production yield is negligible. As demonstrated by the CO-
IRAS/TPD and C,D,4 TPD data, the loss of active sites, i.e., adjacent Pd atoms for di-o

bonded C,D,, is clearly responsible for attenuation of the C,D, dehydrogenation reaction
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Figure 16. D, signals collected from C,D, TPD with 2.0 L C,D, exposure at 90 K on:
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on the Au-Pd alloy cluster surface. The lack of suitable surface adsorption sites, i.e.,
three-fold hollow/bridging sites for the reaction intermediates, i.e., ethylidyne EC—CDs)
or vinylidene (=CD-CD.), could also account for the loss of D, production. In Figure 17,
the D, production yield, normalized to that obtained for 1.0 ML Pd/SiOy, is plotted as a
function of the density of the multiple Pd adsorption sites, i.e., bridging and three-fold
hollow sites, after deposition of Au from 0 to 0.6 ML. The density of Pd multiple
adsorption sites is obtained by subtracting the CO adsorption signals of atop Pd and Au
sites in Figure 12e from Figure 12a—d, normalizing to that observed for 1.0 ML Pd/SiO,.
The plot in Figure 17 exhibits an excellent linear relationship for the D, formation as a

function of the density of multiple Pd adsorption sites.

Conclusions

The growth of Au-Pd alloy clusters via a sequential deposition and annealing on
amorphous ultrathin SiO, films has been characterized using LEIS and CO TPD. The
surface composition of the Au-Pd clusters is shown to be Au-rich compared to the bulk
of the cluster as observed previously for extended Au-Pd surfaces. However, the extent
of Au enrichment is less for the Au-Pd clusters compared to the extended surfaces. CO
adsorption on the Au-Pd alloy cluster surfaces was studied by TPD and IRAS and
isolated Pd sites identified as a unique surface ensemble. TPD of ethylene adsorption
and dehydrogenation show a clear surface structure-reactivity correlation with the

population of isolated Pd sites.
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4. BIMETALLIC PLANAR MODEL CATALYST CHARACTERIZATION*

Vinyl Acetate Synthesis over Model Pd-Sn Bimetallic Catalysts

Fundamental surface science studies of bimetallic alloy systems are important to
many industrial applications some of which include metallurgy, catalysis,
electrochemistry, magnetic materials, and microelectronics fabrication.?® Particularly in
heterogeneous catalysis, the addition of a second metal often greatly enhances the
reaction activity, selectivity, and stability.**® Further optimization of the catalytic
performance requires a thorough understanding of the reaction mechanism at the atomic
level, for which model surface science studies on well-defined surfaces can provide
critical information. The preparation of ordered Pt-Sn surface alloys was first
demonstrated by depositing Sn on Pt(111) or Pt(100) followed by annealing to elevated
temperatures.”” These well-characterized surface templates were used for extensive
catalytic reaction studies.>*** These model studies have provided a more in depth
understanding of the chemistry observed on ordered alloy surfaces including the relative
importance of ensemble and ligand effects.

Only a limited number of model studies on Pd-Sn bimetallic systems have been
performed despite the importance of Pd-based industrial catalysts.*®** Hamm et al.* and

Lee etal.® studied the formation of two ordered Pd-Sn surface alloys by thermal

*Reprinted with permission from “Vinyl Acetate Synthesis over Model Pd-Sn Bimetallic
Catalysts” by T. Wei, D. Kumar, M. S. Chen, K. Luo, S. Axnanda, M. Lundwall, and D.
W. Goodman, Journal of Physical Chemistry C 2008, 112, 8332-8337, Copyright [2008]
by American Chemical Society
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treatment of vapor deposited Sn films on a Pd(111) single crystal. Depending on the
preparation conditions, two surface periodicities, p(2 x 2) and (V3 x V3)R30°, were
observed with surface stoichiometries of PdsSn and Pd,Sn, respectively. ***” On the
Pd(110) single crystal, two ordered structures, ¢(2 x 2) and (3 x 1), were also reported
corresponding to 0.5 monolayer (ML) and 0.67 ML of Sn in the surface layer.* In both
cases, a strong chemical interaction between Sn and Pd was deduced based on core level
binding energy shifts (CLS) and attenuation of the CO adsorption energy in TPD
data.’”* However, no detailed investigations concerning Pd-Sn alloy formation on
<100> oriented substrates have been reported. Previously, we had studied disordered

24,40-44

Pd—Au model alloy surfaces where Pd atoms were found to be isolated by Au

atoms at low surface Pd coverage. **** A pair of these Pd monomers has been
proposed to serve as the active site for vinyl acetate synthesis.***°

In the present work, Pd-Sn alloy films on a Rh(100) were used as model surfaces.
Compared with Sn/Pd(100) model systems, bimetallic films provide more flexibility in
controlling desired surface metal concentrations.** The surface composition, the extent
of alloying, and the electronic properties in this system were studied, as well as their
catalytic activities for vinyl acetate synthesis. In contrast to Pd-Au, Pd-Sn form ordered

surface alloys where the surface Pd atoms are isolated by Sn atoms, maximizing the

fraction of surface isolated Pd monomer pairs.

LEIS, LEED, and XPS
The experiments were carried out in several ultrahigh vacuum (UHV) chambers

equipped with XPS, LEIS, IRAS, XPS, and a cell for reaction kinetic studies. Each
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chamber was also equipped with LEED, AES, and TPD. The base operating pressure for
each system was ~2 x 107 Torr. XPS and LEIS spectra were collected using a
concentric hemispherical analyzer (PHI, SCA 10-360) and Ne* ions (0.75 keV) with an
ion beam scattering angle of ~45° with respect to the surface normal. A Mattson Cygnus
100 FTIR spectrometer was used for the IRAS measurements. The IR spectra were
acquired using 4 cm ™ resolution and 512 scans in the single reflection mode at an
incident angle of 84° with respect to the surface normal. The Rh(100) single crystal was
mounted on a transferable probe capable of liquid nitrogen cooling to 80 K and resistive
heating to 1500 K. The sample temperature was monitored with a W-5% Re/W-26% Re
(type C) thermocouple spot-welded to the back of the Rh(100) single crystal. A heating
ramp of 5K/s was used for the TPD measurements. These experimental systems have
been described in detail elsewhere.'**!?

The VA synthesis experiments were carried out in a combined elevated-pressure
reactor-UHV XPS chamber. #*° After preparation and characterization in the UHV
chamber, the Pd-Sn/Rh(100) sample was transferred in situ into the reaction chamber
through a double-stage, differentially pumped Teflon sliding seal. Glacial acetic acid
(CH3COOH) was further purified by triple distillation; research-grade ethylene (C,H,)
and ultrahigh purity O, were used as received. A CH3COOH:C,H4:0; (2:4:1) mixture
with a total pressure of 14 Torr was used for the kinetic studies. The vinyl acetate
product was analyzed by gas chromatography using a flame ionization detector (FID).

LEIS and LEED were used to investigate the surface composition and surface

structure of Pd-Sn alloy films on Rh(100). A 1 ML Sn/4 ML Pd/Rh(100) alloy system
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was arbitrarily chosen first to investigate the effects of different annealing temperatures.
Figure 18a shows a series of LEIS spectra for a 4 ML Pd/Rh(100) surface and a 1 ML
Sn/4 ML Pd/Rh(100) alloy surface as a function of various annealing temperatures. The
alloy films were annealed at each indicated temperature for 1 min, and all spectra were
collected at 300 K. A single scattering feature corresponding to Pd with a kinetic energy
(KE) of ca. 0.47 keV was observed from the 4 ML Pd/Rh(100) surface. After depositing
1 ML Sn, the Pd scattering peak was attenuated and a new scattering feature, assigned to
Sn, emerged at 0.49 keV. The Pd scattering intensity did not drop to zero at 1 ML Sn
coverage, although the Pd peak becomes much less intense. That the Pd feature does not
disappear may be due to Sn-Pd interdiffusion at 300 K or to contribution of the Pd LEIS
signal from Pd in the second layer of the open fcc (100) surface.’®® As the annealing
temperature was increased, the intensity of the Pd feature increased concomitantly with a
decrease in the Sn feature. These changes in the Pd and Sn intensities are consistent with
the interdiffusion of Sn and Pd. To analyze the surface composition, the surface
concentrations of Sn and Pd were calculated using the following equation in
42,43

combination with the LEIS data in Figure 18a.

|
CS = s (41)

" g+ fopg leg
The influence of annealing temperature on surface concentration is plotted in
Figure 18b. A decrease in Sn surface concentration (Cs,) and an increase of Pd surface
concentration (Cpq) Was apparent with an increase in the annealing temperature to 700 K.

At 700 K, the surface concentrations of Sn and Pd were ca. 47% and 53%, respectively.
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Figure 18. (a) Ne" scattering LEIS spectra for 4 ML Pd/Rh(100) surface and 1 ML Sn/4
ML Pd/Rh(100) surfaces with different annealing temperatures. The Pd-Sn alloy
surfaces were annealed at each indicated temperature for 1 min before taking LEIS
spectrum at room temperature. (b) The corresponding surface concentrations of Sn and
Pd for 1 ML Sn/4 ML Pd/Rh(100) system as a function of annealing temperature.
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At a temperature above 700 K, the surface composition of Pd and Sn is constant and
consistent with a stable Pd/Sn surface alloy with a ratio of ~1:1.

LEED was used to further characterize the Pd - Sn alloy surface structure. Figure
19 displays the LEED pictures from (a) the clean Rh(100) substrate, (b) the 4 ML
Pd/Rh(100) surface, and (c) the 1 ML Sn/4 ML Pd/Rh(100) surface. Both of the Pd and
Pd—Sn alloy films were annealed at 700 K for 1 min before photographing. The 4 ML Pd
film exhibited a clear (1 x 1) LEED pattern (Figure 18b), even though the spots were
more diffused and the background was brighter compared with the clean Rh surface.
This indicates that the Pd film grows pseudomorphic overlayers on Rh(100), adopting a
substrate-like <100> orientation. Because of the small lattice difference between Pd and
Rh, it is not surprising that the 4 ML Pd film surface is not as ordered as the substrate
Rh(100) surface. After deposition of 1 ML Sn onto this Pd film and annealing the
sample surface to 700 K, a new LEED pattern of c(2 x 2) was clearly observed (Figure
19c). A checkerboard-like, ordered c(2 x 2) Sn-Pd alloy surface structure has been
proposed by Logan et al. for the Sn/Pd(100) system.*® For the Sn/Pt(100) system, "% a
series of studies have concluded that a similar, planar c(2 x 2) Pt-Sn alloy structure is
formed after annealing the alloy surface to 700-750 K. From the above LEIS results, the
surface concentrations of Pd and Sn in the 1 ML Sn/4 ML Pd/Rh(100) surface are close
to 50% after annealing to 700 K. Based on these LEIS and LEED results and the similar
previous studies on the Sn/Pt(100) system, an ordered Pd-Sn alloy structure as depicted

in the bottom of Figure 19 is presumed.
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Figure 19. LEED pictures for (a) clean Rh(100) substrate, (1 x 1) ; (b) the 4 ML
Pd/Rh(100) surface, (1 x 1); and (c) the 1 ML Sn/4 ML Pd/Rh(100) surface, c(2 x 2).
Both the Pd film and the Pd - Sn alloy film were annealed at 700 K for 1 min before
acquisition of LEED. The photos were taken at 300 K, and the incident electron beam
energies are indicated with the pictures. (d and e) Schematic surface structures of
Pd/Rh(100) and c(2 x 2) Pd-Sn/Rh(100).
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In order to probe the proper preparation conditions for ordered Pd-Sn alloy
surfaces, LEIS experiments with depositions of different initial Sn coverages on a 4 ML
Pd film were carried out. The changes in the surface concentrations of Pd and Sn as a
function of dosed Sn based on the LEIS data are shown in Figure 20. It should be noted
that each of these alloy surfaces was annealed at 700 K for 1 min prior to acquisition of
the LEIS data. Ideally, 0.5 ML Sn is needed to form a c¢(2 x 2) ordered Pd-Sn alloy
surface assuming limited diffusion of the Sn into the bulk Pd film. Our results indeed
show the surface concentrations of the 0.5 ML Sn/4 ML Pd/Rh(100) alloy surface after
annealing to 700 K is approximately 1:1 Pd to Sn, specifically 40% Sn and 60% Pd. This
is actually expected because the surface free energy of Sn is much smaller than that of
Pd, i.e., diffusion of Sn into the bulk Pd film is thermodynamically unfavorable. With
the addition of >0.5 ML Sn, the surface concentrations of Pd and Sn remained constant.
It is likely that Sn in excess of 0.5 ML diffuses into the bulk leaving the c(2 x 2) ordered
structure at the outmost surface layer.

XPS experiments were also carried out to study the electronic structural changes
in the process of forming an ordered Pd-Sn alloy surface. In Figure 21a, Sn 3d core
level spectra are displayed as a function of the annealing temperature for the 1 ML Sn/4
ML Pd/Rh(100) surface. No obvious peak intensity variations or core level binding
energy (CLE) shifts are apparent as the annealing temperature is increased to 700 K. A
decrease in the intensity and a slight reduction of the CLE is evident after annealing to
800 K. The Pd 3d core level features measured concomitantly are shown in Figure 21b.

The CLE values for the Pd 3d features did not change significantly following the Sn
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initial Sn coverages on 4 ML Pd/Rh(100) surface. Each alloy surface was annealed at
700 K for 1 min before the LEIS measurement.
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Figure 21. The XPS Sn 3d (a) and Pd 3d (b) core level spectra for the 1 ML Sn/4 ML
Pd/Rh(100) surface as a function of annealing temperature.
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deposition and annealing at different temperatures. The intensities, however, of these
peaks are attenuated after annealing the alloy film to temperatures higher than 800 K.
The observed small CLBE changes of the Pd and Sn 3d features observed after

annealing correlate very well with results found previously for Sn/Pd(111).%

IRAS and TPD

The chemisorptive properties of Pd-Sn alloy surfaces were studied by IRAS and
TPD using CO as a probe. Control experiments of CO adsorbed on a 4 ML Pd film were
first carried out. Figure 22a displays a series of IRAS spectra acquired in 1 x 10" Torr
CO background as a function of sample temperature. Only one feature was observed in
this series of spectra. This feature appears as a broad peak at 1908 cm * at 500 K, then
gradually blue shifts to 1985 cm™* upon cooling the sample to 250 K. At CO saturation
coverage, this feature reaches 2001 cm™* and becomes much sharper. The spectral
features and the temperature dependent frequency shift are essentially identical in the
corresponding data found in CO-IRAS spectra acquired for Pd(100) under similar
conditions.">*?"!% These data are entirely consistent with the above LEED results and
support the conclusion that the 4 ML Pd film on Rh(100) adopts a <100>-like
orientation. Based on the TPD and LEED studies carried out for CO on Pd(100),
115127128 this CO-IR feature is assigned to CO adsorption on 2-fold bridging Pd sites.
IRAS spectra for CO adsorption on 1 ML Sn/4 ML Pd/Rh(100) surface as a function of
sample temperature are shown in Figure 22b; the alloy surface was annealed at 700 K for
1 min, and all of the spectra were collected in 1 x 10" Torr CO background. Only a

single IR feature around 2094 cm * is apparent in this series of spectra. Comparing with
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Figure 22. IR spectra for CO adsorption on (a) 4 ML Pd/Rh(100) and (b) 1 ML Sn/4 ML
Pd/Rh(100) after an anneal at 700 K for 1 min, in a 1 x 10" Torr CO at various
temperature as indicated in the figures.
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the single feature observed on 4 ML Pd film surface at 2001 cm ™, this IR result clearly
shows that totally different adsorption sites are formed on the Pd-Sn alloy surfaces. The
frequency of this feature corresponds to CO adsorption on atop Pd sites. Moreover, this
IR feature attenuates between 150 and 200 K, and completely disappears below 300 K.
On a4 ML Pd film surface, a CO-IRAS feature can be seen up to 500 K. The contrast in
these spectra shows that CO adsorbs differently on the Pd-Sn alloy surface. The lower
desorption temperature indicates weaker CO-substrate bonding, paralleling the
conclusion that CO adsorbs on atop Pd sites. It is also noteworthy that the IR frequency
for isolated Pd sites on Pd-Au alloy surface is 2088 cm?, and this isolated Pd IR feature
for Pd-Au vanishes around 300 K. The similarities in both IR frequency and CO
desorption temperature in these two systems suggest that CO occupies identical
adsorption sites in both these systems, i.e. CO adsorbs on the isolated Pd sites on the Pd-
Sn alloy surface.

A direct comparison of the saturation CO-IRAS spectra from 4 ML Pd film, 4
ML Sn film, and 1 ML Sn/4 ML Pd alloy film further supports the above conclusion. As
seen in Figure 23a, no IR feature is observed on 4 ML Sn film surface at 80 K due to the
weak interaction between Sn and CO. Based on the above LEIS and LEED results, the 1
ML Sn/4 ML Pd alloy film annealed at 700 K forms a well-ordered c(2 x 2) alloy
structure, and that the IR feature observed on Pd-Sn alloy surface arises from CO
adsorption on the isolated Pd sites. Furthermore these data show that most of the surface
Pd atoms on Pd-Sn alloy surfaces are isolated, consistent with an ordered c(2 x 2)

arrangement.
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Figure 23. (a) A comparison of CO adsorption on 4 ML Sn/Rh(100), 4 ML Pd/Rh(100)
and 1 ML Sn/4 ML Pd/Rh(100). Each surface was annealed at 700 K for 1 min before
CO adsorption at 80 K in 1 x 10”" Torr. (b) CO TPD on Rh(100), 4 ML Pd/Rh(100), 1
ML Sn/4 ML Pd/Rh(100), and 4 ML Sn/Rh(100). CO was adsorbed at 80 K at a
saturation coverage.
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It should be also noted that the IR frequency for the isolated Pd sites in Pd-Sn
alloy systems is slightly higher than that in Pd-Au systems (2094 cm ' vs 2088 cm™%).
This may be due to the difference in the surface orientation (Pd-Sn(100) vs
Pd-Au(111)). Also an electronic effect, e.g., charge transfer between Pd and Sn or Au,
may contribute to this difference. Further investigations regarding this issue are
warranted. Moreover, a blue shift is observed in Figure 22 when the surface CO
coverage is increased on the Pd-Sn alloy surface. In the Pd-Au alloy system, the IR
frequency for the isolated Pd sites is not shifted with a change in the surface CO
coverage. This may be caused by the fact that the saturation CO coverage on the Pd-Sn
alloy surface is higher than that of the Pd-Au surface. Dipole-dipole interactions from
neighboring CO molecules may induce this shift to higher frequencies, however further
experiments are also required to confirm this conclusion.

CO TPD was also used to further study the CO adsorption behavior on Pd-Sn
alloy surfaces. In particular, the CO adsorption/desorption properties of the c(2 x 2)
ordered Pd-Sn alloy surface were examined and compared with that of clean Rh(100)
substrate, 4 ML Pd, and 4 ML Sn films. In Figure 23b, saturation CO TPD spectra for all
these surfaces are presented. The clean Rh(100) substrate gives a broad desorption
feature ranging from 250 to 500 K. Upon deposition of 4 ML Pd on Rh(100), this broad
peak is completely quenched and replaced by a feature in the range 300 to 450 K,
indicating the 4 ML Pd film wets the surface effectively. With respect to the desorption
temperature and spectral shape, the CO TPD spectrum from the 4 ML Pd film is almost

identical with that from a Pd(100) single crystal. **>*2"1% This confirms the above
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LEED and CO-IRAS results showing that the 4 ML Pd film has a <100>-like surface
orientation. As was pointed out in earlier discussions of CO-IRAS and TPD studies on

different facets of Pd single crystal surfaces, **>2"1%

this feature can be assigned to the
CO adsorption on Pd bridging sites. For the 1 ML Sn/4 ML Pd/Rh(100) alloy film
annealed at 700 K, a sharp and symmetrical CO desorption feature at 250 K is observed.
This desorption temperature agrees very well with the above temperature dependent
IRAS spectra (Figure 22), indicating a much weaker CO adsorption site is formed on
Pd—Sn alloy surfaces, i.c., isolated Pd sites. The fact that this feature is sharp and
symmetrical is also consistent with the formation of an ordered Pd-Sn alloy surface
structure. In addition, no significant CO desorption features are observed for a 4 ML Sn

surface. The small feature at 350 K on this surface may arise from diffused surface Rh

atoms, since it is well-known that Sn can easily form alloys with Rh.

Activity for Vinyl Acetate Synthesis

VA syntheses have been carried out on both model and oxide supported Pd-Au
catalysts.?#4081129134 1+ \vas demonstrated that a pair of noncontiguous, suitably spaced,
Pd monomers serve as the critical reaction sites.?* For a clean Rh(100) or Sn/Rh(100)
surface, no VA formation was observed. On a Pd(4 ML)/Rh(100), a turnover frequency
(TOF) of 1 x 10 ° s * was observed for a 3 h reaction, consistent with Pd being an active
catalyst for VA synthesis.***° Subsequently various amounts of Sn were deposited on a
Pd(4 ML)/Rh(100) film followed by an anneal at 600 K for 1 min. Each surface was then
in situ transferred into the reaction cell for VA reaction for 3 h. The results are shown in

Figure 24. The reaction rates were computed based on the concentration of surface Pd
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assuming that only Pd is active for VA synthesis. The VA formation rate increases with
increasing Sn coverage, maximizing at a Sn coverage of 0.5 ML. The VA rate decreases
with a further increase in Sn coverage up to 1 ML. The rate at 0.5 ML Sn coverage is
significantly higher compared to Pd-alone on Rh(100). As discussed in the previous
section, a ¢(2 x 2) ordered surface arrangement was formed at a Sn coverage of 0.5 ML.
For this c(2 x 2) structure, all surface Pd atoms are isolated by Sn with a maximum
number of isolated Pd pairs. Such isolated pairs have been demonstrated previously to be
a more efficient active sites for VA synthesis than for contiguous Pd sites. **° These
data then are consistent with isolated Pd pairs serving as the catalytic active site for VA
synthesis. In the Pd-Au alloy system, an ensemble effect was assumed to be the
dominant factor for the enhanced VA reactivity, whereas a ligand (or electronic) effect
was considered to be insignificant due to the limited chemical interaction between Pd
and Au.** In the Pd-Sn system, the chemical interaction between Pd and Sn is much
stronger. Therefore, it is difficult to assess the influence of a ligand (electronic) effect on
the VA reactivity without further detailed investigations. The fact that the VA reactivity
decreases as the Sn coverage is increased from 0.5 to 1 ML may indicate that a ligand
effect plays a significant role. Even though the surface Pd concentration remains at 50%
during the Sn coverage between 0.5 to 1 ML, the extra Sn that diffuses into the second or
deeper layers may affect the chemisorptive behavior of the surface Pd atoms, which may
result in a diminution of the VA rate within this Sn coverage range.

However, it is emphasized that the rate obtained for the Pd-Sn surface over a

three-hour-average is much smaller than that for a Pd-Au surface. This lower rate may
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be due to oxidation of Sn under VA synthesis reaction conditions as indicated by XPS
after reaction. Such oxidation of Sn will result in dealloying of Sn-Pd and phase
separation of Pd and SnOy. Furthermore, the SnOy residue on the surface serves to block
the Pd active sites. Noting the time dependent rate, of greater significance is the initial
reaction rate of the Pd-Sn catalyst as shown in Figure 25 for a 0.5 ML Sn/Pd(4
ML)/Rh(100) surface. The VA formation rate indeed decreases very rapidly as the
reaction proceeds. After 10 h of reaction, the activity is in fact much less than for Pd
alone. An initial rate of 5 x 10* molecules/(per site per second) was obtained by
extrapolating the rate data to zero time, a rate some fifty times higher than that found for

Pd alone.

Conclusions

Pd-Sn bimetal thin films were synthesized on Rh(001). A 4 ML Pd on Rh(100)
exhibits similar properties as Pd(100). Upon deposition of Sn onto Pd/Rh(100) and
following an annealing at 600 K, an ordered surface arrangement of ¢(2 x 2) was formed
at a Sn coverages greater than 0.5 ML. LEIS and IRAS using CO as a probe confirmed a
surface structure containing equal amounts of Sn and Pd with isolated Pd and Sn atoms.
This checkerboard arrangement showed a maximum catalytic performance for VA
synthesis. This alloy system demonstrates that a pair of isolated Pd monomers serves as

an active site for VA synthesis as previously proposed. ***
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Figure 25. VA formation rate as a function of time on 0.5 ML Sn/4.0 ML Pd/Rh(100)
annealed to 600 K for 60 s. Reaction at 450 K; po2 = 2.0 Torr; pcans = 9.0 Torr; pacon =
4.0 Torr.



80

5. BIMETALLIC BULK ALLOY CATALYST CHARACTERIZATION*

Atomic Scale Assembly of a Heterogeneous Catalytic Site

Since one of the ultimate goals in heterogeneous catalysis is the design of novel
catalysts from the nanoscale up, a fundamental understanding of the catalytic chemistry
at the molecular- and atomic-scale is critical.™*® Recent advances in nanoscience have
greatly contributed to this effect. Current tools useful to bottom-up catalyst design
already include the control of the quantum-size effect by the dimensionality of the active
nanoparticles.*® In bimetallic catalysis, examples of these tools include the use of ligand
effects to inhibit active-site poisoning® or the use of ensemble effects to facilitate the
adsorption of specific reactant molecules.*

Recently, our group demonstrated that the active catalytic site for vinyl acetate
(VA) formation

Pd
1/2 O, + CH3COOH + CH,=CH, —» CH3;COOCH=CH, + H,O
Acetic acid Ethylene Vinyl Acetate

on a Pd/Au(100) surface alloy is a Pd “monomer pair” with Au nearest-neighbors
(Figure 26A). For this process, while a Au-isolated surface Pd atom is active for VA

formation, the presence of a second Pd atom lowers the barrier for the step juxtaposing

*Reprinted with permission from “Atomic-Scale Assembly of a Heterogeneous Catalytic
Site” by Patrick Han, Stephanus Axnanda, Igor Lyubinetsky, and D. Wayne Goodman,
Journal of American Chemical Society 2007, 129, 14355-14361, Copyright [2007] by
American Chemical Society
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Figure 26. (A) Schematic representation of the catalytic site active to vinyl acetate
formation referred to as “monomer pair” from ref ** (red dotted square). This
configuration is closely related to the c(2 x 2) structure on a metal fcc(100) surface. (B)
3D-view of an STM image (7.7 nm x 7.7 nm, Vo =—10 mV, |, = 5.0 nA) of the
AuUPd(100) bulk alloy. The white dotted square highlights an example of the targeted Pd
monomer pair. (C) Height trace of a Pd atom surrounded by Au atoms. The location of
(C) is shown as a white line in (B).
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acetic acid and ethylene,?* believed to be rate-limiting.**"**® Therefore, the key aspect of
ref 24 lies in the precise locations of the surface atomic species. To maximize the
activity enhancement for VA formation, the optimum distance between Pd atoms within
a single catalytic site is predicted to be 0.33 nm, while the two atoms shared as nearest-
neighbors by the Pd atoms must be Au atoms. This catalytic site structure is best
modeled by the c(2 x 2)-like configuration on a (100)surface shown in Figure 26A,
which has a Pd—Pd distance of 0.41 nm.

Here, we use ultrahigh vacuum (UHV) scanning tunneling microscopy (STM) to
image the Pd monomer pair on a AuPd(100) bulk alloy surface, to target the Pd
monomer-pair active site. Moreover, we present a method for increasing the
concentration of active sites that relies on the thermodynamic properties of binary solid

mixtures.™*°

We demonstrate that, by choosing a bulk alloy of specific composition, and
by using a specific crystal preparation method, it is possible to influence the atomic
arrangement within the AuPd(100) surface lattice, maximizing the concentration of this
desired active site. The validity of this concept is tested by comparing the Pd distribution
on our surface with that of a previously imaged AusPd(100) surface prepared differently
by Achoff et al."*° This method of globally controlling the lateral distribution of metal
atoms at the atomic scale has important implications in bimetallic catalysis and other
alloy technologies. Its usefulness extends to any field that requires a bottom-up approach

to nanoscale surface structures.*****°
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Experimental Section

The experiments were performed in two UHV chambers. The first chamber is
equipped with an STM (Omicron VT-STM), a semispherical electron energy analyzer
(VG), a mass spectrometer (Ametek), and electron and ion guns (VG and SPECS,
respectively). A base pressure of 5 x 10" Torr was maintained. All STM images were
acquired at room temperature, in constant current mode, using an electrochemically
etched W tip. The AuPd(100) bulk alloy single crystal was purchased from Matek, and
the ordered surface was obtained through repeated sputter and anneal cycles (E = 500
eV, | = 0.38 pnA, Ar’ sputtering at room temperature for 20 min, annealing at ~550 °C
for 15 min). The sample was annealed without sputtering at 550 °C for 30 min before
imaging and was allowed to cool to room temperature without deliberate temperature
quenching. The surface temperature was measured optically by infrared pyrometry.

The second chamber is equipped with low-energy ion scattering spectroscopy
(LEISS), X-ray photoelectron spectroscopy, temperature programmed desorption, and
low-energy electron diffraction (LEED) with a base pressure of 5 x 10™ Torr. For the
LEISS experiments, the sample was heated resistively. The temperature was measured
using a C-type thermocouple (W-5%Re/W-26%Re) spot welded to the backside of the
sample. LEISS experiments were carried out using a He" beam with an energy of 1000
eV and an incident angle of ~45° from the surface normal. The LEISS spectra were
collected using a concentric hemispherical analyzer and were acquired at room

temperature. The sample was treated with the same cleaning procedure used in the first
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chamber before LEISS experiments were done. The surface concentrations of Au (Cay)

from the AuPd alloy were calculated using the following equation:’
Cou = lau I (Tay + Faurpa-lpa) (5.1)
where faypqg IS the ratio of the scattering intensity for pure Au and Pd, and 1, and Ipq are

the scattering intensity from Au and Pd from the alloy surface, respectively.

Results and Discussion

Imaging the AuPd(100) surface with atomic resolution reveals a chemical
contrast between Pd and Au surface atoms.*** Figure 26B shows a Fourier-filtered STM
image of the surface. The white dotted square highlights a Pd monomer pair, the targeted
active site (highlighted in Figure 26A by a red dotted square). The chemical contrast is
explained by the difference in the local electronic density of states near the Fermi edge
between Pd and Au atoms.** This effect is further enhanced by STM tips with a specific
type of apex prone to an increased interaction with Pd, the more reactive surface
species.!”® Based on this and previous STM work on a AuzPd(100) bulk alloy,*** we
assign the higher protrusions in Figure 26B to Pd atoms. Typically, the apparent-height
difference associated with the chemical contrast for alloy surfaces ranges from 10 to 60
pm,**> with very narrow apparent-height distributions for each metallic species. Our
observed height difference between Pd and Au surface atoms falls within this range
(Figure 26C).

Aside from the contrast between Au and Pd, the entire surface is also modulated

by the electronic contribution of subsurface atoms.**® This is apparent in Figure 27A,
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Figure 27. (A) STM image of a AuPd(100) bulk alloy (10 nm x 10 nm, Vs =—-15mV, |;
= 6.3 nA). The large white features are impurities thought to be carbon (Auger electron
spectroscopic measurement of the surface showed no visible signal of C, S, O, K, or Ca).
(B) The same STM image as that in (A) excluding all data points below the cutoff
height, which is set to 5 pm below the highest point of the image. The color bar scale
spans from 0 to 5 pm. The red circles denote the features designated to be Pd atoms.
These red circles are set to have an area of ~0.15 nm®. (C) Schematic representation of
(A) for clarity.
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which shows an unfiltered STM image of the AuPd(100) surface. Here, a disparity in
apparent height is observable between atoms of the same species.

Since the exact location of each surface Pd atom is critical to surface Pd
distribution measurement, we use unprocessed STM data for Pd assignment. Due to the
convolution of both chemical contrast and the electronic contribution of the subsurface
atoms, the following method was used to distinguish Pd from Au atoms. To designate
the surface Pd atoms, all data points of the image in Figure 27A below a cutoff height
are shown uniformly in black in Figure 27B. The cutoff height chosen is 5 pm below the
highest surface atom (impurities are not included in the process). Any remaining bright
spots in Figure 27B that have a surface area of ~0.15 nm? are designated as Pd atoms.
Local profile measurements are performed to ensure correct assignments (Figure 26C).
All surface atoms are then counted, giving 103 Pd atoms out of a total of 1287 surface
atoms (8% Pd). This is in good agreement with our LEISS measurements (10% Pd at
550 °C annealing temperature, Figure 28). Figure 27C shows a schematic representation
of the STM image shown in Figure 27A for clarity."*’ This analysis is performed for
three STM images acquired over different regions of the surface.

To analyze the distribution of the surface Pd atoms, we compare the observed
distribution with a calculated random distribution.**® P(C), the probability of a surface
Pd atom having its eight nearest-neighbors arranged in a specific configuration C (shown
on the abscissa of Figure 29), is calculated assuming a complete random distribution.

The following equation is used

P(C)=m(pp" x pp,* ™), 0<n<8 (5.2)
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Figure 28. (A) Low-energy ion scattering spectra of AuPd(100) as a function of
temperature. Each spectrum was collected at 25 °C after the sample was annealed to the
indicated temperature. The spectrum at 25 °C was collected immediately after sputtering
at 25 °C. (B) Surface concentration of Pd on AuPd(100) as a function of annealing
temperature. Except at 25 °C, the sample was annealed at each temperature for 10 min.
The low Pd surface composition at 25 °C may be a result of surface segregation at this
temperature. It should be noted that, in a separate LEISS experiment, annealing the
sample at 550 °C for 3 x 10 min showed no change in Pd surface concentration: we
conclude that the Pd surface concentration reaches equilibrium after 10 min. (C) Low-
energy electron diffraction of AuPd(100) after the last annealing of the sample at 550 °C,
showing the fcc(100)-(1 x 1) square pattern.
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Figure 29. Comparison between calculated probability and observed occurrence of
specific nearest-neighbor configurations around a Pd atom. The chart in (A) shows the
Pd distribution from the STM image (7.9 nm x 7.9 nm) acquired previously by Achoff et
al. over a AusPd(100) surface™®® (schematic representation in the inset). Error bars in
(A) show the standard deviations between the calculated probabilities and measured
occurrences. The chart in (B) shows the Pd distributions of the AuPd(100) surface. Each
measured occurrence in (B) is the averaged value of respective measurements made on
three STM images (10 nm x 10 nm) acquired over different surface regions. The
occurrence measurement of each image is also shown as triangles. Error bars in (B)
show the standard deviations of the averaging process. The inset in (B) shows a
representative schematic of the three STM images. All calculated probabilities and
occurrences are normalized. The Pd mole fractions used for the probability calculation is
measured by STM in (A) and by LEISS in (B).
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where ppg and pa, are the probabilities of finding a Pd and Au surface atom,
respectively, m is the number of degenerate configurations, and n is the number of
nearest-neighbor Pd atoms. For a complete random distribution, P(C) depends only on
the surface concentration of each metal. Therefore, the respective surface mole fractions
observed by LEISS (yau = 0.9, xpq = 0.1) can be used as pay and ppq for AuPd(100). The
results of the first 11 most probable configurations are displayed in Figure 29 as solid
blue bars. A complete list of calculated P(C) for xpq = 0.1 as well as the systematic
method used to categorize them can be found in Figure 30. The same P(C) calculation is
performed for the image acquired previously by Achoff et al.**° Here, the mole fractions
(xau = 0.86, ypq = 0.14) measured directly from the image are used. It should be noted
that each configuration shown in Figure 29 represents one of many equivalent
configurations.

For the observed distribution, Pd atoms of the same and equivalent eight nearest-
neighbor configurations are totaled as occurrences, which are displayed on top of the
respective calculated probabilities as transparent bars in Figure 29. For Figure 29A, this
was done for a single image acquired previously by Aschoff et al.'*® For Figure 29B,
each occurrence is the average of the respective measurements of three STM images (all
10 nm x 10 nm) acquired over different surface regions. The individual measurements of
these images are also displayed in Figure 29B as colored triangles. All probabilities and
occurrences are normalized and shown as percentages. No Pd with C > 11 is observed.

The charts in Figure 29 illustrate that the two surfaces of interest have markedly

different Pd distributions. The distribution of AusPd(100) (Figure 29A) follows the
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Figure 30. Calculation of the probability of finding a Pd surface atom surrounded by its
eight nearest-neighbors in a specific configuration, using eq 5.2 (see text). The
calculations are made for a surface with 0.9 ML Au and 0.1 ML Pd, assuming a
complete random distribution. The top row of the figure shows the schematic of the
configurations with the first four nearest-neighbors only. Operations A-D used to
calculate the probabilities are shown in black above the schematics, and the resulting
probabilities are shown in red below the schematics. The bottom of the figure lists the
probability calculation including the next four nearest-neighbors. The red squares
indicate the 11 configurations with the highest probabilities. These are the configurations
listed along the x-axis in both Figures 30 and 32. The numbers on the central Pd atoms
assign the descending order of calculated probability magnitude.
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calculated random distribution quite well, while the distribution of AuPd(100) (Figure
29B) shows a clear preference for configurations 3 and 6, both of which involve Pd
atoms arranged in local c(2 x 2)-like structures exclusively. The occurrences of all other
configurations in Figure 29B are well below the calculated random probabilities.

Figure 29 also provides a sense of uniformity of the AuPd(100) Pd surface
distribution. While only a single STM image is used to compile Figure 29A, three
images acquired over different surface regions are used to compile Figure 29B to
compensate for the local nature of STM. From the individual occurrence measurements
(colored triangles in Figure 29B), it is clear that the preference for configurations 3 and 6
is present over all three regions. Moreover, focusing on configurations 3 and 6, a higher
count of one configuration is accompanied by a lower count of the other. This is an
indication that the number of monomer-pair active sites (Figure 26A) is also uniform
across the surface. A monomer-pair count for each image yields 35, 36, and 29 sites for
Images 1-3, respectively, averaging to 33 + 4 sites/100 nm?. It should be noted that the
standard deviation of this average monomer-pair count is well within experimental error,
as the actual configuration for Pd atoms located at the edge of the STM images is
unknown.

A similar monomer-pair count for the image of AusPd(100)**° yields 25 sites/100
nm?. Taking into account the surface Pd composition, the number of monomer-pair sites
per surface Pd atom amounts to 0.27 and 0.15 sites/Pd for AuPd(100) and AuzPd(100),
respectively. From these observations, we conclude that the AuPd(100) surface

presented here has a uniform, nonrandom Pd surface distribution with a preference for



92

local c(2 x 2)-like Pd arrangements. Per surface Pd atom, this type of Pd surface
distribution yields almost twice the number of the targeted Pd monomer-pair sites when
compared with a surface with random Pd distribution.

To demonstrate the relevance of our findings, it is important to understand the
order—disorder transformations in binary bulk alloy single crystals.**® ® For these solid
solutions, the terms “order” and “disorder” do not refer to the crystal lattice but are used
to describe the relative arrangement of the two atomic species within the lattice. More
specifically, complete disorder means that the probability for an atom of species x
finding a neighboring atom of species y at a specific distance d (P(x,y,d)) is random
(P(random)), while a higher degree of order means a significant deviation of P(x,y,d)
from P(random). This type of chemical ordering is a function of thermodynamics and is
dependent on the atomic size of the metal components, as well as the interatomic
interactions between the components.**®

In solid solutions there are two types of chemical order, namely short-range order
(SRO) and long-range order (LRO).** The distinction between the two is first a spatial
one. From the atomic perspective, if the deviation of P(x,y,d) from P(random) drops
rapidly with distance, the order is short-range. For LRO, the deviation of P(x,y,d) from
P(random) must remain constant for a long enough distance such that the symmetry of
the crystal is lowered. Therefore, it follows that LRO can be detected in X-ray

diffraction (XRD) data as superlattice reflections. SRO, which only affects the

background scattering of XRD, is usually measured by X-ray diffuse scattering (XDS).
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A second distinction between SRO and LRO is thermodynamic in origin. LRO is
only present below a critical temperature (T;), while SRO may or may not exist above

150
1.

Tc. This is illustrated by the phase diagram in Figure 3 While the two types of order

relate to bulk binary alloys, the same ideas can be applied to their surfaces, as both LRO
and SRO had been previously observed by proximal probes.***%3

The different surface Pd distributions of AuPd(100) and AusPd(100) result from
two factors, namely bulk composition and surface preparation. This point is illustrated
by the red shaded area in Figure 31. The red shaded area indicates the usual annealing
temperature range for metal crystal preparation, which falls between the T, of both AuPd
and AusPd. For the AuPd(100) in this work, the sample was sputtered at room
temperature and annealed at 550 °C without sputtering for 30 min to allow equilibration
before imaging at room temperature. The low concentration of surface Pd (10%) is due
to Au surface segregation caused by the difference in the surface energies of the metallic
species.'*® The equilibration time allows both surface segregation and SRO to reach
completion, explaining the deviation of the observed Pd surface distribution from the
calculated random distribution (Figure 28B). The fact that the sample was annealed
above T, has a crucial thermodynamic implication; i.e., the sample preparation method
excludes the presence of LRO but permits SRO, as shown in our STM images.™*

Due to its lower bulk Pd concentration, a similar treatment of a AuzPd(100)

sample yields a surface free of Pd atoms,'*

instead of the desired long-range c(2 x 2)
structure as suggested by Figure 31, which indicates LRO at the preparation

temperatures below T.. To counteract the effects of Au surface segregation, Aschoff et
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Figure 31. Partial temperature-composition phase diagram of AuPd solid solutions based
on ref 150, below the melting point. The curved lines show the order-disorder phase
boundaries of the alloy at various compositions. The red shaded area represents the usual
sample annealing temperature range during sample preparation. This temperature range
encompasses the actual annealing temperatures for both AuPd(100) from this work and
Au3Pd(100) from ref 140. The white circle in the AuPd phase indicates the actual
annealing temperature for the AuPd(100) sample preparation in this work. The red
dotted line shows room temperature, at which all STM images were acquired.
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al. used differential sputtering, consisting of sputtering the surface while annealing,
preferentially removing the surface segregated species.” In the case of AusPd(100), Au
is preferentially removed, leaving the layers near the surface Pd-rich. During sample
cooling, Au atoms resurface by diffusion, but the process is quenched before both
surface segregation and SRO can reach equilibrium. The random distribution of surface
Pd atoms seen in Figure 29A reflects this process.

From these observations, we propose that the thermodynamic properties of AuPd
alloys can be used to tailor surface ordering. Choosing the (100) face of the bulk alloy
allows for the formation of Pd pairs of the right distance for promoting VA formation;
opting for a higher bulk Pd composition reduces the effects of surface segregation. In
addition, the unusually low T, of AuPd (Figure 31) provides a wide temperature range
where regular crystal preparation methods can be used to fine-tune the degree of surface
SRO. To this end, our LEISS data indicate that the Pd surface concentration does not
decrease monotonically with increasing annealing temperature but does so in a stepwise
fashion. Figure 28B shows there is no significant change in surface Pd concentration for
annealing temperatures ranging from 375 to 550 °C. However, the degree of SRO within
this temperature range had been previously demonstrated by XDS to be temperature-

dependent.’®

According to Ivernova et al., the degree of SRO in a AuPd 1:1 mixture
increases with temperature from T, to peak near 500 °C. This means that on a (100)
surface of a AuPd 1:1 bulk alloy, both the activity and selectivity for catalytic reactions
such as VA synthesis can be systematically controlled. We have shown that annealing

the crystal between 375 and 550 °C vyields a surface with 10% surface Pd atoms. In
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principle, within this temperature range, the degree of SRO, i.e., the number of desired
catalytic sites, can be maximized by a specific annealing temperature. Further work is
needed to determine the ideal temperature.

It should be noted that the temperaturecomposition phase diagram shown in
Figure 31 only addresses the bulk of the AuPd alloys. In addition, it is well-known that
the concentration profile near the surface of a bulk binary alloy is not uniform due to
surface segregation.* This brings up the possibility that the phase diagram of the alloy
surface might be different from that of the bulk. However, although the exact
relationship between the thermodynamic properties of the surface and that of the bulk
cannot be inferred directly, this work demonstrates that such a relationship not only does
exist, at least for the AuPd system, but it can also be utilized for enhancing the
concentration of targeted active sites.

With regard to industrial AuPd catalysts, the formation of AuPd alloy crystallites
had been previously demonstrated by XRD and transmission electron microscopy.®***
Furthermore, our group had verified the presence of both (111) and (100) facets of these
AuPd alloy crystallites by infrared reflection adsorption spectroscopy on an industrial-
like SiO,-supported AuPd catalyst”® (Figure 32). Based on this and our present
observations, we propose that the role of the Au promoter in Au-Pd catalysts is twofold.
First, the inert Au atoms separate the Pd surface atoms spatially, making the formation
of Pd monomer-pair active sites with a 0.41 nm Pé-Pd distance possible over the (10 0)
alloy crystal facets.”® Second, the number of monomer pairs at the surface is

thermodynamically controlled by the bulk crystallinity, bulk composition, and catalyst
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Figure 32. Infrared reflection absorption spectra for CO adsorption on: (A) SiO,
supported AuPd catalyst; and (B) 4 ML Au on Pd(100) (top) and 4 ML Au on Pd(111)
(bottom). Based on the assignments in (B) the signals at 2117 and 2087 cm™ in (A) are
assigned to CO adsorbed on Au and Pd within a (111) facet of AuPd alloy crystallites,
respectively. Accordingly the signal at 2107 cm™ is assigned to CO adsorbed on Pd
within a (100) facet of AuPd alloy crystallites. The spectrum in (A) was acquired at 300
K with a background CO pressure of 35 Torr. Details of the spectra in (B) for CO
adsorption on Pd/Au(111) and Pd/Au(100) can be found in ref 24.
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temperature (throughout the life span of the catalyst). Therefore, in light of our proposed
mechanism, further improvement is possible to optimize not only the reaction rate but
also the selectivity of industrial AuPd catalysts. Fine - tuning the thermodynamic
parameters can potentially change the degree of SRO, while leaving the total surface Pd
atoms unchanged.'®® Finally, since this proposed mechanism relies exclusively on the
fundamental thermodynamics of binary mixtures, the role of SRO, LRO, and surface
segregation may be extensive in alloy catalysts. The control of SRO is a means of
controlling the degree of randomness of the surface atomic distribution and, therefore,
can be used to enhance other desired effects such as the ligand effect in a Ni/Au bulk
alloy system® 2 or the ensemble effect in Pd/Au bulk alloy systems.**** These results
have implications not only to mixed-metal catalysis but also to other technologies that
rely on an atomic-level approach to alloy surface structures such as molecular self-

assembly and molecular devices.****4

Conclusion

We have used a combination of STM and LEISS to demonstrate that the surface
Pd distribution of a AuPd(100) bulk alloy surface can be controlled by its
thermodynamic properties. By choosing the bulk composition and preparation method of
an fcc (100) bulk alloy single crystal, we have targeted a catalytic site of known atomic
structure and have increased the coverage of the desired site known to enhance VA
formation.?* This effect is further confirmed by comparing the Pd surface distribution of

our surface with that of a previously imaged AuPd(100) prepared with a different
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scheme that favors a random Pd distribution.**® Our method of assembling a targeted

catalytic site is an additional tool toward bottom-up catalyst design.
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6. SURFACE AND ELECTROCHEMICAL CHARACTERIZATION OF PT-Co

ELECTROCATALYST

Pt-Co alloy thin film and nanoparticles electrocatalysts are characterized using
low energy ion scattering spectroscopy (LEISS), X-Ray photoelectron spectroscopy
(XPS), low energy electron diffraction (LEED), temperature programmed desorption
(TPD), scanning tunneling microscopy (STM), electron diffraction spectroscopy (EDS)
on transmission electron microscope (TEM), and electrochemical measurements in this
section. This integrated approach is used to correlate the surface structure and
compositional properties of Pt-Co alloy electrodes with the activity and stability of Pt-
Co alloy electrodes towards oxygen reduction reaction (ORR) for fuel cell applications,
as explained in the introduction section. Fuel cells are promising energy sources that
combine zero emissions (except for water vapor) with the ability to convert chemical
energy to electrical energy with high efficiencies. Among many different types of fuel
cells, proton exchange membrane fuel cells (PEMFCs) show the highest promise for
widespread commercial use. In PEMFC, the electrolyte is a solid proton conducting
membrane which allows the cell to operate at a comparatively low temperature as well
as to generate specific power (W/kg) and a power density (W/cm®) higher than other
types of fuel cells.®® In the present construction of PEMFCs, Pt metals dispersed on a
conducting support are the most widely used electrocatalyst materials for both anode and
cathode. Major drawbacks in using Pt as the catalyst include high cost, sensitivity to
contaminants, and Pt dissolution. Present-day researches have adopted two main goals

in improving the electrode materials: increase the electrocatalyst efficiency and decrease
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the amount of Pt employed.*®®®” It has been shown that alloying Pt with a less-noble
metal increases the catalytic activity toward ORR while decreasing the Pt required for
the same output power density. > Our work described here is focused on such Pt-based
alloy, specifically Pt-Co bimetallic materials. The mechanism by which Pt-Co alloys, in
particular Pt3Co, promote greater activity toward oxygen reduction has been the subject
of numerous studies. %% Explanations include: (i) an increase in the 5d orbital-

vacancy in Pt *3: (ii) changes in the interatomic distance and coordination number of Pt

%7- and (iii) dioxygen activation at (adjacent) Co sites **°. However, there is still a lack
of studies that have examined the influence of the structural and compositional
properties of the alloy surface on catalyst efficiency are not as abundant.

In this study, to allow the observation of surface and electrochemical properties
of Pt-Co alloy, Pt and Co films are prepared by vapor deposition under ultra high
vacuum (UHV) conditions. Two types of Pt-Co alloy were prepared, thin-film and
clusters of Pt-Co alloy.

The study is started off by analyzing surface properties and electrocatalytic
activity of thin film Pt-Co. For thin-film Pt-Co study, multiple surface characterization
techniques are employed. The main surface characterization technique used throughout
this study is low energy ion scattering spectroscopy (LEIS). LEIS spectroscopy is unique
in its ability to monitor the outermost surface layer since the repulsive character of ion-
atom interactions serves to inhibit the interaction of the probe ions with sub-surface

species. The surface versus bulk composition of Pt-Co thin films is assessed using this

technique. The resulting surface phase diagram illustrates how the surface concentration
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of Pt and Co varies from the bulk as the overall composition is varied. Other surface
analysis techniques incorporated here are low-energy electron diffraction (LEED), X-ray
photoelectron spectroscopy (XPS) and temperature programmed desorption (TPD). The
study of thin-film alloy is then followed by combining surface characterization data with
electrochemistry measurements, which will allow the correlation of the catalytic
efficiency of Pt-Co toward ORR with the surface properties of the catalyst. The
electrocatalytic efficiencies of various Pt and Co compositions are assessed. Finally, the
stability of the alloy films has been tested at different applied voltages. Changes in the
Pt-Co surface composition after each electrochemistry experiment have been monitored
using LEIS and XPS. Preferential dissolution of Co is apparent and quantitatively
assessed.

The study is than continued by preparing the other form of Pt-Co model alloy,
which is Pt-Co nanoparticle or cluster. These clusters will be the better representation of
the real high surface area Pt-Co alloy directly used in the fuel cell. For this model, Pt-Co
clusters are supported on HOPG. The phase diagrams and electrocatalytic activity of this
system are also studied and will be compared with the thin film Pt-Co system. In
addition, energy dispersive x-ray spectroscopy (EDX) analysis were carried out. EDX
spots were taken at different positions of the Pt-Co particles showing variations of
chemical compositions throughout the particle. By comparing the Pt-Co particle before
and after acid treatment, the change in chemical compositions throughout the particle is

observed, and the dissolution of Co from the particle is analyzed. Scanning tunneling



103

microscopy (STM) works are also done in observing the effect of electrochemistry

treatment on the stability of the structure of model Pt-Co clusters alloy.

Pt-Co Alloy Preparations

Thin films were prepared by physical vapor deposition in ultrahigh vacuum
(UHV) as described previously.”” A doser was constructed by tightly winding wires of
Pt and Co metals in small segments around Ta filaments. The filament is resistively
heated at a sufficiently high current to initiate sublimation of the desired metal onto a
cold metal single crystal substrate. For Pt-Co clusters, Pt and Co metals were deposited
onto an HOPG sample with a submonolayer amount of Pt or Co, to achieve Pt-Co
clusters alloy.

Calibration of the dosing (film-formation) rate was conducted via an “XPS
breakpoint analysis™ " In this procedure, a plot of the XPS intensity is obtained as a
function of dosing time from submonolayer to full-monolayer coverages, see Figure 33.
The point at which the slope changes marks the time at which a second monolayer
begins to form. It is also taken as the total time (tm.) required to deposit one full
monolayer. In the preparation of an n-ML film, the total dosing time was simply
equated to (n x ty). At the end of each deposition, the alloy films were annealed at 900
K for 20 minutes to ensure that Pt and Co had become alloyed. Prior to and subsequent
to the electrochemical experiments, interfacial composition was determined by LEISS,

XPS or TPD, and surface structure by LEED.
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Figure 33. The “XPS break point” metal-doser calibration method. The point at which
the slope changes (the “break point”) signals the completion of one monolayer (ML) and
the onset of the second monolayer. The data shown are for the Pt and Co dosers and a

Mo(110) substrate.
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Surface Characterization

Surface characterization experiments were carried out in an ultrahigh vacuum
(UHV) chamber equipped with LEISS, XPS, temperature programmed desorption
(TPD), and LEED with a base pressure of 5x10™'° Torr. The sample, mounted to two
copper legs, could be heated to 1500 K resistively and to 2400 K by e-beam. Cooling of
the sample to 90 K was possible via a liquid nitrogen reservoir attached to the copper
legs. The sample temperature was measured using a 5%Re/W-26%Re/W (C-type)
thermocouple spotwelded to the backside of the sample.

LEIS experiments were carried out with a He+ beam of 1 keV and an incident
angle of 45°. To avoid surface damage, only one LEIS scan was used to collect each
spectrum. For XPS measurement, XPS data was collected using an Al K, source with
an incident angle of 45° with respect to the surface normal. Photoelectrons were
collected and analyzed by a concentric hemispherical analyzer.

STM experiments were conducted at room temperature, using the Omicron
STML1 in a separate vacuum chamber with the base pressure lower than 2.0 x 10-10 Torr.
All images were scanned in the constant-current mode with an electrochemically etched
tungsten tip. All bias voltages are reported with reference to the sample. The scanning
conditions for all the STM images: bias voltage 1.0V, and tunneling current 0.1nA.

EDX analysis were done on Pt-Co nanoparticles in FEI Tecnai F20 G2 TEM
equipped with energy dispersive spectrometer (EDS) and post-column Gatan Image
filter. The TEM is equipped with field emission gun at a working voltage of 200 kV.

Magnifications were calibrated using commercial cross-line grating replica and SiC
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lattice images.'”* The samples were prepared by peeling the prepared Pt-Co
nanoparticles formed on HOPG substrate with transparent adhesive tape and removing
the tape with acetone following the method by Astana et al.'’* The adhesive tape is
employed to peel off a few sheets of the graphene surface containing the Pt-Co
nanoparticles. The tape was than transferred to a small clean vial and mixed with
acetone. The adhesive tape dissolved and the attached HOPG layers separated from the
tape. The HOPG layers containing Pt-Co clusters were then dispersed in absolute ethanol

and deposited onto a carbon-coated copper grid.

Electrochemistry Methods

A solution of 0.1M high purity H,SO,, acquired from Sigma-Aldrich, was used
as the electrolyte. All solutions were prepared using Millipore MilliQ water. UHP N,
and O, were used for all indications. Experiments were conducted using an EG&G
PARC model 273 potentiostat interfaced with a Windows PC running EChem software.
A three-electrode assembly was used. A custom-built Ag/AgCl reference was used.
When prepared, the sample was transferred through a differentially pumped sliding seal
to a high-pressure chamber, held at positive pressure with either O, or N, gas, where
electrochemical experiments were to be conducted, while maintaining UHV condition in
the main chamber. The UHV chamber used in this experiment is represented in Figure
34.

Cyclic voltammetry (CV) collected at a scanning rate of 1 mV/s unless otherwise
indicated. All potentials referenced are versus the reversible hydrogen electrode (RHE).

The open circuit potential value of each composition is used as an indication of the
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efficiency (voltage) towards ORR. The theoretical OCP of an O,-saturated cathode
relative to a standard hydrogen electrode (SHE), would be 1.229 V. Since the
magnitude of a hydrogen fuel cell voltage (Ecen) is given by Ecathode - Esve = Ecen, an
alloy electrode that yields on OCP closes to the thermodynamic value would be the best

choice.

Pt-CoThin-film Alloy

LEIS Measurement

The first experiment performed was the determination of alloying temperature.
Pt and Co were deposited onto a single metal substrate followed by annealing at
different temperatures. Figure 35 shows LEISS spectra of a single metal substrate onto
which a ten-monolayer film of a Pt-Co mixture, deposited in a 1:4 monolayer ratio, was
heated to selected temperatures. In Figure 35a, 2 ML of Pt were deposited first,
followed by 8 ML of Co. In Figure 35b, the reverse deposition sequence was used
where 8 ML of Co were first deposited followed by 2 ML Pt.

There are five notable features in the data shown in Figure 35a. (i) Below 600
K, no Pt LEISS peak is observable; this indicates that 8 ML of Co completely cover 2
ML of Pt. (ii) At 700 K, a Pt peak emerges; this suggests that the Pt underlayer and the
Co overlayer have started to intermix. (iii) In the temperature range between 800 and
1000 K, the ratio of the Pt and Co peak heights is invariant; this can be taken as
evidence for the formation of a stable fixed-composition alloy. (iv) Below 1000 K, the

fact thata Mo peak is not observed means that the alterations in the Co and Pt signals
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Figure 35. LEIS spectra of Pt-Co films on a Mo(110) substrate after a 30-minute
treatment at the temperatures indicated. (a) 2 ML of Pt were deposited first followed by
8 ML of Co. (b) 8 ML of Co were deposited first followed by 2 ML of Pt. The peak at
E/Eo ~ 0.83 is due to Co; that at E/Ey ~ 0.98 is for Pt. The LEISS spectra were collected

at 300 K.
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are due to alloy formation and not to thermal desorption. (v) At T > 1000 K, the peak
intensities for both Co and Pt decrease and a peak for Mo emerges; all indicative of
desorption of Pt and Co.

There are three notable features in Figure 35b. (i) Below 600 K, a LEISS peak
for Co is observed; signifying that 2 ML of Pt is not sufficient to completely mask 8
ML Co. (ii) At temperatures between 800 and 1000 K, the peak-intensity ratios are
identical to those in Figure 37. This shows that regardless of the order of metal
deposition, the composition of the annealed (alloyed) film converges to the same value.
(iii) Above 1000 K, spectra identical to those in Figure 35a are obtained in terms of the
appearance of the Mo peak and the disappearance of both Pt and Co peaks.

Additional Pt-Co films were prepared, each consisting of a total of ten
monolayers but with varying Pt:Co ratios (Pt:Co ratio of 1:9, 2.5:7.5; 5:5; 7.5:2.5;
8.8:1.2; 9.5:0.5). The results, in terms of LEISS spectra, are summarized in Figure 36.
In every case, a stable top most-layer alloys was formed when the deposits were
annealed at 1000 K. As apparent in Figure 36, the peak-intensity ratios were not
invariant and depended upon the initial Pt:Co composition ratio.

Quialitatively, it can be readily deduced from the data in Figure 35 and Figure 36
that, in the alloyed state formed at 1000 K, the elemental composition at the outermost
layer, as measured by the LEISS Pt:Co peak-intensity ratio, is vastly different from that
in the bulk. These peak intensities can be quantitatively converted to surface

concentrations.”
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Figure 36. LEIS spectra of Pt-Co alloys at various bulk compositions annealed at 1000 K
for 30 minutes. Each spectrum was acquired at 300 K. The ML(Co)-to-ML(Pt) ratios
for the films were as follows: (a) 1:9; (b) 2.5:7.5; (c) 5:5; (d) 7.5:2.5; (d) 8.8:1.2; and (f)
9.5:0.5.
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The divergence between the elemental composition at the topmost layer and that
in the bulk is appreciated best when the atom-percent composition of Pt (or Co) at the
alloy surface is plotted as a function of the monolayer-percent composition of Pt (or
Co) in the bulk. Such a plot, which represents the phase diagram of the outermost-layer
Pt-Co alloy, is shown in Figure 37. The open circles are data for when Pt was deposited
initially, whereas the closed circles are for when Co was deposited initially. Three
features in the plot are noteworthy. (i) The surface phase diagram is independent of the
order or sequence of metal deposition. (ii) The convergence between the surface and
bulk compositions occurs only when the bulk composition is almost entirely Co or is
predominantly Pt. (iii) The discrepancy is most dramatic when the fraction of Co in the
bulk is higher than 90%. For films in which the Co bulk composition is between 30%
and 70%, the surface concentration of Pt is almost a constant at 70%. From these
trends, we infer that: (i) Pt preferentially segregates to the surface, not unexpected since
it has a lower surface free energy than Co; and (ii) for the interfacial alloy, the
thermodynamically favored composition is essentially a 3:1 Pt-to-Co atom-percent
ratio, Pt3Co.

LEED Measurement

The two-dimensional order of the Pt-Co alloys was investigated by low-energy
electron diffraction (Figure 38). The fact that distinct LEED spots are observed
indicates that the alloy interface is well-ordered. Figure 38a shows the LEED pattern

for alloys having Pt:Co atom-percent ratio lower than 3:1. Figure 38b shows a typical
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Figure 38. LEED patterns of the annealed Pt-Co alloys at points in the surface phase
diagram where: (a) complex pattern is observed, and (b) hexagonal pattern, reminiscent
of pure Pt(111) surface, is observed.
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LEED pattern for alloys that contained 75 atom- percent of Pt; the hexagonal pattern is
reminiscent of a pure Pt(111) surface. At such high Pt surface concentrations, the
outermost layer is most likely populated by comparatively wide Pt(111) domains.
Figure 38a shows that a different LEED pattern is obtained when the Pt:Co atom-
percent ratio is lower than 3:1.

XPS Measurement

The electronic property of bulk Pt-Co thin film alloy was also studied. From the
XPS spectra, a shift in binding energies of Co and Pt depends on the initial bulk
composition of the Pt-Co alloy. The higher the initial amount of Co in the bulk, the
larger the binding energy shift as can be seen in Figure 39. Toda et al. proposed that
when Pt is alloyed with Fe-group metals, the 5d vacancy is increased, which could then
be correlated with the activity of Pt alloyed with Fe-group metals.®® It was observed
that increasing shift in BE of Pt 5 d electrons occurs as the amount of Co (or the
alloying metal) is increased. The XPS data we obtained in the study can be correlated
with the proposed mechanism by Toda et al. It is observed that binding energy of Pt
shifts about 0.3 eV when bulk Pt:Co is 3:1 (Figure 39). When the amount of cobalt is
increased between Pt:Co 1:4 to 1:9 the binding energy of Pt shifts about 0.9 eV. When
Co bulk amount is higher than 25%, the binding energy shift increases and approaches a
constant value.

Electrochemical measurements

Figure 40 shows a plot of the open-circuit potential as a function of the alloy-

surface composition in an O,-saturated 0.1 M H,SO, solution. The highest voltage, 0.86
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V, was obtained for the alloy of composition that corresponded to Pt3Co. This value is
0.68 V higher than that of pure Co and 0.22 V greater than that of pure Pt, yet
considerably lower than the ideal potential of 1.229 V. In a control experiment, in
which the sulfuric acid solution was thoroughly deaerated with ultrapure N, an OCP
value (ca. 0.5 V) was obtained that was independent of the alloy surface composition.
From the cyclic voltammogram of pure Pt in deaerated 0.1 M H,SQ,, it can be
seen that 0.68 V represents the onset of surface oxide (or hydroxide) formation,
although the amount formed is minuscule compared to that when the potential is at
1.229 V. In other words, even at saturation concentrations, O, gas is unable to oxidize
a pure Pt surface even with the OCP driven to 1.229 V. The effect of Co clearly
facilitates O, activation. It is further conjectured that the oxygen atoms formed on the
Co sites irreversibly “spill over” to the Pt sites, increasing the amount of Pt-surface

173
P

oxide and, consequently, also the OCP~"°. The present work suggests that the optimal

Pt-Co surface concentration for such a synergistic process is PtsCo *™*.

Cyclic voltammograms for alloys of varying Pt-Co concentration were collected
in deaerated and O,-saturated 0.1 M H,SO,4. A single-cycle set of CVs for the Pt;Co
cathode is shown in Figure 41. The voltammograms were started from the OCP and the
potential was initially scanned in the negative direction to the hydrogen evolution region.
The morphologies of the current-potential curves are not too different from those of pure
Pt. In deaerated solution, there is an appreciably wide double-layer “window” between

the hydrogen evolution and oxygen evolution regions. In O,-saturated 0.1 M H,SO4, a

massive cathodic wave, due to the reduction of dioxygen, appears at potentials
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immediately below the OCP. The high cathodic current persists even after the potential
sweep is reversed in the positive direction. These results are not too different from

those for pure Pt, as may be expected since two-thirds of the surface is made up of Pt.

Effect of Electrochemical Treatment on Pt-Co Thin Films

Little can be deduced about the nature of the alloy interface from only the cyclic
current-potential curves. An important question that needs to be addressed is whether
the cyclic voltammograms are accompanied by changes in the surface composition of
the alloy. While a qualitative solution to this problem can easily be obtained from
multiple voltammetric scans, a quantitative answer is fundamentally necessary.
Therefore, the stability of the prepared alloy films was studied by observing the surface
composition of the Pt-Co alloy by LEIS before and after the cyclicvoltammetry
measurement. Initially, we observed that when collecting the CV of the Pt-Co thin film
alloy with a potential window of 0 V to 1.4 V, Co is significantly decreased from both
the surface and the bulk. Figure 42a and Figure 42b show the ISS and XPS data,
respectively, of Pt-Co at before and after the CV measurements with a potential window
of 0 V to 1.4 V. Both graphs show significant reduction of Co ISS and XPS intensity.
However, when the potential window is decreased (0 V to 1.0 V), the loss of Co is
diminished from both the surface and the bulk, as shown in Figure 42c and Figure 42d,
respectively.

There have been studies conducted on the stability of Pt-Co. In 1990, Beard and

Ross studied the stability of Pt3Co carbon-supported alloy using EXAFS, XPS, XRD
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and XRF ®. In their study, carbon-supported Pt-Co (3:1 atom ratio) catalysts were
prepared in acid and alkaline aqueous media, followed by heat-treatments at 700, 900,
and 1200 °C. They then performed the activity and stability measurements on the
catalysts by calculating the current density at 0.9 V vs. RHE after applying a potential
sweep from 0.9 to 0.6 V in O,-saturated electrolyte followed by maintaining the
potential at 0.6 V for 48 hrs. From the stability test, they observed Co loss from as-
prepared catalyst (without annealing) and the annealed catalyst at 1200 °C as determined
by XAF. The amount of Co loss is significantly higher from the as-prepared catalyst.
The as-prepared catalyst shows a disordered alloy from XRD data, while the catalyst
annealed at 1200 °C shows both the disorder and order alloy. It was proposed that Co
loss is greater from the disordered alloy (as-prepared) compared to the ordered alloy
(annealed). However, only one holding potential was applied to the catalysts to study
the stability of Pt-Co alloy in their study.

Another stability study was done by Watanabe at al. **° who studied the stability
of ordered and disordered Pt-Co alloy as well as the change in catalytic activity of the
alloys before and after stability test. The ordered alloy was prepared by annealing at 650
°C for 5 hours while the disordered alloy was prepared by annealing the ordered alloy at
850 °C for 15 minutes. They found that the activity of the ordered alloy is higher
compared to the disordered alloy. However, after they applied treatment for the stability
test (0.8 V vs. RHE, 205 °C in H3PO,), the activity of ordered alloy decreased 47%

compared to 1% for the disordered alloy. Here, they proposed that the loss of Co occurs
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from the surface and the bulk. The loss of Co from the bulk in the ordered alloy is more
significant than in the disordered alloy.

The previous stability studies as described above so far have been carried out by
applying potentials a single value. It is desirable to understand the behavior of the Pt-Co
alloy under different holding potentials throughout the operating and cyclic voltammetry
measurements ranges. Another critical matter involves the stability the Pt;Co alloy
under fuel-cell operating conditions; that is, after prolonged use at the OCP in an O,-
saturated solution. These issues can be simultaneously tackled if the surface
composition of the Pt;Co alloy is monitored as a function of time at a given applied
potential. For such measurements, the alloy electrode is withdrawn from the O,-
saturated electrolyte at the test potential and, prior to transfer into the surface analysis
chamber, rinsed in deaerated ultrapure (Millipore) water. The results are shown in
Figure 43.

There are four important trends are to note in Figure 43. (i) Regardless of the
applied potential, there is an immediate drop of ca. 10% of the original Co
concentration. (ii) Regardless of the external potential, the surface concentration of Co
becomes independent of time after the initial rapid decrease. (iii) At Eappiiea < Eocp, the
Co surface concentration quickly converges to a constant value of approximately 18%.
(iv) At potentials more positive than OCP, the initial decline in surface concentration is
much more precipitous (from 20% to 11%) than at lower potentials (form 20% to 18%).
However, the amount of Co retained is unchanged even after extended periods.

It can be seen in Figure 41 that the anodic oxidation of the alloy surface takes
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place at potentials above the OCP. This may account for the observed 45% decrease in
the initial Co surface concentration at Eappiied > Eocp because the oxidized surface of Co
iIs not impervious to acid-driven dissolution. The fact that 55% of the initial Co
concentration is retained on the surface suggests that an appreciable quantity of Co is
rendered comparatively inert towards anodic dissolution when alloyed to Pt.

To show that Co dissolution occurs not only on the surface, but also the near-
surface region, XPS and TPD measurements are presented. Figure 44 shows the XPS
data for the 10 minute holding at different applied potential for Pt;Co thin film.
Between 0.6 and 1.1 V, the constant peak intensity before and after the potential holding
experiment indicates that the (near-surface) bulk composition of Co does not change.
However, when the potential is increased to 1.23 V (which is the thermodynamic value
for oxygen reduction) a significant reduction of Co peak in the ISS (Figure 43) and Co
XPS spectra (Figure 44), respectively, indicates that the amount of Co is reduced both
from the surface and the bulk. Therefore, a significant fraction of the loss of Co was
from the near surface.

Temperature programmed desorption (TPD) data also shows that Co bulk
amount is reduced after the alloy electrode is held under 1.23 V potential. Figure 45
shows TPD of pure Co and Pt-Co alloy. Figure 45a shows pure Co TPD at different
coverages, up to 20 ML. Figure 45b shows Pt-Co alloy TPD at different coverages
before and after electrochemical treatment. Loss of Co from the bulk is observed after

the alloy is treated with the electrochemical technique.



126

0 Holding Potential = 620 mV Before
X
Q
)
1 ! | ! | ! | ! | ! — ! 1
820 810 800 790 780 770 760
0 Holding Potential = 828 mV
al
X
Q
)
1 ! | ! | ! | ! | ! | ! 1
o & 810 800 790 780 770 760
Q Holding Potential = 860 mV
S
] ! | ! | ! | ! | ! | ! 1
o ¥ Holding Poteital = 100 mv 77 70
X
Q
O
L B s B e B O
820 810 800 790 780 770 760
- _ Holding Potential = 1230 mV
% ] m/\/\—//\’\
S
820 ' 8:II_0 ' 8(I)0 ' 7£I)O ' 7ISO ' 7I7O ' 7é0

Binding Energy (eV)

Figure 44. Co XPS spectra before and after stability study by dipping the sample in 0.1
M H,SQO, saturated with O, at different potential holding for 10 minutes.



127

900, ., L o4 %0,
a | b.
:‘é’ .E
=) _ S |
¥ o
3 s
(@)
O % Before
A n 1 ——PtCos (15 ML Co)
% % ——Pt3Co (5 ML Co)
< -
—12ML < After
7ML - PtCoy
—2ML —PisCo
—1ML
0 _‘d_/v/.\*_,ﬁr 0
1080 1180 1280 1380 1480 900 1000 1100 1200 1300 1400 1500

Temperature (K) Temperature (K)

Figure 45. CO TPD of pure Co (a) and Pt-Co alloy (b).



128

Pt-Co Nanoparticles (Clusters) Alloys

The study presented earlier was done on Pt3Co thin film deposited on a refractory
metal substrate. To further validate the results on the planar system compared to high
surface area Pt3Co particles that are actually used in fuel cell system, it is desirable to do
a comparison study with Pt3Co particles. To prepare Pt3Co particles, a HOPG substrate
is utilized in this part of the study. The Pt3Co surface phase diagram of the particles will
be first studied and compared to the previous data observed from the planar surface. The
electrocatalytic activity of Pt3Co particles will then also be studied and compared. The
last comparison study will be the stability of Pt3Co by looking at the dissolution of Co.

The stability study of Pt3Co particles shows correlation between electrochemical

treatment and alloy activity. *"

It has recently been proposed that by treating Pt3Co
supported on carbon in acid electrolyte, a change in PtzCo particles composition is
observed, followed by the observation of higher activity of Pt3Co towards ORR when
compared to commercial Pt/C catalyst.'’® However, no mechanisms on the increase of
Pt3Co activity towards ORR with the change of Pt;Co composition affected by the
electrochemical treatment have been proposed. In this part of the study, the Pt;Co
particles supported on HOPG will be used to observe the difference in surface
composition, electronic properties and electrochemical activity of Pt3Co caused by
electrochemical treatment.

LEIS Measurements.

After depositing Pt-Co on clean HOPG, LEISS measurements were taken at
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different Pt and Co bulk ratio to get the surface phase diagram of Pt-Co particles. Figure
46 shows the surface phase diagram of Pt-Co deposited on HOPG compared with
previous data shown earlier from Pt-Co thin film deposited on refractory metal single
crystal. For Pt-Co planar surfaces (green line), segregation of Pt to the surface as a
function of Pt-Co bulk ratio is much more significant. From this surface phase diagram,
both Pt-Co planar surface and clusters, the outermost surface layer is enriched
significantly in Pt, with the surface concentration of Pt on Pt-Co planar surface being
greater than that for clusters with an identical Pt-Co bulk ratio.

STM Measurement

In constructing the phase diagram, as shown in Figure 46, the deposited Pt and
Co on HOPG substrate were first annealed to 900 K to achieve alloying condition
between Pt and Co. LEISS measurements have shown that when deposited Pt and Co
were annealed below 700 K, no stable surface composition is observed, as shown in
Figure 35. However, stable surface composition is observed when the annealing
temperature is between 800 and 1000 K. The same annealing experiment was also
studied using STM. Figure 47a-h are STM images of Pt-Co clusters deposited on HOPG
after annealing to different temperatures, showing the evolution of Pt-Co morphology.
Figure 47a shows Pt particles deposited on HOPG at room temperature. Big Pt islands
with smooth surface are observed. Figure 47b is the image of Co deposited on Pt/HOPG
at room temperature. Round Co clusters dispersed on the surface indicate no alloying

happen at this point.
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Figure 47. STM image of: a. 5 ML Pt on HOPG, b. 1.67 ML Co on Pt/HOPG at room
temperature, c. annealed at 600 K, d. annealed at 700 K, e. enlarged d, f. annealed at 800
K, g. annealed at 900 K, h. annealed at 1000 K. The scanning conditions for all the STM
images above: bias voltage is 1.0V, and tunneling current is 0.1nA.
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When the system is annealed to 600 K, shown in Figure 47c, no significant
change in the morphology of Pt islands is observed. However, the inset 30nm x 30nm
image shows the density of the clusters decreases while the sizes of the clusters increase,
which means Co clusters begin to sinter at 600K on Pt/HOPG surface. Figure 47d is the
morphology of the surface annealed to 700K for 10 min, showing large islands formed
on the surface. The close-up picture, Figure 47e, shows that small Co clusters are now
arranged in a line, as indicated by the blue circles, which might be caused by the
formation of well ordered Pt islands on the surface. When the annealing temperature
reaches 800 K, Figure 47f shows big metal islands with the height higher than 10 nm are
formed and the dark flat area is assigned to HOPG substrate because the HOPG pattern
could be clearly seen in close-up STM images in those areas. The change in the
morphology above 800 K should indicate that the alloying between Pt and Co has
occurred. When the annealing temperature reaches 1000 K and above, Figure 47h shows
a rough surface, which could indicate the diffusion of Co into the HOPG substrate.
These STM images provide another proof that the alloying between Pt and Co starts
when the system is annealed between 800 K and 1000 K.

Electrochemistry Measurements

To check the catalytic activity of Pt-Co clusters on HOPG, the same
electrochemistry measurements as previously described for Pt-Co planar surfaces were
also applied on Pt-Co/HOPG system. Figure 48a and b show the OCP values from planar
surfaces and clusters, respectively. From the plot it is shown that Pt-Co planar surfaces

and clusters show the same trend, in which Pt:Co having bulk ratio of 3:1 shows the
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highest value for OCP, which here referred to as having the highest efficiency toward
ORR.

Effect of Electrochemical Treatment on Pt-Co Clusters Stability

The next comparison study that was done was the dissolution of Co in the 0.1 M
H,SO, electrolyte. Initially, the goal in this part of the study is to check if Pt-Co clusters
undergo similar Co dissolution as Pt-Co planar surfaces when treated with similar
condition as summarized in Figure 43. Pt-Co planar surfaces show that Co dissolution
occurs from the near surface and the amount of Co dissolution depends on the applied
voltage. To further confirm that Co dissolution occurs when the system is treated in acid
electrolyte, elemental analysis on Pt-Co particles was done using TEM equipped with
EDS . EDX spots were taken at different points of the particles. By evaluating the
change in Pt to Co intensity ratio from EDX plot, the variation in chemical compositions
throughout the particle is observed. Figure 49 shows the TEM image of Pt3Co annealed
to 900 K without any acid treatment. The inset shows the peak area of Pt M and Co K-a
energies calculated from the EDX plot. It is observed that, more Co is found in the core
of the particles compare to the surface of the particle. Therefore, based on the ratio of Pt
to Co EDX peak area, more Pt is found on the surface, which agrees with the surface
phase diagram constructed from LEISS data. Figure 50 shows the TEM image of Pt;Co
after acid treatment. The inset shows the peak area of Pt M and Co K-a energies
calculated from the EDX plot. It is clearly seen that there is a significant reduction of Co

amount, hence increase in Pt to Co ratio. Also, higher Pt to Co ratio is found on the
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Figure 49. TEM image of a Pt3Co nanoparticle annealed to 900 K. The image was taken
with Tecnai F20 G*> TEM. Energy Dispersive spectroscopy spot capture was carried out
in twelve different positions for 8 s, as shown by the white dots on the red line and
number 1-12. Inset: (left) intensities of Pt M peak at different positions, (right)
intensities of Co K-a. at different positions.
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Figure 50. TEM image of a Pt3Co nanoparticle treated in 0.1 M H,SO, with 1.23V
applied potential. The image was taken with Tecnai F20 G*> TEM. Energy Dispersive
spectroscopy spot capture was carried out in twelve different positions for 8 s, as shown
by the white dots on the red line and number 1-12. Inset: (left) intensities of Pt M peak at
different positions, (right) intensities of Co K-a at different positions.
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surface than the core area. This data further confirm the observation made previously,
that Co dissolves out of the surface and near surface region.

Another measurement was also done on the system during dissolution study in
addition to LEISS and EDX measurements. STM experiments were done on Pt-Co
before and after treatment in the electrolyte at 1.23 V applied potential. Figure 51(a)
shows the room temperature STM image taken from 0.3ML Pt + 0.1ML after annealing
to 900K. Consistent with the previous STM studies of 6.67ML Pt3Co, the alloying of
PtCo is observed in the image. Figure 51(b) is the STM image taken after
electrochemical treatment (EC treatment), showing that roughness of the surface
happens and a significant particle size reduction is found. From previous section, it is
shown that 1.23 V will cause significant Co dissolution. Therefore, this STM data
provides the information on the morphology change of Pt-Co clusters when treated in the
stated electrolyte with 1.23 V applied potential. The fact that there is a significant
particle size reduction proposes that there could be a change in the catalytic activity of
the particles after the acid treatment. Recently, the increase in Pt-Co activity towards
ORR after a certain acid treatment has been proposed by several research groups.®”’

Chen et al. has shown that Pt3Co supported on carbon and treated in acid and
annealed to 1000 K for 3 hour in vacuum will have higher activity towards ORR
compared to Pt particles supported on carbon having the same particle size.”® It was

proposed that acid treating PtsCo will cause a change in the structure of the particles,

where percolated Pt-rich surface and Pt-poor core regions structure is formed. They
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Figure 51. (a) STM image of 0.4ML Pt3Co annealed to 900K before EC treatment in 0.1
M H,SO,4 with applied 1.2 V potential (100nm x 100nm, 1.0V, 0.1nA), and (b) STM
mage of Pt3Co after CE treatment followed by annealing to 900K (50nm x 50nm, 1.0V,
0.1nA).
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proposed that by having Pt-rich and Pt-poor regions, the interfacial regions could have
shortened Pt-Pt bond distance. Shortened Pt-Pt bond distance could lead to lower the
valence band center relative to Fermi level '®'”® reduce the binding strength of
oxygenated adsorbates,*®® and enhance the ORR activity.}”® Hence, in this study, they
proposed that leaching in acid will cause a shortened Pt-Pt bond distance which will
eventually cause an increase in ORR activity.

Another study showing increased activity of Pt alloy after electrochemical
treatment is presented by Koh and Strasser.”’ In this study, Pt-Cu is analyzed. It shown
that after CV measurement, by applying potential sweep between 0.6 V and 1.2 V, they
observed change in CV profile and also on the composition of Pt and Cu. They observed
a Pt-enriched Pt-alloy, which essentially Pt surface. They suggested that the dealloying
of the alloying metal (in this case Cu) will cause favorable structural arrangements of Pt
atoms on the surface.'’”

All the recent studies briefly described above have shown that there is an
increase in the activity after the Pt alloy is treated in acid with applied potential, even up
to 1.2 V. From EDS measurements, change in chemical composition throughout the
particles is observed after Pt-Co clusters are treated in acid with applied potential. It is
observed that Co dissolves from the near surface region. STM also shows significant
change of the structures, in which the particle size of Pt-Co is significantly reduced. The
data presented in this section provide a foundation in proposing the mechanism of
increased efficiency of Pt-Co alloy toward ORR activity by observing the change in

surface composition of Pt-Co alloy.
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7. SUMMARY

Surface characterizations of Au-Pd/SiO,, Pd-Sn/Rh(100), AuPd(100), Pt-Co thin
film, and Pt-Co/HOPG clusters model catalysts were carried out using a combination of
low-energy ion-scattering spectroscopy (LEISS), X-ray photoelectron spectroscopy
(XPS), low-energy electron diffraction (LEED), temperature programmed desorption
(TPD), scanning tunneling microscopy (STM), electrochemistry techniques, infrared
reflection absorption spectroscopy (IRAS), and transmitted electron microscopy (TEM).

Au-Pd bimetallic model catalysts were synthesized as alloy clusters on SiO;
ultrathin films under ultrahigh vacuum (UHV) conditions. Relative to the bulk, the
surface of the clusters is enriched in Au. With CO as a probe, IRAS and TPD were used
to identify isolated Pd sites at the surface of the supported Au-Pd clusters. Ethylene
adsorption and dehydrogenation indicate a clear structure-reactivity correlation with
respect to the structure/composition of these Au-Pd model catalysts.

Pd-Sn bimetallic model catalysts were prepared as alloy films on a Rh(100)
substrate via physical vapor deposition. The ordered surface alloy of ¢(2 x 2), showing
50% surface concentration of Pd, has the highest formation rate for vinyl acetate (VA)
synthesis. This is consistent with our proposal that a pair of suitably spaced, isolated Pd
monomers is the more efficient site for VA synthesis.

A AuPd(100) alloy single-crystal model catalyst bulk alloy’s thermodynamic
properties and surface lattice spacing were used to control and optimize the

concentration of the active site (Pd atom pairs at a specific Pd-Pd distance with Au
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nearest-neighbors). Scanning tunneling microscopy reveals that sample annealing has a
direct effect on the surface Pd arrangements.

Pt-Co thin films and clusters alloy model catalysts were prepared under UHV
condition. Pt surface segregation occurs in both systems, with planar surfaces showing
more significant Pt segregation. A stable Pt-Co alloy starts to form when the annealing
temperature is between 800 K and 1000 K. Co dissolves from near surface region of Pt-
Co thin films and clusters. Particle size reduction of Pt3Co clusters is observed when
significant amount of Co is dissolved from the system.

In this study, we successfully prepared and analyzed several model catalysts
using a UHV chamber and multiple surface science techniques. A new methodology to
conveniently synthesize bimetallic model catalysts with different surface versus bulk
compositions by growing bimetal atomic overlayers on a refractory metal or HOPG
substrate (or an oxide support) and subsequent thermal treatments is offered. Results
spanning the analysis of isolated Pd active sites on Au-Pd surfaces through the
observation of surface segregation of Pt on Pt-Co model alloy surfaces show possibilities
for investigating various mixed-metal systems and the correlation between their surface

structures to their catalytic functions.
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