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Preface

The global energy and environmental crises have become essential issues for man-
kind, driving rapid developments in interface chemistry for nanocatalysts.
Production of only one desired molecule that may be used as a fuel or chemical out
of several thermodynamically possible molecules is called catalytic selectivity and
is the foundation of “green chemistry.” For this goal, bridging materials and pres-
sure gaps to meet the needs of industry is a major challenge.

Surface science has been combined with nanoscience, leading to the develop-
ment of novel functional materials, and new catalysts and energy conversion devices.
Surface science has evolved such that new instruments for surface analysis on the
molecular scale could be used in a vacuum or at realistic conditions (e.g., at high
pressures and at solid-liquid interfaces where chemical processes typically occur),
which has led to new physical and chemical concepts at working conditions. Overall,
the materials and techniques of modern surface science may bring the breakthroughs
for solving the global energy and environmental problems that the world is facing.

This book, entitled “Current Trends of Surface Science and Catalysis,” presents
new strategies and paradigms in the development of new materials and techniques.
We will discuss various architectures of model catalytic systems, including colloid
nanoparticles with controlled size, shape, and composition. Noncolloidal nanocata-
lysts and their application will be outlined. New in situ surface techniques to bridge
pressure gaps will be discussed as well. The influence of surface oxides and metal—
oxide interfaces in heterogeneous catalysis and surface chemistry will be shown.
The broad range of topics included in this volume share perspectives from surface
science for research of nanocatalysts, renewable energy conversion, biointerface,
electrochemistry, and environmental science.

I would like to express my sincere appreciation to all of the authors who contrib-
uted to this exciting project, revealing the depth and breadth of this field.

Daejeon, Republic of Korea Jeong Young Park
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Introduction



Chapter 1
Bridging Materials and Pressure Gaps
in Surface Science and Heterogeneous
Catalysis

Jeong Young Park and Gabor A. Somor;jai

1.1 Introduction

Over the last several decades, surface science has undergone revolutionary advances
that reveal the atomic- and molecular-level structural, dynamic, compositional, and
thermodynamic properties of surfaces that are utilized in chemical process develop-
ment. Adsorption and reaction rates and catalytic selectivity are also better under-
stood, making the design of surfaces that deliver desired chemical properties
possible. In this book, we highlight recent works in surface science and catalysis
with an emphasis on the development of new catalytic model systems and in situ
spectroscopic and microscopic techniques for applications in energy and environ-
mental engineering. Colloid nanoparticle synthesis provides new opportunities to
tune catalytic activity and selectivity via synthetic control of the size, composition,
and shape of nanoparticles. Metal-oxide interfaces are catalytically active, suggest-
ing the tunability of catalytic activity via engineering of metal-oxide interfaces.
Energy conversion from photon or chemical energy to electrical energy has been
studied via utilization of hot electron flows with metal-semiconductor nanodiodes.
New in situ microscopic and spectroscopic techniques have been developed to uncover
the atomic structure, mobility, reaction intermediates, and oxidation states that deter-
mine catalytic activity and selectivity. Breakthroughs in these research topics can help
in the smart design of catalytic and energy materials with better performance and
lower cost and may lead to new methods for renewable energy conversion.

LY. Park (B<)
Graduate School of EEWS (WCU) and NanoCentury KI, Korea Advanced Institute
of Science and Technology (KAIST), Daejeon, Republic of Korea

Center for Nanomaterials and Chemical Reactions, Institute for Basic Science,
Daejeon 305-701, South Korea
e-mail: jeongypark @kaist.ac.kr

G.A. Somorjai
Department of Chemistry, University of California, Berkeley, CA 94720, USA

J.Y. Park (ed.), Current Trends of Surface Science and Catalysis, 3
DOI 10.1007/978-1-4614-8742-5_1, © Springer Science+Business Media New York 2014
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1.2 Materials and Pressure Gaps

The materials and pressure gaps have been a long-standing challenge in the field of
heterogeneous catalysis and have transformed surface science and biointerfacial
research. In heterogeneous catalysis, the materials gap refers to the discontinuity
between well-characterized model systems and industrially relevant catalysts [1-6].
While the majority of surface science studies have been carried out on well-defined
single crystal surfaces under ultrahigh vacuum (UHV) conditions, most catalytically
active systems are employed at high pressure or at solid—liquid interfaces; this gap
between UHV and industrial conditions is known as the pressure gap. The materials
and pressure gaps are illustrated in Fig. 1.1. Single crystal metal surfaces have been
useful model systems to elucidate the role of surface defects and the mobility of
reaction intermediates in catalytic reactivity and selectivity [7, 8]. Surface scientists
have been able to uncover many of the key aspects of heterogeneous catalysis by
using metal single crystals as model catalyst systems. Despite the presence of
defects, such as steps and kinks, single crystals are the simplest model catalysts due
to the repetition of the same surface structure on terraces across the sample, as
shown in Fig. 1.1. Their large size and high electrical conductivity allow their use in
both photon- and electron-based surface science techniques and permit the study of
low turnover (number of product molecules per site per second) catalytic reactions.
These well-defined crystals allow for correlation of the surface structure with
molecular adsorption and catalytic turnover by use of surface sensitive techniques,
such as low energy electron diffraction (LEED), X-ray photoelectron spectroscopy
(XPS), scanning tunneling microscopy (STM), and sum frequency generation
(SFG) vibration spectroscopy.

Terrace Monatomic St ]
Terrace Vacancy onatomic Step materials gap
= / Step-Adatom

" 13 o | Pt nanopariclein alumina washcoat
4 £ (commercial catalysts)

8 o (highly dispersed nanoparticle on oxide support)
i:“’f At o
-
pressure gap
Kink

|
Adatom

Surface studies on the single crystal
surface under ultra-high vaccum condition

Factory for chemical technology
(high/ambient pressure)

Fig. 1.1 Illustration depicting materials and pressure gaps
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nanodiode e

Fig. 1.2 Schematic showing the evolution of the catalyst model system from a single crystal metal
surface to 2D and 3D nanoparticle arrays that are colloid synthesized and to nanowire arrays
and nanodiodes that are fabricated using lithography. (Adapted from ref [5], reprinted with
permission)

The use of single crystals as model catalytic systems has shed light on many
surface phenomena, which, in turn, has helped to choose metallic clusters for use in
industrial catalysis. Industrial catalysts, however, do not just consist of metal, but
are made up of metal particles in the 1-100 nm size regime dispersed in a high
surface area support. They are produced by synthesizing the metal particles and
support separately and then dispersing the metal clusters onto the support using
various techniques (e.g., wet-impregnation, co-precipitation, or ion-exchange).
Thus, the single-crystalline metals used for modeling industrial catalysis inherently
lack the complexity needed to uncover many of the factors important to catalytic
turnover and selectivity. Considerations, such as metal support interactions and
the importance of metallic cluster size, are of extreme importance to catalytic appli-
cations. This demand has driven development of new catalytic model systems.
Figure 1.2 shows the evolution of catalytic model systems from the single crystal
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surface to more complex Pt nanostructure arrays and catalytic nanodiode schemes
that aid in determining the role of size, shape, composition, oxidation states, and
metal-oxide interfaces in catalytic activity and selectivity. This book will outline
recent work on surface science studies of single crystals and nanoparticles in Parts
Tand II.

In order to transition from single crystal studies to more industrially relevant
catalysts, two-dimensional (2D) or three-dimensional (3D) cluster arrays are useful
because the instrumentation developed for single crystal studies can also apply [9].
Recently, many different methods have been used to prepare different types of 2D
model catalysts, such as spin-casting of metal salt solutions onto planar oxide sup-
ports followed by calcination, evaporation of metal films onto oxide supports,
plasma deposition, laser interference nanolithography, colloidal lithography, and
photolithography. All of these methods have problems that limit their applicability
to industrial catalysis. Non-lithographic methods are able to access the sub-100 nm
size regime interesting for catalytic applications, but are unable to exert the control
necessary to uncover any dependence on metallic cluster size and shape. The goal
in 2D model catalyst development is to synthesize well-characterized and reproduc-
ible catalysts in the 1-30 nm range, where the high surface area properties of the
catalysts are most pronounced, as described below.

1.3 Size, Shape, and Compositional Control
of Colloid Nanoparticles

In colloidal synthesis, nanoparticles are the product of the reduction of metallic salts
in solution. Chemical reduction methods, including alcohol reduction, hydrogen
reduction, and sodium borohydride reduction, were reported. Capping agents, such
as polymers, dendrimers, block copolymer micelles, and surfactants, are used for
stabilizing the nanoparticles and preventing aggregation. By using hexachloropla-
tinic acid or rhodium acetyl acetonate as precursor monomers, it is possible to
produce monodispersed metal nanoparticles where each is coated with a polymer
layer that prevents aggregation in solution (Fig. 1.3). Under optimized reduction
conditions, it is possible to control the size and shape of the platinum or rhodium
nanoparticles. Figure 1.4 shows platinum nanoparticles with controlled size and
shape [9-13]. High-resolution transmission electron microscopy (HRTEM) reveals
the shape of the nanoparticles. In the case of Pt/Rh bimetallic nanoparticles under
well-defined conditions, the particle size is proportional to the monomer concentra-
tion and can be controlled by changing the monomer concentration [14].

A 2D assembly of colloid nanoparticles was developed as a new model catalyst.
The Pt nanoparticles were immobilized onto the native oxide layer of a Si wafer via
Langmuir-Blodgett (LB) deposition, forming a monolayer of monodispersed Pt
nanoparticles, as shown in Fig. 1.5. The average interparticle spacing can be tuned
by varying the surface pressure in the LB film. This approach has the advantage of
controlling the size and shape of the nanoparticles; an oxide—metal interface also
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C4H8(°H)z
Under Ar
Rh(acac), 170 - 230 °C
+ Rh/Pt bimetallic
Pt(acac )2 PVP nanoparticle

o
"?"3!";.

Fig. 1.3 Scheme showing the one-step synthesis of monodispersed Rh/Pt bimetallic nanoparticles
[(acac) acetyl acetonate]. (Adapted from ref [28], reprinted with permission)

Size control

Shape control

~ 7.16 £ 0.37 nm oo . B,

Cuboctahedra, 12.6 + 1.8 nm, 91%

Fig. 1.4 Size and shape control of Pt colloid nanoparticles. Monodispersed platinum nanoparticles
1.7 and 7.2 nm in size (left) with well-controlled cubic or cuboctahedral shapes (right). Scale bar:
(left) 5 nm, (center) 50 nm, and (right) 5 nm. The % values (right) refer to the % of nanoparticles
with the corresponding shape. (Adapted from ref [28], reprinted with permission)
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well-defined Pt cubes

2-Dimensional Pt nano-
particles on silicon oxide

substrates

monolayer of Pt cubes
on water surface

Fig. 1.5 Schematic of the Langmuir-Blodgett method and TEM image of 2D Pt nanoparticle
arrays on a silicon oxide surface fabricated using the Langmuir-Blodgett method

forms between the nanoparticles and substrate when using colloidal synthesis.
The bond configuration, structural, compositional, and electronic structures of 2D
assemblies of colloid nanoparticles can be characterized using surface-sensitive
techniques, including scanning probe microscopy, X-ray photoelectron spectro-
scopy, and SFG vibration spectroscopy.

1.4 Control of Catalytic Reactions via Tuning the Size
and Composition of Bimetallic Nanoparticles

Composition is another important factor that influences catalytic activity and selec-
tivity. Pt/Rh bimetallic nanoparticles with variable composition and constant size
(9 nm) were synthesized using a one-pot polyol synthetic method [14]. The activity
of CO oxidation on these bimetallic nanoparticles was studied. Colloid techniques
use chloroplatinic acid or a rhodium precursor (like rhodium acetylacetonate) in the
presence of a polymer (PVP) to make metal ions. These metal ions are then reduced
in alcohol. Figure 1.6a shows XPS spectra measured on 2D Rh/Pt;_, (x=0-1)
nanoparticle arrays on a silicon surface. The intensity of the Rh3d peak increases,
while the Pt4f and Pt4d peaks decrease as the composition of Rh increases.
Figure 1.6b shows TEM images of monodispersed Rhy 4Pty nanoparticles. The par-
ticles were 9.3 + 1.2 nm in size, which was determined by measuring 150 nanocrys-
tals from a TEM image. Once monodispersed particles with the desired size and
composition are obtained, we put them in a Langmuir trough and apply a certain
surface pressure to deposit different densities of nanoparticle monolayer films. The
turnover rate of a pure Rh nanoparticle is 20 times that of a Pt nanoparticle under the
reaction conditions used (100 Torr O,, 40 Torr CO at 180 °C). Rh,Pt,_, (x=0.2-0.8)
particles exhibit an intermediate activity, as shown in Fig. 1.6¢c, while the activation
energy increases from 25 to 27 kcal mol™" with increasing rhodium content.
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Fig. 1.6 (a) The XPS plots measured on two-dimensional Rh,Pt;_, (x=0-1) nanoparticle arrays on
a silicon surface. (b) TEM images of the Rh,,Pt, s nanoparticles. (c) Plot of the turnover frequency
(TOF) of Rh,Pt,_, measured at 180 and 200 °C, and the activation energies of nanoparticle arrays
as a function of Rh composition (x=0-1). (Adapted from ref [14], reprinted with permission)

The observation that pure Rh nanoparticles are more reactive than Pt nanoparticles
is consistent with earlier CO oxidation studies on thin films and single crystals. This is
associated with differences in the initial dissociative sticking probability of oxygen
(Pt is 0.2 and Rh is 1.0). As shown in Fig. 1.6c, the reactivity of CO oxidation
increases nonlinearly as a function of Rh composition. This tendency could be due
to preferential migration of Pt to the surface, resulting in a higher surface concentra-
tion of Pt compared to the bulk concentration. The size of the Rh,sPt,s bimetallic
nanoparticle arrays can be used to tune the activity of CO oxidation. The size was
varied during synthesis using colloidal chemistry. The catalytic activity of CO oxi-
dation increases as the size of the bimetallic nanoparticles decreases. Thermodynamic
analysis and XPS measurements suggest that the higher catalytic activity of smaller
bimetallic nanoparticles is associated with the preferential surface segregation of
Rh, compared to Pt, on the smaller nanoparticles [15]. Figure 1.7 shows the turnover
rate of CO oxidation measured on Rh/Pt nanoparticles as a function of size and
composition. The general trend of the size and compositional dependence on cata-
lytic activity is that the smaller and Rh-richer nanoparticles exhibit higher catalytic
activities. This result suggests the intriguing capability of changing the catalytic
activity in a bimetallic nanoparticle by varying the composition and size, with
possible applications in tunable nanocatalysts [16, 17].
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1.5 In Situ Surface Characterization to Bridge
Pressure Gaps

Vacuum studies on single crystal surfaces revealed a number of important surface
phenomena, leading to new concepts in surface science. The instrumentation tech-
niques developed for surface studies include photon-in/electron-out (XPS), electron-
in/electron-out (LEED surface crystallography and Auger electron spectroscopy
(AES)), atomic, molecular beams, and ion beam in/ions out (secondary ion mass
spectrometry (SIMS), and inelastic ion surface scattering (ISS)) techniques. All of
these techniques have high scattering cross sections that would not survive the pres-
ence of high-pressure gas or liquid at the interfaces.

Since the 1980s, the surface science community has developed techniques that
probe the structure, composition, mechanical properties, and dynamics of surfaces at
high pressure. The research activity on in situ surface characterization will be covered
in Part III. Several examples of high-pressure surface apparatuses are shown in
Fig. 1.8. These include (a) high-pressure SFG vibration spectroscopy, (b) high-pressure
STM, (c) high-pressure XPS, and (d) atomic force microscopy (AFM).

Of these, SFG vibrational spectroscopy is a surface-specific technique; it is quite
useful for high-pressure studies based on the principle of second harmonic genera-
tion (see Fig. 1.8a). One or both laser frequencies are tuned, then spatially and
temporally overlapped. By scanning one of the lasers in the infrared frequency
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Fig. 1.8 Schemes of high-pressure surface apparatuses: (a) high-pressure sum frequency genera-
tion (SFG) vibration spectroscopy, (b) high-pressure STM, (¢) ambient pressure XPS, and (d) in
situ AFM. (Adapted from ref. [28], reprinted with permission)

regime, a sum frequency signal and, thus, a visible vibrational spectrum is obtained [7].
Such a signal is forbidden from a centrosymmetric medium, such as in the bulk of
face-centered cubic crystals or in an isotropic high-pressure gas or a liquid. However,
at a surface, which is not centrosymmetric, the second-order susceptibility is
non-zero, and the surface yields a vibrational spectrum with monolayer sensitivity.
It is also able to give vibrational frequencies of adsorbed molecules at pressures
ranging through 10-12 orders of magnitude. High-pressure STM images (shown in
Fig. 1.8b) reveal that at high pressure, surfaces form new structures that are not seen
under ultrahigh vacuum. As more molecules adsorb onto the surface, the repulsive
interaction among them becomes more important and causes the surface to recon-
struct in new ways.

Using high-pressure STM, we always find that the adsorbed layer is mobile on
the catalytically active surface, while ordered structures form if the reaction is
inhibited by another adsorbate that poisons the catalytic reaction [18]. Catalytic
hydrogen/deuterium exchange on a platinum (111) single crystal and its poisoning
with carbon monoxide was also studied using STM and mass spectrometry at pres-
sures ranging from mTorr to atmospheric. STM images acquired at room tempera-
ture under reaction conditions (200 mTorr H,, 20 mTorr D,) show a surface with no
discernible order (Fig. 1.9a), as the adsorbate species diffuse much faster than the
scanning rate of the instrument (10 nm per millisecond) [19]. However, after
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Fig. 1.9 High-pressure STM results. 90 Ax90 A STM images of catalytically active Pt(111) at
298 K in the presence of (a) 200 mTorr H, and 20 mTorr D, and (b) 200 mTorr H,, 20 mTorr D,,
and 5 mTorr CO. (¢) CO molecules are represented by the small circles and color coded according
to their proximity to a top site (dark) or to a bridge site (light). (d) D, and HD at 296 K, 200 mTorr
H,, and 20 mTorr D, were monitored using mass spectroscopy. The evolution of the D, and HD
partial pressures indicates that the Pt catalyst surface is actively producing HD, consistent with the
STM image (a). (Adapted from ref. [18], reprinted with permission)

introducing 5 mTorr of CO to poison the reaction, STM images reveal an ordered
surface with hexagonal symmetry (Fig. 1.9b), which is similar to that formed by
pure CO on Pt(111) in this pressure range. The structure is incommensurate with
that of the Pt(111) lattice and has a coverage of about 0.6 monolayer. A schematic
of the proposed structure is shown in Fig. 1.9c. At room temperature and in the pres-
ence of 200 mTorr H, and 20 mTorr D,, the surface is catalytically active, producing
HD at a rate of 4.3 molecules/site/s, as shown in Fig. 1.5d. Upon introduction of
5 mTorr of CO, however, the production of HD dropped below the detection limit of
our mass spectrometer. At 345 K, the turnover frequency in the absence of CO
increased to 39 molecules/site/s, which is about ten times higher than at room
temperature. The addition of 5 mTorr of CO at this temperature dramatically
decreased the reactivity, but unlike in the room temperature case, the catalytic
activity was still observed at 0.03 molecules/site/s. This implies that the immobile,
ordered monolayer of CO molecules forms an incommensurate structure relative to
the Pt(111) substrate. Removing a small fraction of the CO layer by heating the
sample allowed the surface to become mobile and catalytically active.
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Fig. 1.10 XPS Rh3d peaks for 2 and 7 nm Rh nanoparticle arrays during CO oxidation taken with
ambient pressure XPS. (Adapted from ref [10], reprinted with permission)

The surface composition and oxidation of single crystals or nanoparticles under
gas or catalytic conditions can be studied by using ambient pressure X-ray photo-
electron spectroscopy (AP-XPS) [20, 21]. A schematic representation of AP-XPS
is shown in Fig. 1.8c, which illustrates a differentially pumped electrostatic lens
system that refocuses the scattered electrons into the object plane of a standard
electron energy analyzer in the high-vacuum region. The kinetic energy of the
detected electrons can be varied by tuning the photon energy of the X-ray source.
Figure 1.10 shows XPS Rh3d peaks for 2 and 7 nm Rh nanoparticle arrays during
CO oxidation taken with ambient pressure XPS. The high catalytic activity of the
smaller Rh nanoparticles is associated with the presence of Rh oxide, suggesting the
intrinsic role of Rh oxide as a catalytically active species [10].

AFM is a technique whereby a small tip (tens of nm) is raster scanned across a
surface. A laser light is reflected off of the back of the tip, and the reflected light is
collected in a position-sensitive photodiode. This allows for gathering such infor-
mation as surface topography and for measuring mechanical properties of the sur-
face, such as friction, adhesion, stiffness, and plastic deformation. The friction and
adhesion properties of colloid nanoparticles were investigated using AFM [22].
Figure 1.11 shows AFM images of Pt colloid nanoparticles with four types of capping
layers: TTAB (tetradecyltrimethylammonium bromide), HDA (hexadecylamine),
HDT (hexadecylthiol), and PVP (poly(vinylpyrrolidone)). The variation of friction
when changing the capping layers is approximately 30 %; it appears that the friction
depends on the packing and ordering of the capping layers.
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Fig. 1.11 (Left) Scheme of AFM on Pt nanoparticles. (Right) AFM images (500x 500 nm) of Pt
nanoparticles capped with various capping layers. (Adapted from ref. [22], reprinted with
permission)

1.6 The Role of Metal-Oxide Interfaces
in Heterogeneous Catalysis

One of the key issues in heterogeneous catalysis is the role of metal-oxide inter-
faces in altering catalytic activity. The smart design of nanocatalysts can improve
the catalytic activity of transition metals on reducible oxide supports, such as Pt
nanoparticles or nanowires on a titania substrate, as shown in Fig. 1.12, via strong
metal—support interactions (SMSI). The SMSI effect refers to changes in the cata-
Iytic activity when group VIII metals (i.e., Fe, Ni, Rh, Pt, Pd, and Ir) are supported
on certain oxides (e.g., TiO,, TaOs, CeO,, NbO). For example, methane formation
from CO or CO, and H, is enhanced by three orders of magnitude.

The role of the metal-oxide interface in enhancing catalytic activity was first
suggested by Schwab and others, who performed oxidation of carbon monoxide on
Ag/NiO. As reported by Hayek and others, the reaction rate in the oxide—metal
model system depends on the oxidation state of the supporting oxide, the free metal
surface area, and the number of sites at the interface between the metal and the sup-
port. The origin of such metal-oxide interactions is attributed to either geometric or
electronic effects. The geometric effect assumes that the active surface area of the
noble metal changes during the reduction process.

The electronic effect involves charge transfer between the metal and the oxide
support. Elucidation of the origin of the metal-support interaction requires mea-
surement of the charge transfer through the oxide—metal interface. To detect this
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charge transfer or flow of hot electrons under catalytic reaction conditions, metal—
semiconductor Schottky diodes have been developed [23, 24]. If the metal particle
or film is the diameter or thickness of the electron mean-free path (~10 nm), hot
electrons can be collected as they are transported across the metal without collision,
as shown in Fig. 1.13. For an n-type Schottky diode, hot electrons are detected as a
chemicurrent if their excess energy E.,=|E— Ejl is larger than the effective Schottky
barrier, which is the difference between the conduction band minimum and the
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Fermi energy, Er, at the interface. Once hot electrons arrive at the oxide, they dissipate
energy and thus cannot go back to the metal. Therefore, the Schottky energy barrier
leads to irreversible, one-way charge transfer of hot electrons from the metal to the
semiconductor, as shown in Fig. 1.13. After hot electrons move from the metal to
the semiconductor, they are replaced by low-energy electrons supplied by the
external leads connected to the Pt and the semiconductor, resulting in the continu-
ous flow of hot electrons generated by the catalytic reaction.

The hot electron flows also correlate with the turnover rate of CO oxidation, as
measured separately by gas chromatography [25]. Photon energy has been observed
being converted into hot electron flows with metal-semiconductor diodes [26, 27].
The detection of hot electrons may lead to a fundamental understanding of energy
dissipation and conversion processes, which would introduce new opportunities for
energy conversion. The detection of hot electrons under various catalytic reactions
and the influence of hot electrons in catalytic reactivity will be discussed in Chap. 10.

1.7 Conclusion

This chapter outlines new research directions in surface science and their relationship
to nanocatalysts and renewable energy conversion. We envision three subjects
which are important research directions: (1) development of new model systems
and functional materials for applications in energy and the environment, (2) in situ
surface characterization to reveal surface phenomena under conditions where cata-
lytic processes or energy conversion commonly take place, and (3) new device
schemes for energy conversion. Due to advancements in these research areas, surface
science is entering a new era and will become an area of research essential to truly
achieving renewable energy sources, which is an important goal for mankind.
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Chapter 2

Shape-Controlled Nanoparticles: Effect
of Shape on Catalytic Activity, Selectivity,
and Long-Term Stability

Hyunjoo Lee

2.1 Why Does Shape Matter for Catalytic Reactions?

The effect of surface structure on catalytic reactions has been investigated for
decades. Often, single-crystalline surfaces with defined atomic arrangements have
been prepared and the adsorption and reaction of chemical compounds on their
surfaces have been investigated. Figure 2.1 shows an STM image of NO adsorbed
onto the Pd(111) surface on which a hexagonal arrangement is clearly seen. Low-
index surfaces of (100), (110), and (111) have been prepared for various metals,
including Pt, Rh, and Ni. Catalytic reactions on these surfaces have been studied
under very low pressure conditions.

Various reactions have been studied on different crystalline surfaces. For example,
aromatization from hexane to benzene or from heptane to toluene was compared for
Pt(111) and Pt(100) surfaces [2]. The reaction rate of aromatization was much faster
on the Pt(111) surface, which has a hexagonal atomic arrangement. The effect of the
surface crystalline structure on selectivity in the hydrogenolysis of methylcyclopen-
tane was also investigated [3]. The Pt(100) surface led to more fragmentations with
carbon numbers less than 6, while the Pt(111) surface produced a significant amount
of benzene. No benzene was produced using the Pt(100) surface.

Electrocatalytic reactions have also been very good model systems for investi-
gating the effects of surface crystalline structure. For example, in electrocatalytic
formic acid oxidation, the amount of current produced and the extent of surface
poisoning were shown to be dependent on the surface structure of the catalyst [4].
The Pt(100) surface produced approximately six times more current than the Pt(111)
surface. The Pt(100) surface suffers from severe poisoning in the forward scan,
producing no current (the large current appears only in the backward scan), whereas
the Pt(111) surface displayed little poisoning, as proven by similar oxidation peaks
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Fig. 2.2 Shaped nanocrystals with well-defined surface structures (adapted from ref. [6])

seen in both the forward and backward scans. This dependence on the surface struc-
ture can result from the formation of distinct intermediates adsorbed on the surface.
Recently, Bratlie et al. reported that the same dienyl benzene intermediates are
observed by sum frequency generation on both the Pt(100) and Pt(111) surfaces,
whereas -allyl c-C¢H, forms only on the Pt(100) surface [5]. As a result, the Pt(100)
surface produced only the fully hydrogenated product (cyclohexane), but the Pt(111)
surface produced the partially hydrogenated product (cyclohexene) as well as the
fully hydrogenated product. Many other works have also demonstrated a dependence
on surface structure for catalytic activity and selectivity.

When nanoparticles have a particular shape, the facets of the nanoparticles can
have a predetermined atomic arrangement. Figure 2.2 shows various shapes of
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single-crystalline polyhedral nanocrystals. In the case of face-centered cubic (FCC)
metals, such as Pt, Au, Ag, Pd, and Rh, cubic nanoparticles only have (100) facets,
while octahedral or tetrahedral nanoparticles only have (111) facets. The truncated
forms of these nanoparticles, such as cuboctahedra, have both (100) and (111) fac-
ets. Anisotropic nanoparticles have also been reported in the shapes of rods or plates
with (110) facets.

By controlling the shape to have particular facets, the atomic arrangement can be
modulated, which can potentially allow for enhancements in activity and selectivity.
Knowledge of the effect of the surface crystalline structure on catalytic properties has
been increasing for decades, which can be used to design the catalysts at nanometer
scale with higher activity and selectivity. Recent review papers about shape-controlled
nanoparticles and their catalysis can be also found elsewhere [7—12].

2.2 The Synthesis of Shaped Nanocrystals

Controlling the shape of nanoparticles has been mainly achieved using colloidal or
electrochemical methods. In the colloidal method, a metal precursor is dissolved in
a solvent with an organic surface-capping agent, which enables the nanoparticles to
be stably dispersed in the solution. Then, the metal is reduced by adding a reducing
agent or by raising the temperature. This method can produce a relatively large
quantity of nanoparticles and no special equipment is necessary. The electrochemical
method generates shaped nanocrystals on the electrode surface. The metal or metal
oxide nanoparticles undergo nucleation and overgrowth on the surface. While many
exotic shapes have been observed using the electrochemical method, it usually
produces very large particles and mass production is not possible. Rarely, litho-
graphic or vaporization methods have been reported to make shapes. Arrayed square
nanoparticles and crescent moon shapes were also developed [13, 14], but these
nanoparticles are fairly large and require the use of complicated, expensive equip-
ment. Here, I will mainly discuss the colloidal method and briefly introduce the
electrochemical method.

2.2.1 Colloidal Method

Many studies have been performed to produce shaped nanoparticles in a colloidal
solution. In general, a shape can be formed by modulating the overgrowth step.
When the nuclei overgrow, a precursor can be added to a particular overgrowth
direction. Overgrowth in a particular direction can be enhanced or suppressed by
using (1) a surface-capping agent, (2) an inorganic shaping agent, or (3) a reducing
agent. Furthermore, unique shapes can be synthesized by combining this bottom-up
synthesis with top-down etching. The shapes are usually obtained by a combination
of these methods, rather than using only one.
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Fig. 2.3 Shaped Cu,O nanocrystals produced by controlling the amount of surface-capping agents
(adapted from ref. [16])

2.2.1.1 Surface-Capping Agent

In 1996, the first shape-controlled Pt nanoparticles were synthesized by using dif-
ferent amounts of the surface-capping agent sodium polyacrylate [15]. El-Sayed
et al. reported Pt cubes and Pt tetrahedra ~10 nm in size. When the ratio of capping
materials to the metal precursor (K,PtCl,) was 1:1, cubes were produced; when the
ratio was 5:1, tetrahedra were produced, as shown in Fig. 2.3. The polyacrylate
might be bound to the (111) facet more strongly, resulting in only the (111) facets
remaining when excess polyacrylate was used. Although this argument cannot
fully explain the formation of cubic nanoparticles, it provides some explanation for
the observed shape evolution from cube to tetrahedra. The change in shape from
cube to octahedra was also observed in copper oxide nanocrystals when
polyvinylpyrrolidone (PVP) was used as the capping material [16].

Additionally, icosahedral, decahedral, octahedral, tetrahedral, and triangular
plate-like Pd nanocrystals were synthesized by varying the quantity of oleylamine
[17]. However, the correlation between the change in shape and the amount of
surface-capping agent was not always observed. Although organic capping materi-
als, such as amphiphilic polymers, alkylammonium halide, and oleylamine, should
always be used for dispersion in the colloidal solution, changes in the shape induced
by controlling the amount of surface-capping agent have rarely been reported.
Different shapes can be realized more easily by using different types of surface-
capping agents, but these methods are not desirable for use in catalytic applications.
Different surface-capping agents can affect the catalytic properties by blurring the
effect of the surface crystalline structure.

Some organic compounds can act as shape-controlling agents. When cubic Pt
nanoparticles were synthesized with oleylamine and oleic acid, it was found that the
use of oleic acid was necessary for the formation of the cubic shape [18]. In this
case, oleic acid did not act as the surface-capping agent because poorly dispersed
nanoparticles were obtained if oleylamine was not also added. Similarly, Pt;Ni
cubes were synthesized in the presence of oleic acid, whereas Pt;Ni octahedra were
obtained when oleic acid was replaced with diphenyl ether [19]. Benzoic acid or
aniline has also been used to synthesize octahedral and truncated octahedral PtNi,_,
nanoparticles. These organic substances acted as crystal growth inhibiting agents
producing more Pt(111) facets [20].
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Fig. 2.4 Shaped Pt nanocrystals synthesized by controlling the amount of Ag ions (adapted from
ref. [21])

2.2.1.2 Inorganic Shaping Agent

A more popular method to control the shape is by using an inorganic shaping agent.
Adding a small amount of inorganic ions during synthesis can change the shape of
the nanocrystals formed. Figure 2.4 shows the synthesis of cubic, cuboctahedral,
and octahedral Pt nanoparticles by adding different amounts of Ag ions [21].
When more Ag ions were added, the (111) facets persisted more than other facets,
which produced octahedral nanoparticles. The same size (~7 nm) of nanoparticles
was successfully made using PVP as the capping agent.

However, it was observed that the surface of these nanoparticles was contami-
nated by residual Ag ions. When these different shapes of nanoparticles catalyzed
ethylene hydrogenation, which is a surface-insensitive reaction, no difference in the
activity was expected for the various shaped nanoparticles. However, the cubes had
aturnover frequency of 8.6 s7!, whereas the turnover frequency of the octahedra was
0.02 s7! [22]. The Ag residing on the Pt nanoparticles hindered the catalytic reac-
tion. The catalytic reaction on Pt octahedra with the greatest residual Ag ion con-
centration showed the poorest activity. Although beautifully shaped nanocrystals
were obtained, the effect of the surface crystalline structure on catalytic activity
could not be observed because of surface contamination.

Fe(CO), was also used to prepare cubic Pt nanoparticles [18], but whether a trace
amount of Fe was actually incorporated into the Pt nanoparticles was not clear because
FePt composite nanoparticles can be easily formed using similar synthetic conditions
[23, 24]. W(CO)s was also used to synthesize Pt-based nanocubes, including Pt;Co,
Pt;Fe, Pt;Ni [25], and Pt;Ni nanooctahedra [26]. However, the different shapes (Pt;Ni
cubes and Pt;Ni octahedra) did not result from W(CO),, but were the result of the type
of Ni precursor used. The authors suggested that W(CO); participates in the nucle-
ation step; therefore, the W species might not be a shape-controlling factor, though
it is essential to synthesize high-quality shaped nanoparticles. CO organic ligands
might play a role in producing the cubic shape. Similarly, gaseous CO was also
reported to produce cubic Pt alloy nanoparticles [19, 27]. NO, caused a change in
shape from cubic to octahedral in the synthesis of Pd nanocrystals [28].
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Fig. 2.5 Shaped Pt nanocrystals synthesized by using different reducing agents (adapted from
ref. [31])

Most recently, various halide ions were utilized for shape control. Bromide ions
were used to synthesize Rh nanocubes [29]. Nal was added to synthesize Pt,Pd,_,
nanocubes, whereas substituting Nal with NaCl produced PtPd nanooctahedra [30].

2.2.1.3 Reducing Agent

Different shapes can also be synthesized by using various reducing agents. Figure 2.5
shows cuboctahedral, cubic, and dendritic-shaped Pt nanoparticles synthesized
using hydrogen gas, NaBH,, and ascorbic acid, respectively, as reducing agents
under otherwise identical conditions [31]. Compared with hydrogen gas, NaBH,
increased the pH of the reacting aqueous solution, slowing the reduction rate of the
platinum precursor. In this case, the surface of the shaped nanoparticles can be the
same without potential contamination by organic or inorganic shape-controlling
agents. The effect on shape caused by different surface crystalline structures could
be evaluated using these nanoparticles.

2.2.1.4 Top-Down Etching

The methods discussed above generate shaped nanoparticles by using a bottom-up
approach. The metal precursor is reduced forming nuclei in a colloidal solution that
are subsequently overgrown into particular shapes. Other unique shapes can be pro-
duced by selective etching of shaped nanoparticles. Xia et al. reported the synthesis
of nanoboxes composed of either Pd—Ag or Pt—Ag [32]. Starting from Ag nanocu-
bes, the addition of Na,PdCl, caused galvanic replacement, dissolving out Ag and
forming a Pd—Ag composite shell. Recently, we synthesized shaped Au—Pt compos-
ite nanoparticles with Pt nanoparticles selectively deposited on the Au(100) facets
[33]. Then, the Au was selectively etched by CN~ ions, while the part covered by the
Pt was preserved [34]. Figure 2.6 shows the change in the shape of the nanoparticles
before and after etching. The combination of bottom-up synthesis and top-down
etching can enrich the collection of shape-controlled nanoparticles.
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Fig. 2.6 (Left) Au@Pt nanoparticles where Pt is selectively deposited at Au(100) facets. (Center)
The Au surface is etched while the Pt is preserved. (Right) HR-TEM image of the tip of the etched
Au@Pt nanoparticle (adapted from [33, 34])

2.2.2 Electrochemical Method

Shaped nanoparticles can be synthesized directly on an electrode surface. The first
nanocrystals composed of high-index facets (tetrahexahedral Pt nanocrystals with
(730) facets) were made using an electrochemical method [35]. Here, the spherical
Pt nanoparticles were first deposited on a glassy carbon electrode, and then a square-
wave potential treatment was applied, resulting in tetrahexahedral Pt nanocrys-
tals. The same group further developed this procedure to synthesize tetrahexahedral
Pd nanocrystals directly, without forming nanospheres [36]. Figure 2.7 shows a sche-
matic of the synthesis and SEM images of the shaped nanocrystals. Various shapes
of Fe nanocrystals, including rhombic dodecahedra, tetragonal bipyramids, and
cubes, were also synthesized [37]. Choi et al. reported a series of works producing
shaped Cu,O nanocrystals using electrochemical methods. A variety of snow-like
crystals could be synthesized by controlling the concentration of the copper precur-
sor, temperature, voltage, etc. [38, 39]. Nanocrystals that are electrochemically
deposited on the electrode have many advantages: shape modulation is easier, the
surface of the nanocrystals is cleaner because of the lack of organic surface-capping
agents, and contact between the nanocrystals and electrode is much better than in
the case where colloidal nanoparticles are deposited on the electrode. However, the
particle size is much larger for the electrochemical method (even up to >1 pm), and
significant mass production is not possible. Additionally, this method is not appro-
priate for catalytic applications using precious metal catalysts.

2.3 The Effect of Shape on Catalytic Activity, Selectivity,
and Long-Term Stability

Shaped nanoparticles have been utilized as catalysts for various electrocatalytic,
gas-phase, and liquid-phase reactions. The shape often results in enhanced activity,
selectivity, and long-term stability. Many examples have been reported for single
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Fig. 2.7 A synthetic scheme and SEM images of tetrahexahedral Pd nanocrystals electrochemically
deposited on the electrode (adapted from ref. [36])

metal, metal composite, and metal oxide materials. Instead of providing a compre-
hensive review of all of these examples, I will only introduce examples that show
the potential and limitations of shaped nanocrystals in catalytic applications.

2.3.1 Pt;Ni Nanooctahedra

In 2007, Markovic et al. reported a single-crystalline study showing that the
Pt;Ni(111) surface is tenfold more active in the oxygen reduction reaction (ORR)
than the corresponding Pt(111) surface and 90-fold more active than the current
state-of-the-art Pt/C catalysts, as shown in Fig. 2.8 [40]. This beautiful study stimu-
lated the synthesis of nanoparticles consisting of the Pt;Ni(111) surface and, 3 years
later, the synthesis of Pt;Ni nanooctahedra and the results for the ORR activity test
were reported [26].

The authors emphasized the strong shape dependence of the Pt;Ni nanoparticles
on ORR activity. The shape dependence was clearly observed, but the enhancement
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Fig. 2.8 TEM images of Pt;Ni nanooctahedra and comparison of ORR activity (adapted
from ref. [26])

in mass activity was rather disappointing. Mass activity of commercial Pt/C is usually
~0.1 A/mgp, for the ORR at 0.9 V (vs. RHE) in 0.1 M HCIO, solution. The Pt;Ni
octahedra only showed mass activity comparable to commercial Pt/C, whereas the
Pt;Ni octahedra supported on carbon had higher mass activity (~0.3 A/mgp,).
Considering the complicated synthetic conditions and potential shape degradation
during the ORR, the synthesized Pt;Ni octahedra do not seem to be attractive for
practical applications.

The low mass activity might be the result of residual surface-capping agent
(oleylamine) or shape deformation during the removal process of the surface-
capping agent. The authors used Ar plasma to remove the surface-capping agent,
but this might degrade the well-defined surfaces of the shaped nanoparticles.

2.3.2 Pt Nanodendrites

Dendritic-shaped Pt nanoparticles have been synthesized using amphiphilic
polymers or block copolymers. We synthesized highly porous Pt nanoparticles
using tetradecyltrimethylammonium bromide (TTAB) as the surface-capping agent.
This agent has weaker interactions with the Pt surface, which better preserves the
catalytically active sites [31]. Various sizes (13, 19, 30, 53 nm) of Pt nanodendrites
were synthesized, and their catalytic activity was tested in the ORR [41].
Interestingly, the dendrites had a single-crystalline structure, rather than an agglom-
erated form composed of smaller nanoparticles. The dendrites showed a higher
activity than commercial Pt/C; the mass activity was enhanced by a maximum of ~3
times at 0.9 V (vs. RHE), compared with commercial Pt/C (E-tek). Additionally, the
long-term stability was tested by repeating the cyclovoltammogram 5,000 times in
the range of 0.6—1.1 V in oxygen-saturated 0.1 M HCIO, solution. The reduction in
the electrochemically active surface area was lower in the nanodendrites than in the
commercial Pt/C.

The reason of this enhanced activity and long-term stability was elucidated by
taking extended X-ray absorption fine structure (EXAFS), X-ray absorption near
edge structure (XANES), and high resolution X-ray diffraction (XRD) [42]. It
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Fig. 2.9 HR-TEM image of the Pt dendrite and comparison of the change in absorption edge
peaks of the XANES spectra as a function of potential (adapted from ref. [41, 42])

turned out that the abnormal shape of the dendrite (highly porous in spite of being a
single crystal) induced greater compressive strain on the Pt surface. Bond length
shortening occurred and d-band center was downshifted, resulting in increased
ORR activity. The XANES study at various potentials also revealed the electron
retention property of the dendrites. The Pt surface of the dendrites was oxidized less
than the commercial Pt/C, minimizing the Pt dissolution at high potential and result-
ing in enhanced long-term stability. Figure 2.9 shows the HR-TEM image, which
shows the single-crystalline nature of the nanodendrites and the XANES results at
various potentials.

Our preliminary membrane-electrode assembly (MEA) test results, however,
showed that Pt nanodendrites used as cathode catalysts did not necessarily guaran-
tee higher performance as a single fuel cell. Although the result of a half-cell test
showed that the mass activity of the Pt dendrites/C was enhanced by ~3 times, com-
pared with commercial Pt/C, a full-cell test showed a current output only compara-
ble to commercial Pt/C at 0.6 V. The porous shape induced higher ohmic and
concentration resistance regardless of its lower activation overpotential. The Pt
nanodendrites’ three-phase boundary (gas reactant/Pt catalyst/polymer electrolyte)
was not as good as that of commercial Pt/C. All of the studies reporting enhanced
activity of shaped nanocrystals were actually performed in a half-cell system.
Although the shaped nanocrystals can provide a good platform to study structure—
activity relationships, the direct application of shaped nanocrystals in a practical
fuel cell system would face many obstacles.

2.3.3 Pt-Based Nanocubes

Pt-based cubic nanoparticles have also been reported as electrocatalysts [18, 43].
They have especially high activity in H,SO, solution. When HCIO, solution was
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Fig. 2.10 The activity of shaped PtNiFe nanoparticles in ORR (adapted from ref. [43])

used as the electrolyte, the (111) surface showed higher activity, but when H,SO,
solution was used, the (100) surface had higher activity. The sulfate ions bind to the
Pt(111) surface, strongly hindering the catalytic reaction on the surface, whereas
HCIO, does not have a strong interaction with the Pt surface. Because actual fuel
cell systems use polymer electrolytes with excessive amounts of sulfate ions, such
as Nafion, activity tests in H,SO, solution might provide more practical results.
Figure 2.10 shows the activity of PtNiFe nanoparticles in ORR in H,SO, and HCIO,
electrolyte solutions. Although this graph shows the effect of the shapes and elec-
trolytes well, the mass activity reported for the E-Tek catalyst is too small.

The shaped Pd nanocrystals were synthesized by overgrowing Pd on Pt nanocu-
bes [28]. The cubic, cuboctahedral, and octahedral Pd nanocrystals were tested
as electrocatalysts for formic acid oxidation. While Pd cubes showed the highest
currents (~5 times of Pd octahedra), Pd octahedra demonstrated the least surface
oxidation. PtFeCo branched nanocubes were also synthesized [44]. Co-rich branches
were overgrown on Pt-based nanocubes. These branched nanocubes were tested
as electrocatalysts for methanol oxidation. They showed enhanced activity due to
less CO poisoning. The cubic Pt,Pd,_, nanoparticles showed higher activity for the
hydrogenation of nitrobenzene in the liquid-phase, compared with octahedral
Pt,Pd,_, nanoparticles [30]. In contrast, for PtNi, nanoparticles, the cubic shape
showed poorer activity for the hydrogenation of benzalacetone in the liquid-phase
compared with the truncated octahedral and octahedral shapes [20].

2.3.4 Pt Overgrowth on Shaped Nanocrystals

Underpotential deposition (UPD) has received much attention as a way to mini-
mize Pt utilization. Copper is usually used as an intermediate species for Pt
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Fig. 2.11 A distinct platinum growth mode on shaped gold nanocrystals (adapted from ref. [45])

monolayer formation. Typically, copper is deposited on a gold surface as a mono-
layer because it is reduced on gold surfaces at a lower potential than the standard
reduction potential of bulk copper. The copper can then be replaced by Pt via
galvanic replacement. Because only the surface is used for electrocatalytic reac-
tions, the deposition of a Pt monolayer on the support material can minimize the
required amount of Pt. However, conflicting results have been reported on whether
the Pt monolayer has enhanced or suppressed electrocatalytic activity when the
monolayer was formed on a gold surface using the UPD technique. We have
recently shown that the structure of overgrown Pt is affected by the crystalline
structure of the underlying gold surface. When Pt was overgrown using the UPD
technique on gold cubes with Au(100) facets or gold octahedra with Au(111)
facets, Pt nanoparticles formed on the cubes, whereas Pt overlayers formed on the
octahedra (Fig. 2.11) [45]. Simulation using density functional theory also con-
firmed that Pt overlayers were energetically favorable on the Au(111) surface,
but Pt islands were more stable on the Au(100) surface.

CO stripping results showed that CO binds more strongly to Pt nanoparticles
than Pt overlayers. For electrocatalytic oxidation of small organic molecules, such
as methanol or formic acid, stronger binding to CO often results in poorer activity.
The conflicting reports about the activity of Pt formed by the UPD technique might
result from not knowing the effect of the underlying gold surface on the Pt
nanostructure.
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Fig. 2.12 Isomerization of 2-butene; trans to cis occurred more frequently on the tetrahedral Pt
nanoparticles, whereas cis to trans occurred more frequently on the spherical Pt nanoparticles
(adapted from ref. [47])

2.3.5 Selectivity Enhanced by Shape

Examples have been reported showing that selectivity can be controlled by chang-
ing the shape of the nanocrystals. The initial example was benzene hydrogenation
using Pt cubes and cuboctahedra [46]. As explained earlier, the Pt(100) surface
produces fully hydrogenated cyclohexane as a product of benzene hydrogenation,
whereas the Pt(111) surface produces both fully and partially hydrogenated cyclohex-
ene [5]. Shaped Pt nanoparticles were tested to determine if they produced the same
results as seen in the single-crystalline surfaces. Pt cubes with Pt(100) facets produced
only cyclohexane, but Pt cuboctahedra, which contain Pt(111) facets, produced cyclo-
hexene as well. However, the amount of cyclohexene produced was much larger in the
nanoparticle case, compared to the single-crystalline surface.

Zaera et al. successfully tuned the selectivity for the production of cis-olefins by
isomerization [47]. They synthesized tetrahedral Pt nanoparticles with Pt(111) facets
using PVP as the surface-capping agent. Then, the organic surface layer was removed
by calcination and subsequent oxidation/reduction cycles in O, and H, atmospheres.
When the calcination temperature was 475 K, the shape was preserved and the “trans
to cis” formation occurred more frequently, as shown in Fig. 2.12. When the calcina-
tion temperature was 575 K, the tetrahedral shape degraded into the spherical shape
and the “cis to trans” formation occurred more frequently than the “trans to cis.”

Control over the reaction pathway was also observed in electrocatalytic reactions.
In electrocatalytic formic acid oxidation, there are two pathways by which formic
acid is oxidized: dehydration (HCOOH — H,O0+COQO) and dehydrogenation
(HCOOH — H,+CQ0,). The dehydration pathway generates surface-poisoning CO
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Fig. 2.13 TEM image of a Pt—Pd composite nanoparticle and cyclovoltammograms showing
electrocatalytic formic acid oxidation for Pt cube and Pt—Pd composite nanoparticles (adapted
from ref. [48])

species, often increasing the oxidation potential and decreasing the amount of cur-
rent produced. In the case of the Pt cube, the formic acid is oxidized following a
dehydration pathway, which generates almost no current in the forward scan.
However, when Pd is locally overgrown on the Pt surface, as shown in Fig. 2.13, the
pathway is shifted to dehydrogenation, producing a high current in the forward scan
[48]. The peak potential is also significantly lowered.

The electrocatalytic hydrogenation of cyclohexenone was also tested for various
shapes of Pt cubes, cuboctahedra, and dendrites [49]. The dendrites produced more
fully hydrogenated cyclohexanol, whereas the cubes produced more partially
hydrogenated cyclohexanone. Presumably, there are more stepped sites on the
surface of the dendrites, which are more advantageous for hydrogenating C=0
bonds, compared to the (100) surface.

2.3.6 Long-Term Stability Enhanced by Shape

Few studies have focused on the effect of the shape on long-term stability.
As explained in Sect. 3.2, Pt dendrites have enhanced long-term stability in the
electrocatalytic ORR because there is less surface oxidation at high potential [42].
A few other examples have shown the long-term stability of shaped metal oxide
nanocrystals for catalytic reactions. Shen et al. reported that Co;0, nanorods with
(110) facets are very active for CO oxidation [50], but the oxygen-exposed (110)
facets are easily degraded, showing a sudden reduction in activity 60 h later at room
temperature. We recently reported the long-term stability of Cu/CeO, with copper
deposited on shaped CeO, nanocrystals for preferential oxidation of CO in excess H,
(PROX) [51], as shown in Fig. 2.14. When CeO, cubes, rods, and octahedra were com-
pared, the octahedral shape showed the highest activity and the best long-term stability.
While significant reduction in the activity was observed for both cubes and rods, the
high activity remained unchanged for the octahedra after 100 h of reaction.

The long-term stability of the shaped nanocrystal catalysts should be obtained
for their practical application. More studies need to focus on the stability over many
hours of reaction using shaped nanocatalysts.
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Fig. 2.14 PROX reaction for 100 h using Cu/shaped CeO, catalysts (adapted from ref. [51])

2.4 The Effect of the Surface-Capping Agent

The effect of residual surface-capping agents on catalytic properties should be
considered carefully. Catalytic activity can often be observed only after removing
the surface-capping agent to some extent, but completely removing the organic
agents is not easily achieved. Not only do the capping agents occupy the surface of
the catalysts but also they affect the chemical properties of the surface, such as the
oxidation state.

2.4.1 How the Catalytic Activity Can Be Varied
by the Surface-Capping Agents

Previously, we investigated how the surface-capping agent affects catalytic activity.
Pt cubes of the same shape and similar sizes have been synthesized by using two
different surface-capping agents, PVP (MW 55,000) and TTAB (MW 336). The
catalytic activity of these Pt cubes was tested for electrocatalytic H adsorption, C,H,
hydrogenation, benzene hydrogenation, and p-nitrophenol hydrogenation [52].
The size of the reactants increased from H to p-nitrophenol. The surface-capping
agents reside on the surface for the first three reactions, whereas the surface-capping
agents spread out into the liquid medium for the p-nitrophenol hydrogenation.
The long polymeric alkyl chain of PVP covered the Pt surface more than TTAB.
When using PVP, there were fewer clean Pt atom ensembles for the adsorption of
the reactants. However, when the surface-capping agents spread out, the length of
the capping agent did not matter much (Fig. 2.15).

TTAB-capped Pt nanocubes had higher activity than PVP-capped cubes for the
first three reactions. Furthermore, the activity difference became larger when the
size of the reactants was larger. The activity ratio of the TTAB case to the PVP case
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Fig. 2.15 The effect of the length of the surface-capping agents and the reaction medium

was 3.8 for H adsorption, 7.1 for C,H, hydrogenation, and 13.4 for benzene hydro-
genation. However, the activity was similar for the p-nitrophenol hydrogenation
with an activity ratio of 0.98. For liquid-phase reactions, the length of the surface-
capping agent had a negligible effect. This work clearly shows how the activity can
be varied by the surface-capping agents and reaction conditions.

2.4.2 Removal of the Surface-Capping Agents

Various methods have been utilized to remove surface-capping agents, such as thermal
annealing, repetitive oxidation/reduction, UV/ozone treatment, acetic acid washing,
ultrasonication, and the imposition of high voltage. Stamenkovic et al. reported that
when oleylamine-coated nanoparticles were annealed in an oxygen atmosphere at a
mild temperature (185 °C), the activity for ORR was the highest [53]. Acetic acid
washing or UV/ozone treatment showed much lower activity (2/3 and 2/5 of oxygen
annealing, respectively). This result clearly confirms that the surface-capping agent
affects the catalytic activity significantly enough to blur the real shape effect. In
particular, this removal process often deforms the shape of the nanocrystals. Sharp
corners, such as at the vertex of cubic nanoparticles, are typically rounded [54].

Furthermore, the removal of the surface-capping agent does not necessarily guaran-
tee a “clean” surface; instead, there is a significant chance that remnants of the surface-
capping agent remain on the surface. When the surface of TTAB-capped Pt nanoparticles
was monitored by FT-IR diffuse reflectance infrared Fourier transform spectroscopy
(DRIFT) over increasing temperatures, the alkyl chain could be easily removed, espe-
cially in an oxygen atmosphere, but the ammonium head group stayed on the surface
above 350 °C regardless of the chemical environment [55] (Fig. 2.16).

2.4.3 In Situ Shaping Without Surface-Capping Agents

We developed a method to synthesize shaped Pt nanocrystals directly on three-
dimensional supports without a surface-capping agent. When the Pt precursors were
reduced in the presence of carbon supports with high surface areas, nucleation
occurred on the supports and the nanoparticle was formed without surface-capping
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Fig. 2.17 In situ-shaped cubic Pt/C synthesized without a surface-capping agent (adapted from
ref. [56])

agents. When cysteamine was added with the Pt precursor and carbon supports,
it acted as an anchoring agent, providing nucleation sites on the carbon supports,
and as a shaping agent, inducing a cubic shape (Fig. 2.17) [56]. But the cyste-
amine itself cannot be a surface-capping agent; it combines with the nanoparticles,
producing large aggregates without carbon supports. As a result, the surface of in
situ-shaped cubic Pt/C was catalytically active without any posttreatment for the
removal of organic material. When the activity was compared to Pt nanocubes syn-
thesized with oleylamine and oleic acid for the ORR, these in situ-shaped Pt cubes
showed a higher activity.

2.4.4 Participating in Catalytic Reactions

Although the surface-capping agents are usually considered as trouble in catalytic
applications, they can actually participate in catalytic reactions. Kim et al. synthe-
sized Pt nanoparticles (1-2 nm in size) by using an enzyme (aminopeptidase) [57]
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Fig. 2.18 Pt nanoparticles synthesized with PepA and their use in a cascade reaction (adapted
from ref. [57])

as the surface-capping agent. The enzyme enabled the Pt nanoparticles to disperse in
an aqueous solution and it acted as a biocatalyst. Glutamic acid p-nitroanilide was
cleaved into separate molecules of glutamic acid and p-nitroanilide by the enzyme
and then the p-nitroanilide was hydrogenated to p-phenylenediamine by the Pt
nanoparticles residing inside the enzyme (Fig. 2.18).

Additionally, the surface-capping agents often prevent surface oxidation, pre-
serving the metallic state of the surface. When dodecylamine-capped Pt nanoparticles
were deposited on iron oxide supports for preferential oxidation of CO in excess H,,
these nanoparticles showed higher activity for CO at lower temperatures than
ligand-free Pt nanoparticles due to less surface oxidation [58]. The organic layer
might be used to tune the metal—support interaction for heterogeneous gas-phase
catalytic reactions.

2.5 Issues to Be Resolved

Although the shaped nanocrystals have shown a high potential for the enhancement
of catalytic activity, selectivity, and long-term stability, there are several issues that
need to be resolved to expand their use to practical applications. The shaped
nanocrystals are typically too large to effectively utilize expensive precious metals.
The stability of the shaped nanocrystals should be carefully evaluated. The shape is
often deformed too easily, especially at high temperatures where many practical
gas-phase reactions occur. Shaped nanoparticles should also operate stably for long
periods of time. Mass production of shaped nanocrystals is another important issue
to be addressed properly. Indeed, much work on shaped nanoparticles is still needed
to fundamentally understand their catalytic reactions and develop practical catalysts
with better catalytic properties.

2.5.1 Size: Facet vs. Edge/Step/Vertex

The size of the shaped nanocrystals is usually large. Those larger than 100 nm are
often observed for shaped Au or Ag nanocrystals. In the case of Pt, shaped nano-
crystals are usually observed in the range of 5—10 nm. However, the typical size of



2 Shape-Controlled Nanoparticles: Effect of Shape on Catalytic Activity... 39

00
PPD

" G o i)
- DD

60 70 80 90 100
NI [9[8]

ERERS ] Temperature (°C)

Fig. 2.19 Small shaped Pt nanoparticles (0.8—1 nm) and their catalytic activity for 2-propanol
oxidation (adapted from ref. [59])
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Pt nanoparticles used as practical catalysts is 1-3 nm. Large shaped nanoparticles
would not be practically useful unless their size is reduced further, although the
specific activity (activity per unit surface atom) is improved significantly. Cuenya
et al. recently reported shape-dependent catalytic properties of Pt nanoparticles with
a size of 0.8—1 nm [59]. They prepared these small nanoparticles by inverse micelle
encapsulation using polystyrene-block-poly(2-vinylpyridine). Because direct
observation of the shape by electron microscopy is almost impossible, they mea-
sured the coordination number via EXAFS and calculated the shape, as shown in
Fig. 2.19. The oxidation of 2-propanol on these nanoparticles showed a large depen-
dence on the shape of the nanoparticles. However, the activity was actually corre-
lated to the average number of missing bonds on the nanoparticle surface. The
activity was significantly affected by the undercoordinated atoms, not by the surface
crystalline structure induced by the shape control. Furthermore, nanoparticles with
sizes smaller than 5 nm would have a strong quantum effect, with an electronic
structure significantly different from larger nanoparticles. Although surface struc-
ture has been studied mainly for shaped nanoparticles with larger sizes (>5 nm),
different factors, such as coordination number and the change in electronic structure
from interaction with supports, should be evaluated more carefully for smaller
shaped nanoparticles (<5 nm). Additionally, a completely new strategy should be
developed to synthesize these small shaped nanoparticles.

2.5.2  Stability

As explained before, the shape of nanoparticles should be preserved during the
removal of the organic agent and the catalytic reaction process. Additionally, to
expand the applicability of these shaped nanoparticles, they should have shape



Fig. 2.20 Pt-cube/mesoporous-silica core/shell; the effect of temperature (adapted from ref. [61])

stability at higher reaction temperatures. Many gas-phase reactions occur in the
temperature range of 300-500 °C. The cubic Pt nanoparticles (TTAB-capped, PVP-
capped, and oleylamine-capped) with an average size of ~10 nm were degraded and
lost their shape below 300 °C [60]. Although Wang et al. reported that the tetrahexa-
hedral shape could be preserved up to 815 °C [35], the particle size was very large
(over 200 nm). Somorjai et al. reported that Pt nanoparticles with a size smaller than
10 nm could be thermally stable up to 750 °C, with a mesoporous-silica shell around
the individual Pt nanoparticles. Figure 2.20 shows TEM images of Pt/silica core/
shell nanoparticles and the effect of thermal treatment at various temperatures.
Although this work did not particularly mention the preservation of the shape, the
TEM images showed that the silica coating contributed to preservation of the shape
at higher temperatures.

2.5.3 Mass Production

The typical amount of the shaped nanoparticles synthesized per batch is less than
100 mg. When additional purification processing is needed, the amount obtained
decreases even further. Some nanoparticles might also be lost during the washing
process. The small amounts obtained might be enough to test the activity once in a
laboratory, but the amount needs to be scaled up for more practical application.
However, mass production of shaped nanoparticles is not easy. Although well-defined
nanoparticles are reproducibly synthesized on a small scale, the shape purity becomes
much worse when the synthesis occurs on a large scale. New strategies might be
necessary to produce a large quantity of shaped nanoparticles.
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Chapter 3

Non-Colloidal Nanocatalysts Fabricated
with Nanolithography and Arc Plasma
Deposition

Sang Hoon Kim and Jeong Young Park

3.1 Introduction

In this chapter, we discuss the most recent advances in the preparation of nanocatalysts
via dry processes. We describe the fabrication of metal nanoparticles using lithog-
raphy and the synthesis of catalytic nanoparticles using noncolloidal techniques,
including plasma deposition and lithographical techniques. Synthesis of oxide-sup-
ported metal catalysts via wet-chemical processes is well known in heterogeneous
catalysis [1-3]. Impregnation, coprecipitation, deposition-precipitation, ion
exchange, sol-gel, and colloidal processes are typical examples of wet processes.
Typically, precursors of the active catalyst materials are dissolved and reacted in an
aqueous or organic solution and the solution is mixed with ceramic supports to
prepare the oxide-supported metal catalysts. In general, the wet-chemically pro-
duced oxide-supported metal catalysts need to undergo annealing processes at ele-
vated temperature in order to eliminate the organic materials required for the wet
processes, such as solvent, surfactant, or capping agents [4—6]. The annealing pro-
cess can cause oxidation of the catalyst metal particles, causing catalytic activity
deterioration. In order to overcome the shortcomings of wet-chemical processes,
direct vaporization of metallic materials to deposit active materials on ceramic
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supports has drawn considerable interest due to its simplicity, high reproducibility,
and the possibility for large-scale production. Examples of such dry synthesis pro-
cesses for nanocatalyst production are arc plasma deposition (APD) [7-9], e-beam
lithography [10, 11], and laser vaporization [12, 13]. In this chapter, we introduce
APD and nanolithography technologies for preparing catalyst materials and discuss
recent advances in their application.

3.2 Nanocatalysts Fabricated with Lithography

3.2.1 Nanolithography for Fabrication of Nanodots
and Nanowires

Lithography-based nanocatalyst fabrication is one of the main techniques devel-
oped for the production of catalysts with high throughput [14—16]. It has the advan-
tage of precise control of particle size and interparticle distance. The two-dimensional
(2D) array of nanocatalysts produced via lithography is also highly monodispersed.
Lithography-based nanocatalysts can be formed on any substrate; therefore, it can
form a controlled oxide—metal interface, which offers opportunities for studying the
role of the interface between the catalytically active phase and the support in cata-
lytic reactions. Moreover, a fabricated 2D array of nanodots or nanowires can be
easily cleaned and crystallized for catalyst studies with various surface treatments.

Most importantly, the nanolithography routes exemplified in this section are
applicable to the fabrication of any other 2D nanocatalysts on different substrates.
The simplest route is electron beam lithography (EBL) [17-19], which utilizes
high-resolution pattern writing with a focused electron beam, followed by electron-
sensitive resist/etching. It can fabricate nanoparticles with a size of ~10 nm.
However, nanofabrication with EBL is limited by low throughput and high cost.
A new method called size reduction lithography (SRL) [20] can reduce the mold
from 0.6 pm polysilicon to ~7 nm silicon nanowire. The nanowire pattern is trans-
ferred into polymethyl methacrylate (PMMA) under high pressure and high tem-
perature using nano imprint lithography (NIL). A thermal oxide layer formed by
oxygen—plasma etching upon the residual PMMA is then removed. In this way, a
nanoscale mold is fabricated. Figure 3.1 presents the multiplication of pattern den-
sity by SRL. Pt atoms can be deposited by electron beam evaporation to form Pt
nanowires. Thermal treatment in vacuum, hydrogen, or oxygen crystallizes the Pt
nanowires [21, 22]. The major contaminant, carbon from PMMA, can be removed
by thermal oxidation under low pressure (1x 107 Torr) of NO, at 573 K. The
adsorbed oxygen remaining after the carbon removal step can be removed by con-
verting CO into CO..

Another method for fabricating catalytic nanodots is called mold-to-mold cross
imprint (MTMCI) [24]. This technique is capable of producing high areal density
nanodots of any metal on any surface. It includes three main steps. First, a silicon
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Fig. 3.1 Multiplication of pattern density by size reduction lithography. (a) After patterning a
sacrificial poly-Si layer; (b) after SiO, deposition, a SiO, spacer etch using CF, plasma, and
removal of the sacrificial poly-Si by KOH; (c) after poly-Si deposition, poly-Si spacer etch by Cl,
and HBr, and removal of SiO, by HF; and (d) after SiO, deposition, SiO, spacer etch by CF,
plasma, and removal of sacrificial poly-Si by KOH. Thus, 8 lines with a line width of 70 nm and
interline spacing of 80 nm were generated after threefold reduction lithography. The scale bars in
all images are 1 pm. (Reprinted with permission from ref. [23]. © Springer.)

wire mold is fabricated using spacer lithography. Second, a MTMCI technique is
used to convert the silicon spacer nanowires into silicon nanopillars. The principle
of the second step is to pattern a silicon spacer nanowire mold with another nanow-
ire mold by imprinting one mold placed perpendicularly onto the other. Figure 3.2a
shows the protocol for the fabrication of a silicon nanodot model using the MTMCI
technique. In the second step, an array of silicon nanopillars is fabricated at the
intersection of the silicon and chromium nanowires by etching the silicon. The sili-
con nanopillars thus formed have a size of 15x30x 250 nm (width x height x length).
Figure 3.2b is an array of silicon nanopillars, which acts as the final mold for fabri-
cating the 2D catalytic nanodots on the substrate. The third step is imprinting the Pt
nanodots (Fig. 3.3). The silicon nanopillar mold is imprinted into a PMMA layer on
silicon oxide layers formed naturally on a commercially available silicon wafer. A
thin layer of Cr is deposited via angled evaporation as a hard mask for the PMMA
mold. Then, Pt atoms are deposited into the uncovered nanowell, forming Pt
nanodots with dimensions of 15x30x5 nm. Figure 3.2¢ is an array of Pt nanodots
on silicon oxide after removal of the residual PMMA. Compared to the cleaning and
crystallization of Pt nanowires fabricated through SRL, similar cleaning routes [21,
22] are used for cleaning and crystallization of the Pt nanodots.
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Fig. 3.2 (a) Scheme of mold-to-mold cross imprint (MTMCI) to fabricate a nanopillar mold. (b)
SEM of a nanopillar mold (each nanopillar: 15x30x250 nm). (¢) A homogeneous array of Pt
nanodots (each nanodot: 15x30x5 nm) made by MTMCI. (Reprinted with permission from ref.
[23]. © Springer.)
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3.2.2 Catalytic Properties of Nanowires Fabricated
with Lithography

Dense arrays of platinum nanowires deposited on the oxide thin-film surfaces of
Zr0O,, Si0,, AL,O;, and CeO, are fabricated by combining lithographic nanofabrica-
tion and nanoimprint technology [16]. These nanowire arrays have been used to
study the effects of oxide support on the catalytic oxidation of CO. Figure 3.4 shows
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Fig. 3.4 SEM images of 20 nm wide Pt nanowires on different oxide supports. All wires are 5 nm
in height. (a) Silica support, (b) ceria support, (¢) alumina support, and (d) zirconia support. (e)
Arrhenius plots measured for CO oxidation reactions on zirconia- and ceria-supported Pt nanowire
arrays. (Reprinted with permission from ref. [16]. © Springer.)

SEM images of the nanowire arrays on different oxides. From the SEM images, the
typical dimensions of a single platinum nanowire are 20x5x 12 nm. Catalytic
oxidation of CO to CO, over the various catalyst arrays was carried out at tempera-
tures of 513-613 K. Figure 3.4e shows Arrhenius plots for the reaction on zirconia-
and ceria-supported samples. Apparent activation energies for the zirconia- and
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ceria-supported wire arrays are 14.6+0.2 and 18.8 +0.2 kcal/mol, respectively. The
nanowires on silica have an activation energy of 12.6+0.2 kcal/mol. Therefore, the
nanocatalysts composed of metal nanowires and oxide supports reveal support
dependence for both reaction turnover frequency (TOF) and the measured activation
energy.

3.3 Nanocatalysts Fabricated Via Arc Plasma Deposition

3.3.1 Introduction to Arc Plasma Deposition

APD, or cathodic arc deposition, has been traditionally applied for preparing dense
thin films of corrosion-resistant, protective, and decorative coatings, such as TiN,
TiC, and CrN [25-27]. This method is usually regarded as physical vapor deposition
(PVD), but it differs from other PVD methods in that energetic plasma ions con-
dense to form dense films in APD, while in other PVD methods, it is the vapor of
neutral atoms that condense [25].

In APD, very high current densities (~10'> A/m?) let the cathode material directly
evaporate from the surface. A plasma discharge then generates cathodic arcs within
the vapor. The size of the arc spot is typically a few microns [26]. The plasma gener-
ated at the arc spots expands rapidly into the ambient vacuum. The final velocities
of the generated ions are ~1-2x 10* m/s and are largely independent of the cathode
materials. These velocities correspond to the kinetic energies of about 20 eV for
light elements and 200 eV for heavy elements [25]. The biggest obstacle for imple-
menting the APD method has been that macrodroplets are also emitted simultane-
ously from the cathode spot along with the plasma ions and electrons. The droplets
adhere to the film and act as defects. Another problem of the APD method is that it
is not easy to control the arc generation location [28, 29]. In order to reduce or
eliminate macrodroplets, various methods have been tried, such as steered arc [30],
distributed arc [31], and filters [28, 32, 33].

Among these trials, pulsed coaxial APD offers macrodroplet-free plasma deposi-
tion without large-scale conventional magnetic filter systems in the vacuum cham-
ber. Chun et al. developed the pulsed coaxial APD system shown in Fig. 3.5a [34].
A high-voltage pulse (a few kilovolts, tens of microseconds) is applied between the
trigger and cathode cylinder. This voltage induces dielectric breakdown and trigger
discharge. Then, the main discharge occurs sequentially between the cathode spot
and the cylindrical anode, where a voltage of 50-300 V is applied. During arc dis-
charge, a very large current (~2,000 A) flows through the cathode (Fig. 3.5b). Due
to the large magnetic field induced by the current, plasma ions and electrons fly
away from the cathode towards the substrate. Meanwhile, any macrodroplets, which
are neutral, fly towards the anode and adhere to the anode surface. Because the dura-
tion of the arc is less than 1 ms, heating of the cathode material and generation of
macrodroplets are minimized. As the arc plasma is generated between the cathode
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Fig. 3.5 Schematic diagram of (a) coaxial pulsed arc plasma deposition system and (b) quasi-
stationary model of a generated arc plasma. / is the arc current, B is the magnetic field induced by
I, and F is the electromagnetic force applied to the plasma ions and electrons. (Reprinted with
permission from ref. [34]. © 2000 Elsevier Science S.A.) (¢) Used cathode cylinder made of pal-
ladium. The plasma is generated from the circular rim on the right side. (d) A generated arc plasma.
The plasma beam accelerates towards bottom of the image. (Courtesy of Ulvac-Riko, Inc.)

and anode surfaces, arc spots are limited to the protruded rim of the cathode cylinder.
For example, a slightly used cathode cylinder is shown in Fig. 3.5c. In the figure, the
rim on the right is used for plasma generation. Therefore, by controlling the length
of the protrusion, arc spots can be limited to the rim of the protrusion. Figure 3.5d
shows an actual arc plasma beam generated from the cathode (top). The accelerated
plasma beam hits the bottom, where catalyst support materials are placed. In the
case of powder-type catalyst supports, the powder is constantly stirred for effective
dispersion of the deposited catalyst nanoparticles on the powder. In case of thin-film
type catalyst supports, no stirring is needed.

This pulsed coaxial APD has been used to fabricate multilayer structures with
subnanometer thickness control [34-36] without the need of filters, such as curved
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ducts, to remove macrodroplets [37]. Another advantage of pulsed coaxial APD is
that each pulse generates a very large number of nanoparticle ions a few nanometer
in size (~1-5 nm). The amount of deposited materials or, for the two-dimensional
case, coverage of the deposited materials can be easily controlled by the number of
pulses.

As long as the material is solid and can be formed as a cylindrical cathode target
for an APD system, any material can be dry deposited as nanoparticles without
going through wet-chemical processes. Those deposited nanoparticles can be used
as seed particles for growing nanotubes [39, 40] or for decorating underlying nano-
structures to form complex nanocomposites with enhanced functionalities [41].
Among these new possibilities, using APD to dry deposit nanoparticles as nanocata-
lyst materials has drawn significant attention and interest is rapidly growing [42].
Figure 3.6 shows a schematic of depositing catalytic nanoparticles on catalyst sup-
ports. It is a dry process in a high vacuum chamber with a base pressure of ~10~7 Torr.
Nanoparticles generated from the cathode surface are accelerated towards the bot-
tom due to the high magnetic field induced by the high current flowing along the
cathode axis, as discussed above.

Figure 3.7 shows a TEM image of individual Pt nanoparticles deposited by APD
on an amorphous carbon film substrate. The dark dots are Pt nanoparticles and the
gray background is the amorphous carbon substrate. The nanoparticles are ~1-5 nm
in size and lattice structures are clearly seen in the particles. In the following sec-
tions, recent applications of APD for nanocatalyst preparation are discussed.
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Fig. 3.7 Arc plasma-
deposited Pt nanoparticles
on amorphous carbon

3.3.2 Nanocatalysts on Two-Dimensional Supports Using APD

As a model for metal-oxide hybrid catalysts using strong metal—support interactions
(SMSI) [43], thin-film type substrates have been employed to disperse catalyst
nanoparticles [44—46]. Recently, Qadir et al. compared the catalytic activity of Pt
nanoparticles prepared by conventional wet-chemistry methods and by APD on
TiO, thin film substrates [9]. In the study, ~150 nm thick TiO, films were sputtered
on Si wafers and used as catalytic supports. Approximately the same amount of Pt
(0.12 mg) was deposited using APD (150 pulses, 100 V arc discharge voltage
1,080 pF discharge condenser capacity) and conventional impregnation. For impreg-
nation, potassium hexachloroplatinate (K,PtCls) was dissolved in distilled water
and droplets were dropped and dried, then the sample was annealed at 500 °C for
5 h to remove organic substances. The catalytic activity was tested using CO oxida-
tion in an ultra-high vacuum (UHV) batch reactor. As can be seen in Fig. 3.8, the
catalytic activity of the dry-deposited Pt nanoparticles on the TiO, films was higher
than that of the impregnated ones. The 150-pulse APD Pt was enough to have 100 %
surface coverage. Therefore, it was assumed that the deposited Pt is thicker than one
monolayer and that the layer is flat. From these assumptions, the number of active
sites on the deposited Pt layer was calculated, and the turnover frequency (TOF)
(Fig. 3.8a) and activation barrier for the reaction (Fig. 3.8b) were measured.

Still, it is not easy to find clues for the observed difference in catalytic activities
from only these structural aspects. The XPS analysis in Fig. 3.9 shows that the
impregnated and annealed Pt nanoparticles have inactive bulk oxide states, while the
APD Pt nanoparticles are purely metallic. This oxide formation during annealing is
considered the main reason for the difference in the catalytic activities. In order to
improve catalytic activity, impregnated and annealed Pt nanoparticles on TiO, films
were reduced under 100 Torr of hydrogen at 250 °C for 1 h to decrease the oxidation
state. However, the catalytic activity after reduction was still lower than that of the
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Fig. 3.8 Comparison of the catalytic activity of Pt nanoparticles on TiO, films prepared by APD
and impregnation. (Reprinted with permission from ref. [9]. © 2012 American Chemical Society.)
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Fig. 3.9 XPS measurement of (a) Pt 4fand (b) O 1s peaks of 150 pulse APD Pt nanoparticles and
(c) Pt 4f'and (d) O 1s peaks of a similar amount of impregnated and annealed Pt nanoparticles on
TiO, films. (Reprinted with permission from ref. [9]. © 2012 American Chemical Society.)
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APD Pt nanoparticles (Fig. 3.8a). Furthermore, XPS survey spectra showed a very
small peak for K on the impregnated Pt nanoparticles. The presence of K ions may
have blocked active sites too [9]. This study showed that APD enabled the deposi-
tion of metallic Pt nanoparticles on TiO, films with neither oxidation due to anneal-
ing nor impurities commonly found in conventional wet-chemical processes.

Fujitani et al. examined hydrogen molecule dissociation at low temperature
(425 K) on gold nanoparticles deposited on TiO,(110) single crystal surface via
APD [47]. In the study, they deposited the same amount of gold nanoparticles with
average diameters of ~1-10 nm by changing the discharge condenser capacity
between 360 and 2,200 pF. They then exposed the prepared Au/TiO,(110) surface
to the H, and D, exchange reaction and measured the rate of HD formation
(Fig. 3.10). The rate of HD formation increased dramatically when the gold particle
size was below 2 nm, while the TOF was more or less constant over the entire par-
ticle size range. TOFs were calculated by dividing the number of HD molecules
formed per second by the total number of gold atoms at the periphery of the gold
particles. Based on this measurement, the active sites for H, dissociation are along
the periphery around the deposited gold particles. This study shows that it is possi-
ble to control the size of nanoparticles generated by APD in the nanometer range by
controlling the parameters for arc plasma generation.

3.3.3 Nanocatalysts on Three-Dimensional
Supports Using APD

For a two-dimensional substrate, we can assume the number of active sites or
directly measure the coverage of catalyst particles. Therefore, quantitative analysis
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Fig. 3.11 TEM images of APD-deposited gold and platinum nanoparticles on TiO, powder. The
arc discharge condenser capacity was 1,800 pF. (a) Au/TiO, at 200 V discharge voltage (b) Au/
TiO, at 300 V discharge voltage (¢) Pt/TiO, at 200 V discharge voltage and (d) Au/TiO, prepared
by sol-gel method for comparison. (Reprinted with permission from ref. [8]. © 2013 Elsevier
Science S.A.)

(e.g., TOF and active barrier calculations) is possible, as shown in the previous
section, and two-dimensional substrates can be used as model catalyst supports. On
the other hand, three-dimensional powder supports are much more widely used in
industry, but it is not easy to do quantitative analysis using a powder support. Still,
it is important to improve processes to incorporate catalyst nanoparticles on powder
support, such as better dispersion of ever smaller nanoparticles or controlling the
adhesion strength between catalytic nanoparticles and support powder materials.
Recently, Kim et al. studied the catalytic activity of nanometer-sized Au and Pt
particles deposited on TiO, powder via APD [8]. In the study, they controlled the
size of the deposited nanoparticles by changing the arc discharge voltage, V, for
generating plasma. Figures 3.11 and 3.12 show TEM images and the size distribu-
tion of the APD-deposited Au and Pt nanoparticles on TiO, powder, respectively.
The metallic nanoparticles are seen as dark spots, while the catalyst support TiO,
powder particles are seen as bright and extended shapes. Nanoparticles deposited by
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Fig. 3.12 Particle size distributions of the Au/TiO, and Pt/TiO, particles shown in Fig. 3.9. (a)—(d)
corresponds to those in Fig. 3.9. (Reprinted with permission from ref. [8]. © 2013 Elsevier
Science S.A.)

APD tend to increase in size with increasing V; this tendency can be seen in
Fig. 3.11a, b. Although prepared using the same deposition conditions, the Au and
Pt nanoparticles had different sizes (Fig. 3.11a, c). Figure 3.11d shows nanoparti-
cles prepared using the wet-chemical sol-gel method for comparison. The sol—gel-
prepared nanoparticles are ~10 nm in size—bigger than those prepared by APD,
which are ~2—4 nm in size (Fig. 3.12).

Gold nanoparticles are well known for their high catalytic activity for CO oxida-
tion [48, 49]. On the nanometer scale, the catalytic activity of gold nanoparticles
increases with decreasing size [41, 50]. On the other hand, it is known that the cata-
Iytic activity of Pt nanoparticles is independent of particle size [49, 51]. The cata-
Iytic activity comparison for the samples shown in Fig. 3.13 reflects these tendencies.
In the comparison, the overall CO oxidation efficiency followed the order of Au/
TiO, 200 V> Au/TiO, 300 V > Au/TiO, sol-gel >Pt/TiO, 200 V. Regardless of prep-
aration method, be it dry or wet, particle size is the most important parameter for the
catalytic activity of nano-sized gold. On the other hand, Pt/TiO, 200 V had the low-
est catalytic activity, as the catalytic activity was not very different from that of bulk
Pt. The catalytic activity of gold increased with decreasing particle size and eventu-
ally surpassed Pt. Again, it was possible to control the size of the nanoparticles with
the parameters for generating the arc plasma. However, it was within the same mate-
rials only. For different materials, the particles differed in size when using the same
parameters for arc plasma generation.
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Hinokuma et al. reported a similar study on dispersing Pt and Pd nanoparticles
on y-alumina powder using APD and conventional impregnation. They compared
the catalytic activities for CO oxidation [38]. In the study, they found out that the
average size of the Pt nanoparticles deposited by APD is ~2.5 nm and the size of the
Pd nanoparticles is 6.8 nm. XPS measurements showed that the Pt nanoparticles
were metallic regardless of the preparation method. As for the Pd nanoparticles,
they were mostly in their oxide form (PdO) when prepared by impregnation. When
prepared by APD, however, the metallic Pd had a higher fraction (60 %) than the
Pd-oxide (40 %). As the APD process occurs in vacuum and directly vaporizes the
metallic cathode materials, the deposited nanoparticles tend to be metallic.
Figure 3.14 shows a comparison of the catalytic activities of Pt/alumina and Pd/
alumina powders prepared by APD and impregnation. For comparison, they loaded
the same amount (0.4 wt%) of Pt and Pd on y-alumina powder and labeled “apg” for
APD preparation and “imp” for impregnation. For the Pt/alumina samples, APD-
prepared samples showed higher catalytic activity than impregnation-prepared sam-
ples due to their higher dispersion (Fig. 3.14a, leff). However, after thermal aging in
10 % H,O/air at 900 °C for 25 h, deactivation was more pronounced for the APD-
prepared samples than for the impregnation-prepared sample (Fig. 3.14b, left). This
observation indicates that the thermal stability of APD-dispersed Pt nanoparticles
on y-alumina is not so good. With TEM, they actually observed sintering of Pt
nanoparticles up to 20 nm in size. For the Pd/alumina samples, the situation was
somewhat different. The APD-prepared samples showed a slightly lower catalytic
activity than the impregnation-prepared samples (Fig. 3.14a, right). They explained
this difference by the higher catalytic activity of PdO than metallic Pd [52].

Hinokuma et al. continued their study to include prepared bimetallic Pd-Fe
nanoparticles on ceria powder using APD and investigated their catalytic activity
for CO oxidation [53]. In the study, they prepared bimetallic nanoparticles using
two plasma guns in a chamber, one for Pd and one for Fe. They prepared the
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Fig. 3.14 Catalytic activity comparison for Pt/alumina and Pd/alumina (a) as prepared and (b)
after thermal aging. Reprinted with permission from ref. [38]. © 2009 Springer Science+Business
media, LLC

bimetallic nanoparticles using the two cathode guns synchronously (syn) and
asynchronously (asyn). Synchronous pulses of Pd and Fe resulted in Pd-Fe bime-
tallic alloy nanoparticles, while asynchronous pulses resulted in individual Pd and
Fe nanoparticles on the ceria support. They found out that Pd-Fe bimetallic
nanoparticles showed slightly higher catalytic activity than the individual metal
nanoparticles (Fig. 3.15a). They attributed these findings to better dispersion and a
higher metallic fraction of Pd in the Pd-Fe alloy nanoparticles on ceria. The cata-
lytic activity increased after thermal aging for both the synchronous- and asyn-
chronous-prepared samples (Fig. 3.15b). The authors argued that, in contrast to the
alumina case above, thermal aging helped stabilize the PdA-O—Ce bonding, keeping
the dispersion of nanoparticles intact, which enabled higher catalytic activity after
thermal aging [54].
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Fig. 3.15 Comparison of catalytic activity for Pd-Fe on ceria powder by APD. (Open circles)
Pd-Fe/ceria (syn) and (filled circles) Pd-Fe/ceria (asyn), (a) before and (b) after thermal aging.
Reprinted with permission from ref. [53]. © 2013 Elsevier Science S.A.

3.3.4 Some New Applications for Nanoparticles
Prepared Via APD

Other than the familiar gas-phase catalytic reactions, examples of APD-deposited
nanoparticle applications in some new fields are also emerging. In order to investi-
gate photocatalytic antibacterial effects, Oveisi et al. deposited silver nanoparticles
on mesoporous anatase titania films using APD [55]. The size of the deposited
nanoparticles ranged between 3.7 and 5.6 nm by changing the number of arc plasma
pulses. When a droplet of E. coli suspension is dropped on top of Ag nanoparticles
dispersed on titania and irradiated with UV light, the survival fraction of E. coli
cells decreased as the nanoparticle size decreased. In other words, smaller Ag
nanoparticles were more effective for inactivating the bacteria. For sensing applica-
tions, Ito et al. reported detection of hydrogen peroxide using APD-deposited Pt
nanoparticles on carbon electrodes in an electrochemical setup [56]. In the study,
they varied the coverage of the Pt nanoparticles on glassy carbon surfaces by incre-
mentally increasing the number of plasma pulses from 5 to 20. The average particle
size was 2.7 nm. After annealing the Pt-deposited glassy carbon, only the Pt
nanoparticles deposited using five APD pulses remained as individual particles,
while Pt particles deposited using more APD pulses coalesced to form connected
island shapes. After annealing, electrodes with individual Pt nanoparticles showed
better sensitivity than electrodes with connected Pt islands for hydrogen peroxide
detection.
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3.4 Summary and Outlook

In this chapter, we have discussed the most recent advances in the preparation of
catalyst nanoparticles on catalyst support using dry processes. These two-
dimensional model catalyst arrays fabricated using nanolithography have been used
to study the support dependence of CO oxidation reaction kinetics; they indicate
that the most important factor affecting TOF is the interaction of the platinum and
the support. The APD method was traditionally used for preparation of dense pro-
tective coating layers. However, with the advent of pulsed APD, new applications
for preparing metallic nanoparticles in a direct and dry process are emerging. So far,
applications are limited to the much studied gas-phase reactions—mostly the model
CO oxidation reaction. However, we have also noticed that the scope of applications
is widening, too (e.g., liquid-phase photocatalysts, electrode materials for fuel cells
and secondary batteries, and sensor applications). The biggest advantage of APD is
that it is relatively easy to generate a large number of particles a few nanometer in
size. It is also easy to control the size of the generated nanoparticles, on the nano-
meter scale, by controlling APD parameters, such as the number of arc plasma pulse
shots, arc discharge voltage, and arc discharge condenser capacitance. As for sub-
strates for deposition, the APD method provides a simple and easy method for direct
and dry deposition of metallic nanoparticles on a variety of substrates, such as two-
dimensional thin films and three-dimensional powders. Therefore, the possibilities
for new applications are enormous. We assume that more attention will be paid to
this method with respect to generating dry nanoparticles for many new applications
with the central focus remaining on catalyst materials.
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Chapter 4

Dendrimer-Encapsulated Metal
Nanoparticles: Synthesis and Application
in Catalysis

Wenyu Huang

4.1 Introduction

Dendrimers are a category of macromolecules that have a central core surrounded
by hyperbranched repetitive units. Dendrimers have versatile structures and chemi-
cal properties because the core, the branches, and the external surface can have
different functions. The hyperbranched structure of dendrimers distinguishes them
from other macromolecules or polymers. For example, dendrimers have large
number of end groups as well as higher concentrations of nanoporous channels and
cavities because the number of dendrimer end groups increases faster than the
surface area.

The pioneer work in dendrimer synthesis was carried out by Vogtle and co-
workers who made the first branched molecule in 1978 [1]. Following this work,
Tomalia and co-workers synthesized a series of branched molecules and named
them “dendrimers” in 1985 [2], which later became the accepted term for this class
of molecules. In 1986, Newkome and co-workers also reported a series of branched
molecules and named them arborols [3]. Early on, dendrimers only contained
organic building blocks and were considered to be organic molecules, which is still
common in more recently designed and constructed dendrimer molecules. However,
hybrid dendrimers have been realized that include other main group elements [4]
and organometallic complexes [5, 6].

Dendrimers can be synthesized using divergent [2, 3, 7-9] or convergent [10—13]
methods. Using the divergent method, an inside-out approach, the synthesis of den-
drimers starts at the core and branches out using a series of organic or organometal-
lic synthesis techniques. With the convergent method, the dendritic fragments
(branches) are synthesized first and are then connected to a core with multiple link
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sites to form hyperbranched dendrimer structures [13]. Both divergent and
convergent synthesis methods have their limitations. Divergent methods require
intensive purification and separation of the dendrimers at each step of the synthesis
to achieve pure products, while convergent methods cannot be used to synthesize
dendrimers of high generation (>8th) with a more crowded surface due to steric
effects [14].

With the divergent and convergent synthesis methods, many organic and organo-
metallic functional groups have been integrated into dendrimer molecules, such as
amines, amides, carbosilanes, ferrocenes, porphyrins, and saccharides [15]. These
functional groups introduce many interesting properties into dendrimers, such as a
large number of binding sites for metal ions [16], a hydrophobic or hydrophilic
microenvironment within the interior of the dendrimer [17, 18], or a biocompatible
external surface [19]. Based on these unique properties, a broad spectrum of appli-
cations have been demonstrated in many research fields, such as chemical sensing
[20], drug delivery [19], environmental remediation [21], as well as homogeneous
and heterogeneous catalysis [15, 22-27].

Catalysis is one of the most common applications for dendrimers. Using den-
drimers as homogeneous catalysts, active sites have been placed at the core, in the
middle of the branch, or on the periphery of the molecule. These active sites include
many organic functional groups and organometallic complexes incorporated into the
dendrimer molecules. When these catalytic active sites are placed at the periphery,
or surface, of the dendrimers, they can be directly accessed by reactants in solution
and are generally more efficient than heterogeneous catalysts. Because the surface
end groups of dendrimers at high generation are densely packed, the local concentra-
tion of catalytic sites is extremely high, which could lead to cooperative catalysis
processes [28]. When these catalytic active sites are located at the core or in the
middle of the branches, reactants have to enter the pores of a dendrimer prior to reac-
tion. The diffusion limitation of these dendrimer pores could decrease the efficiency
of the catalysts. However, the limitation induced by these dendrimer pores also intro-
duces size selectivity for reactants of different sizes and geometries. Having cata-
lytic active sites located inside of dendrimers, the catalysts could also be more stable
against deactivation caused by excess ligands or bimetallic mechanisms [25]. The
microcavities inside high-generation dendrimers could also provide a totally differ-
ent reaction environment compared to the bulk solution and could therefore benefit
catalytic reactions [29]. Moreover, many dendrimer catalysts can be separated from
reactants and products by precipitation and two-phase catalysis. High-generation
dendrimer catalysts with a spherical shape can also be isolated from reactions by
membranes that only allow small reactant and product molecules to pass through.
This membrane-based separation technique is called nanofiltration, which is used in
continuous flow membrane reactors to recycle dendrimer catalysts [30].

In general, homogeneous catalysts are more efficient than heterogeneous cata-
lysts. Heterogeneous catalysts, on the other hand, are insoluble in solution and can
thus be easily separated from the reaction solution by filtration. Heterogeneous
catalysis is also more robust in continuous flow processes, which is preferred for
large-scale industrial production processes. Dendrimer-based homogeneous
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catalysts could be readily converted to their heterogeneous counterparts by
immobilizing dendrimers on insoluble supports, such as silica, alumina, carbon-
based materials, and many polymers [31-36]. The use of organic functional groups
and organometallic complexes integrated inside dendrimers as the catalytic active
sites has been reviewed many times with different foci [15, 25, 27, 37—41] and will
not be covered in this review.

Another very important category of dendrimer catalysis is based on nanoparti-
cles synthesized directly inside the dendrimers being the active component for cata-
lytic reactions. The current review will focus on Polyamidoamine (PAMAM)
dendrimer-encapsulated nanoparticles (DENs). This topic has been reviewed sev-
eral times [22-24, 26, 42]. In this review, the techniques developed for the synthesis
of mono- and bi-metallic DENs will only be briefly overviewed. The focus of this
review is on the most recent advances in understanding the structure of DENs and
newly developed applications of DENs in catalysis.

4.2 Synthesis of Dendrimer-Encapsulated Metal
Nanoparticles

As templating and capping agents for nanoparticle synthesis, dendrimers behave
fundamentally different from other capping agents such as oleylamine, oleic acid,
PVP, and other surfactant-based molecules. These capping agents are usually tightly
adsorbed on the surface of the nanoparticles to stabilize them, which could block
surface atoms from reactants and lead to low catalytic activities [43—45]. On the
contrary, nanoparticles synthesized inside the cavities of high-generation den-
drimers rely more on steric confinement [46]. Therefore, most of the atoms on the
surface of DENSs are free of ligands and are catalytically active for reactant mole-
cules as long as they can pass through the nanopores formed by the branches at the
dendrimer periphery [47].

4.2.1 Synthesis of Monometallic DENs by Chemical Reduction

The dendrimer-mediated synthesis of metal nanoparticles was initiated by the pio-
neering work of Tomalia [48] and Crooks [49] on synthesizing copper nanoclusters
in 1998. In 1999, Crooks and Zhao reported two studies on the synthesis of Pt [50]
and Pd [51] nanoparticles with PAMAM Starburst dendrimers. In these two studies,
the synthesized Pt and Pd nanoparticles were used in electrocatalytic oxygen reduc-
tion and homogeneous hydrogenation reactions, respectively.

PAMAM dendrimers are one of the most utilized dendrimers for the synthesis of
nanoparticles. PAMAM dendrimers have tertiary amine and amide groups that can
bind metal precursors at a tunable ratio as shown by Step (1) in Fig. 4.1 [52]. These
metal precursors are reduced chemically to form metal nanoparticles inside the



68 W. Huang

Metal ion NaBH.

(1) Complexation " (2) Reduction
(3) Loading
N “

" 62 Tertiary Amines r
¥ R
e - 3 i, . -
m_ﬁ"\ju.—z QT yon Eoa e 5

d *’_/-r 64 Terminal Groups
4™ Generation PAMAM Dendrimer G40H SBA-15

Fig. 4.1 Synthesis of dendrimer-encapsulated metal nanoparticles and the subsequent immobili-
zation of the nanoparticles on mesoporous SBA-15 support. Reprinted with permission from ref.
[52]. Copyright 2008 American Chemical Society

cavities of dendrimers, as shown by Step (2) in Fig. 4.1. These nanoparticles were
named DENs. The PAMAM dendrimers act as both size-limiting agents and protec-
tion layers during the nanoparticle synthesis processes. Based on a similar synthesis
mechanism, other kinds of dendrimers have also been used to synthesize DENSs,
such as the poly (propylene imine) (PPI) [53, 54], phenylazomethine (DPA) [55,
56], and triazole families [57, 58]. However, PAMAM dendrimers are the most
broadly used dendrimers. For PAMAM dendrimers, the most used generations are
from 4 to 6, because PAMAM dendrimers of generation 3 and less have no spherical
shape and thus have no cavities to stabilize any formed nanoparticles. On the other
hand, PAMAM dendrimers of generation 6 and above are very expensive due to the
extensive purification steps required during synthesis.

It is worthwhile to point out that dendrimers can also be used as normal capping
agents during the synthesis of nanoparticles that do not reside inside the cavities of
dendrimers [59, 60]. These dendrimer-stabilized nanoparticles, capped with several
dendrimer molecules, are usually much bigger than DENs and will not be discussed
in this book chapter.

PAMAM dendrimer-templated synthesis of metal nanoparticles has been dem-
onstrated for many metals, such as Cu, Pt, Pd, Au, Rh, and Ru [42]. Most of the
syntheses were carried out in aqueous solution at an appropriate pH. For amine-
terminated PAMAM dendrimers, the pH of the solution needs to be adjusted to 3 to
protonate the terminal amine groups and prevent dendrimer cross-linking [61, 62].
Metal ions cannot bind to protonated amine groups; instead, they bind to the tertiary
amines inside the PAMAM dendrimer.
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4.2.2 Synthesis of DENs in Organic Solutions

Crooks’ group developed new synthesis approaches to directly prepare DENs in
organic solutions using PAMAM dendrimers functionalized with hydrophobic
dodecyl terminal groups [63]. Similar approaches have also been applied to Fe and
Ni DENSs [64, 65], which cannot be synthesized in aqueous solution. The Fe and Ni
DENSs are stable without exposure to oxygen and water, but decompose within sev-
eral minutes in the presence of oxygen and water. Bimetallic DENs containing Ni
(e.g., NiSn [66] and NiAu [67]) have also been synthesized in organic solution.

4.2.3 Synthesis of DENs by Galvanic Redox Displacement

Dendrimer-templated synthesis of metal nanoparticles is a powerful technique and
many metal DENs can be synthesized. However, the approach cannot be used to
synthesize metal nanoparticles whose precursors (metal ions) have weak interac-
tions with the dendrimers. For certain metal ions, such as Ag*, another technique
was developed based on galvanic redox displacement [68]. Using the galvanic redox
displacement technique, Cu DENs were mixed with Ag*. Since the standard reduc-
tion potential of Ag* is more positive than Cu**, Ag* will be reduced to form Ag(0),
and Cu(0) will be oxidized to Cu*". Therefore, Cu DENs will be converted to Ag
DENSs using this technique. The conversion of Cu DENs to Au, Pt, or Pd DENs has
also been demonstrated using the galvanic redox displacement technique [68].

4.2.4 Synthesis of Bimetallic DENs

Bimetallic DENs have also trigged great research interest because these nanoparti-
cles often have enhanced catalytic activity, selectivity, and/or stability compared
with corresponding single element nanoparticles. Two reviews have been published
on bimetallic DENs [22, 23] and will not be discussed in detail in this review.
Instead, the evolution of several synthesis techniques, including those developed
after the two reviews, will be discussed.

As shown by Scheme 1 in Fig. 4.2, the first method for the synthesis of bimetallic
DENSs is called co-complexation, in which two metal ions are mixed with den-
drimers at the same time and are reduced simultaneously after both of them form
complexes with the dendrimers. Bimetallic DENs, such as Pd/Pt and Pd/Rh, have
been synthesized by this method and have shown enhanced activity in the catalytic
hydrogenation of 1,3-cyclooctadiene and allyl alcohol [69-72].

The second method is based on a sequential approach (Scheme 2 in Fig. 4.2).
After the synthesis of monometallic DENs, the DENs were mixed with the second
metal precursor and given time for complexation. After reduction, core-shell
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Fig. 4.2 Three different strategies for the synthesis of bimetallic DENs. Reprinted with permis-
sion from ref. [24]. Copyright 2005 American Chemical Society

bimetallic DENs can be formed. Bimetallic PdAu core-shell DENs were synthesized
by the sequential reduction approach in Crooks’ group. Initially, they tried to make
both Pd@Au and Au@Pd core-shell DENs by changing the loading and reducing
sequences of the Au and Pd precursors [73]. However, a recent study using extended
X-ray absorption fine structure (EXAFS) spectroscopy suggested that Pd atoms
always prefer to stay on the surface of PdAu DENSs [74].

The third method is based on the galvanic redox displacement technique (Scheme 3
in Fig. 4.2). Following the development of the galvanic redox displacement tech-
nique to make single metal DENSs, a partial displacement approach was proposed to
synthesize bimetallic DENs, such as Ag/Cu, Au/Cu, Pd/Cu, and Pt/Cu [26].
Chandler and co-workers used this technique to synthesize Pt;sAu,;s DENS starting
from Cuyy DENs [75]. However, the Pt;cAu,s nanoparticles formed via this process
are 1-7 nm in diameter. The enlarged particle size is most likely due to sintering
induced by the high-temperature treatment used to remove the dendrimer capping
for catalysis purposes.

Another recently developed technique used for synthesizing bimetallic DENs is
based on under potential deposition (UPD). This is a technique based on the reduc-
tive electrodeposition of cations. This technique is extremely powerful in synthesiz-
ing core@shell nanoparticles where the shell is controlled at the atomic level
[76-79]. Crooks et al. used UPD to deposit a monolayer of Cu onto Pt DENs
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containing averages of 55, 147, and 225 Pt atoms, pre-synthesized and deposited
onto glassy carbon electrodes (GCE) [80]. The formation of Pt@Cu core @shell
DENSs is proved by cyclic voltammetry measurements and in situ electrochemical
X-ray absorption spectroscopy (XAS). Because the reduction potential of metal
cations at different facets of metal cores varies, the UPD method might be used to
make core @shell nanoparticles with a facet-selective partial deposition of the shell
metal [42]. By combining UPD with the galvanic redox replacement technique,
Crooks and co-workers also demonstrated that Au@Pt DENs could be synthesized
by replacing Cu with Pt in Au@Cu DENs [81]. The Au@Cu DENs were prepared
by depositing Cu on Au DENs using the UPD method.

4.3 Recent Advancement in Understanding
the Structure of DENs

Since the development of the dendrimer-templated synthesis of metal nanoparticles,
there have been many fundamental questions raised about the synthesis processes
and final structures of DENs. Many efforts have been devoted to answering these
questions, which are the foundation of these dendrimer-based synthesis techniques.
The answers to these questions could also explain the observed catalytic properties
of DENSs. In this section, we discuss several recent reports that provide deeper
understanding of the synthesis and structure of DEN.

4.3.1 Metal Binding Sites for Pt** Ions

Through the use of UV—vis spectroscopy, earlier studies conclude that metal-ligand
bonds are formed between Pt ions and tertiary amine groups in PAMAM dendrimers
during the complexation step (Step 1 in Fig. 4.1) [26]. A ligand to metal charge
transfer (LMCT) band at 250 nm was observed. The intensity of the band is propor-
tional to the amount of Pt ions loaded into the PAMAM dendrimer [26, 50].
However, there are twice as many amide groups as tertiary amine groups inside
PAMAM dendrimers that could also act as the binding sites for Pt ions. Figure 4.3
lists the most possible Pt?* binding sites on PAMAM dendrimers. Pt** ions could
form metal-ligand bonds with the lone pair of electrons on the N or O of the amide
group, or on the N of the tertiary amine group.

A recent study using resonance Raman spectroscopy strongly suggests that the
binding of Pt>* ions to PAMAM dendrimers is through the amide N atoms (structure
1 in Fig. 4.3) [82]. In these experiments, 244 nm UV light from a continuous wave
intracavity-doubled argon ion laser was used as the excitation source. Since the UV
light could decompose PAMAM dendrimers, the sample was placed on a rotation
disk to minimize over exposure at a given spot. Since the LMCT band of PtG4OH
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Fig. 4.3 A branch of a PAMAM dendrimer and possible coordination sites for Pt**. Reprinted
with permission from ref. [82]. Copyright 2011 American Chemical Society

(K,PtCl, mixed with fourth-generation PAMAM dendrimers) at 260 nm is partially
overlapped with the 244 nm Raman excitation wavelength, resonance Raman spec-
tra of PtG4OH will show enhanced vibration bands of those groups that are involved
in the LMCT. Therefore, groups that are bonded to Pt** ions could be determined by
comparing the intensity of the vibration bands in their resonance Raman spectra.

For pure G40OH, the Raman spectrum 1 in Fig. 4.4a indicates that there are four
vibration bands located at 1,643 (amide I, C=0), 1,560 (amide II, v(C-N)+6
(C-N-H)), 1,440, and 1,300 cm™. For PtG40OH, if Pt** ions are bonded to the
PAMAM dendrimer through the tertiary amine groups, we should observe enhanced
Raman peaks for symmetric and/or asymmetric tertiary amine vibration bands
(located around 916 and 1,064 cm™!, respectively) [83, 84]. However, the resonance
Raman spectrum 2 in Fig. 4.4a for PtG4OH only shows two strongly enhanced
vibration bands at 1,560 and 1,440 cm™', which can be attributed to amide II and
H-N-Co/C, respectively [85]. Therefore, the resonance Raman spectra strongly
suggest that the tertiary amine groups in PAMAM dendrimers are not involved in
forming metal-ligand bonds with Pt** ions, while the Pt>* ions form complexes with
the N in the amide group (amide II), as shown by structure 1 in Fig. 4.3.

Rh** ions behave similarly to Pt>* ions, but the resonance Raman peaks at 1,560
and 1,440 cm™' are much weaker, as shown by spectrum 3 in Fig. 4.4a, because the
LMCT band for RhG4OH (Rh* mixed with fourth-generation PAMAM den-
drimers) has much less overlap with the 244 nm Raman excitation (Fig. 4.4b).

4.3.2 Oxidation State of Pt DENs

During the synthesis of Pt DENs with PAMAM dendrimers, NaBH, is the most
frequently used reducing agent. In a typical synthesis, 10- to 100-fold of NaBHj, is
used to completely reduce the metal precursors bonded in PAMAM dendrimers
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Fig. 4.4 (a) UV-Raman a
spectra of samples dried on
aluminum foil. (1) G40H,
(2) PtG40OH, and (3)
RhG40H. (b) UV-vis
spectrum of PtG4OH and
RhG4OH. Reprinted with
permission from ref. [82].
Copyright 2011 American
Chemical Society
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[26, 62, 86]. Since Pt is a noble metal and NaBH, is an efficient reducing agent,
researchers initially believed that the Pt** ions in the DENs should be completely
reduced into their metallic form. Early X-ray photoelectron spectroscopy (XPS)
studies also suggested a full reduction of Pt>* ions to Pt(0) in Ptgy DENs, which has
the Pt 4f,, peak located at 71.3 eV [50]. Later, Ye et al. observed that the Pt 4f;,
peak appeared at 73.0 eV for Pt;y DENs, which is 1.8 eV higher than the binding
energy for Pt(0). The high binding energy for Pt;y DENs was blamed on their small
size and the dendrimer ligands [87]. Ozturk et al. measured the XPS spectrum of
Ptyy DENs deposited on a substrate with a thick layer and a thin layer [88]. The Pt
4f,, peak was observed at 74.6 eV for the thick layer of Pty DENs, while the Pt 41,
peak was located at 73.3 eV for the thin layer. The high binding energy for Pt
41, ,,was attributed unreduced Pt** ions.

What is the real oxidation state of Pt in DENs? To answer this question, Somorjai
et al. measured the XPS spectrum of Pt,y DENs, as shown in Fig. 4.5, which shows
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Fig. 4.5 X-ray photoelectron
spectrum of Pt,, DENs. For
Pt nanoparticles, 93 % of the
Pt was oxidized. Reprinted
with permission from ref.
[52]. Copyright 2008
American Chemical Society

Counts (a.u.)

Binding Energy (eV)

a main Pt 4f;, peak at 73.5 eV with a clear shoulder at 71.2 eV. Because of the
presence of this shoulder, which corresponds to Pt(0), the authors concluded that the
majority of the Pt in PAMAM dendrimer-encapsulated Pt nanoparticles was unre-
duced. Our result partially agrees with an EXAFS study, in which Amiridis et al.
found that NaBH, cannot reduce H,PtCl¢/G4OH and K,PtCl,/G4OH at all [89].
However, our XPS study shows that 7 % of the Ptis in its metallic format. We also
observed an obvious color change of the solution from light yellow to brown after
addition of NaBH, to K,PtCl,/G40OH, which is a slow process and usually takes
more than 4 h. The appearance of the brown color in the solution is a sign of the
formation of colloidal Pt nanoparticles. If Amiridis et al. did their EXAFS measure-
ment correctly after adding NaBH, to K,PtCl,/G40OH, they would not observe any
reduction of Pt** ions because of their slow reduction after coordination inside
PAMAM dendrimers.

Another detailed study about the synthesis and properties of Pt DENs synthe-
sized using the sixth-generation PAMAM dendrimer (G6OH) completely agrees
with our results [90]. As shown in Fig. 4.6, the XPS spectra of GGOH(Pt**), com-
plexes after reduction with NaBH, suggest an incomplete reduction of Pt**.
Additionally, more Pt** ions are reduced after adding NaBH, at high Pt** loading.
The earlier observation that a full reduction of Pt** ions to Pt(0) was present in
G40H(Ptsy) DENs [50] could be explained by the high loading of Pt** into
the G4OH.

Combined with other techniques, such as transmission electron microscopy
(TEM), EXAFS, and high-energy X-ray diffraction (XRD), a bimodal distribution
was proposed, as shown in Fig. 4.7 [90]. The proposed model suggests that each
Pt>*/G60OH complex can only be fully reduced or fully intact after reduction with
NaBH,. The same work also suggests an autocatalytic mechanism in which Pt seeds
form very slowly inside PAMAM dendrimers and a fast catalytic reduction of Pt*
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Fig. 4.6 X-ray photoelectron
spectra of GOGOH(Pt*"),
complexes (a) before and (b)
after reduction with NaBH,.
Reprinted with permission
from ref. [90]. Copyright
2008 American Chemical
Society
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ions only happens once a Pt seed forms inside the PAMAM dendrimer. This mechanism
is quite reasonable to explain the partial reduction of Pt** ions within PAMAM den-
drimers, but it doesn’t explain why Pt seeds formed in some of the dendrimers but
not in others. A recent work by Somorjai et al. suggests that the Pt>* bonds to the N
in the amide groups in a chelating configuration, which could make the reduction of
these chelated Pt** ions difficult [82]. However, at a high metal ion loading, there
will be a substantial amount of Pt** ions that can’t bind with dendrimers in a chelat-
ing configuration. These Pt** ions are the first ions to be reduced after adding NaBH,
and act as catalysts to reduce the chelated Pt** ions present within the same
dendrimer.

4.3.3 Glass Nature of the Cluster

To fully understand the chemical and physical properties of DEN:Ss, it is important to
know the lattice structure of these ultrasmall particles (<2 nm). A general question
is whether these small particles have a periodic 3D structure and well-defined crys-
tal facets as their bulk counterparts do. For big nanoparticles, high-resolution trans-
mission electron microscopy (HRTEM) and XRD spectroscopy are two commonly
used and powerful techniques to characterize lattice structure. However, the lattice
structure of ultrasmall nanoparticles is largely unknown because HRTEM and XRD
are either not applicable or can’t provide meaningful information.

Recently, Frenkel et al. combined total XRD and atomic pair distribution func-
tion (PDF) analysis to study 147 atom Au clusters encapsulated in sixth-generation
PAMAM dendrimers, G6-Au,y; (1.6 nm in diameter) [91]. High-energy synchrotron
radiation X-rays are required for the XRD experiments and PDF analysis because of
the high flux and high energy that allow the measurement of the weak diffraction
patterns of the G6-Au,4; and that reach high wave vectors. As shown in Fig. 4.8a,
the XRD of bulk Au shows a typical diffraction pattern for Au with sharp peaks.
However, both dry and wet G6-Au,4; nanoparticles show broad peaks in their XRD
spectra. This indicates that they don’t have a periodic crystal structure. Frenkel et al.
reduced the XRD spectra to their corresponding atomic PDF spectra, as shown in
Fig. 4.8b. The PDF of bulk Au shows sharp peaks that correspond to the different
coordination spheres for an fcc crystal lattice. For dry and wet G6-Au,4; nanoparti-
cles, the first peak at 2.87 A appears in the same position as bulk Au, which indi-
cates that the Au in these nanoparticles is reduced to its metallic form. The PDF
peaks of dry G6-Au,4; nanoparticles are broader than those of bulk gold and decay
to zero when the radial distance is larger than 15 A. This indicates that there is no
long-range periodicity in the dry G6-Au,,; nanoparticles. For wet G6-Au,4; nanopar-
ticles, the PDF peaks at long radial distance are less distinguishable than those of
the dry nanoparticles. This suggests that wet G6-Au,,; nanoparticles have an even
more random lattice structure.
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4.4 Newly Developed Applications of DENs in Catalysis

DENSs have been applied in many homogeneous and heterogeneous catalytic reac-
tions and show excellent activity and selectivity. DENs have also been used in elec-
trocatalytic reactions. A recent review article covers most of these reactions [42]. In
this section, we will only focus on several recent developments of using DENSs in
catalysis.

4.4.1 Removal of Dendrimers for Heterogeneous Catalysis

Dendrimer-templated synthesis of metal nanoparticles provides a powerful way to
synthesize ultrasmall particles with an extremely narrow size distribution.
Researchers in the field of heterogeneous catalysis quickly recognized this advan-
tage and adopted this method to prepare oxide-supported metal catalysts with a
narrow particle size distribution [75, 92-94]. However, it was found that removal of
the PAMAM dendrimer capping agent by high-temperature treatments in oxygen
and hydrogen is a necessary step for the supported DENs to show good catalytic
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Fig. 4.9 Initial ethylene hydrogenation activity over (a) Rh;y/SBA-15 and (b) Pt,/SBA-15 after
reducing in 76 Torr of H, balanced with He at different temperature. The reaction mixture was
10 Torr C,H,4,100 Torr H,, and 650 Torr He. Reprinted with permission from ref. [52]. Copyright
2008 American Chemical Society

activity in heterogeneous catalysis [92, 93]. Unfortunately, DENs usually grow
larger after these high-temperature treatments due to sintering [92, 95].

When DENs were used as catalysts in solution, Crooks et al. found that the pres-
ence of PAMAM dendrimers doesn’t block the metal surface [24, 96, 97]. Once
DENs were loaded onto oxides, it was proposed that the PAMAM dendrimer would
collapse onto the surface of the metal nanoparticles and block their active sites [98].
However, Somorjai et al. found that it is not necessary to perform the high-
temperature oxidation and reduction treatments for mesoporous silica (SBA-15)
supported Rh and Pt DENs for them to show good activity for the ethylene hydro-
genation reaction, as shown in Fig. 4.9 [52].

Figure 4.9b shows that the as-synthesized Pt nanoparticles, without any reduc-
tion pretreatment, have very low activity. Upon reduction at 423 K for 1 h, the activ-
ity of SBA-15 supported Pt DENs was enhanced sevenfold. If the reduction
temperature was too high (573 and 673 K), the Pt DENs lost their activity, possibly
due to sintering and carbon deposition, which decreases the surface area of the Pt
DENSs. The low activity of the as-synthesized Pt DENs could be attributed to their
high oxidation state, which is not active for ethylene hydrogenation. From XPS
measurement of the sample (Fig. 4.5), only 7 % of the Pt was reduced to the metallic
state after treating Pt PAMAM dendrimer complexes with NaBH, for 8 h. This
observation agrees with a detailed study performed by Crooks et al. [90]. The high
oxidation state could also explain why Amiridis et al. couldn’t observe any CO
adsorption on Pt DENs without any high-temperature reduction treatment in the gas
phase, as shown in Fig. 4.10 [93]. In this study, the Pt PAMAM dendrimer com-
plexes were only reduced using H, for 1 h at room temperature. By the end of this
treatment, the majority of the Pt ions would still remain in their high oxidation state
[90] and would not adsorb CO molecules.
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Fig. 4.10 Room temperature FTIR spectra of adsorbed CO on Pt-G4OH/SiO, following oxidation
at (a) 425 °C, (b) 350 °C, and (c) 275 °C for 1 h and subsequent reduction at 200 °C for 1 h. The
sample labeled (d) was only treated in a He environment for 1 h at 100 °C. Reprinted with permis-
sion from ref. [93]. Copyright 2004 Plenum Publishing Corporation

4.4.2 Understanding the Nanoparticle Size Effect in Catalysis

Catalysts with high activity and selectivity could dramatically reduce the energy
required for many energy intensive catalytic processes. Many factors could affect
the catalytic activity and selectivity of metal nanoparticles, such as particle size,
shape, capping agent, and oxide support. With the help of dendrimers, monodis-
perse nanoparticles <1 nm in diameter can be synthesized repeatedly, which extends
the study of size-induced activity and selectivity changes of metal nanoparticles to
the sub-nm regime.

A recent study on the sequential hydrogenation of pyrrole to pyrrolidine and
n-butylamine (Fig. 4.11a) showed a strong size effect on reaction selectivity [34].
The sizes of the Pt nanoparticles studied were 0.8, 1.2, 1.5, 2.0, 2.9, and 5 nm, of
which 0.8, 1.2, and 2.0 nm nanoparticles were encapsulated by fourth-generation
PAMAM dendrimers and the other nanoparticles were capped with PVP molecules.
As shown in Fig. 4.11b, small nanoparticles (1.5 nm and less) produce a mix of
pyrrolidine and n-butylamine, while nanoparticles of 2-5 nm produce more than
90 % of n-butylamine and less than 10 % of butane and ammonia (complete hydro-
genation products of pyrrole). Since Pt nanoparticles 2 nm and larger show similar
selectivity in pyrrole hydrogenation, it would be impossible to observe this size-
induced selectivity change of Pt nanoparticles without these ultrasmall Pt DENS.
The size effect of Pt nanoparticles on the selectivity of pyrrole hydrogenation is
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Fig. 4.11 (a) Pyrrole hydrogenation reaction network. (b) Pyrrole hydrogenation selectivity
(color coordinated to (a)) as a function of Pt NP size (T=413 K and 112 % conversion). Feed
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[34]. Copyright 2008 American Chemical Society

attributed to a stronger adsorbate-surface interaction between the n-butylamine and
the smaller Pt nanoparticles.

Using Pd DENs of 1.3—1.9 nm, Crooks et al. also conducted an interesting study
about the size effect on the activity for catalytic hydrogenation of allyl alcohol [97].
A clear correlation was observed between the size of the DENs and their catalytic
activity in allyl alcohol hydrogenation, as shown in Fig. 4.12a. Nanoparticles 1.3,
1.4, and 1.5 nm in size show similar activity for the reaction. When nanoparticles
are bigger than 1.5 nm (1.7 and 1.9 nm), activity increases with increasing
particle size.

Electronic and/or geometric effects could be used to explain the size-induced
activity changes for metal catalysts [99]. To understand which effect dominates, the
authors plotted the size-dependent normalized turnover frequency (TOF) calculated
based on the number of Pd atoms located at the facets, at the defect sites, the total
surface atoms, and the number of Pd particles of different size (blue triangles), as
shown in Fig. 4.12b. If the geometric effect dominates the observed size-induced
activity changes, the TOF should remain constant for particles of different sizes.
The TOFs calculated based on the total surface atoms, defect atoms, and number of
particles increased monotonically, while the TOFs calculated based on face atoms
remained constant for particle sizes larger than 1.5 nm. These results indicate
that for Pd nanoparticles 1.5-1.9 nm in size, the geometric effect dominates the
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Fig. 4.12 (a) Plot of the rate of hydrogen consumption as a function of particle diameter. (b) Plots
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sion from ref. [97]. Copyright 2006 American Chemical Society

size-induced activity changes and the active sites are face atoms. For Pd nanoparti-
cles smaller than 1.5 nm, the size-induced activity changes are mostly due to the
electronic effect.

4.4.3 Heterogenizing Homogeneous Catalysts and Their
Use in a Continuous Flow Reactor

Converting homogeneous catalytic reactions to heterogeneous versions will benefit
the pharmaceutical and fine chemical industries because heterogeneous catalysts
are physically separated from reactants and products and can therefore be easily
recycled. Dendrimers have been employed as a recoverable catalyst platform using
specially designed techniques, such as nanofiltration, precipitation, and two-phase
catalysis [25].

Recently, Pt DENs were used as an electrophilic catalyst in an intramolecular
addition of phenols to alkynes (intramolecular hydroalkoxylation), as shown in
Fig. 4.13b [100]. The Pt DENs were supported on a mesoporous silica material
known as SBA-15 (Fig. 4.13a). Since the as-synthesized SBA-15 consists of
micrometer-sized particles, the supported Pt DENs can be easily separated from the
reaction solution by centrifugation. This reaction has only been catalyzed by homo-
geneous catalysts (e.g., PtCl,) before this report. The use of the supported Pt DENs
to catalyze this reaction was the first demonstration that a heterogeneous catalyst
could also catalyze this conversion. It was also found that adding an oxidation agent,
PhICl,, would dramatically increase the benzofuran yield from 10 to 98 %, as shown
in Fig. 4.13b. The authors proposed that PhICl, could render the surface of the Pt
nanoparticles more electrophilic, which is required for the Pt DENS to be active for
the hydroalkoxylation reaction.
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Fig. 4.13 Depiction of the two nanoparticle synthesis techniques used and the initial reactivity
results for electrophilic catalysis. (a) In the top scheme, Pt ions are loaded onto a PAMAM den-
drimer and reduced to form a dendrimer-encapsulated NP. Sonication deposits the NPs on the
mesoporous silica, SBA-15, to generate the NP catalysts. In the bottom scheme, polyvinylpyrrol-
idone (PVP) encapsulates the NP. Deposition on SBA-15 follows to produce the catalyst. In both
cases, the NPs are synthesized before loading onto SBA-15. (b) Hydroalkoxylation of 1 with Pt
NPs. To obtain electrophilic activity from the Pt NPs, treatment with the mild oxidant PhICI, is
required. Pt,/G4OH/SBA-15 NPs must be further reduced under H, atmosphere at 100 °C for 24 h
before reaction. This treatment generates catalytically active NPs that activate the n-bond in 1,
resulting in hydroalkoxylation to benzofuran 2. Yields were determined by comparing peaks in
NMR against an internal standard. Reprinted with permission from ref. [100]. Copyright 2009
Nature Publishing Group

The authors also designed and performed extensive experiments, such as three-
phase and catalyst filtration tests, to prove the heterogeneous nature of the SBA-15
supported Pt DENs in the intramolecular hydroalkoxylation reaction. No leaching
of the active catalytic species was detected in these tests. PVP-capped Pt nanopar-
ticles were also tested for use in this reaction, but they could not be recycled.

Pd DENs also catalyzed the same intramolecular hydroalkoxylation reaction
[101]. SBA-15 supported Pd DENs achieved 95 % yield of benzofuran in 15 h at
20 °C, while PdBr, and PdCl, only achieved 10 % yield under the same conditions.
Even at 100 °C, PdCl, only gave 25 % yield of benzofuran after 15 h. After proving
that there is no leaching of Pd during the reaction, the SBA-15 supported Pd DENs
were applied in a continuous flow reactor. It was found that the presence of 5 mM
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Fig.4.14 Time on stream of product yield during the hydroalkoxylation of 2-phenylethynylphenol
catalyzed by Pd,/SBA-15. In the presence of 5 mM PhICl, in the reaction stream (a 50 mM solu-
tion of 2-phenylethynylphenolin toluene), the catalyst was more stable and deactivated relatively
slowly (red diamonds), compared to the case when only the reactant flowed through the reactor
(blue dots). The flow rate was0.6 mL/h. Reprinted with permission from ref. [101]. Copyright 2010
American Chemical Society

of PhICI, in the reaction feed was important for the catalyst to remain active
(Fig. 4.14). However, the SBA-15 supported Pd DENSs finally deactivated after 10 h
of 100 % conversion. The deactivated catalyst could be regenerated by H, reduction
at 100 °C followed by PhICI, oxidation at 20 °C. The authors also demonstrated that
the continuous flow reactor could be used to probe other kinetic parameters of the
reaction, such as activation energy. When using a batch mode reactor, multiple reac-
tions had to be carried out at different temperatures to calculate the reaction activa-
tion energy. During these reactions, all parameters (e.g., stir speed, solution volume,
and catalyst amount) had to be controlled as much as possible to achieve accurate
reaction kinetic data. One of the benefits of measuring kinetic data of a reaction
using a flow mode reactor is that every parameter can be precisely controlled and
easily reproduced.

A mechanism study was performed by the same group of authors using EXAFS
and near-edge X-ray absorption fine structure (NEXAFS), as well as reaction kinetic
measurements [29]. Figure 4.15a shows the coordination number of Pt—Pt, Pt—Cl,
and Pt—O measured using EXAFS. The average coordination numbers of Pt—Pt and
Pt—Cl after hydrogen reduction are 5 and 0.2, respectively. After oxidation treat-
ment by PhICl,, the coordination number of Pt—Pt decreases to 1. Meanwhile, the
coordination number of Pt—Cl increases to 2. These changes in coordination number
of Pt—Pt and Pt—Cl indicate that Pt nanoclusters form after hydrogen reduction and
that Pt nanoclusters were oxidized to form PtCl,’~ species after PhICI, oxidation.
These changes are reversible upon further reduction and oxidation treatments. The
NEXAFS results in Fig. 4.15b reveal that both Pt(IT) and Pt(IV) exist after oxidation
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Fig. 4.15 (a) Average coordination numbers of Pt atoms in the supported Pt catalyst after a
sequence of hydrogen reduction and PhICl, oxidation treatments in the toluene derived from
EXAFS analysis. (b) The fractions of Pt(0), Pt(Il), and Pt(IV) chloride species of the Pt catalyst
derived from NEXAFS analysis. (¢) A scheme based on the XAS results showing possible struc-
tures of the dendrimer-encapsulated Pt catalyst after reduction and oxidation treatment. The gray
spheres represent the metallic Pt clusters. The surface Pt chlorides are indicated by circles. The
small spheres represent the Pt(II) and Pt(IV) species formed after oxidation treatment. (d) The
reaction conversion vs. reaction time for pre-oxidized samples with 1 wt% Pt loading: Oxidation 1
and Oxidation 2. The rate constants, k., and k,y,, are obtained by fitting the conversion (square and
diamonds) to the kinetic model for unimolecular reactions. The solid lines are the fitting curves.
For Oxidation 2, a second oxidation step was performed after the first reaction run reached full
conversion by adding fresh reactant into the reaction mixture. The conversion versus reaction time
of the second run is given by triangle. kyconarun 1S the rate constant of the second run. Reprinted with
permission from ref. [29]. Copyright 2011 American Chemical Society

treatment. These species are the active catalytic species for the hydroalkoxylation of
2-phenylethynylphenol. The scheme in Fig. 4.15¢ was suggested to represent the
reversible changes in the Pt DENs upon oxidation and reduction treatments. It was
also discovered that after the second oxidation treatment, the reaction rate constant
increased 12-fold, compared to that after the first oxidation treatment. This could be
explained by the increase in the active Pt(I) and Pt(IV) species, as shown in
Fig. 4.15b.

The solvent, toluene, plays an important role in the leaching-inhibition mecha-
nism of the silica-supported Pt DENs catalyst. Since toluene is a nonpolar solvent,
the Pt ions prefer to stay in the polar environment inside the PAMAM dendrimers
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diastereomers of cyclopropane 2. Reprinted with permission from ref. [102]. Copyright 2012
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and the dendrimers prefer to stay on the surface of the polar silica support. This
design principle should be applicable to other liquid-phase heterogeneous catalytic
systems to prevent leaching.

4.4.4 Increasing Diastereoselectivity and Chemoselectivity

Since highly selective chemical conversion processes generate less waste and use
less energy, controlling the selectivity of chemical reactions using innovated cata-
lysts is exceedingly important for conserving energy and protecting the environ-
ment. DENs provide a promising platform that can be used to catalyze chemical
reactions with dramatically improved selectivity. Two recent examples using Au
and Cu nanoparticles encapsulated in PAMAM dendrimers to control the diastere-
oselectivity and chemoselectivity of chemical reactions demonstrate the potential of
DENSs in selective catalytic processes.

Au nanoparticles encapsulated in the fourth-generation PAMAM dendrimer,
G40H, and supported on SBA-15 were used to catalyze the conversion of propargyl
pivalate 1 and styrene to form the cis- and trans-diastereomers of cyclopropane 2
and 3-methyl-2-butenal 3, as shown by the reaction scheme in Fig. 4.16 [102].
Using SBA-15 supported Au-G40OH as the catalyst, the diastereoselectivity of cis-
to trans-cyclopropane 2 is 17 to 1, while a homogeneous catalyst, AuCl;, only gives
3.5 to 1 cis- to trans-2 selectivity of the two diastereomers.

Since the SBA-15 supported Au-G40OH is a heterogeneous catalyst, the authors
also carried a cascade reaction (cyclopropanation rearrangement) in a liquid-phase
flow reactor and found that the product distribution and reactivity can be controlled
by the residence time of the reactants. Under high flow rate (short residence time)
of the reactants, the cyclopropanation product is dominant with 100 % diastereose-
lectivity to the cis-configuration. Under low flow rate (long residence time), one of
the rearranged products becomes dominant. This example demonstrates the use of a
PAMAM dendrimer platform to heterogenize a homogeneous catalyst. Using the
flow rate of reactants to control the selectivity of the cyclopropanation rearrange-
ment reaction demonstrated a unique advantage of using a heterogeneous catalyst
compared to its homogeneous counterpart.

Using Cu nanoparticles encapsulated in the sixth-generation PAMAM den-
drimer, an excellent chemoselectivity of C=0 versus C=C was demonstrated on the
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Fig. 4.17 A copper cluster encapsulated within a PAMAM dendrimer with hydroxyl surface
groups (PAMAM-OH) acting as a chemoselective catalyst for hydrogenation of carbonyl and ole-
fin groups in water. The activity was dependent on the molar ratio of the Cu** and PAMAM-OH
used in the synthesis, which was ascribed to the size-specific chemical properties of the Cu clus-
ters. The dendrimer-encapsulated Cu cluster was oxidized into Cu** ions under aerobic conditions,
but it could be regenerated by reduction with NaBH, for use in catalytic applications. Reprinted
with permission from ref. [103]. Copyright 2013 American Chemical Society

hydrogenation of cinnamaldehyde, as shown in Fig. 4.17 [103]. At 99 % conversion,
the selectivity to cinnamyl alcohol is around 86 %. At 67 % conversion, the selectiv-
ity could reach 93 %. The Cu DENSs also show extremely low activity for the hydro-
genation of the nitro group. The hydrogenation of 4-nitrobenzaldehyde could reach
100 % selectivity to 4-nitrobenzyl alcohol. Since Cu DENSs could easily be oxides
due to the oxygen in air, the authors also demonstrated that a facile reduction by
NaBH, could restore the activity of the catalyst. During the reversible oxidation and
reduction conversions, there is no leaching of Cu?* ions because they are coordi-
nated more strongly with the PAMAM dendrimers than with the water molecules.

4.5 Summary and Outlook

We have discussed the most recent advancements in understanding DEN structures,
including the metal binding sites inside the PAMAM dendrimer, the oxidation state
of platinum after reduction by NaBH,, and the glassy nature of the small nanoclus-
ters synthesized inside dendrimers. We also discussed several newly developed
applications of DENS in catalysis, including the necessity for removing dendrimer
capping, the size effect of DENs on catalysis, heterogenizing a homogeneous cata-
lyst, applications of DENs in liquid flow reactors, and the enhanced diastereoselec-
tivity and chemoselectivity. A deep understanding of DEN structures is vitally
important for synthesizing DENs of desired structures. The understanding of DEN
structures also helps to design superior catalysts for important chemical conver-
sions. Future efforts should be devoted to the development of more selective chemi-
cal conversion processes based on DENs and conversion of homogeneous batch
reactions to heterogeneous flow reactions. More effort is also needed using in situ
techniques to study DEN catalysts under operando conditions.
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Chapter 5
Core-Shell Nanoarchitectures as Stable
Nanocatalysts

Sang Hoon Joo, Jae Yeong Cheon, and Joon Yong Oh

The recent merging of catalysis with colloidal chemistry has dramatically enhanced
the molecular-scale design and synthesis of heterogeneous catalysts. The develop-
ment of stable catalysts, along with their enhanced activity and selectivity, has been
a key issue in catalysis research. In this chapter, we review the recent progress in
nanochemistry-based approaches to stable nanocatalysts. We present synthesis
strategies for core— and yolk—shell-structured stable nanocatalysts. We next sum-
marize the enhanced catalytic properties of such nanocatalysts in terms of thermal
and chemical stabilities, as well as their catalytic activity and selectivity. Finally, we
highlight future challenges and perspectives for stable nanocatalysts.

5.1 Introduction

Recent developments in nanotechnology have motivated a revolution in the prepa-
ration of heterogeneous catalysts [1-5]. The synthetic capability of colloidal nano-
chemistry permits the synthesis of catalytic metal nanoparticles (NPs) with
precisely tailored size, shape, and composition [6—11]. Hence, these nanomaterials
have been effectively used as nanoscale analogues of model catalysts, such as
metal single crystals, allowing the identification of atomic-scale factors responsi-
ble for the activity and selectivity in catalytic reactions. In parallel with the pursuit
of higher activity and selectivity, the development of thermally and chemically
stable catalysts has been a long-standing issue in the field of catalysis. Industrial
catalytic reactions are predominantly carried out under high temperature and/or

S.H. Joo (><) * J.Y. Cheon ¢ J.Y. Oh

School of Nano-Bioscience and Chemical Engineering, KIER-UNIST Advanced Center
for Energy and Low Dimensional Carbon Materials Center, Ulsan National Institute of
Science and Technology (UNIST), UNIST-gil 50, Ulsan 689-798, Republic of Korea
e-mail: shjoo@unist.ac.kr

J.Y. Park (ed.), Current Trends of Surface Science and Catalysis, 93
DOI 10.1007/978-1-4614-8742-5_5, © Springer Science+Business Media New York 2014



94 S.H. Joo et al.

pressure. Under such demanding conditions, catalytic NPs dispersed on an oxide
support are subjected to aggregation and sintering, leading to a decrease in the
active sites available for catalytic reactions, which consequently reduces the life
cycle of a catalyst. To mitigate the sintering problem, various strategies have been
explored in traditional catalysts, including the addition of co-catalysts, formation
of multi-metallic alloys, and exploitation of the strong metal-support interaction
(SMSI) [12-14].

Ideally, if an individual NP can be encapsulated in a thermally stable inorganic
shell layer, the geometric confinement of the metal NPs at the core can provide a
physical barrier that prevents their mobility under high temperature or pressure,
thereby suppressing sintering or aggregation of the NPs. Significantly, additional
advantageous effects other than the enhanced stability can evolve in this core—shell
nanostructure. For instance, if the core metal is coated with a catalytically active
metal oxide, such as CeO,, maximizing the contact area between the metal and the
support could significantly enhance the metal-support interaction. In 2004,
Alivisatos and Somorjai first recognized the individual nanoreactor concept by pre-
paring a Pt NP encapsulated within a CoO layer [15], made possible by colloidal
nanochemistry. Since then, several types of core—shell nanostructures for multifunc-
tional nanocatalysts have emerged [16—19]. The most straightforward route to this
endeavor is the direct coating of an individual metal NP with a porous oxide layer,
generating metal/metal oxide core—shell-structured nanocatalysts. The yolk—shell
nanocatalysts are prepared by the formation of a dense oxide layer on a single NP,
followed by selective partial etching of metal particles or a metal oxide layer. The
overcoating strategies have also been extended to traditional supported catalysts,
affording metal oxide/metal/metal oxide-multilayered nanocatalysts. Figure 5.1
presents schematic models of the three classes of nanocatalysts. These core—shell-
structured nanocatalysts have been utilized in various gas- and liquid-phase cata-
Iytic reactions and have shown superior stability over catalysts without coated
layers, while maintaining similar catalytic activity. Furthermore, in some instances,
the beneficial effects of nanoscale confinement were manifested as enhanced activ-
ity and selectivity in the core—shell-structured nanocatalysts.

In this chapter, we present recent advances in the design and synthesis of stable
core—shell (or yolk—shell) nanocatalysts and their application in catalytic reactions.
These nanocatalysts are classified into three classes: (1) core—shell catalysts; (2)
yolk—shell catalysts; and (3) supported catalysts coated with shell layers. We intro-
duce each class of nanocatalysts in the following sections; we highlight representa-
tive examples of the synthetic strategies for each class of nanocatalyst, followed by
their catalytic properties. We conclude this chapter with future perspectives and
challenges related to the design of core—shell catalysts. The core—shell nanostruc-
tures with compositions other than metal/metal oxides for applications in spectros-
copy, magnetism, and biology are beyond the scope of this paper; they are covered
in other recent excellent reviews [20-22].
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Fig. 5.1 Schematic representations of three types of stable nanocatalysts: (a) core—shell and
(b) yolk—shell nanostructures. (¢) Supported catalysts covered with a shell layer

5.2 Metal/Metal Oxide Core—Shell Nanocatalysts

5.2.1 Core-Shell Nanocatalysts with a Silica Shell

Among metal oxide compositions, the chemistry of silica is the most widely studied
and well established, from the classical Stober synthesis of a silica sphere [23] to the
recently developed surfactant-mediated synthesis of mesoporous silica [24, 25].
These developments were mainly enabled by the availability of stable silica precur-
sors, their controllable hydrolysis and condensation, and the stable oxidation state
of silica. Based on previously established chemistries, sol-gel or microemulsion
methods were used to synthesize silica-shell-based core—shell NPs.

Somorjai and his co-workers reported a straightforward route to platinum—meso-
porous silica core—shell (Pt@mSiO,) NPs that are thermally stable at high tempera-
tures [26]. The synthesis of the core—shell Pt@mSiO, NPs was performed in three
steps (Fig. 5.2): (1) synthesis of the Pt NPs using tetradecyltrimethyl ammonium
bromide (TTAB) surfactant as the capping agent; (2) silica polymerization around
the Pt cores via the sol-gel method, which generated the as-synthesized Pt@SiO,
mesostructures; and (3) removal of the TTAB molecules using calcination to
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NaOH

RT

Fig. 5.2 Schematic representation of the synthesis of core—shell Pt@mSiO,NPs. Adapted from
ref. [26]

produce the Pt@mSiO, core—shell NPs. The key point of this synthetic scheme is
the use of a cationic surfactant (in this case, TTAB) both as a capping agent for the
synthesis of the metallic core NPs and as the structure-directing agent for the growth
of the silica shell layers. TEM images and nitrogen adsorption analysis revealed that
the silica shell layer in the final Pt@mSiO, NPs was mesoporous (Fig. 5.3a, b). In
the core—shell structure of the Pt@mSiO, NPs, the reacting molecules can directly
access the Pt cores through the mesopores within the silica shells, and the product
molecules can readily exit through these mesopores. The Pt cores were engaged in
the silica shells at temperatures up to 750 °C in air (Fig. 5.3c). In catalytic reaction
applications, the Pt@mSiO, NP catalysts exhibited catalytic activity similar to the
TTAB-capped Pt NPs for ethylene hydrogenation and CO oxidation (Fig. 5.3d).
Importantly, after CO oxidation performed at up to 300 °C, the morphology of the
Pt@mSiO, core—shell particles was essentially preserved, whereas that of the bare
Pt NPs or Pt NPs supported on mesoporous silica experienced a significant degree
of deformation or aggregation of particles (Fig. 5.4). We note that the high thermal
stability of the Pt@mSiO, NPs enabled the study of ignition behavior during the Pt
NP-catalyzed CO oxidation process. The high thermal stability and the uniform
mesoporous shell structure suggest that the Pt@mSiO, core—shell NPs are a NP
system that allows for catalytic reactions or surface chemical processes to occur at
high temperature.

Similar or modified synthetic strategies for thermally stable core—shell nanocata-
lysts were also reported by other groups. McFarland’s group reported the synthesis
of core—shell Pd@SiO, NPs as active and sinter-resistant nanocatalysts [27]. They
used a microemulsion method to prepare Pd@SiO, NPs. In this synthesis, a mixture
of tetraethyl-orthosilicate (TEOS) and n-octyldecyltrimethoxysilane (C;3-TMS)
was used as the silica source, with C;-TMS being used as the porogen to endow
porosity to the silica layer. Under high-temperature calcination at 700 °C, the core—
shell Pd@SiO, NPs maintained their original shape with minimal sintering of the
core Pd particles, whereas the traditional silica-supported Pd (Pd/SiO,) catalyst
exhibited noticeable aggregation of the Pd particles. During CO oxidation, the Pd@
Si0, nanocatalysts initially showed a higher light-off temperature compared to the
Pd/SiO, catalysts, indicating a low activity of the Pd@SiO, core—shell nanocatalyst.
After calcination at 700 °C for 6 h in air, the Pd@SiO, nanocatalyst retained its
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Fig. 5.3 TEM images of Pt@mSiO,core—shell NPs after calcination at (a, b) 350 °C and (c) 750 °C.
(d) CO oxidation activity of TTAB-capped Pt and Pt@mSiO, NPs. Adapted from ref. [26]

activity, whereas the supported Pd/SiO, catalyst showed a significant shift to a much
higher light-off temperature. These results are consistent with the enhanced sinter-
ing stability of the Pd@SiO, nanocatalysts at high temperature. We note that for
acetylene hydrogenation, the fresh Pd@SiO, catalyst was active at a much lower
temperature than the fresh Pd/SiO, catalyst. Moreover, after calcination at 700 °C
for 6 h in air, the light-off curve of the Pd@SiO, catalyst showed only a slight shift,
whereas that of the control Pd/SiO, catalyst significantly increased, indicating the
sintering of the latter. Although a definite reason for the better performance of the
Pd@Si0, nanocatalyst was not suggested, the acetylene hydrogenation results sug-
gest that the core—shell geometry can provide both a physical barrier for the sinter-
ing-resistant effect but can also potentially alter the catalytic pathway. McFarland’s
group later extended the microemulsion strategy to core—shell NPs composed of
ferromagnetic magnetite cores and silica shells (Fe;0,@Si0,) [28]. The core—shell
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Fig. 5.4 Comparison of morphology changes before and after CO oxidation. SEM images of
(a, d) core—shell Pt@mSiO, NPs and (b, e) TTAB-capped Pt NPs on a silicon wafer, and TEM
images of (c, f) TTAB-capped Pt nanoparticles dispersed on an MCF mesoporous silica support,
(a—c) before and after CO oxidation at (d) 330 °C and at (e, f) 300 °C. Adapted from ref. [26]

Fe;0,@Si0, nanocatalysts were active for CO oxidation and the chemical looping
combustion of methane at temperatures as high as 700 °C. Significantly, the Fe;0,@
SiO, NPs retained their magnetism following the reaction, which provides potential
for use in magnetic separation and capture in moving-bed reactor applications. The
core magnetite within the silica shell was resistant to sintering and transition to the
bulk phase at temperatures as high as 700 °C. These catalysts can be used in high-
temperature applications where catalyst recovery by magnetic separation is required.

The use of core—shell catalysts for high-temperature reactions was also extended
to the ammonia decomposition reaction, as reported by Schiith and his co-workers
[29]. They first synthesized hematite NPs with controlled particle size (35, 47, and
75 nm) using the hydrothermal reaction, followed by the formation of a porous
silica shell by means of base-catalyzed hydrolysis of TEOS using cetyltetramethyl-
ammonium bromide (CTABr) as the porogen. After calcination, the a-Fe,0;@SiO,
core—shell nanocatalysts were obtained. In ammonia decomposition, the a-Fe,0;@
SiO, nanocatalysts had high reaction rates at temperatures above 600 °C, while
maintaining stability up to 800 °C. A reference material that consisted of similar
components, but without a core—shell structure, exhibited an inferior stability and
long-term activity compared to the core—shell-structured catalysts. In their work, in
situ XRD measurements under reaction conditions over the o-Fe,O;@SiO,
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nanocatalysts revealed the presence of body-centered iron and FeN,, which are
considered the most active iron phases for ammonia decomposition.

The use of core—shell nanocatalysts for the decomposition of ammonia was also
explored by Au and his co-workers. They prepared core—shell-structured
microcapsule-like Ru@SiO, NPs [30]. Although the porosity of the silica shells of
Ru@Si0, NPs were not clearly verified, they were demonstrated as efficient materi-
als for CO,-free hydrogen production via ammonia decomposition. The active Ru
core particles retained good stability even at high temperatures (up to 650 °C) owing
to the protection provided by the inert SiO, nanoshell. Au and his co-workers later
extended the same synthetic strategy to other core—shell metal/metal oxide compo-
sitions (metal=Fe, Co, Ni, and Ru; metal oxides=SiO,, Al,O;, and MgO) and
investigated the structural parameters of the core—shell nanocatalysts for NHj;
decomposition [31]. The core—shell particles were also effective for partial oxida-
tion of methane to synthesis gas. Au and his co-workers [32] and Ji and his
co-workers [33] prepared Ni@SiO, and CoNi@SiO, core—shell particles, respec-
tively, and demonstrated that these core—shell particles were active for partial oxida-
tion of methane. As demonstrated in other examples, the silica shell layers effectively
prevented aggregation of the core particles. The silica coating strategy was also
extended for composition with metal oxide cores. Along this line, Kaliaguine
and his co-workers used the core—shell-structured LaMn,;Fe 305 5@mSiO, parti-
cles as oxygen carriers for chemical looping combustion [34]. The core—shell
LaMn,;Fe;0;,5@mSiO, particles showed unchanged morphology after multiple
redox cycles without losing catalytic activity.

5.2.2 Non-Siliceous Oxide Shells

The role of silica shells in metal @SiO, core—shell nanocatalysts is mostly related to
the stabilization of metal particles against demanding thermal or chemical environ-
ments. If the silica shells are replaced with catalytically active metal oxides, such as
CeO, or TiO,, additional catalytic properties are expected to evolve. For instance, the
noble metals supported by ceria-based materials are among the systems long known
to exhibit SMSI effects [35]. These catalysts have been shown to provide high activ-
ity for hydrogenation reactions, water—gas shift (WGS) reactions, CO and hydrocar-
bon oxidation, etc. Hence, if the noble metal NPs are encapsulated within shells
composed of such metal oxides, the degree of metal-support interaction through the
enlarged contact area between the metal cores and the ceria shells would be enlarged,
which could result in enhanced catalytic activity. Nevertheless, the preparation of
core—shell catalysts with non-siliceous oxide shells is not as straightforward as that
of the silica shell. Compared to silica, other metal oxides are often more susceptible
to hydrolysis, redox reactions, or phase transitions, accompanied by thermal break-
down of the structural integrity. Recent developments in nanochemistry, combined
with judicious control of the synthetic parameters, however, enabled successful
preparations of core—shell nanocatalysts with non-siliceous shell layers.
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For this purpose, Tsang’s group recognized an opportunity to prepare Pt@CeO,
core—shell nanocatalysts and demonstrated that the latter were highly active and
selective in the WGS reaction but were completely inert for methanation [36]. The
group synthesized Pt@CeO, core—shell nanocatalysts using a modified microemul-
sion method in the presence of CTABr surfactant. In this method, the auto-redox
reactions of Pt(IV) [(NH,),PtCls] and Ce(IIl) [Ce(NOs);] species generated a
reduced Pt NP core and an oxidized CeO, NP shell layer, respectively. Although the
distinct core—shell geometry shown in M@SiO, was difficult to observe in the
resulting particles, a detailed HR-TEM study revealed that the core was enriched
with Pt inside each ceria particle. The TEM image of the Pt@CeO, particle was
structurally similar to that of the Pt/ceria supported catalyst in the SMSI state where
the metal particle was decorated by a few-angstrom-thick ceria (prepared above
500 °C under reduced conditions) [37]. The Pt@CeO, nanocatalysts showed very
low activity for methanation in contrast to the conventionally prepared co-
precipitated Pt/CeO,. The inactivity of these materials for methanation was ascribed
to the fact that the ceria shell can substantially reduce metal exposure. However, the
core—shell catalysts showed comparable WGS activity with the Cu/ZnO and Pt/
CeO, catalysts but without any methane formation, suggesting that the nature of the
active sites for methanation may not be the same as that for WGS or that some metal
sites may have been blocked by the ceria.

The Fornasiero and Gorte group carried out extensive work with metal @CeQO,
core—shell nanocatalysts using a newly developed synthesis scheme [38—41]. They
prepared Pd@CeO, core—shell nanostructures that were easily dispersed in com-
mon organic solvents [38, 39]. The method involved the synthesis of Pd NPs pro-
tected by a monolayer of 11-mercaptoundecanoic acid. The carboxylic groups on
the NP surfaces were used to direct the self-assembly of a cerium(IV) tetrakis (dec-
yloxide) precursor around the metal particles, followed by controlled hydrolysis to
form CeQ,. Although this method required multiple steps and the use of a rather
complex cerium precursor, well-defined core—shell nanocatalysts could be gener-
ated (Fig. 5.5). They showed that the Pd@CeO, supported on Al,O; showed activity
for CO oxidation, WGS reaction, and methanol steam-reforming reactions, suggest-
ing accessibility of the Pd phase in the nanocomposites [38].

The same group later demonstrated the dramatic effect of core—shell geometry in
high-temperature methane oxidation [39]. They used a modular approach in which
the Pd@CeO, core—shell particles were deposited onto a hydrophobically modified
alumina support (H-ALO3). The resulting Pd@CeO,/H-Al,O; catalyst showed out-
standing catalytic performance. Complete conversion of methane was observed for
a gas stream with 0.5 vol% CH, and 2.0 vol% O, in Ar at a space velocity of
200,000 mL g! h™! at approximately 400 °C (Fig. 5.6a). In comparison, all the other
reference samples (Pd/CeO, and Pd/CeO,/Al,O;) prepared by the conventional
incipient wetness catalyst method only achieved complete CH4 conversion above
700 °C, more than 300 °C higher than that found in the Pd@CeO,/H-Al,O; catalyst.
The enhanced reactivity of the Pd@CeO,/H-Al,O; catalyst was claimed as the result
of the strong Pd/CeO, interaction among the core—shell Pd@CeO, units. By con-
trast, such metal—support interactions were not as optimal in the Pd/CeO, or Pd/
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Fig. 5.5 TEM investigations of Pd@CeO, core—shell nanostructures dispersed on hydrophobic
alumina. (a) High magnification HAADF-STEM image of the Pd@CeO,/H-Al,O; catalysts cal-
cined at 500 °C and (b) the corresponding EDS line profile, together with a model. (¢) High-
resolution TEM image of a single Pd@CeO, structure on the Pd@CeO,/H-Al,O; catalysts calcined
at 500 °C. The digital diffraction patterns of the particles in the white squares are reported in the
top-right and bottom-right insets, together with representative bond distances (A) and bond angles
for the Pd and ceria. Adapted from ref. [39]
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Fig. 5.6 (a) Heating and cooling (10 °C min™") light-off curves of CH, conversion versus tempera-
ture for the three catalysts used: (A) Pd@CeO,/H-AlL,O; core—shell, (B) Pd/CeO,, and (C) Pd/
Ce0,/Al,0; catalysts. (b) Kinetic rate data for CH, oxidation on the three catalysts. Adapted from
ref. [39]

CeO,/AL,O; catalysts, resulting in lower activities compared to that of the Pd@
CeO,/H-Al,O; catalyst. The kinetic rate data further corroborated the very high
intrinsic activity of the Pd@CeO,/H-Al,O; catalyst compared to that of the refer-
ence catalysts (Fig. 5.6b). The reaction rates of the Pd@CeO,/HAl,O; sample were
approximately 40 times higher than those of Pd/CeO,-IWI and 200 times higher
than those of Pd/CeO,/Al,O;-IMP.

The group extended this synthesis scheme to core—shell structures with different
compositions using Au, Pd, and Pt as cores and CeO,, TiO,, and ZrO, as shells [40,
41]. For instance, they encapsulated preformed Au NPs inside a porous ceria layer
to yield Au@CeO, core—shell NPs [40]. The core—shell nanocatalyst with an Au
loading of 1 wt% showed good activity under real preferential oxidation conditions
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and better activity than the catalysts with higher metal loadings or prepared through
optimized deposition—precipitation methods described in the literature. Under sim-
ulated aging, the Au (1 wt%)@CeO, sample exhibited minor deactivation (mainly
associated with the formation of carbonates) that can be reversed by a mild regen-
erative oxidative treatment to fully restore its initial activity. By contrast, the other
catalysts showed either unavoidable reversible carbonate poisoning or irreversible
deactivation because of the metal sintering/agglomeration phenomena.

Formation of the ceria shell utilizing the classical sol-gel methods was com-
monly hampered by the low hydrolysis ability of Ce cations in water or alcohol
solutions. In this regard, Tang and his co-workers developed a self-template method
for core—shell NPs with a ceria shell [42]. They exploited hydrothermal reactions to
prepare the Au@CeQO, core—shell NPs using HAuCl, and CeClj; as the precursors in
an aqueous solution containing glucose and urea. In this synthesis, the Au** ions
were first reduced by the glucose in the solution to yield Au NPs. Then, the conden-
sation of glucose in the solution under hydrothermal conditions led to the formation
of an amorphous carbon sphere with a diameter of 100-200 nm, where the Au NP
was located at the center; the Ce* ions were embedded in the carbogenic layer.
Finally, the carbon submicrospheres were used as sacrificial templates to generate
Au@CeO, core—shell NPs via calcination in air. The prepared particles showed a
distinct core—shell morphology, although the size was larger than that of the previ-
ous versions of the metal/ceria core—shell NPs. When these Au@CeQ, submicro-
spheres were used as catalysts for CO oxidation, they exhibited considerably
enhanced catalytic activity and stability compared to conventionally supported Au/
CeO, catalysts, as revealed by their significantly lower light-off temperature.

Kayama and his co-workers developed a synthetic scheme that exploited a one-
pot selective redox reaction using cerium(IIl) and silver(I) to produce core—shell
Ag@CeO, NPs [43]. Co-precipitation by the addition of a cerium(III) nitrate and
silver(I) nitrate aqueous solution to aqueous ammonia (equimolar to nitrate) yielded
core—shell-structured NPs, where the Ag NPs at the core were surrounded by aggre-
gates of the ceria particles. The core—shell Ag@CeO, nanocatalyst showed a lower
conversion temperature for carbonaceous soot oxidation compared to the conven-
tionally synthesized supported Ag/CeQ, catalyst and CeO,, demonstrating that its
higher activity originated primarily from the enhanced metal-support interaction.

The synergistic effect of the ceria coating was not limited to enhancing catalytic
activity; Kaneda’s group demonstrated a highly chemoselective reaction by utiliz-
ing the core—shell Ag@CeO, nanocatalyst [44]. They synthesized the core—shell
Ag@CeO, NPs by combining the reverse micelle technique and the redox reaction
between silver(I) and cerium(IIl). The Ag@CeO, nanocatalyst comprised a core Ag
NP that is 10 nm in diameter and a shell assembled with spherical CeO, NPs with a
diameter of 3—5 nm. In this structure, the shell has nanospaces among the CeO, NPs
that permit access of reactants to the active center of the Ag NPs. The Ag@CeO,
catalyst showed remarkable improvement in chemoselectivity, compared to the Ag
NPs supported on CeO, (Ag/CeQ,), for the reduction of both nitrostyrenes to amino-
styrenes and epoxides to alkenes using H, (Fig. 5.7). The group suggested that the
heterolytic cleavage of H, occurred at the interface between the Ag and CeO, NPs,
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Fig. 5.7 The reduction of one with H, versus time using (a) core—shell Ag@CeO, and (b) sup-
ported Ag/CeO, catalysts. Adapted from ref. [44]

whereas the homolytic cleavage of H, occurred at the top of the Ag NPs. In the
Ag@CeO, nanocatalyst, the interface area between Ag and CeO, can be maxi-
mized. This property enabled the exclusive formation of the heterolytically cleaved
hydrogen species through the combined effect of the Ag and CeO,, which sup-
pressed the unfavorable formation of homolytically cleaved hydrogen species on
bare Ag NPs. In addition, Ag@CeO, was easily separated from the reaction mixture
and was reusable without loss of catalytic activity or selectivity.

The core—shell NPs with non-siliceous metal oxide coatings other than ceria
were also explored, including SnO, [45], TiO, [46], Cu,O [47], and ZnO [48]. For
instance, Xie and her co-workers prepared Au@SnO, core—shell NPs, formed by
the synthesis of Au NPs and subsequent formation of AuSn intermetallics, followed
by oxidation, to yield Au@SnO, core—shell NPs [45]. Interestingly, the Au@SnO,
core—shell nanocatalysts showed superior catalytic activity compared to the non-
encapsulated supported Au/SnO, catalyst. By using X-ray photoelectron spectros-
copy, they found that the interactions between the Au NPs and oxide support in the
well-encapsulated Au@SnO, core—shell NPs were stronger than those in the non-
encapsulated Au/SnO, catalyst, indicating a synergetic confinement effect in such
nanoscale catalyst/support core-shell systems.

5.3 Metal/Metal Oxide Yolk—Shell Nanocatalysts

The yolk—shell nanostructure is a modified form of the core—shell configuration.
The yolk—shell structure is distinguished from the core—shell structure in that the
former has a hollow inner space between the core and the shell layers. Compared to
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the core—shell nanostructure, where the shell is directly interfaced at the metal surface,
the cavity between the core and the shell in the yolk—shell structure provides a larger
exposed metal surface for the reactants and enables the reactants to interact more
homogeneously with the surface. Compared to the synthesis of core—shell NPs, the
yolk—shell structure requires an additional etching step that generates hollow void
spaces. The most widely used method of the yolk—shell nanostructure relies on the
formation of a core—shell structure, followed by partial etching of the core or shell
layers. A similar, yet alternative, scheme involves the formation of a core-shelll-
shell2 triple-layered structure, followed by the etching of an intermediate shell layer
to yield the yolk—shell nanostructure.

The group of Alivisatos and Somorjai developed the initial hollow yolk—shell
structure nanoreactor concept [15]. They synthesized a Pt@CoO yolk—shell nano-
structure in which a platinum nanocrystal a few nanometers in size was encapsu-
lated in a hollow CoO shell. The synthesis of these nanoreactors consisted of three
steps: synthesis of platinum NPs, deposition of cobalt on the platinum to form Pt@
Co core—shell nanocrystals, and transformation of the cobalt into CoO hollow struc-
tures by bubbling oxygen gas. In the final step, oxidation removed the cobalt atoms
from the platinum particle surface via the nanoscale Kirkendall effect, which led to
the formation of a platinum yolk/CoO shell structure. The size of the Pt@CoO NPs
could be tunable by changing the diameter and number of platinum seeds, and by
changing the amount of cobalt precursor. The catalytic activity of the resulting Pt@
CoO NPs was investigated using the hydrogenation of ethylene as a model reaction.
Without any pretreatment, the Pt@CoO NPs were found to be active for C,H,
hydrogenation at temperatures as low as 208 K. The steady-state turnover frequency
for ethane formation at 227 K was comparable to the rates of the conventionally
supported Pt/SiO, catalyst and pure platinum powders. A route appeared for the
ethylene and hydrogen to enter into the CoO shell interior; thus, catalytic reactions
could occur on the platinum surfaces. The grain boundaries on the shell were the
most probable entry points for ethylene and hydrogen diffusion into the shell, as
well as for the ethane to diffuse outward.

Following the work of Alivisatos and Somorjai, various versions of yolk—shell
nanostructures have emerged. Song and his co-workers prepared a variety of M@
Si0, yolk—shell nanostructures and exploited them in various liquid- and gas-phase
reactions [49-53]. Their synthesis approach relied primarily on partial etching of
the metal core or silica shell. For the synthesis of Au@SiO, yolk—shell NPs [49], the
pre-synthesized Au NPs were first coated with an SiO, layer using the Stober
method to generate the Au@SiO, core—shell NPs. The latter were subsequently
converted to hollow Au@ SiO, yolk—shell NPs by partial etching of the Au core with
potassium cyanide (KCN) (Fig. 5.8). The average size of the Au cores can be readily
tuned using different amounts of KCN. The Au@SiO, yolk—shell frameworks
were successfully employed in the catalytic reduction of p-nitrophenol, in which
they exhibited a size-dependent reaction property (Fig. 5.9). Song’s group utilized
a similar approach to synthesize Ni@SiO, yolk—shell NPs for the high-
temperature methane reforming reaction [50]. The etching of Ni@SiO, core—shell
NPs with hydrochloric acid yielded yolk—shell-structured Ni@SiO, NPs. The
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Fig. 5.8 TEM images of Au@SiO, yolk—shell NPs (a—c) and silica hollow shells (d). Au core
diameters are (a) (104+9)nm, (b) (67 +8)nm, and (c) (43 £7) nm. The scale bars represent 200 nm.
Adapted from ref. [49]

particle size of the Ni cores in Ni@SiO, was tailored by the concentration of the
etchant. In the methane reforming reaction, the Ni@SiO, yolk—shell catalyst exhib-
ited a continuous conversion rate of methane and hydrogen and a significantly
enhanced stability at high temperatures, leading to high recyclability without loss of
catalytic activity. These reaction properties were superior to those of the supported
Ni/MCEF catalysts and comparable to state-of-the-art commercial catalysts.

The same group also synthesized Ni@SiO, [51], Pd@SiO, [52], and Co@SiO,
[53] yolk—shell nanostructures with tiny metal cores using the microemulsion
method. The hollow yolk—shell structure in the Pd@SiO, NPs was generated via
hydrothermal etching of the silica in the Pd@SiO, core—shell structure. The Pd@
SiO, yolk—shell catalysts exhibited extremely high initial turnover frequency,
as well as excellent reusability (more than ten times) in Suzuki coupling reactions.
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Fig. 5.9 Plot of In(C/C)) versus time for Au@SiO, yolk—shell nanocatalysts with different core
sizes in p-nitrophenol reduction reaction. Adapted from ref. [49]

The Co@SiO, yolk—shell structure was obtained by thermal reduction of CoO@
Si0, core—shell particles via volume contraction of CoO to Co. The Co@SiO, yolk—
shell nanocatalysts exhibited high activity and reusability for phenoxycarbonylation
of iodobenzene. In addition, the magnetic property of the cobalt cores permitted
facile separation of the catalysts from the products.

The etching of the shell layer instead of the metal cores can also generate yolk—
shell NPs. Yin’s group reported a “surface-protected etching” strategy that enabled
conversion of Au@SiO, core—shell NPs into hollow Au@SiO, yolk—shell structures
[54]. In this method, poly(vinylpyrrolidone) was used to protect the near surface
layer, and NaOH was used to selectively etch the interior of the silica spheres.
Etching initially yields porous structures and eventually removes the core to leave
behind hollow silica spheres with porous shells (Fig. 5.10). By controlling the extent
of etching, it was demonstrated that the permeation rate of the chemical species
through the shells could be controlled. In the 4-nitrophenol reduction reaction, the
hollow Au@SiO, yolk—shell NPs exhibited catalytic conversions, which were
enhanced as the degree of the etching increased. Furthermore, the Au@SiO, yolk—
shell NPs showed excellent reusability for 4-nitrophenol reduction, as the initial
activity was maintained after cycling 12 times. In contrast, the bare Au NPs under-
went a dramatic decrease in conversion after just 1 cycle due to severe aggregation
of the Au NPs.

An alternative method to the yolk—shell structure is the use of a sacrificial inter-
mediate layer, which is etched away to generate hollow spaces. This general scheme
was realized by Schiith and his co-workers using the Au@ZrO, yolk—shell NPs as
an example (Fig. 5.11) [55]. They first synthesized 15—17 nm Au NPs using sodium
citrate as the reductant, followed by coating a silica layer on the individual Au
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Fig. 5.10 (a) Schematic illustration of the concept of “surface-protected etching” for transforming
solid silica spheres into permeable shells. (b—e) TEM images showing the structural evolution of
Au@Si0, core—shell NPs: (b) the original samples; and (c—e) the samples after etching by NaOH
for (¢) 2 h; (d) 2 h 45 min; and (e) 3 h. Before etching, the silica particles have been refluxed in an
aqueous solution of PVP for 3 h. All scale bars are 200 nm. Adapted from ref. [54]

particles using the modified Stober method. Subsequently, the Au@ SiO, core—shell
nanospheres were coated with a zirconia layer by reacting them with zirconium but-
oxide under the presence of a surfactant (Lutensol AOS), followed by calcination at
900 °C. During the final calcination step, crystalline ZrO, NPs with a diameter of
10 nm were formed, with pores approximately 3—4 nm in size generated among the
ZrO, particles. In the final step, the silica was removed from the composite by treat-
ing with an NaOH solution, yielding Au@ZrO, yolk—shell NPs. In the CO
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Fig. 5.11 Schematic representation and TEM images (left: dark field; middle and right: bright
field) of the products obtained after each step during the synthesis of Au@ZrO, yolk-shell NPs.
Adapted from ref. [55]
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oxidation reaction, the yolk—shell Au@ZrO, catalysts showed a half-conversion
temperature of 200 °C, which was remarkable considering the large size of the Au
particles (Fig. 5.12).

The Au@ZrO, yolk—shell NPs showed a sintering resistance, as demonstrated by
the almost identical morphology of the particles after thermal treatment at 800 °C.
Schiith’s group later demonstrated that the Au size can be reduced down to 5 nm
using a simple NaCN etching process [56]. Zheng and his co-workers demonstrated
that the Au@ZrO, and Au@TiO, yolk—shell structures could be prepared from
small (~6 nm) Au NPs, based on Schiith’s synthetic strategy [57]. A strategy utiliz-
ing a sacrificial, intermediate silica layer was also adopted by Zaera and his
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co-workers to produce Au@TiO, yolk—shell NPs, which demonstrated superior
sintering resistance, compared to the supported Au/TiO, catalyst prepared by the
conventional method [58].

In the yolk—shell nanostructures, the shell composed of porous carbon can also
be synthesized. Ikeda and his co-workers reported two strategies for the M@C hol-
low yolk—shell structures [59-61]. The first strategy [59, 60] involved the following
steps: (1) preparation of metal (Pt or Rh) NPs; (2) coating of individual metal NPs
with a nonporous silica layer, (3) overgrowing a second silica layer on the preexist-
ing metal @SiO, particles with C;5-TMS surfactant, followed by calcination to gen-
erate a mesoporous silica layer; (4) backfilling the mesopores with a carbon source
(phenol-formaldehyde resin) and carbonization; and (5) etching the silica using
hydrogen fluoride to generate the hollow yolk—shell Pt@C [59] or Rh@C [60]
nanostructures. The Pt@C yolk—shell nanocatalyst showed very high catalytic
activity for the hydrogenation of nitrobenzene and various olefins, surpassing that
of the activated carbon-supported Pt catalyst. The second route for the synthesis of
yolk—shell Pt@C nanostructures was achieved in a simpler way [61]. In this method,
the TiO, NPs functioned as molds for hollow carbon but also induced simultaneous
deposition of Pt NPs and phenolic polymers by photocatalytic reduction of a
platinum(IV) precursor and oxidation of a phenol, respectively. The simultaneous
formation of Pt NPs and an organic layer on the TiO, NP and the subsequent car-
bonization and etching of the TiO, template produced hollow yolk—shell Pt@C
nanostructures. The yolk—shell Pt@C nanocatalysts also exhibited enhanced cata-
lytic activity in liquid-phase hydrogenation and sintering resistance, compared to
the conventional Pt/activated carbon catalyst.

The facile synthesis route to hollow yolk—shell structures without requiring the
etching step was reported by Mou and his co-workers [62]. They exploited a water-
in-oil microemulsion as a template where reduction of the gold precursor and
polymerization of the silica precursor occurred, resulting in a structure composed of
an Au NP (2.8-4.5 nm) entrapped inside a hollow silica shell. The size of the gold
nanocatalysts can be readily controlled by the concentration of the gold precursor
(chloroauric acid). More importantly, these Au@SiO, yolk—shell nanocatalysts
showed catalytic activity in the 4-nitrophenol reduction reaction, both in the absence
and presence of a thiol compound, meso-2,3-dimercaptosuccinic acid, indicating
that the silica shell can provide a beneficial effect against poisoning by strongly
adsorbing molecules from the reaction solution.

The shell layers in the above-described core—shell or yolk—shell nanostructures
are composed of amorphous materials (SiO, and carbon) or aggregates of tiny nano-
crystalline (few nanometer-sized) particles (CeQO,, ZrO,, SnO,, and TiO,). If a shell
layer can be constructed with a well-defined crystalline material, such as zeolite or
metal-organic frameworks (MOFs), more precise control of the molecular-level
properties can be expected. Very recently, Tsung’s group realized such an opportu-
nity to develop a general synthetic strategy for the yolk—shell M@ZIF-8 nanostruc-
tures (ZIF-8 is a type of MOF) [63]. The synthesis of this new yolk—shell material
was performed by coating the NP cores with a layer of Cu,0, a sacrificial template,
followed by a layer of polycrystalline ZIF-8. The Cu,O surface layer assisted in the
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formation of the ZIF-8 coating layer and was etched off simultaneously during this
process (Fig. 5.13). In the hydrogenation of ethylene, cyclohexene, and cyclooctene
over the Pd@ZIF-§ catalysts, the microporous ZIF-8 shell layer provided excellent
molecular-size selectivity. PA@ZIF-8 displayed high activity for ethylene and
cyclohexene hydrogenation, whereas no activity was found for cyclooctene hydro-
genation. In addition, by determining the differences in the activation energies of
cyclohexene hydrogenation over the yolk— and core—shell-structured Pd@ZIF
nanostructures, the effect of the hollow space between the core and shell layers on
the catalysis was also investigated.

5.4 Supported Catalysts Coated with Shell Layers

The construction of core— or yolk—shell nanoarchitectures relies on the encapsula-
tion of an individual metal NP with a shell layer. As demonstrated in the above
examples, these catalysts were effective as nanoscale model catalysts that show
thermal and chemical stabilities, as well as enhanced catalytic activity and selectiv-
ity. Recent works demonstrated that the principles acquired from these model cata-
lysts are applicable to more complex model catalytic systems, and even to industrial
supported catalysts.

In this regard, Park and his co-workers reported the facile synthesis of silica-
supported platinum NPs with an ultrathin titania coating (Pt/SiO,@TiO,) [64].
This hybrid nanocatalyst was prepared by the deposition of uniform platinum NPs
(2.5 nm) on the surface of a uniform silica sphere (25 nm), followed by sol—gel
formation of a thin titania layer (Fig. 5.14). The Pt/Si0,@TiO, catalysts showed
thermal stability, retaining their original morphology after calcination at 600 °C.
In the CO oxidation reaction, the Pt/Si0,@TiO, catalyst exhibited lower activa-
tion energy than the Pt single crystal and Pt@SiO, core—shell catalyst, indicating
possible involvement of the metal—support interaction between the Pt NPs and the
TiO, layer.

Similar synthetic approaches to triple-layer nanocatalysts were reported by a
number of groups [65—70]. Yin and his co-workers extended their “surface-protected
etching” technique, based on using NaOH as an etchant, to prepare triple-layer
model catalytic systems [65]. For this method, a monolayer of the metal nanocata-
lyst is first immobilized on the surface of silica sphere colloids using coupling
agents. The core—satellite structures are then coated with another layer of silica of
the desired thickness to fix the position of metal nanoparticles. Finally, the etching
technique is applied to make the outer shell mesoporous, exposing the catalyst par-
ticles to outside chemical species. They also prepared a similar nanostructure with
a super paramagnetic Fe;O, NP at the center of the initial silica colloids. The inclu-
sion of magnetic components allows facile separation and purification during syn-
thesis using external magnetic fields.

Asefa and his co-workers coated a silica layer on a silica sphere-supported Pd
catalyst (Pd/Si0,), followed by partial etching of the outer silica layer using NaOH,



5 Core—Shell Nanoarchitectures as Stable Nanocatalysts 111

“w e

4

Nanocrystal@ Yolk-Shell
Nanocrystal Nanocrystal@Cuz0 Etched-Cuz20@ZIF-8 Nanocrystal@ZIF-8

Small

Cavity
- Molecules

Bigger
Molecules

Nanocrystal
Microporous MOF Shell
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of the final yolk—shell nanostructure. Adapted from ref. [63]
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Fig. 5.14 TEM and thermal stability of Pt/SiO,@TiO, nanocatalysts. (a, b) Pt/SiO,@TiO,NPs,
(¢, d) Pt/SiO,@TiO,NPs after calcination at 600 °C in air. (e, f) ADF STEM images and corre-
sponding EDS line spectra of a single Pt/SiO,@TiO,NPs to prove the existence of the ultrathin
TiO, layer. The bars represent (a, ¢, e) 10 nm and (b, d) 5 nm. Adapted from ref. [64]
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yielding Pd/SiO,@SiO, nanocatalysts [66]. This nanocatalyst exhibited high cata-
lytic activity and turnover numbers in the hydrogenation reaction and C—C coupling
reactions. Moreover, these heterogeneous nanocatalysts were stable, showing negli-
gible Pd leaching and aggregation, and can be recycled multiple times without loss
of catalytic activity. Asefa’s group further extended this strategy using a zirconia
shell layer to produce Pd/Si0,@ZrO, nanocatalysts [67]. Zaera and his co-workers
prepared Pt/SiO,@Si0O, nanocatalysts for gas-phase reactions via a similar syn-
thetic protocol [68]. The resulting encapsulated platinum nanoparticles were shown
to resist sintering during calcination at temperatures as high as 800 °C, whereas the
unprotected catalysts sintered by 600 °C. Xia’s group utilized TiO, nanofibers as a
support to generate a triple-layer nanocatalyst [69]. Their nanocatalyts consist of Pt
nanoparticles that are supported on a TiO, nanofiber and coated with a mesoporous
Si0O, sheath. This nanocatalyst could resist sintering up to 750 °C in air, while
retaining the catalytic activity of the Pt nanoparticles. Liu and her co-workers also
developed a high-temperature stable nanocatalyst using carbon nanotubes as a sup-
port material [70].

A very recent work reported by Stair and his co-workers demonstrated an impor-
tant application of the surface coating method developed in colloidal model cata-
lysts to a real industrial catalyst [71]. They utilized an atomic layer deposition
(ALD) process that can precisely control the thickness of the surface layer at a sub-
nm level. They overcoated palladium NPs supported on an Al,O; catalyst with 45
layers of alumina through an ALD process in which the catalysts were exposed to
trimethylaluminum and water at 200 °C. When these catalysts were used for 1 h in
oxidative dehydrogenation of ethane to ethylene at 650 °C, they were found by
thermo gravimetric analysis to contain less than 6 % of the coke formed on the
uncoated catalysts. Scanning transmission electron microscopy showed no visible
morphology changes after reaction at 675 °C for 28 h (Fig. 5.15). The yield of eth-
ylene improved on all ALD Al,Os-overcoated Pd catalysts (Fig. 5.16).

5.5 Summary and Future Perspectives

In this review, recent progress in the synthesis of core—shell-structured NPs for cata-
lytic applications has been presented. Since the first realization of the nanoreactor
concept, various versions of core—shell-structured nanocatalysts have emerged
within a very short period of time, driven by advances in nanochemistry. Core—shell
and yolk—shell nanocatalysts have shown enhanced thermal and chemical stability,
thus preventing aggregation and sintering of small metal NPs. In core—shell (yolk—
shell) structures where the shell layer was composed of metal oxides that show
metal-support interaction, enhanced catalytic activity was observed. Furthermore,
recent examples demonstrated that reactant size selectivity could be achieved by
making shell layers with a crystalline, microporous MOF material.

Although the field of core—shell nanocatalyst has progressed rapidly, it is still in
its infancy. Thus, continued efforts are required for further development of possible
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Fig. 5.15 STEM images of fresh and used samples after oxidative dehydrogenation of ethane
reaction testing. (a) The fresh Pd/Al,O; sample. (b) The used Pd/Al,O; sample at 675 °C for
30 min. (¢) The used 45A1/ Pd/Al,0; sample at 675 °C for ~1,700 min. (d) Pd particle size distribu-
tions of these three samples. Adapted from ref. [71]

applications for and fundamental studies of core—shell nanocatalysts. A large-scale
synthesis strategy for the core—shell catalysts suitable for industrial applications
should be developed. Insights on enhanced thermal stability and activity largely rely
on core—shell model nanocatalysts. However, synthesis of these nanocatalysts is, in
most cases, rather complex and requires a multistep process. Hence, the develop-
ment of a simple and economical process can be pivotal. The fundamental side of
the core—shell nanocatalysts is a largely unexplored area. Other than the enhanced
catalytic stability and activity, new catalytic properties may evolve in the confined
space within the core—shell or yolk—shell geometry. In addition, state-of-the-art in
situ characterization techniques may enhance our understanding of the phenomena
occurring in the core—shell nanocatalysts. For instance, the use of in situ
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Fig. 5.16 Products yield on the Pd/Al,O; samples with and without ALD-assisted Al,O; overcoat-
ing during oxidative dehydrogenation of ethane reaction as a function of reaction time under iden-
tical reaction conditions. Diamonds with a dashed line are product yields on the uncoated Pd/Al,05
sample; circles with solid lines are product yields on the 45A1/Pd/Al,O; sample. Adapted from ref. [71]

environmental TEM might enable imaging of the interface between the core and
shell layers, which will help in understanding the sintering-resistant behavior of
these nanocatalysts.

On a final note, we point out that nanoscience has remarkably advanced the prep-
aration of heterogeneous catalysts to the stage of their rational design beyond the
traditional “trial-and-error” methods. In this review, some aspects of such rational
approaches to creating stable nanocatalysts are highlighted. In the near future, the
extension of such design concepts will lead to the control of activity and selectivity
in catalytic reactions, which appears quite challenging.
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Chapter 6

Shape-Controlled Bimetallic Nanocatalysts
in Fuel Cells: Synthesis and Electrocatalytic
Studies

Yawen Zhang and Jun Gu

6.1 Introduction

Since the demand for electric energy is growing and fossil fuels are gradually
diminishing, it is urgent for scientists to find clean and efficient sources of electrical
energy as alternatives to combustion-based power. Direct methanol fuel cells
(DMEFCs) and proton exchange membrane fuel cells (PEMFCs) are promising next-
generation electric energy sources that convert the chemical energy stored in the
fuel (i.e., methanol and hydrogen) directly to electrical energy [1, 2]. However,
some current problems with fuel cells cannot be ignored. Large amounts of noble
metals, especially Pt, are used as catalysts for both the cathodic and anodic reactions
of DMFCs and PEMFCs, which dramatically increase the cost of the fuel cells.
Moreover, the cathodic reaction of DMFCs and PEMFCs (i.e., the oxygen reduction
reaction (ORR)) suffers from high overpotential on the Pt surface and the activity of
the anodic reaction of DMFCs (i.e., the methanol oxidation reaction (MOR)) on the
Pt surface is strongly suppressed by CO poisoning. Developing bimetallic crystals
as catalysts in fuel cells can, on the one hand, reduce the usage of Pt, and, on the
other hand, provide catalysts with higher activity and durability [3-5].

Many types of bimetallic catalysts have been used to investigate electrocatalytic
performance, including single-crystal surfaces [6], sputtered particles [5, 7], carbon-
supported catalysts fabricated by impregnation reduction, and colloidal nanocrys-
tals (NCs). Bimetallic single crystals are indispensable when investigating
facet-specific electrocatalytic properties; sputtered bimetallic particles can be used
as model catalysts with a clean surface to study the effect of composition on
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electrocatalytic performance. These materials, however, are not suitable for practical
applications because of their low specific surface area and high cost. Yet, the actual
active sites are currently unclear for impregnation-reduction nanoparticles due to
the large variation in their composition, size, and morphology. Colloidal bimetallic
NCs (BMNCs) with uniform composition, size, and morphology possess both prac-
tical and theoretical value, which could maximize the proportion of noble metal
atoms as highly active sites.

Most electrocatalytic reactions are sensitive to the structure of the metal surface.
For instance, ORR activity varies dramatically on different facets of the Pt;Ni
alloy [6]. In the case of Pt-Cu alloy NCs with a dealloyed Pt surface, the ORR activity
also changes when tuning the lattice strain of the Pt shells by changing the compo-
sition of the alloy cores [8]. As more experimental results are summarized, research-
ers today are trying to design the composition and structure of BMNCs according to
electrocatalytic reaction and then design a synthetic approach to obtain BMNCs
with the desired composition and structure. Structure identification links studies on
electrocatalytic properties and rational design of the synthesis. Therefore, in this
review, we will first classify BMNCs according to structure. Next, the formation
processes of BMNCs with different structures will be introduced, together with
commonly used experimental methods for synthesizing BMNCs. Then we will
discuss in detail the key factors in controlling the structure of BMNCs, including
the reduction rate of metal precursors, usage of facet-specific capping agents, and the
combination of underpotential deposition (UPD) and the galvanic replacement
reaction. The mechanisms for how the composition and structure of BMNCs affect
their electrocatalytic activity will also be discussed. Finally, a brief summary and
prospect in this field will be presented.

6.2 Classification of Bimetallic Nanocatalysts in Fuel Cells

According to the function of two compositions of BMNCs in the electrocatalytic reac-
tion, BMNCs can be divided into mono-functional catalysts and bi-functional cata-
lysts. In mono-functional catalysts, reagents are only adsorbed on one kind of metal
atoms; in bi-functional catalysts, both kinds of metal atoms on the surface serve as
adsorption sites for different reagents. The alloy BMNCs of Pt and early transition
metals as ORR catalysts are mono-functional catalysts, in which reagent and interme-
diates are only adsorbed on the Pt sites and the early transition metals are introduced
to modulate the electronic structure of the Pt and improve the ORR activity [5, 6, 8].
Pt-Ru catalysts used for methanol electro-oxidation, however, are considered as
bi-functional catalysts where Pt atoms serve as the adsorption sites of the C-species
and Ru atoms serve as the adsorption sites of the O-species [9, 10]. If BMNCs are
to serve as bi-functional catalysts, the synthetic approach should be specially
designed to optimize the ratio of the exposed sites of each of the two metal atoms.
When considering the distribution of different elements, there are two main
classes of BMNC:s: alloy and heterostructure. More specifically, there are two types
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Fig. 6.1 Classification of BMNCs according to their element distribution. Grey and black balls
represent metal atoms of different elements

of alloy BMNCs and two types of heterostructured BMNCs, as illustrated in
Fig. 6.1. Figure 6.1a shows solid solution of different metals where atoms of differ-
ent kinds are randomly arranged, and Fig. 6.1b shows an intermetallic compound
where atoms of each metal occupy specific sites. In the formation of heterostruc-
tured BMNC:s, epitaxial layered growth leads to core—shell structures (Fig. 6.1c)
and island growth leads to linked structures (Fig. 6.1d) [11]. In most cases, simulta-
neous reduction of the precursors of the two metals favors the formation of alloy
BMNCs and stepwise reduction results in heterostructured BMNCs. The heat of
mixing of two metals is another important factor. A negative heat of mixing facili-
tates the formation of alloy BMNCs [12]. For instance, the heat of mixing of Pt and
Ni is quite negative. Consequently, Pt-Ni alloy BMNCs could be obtained even if
the Pt and Ni precursors were reduced stepwise [13].

Intermetallic compounds with a certain formula and crystal structure are thermo-
dynamically more stable than the disordered solid solution with the same element
ratio and exhibit different electrocatalytic activities and durabilities. Annealing can
drive the transformation from disordered alloys to ordered intermetallic compounds.
In the example of Fe-Pt-alloy BMINCs, Fe atoms and Pt atoms distribute randomly in
face-center-cubic (FCC) Fe-Pt and in order in face-center-tetragonal (FCT) Fe-Pt.
FCC Fe-Pt NCs could transform to FCT Fe-Pt during thermal treatment and the ORR
activity and durability increased after this transformation [14]. A similar phenome-
non was also found in surface-dealloyed Pt-Co alloy NCs as catalyst of ORR [15].

Whether layered growth or island growth will be employed in the formation of
heterostructured BMNCs is mainly determined by the interfacial energy of the two
metals. Two factors (i.e., lattice mismatch and the bond strength between the two
metals) contribute to the interfacial energy. In some pioneering work on the synthe-
ses of Au-Ag (lattice mismatch: 0.25 %) [16] and Pt-Pd (lattice mismatch: 0.77 %)
[17] core-shell BMNCs, researchers considered a small lattice mismatch as the
most important condition necessary for layered growth. Tian and co-workers first
proposed that strong bonding between the two metals was another key factor when
they synthesized Au@Pd NCs with a lattice mismatch of 4.88 % [18]. Since the
chemical bonding between Au and Pt is much weaker than that between Au and Pd,
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Fig. 6.2 Schemes of two methods to fabricate Pt (or Pd) skin on BMNCs. (a) Pt monolayer forms
on the alloy of Pt and an early transition metal through the dealloying process during annealing.
(b) A Cu monolayer forms through UPD, followed by the galvanic replacement reaction between
the Cu and PtCL,*~ or PdCl /- ions

Pt could not grow epitaxially on Au cores, even though the lattice mismatch
is 4.08 %. Recently, Pd@Cu NCs could also be prepared despite the large lattice
mismatch (i.e., 7.1 %) between Pd and Cu [19].

A new type of core—shell BMNC, metallic NC coated with Pt skin, shows great
promise in electrocatalysis. The d-band structure of the surface Pt atoms can be
modulated through charge transfer and lattice strain between the core and shell in
this structure, allowing for optimization of the electrocatalytic performance [20].
There are two commonly used methods to fabricate Pt skin on BMNCs, as shown in
Fig. 6.2. The first method is the spontaneous segregation of alloy NCs of Pt and
early transition metals via annealing [5, 8, 21]. Stamenkovic and co-workers inves-
tigated a series of annealed Pt-M (M =Ti, V, Fe, Co, Ni) alloy NCs [5]. The first
layer of the alloy NCs was composed of Pt atoms only and the sublayer was rich in
M atoms; the annealed alloy NCs exhibited higher ORR activity than the sputtered
alloy. The second method, developed by Adzic and co-workers, is based on the UPD
of Cu on various metals [22-24]. UPD means metal ions, M"*, can be reduced and
deposited as an M monolayer on a foreign metal substrate at a potential higher than
the highest potential needed to reduce the M"* ions to M bulk [25]. First, core-metal
NCs were supported on a glassy carbon electrode (GCE) and Cu monolayers were
deposited on the cores through UPD. The electrode was then immersed in a solution
of K,PtCl, or K,PdCl,. Pt or Pd monolayers formed through galvanic replacement
between the Cu monolayers and PtCl,>~ or PdCl,>. This method can be used to
further fabricate metallic NCs with a certain number of Pt or Pd layers.

BMNC:s can also be classified according to morphology. Among various polyhe-
drons of FCC metals, those with a fivefold twinned structure exhibit /;, symmetry or
D5, symmetry, such as icosahedrons and decahedrons; single-crystalline polyhe-
drons exhibit O, symmetry or Ty symmetry, such as cubes, octahedrons, and tetra-
hedrons. The electrocatalytic properties of BMNCs are sensitive to their
morphologies. First, twinned defects in dodecahedrons and icosahedrons can cause
lattice compression and affect the electronic structure of the surface atoms [26].
Moreover, the catalytic performance of BMNCs is strongly dependent on the
exposed facets [6]. NCs with different shapes expose different facets and exhibit
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Fig. 6.3 Surface atomic arrangement of polyhedrons of FCC metal. (a) The cube exposes the
(100) facet; (b) the octahedron exposes the (111) facet; (c) the hexoctahedron exposes the (hkl)
facet. Step and kink atoms are marked

different atomic arrangements on the surface. Figure 6.3 shows the surface atomic
arrangements of some fcc polyhedrons. The two former examples show two typi-
cal low-index facets (i.e., the (100) and (111) facets) and the last example shows a
high-index facet with the index of (hkl) (h, k, and [ are neither zero nor equal to each
other), which is rich in step and kink atoms. The coordination number of the step
and kink atoms on the high-index facets is very unsaturated, allowing for a strong
adsorption capability for various species on these atoms.

6.3 Synthetic Routes to Bimetallic Nanocatalysts

Generally, two steps are needed from metal precursors to metallic NCs: nucleation
and growth. As early as LaMer’s work in the 1950s, people had distinguished
these two steps in the formation of colloidal particles [27]. Two critical monomer
concentrations, solubility and supersaturation, were pointed out. When the mono-
mer concentration reaches supersaturation, nuclei will be generated, and when the
concentration is higher than solubility, the nuclei will grow. In the case of metallic
colloidal NCs, the metal monomers come from the decomposition and reduction
of metal precursors. The formation process of BMNCs is much more complicated
than the cases investigated by LaMer. BMNCs can be generated from the growth of
nuclei as well as the aggregation of tiny metallic crystallites. Moreover, since the
synthesis of BMNCs involves more than one kind of metal and precursor, UPD and
the galvanic replacement reaction must be considered. Therefore, we categorize the
synthesis of BMNCs into four types: continuous growth, crystallite coalescence,
seeded growth, and the galvanic replacement reaction, as illustrated in Fig. 6.4 [28].
Continuous growth is similar to the classical synthesis of colloidal particles dis-
cussed by LaMer, except that two kinds of precursors are involved. Crystallite
coalescence starts with explosive nucleation and rapid consumption of monomers.
Then, the continuous growth of numerous nuclei is suppressed and the as-formed nuclei
coalesce to reduce the high surface energy of tiny nuclei. In the seeded growth process,
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Fig. 6.4 Schemes of four basic routes for formation of colloidal BMNCs. Modified with permis-
sion from ref. [28]

foreign seeds are introduced so that the nucleation step is skipped. The galvanic
replacement process is a unique process for the formation of BMNCs, in which the
metal core reduces the precursor and the reduced metal atoms deposit on the surface
of the same core. The core-metal atoms diffuse outward and the depositing metal
atoms diffuse inward during the replacement reaction and a hollow structure may
form in the center of the core due to the Kirkendall effect [29]. Previously synthe-
sized metal seeds were required for seeded growth and the galvanic replacement
reaction; in the galvanic replacement reaction, the reduction potential of the seeds
must be lower than that of the other metal precursor.

Colloidal BMNCs can be prepared in many kinds of solvents, including water,
polyol, and fatty amine. In water-phase synthesis, surfactants (e.g., cetyltrimethyl-
ammonium bromide (CTAB)) or polymers (e.g., poly(vinylpyrrolidone) (PVP))
serve as stabilizers for BMNCs and some ions (e.g., halide ions) or neutral mole-
cules (e.g., CO) are used to control the exposed facets of BMNCs. The hydrother-
mal [30] and polyol [31] methods can be viewed as improvements of the water-phase
synthesis under atmosphere, where the synthetic temperature can go above 100 °C.
High temperature can increase the decomposition and reduction rate of the metal
precursors, which facilitates nucleation and results in small (<10 nm) BMNCs.
Furthermore, BMNCs obtained from these methods exhibit good crystallinity and
uniform morphology. However, a major disadvantage of the water-phase or polyol-
phase syntheses is that precursors of early transition metals are hard to reduce due
to the etching effect caused by a high concentration of protons. BMNCs containing
early transition metals can be prepared in a mixed solvent of fatty amine and fatty
acid through the reduction or decomposition of metal precursors, such as acetylace-
tonates and carbonyls [13, 32, 33]. Fatty amine and fatty acid simultaneously serve
as solvent and capping agents. BMNCs synthesized with this method exhibit uni-
form size and morphology, but these BMNCs with a hydrophobic surface are not
suitable for electrocatalysis in an aqueous solution. Hence, complicated extra
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procedures are needed to effectively remove the fatty amine and fatty acid adsorbed
on the surface of the NCs and etching of the early transition metals must be avoided.
Recently, many solvothermal methods were developed to synthesize water-soluble
BMNC:s [34]. Dimethylformamide (DMF) can serve as a superior solvent for the
solvothermal synthesis of BMNCs containing early transition metals; other surfac-
tants are not needed in this method [35, 36].

6.4 Key Factors to Control the Morphology
of Bimetallic Nanocrystals

Although there are many different colloidal methods for BMNC synthesis, the basic
ideas for morphology control are similar. Different reaction routes will lead to
different morphologies of the products, as shown in Fig. 6.4. Some key factors
guide the reaction route and determine the morphology of product BMNCs. These
factors include the reaction rate of the metal precursors, facet-specific capping
agents, and UPD followed by the galvanic replacement reaction. Herein, we will
discuss in detail the effects of these key factors.

6.4.1 Reduction Rate of Metal Precursors

The reduction rate can be modulated through the control of temperature, reduction
potential of the metal precursors, and reducing capacity of the reductant. Raising
the temperature results in increased reduction rates and nuclei population, and leads
to the formation of smaller NCs. The reduction potential of certain kinds of metal
ions can be tuned by changing the concentration and introducing different ligands.
Decreasing the concentration of metal ions or introducing ligands that strongly
coordinate with the metal ions can lower the reduction potential of the metal precur-
sor and, thus, slow down the reduction rate. NaBH, and hydrazine are the most
commonly used strong reductants in the synthesis of BMNCs. The reduction rate is
so fast in the presence of these strong reductants that only aggregate NCs smaller
than 5 nm can be obtained. Numerous mild reductants have been explored to gradu-
ally reduce the metal precursor. In organic solvent synthesis, fatty amine [13, 32],
polyol [37], and DMF [35, 36] can simultaneously serve as solvent, capping agent,
and reductant. In the aqueous phase, ascorbic acid [38], formaldehyde [30, 39], and
some capping agents, including PVP [40] and citric acid [41], are often used as
reductants. The reducing capacity of many reductants in the aqueous phase is sup-
pressed in acidic conditions because protons are the product of the oxidation of
these reductants. Equation 6.1 takes formaldehyde as an example.

HCHO+H,0 — 4H'+CO, T +4¢" 6.1)
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Generally, when the reduction rate is slow, the nucleation and growth stage will
be near equilibrium, and when the reduction rate is sped up, the near-equilibrium
state will be broken. Near-equilibrium nucleation and growth lead to multi-twinned
[39] and phase-separated BMNCs [42], while BMNCs with branched [38, 43] or
thermodynamically unstable morphologies [44] can be obtained under conditions
far from the equilibrium regime.

Nucleation under near-equilibrium conditions favors the formation of fivefold
twinned metallic NCs when the (111) facets are stabilized [45]. Neglecting the edge
and corner energy, the total free energy of a metallic NC can be written as:

Gye =Gy + z CA + YE Twin (6.2)

In this equation, Gy represents the total free energy of a metallic NC (monometallic
or alloy) and Ggy represents the free energy of the bulk metal with the same amount
of metal atoms. o; and A; are the surface free energy and area of facet i. Y 6,A; and
ZETwin stand for the sum of the surface free energy and twinned defect formation
energy, respectively. o1y, is lower than other 6, for many FCC metals under diverse
conditions, but the total surface area of an octahedron or a tetrahedron which only
exposes the (111) facets is much larger than a spherical particle with the same volume.
Therefore, in the case of an ideal single crystal (ZETMFO), truncated octahedrons
possess the lowest Zo,-Ai value. However, NCs with the fivefold twinned structure,
such as icosahedron, only expose the (111) facets and possess a lower surface area
compared to tetrahedron and octahedron with the same volume. An icosahedron can
be considered as a suitable combination of 20 tetrahedrons. Tetrahedrons are com-
pressed when they are accommodated into an icosahedron, so the ZETM“ term has a
large contribution to the total free energy of the particle and this term increases signifi-
cantly when the size of the particle increases. Hence, the energetic relationship
between a single crystal NC and fivefold twinned NC reverses as the size of the NC
increases. When the NC is smaller than a critical size, (Z(F,Ai+ ZETwin)ﬁve,lwmned is
smaller than (Za,A,-)Single,crysta] and the fivefold twinned NC is more thermodynamically
favored, and when the NC grows over this critical size, (ZJ;A,-+ ZETwin)ﬁve,twinned will
increase over (Za,Ai)single,crysta] and the single-crystal NC is more stable. If the reduc-
tion rate of the metal precursors is slow enough to keep the nucleation and growth
stages near equilibrium, the fivefold twinned nuclei will form first. However, when the
nuclei grow beyond a critical size, the twinned defect structure will be retained
because the energy barrier for the transition from a twinned NC to a single-crystalline
NC is too high. If the reduction rate is so fast that nuclei grow beyond the critical size
within a short period of time, single-crystalline NCs will be obtained. For instance,
when K,PtCl,; and Na,PdCl, were reduced by formaldehyde in the presence of
Na,C,0,, Pt-Pd alloy NCs exposing the (111) facets could be obtained. The reduction
rate was tuned by changing the concentration of formaldehyde. Single-crystalline
tetrahedrons formed at a high reduction rate [30] and fivefold twinned icosahedrons
formed at a low reduction rate [39], as shown in Fig. 6.5.

If the reduction rate is high enough to keep the monomer concentration higher
than supersaturation, as described by LaMer’s model, numerous tiny nuclei will
form and few monomers will be left for further growth. These tiny nuclei tend to
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Fig. 6.5 (a) Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM)
images of Pt-Pd alloy tetrahedrons obtained at a high concentration of formaldehyde and (b) TEM
image of Pt-Pd alloy icosahedrons obtained at a low concentration of formaldehyde. (a) and (b) are
modified with permission from ref. [30, 39], respectively
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Fig. 6.6 Schemes of Au-Pd BMNCs obtained at different reduction rates of HAuCl, and Na,PdCl,.
Modified with permission from ref. [28]

coalesce to lower surface energy. If these nuclei coalesce along one direction,
nanowires will form [37]. Dendritic BMNCs could also be obtained through the
coalescence route in the presence of micelles formed by block copolymers as soft
templates. For instance, Au@Pd@Pt nanodendrites could be synthesized by using
block copolymer Pluronic F127 as the template [46].

Figure 6.6 shows Au-Pd BMNCs obtained by reducing HAuCl, and Na,PdCl, at
different reduction rates, which reflect the influence of reduction rate on the BMNC
structure. Au@Pd core—shell octahedrons were obtained when only cetyltrimethyl-
ammonium chloride (CTAC) served as the weak reductant. When ascorbic acid was
added as a stronger reductant, Au-Pd alloy octahedrons formed [42]. Further
increasing the concentration of ascorbic acid would lead to the formation of thermo-
dynamically unfavored Au-Pd alloy rhombic dodecahedrons exposing twelve (110)
facets [44]. If a stronger reductant, such as hydrazine, was used, Au-Pd alloy nano-
dendrites could be obtained through the coalescence route [43].

6.4.2 Facet-Specific Capping Agents

Facet-specific capping agents are ions or neutral molecules adsorbed specifically on
certain facets of the metal, and are indispensable for the synthesis of BMNCs expos-
ing well-defined facets. In water-phase synthesis, Br~ and I~ ions are the most



130 Y. Zhang and J. Gu

Bri, I KePtCla C,0>  #i.
~—— ' Na,PdCl, ————— =
HCHO

Fig. 6.7 (a) TEM and HRTEM images of Pt-Pd alloy cubes obtained with Br~ and I~ ions as cap-
ping agents and (b) TEM and HRTEM images of Pt-Pd alloy tetrahedrons obtained with C,0,>
ions as capping agents. (a) and (b) are modified with permission from ref. [30]

commonly used capping agents, which are selectively adsorbed on the (100) facets
of diverse metals [17, 30], while oxalate [30] and citrate ions [41] are often used as
specific capping agents for the (111) facets. In organic solvents, amine, carboxylic
acid, and CO often serve as capping agents, but a lot of experimental evidences
show that these capping agents stabilize different facets under different condi-
tions [13, 33, 47]. For instance, CO stabilizes the (100) facets of Pt and the (111)
facets of P;Ni alloy. Both Pt;Ni octahedrons and cubes could be obtained with high
selectivity in the presence of CO in octadecylamine (OM) by changing the feeding
sequence of different precursors [13].

The morphology of BMNCs can evolve through different processes, including
the growth of nuclei, oxidative etching, and galvanic replacement reaction; all of
these processes can be guided by introducing proper capping agents. Capping
agents influence the growth stage of metallic NCs from both thermodynamic and
kinetic aspects. Facet-specific capping agents can be selectively adsorbed on certain
facets of metallic NCs and lower the surface energy. The relative surface energy of
different facets decides the most thermodynamically stable morphology of the NCs.
From a kinetic perspective, the relative coverage of capping agents on different
facets is decided by the binding energy of the capping agent on each facet. Facets
with a lower coverage of capping agents are more accessible to newly reduced
monomers and, thus, the growth rate in the direction perpendicular to these facets is
faster than that in other directions, leading to these facets diminishing. Consequently,
facets strongly bound by capping agents will be retained in the growth stage [48].
The intrinsic mechanisms of these two aspects are different, but the results are always
similar. If the capping agents are adsorbed stronger on one set of facets, the coverage
of the capping agent on these facets will be higher and the surface energy will
decrease more. From any aspect, these facets are preferentially exposed in the final
product. Figure 6.7 shows Pt-Pd alloy cubes and tetrahedrons obtained via the hydro-
thermal method [30]. Cubes only exposing the (100) facets were obtained in the
presence of Br~ and I™ ions, which specifically bind to the (100) facets, and tetrahe-
drons only exposing the (111) facets formed in the presence of oxalate ions, which
selectively stabilize the (111) facets.

Capping agents also influence the oxidative etching process. Oxidative etching
means that zero-valent metal atoms are oxidized by oxygen dissolved in solution.
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Fig. 6.8 Shape evolution of Au-Pd alloy BMNCs from octahedron to octapod in the presence of
O, and Br~ ions. (a—e) The TEM images of the nanostructures obtained at (a) 10 min, (b) 15 min,
(¢) 20 min, (d) 2 h, and (e) 4 h. Reprinted with permission from ref. [49]

Capping agents that strongly coordinate with metal ions significantly promote the
oxidative etching of zero-valent metal atoms. Equation 6.3 shows an example of the
oxidative etching of Pd.

Pd+L0,+4Br +2H' — PdBr> +H,0 (6.3)
2

Due to the selective adsorption of these capping agents on certain facets, the
oxidative etching process is promoted on certain directions. Au-Pd alloy octapods
could be prepared using this approach, as shown in Fig. 6.8 [49]. In this synthetic
reaction, Au-Pd alloy octahedrons formed through the reduction of NaAuBr, and
K,PtCl, in the first step. Br~ions generated from the reduction of AuBr,” were selec-
tively adsorbed on the (100) facets of the alloy NCs and promoted the oxidative
etching along the (100) direction. Consequently, the morphology of the alloy NCs
evolved from octahedron to (100) facet-concaved truncated octahedrons and, finally,
to octapods.

Similar to oxidative etching, the galvanic replacement reaction can also be
guided by facet-specific capping agents. Pd-Pt concave cubes and octapods can be
prepared based on this idea [50]. Galvanic replacement between Pd nanocubes
and H,PtCly was designed in the presence of Br~ions. Six (100) facets of Pd nano-
cubes were blocked by Br~ ions while eight corners on the (111) direction were
accessible. Therefore, the dissolution of Pd atoms occurred preferentially on the
(100) facets and the deposition of Pt atoms occurred on eight corners. Figure 6.9
shows the scheme of structure evolution from Pd nanocubes to Pd-Pt concave cubes
and octapods.

In addition, surfactants as capping agents are indispensable for preparing
bimetallic nanorods and nanowires. In the synthesis of Pt-Ag alloy nanowires in a
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Fig. 6.9 Scheme of the galvanic replacement reaction between Pd nanocubes and PtCls>~ ions in
the presence of Br~ as the capping agent. Reprinted with permission from ref. [50]

2nm

Fig. 6.10 (a) TEM and HRTEM images of Pt-Ag alloy nanowires formed by oriented coalescence
of Pt-Ag crystallites along the [111] direction. Modified with permission from ref. [37]. (b, top)
Scheme showing the reversed micelle formed by OM in the synthesis of Fe-Pt-alloy nanowires and
(b, bottom) TEM and HRTEM images of Fe-Pt-alloy nanowires. Modified with permission from
ref. [32]

mixed solvent of OM and oleic acid (OA), the coverage of OM was higher on the
(100) facets than on the (111) facets, leading to the oriented coalescence of Pt-Ag
crystallites along the [111] direction, as shown in Fig. 6.10a [37]. OM could also form
rod-shaped reversed micelles, which served as the soft templates for the formation
of Fe-Pt nanorods, as shown in Fig. 6.10b [32].
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Fig. 6.11 (a) Scheme of the formation of Pt-Cu concave nanocubes. (b) TEM and HRTEM
images of Pt-Cu concave nanocubes. Modified with permission from ref. [40]

6.4.3 Combination of Underpotential Deposition
and the Galvanic Replacement Reaction

UPD and the galvanic replacement reaction are two unique processes in the synthesis
of BMNCs. Due to the UPD phenomenon that a monolayer of a non-noble metal
can form on the surface of a noble metal at a potential much higher than the equilib-
rium potential required to reduce non-noble metal ions, non-noble metal precursors
are easier to be reduced together with noble metal precursors. Thus, a series of
noble metal-based bimetallic NCs could be synthesized through this co-reduction
approach, as long as the weighted average electronegativity of the two metals is
higher than a critical value, such as 1.93 in octadecylamine [51]. The zero-valent
non-noble metal atoms can then reduce the noble metal precursor and be replaced
by the noble metal atoms. In this combination of UPD and the galvanic replacement
reaction, non-noble metal ions serve as mediators for the reduction of the noble
metal precursors, which greatly influence the morphology of the final product.

Cu? ions are usually used as this mediator. For instance, Au-Pd alloy NCs were
hard to prepare due to the large reduction potential gap between AuCl,/Au and
Pd*/Pd. The equilibrium reduction potential of Cu?**/Cu is lower than that of Pd*/
Pd, but the potential for UPD of Cu on the surface of Au is within the as-mentioned
reduction potential gap of Au and Pd. When AuCl,-, Pd*", and Cu** ions were added
together, Au nuclei formed first. Then a Cu monolayer deposited on the Au nuclei,
followed by galvanic replacement between the Cu and Pd** or AuCl,~. Au-Pd alloy
hexoctahedrons could be obtained through this approach [52]. A Cu-mediated com-
bination of UPD and galvanic replacement could also be used to fabricate concave
structures, including Pt-Cu and Pt-Pd-Cu concave nanocubes, as shown in Fig. 6.11
[40]. In the first step, PtC1,>~ ions were reduced by PVP and Cu atoms deposited on
Pt surface through UPD. Pt-Cu alloy cubes then formed in the presence of Br~ ions.
Whereafter, Cu reduced the PtCl,>~ and Pd** ions in the solution. Because Br~ ions
blocked most of the sites on the (100) facets of the cubes, the Pt and Pd atoms pref-
erentially deposited on the edges and corners of the Pt-Cu alloy cubes. Finally,
Pt-Cu and Pt-Pd-Cu concave nanocubes could form. The surface of the concave
nanocubes was rich in Pt and Pd, and the cores were rich in Cu.
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6.5 Impact of Composition and Structure
on Electrocatalytic Performance

Pt- and Pd-based metallic NCs are the most commonly used catalysts for both the
cathodic (ORR) and anodic reactions (MOR) of DMFCs. Especially, Pt-based
bimetallic NCs exhibit high activity and stability in acidic electrolytes. The main
problems with Pt monometallic NCs as cathodic and anodic catalysts are that a high
overpotential is needed for ORR and that the active sites are easy to be poisoned by
intermediates in MOR, respectively. Designing and synthesizing Pt-based BMNCs
with proper composition and morphology is the key to addressing these problems.
A lot of experimental and theoretical work has been devoted to investigate the
dependence of electrocatalytic performance on the composition, morphology, and
size of Pt-based bimetallic NCs. This section will briefly introduce this structure—
activity relationship of BMNCs used for electrocatalysis.

6.5.1 Relationship Between Adsorption Strength
and Electrocatalytic Activity

A general heterogeneous catalytic reaction is composed of three steps: adsorption of
reactants, reaction on the surface of the catalyst, and desorption of products. If only
one adsorbed intermediate is involved, weak adsorption of this intermediate results
in low coverage of reactants while strong adsorption leads to a high energy barrier for
the desorption step. Therefore, the catalytic activity exhibits a volcano-shaped rela-
tionship dependent on the adsorption energy. Proper adsorption energy, neither too
strong nor too weak, is the most important feature of catalysts with high activity.

When multistep surface reactions are involved, the adsorption energy of a certain
kind of atom or small molecule, called a descriptor, is usually used as the x-coordinate
of the volcano model. Herein, we use ORR as an example [4, 53, 54]. ORR is gener-
ally considered a four-step reaction, as shown in Fig. 6.12a. The black line shows the
potential energy curve of ORR at O V vs. a reversible hydrogen electrode (RHE) and
the energy difference of every step x is marked with AG,. No ORR current can be
observed at the equilibrium potential of 1.23 V vs. RHE, because extra energy is still
needed for some steps at this potential, as shown by the red line in Fig. 6.12a.
Therefore, the step with the smallest AG, is the rate-limiting step that decides the
upper limit potential for ORR, as shown with the blue line in Fig. 6.12a. Due to scaling
relations where the adsorption energy of every intermediate involved in ORR is
approximately linear to the dissociated adsorption energy of oxygen, marked with
Eo, every AG, exhibits a linear relationship to Eq [55, 56]. Hence, AG, and AG, form
a volcano with Eq as the descriptor, as shown in Fig. 6.12b. Pt is the monometallic
catalyst nearest to the top of the volcano, and the fourth step, the desorption of HO*,
is the rate-limiting step for ORR on Pt. Weakening the adsorption of OH on the Pt
surface (i.e., decreasing the adsorption energy of oxygen by a certain extent) can
enhance the ORR activity of the catalyst.
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Fig. 6.12 (a) Schematic potential energy curve of ORR at an electrode potential of 0 V vs. RHE
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Dependency of AG, and AG, on the dissociated adsorption energy of oxygen. The fourth step
limits the activity of ORR on the Pt(111) facet. The dashed line indicates the equilibrium electrode
potential of ORR. Modified with permission from ref. [53]

MOR is more complicated than ORR. Two different kinds of paths, a direct path
and an indirect path, are considered as the linkage between methanol and the oxida-
tion products (i.e., CO, and H,0). *CO species are involved in the indirect path, but
not involved in the direct path [57]. Due to the strong adsorption of CO on the Pt
surface, the rate-limiting step for the indirect path on the Pt surface is the oxidation
of *CO. Moreover, the high coverage of *CO also suppresses the direct path. To
increase the MOR activity of Pt-based catalysts, we need to weaken the adsorption
of CO on the Pt sites and introduce some oxygen adsorption sites to help with strip-
ping the CO on the Pt sites.

6.5.2 Mechanisms of Tuning Adsorption Energy

According to the d-band theory developed by Norskov and co-workers, adsorption
energy is related to the local d-band center position of the surface atoms on the
metallic catalysts. A shallow local d-band, compared to the Fermi level, leads to
strong adsorption and a deep local d-band leads to weak adsorption [58, 59].
Therefore, BMNCs should be designed to possess the proper local d-band center
position and, consequently, proper adsorption energy. The local d-band position of
surface atoms can be tuned through two mechanisms: electron transfer between dif-
ferent kinds of metal atoms and changing the d-state overlap between two neighboring
atoms, as shown in Fig. 6.13 [20]. The former mechanism changes the occupancy of
the local d-band and the latter mechanism changes the width of the local d-band.
Electrons can migrate from metal atoms with lower electronegativity to those
with higher electronegativity, as shown in Fig. 6.13a. In alloys of Pt and early transition
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with permission from ref. [20]
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Fig. 6.14 Relationship between the experimentally measured specific activity for ORR on surface-
dealloyed Pt;M alloy BMNCs in 0.1 M HCIO, at 333 K vs. the local d-band center position of Pt.
Reprinted with permission from ref. [5]

metals, for instance, electrons migrate from the early transition metals to the Pt
atoms. As a result, the occupancy of the local d-band of the surface Pt atoms
increases and the adsorption energy on the Pt sites decreases. This phenomenon can
be utilized to weaken the adsorption energy of HO* for Pt-based ORR catalysts [4,
5]. As shown in Fig. 6.14, the local d-band went lower as Pt was alloyed with a
more active transition metal, and a clear volcano-shape relationship between ORR
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activity and the local d-band position can be seen. Among these alloys, Pt:M
(M=Fe, Co, Ni) alloys with a dealloyed Pt surface layer exhibited significant
enhanced ORR activity, compared to polycrystalline Pt [5].

The enhancement of ORR activity in the alloys of Pt and early transition metals
does not result entirely from the electron transfer effect. Since the lattice distance of
the alloy is much smaller than that of pure Pt, the dealloyed Pt surface layer is sig-
nificantly compressed, leading to an increase in the d-orbital overlap between the
two neighboring atoms and the broadening of the local d-band, as shown in
Fig. 6.13b. In this situation, the d-band center has to go lower to prevent changing
the band occupancy, and the adsorption energy of OH decreases. Strasser and co-
workers investigated a series of Pt-Cu NCs with Pt-Cu alloy cores and a dealloyed
Pt surface [8]. Figure 6.15 shows how the composition of the alloy cores aroused the
lattice compression of the dealloyed Pt surface and, furthermore, improved the ORR
activity of the BMNCs. Lattice compression can not only be introduced through a
mismatch between the core and surface lattices but also arise from the multi-twinned
structure. Tetrahedrons need to be compressed when they are accommodated into an
icosahedron; therefore, the lattice of icosahedrons is shrunken compared with that of
tetrahedrons [39, 60]. Both kinds of BMNCs only exposed the (111) facets, while, for
instance, the Pt-Pd alloy icosahedrons exhibit a higher MOR specific activity than the
Pt-Pd alloy tetrahedrons due to lattice shrinkage. Lattice shrinkage led to the d-band
sinking, causing weakening of the CO adsorption on the metal surface [39].

More importantly, catalytic activity is very sensitive to the exposed facets of the
metallic catalysts. The coordination numbers of the surface atoms vary on different
facets. Surface atoms with a high coordination number, such as atoms on the (111)
facets for FCC metals, possess a broad local d-band and, thus, a small adsorption
energy; the adsorption energy is large on the surface atoms with a low coordination
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number, such as atoms on the (110) facets for FCC metals. Especially, the coordina-
tion numbers of step and kink atoms are significantly lower than that of atoms on the
terrace. Therefore, step and kink atoms are more active for adsorption but desorp-
tion is more difficult. Facets with a high Miller index are rich in step and kink atoms
and, consequently, are very active for adsorption. Figure 6.16 shows the dependence
of ORR activity on the exposed facet of the Pt;Ni alloy [6]. The surface morphology
of different facets strongly influenced the local d-band center position and the ORR
activity exhibited a dramatic difference on different facets. The ORR specific activity
on the (111) facet of Pt;Ni was about nine times of that on the (100) facet and four
times of that on the (110) facet.

In addition, when two kinds of metals atoms are simultaneously exposed on the
surface, species adsorbed on different sites may interact with each other and this
interaction affects the adsorption energy of these species. For instance, on a Pt-M
(M=Re, Os, Ir, etc.) surface, oxygen atoms tend to be adsorbed on the M sites, and
the as-formed M-O species repulsed OH from being adsorbed on the surrounding
Pt sites. This effect benefits Pt catalysts for ORR due to the weak adsorption of OH
on this bimetallic surface [9, 61].

6.6 Summary

Starting with the structure classification of BMNCs, this review has summarized
the synthetic strategies for synthesizing BMNCs with rational design, and the influ-
ence of structure and composition of BMNCs on their electrocatalytic activity.
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BMNC:s with different structures can form through four different routes: continuous
growth, crystallite coalescence, seeded growth, and the galvanic replacement reac-
tion. Some key factors, including the reduction rate of metal precursors, usage of
facet-specific capping agents, and the combination of UPD and the galvanic replace-
ment reaction, determine the formation route and guide the structure evolution of
BMNCs. Furthermore, the electrocatalytic activity of BMNCs can be enhanced
through electron transfer between different atoms, the tuning of surface structure of
BMNC s, and the interaction between adsorbates on different metal atoms.

However, more effort is needed to further increase the energy exchange effi-
ciency and reduce the cost of fuel cells by exploiting the shape-tunable BMNCs. In
the field of synthetic chemistry, it is still challenging to prepare water-soluble
BMNCs containing non-noble metals of uniform size and morphology. The func-
tion of surfactants (added during the synthesis process) in electrocatalytic reactions
is poorly investigated, and more effort should be devoted to developing surfactant-
free synthetic methods. New designs for BMNCs are also needed to increase the
stability of non-noble metals in the acidic electrolyte. In the long run, a combination
of in situ and/or operando studies of the molecular electrocatalytic mechanisms
using various spectroscopic and microscopic methods and understanding the ele-
mental reaction steps and the associated transition states using theoretical simulations,
such as first-principles calculations, will greatly contribute to the rational design
and development of active, durable, and economical BMNC nanocatalysts for real
applications in fuel cells.
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Chapter 7

Role of Surface Oxides on Model
Nanocatalysts in Catalytic Activity
of CO Oxidation

Jeong Young Park, Kamran Qadir, and Sun Mi Kim

7.1 Introduction

Rapid advances in the nanosciences and colloidal chemistry have generated new
opportunities in the fields of physical and chemical science, including tuning the
size, shape, and composition of noble metals at nanoscale, which have revealed
many interesting properties. Studies identifying molecular factors that affect cata-
Iytic activity provide the means to control catalytic activity, a significant achieve-
ment in catalysis. Several molecular factors, including structural and electronic
effects, metal-support interactions, and the presence of a surface oxide layer, have
been reported as candidates for improving catalytic activity. Among these factors,
the oxide layer on the metal surface is considered to play an important role in deter-
mining catalytic activity and there are a growing number of studies in this area.
Understanding the chemical reactivity of a metal oxide is a rather complicated issue,
requiring significant research to date. Here, we outline recent experimental work on
the role of surface oxide on metal nanoparticles (NPs) that determines the catalytic
activity of heterogeneous catalysis, including the effect of oxidation states of
nanoparticles on the catalytic activity for model catalysts of single crystals and
nanoparticles, with several examples, including Pt, Rh, Ru, and Pd.
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7.2 Pt Oxide

The platinum metal is an established noble metal catalyst that has been studied
extensively due to its high catalytic activity and stability for the CO oxidation reac-
tion. For oxidation of CO, studies on platinum single crystals report a surface recon-
struction [1, 2] when a critical CO concentration is reached. Hendriksen et al.
reported the observation of a roughening of the single crystal platinum surface,
which was attributed to a switch from the metal surface to an oxide surface that
coincided with a sudden increase in catalytic activity [3]. Ackermann et al. revealed
an interrelation between the structure and reactivity of surface oxides on Pt(110)
during catalytic CO oxidation using surface X-ray diffraction [4]. However, the
fundamental mechanisms that occur during the catalytic reaction, which are strongly
linked to the structure of platinum, remain elusive and there is an ongoing debate
regarding the influence of surface structure on CO oxidation kinetics. To fully
understand and model these phenomena, we need further in situ characterization of
adsorbed oxygen and oxide phases of Pt(110) in O, and CO, and under reaction
conditions.

Research into whether there is oxide formation during the reaction and whether
this oxide is responsible for the reactivity is progressing. Recently, Butcher et al.
investigated the formation of nanometer-sized islands of multilayered o-PtO,-like
surface oxide along with chemisorbed oxygen and its interaction with CO molecules
using various in situ techniques, including ambient pressure X-ray photoelectron
spectroscopy (AP-XPS), high-pressure scanning tunneling microscopy (HP-STM),
and density functional theory (DFT) calculations [5]. Figure 7.1a shows the Pt4f
spectrum of a clean Pt single crystal surface taken using AP-XPS at the different O,
pressure conditions carried out by Butcher et al. Depending upon the exposure to an
elevated oxygen pressure, it was found that only chemisorbed oxygen or a-PtO,-like
nanoscale surface oxide is observed on the clean Pt(110) crystal surface. The Pt4f;,
region for clean Pt(110) can be fitted with two peaks ((i), 230 eV photon energy)
corresponding to bulk Pt (71.2+0.1 eV) and surface Pt with a surface core level shift
(CLS) of —0.4 eV (70.8+0.1 eV) [6]. The surface peak arises from under-coordinated
Pt atoms in the topmost atomic layer, indicating a clean surface. Increasing the pres-
sure to 0.05 Torr O, (ii) leads to an increase in the intensity of the Pt4f peak at
71.9 eV due to Pt surface atoms bound to chemisorbed Oxygen (Chem-O). Increasing
the pressure to 0.5 Torr (iii) further increases the Chem-O peak intensity, relative to
that of the bulk Pt peak, and a third peak at 73.4 eV arises, which is assigned to a
surface oxide (Surf-O). STM images inset in Fig. 7.1 under similar conditions show
a roughened surface with nanometer islands.

Figure 7.1b shows the change in O and CO coverage on a Pt(110) surface at
270 K exposed to 0.5 Torr O,, then 10~° Torr CO, revealing a correlation between
the structure and reactivity of the surface oxide. As shown in Fig. 7.1b, the coverage
of CO increases while the total coverage of O,, including Chem-O and Surf-O,
decreases with reaction time. This result implies that the a-PtO,-like nanoscale sur-
face oxide is catalytically active for the CO oxidation reaction, which is consistent
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Fig. 7.1 (a) (i) The Pt4f spectrum taken after sputtering and annealing in UHV is composed of a
peak from bulk Pt at 71.2 eV and a surface peak at lower binding energy (70.8 eV, CLS=-0.4 eV).
(i1) Under 0.05 Torr O, an additional peak at 71.9 eV (CLS=0.7 eV) appears. (iii) When the O,
pressure is increased to 0.5 Torr, a third peak at 73.4 eV is observed. STM images taken under
similar conditions are inset: clean surface (fop) and under 0.2 Torr O, (bottom) at 423 K. (b) O
and CO coverage of a Pt(110) surface exposed to 0.5 Torr O, and then exposed to 107 Torr CO
at 270 K

with previous theoretical calculations where there are small energy barriers for CO
oxidation at the reconstructed Pt-(110)-(12x2)-220 surface and at the (1010) facet
of a-PtO,, while the energy barrier is large on the perfect a-PtO,(0001) surface.
However, Butcher et al. mentioned that it is unclear whether the O atoms in the
a-PtO, react directly with CO or if the a-PtO, destabilized at interfaces with
CO-covered Pt and that O from this phase decomposes into chemisorbed O on
neighboring Pt sites. Another possibility is that the a-PtO, reacts only at the bound-
ary of a-PtO, and metallic Pt [7].

Hendriksen et al. also found an interrelation between surface structure and the
catalytic activity of a Pt(110) model catalyst at semirealistic reaction conditions for
CO oxidation by using a novel, high-pressure-high-temperature scanning tunneling
microscope (STM), which was set up as a flow reactor [3]. They measured the mass
spectrometer signals of O,, CO, and CO, partial pressures directly from the reaction
cell and STM images. By controlled switching from CO-rich to O,-rich flow, the
Pt(110) surface was oxidized or reduced. The sudden increase in reactivity was
observed with a change of the Pt surface, indicating the formation of a surface oxide.
The surface appeared to be less smooth and the stripes along the fast scan direction
disappeared. After the increase in reactivity, a characteristic roughness developed
gradually on a time scale of several minutes. Continuous, controlled switching from
a CO-rich to an O,-rich flow reproduced this phenomenon. Hendriksen et al.
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Fig. 7.2 XPS plots of Pt4f of Pt nanoparticles with TTAB capping measured (a) before and (b)
after 2 h of UV-ozone cleaning. The Pt** (PtO) and Pt** (PtO,) oxidation peaks are represented with
red and blue curves. The chemical shift of the Pt4f core level of PtO and PtO, relative to pure Pt
are about 1.2 and 3.0 eV. (¢) Turnover rate and activation energy measured on TTAB and HDT
before and after UV-ozone cleaning

concluded that the Pt(110) surface switches reversibly between a metallic state and
an oxidic state depending on the applied reaction conditions (CO-rich or O,-rich)
and shows higher catalytic activity when the surface is oxidized.

An interesting question is whether there is a similarity between the surface oxide
formed on Pt crystal surfaces and the oxide formed on Pt nanoparticles. For Pt
nanoparticles, Park et al. recently carried out CO oxidation on several platinum
nanoparticle systems capped with various organic molecules to investigate the role
of capping agents on catalytic activity [8]. X-ray photoelectron spectroscopy (XPS)
analysis revealed that the Pt nanoparticles are oxidized by the UV-ozone cleaning
used to remove the organic capping agent, resulting in increased catalytic activity.

Figure 7.2 shows plots of the Ptdf peaks of tetradecyltrimethylammonium bro-
mide (TTAB)-capped nanoparticles before and after 2 h of UV-ozone cleaning.
The Pt4f;, core level is fitted at 70.9 eV and the chemical shifts of the Pt4f core
level of the natural oxidation states (Pt** from PtO and Pt* from PtO,) relative to
pure Pt are about 1.2 and 3.0 eV. As shown in Fig. 7.2a, the Pt4f peak of bare
TTAB-capped nanoparticles exhibits an oxidation state of Pt**. After UV-ozone
cleaning, the XPS Pt4f peak reveals higher oxidation states, which indicate the
formation of Pt*. In accordance with the XPS results above, the turnover rate also



7 Role of Surface Oxides on Model Nanocatalysts in Catalytic Activity... 149

increased after UV-ozone cleaning, as shown in Fig. 7.2c, for both TTAB- and
hexadecylamine (HDT)-coated Pt nanoparticles. While the turnover rate increased
by 60%—-100 % for TTAB- and HDT-coated Pt nanoparticles, the activation energy
remained the same (between 27 and 28 kcal/mol), within the error of measurement
(1 kcal/mol). They assumed this is not only due to the removal of the capping lay-
ers, which leads to more reactive sites, but also due to the higher oxidation states
of the Pt surface after UV-ozone cleaning. Thus, their results offer proof that the
oxidized Pt nanoparticle has catalytically active properties. This argument is also
consistent with recent CO oxidation results on core—shell Pt/mesoporous silica
nanoparticles that exhibit partial oxidation of Pt. The turnover rate of CO oxidation
on these core—shell Pt/mesoporous silica nanoparticles was found to be as high as
that on bare Pt nanoparticles [9].

In conclusion, these observations show that the surface oxide formed on Pt crys-
tal surfaces and on Pt nanoparticles is catalytically active for the CO oxidation reac-
tion. Whether the oxidized Pt surface is catalytically active, however, is still up for
some debate. Therefore, studies to bridge the connection between surface structures
and catalytic performance are now needed to clearly understand how surface oxide
layers affect the catalytic activity of CO oxidation.

7.3 Rh Oxide

To further understand the reactivity of transition metal and transition metal-oxide
surfaces is of paramount importance because transition metal-based catalysts form
the basis of much of modern chemistry. However, the role of surface oxides in the
catalytic activity of Rh metals is still not well understood. Earlier studies reported
that the oxide surfaces are generally inactive due to low adsorption probability for
CO while the metallic surface is catalytically active by allowing coadsorption of CO
and O. Many single Rh crystal studies revealed that the reaction is neither structure-
nor particle size-sensitive, and that well-ordered, ultrathin oxide films formed on Rh
surfaces lead to lower reaction rates [10, 11]. However, recent studies employing in
situ spectroscopic techniques revealed that the catalytic activity over various metals
improves in conjunction with the formation of a thin oxide film, indicating that the
active phase is an oxide structure [12—17]. Gustafson et al. provided strong evi-
dence, through combined SXRD and reactivity (mass spectrometry) studies of the
Rh(111) surface, that an O-Rh-O tri-layer surface oxide is much more active than
metallic Rh at low temperature (~500 K) CO oxidation, whereas Rh bulk oxide was
not active at all [14]. They also found that an increase in CO, production coincides
with the RhO, surface oxide film formed on vicinal Rh surfaces as well as on Rh
nanoparticles. However, the formation of bulk Rh,0O; corundum oxide on all close-
packed single crystal Rh surfaces poisons the reaction irrespective of the exact Rh
substrate orientation [18]. For colloidal Rh nanoparticles, it was found that smaller
nanoparticles are more reactive than larger ones during catalytic CO oxidation.
Using in situ analysis via ambient pressure XPS, Grass et al. demonstrated that
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smaller, 2 nm Rh nanoparticles oxidize to a larger extent than 7 nm nanoparticles
during reaction at 423-473 K. The thick oxide around the smaller nanoparticles cor-
related with enhanced activity of these nanoparticles [19]. In the case of electron
beam-prepared Rh NPs, which were precovered with oxygen, a strong particle size
dependence was observed for CO desorption, dissociation, and transient CO oxi-
dation [20, 21].

Chemically modifying the surface of Rh nanoparticles can generate an active
oxide overlayer of optimized stoichiometry and/or thickness on Rh nanoparticles
and is, therefore, an appealing subject as it allows for the design of catalysts with
high catalytic activity and stability. Such chemical modification can be accom-
plished via UV-ozone surface treatment of nanoparticles. Exposure to UV-ozone
can alter the nanoparticle surface in two ways: first, by partial removal of the organic
capping layer, thus unblocking some of the active reaction sites buried under it and,
secondly, by changing the nature of the oxide over layer though oxidation state
changes [8, 22].

Recently, Kim et al. carried out CO oxidation on 2 and 6.5 nm Rh nanoparticles
capped by poly(vinylpyrrolidone) (PVP) before and after UV/O; surface treatment
[51]. Figure 7.3 shows the catalytic activity, Arrhenius plot, and summary of cata-
lytic turnover rates at 443 K for the CO oxidation reaction on two-dimensional
arrays of 2 and 6.5 nm Rh nanoparticles before and after UV-ozone treatment. As
shown in Fig. 7.3a, the smaller Rh nanoparticles before UV-ozone treatment show a
higher activity than the larger Rh nanoparticles and it is also clear that the turnover
frequency (TOF) of the 2 and 6.5 nm Rh nanoparticles increased by a factor of two
or three after UV-ozone treatment. The activation energies for 2 and 6.5 nm Rh
nanoparticles were obtained from Arrhenius plots of catalytic activity (Fig. 7.3b).
Figure 7.3c shows a summary of the catalytic turnover rates at 443 K and the activa-
tion energies measured on the Rh nanoparticles before and after UV-ozone surface
treatment. The activation energy decreased from 29.4 to 27.8 kcal/mol for the 2 nm
Rh nanoparticles and decreased from 31.3 to 28.5 kcal/mol for the 6.5 nm Rh
nanoparticles after UV-ozone treatment, as shown in Fig. 7.3c.

To indentify the change in oxidation state of the surface oxide layer formed on
Rh NPs by UV-ozone treatment, we carried out XPS characterization for each Rh
sample before and after 2 h of UV-ozone treatment. The Rh3d peak spectra of 2 and
6.5 nm particles are shown in Fig. 7.4. Before UV-ozone treatment, the 2 nm Rh
NPs have two Rh** and Rh™** surface oxide peaks, the energy levels of which are
308.5 and 309.4 eV, respectively. The two Rh peaks are derived from Rh atoms in
two different oxidation states or coordinated to a different number of oxygen atoms.
The 6.5 nm Rh NPs have only one Rh™** surface oxide peak before UV-ozone treat-
ment, however. After UV-ozone treatment, the peak area of the Rh** and Rh*™** in
both NPs increased, which changed from 0.88 to 1.22 for the 2 nm Rh nanoparticles
and from 0.18 to 0.38 for the 6.5 nm Rh nanoparticles.

To more clearly confirm the correlation between catalytic activity and the
amount of surface oxide layer formed on two different-sized Rh nanoparticles,
we carried out the CO oxidation reaction as a function of UV-o0zone exposure time.
Figure 7.5a shows that the catalytic activity of the 2 and 6.5 nm Rh nanoparticles
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Fig. 7.3 Catalytic activity of the CO oxidation reaction on two-dimensional arrays of Rh NPs.
(a) Turnover frequency (TOF) of Rh NPs with temperature, (b) Arrhenius plots of Rh NPs, and (¢)
summary of TOFs and activation energies of the CO oxidation reaction measured on Rh NPs
before and after UV-ozone surface treatment

increased as the UV-ozone surface treatment time increased, which is closely related
to the amount of surface oxide formed on the metal core, as revealed by XPS analy-
sis. The Rh nanoparticles showed the largest growth of the surface oxide layer on
the metal core after 2 h of UV-ozone surface treatment than for 10 or 24 h, resulting
in the largest increment in the catalytic activity. It implies that the majority of the
catalytically active surface oxide is very quickly formed by UV-ozone surface treat-
ment in the initial step. The rate of surface oxide formation then decreases gradually
until reaching steady state. Thus, we can conclude that the increased catalytic activ-
ity of the Rh NPs after UV-ozone exposure is correlated with the increase in the
portion of the surface oxide layer formed on the Rh metallic core and that the sur-
face oxide layer formed by UV-ozone surface treatment has catalytically active
properties.

Why does metal oxide exhibit higher activity for CO oxidation than the corre-
sponding metal? To demonstrate the role of the surface oxide layer on CO oxidation
on Rh metal or metal oxide, Grass et al. assumed that the reactivity of the surface
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oxide layer on Rh NPs originates from an interface existing between the oxide
surface and the metallic core that induces a strain on the oxide, which makes it less
stable and, thus, more reactive. Gong et al. suggest that the geometric effect of metal
oxides plays an important role in reducing the reaction barrier, which is related to
the chemisorption energy of CO and O in the initial state (IS) [23]. The stronger the
chemisorption in the initial state, the higher the reaction barrier. However, the
increased reactivity of metal oxides does not simply explain the increase in chemi-
sorption energy because the reaction barrier is not always proportional to the chemi-
sorption energy. It may be reasonable to mention that the position of oxygen on the
metals or metal oxides in the IS is a more fundamental reason for the increased
reactivity. In the IS, the oxygen atom on the metal oxide is on the top site of a cus-
metal atom and is still close to the top site in the transition state (TS). Therefore, the
geometric difference of metal oxides plays an important role in reducing the barrier,
resulting in the enhanced catalytic activity as the surface oxide layer on the Rh
nanoparticles grows.

In conclusion, CO oxidation reactions on Rh nanoparticle catalysts were carried
out before and after UV-ozone treatment. As illustrated in Fig. 7.5b, formation of
the catalytically active oxide on the Rh metal core by UV-ozone treatment results in
increased catalytic activity. These results suggest an intriguing way to tune the cata-
lytic activity of metal catalysts by engineering the surface oxide layer.

7.4 Ru Oxide

7.4.1 CO Oxidation on Ru: From Single Crystals
Towards Nanoparticles

Among the transition metal catalysts studied so far under catalytic CO oxidation,
Ru has exhibited unusual behavior [24-36]. Under ultrahigh vacuum conditions, Ru
single crystal surfaces have shown the least catalytic activity among noble metals
[27]. However, we see a complete reversal of this trend when reaction conditions are
oxidizing and under high pressure [28]. In such a state, Ru becomes much more
active. During the last decade, this anomaly has driven researchers to extensively
investigate Ru-based catalysts under CO oxidation. The initial focus of the studies
reported thus far is based on Ru single crystal surfaces [24-27, 30, 32-36]. Studies
dealing with model catalytic systems, such as two-dimensional nanoparticle arrays
or three-dimensional oxide-supported Ru nanoparticles, have been reported spo-
radically and were recently investigated for the role of surface oxide in altering its
catalytic activity under CO oxidation [33-36]. Here, we briefly review the role of
surface oxide on Ru-based catalysts, summarizing Ru single crystals and presenting
very recent trends reported on the subject.
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Assmann et al. investigated the nature of catalytically active oxides formed on
Ru(0001) and Ru (IOTO) surfaces under oxidizing, reducing, and CO oxidation
reaction conditions [35, 36]. The initial oxidation of the Ru(0001) single crystal
surface proceeds as follows: First, oxygen adsorbs dissociatively, forming distinct O
overlayers, which are inactive in oxidizing CO molecules owing to strong O—Ru
bonding. Then below 500 K, no oxide forms even under high O, pressures (e.g.,
1072 mbar). Finally at 650 K, oxide formation occurs via autocatalysis, generating
an ultrathin RuO,(110) layer on Ru(0001) of ~ 1 nm thickness. This oxide is reported
to be extraordinarily active in oxidizing CO molecules. As the temperature exceeds
800 K, the RuO, film grows thicker under oxidizing conditions and becomes rough.
From CO adsorption and reaction experiments, they conclude that this type of oxide
is essentially inactive and, under CO oxidation reaction conditions, it deactivates.
A similar observation is also reported for Ru (IOTO) surfaces. When exposed exces-
sively to oxygen at 650 K, a similar ultrathin RuO, film forms that is oriented along
the (100) direction and is equally active in the oxidation of CO [29, 37]. This film,
under oxidizing conditions and temperatures exceeding 800 K, grows thicker and
irreversibly transforms into a reconstructed c(2 x 2) phase which is unable to convert
CO to CO, [38].

The initial roughening of the RuO, film on Ru(0001) is being studied using
STM to find the reason for its deactivation [36]. Figure 7.6 visualizes the initial
roughening of the RuO,(110) surface. The flat regions in Fig. 7.6a are catalytically
active RuO,(110) areas. The line profile, which shows the rough part of the surface
~8 nm in height above the flat region, exposes RuO,(100) facets, as seen in
Fig. 7.6d. When we zoom in to the RuO,(100) facets, we identify catalytically
inactive c¢(2x?2) regions separated by narrow strips of RuO,(100) (see Fig. 7.6b,
¢). Similar STM images were also reported for the growth of RuO,(100) on
Ru(lOTO) [38]. These c(2x2) patches are inactive; thus, the rough RuO, film
deactivates gradually. A thick RuO, film completely deactivates when covered by
such c¢(2 x2) domains.

On the other hand, under reducing conditions, the RuO,(110) surface will be the
first surface to be depleted of the bridging O atoms. CO molecules, owing to their
relatively high binding energy at the site (180 kJ/mol), adsorb strongly on these
vacancies and stabilize the mildly reduced RuO,(110) surface. Such a surface is still
active for CO oxidation [31]. Under reducing conditions, however, as the tempera-
ture exceeds 450 K, the mildly reduced oxide decomposes into metallic and oxide
phases [38] and, finally, the RuO,(110) film is covered by a catalytically inactive
Ru(0001)-O overlayer.

After investigating the Ru oxide formed on Ru single crystal surfaces under cata-
lytic CO oxidation, a brief overview of the most recent studies on model catalytic
systems, ranging from two-dimensional nanoparticle arrays to three-dimensional
micro- or nanoparticles supported on an oxide support, is presented below. The
studies highlight efforts to understand the surface oxide generated at nanoscale, its
catalytic reactivity under CO oxidation, and the utilization of this knowledge for
technological catalysts.
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Fig. 7.6 The initial roughening of a RuO,(110) film on Ru(0001). (a) STM image (300 x300 nm).
(¢, d) Close-up images of the rough region STM image: (¢) 100x 100 nm, (d) 20 x20 nm indicat-
ing that the facets are oriented along the (100) direction and reconstructed into a c(2x?2) phase.
(b) A line profile across the faceted region along the line shown in (a)

7.4.2 Ru Oxide Powder and Supported Ru Catalysts

After examining Ru single crystal surfaces, as mentioned above, the same group
investigated polycrystalline RuO, powder catalysts and supported Ru catalysts [36].
These RuO, particles (~1 pm) preferentially expose the (110) and (100) facets.
As shown in Fig. 7.7, under net oxidizing conditions (CO/O,>?2) during catalytic
CO oxidation, the active RuO,(100) facets transformed into the inactive RuO,
(100)-c(2x2) phase. Additionally, the RuO,(110) facets roughened as well, thus
transforming into RuO,(100) facets, which eventually reconstructed into the inac-
tive RuO,(100)-c(2 x 2) phase. Under net reducing conditions (CO/O,>2), the RuO,
particles deactivated due to the presence of Ru(0001)-O domains on the surface.
They found that the catalyst is at its highest active state when an ultrathin (1-2 nm)
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Fig. 7.7 Core—shell model for RuO, powder catalysts. The degree of surface oxidation is deter-
mined by the CO/O, reactant feed ratio and the temperature. The inactive RuO,(100)-c(2x2) (light
blue) surface facets are formed under oxidizing conditions (CO/O,<2), whereas the low-activity
metallic ruthenium surfaces (Ru(0001)-O) (dark blue) are exposed under net reducing conditions
(CO/O,>2). The most active state is an ultrathin RuO, (light and dark green; thickness 1-2 nm)
layer supported on a metallic ruthenium core. This state is achieved by complete reduction of the
RuO, particle followed by mild re-oxidation below 500 K

RuO, layer is formed around the metallic core (they achieved such a state after com-
pletely reducing the RuO, particle, followed by mild re-oxidation below 500 K).
Under mild reaction conditions, the ruthenium particle will oxidize by growing a
RuO,(110) layer on the Ru(0001) facets and a RuO,(100) layer on the Ru (IOTO)
facets. This RuO,/Ru core—shell particle (see Fig. 7.7) reveals the highest activity
for CO oxidation.

7.4.3 Size Effect Under Catalytic Carbon Monoxide
Oxidation for Ru Nanoparticles

Tuning the metal particle size affects its inherent catalytic activity. This phenome-
non is the subject of continuous interest owing to its significance from both funda-
mental and practical viewpoints [39—42]. This trend is found to be a function of
various molecular—scale factors, such as alteration in surface structure, electronic
states, oxidation states, and metal—support interactions [43—47]. In particular, sizes
ranging from 1 to 10 nm are highly relevant to the size effects. Particle size effect
studies have implications in rational catalyst design. A surface oxide around a metal
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Fig. 7.8 CO oxidation activity of 2D model catalysts based on Ru NPs. (a) Change of CO oxida-
tion activity with temperature and (b) Arrhenius plots for CO oxidation

core was suggested as a catalytically active species and was recently identified by
advanced in situ analytical techniques, including AP-XPS, scanning tunneling
microscopy, XRD, and X-ray absorption spectroscopy [3, 4, 19, 48, 49].

Ru nanoparticles exhibited the trend of increasing catalytic activity with increas-
ing Ru particle size for CO oxidation under high-pressure and oxidizing reaction
conditions [50]. Figure 7.8 shows the changes in TOF with reaction temperature and
Arrhenius plots for CO oxidation on different sizes of Ru NP catalysts. As can be
seen, the 2D catalyst based on 6 nm Ru NPs exhibits eight fold higher TOF than the
2.1 nm Ru catalyst at 513 K. The same trend is reported for 2.1, 3.1, and 5 nm Ru
nanoparticles deposited inside SBA-15 mesoporous silica. This shows that it is a
general observation for both 2D and 3D Ru model catalysts.

An active oxide layer on Ru single crystals or reduced RuO, powder is main-
tained under oxidizing conditions, where such an oxide is unstable on Ru nanopar-
ticles. Joo et al. suggested that the stability of Ru oxide on nanoparticles changes in
a fashion similar to that reported by Assmann et al. Smaller nanoparticles will
undergo higher oxidation than larger ones, thus exposing more catalytically inactive
species [36]. The stability of such an oxide on Ru nanoparticles can be correlated
with the particle size effect found for Ru.

7.4.4 Engineering Ru Oxide on Nanoparticles through
UV-Ozone Surface Treatment

Kim et al. carried out CO oxidation on Ru nanoparticles capped by PVP before and
after UV-ozone surface treatment, respectively [51]. UV-ozone surface treatment
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Fig.7.9 XPS plots of Ru3d measured on 2.8 and 6 nm Ru nanoparticles before and after UV-ozone
treatment. 2.8 nm Ru NPs (a) before and (b) after UV-ozone treatment and 6 nm NPs (¢) before
and (d) after UV-ozone treatment

allows the partial removal of organic capping layers and simultaneously generates
an oxide layer on the surface [22, 51-53]. XPS showed an increase in oxidation
states, which influenced the catalytic activity of the Ru nanoparticles, as described
in the next section. XPS of the Ru nanoparticles showed that Ru3d comprises two
types of surface oxide peaks, RuO, and RuQs;, at binding energies of 280.7 and
283 eV, respectively [54, 55]. As can be seen in Fig. 7.9, the RuO, peak shows an
enhancement in peak area after UV-ozone treatment for both the 2.8 and 6 nm Ru
nanoparticles. The ratio of RuO, to Ru(0) increased from 0.24 to 0.47 for 2.8 nm
and from 0.29 to 0.42 for 6 nm Ru NPs after UV-ozone treatment. Afterwards, CO
oxidation was carried out on the Ru nanoparticles to establish a correlation between
oxidation state modification via UV-ozone treatment and activity of the
nanoparticles.

As can be seen in Fig. 7.10, the larger Ru nanoparticles are more reactive than
the smaller Ru nanoparticles. These results are consistent with the reports of several
research groups, as described earlier, that larger Ru nanoparticles show higher cata-
Iytic activity due to enhanced stability of the core—shell-type surface oxide layer on
the Ru metallic core [36, 48, 50]. We also see that the TOF of Ru nanoparticles
decreases after UV-ozone treatment. The activation energy of the 2.8 nm Ru
nanoparticles remained the same, within the error of measurement, while that of the
6 nm Ru nanoparticles increased from 33.2 to 38.7 kcal/mol after UV-ozone
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treatment. The reaction rates, 0.17 and 0.55 mol/g/s at 563 K, were based on the
mass of the 2.8 and 6 nm Ru nanoparticles before UV-ozone treatment, respectively.
The decrease in catalytic activity of the Ru NPs after UV-ozone treatment is due to
the formation of an inactive bulk oxide layer on the Ru metallic core.

7.4.5 Catalytic Activity of CO Oxidation on Ru Nanoparticles
and Ru Oxides Probed with Ambient Pressure XPS

Ambient pressure XPS permits in situ investigation of the surface structure of cata-
lysts. Catalytic oxidation, reduction, and CO oxidation were carried out on Ru
nanoparticle arrays and the surface oxidation states were measured and monitored
using AP-XPS to understand the relationship between the oxidation states and cata-
Iytic activity under realistic conditions [48]. AP-XPS showed that the smaller Ru
nanoparticles form bulk RuO, on the surface, which is responsible for the lower
catalytic activity.

To assess the catalytically active oxide species formed in situ during reaction
conditions, the nanoparticles were subjected to catalytic CO oxidation under net
oxidizing conditions using 200 mTorr O, and 80 mTorr CO (CO/O,: 0.4) to corre-
late the observed trend of increasing catalytic activity with the nature of the oxide
formed around the nanoparticles. Figure 7.11 shows AP-XPS spectra of Ru3p
acquired at various temperatures during catalytic CO oxidation. At the lower reac-
tion temperature of 232 K, both the 2.8 and 6 nm Ru nanoparticles show mild sur-
face oxide formation. Both of the RuO,/Ru** and RuO,/Ru** oxide peaks are very
small. The oxide, however, grows progressively as the temperature increases.
During the course of CO oxidation over nanoparticles at various temperatures, the
smaller 2.8 nm Ru nanoparticles show a higher proportion of surface oxide forma-
tion. Ru3p shows more significant oxide formation on the smaller nanoparticles
than on the larger ones, particularly at 473 K.
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Fig. 7.11 AP-XPS spectra of Ru3p of Ru nanoparticles under CO oxidation (200 mTorr O, and
80 mTorr CO) with increasing temperature, showing spectra of 6 nm Ru nanoparticles acquired at
(a) 323, (b) 373, (c) 423, and (d) 473 K, and spectra of 2.8 nm Ru nanoparticle acquired at (e) 323,
(£) 373, (g) 423, and (h) 473 K (650 eV incident photon energy). Ru3p spectra show a thicker oxide
formation around the smaller 2.8 nm Ru nanoparticles

Thus, it is clear that under net oxidizing conditions (CO/O,: 0.4), the smaller
nanoparticles show greater oxidation than the larger ones. Figure 7.12 shows the
resulting trend of oxidation for both 2.8 and 6 nm Ru nanoparticles. The ratios for
the smaller nanoparticles are higher than that for the larger Ru nanoparticles due to
the high degree of oxidation during the CO oxidation reaction.

The Ru nanoparticles exhibit a trend of increasing catalytic activity with increas-
ing Ru nanoparticle size for CO oxidation under high-pressure and oxidizing reaction
conditions. It is confirmed from AP-XPS findings that the smaller nanoparticles are
forming inactive bulk oxide on their surfaces and that a larger amount of the catalyti-
cally inactive species is exposed. Thus, the decrease in catalytic activity of the Ru
nanoparticles with decreasing nanoparticle size is correlated with the formation of the
inactive bulk oxide layer on the Ru metallic core. These results are consistent with
previous reports, described above, and show that the stability of core—shell nanopar-
ticles with a thin shell of active oxide increases as the nanoparticle size increases.
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7.5 Pd Oxide

7.5.1 Pd Oxide on Single Crystal Surfaces

Palladium is widely used as an active component of catalysts in numerous industrial
reactions. Therefore, a large number of research groups all over the world have
investigated the catalytic activity of palladium species in both real and model cata-
lytic systems [56-64]. The catalytic oxidation activity of palladium particles
depends on the oxidation state of the metal [65—70]. The latter is in turn influenced
by the oxygen pressure and temperature of the system.

Previously, it was reported that CO oxidation over Pd exhibits a hyperactive state
under oxygen-rich conditions with a rate higher than those near stoichiometric reac-
tion conditions [25]. The hyperactive surface was proposed to be a surface phase
that contains primarily chemisorbed atomic oxygen on the metallic Pd surface and
a low coverage of CO, based on the significant change of CO adsorption during
infrared reflection absorption spectroscopy (IRAS) investigations [25, 65].
Additionally, the surface chemistry of the oxygen interaction with Pd surfaces has
been reported to be very complicated, mainly due to diffusion of oxygen into the
subsurface and/or the formation of bulk and metastable Pd,O,, depending on the
experimental conditions [66, 71-74]. Furthermore, there is no oxygen poisoning
observed with palladium in an auto converter, even under oxygen-rich conditions.
Many groups reveal that the active surface is not a palladium oxide, but a chemi-
sorbed oxygen-rich palladium surface exhibits hyperactivity for CO oxidation.
Additionally, changes in the gas-phase compositions of CO and CO, at the hyperac-
tive state, monitored by the infrared absorption intensity of gas-phase CO and CO,,
indicate that CO is depleted at the hyperactive state [75]. There still exists some
controversy in the literature over the specific activity of Pd vs. Pd oxide for CO
oxidation at moderate temperatures. Thus, significant efforts have been directed
towards studying the nature and activity of various oxide surfaces for catalytic CO
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oxidation to correlate the oxidation state with its inherent activity [76]. Some stud-
ies have shown that in the case of the Pd(100) surface, the active surface is metallic
Pd for CO oxidation with a CO/O, ratio near the stoichiometric one of 2/1, whether
starting with a metallic or an oxidized surface [76].

7.5.2 CO Oxidation on Polycrystalline Palladium

The polycrystalline Pd metal surface imitates a system that is similar to the exposed
facets of a real catalyst. Using STM, temperature-programmed desorption (TPD),
and low energy electron diffraction (LEED), Altman et al. [77] carried out detailed
studies of the mechanism of oxide formation and distinguished three states involv-
ing four surface oxygen phases on Pd(111) and four states with five surface oxygen
phases on Pd(100). The key process involves chemisorbed oxygen, surface oxide,
and bulk oxide as the O, dosing amount and temperature increase. Chen et al. have
shown that neither the surface oxide nor bulk oxide is present on the Pd(100) and
polycrystalline Pd for CO oxidation at ~525 K, even under oxygen-rich conditions.
Even though a very high rate (TOF of more than several thousands) was observed at
the hyperactive state and that an insignificant amount of CO adsorption was demon-
strated by in situ IRAS, they concluded that the active surface is a chemisorbed
oxygen-rich surface for the hyperactive state. All together, the chemisorbed oxy-
gen-rich surface is an active surface corresponding to the hyperactivity. The in situ
IRAS results demonstrate that no palladium oxide was formed on the Pd(100) and
polycrystalline Pd during CO oxidation at 500-525 K, even under oxygen-rich con-
ditions or for the hyperactive state. These facts conclude that the chemisorbed oxy-
gen-rich Pd surface is the active surface for the observed hyperactivity. The
gas-phase CO is depleted at the hyperactive state and the observed hyperactive rate
is limited by mass transfer of CO.

7.5.3 Oxidation Process of Pd(111) Probed by AP-XPS

Ketteler et al. reported photoemission spectroscopy (PES) measurements during the
oxidation process of Pd(111), including subsurface incorporation and oxidation of
the first few layers [78]. Figure 7.13 shows spectra corresponding to the three phases
and metastable structures that were observed during exposure of Pd(111) to oxygen
at pressures >1076 Torr. Each spectrum is characterized by peaks with unique bind-
ing energies and intensity ratios. Besides chemisorbed oxygen and surface oxide
(spectrum (a)), a new structure (“‘subsurface oxide”) can be seen (spectrum (b))
followed by a bulk oxide phase (spectrum (c)), each in specific pressure and tem-
perature ranges. These structures were found to be stable over several minutes at a
fixed temperature while increasing the oxygen pressure.
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Fig. 7.13 Pd3ds,, (left) and O 1s/Pd3ps, (right) XPS regions corresponding to different stages in
the oxidation of Pd(111). (a) Surface oxide, (b) subsurface oxide, and (c¢) bulk PdO. Peaks are
normalized to the total Pd3ds, and Pd3p;,, area, respectively

7.5.4 Pd Oxide on Nanoparticles

Zorn et al. prepared well-defined high—surface—area palladium catalysts and prepared
alumina-supported palladium nanoparticles in three different oxidation states: Pd°
(reduction in 1 bar H, flow at 573 K for 1 h), PdO,<1 (oxidation in 1 bar O, flow at
673 K for 1 h), and PdO (oxidation in 1 bar O, flow at 1,073-1,273 K for 1 h) [76].
The CO oxidation activities of the three different pretreated supported catalysts
and commercial PdO were compared using a mixture of 50 mbar CO, 50 mbar O,,
and balance He to 1,000 mbar. Commercial unsupported PdO was basically unreac-
tive with the reaction rate at least 4 orders of magnitude smaller than that of
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Fig. 7.14 CO oxidation (conversion) at different temperatures. Comparison of (a) reduced
Pd-Al,0s, (b) substoichiometric PdO, < 1-Al,0s, and (c) fully oxidized PdO-Al,05

PdO,-ALO; (x: 0-1). Pd-ALO;, PdO, <1-Al,0;, and PdO-ALO; exhibited typical
light-off (ignition) profiles (Fig. 7.14), with light-off temperatures of 498 and 535 K
(for 50 % CO conversion). Below 535 K, the alumina-supported reduced Pd° parti-
cles and the PdO,< 1 particles exhibited higher CO conversion than the fully oxi-
dized supported PdO particles (Fig. 7.14). HRTEM images revealed comparable
sizes for the Pd, PdO, and PdO, < 1 nanoparticles. Thus, sintering cannot explain the
lower catalytic activity of PdO. Based on in situ Fourier transform infrared (FTIR)
spectra, they concluded that, under technically relevant conditions, metallic palla-
dium will always dominate, whereas PdO, < 1 phases are unstable due to their facile
reducibility. Based on these and previous molecular beam results, the highest cata-
Iytic activity is assigned to oxygen-covered metallic palladium.

Kibis et al. reported another study in which oxidized palladium nanoparticles
were prepared using RF-discharge under an oxygen atmosphere [79]. Pd** states
were formed together with highly oxidized palladium species where the Pd** states
acted as a stabilization matrix for the Pd* species. The highly oxidized palladium
species were observed to have a relatively high thermal stability and a high reaction
probability towards CO. The interaction of the oxidized palladium species with CO
was studied by exposing oxidized palladium particles, step by step, to CO.
Figure 7.15 shows the Pd3d spectra as a function of CO exposure at room tempera-
ture. The reduction of the Pd*" species to Pd** and the metallic state can be clearly
observed, even at room temperature. The overall intensity of the Pd3d spectrum
remains practically unchanged. Note that the E, (Pd3ds),) of metallic palladium was
335.6 eV. The formation of small metallic Pd° clusters may be responsible for this
chemical shift of the Pd3d spectra to a higher E,,. XPS data were used to estimate the
reaction probability (y) of the oxidized palladium nanoparticles comprising the Pd**
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Fig. 7.15 (a) The Pd3d spectra of the oxidized palladium species after CO exposure at room tem-
perature. (1) 0L, (2) 3x10°L, (3) 6x10°L, (4) 9x10° L, (5) 1 x10*L, (6) 2x10* L, (7) 4x 10* L,
(8)2x107L, (9)5x10"L, (10) 2x 10 L, (11) 9x 108 L, (12) 3x 10° L, and (13) 1 x 10'° L. (b) The
intensity of peaks with E, (Pd3ds),) is (1) 336.5 eV and (2) 338.6 eV at (squares) 300 K, (circles)
325 K, and (triangles) 350 K, depending on CO exposure

and Pd* species. The highly oxidized palladium species were observed to have a
relatively high thermal stability and a high reaction probability towards CO.

Schalow et al. studied the formation of different oxygen species on a Pd/Fe;0O,
model catalyst over a broad range of temperatures [80]. They found that, for oxida-
tion temperatures up to 450 K, oxygen primarily chemisorbs dissociatively on the
metallic Pd surface areas; however, at temperatures of 500 K and above, Pd oxide
species also form. Oxide formation occurs initially at the particle-support interface
and, at a later stage, on the outer particle surface as well. They found that the activ-
ity of the model catalyst for CO oxidation decreases drastically with increasing
coverage of the Pd surface by oxides. For reaction temperatures below 450 K, par-
tial oxidation of the Pd surface, obtained by oxygen exposure at higher tempera-
tures, results in long-term deactivation of the catalyst because the decomposition of
these surface oxides is kinetically hindered. However, at temperatures above 450 K,
Pd oxide species can be formed under O-rich conditions and decompose under
CO-rich conditions. As a result, the average oxidation state and the activity of the
catalyst change dynamically, depending on the composition of the reactant environ-
ment. Nonetheless, the CO, formation rate of partially oxidized Pd particles is gen-
erally reduced significantly, compared to metallic Pd particles.
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7.6 Concluding Remarks on the Role of Surface Oxide

In this chapter, we reviewed the role of surface oxide on Pt, Rh, Ru, and Pd
nanoparticles, and showed that surface oxide plays an important role in the catalytic
activity of CO oxidation. Increasing evidence shows that Pt oxide and Rh oxide are
reactive species, while Ru bulk oxide is not reactive. Catalytic activity increases as
the size of the Ru nanoparticles increases and as the size of the Rh nanoparticles
decreases. AP-XPS studies indicate that the change in catalytic activity is correlated
with the formation of surface oxide. Surface treatments, such as UV-ozone treat-
ment, facilitate oxide layer engineering, which changes the catalytic activity. The
active surface oxide on Rh NPs, formed after UV-ozone treatment, leads to increased
catalytic activity. On the other hand, the inactive surface oxide on Ru NPs, formed
by UV-ozone treatment, caused the catalytic activity to decrease. These results
suggest an intriguing way to tune the catalytic activity of metal catalysts by engi-
neering the surface oxide layer.
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Chapter 8

Influence of Atomic Structure, Steps,
and Kinks on the Catalytic Activity:
In Situ Surface Studies

Bas Hendriksen

8.1 Single-Crystal Studies of Heterogeneous Catalysis

The surface science approach to catalysis started with the emergence of
surface-sensitive techniques that can probe the structure and composition of sur-
faces. These techniques were made possible by the development of modern vacuum
technology [1]. The investigation of surface properties contributed significantly to
the development of thin-film technologies for electronics and coatings and, at the
same time, provided a basic understanding of surface chemistry and reactions
related to catalysis. A substantial number of review articles and books treat the sur-
face science of catalysis until the turn of the millennium. A particularly successful
approach was, and still is, to use single crystals to study the surface chemistry of
catalysts. The advantage of using single crystals is significant control over the struc-
tural features of the surface where the reaction takes place. The crystal face, step
orientation, step density, and density of the kinks can be controlled by accurately
cutting along specific directions of the bulk crystal. Although the single-crystal sur-
face science approach was successful in providing knowledge of the elementary
surface processes of catalysis, it also led to the so-called materials gap (i.e., the dif-
ference between the structure and catalytic properties of single crystals and those of
complex, real catalysts consisting of nanoparticles on porous oxide supports with
the addition of promoters). To bridge this materials gap, surface science studies
have shifted towards more complex systems, such as nanoparticles on well-defined
oxide surfaces (see Part II). This chapter discusses several examples of recent
single-crystal studies. This is not intended to provide a comprehensive, complete
overview of recent literature on the subject; instead, it is limited to studies that high-
light recent insights on the influence of the atomic structure, steps, and kinks on the
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catalytic activity of single-crystal surfaces. This chapter is organized as follows:
First, the elementary steps of a catalytic reaction and the role of the atomic-scale
structure, from the perspective of theoretical calculations, are discussed. Second,
the importance of the formation of new structures under realistic reaction conditions
for the case of surface oxides is discussed. The third part treats experiments that
demonstrate the role of steps in catalytic systems.

8.2 Concepts and Theory: The Importance
of Atomic-Scale Structure

8.2.1 Active Sites: Electronic and Geometric Effects

Chemical reactions are the breaking and forming of bonds between atoms in mole-
cules. Catalysts enable, or speed up, reactions by reducing the activation energy of
the reaction (i.e., the highest energy barrier), which needs to be overcome to get to
the reaction products (see Fig. 8.1a). A catalytic reaction takes place in several
steps. Typically, one of the steps in the sequence of events of the catalytic reaction
(e.g., adsorption, dissociation, diffusion, bond formation, product desorption) limits
the overall rate of formation of the final reaction product. But what makes a good
catalyst? According to the Sabatier principle, the interaction of a molecule with a
surface site should be sufficiently strong to be able to break the bond between the
atoms in a molecule (activation), but not too strong to prevent further steps in the
reaction with the dissociated molecule (i.e., diffusion, bond formation with other
reactant species, desorption of the final product). If the dissociation of a reactant
molecule is the rate-limiting step, then the catalytic activity (i.e., the number of
reaction product molecules produced per second) is given by the so-called volcano
curve. The turnover rate of the initial reactants to the final reaction product exhibits
a maximum as a function of the dissociation energy (activation energy).
Understanding and predicting the energies involved in the dissociation step of a
catalytic reaction and their relationship with the atomic-scale structure of the cata-
lyst is key to the rational design of new catalysts. Recent developments in theory, in
particular, density functional theory (DFT), have provided an enormous step for-
ward in our conceptual understanding and predicting power of catalytic reactions on
crystal surfaces and the influence of the atomic structure.

In the 1990s, Hammer and Ngrskov developed a model based on DFT, which
relates the chemisorption energy of an adsorbate to the center of the electronic
d-band of the metal catalyst surface before adsorption [2]. The center of the d-band
determines both the energy shifts of the bonding and anti-bonding states of the
adsorbate molecule and the degree of filling of the anti-bonding states. The higher
the energy of the d-states relative to the Fermi level, the less filled the anti-bonding
states are, which results in stronger adsorption. The position of the d-band center
depends on the metal element, the surface atomic structure (i.e., the surface
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Fig. 8.1 Density functional theory calculations of electronic versus geometric effects. (a) Energy
“landscape”: successive steps of the dissociation of N,. The activation energy for the dissociation,
E,, corresponds to the energy of the transition state (TS). The atoms of the dissociated molecule,
2N*, have a chemisorption energy, AE. (b) Density functional theory (DFT) calculations show that
there is a linear BEP relation between E, and AE because of the similarity between the TS and the
final 2N* state. (¢) This even holds for different molecules when the TS is similar. When the TS is
different for a different surface structure or at a step (d), the whole BEP line shifts (b, c).
Reproduced from Ref. [3] with permission from The Royal Society of Chemistry, and Ref. [4],
© 2002, with permission from Elsevier

orientation), reconstruction, and steps and defects. The d-band model successfully
explains the dependence of the chemisorption energy on the surface structure in
terms of the electronic structure. The next step is to understand the energy barrier
for the reaction: activation energy.

According to the empiric Brgnsted—Evans—Polanyi (BEP) relation, the activation
energy for dissociation of a molecule is a linear function of the chemisorption
energy of the atoms of the dissociated molecule:

E, =aAE+f 8.1)
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where E, is the activation energy for dissociation and AE is the chemisorption
potential energy of the dissociated products, and a and f are constants. Figure 8.1
shows the calculated BEP relationship for N, dissociation on various metal surfaces
as a linear relation between the activation energy (barrier) and the chemisorption
energy of the dissociation products. This is explained as follows: The activation
energy, E,, corresponds to the energy of the transition state Eys. DFT calculations
demonstrate that the transition state energy is directly related to the adsorption
energy because the atomic geometry of the transition state is very similar to the final
state geometry [3]. Thus, a lower energy of the final dissociated state associated
with a stronger bond corresponds to a lower activation energy. The results of the
calculations in Fig. 8.1b, ¢ show that the BEP relationship is independent of the
metal and that, for various diatomic molecules, it is even independent of the mole-
cule [4]. The reason for this is that the transition states of these molecules on various
close-packed surfaces are nearly identical, as shown in Fig. 8.1d. For a different
transition state geometry, such as at the steps in Fig. 8.1d, the values fall on a differ-
ent, shifted BEP line. In other words, moving along a BEP line, the geometry of the
transition states remains the same and the linear variation of E,(AFE) is an electronic
effect, explained by the d-band center model. Shifting a whole BEP line is a geo-
metric effect. For example, the N, transition state is quite extended; for the close-
packed surface, four surface atoms stabilize the transition state. On the other hand,
at a step, five surface atoms are involved in the transition state, lowering the activa-
tion energy, and thereby shifting down the BEP line.

For catalytic reactions, the BEP relation is an essential element. A low activation
energy benefits the efficiency of the reaction; however, the accompanying high sta-
bility of the dissociated reaction prevents subsequent steps of the reaction (i.e., sur-
face diffusion, bond formation, and desorption). In other words, a good catalyst has
a low activation energy and weak bonding of the dissociated intermediates.

The Sabatier principle implies that a good catalyst has a small activation energy
for dissociation and a low chemisorption energy of the atoms of the dissociated
molecule; the BEP relationship connects these two energies. An optimum combina-
tion may exist, providing a maximum reaction rate, depending on the metal. For
example, Ru and Os are near the optimum for ammonia synthesis, corresponding to
the maximum in the volcano curve (i.e., the reaction rate versus the chemisorption
energy). These two metals are expensive and are therefore less interesting for large
industrial processes. Jacobsen et al. found an alternative optimum by combining
two metals as an alloy: one with a chemisorption energy that is too high and one
with a chemisorption energy that is too low [5]. Calculations suggested an optimum
combination of Co and Mo, and a CoMo-based catalyst was indeed found to be
close to the maximum of the volcano curve.

In the steam-reforming process, hydrocarbons are converted to CO and H,. A
problem with nickel is that it also catalyzes graphite formation from hydrocarbons.
By a combination of scanning tunneling microscopy (STM), molecular beam exper-
iments, DFT calculations, and X-ray absorption spectroscopy, a NiAu surface alloy
was characterized [6]. Nickel atoms near a Au atom experience a higher electron
density. With increasing Au coverage, the dissociation probability for CH, decreases.
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The more important effect of the Au is that the stability of C atoms on the Ni atoms
near a Au atom is substantially destabilized compared with the pure Ni(111) sur-
face. These less-stably adsorbed C atoms are more reactive to form CO than to form
graphite. This concept was tested by adding 0.3 % weight of Au to a MgAl,O,-
supported Ni catalyst, which demonstrated superior stability against graphite for-
mation during steam reforming of butane.

The combination of single-crystal experiments and DFT calculations provides
insight into the structure dependence of the catalytic activity of the metal surface.
The chemisorption energy is determined by the electronic structure (the d-band cen-
ter), which depends on the surface structure. The activation energy of dissociation
is proportional to the chemisorption energy and depends on the geometric structure
of the transition state.

8.2.2 The Importance of the Gas Phase

The previous section illustrated how DFT contributed to the current insight into how
electronic and geometric structures influence the elementary steps of a catalytic
reaction. Other recent DFT calculations, in particular, by Reuter and Scheffler, elu-
cidate the nature of the pressure gap (i.e., the difference in catalytic behavior at ultra
low gas pressures in surface science studies and near atmospheric pressure) where
most real catalysts work occurs (see Part I). The new approach taken in these ab
initio calculations is to include the influence of the pressure of the gas phase of the
reactants on the structure and composition of the surface of a catalyst. When includ-
ing the gas phase, one should consider situations where the gas constituents can
either be part of the surface structure or remain in the gas phase. This can be evalu-
ated by considering the surface free energy, y(7, p), which is the Gibbs free energy,
G, of the structure per area, A, minus the energy gained by removal of the constitu-
ent from the gas phase (i.e., the chemical potential, x).

1
}/(T,p)= Z|:G(T”p”Ni)_zNi:ui(T’p):| (8.2)

In these calculations, the surface free energy of the total system should be mini-
mized to get the stable equilibrium structure. This was first shown for the surface
termination of Al,O; [7] and later for the more catalytically relevant RuO, [8]. The
energy of an oxygen atom in the gas phase is given by the chemical potential, which
is a function of the O, pressure, p, with respect to the standard pressure, p°:

1
1o (T.p)= o (T.p°)+ SKTIn (pﬁj (8.3)

Here, k is the Boltzmann constant and T is the temperature. How much the chemi-
cal potential is reduced by insertion of the gas-phase species in the surface structure
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Fig. 8.2 Calculated effect of oxygen gas pressure on the surface structure/composition of RuO,.
The surface energy of the three compositions was calculated as a function of the oxygen pressure.
(¢) For the RuO,(110)-Ru structure, neither the coordinationally unsaturated (cus) Ru*>>' nor the
RuPidee4 atoms are covered by O. (a) For the RuO,(110)-O structure, only the Ru®dee4l are
covered by an oxygen atom (O""°) and (b) for the RuO,(110)-O* structure, both the Ru**>" and
the Ru®4 are covered by oxygen. (b) The calculated surface energies show that, at low oxygen
pressure, the RuO,(110)-O is lowest in energy; at higher oxygen pressures, the RuO,(110)—
O is lowest in energy and therefore the stable structure. The absolute value of the calculated
transition pressure depends exponentially on the chemical potential and it is therefore highly sensi-
tive to small variations and errors in the energy. Adapted from Ref. [8], © (2002), by The American
Physical Society

depends on the gas pressure, p, and uptake (insertion), N, of the species, i, in the struc-
ture. Figure 8.2b shows the free energy as a function of the oxygen chemical potential
of the gas phase (N.B. for O atoms). Figure 8.2 shows three calculated surface struc-
tures. The RuO,(110)-Ru structure does not accommodate oxygen atoms from the gas
phase and the oxygen atoms thus remain in the gas phase; with increasing oxygen
pressure, the free energy increases. The RuO,(110)-0 structure, on the other hand,
takes up one oxygen atom; because this oxygen atom is no longer in the gas phase, the
pressure-dependent part of the free energy is absent. The RuO,(110)-O* accommo-
dates two oxygen atoms and, with respect to the chemical potential for one oxygen
atom, the free energy decreases with the oxygen (atom) gas pressure. The lowest free
energy line now represents the stable structure as a function of pressure, and the slopes
of the curves are simply determined by the oxygen uptake for each structure. At low
chemical potential, the RuO,(110)-O"¢¢ structure is lowest in energy, and with
increasing oxygen pressure, the RuO,(110)-O* becomes the lowest in energy.
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For reactant mixtures with more than a single gas component, the structure and
composition of the surface depends on the partial pressures of the gas components
[9]. For example, in a mixture of CO and O, with varying partial pressures, the
Pd(100) surface shows a variety of CO and O chemisorbed structures on the metal-
lic Pd: a surface oxide with or without CO adsorbed, and a PdO bulk oxide [10]. At
present, it is common practice to include the chemical potential of the gas phase in
structure calculations. Other examples include the S and H, pressure-dependent
edge structure of MoS, particles, NO reduction under excess oxygen on Ir(111) and
Ir(211), oxidation of Ag(111), and a range of transition metal oxides under oxidiz-
ing conditions [11-14].

8.3 Atomic Structure and the Active Phase

8.3.1 Structure-Sensitive Reactions

The direct comparison of the catalytic activity and selectivity of surfaces with different
orientations provides information about the influence of the atomic structure. This has
been well described (for example, see [15]). It is well established that catalytic reac-
tions may depend on the atomic structure of the surface (i.e., they are structure sensi-
tive). A classic example of a catalytic reaction that is sensitive to the atomic structure
of the catalyst’s surface is ammonia synthesis on iron surfaces [15]. The (111) and
(211) surfaces of iron exhibit a significantly higher reaction rate than the (100), (210),
and (110) faces. This structural effect has been ascribed to C7 sites (i.e., Fe atoms
with a coordination number of 7, or number of nearest neighbors), which exist only
on the (111) and (211) surfaces. Now, what if the structure of the catalytic surface
during the reaction differs substantially from the initially pure, well-defined crystal-
line metal surface? For example, depending on the gas pressure (i.e., the chemical
potential) new structures may become stable (see Sect. 8.2.2). Or what if only a small
percentage of uncontrolled or varying defects and steps completely dominate the
activity? In the remainder of this chapter, these questions will be addressed.

8.3.2 Oxides as the Active Phase

8.3.2.1 The Pressure-Gap Effect for Ruthenium

An example of a pressure-gap system is CO oxidation on ruthenium. Ruthenium
does not exhibit any activity for CO oxidation at low pressures; however, at pres-
sures in the several Torr regime, Ru has the highest activity of all relevant transition
metals (i.e., Pt, Pd, Or, Rh, Ru) [16]. In 2000, a surface science study by Over et al.
revealed that the active phase at high pressures is not the metal Ru(0001) surface,
instead the catalytically highly active phase for CO oxidation is a RuO, film,
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Fig. 8.3 (a) STM image of RuO,(110) patches (left side of the STM image) on Ru(0001) which
have formed during exposure to oxygen gas at 10~2 mbar and 700 K. The left and right insets show
the atomic structure of the oxide and the metal. (b) Turn over frequency (TOF) for CO oxidation
on Ru(0001) as a function of temperature. Open square and cross symbols correspond to the oxi-
dized Ru surface and to the metallic surface, respectively, as was determined by surface X-ray
diffraction (SXRD) during the reaction. From Ref. [17], reprinted with permission from AAAS
and Ref. [19] © (2009), with permission from Elsevier

see Fig. 8.3 [17]. This film forms on the Ru(0001) surface under reaction conditions
at high pressures, but not at the low pressures typically used in ultrahigh vacuum
(UHV) experiments. Calculations show that the high activity of the RuO, originates
from differentiation of the Ru surface sites: the RuO,(110) surface has onefold,
under-coordinated Ru sites (Ru®*) and Ru atoms at sites which bridge O atoms in
the layer below (Ru®¢ee4f) [18]. On the pristine metal surface, the CO and O, reac-
tant species compete for the same adsorption sites. However, on the RuO,(110)
surface, CO adsorbs on the Ru®*s sites (CO®*) and O adsorbs on the Ru®d# sites
(OPridee) which is mediated by initial adsorption of O on the Ru*s>! sites (O°°P) fol-
lowed by diffusion to the Ru® 4 sites. The occupation of these two nonequivalent
sites depends on the CO and O, pressures, as was discussed in Sect. 8.2.2, and CO,
forms by reaction of the CO molecules on Ru**f with the O atoms on the Ru®idee4f
sites. Thus, the CO reacts with O atoms that are part of the RuO, oxide lattice struc-
ture. The removed lattice oxygen atoms are replenished by oxygen from the gas
phase, which is the so-called Mars—Van Krevelen reaction mechanism.

Over et al. performed in situ surface X-ray diffraction experiments (SXRD, see
Box 8.1) [19, 20]. The combination of online reaction product analysis with SXRD
allowed them to correlate the turn over frequency (TOF—number of reaction products
per site per second) for CO oxidation with the structure of the catalytic surface.
Figure 8.3b shows that, in the mbar regime, two distinct phases can be present; the
RuO, phase and a non-oxidic phase. At temperatures below 550 K, both phases have a
nearly identical activity; for temperatures above 550 K, the oxide phase has the higher
activity, showing that the oxide is indeed the active phase under these conditions.
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Box 8.1 High-Pressure STM and in Situ SXRD

During the last few decades, in situ and operando surface-sensitive techniques
have been developed that provide information about the structure or composi-
tion of a catalytic surface at (nearly) realistic conditions for heterogeneous
catalysis. Thereby, they bridge the pressure gap between the traditional sur-
face science studies performed under UHV conditions (<107% mbar) and the
conditions at which real technical/industrial catalysts operate (>1 mbar). One
of these in situ/operando methods, ambient pressure XPS, is discussed in
Chap. 9 of this book. In several of the single-crystal studies described in this
chapter, the use of in situ/operando high-pressure scanning tunneling micros-
copy (HP-STM) and surface X-ray diffraction (SXRD) is essential. HP-STM
was pioneered in the early 1990s by Salmeron and Somorjai [21]. By backfill-
ing a small UHV chamber containing a special-purpose STM with hydrogen,
carbon monoxide, or oxygen gas, the structural changes of a Pt(110) surface
induced by these gases could be visualized at atmospheric pressure. Although,
in absolute terms, atmospheric gas pressure or a pressure of several bar may
not be particularly high, relative to UHV experiments, it can be considered as
being high pressure. The backfilling HP-STM approach was used to study the
structure of adsorption layers of reactants that form only at high pressure, and
structural changes of the metal surface induced by the gas phase at high pres-
sure (see Figs. 8.4 and 8.7). The integration of a STM in a gas microflow
reactor allowed a direct correlation between the structure and structural
changes of a catalyst surface with its catalytic activity by means of reaction
product analysis of the gas flow leaving the reactor (see Fig. 8.8) [22, 23].
Where HP-STM provides the local structure and morphology information of
a surface under high gas pressure in real space, in situ SXRD provides the
reciprocal space structure of a relatively large surface area [24]. From the
intensities of a synchrotron-generated X-ray beam, which diffracts from a
single crystal, the atomic structure of the surface can be accurately deter-
mined. The formation of new gas-phase or reaction-induced structures at a
surface, such as oxides or surface roughness (Figs. 8.3b, 8.5, and 8.9), can be
detected by the occurrence of new diffraction peaks at characteristic positions
in reciprocal space or by detailed analysis of the so-called crystal truncation
rod. Because the X-rays are not strongly attenuated by the gas phase in the
reaction chamber, which contains the crystal sample, the diffraction experi-
ments can be performed ranging from UHV up to gas pressures of several bar.
Again, changes in the surface structure and the catalytic activity can be
directly correlated by reaction product detection via gas sampling from the
batch reactor or flow reactor [25, 26].

(continued)
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Box 8.1 (continued)

Gas flow reactor with STM Dome shaped gas flow reactor for SXRD

Gas out
Mass spec.

STM —— (ams)

lcm

1 beryllium dome, 2 x-ray beam height, 3 water
cooling channel, 4 V-seal between the reactor and the
external atmosphere, 5 alumina plate, 6 female
electrical connection, 7 V-seal between UHV and high
pressure in the reactor, 8 electrical feed throughs, 9
gas entry line, 10 sample, 11 boralectric heater

Schematics of a high-pressure scanning tunneling microscope integrated in a microflow
reactor and a flow reactor for in situ SXRD. From Ref. [23], © 2007, Cambridge University
Press and Ref. [26], reproduced with permission, © 2010, American Institute of Physics.

8.3.2.2 The Role of Oxides in CO Oxidation

The formation of a highly active oxide phase during CO oxidation was also found for
the Pt(110) surface by in situ STM (see Box 8.1) [27]. The catalytic oxidation of CO
by platinum can be considered as the model system for heterogeneous catalysis, and
experimental studies date back to the work of Langmuir in the 1920s. Surface science
studies on single crystals showed that the reaction follows Langmuir—Hinshelwood
kinetics, which means that the reaction kinetics are determined by the surface coverage
of O and CO adsorbates. In particular, the work by Ertl and coworkers showed that, for
the Pt(110) and Pt(100) metallic surfaces, there is a coupling between the reaction
kinetics and surface restructuring due to the CO and O adsorbates, which leads to
beautiful spatio-temporal oscillations in the CO, production rate [28]. In low-pressure
experiments with platinum single crystals, Pt oxides do not usually form, and at near
atmospheric pressures of oxygen, where they do form, they are generally considered to
deactivate the platinum catalysts [29]. The in situ STM experiments showed the oppo-
site: under conditions where the oxide forms, the catalytic activity of the oxide is
higher than that of the metallic phase, similar to the Ru(0001)/RuO,(110) case.
Figure 8.4 shows a series of STM images, selected from a movie, together with
the simultaneously recorded partial pressures of the reactants, CO and O,, and the
reaction product, CO,. Figure 8.4a, b shows the stepped topography of the
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Fig. 8.4 STM during CO oxidation on Pt(110) (Upper panel) Mass spectrometer signals of O,, CO,
and CO,, measured directly from the reactor cell. Labels (a—h) correspond to the STM images in the
lower panel. Ry, and Ry, denote the low and high CO, production rate branches of the metallic
surface and the oxidized surface, respectively. Py, indicates the threshold value of the CO pressure
at which the rate switched from R\, to Ry, and the surface changed from metallic to oxide. (Lower
panel) STM images of 210x210 nm? from an STM movie of a Pt(110) surface at 425 K in a 3.0 ml/
min flow of mixtures of CO and/or O, at 0.5 bar (65 s/image). The images were differentiated to
enhance the contrast. From Ref. [27] © (2002), by The American Physical Society

unreconstructed Pt(110)-1x 1 surface in a pure CO flow. At this length scale, it is
not possible to see the adsorbate species, but the Langmuir—Hinshelwood reaction
kinetics imply that the surface was completely covered by CO. Under UHV condi-
tions, the Pt(110) surface is reconstructed to the 1x2 missing structure, and when
CO is adsorbed on the surface, the reconstruction is lifted (removed), restoring the
1x 1 bulk-terminated structure (see Sect. 8.4.2). This already starts at low pressures
(i.e., 107° mbar), and for CO coverage of O.o=1, the transition to a smooth 1x 1
surface is complete. At =502 s, the oxygen content of the flow was increased and
the CO content was reduced. While the CO pressure gradually decreased, structural
changes occurred on the surface at r=2,109 s: during the scanning of image (C)
from bottom to top, the topographic character changed from one scan line to the
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next. Coinciding with this structural change, there was a step up in the CO, concen-
tration by a factor of 3, indicating a higher catalytic activity of the surface.

The change in the surface structure observed in STM before and immediately
after the switch to the high-activity phase was subtle and was only seen during the
following minutes: 2,109 s<7<2,913 s. The surface developed roughness at nano-
meter scale. This roughness did not correspond to multiple integers of the Pt(110)
step height. When the flow was changed back to pure CO, the roughness left behind
Pt adatom islands and vacancy islands, which slowly decayed to restore the initial,
smooth 1x1 surface. Without oxygen present in the flow, no CO, was produced.
Several observations suggested that the high-activity structure during the time inter-
val 2,109 s<#<2,913 s was indeed a surface oxide: (1) The height variations of the
STM topography for 1<2,109 s and #>2,913 s corresponded exclusively to multi-
ples of the Pt(110) step height, as expected for the metallic surface. By contrast, the
high-activity structure had intermediate and convoluted height values, which indi-
cate a composition different than pure Pt. (2) After switching to a pure CO flow, the
roughness left Pt adatom islands behind, showing that the rough layer contained Pt
atoms. Because the “PtX” structure formed only at high oxygen partial pressures, it
was concluded that the high-activity structure was a thin platinum oxide film.
Because the roughness of the oxide film scaled with the total amount of CO pro-
duced, the roughness was considered a by-product of the reaction.

The formation of platinum oxide and its high catalytic activity was later con-
firmed by SXRD on a Pt(110) surface in a batch reactor at 0.5 bar and 530 K [30].
In this experiment, the reactor was first filled with pure oxygen and then CO was
added (N.B. not operated as a flow reactor). The O, and CO were slowly converted
to CO,, reducing both their partial pressures. Since the reaction consumes more CO
than O, the CO/O, ratio decreased with time. Figure 8.5 shows a series of scans of
the diffraction peaks of PtO-1x2 and a-PtO, oxides. The PtO-1x2 surface oxide
was present during the CO oxidation reaction, and the accompanying increase in the
partial pressure of CO, shows that this oxide had a higher activity than the metal
phase. With decreasing CO pressure, a hexagonal, bulk-like PtO, layer formed,
which remained stable after all the CO had been converted. The SXRD study con-
firmed earlier STM observations, but with more structural detail and over a wider
range of temperatures and pressures.

More recently, in situ X-ray photoelectron spectroscopy (XPS) showed that bulk-
like PtO, nanoislands, two monolayers thick, formed at oxygen pressures >0.5 mTorr
and that chemisorbed O was also present [31]. Both the surface oxide and the che-
misorbed O could be easily removed by CO exposure. The surface oxide had similar
spectroscopic features as oxides on Pt nanoparticles. More structural information of
the platinum oxide for high coverage of oxygen on Pt(110)-1x2 came from STM
in UHV by atomic oxygen or at high oxygen pressure in a reactor. A high O cover-
age (12x2) chemisorption or surface oxide structure and a surface oxide, which is
consistent with a- or p-PtO,, have been observed [32]. Pedersen et al. reported low,
calculated barriers for CO oxidation on Pt(110)—(12 x2)—220 and (10-10) facets of
a-PtO,, which are in agreement with the high activity in the experiments [33].

Observation of the high activity of the surface oxide phases of Ru(0001) and
Pt(110) was followed by a number of in situ and ex situ studies focusing on the
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Fig. 8.5 SXRD during CO oxidation on Pt(110). (Top) Series of 38 scans of SXRD intensities
(H=0, K=-1.30 to —1.65, L=0.13). (Bottom) Partial pressures of CO and CO,, measured simulta-
neously at £, =500 mbar and 7=625 K. From 7=0 to 9 min, the diffraction intensities at oxide
positions (H, K L) are absent and the Pt(110) surface is metallic. Together with the increase in the
reaction rate, at =9 min, a half-order diffraction peak appeared at K=1.50, corresponding to a com-
mensurate (1 x2) single layer oxide. When nearly all the CO had been consumed, at =30 min, this
diffraction peak decreased to O while the peak of a-PtO,, at K=1.43, appeared. From Ref. [30]
© (2005) by The American Physical Society

formation and structure of surface oxides on Pt group metals. For rhodium surfaces,
similar O-Rh-O trilayer surface oxides form on Rh(111), Rh(100), Rh(110), and
Pty,5Rhy75(100) and on the facets of Rh nanoparticles on MgO(001) [34-39]. The
identical catalytic behavior for CO oxidation on Rh(111) and Rh(100) suggests that,
because the same surface oxide is formed on all surface orientations, the reaction is
structure insensitive [40, 41]. Similar trilayer O-Ir—O oxides were found for Ir(111)
[42]. On various Pd surfaces and nanoparticles, surface oxides or bulk-like oxides
also form with a high activity for CO oxidation [43-51]. The formation of oxides
was also found to cause size effects on the activity of Rh and Ru nanoparticles in
CO oxidation [52, 53].

Although the formation of new surface structures and composition has been dis-
cussed for surface oxides, similar phases may form in other material and reaction sys-
tems (e.g., in carbon-based and sulfur-based reactions as carbides and sulfites) [54, 55].

8.4 Steps and Kinks

The local geometry and electronic structure of under-coordinated sites at steps,
kinks, and defects often lead to a different activity and reactivity of these sites com-
pared with terrace atoms. This can be desired when it increases the overall catalytic
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activity or undesired when it promotes unwanted side reactions, which may lead to
catalyst deactivation. Furthermore, a large fraction of the surface of catalytic
nanoparticles consists of steps and kinks, and their contribution to the catalyst’s
performance may be dominant. For these reasons, there is an on-going interest in
understanding the role of step-edges, kinks, and defects in catalytic reactions
through theory, as described in Sect. 8.2.1, and by single-crystal surface science
experiments. A recent review of the role of defects is given by Vattuone et al. [56].
Here, we limit ourselves to a few examples demonstrating the catalytic activity of
steps, the formation of steps induced by a reactant, and the influence of steps on
surface oxidation.

8.4.1 Step Decoration Experiments

The dominant role steps may have in catalytic reactions was demonstrated by a study
by Dahl et al. [57]. In ammonia synthesis, the rate-limiting step of the reaction is the
dissociation of N,. The dissociation rate of N, was measured by XPS and tempera-
ture-programmed desorption (TPD) for a Ru(0001) single-crystal surface that con-
tained an average step density of 1 %. By evaporating 1 % of a monolayer of Au, the
steps were passivated because Au preferentially decorates the Ru steps. As a result,
the rate for N, dissociation was reduced by seven orders of magnitude relative to a
surface with undecorated steps, showing that the 1 % step density completely domi-
nated the dissociation reaction. The N, dissociation rate at the step sites was nine
orders of magnitude higher than at terrace sites. Accompanying DFT calculations
show a lowering of the activation barrier by the transition state configurations at the
steps. Furthermore, they showed that the difference in the binding energy of atomic
nitrogen between step and terrace sites is small. Therefore, after dissociation, the N
atoms at the steps can easily diffuse away and do not block the step sites. In other
words, the steps promote dissociation without being blocked by the reaction prod-
ucts. In a similar fashion, using sulfur as a step decoration, Engbaek et al. showed
that CO dissociation on Ni(14 13 13) predominantly takes place at the steps [58].
Steps may also have a different selectivity. Using the method of step decoration
again, Vang et al. demonstrated that steps on Ni(111) are more selective to C—C than
C-H bond breaking [59, 60]. Figure 8.6 shows two STM images of a Ni(111) surface
after exposure to ethylene. In Fig. 8.6a, the steps were initially clean and undeco-
rated, and in Fig. 8.6b, the steps were intentionally decorated by silver atoms. At the
upper side of the undecorated steps, a brim of decomposed ethylene can be observed,
demonstrating that the Ni steps break the C—C bond. By covering the steps with Ag
atoms, the dissociation was blocked and no decomposed ethylene was present after
exposure. Comparison of the DFT-calculated transition states and their correspond-
ing energies on the (111) terraces and at the steps (Fig. 8.6¢c) showed that indeed the
steps have a lower activation energy for C—C bond breaking, whereas for the C—H
bond breaking, there was no significant difference in activation energy. Based on this
knowledge, Ag was added to a high-surface-area, oxide-supported nickel catalyst.
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Fig. 8.6 STM images of a Ni(111) surface after exposure to ethylene. (a) The steps are covered
by a brim of dissociated ethylene (image size 20x20 nm?). (b) The steps decorated by Ag atoms
remained clean (40 x40 nm?). (¢) DFT-calculated transition state for C—C bond breaking of ethyl-
ene on a terrace (fop) and at a step (bottom). From Ref. [59] © (2005), by The Nature Publishing
Group

This catalyst was then used for ethane hydrolysis, which involves C—C dissociation.
Compared to a catalyst without added Ag, the reaction rate constant was lower by
about one order of magnitude, whereas the apparent activation energy was the same.
This proved that indeed the steps are highly selective to C—C bond breaking.

8.4.2 CO-Induced Step Formation from UHV
to Atmospheric Pressure

From the preceding discussion, the importance of naturally occurring steps in cata-
Iytic reactions is evident. Based on this knowledge, catalysts can be designed to
have an intentionally high or low step density. However, there is a complication:
steps can be created “spontaneously” during the reaction by interactions of the cata-
lyst’s surface with the adsorbates, as we will illustrate next by examples of CO
adsorption on platinum single crystals.

In a vacuum, the Pt(110) surface reconstructs into the well-known 1 x2 missing
row structure. When the Pt(110)-1x2 surface is exposed to a low pressure of car-
bon monoxide, the reconstruction is lifted. This was already known from early sur-
face science studies [63]. The CO adsorption moves Pt atoms from the close-packed
rows (i.e., the “ridges”) to 1x 1 sites in the “troughs,” leaving vacancies behind in
the “ridges.” This reduces the coordination of the involved Pt atoms, which is the
driving force for removal of the 1 x 2 reconstruction. This can be understood as fol-
lows: According to the d-band model, CO binds more strongly to a low-coordinated
metal atom (see Fig. 8.7d). The gain in the adsorption energy at a lower-coordinated
atom outweighs the energy required to break the Pt—Pt bond to create the
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Fig. 8.7 CO-induced step formation. (a) Model of the Pt(110)-1 x2 structure consisting of ridges
and troughs. (b) STM image of CO adsorbates moving Pt atoms from the rows to the troughs. (c)
STM image showing that this process creates 1 x 1 patches with a high density of steps (image size
30x30 nm?) (d) Calculated binding energy for various adsorption sites showing that the d-band
center shifts down for lower coordination, which leads to stronger binding. (e) Calculated step
density as a function of the CO coverage. Reproduced from Ref. [61, 62], © (2001) by The
American Physical Society reproduced with permission from [62], © 2003 AIP Publishing LLC

low-coordinated Pt site. CO molecules can thus create their own low-coordinated
adsorption sites and this leads to an increasing step density with increasing CO
coverage [61]. When more Pt row atoms are moved to a 1 x 1 site, more and more of
the second layer of Pt atoms is exposed and becomes available for CO adsorption.
With increasing CO coverage, the higher-coordinated sites also become populated
with CO; next to CO adsorbed at the step-up site, CO adsorbs at the less-favorable
step-down site as well. This undoes the energy gain from step formation and the step
density decreases for the highest coverage (Fig. 8.7¢e). A smooth 1 x 1 surface is cre-
ated with CO adsorbed in the (2x1)-p2mg—2CO structure. The increase and
decrease of the step density with CO coverage is completely reversible.

The Pt(110)-1x 1 surface can accommodate the high coverage of one CO mol-
ecule per Pt atom in the zigzagged (2x1)-p2mg—2CO adsorption structure. For
more closely packed surface structures, the Van der Waals diameter of CO (0.32 nm),
in combination with the smaller Pt lattice spacing (Pt atom diameter 0.278 nm),
leads to steric hindrance by CO—CO repulsion; a high-coverage adsorption structure
where CO only occupies on-top Pt positions is no longer possible. For Pt(111), CO
now forms hexagonal and quasi-hexagonal commensurate and incommensurate
adsorption structures with CO molecules shifted from their on-top position.
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Fig. 8.8 STM observations of CO-induced restructuring of Pt(100) and Pt(553). The driving force
of the restructuring is the strong CO-CO repulsion. By restructuring the Pt surface, space is cre-
ated so that CO molecules can tilt and reduce their repulsive interaction. (a) Islands on Pt(100)
under 107 Torr CO (image size 10x 10 nm?). (b) Model based on DFT calculations. Pt atoms form
small islands with CO adsorbed to them. CO molecules at the edges can tilt away to reduce CO—
CO interactions. (¢) STM image of Pt(557) in ultrahigh vacuum (1x 10~ Pa) showing the monoa-
tomic steps and terraces running diagonally. (d) Under <107 Pa CO, the steps double in height and
the terraces double in width. (e¢) Under 100 Pa CO, the surface breaks up into triangular clusters
(one is marked by a triangle) that provide a high density of low-coordinated Pt atoms. (f) Schematic
illustration of these three situations. The C and O atoms of the CO molecules are represented by
white and red balls, respectively. From Ref. [65], reprinted with permission from AAAS Ref. [66],
© (2009) by The American Chemical Society, and Ref. [67], © 2012, Cambridge University Press

The adsorption structures vary with CO pressure [64], and the Pt(111) surface itself
remains unaffected. To accommodate a high coverage of CO, Pt(100) follows a dif-
ferent route. The Pt(100) breaks up to create space for exclusive on-top adsorption
of CO [65]. Pt(100) exhibits a quasi-hexagonal surface reconstruction with an atom
density at only 20 % of the bulk-terminated Pt(100)-1 x 1 surface. It is well known
from various studies that CO adsorption lifts this surface reconstruction and restores
the 1 x 1 surface structure. Tao et al. followed this lifting using STM. In the range of
10-° mbar to several mbar of CO, they observed that the quasi-hexagonal structure
broke up and the atoms segregated into islands (Fig. 8.8a). However, rather than the
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expected island coverage of 20 % due to density mismatch of the reconstructed and
the unreconstructed surfaces, they observed a coverage of 45 %. Furthermore, there
existed an atomic-scale corrugation on these islands with a spacing of 0.37-0.40 nm,
which is 1.34—1.44 times the bulk-Pt lattice spacing. It was suggested that the cor-
rugation was due to the CO molecules and that the large spacing was the result of
steric hindrance from the repulsion of the CO molecules, which prevents them from
getting closer than the Van der Waals diameter. The authors proposed two models:
one in which Pt with adsorbed CO takes a large lattice spacing determined by the
CO diameter and a second in which a few Pt atoms form small clusters from which
the CO molecules at the edges can tilt away to the outside. DFT calculations sup-
ported the second model where platinum atoms in small clusters occupy the regular
bulk positions and the large spacing of the corrugation was due to the tilted CO
molecules (see Fig. 8.8b).

A similar phenomenon was found for stepped Pt surfaces, Pt(553) and Pt(332),
which consist of six-atom-wide (111) terraces, but with the different step geome-
tries of (100) and (111), respectively [65]. When exposed to a CO pressure of
0.1 Torr and higher, the (111) terraces of the Pt(553) surface broke up into nearly
triangular nanoclusters with a size of 2.2 nm by 2.1 nm. The (111) terraces of the
Pt(332) surface broke up into rectangular- and parallelogram-shaped nanoclusters.
XPS of Pt(553) during CO exposure at pressures from 5x 10~ to 0.5 Torr showed
that, in the low pressure regime, CO binds to top and bridge sites. As the pressure
increased to 0.5 Torr, a new XPS peak developed, which was attributed to CO
adsorbed to low-coordinated Pt atoms, in full agreement with the breakup of the
terraces into the nanoclusters seen with STM. The appearance of this XPS peak was
reversible with CO pressure variation. Quantitative analysis of the XPS intensities
showed that the coverage varied from 6=0.5 in the c(2x4) adsorption structure at
5x 107 Torr to #=0.97 at 0.5 Torr. For unity coverage, each platinum atom has a CO
molecule adsorbed to it and the strong repulsive CO—-CO interactions dominate. CO
molecules adsorbed to low-coordinated Pt atoms can tilt away from their neighbors
and thereby reduce their interactions. This relaxation effect turns out to be strong
enough to favor the formation of low-coordinated step Pt atoms and create nanoclu-
sters. DFT calculations confirmed the stabilization of the nanoclusters at high CO
coverage. In contrast to the Pt(553) and Pt(332) surface, the Pt(111) surface
remained stable upon CO adsorption, showing that the preexisting step density is
important for the breakup of the surface into clusters. If and how the CO-induced
step formation affects the catalytic activity has not been studied experimentally.

8.4.3 Steps and the Catalytically Active Oxide Phase

As discussed in Sect. 8.4.1 steps may directly influence the catalytic activity of a
surface. Here, we discuss how the presence of steps may affect the activity in an
indirect way by playing a role in the formation and stability of catalytically active
surface oxides.
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Fig. 8.9 (a) Stability diagram of metallic Pd(001) and PdO(001) during CO oxidation as a func-
tion of the CO partial pressure, Pco, and the Pd(001) surface roughness, measured as the FWHM
of the (h,k,[)=(1,0,0.2) X-ray diffraction peak. The surface roughness (i.e., step density) shifts the
metal-oxide phase transition to lower CO pressures. (b) Calculated cycle of a reaction rate oscil-
lation. From Ref. [72] © (2010) by the Nature Publishing Group

Wang et al. showed via core level spectroscopy that a one-dimensional PtO,
structure formed at steps on Pt(332) under conditions where bulk oxides are not yet
favored [68]. The O atoms of the PtO, at the step were bonded more strongly than
O chemisorbed at terrace sites; the O atoms of the 1D oxide still reacted more easily
with CO. In this case, the preexisting steps of the Pt(332) surface promote the for-
mation of the active PtO, phase. For two-dimensional oxide films on stepped metal
surfaces, the formation and the structures are more complex. For example, on
Rh(553), steps bunch and form (111) facets covered with a (2x 1) O structure and
(331) facets covered with a one-dimensional (10x 1) oxide [69]. At higher oxygen
pressures, the Rh(553) surface facets into (111) and (11-1) both covered by a (9 x9)
two-dimensional surface oxide. A Rh(223) surface facets into (335) and (557) when
exposed to oxygen and forms a (9x 1) one-dimensional (1D) oxide with the same
atomic spacing as the (9 x9) two-dimensional (2D) oxide [70]. The oxide formation
may also depend on the step orientation and structure, as was shown for the steps of
Rh(111) vacancy islands. Whereas at the {111} steps, the same (10x 1) 1D oxide
forms as on Rh(553); the {100} steps are covered by a (9x 1) 1D oxide. At higher
oxygen pressure, the 2D (9 x9) oxide forms from the defective {111} steps, but not
from the smooth {100} steps. Only at higher temperatures (>250 °C), the 2D oxide
also starts growing from the {100} steps, indicating a kinetic barrier for oxide for-
mation at the {100} step. Finally, Pd(553) also facets, during exposure to oxygen, to
{332} and a PdO(101)-like oxide forms. On larger {111} facets, a \/6 surface oxide
forms, and above 1 mbar of oxygen, a rough PdO(021) bulk oxide forms [71].

These examples illustrate that the structure of surface oxides depends on the pres-
ence of steps on the metal surface. The relative stability of these oxides may depend
on the step density, as will be shown in this final example. Figure 8.9 shows data
points of the roughness of a Pd(100) surface, as measured by the full width half
maximum (FWHM) of the SXRD peak; the wider the peak, the rougher the surface.
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Roughness on this single-crystal surface is equivalent to the average step density.
The data points correspond to the FWHM of the metallic Pd(100) surface in a CO/
O, mixture during CO oxidation at which the metal-oxide phase transition occurs.
Figure 8.9a shows that, at a constant oxygen pressure and temperature, the critical
CO pressure, Pco, is a decreasing function of the step density. In other words, a
Pd(100) surface with a higher step density requires a more oxidizing gas mixture to
oxidize the surface (i.e., a lower CO/O, ratio). From the oxidation kinetics point of
view, this is surprising because steps are usually considered nuclei for oxide growth
(e.g., see above for 1D PtO,). Structurally, however, a rough metal may be a bad
template for the formation of a smooth oxide. With the naive assumption that a
smooth metal leads to a smooth oxide and a rough metal leads to a rough oxide, the
stability of metal and oxide now depends on the respective free energies, which
include the step free energies. On metal surfaces, CO adsorbs preferentially at the
steps (e.g., see Fig. 8.7), but for CO adsorption on oxides, there is no indication that
this is the case. For a rough/stepped metal surface, the CO adsorption at the steps
may lower the free energy relative to the free energy of a stepped oxide. This stabi-
lizes the rough metallic phase to more oxidizing conditions, as shown in Fig. 8.9a.
The step density and changes therein control the catalytic activity, which can even
lead to the reaction rate oscillations shown in Fig. 8.9b. In situ STM and SXRD in
flow reactors showed that, during CO oxidation, the oxide phase roughened as a by-
product of the reaction (see Sect. 8.3.2.2). On the other hand, the rough Pd metal
surface became smoother with time, reducing the step density. Starting with a rough
metal surface at fixed CO and O, partial pressures, the step density slowly reduces by
becoming smoother (see Fig. 8.9b). On the metallic surface, the Pd atoms are mobile
and the roughness, in the form of steps and vacancy islands, gradually decreases with
time until the critical point B (Pco 3, step densityg) is reached. The relatively smooth
metal makes the transition to a smooth oxide. Similar to RuO, and PtO, the oxidized
palladium surface, PdO, has a higher activity for CO oxidation, and more CO, is
produced than for the metal surface. The increased CO conversion lowers the partial
pressure of CO close to the surface (by —APco), pushing the system to more oxidiz-
ing conditions (i.e., a lower CO/O, ratio). The oxide slowly roughens until point D
(Pcop, step densityp) is reached and the oxide to metal transition occurs. With the
lower activity of the metal surface, the CO conversion is lower and the CO partial
pressure is increased, pushing the system to more reducing conditions (higher CO/
O, ratio). Now the system is at the starting situation again with the rough metal sur-
face. These anti-clockwise circles around the metal-oxide transition (Pco, step den-
sity) lead to the commonly observed self-sustained oscillations in CO, production at
atmospheric pressures. The explanation for the step density dependence of the
metal-oxide phase transition does not take into account any of the details of the
structural changes required for formation of oxides on stepped metal surfaces. Still,
it provides a simple relation between the critical CO pressure and the critical rough-
ness. A kinetic model based on the CO- and roughness-dependent phase transition
captures all the characteristics of self-sustained reaction rate oscillations.
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8.5 Summary

The combination of DFT and single-crystal experiments carried out over the last
decade has provided insight into the fundamental relationship between the atomic-
scale structure of catalytic surfaces and their catalytic activity and selectivity. The
geometry of the transition state and the electronic structure of the metal are key
elements for understanding the structure dependence of the activation energy, and,
for example, explain why steps have a high activity or selectivity in catalytic reac-
tions. The structure of catalytic metal surfaces may change dramatically under the
influence of reactant species. An example is the formation of steps and islands
induced by CO adsorption. At sufficiently high pressures of the reactant gases, new
surface structures may develop that act as the new active phase of the catalyst. For
the catalytic oxidation of CO, oxides form on the commonly used Pt group metals.
These metal oxides have a higher activity than the metal surface. Structure sensitiv-
ity of these metal oxides may still exist, as the conditions for formation of the oxides
depend on the structure of the metal surface.
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Chapter 9

The Development of Ambient Pressure X-Ray
Photoelectron Spectroscopy and Its
Application to Surface Science

Bongjin Simon Mun, Hiroshi Kondoh, Zhi Liu,
Phil N. Ross Jr., and Zahid Hussain

9.1 The Brief History of Ambient Pressure X-Ray
Photoelectron Spectroscopy

In the community of nano-science, the so-called material gap has been one of the
most important issues. The physical/chemical properties of nanoscale materials can
be very different from those of bulk, even micron-scale materials, and it is crucial to
understand how the characteristics of nano-materials can be related to those of bigger
sized materials. In doing so, the unique functionalities of nano-materials can be fully
utilized and the larger scale applications of these materials can be realized [1-3]. This
effort, “bridging the material gap,” has been constantly pushed forward and the com-
munity of nano-science research has made the significant progress with numerous
advanced experimental tools and innovating ideas. Yet, there are still many challenges
to be addressed in understanding how to build the bridge over this material gap.

On the other hand, in the community of surface science, another very well-known
gap has existed for a long period of time, i.e., “pressure gap.” Since the early days
of surface science, the importance of surface characterization under elevated pres-
sure has been realized. Traditionally, the most experimental researches in surface
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science have been based on UHV model systems that enable one to look at the con-
trolled surface under clean environment. Upon obtaining the precise physical and
chemical properties under in situ model system, the results of model system are
extrapolated and compared to the results of ex situ studies carried under elevated
pressure condition. However, there have been many arguments and discussions over
the interpretation of UHV results to those of high-pressure condition. The main
focus of its argument is that what is happening in real world at atmospheric or higher
pressure condition can be very different from those of model system. In 1978, in the
early days of surface science, G. Somorjai mentioned, “New surface tools that can
be operated under elevated pressure will disclose the underlying mechanism of sur-
face catalysis” [4, 5]. Unfortunately, if one would like to look at the liquid—solid or
liquid—gas interface, there are only few experimental tools available in surface sci-
ence. As a typical example, in the community of electrochemistry, the information
of liquid—solid interfacial layer under reaction conditions is very important, yet the
direct observation of interfacial properties under electrochemical reaction condition
has not been made. Similar to the case of bridging the material gap, there are also
many challenges and difficulties in bridging pressure gap largely due to the limita-
tions of current experimental techniques and theoretical understanding.

Among many important surface science tools, a soft X-ray photoelectron spec-
troscopy (XPS) has been one of the most popular choices in studying physical and
chemical properties of surface, providing the element-specific, nondestructive, and
quantitative information. As well known, the fundamental principle of XPS is based
on Einstein’s photoelectric effect, i.e., photon-in and electron-out.

E

Kineti

=E, -E, . — Work function
y P 8) 8y

When the photo-excited electrons from surface are collected as a function of its
kinetic energy with specified photon energy, the binding energy of the electrons can
be easily calculated, generating the information of chemical elements on the surface.
In 1969, K. Sighbahn developed first XPS and reported the discovery of chemical
shifts of elements on surface [6]. Later, in 1984, Nobel Prize was awarded to K.
Sighbahn for the pioneering research on the development of XPS. The invention of
XPS was an immediate success. The community of physics and chemistry, especially
in the field of surface science, realized its potential use and continued its develop-
ment for advanced uses in many basic sciences and practical applications. There are
many good review papers and books available for XPS and its applications [7-11].

In general, XPS is known as a spectroscopic tool for providing precise chemical
environment near surface layers. With the proper selections of photon energy, the
polarization of photon, and the detection angles of electron, XPS can easily provide
the complete ‘“surface-sensitive” physical and chemical properties of surface,
including electronic band structures and magnetic properties. In addition, XPS is
one of a few tools that can directly map out both the localized (core-level) and delo-
calized (valence band level) atomic orbital in a nondestructive manner. Recently,
the performance of the electron spectrometer has been significantly improved,
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which includes the energy resolution, the angle-resolving power, and time-resolved
capability. For example, the spectral energy resolution of below meV can be rou-
tinely achieved, i.e., <0.001 eV [12].

One of the important characteristics of XPS is the extreme surface sensitivity.
Intrinsically, electron has very short inelastic mean free path (IMFP) and only elec-
trons near surface can be come off [13, 14]. Also, in most cases, the photon energy
used in XPS is in the range of soft X-ray, i.e., below ~2.0 keV, and the inelastic
mean free path below this energy is less than ~20 A. That is, a major contributing
factor of XPS information is originating from a few top surface layers, suggesting
XPS as an ideal spectroscopic tool for the investigation of surface properties [13,
14]. On the other hand, this short IMFP of electron creates a critical limitation over
practical applications of XPS, generating the significant pressure gap in its applica-
tion. Under the elevated pressure of gas environment, these photo-excited electrons
from surface undergo many elastic and inelastic scattering with gas-phase mole-
cules before reaching to the electron analyzer, which makes the use of XPS difficult
under the high-pressure condition. In practical sense, it becomes very difficult to run
XPS under the pressure 10 Torr or higher without any special equipment.
Additionally, all of the electron energy analyzer uses the carbon-based electron
amplification devices, e.g., channeltron or channelplate, which can only be func-
tioning under UHV condition. For these two critical reasons, the operation of XPS
always requires the UHV condition. Consequently, the in situ study of any system
involves liquid or high pressure of gas phase cannot be adapted to XPS.

That is, the properties of liquid/solid or gas/liquid interfaces cannot be investi-
gated properly with XPS. On the other hand, in case of using “photon-in and photon-
out” techniques, e.g., sum frequency generation (SFG) spectroscopy [15] or
polarization modulation infrared reflection-absorption spectroscopy (PM-IRAS)
[16, 17], it is possible to look into various surfaces and interfaces under elevated
pressure condition or even reaction conditions, including liquid/solid interface.
However, the interpretation of its result is often not straightforward, and it often
requires the advanced understanding to extract information, e.g., the difficulty in
quantitative analysis.

Since the early days of XPS development, the effort of running XPS under ele-
vated pressure condition had been continuously made. The Siegbahn group in
Sweden, the same group invented XPS for the first time, adapted the concept of
differential pumping scheme to the operation of XPS and obtained XP spectra of
gas phase or liquid on solid system under the pressures of few mTorr [18-20]. The
schematic of their first ambient pressure X-ray photoelectron spectroscopy
(AP-XPS) is shown in Fig. 9.1. Later, the similar concept of the design in Fig. 9.1
was implemented by several other groups to build the similar electron spectrometers
that can be run at elevated pressure environment [21-25]. However, these early
AP-XP spectrometers were never fully utilized or adopted by the photoemission
community mainly due to the low count rate of detected electrons with poor signal-
to-noise ratio.
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Fig. 9.1 The schematic of I;quwd ESCA ]

first liquid electron
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9.2 The First Development of Synchrotron-Based
AP-XPS at ALS

In early 2002, the group in Lawrence Berkeley National Laboratory initiated the
project of developing AP-XPS with new concepts of design [26]. The Berkeley
group utilized the high-flux synchrotron radiation as excitation photon source and
implemented the so-called differential-pumped electrostatic lens system for deliver-
ing electrons to analyzer under elevated pressure conditions. As shown in Fig. 9.2,
the chamber is composed of three units, the high-pressure sample cell, the electro-
static lens system with differential pumping system, and the electron analyzer. The
X-ray is delivered to the sample via beam transport line attached to the high-pressure
cell. At the end of this transport line, a thin SiN or Al window (thickness 0.1 pm) is
attached so that the high pressure of gas can be maintained inside of cell while the
beamline remaining under UHV condition. The photoelectrons generated under the
elevated pressure are collected through the electrostatic lens system which also
works as the differential pumping stage.

The idea of using this differential-pumped electrostatic lens system is (a) to cap-
ture the electrons as soon as possible while pumping out the gas of the cell, i.e.,
minimizing the collisions of electrons with gas molecules, and (b) to increase the
detection efficiency of analyzer, i.e., focusing the electrons to the center optical axis
of electron analyzer. When the gas is being pumped out in a small diameter of front
nozzle, a supersonic jet can be created along the line of electron trajectory, which
can deteriorate the performance of AP-XPS. In order to avoid this unwanted jet
flows of the gas, the proper lens tables need to be calculated with adequate electro-
static lens design. Also, it was necessary to have ample space of the first pumping
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Fig. 9.2 The schematics of
AP-XPS developed at
Lawrence Berkeley National
Laboratory. Lens elements:
(1) nozzle, (2) control,

(3) skimmer, (4) condenser,
(5) quadrupole, (6) exit
aperture. Reproduced

from ref. [26]

stage, located at immediately after the front nozzle, for efficient pumping perfor-
mance. The design of effective electrostatic lens system with the efficient differen-
tial pumping system is the most critical part of AP-XPS design. The maximum
operating pressure can be also increased by adjusting the size of nozzle in the front
nozzle and reducing the distance between the sample and the first lens. However,
this requires precise beam alignment between analyzer and synchrotron radiation
source. The performance of first AP-XPS at Berkeley Lab was so successful that the
community of XPS started to respond with great interests. Immediately after suc-
cess of the first AP-XPS at Berkeley Lab, the developments of the next AP-XPS
have followed not only to enhance its functionality but also to make more user-
friendly system [27]. In 2005, the second generation of AP-XPS was fabricated with
help of Specs Inc., and two endstations were commissioned in separate synchrotron
radiation facilities, ALS in Berkeley and BESSY in Berlin. The details of the design
parameters and their functionality of this analyzer can be found in following review
papers [28]. Now, by early year 2013, most of major synchrotron light sources have
installed the AP-XPS endstations, e.g., SOLEIL in France, ALBA in Spain, and
Photon Factory in Japan. In this chapter, two recent AP-XPS systems will be dis-
cussed, one installed at ALS in Berkeley and the other installed at KEK-Photon
Factory in Japan.
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9.3 AP-XPS at ALS

In 2010, a new AP-XPS system was developed at ALS in Berkeley, named as HiPP
(High-Pressure Photoemission Analyzer) in VG-Scienta Inc. The basic working
principle of the HiPP system is similar as the first AP-XPS system in Berkeley, and
the design and its construction of this new system are carried out as the collaboration
efforts between VG-Scienta and ALS [29, 30]. The HiPP analyzer system is equipped
with many additional features including one-dimension imaging mode, angle resolved
detection mode, and highly efficient data acquisition process, shown in Fig. 9.3.
Compared to previous system, the HiPP is equipped with many additional features
including one-dimension imaging mode, angle resolved detection mode, and highly
efficient data acquisition process. Also, collecting low kinetic energy electrons, e.g.,
as low as 50 eV, under elevated pressure condition was possible in this system.

In the development of R4000 HiPP system, a special care was given to the design
of pre-lens system with differential pumping chamber. First, to maximize the effi-
ciency of count rate under elevated pressure condition, gas dynamics near pre-lens
system is calculated with Monte Carlo methods, which helped to improve the per-
formance of differential pumping system without high-voltage breakdown under
elevated gas pressure. In Fig. 9.4, the gas dynamic simulation shows that the pres-
sure distribution near sample surface regions and the areas of pre-lens components
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Fig. 9.3 The sectional view of HiPP with two-dimensional detector system of HiPP. The bottom
left insert shows the angle resolved mode while the bottom right inset shows one-dimensional
spatially resolved mode. (/nset: The geometric configuration near sample surface and first nozzle.)
Reproduced from ref. [30]
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Fig. 9.4 Gas dynamic simulation based on Monte Carlo methods displays the efficient perfor-
mance of differential pumping near pre-lens elements. (a) Calculated pressure distribution across
the pre-lens system. (P, = pressure region in sample, P,,; = pressure region in each differential
pumping regions.) (b) Calculated pressure distribution near sample surface and first pre-lens system.
Reproduced from ref. [29]

exhibit efficient pumping performance; the pressure difference between the sample
surface area and the first lens component is ~2 orders of magnitude.

As mentioned above, the effective differential pumping capability near first lens
system plays important role in improving the detection efficiency of electrons, which
in turn enhance the transmission of analyzer. Next, with improved electron lens table
of analyzer and pre-lens, it was possible to achieve both spatially resolved XPS as
well as angle resolved photoemission spectra without moving sample position.
Under the improved electron lens system with p-metal shielded chamber, it was pos-
sible to measure both one dimensional chemical imaging similar to PEEM and band
dispersion from angle resolved mode, was possible without moving a sample.
In R4000 electron analyzer, it is possible to capture two-dimensional information,
one axis for electron energy and the other for take-off angle of electron from surface
(i.e., angle resolved mode or ARPES) or spatial distribution of outgoing electron (i.e.,
spatially resolved mode), displayed in inset of Fig. 9.3. In either case, the operating
principle is similar; the focal point of electron analyzer on sample surface and lens
voltage tables are adjusted so that either angular or spatial information from surface
is delivered to the electron detector. In HiPP, it was possible to record spatially
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Fig. 9.5 (a) CCD image of Au 4f;, region of a 100 pm Au bar on SiO, using spatial resolved
mode, (b) a picture image of sample tested, and (¢, d) PE spectra and spatial uniformity across
space direction, respectively, as a function of working distance. The inset of (d) shows the spatial
resolution (20 pm) as a working distance. Reproduced from ref. [29]

resolved XPS in single-dimension with resolution down to 20 pm with the fine
adjustment of lens table and the distance between sample and first pre-lens. Figure 9.5
shows the CCD images on the detector and its XPS spectra from a 100 pm Au bar
on SiO,. Figure 9.5¢c, d shows the degrees of uniformity and spatial resolution as a
function of working distance, i.e., the distance from sample surface to pre-lens cone.

The magnification factor was recalibrated with sample images from microscope.
This spatially resolving capability can be extremely useful when the in situ charac-
terization of surface chemical distribution is required. In the case of ARPES mode,
the dimension of previous spatial distribution information is now replaced with the
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Fig. 9.6 Angle resolved
AP-XPS spectra of HOPG >
under 0.25 mbar CO gas.

Reproduced from ref. [29]
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take-off angle information. Again, with careful tuning of electron lens table and
optimizing sample working distance, ARPES was possible, shown in Fig. 9.6. The
ARPES images of Fig. 9.6 were taken at 0.25 mbar CO gas with photon energy of
120 eV. So, the previous spatial information axis is now replaced with take-off angle
information, i.e., in-plane momentum k. While three non-dispersive features can be
clearly seen from gas phase of CO, the dispersion of HOPG graphite can be well
resolved. Those non-dispersive features at 9.5, 12.5, and 15.3 eV (referenced to the
Fermi level) are due to 50, 1x, and 4o orbitals photoemission from gas phase, which
is expected in the case of gas phase. The capability of ARPES adds a significant
advancement in the development of AP-XPS and opens up a new window of oppor-
tunity for studying surface electronic structures under reaction conditions.

9.4 AP-XPS at Photon Factory

At the Photon Factory, several soft X-ray beamlines are available for ambient pressure
XPS experiments via a free port. Taking advantage of this merit, the AP-XPS system
was designed as a compact and transportable apparatus as shown in Fig. 9.7. The
AP-XPS system consists of three vacuum chambers (analysis chamber, preparation
chamber, and exchange chamber) which are all fixed on a single base frame. At the
base frame three precise screw jacks are also fixed to adjust the height and the tilt angle
of the apparatus. The bottoms of the three jacks are mounted on a sliding base in such
a way that the horizontal position and the rotation of the apparatus can be adjusted.
With these features the alignment of the apparatus relative to the X-ray beam can
be achieved within 30 min after transfer from one beamline to another one. At the
moment three soft X-ray beamlines with different specifications are available for
AP-XPS experiments at the Photon Factory: BL-7A (bending-magnet beamline with
a VLSG monochromator covering photon energies of 100-1,500 eV), BL-13A
(undulator beamline, VLSG, 30-1,200 eV), and BL-16A (variable-polarization undu-
lator beamline with a fast polarization switching ability, VLSG, 100-1,500 eV).
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Fig. 9.7 Drawing of the X-ray
transportable ambient
pressure XPS apparatus
consisting of three vacuum
chambers
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Figure 9.8 shows a schematic drawing of the analysis chamber which is evacu-
ated by a differential pumping system. This is consisting of two separated stages
pumped with turbo molecular pumps with pumping speeds of 500 L/s for the first
stage and 700 L/s for the second stage. A hemispherical electron energy analyzer
modified for high-pressure experiments (OMICRON, EA125HP) is mounted to the
second differential pumping stage. A quadrupole mass spectrometer (HIDEN,
HAL201) is also mounted to the second differential pumping stage to monitor the
partial pressures of the reactant and product gases. Just as all other modern AP-XPS,
the analyzer has the differential pumping electron lens system, which is separated
into two stages via an aperture with 4 mm in diameter. The downstream stage of the
electron lens system and the hemispherical chamber are pumped with two turbo
molecular pumps with pumping speeds of 210 L/s. The detector of the analyzer is a
seven-channeltron array and modified for the externally gated pulse counting which
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Fig. 9.8 Schematic drawing
of the analysis chamber of
the AP-XPS system
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enables to switch the TTL output signal from an optical receiver on and off in
response to an external gate signal (up to 5 MHz). This will allow us to conduct
pump and probe experiments with a time resolution of 30 ps when synchronizing
with the RF signal of the synchrotron ring under the single-bunch operation mode
at the Photon Factory.

The reaction cell is evacuated by a 300 L/s turbo molecular pump and equipped
with a sample manipulator with a cryostat, variable leak valves for gas introduction,
and a vacuum gauge. The incident X-ray beam is introduced through a 100 nm thick
silicon nitride film which separates the beam line and the reaction cell. The sample
is irradiated by the X-ray beam with a grazing incidence angle of 15° and emitted
photoelectrons travel approximately 1 mm to the entrance of an aperture under near
ambient pressure gas and enter the first stage of the differential pumping system via
a hole of 1 mm in diameter as illustrated in Fig. 9.9. The electrons further travel
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through the differential pumping system and reach the entrance of the analyzer. The
distance between the sample surface and the analyzer entrance is 40 mm, which is
in accordance with the focusing length of the first electron lens. With this system
photoelectrons can be detected under a reaction cell pressure of up to 1 Torr with a
collection angle of +£7°. Normally, the sample is spot-welded to a transferable sam-
ple holder. The sample holder is heated with a ceramics heater from the backside up
to 600 °C under ambient pressure conditions. The temperature is measured using a
thermocouple attached to the holder. The distance between the sample and thermo-
couple is about 4 mm or less. The sample can be cleaned in a preparation chamber
under UHV conditions which is connected to the analysis chamber. The gases are
introduced to the reaction cell using the variable leak valves with monitoring the
partial pressures with the mass spectrometer.

Typical AP-XP spectra taken with this system are shown in Fig. 9.10. These were
recorded for a Pd(100) surface under O, gas pressure of 0.2 Torr at elevated tempera-
tures. The photon energy used here was 435 eV for Pd 3ds, and hence the kinetic
energies of detected photoelectrons were approximately 100 eV. The exposure of the
Pd(100) surface to O, gas at a near ambient pressure and elevated temperatures
induces oxidation of the Pd surface. The oxidation process of Pd(100) surfaces
under near ambient pressure conditions has been studied previously using AP-XPS,
which reported several high pressure-induced O-containing phases [31]. With cur-
rent AP-XPS, it was possible to obtain almost the same spectra as those previously
reported and confirmed the in situ formation of surface and bulk oxides on the Pd
surface under the elevated pressure and temperatures in the analysis chamber.
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9.5 Okxidation Study of Transition Metal Single Crystals

9.5.1 CO Oxidation on Pt(110)

Pt has been one of the most well characterized materials due to its distinguished
chemical properties and outstanding performance in catalytic reactions [32, 33].
Also, CO oxidation is one of the most standard surface chemical reactions. As a
standard model to explain the adsorption and dissociation processes of molecules
on Pt surface, Langmuir-Hinselwood (L-H) mechanism has been widely accepted
[34]. In L-H mechanism, chemical reactions take place in most efficient manner
when the surface remains as clean metallic state. That is, the most reactive surface
is metallic surface. For example, in the case of CO oxidation, oxygen molecules
make contact to metal surface and get dissociated into surface atomic oxygen. Then,
this surface oxygen reacts to CO molecule to form CO,. During this process, surface
remains clean and there is no residue remains on the surface. In the past, many stud-
ies of model system under low-pressure experiments have demonstrated the validity
of L-H model.

In 2002, the Frenken group from Netherlands has published the study of surface
oxides on Pt(110) [35], which has received much attentions due to its unique oscil-
latory behavior of surface morphology under CO oxidation reaction conditions.
With a combined high-pressure scanning tunneling microscope (HP-STM) and
mass spectrometer, the group demonstrated the existence of roughening of the
Pt(110) surface during CO oxidation at 425 K, pressures near 0.5 bar, and an O,/CO
ratio >45. Under the enhanced CO oxidation condition, the formation of surface
roughening is observed, which was interpreted as Pt oxide. Later, the same group
confirmed the existence of surface oxide with high-pressure X-ray diffraction and
density functional theory (DFT) calculation and claimed that this surface oxide
formed during reactive condition was mainly responsible for active catalytic reac-
tion [36]. That is, the CO oxidation under high pressure (~1 bar) and at a high O,/
CO ratio may follow the Mars—van Krevelen (M—vK) mechanism [37] rather than
the previously mentioned L-H mechanism [34]. Under M—vK mechanism, the most
reactive surface state is a metallic oxide, not a metallic state.

Furthermore, the characteristics of Pt oxide were investigated with DFT calcula-
tions under elevated pressure. Li et al. [38] reported the importance of a phase
boundary between metal and gas during CO oxidation. It was determined that the
surface oxides provided lower activation barriers for the CO redox process, which
favors the M—vK mechanism under highly reactive conditions. The explanation of
CO oxidation on Pt(110) surface with the M—vK mechanism has stirred up a big
discussion among the community of surface science because the L-H mechanism
had been widely accepted as a standard model in understanding CO redox mecha-
nism in Pt surface. Immediately after the report of Hendriksen and Frenken [35],
many surface science groups around the world started their investigation on this
intriguing issue [39, 40]. Notably, the Goodman group in Texas A&M University
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Fig. 9.11 Pt 4f spectra taken
under various oxygen
pressure conditions. The inset
shows the images of STM
taken under similar pressure
conditions of oxygen gas.
Reproduced from ref. [41]
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approached to this system with application of PM-IRAS and suggested that Pt
metallic surface was still active phase under high temperature, in which the CO,
formation rate was limited either by mass-transfer mechanism on a metallic surface
or by the reduced reactivity of the oxidized surface, which was exactly opposite to
what the Frenken group reported previously [39].

The group in Berkeley started their own investigation on this issue with applica-
tions of AP-XPS, AP-STM, and DFT calculation [41]. Especially, the application of
AP-XPS was the ideal choice for resolving this issue since it could provide
elemental-specific chemical information of surface under reaction condition. That
is, the chemical species from oxide can be directly monitored if there is any pres-
ence of oxide under reaction conditions.

In Fig. 9.11, Pt 4f XP spectra are shown under various atmospheric conditions,
(a) URYV, (b) 50 mTorr of oxygen, and (c) 500 mTorr of oxygen, using R4000 HiPP
endstation at ALS. Figure 9.11 shows that surface oxide is not being formed until
the pressure of oxygen gas reaches up to 500 mTorr. Under 500 mTorr of oxygen
pressure, the surface oxide peak at 73.4 eV started to appear in Pt 4f spectra, and
STM images also exhibit the roughened surface with nanometer islands under simi-
lar conditions, shown together with spectra. In order to identify the surface oxide
structures, the depth profile information is achieved by varying the photon excita-
tion energy, i.e., varying the kinetic energy of electrons.
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Fig. 9.12 (a—c) Pt 4f spectra taken at various photon energies under 500 mTorr of oxygen. While
the bulk component is fitted with blue, the chemisorbed and surface oxide is fitted with black and
red, respectively. (d) As the photon energy is increased, the ratio of bulk and chemisorbed compo-
nent drops fast while the surface/bulk component shows little change. Reproduced from ref. [41]

Figure 9.12 shows the Pt 4f spectra obtained at 180, 340, and 475 eV under
0.5 Torr of O, at 473 K which are shown in (a), (b), and (c), respectively. The fitted
curves under the measured spectra of Fig. 9.12a—c represent the bulk Pt component
(blue) at 71.2 eV, the chemisorbed oxygen (black) at 71.9 eV, and surface oxide
component (red) at 73.4 eV. Also, in Fig. 9.12d, the intensity ratios of Pt(Chem-O)/
Pt(bulk) and Pt(Surf-Ox)/Pt(bulk) are plotted as a function of photon energy.

As the photon energy increases, the intensity ratio of Pt(Surf-Ox)/Pt(bulk)
remains constant while the one of Pt(Chem-O)/Pt(bulk) shows decrease, which
indicates the oxide being formed stays under subsurface layer.

In order to investigate further on the structures and reactivity of surface oxide,
DFT model calculations are carried out and their results are compared to the experi-
mental results. Figure 9.13 shows the various surface oxide structures of test models
and Table 9.1 displays their comparison to experimental results with the degrees of
surface core-level shifts. From this comparison, the measured surface oxide in both
AP-XPS and STM matches fairly well with a-PtO,-like nanoscale surface oxide.
Finally, in order to find out the surface reactivity of surface oxide, CO titration
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Table 9.1 Calculated Pt 4fand O 1s CLS (eV) on various clean, reconstructed chemisorption and
oxide surfaces

Pt 4f (eV) 0 1s (eV)
Pt(110)—-(1x2) —0.42 (Pt&) -
Pt(110)— (12x2)-220 0.66 (PtC) ~2.40 to —2.60 (OChem)
a—Pt0,(0001)—(2x2) 2.65 (Pt5°) ~1.80 (0%)
B—PtO,(110)—(2x 1) 2.25 (Pt°) -3.98 (O™)

1.20 (P°) -2.32 (0%
rutile PtO,(110)—(2x 1) 2.15 (Pt —4.02 (0P)

1.15 (P£5°) -2.39 (0%)

The energy reference is metallic bulk Pt and O 1s of on-top CO on Pt(110)—(1x2) surface.
Reproduced from ref. [41]

experiments are carried out, shown in Fig. 9.14. Interestingly, both surface oxide
and chemisorbed oxygen show almost similar surface reactivity during the titration
test. However, it is not still clear whether O atoms in the a-PtO, react directly with
CO or if a-PtO, destabilized at interfaces with CO-covered Pt and O from this phase
decomposes into chemisorbed O on neighboring Pt sites. Further atomic scale anal-
ysis in ultrafast time domain will help to resolve this issue.

9.5.2 NO Dissociation on Pt(111) [42]

The adsorption of NO molecules on metal surfaces has attracted attention because it
is a simple model system for the catalytic conversion of NO, species to N, by the
three-way catalyst for automotive exhaust gases. Three-way catalysts utilize
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platinum, rhodium, and/or palladium as active metals. It is widely known that NO
molecularly adsorbs on Pt(111) without dissociation under UHV conditions, though
it readily dissociates on the practical Pt catalyst surfaces. The adsorption structures
of NO on Pt(111) have been extensively studied under UHV conditions by STM [43,
44], high-resolution electron energy loss spectroscopy [44], IRAS and low-energy
electron diffraction (LEED)-IV analysis [45], DFT calculations [46], XPS [47], and
near-edge X-ray absorption fine structure (NEXAFS) [48]. According to these stud-
ies, NO molecules sequentially occupy three different sites as increasing coverage.
However, the adsorption behavior on such model systems under UHV conditions
can often differ from that on practical catalysts under ambient pressure conditions.

To bridge the gap between model surfaces and the practical surfaces, the AP-XPS
technique can provide a good opportunity. In this section, the adsorption behavior
of NO on Pt(111) from UHV to elevated NO pressure (up to 1 Torr) observed with
AP-XPS is presented. It will be evidenced that NO adsorbs at atop sites reversibly
at 1077 Torr and irreversible dissociation of NO and formation of NO +O domains
occur exclusively at NO pressures higher than 10~° Torr [42].

AP-XPS experiments were performed at the soft X-ray beamline 9.3.2 of the
Advanced Light Source, Lawrence Berkeley National Laboratory [49]. AP-XPS
measurements were performed at RT and recorded with photon energies of 620 and
635 eV for N Is and O s, respectively. After cleaning, a Pt(111) sample was trans-
ferred to a high-pressure cell for the AP-XPS measurements. Figures 9.15 and 9.16
show N 1s and O 1s XP spectra of the Pt(111) surface taken under various NO pres-
sures. All the spectra were normalized using the baseline intensity and background
subtraction and fitted with asymmetric Gaussian functions. Both of the bottom
spectra in Figs. 9.15 and 9.16 were measured under UHV condition at RT after NO
exposure of 18 Langmuir (1 Langmuir=1x 10~° Torr s), which is enough to saturate
the surface with adsorbed NO. A single asymmetric peak is observed in the N 1s
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spectrum at a binding energy of 400.4 eV and assigned to NO molecules occupying
fcc-hollow sites [13]. The asymmetric shape is due to the presence of a shake-up
satellite at a higher binding energy. While in the corresponding O 1s spectrum, two
peaks are observed at 530.7 and 533.0 eV; the lower binding-energy peak at
530.7 eV is attributed to NO at the fcc-hollow sites [50] and the higher binding-
energy peak at 533.0 eV is ascribed to CO molecules inevitably adsorbed from the
residual gas. The CO molecules seem to give no significant effects on the fcc-hollow
NO, since CO molecules adsorb at atop sites at RT.

Under 1077 Torr NO, N 1s and O 1s XP spectra appear at the same binding ener-
gies as those taken after 18 L dose, though the peak intensity is increased, which
indicates that the NO population at the hollow sites increases under the presence of
gas-phase NO. Under higher NO pressures, however, the XP spectra exhibit drastic
changes. At 107 Torr, another broad component appears in the N 1s spectrum at
402-404 eV in addition to NO adsorbed at the hollow sites (400.4 eV). Since the N
1s binding energy of NO adsorbed on Pt(111) is almost independent of adsorption
sites [47, 48], such a high binding energy suggests that NO does not occupy the
ordinary sites and may be in a highly oxidized form. Similarly a higher biding-
energy peak also appears at 531.4 eV in the O 1s spectrum at 10~ Torr. It should be
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noted here that atomic oxygen is clearly observed at 529.5 eV at the same pressure.
This means that dissociation of NO readily takes place at this pressure, though it has
been reported that NO molecularly adsorbs on Pt(111) under UHV conditions.
Since NO-adsorbed Pt(110) surfaces exhibit partial dissociation above 350 K, low-
coordination Pt atoms at irregular sites like steps and defects may play a crucial role
for the dissociation. It is also possible that the high-pressure NO induces dissocia-
tion on the terraces of Pt(111) even at RT.

Interestingly no atomic nitrogen is observed in the corresponding N 1s spectrum.
Since the associative desorption of N, from atomic nitrogen usually does not occur
at RT, one possible explanation for the absence of atomic nitrogen is that nitrogen
atoms are removed from the surface by the following reaction: N(a) + NO(a) - N,O(g)
[50, 51]. Another explanation is formation and decomposition of NO dimers on the
surface as shown in the following scheme: 2NO(g) — (NO),(a) —» N,O(a) + O(a) [52,
53]. N,O(a) is spontaneously decomposed into N,(g) and O(a) at RT. Although this
pathway was initially found at low temperature, evidence for formation of NO
dimers even at RT has recently been observed on NO-covered Rh(111) [51]. Since
the NO dimer is in equilibrium with gas-phase NO, high-pressure conditions could
increase the contribution of this pathway.

At 1072 Torr, the hollow-NO peak at 400.4 eV in the N 1s XP spectrum signifi-
cantly increases in intensity. This can be interpreted as an increase in NO popula-
tion. The corresponding O 1s spectrum exhibits a growth of a peak at 531.9 eV,
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Fig.9.17 STM images of (a) clean Pt(111) (/=0.2 nA, V=-0.15 V, 4 x4 nm?) and (b) after 1 Torr
NO exposure (I=0.1 nA, V=-1.2 V, 10x 10 nm?). Both images were taken under UHV at RT.
Reproduced from ref. [42] with modification

which can be attributed to an atop-NO species [47]. This species appears at 10~° Torr
and disappears at 1 Torr and after evacuation. These spectral changes indicate that
the presence of gaseous NO induces a high-density phase under a pressure range
from 1076 to 10! Torr where NO molecules occupy atop sites in addition to the hol-
low sites on Pt(111).

The new feature observed at 402—404 eV in the N 1s spectra and that at 531.4 eV
in the O 1s spectra are maintained at all pressures above 10~ Torr and remain
observable even after NO gas evacuation. The atomic oxygen exhibits the same
trend. This suggests that the higher binding-energy component is irreversibly
formed concomitantly with formation of atomic oxygen. Since the AP-XPS results
clearly show the higher binding-energy peaks remain even after NO evacuation, we
observed the surface structure with UHV-STM after 1 Torr NO exposure at RT and
evacuation. Figure 9.17 shows STM images of a clean Pt(111) surface (a) and a
NO(1 Torr)-dosed Pt(111) surface (b). The clean surface exhibits a (1x 1) atomic
arrangement, while after the NO dose any periodicity is not observed at all and
small domains with a typical size of 1 nm in diameter and 0.08 nm in apparent
height are randomly distributed over the surface. The small domains are associated
with the higher binding-energy species, while the rest of the surface should be occu-
pied by the hollow-NO species. Taking account of the presence of atomic oxygen,
the higher binding-energy species in the domains is attributed to a NO+O coad-
sorption phase. It has been reported that NO, molecules dissociatively adsorb into
NO+0O at RT on Pt(110)-(1 x2) and this NO species coadsorbed with atomic oxy-
gen gives a broad N 1s peak at around 402.8 eV and an O 1s peak at 531.2 eV [54]
which are in good agreement with those in the present study (402—404 eV for N 1s
and 531.4 eV for O 1s). The high-binding-energy shift for this NO species is primar-
ily ascribed to the electropositive property of the NO due to coadsorption with
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atomic oxygen. It is noted that from 107 to 1 Torr, the atomic oxygen peak
(529.5 eV) is almost absent as shown in Fig. 9.16. In such a high-pressure range, the
NO+0O domains would be able to accommodate more NO molecules, leading to
increase in local NO coverage and strengthening of NO—O interactions. For NO + O/
Ag(111), for instance, only one O 1s peak is observed at 531.0 eV without any con-
tribution from isolated atomic oxygen. This was interpreted as a result of a strong
NO-O interaction [55]. Therefore, one possible explanation for the absence of the
atomic oxygen peak at the high pressures is that the increased NO coverage causes
isolated atomic oxygen to disappear.

From the AP-XPS and STM data, we propose an adsorption model at elevated NO
pressures above 1076 Torr as shown in Fig. 9.18. There are two types of domains; the
NO+O domain and the pure NO domain. In the NO+O domain NO molecules
strongly interact with atomic oxygen, while the pure NO domain includes both hol-
low-NO and atop-NO species. The NO+O domain is formed via generation of
atomic oxygen from NO under the high-pressure conditions. The counterpart N
atoms are absent from the surface via reaction with NO and/or formation of NO
dimers and decomposition into N,O and O. After NO evacuation, the atop NO in the
pure NO domain disappears, while the NO + O domains remain on the surface. Under
the high-pressure conditions of NO several new pathways for adsorption can be
opened, i.e., reversible formation of a high-density phase, high-pressure-induced dis-
sociation, and irreversible formation of a novel adsorption phase that is different from
that formed under UHV. The high-pressure dose induces rich surface chemistry.

9.5.3 CO Oxidation on Pd(111) [56]

Pd is the most used material for the three-way catalyst for automotive exhaust gases.
The interactions of O, and CO with Pd surfaces and the catalytic reaction between
them on the Pd surfaces have been extensively studied with various surface science
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Fig. 9.19 XP spectra of O 1s/Pd 3p;, (a) and Pd 3ds, (b) regions for a Pd(111) surface taken at
various temperatures under the presence of O, gas at 200 mTorr. The XP spectra are deconvoluted
into several components as indicated by different colors. Structure models of the PdsO, surface
oxide (c¢) and the PdO bulk oxide with the (101) surface orientation (d). Reproduced from ref. [56]
with modification

techniques under UHV conditions [57-63]. In the past, a consensus has emerged for
the CO oxidation reaction on the Pd surfaces; the reaction obeys the Langmuir—
Hinshelwood (L-H) mechanism on the metallic surfaces under UHV conditions.
However, under realistic conditions where practical catalysts operate, the Pd cata-
lysts can be oxidized more or less which may lead to a different reaction mecha-
nism. A high-pressure scanning tunneling microscopy (HP-STM) study on the CO
oxidation on Pd(100) [64] suggested that formation of a surface oxide accompanies
an enhancement of reaction activity. On one hand, it is reported from reaction kinet-
ics measurements and PM-IRAS that the CO-free (metallic) surface, which is tran-
siently formed during phase transition from a CO-poisoned metallic surface to an
oxide surface, exhibits the highest catalytic activity [39, 65—67]. It needs in situ
direct observations of the Pd surfaces under reaction conditions to understand the
surface chemical state when the reaction activity is maximized.

First, the oxidation of Pd(111) surfaces was investigated by means of the AP-XPS
technique. A Pd(111) surface was exposed to gaseous oxygen with a pressure of
2% 107! Torr at different temperatures. Figure 9.19 shows temperature dependence
of O 1s/Pd 3p;, (a) and Pd 3ds;, (b) XP spectra taken for a Pd(111) surface under
2% 107! Torr O,. At 200 and 300 °C, the O 1s XP spectra exhibit two components at
O() and O(II) with an intensity ratio of 1:1, which can be attributed to three- and
fourfold coordinated oxygen species, respectively, of a Pd;O, surface oxide [68] as
illustrated in Fig. 9.19c. A higher binding-energy (530.6 eV) peak observed at
200 °C is assigned as a high-coverage chemisorbed O adlayer [69, 70] and com-
pletely disappears at 300 °C. The Pd 3ds;, XP spectra show existence of two- and
fourfold coordinated surface Pd atoms and support the formation of the surface
oxide. Further heating above 400 °C gives rise to formation of PdO bulk oxide
[69-71], which is evidenced by appearance of a prominent high-binding-energy
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Fig. 9.20 CO oxidation reaction on Pd(111) at 300 °C. (a) Partial pressures of O,, CO, and CO,
monitored by mass spectroscopy, and (b) O 1s5/Pd 3p;,, and (¢) Pd 3ds,, AP-XP spectra of a Pd(111)
surface taken at region a in (a) where the CO, formation rate is maximized under exposure to
2x 107" Torr O, and 2x 10~ Torr CO gases. Reproduced from ref. [56] with modification

peak at 336.6 eV in the Pd 3ds,, region (Fig. 9.19b). According to a previous study
on the growth of the bulk oxide [72], the PdO(101) surface is preferential formed, of
which structure model is illustrated in Fig. 9.19d. Note that the bulk oxide is covered
by the threefold O species as evidenced by the presence of O(I) species at 500 °C.
Next, the CO oxidation on Pd(111) under near ambient pressure conditions was
studied by the combination of the AP-XPS technique and the differential pumping
mass spectroscopy. In Fig. 9.20 is depicted a monitoring result of the progress of the
CO oxidation reaction at 300 °C. Figure 9.20a shows partial pressure changes of O,,
CO, and CO,. When the Pd(111) surface was exposed to 2x 107! Torr O, and
2x 1072 Torr CO at 300 °C, the CO, formation rate was maximized, which results in
that most of the CO gas was converted to CO, (Region a in Fig. 9.20a). At this
moment, the O 1s XP spectrum exhibits a photoelectron peak from gaseous CO, at
536 eV as well as those from O, and CO gases. The Pd(111) surface under this
condition gives two components for O 1s region and three components for Pd 3ds,,
region as shown in Fig. 9.20b, c, which are almost the same as those of the PdsO,
surface oxide and thus it is most likely that the surface oxide is formed under the
highly active condition. The PdsO, surface oxide contains the three- and fourfold
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coordinated O atoms with 1:1 atomic ratio and the two- and fourfold coordinated Pd
atoms with 4:1 atomic ratio as shown in Fig. 9.19c. Actual peak area ratios seen in
Fig. 9.20b, c are in good agreement with these atomic ratios, which suggests that the
surface is almost covered by the surface oxide phase. However, note that coexis-
tence of chemisorbed O species cannot be completely excluded because its binding
energy is the same as that of O(I).

At a higher temperature of 400 °C, the PdsO, surface oxide phase still contributes
to the reaction as shown in Fig. 9.21. When the Pd(111) surface was exposed to
2x 107! Torr O, and 2 x 1072 Torr CO at 400 °C, initially most of the introduced CO
gas was consumed (Region o) and the O s and Pd 3ds, spectra taken at Region o
indicate formation of the surface oxide. The observation of the surface oxide under
the highly active conditions (Region a at 300 and 400 °C) suggests that the surface
oxide contributes to the highly active state [56]. This active phase cannot survive for
along time and changes to a less active state (Region p) as seen in Fig. 9.21a. At this
moment, a new O 1s component appears at 530.5 eV (denoted by O(III)) and a bulk
oxide component at 336.6 eV slightly contributes to the Pd 3ds,, spectrum. Note that
the appearance of O(III) species is accompanied by a relative growth of the twofold
Pd component. This suggests that the O(III) species is bound to the twofold (low-
coordination) Pd atoms, which in turn means the O(III) species is highly coordi-
nated by the surrounding Pd atoms. Furthermore, since the binding energy of O(III)
(530.5 eV) is the highest among oxygen species observed under the reaction condi-
tion, the O 1s core-level excitation of the O(III) species may be poorly screened in
the final state by a lack of free electrons of the Pd conduction band. All these facts
suggest that the O(III) species is included in oxygen-deficient Pd cluster oxides.
Because the O(III) species is strongly bound to the Pd cluster due to the oxygen
deficiency, the availability of the O(III) species for CO oxidation is low. The appear-
ance of O(III) is also accompanied by a significant increase of O(II) species. This is
not simply due to a population increase of the fourfold O species in the surface
oxide, but due to an increase of subsurface O, which appears at the same binding
energy as that of O(II) and is considered as a precursor to bulk oxide [71]. However,
the formation of the bulk-like oxide causes a drastic decrease in reactivity as seen in
Region f; the bulk oxide is not active either. At the final stage of this monitoring, we
stopped only O, dose with keeping CO dose constant and the Pd oxide surface is
reduced by CO as shown in Region y of Fig. 9.21. Interestingly only the O(I) spe-
cies is consumed, which means that the threefold coordinated O species of the sur-
face oxide is reactive while the other O species, O(I) and O(III), are nonreactive.
Since both of the O(IT) and O(III) species can be assumed as highly coordinated O
species as mentioned above, the low Pd coordination is important for the reactivity.
Under the CO reduction condition (Region 7), the coverage of O(III) species is
increased. This suggests that the O(III) species is formed via reduction of the sur-
face oxide. Finally it should be noted that the bulk oxide does not induce a high
reactivity though its surface is covered by the threefold O species. The reactivity of
threefold O species alters depending on chemical environment. The configuration of
the surface oxide sitting on the metallic substrate may give a crucial effect on the
reactivity of the threefold O species.
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Fig. 9.21 CO oxidation reaction at 400 °C. (a) Partial pressures of O,, CO, and CO, monitored by
mass spectroscopy, and (b) O 1s/Pd 3ps;, and (¢) Pd 3ds,, AP-XP spectra of a Pd(111) surface under
exposure to O, and CO gases, up to 200 and 20 mTorr, respectively. Reproduced from ref. [56]

9.6 Application to Real System: Solid Oxide Fuel Cell

In electrochemistry, the lack of in situ characterization tools for studying electro-
chemical interfaces has been a chief obstacle, which puts a delay in the develop-
ment of the next generation electrochemical devices, such as batteries, fuel cells,
and supercapacitor [73]. In fact, several in situ diagnostic tools are employed for the
particular use of electrochemical studies, i.e., in situ X-ray emission/absorption
spectroscopy, scanning tunneling microscope, and X-ray Raman spectroscopy.
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Fig. 9.22 (a) Simple experimental layout for SOC using AP-XPS. AP-XPS reveals local surface
potentials (red squares) and the relative shift of Ce oxidation state out of equilibrium (green circles) in
this region. (b) Using spatial resolved mode of electron analyzer, distance-resolved XPS spectra of the
Ce 4d region at +1.2 V applied potential recorded with 490 eV photon energy. The dotted lines denote
the electrochemically active regions corresponding to the schematic cell drawing on the left side.
(c) Integrated spectra taken from 50 pm slices corresponding to distance coordinates of —0.15 to
0.1 mm in the schematic cell drawing; spectra from the active region are shown in red. The peaks
labeled as Ce** are associated only with Ce** species. (d) The potentials across the ceria surface calcu-
lated from +1.2 V bias as in (b) and —1.2 V are shown. Reproduced from ref. [80] with modification

However, in electron detection tools, only ex situ characterization technique was
possible, i.e., Auger electron spectroscopy (AES) or EELS in electrochemistry [74].
Now, with the emergence of AP-XPS, another opportunity is opened up in the fields
of electrochemistry, providing in situ quantitative information on chemical and
electronic states of surface/interface under operating condition, i.e., operando anal-
ysis [75, 76].

As one of the first applications in electrochemistry toward AP-XPS, solid oxide
fuel cells (SOCs) have been chosen and tested successfully [77-80]. SOCs, as one
of the solid state electrochemical devices for electrochemical power, operate under
gaseous fuel condition to generate the electrical power at relatively high tempera-
ture condition (>700 °C). And, these operating conditions of SOCs, e.g., high tem-
perature and elevated pressure, have been the hurdle for the in situ characterization
of surface/interface properties of SOCs.

At ALS, a special sample holder and electrodes are developed and adapted to
AP-XPS system to run the high temperature AP-XPS experiment. With use of angu-
lar mode, local surface potential, electrochemically active regions, and dynamics of
surface oxidation states under operation conditions are disclosed. The result of
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measurement is shown in Fig. 9.22. In Fig. 9.22a, cross section of the model device,
including its dimensions, is shown at the bottom. The incident X-ray spot was much
smaller (diameter ~0.1 mm) than the elements of the model fuel cell device so that
it was possible to collect data from selected regions of interest or across the whole
device. A bias of +1.2 V was applied to the Pt counter electrode while the Au cur-
rent collector was grounded. This leads to electrolysis of water on ceria, with oxy-
gen ions moving from the ceria electrode through the YSZ to the Pt electrode where
they react with H,. A gradual decrease of the potential is observed across the YSZ
and parts of the ceria surface, up to the area where ceria meets the Au current col-
lector and the potential drops sharply to 0 V. Figure 9.22b shows the spectral images
of the Ce 4d core-level across a 50 nm thick ceria electrode. With the imaging capa-
bility, one can clearly visualize the marked chemical change and potential drop
across the ceria film in the active region of the electrode. By monitoring the inten-
sity of the Ce 4d peaks at 126.1 and 122.8 eV (Fig. 9.22¢), the authors of ref. [80]
observed changes in the Ce**/Ce* ratios through reduction and oxidation, respec-
tively, of ceria in the active region at different applied potentials. The ceria surface
potential at different applied potential is plotted in Fig. 9.22. This demonstrated that
the active electrochemical region on ceria extends 100-150 pm away from the cur-
rent collector and that significant shifts from the equilibrium surface concentrations
of Ce*/Ce** are needed to drive the electro-oxidation of H, and the electrolysis of
H,0. The correlations between local potential losses and local chemical state
changes were obtained directly from working SOC devices. From the measurement
of such a model cell, the origins of changes in the individual overpotentials with
applied bias can be interpreted using the different electro-catalytic activities of Ni
and Pt for the H,O splitting and H, oxidation reactions.

9.7 Concluding Remarks: Futures on AP-XPS

Clearly, the emergence of AP-XPS has made a significant impact and opened up
many windows of opportunities to the community of surface science and its related
fields. Since its first appearance, AP-XPS has generated many important and excit-
ing results from the experiments that are not feasible in previous time. In recent
years, the demand of using AP-XPS has exceeded the available supply and the com-
missioning of AP-XPS user-endstation has been sharply increased at major syn-
chrotron radiation facilities.

In this section, we consider how AP-XPS can be developed further to meet the
demand of future scientific agenda and provide several options for future progresses
in several directions.

1. Extension to AP XAS measurements

X-ray absorption spectra (XAS) have been already measured under AP condi-
tions with the Auger electron yield method. If circularly polarized lights are used
for XAS measurements, surface magnetic information will be obtained via XMCD
under realistic conditions. At the moment, the photon energy is scanned with a
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. )535@ );i pumping

monochromator for AP XAS measurements. It takes typically several minutes to
record a spectrum, which prevents application to dynamic processes. When wave-
length-dispersed X-rays are used under a combination with a position-sensitive ana-
lyzer [72] for AP XAS measurements as illustrated in Fig. 9.23, the data acquisition
time will be reduced by a factor of 100, which allows us to apply this technique to
moderately fast surface processes.

Position-Sensitive
Electron-Energy Analyzer

2. Time-resolved experiments under AP conditions

In order to monitor the real-time dynamics of gas molecules interacting with
surface, time-resolved study is required. It is generally known that the time domains
for the gas adsorption/desorption on surface are within pico-second regime while
the molecular vibration on surface is within femto-second regime. To accommodate
this time-requirement as well as chemical analysis on surface, a type of “pump and
probe” experiment is required, which makes use of synchronization between a laser
pulse and a synchrotron radiation pulse of AP-XPS endstation. For example, the
carrier dynamics and reaction mechanism of photocatalysts under AP conditions
can be an ideal system to look at with this time-resolved experimental set-up. At
present, the synchronization technique has been well developed as shown in a block
diagram (Fig. 9.24). This time-resolved set-up can be further refined and adapted
into advanced system when the free electron X-ray source is available.

3. Extension to hard-X-ray PES (HAXPES) under AP conditions

HAXPES is a promising choice because high kinetic energies of photoelectron can
(a) increase the maximum operating pressure and (b) provide information from deeper
surface layers. When the kinetic energy of electron is increased from 500 to 5,000 eV,
the inelastic mean free paths of electrons increase about five times more [81, 82]. This
allows us to apply AP-XPS to detect photoelectrons from higher pressure solid—gas
interfaces and even solid—liquid interfaces and expand the research target areas. The
field of electrochemistry in which the liquid—solid interface plays a critical role could
receive the significant benefits when this HAXPES becomes available to the commu-
nity. Currently, the Berkeley group has been developing this high energy AP-XPS
system and made a significant progress.
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Chapter 10
Electronic Excitation on Surfaces During
Chemical and Photon Processes

Jeong Young Park

10.1 Introduction

Energy dissipation at surfaces and interfaces is mediated by excitation of elementary
processes, including phonons and electronic excitation, once external energy is
deposited to the surface during exothermic chemical processes [ 1—4]. Electron exci-
tation in exothermic catalytic reactions or the incidence of photons on metal sur-
faces results in the flow of high-energy electrons with an energy of 1-3 eV, assuming
that most of the chemical or photon energy is converted to electron flow on a short
(femtosecond) time scale before atomic vibration adiabatically dissipates the energy
(in picoseconds). These energetic electrons that are not in thermal equilibrium with
the metal atoms are called “hot electrons” [5-8]. There have been a number of
studies demonstrating the influence of hot electrons on atomic and molecular pro-
cesses. The detection of hot electron flow under atomic or molecular processes and
understanding its role in chemical reactions have been major topics in surface
chemistry. Recent experimental and theoretical studies have demonstrated elec-
tronic excitation production during atomic or molecular processes on surfaces
[9, 10]. In this chapter, I will outline recent research developing energy conversion
devices based on hot electrons. The chemicurrent, or hot electron flow, is well cor-
related with the turnover rate of CO oxidation or hydrogen oxidation measured
separately by gas chromatography, suggesting an intrinsic relation between the
catalytic reactions and hot electron generation. We found that photon energy can be
directly converted to hot electron flow through the metal-semiconductor interface
of catalytic nanodiodes. We showed that hot electron flow generated on a gold thin
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film by photon absorption (or internal photoemission) is amplified by localized sur-
face plasmon resonance. The influence of the flow of hot charge carriers on the
chemistry at the oxide—metal interface and the turnover rate for the chemical reac-
tion, for the cases of Pt—CaSe—-Pt nanodumbbells and Pt/GaN substrates, are
discussed.

10.2 Theoretical Background of Energy Dissipation
on Surfaces

The basic mechanism for energy dissipation involves phonons, nonadiabatic electron—
hole excitation processes, plasmons, exoemission, and chemiluminescence, as
described below.

Phonon or quantized lattice vibration: The energy of phonons is in tens of meV,
which is two orders of magnitude smaller than chemical energies. The direct trans-
fer of energy into the phonon system of the metal requires multiple excitations of
phonons during chemical processes.

Excitation of electron—hole pairs: The excitation of an electron—hole pair leads
to a hot electron with energy above the Fermi level and to a hot hole with energy
below the Fermi level. The excitation of an electron—hole pair takes place via a
nonadiabatic process.

Emission of charged particles (exoelectron) [11, 12] and light (chemilumines-
cence) [13—15] during gas adsorption or reaction is generally attributed to a non-
adiabatic charge transfer process.

The phenomena of chemical dynamics often rely on the Born—Oppenheimer
approximation (BOA). The approximation relies on the fact that electrons move on
a much shorter time scale than nuclei because of the considerable difference in mass
[16]. As the nuclei positions change, electrons have ample time to sample the space
available to them and find the energy minimum, preventing nuclear motion from
causing electronic excitation. This makes it considerably easier to describe the
potential energy landscape of polyatomic systems: each electronic level has its own
distinct potential surface, with the nuclear coordinates as the only variables. A
system that behaves this way is described as adiabatic. Several theoretical models
have been developed to explain these phenomena that involve an electronic friction
approach or a weak coupling approximation [17—-19]. For many gas-phase reactions,
the BOA, particularly at low total energies, gives rise to an excellent agreement
between experimental and theoretical results, confirming that the BOA is valid for
many systems [20-22].

For certain reactions on metal surfaces, however, different nonadiabatic coupling
plays a crucial role in energy transfer between the adsorbate and the substrate, and
the BOA breaks down [23-26]. Along a given reaction coordinate, two potential
energy surfaces, corresponding to two different electronic states, may cross. At the
crossing point, an electronic transition requires no change in energy.

Another view to justify the generation of hot electrons is related to the difference
in the heat capacity of electrons and phonons. The hot electrons thermalize within
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a Deposit of energy dueto b
exothermic reaction

Metal
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! ! Electron €
W mean path

Electron mean path

Fig. 10.1 (a) Schematic and (b) energy diagrams of nonadiabatic electronic excitation during an
exothermic reaction on a metallic surface. Hot electrons are generated on the surface, dissipate
energy, and turn into low-energy electrons within the length scale of the electron mean free path

picoseconds by electron—phonon interactions. The phenomenon of hot electron
creation can be rationalized as follows: The electronic heat capacity (Ceecrron) OF
most metals in thermal equilibrium is about 100 times smaller than the lattice heat
capacity (Ciuice) at 300 K. For example, for copper,

Celectmn

c

_yT_0.70x107 X300
3R 3x8.3

=0.008 (10.1)

lattice

where R is the gas constant and y is the Sommerfeld constant [0.70 mJ/ (mol K?) for
Cu]. When heat is deposited as a result of exothermic surface reactions or photon
flux, the electrons heat up much faster (femtoseconds) than the lattice (picoseconds)
because their heat capacity is much lower.

Electronic excitation in exothermic catalytic reactions involves the flow of hot
electrons with an energy of 1-3 eV, assuming that most of the chemical energy is
converted into electron flow. Thermalization of hot electrons in metals and at metal
surfaces occurs on femtosecond time scales due to efficient electron—electron (e—e)
scattering with the conduction-band electrons. The electron gas equilibrates with
the lattice by electron—phonon (e—p) scattering on a longer, but still subpicosecond
time scale. Once the electrons on the metal surface become energetic (or hot)
through nonadiabatic electronic excitation, these hot electrons move into the bulk
of the metal catalyst, as shown in Fig. 10.1a, and eventually dissipate energy and
turn into low-energy electrons through lattice atom relaxation within the length
scale of the electron mean free path, which is in the 3—7 nm range. These low-
energy electrons can move back to the surface to fill vacancies left by the departed
hot electrons. The flow of electrons is analogous to circulation of hot water upon
heating, as shown in Fig. 10.1a. This flow of hot electrons takes place only at the
near-surface region and is spatially limited by the electron mean free path.
Figure 10.1b shows the energy diagram of the flow of hot electrons in the metal
catalyst. The role of hot electrons in the metal catalyst is therefore limited, since hot
electrons are localized at the near-surface region, and have short lifetimes (10 fs).
However, since most metal catalysts are nanoparticles in the 1-10 nm range, hot
electrons can reach the oxide—metal interface and overcome the potential barrier to
be transported into the oxide.
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10.3 Detection of Hot Electrons

A pulse of electrons of high kinetic energy (1-3 eV) in metals can be generated in
atomic/molecular processes. Detection of this electron flow has become one of the
frontier areas of research in the surface physics and chemistry communities.
Showing that nuclear motion couples to electronic excitation is more difficult if the
excitation is too small to cause emission. Relaxation of these hot electrons happens
on the femtosecond to picosecond timescale, and their mean free path is on the order
of 10 nm. This implies two detection strategies: the first is to obtain sufficient time
resolution to observe these excitations. The second is to employ an energy barrier at
nanometer scale for the irreversible transport of hot electron flows.

10.3.1 Hot Electron Generation by Photons

Two-photon time-resolved photoemission (TPTRP) spectroscopy has been devel-
oped to directly study the dynamics of optically excited electrons at metal and semi-
conductor surfaces. This technique has been applied to direct measurement of hot
electron relaxation in noble and transition metals [27, 28], surface-state dynamics
on clean and adsorbate-covered metal surfaces [29, 30], as well as charge carrier
dynamics in semiconductors, where much work has been performed.

Two-photon photoemission (2PPE) is a variation of photoelectron spectroscopy
that allows the investigation of occupied and unoccupied electronic states in a metal
or semiconductor [31, 32]. The investigated states are located below the vacuum
level in an interval defined by the pump photon energy. To study electron dynamics,
we employ femtosecond laser pulses to perform pump—probe experiments. As
shown in Fig. 10.2, an initial laser pulse (pump) perturbs the equilibrium population
and a second laser pulse (probe), irradiated after time ¢, probes that transient elec-
tron distribution by photoemitting electrons. Measurement of the electrons’ kinetic
energy provides a straightforward means to determine the binding energy of the
perturbed state with respect to the vacuum level. The user-controlled optical path
difference between the pump and the probe laser pulses gives temporal resolution in
the investigated electronic states.

10.3.2 Hot Electron Generation by Transfer of Energetic
Molecules

Hot electrons were also detected in the presence of molecular interactions or
exothermic surface reactions at metal surfaces. Huang et al. [23, 33] studied the
energy transfer of highly vibrationally excited molecules at surfaces and found
efficient (>50 %) excitation of electrons in gold on the subpicosecond timescale by
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NO molecules prepared in high vibrational states (n=15) impinging on the metal
surface. They found that vibrational energy losses to metals and insulators are quite
different. As shown in Fig. 10.3, on a metal, NO (v=15) loses on average about
half of its vibrational energy in a direct scattering collision (subpicosecond time
scale); while on an insulator, NO (v=12) loses only a small amount of vibrational
energy even when trapping/desorption dominates (piconanosecond time scale).
They showed that, compared with the short timescale of molecular-vibration—
metal—electron energy transfer (10 fs), other forms of molecular energy transfer
processes (vibration—rotation and vibration—translation) have a very low probabil-
ity and become important only on picosecond timescales. A similar result of mul-
tiquantum relaxation was also observed for NO scattering from Cu(111) and O/
Cu(111) [34, 35].

10.3.3 Hot Electron Generation by Electron Beams

The detection of photon- or chemically induced electronic excitation became
possible with metal-insulator-metal (MIM) tunnel junctions as well as with
Schottky devices. In this case, excited carriers are detected that have enough energy
to overcome either a tunnel or a Schottky barrier. Therefore, the metal film acts as a
substrate for the reaction, as a photon-adsorbing layer, and as an emitter of hot car-
riers. There have been many experimental attempts to elucidate the nature of hot
carriers using the MIM junction structure [1, 36—46]. It was found that hot electrons
injected in MIM structures influence the surface reactivity [47—49].
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Fig. 10.3 The experimental results of NO vibration on metal or Li are shown. Loss of ~1.5 eV
within 100 fs on Au implies an electron-mediated process and almost no vibrational relaxation on
the LiF insulating surface [23]. (a) Plot of vibrational energy loss to an insulator and (b) metal
surface for collisions of highly vibrationally excited NO. When NO is prepared in v=12, energy
transfer to LiF is approximately vibrationally elastic; however, when NO is prepared in v=15, col-
lisions with Au(111) transfer an average of 1.3 eV to the surface (Reprinted with permission from
ref. [23]. © 2000 AAAS.)

This electronic excitation induces an Auger process leading to hot electron
production in the metal that can be emitted into a vacuum or collected using a
Schottky diode configuration. Such a process is sensitive to the chemical nature of the
reacting molecules, such as O, or H,. A Schottky diode is a type of metal-semicon-
ductor contact. The energy diagram and scheme of Schottky diodes for chemicur-
rent measurement are shown in Fig. 10.4a, b, respectively. When two different
solids are brought into contact, electrons in the higher chemical potential solid tend
to flow into the solid with the lower chemical potential until the potentials equili-
brate. A negative charge forms where the electrons migrated, and a positive charge
forms where the nuclei were left behind. This gives rise to an electric field in the
semiconductor that can be represented by bending the energy bands. If electrons are
the majority carrier in the semiconductor (an n-type semiconductor), the bands bend
downward, leaving no barrier to electron flow. This is referred to as an Ohmic
contact, since current through this interface is proportional to voltage.

Nienhaus et al. were the first to successfully measure chemicurrent on a nano-
diode [3, 50]. Their devices consisted of Ag and Cu thin films deposited onto n- and
p-doped Si wafers, with ohmic contacts on both sides of the wafer. When these
diodes were exposed to a beam of H atoms, a current on the order of 0.01-1 nA was
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Fig. 10.4 (a) Energy and (b) schematic diagrams of Schottky diodes for chemicurrent measure-
ment. (a) Hydrogen atoms react with the metal surface, (1) creating electron—hole pairs, followed
by (2) the ballistic transport of hot carriers through the metal film. Hot carriers go over the Schottky
barrier and move into the semiconductor where the chemicurrent is measured. (¢) Plot of chem-
icurrent on Ag and Cu surfaces as a function of hydrogen exposure time [3]. (Reprinted with per-
mission from ref. [50]. © 1999 American Physical Society.)

observed. This chemicurrent decayed exponentially to a steady-state value that
agreed with the kinetics of the impinging particles competing for surface sites [3,
50, 51]. Figure 10.4c shows a plot of the chemicurrent on Ag and Cu surfaces as a
function of hydrogen exposure time. Nienhaus et al. found that the number of
electrons detected per adsorption event (or chemicurrent yield) is 4.5x 107 for Ag
and 1.5x10* for Cu. This sensitivity difference can be attributed to the shorter
mean free path of electrons in Cu films, compared with that of Ag films [52]. Also,
the difference in sensitivity was attributed to the possible formation of silicide
between the copper and silicon, giving rise to higher roughness and thus, more scat-
tering centers in the Cu/Si.

10.4 Detection of Hot Electrons from Exothermic Catalytic
Reactions

One of the key issues in heterogeneous catalysis is the role of metal-oxide inter-
faces in altering catalytic activity. The smart design of nanocatalysts can improve
the catalytic activity of transition metals on reducible oxide supports, such as Pt
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nanoparticles or nanowires on a titania substrate, via strong metal-support inter-
actions (SMSI). The SMSI effect refers to changes in the catalytic activity when
group VIII metals (i.e., Fe, Ni, Rh, Pt, Pd, and Ir) are supported on certain oxides
(e.g., TiO,, TaOs, CeO,, NbO), where, for example, methane formation from CO or
CO, and H, is enhanced by 3 orders of magnitude [53-56].

The role of the metal-oxide interface in enhancing catalytic activity was first
suggested by Schwab and others, who performed oxidation of carbon monoxide on
Ag/NiO [57, 58]. As reported by Hayek and others, the reaction rate in the oxide—
metal model system depends on the oxidation state of the supporting oxide, the free
metal surface area, and the number of sites at the interface between the metal and
the support [59-61]. The origin of such metal-oxide interactions is attributed to
either geometric or electronic effects. The geometric effect assumes that the active
surface area of the noble metal changes during the reduction process.

The electronic effect involves charge transfer between the metal and the oxide
support. Elucidation of the origin of the metal-support interaction requires
measurement of the charge transfer through the oxide—metal interface. To detect
this charge transfer (or flow of hot electrons) under catalytic reaction conditions,
metal-semiconductor Schottky diodes have been developed [3, 62]. In this section,
we will outline recent research on catalytic nanodiodes. The detection of hot elec-
trons under various catalytic reactions and the influence of hot electrons in catalytic
reactivity will also be discussed in this section.

10.4.1 Concept of Catalytic Nanodiodes

If the metal particle or film is the diameter or thickness of the electron mean free
path (~10 nm), hot electrons can be collected as they are transported across the
metal without collision, as shown in Fig. 10.5a. For an n-type Schottky diode, hot
electrons are detected as a chemicurrent if their excess energy, E.,, is larger than the
effective Schottky barrier, E., =1E — Egl, which is the difference between the conduc-
tion band minimum and the Fermi energy, E, at the interface. Once hot electrons
arrive at the oxide, they dissipate energy and thus cannot go back to the metal.
Therefore, the Schottky energy barrier leads to irreversible, one-way charge transfer
of hot electrons from the metal to the semiconductor, as shown in Fig. 10.5b. After
hot electrons move from the metal to the semiconductor, they are replaced by low-
energy electrons supplied by the external leads connected to the Pt and the semicon-
ductor, resulting in the continuous flow of hot electrons generated by the catalytic
reaction. The hot electron flows also correlate with the turnover rate of CO oxida-
tion, as measured separately by gas chromatography [63]. Photon energy has been
observed being converted into hot electron flows with metal-semiconductor diodes
[64, 65]. The detection of hot electrons may lead to a fundamental understanding of
energy dissipation and conversion processes, which would introduce new opportu-
nities for energy conversion.
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Fig. 10.5 (a) Scheme and (b) energy diagram of catalytic nanodiodes. Hot electrons can be gener-
ated by exothermic catalytic reactions

10.4.2 Fabrication and Characterization of Metal-
Semiconductor Nanodiodes

Vertically oriented metal/TiO, Schottky diodes were fabricated on an insulating
Si(100) wafer covered by 100 nm SiO,. The back electrode was formed by an elec-
tron beam evaporating a 100 nm Au contact pad on top of a 30 nm titanium adhesion
layer, as shown in Fig. 10.6. A portion of the Au contact pad was then covered with
30 nm of titanium, forming an ohmic contact between the Au pad and the titanium
oxide semiconductor, due to the low work function of titanium. Reactive direct cur-
rent (dc) magnetron sputtering was used to deposit approximately 150 nm of tita-
nium oxide. During sputtering, the bias voltage was 430 V, O, pressure was
11-12 sccm, and Ar pressure was 37 sccm. The resistivity of titanium oxide is
0.3-0.4 Q cm, as measured using a four-point probe. A portion of the titanium oxide
layer was covered by 200 nm of silicon nitride deposited by plasma-enhanced
chemical vapor deposition to prevent electrical shorting between the titanium oxide
and the top contact layer. The Schottky contact was then formed by electron-beam
evaporation of 5 nm of metal in a 3 mm diameter circle, one-third of which con-
tacted the titanium oxide and two-thirds of which contacted the silicon nitride insu-
lating layer. The top electrical contact was then formed on top of the Pt or Pd on the
silicon nitride by an electron beam again depositing a 100 nm Au contact pad.

The Pt/GaN diode was fabricated on n-type GaN/sapphire substrates. The GaN
crystal has the wurtzite structure and the orientation of (0001) c-axis Ga face within
0.5°. The thickness of the GaN epitaxial layer is 5 pm, and the resistivity is 1-5Q cm.
The wafers were sonicated successively in trichloroethylene, acetone, and methanol
to remove contaminants and boiled in 1.0 N KOH for 10 min to modify the surface
topography. A 200 nm SiO, insulating layer was formed on the GaN surface via
electron-beam evaporation, as shown in Fig. 10.6. This layer prevents the low-work-
function contact pads from short circuiting the devices. Five nanometers of Pt were
then deposited via electron-beam evaporation to form the Schottky contact. The Pt/
GaN contact area is approximately 1 mm?. Finally, the Ti/Al ohmic contacts were
deposited to complete the devices.
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Fig. 10.6 Scheme of Pt/TiO, and Pt/GaN nanodiodes. (Reprinted with permission from ref. [70].
© 2007 American Chemical Society.)

The formation of a Schottky barrier between Pt and TiO, or GaN has been
reported previously. Ali et al. fabricated Pt/GaN gas sensors and measured a
Schottky barrier height of 0.92 eV based on thermionic emission theory [66]. Wang
et al. reported barrier heights of 1.1 and 0.96 eV based on current—voltage measure-
ments on Pt/GaN and Pd/GaN diodes, respectively [67]. Dittrich et al. reported
Schottky barrier heights of 1.2—1.3 eV on Pt/TiO, diodes [68]. This energy barrier
is high enough to suppress the contribution of the thermal excitation of electrons to
electron flow.

To determine barrier heights and ideality factors for the nanodiodes, we fit the
current—voltage curves of our devices to the thermionic emission equation. For
thermionic emission over the barrier, the current density of Schottky contacts as a
function of applied voltage is given by [69].

I=FA*T?exp (_ k‘f’nT) : lexp (%] - 11 (10.2)
B B

where F is the area, A* is the effective Richardson constant, @, is the Schottky
barrier height, # is the ideality factor, and Ry is the series resistance. The effective
mass of the conduction electrons in GaN, m* =0.22m,, gives an effective Richardson
constant: 2.64 x 10* A/cm? K. The effective Richardson constant for TiO, is 24 A/
cm? K.
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10.5 Hot Electron Flows Detected on Catalytic Nanodiodes
Under Exothermic Catalytic Reaction

A batch reaction system, combined with electrical measurement, was built to carry
out the gas-phase reaction [71]. The reaction cell was evacuated down to 5 x 1078 Torr
by a turbomolecular pump. A ceramic heater was used to change the temperature of
the sample. Since the thermocouple was fixed between the backside of the sample
and the ceramic heater, the temperature difference between the thermocouple and
the sample surface can be ignored. The temperature controller provided feedback to
the current applied to the heater that kept the fluctuations of the temperature below
0.5 K. A sampling loop, including a gas chromatograph and a circulation pump,
continuously measured reaction rates from the reactant and product concentrations.
The hot electron current between the two gold electrodes was measured during the
chemical reaction using a current preamplifier. For electrical characterization of the
diodes, current—voltage measurements were performed by sweeping the voltage
between the two electrodes and measuring the resulting current. For the case of
measuring the chemicurrent under a chemical reaction, the current signal between
the two electrodes was measured with an applied voltage of 0 V.

It was found that a continuous flow of ballistic charge carriers was generated by
an exothermic catalytic reaction and detected using various catalytic metal-semi-
conductor Schottky diodes. Ji et al. found that hot electron currents were generated
at steady state for several hours using two types of catalytic nanodiodes, Pt/TiO, and
Pt/GaN Schottky nanodiodes, under carbon monoxide oxidation catalyzed by the
platinum [72, 73]. This experiment clearly verified that the proposed method
converts chemical reaction energy directly into hot electrons. This contrasted
sharply with prior work, which generated transient currents utilizing adsorption
reactions in ultrahigh vacuum at 130 K.

The current signal was measured between two gold contacts of Pt/TiO, diodes
under reaction conditions and under pure He. Zero bias was applied between two
Au contacts during the current measurement. When the diode was under 1 atm He,
the thermoelectric current due to the elevated temperature was observed. The ther-
moelectric current is caused by the difference in electrical potential between the two
electrodes because of the Seebeck effect. We found that the thermoelectric current
was mainly influenced by the Seebeck coefficient of each layer of diodes. In the
case of the Pt/TiO, and Pd/TiO, diodes, the thermoelectric current moved in the
opposite direction as the chemicurrent. In case of the Pt/GaN diode, while the ther-
moelectric current was smaller than that of Pt/TiO,, the chemicurrent increased at a
lower temperature than Pt/TiOx. Interestingly, the thermoelectric current in the Pt/
GaN diode was in the same direction as the chemicurrent and the current value was
much smaller than that of the Pt/TiO, and Pd/TiO, diodes. This suggests that the
thermoelectric current is crucially influenced by the thermoelectrical properties of
the semiconductor layer. The higher thermoelectric current of the TiOx-based diode
could be associated with the extraordinarily high Seebeck coefficient of TiO, (the
Seebeck coefficient of TiO, is 0.4 mV/K at 573 K). The smaller value and different
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polarity of the Seebeck coefficient for GaN (-0.05 mV/K at 300 K) is consistent
with the variation of thermoelectric currents measured on the Pt/GaN.

Heat transfer from the exothermic chemical reaction to the Pt surface could also
increase the local sample temperature independent of the heater. We found the
increase in temperature caused by the exothermic reaction in our experimental
range (up to a turnover rate of 10° molecules per Pt site per second) based on the
thermal transport equation can be ignored (less than 107 K) [6]. The small increase
in local temperature is due to the structure of the diode (nanometer-scale layer
thickness and millimeter-scale spatial size of layers).

Figure 10.7 shows the chemicurrent and turnover rate under 100 Torr O, and
40 Torr CO as a function of the temperature measured on the Pd/TiO, diode. The
chemicurrent suddenly starts at 413 K. While the detection of current flow between
413 and 473 K is clear, the accumulation of CO, in that temperature range was too
low to be detected by gas chromatography. This suggests that the hot electron current
is a more sensitive probe than gas chromatography to measure and monitor the cata-
lytic chemical reaction. This increased sensitivity for hot electron detection may have
potential applications for chemical sensors. The number of electrons per the number
of CO, molecules produced is estimated to be 1-2x 107, from the measurement of
chemicurrent and turnover rates. We note that this value depends on surface clean-
ness, Pt thickness, and the conductivity of the TiO, layer. From the slope of the
Arrhenius plot of chemicurrent and turnover rate in the temperature range of 413—
573 K, the activation energy of the carbon monoxide reaction on the Pt/TiO, nanodi-
ode was determined. The activation energy obtained from the current measurement
was 21 kcal/mol, and a similar value was derived from gas chromatography
(~22 kcal/mol) [63, 70]. Likewise, the Pd/TiO, diode exhibits an E, of 20.4 kcal/mol
(chemicurrent measurement) and 21.1 kcal/mol (turnover measurement) [70]. This
excellent correlation between hot electron flux and turnover rate observed both on the
Pt/TiO, and Pd/TiO, diodes suggests that current measurement can indeed be used for
monitoring the chemical reaction in a quantitative manner.
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Fig. 10.8 Arrhenius plots obtained from chemicurrent and turnover measurements on a Pt/TiO,
diode with a pressure of 6 Torr H, and 760 Torr O,. Both give similar activation energies, which
implies that hot electron generation under hydrogen oxidation is proportional to the catalytic turn-
over rate. The error is associated with multiple measurements of the chemicurrent and turnover
rates. (Reprinted with permission from ref. [62]. © 2009 American Chemical Society.)

Continuous flux of energetic (hot) electrons during catalytic hydrogen oxidation
was detected using Pt/TiO, catalytic nanodiodes at atmospheric pressures.
Chemicurrent was measured at different temperatures on a Pt/TiO, diode in 6 Torr
H, and 760 Torr O,, as shown in Fig. 10.8a. Since TiO, is quickly (within seconds)
reduced by atomic hydrogen, which diffuses through the platinum film [74], and
since the hydrogen/oxygen mixture is explosive in certain conditions, oxygen is
used in large excess (>99 %). The reaction is conducted in a ~1 L batch reactor and
pumped down to 107° Torr between runs. Under these hydrogen oxidation condi-
tions, where we have a large excess of oxygen, the diodes sustain their rectifying
behavior [62]. This suggests that the oxygen keeps the semiconductor portion of the
diode oxidized, or prevents the hydrogen from diffusing through the platinum. With
spillover largely absent, the Schottky barrier remains constant on the time scale of
these experiments.

Figure 10.8 shows the number of water molecules per platinum site produced on
the Pt/TiO, diode under 6 Torr H, and 760 Torr O,, as a function of time; it is
assumed that the surface Pt site density is equivalent to that of Pt(111). The turnover
frequency at different temperatures, obtained by taking the slope of the plots,
increases with temperature. The thermoelectric current was measured separately
under 760 Torr He and was found to be lower than 0.3 nA at 373 K. Because the
current detected under hydrogen oxidation at 373 K (17 + 1 nA) is much higher than
the thermoelectric current, most of the current signal can be attributed to the chem-
icurrent. The reaction is concurrently monitored using a gas chromatograph to
determine the chemicurrent yield (number of electrons detected per reaction event).
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The activation energy is determined using the turnover rate and chemicurrent
measured as a function of temperature.

The resulting Arrhenius plots are shown on the same graph. The error bars in the
plot correspond to the standard deviations of the measurements. The two resulting
activation energies match (7.4+0.3 kcal/mol for chemicurrent and 7.6+0.6 kcal/
mol for turnover rate), which implies that the chemicurrent originates from the cata-
lytic reaction. Again, the thermoelectric current is negligible (<0.3 nA) in the tem-
perature range (298—373 K) used here. Previously, the effect of an increase in the
sample temperature due to the heat of reaction has been shown to be negligible [63].
The activation energy for hydrogen oxidation under identical conditions (6 Torr H,
and 760 Torr O,) measured separately on a Pt foil is 8.3 (x 0.6) kcal/mol, which is
comparable, within the experimental error, to that on Pt/TiO, nanodiodes. The
dependence of chemicurrent and turnover rate on the partial pressure of H, was also
investigated. The partial pressure dependence shows a linear relationship between
water formation and H, partial pressure, consistent with the Langmuir—Hinshelwood
mechanism.

The apparent chemicurrent yield can be obtained by dividing the chemicurrent
(number of electrons per second) by the turnover rate (number of product molecules
per platinum site per second). Therefore, the chemicurrent yield represents the hot
electrons collected per product molecule formed on a single metal site. Its value in
hydrogen oxidation, based on measurements at several different temperatures, is
(1.1£0.1)x 10™*. The apparent yield in CO oxidation on the same 5 nm Pt/TiO,
diode [70] is 2.3+0.5%x10~*. The lower chemicurrent yield of H, oxidation com-
pared with CO oxidation may be associated with the lower reaction heat of H, oxi-
dation (2.5 eV per product molecule, H,O [75, 76]) versus that of CO oxidation
(2.9 eV per product molecule, CO, [77]).

10.6 Hot Electron Flows Detected Upon Photon Absorption

The concept of photon energy conversion to hot electron flow was suggested by
McFarland and Tang [78]. In this scheme, photons are harvested by dye molecules
adsorbed on a Schottky diode composed of a thin gold layer on TiO,. When light
falls on the dye layer, electrons are released from the dye molecules and injected
into the conduction band of the metal layer. The disadvantage of this scheme is the
ineffectiveness of the adsorbed dye molecules in producing photocurrents. One
reason for this is that electrons injected by the dye layer into the metal can be imme-
diately recaptured through reverse charge transfer from the filled electronic states of
the metal into the dye, resulting in no net current flow.

Use of a metal-semiconductor Schottky diode allowed for the measurement of
the steady-state current from the continuous flow of ballistic charge carriers gener-
ated by the absorption of photons. Schemes of the photovoltaic device are also
described in Fig. 10.9a. To generate electric current through the device, these
electrons need enough energy to travel over the Schottky barrier and into the TiO,
conduction band.
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The short-circuit photocurrent was measured as a function of the wavelength of
light on the metal-semiconductor Schottky diodes. Figure 10.9b shows the plot of
the short-circuit photocurrent as a function of photon energy measured on a Pt/TiO,
diode with a metal film thickness of 5 nm. The photocurrent increases with increas-
ing photon energy. In order to verify the relation between the hot electron flux and
the photon energy, we fit the photocurrent to Fowler’s law [79, 80]. According to
Fowler’s law, the photoelectric current, 7, is

I=c(hv—9)

where c is a constant, ¢ is the work function of the sample, and %v is the photon
energy. For most metals, n=2; other exponents apply to semiconductors.
Figure 10.9b also shows the fit of photocurrent to Fowler’s law with the fitting
parameter of n=2 and ¢ (in our case, Egg, the Schottky barrier height) of 1.2 eV.
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The fitting result shows that the measured photocurrent is in good agreement with
Fowler’s law. This result confirms that the measured photocurrent is mainly attrib-
uted to the hot electron flow, assuming that the contribution by defect states local-
ized in the bandgap of TiO, can be ignored. At high photon energy (>3.2 eV), the
photocurrent increases significantly, showing a departure from the Fowler’s law fit,
indicating an additional contribution of electron—hole pair excitation in the titanium
oxide. This result indicates that the steady-state flow of hot electrons generated
from photon absorption can be directly probed with metal-semiconductor
Schottky diodes.

Recently, Lee et al. [65] proposed a scheme for enhanced light absorption with
localized surface plasmon resonance and, therefore, for enhanced hot electron gen-
eration by utilizing Au/TiO, Schottky diodes with no dye layers, as illustrated in
Fig. 10.10. The morphology of the metal thin film was modified to a connected gold
island structure that exhibited surface plasmons. The nanometer-scale domains in
the connected gold island structure were electrically connected to the ohmic pad,
ensuring measurement of the flow of hot electrons. The photocurrent was measured
to determine the correlation between surface plasmons and hot electron flows on the
modified Au/TiO, Schottky diodes. An enhancement of the internal photoemission
was observed by changing the surface morphology [65, 81] or adapting the dye
molecules [82] or nanowires [83] in such a way that the surface exhibits nanoscale
domains with a strong localized surface plasmon resonance.

10.7 Influence of Hot Electrons on Surface Chemistry

Understanding the mechanisms for electronic excitation in exothermic chemical
processes on surfaces is a long-standing question of both fundamental and practical
importance. Recent experimental and theoretical studies have demonstrated
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electronic excitation due to chemisorption and physisorption of gases at surfaces
and by chemical reactions at surfaces. Electronic excitation in exothermic catalytic
reactions involves the flow of hot electrons (1-3 eV), assuming that most of the
chemical energy is converted to electron flow [3, 9, 84]. A catalytic nanodiode was
reported that detected a steady-state flux of hot (>1 eV) conduction electrons gener-
ated during a gas-phase exothermic reaction on the surface of Pt metal [6, 62, 71,
85]. Earlier studies on Pt/TiO, catalytic nanodiodes show that the activation energy
of chemicurrent and catalytic activity are quite similar (~21 kcal/mol for CO oxida-
tion [63, 71]; 7.4-7.6 kcal/mol for H, oxidation [62]), which indicates a correlation
between the hot electron flows and catalytic reaction. Furthermore, it has been
demonstrated that hot electron flows can influence atomic or molecular processes,
including desorption [86], diffusion [87], and isomerization of molecules [88, 89].
In this chapter, we outline recent results revealing the influence of hot electrons on
surface chemistry and catalysis.

10.7.1 Influence of Hot Electrons on Atomic
and Molecular Processes

It was found that incident hot electrons could induce atomic-scale hydrogen desorp-
tion through electronic and vibrational excitation mechanisms. Shen et al. [86] uti-
lized hot electrons released from scanning tunneling microscopy (STM) to desorb
hydrogen from hydrogen-terminated Si(100) surfaces. Two atomic-scale mecha-
nisms were suggested in this study: direct electronic excitation of the Si—H bond by
field-emitted hot electrons, and multiple-vibrational excitation by tunneling elec-
trons at low tip voltage.

It was found that the hot electrons promote other molecule processes, such as
diffusion and isomerization. Fomin et al. [87] investigated the diffusion of isolated
H,O and D,0 molecules on Pd(111) using STM at low temperature (~40 K). While
at low tunneling voltage, the diffusion is thermally activated; the diffusion rate is
enhanced by several orders of magnitude when the tunneling electron has enough
energy to excite the vibrational “scissor” mode of the molecule. Choi et al. [88] and
Henzl et al. [89] reported a trans-cis conformational change of isolated azobenzene
(AB) molecules induced by the hot electrons from the STM tips. Based on spatially
resolved STM or scanning tunneling spectroscopy, Choi et al. observed that a
reversible, conformational change in AB can take place.

There are a growing number of experimental and theoretical evidences showing
that surface reactivity can be affected by hot electrons. For example, theoretical
work by Gadzuk et al. on hot electrons at the MIM electrode suggests the concept
of “hot electron chemistry” [9, 90]. Diesing et al. found that the hydrogen evolution
reaction is promoted under bias voltage to the junction [36]. Promotion of decom-
position of chlorinated hydrocarbons by electron emission was observed by Sharpe
et al. [47]. Bias-voltage-induced decomposition of 2-methyl-1,4-naphthoquinone
was observed by Wadayama et al. on the MIM tunnel junction [48].



248 LY. Park

10.7.2 Hot Electron Effect on Metal-Oxide Hybrid
Nanocatalysts

Hybrid nanostructures, such as metal-semiconductors [91-93] and semiconductor—
semiconductors [94, 95], offer an interesting platform to investigate the effect of the
metal-semiconductor junction on heterogeneous catalysis. The critical issue in syn-
thesizing these nanostructures is controlling the interface between the metal-semi-
conductor, which plays an important role in determining the type of barrier and in
generating hot electrons. Recently, Kim et al. studied the catalytic activity of the CO
oxidation reaction on Pt—~CdSe—Pt nanodumbbells and Pt nanoparticles on GaN sub-
strates in the dark and with light irradiation to elucidate the role of hot electrons in
the catalytic reaction [96].

Figure 10.11a shows schematic drawings (left) of the flow of hot electrons
formed on a Pt—CdSe-Pt nanodumbbell under light irradiation, and how the hot
electrons participate in the CO oxidation reaction. Electron—hole pairs can be gener-
ated on the semiconducting region upon absorption of photons, and the hot elec-
trons can go over the barrier between the semiconductor and the metal and be
injected onto the surface of the Pt nanoparticles, as illustrated in the energy band
diagram (right). Figure 10.11b shows representative TEM images of the Pt—CdSe—
Pt nanodumbbells, which reveal both-sided growth of Pt nanoparticles onto
15x4 nm (lengthxdiameter) CdSe quantum rods. The average size of the Pt
nanoparticle is 2.2 nm, and the length of the CdSe nanorod is 15 nm.

CO oxidation on Pt—CdSe—Pt nanodumbbells was carried out to identify the role
of hot electrons in surface chemical reactions during light irradiation. It was shown
that, during light irradiation, the nanodumbbells show a higher catalytic activity
than when in the dark. This result implies that hot electrons created by light absorp-
tion influence the CO oxidation reaction on the Pt—CdSe—Pt nanodumbbells. CO
oxidation carried out on bare Pt nanoparticles didn’t show any change with light
irradiation. The influence of photon energy on catalytic enhancement was studied
by using both a short-wave pass filter (SWF) that passed light with a photon energy
(hv) between 2.0 and 3.0 eV and a long-wave pass filter (LWF) that passed light
with a photon energy (4v) between 1.0 and 2.0 eV. As shown in Fig. 10.11c, the
Pt—CdSe-Pt nanodumbbells irradiated by light with a higher photon energy
(2.0eV<hr<3.0 eV) were two times more active for CO oxidation, compared with
irradiation by light with a lower photon energy (1.0 eV <hv<2.0 eV). In the latter
case, the catalytic activity was very similar to CO oxidation in the dark. Therefore,
this additional experiment affirms that hot electrons are generated when irradiated
with light having a photon energy above the bandgap energy (E,) of the CdSe rods
and that the hot electrons promote the CO oxidation reaction on the Pt metal.

In order to elucidate the effect of the type of hot carrier in a catalytic chemical
reaction, the CO oxidation reaction was carried out on colloidal Pt nanoparticles on
p- and n-type GaN under light irradiation. Schafer et al. observed that the type of
gallium nitride (GaN) doping affected the reactivity of the Pt nanoparticles. They
suggest that this is due to the strong electronic interaction between the nanoparticles
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and the n- or p-type GaN substrates, showing a large influence on the chemical
composition and oxygen affinity of the supported nanoparticles under X-ray
irradiation [97].

Kim et al. carried out the CO oxidation reaction on Pt colloid nanoparticles on
n- and p-doped GaN substrates with and without light to identify the role of hot
carriers in the chemical reaction [98]. The capping layer-free Pt nanoparticles
deposited with arc plasma deposition [99, 100] on the GaN substrate were also used
as model catalysts to understand the role of capping layers. With the given energetic
alignment, recombination of electrons from the nanoparticles with holes from the
n-type semiconductor under illumination is expected. Likewise, electron transfer to
the Pt nanoparticles is expected for the p-type supports, as illustrated in the energy
band diagram (Fig. 10.12a). Such an interfacial charge transfer process would lead
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to a reduced net charge of the Pt nanoparticles on the n-type GaN and an increased
net charge on the p-type GaN. This change in net charge according to the type of
GaN doping will influence the difference in catalytic activity.

As shown in Fig. 10.12b, the catalytic activity of the Pt nanoparticles supported
on GaN under light irradiation exhibited a distinct change, depending on the doping
type. The catalytic activity of the Pt nanoparticles on the n-doped GaN wafer
decreased by 8-28 % under light irradiation compared with no irradiation (i.e., in
the dark), while the Pt nanoparticles on the p-doped GaN wafer increased by
11-33 % under light irradiation compared with no irradiation. The catalytic activity
increased on the smaller Pt nanoparticles compared with the larger nanoparticles,
presumably due to the mean free path of the hot carriers. Also, the capping layer-
free Pt nanoparticles deposited via arc plasma deposition showed the same trend,
with increased activity on the p-doped GaN wafer, suggesting that the observation
is general.

The change in catalytic effect influenced by hot electron flow is due to the
electron—hole pairs generated by the absorption of photons on CdSe, causing the
ballistic transport of hot electrons to the Pt surface, which then affects the catalytic
CO oxidation reaction. The negatively charged CO?~ or O*" transition states, after
accepting electrons from the CdSe, can be formed on the Pt surfaces. The hole gen-
erated in CdSe can move to the silicon substrate (in the case of Pt—CdSe—Pt nanod-
umbbells) or to the GaN bulk (in the case of Pt/GaN) to complete the closed cycle.
Earlier theoretical density functional theory studies showed that hot electron gen-
eration is mediated via a negatively charged CO?*" transition state [5], implying the
important role of negatively charged reaction intermediates and leading to a correla-
tion between turnover rates and electron flow. Another plausible mechanism
involves activation of Pt—O bonds by hot electrons, resulting in their reaction with
coadsorbed CO [101]. Nevertheless, these results demonstrate the effect of hot elec-
trons on catalytic reactions with metal-semiconductor hybrid nanocatalysts.

10.8 Concluding Remarks and Future Perspective

As to the future direction of hot electron studies, several topics, including develop-
ment of hybrid nanoparticle-nanodiode systems, and in situ surface characteriza-
tion, are illustrated in Fig. 10.13. A more fundamental understanding of hot electron
phenomena would be required on both the theoretical and experimental sides. Hot
electrons on a metallic surface can be created by external energy deposition in the
form of photons, ions, electrons, and chemical reactions. Therefore, we can con-
sider hot electrons to be a major mediator for general energy conversion. The
scheme of energy conversion from chemical (catalytic reactions) and photon energy
to electrical energy (hot electron current) may give insight into other types of energy
sources, including solar cell and photocatalytic devices, as illustrated in Fig. 10.14.

In this chapter, we discussed recent studies of the role of hot electron flows in
surface chemistry and heterogeneous catalysis. We reviewed various energy
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Fig. 10.14 Illustration showing energy conversion between chemical, photon, and electrical ener-
gies mediated by hot electrons

dissipation mechanisms and detection schemes for hot electrons. We discussed the
SMSI effects for various catalytic systems to address the role of the metal-oxide
interface in heterogeneous catalysis. Hot electron flow through a catalytic nanodi-
ode provides insights into the role of electronic excitation leading to energy conver-
sion processes using heterogeneous metal catalysis. We found that hot electron flux
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is well correlated with the turnover rates of catalyzed reactions, which suggests
possible applications for chemical sensors and novel energy conversion. We showed
that hot electrons could affect heterogeneous catalysis for various catalytic systems,
ranging from catalytic nanodiodes to metal-semiconductor hybrid nanocatalysts.
We showed that the hot electron is the main mediator of energy conversion between
chemical, photon, and electrical energies, suggesting a new energy conversion
mechanism based on hot electrons.
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