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Preface

2008 is a special year for many of us. Fifty years ago, the University
of Science and Technology of China (USTC) was established in Beijing,
China under the auspice of the Chinese Academy of Sciences. Despite the
relatively short history in higher education, USTC has distinguished herself
with tens of thousands of outstanding alumni who have been making
significant contributions to the nation and to the world as a whole by
advancing the forefronts of science and technology. As part of the
festivities this year to celebrate the half-century mark of the university, a
group of young proud alumni, most of whom attended USTC in the 1980s
and 1990s and are currently holding tenured/tenure-track faculty positions
in the USA, have decided to showcase their talents and accomplishments in
the fields of nanoscience and nanotechnology, and hence the birth of this
book as a token of appreciation of the unparalleled undergraduate
education that they received from the alma mater.

The theme of this book is focused on the chemistry and engineering
aspects of nanoscale functional materials. The extensive interest in
nanostructured materials is primarily motivated by the chemical and
physical properties that are inaccessible in either their constituent atoms/
molecules or bulk forms. As exemplified in this book, diverse applications
have been proposed and pursued in multiple disciplines, ranging from
materials chemistry, physics, to biology and engineering. Therefore, in
this book, the chapters are divided into four major groups to address these
different issues. Part [ (Chapters 1 -5) focuses on the synthesis and
manipulation of varied nanostructured materials. The fundamental insights
that we gain about the mechanistic growth and chemical transformation are
anticipated to lay the foundation for rational designs of nanomaterials with
specific functionalities. Part [[ (Chapters 6 -10) covers the unique
electron transfer/transport properties of nanostructured materials and their
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implication in nanoelectronics and molecular electronics. In fact, this is
one of the major driving forces in nanomaterials research in that potential
new technologies may be developed to complement or even surpass the
current silicon-based semiconductor technology. Part [ (Chapters 11 - 13)
reviews some of the recent pro'gress in the applications of functional
nanomaterials in energy science and engineering (solar cells and fuel
cells); and last but not least, Part [V (Chapters 14 - 16) surveys the
applications of nanomaterials in biological labeling, biomedical imaging,
and sensing and detection in biomolecules.

As editors of this book project, we are grateful to the fellow alumni
who took time out of their hectic schedules to contribute to the book. We
are overwhelmed by the enthusiastic and unconditional support from a wide
range of alumni, from seasoned pioneers in the fields to brand-new but
energetic assistant professors. It is thus our sincere hope that this book will
provide a glimpse of the many facets of distinctions of the proud alumni of
USTC. In addition, the book is intended to offer a timely survey of the
state of the art of nanoscience and nanotechnology, and thus may serve as
a technical reference to researchers interested in nanomaterials science and
engineering.

Happy 50t Anniversary, Alma Mater!

Shaowei Chen
B 4% (8603)
Santa Cruz, California

Wenbin Lin

M X (8303)
Chapel Hill, North Carolina
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Chapter 1 Shape-Controlled Synthesis of Palladium Nanostructures

1 Introduction

In 1959, Richard Feynman, a Nobel Laureate suggested in his famous
lecture entitled ‘There’s Plenty of Room at the Bottom’ that many physical
measurements could be pushed to very small scales to reveal new phenomena
and obtain new applications. Half a century later, Feynman’s vision has
become the foremost frontier of scientific research, with the establishment of
a new field known as nanotechnology. This field involves manipulation and
investigation of structures with at least one dimension in the range of 1 to
100 nm. A central theme of research in this field is to fabricate or grow
nanostructures from their constituent atoms with controllable sizes, shapes,
compositions, and properties.

Among various systems, metal nanostructures have received intensive
attention over the past decades, as metals cover almost two thirds of elements
in the period table. Metal nanostructures have a broad range of fascinating
properties, many of which have found extensive use in various applications
including optical sensing/imaging, biomedicine, photography, information
storage, ferrofluids, heterogeneous catalysis, electronics, and photonics. 7%
However, it has been a long-term challenge to precisely tailor and control
their properties for different applications. Like their semiconductor
counterparts, the properties of metal nanostructures are highly dependent on
the size, shape, composition, crystallinity, and structure (e. g., solid versus
hollow). One can, in principle, adjust any one of these parameters to control
their properties. Most recently, the focus of research has been shifted to shape
control partly because in many cases it allows one to tune the properties with a
greater versatility than can be achieved otherwise. A notable example is
related to surface plasmon resonance (SPR). It has been predicted by
calculations that both the number and position of SPR peaks of Ag or Au
nanostructures, as well as their effective spectral range for surface-enhanced
Raman scattering ( SERS ), are highly sensitive to the shape of
nanostructures.? This shape dependence has also been verified by a number of
experimental studies. For instance, the longitudinal SPR modes of Ag and Au

nanorods have been shown to drastically red-shift from the visible to the near-
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infrared with increasing aspect ratio;2c arrayed Ag triangular nanoparticles
have been demonstrated as effective substrates for SERS in the spectral range
from 700 to 800 nm, while the most suitable SERS spectral range for spherical
Ag nanoparticles is between 530 and 570 nm.®%d: & In catalysis, shape control
has enabled people to improve the activity and selectivity of metal
nanoparticles for a rich variety of reactions. For example, Pt nanocubes
whose surfaces are enclosed by {100} facets catalyze reactions involving
hydrogen efficiently, while the reactivity of carbon monoxide can be enhanced
by the {210} facets of buckyball-shaped nanoparticles. 910

We have been engaged in the development of facile methods for shape-
controlled synthesis of metal nanostructures. In this chapter, we will take
palladium as an example to demonstrate a variety of useful parameters that can
be tuned to control the formation of metal nanostructures with a specific shape
in a solution-phase synthesis. We are interested in palladium because this noble
metal plays a central role in many industrial applications. 1713 [t serves as the
primary catalyst for the low-temperature reduction of automobile pollutants,!!
as well as a range of organic reactions that include Suzuki, Heck, and Stille
couplings.?? It also has remarkable performance in hydrogen storage and
sensing. 3 Essentially, all of these applications require the use of palladium in
a finely divided state where both the size and shape are critical parameters to
control in order to maximize their values. Shape control can have a huge
impact on these applications. For example, the reactivity and selectivity of a
Pd nanocatalyst can be tailored by controlling the shape as it will determine
the crystallographic facets exposed on the surface of a nanocrystal and
therefore the number of atoms located at the edges or corners.!* Another
useful property of palladium that remains largely unexplored is the SPR.1!5
Calculations based on the discrete dipole approximation (DDA) method have
indicated that the resonance peaks of Pd nanostructures could be tuned from
the ultraviolet (330 nm) to the visible (530 nm) region by tailoring their shape
from cube to icosahedron and then triangular thin plate without any change on
the edge length.1® Since the resonance peaks are close to the wavelengths of
lasers commonly used for Raman spectroscopy, both Pd icosahedrons and thin
plates can serve as substrates for SERS detection with greatly improved
activities. 17

Like other noble metals, synthesis of Pd nanostructures with well-
controlled shapes has been a challenging task. Before we started to work on
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this subject, a lot of efforts had been devoted to the chemical synthesis of Pd
nanostructures, including the use of surfactants, polymers, or RNAs to
mediate the reaction; the use of a coordinating ligand to direct the growth; as
well as the decomposition of a specially designed Pd-surfactant complex. 18 The
control knobs available for these syntheses have been limited to the reaction
temperature, the concentration of Pd precursor, and the structure of the
surfactant or polymer. The products that can be obtained using these methods
are typically cuboctahedrons, thin plates, and irregularly shaped particles. In
order to systematically study the shape-property relationship and fully explore
their potential applications, it is necessary to develop a generic approach to Pd
nanostructures with a broad range of well-defined shapes.

As a face-centered cubic (fcc) metal, Pd nanostructures can take a variety
of geometrical shapes.!® Our recent work on the Ag system indicates that the
crystallinity of seeds plays the most important role in controlling the shape of
final products.2’ Due to their similar crystal structures, we believe that
maneuvering the crystallinity of Pd seeds also holds the key to the shape
control of Pd nanostructures. Further growth of seeds may selectively enlarge
one set of crystallographic facets at the expense of others to yield the final
shape. As a result, it is feasible to determine which facet will be exposed on
the surface and thus the final shape by controlling the growth rates of different
facets. Along this line, we and other groups have started to attack a long-
standing problem in chemistry and physics — understanding and control of
both nucleation and growth details involved in the chemical synthesis of
nanostructures. As the focus of this chapter, we will discuss how a precise
control over nucleation and growth can be achieved in a solution-phase
synthesis by tuning a number of critical parameters. The ultimate goal of our
research is to provide an atomistic picture of the evolution pathway from
atoms to clusters and nanostructures, as well as the design rules for
synthesizing metal nanostructures with well-controlled electronic, magnetic,
catalytic and optical properties.

2 Nucleation and Growth

In a typical solution-phase synthesis of metal nanostructures, the very



