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Preface

This is one of the first books to provide an overview of uniquely shaped nano-
materials (anisotropic) (Part I) and their ongoing state-of-the-art applications in
different fields (Part II). The reader will become familiar with a variety of top–down
and bottom–up approaches to prepare nanoparticles with exquisite geometries and
properties. The challenges and benefits associated with each method will allow the
reader to select the best preparation approach for the targeted application based on
the sample’s composition, size, shape, scalability, and cost. The current charac-
terization techniques used to evaluate nanomaterials' physico-chemical properties
and how these properties could lead to diverse applications in different fields will be
described in detail. This book provides an overview of the effect of the morphology
and the nanometric dimension of materials on their physico-chemical properties and
how this can lead to novel applications (Part II). Specifically, this book highlights
current and emerging applications of nanomaterials, including sensing and imaging,
catalysis, biological and environmental implications, plasmonics, energy, and
national security missions. Some of the best-known, highly experienced, and
well-published experts in the field will describe the most recent developments in
their laboratories.

This book is designed to inform readers who are seeking a broader perspective
related to shape-selective nanomaterials science and technologies. Technical read-
ers (researchers, scientists, engineers, business developers, technology managers)
will stay abreast of the latest state-of-the-art developments in nanotechnology with
focus on the broad applications of these technologies at the laboratory and/or
industrial scale. General readers will get the benefit of seeing the big picture of
anisotropic nanostructures and a greater understanding as to why there is so much
excitement in this area. Advanced readers will broaden their knowledge base and
benefit from an update on the latest characterization methods and applications in the
field.
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It is our hope that this book will provide a detailed, interesting, and inspiring
perspective of nanotechnology (particularly anisotropic nanostructures) and
encourage readers to further explore this emerging area.

Aiken, USA Simona E. Hunyadi Murph
George K. Larsen

Kaitlin J. Coopersmith
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Introduction and Fundamentals



Chapter 1
An Introduction to Nanotechnology

Simona E. Hunyadi Murph

To understand the very large, we must understand the very
small.

Democritus

Abstract Globalization of scientific knowledge and technological advances are
sparking innovation and creativity across many fields at an unprecedented rate.
Ground-breaking discoveries made in the mid-1980s, namely the development of
scanning tunneling microscopy and the discovery of buckminsterfullerene, influ-
enced scientists to envision the world at the atomic level and new paradigms
emerged: nanoscience and nanotechnology. Through the manipulation of matter at
the atomic level, today scientists can create novel materials with unique properties
and functionalities. These new materials enable innovative technologies and
applications across many fields from engineering to medicine.

Globalization of scientific knowledge and technological advances is sparking
innovation and creativity across all fields at an unprecedented rate. Nearly every
aspect of science and industry is driven to make advances in the (bio)medical fields,
computing and electronics, environmental controls and remediation, transportation,
energy production, chemical manufacturing, agriculture, and consumer products.

The technological revolution [1] that started decades ago with the introduction of
electronic devices and silicon-based integrated circuitry [2] changed humanity
forever. The information technology insurgency that emerged with the introduction
of internet/broadband, personal computers, mobile phones, and email [3] created a
global multi-dimensional world. These technologies re-defined the way we live,
communicate, travel and experience the world. This burst of technological devel-
opments offered unprecedented opportunities for rapid social and economic pro-
gress in our society [4].
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Over the years, creation of smaller and smaller optical, mechanical, and elec-
tronic products and devices thrived, leading to energy efficient, lighter, and easier to
operate devices. Today, the miniaturization revolution continues and scientists are
manipulating the world at its smallest level: the atomic level. It was the physicist,
Richard Feynman, who introduced this concept for the first time in 1959 in his
famous talk “There’s Plenty of Room at the Bottom”. He speculated that one day, it
may be possible to print all 24 volumes of Encyclopedia Brittanica on the head of a
stick pin [5]. Feynman envisioned building circuits on the scale of nanometer that
could be used as elements in more powerful computers and predicted the presence
of nanostructures in biological systems. In 1965, he won the Nobel Prize jointly
with Julian Schwinger and Sin-Itiro Tomonaga for their contributions to the
development of quantum electrodynamics [6].

Two major breakthrough discoveries made in the mid-1980s opened the doors
for the next generation of technological advancements in this area. It started with
the development of scanning tunneling microscope (STM) in 1981, which makes it
possible to image surfaces at the atomic level. This discovery, created by Gerd
Binnig and Heinrich Rohrer, granted them the Nobel Prize in Physics in 1986 [7].
A few years after the development of the scanning electron microscope (SEM), in
1985, Richard Smalley and Bob Curl were able to create and isolate the first
nanomaterial, named buckminsterfullerene (“bucky balls”). The buckyball mole-
cule is a spherical fullerene molecule with the formula C60. Kroto, Curl and Smalley
were awarded the 1996 Nobel Prize in Chemistry for their roles in the discovery of
buckminsterfullerene and the related class of molecules, the fullerenes [8].

These ground-breaking discoveries influenced scientists to envision the world at
the atomic level and new paradigms emerged: nanoscience and nanotechnology.
A nanometer, which is derived from the Greek prefix -nano, meaning “dwarf”, is
one-billionth (10−9) of a meter (Fig. 1.1). Scientists associate the word “nano” to
materials, devices, objects that have at least one dimension on the 1–100 nm scale.
By manipulating matter at the atomic levels, scientists create new materials with
unique properties and functionalities that enable new technologies and applications
across many fields from engineering to medicine. A wide variety of new nanoscale
building blocks have emerged in the last decades, including fullerenes, metal and
semiconductor nanoparticles, and various designer molecules.

As a matter of fact, in 2013, a team of Stanford engineers built a basic computer
using carbon nanotubes [9], which has the potential to launch a new generation of
electronic devices that run faster, while using less energy, than those made from
silicon chips. In the medical field, scientists demonstrated that gold nanoparticles
can be used for the destruction of cancer cells in vitro and in vivo in mice [10]. Pilot
clinical studies on human patients with refractory and/or recurrent tumors of the
head and neck are underway [11]. Currently, scientists can create nanomaterials that
are stronger than Kevlar, which is used in bulletproof vests, and substances 100
times stronger than steel [12]. They are able to create fluorescent materials that are
one thousand times brighter than conventional dyes or dyes used to image the inside
of the human body [13]. The possibilities appear endless. The possibility of finding
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new and intriguing substances that can cure disease, help us explore and/or live in
space, make us live longer and healthier lives, increase communications between
people around the world, and discover new energy supplies is exhilarating.
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Fig. 1.1 Nano- and micro- meter scale of “things”
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Chapter 2
Nanoscale Materials: Fundamentals
and Emergent Properties

Simona E. Hunyadi Murph, Kaitlin J. Coopersmith
and George K. Larsen

Abstract As material size decreases into the nano size regime, novel properties
arise that are different from their molecular and bulk counterparts. Due to the size
and shape effects in this regime, a nanoparticle’s morphology has a profound effect
on its properties. This chapter addresses the effect of dimensionality on the optical,
electronic, chemical, and physical assets of various nanomaterials and how physical
and chemical relationships can be exploited to improve their properties. Delving
into the nuances of the different sizes, shapes, and compositions gives one an
appreciation of the potential that nanomaterials have to improve upon today’s
technologies. As scientists learn to fabricate increasingly more complex nanoma-
terials, new opportunities develop every day. A detailed discussion on the effect of
morphology and nanometric dimensions on materials' physico-chemical properties,
which lead to novel applications, will be covered in Chapter 5.

Keywords Anisotropy � Dimensionality � Shape-selective nanomaterials �
Polarization � Crystalline anisotropy � Optical properties � Electronic properties �
Chemical � Physical properties

2.1 Introduction

The design and controlled fabrication of colloidal materials with functional prop-
erties has flourished over the last few decades. The beauty and distinctiveness of
nanoscale materials is rooted in their unique properties that emerge at the 1–100 nm
scale. In this transitional regime, a material’s physical, chemical, and biological
properties may differ in fundamental ways from the properties of both bulk matter
and the constituent atoms or molecules.
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For decades, a staggering amount of research has focused on the creation of new
nanomaterials and the elucidation of their unique property-structure correlations.
Theoretical understanding of the mechanistic principles that govern the novel
properties of the nanomaterials have also been studied extensively. Highly reliable
bottom-up and top-down synthetic routes that produce increasingly complex
nanomaterials with highly ordered and complex geometries have been developed.
Complications in scaling up and uniformity that have hampered widespread
application of nanomaterials in the early developments have been addressed to
some extent. High throughput fabrication procedures amenable to scaling up for
industrial scale implementation have been reported for many classes of
nanoparticles.

A large variety of nanomaterials of various sizes (1–100 nm), shapes (including
spheres, rods, cubes, triangles, wires, ribbons, nanotubes, and polygons), and com-
positions (fullerenes, to metal and semiconductor nanoparticles, to various designer
molecules or a combination of both) with an array of different functionalities have
been reported. Thorough discussions of these synthesis procedures are covered in
detail in the next chapters. In this chapter, readers will be introduced to the funda-
mentals of inorganic nanostructures with an emphasis on noble metals, namely gold,
silver and platinum materials. A more detailed discussion on fundamentals of other
types of nanomaterials (metal oxides, other metals, hybrids and quantum dots) and
how their properties affect their applications will be covered in Chap. 5.

In recent years, incorporation of nanomaterials in macro-devices opened the door
to potential applications in nearly every sector of science and industry, particularly
in medicine, biological sciences, electronic sensors, computing and microelec-
tronics, environmental controls and remediation, transportation, energy production,
chemical manufacturing, agriculture, and consumer products. According to the
USA Environmental Protection Agency, nanomaterials can be found today in more
than 1300 commercial products including medical equipment, textiles, fuel addi-
tives, cosmetics, plastics and more [1]. Nanomaterials are currently produced in
metric tons per year and are expected to exponentially increase as new advances
emerge [2, 3]. Scientists are relentlessly pursuing different routes to create nano-
materials and understand the physical and chemical relationship between compo-
sition, size, and morphology to incorporate nanomaterials into everyday life.

2.1.1 Dimensionality and Optical Properties

The unique properties of inorganic nanoparticles are often the result of their sizes
being smaller than the mean free path of their electrons (10–100 nm) or the average
distance an electron travels before being scattered (scattering length) [4–6]. At this
scale, electrons are confined in one, two, or three dimensions, and quantum
mechanical effects dominate the characteristics of matter [7, 8]. As a result, the
physical and chemical properties of materials vary with nanoparticle size and shape,
as demonstrated in Table 2.1 [4–9].

8 S.E. Hunyadi Murph et al.



Fundamentally, isotropic nanomaterials have properties and functionalities that
do not depend on spatial orientation, while anisotropic nanomaterials have prop-
erties and functionalities that are determined by their orientation within the x, y, and
z dimensions. These properties are directionally dependent on material geometry
and orientation. Depending on these quantum confinement properties, nanoparticles
are characterized as zero, one, two or three dimensional as demonstrated in Fig. 2.1.

All of the dimensions in zero dimensional nanostructures, or spheres, are in the
nanometer size regime, so there is no electron delocalization. One dimensional
structures have one dimension outside of the nanometer size regime that creates
electron delocalization in one direction; the elongated axis allows for an increase in
polarization and charge separation [7, 10]. This class of structure includes nanorods,
nanowires, nanotubes, nanoribbons, and nanobelts [11]. Two dimensional
nanoparticles are sheets or nano sized films that have two dimensions outside of the
nanometer size regime. In these structures, electrons are confined in the thickness
direction but not in the plane of the sheet. Three dimensional materials, or bulk
materials, are not confined to the nanoscale in any direction; however, they may
contain nanocrystalline structures or features that lead to interesting properties. This
distinctive spatial behavior of anisotropic structures creates unexpected properties
and applications that are not available in isotropic nanostructures. Ultimately,
material properties can be tailored to a specific design and functionality by

Table 2.1 Size and shape effects on gold nanoparticle’s optical properties

Gold nanoparticles color Shape Size (nm) k (plasmon bands) (nm)

Brown Sphere 1.5 520

Ruby-red Sphere 20 525

Purple Rod D = 20
L = 40

520
580

Blue Rod D = 20
L = 57

520
620

Green Rod D = 20
L = 75

520
720

Brown Rod D = 20
L = 100

520
900

1-D
Nanowires
Nanotubes
Nanorods

3-D
Bulk

nm

nm

Dimensionality

0-D
Nanospheres

2-D
Nanoplates
Nanosheets
Nanoribbons
Nanobelts

nm nm

Fig. 2.1 Nanoparticle shape and dimensionality
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controlling the geometry and structure of the nanometer scale structures [4–9, 12,
13]. Figure 2.2 shows a variety of different anisotropic structures that have been
created in our laboratory.

Nanoparticles have high surface to volume ratios that lead to an increased
fraction of atoms on the surface and fewer neighboring atoms [12]. This promotes
distinctive structural and electronic changes. For example, a cube with a length of
1 m has a surface area of 6 m2, while if this same cube was divided into a collection
of smaller length cubes, each with lengths of 0.25 m, the surface area would
increase to 24 m2. Moreover, the atoms in the interior of a nanoparticle are more
highly coordinated, and are therefore more stable than those at the nanoparticle
surface [13, 14]. Subsequently, atoms on tips or corners of a crystal have more
uncoordinated bonds and are more reactive than the edge or in-plane surface atoms.
By simply decreasing the particle size, one could increase the number of surface
atoms available for surface chemical reactions [12, 13]. The larger fractions of
atoms at the particle surface of nanometer-sized materials promote faster reaction
kinetics for various catalytic reactions. While gold is inert in its bulk form, as a
nanoparticle of *3 nm, it catalyzes CO to CO2 [6, 7, 15, 16]. Hollow nanoparticles
serve as superior catalysts to their solid counterparts with the advantages of low
density, increased surface area, and cost effective materials [12, 17].

Fig. 2.2 SEM images showing a sample of the wide variety of nanoparticle shapes and sizes that
can be made in our laboratory

10 S.E. Hunyadi Murph et al.



Since properties at the nanoscale are dictated by quantum mechanics, different
architectures give rise to altered optical and electronic properties, which are affected
by the degree of charge carrier quantum confinement, surface charge distribution
and electron polarization along the various axes of the particles [18–21]. Due to the
high surface to volume ratio, small surface changes, such as the binding or altering
of binding events, can also lead to a significant change in the electrical and optical
properties. This can lead to single molecule sensing [22].

Semiconductor nanocrystals, or quantum dots, can absorb and fluoresce in the
ultraviolet to near-infrared regions of the electromagnetic spectrum. The optical
properties of quantum dots are tailored by tuning the band gap, which is dependent
on composition and size, as shown in Fig. 2.3. As the size increases, more atomic
orbitals contribute to their density of states, leading to a smaller bandgap and a
red-shift in absorption and emission. Asymmetry plays a large role in quantum dot
optical properties, where photogenerated carriers can separate along longer axes,
leading to a longer lifetime in the excited state [23, 24].

Unlike quantum dots, metallic nanoparticles have a continuous energy band that
is responsible for their light absorption properties. Among many properties dis-
played by gold nanoparticles, one of the most notable is their ability to absorb and
scatter light in the visible region of the electromagnetic spectrum [4–9, 12, 13, 25]
as displayed in Fig. 2.4.

In metal nanoparticles, the number of the surface plasmon resonance
(SPR) peaks generally increase as the symmetry of the particle decreases due to the
increased polarization of the free electrons and surface charge distribution [18–20,
26]. For example, gold nanorods (AuNR) have two localized surface plasmon
resonance (LSPR) bands due to the different absorption of the length and the width;
[4–9, 12, 13, 25] the locations of these bands are tuned by changing the length and
width of the rod [26]. Silver nanocubes can display multiple plasmon bands due to
the accumulation of charges in the corners of the cube [20]. The plasmon band is

Energy

Semiconductor NPs
Metal NPs

Density of States

EF

Fig. 2.3 Density of states and the location of the Fermi level (EF) for semiconductor and metal
nanocrystals
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highly dependent on size, shape and refractive index, which have applications for
LSPR sensing [4–9, 12, 13, 25, 27–30].

Nanoparticle shape dictates how sensitive the shift in the plasmon band is [25, 28]
to changes in refractive index at the surface (Fig. 2.5), which can be exploited to
detect the presence of most inorganic, organic and biological molecules and surface
synthesis, catalysis and molecular binding events [6, 7, 9, 28, 31, 32]. These
asymmetric properties can lead to the creation of more sensitive sensors, [32, 33]
faster electronics, [34] more efficient energy storage devices [35] and better catalysts
[12–14, 17, 36]. For intracellular delivery and imaging applications, [9, 27, 30] the
kinetics of cellular uptake and the effect of nanoparticles on cellular functions is
dependent on nanoparticle shape [37, 38].

2.1.2 Polarization and Anisotropy

Since most of the nanoparticles properties are highly surface dependent, mor-
phology, composition and dimensionality have a profound effect on how
nanoparticles interact with light [7, 25]. The sharp features of anisotropic shapes

Fig. 2.4 Shape dependence of the optical properties of gold nanostructures. Transmission electron
micrographs (top), optical spectra (left), and photographs of (right) aqueous solutions of gold
nanorods of various aspect ratios. Seed sample: aspect ratio 1; sample a, aspect ratio *1.4; sample
b, aspect ratio *2; sample c, aspect ratio *3; sample d, aspect ratio *3.50; sample e, aspect
ratio *4.4. Scale bars 500 nm for (a, b, c), and 100 nm for (d, e). Reprinted with permission
from Ref. [6]. Copyright 2017 American Chemical Society
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lead to locally enhanced electric fields that can act as “hot spots” for enhanced
detection, light emitting diodes, and imaging [7, 28, 29]. Optical and magnetic
properties are also controlled by the nanoparticle’s anisotropy. Particles with an
elongated axis, such as nanorods, have an increased charge separation that leads to
an increase in catalysis and sensing efficiencies [39]. Anisotropic particles can
polarize light. The degree and localization of the different planes of light is
determined by the dimensions and morphologies, where the different light angles
interact with the particles differently [21, 40–44]. In metal nanorods, the polarized
light interacts with the longitudinal surface plasmon band, [44] whereas in spiky
gold nanoshells, P-polarized light localizes on the tips of the cones and S-polarized
light localizes on the regions at the bottom of the cones where the cones overlap
[40]. Figure 2.6 shows finite difference time domain (FDTD) calculations for
various gold nanorod shapes, where the maximum local electric field is related to
the curvature [32]. The electric “hot spots” on the particles affect surface ligand
bonding and optical responses [4–7, 28, 45].

Fig. 2.5 a TEM image of Au nanorods, b SEM image of Au-silica core-shell nanorods, and
c UV-Vis spectra of gold nanorods before and after coating with a silica shell
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Polarization has an effect on electronic interactions; for example, the fluorophore
emission of dyes attached to gold nanorods (or plasmon coupled gold nanoparti-
cles) can become altered to match the absorption energy of the longitudinal plas-
mon for the anisotropic gold nanoparticle-dye conjugates, as shown in Fig. 2.7.
This is attributed to the transition of the fluorophore from an excited state to a
vibrational ground state close to the plasmon energy due to the enhancement from
the local electric field from the plasmon resonance [42]. Polarization effects are
dependent on polarization angle, so polarization studies can give information on the
orientation of the nanoparticle, which is important for SERS, catalysis, biological
imaging, among others.

Fig. 2.6 Electric field intensity enhancement contours (colored) and TEM images (gray) of
differently shaped Au nanocrystals: (a, b) Large NRs; (c, d) NBPs; (e, f) oxidized NBPs; (g,
h) oxidized NRs; (i, j) dog-bone-like NRs; (k, l) peanut-like NRs; and (m, n) small NRs.
(o) Calculated extinction spectra of Au nanocrystals embedded in water. Curves 1 to 7 represent
the large NRs, NBPs, oxidized NBPs, oxidized NRs, dog-bone-like NRs, peanut-like NRs, and
small NRs, respectively. The field intensity enhancement is at the logarithmic scale. Reproduced
with permission from Ref. [32]. Copyright © 2009 American Chemical Society
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2.1.3 Crystalline Anisotropy

Nanoparticle physico-chemical properties are also dependent on the interfacial
atomic arrangement and coordination of the crystal. Generally, the density and
symmetry of atoms in different crystallographic planes are not identical, and neither
is their electronic structure, bonding, surface energy, or chemical reactivities [4, 5,
12].

The face-centered cubic crystalline lattice of single-crystal metal nanoparticles,
namely gold, silver and platinum nanoparticles, typically have low-index facets:
{100}, {111}, and {110} [8]. However, depending on the preparation conditions,
namely surfactants, reduction agents, temperature, thermodynamic, and/or kinetic
factors, etc., nanoparticles with different crystallographic facets, and subsequently,
properties can be produced [4–7, 9, 12, 13, 25, 28, 30]. For example, gold nanorods
of various dimensions, *20 nm in diameter and up to 500 nm long, prepared in
similar conditions through a seed mediated surfactant approach, have different
crystallographic structures depending on the presence or absence of additive ions,
e.g. Ag+ (Fig. 2.8a–f). The diffraction pattern and the high resolution TEM images
show that the short Au nanorods (*20 nm in diameter and up to 100 nm in length)
prepared in the presence of the additive ions are single crystalline with no
observable stacking faults, twins or volume dislocations [4, 5, 7]. High resolution
TEM images of the short Au nanorods (Fig. 2.8d–f) show well-defined, continuous,
and equally spaced fringe patterns for their atomic lattice. Surprisingly, a closer
inspection of the long Au nanorods (*20 nm in diameter and up to 500 nm in
length) prepared in the absence of the additive ions reveal a penta-twinned crys-
tallographic structure with five well-defined facets typical of icosahedra structures
(Fig. 2.8a–c) [20, 46].

The surfactant-directed approach is not the only procedure leading to
penta-twinned crystals. Electron microscopy studies shows that silver nanowires up

Fig. 2.7 Spectral shaping of the emission of oxazine 725. a Scattering spectra of the individual
hybrid nanostructures containing the Au nanorods with different aspect ratios. b Corresponding
fluorescence emission spectra. The emission spectra were recorded under the longitudinal
polarization excitation. c Dependence of the fluorescence peak wavelength (empty circles) of
oxazine 725 on the scattering peak wavelength. The line is a linear fit. Reproduced with permission
from Ref. [42]. Copyright © 2009, American Chemical Society
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to 10 nm long and 30 nm diameter prepared via a seedless method, in the absence
of surfactants, also have penta-twinned crystallographic structures (Fig. 2.8g–l).
Interestingly enough, these silver nanowires form through a coarsening process via
an oriented attachment mechanism, which is completely different from the
seed-mediated surfactant growth approach used to produce gold nanorods [7, 47,
48].

Ultimately, the crystallography of the final product is determined by the original
“seed” nanoparticle, which can be tailored through the synthetic parameters [20,
49–51]. The crystallography of the “seed” [4–7, 9, 13, 46] (Fig. 2.9) can also
determine the final nanoparticle shape, such as quantum rods versus tetrapods [49,
52] and silver spheres versus cubes or rods [20].

Crystallographic facet energies play a huge role in nanoparticle synthesis,
applications, and properties [4]. In typical nanoparticle fabrication techniques, the
final nanocrystal is truncated with the lowest energy facets, though this can be tuned
through synthetic parameters and chemical etching [39, 53, 54]. Crystalline stability

JFig. 2.8 (a–c) Gold nanorods prepared via a surfactant mediated approach in the absence of
additive ions. a Cartoon of the penta twinned crystallography of Au nanorods, b TEM image of Au
nanorods, c HRTEM of Au nanorods; (d–f) Gold nanorods prepared via a surfactant mediated
approach in the presence of additive ions (Ag+). (a) Cartoon of the single crystal Au nanorods,
(b) TEM image of Au nanorods, c HRTEM of Au nanorods; (g–l) Ag nanowires prepared by an
coarsening process via an oriented attachment mechanism. (g) Equilibrium atomic positions for a
pentagonal nanowire with internal twins; (h) SEM image of Ag nanowires, (i) HRTEM image of
penta-twinned Ag nanowire, (j) STM topography image, scale 20 � 20 nm2, of the top of the Ag
nanowire, (k) 3 D rendering of Ag nanowires, (l) mage of another top section of the same wire,
with the angle between the facets indicated with a black semicircle. (a) Reprinted with permission
from Ref. [6]. Copyright 2017 American Chemical Society. (c) Reprinted with permission from
Ref. [11]. Copyright 2017 American Chemical Society. (g) Reprinted with permission from Ref.
[46]. Copyright 2017 American Chemical Society. (j-l) Reprinted with permission from Ref. [47].
Copyright 2017 with permission from Elsevier

Fig. 2.9 HRTEM images of (a) single crystalline- Au nanospheres-“seeds”, (b) penta-twined
crystalline Au nanospheres, (c) penta twinned Ag nucleation centers. (a, b) Reprinted with
permission from Ref. [13]. Copyright 2017 Springer. (c) Reprinted with permission from Ref. [46].
Copyright 2017 American Chemical Society
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depends on the presence of dangling bonds, steps and terraces but this can also be
tuned with facet specific capping agents. The manipulation of crystallographic
stability is one aspect that drives the synthesis of anisotropic nanomaterials [50].
Multicomponent nanoparticles, such as core/shell and Janus nanoparticles, typically
require a common crystallographic orientation (i.e. small lattice mismatch) to
increase the binding stability between the two materials. Facet-selective etching is
also used to dissolve the least stable facets, leading to the creation of nanoparticles
with interesting morphologies such as hollow nanocubes [54]. Binding energy
differences on certain facets is an important factor for chemical reactions and has
been exploited to improve their efficiency and selectivity for applications such as
catalysis, [55, 56] SERS, [57] and sensing [4, 7, 28, 45, 58]. The relative stability of
crystallographic planes for surface based applications becomes increasingly
important for anisotropic nanoparticles, which may contain elongated crystallo-
graphic planes and multiple different types of exposed facets.

It is important to consider how nanoparticle shape and crystalline properties
relate to one another and how they impact the emergent properties of a nanoparticle.
As described above, building nanoparticles from the bottom up typically depends
on the manipulation of the energetics of the crystalline surfaces, and as a result, the
final nanoparticle shape depends on the orientation of these crystalline planes with
respect to each other. This is one reason that metallic nanocubes are fairly common
the {100}, {110}, and {111} crystalline facets that form the faces, edges and
corners, respectively, are typically very stable. However, for catalysis, high index
facets are more reactive and desirable, and therefore different shapes are synthe-
sized by promoting the growth of higher index facets. For example, highly catalytic
Au nanoparticles enclosed by {830} and {730} facets correspondingly take the
form of concave and convex nanocuboids [59]. In this case, the desire for active
catalytic crystalline surfaces evolved into the generation of differently shaped
nanoparticles. If one were to carve out similarly shaped Au nanoparticles from the
top down, e.g., using electron beam lithography, it is unlikely that these particles
would have the same catalytic properties as the ones where the bottom up growth
was manipulated to reveal the higher index facets. The relative surface areas of the
higher energy facets determine the catalytic properties, not the overall shape of the
nanoparticle. On the other hand, if one is only interested in the optical properties of
the Au nanoparticles, then the bottom up and top down methods could be substi-
tuted for one other, as shape is more important than the crystallinity of the exposed
facets in determining the energetics of the localized surface plasmon resonances.

2.1.4 Anisotropic Nanoparticle Structures

At the nanoscale, the shape, crystallinity, and emergent properties of a nanoparticle
are all interrelated, and as demonstrated in the following sections, nanoparticles
come in all shapes and sizes, where each particle can possess properties unique to
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their geometry [4–7, 27, 29, 30, 47]. These sections are not exhaustive, with sci-
entists stretching their imaginations and becoming more sophisticated every day in
their design and application of particles in the nanoscale regime.

2.1.4.1 Spheres

Nanospheres are the most widespread shape that is used in nanomaterial manu-
facturing due to the increased thermodynamic stability of spheres compared to
other shapes. They are isotropic, zero-dimensional materials whose properties are
highly dependent on nanoparticle diameter. An increase in size leads to more
red-shifted optical properties due to the decrease in electron confinement. Metal
nanoparticles do not have a bandgap so electrons are delocalized and confined in
the potential well of the nanoparticle, whereas semiconductor nanoparticles, or
quantum dots, have a band gap in the valence band and conduction band that is
dependent on size. As the quantum dots increase in size, more atomic orbitals
contribute to the conduction and valence bands, leading to a decrease in band gap
size and a red shift in fluorescence emission. A variety of hollow nanospheres
have also been created [60–63]. Hollow nanoparticles can be used as carriers to
protect or selectively deliver a high load of toxic material in therapeutic appli-
cations. In one example, hollow mesoporous silica nanoparticles were loaded with
a radionucleotide and a photosensitizer to encapsulate and deliver them to tumors
[61]. Once inside of the cell, the photosensitizer reacted with the nucleotide to
create reactive oxygen species to kill the cell as well as emit light as a photo-
dynamic therapy light source [61].

Anisotropy can be achieved in isotropic nanoparticle shapes, such as spheres,
through the creation of multicomponent nanoparticles. The size, shape, and com-
position dependent properties of nanoparticles can be combined to create
nanoparticles with different chemical or physical domains [64]. These can be used
to accomplish new or more complex tasks. As shown in Fig. 2.10, nanoparticles
with anisotropic compositions include core/shell nanoparticles, [19, 65–67] Janus
nanoparticles, [63, 68, 69] and nanoparticles with island morphologies [70].

These structures generally preserve the properties of the individual components,
leading to greater tunability and functionality [4–7, 25, 28, 30, 71]. In multifunc-
tional nanoparticles, materials with unique optical signatures can be coupled to
materials with desirable physical properties in a single nanostructure. For example,
magnetic-plasmonic core/shell nanoparticles have magnetic functionality along
with a plasmon band characteristic of the metal [72, 73]. The addition of metallic
shells leads to a plasmon band that is dependent on the strength of the coupling of
the plasmon band to the core material, which is dependent on the shell thickness
[73]. The development of nanomaterials with multimodal functionalities opens up
new avenues for creating structures with anisotropic functionalities for applications
such as nanomotors, [63, 74, 75], surface plasmon resonance sensors [76] and
optical imaging.
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2.1.4.2 Rods, Wires and Tubes

Nanorods, nanowires and nanotubes have an increased length in one direction that
leads to electron delocalization in the lateral dimension. Elongated nanostructures
have properties that are dependent on aspect ratio (r = length/width).
One-dimensional nanoparticles have been synthesized from a large range of
materials including: metals, (Ag, Au, Pd, Pt, Rh, Cu, etc.), semiconductors (CdSe,
CdTe, etc.), carbon-based materials etc. and have been applied to surface enhanced
Raman Spectroscopy (SERS), light emitting diodes, energy transfer applications,
[24] drug delivery applications, catalysis, [77] among others. Nanowires (NW) and
nanotubes (NT) have been used as field effect transistors to record, stimulate and
inhibit neuronal signals, [78] biological and chemical sensors, [22] nanoantennas,
[79] waveguides, photovoltaics, [80] lasers, [81] and electronics [34, 82].
Nanowires have potential for nanoelectronics or “lab-on-a-chip” applications due to
their small sizes that allow for non-invasive probes in biological applications, the
ability to transduce signals across an electrode and ability to be passivated to
prevent corrosion of metal junctions that typically lead to electronic failure [78].
Nanorods have an elongated c-axis that causes the movement of charge carriers to
be asymmetric, leading to more mobility in one dimension. In semiconductor
nanorods, or quantum rods (QRs), this typically leads to a lower quantum yield due
to the longer electron-hole separation that increases the recombination time and
decreases recombination rate. Once the electron-hole pair is separated, there is a
chance that the charge carriers can react at the interface instead of with the other
charge carrier, which is beneficial for applications that require charge separation
such as catalysis and solar cells. QRs and gold nanorods (AuNRs) also absorb and
emit linearly polarized light [21]. The internal polarization of nanorods is not
completely orthogonal to the surface normal along its entire length, leading to
different surface charges that can significantly affect the properties of the nanorod
[83]. In metal nanorods, a longitudinal surface plasmon peak arises that can be
tuned over the visible to the near-IR region, depending on aspect ratio [26]. The
elongated shape gives nanorods a higher surface area, which has a positive impact
on surface based applications. For example, CeO2-CuxOy nanocubes and nanorods
were evaluated for the photochemical production of H2 from hydrazine [77]. The
rods were found to have the highest photocatalytic activity due to the higher surface
area of rods compared to cubes [77].

Carbon nanotubes have been gaining increasing attention due to their unique
structures and high mechanical strength, which is important for electronic appli-
cations. Single walled carbon nanotubes (SWCNTs) are made up of graphene like
structures in the form of a tube, whereas multi-walled carbon nanotubes
(MWCNTs) are made up on one or more concentric SWCNTs, which increase the
mechanical stability of the nanotubes (NTs). Carbon nanotubes can act as a metal or
a semiconductor, depending on the chirality, or the orientation of the carbon’s
crystal lattice compared to the tube’s central axis. Metal SWCNTs do not display
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fluorescence and they quench the fluorescence from neighboring semiconductor
SWCNTs [84]. Gold nanowires have also been found to be up to 100 times
mechanically stronger than bulk, with strength increasing for decreasing diameter
[85].

Nanowires are typically grown orthogonally onto substrates, so nanowire arrays
can be created to take advantage of their synergistic effects. For example, in
semiconductor nanowires, increasing the nanowire diameter led to an increase in
photocurrent density due to the increased light absorption [80]. The small diameter
of these nanowires, which is much smaller than carrier diffusion lengths, can give
nanowires the ability to approach the Shockley-Queisser efficiency limit for solar
cells [80]. The small diameter of nanowires coupled with the longer length that
allows for high mechanical stability compared to bulk, increased photocurrent and
ability to be passivated with a variety of materials and molecules gives nanowires
significant potential for their incorporation in electronics, sensors, waveguides,
among others.

2.1.4.3 Cubes, Hexagons, Triangles

Nanocubes (NCs), nanohexagons (NHx) and nanotriangles have multiple corners
that lead to accumulation of dipoles. NCs with sharp and rounded corners have been
synthesized and they display multiple SPR peaks, as shown in Fig. 2.11 [18, 86,
87].

The appearance of sharp edges has been found to cause charge accumulation at
the corners and lead to stronger dipoles inside of the nanoparticle that lead to
interesting features in light scattering and absorption [18]. Due to their cubic
shape, nanocubes (NCs) can maximize packing and assemble into lattice matched

 

II. Fe3O4 with Au IslandsI. Au/FeOx Janus Nanoparticles
III. Core/shell

(a) (b) (c)

(f)(e)(d)

Fig. 2.10 I. Au/FeOx Janus nanoparticles (a) Au core, (b) Au-FeOx Janus precursor, (c) final
Au/FeOx Janus particles, Open access from Ref. [69]. Published by the Royal Society of
Chemistry (RSC); II. Fe3O4 nanoparticles with Au “island” domains, reproduced with permission
from Ref. [70]. Copyright © 2016 American Chemical Society. III. Schematic and TEM of
core/shell InAsP/InP/ZnSe nanoparticles, reproduced with permission from J. Am. Chem. Soc.,
2005. 127(30): pp. 10526–10532. Copyright © 2015 American Chemical Society
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superstructures for electronic and magnetic applications [88]. The different facets
of nanocubes also have different activities for applications such as catalysis.
Compared to other morphologies, nanocube cobalt oxides have been found to
have the highest activity for the oxidation of 1,2-dichloroethane, one of the most
common pollutants in waste streams [89]. Planar nanoparticles such as metallic
NCs coupled to dielectric substrates display stronger substrate induced
hybridization compared to spherical nanoparticles due to the larger surface area
that is coupled to the dielectric material [76]. This led to the appearance of a new
narrow and highly sensitive plasmon mode with powerful consequences for very
sensitive surface plasmon based sensing [76]. The increased number of hot spots
on the corners compared to rods and spheres generally leads to an increase in
reactivity in the cubes, triangles and hexagons.

2.1.4.4 Branched and Other Shapes

Polyhedral and planar branched nanoparticles, such as stars and tetrapods [19, 33,
49, 52, 90, 91], have been created to enhance catalysis, gas sensing, and surface
enhanced Raman Spectroscopy (SERS) [4, 7, 28, 29, 45, 90]. The unique structure
of branched nanoparticles leads to properties that depend on the composition,
length, width and number of arms. Tips, edges and vertices can act as hot spots for
electric field enhancement, leading to increased sensing properties and reactivities.
Branched nanoparticles tend to have absorption or emission in the red and near-IR
region. The plasmon bands for star-like metal nanoparticles are the result of the
hybridization of the plasmons from the core and the tips [40, 92].

Particles with a larger number of branches, such as spiky gold nanoshells, have
been used in SERS sensing due to the larger number of hot spots at the junctions of
the arms and at the tips of the spikes [40, 93]. As shown in Fig. 2.12, the spiky gold
nanoshells showed a SERS response at lower concentrations than the smooth gold
shells. These spiky structures also showed a significantly higher scattering and a
surface plasmon resonance (SPR) band that was dependent on the length of the
spikes, where longer spikes led to a red-shift in the band [40]. Modeling of the
electric field in the spiky shells showed that the electric field is localized at the tip of
the cones and the locations where spikes overlap [40]. The SPR band is believed to
be a resonance that localizes mostly at the junctions of the arms [40].

CdSe/CdS nanotetrapods were found to have a higher absorption cross section,
indicating that the tetrapod arms absorb more light and act as a more efficient light
harvesting system compared to QRs [49]. The width of the tetrapod arms had more
of an effect on quantum yield (QY) than length of the arms. For the CdSe/CdS
system, the electron-hole pair is confined to the core, but quantum confinement
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causes stronger electron localization at the branch in the narrower arms compared to
the thicker arms, leading to higher QY and absorption in tetrapods with narrower
arms [49]. The unique morphologies of branched nanoparticles that allow for more
“hot spots” and light interactions has led to the development of a wide variety of
materials and shapes that have been investigated for sensing, SERS applications,
and light harvesting systems.

Fig. 2.11 (a, b) SEM images of the Ag and Au nanocubes, respectively. (c) Extinction spectra of
the Ag and Au nanocubes. Reproduced with permission from Ref. [87]. Copyright © 2011
American Chemical Society
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2.2 Conclusions

A plethora of nanoparticle shapes have been created and employed for biological
delivery and sensing, catalysis, and electronics. The chemical and physical prop-
erties are highly dependent on composition and morphology; various experimental
and theoretical works have gone into exploring the nature of these properties to
exploit them to their full potential.
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Chapter 3
Synthetic Strategies for Anisotropic
and Shape-Selective Nanomaterials

Simona E. Hunyadi Murph, Kaitlin J. Coopersmith
and George K. Larsen

Abstract This chapter gives an overview of the various approaches that have been
taken to create anisotropic nanomaterials. The synthetic mechanisms of nanoma-
terials are being actively pursued due to the unique size and shape dependent
properties that can be exploited for a myriad of applications. Nanomaterials have
been synthesized in a gamut of shapes, sizes, and compositions. As their synthetic
protocol progresses, scientists are becoming more and more creative in the fabri-
cation of nanomaterials with very interesting architectures to tailor their properties
for faster electronics, better resolution imaging, more efficient catalysts, among
others.

Keywords Nanoparticle synthesis � Shape control � Growth mechanism �
Chemical reduction � Seed mediated synthesis � Self-assembly � Electron beam
lithography � Scanning probe lithography � Photolithography � Thin film � Vapor
deposition � Templated growth

3.1 Introduction

Nanoparticles can be manufactured from the chemical approach, namely
“bottom-up” (Sect. 3.1), where the synthesis begins at the atomic scale, or from the
engineering approach, namely “top-down” (Sect. 3.2), where nanomaterials are
“carved” out of larger materials (Fig. 3.1). Throughout history, new products were
usually created by starting with large pieces of wood, stone, metal or other materials
and reducing them to the right sizes and shapes.

The famous sculptor Michelangelo once stared at a large piece of stone for many
months. Townspeople would ask him what he was doing and he would always
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reply he was working. Three years later he unveiled the statue of David in front of
the Palazzo Vecchio. A townsperson asked him how he could create something so
beautiful from a large stone. He replied that David was always there, he just
removed the stone that was covering him [1, 2].

Today, complex machines are used to bend, twist, cut, and meld materials into
increasingly smaller sizes. As different as these might seem, both depend on
“top-down” approaches to manufacturing. An alternative promising strategy
towards nanotechnology on the nanometer scale is the “bottom-up” approach.
Chemists assemble atoms and molecules one at a time in a predetermined and
desired matter. Enormous progress has been made in the synthesis of inorganic
nanospheres. Routinely, control over the diameter of nanoparticles leads to particle
size distributions that are within 10% of the mean diameter, and frequently within
5%. Only since the mid-1990s and later have there been good synthetic methods to
create nanoparticles of controllable sizes and shapes (other than spheres) [1, 2].

In either case, the combination of nanoscale top-down or bottom-up approaches
give material and device designers a wide variety of old and new tools. The fab-
rication on nanomaterials is still, however, not a trivial task, especially at larger
scales. Ultimately, the success of future nanotechnologies relies on the large scale
production of nanoparticles of controlled size, shape, and crystal structure for
successful incorporation in macrodevices [1, 2].

Carve out 

Bulk metal 

Nanomaterials 

Metal atoms 

Assembly  

Engineering approach: top down Chemical approach: bottom up

Fig. 3.1 Engineering (“top down”) and chemical approaches (“bottom-up”) to make nanometer
scale materials
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A wide array of nanoparticle shapes have been created from these techniques,
including spheres, cubes, rods, wires and branched nanoparticles such as stars and
tetrapods. This chapter gives an overview of the various strategies that have been
applied to create a diverse range of nanoparticle sizes, shapes and compositions.

3.1.1 Bottom-Up Fabrication: The Chemical Approach

3.1.1.1 Overview

The most common route for the bottom-up manufacturing of metal and semicon-
ductor nanoparticles (NPs) is through the reduction of molecular precursors
(Fig. 3.2). Some popular reducing agents, such as cetyltrimethylammonium bro-
mide (CTAB) and polyvinylpyrrolidone (PVP) also act as capping agents to sta-
bilize the NPs. The reduction rates of the metal precursors, temperature,
reductant-to-precursor ratio, ligands and strength of reductant all have an effect
on the shape, size, and crystallinity, which affect the optical and physical properties
[3–10]. The ligands on the surface are used to stabilize the NPs and change the
surface energy at certain facets through preferential adsorption to achieve shape
control [3, 4]. In NP synthesis, high energy facets grow at a faster rate until the
nanoparticle is terminated with low energy facets [3]. Depending on the conditions,
thermodynamic or kinetic control can be achieved at various stages of the synthesis
for shape control [10]. The stabilization of crystalline facets is under thermody-
namic control, which favors low surface area and termination with low energy
facets [3, 5–10]. Kinetic control with slow precursor reduction can give rise to
interesting morphologies and manipulating the thermodynamic-kinetic crossover
can lead to heterostructured materials [5–9].

To create interesting morphologies, anisotropic growth occurs through asym-
metric crystallographic direction-dependent growth. Asymmetry may exist either
inherently in the crystal lattice, such as the hexagonal crystal structures, or through
the breaking of cubic (e.g. face centered cubic and body centered cubic) symmetry
[11]. Crystalline symmetry can be broken through the use of shape directing ions,
facet specific binding coordinating compounds or by manipulating the flux of
monomers that modulate the degree of supersaturation [4, 6]. The strength of the

Fig. 3.2 Schematic showing the bottom-up manufacturing of nanoparticles through the reduction
of molecular precursors
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ligand-metal interaction and packing density control the rate of NP formation and
the relative strength of facet stabilization controls the thermodynamically favored
shape. For example, if all of the facets are equally stable, the most favored shape
will be a sphere [12]. The growth and coalescence of single crystal seed NPs can
lead to multi-twinned seeds, which introduce bond stretching and defects that
prevent lateral growth to create nanorods and nanowires [11, 12]. Nanoparticle
syntheses at low temperatures that are under kinetic control have been used to yield
novel shaped nanomaterials at relatively low temperatures, including 2D triangle,
rhombus and plate shapes [13]. Another route toward anisotropic growth is through
polytypism, where multiple crystal structures exist in one NP. Typically, the dif-
ferent crystal structures in polytypic materials share a common crystal facet that
promotes the growth of a material with a different crystal structure on the common
facet. This has been exploited to create branched NPs such as semiconductor nano
tetrapods [14]. Having high control in anisotropic NP syntheses opens the door for
many new applications that require a higher surface area, specific shapes, or that
have better activity with certain crystallographic facets. For example, AuNRs with
the most exposed high energy facets had a higher kinetic rate constant for catalytic
activity than AuNRs that contained the low energy [111] facets [4]. Shape control
also allows one to tune NP optical responses, such as fluorescence or localized
surface plasmon resonance (LSPR) for optical applications [4, 15]. The chemical
reduction method has been used to create a variety of interesting morphologies
including rods, cubes and branched nanoparticles.

Post synthetic treatment, including chemical etching, can also be applied to
create interesting architectures. Chemical etchants have been employed to create
interesting architectures such as CdSe/CdS dimers [16] and hollow silver-gold
nanocups [7] through selective etching at certain facets and materials. The kirk-
endall effect, which occurs at the boundary between two metals that have different
diffusion rates, has also been employed to create interesting morphologies,
including dumbbell shaped bimetallic NPs.

3.1.1.2 Chemical Reduction

To create various nanoparticle shapes, such as nanorods or tetrapods, seed mediated
approaches [6, 7, 10, 11] and seedless routes have emerged [17]. To create stable
nanocrystals, the precipitation step must be highly controlled to prevent the for-
mation of large, amorphous particles. Crystallization depends on the Gibbs free
energy of the chemical reduction, which relies on the spontaneous formation of
stable nuclei, ideally with a small size distribution and homogeneous crystal
structure. The final shape typically favors a reduced total surface energy, which is
the sum of the total faceted area weighted by their respective surface energies [12].
Facets are stabilized by increasing the number or strength of chemical bonds or by
neutralizing the charge of the facet [12]. There are many proposed synthetic
mechanisms for nanoparticle growth and the mechanism of growth that NPs
undergo depend on the reaction conditions [18]. There are up to four stages of NP
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synthesis: (i) nucleation, (ii) growth, (iii) ripening and (iv) rapid consumption of
remaining precursors [18]. These stages are dependent on concentration, the pres-
ence of surfactants, strength of reducing agent, temperature and the presence of
impurities [18]. Careful selections of precursors and precursor ratios, temperature,
glassware, and cleanliness can prevent issues with synthesis including the uncon-
trolled growth or dissolution of precursors.

During the nucleation stage, nuclei act as seeds to initiate crystal growth.
Homogeneous nucleation occurs when nuclei form uniformly, leading to a small
size distribution. Heterogeneous nucleation occurs due to inhomogeneities, such as
impurities, bubbles, or rough container surfaces that can act as nucleation sites.
Nucleation has a high energy barrier and for successful crystal growth, the nuclei
have to stabilize above the critical radius (the minimum particle size needed to
prevent dissolution) [12, 18]. Supersaturation is a driving force for crystal growth
and leads to an increase in the nucleation rate: the higher the supersaturation, the
smaller the final particle size. Supersaturation can be controlled by increasing the
monomer concentration, where reducing the concentration of metal precursors
decreases the chemical potential for crystallization [19]. The presence of surfactants
or coordinating ligands can control crystallization by changing the surface free
energy to stabilize the particles [6]. Ligands and surfactants undergo an
adsorption-desorption equilibrium (i.e. “on-off” rate) that prevents aggregation and
slows down growth [6, 12]. Nanocrystal growth typically requires metal reduction,
so a stronger reducing agent will cause supersaturation at a lower temperature or at
a faster rate.

The growth stage occurs after the nuclei form a supersaturated solution and
continues until it reaches a saturated equilibrium. One proposed mechanism for the
growth stage includes NP monomer diffusion and coalescence. During this mech-
anism, monomers coalesce into larger particles until the monomer concentration is
too low or the reaction is quenched. During the growth stage, the atoms may also
migrate on the surface or dissolve in the solution. NP coalescence has been mea-
sured in gold nanoparticle synthesis through small angle X-ray scattering (SAXS)
by the rapid decrease in the number of particles in solution [18]. Controlling the
consumption of precursors between the nucleation and growth stage is usually
carried out to systematically tune NP size [6]. This is done through a hot injection
method where fresh precursors are injected into the solution during NP growth. In
another proposed growth mechanism, also known as the Finke-Watzky mechanism,
growth occurs due to autocatalytic surface growth after a slow continuous nucle-
ation [18]. After the nucleation stage in the Finke-Watzky mechanism, there is a fast
random attachment followed by intra particle ripening until the particles surface
energy are favorable against dissolution.

The ripening stage is driven by heat or energy input into the system and it causes
the particle size to become more focused. There are two main proposed mecha-
nisms: Ostwald ripening and digestive ripening [18]. In the Ostwald mechanism,
smaller particles dissolve to allow for the growth of the larger particles [20]. This is
based on the size dependent solubility of NPs, where the surface energy is much
larger for smaller particles, leading to their dissolution. In the digestive mechanism,
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the larger particles are etched to allow for smaller particles to grow. The ripening
stage may be quenched through temperature or precursor addition to prevent
degradation or changes in the shape. The rapid consumption of precursor stage is
theorized to be an autocatalytic mechanism between unreacted metal precursors at
the final stage of a synthesis. This has led to an increase in NP size with a decrease
in polydispersity [18]. The NP nucleation and growth mechanism depends on the
reaction conditions including temperature, viscosity, precursor concentrations and
pH [18].

3.1.1.3 Seed Mediated Approach

The seeded approach separates the nucleation and growth stage, which allows for
more synthetic control because the energy required to grow on preformed seeds is
much lower than the growth of new, independent nuclei [6]. This procedure, pio-
neered by Catherine J. Murphy’s group, [1] is widely used to tailor the size of larger
NPs and to create various NP shapes and heterostructures, such as core/shell NPs,
or NPs with island morphologies. Figure 3.3 shows different seed mediated routes
that have been employed.

Fig. 3.3 NP seeded growth approaches; A seeds and monomers are combined, leading to
core/shell type growth. The core and shell may be made of the same material or a different material
with low lattice mismatch; B seeds of one type (seed 2, small nanocrystals or clusters) are
chemically or physically attached to seeds of a different type (seed 1, typically nanocrystals),
before being combined with the precursors to complete a shell formation which deposits onto the
previously adsorbed seeds; C examples of some structures that have been created using the seed
mediated approach
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In the seeded approach, pre-synthesized seeds, which can be NPs or small metal
clusters, are used as substrates for the growth of larger NPs [11]. Once the seeds are
synthesized using mechanisms discussed in the beginning of this chapter, they are
typically introduced into a new growth solution to create architectures such as the
examples shown in Fig. 3.3c. The shape, size, composition, and crystal structure of
the seed has a strong effect on the final morphology [15, 19, 21, 22]. Growth onto
the seeds depends on concentration, rate of transport, and production and con-
sumption of the precursor material; thus temperature, viscosity and rate of mixing
all affect NP formation [12]. The interfacial energy, such as lattice strain, plays a
role in the final morphologies since the NPs want to adopt the structure that min-
imizes the strain.

Gold and silver nanorods and nanowires of controllable aspect ratios were
produced by a seed mediated growth approach [1, 2, 23]. In this procedure, metal
salts are reduced in water, in air, at room temperature, typically with a strong
reducing agent (sodium borohydride) to yield 3.5–4 nm spherical “seed” particles
(Fig. 3.4). Sodium citrate or cetyltrimethylammonium bromide (CTAB) has been
used as capping regents to avoid aggregation. Subsequently, growth solutions
containing more metal salt, a structure-directing agent, a weak reducing agent,
usually ascorbic acid (vitamin C), and “seeds” produce anisotropic nanoparticles.
The presence of the structure-directing agent is crucial in obtaining nanorods as
opposed to larger nanospheres; in our case, we have found that CTAB is uniquely

Au or Ag salt + NaBH4

citrate

100 nm 

seeds

+Ascorbic acid+Metal salt

CTAB

more seed

less seed

CTAB

Molecular Structure of CTAB

CTAB = cetyltrimethylammonium bromide

Fig. 3.4 Seed-mediated growth approach for the fabrication of gold and silver nanorods of
controlled aspect ratio. Reprinted from Ref. [2]
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suited to produce rods. One critical factor, that influences the growth mechanism of
Au nanorods, is the presence or absence of additive metal ions. For example, the
presence of *5% Ag+ raises the yield of gold nanorods to nearly 100%, compared
to *20–40% in the absence of Ag+ [1, 2, 23, 24]. The highest aspect ratio gold
nanorod obtainable with silver ion is about 6, compared to *25 in the absence of
silver (Fig. 3.5).

The growth mechanism of gold nanorods starts with the single crystalline seed
particles. In the next step, surface binding groups are present and may preferentially
bind to certain crystal faces of the seed, or leading to anisotropic growth. It was
postulated that CTAB directs the growth by blocking the long axis crystal faces
promoting metal growth on the short-axis faces to make nanorods. Subsequent
addition of metal ions and weak reducing agent lead to metallic growth at the
exposed particle faces [1, 2, 23, 24].

In gold nanorod synthesis, very small pentatwinned Au seeds can be synthesized
with trisodium citrate and sodium borohydride or single crystal Au seeds can be
synthesized using cetyltrimethylammonium bromide (CTAB) and sodium boro-
hydride [5]. AuNRs that are produced from single crystal NPs have been found to
be more dependent on the presence of directing ions, such as silver, than pen-
tatwinned seeds [5]. The presence of other species also strongly influences growth.

Fig. 3.5 Seed-mediated surfactant growth mechanism. The single crystalline seed particles have
facets that are differentially blocked by surfactant (or an initial halide layer that then
electrostatically attracts the cationic surfactant). Subsequent addition of metal ions and weak
reducing agent lead to metallic growth at the exposed particle faces. In this example, the
pentatetrahedral twin formation leads to Au 111 faces that are on the ends of the nanorods, leaving
less stable faces of gold as the side faces, which are bound by the surfactant bilayer. Reprinted with
permission from Ref. [1]. Copyright 2017 American Chemical Society
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For example, AuNR synthesis includes a directingmetal ion (Ag+, Cu2+ or Pb2+) and a
cation surfactant, such as CTAB, which selectively binds to the [100] facet of AuNPs
to hinder growth on that facet [4, 5, 11, 25–27]. There are several proposed mecha-
nisms for the role of themetal ion in the selective control of the growth of high and low
energy facets: (1) an underpotential deposition (UPD) mechanism, where the depo-
sition of a monolayer of the directing metal ions (e.g. Ag+) occurs at a lower potential
than the Nernst potential, (2) a competitive surface selective binding between the
metal ion and the surfactant, (3) ion guided formation of a soft template rod-shaped
CTAB micelles, and (4) catalyzed oxidative etching of surface atoms [4, 5, 11, 27].
The mechanism depends on the reaction conditions and the metal ion used for shape
control [11, 27]. Scanning tunneling electron microscopy (STEM) coupled with
energy dispersive X-ray spectroscopy (EDS) was used to show the location of the
silver in gold nanorods and “dog bone” structures. In the nanorods, the silver was
deposited on the surface without any surface or facet preference and the dogbone NPs
were found to have silver on the crevices, not at the locations where more Au
deposited to form the dog bone shape [27]. This data suggests a mechanism that relies
on non-specific silver binding such as in theUPDmechanism.AuNR facet control has
also been achieved using copper ions, which was attributed to a selective competitive
binding between Cu2+ and CTAB. As shown in Fig. 3.6, varying the copper and
CTAB concentrations fine-tuned the nanorod shape.

Fig. 3.6 Extinction spectra ofAuNPs obtained through overgrowth ofAuETHHNPs in the presence
of various concentrations of CTAB and fixed Cu2+ concentrations: a [Cu2+] = 10 lM; e
[Cu2+] = 100 lM. TEM images of faceted Au nanorods obtained through overgrowth of Au ETHH
NPs under various conditions: b [Cu2+] = 10 lM, [CTAB] = 3 mM; c [Cu2+] = 10 lM,
[CTAB] = 14 mM; d [Cu2+] = 10 lM, [CTAB] = 51 mM; f [Cu2+] = 100 lM, [CTAB] = 3 mM;
g [Cu2+] = 100 lM, [CTAB] = 14 mM; h [Cu2+] = 100 lM, [CTAB] = 51 mM. All TEM images
share the scale bar in panel b. Reprinted with permission from Ref. [4] Copyright © 2016 American
Chemical Society
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In this work, the thermodynamic and kinetic competition between CTAB and the
Cu2+ ions led to a unique set of NR shapes with high and low energy facets exposed
[4]. The location and intensity of the plasmon bands were highly dependent on
surface concavity and corner truncation, giving “fine-tuned” control of the optical
parameters by altering the Cu2+/CTAB ratio [4]. X-Ray photoelectron spectroscopy
(XPS) was used to verify the packing density of CTAB on the various NPs. The
data showed a higher CTAB concentration on the AuNRs with the exposed higher
index facets and, when Cu(I) was adsorbed, it favored enclosing the NP in low
index facets. The use of a shape directing metal ion has been used to create other
unique architectures such as halide ions for gold nanoprisms [28], borohydride ions
for Pt decahedrons [29], among others [30].

In another example, semiconductor quantum dot with CdSe/CdS core/shell
morphologies were prepared using CdSe seeds either with wurtzite (w-CdSe) or
zinc blende (zb-CdSe) crystal structures [21]. When w-CdS particles were grown
onto the w-CdSe cores, quantum rods were produced; however, when the w-CdS
particles were nucleated onto the zb-CdSe seeds, tetrapods were formed [21]. Shape
control is achieved through faster growth on certain facets of the crystal [7, 11, 15].

Seeded chemical reduction can also be used to create interesting morphologies
using galvanic replacement reaction (GRR). For example, gold nanocages have
been prepared from silver nanocubes oxidation of the Ag atoms and reduction of
the Au+ or Au3+ ions [31]. We reported earlier the synthesis of silver–gold
bimetallic nanowires with tunable optical properties by a galvanic replacement
reaction of gold salt with silver nanowires (Fig. 3.7) [2, 23, 32]. This reaction is
spontaneous based of their reduction potentials: Ag+/Ag0 has a standard reduction
potential E0 = +0.8 V and the analogous potential for AuCl4

−/Au0 is +0.99 V [32].

3AgðsÞ + HAuCl4ðaqÞ ! AuðsÞ + 3Ag aqð Þ + HClðaqÞ ð3:1Þ

By using an ammonia treatment to dissolve the inner silver core, according to
Eq. 3.1, high aspect ratio Au nanotubes were prepared.

4AgðsÞ + 8NH3ðaqÞ + O2ðgÞ + 2H2O lð Þ ! 4Ag(NH3Þ2 þ
ðaqÞ + 4OH�

aqð Þ ð3:2Þ

Silver nanowires were used as the sacrificial template in the galvanic reaction,
according to Eqs. 3 and 4, to prepare silver–platinum bimetallic nanowires and,
ultimately, hollow platinum nanotubes (Fig. 3.8) [2, 33, 34].

2AgðsÞ þ ½PtCl4�2�ðaqÞ ! 2AgClðaq or sÞ + PtðsÞ + 2Cl�ðaqÞ ð3:3Þ

4AgðsÞ þ ½PtCl4�2�ðaqÞ ! 4AgClðaq or sÞ + PtðsÞ + 2Cl�ðaqÞ ð3:4Þ

Figure 3.9 shows the effect of the Ag seed crystallinity on the final morphology.
To produce silver cubes (AgNCs), fast nucleation and growth must occur to create
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Fig. 3.7 a and b TEM micrographs of silver/gold bimetallic colloids with 19-nm wall thickness.
Scale bars 100 nm. c Absorbance spectra of silver nanowires (red trace), silver/gold colloids with
wall thickness 13 nm (navy blue trace), 19 nm (orange trace), 27 nm (green trace), and 31 nm
(purple trace). d EDAX of silver/gold colloids. e Photograph of silver nanowires (left) and
silver/gold colloids (right) with 19-nm wall thickness. Reprinted with permission from Ref. [23].
Copyright 2017 American Chemical Society

Fig. 3.8 a TEM, b SEM images of hollow Pt nanowires. Scale bars a 100 nm; and b 1000 nm.
Reproduced with permission from Ref. [33]. Copyright 2017 American Chemical Society
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single crystal seeds [19, 35]. The presence of PVP also stabilizes the {100} facet
and prevents the formation of twinned seeds. If the concentration of the AgNO3 is
decreased, the thermodynamically stable multiple twinned seed is created due to the
higher presence of the lower energy {111} facets. The defect is the highest energy
site on the seed, leading to elongated growth at that site. Once the rods are grown,
the PVP passivate the sides, leading to growth at the nanorod ends [19].

Seed mediated synthesis has been applied to create heterostructured materials
which are typically made up two different constituents such as two metals or
metallic-dielectric hybrids. Unlike alloys, the constituents remain discrete, so
combining different materials allows one to couple the properties of both con-
stituents in one particle to improve or enhance performance. The appearance of
distinct metal domains rather than a continuous shell material depends on the shape
and crystal structure of the seed, the wettability of the precursors material deposited
onto the seed, rate of deposition and the interfacial energy between the different
domains [6]. The growth of a separate domain may occur around an electron sink
area, indicating the location of surface and lattice defects [36, 37]. Incompatibility
in the crystal structure and lattice parameters typically leads to the creation of
heterostructures with defined domains and a strong interface [6, 36–39]. By
depositing one type of material onto a different type of material, the chemical,
physical and electronic properties of the separate components change. For example,
CeO2 nanoparticles do not show any catalytic activity towards the decomposition of
hydrazine into hydrogen; however, deposition of a metal such as Cu leads to
catalytic activity [20]. These structures have also been applied to photocatalytic
applications due to the charge separation at the interface [36, 37, 39], and com-
ponents in electrical connectors [36, 39]. For example, we developed a seed
mediated approach to precisely control the size, shape, and surface morphology of
bimetallic Au–Pt nanomaterials (cubes, blocks, octahedrons, and dogbones) in a
heterogenous epitaxial fashion by a wet chemical approach. Gold nanospheres,
nanorods (different aspect ratios) and nanocubes were used as “seeds” for Pt growth
in the presence of the mild reducing agent ascorbic acid and a cationic surfactant
cethyltrimethylammonium bromide (CTAB) [33, 40] (Fig. 3.10).

Fig. 3.9 Illustration of the
reaction paths leading to
well-defined silver structures
as an effect of seed structures.
Reprinted with permission
from Ref. [35]. Copyright ©
2007 American Chemical
Society
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Gold and platinum have a lattice mismatch of 4.08% which implies that a
non-conformal growth route is favorable [41]. The high strain energy between the
two lattice domains suggests that nanostructures with morphologies that differ from
the initial core nanostructures would be produced. However, our studies show that
the Au core nanoparticle initial shape was preserved after Pt island deposition [34].
HRTEM images and the corresponding electron diffraction pattern of individual
Au–Pt nanorods show a single crystalline structure with a highly ordered contin-
uous, parallel and uniform fringe pattern. An interplanar distance of 0.199 nm

Fig. 3.10 Images of Au nanorods prepared in the presence of Ag ions. a SEM, b electron
diffraction and c HRTEM. Scale bars a 20 nm; and c 5 nm. Reproduced with permission from
Hunyadi Murph, S.E. et. al. [33]. Copyright 2017 American Chemical Society
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indicates a family of planes for Pt of {002}, for a fcc structure. [42] There is no
twinning or defects present on these structures. These results demonstrate that even
with a small mismatch (<5%) between lattices domains, conformal growth is
possible [33, 34, 41].

The heterogeneous nucleation and growth theory postulates that the predominant
growth mode of Pt onto a template is primarily determined by the lattice mismatch,
as well as the differences in bond strength and electronegativity relative to the gold
support. Epitaxial Pt overgrowth can occur by three possible modes: (a) layered
growth (Frank-van der Merwe mode), (b) island growth (Volmer–Weber mode),
and (c) intermediate or combined growth (Stranski– Krastanow mode).

HRTEM image of the Au–Pt octahedron grown from Au nanosphere seeds
(Fig. 3.11) displays well-defined and continuous {111} fringes (d = 0.236 nm),
which extend at a *45° angle from Pt facet overgrowth [33]. The uninterrupted
extension of the fringes across the core–shell interface suggests an epitaxial layered
Pt growth mode on the spherical Au seeds. This indicates that the smaller Pt atoms
(radius: 139 pm) deposit on the Au core (radius: 144 pm) by uniformly releasing

Fig. 3.11 HRTEM and electron diffraction pattern for Au–Pt nanorods. Scale bar 5 nm.
Reproduced with permission from Ref. [33]. Copyright 2017 American Chemical Society
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the lattice strain due to the minimal mismatch [33]. A HRTEM image of the Au–Pt
‘‘dogbone’’-shaped nanostructure indicate a Stranski–Krastanow or a combined
growth mode. Note that, although an epitaxial Pt/Au shell can be observed
throughout the entire Au nanorod seeds, protrusions or nanoislands preferentially
form at the endcaps and end-facet corners of the rod. These protrusions, which
range in size of 3–6 nm, could also incorporate not only Pt but also excess Au since
the template seeds were unpurified prior to Pt growth. The lattice arrangement of
the dogbones matches that of the Au nanorod seeds because of the minimal mis-
match (*4%), as evidenced by the continuous {002} fringes extending from the
template [2, 33, 34] (Fig. 3.12).

Some challenges to the seeded growth approach include heterogeneous nucle-
ation and comproportionation. Heterogeneous nucleation can occur under many
different reaction conditions, especially if the chemical reaction favors monomer
formation over increased growth onto the seeds [12]. If the seed concentration is too
low, then the chances of seed-precursor collisions decrease, whereas too high of a
concentration can lead to NP aggregation. The NP aggregates then compete with
the seeds for growth to create large size distributions [12]. When metal ions are
added to seed NPs of the same element, comproportionation may take effect. This is
a redox reaction takes place between two atoms of the same element that have
different oxidation states to form a product with same oxidation state, leading to NP
dissolution [5]. Comproportionation can be avoided by adding a sufficient amount
of reducing agent to reduce all of the metal ions [5].

One dimensional silver nanowires were produced by our group in an aqueous
solution without any surfactant, polymer, or even externally added seed crystallites
[2, 32, 43]. Recently, electron microscopy accompanied by molecular dynamics
performed with the embedded atom method studies suggest that the Ag nanowires

Fig. 3.12 HRTEM images of Au–Pt nanocatalysts: a octahedron and b “dogbone” shaped.
Reproduced with permission from Ref. [40]. Copyright 2017 American Chemical Society
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form through a seedless, surfactantless process by coarsening through an oriented
attachment mechanism [1, 2, 32, 34, 41, 44]. Initially, silver nucleation centers were
produced by chemical reduction of silver ions in boiling water, with sodium citrate
and sodium hydroxide as additives in solution. These nucleation centers, with a
twinned crystallographic orientation (Fig. 3.13), ultimately merged into fully grown
silver nanowires (Fig. 3.14). This is a completely different mechanism from the
seed-mediated growth approach, which has also been used to produce silver
nanowires [41].

Fig. 3.13 a HRTEM on the 11 nm nucleation centers. A 5-fold penta-twinned crystallographic
structure is observed. b Diffraction pattern recorded on the nucleation centers that suggest support
the HRTEM regarding the penta-twinned crystallographic structure. The distance between the
fringes in this case indicate (111) faces. c HRTEM on nucleation centers in the coarsening process
via an oriented attachment mechanism; d an HRTEM image of two fused particles with favorable
crystallographic orientations. Scale bar 2 nm, ac; 5 nm, c. Reproduced with permission from Ref.
[43]. Copyright 2017 American Chemical Society
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Molecular statics simulations at 0 K were used to determine a few different
equilibrium wire structures. Simulations on the silver nanowires reveal that the
direction of evolution and growth of Ag nanowires is [100]. A combination of
different faces Ag{100} or Ag{110}, or both were observed. Penta-twinned sur-
faces, in the form of five Ag {111} triangular faces were documented on the tips of
the nanowires. Figure 3.15 shows a simulated low energy configuration, where the
growth direction of the nanowire maintains low energy {111} surfaces while the
sides are higher energy {100} and {110} surfaces.

Fig. 3.14 a–f High resolution TEM images on silver nanowires prepared by a seedless,
surfactantless method along with the f diffraction pattern. This suggests a staking fault of (110) or
other faces of the Ag nanowires with a pentatetrahedral twin orientation. Reproduced with
permission from Ref. [43]. Copyright 2017 American Chemical Society

Fig. 3.15 a Equilibrium atomic positions for a pentagonal nanowire with internal twins.
b Equilibrium atomic positions for a smaller pentagonal nanowire and a pentagonal wire with
{111} surfaces. Reproduced with permission from Ref. [43]. Copyright 2017 American Chemical
Society
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3.1.2 Solvothermal and Hydrothermal Synthesis

NP synthesis typically requires high temperatures and solvents with high boiling
points, which may be expensive and difficult to work with. For industrial appli-
cations, where efficient synthetic scale-up is required, the use of more common
laboratory solvents may be more practical due to abundance or price.
Unfortunately, they typically have lower boiling points that are not amenable for
most synthetic protocols. To overcome these issues, the synthesis can be carried out
at elevated pressures by heating them in a sealed vessel, such as an autoclave or
bomb. This causes the pressure to increase above ambient pressure which increases
the boiling point of the organic solvent (solvothermal) or water (hydrothermal). The
increase in pressure can also change the supersaturation equilibrium and increase
precursor reactivity. For example, at higher pressures, ethanol can act as a weak
reducing agent [37]. Solvothermal and hydrothermal routes have been applied to
synthesize an abundance of NP shapes and structures in the presence and absence of
surfactants and ligands [37, 45–49]. Currently, the creation of some NPs with high
crystallinity and low polydispersity, such as In2O3 cubes, have only been successful
through solvothermal routes [48]. Solvothermal techniques allow the creation of
NPs at milder conditions than typically required [49].

3.1.2.1 Microwave Irradiation

A growing trend in inorganic, organic and NP synthesis is microwave synthesis,
which is typically coupled with high pressure solvothermal or hydrothermal syn-
thesis [20, 46, 50–57]. Microwave irradiation (lWI) can directly target molecular
precursors that interact with microwaves through two mechanisms: dipolar and
conductive mechanisms. In the dipolar mechanism, polar molecules heat up by
rotating in response to the electric component of the microwave’s electromagnetic
field, where in the conduction mechanism, ions move in the solvent to align to the
applied electric field [50]. This leads to the conversion of electromagnetic radiation
into heat. In conventional wet chemistry approaches, the vessel is heated using a hot
plate, heating mantle or an oil, water or sand bath. This thermal energy is trans-
ferred to the NP precursors through the solvent which leads to temperature gradi-
ents, slower heating efficiencies and less controlled heating. By contrast,
microwaves target dielectric materials directly, which results in faster kinetics and
higher reproducibility thus making it more amenable to scale up. Superheating,
which causes the boiling point of the solvent to increase under the influence of
microwave irradiation, has also be achieved [50].

A variety of nanostructures, including metal NPs [54–56], quantum dots [46, 53]
and carbon NPs [57] have been synthesized using lWI in polar and non-polar
solvents [51–54]. Metal ions strongly couple to lWI to create hotspots that favor
NP nucleation [54]. With meticulous selection of ligands, solvents and molecular
precursors, the NPs can be selectively heated in the microwave [53, 54, 57].
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The synthetic product is dependent on applied microwave power and cross-section
of all of the species involved. The microwave cross-section is dependent on
dielectric constant and a larger microwave cross-section, typically found in mole-
cules with a large permanent dipole, leads to more dramatic heating in response to
lWI [53]. The temperature ramping depends on the thermal conductivity of the
solvent and the ability of each element to absorb lWI [53]. Compared to bulk
heating methods, lWI creates NPs with larger nuclei that are crystalline and have a
smaller size distribution [54]. Faster reaction rates have been measured using lWI,
which is attributed to the higher local temperatures leading to increased collisions or
the ability of the lWI to overcome intermediate synthetic barriers [53]. High quality
NPs can be prepared using lWI within minutes [46]. An increase in QY, which is
indicative of high crystallinity and low surface defects, was measured for quantum
dots that were synthesized in a low boiling solvent in lWI compared to a high
boiling solvent, presumably due to the increase in pressure that may cause a
decrease in vacancies or defects [53]. Uniform nucleation is key for high quality NP
synthesis and this can be achieved with lWI from the uniform flux of microwaves
in the reaction vessel. Advances in microwave synthesis may allow for increased
reproducibility between NP batches, synthetic automation and more amenable scale
up due to the inside-out heating method and ability of select molecules to directly
couple to lWI.

3.1.3 Self-assembly

Bottom-up fabrication also occurs via self-assembly, where individual building
blocks spontaneously assemble into larger structures through molecular interactions
[58–70]. These molecular interactions can be biomolecular, such as aptamer con-
jugation [71] and Watson-Crick base pairing of DNA [59–67], chemical such as the
host-guest chemistry of curcubic[n]urils [69] and click chemistry [72], or physical
such as the interfacial tension at liquid/air interfaces or through the presence of
external fields. Coupling NPs can lead to interesting synergistic effects that do not
occur in discrete NPs, such as the coupling of excitons or magnetic moments or
energy transfer [58]. For example, phosphor-plasmonic dimers were self-assembled
and displayed a plasmonically enhanced upconversion luminescence in the dimers
[73]. The collective properties of various NPs can be extremely beneficial for
applications such as single molecule sensing, nanoscale thermometry, imaging,
electronics or catalysis. The creation of NP arrays is driven by kinetic and ther-
modynamic forces, where the local interactions between building blocks minimize
the total energy of the system [74].

The interparticle forces can be tailored through NP shape, size and surface
chemistry. A huge advantage of using NPs is the ability to couple the properties of
the ligand layer with the properties of the NP, giving the ability to tune the indi-
vidual components’ properties. Nanoparticles prepared in solution are often capped
with a variety of surfactant or capping agents used during the preparation
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procedures, including citrate, CTAB, PVP, etc. This provides surface passivation
and helps prevent aggregation of nanoparticles. NP surface chemistry is important
to provide steric or electrostatic repulsions that can be used to tune the interparticle
distance and strength of assembly [74]. Whether through electrostatic or covalent
bonding, nanoparticles can self-assemble to form secondary architectures with
properties dictated not only by those of the individual building blocks but also by
the spatial arrangement and coupling interactions between them [1, 24, 34].
Anisotropic NPs can be created, either synthetically or by tailoring the ligand layer
to create Janus particles, to further modify the final assembled structure. The
assembly must be controlled to prevent uncontrolled growth due to the absence of
repulsive forces or the presence of non-specific interactions.

Self-assembly has been achieved in solution or using templates. A drop-casting
approach followed by solvent evaporation can lead to the creation of uniquely
patterned assemblies (Fig. 3.16). In this system, self-assembly is a result of the
physico-chemical properties and structural affinities of the building block
nanoparticles. The combination of solvent evaporation from the sample drop and
interfacial hydrophilicity or hydrophobicity as well as the balance between van der
Waals forces, capillary action, surface tension, and hydrophobic or electrostatic
interactions, etc. is responsible for a variety of assemblies and agglomeration fea-
tures (agglomeration, end-to-end, end-to-side, etc.).

Fig. 3.16 SEM images of self-assembled Au nanorods via solvent evaporation
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In solution, NPs can be spontaneously assembled into clusters, sheets or higher
ordered assemblies through the minimization of attractive and repulsive forces [58–
69]. The creation of superstructures, such as larger crystalline lattices, form as a
result of long-range ordering [59–61, 75]. A highly specific route for self-assembly
is through the use of oligonucleotide hybridization, which takes advantage of the
Watson-Crick base pairing interactions to control assembly. Aptamers can also be
used in these assemblies to incorporate sensing capabilities. In the work by Paul
Rothemund, interesting nanoscale DNA structures were formed through DNA
origami via self-assembly as shown in Fig. 3.17 [59]. This used a scaffolding
approach, where one long DNA strand (*7000 bases) was assembled into various
nanoscale structures by changing the smaller “staple” strands that link the scaffold
together [59]. This research provided a route for the design of DNA origami into
complex shapes with high yield [59].

The molecular recognition properties of nucleotides have been used to assemble
NPs into various shapes, including three dimensional crystal lattice formations and
clusters [60–66]. The strength and shape of the assembled clusters can be tuned
through the size and shape of the NP building blocks, base-pair selection, the
number of DNA strands on the NP surface and temperature, solvent and electrolyte
concentration choices. The interparticle distances can be tuned through the length of
the oligonucleotides and linker strands. For example, AuNP-DNA building blocks
were assembled into different crystallographic patterns (face centered cubic vs body
centered cubic) by changing the sequence of the linker strands, as shown in

Fig. 3.17 Nanoscale DNA complexes created via self-assembly. Reprinted with permission from
Ref. [59]
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Fig. 3.18. Crystalline assemblies formed using DNA typically show well defined
scattering rings in SAXS due to the formation of superlattices [60, 61].

Other small molecules have been used to create crystalline assemblies. For
example, the in situ formation of benzoates during the “ligand-free” synthesis of
ZrO2 nanoparticles caused the creation of crystalline superlattices [75]. In this
work, changing the reaction parameters led to the formation of different shapes [75].
Further heat treatment of these structures led to weight loss and the shrinking of the
crystalline lattice with shape retention, indicating removal of the organic species
[75]. This work indicates that, in some cases, the assembly directing ligands may be
removed with preservation of the final structure. This is highly beneficial for
applications that are affected by the presence of the ligand layer. The ability to
create amorphous and crystalline assemblies allows for the ability to tune the
synergistic properties for applications, including medical treatment and diagnostics,
forensics testing, optical and electronic applications among others.

3.2 Top-Down Fabrication: The Engineering Approach

3.2.1 Overview

The first portion of this sub-chapter describes the many ways that chemical, kinetic,
or thermodynamic forces within a solution can be harnessed to drive nanoparticle
growth toward a desired shape or size. There is a wonderful elegance to coaxing
such a wide array of beautiful structures out of spontaneous processes. In contrast,
this next section describes a completely different approach to nanoparticle syn-
thesis, one that attempts to circumvent natural ordering by using brute force to
directly control the shape of matter at the nanoscale. The elegance of these so-called
“top-down” techniques instead resides in the remarkable engineering that goes into
the instruments and materials that enable these processes. By using top-down
techniques, there are virtually no limits to the shapes and sizes of nanoparticles that
can be produced through clever engineering. The iconic image of “IBM” written in

Fig. 3.18 Gold nanoparticle-DNA conjugates assembled into different crystallographic arrange-
ments by changing the DNA linker sequence. Reproduced with permission from Ref. [60]
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xenon atoms is a classic representation of such ingenuity. In fact, the only real
limits to the top down approach are the typical high cost and low throughput of
producing nanoparticles in this manner. In spite of these drawbacks, top-down
engineered nanoparticles are well represented in the research literature, and there is
hope that the costs will be driven down in the future through innovation, allowing
for the industrial production of matter that has been sculpted at the nanoscale.

3.2.2 Nano-Lithography

Many top-down techniques are grouped under the umbrella term of lithography.
The name is borrowed from the traditional lithographic printing technique, where
an image is drawn on a plate using a chemically resistant material. The plate is then
immersed in a solution that etches away the portions of the plate not protected by
the chemically resistant image. Initially, lithographic prints were created from wax
images drawn on smooth limestone. Hence, the name “lithography,” which comes
from the ancient Greek words lithos and graphein meaning “stone” and “to write,”
respectively. Modern advanced lithographic nanofabrication techniques are con-
ceptually very similar to the traditional method. However, now writing is done
using beams of particles, and instead of writing into stone, images are written into
modern polymer or dielectric materials called, “resists.”

3.2.2.1 Photolithography

Photolithography is the most widely known and used top down micro-/nanofabri-
cation technique, with a long history of use in the semiconductor industry for the
production of integrated circuits [76–78]. The photolithographic process is very
straight forward (Fig. 3.19): a light-sensitive polymer, called a photoresist, is coated
onto a substrate. Next, an opaque mask with the desired pattern or image is placed
on top of or in front of the photoresist; the photoresist is then exposed to UV light
irradiation (typically, wavelengths: k = 193–436 nm) that is collimated by the
mask. Finally, the exposed film is placed in a developing solution, replicating the
pattern from the mask in the photoresist. Whether or not the image is directly or
inversely replicated in the photoresist depends on its chemical properties. If the
photoresist material is positive, the UV illuminated portions of the photoresist will
be removed by the developer—that is, light exposure increases the solubility of the
photoresist. In comparison, negative photoresist materials become less soluble in
the developing solution after UV light exposure, causing areas that were not
exposed to light to be etched away during development and creating the inverse
image of the photomask. In either case, the obtained patterned polymer layer can be
used as is, or it can serve as a template for further processing, such as electroplating
or thin film deposition.
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While photolithography is quite relevant for industrial micro-/nanofabrication,
there are some challenges in the application of photolithography toward the
development of anisotropic or shape-selective nanoparticles. The first challenge is
that of resolution. As a general guideline, the minimum feature size that can be
obtained within a plane using projection photolithography in ideal conditions is
based on the Rayleigh criterion for imaging: Lmin = 0.61 k/NA, where k is the
wavelength of light and NA is the numerical aperture of the lens imaging the mask
onto the photoresist [79]. The numerical aperture of a lens is given by NA = n sin h,
where n is the refractive index in which the lens is working and h is the half angle of
the cone of light that enters the lens. This implies that the smallest feature size that
can be obtained in air using k = 193 nm is Lmin � 120 nm, which is not quite in the
true nanoscale regime (1–100 nm). Clever engineering has allowed researchers to
push beyond this limit to yield films with <50 nm resolution [80–83]. However,
further gains in resolution are non-trivial, requiring advanced photoresist materials
[84], optics (e.g., hyperlenses) [85], light sources (e.g., extreme UV) [86], and
patterning techniques (e.g., triple patterning) [87]. The second main challenge to the
use of photolithography for fabrication of anisotropic nanoparticles is that pho-
tolithography is inherently a two-dimensional technique. Patterning is done in a
single plane at a time. Of course, multiple planes can be built up to generate a three
dimensional pattern, but given the resolution limits of the technique, patterning
three-dimensional anisotropic nanoparticles by this method is impractical.

Photolithography does excel at chip patterning, as demonstrated by its domi-
nance in the semiconductor industry. Thus, photolithography is an excellent method
for patterning shape-selective and anisotropic nanoparticles that are synthesized
using other methods. For example, thiol-stabilized gold nanoparticles are UV
light-sensitive, and when exposed, the thiol molecules are oxidized, causing

Photoresist

Substrate

Photomask

UV exposure

Substrate

Developed pattern

Fig. 3.19 Schematic of the photolithography process using negative tone photoresist
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aggregation and densification of the nanoparticles. Thus, the photomasks can be
employed to directly oxidize and aggregate these gold nanoparticles into patterns on
different substrates [88]. Similarly, quantum dots can be fabricated into specific
patterns through the incorporation of light-sensitive precursors into the photoresist
[89]. Alternatively, photolithography fabricated patterns can serve as a foundation
for further nanoparticle growth, which can create wafer scale patterns of anisotropic
nanoparticles, such as nanowires grown by electrodeposition [90]. The ability to
pattern anisotropic nanoparticles onto a wafer is especially beneficial for applica-
tions that interface with electronics or optics, such as biosensors or light-emitting
diodes [91, 92].

3.2.2.2 Scanning Beam Lithography

Scanning beam techniques are similar to photolithography, but instead of using a
photomask to shield portions of the resist, patterns are directly written into the resist
using a beam of radiation that moves across the surface. The main advantages of
these types of technique are enhanced resolution and greater design flexibility.
These come at the expense of much lower throughput. However, these tools are
extremely useful for research and development or other situations where long lead
times are not as important as the ability to write arbitrary patterns with high
resolution.

Light can be employed here as well, through direct laser writing. In this case, the
resist is transparent to the laser’s wavelength, but the non-linear process of mul-
tiphoton absorption becomes relevant at sufficiently high intensities, which changes
the solubility of the resist in a confined region just around the focal point of the
laser [93]. The focal point of the laser can trace out virtually any pattern, even in
three dimensions. Therefore, direct laser writing can sculpt intricate shapes and
patterns into a photoresist, creating micro-/nanostructures with any conceivable
shape. Some of these remarkable structures are shown in Fig. 3.20. The resolution
of direct laser writing can beat the diffraction limit, and resolutions of k/10 and even
k/50 have been achieved [93]. However, the use of light as an energy source does
limit the achievable resolution, but researchers can obtain even smaller structures by
utilizing different beams of particles.

Electron beam lithography is the most widely recognized direct write lithogra-
phy technique. The main advantage is the extremely small wavelength of electrons,
<0.4 � 10−9 m for energies >100 keV, which greatly improves diffraction limits
over optical methods. Indeed, resolutions <10 nm are consistently reported [94,
95]. Like direct laser writing above, electron beam lithography typically relies on a
serial process, where a beam of electrons draws out a pre-determined pattern on a
resist surface changing the solubility of the irradiated material, but higher energy
electron beams can directly remove material from surface, as well [97]. Resists are
organic or inorganic polymers, such as poly(methyl methacrylate) or hydrogen
silsesquioxane, and may be negative or positive tone. The resolution of the electron
beam lithography technique is controlled by the type of resist, environmental
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factors, resist thickness, and developing process [98]. In general, the minimum
achievable feature sizes are not related to the diffraction limit, but to scattering and
secondary electron generation within the resist layer.

A closely related technique is focused ion beam lithography, which relies on ion
bombardment instead of an electron beam. In this case, ions may come from liquid
metal ion sources (e.g., Ga, Au, Si, Ge) or from gas-field ionization sources (e.g.,
He, Ne, H, Ar). The focused ion beam interacts with materials in a number of
different ways, all of which can be used to pattern micro-/nanostructures. In
addition to changing the chemical properties of a resist through bond dissociation,
amorphization, and/or intermixing, the beam of particles can mill or etch away
portions of material, or it can deposit ions into a substrate and create patterns of
alloyed or doped material [99]. It can also be used to build up materials from
reactive precursors through a technique called focused ion beam deposition [100].
With gas field-ionization sources, the resolution can be better than <10 nm, which
is comparable to electron beam lithography. However, due to the larger particle
sizes of the beam, focused ion beam lithography processes require thinner resist
layers than electron beams due to shallower penetration of the heavier ions. On the
other hand, the direct milling and etching of material by ion beams reduces the
number of steps and simplifies fabrication processing compared to electron beam
lithography.

In general, scanning beam lithography techniques have the same benefits and
challenges of photolithography techniques, only with greater resolution at the
expense of slower throughput. Direct laser writing and focused ion beam milling
and deposition have the added benefit of improved three-dimensional nanofabri-
cation. Given their design flexibility, these fabrication techniques are well-suited to

Fig. 3.20 SEM images of three-dimensional photonic crystals with different geometries,
a woodpile, b spiral, and c pyramid, written by direct laser writing. Figure reproduced from
Ref. [96] with permission from Springer
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investigate how shape and size affect nanostructure properties. However, given their
high cost and long fabrication times, this technique may not be readily available or
relevant to many researchers. Additionally, the obtained sample sizes are typically
relatively small and are generally confined to the surface of a substrate, which
places limits on experimental characterization. Thus, scanning beam lithography
might be an excellent choice for investigations into the optical and electrical
properties of shape-designed nanoparticles, but the catalytic properties of such
nanostructures will be more challenging to assess.

3.2.2.3 Scanning Probe Lithography

There is a direct relationship between different nanomaterial characterization
techniques and different nanofabrication methods. In the sections above, we saw
how light, electron beams, and X-rays all could be used to sculpt material at the
nanoscale. These interactions also enable optical and electron microscopy and
X-ray diffraction, among many other analytical techniques. Similarly, scanning
probe microscopy techniques, such as scanning tunneling microscopy (STM),
atomic force microscopy (AFM), and near-field scanning optical microscopy
(NSOM), can also be used to pattern materials at the nanoscale and beyond. In fact,
the well-known image of the IBM logo written in atoms was created using a STM
in 1989. Researchers at IBM have recently taken this concept a step further and
produced a stop-motion animated short film, A Boy and His Atom, which was
created by moving carbon monoxide molecules around on a copper substrate using
STM. Clearly, resolution is not an issue with such techniques.

A finely tipped scanning probe can interact with a surface through mechanical,
thermal, electrical, and chemical processes, to enable many different patterning
techniques [101]. Analogous to the lithography practices above, these probe-surface
interactions can either physically remove or add material, induce chemical changes
to the surfaces that are the end goal for an application, or they can be exploited for
further processing in nanoscale pattern development (Fig. 3.21). An attractive
feature of scanning probe lithography is the relatively simple technology, as the
most common techniques are based on ubiquitous AFM instrumentation and can be
conducted in open atmosphere on a variety of different materials [102]. Another
benefit is that scanning probe techniques allow for simultaneous imaging and
patterning, which greatly improves shape fidelity over different patterning areas.
However, similar to the other direct write lithography methods, writing speeds and
throughput are slow, especially for STM methods requiring ultra-high vacuum [97].
Additionally, the patterning by scanning probe techniques is confined to one surface
plane at a time, making three-dimensional patterning cumbersome. These consid-
erations indicate scanning probe techniques are not the ideal choice for the syn-
thesis of anisotropic or shape-selective nanoparticles. On the other hand, given the
relative simplicity and capabilities of AFM-based techniques, scanning probe
techniques are attractive for patterning of nanoparticles into more complicated
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architectures for electronics or other wafer-based applications, and they are also
ideal for patterning on novel nanomaterials themselves, such as graphene and
graphene oxide [104–106].

3.2.3 Pattern Transfer and Templates

The previous sections described techniques that allow researchers to sculpt and
create new shapes and patterns to form anisotropic and shape selected nanoparticles
from bulk materials. However, nanoscale patterns and particles can be found in
natural systems or can be derived from spontaneous processes. Such patterns can
serve as templates to engineer unique and complex nanostructures. Patterns can be
generated on the original template, or alternatively, transferring the pattern to a
different substrate can be done by a number of different ways, either by molding,
embossing, imprinting, or contact printing [97].

Fig. 3.21 (Left) Original image of the Mona Lisa, scaled and pixelated for input into the model
for thermochemical nanolithography experiment. (Right) Experimental rendition of the Mona Lisa
with a total width of just � 32 lm produced by consecutive touchdowns of a scanning probe tip
via the thermochemical nanolithography technique. Scale bar 10 lm. Reprinted with permission
from Ref. [103]. Copyright 2013 American Chemical Society
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3.2.3.1 Nanosphere Lithography

Perhaps the most pervasive and economical templating method is nanosphere
lithography (NSL) [107]. NSL is a simple method that relies on colloidal
self-assembly for producing arrays of nanoparticles on a substrate (Fig. 3.22).
When at an interface between phases (e.g., air-water), colloidal spheres tend to
aggregate into layered hexagonal-close-packed (hcp) crystalline structure, and by
transferring this structure to a solid support by drying, dip-coating, etc., a hcp mask
or template is formed on a substrate [108]. Colloidal spheres are generally com-
posed of polystyrene or silica and can be found in a range of sizes from 20 nm to
50 µm plus, which allows nanoscale patterns to be easily reached. Typically,
monolayers of spheres are used for patterning, while bilayers are less common
[109]. Multi-layered structures are often backfilled for the production of inverse
opal structures [110]. The most common technique of using the hcp mono-/bilayer
templates is as sacrificial masks for material evaporation, where the gaps in between
spheres creates patterns on the substrates below [108]. These patterns can be used
directly, or they can be used as an additional mask for etching processes to produce
ordered anisotropic Si nanopillar arrays [111]. Alternatively, self-shadowing by the
hcp lattice itself can lead to the creation of anisotropic structures on the colloids
themselves [112]. Such structures can be Janus structures or can even exhibit
chirality [113–115]. NSL is a versatile and simple technique that allows for the
production of a wide variety of nanoparticles with tunable shapes and sizes that can
be used on the substrate or dispersed in solution. The shape of the template does
place limits on the achievable structures, and there are some challenges to creating
very large area single crystal monolayers. However, the technique continues to
evolve and is very useful tool for researchers interested in anisotropic and
shape-selected nanoparticles [116–118].

Fig. 3.22 Schematic of nanosphere lithography technique to produce nanorods from a Si-based
substrate. Figure reproduced from Ref. [119] with permission
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3.2.3.2 Spontaneously and Naturally Occurring Templates

Electrochemistry offers alternative routes for the creation of nanopatterned tem-
plates. A notable example is that of the spontaneous, self-ordering of porous oxide
layers formed during anodization of metals [120]. Passing an anodic current
through a metal in an electrolytic solution will cause an oxidation layer to grow and
form on the surface, and by careful selection of the electrolyte and experimental
parameters, the oxidation layer will form into a self-organized array of metal oxide
nanopores or nanotubes. While this process can be done for many different metals,
the process is most often seen in the literature for alumina on aluminum or titania on
titanium [121]. Typically, titania nanotubes are used as active or photocatalytic
materials [120], while alumina nanopores are often used as passive support mate-
rials or used as templates for nanopillar growth [122]. Pore diameters in anodic
aluminum oxide can range from 10 to 400 nm, and pore lengths can be 10–150 µm
[121]. Highly anisotropic nanoparticles can be formed readily by backfilling these
pores with single or multiple materials and etching away the aluminum support. An
interesting application of such structures is as catalytic bimetallic nanomotors that
move autonomously in solution [123, 124].

Block copolymers can form spontaneous periodic patterns due to phase separation
between the different chemically dissimilar components [125]. These patterns can
consist of repeating domains of spheres, cylinders, gyroids, or lamellae, depending on
synthetic conditions [126]. While the details of such self-assembled processes belong
to the “bottom up” synthesis group, it is worthwhile to mention here, as very often
these polymers are etched and backfilled with inorganic materials to engineer a new
type of nanostructured film [127]. Due to their periodicity and nanoscale patterns,
block copolymers are often used as templates for the formation of anisotropic and
chiral optical components and photonic crystals [128–130].

There are no shortages of naturally occurring templates that can be used for
patterning other materials. The natural ordering that occurs in living systems makes
life possible and is a source for template-based nanofabrication of anisotropic
nanoparticles. Most reports in the literature describe templates based on smaller life
forms, such as bacteria and viruses [131], which is expected given the sizes of these
microorganisms. Small and highly anisotropic nanoparticles have been derived
using such techniques. For example, cobalt and nickel nanowires with a diameter of
3 nm and lengths up to 500 nm can be fabricated using the tobacco mosaic virus as
a template [132]. Larger organisms can be useful, too. Plants and insects can have
remarkable structures (e.g., hydrophobic lotus leaf surfaces, moth’s eye, etc.) and
are common sources of biotemplates [133–135]. Even the wings of cicadas have
been used to pattern nanopillar arrays for anti-reflection coatings [136].
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3.2.4 Thin Film Growth

Thin film growth is a bottom up nanofabrication method that has more of an
engineering spirit than other bottom up techniques, and therefore, is included here.
The engineering core of the technique is captured in the collection of heaters,
vacuum pumps, lasers, electron and ion beams, microwave and plasma sources, and
other instruments that can make up a thin film growth system [137]. The two major
divisions of thin film growth are physical vapor deposition and chemical vapor
deposition. These techniques were historically employed by semiconductor, optics,
and other industries to create coatings of materials on a substrate. However, by
judiciously changing the deposition parameters, a variety of different nanostructures
can be grown on a surface.

3.2.4.1 Physical Vapor Deposition

Physical vapor deposition (PVD), as indicated by the name, uses a source of
physical vapor to create thin films. The term “physical” here means that the con-
stituents of the vapor are generally non-reactive, and merely physically deposit onto
the substrate and accumulate into a larger structure of the same composition as the
vapor. For a number of reasons, including vapor and gas purity, PVD is conducted
in a vacuum chamber, usually under high vacuum. The vapor is generated from an
initially solid source through a variety of methods, such as laser ablation, thermal
evaporation, electron beam bombardment, or sputtering by plasma. Substrates are
placed in the vacuum chamber such that the vapor plume is incident upon them, and
since they are at a lower temperature than the vapor, the vaporized atoms condense
on the substrate forming thin films. PVD is most commonly used in conjunction
with some other lithographic technique, such as the ones described above, to
generate micro-/nanopatterns on a surface by masking selected areas. However,
PVD can also be used as a single technique to fabricate unique anisotropic
nanostructures due to the self-shadowing effect (Fig. 3.23).

SubstrateVapor shadow

Incoming vapor Incoming vapor

Vapor shadow

Growing nanorod

Fig. 3.23 Schematic illustrating the self-shadowing effect of physical vapor deposition at oblique
vapor incidences
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Self-shadowing arises from the use of high vacuum, where the vapor particles
travel with mean free paths that are greater distances than the dimensions of the
deposition chamber [138]. This ensures that vapor atoms travel in a ballistic, or line
of sight, manner before impinging on the substrate. The first vapor atoms to arrive
at the substrate surfaces condense and coalesce into nucleation centers. For a flat
film that is placed perpendicular to the direction of vapor flux, these different
nucleation “islands” grow in number and size until they coalesce into a continuous
film. If the substrate is instead tilted at a large angle with respect to the vapor flux,
the initial islands cast large vapor shadows that prevent the growth and develop-
ment of additional islands, and instead, only the initial nucleation centers grow,
creating an array of nanorods that are tilted in the direction of the vapor flux. If the
tilted substrate is given a slow azimuthal rotation, the vapor shadow traces out a
helical shape, creating micro-/nanohelices. If the substrate is instead rotated
quickly, straight nanorods are formed. Discrete rotations can create additional
shapes like chevrons and square helices. Thus, by controlling the substrate orien-
tation (tilt and rotation) with respect to the vapor flux, a wide variety of different
nanostructures can be sculptured from physical vapor (Fig. 3.24) [140]. This
technique, known as glancing angle deposition (GLAD) or dynamic shadowing
growth (DSG), applies to almost any material that can be evaporated, making it a
powerful technique to investigate anisotropy and shape effects of different nano-
materials [114, 141, 142]. There are some material challenges in obtaining more
complicated shapes beyond rods for nanostructure lengths less than 100 nm,
especially for metals, but advanced techniques such as seeded growth and cryo-
genic substrate temperatures can circumvent these issues [143]. Additionally, the
obtained nanostructures are typically amorphous or polycrystalline due to the
non-equilibrium growth conditions, but again, advanced techniques have allowed
greater control over the crystallinity of GLAD nanostructures, even permitting the
growth of single crystals [144, 145].

3.2.4.2 Chemical Vapor Deposition

Chemical vapor deposition represents a collection of different methods, and like
PVD, is primarily used for creating conformal thin film coatings [146]. In contrast
to PVD, the CVD vapor phase precursors are volatile and are intended to react on
the substrate surface to produce the desired coating. Typically, volatile vapor
precursors are carried by an inert gas into a reaction chamber (e.g., tube furnace),
where the substrate is positioned and coated, and any unreacted precursors and
reactive products are carried off by the carrier gas. The reaction chamber may be
held at atmospheric pressure, low pressure, or under ultrahigh vacuum. More
advanced techniques can couple with microwaves and plasmas to assist with
material deposition [147, 148]. Though, CVD may be performed as simply as
evaporating silane monolayers onto Si wafers in a desiccator [149].
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Perhaps the most recognized use of CVD for anisotropic nanomaterials synthesis
is the production of graphene and carbon nanotube, which is the preferred method
of creating graphene films [150, 151]. Given the considerable interest in graphene, a
great deal of information is available in the literature regarding this process and its
variations [152, 153]. In addition to carbon-based structures, a host of different
metal, oxide, and semiconductor nanowires have been grown using chemical vapor
techniques [154–160]. Many, but not all, CVD nanowire growth processes require
the use of a metal catalyst on the surface of the substrate in order to nucleate
nanostructure growth. This method is known as the vapor-liquid-solid
(VLS) method (Fig. 3.25) [161].

While the finer details of the VLS mechanism are still being investigated, it is
generally understood that the liquid metal catalyst alloys with the incoming volatile
vapor precursors (vapor-liquid interface), and as the alloy becomes supersaturated,
material deposits at the liquid-solid interface creating a nanowire [162]. The balance

Fig. 3.24 SEM micrographs of thin films deposited with the UHV GLAD system a Si oblique
columns, b Si pillars, c Si spirals, d Si rugate film on glass substrate, e Si rugate film with an
antireflection layer on glass substrate, f Si square helix film, g Cu zig–zag film, h Si square spiral
film, i Si envelope corrected rugate on glass substrate. Reprinted from Ref. [139], with the
permission of AIP Publishing
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between incoming vapor and the alloy droplet sizes determines the nanowire’s
morphological properties, and therefore by controlling these parameters, the
structural parameters of the nanowire can be engineered along lengths less than
10 nm [163, 164]. Additionally, the directional growth of the wires can be mod-
ulated by changing the surface chemistry and introducing defects, which provides
more control over the nanostructure [165–167]. However, in comparison to PVD,
CVD provides much less control over the nanoparticle shape and is currently
limited to the production of nanowires, nanotubes, or monolayer coatings. CVD
processes do have a number of advantages for anisotropic nanomaterial synthesis:
(i) the method is relatively simple and scalable; (ii) nanostructure growth occurs
where the flowing vapor molecules react, allowing for conformal coating of
non-planar substrates; and (iii) the obtained nanowires are generally single crystals.

3.3 Classification

3.3.1 Metal and Metal Oxides

Like bulk materials, nanoparticles can be classified by their material composition,
and perhaps this the best way to classify nanoparticles, as physical properties of
materials can change at the nanoscale. Metallic nanoparticles, especially noble
metal nanoparticles, have received a large amount of attention, and have been found
useful for a number of different applications in catalysis, sensors, electronics, and
optics. Metallic nanoparticles are amenable to different synthetic methods.
However, due to their greater reactivity and large surface areas, many metal
nanoparticles are pyrophoric and require air-free techniques. Metal oxides represent

Si substrate

Liquid Au-Si droplets

Solid: Si nanowire

Vapor: SiCl4 + 2H2 → Si + 4HCl

Liquid: Au-Si droplets

Fig. 3.25 Schematic illustrating Si nanowire growth via the vapor-liquid-solid method
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another large class of nanomaterials. Metal oxides (Fig. 3.26) are generally widely
available, non-toxic, and stable, which make them excellent candidates for clean
energy and biomedical applications, and an extensive amount of research has been
devoted to such investigations. Since most metal oxides are well-behaved, a wide
variety of different application methods have been used for their synthesis. Finally,
it is important to note that the reduction/oxidation equilibria of metal oxides may
change as a function of surface area, or nanoparticle size, which can alter the phase
stability of the different oxides and make certain phases thermodynamically
unstable at smaller sizes, hindering their synthesis [168, 169].

A variety of metal-metal oxide composite nanoparticles with a variety of
structures have been created (Fig. 3.27). This allows one to couple the properties of

Fig. 3.26 SEM and TEM images of anisotropic metal oxides a, b, d Fe2O3 and c SiO2. a, b,
d Reproduced with permission from Ref. [170]. c Reprinted with permission from Ref. [23].
Copyright 2017 American Chemical Society
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the metal and the metal-oxide for cost effectiveness, increased efficiency, interesting
synergistic properties, among others [24, 170–172].

3.3.2 Semiconductor Nanostructures

Semiconductor nanomaterials, or quantum dots, are crystalline materials made up of
inorganic compounds that have band gap energies (Eg) that are larger than a metal
but smaller than an insulator. At room temperature, energy can be put into the
system to excite the electrons across the bandgap, leading to the creation of an
electron-hole pair. Once the excited electron and hole recombine, energy is released
as photons (light) or phonons (heat) [173–175]. The energy of the excited electrons
is dependent on Eg, which can be tuned by changing the size and material of the
nanocrystal. As the size increases and more atoms are introduced, the density of
orbitals increases and the size of the bandgap decreases. This leads to a red-shift in
the photoluminescence with increasing size. Doping the semiconductor can also
change the energies of the valence band and conduction band, changing the optical
and conductive properties of the nanoparticles. Doping has also led to the creation
of “hot electrons” which are electrons that have kinetic energy larger than Eg which
can lead to improved photovoltaic and photocatalytic properties [176].

Quantum dots are favored over organic dyes due to their exceptional photo-
stability against photobleaching, longer photoluminescent lifetimes and improved
quantum yields. Unlike organic dyes, however, quantum emitting particles such as
quantum dots, quantum wires and quantum rods display fluorescence intermittency
called blinking [177, 178]. Although the physical origin of blinking is unknown, it
has been suppressed by the addition of a thick layer of a higher Eg semiconductor
around the quantum dot to prevent limitations in applications such as medical
imaging and single particle tracking. Other applications take advantage of this

JFig. 3.27 TEM and SEM images of a Au nanorods- coated with a layer of iron oxide. Scale bar
100 nm. b silica on silver nanowires. Scale bar 40 nm; c Au-titania rods. Scale bar 100 nm;
d silver-silica dumbbell, Scale bar 100 nm; e, f Silver silica nano-peapods, Scale bar 100 nm; g,
h, i Fe2O3 spheres, rings and tubes decorated with Au nanospheres. Scale bar 200 nm; j Silica
nanowires decorated with Au nanorods. Scale bar 100 nm; k silica nanospheres decorated with Au
nanorods. Scale bar 100 nm, l silica micro-sphere decorated with Au nanospheres. Scale bar
100 um. a, b Reproduced with permission from Ref. [23]. c Reproduced with permission from
Ref. [33]. d, e, f Reproduced with permission from Ref. [171]. g, h, i Reproduced with permission
from Ref. [170]. j, k, l Reproduced with permission from Ref. [33]. Copyright 2017 American
Chemical Society
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fluorescence intermittency. For example, in super-resolution optical microscopy,
the blinking is used to distinguish between individual quantum dot emitters to
overcome the wavelength dependent limitations of traditional microscopy [177,
179]. Quantum dots are also employed in electronics or for solar energy conversion
due to their photocatalytic properties [16, 180]. Quantum dots are typically made up
of heavy metals including GaAs, InAs, PbS, PbSe, CdS, CdSe.

Quantum dots are similar to small proteins, and their photoluminescence is
sensitive to the presence and nature of adsorbates. We have prepared CdS
nanoparticles through an arrested precipitation method and deployed these nano-
materials as luminescent probes of DNA structure [181]. Sequence dependent
conformational flexibility of DNA is of great interest due to its implications for
drug–DNA and DNA–protein interactions. The counter-ion atmosphere surround-
ing DNA plays an important role in its structure, dynamics, and packaging. We
investigated the effect that various monovalent and divalent cations have on the
binding of 4.5 nm CdS quantum dots to oligonucleotides that have sequence-
directed intrinsic structure. We have shown that the photoluminescence of 4.5 nm
CdS nanoparticles surface-activated with Cd2+, Mg2+, and Zn2+ ions is quenched by
“straight”, “bent”, and “kinked” oligonucleotides (Fig. 3.28). The relative binding
constants of these DNAs are higher for the harder Mg2+ and Zn2+ ions compared to
the softer Cd2+ ions, suggesting a higher affinity of these more biologically relevant
ions for the DNA phosphate backbone.

3.3.3 Hybrid Nanostructures

Hybrid nanostructures are structures that couple the functionality of metal or
semiconductor NPs with the unique capabilities of biological or organic molecules
[2, 24, 172]. NPs can be coupled with biological molecules, such as DNA or
liposomes, for diagnostic and therapeutic applications [182] or with polymers for
drug delivery, sensing or electronic applications [183, 184]. NPs can either be
passivated with the molecules or incorporated inside of porous structures [182–
184]. By coupling antibodies or cell targeting agents to the surface of NPs, the NPs
can gain the ability to penetrate cells or bind to toxins for disease treatment and
immunology or they can accumulate in tumors for cellular imaging [143, 185–187].
In disease treatment, NPs are functionalized with small molecules that specifically
target the therapeutic location to efficiently deliver a small amount of drug to
increase treatment efficiency and decrease the negative impact drugs have on the
patient [188, 189]. Hybrid NPs have also been reported to overcome multidrug
resistance in cancer cells by encapsulating the drug into the NP [189, 190]. There
are an abundance of examples of hybrid NPs in the literature with unique properties
and applications due to the interesting coupled properties that arise.
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3.3.4 Carbon Nanostructures

Carbon nanostructures are nanosized allotropes of carbon atoms, including gra-
phene, graphyne, buckyballs and carbon nanotubes. Carbon nanostructures can be
made of the allotropes of graphite and diamond which are made up of sp2 and sp3

hybridized carbon, respectively [191]. Some of these carbon nanostructures,
including carbon quantum dots and nanodiamonds, are photoluminescent.
Compared to semiconductor quantum dots, carbon quantum dots are made up of
more inert materials and do not display blinking behaviors [192]. Their photolu-
minescent lifetimes range in the picosecond to nanosecond range and quantum yield
values of up to 80% have been reported [191]. The photoluminescence of carbon
nanomaterials arises from several mechanisms impurity-vacancy centers, p-electron
transitions, thermally activated fluorescence and surface defects.

Buckyballs are spherical fullerenes that are in the shape of a soccer ball and have
the formula C60 (buckminsterfullerene) or C70. Since these structures are in a

Fig. 3.28 Photoluminescence spectra of a “unactivated” CdS nanoparticles and b–d “activated”
CdS nanoparticles. b CdS nanoparticles activated with Mg2+; c CdS nanoparticles activated with
Zn2+; d CdS nanoparticles activated with Cd2+. Inset Photograph of aqueous solutions of CdS
nanoparticles upon irradiation with an ultraviolet lamp: a “unactivated” and b–d “activated” with
b Zn2+, c Cd2+, and d Mg2+. Proposed model of nanoparticle–oligonucleotide interactions
mediated by ions. The nanoparticle (circle) initially has a loose web of divalent counterions
surrounding it. The DNA (helix) has sodium counterions, initially, represented by the + symbols.
The nanoparticle and DNA size are roughly to scale; only one DNA is shown for one nanoparticle
for clarity. At equilibrium, after they bind, ions are expelled from the interface (shown as + and 2
+ below the nanoparticle–DNA complex), and the DNA binds the divalent cations more tightly
than the nanoparticle at the interface. The loss of divalent metal ions at the nanoparticle surface
leads to a reverse of the activation process that resulted in more intense emission of the
nanoparticles. Reproduced with permission from Ref. [181]. Copyright 2017 Elsevier
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spherical shape, there aren’t any edges with dangling bonds or unpaired electrons
and they’re chargeless. Graphene is a 2 dimensional planar sheet of sp2 hybridized
carbon that forms a honeycomb structure. Many different derivatives of graphene
have been synthesized including multi-layer graphenes, nanoribbons and nano-
flakes as well as chemically modified graphene such as graphene oxide and
hydrated graphene [191].

Carbon nanotubes are the more popularly used carbon structures due to their
high mechanical stability and high electrical conductivity (Fig. 3.29) [24]. Single
walled carbon nanotubes (SWCNTs) are made up of graphene like structures in the
form of a tube. MWCNTs are made up on one or more concentric SWCNTs which
leads to more mechanically stable nanotubes. These materials can act as a metal or a
semiconductor, depending on the chirality, or the orientation of the carbon’s crystal
lattice compared to the tube’s central axis. The metal SWCNTs do not display
fluorescence and they quench the fluorescence from neighboring semiconductor
SWCNTs [191].

3.4 Conclusions

A variety of NP shapes, structures and compositions have been synthesized via
bottom-up and top-down techniques. High synthetic control, reproducibility and
amenability to scale up are actively being pursued to be able to incorporate NPs into
a myriad of applications. Each technique offers its own set of advantages and
disadvantages and the synthetic route should be chosen according to application
requirements. As nanomaterial synthesis progresses, more unique morphologies
and compositions continue to arise with more interesting properties.

Fig. 3.29 SEM images of a CNTs and b Au nanorods decorated CNTs
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Chapter 4
Characterization of Anisotropic
and Shape-Selective Nanomaterials:
Methods and Challenges

George K. Larsen

Abstract Research into shape-selective and anisotropic nanoparticles is generally
motivated by the desire to create better materials for a specific application, and
therefore, it is critical to understand how and why shape affects nanoscale prop-
erties. Such information can be revealed through analytical experimentation, and
this chapter describes characterization methods and challenges associated with
analyzing anisotropic and shape-selective nanoparticles. Researchers can typically
employ commonly available techniques used in materials characterization.
However, in the case of anisotropic and shape-selective nanoparticles, greater
concern for orientational and/or shape effects and artifacts should be shown during
analyses.

Keywords Anisotropic metallic nanostructures � Anisotropic metallic oxide
nanostructures � Multifunctional nanostructures � Gold nanoparticles � Silver
nanoparticles � Silica � Iron oxide � Titania � Sensing � Imaging �
Photodegradation � Environmental applications � Catalysis � Electrocatalysis �
Solar energy to fuel conversion � Photothermal � Self-assemblies

4.1 Overview

Similar to their fabrication, the characterization of anisotropic and shape-selective
nanomaterials can present unique challenges. These challenges are mostly due to
implicit assumptions during experimental measurements that an instrument is
probing a region and orientation of sample that is representative of the whole (i.e.,
the sample is homogeneous and isotropic). The rationality behind these assump-
tions is more readily apparent for local, precise measurements, but anisotropic
artifacts can arise during bulk measurement too, due to alignment and preferential
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orientation of aggregates. In spite of these considerations, the characterization tools
of anisotropic and shape-selective nanomaterials are generally no different than
typical, isotropic nanomaterials. The only difference is that a researcher should
show greater concern for orientational and/or shape effects and artifacts during
measurements and analyses. After all, it is the influence of shape and orientation on
material properties that generally motivates research into anisotropic and
shape-selective nanomaterials in the first place.

4.2 Structural and Chemical Characterization

Generally, morphological and compositional analyses are the first and most
important characterizations conducted on nanomaterials. The small sizes of
nanoparticles prevent direct observation, and therefore, researchers must employ
analytical instruments that irradiate, shoot particle beams, or scratch and bump
across surfaces in order to interrogate the nanoparticles. By analyzing the subtleties
of these interactions, precise nanoscale information regarding shape and chemistry
can be obtained.

4.2.1 Microscopy

Microscopy is very often the first technique that is conducted after synthesis in
order to visually confirm the production of the desired nanoparticles. Nanoparticles
are too small to be observed by optical microscopy, and therefore, electron and
scanning probe microscopy are generally employed. Although, other types of
microscopes, such as X-ray and scanning helium ion microscopes, are occasionally
used as well. These techniques as applied to nanomaterial characterization are well
covered in the literature and in textbooks [1–3], and there are no dramatic differ-
ences in extending application to anisotropic or shape-selective nanoparticles.
However in practice, care should be taken to ensure that the anisotropic nature of
the nanoparticles do not obscure measurements. For example, nanoparticles may
aggregate in preferential orientations when drop-cast onto transmission electron
microscopy grids (Fig. 4.1). Being aware of such shape-dependent effects will
prevent sampling errors in statistical morphological analyses. Careful selection of
dilute samples may also eliminate these issues. Electron microscopy is a powerful
technique that allows visual inspection of growth, dissolution, and other crystal-
lographic properties of anisotropic nanomaterials [4–6]. However, the ability of
scanning probe methods to contact and interact with the surface of nanoparticles
gives even greater functionality to these techniques. For example, the measurement
of the friction between an atomic force microscopy (AFM) probe tip and a surface
has enabled much progress in the field of nanotribology [7, 8]. Analyses of such
measurements can provide additional insights beyond just frictional properties and
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have been used to explain the differences between the theoretical and actual
behavior of ideal and exfoliated graphene [9]. Because the probe tip localizes
measurements to a sub-nanometer location on the surface, AFM can be coupled
with other analytical measurements to create precise chemical, thermal, and elec-
trical property maps of nanoparticles and nanostructured surfaces, including ani-
sotropic ones [11–15]. A good example of is the combination of AFM with Raman
spectroscopy, through a technique called tip-enhanced Raman spectroscopy
(TERS), which uses the AFM tip as resonance location for Raman enhancement to
provide local chemical information (Fig. 4.2) [16, 17]. The combination of
simultaneous imaging with property measurement improves the overall accuracy of
such measurements, and the ability of AFM to manipulate a nanoparticle’s position
and orientation gives additional control during characterization.

Clearly, scanning probe microscopy techniques offer several benefits for char-
acterization of anisotropic and shape-selective nanoparticles, especially AFM,
which is widely available. That being said, there are some issues that need to be
considered during scanning probe characterization of anisotropic or shape-selective
nanomaterials. Since the probe must be rastered across the surface plane, direc-
tionality is induced into the measurement. Thus, any shape anisotropy in the probe
tip, or any hysteresis in the probe motion, will induce directional artifacts in the
obtained image (Fig. 4.3). Creating images by scanning in several different direc-
tions is one way to account for such artifacts. Long duration scans over the surface
may also be subject to thermal drift inducing distortions into the image, though
there are some techniques to account for such effects [18]. Therefore, when using
scanning probe microscopy, it is important to take steps to ensure that the observed
shapes and patterns are accurate and not distorted by anisotropy or artifacts from the
measurements.

Fig. 4.1 Transmission
electron micrograph of a
drop-cast aggregation of
nanoparticles having different
sizes and shapes
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Fig. 4.2 a Representative experimental setup for a TERS instrument. b AFM map and
c corresponding TERS spectra of insulin fibrils; the color of the spectra correspond with the
measurement location designated by the colored circles. Figure reproduced from Ref. [10] with
permission

AFM tip

Particle

Substrate

Imaging artifact 

Fig. 4.3 Schematic illustrating possible imaging artifacts associated with a non-symmetric AFM
tip
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4.2.2 Diffraction and Scattering Techniques

Microscopy often uses transmitted or reflected light or particles to recreate planar
images based on intensity patterns. However, other information can be obtained by
measuring light or particles that have been diffracted or scattered by nanomaterials.
Most common diffraction and scattering techniques use light, X-rays, and electrons
as probes, but neutron and proton scattering methods also exist.

4.2.2.1 Dynamic Light Scattering

Dynamic light scattering (DLS) is a common technique used to characterize the size
distribution of nanoparticles dispersed in a solution. The most common form of this
technique is called photon correlation spectroscopy (PCS), and it is relatively
straightforward. Polarized laser light is scattered by a dilute solution of small
particles (<250 nm), creating a “speckle pattern” of scattered light. The speckle
pattern is the result of the constructive and destructive interference of light scattered
by the particles in the solution, and the particular pattern at any given time is a
function of the location of the individual scatterers. Thus, the intensity of scattered
light within the speckle pattern fluctuates over time as the individual small particles
undergo Brownian motion and move about. The timescale of the pattern change, as
quantified by the autocorrelation function, can be related to the sizes of the particles
(Fig. 4.4). More specifically, the translational diffusion coefficient can be obtained,
and this can be related to the hydrodynamic radius of a sphere through the
Stokes-Einstein equation. An interested reader can pursue the finer details of PCS
and the Stokes-Einstein equation from various sources in the literature [19].

For the purposes of this chapter, it is important to realize that the underlying
assumptions of PCS, the most common form of DLS, which requires a monodis-
perse collection of optically isotropic spherical particles in order to obtain an
accurate size distribution. Polydispersity can be accounted for in the determination
of the translational diffusion coefficient by choosing an appropriate form factor [20].
However, these factors still depend on the particular shape of the particles being

Speckle 
Pattern

Autocorrelation Function Size Distribution

Fig. 4.4 Schematic illustrating the basic concept of dynamic light scattering: a speckle pattern is
generated from a solution, which changes in time as quantified by the autocorrelation function, and
the rate of change is related to size distribution of particles in the solution
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investigated. DLS can still be used to characterize anisotropic nanoparticles, and the
correct diffusion coefficient is generally measured, possibly with a higher poly-
dispersity. Additionally, careful data analysis can allow the inference of geometric
parameters for anisotropic nanoparticles from PCS data. For example, an investi-
gation of Au nanorods using a standard DLS instrument yielded both the transla-
tional and rotational diffusion coefficients, which could then be related to the aspect
ratio of the rods through theoretical calculations [21]. A DLS technique that uses
depolarized light, called depolarized Fabry-Perot interferometry (FPI) can be
directly applied to optically anisotropic nanoparticles [22], but it is far less com-
mon. Finally, it is very common for DLS instruments to also characterize elec-
trophoretic light scattering in order to obtain a particle’s Zeta potential. Since the
measurement of the electrophoretic mobility is not generally affected by particle
shape, Zeta potential measurements of anisotropic nanoparticles are accurate,
though measurements might exhibit greater polydispersity.

4.2.2.2 X-ray Scattering and Diffraction

As with imaging, moving away from visible light to higher energy electromagnetic
fields, such as X-rays, allows researchers to probe smaller regions of space. X-rays
commonly used in the laboratory have wavelengths around 0.1–0.2 nm, and
therefore, allow access to sub-nanometer information. A host of different scattering
techniques have evolved from measuring the scattering of X-rays from materials,
including X-ray reflectivity (XRR), X-ray diffraction (XRD), and inelastic scat-
tering techniques. XRR measures the specular reflection of X-rays from surfaces
and is sensitive to the electron density from the surface down to several tens of
nanometers in depth [23]. The dependence on electron density allows XRR to
provide information on porosity, roughness, and other structural parameters of
surface layers [23, 24], and XRR has been useful in studying the size distributions
of anisotropic nanoparticles, such as nanowires and nanotubes [25]. While the
inference of size distributions from X-ray scattering data is more abstract than
imaging, XRR measures a larger sample population, which can improve statistical
accuracy. In general, data obtained from XRR must be fit to a model using
regression techniques in order to obtain structural information, and therefore, it may
be necessary to perform complementary analyses in order to ensure the relevancy of
the model used for extrapolation.

XRD is the most common X-ray scattering technique encountered in the labo-
ratory and relies on diffraction instead of specular reflection [26]. Diffraction results
from constructive interference of waves, the conditions for which is given by
Bragg’s law:

mk ¼ 2d sinh; ð4:1Þ

where m is the integer diffraction order, k is the incident wavelength, d is the
distance between diffraction planes, and h is the angle of the diffracted wave.
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The angstrom size of X-ray wavelengths, gives access to diffraction by crystalline
planes. A fixed X-ray wavelength (e.g., commonly used Cu Ka radiation,
k = 1.54184 Å) incident on a crystal will produce an angular spread of intensity
peaks, and this angular pattern is defined by Bragg’s law and the distances between
the lattice planes that are unique to each crystal. Therefore, the angular diffraction
patterns of materials can serve as a fingerprint to identify the presence of a specific
crystal phase. For nanoparticles, single crystal diffraction measurements are not
currently practical, and instead, XRD analyses of nanomaterials rely on powder
diffraction techniques. As the name implies, powder diffraction measures the X-ray
diffraction pattern from a solid sample as a function of detector angle, which when
scanned results in a series of intensity peaks at different angles, corresponding to
different lattice planes (Fig. 4.5). By comparing the obtained pattern with known
patterns of materials in a reference database, the phase or phases present in a sample
can be readily identified. Reference patterns have been obtained from experimental
measurements or have been calculated based on first principles techniques.

Ideally, the obtained diffraction peaks will be extremely sharp, and the peak
angular locations and relative intensities will perfectly match those of the corre-
sponding reference pattern. For anisotropic nanoparticles, this is almost never the
case. This is because most reference patterns, especially those based on first prin-
ciples calculations, assume large, randomly ordered, isotropic, perfect crystallites.
For most materials, peak locations may shift due to instrumental alignment errors,
but shifts in peak locations also result from faults, vacancies, and intentional or
unintentional impurities, which all can cause changes in the lattice spacing. Peak
broadening is caused by a number of factors including instrumental effects, crys-
talline imperfections, inhomogeneous strain, and small crystallite sizes. This latter
effect is often employed to convert diffraction peak width into nanocrystal size via
the Scherrer equation [27, 28]. It is important to note that, unless the other effects
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Fig. 4.5 Representative
X-ray diffraction data,
showing the diffraction
patterns obtained from iron
oxide (Fe2O3) powders of
nanoparticle with different
shapes, spheres, rings, and
tubes
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can be negated or taken into account, Scherrer calculations only provide a lower
bound on size. Nevertheless, by analyzing the shape of the diffraction pattern and
peaks, XRD data can provide structural information in addition to phase informa-
tion. The relative intensities of the individual diffraction peaks of an anisotropic
nanoparticle may not agree with the reference diffraction pattern of the same
material. Again, this is because reference patterns are generally based on perfectly
random, isotropically organized crystallites, and anisotropic nanoparticle typically
aggregate and align into preferred orientations. This is especially common if the
nanoparticles are directly grown on a substrate through physical or chemical vapor
depositions, but is also often the case for anisotropic or shape-controlled
nanoparticles that are drop-cast or spin-coated onto a substrate [29]. A possible
way to minimize this alignment is to mix the nanoparticles in an amorphous matrix
material prior to measurement. However, analyzing the orientation-dependent
diffraction pattern can provide insights into the growth mechanisms of the
nanoparticles [29], and therefore, XRD texture measurements, which measure a
diffraction peak intensity versus polar and azimuthal rotations [30], are a useful tool
for characterizing anisotropic and shape-selective nanoparticles [31–33].

In summary, X-ray scattering and diffraction techniques are useful tools for
studying anisotropic and shape-selective nanoparticles. In particular, X-ray methods
are common, well-established, and can provide chemical, crystalline, and structural
information of a statistically large ensemble of nanoparticles. Some limitations are
that X-ray methods often require relatively large amounts (gram quantities are often
consider large for nanomaterials) of solid material for characterization, and that data
analysis and refinement can be complicated for non-ideal materials.

4.2.2.3 Electron Diffraction

Similar to X-rays, electrons are diffracted by the atomic lattices of materials and can
be used to characterize the crystalline properties of materials. The main differences
between the two techniques are the smaller wavelengths of electrons compared to
X-rays and the negative charge carried by electrons versus neutral X-rays. These
factors change the nature of the diffraction. For example, X-rays are typically
influenced by the valence electrons in a lattice, while electrons interact with both
the positively-charged nucleus and the negatively charged electrons in the lattice.
There are several different electron scattering and diffraction techniques. Some
surface sensitive electron techniques, such as low-energy electron diffraction
(LEED) or reflective high-energy diffraction (RHEED), have been used to char-
acterize anisotropic or shape-selective nanomaterials [34–36]. However, electron
diffraction imaging using a TEM is by far the most common method of using
electron diffraction to characterize nanoparticles (Fig. 4.6) [37]. Typically, this is
done using selected area electron diffraction (SAED), which images the diffraction
of a parallel beam of electrons from a thin (<100 nm) sample. The SAED image is a
series or pattern of spots that correspond with a collection of electrons that have
satisfied the diffraction criterion upon transmission through the sample. Electron
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diffraction combined with TEM has been widely used to characterize and study
anisotropic and shape-selective nanoparticle growth and properties, and numerous
references are available in the literature [38–41]. This popularity is motivated by the
combination of imaging with crystal structure interrogation, which is a great
advantage and allows for real time imaging of very targeted and precise crystalline
information. The limitations of electron diffraction characterization are similar to
those of TEM - data is typically collected from a statistically small sample number,
and the use of high energy electrons and vacuum environments limits sample types
and observation conditions. Though, environmental TEM techniques are becoming
more common and allow access to a wider variety of experimental conditions
[42–45]. In spite of the limitations, electron diffraction is a useful and important
characterization technique for understanding the structural properties and growth
mechanisms of anisotropic and shape-selective nanoparticles.

4.2.3 Spectroscopic Techniques

Spectroscopy represents a broad category of techniques used to study nanomate-
rials. While historically the term emerged in reference to the study of light-matter
interactions as a function of incident wavelength or frequency (energy), spec-
troscopy now encompasses a wide range of techniques that study the effects of
radiative energy on matter versus wavelength or frequency. Similarly, a wide range
of different information can be obtained from spectroscopic techniques, including
composition, electronic structure, molecular bonding, and structure. Given the
vastness of this topic, the discussion below will address a few of the more common
techniques with applications toward anisotropic and shape-selective nanoparticles.

Fig. 4.6 Representative a TEM image and corresponding b SAED pattern from a gold- zinc alloy
nanoparticle cluster
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4.2.3.1 Optical Spectroscopy

Absorption spectroscopy is the oldest and most widely known optical spectroscopic
technique. There are many different configurations, but the most basic conceptu-
alization of optical absorption spectroscopy involves passing light of a specific
wavelength range through a sample and measuring what wavelengths are absorbed.
The wavelength region used corresponds with the information desired. For exam-
ple, UV-visible spectroscopy provides information on the electronic structure of
materials, infrared spectroscopy reveals molecular vibrational information, and
moving out to the far-infrared and microwave regions provides information on
molecular rotations. Other optical spectroscopies, such as photoluminescence or
Raman spectroscopy, measure how incident light energy is changed after inter-
acting with a sample. Photoluminescence measures the spectrum of light re-emitted
from material after light absorption, which is typically in the visible-NIR region and
corresponds with electronic configurations [46]. Raman spectroscopy measures
small changes in the wavelengths of light induced after scattering off of a sample,
and these smaller energy changes correspond with vibrational modes of molecules
and lattices [47]. In general, different optical spectroscopic techniques complement
each other, and by using several different analyses, a coherent picture of a nano-
material’s structure and composition can be obtained.

For anisotropic and shape-selective nanoparticles, it is important to consider how
shape and anisotropy can influence spectroscopic measurements. In most cases, this
is determined by how shape and anisotropy affect electronic configurations and
vibrational or rotational movement. A notable example is that of quantum con-
finement. The quantum confinement effect has been well-established and describes
how nanoscale dimensions change the energies of electron levels within semi-
conductors [48]. In particular, the energy gap between the valence and the con-
duction bands increases with decreasing dimensions, similar to the “particle in a
box” concept (Fig. 4.7). For some anisotropic nanoparticles such as nanowires and
nanorods, quantum confinement effects are one dimensional [49–51], and for others
such as nanoplatelets and nanodisks, two-dimensional confinement is observed
[52]. In comparison, quantum dots exhibit three-dimensional confinement. The
electronic density of states is highly dependent on the shape and size of semi-
conducting nanoparticles in the confinement regime, and controlling for volume,
nanospheres exhibit higher exciton binding energies than nanowires [54], which
leads to different absorption bands, and corresponding emission bands, in the
UV-visible spectrum. Similar confinement effects are seen in lattice vibrations
(phonons) of nanoparticles [55–59], which affects infrared absorption and Raman
scattering.

Localized surface plasmon resonances (LSPRs) are another well-known example
of how shape and size of nanoparticles can alter optical properties and measure-
ments [60]. As discussed in previous chapters, LSPRs are a collective oscillation of
free electrons in nanoparticles that can be excited by coupling with incoming light.
The energetics of this coupling is highly dependent on nanoparticle shape, size,
composition, and ambient conditions, and are, therefore, tunable. Some generalities
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exist. For example, LSPRs in noble metal nanoparticles tend to couple with visible
frequencies of light [61], while LSPRs in doped semiconducting nanoparticles are
usually excited in the infrared region [62].

The illustrative phenomena described above would not necessarily change how a
spectroscopic experiment is performed, but it could affect how the measurements are
analyzed. The variation of properties with shape and size means that reference spectra
for bulk materials may no longer be applicable to nanomaterials. Furthermore, ref-
erence spectra from isotropic nanomaterials may no longer be similar to what is
obtained from measurements of anisotropic materials. Knowledge of such changes is
important when trying to use reference spectra for phase identification. For example,
the changes in peak profile and position with particle size and shape caused by
quantum confinement of lattice phonons will make phase identification using Raman
spectroscopy more challenging. Anisotropy will cause additional notable effects in
Raman spectra, such as the appearance of new peaks or the increase or decrease in
relative intensities of other peaks. General trends are difficult to establish, but being
aware of the underlying physical principles or concepts (e.g., particle in a box) can

Fig. 4.7 a Photograph of CdTe quantum dots of different sizes (increasing diameters from 1 to 5),
and corresponding b absorbance and c photoluminescence spectra. Figure reproduced from Ref.
[53] with permission
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help guide analyses. More rigorous comparisons can include first principles calcu-
lations [58]. On the other hand, if the phase of the material is already known, changes
in Raman spectral features can be used to identify structural features of isotropic and
anisotropic nanostructures [63–67]. For example, Raman analyses of peak shape
and position has become an indispensable method for characterizing the quality and
structure of graphene and carbon nanotubes [68–70].

In the same way, an identifying characteristic of LSPR in noble metal
nanoparticles is the appearance of new peaks in the UV-visible spectrum, and the
number and nature of these peaks can provide structural information regarding the
nanoparticles that produced them [71, 72]. For example, gold nanorods typically
exhibit two distinct LSPR bands in UV-visible-NIR spectra. One of these peaks is
due to the oscillation of free electrons along the transverse axis of the rod, and the
other corresponds with the longitudinal oscillation of electrons. Shifts in the energy
of the longitudinal LSPR have been used to quantify the aspect ratios of Au
nanorods in solution [73, 74]. Likewise, the aggregation state of monodisperse Au
nanorods in solution causes shifts and changes in the profile and position of the
transverse and longitudinal LSPR bands, and monitoring these shifts allows for
remote monitoring of the ordering of nanorods in solution [75]. Such results are not
only interesting from a materials characterization point of view, but can also be
used as a basis for chemical and biological sensing [76].

4.2.3.2 Polarization-Dependent Measurements

There is an implicit assumption that the optical spectroscopy techniques described
above rely on the use and measurement of unpolarized light, and this is often the
case. However, many optical spectroscopies can be extended to polarization-
dependent measurements, and additional challenges and advantages arise in the
characterization of anisotropic and shape-selective nanoparticles when polarization
effects are considered. In general, it is important to be aware of polarization effects
for any optical spectroscopy because such effects can still arise in unpolarized
measurements due to light being partially polarized by a highly anisotropic sample
or the instrument being used out of tolerance.

As is well known, light is described by a transverse wave, where the direction of
oscillation is orthogonal to the direction of energy transfer. That is, if an electro-
magnetic wave is propagating in the z-direction, the electric component of the field
will be oscillating in the x-y plane (Fig. 4.8). Themagnetic component of the fieldwill
also be oscillating in the x-y plane, only it will also be orthogonal to the electric
component [77]. Linear polarized light occurs when light has been generated or
filtered such that the components only oscillate in one direction (e.g., along the x-axis
for the electric and y-axis for the magnetic). In general, any fully polarized electro-
magnetic wave can be described by a linear combination of orthogonally oriented
polarization states [78].While it is oftenmore convenient to think in linear terms (e.g.,
light polarized in vertical and horizontal directions with respect to an incident plane),
fully polarized light can also be expressed as linear combinations of circular
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polarization states, where instead of the electric field amplitude oscillating in one
direction, the electric field amplitude remains constant and rotates either clockwise or
counter-clockwise in the x–y plane for a wave propagating in the z-direction. For
circular polarization states, the x- and y-polarizations have a quarter wave phase shift
between them. Different phase shifts will cause elliptical polarization states.

Materials, nano or otherwise, can exhibit anisotropy with respect to these two
different types of polarizations, linear and circular. Linear and circular birefringence
measurements characterize the difference in the refractive index between the dif-
ferent polarization directions (i.e., vertical versus horizontal or right circular versus
left circular), and linear and circular dichroism measurements characterize the
difference in absorption between the different polarization directions. Bulk crys-
talline materials are known to exhibit birefringence and dichroism due to their
crystal structure because light may propagate more freely when polarized along a
particular crystal axis. Nanomaterials, on the other hand, may exhibit birefringence
and dichroism due to their crystal structure and/or their particular shape. An easy
way to visualize this phenomenon is to consider a plasmonic (gold or silver)
nanorod. If light is linearly polarized along the major axis of the nanorod, it will
more efficiently couple with the longitudinal LSPR mode of the nanorod and couple
less efficiently with the transverse mode, leading to increased and decreased
absorbance, respectively, or linear dichroism [79]. In general, it is expected that
light will show absorption maxima/minima when polarized along the symmetry
axes of plasmonic nanoparticles of different shapes [80]. Now imagine a plasmonic
helix instead of a plasmonic rod [81–83]. If light is circularly polarized such that
rotation of the electric field matches the winding of the helix, it will couple effi-
ciently with the LSPR modes of the plasmonic helix [84–86]. On the other hand, the

vertical

horizontal horizontal

vertical

Linear Polarized Light Circular Polarized Light

(a) (b)

Fig. 4.8 Diagram illustrating the a oscillation and b rotation of the electric field amplitude of
linear and circular polarized light, respectively
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opposite rotation will couple less efficiently. This leads to circular dichroism and
birefringence. While the discussion has focused on absorption and transmission
effects (dichroism and birefringence), similar effects are observed in the emission
and scattering of light. Quantum nanorods can emit highly polarized light during
photoluminescence [87–89], and helical and other chiral nanostructures have been
observed to emit circularly polarized light [90–93]. The effect of polarization of
incident light on the polarization and intensity of Raman scattered light is also
nanoparticle shape dependent [94–97].

Measurements from polarization-based spectroscopy can be directly related to
the structure of the material under investigation and are also often done as a means
to quantify the anisotropy of a sample. However, the symmetry of the measurement
will affect whether or not polarization effects will be observed in anisotropic
nanoparticles. Consider the case of a sample of nanorods dispersed in solution. If
the dispersion is stable and the nanorods are randomly distributed and oriented
throughout the solution, the sample will not display any linear dichroism or bire-
fringence due to the symmetry of the perfectly random distribution. On the other
hand, if the nanorods have been grown on a substrate through vapor deposition
techniques or manipulated in such a way that they preferentially align, then linear
polarization effects will occur. In comparison, nano-helices will exhibit circular
dichroism and birefringence when aligned on a substrate and when randomly dis-
tributed in a solution. This is because helices have a particular type of anisotropy
known as chirality. The defining characteristic of a chiral object is that it lacks
reflective symmetry (Fig. 4.9). The most common examples are right and left
hands. Just like right/left hands and right/left circular polarized light, a true chiral
object can be oriented in any way without changing its “handedness.” Chirality is a

Image Reflection

achiral

chiral

Fig. 4.9 Diagram comparing
the reflective symmetries and
asymmetries of achiral and
chiral objects, respectively
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pervasive feature of living organisms, and circular dichroism spectroscopy has
become an invaluable tool for the characterization of the secondary structure of
proteins and other macromolecular structures, including ones that incorporate
nanoparticles [98–101]. It is important to note that circular birefringence/dichroism
measurements are very often susceptible to linear birefringence/dichroism artifacts,
and vice versa [102]. Therefore, additional techniques are needed to separate cir-
cular and linear effects if the nanostructured sample exhibits alignment and both
linear and chiral asymmetries [103–106].

4.2.3.3 Other Spectroscopies

The list of other spectroscopic techniques not described above is extensive, and a
single chapter, or even a book in some cases, could be devoted to each technique
and its application toward anisotropic nanoparticles. An experimental technique’s
absence from this chapter is not a judgment on its utility for the characterization of
anisotropic nanoparticles. Each spectroscopic technique has its own advantages and
drawbacks, and its use is determined by a specific sample and the information
desired. For example, nuclear magnetic resonance (NMR) spectroscopy is a
well-known technique for the characterization of organic molecules. However, its
sensitivity to carbon and hydrogen bonding make NMR very useful in the char-
acterization of anisotropic carbon-based nanomaterials, such as carbon nanotubes,
graphene, and graphene oxide [107–110]. Similarly, Mössbauer spectroscopy is
sensitive to magnetic fields and the presence of iron, and therefore, it has proven to
be an advantageous technique for the investigation of magnetic anisotropy in iron
nanowires [111]. Features such as quantum confinement and polarization sensitivity
are ubiquitous to anisotropic nanoparticles, and their effects will arise in any
measurement that intentionally or unintentionally probes these conditions. For
example, band gap variation with size will be seen in UV-visible absorbance
spectroscopy, as well as in photoacoustic spectroscopy [112]. Similarly, polariza-
tion and quantum size effects will be seen in ultrafast spectroscopic characterization
of anisotropic nanoparticles [113–116]. However, new phenomena may also
emerge in different experimental regimes. For example, time-resolved fluorescence
spectroscopy measurements of the ultrafast emission of gold nanorods and nano-
spheres found that the intensities of fluorescence of nanorods are enhanced with
respect to nanospheres due to an enhanced local field [117, 118]. Such effects can
be attributed to the reduction of dephasing rate with volume in nanorods [119].

4.3 “Bulk” Property Characterization

Generally, materials are developed with a specific application in mind, and after
structural and chemical characterization, the next step is to determine the bulk
properties of the materials to see how well they will perform at certain tasks.
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For example, in the development of a new catalyst, materials might be characterized
by thermal gravimetric analysis for thermal stability and by chemical adsorption
analysis to determine active surface area prior to actually testing the materials for
the catalytic process. Similarly, the bulk optical and electrical properties of a
material should be characterized before testing its use in a photodiode, phototran-
sistor, or other opto-electronic device. For bulk materials composed of anisotropic
nanostructures, experimental considerations for bulk analyses are similar to those
above; the symmetries of both the materials and the measurement system need to be
taken into account during inspection, and care must be taken to avoid negating any
built-in assumptions of the technique.

The designation of “bulk properties” is a bit of a misnomer, as generally the
hope is that unique nanoscale phenomenon will emerge when bulk materials are
nanostructured or are composed of nanoparticle constituents. Therefore, there has
been a great deal interest in characterizing the “bulk properties” (e.g., electrical,
optical, thermal, mechanical, magnetic) properties of individual nanoparticles in
order to assess how they would perform in miniaturized applications, as well as to
compare with bulk aggregates and verify theory [120–125]. The “bulk” property
characterization of single nanoparticles is typically quite challenging and requires
sophisticated equipment and clever micro-/nanoengineering and/or experimental
design. Shape effects and anisotropy could further complicate such measurements
on a case-by-case basis. Nevertheless, such single nanoparticle characterizations
have become numerous in the literature, with single nanowire conductivity mea-
surements being a common example (Fig. 4.10) [127–133]. An alternative to single
nanoparticle experiments is to infer nanoscale properties from macroscale mea-
surements. This can be done using effective medium theories [134], for example.
However, most theoretical solutions are usually only exactly solvable for simple
systems, which excludes most anisotropic and complex-shaped nanoparticles.

Fig. 4.10 SEM images of template-synthesized PEDOT nanowires and attached four Pt
microleads for two-point and four-point probe analyses of single nanowires. Figure reproduced
from Ref. [126] with permission
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Though, anisotropic effective medium theories do exist and can be applied to the
thermal, electrical, elastic, and optical properties [135–140]. Numerical solutions to
theoretical equations are also possible, but it is not always clear how and if these
calculations can be homogenized into bulk properties [141]. For such intractable
problems, computational models, such as those based on molecular dynamics, are
becoming more important, especially as computer technology improves [142].

4.4 Conclusion

Research into shape-selective and anisotropic nanoparticles is generally motivated
by the desire to create better materials for a specific application, and therefore, it is
critical to understand how and why shape affects nanoscale properties. As discussed
above, in order to gain this understanding through experimentation, researchers can
employ commonly available techniques used in materials characterization.
However, in the case of anisotropic and shape-selective nanoparticles, greater
concern for orientational and/or shape effects and artifacts should be shown during
analyses.
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Chapter 5
Anisotropic Metallic and Metallic Oxide
Nanostructures-Correlation Between
Their Shape and Properties

Simona E. Hunyadi Murph

Abstract In this chapter, we highlight recent innovations from our laboratory by
featuring uniquely shaped nanostructures and how their morphology and dimension
affect their physico-chemical properties and subsequently their applications. We
aim to cover a wide range of applications including optical and plasmonic appli-
cations, sensing and imaging, catalytic and photocatalytic applications, bio-medical
and environmental implications as well as energy related applications.

Keywords Anisotropic metallic nanostructures � Anisotropic metallic oxide
nanostructures � Multifunctional nanostructures � Gold nanoparticles � Silver
nanoparticles � Silica � Iron oxide � Titania � Sensing � Imaging �
Photodegradation � Environmental applications � Catalysis � Electrocatalysis �
Solar energy to fuel conversion � Photothermal � Self-assemblies

5.1 Sensing and Optical Imaging

In the last several decades, a great deal of interest has been directed toward the
accurate detection of ultra-low levels of analytes. Trace detection of analytes and
single molecule detection [1] in real time are essential in virtually every scientific
discipline as sensors find applications in many industries; among them trans-
portation, communications, medicine, safety, and national security, including both
homeland defense and military operations. There is a constant need to design
sensors with substantially smaller size, lower weight, faster detection, greater
sensitivity, better specificity, and modest power requirements that can be deployed
in the field. These tasks are technically complex and require innovative and
advanced technologies to achieve success. Recent advances in microscopy and
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analytical techniques coupled with researchers’ ability to produce nanoscale
materials with unique geometries promise to solve a variety of analytical,
biomedical, environmental and global problems.

Anisotropic gold and silver nanoparticles (rods, wires, stars, cubes, triangles,
etc.) are uniquely suited for sensing applications as they address many of these
tasks. Metal nanoparticles are particularly attractive materials because they can be
easily synthesized and chemically transformed [2]. They are significantly different
from the same materials in the bulk because as their size decreases, they exhibit
quantum size effects [2]. Metallic nanoparticles interact strongly with light waves,
even though the wavelength of the light may be much larger than the particle. In
metal nanoparticles, “plasma oscillations” driven by external electromagnetic fields
are localized and lead to strong resonances at specific wavelengths that are
dependent on the particle size, shape and the local dielectric environment (Fig. 5.1)
[3]. Plasmonic properties of metallic nanoparticles find applications in
plasmon-enhanced spectroscopy, near-field imaging, sensing, and nanophotonic
devices.

The plasmon band of gold and silver nanoparticles is tunable throughout the
visible and near-infrared region of the spectrum as a function of particle shape, size
and the local refractive index of the medium (Fig. 5.1). Isotropic gold nanoparticles
display only one plasmon band around 520 nm. Anisotropic metal nanoparticles
can absorb and scatter light along multiple axes; therefore, metal nanorods and
nanowires display both longitudinal and transverse plasmon bands (Fig. 5.1). In the
case of nanorods, two plasmon bands emerge, corresponding to light being
absorbed (and scattered) along the short axis (the transverse plasmon band) and the
long axis (the longitudinal plasmon band). In general, the longer the rod, the more
red-shifted the longitudinal band will be (Fig. 5.1). Thus, metal nanoparticle shape

Fig. 5.1 Electron micrographs images (a–f), photographs, and UV-Vis spectra of Au nanopar-
ticles (a) spheres, (b-f) different aspect ratio rods
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can be tuned to match the frequency of common lasers (e.g., 633, 785, or 1064 nm)
critical for detection of trace quantities of analytes. Their tunable optical properties,
including light absorption, elastic light scattering, and inelastic light scattering (e.g.,
surface-enhanced Raman scattering) [2–5], makes them extremely valuable as
components for incorporation in macro-devices.

5.1.1 Sensing via Inelastic Light
Scattering-Surface-Enhanced Raman Scattering

The optical properties of the anisotropic and isotropic nanomaterials become very
important for examining surface-enhanced Raman scattering (SERS) effects [6].
SERS can be used for detection of trace amount of substances for a large variety of
molecules of environmental [7], biomedical [8], and pharmaceutical interest [9].
Single molecule detection of analytes has been reported with silver and gold col-
loids [1, 10].

SERS is a vibrational technique in which the Raman signatures of molecules that
are near metal nanoscale surfaces are greatly enhanced in intensity compared to the
molecules alone (Fig. 5.2) [4, 11]. While the Raman vibrations of molecules are in
general very weak, in the presence of metals (copper, silver, gold) with nanoscale
roughness, the molecular Raman vibrations excited by visible light are enhanced by
orders of magnitude. In the classical measurement, roughly 10−6 of the incident
electromagnetic (EM) field (laser) is radiated at a shifted frequency and detected as
Raman scattering [4–6, 11, 12]. There are two mechanisms to describe the overall
SERS enhancement: the electromagnetic (EM) and chemical (CHEM) enhancement
mechanisms. EM enhancement is due to the increased local electric field incident on
an adsorbed molecule at a metallic surface, due to visible light absorption by the
metal. CHEM enhancement results from electronic resonance/charge transfer

Fig. 5.2 a Raman signature of molecule alone and b Raman signatures of molecules that are near
metal nanoscale surfaces are greatly enhanced in intensity compared to the molecules alone
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between a molecule and a metal surface, which leads to an increase in the polar-
izability of the molecule [4–6, 11–13].

Anisotropic gold and/or silver nanoparticles with dimensions less than 100 nm
that have highly curved, sharp surface features (i.e., rods, wires, stars, triangles,
etc.) are widely used for the detection of gas and liquid analytes. They have
enhanced sensing capabilities compared to isotropic nanospheres [1] due to an
increased electric field, or “hot spots” at the tips of the particles [4–6, 10–13]. This
is of particular interest if the molecules to be detected are located at the tips of the
sharp features, rather than the sides [3, 4, 6, 12, 15]. An enhanced electric field at
the tips compared to spheres generates an increased SERS response that is due to
the localized plasmon band of the nanoparticles. Up to 100-fold increase of the
local electric field at the nanoparticle’s tip has been reported [3–14].

Surface enhanced Raman scattering (SERS) spectra of 4-mercaptobenzoic acid
(4-MBA) in the presence of various shapes of gold nanoparticles was investigated
by Orendorff et al. [16]. Cubes, blocks, and dogbones exhibited the largest surface
enhancement factors on the order of 109, while spheres showed the smallest
enhancement with enhancement factors around 107. The dependence of enhance-
ment factor on nanoparticle shape was attributed to the chemical contributions to
SERS, specifically, the surface structure and sharpness of structural features of the
gold nanocrystals or SERS “hot spot” (Fig. 5.3) [3, 6, 12].

There are many factors that affect the SERS response including the nanomate-
rial’s plasmonic response, Raman cross-section, affinity of the analyte to the
nanomaterial, analyte surface oxidation, hot-spot density, as well as nanomaterial
geometry and morphology. Careful selections of the aforementioned parameters are
critical for achieving best SERS activities. Additional improvements can be gen-
erated by using laser frequencies that are resonant with the electronic and vibra-
tional transitions of the analyte, thereby increasing the efficiency of the Raman
process [3, 4]. When the incident radiation is tuned to overlap with the nanopar-
ticle’s absorption maxima, even greater SERS enhancements can be observed [5, 6].
This creates locally intense electric fields due to the excitement of plasmons.
Nanoparticle surfaces can be tuned for the excitation and Raman scattering fre-
quencies. For example, nanorods with longitudinal plasmon bands in resonance
with the excitation source exhibited a 102 increase in EM enhancement for both

Fig. 5.3 Nanoparticles with sharp features, “hot spots”, concentrate the local electromagnetic
field into a small volume and are considered superior to spheres
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gold and silver nanorods compared to nanorods with plasmon bands in the
off-resonance condition [3, 17, 18].

Surface-enhanced Raman scattering studies were reported by us for 4-MBA
attached to Ag nanowires, Ag–Au bimetallic nanowires and Au nanotubes in col-
loidal solutions [19]. Silver nanowires that were synthesized using an aqueous
chemical reduction process, were reacted with gold salt to create tunable Ag–Au
bimetallic nanowires (Fig. 5.4a, b). A continuous red-shift of the transverse plasmon
band of the Ag nanowires, from * 400 to * 650 nm was observed during the
production of the Ag-Au bimetallic nanowires. Upon incubation of the bimetallic
products in aqueous ammonia, gold nanotubes were produced. By using bimetallic
nanowires instead of Au nanotubes or even Ag nanowires in solution, enhancement
factors of * 107 were observed compared to the analyte alone, which, once again,
are contingent on the composition of the substrate (Fig. 5.4c) [4].

In our studies [19], the enhancements calculated for bimetallic nanowires
resulted in a factor of 40, at best, compared to silver nanowires alone (Fig. 5.4c).

Fig. 5.4 TEM images of a Ag nanowires and b Ag-Au bimetallic nanotubes; c Surface enhanced
Raman spectra of 4-MBA using silver nanowires, Ag-Au nanotubes and Au nanotubes. Adapted
with permission from Ref. [19]. Copyright 2017 American Chemical Society
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These results suggest that matching the laser wavelength with the material com-
position and plasmon band resonance is beneficial for chemical detection. Au
nanotubes, while not providing enhancement factors as significant as those with the
bimetallic Ag-Au nanotwires, are surprisingly better than solid long gold nanorods
in similar colloidal SERS experiments. Analogous experiments with nanospheres
showed SERS enhancement on the order of 10 times larger for Ag-Au bimetallic
compared to Ag alone [19]. This shows that nanowires provide an additional
advantage compared to spheres, as their plasmon band is tunable in the Vis- near IR
region of the spectrum.

The SERS response is highly dependent on the nature of analyte investigated, the
substrate’s composition and experimental conditions, chemical or physical affinity for
the substrate, phase of analyte (liquid or gas phase), etc. [4, 6, 10, 12]. Larger SERS
effects have been reported for analytes that are electrostatically attracted to nanopar-
ticle substrates than those samples without electrostatic interactions [20].

Ordered arrays of silver nanorods prepared by physical vapor deposition were
explored by us as “lab-on-a-chip” type SERS substrates (Fig. 5.5). Liquid and gas
phase analytes were investigated. SERS enhancement factors greater than 108 were
recorded for liquid analytes compared to five to ten order of magnitude enhance-
ment for gas analytes [11]. Since silver nanostructures are more prone to oxidation,

Fig. 5.5 a Photograph of ordered arrays of silver nanorods—lab-on-a-chip system, and SEM
images of b Ag nanorods and c Ag-Au nanorods
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the silver nanorods were incubated in gold salt to create ordered arrays of bimetallic
Ag–Au and Au nanostructures to increase the material’s lifetime (Fig. 5.5).
The SERS response tested using 4-mercaptophenol decreased exponentially with
reaction time due to the compositional evolution of the nanostructure from pure Ag
to Au–Ag alloy type with increasing Au content. However, the stability of the
SERS substrate increases significantly which makes them valuable for use in harsh
environments. Additionally, the Ag-Au nanorods are more efficient than the Ag
nanorods for detection of gas adsorbates in the ambient air than their counterparts
making them suitable for gas detection applications [11].

Large enhancement factors and even single-molecule SERS are expected for
molecules at junctions between aggregated nanoparticles [21]. This is a result of
localized surface plasmon (LSP) coupling between nanoparticles and enhanced
electromagnetic field intensity localized at nanoparticle junctions activated by
absorption of visible light [1–23].

An optical cell that is suitable for the use of surface-enhanced Raman spec-
troscopy (SERS) for gaseous samples was developed by us (Fig. 5.6) [22, 23]. The
technology is based on a specifically modified glass capillary and holder that
simultaneous allows: (a) gas flow through the capillary, (b) exposure of the cap-
illary interior to laser light, and (c) collection of light scattering arising from the
SERS effect. The capillary has an optically thick base layer of metal to support
waveguide-like propagation of light down the long axis of the tube. The layer is
topped with a self-assembled (ordered) array of nanoparticles which support plas-
monic resonances required for the SERS effect (Fig. 5.6b). The combination of the
two components allows the SERS effect to be measured over a much wider surface
area [22, 23]. The improved Raman method described here uses molecular fin-
gerprints to identify the presence of analytes for fluidic analysis or gas analysis in
humid environments. The improved detector sensitivity and reduced sample anal-
ysis make this an excellent option for medical field applications, analysis of gases
(e.g. flue/stack monitoring), monitors for controlled environments such as glove

Fig. 5.6 a Photograph of optical cell of different diameter, b glass capillary modified with Au
nanorods, c schematic of the optical cell [22]
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boxes or confined spaces, and as a detector for certain types of analytical instru-
mentation (e.g. identification of effluents from a gas chromatography column).

Nanoparticle’s surface tailoring can be used as way to explore chemical speci-
ficity for sensing, labeling and environmental applications [14]. Through a con-
venient and straightforward wet-chemical route, we produced “nanopeapod”
architectures in which silver “peas” are embedded in silica “pod” [14]. The
dimensions of the peas, and their spacing within the pod, are controllable on the
nanoscale. The nanopeapods were investigated as surface-enhanced Raman scat-
tering of a model analyte promoter, as the tips of metallic nanoparticle can lead to
significant enhancements [4–8, 11, 12, 14]. Our results show enhancement factors
of * 107 were calculated compared to the analyte alone, which are determined by
the nanopeas’ dimensions and spacing [12, 14].

Patchy silica islands were produced by us on silver nanowire substrates and used for
nanomolar concentration detection of 4-MBA as an analyte of interest (Fig. 5.7) [17].

This study showed that the patchy silica coated silver nanowires are better SERS
substrate than silver nanowires since nanomolar concentration of 4-MBA can be
detected by employing these architectures [17]. In addition, “nano-matryoshka”
configurations were used to quantify the effect of the electromagnetic field at the
tips of the nanowire (“hot spots”) in the Raman scattering experiment.
Measurements performed with 4-MBA show a linear calibration detection from 260
to 0.08 lM 4-MBA (Fig. 5.8). Silver nanowire “hot spots” encapsulated in full
silica shell showed a 65% increase in Raman intensity [17].

5.1.2 Sensing Based on Surface-Enhanced
Fluorescence (SEF)

Surface-enhanced fluorescence (SEF) bears some analogies with SERS and relies
on the photoexcitation of the metal nanoparticle to induce an altered response in the
presence of the analyte molecule [3–5]. While for SERS applications, analytes are
placed in the close proximity of metal nanoparticle, in the case of SEF, the optimum
fluorescence signal occurs when the molecule is * 10–100 nm away from the
metal surface [24–26]. Such structures are able to produce desirable effects such as
increased fluorescence quantum yield, decreased lifetime, increased fluorophore

Fig. 5.7 Schematic showing different anisotropic nanostructures used for sensing applications
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photo-stability, and improved energy transfer [27]. However, when fluorophores are
very close to the metal surface, the fluorescence quenching effect competes with
these favorable effects and it dominates within 5 nm from the surface of metallic
particles. At larger distances, the enhancement starts to override the quenching and
reaches its maximum at about 100 nm from the metal surface [28]. Theoretically,
such surface-enhanced effects are larger for nanorods compared to nanospheres [25,
26]. This process offers promise for a range of applications, including LEDs, sensor
technologies, drug delivery and imaging, separation and/or transport of molecules
(nanofluidics) and single-molecule studies [6, 24, 27, 28].

Metal induced fluorescence enhancement has been investigated in a variety of
multi-compositional nanoparticles. In one example, high aspect ratio silica nanotubes
and silver-silica nanoparticles doped with Eu(III) were prepared by a facile and
flexible two step sol-gel approach with different silica shell thickness [6, 24]. The
optical properties of europium doped silica nanocomposite and europium doped
silver-silica nanocomposite materials were interrogated for metal induced fluores-
cence enhancement. Photoluminescence spectra of Eu(III)-doped silica nanotubes,
and Ag-silica-Eu nanocomposite materials showed stronger emission peaks in the
presence of silver and increased with silica shell thickness from 10 to 100 nm for
identical Eu(III) doping (Fig. 5.9). The enhanced emission was attributed to the

Fig. 5.8 Calibration curve
for surface enhanced Raman
spectra of 4-MBA using silver
nanowires engineered with
patchy silica coats by
capturing various
concentrations of 4-MBA
a from 260 to 1.3 lM 4-MBA
and b from 1.3 to 0.08 lM
4-MBA. Reproduced from
Ref. [17] with permission
from Springer
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surface enhanced fluorescence displayed by the nanocomposite materials in the
vicinity of metallic surfaces in agreement with theoretical and experimental reports
[24–28].

5.1.3 Sensing Based on Nanoparticle’s
Aggregation-Colorimetric Sensors

The optical properties of gold and silver nanoparticles are also useful in aggregation
based colorimetric sensing as a strategy for molecular detection. We have exploited
the negative surface charge characteristics of the citrate modified Au nanospheres
for the detection of metal ions on the surface of the nanoparticles. Nanoparticle
aggregation resulted in visible color changes from ruby red (well separated
nanoparticles) to blue-gray color (Fig. 5.10). These colorimetric changes arise from
a combination of absorption and scattering of light by the nanoparticle solutions.
Through a combination of techniques, one could monitor the “loading” of analytes

Fig. 5.9 Emission spectra of a Eu doped-silica nanotubes and b Eu doped-Ag-silica nanowires
for different Eu loadings: a-1.0%, b-1.18%, c-1.38%, d-1.58%, e-1.78%; f-Eu(III) in solution;
c calibration curve at 615 nm for Eu doped-silica nanotubes and Eu doped-Ag-silica nanowires;
d Zeta-Pals measurement for (square) Eu doped-silica nanotubes and (circle) Eu doped-Ag-silica
nanowires for different Eu loadings: a-1.0%, b-1.18%, c-1.38%, d-1.58%, e-1.78%. Reproduced
from Ref. [24]with permission from Cambridge University Press
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on the nanoparticle’s surface [29]. Changes in the plasmon band peak maxima of
gold nanoparticles are indicative of aggregation and can be correlated with
aggregate size through light scattering measurements (Fig. 5.11). It is believed that
the metal cations are bound to the nanoparticle through some combination of
nonspecific electrostatic interactions and complexation to the negatively charged
carboxyl groups on the particle surface. A lithium-ion sensor based on gold
nanoparticle aggregation that occurs specifically in the presence of lithium ions was
developed by Obare et al. [30]. Mirkin’s group also explored the detection of DNA
with gold nanoparticles. In their study, nanoparticle aggregation resulted upon the
addition of target oligonucleotides that were complementary to the ssDNA attached
to the gold nanosphere surfaces [31].

While the assembly of spherical metal particles is rather well studied, the
aggregation-type sensing system of anisotropic particles is comparatively poorly
investigated. The transverse and longitudinal plasmon bands of the nanorods are
excellent probes for the detection of chemicals, as they are responsive to aggre-
gation by surface plasmon band broadening and red-shifting in two separate
wavelength regimes [5]. This makes them superior candidates to spheres, as one
could tailor the nanoparticle shape and create chemical specificity for signatures of
interest. This is critical for the creation of successful sensing and imaging platforms.

a  b   c d   e f  g

Mn2+ concentration

Fig. 5.10 Photograph of Mn–Au nanospheres. Mn2+ concentration varies from (from left)
a 0 mM, b 0.1 mM, c 0.2 mM, d 0.4 mM, e 0.6 mM, f 0.8 mM and g 1 mM

Fig. 5.11 UV-Vis spectra of
Au–Mn nanomaterials used as
MRI contrast agents. Mn2+

ions concentration varies from
a 0 mM, b 0.1 mM,
c 0.2 mM, d 0.4 mM,
e 0.6 mM, f 0.8 mM and
g 1 mM. As the Mn ions
concentration increases a red
shift of the peaks is observed
–from 520 to * 770 nm
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Chang et al. exploited the specific affinity of mouse IgG towards anti-mouse IgG to
show nanorod aggregation and self-assembly formation [32]. The optical spectral
changes in gold nanorods were exploited by Sudeep et al. through the selectively
detection of micro molar concentrations of cysteine and glutathione [33]. Gold
nanorod aggregation was used by Murphy’s group as a technique to evaluate the
protonation and deprotonation of adipic acid [34].

5.1.4 Sensing Based on Plasmon Shifts with Local
Refractive Index

For molecular specificity, one could transform the nanomaterial’s surface chemi-
cally. One of the advantages of using gold and silver nanoparticles is their ability to
be surface-engineered with a large variety of functional groups. Particularly, their
high affinity to thiols and amine allows one to change their charge and functionality
while increasing their chemical stability and dispersability [4, 5]. Surface engi-
neering of metallic nanoparticles is a promising route for the creation of complex
architectures with multimodal functionalities and anisotropies. Advanced aniso-
tropic structures with precisely defined properties and functionalities can be gen-
erated, including monometallic/bimetallic, metal/metal oxide nanoparticles with
core-shell geometries, nano-peapods, decorated structures, and solid and hollow
architectures. Surface modification of inorganic nanoparticles can also improve the
interactions between nanoparticles and biomolecules or can help to target specific
cells and even the nucleus [35]. Rational assemblies of individual nanostructures in
multidimensional configurations have become increasingly attractive because they
demonstrate improved physical and chemical properties over their
single-component counterparts, so they are potentially useful in a broader range of
applications [4, 6, 12, 23].

Surface engineering of noble metal nanoparticles with materials that have very
different dielectric constants can lead to dramatic plasmon band shifts. This process
can be easily spectroscopically monitored and exploited for analyte detection. For
example, van Duyne’s group demonstrated femtomolar detection of proteins, and
zeptomolar detection of thiols based on the plasmon band resonance shifts of
individual silver nanoscale triangles in a dark-field optical microscope [36]. In our
group, we modified anisotropic nanostructures, particularly one dimensional silver
and gold nanostructures, with a variety of inorganic and organic moieties, namely
silica, iron oxide, titania, Pt, Pd, Au, Mn, polymers, and Raman reporters, and
investigated their use for sensing, imaging, catalytic, environmental and energy
related applications.

Silica and silica-titania shells were grown onto gold nanorods and silver nano-
wires by an indirect sol-gel approach (Fig. 5.12) [3–6, 12, 14, 17]. The presence of
a silica shell around Au nanorods and silver nanowires was monitored spectro-
scopically. A red shift of the transverse and longitudinal plasmon bands was
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observed due to an increase in the dielectric constant surrounding the metallic
nanoparticles [3, 4, 6, 12]. This is consistent with the theoretical predictions in the
literature. Silica is an excellent material for various applications because it is highly
porous, easy to functionalize, non-toxic, biocompatible, and can be further
exploited for sensing, imaging and biological applications [12].

5.2 Medical and Biological Applications

The increasing availability of nanomaterials with tunable physico-chemical and
surface properties has created an interest in the use of anisotropic nanoparticles in
biological systems [29]. A staggering number of nanostructures have been inves-
tigated, namely metals, oxide, quantum dots, carbon based nanostructures,

Fig. 5.12 a EDS data on Au-silica-titania nanorods; b SEM data on Au-silica-titania nanorod.
Adapted with permission from Ref. [67]. Copyright 2017 American Chemical Society; (c) TEM
image of Ag-silica nanowires and d UV-Vis spectra of Ag nanowires before and after coating with
a silica shell. Adapted with permission from Ref. [14]. Copyright 2017 American Chemical
Society
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polymers, or hybrid nanostructures. From drug delivery systems, to theranostics,
bioimaging, tissue repair, tracking and manipulation, bioengineering, cancer ther-
apy, etc., the field is rich in opportunities [37].

5.2.1 Metallic Nanostructures

One advantage of using anisotropic gold and silver nanoparticles for biological and
medical applications is their elastic light scattering (Rayleigh scattering) [5, 6, 12].
When anisotropic gold or silver nanoparticles are imaged with a dark-field
microscope (white light illuminate the sample), they scatter light elastically. Their
elastic light scattering (Rayleigh scattering) properties are intense, and can be used
to visualize nanoparticle location, even to the single nanoparticle level in cells [5].
The color of the scattered light is highly dependent on nanoparticle size, shape,
composition, orientation, and local environment. For example, gold nanocubes
“glow” orange, while gold hexagons “glow” yellow-green (Fig. 5.13).

Mostafa and El-Sayed showed that the detection of cancer cells could become
much easier if gold nanoparticles are bound to a specific antibody for cancer cells
[6, 38, 39]. By using dark-field microscopy, they were able to illuminate cancer

Fig. 5.13 Dark field microscopy image of gold nanocubes (left) and gold “nanohexagons” (right),
taken on solutions dried down on a microscope slide. The field of view is *1 mm. Insets
transmission electron micrographs of the nanoparticles, scale bars 100 nm. Reprinted with
permission from Ref. [3]. Copyright 2017 American Chemical Society
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cells when bound to nanoparticles. On the other side, healthy cells were not illu-
minated because they did not bind to gold nanoparticles. This technique is
promising because it can provide an instantaneous response, is simple and inex-
pensive, non-toxic to human cells and can detect single particles [3, 6, 38, 39].

Compared to their spherical counterparts, anisotropic particles are more attrac-
tive, as their dimensionality brings another level of complexity and benefits to their
inherent nanoscale properties. A unique feature of the anisotropic nanostructures,
including gold and silver nanorods, is that they display multiple plasmon bands and
light absorption in the near-infrared (NIR) regions, which open up a variety of
applications. The use of optically tunable gold nanoparticles in conjunction with a
near infrared (NIR) laser is an attractive option for biomedical applications, as it
capitalizes on the plasmonic heating of gold nanoparticles tuned to absorb light
strongly in the NIR region. Basically, because the gold strongly absorbs light in the
near infrared, these particles can be remotely heated via near-infrared light, thereby
releasing the “payloads” remotely. Placing these nanomaterials in the close prox-
imity of bacteria or cancer cells would destroy these cells [40–42]. There are
numerous excellent papers that use the photothermal heating process in cancer
therapy to damage cancerous cells and tissues [42–44]. One of the benefits of the
photothermal therapies compared with the traditional cancer therapies is that the
heating is targeted and only occurs in the area directly around the gold nanopar-
ticles. Temperatures can rise to tens or hundreds of degrees above physiological
temperature within seconds and minutes [42–44].

Gold nanorods (AuNR) and nanospheres (AuNS) were incorporated into a
polyurethane-based shape-memory polymer (SMP) EG-72D matrix, SMP
nanocomposite films capable of being remotely triggered by low-power laser.
Comparative studies on the laser irradiation response of EG-72D/AuNS and
EG-72D/AuNR nanocomposite films suggest that Au nanorods have significantly
higher photothermal conversion efficiency than Au nanospheres and on-resonance
laser irradiation, where the incident laser wavelength matches with the longitudinal
plasmon resonance of Au nanorods, is necessary to induce the fast response of gold
nanoparticle enabled SMP nanocomposites [45].

Nanoparticle size and shape are important parameters that dictate the uptake and
bioavailability of nanoparticles in cells, plants and animals. Numerous reports have
investigated the role of shape and size on cellular internalization with metallic
nanoparticles, Au and Ag, due to their ease of preparation, surface modification,
and stability [4, 6]. Recently, it was reported that different gold shaped nanopar-
ticles entered the tumors in mice at different rates and are also distributed differently
according to their shape. Nanorods and hollow gold nanocubes were also found to
enter more readily to the core of the tumors than discs and sphere of similar
sizes [46].

We also investigated the bioavailability of different size Au and Cu nanoparti-
cles, albeit spherical nanoparticles only, in soil and demonstrated their use as
bio-tracers to evaluate environmental behavior of nanoparticles [47–49]. In our
studies, the size range of 20–55 nm Au and Cu nanoparticle did not show any clear
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particle size dependence for uptake and accumulation in earthworms (Fig. 5.14);
however, the uptake was significantly higher when Eisenia fetida earthworms or
even mice were exposed to 4 nm Au nanoparticles [49, 50]. These results suggest
different mechanisms of gastrointestinal absorption based on the size and
environment.

Silver nanostructures exhibit antimicrobial activities and skin penetration capa-
bilities that are dependent on the nanoparticle’s shape and their crystallographic
facets. Recent proof-of-concept studies revealed that silver nanorods have the
highest penetration and accumulation in the dermal layer compared with triangles or
spheres [51]. Cheng’s group [52] also reported the preparation of anisotropic
nanostructures with multimodal theranostic capabilities, chemotherapy, photother-
mal therapy, magnetic resonance imaging (MRI), and photoacoustic imaging
(PAI) for image-guided cancer therapy.
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Fig. 5.14 Example contour plots showing the spatial localization of Au (top row) in cross
sections of earthworms exposed to either HAuCl4, 20 nm Au NPs or 55 nm Au NPs. Plots of Ti
intensity are also shown (middle row) to indicate the location of soil particles remaining within the
gut lumen. Color bars indicate intensity of target analyte in counts per second. Reprinted with
permission from Ref. [48]. Copyright 2017 American Chemical Society
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Heterogeneous spatial arrangements of two or more metallic/non-metallic
nano-entities of various compositions and modalities are a great way to create
hybrid nanostructures with fine-tuned functional and directional anisotropy that are
of great relevance for medical applications. Of particular interest for biological
applications is the use of metallic nanoparticles as contrast agents in microscopy, as
they are electron dense and can be easily detected [3–6]. We have taken advantage
of the unique chemical properties of Mn in nanoscale environments to develop a
“tunable” positive contrast agent for magnetic resonance imaging applications
(Fig. 5.15) [29, 53, 54]. For example, Mn contrast agents have become useful to
study myocardial imaging processes due to their T1 shortening effect and relatively
long half-life in cells. Because Mn2+ can enter excitable cells through the
voltage-gated L-type calcium channels, manganese-enhanced MRI can be used to
determine the viability and the inotropic state of the heart [55].

We have developed several nanomaterial syntheses routes that provide a means
to control the metal speciation and particle size and, thus, the MRI relaxation rates
and biological activity (e.g., metabolic uptake and toxicity) [29]. Gold-manganese
multifunctional nanostructures showed excellent plasmonic and paramagnetic
properties. HRTEM reveals that the internal lattice of the nanoparticles is twinned
crystals (Fig. 5.15a, b). The core Au nanoparticles exhibited structures with a lattice
constant of 2.24 Å which is suggestive of (111) facets. Addition of Mn (II) ions
resulted in an in-plane expansion on the gold (111) surface of approximately
2.40 Å, indicating that Mn ions are substituting into the gold lattice at the
nanoparticle surface. T1 data, a measure of the effectiveness of the contrast agent,
for several Mn–Au containing nanoparticles resulted in measured relaxation rates
greater (four folds higher) than the ones used in imaging agents currently used for
clinical application (Fig. 5.15c) [29, 53, 54]. For example, magnetic resonance
imaging (MRI) relaxation studies performed using Mn–Au NPs exhibited a high
longitudinal relaxivity (18.26 ± 1.04 s−1 mmol−1) and low stem cell mortality,
both of which are beneficial properties for use as Mn-based contrast agents [29, 53,
54]. This relaxivity value is higher than the Mn–DPDP currently applied in clinical
settings with a reported value of 2.8 s−1 mmol−1 [55]. Controlled incubation of
these nanoparticles with mesenchymal stem cells (MSCs) was used to study cellular
uptake of these particles for cell tracking (Fig. 5.15d, e). Additionally, we
demonstrated that these nanoparticles can be taken up by stem cells, thus allowing
for targeted delivery of these contrast agents in biological systems.

JFig. 5.15 a HRTEM of Au nanosphere seed (scale bar 2 nm); b HRTEM of Mn–Au nanoparticle
(scale bar 5 nm) SEM images of live MSCs a without and b with Mn–Au nanoparticles
(backscatter image); c Relaxation rate versus Mn concentration for agar phantoms; Au–Mn
Nanoparticles, Mn-Citrate, Mn–EDTA, Mn–Cl2; d SEM images of live MSCs incubated with
nanoparticles; e TEM images of Mn–Au NPs incubated in MSCs. Mn–Au are located in
intracellular compartments of the stem cells. Scale 500 nm. Adapted from Ref. [29] with
permission from Springer
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5.2.2 Non-metallic Nanostructures

The overall bioavailability, internalization and transport of NPs by cells and
membranes are also determined by the nanomaterials’ composition and surface
properties. Anisotropic polymers, hydrogels, oxides, carbon nanotubes, and quan-
tum dots, have been theoretically and experimentally investigated. One study
probed the rate of macrophage uptake in rodents of nano-polymer micelle assem-
blies with different shapes. According to the published results, nanoparticles with
very high aspect ratios (*20) that align with their long axis parallel to the cell
membrane internalize more slowly than particles that align with their short axis
parallel to the cell membrane [56]. Additionally, long rod nanoparticles infiltrate
into cells at four times the rate of short nanorods with similar volumes [57]. A team
of researchers found that hydrogel rod-shaped nanoparticles are much more likely
to penetrate cells than spheres. The research, published by DeSimone [57], indicates
that internalization of rod-shaped particles of high aspect ratio, 150 nm in diameter
and 450 nm in length, in human cells is about four times faster and traveled farther
into the cells than particles with symmetric dimensions (200 nm in diameter
spheres), even with the same volume. The shape of nanoparticles dictates the
interaction of nanoparticles with cell membranes. Recent findings suggest that
non-spherical nanoparticles (e.g. rods, discs, hemispheres, ellipsoids) may target
tumors more effectively than the spherical counterparts [58].

Uptake studies performed in vitro in different cancerous cell lines show that,
along with particle shape and surface functionalization, cellular origin and features
may also influence the uptake of particles in cells. One study shows that both
rod-like and spherical porous silica nanoparticles are readily internalized by HeLa
cells with slight shape and charge-induced differences [59]. In the case of Caco-2
cells, rod shaped particles are internalized more efficiently than the spheres.

Ferrari’s group investigated the biodistribution of different shape silicon-based
particles, quasi-hemispherical, cylindrical and discoidal shapes, with diameters
from 700 nm to 3 lm injected into tumor bearing mice [60]. The binding dynamics
of nanoparticles from transport, margination, to adhesion are also dependent on the
nanoparticle’s shape. Computational studies revealed that rod-shaped NPs have
higher binding rates compared with their spherical counterparts due to the tumbling
motion of NPs and larger adhesion area once contact [61]. The binding probability
of a nanorod under a shear rate of 8 s−1 is found to be three times higher than that of
a nanosphere with the same volume.

The effect of particle geometry (i.e., the interplay between nanoscale shape and
size) is also important for the nanoparticle uptake by mammalian cells. Recently,
Roy’s group [62] conducted a comprehensive in vitro study showing the complex
interplay between shape and size of anionic nanohydrogels on their uptake in
epithelial, endothelial, and immune cells. Their studies reveal that the nanoparticle’s
uptake and mechanisms of uptake were shape- and cell type-specific. Specifically,
disc-shaped hydrophilic nanoparticles were internalized more efficiently than
nanorods, while larger nanodiscs and rods had higher uptake compared with the
smallest particles tested.
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Nanoparticle geometry plays a major role in extravasation in tumors.
High-aspect ratio single-walled carbon nanotubes (SWNTs) display extravasational
behavior different from spherical nanoparticles with similar surface coatings, area,
and charge. The study shows that quantum dots extravasate more than SWNTs in
colon adenocarcinoma, while SWNTs extravasate much more than quantum dots in
human glioblastoma tumors [63].

A nanoparticle’s shape dramatically affects how effectively it delivers gene
therapy to the cells. DNA-containing micellar nanoparticles with distinctly different
and highly uniform morphologies are paving the way for targeted gene delivery
[64]. Nanoparticle uptake by cells is dependent on particle’s shape, size, and surface
functionalization, as well as on the particle orientation and membrane properties
[65]. Nanostructures can be tailored with multifunctional capabilities for multi-
modal selective theranostics [66].

5.3 Catalysis and Electrocatalysis

The larger surface-to-volume ratios of nanoscale catalysts compared to their bulk
counterparts makes them attractive candidates for many chemical reactions. Since
over 80% of all chemical reactions involve the use of catalysts, state-of-the-art
advances in this field is highly desired [67, 68]. Nanoscale materials are more
chemically/electrochemically active than their bulk counterpart catalysts [69–73].
Much work has focused on investigating the catalytic behavior of nanoscale
materials, as catalytic reactions are surface phenomena with significant contribu-
tions at the microscopic and molecular levels.

Palladium and platinum are some of the most widely used materials for industrial
applications because they have extraordinary physical and chemical properties and
withstand harsh environments [69, 74]. For example, they find applications as
catalysts for electrochemical processes for proton exchange membrane fuel cells
[67, 68, 75], organic reactions (Heck and Suzuki reactions) [76], synthesis of nitric
acid, and reduction of pollutant gases emitted from automobiles, among many
others [77, 78]. Staggering amounts of theoretical and experimental work have been
conducted in this field [6, 67, 68, 70, 79].

The pioneering work conducted by El-Sayed in this field opened new doors for
exploring different shape nanostructures for catalytic applications [80, 81]. For the
first time, in 1996, they produced tetrahedral, cubic and truncated octahedral
platinum nanostructures. El-Sayed [80] and his team investigated the activity of
cubic, tetrahedral, and nearly spherical Pt nanoparticles in catalyzing the
electron-transfer reaction between hexacyanoferrate (III) ions and thiosulfate ions
and found that tetrahedral particles had almost half the activation energy as cubic
particles of similar size. They proposed that such high activities are due to the
presence of valence-unsatisfied surface atoms and correlated to the large number of
atoms present at the corners and edges of the nanoparticles. These studies generated
a lot of interested in the scientific community and soon it was postulated that
metallic nanoparticles with sharp edges, sharp corners, or rough surfaces are more
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active than the spherical counterparts [6, 67, 68, 70, 81]. Over the years, it has been
reported that catalytic/electrocatalytic activity and selectivity of nanomaterials
depends highly on their morphology (size, shape), spatial distribution, surface or
support composition and electronic structure among others [6, 67–70, 72, 73, 76,
79, 82, 83].

It is generally accepted today that, depending on the interfacial atomic
arrangement of the crystal and which crystallographic facets are exposed to the
environment, different catalytic activities may be obtainable [84, 85]. Subsequently,
different crystals facets have different surface energies that are directly related to the
materials catalytic activities and stabilities [67]. Numerous theoretical and experi-
mental studies show that higher index planes with a high density of atomic steps,
ledges, and kinks serves as active sites for breaking chemical bonds; generally, they
exhibit much higher catalytic activity than the low index planes [67, 81, 85].
A higher percentage of atoms on the corners and edges make them more catalyt-
ically active. Moreover, different shape nanocatalysts could lead to different
products. We recommend several excellent review papers published in the literature
[81, 86, 87] that discuss the catalytic dependence of different shape Pt and Pd
nanostructures in detail.

Electrocatalytic reactions are structure sensitive and their rates vary dramatically
with shape or crystallographic facets of the catalyst. Pt-based catalysts are the most
rigorously studied electrocatalysts for fuel cells applications, as they are extremely
efficient in these processes [67, 68, 70]. Fuel cells (FCs) are electrochemical devices
that convert a fuel, such as hydrogen, methanol or natural gas, directly into elec-
tricity through an electro-catalytic process. Direct methanol fuel cells are considered
ideal fuel cell systems for field operations and military applications since they
provide high energy power densities and instantaneous refueling time with the
simple exchange of the fuel cartridge [67].

We developed a new class of shape-selective platinum-gold nanomaterials
(Fig. 5.16) with high electrocatalytic activity and stability for direct-metanol fuel
cell applications. We investigated the Au–Pt nanocatalysts electrochemical per-
formance in the oxygen reduction reaction (ORR) and the methanol oxidation
reaction of direct methanol fuel cells (DMFC) and demonstrated its sensitivity to
the nanoscale shape of a catalyst particle [88]. The presence of Au in bimetallic
electrocatalysts has shown to alter the Pt electronic band structure leading to a
synergistic catalytic effect, which modifies the strength for oxygen surface
adsorption in the ORR (Fig. 5.17) [89].

Carbon monoxide often poisons platinum nanocatalysts, significantly reducing
DMFC efficiency by slowing down the highly irreversible methanol oxidation
reaction and the oxygen reduction reaction at the cathode. We determined that the
gold-platinum nanocatalysts that we developed can effectively suppress carbon
monoxide adsorption onto the active platinum surface. Depending on the geometry
and the Pt/Au ratio, Pt-based catalysts can be prepared that reduce and, in some
cases, eliminate the detrimental effects of methanol crossing over to the cathode.
The Au–Pt dogbones are partially, and in some cases completely, unaffected by
methanol poisoning during the evaluation of the ORR. The ORR performance of
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Fig. 5.16 HRTEM images of Au–Pt nanocatalysts: a octahedron and b “dogbone” shaped.
Reprinted from Ref. [88] with permission from Springer
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Fig. 5.17 a Representative
cyclic voltammetric profiles
(100 mV s−1) between −100
and 1200 mV in Ar-saturated
0.5 M H2SO4 and 0.1 M
MeOH; b Linear sweep
voltammetry on the different
Au–Pt nanocatalysts in O2

saturated 0.5 M H2SO4 with
and without 0.1 M MeOH.
Current density evaluated
using Pt electrochemical
active surface area from the
CVs. Sweep rate 10 mV s-1
and a rotation rate 800 rpm.
Reprinted from Ref. [88] with
permission from Springer
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the octahedron particles in the absence of MeOH is superior to that of the Au–Pt
dogbones and Pt-black; however, its performance is affected by the presence of
MeOH (Fig. 5.17) [88].

A large number of commercial catalytic reactions require regeneration of cata-
lysts at high temperatures. One way to circumvent issues regarding the stability,
sintering and durability of the catalysts is by placing nanoparticles on “inactive”
supports. The synergistic effects between catalysts and supports have been
demonstrated by many research groups [12].

Fig. 5.18 Plot of the change in the 4-nitrophenol peak intensity versus time during the catalytic
reduction experiments using the AuNPs and the Fe2O3−Au spheres, rings, and tubes. SEM
micrographs of the a Fe2O3 spheres, b Fe2O3 rings, c Fe2O3 tubes, d Fe2O3-Au spheres,
e Fe2O3−Au rings, and f Fe2O3−Au tubes. The insets in panels (d)–(f) show zoomed in images at
different magnifications of the same particle types. Note that the size of the scale bar decreases
from (d) to (f). g Representative 4-nitrophenol reduction spectra obtained during a Fe2O3-Au
spheres catalytic decay experiment. h Plot of the change in the 4-nitrophenol peak intensity versus
time during the catalytic reduction experiments using the Au NPs and the Fe2O3-Au spheres, rings,
and tubes. Adapted with permission from Ref. [90]. Copyright 2017 American Chemical Society
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We evaluated different shape Fe2O3−Au nanoparticles and AuNPs for their
ability to catalytically reduce 4-nitrophenol, a pollutant found in wastewater, as a
model catalytic reaction. It was found that Fe2O3−Au nanoparticles are more effi-
cient catalysts than AuNPs because they can achieve the same, or better, catalytic
reaction rates using significantly smaller quantities of the catalytically active and
significantly more expensive Au. Taking into account the Au-loadings, the Fe2O3

rings and tubes are superior to the Fe2O3 spheres as catalytic supports due to their
c-Fe2O3 crystal phase (Fig. 5.18) [90, 91].

5.4 Environmental Applications

Nanomaterials have received widespread attention for environmental stewardship
and remediation applications. At the nanometer scale, these materials have very
high surface energy, making them extremely reactive and susceptible to the envi-
ronment. The high surface area to volume ratio leads to a larger fraction of atoms
available for reaction at the particle’s surface making the nanoparticle valuable as
remediation and sequestration agents [92]. Nanoparticles also typically display
faster reaction kinetics, higher remediation capacities, and higher adsorption
activity compared to conventional macroscale/bulk materials [93–95]. The scat-
tering component of the extinction spectra of noble metal nanoparticles is often
used for rapid environmental and chemical screening (Fig. 5.19) [3–6, 96].
Detection of analytes in real time is essential for optimal performance of treatment
systems at contaminated sites.

Fig. 5.19 Darkfield optical micrograph of light elastically scattered from silver nanoparti-
cles, *50 nm diameter. The field of view is approximately 1 mm. Left panel Micrograph taken in
air (refractive index 1). Right panelMicrograph, same region, taken in mineral oil (refractive index
*1.5). The red-circled region highlights five spots that shift in scattered color from blues to
greens. Reproduced from Ref. [5] with permission from The Royal Society of Chemistry
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5.4.1 Detection and Sequestration of Environmental
Contaminants

Hybrid nanoparticles take advantage of the physico-chemical properties of two or
more materials and are often preferred to their single components. Hybrid nanos-
tructures with multifunctional components were developed by our group and used
for two parallel applications (a) as a sequestering agent and (b) reporter for uptake
of radioactive contaminants [97]. The hybrid Raman sensor-ion exchanged mate-
rials promoted sequestration of radioactive contaminants existing in radioactive
waste solutions and allowed the process efficiency to be evaluated via Raman
spectroscopy. The sequestering inorganic ion-exchange agent, namely monosodium
titanate (MST), was used for the uptake and removal of radioactive elements from
waste solutions. Gold nanostars were attached on the sequestering agent and used as
a Raman sensing/reporter component. The use of gold star nanostructures was
instrumental, as the tips of the stars are considered “hot-spots” that enhance sensing
capabilities. Matching the optical adsorption peak of the gold nanostars to the laser
wavelength resulted in an additional enhancement effect as observed in the Raman
response. A key advantage of this approach is that it minimizes radiation exposure
of the workers, reduces the processing time, and limits the amount of radioactive
waste generated.

We also developed anisotropic nanostructures for the sensing and capture of
radioactive gas compounds. Gold nanomaterials were functionalized on stainless
steel filters (SSF) for radioactive zinc vapor sequestration (Fig. 5.20) [92]. Without
nanoparticle modification, stainless steel coupons do not react or alloy with Zn.
Different shape nanostructures were investigated for zinc vapor sequestration,
namely nano-urchins, cubes and spheres on bronze supports (Fig. 5.21). Among the
three different shape nanostructures, the Au nano-urchins showed the highest Zn
gettering capacity. Specifically, the loading capacity shows that the Au nanourchins

Fig. 5.20 Zn Deposits ‘‘captured’’ by Au nanoparticle-treated SSW: a SEM; b EDS mapping
analysis; c Au NPs EDS mapping d Zn EDS mapping; e EDS analysis. Reprinted from Ref. [92]
with permission from Springer
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retained twice the amount of radioactive Zn65 compared to cubes and spheres due
to a larger surface area available for sequestration. This demonstrates once again the
importance of the nanomaterial’s shape and morphology.

5.4.2 Detection and Destruction of Environmental
Contaminants

Titania has received increased attention in photo-decontamination applications due
to its powerful oxidation capability, superior charge transport, and corrosion
resistance [67]. Titania proved to be an efficient nanomaterial for the degradation of
organic pollutants found in wastewater. For example, a large number of organic azo
dyes used in textile, paper, leather, ceramic, cosmetics, ink, and food processing
industries pose a hazard to human health and the environment. Unfortunately, 15%
of the dyes produced are lost with wastewater during the synthesis and processing
of these dyes worldwide [98]. TiO2 is also inexpensive, has reasonable activity, and
is abundant [12, 67, 84, 99, 100]. Despite these attributes, the efficiency of TiO2 for
photocatalytic applications is severely limited by its large band gap (* 3.2 eV) and
rapid charge carrier recombination dynamics, which means that anatase titania can
use less than approximately 1% (only UV light) of the solar spectrum.

The absorption of photons from natural light in photocatalytic materials gener-
ates electrons and holes that enable the reduction and oxidation, respectively, of
chemical species in the surrounding environment [100]. An efficient photocatalytic
process of a semiconductor must also allow a large fraction of the photo-generated
electrons and holes to separate in bulk and to transport to the redox reaction sites at
surface before they recombine. Thus, a fair mobility for photoinduced electron–hole
separation and their transportation in crystal lattice and the corresponding low
probability of electron– hole recombination are demanded in order to achieve a high
photocatalytic performance of a semiconductor [84, 88, 99, 100].

Photoinduced charge separation in a semiconductor nanoparticle can be greatly
improved by coupling it with another semiconductor particle having favorable

Fig. 5.21 SEM images of gold-based a nano-urchins and b nanocubes
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energetics. By selecting a short band gap semiconductor, one can also harvest
photons in the visible wavelength region. One strategy employed by us and others
was the combination of high surface area nanostructured semiconductor arrays, e.g.
TiO2 with visible light-absorbing properties of metallic nanoparticles or quantum
dots [12, 67, 99–101]. The idea of the formation of heterojunction structure between
two semiconductors provides an effective way to accelerate photo-stimulated elec-
tron–hole separation and consequently improve the photocatalytic activity [102].

The use of titania based photocatalysts for the selective reduction of nitrates to
N2 has been used in groundwater remediation efforts to clean up nitrates from high
agricultural areas [103]. Noble metals, such as Pd metal, have been shown to have
high N2 selectivity (100%) and improve the efficiency of the process [103].
Photocatalytic destruction of nitrate ions in drinking water has also been demon-
strated [104]. Recently, we demonstrated that nitrate ions from different sources,
NaNO3 and HNO3, at extremely low pH (<1) can be effectively and completely
removed via photocatalytic processes using titania nanospheres [105].

A major shortcoming of spherical nanostructures for photocatalytic applications
is their lack of directionality for efficient electron transport subsequent to light
harvesting. One dimensional nanostructures, namely nanorods, nanowires, nan-
otubes, are favorable for photocatalytic destruction of organic dyes because they
provide a direct electrical pathway for photogenerated charges and an additional
surface area for analyte absorption. This results in superior charge transport prop-
erties [106]. Light scattering and trapping is sensitive to particle shape. The dis-
tribution of an electromagnetic field around the particles is dependent upon the size
and shape of the nanoparticles, the interparticle distance, and the dielectric function
of the surrounding medium. The light-trapping effects are most pronounced at the
peak of the plasmon resonance spectrum, and can be tuned by engineering the
dielectric constant of the surrounding media [107]. For example, light scattering
from a small metal nanoparticle embedded in a homogeneous medium is nearly
symmetric in all directions. When the particle is placed close to the interface
between two dielectrics, light will scatter preferentially into the dielectric with the
larger permittivity. The scattered light will then acquire an angular spread in the
dielectric that effectively increases the optical path length [108]. Ultimately,
designing efficient photocatalysts requires careful selection of the nanoparticle size,
geometry, composition, and local dielectric environments.

By using simple wet chemical synthesis approaches we designed and produced a
series of core-shell nano-photocatalysts, namely Au rods-silica-titania or titania-Au
rods (Fig. 5.12a, b) [12, 67, 84]. The photo-catalytic activity of these novel nanos-
tructures was tested for the decomposition of an organic dye, methyl orange, and
compared to bare titania nanoparticles. When such metal core-semiconductor shell
composite particles were subjected to UV irradiation, the decomposition of methyl
orange in the presence of Au-SiO2-TiO2 or TiO2-Au particles was 20% and 32%,
respectively [12, 67]. In another study, photocatalytic activity of Au-silica/titania
nanomaterials under visible and UV illumination was measured via degradation of
methyl orange under visible and UV illumination. The results indicate *3 fold
improvement in the photocatalytic decomposition rate of methyl orange under
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visible illumination versus UV illumination [84]. This enhancement is attributed to
the electric field enhancement near the Au nanorods and subsequent energy transfer
to the semiconductor. By integrating strongly plasmonic Au nanoparticles with
strongly catalytic TiO2, Cronnin’s group reports enhanced photocatalytic decom-
position of methyl orange under visible illumination [109]. Irradiating Au
nanoparticles at their plasmon resonance frequency creates intense electric fields that
can be used to increase electron–hole pair generation rates in semiconductors.

Watanabe’s group [110] reported a new type of plasmonic photocatalyst that
employed the enhanced electric field amplitude on the surface of Ag nanoparticles
in the spectral vicinity of their plasmon resonances. The measured photocatalytic
activity under UV illumination of methyl orange onto these plasmonic photocata-
lysts, consisting of titania deposits onto silver core, was enhanced by a factor of 7
and was highly dependent on the silica shell thickness [110].

A unique oblique angle co-deposition technique was used to fabricate well
aligned arrays of Ag nanoparticle-embedded TiO2 composite nanorods (Fig. 5.22)

Fig. 5.22 The representative SEM images of TiO2 and Ag NP embedded TiO2 composite
nanorod arrays and the size distributions of AgNPs. The scale bar in each SEM image represents
1 lm. Reprinted with permission from Ref. [100]. Copyright 2017 American Chemical Society
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and their photodegradation response for a dye contaminant was investigated [100].
The addition of Ag in TiO2 results in enhanced photocatalytic activity compared to
pure TiO2. Ag NPs play different roles in enhancing photocatalytic activity under
different light sources (Fig. 5.23) [100]. Under visible illumination, the Ag NPs are
excited due to LSPR and the electron transfer from Ag to TiO2 is the primary
contribution to the enhancement in photocatalytic activity. Under UV illumination,
TiO2 is activated to generate electron-hole pairs and Ag NPs work as electron traps,
which facilitates the charge separation, thus enhancing the photocatalytic activity.

5.5 Energy Related Applications

5.5.1 Conversion of Solar Energy to Fuel

The increasing economic and environmental dependence on oil and electricity has
created a worldwide effort toward developing alternative fuels [111, 112]. Among
renewable energy sources at our disposal (wind, geothermal, hydroelectric, etc.),
solar energy is the most abundant of all carbon-neutral energy sources [112, 113].
Solar energy does not pose any dangers to the environment or climate, unlike
harvesting and burning fossil fuels.

Conversion of solar energy and waste chemicals, such as CO2, into stored
chemical energy is one of the most promising and environmentally friendly tech-
nologies for future energy generation. Nature already provides us with an out-
standing solar energy conversion system that exquisitely manages photon capture
and conversion processes to drive water-splitting and carbon fixation. However,
limited availability of biomaterial and cultivatable land assets restricts the use of
bioenergy conversion as a fuel source on a very large scale. Therefore, in similar
fashion, bio-inspired artificial photosynthetic strategies are attractive approaches for
the production of molecular fuels, such as hydrogen from the splitting of water
and/or high energy organic molecules by the reduction of CO2.
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Fig. 5.23 Photocatalytic MB
degradation kinetics under
visible light illumination for
the samples annealed at
T = 500 °C. Reprinted with
permission from Ref. [100].
Copyright 2017 American
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In spite of its enormous potential, the efficient harnessing, conversion, and
storage of energy from sunlight has thus far proven to be difficult and costly tasks.
This is due to high stability of CO2. For example, CO2 requires at least 8 photons to
photo-catalytically convert CO2 and H2O to CH4 [114, 115]. To be advantageous
and efficient, the artificial photosynthetic devices must (a) directly capture CO2 and
convert it into liquid solar fuels that can be easily stored, (b) have a higher solar
energy-to-chemical fuel conversion efficiency, and (c) be robust, cheap and
amenable to scaling up. On the quest for both highly efficient and cost effective
solar conversion devices, researchers have been exploring new material designs for
decades, including novel hetero-structures, morphologies and crystallinities, while
improving their photon-free electron generation rate, or shifting the absorption band
of the photocatalysts to lower energy.

The first successful photo-electrochemical reduction of CO2 to hydrocarbons
was reported by Halmann in 1978 [116]. Several other studies followed, but the
majority of them used electrochemical cells, which clearly limits any energy
advantage of converting CO2 to fuels [111]. In contrast, the photocatalytic con-
version of CO2 to hydrocarbon fuels using sunlight only received traction in recent
decades as better solution to this problem. A material that can efficiently catalyze
the photo reduction of atmospheric CO2 and H2O in sunlight would essentially
make our diminishing supply of naturally occurring fossil fuels recyclable while, at
the same time, reducing CO2 emissions. The most important solar energy con-
version technologies, whether direct photovoltaic devices or solar driven catalytic
reactions (CO2 to fuels and water-splitting), depend on the photoelectronic prop-
erties of nanoscale semiconductors (TiO2 nano-particles/rods/tubes, for example, or
semiconductor quantum dots.

The absorption of photons from natural light in photocatalytic materials gener-
ates electrons and holes which could drive energy conversion processes in the
solar-driven photoreduction of CO2 and/or water-splitting for hydrogen fuels [101,
102]. Despite these attributes, the efficiency of TiO2 for photovoltaic and photo-
catalytic applications is severely limited by its large band gap (* 3.2 eV) and rapid
charge carrier recombination dynamics, which means that titania can use less than
approximately 1% of the solar spectrum [67, 84, 101, 102]. Grimes’ group used
nitrogen-doped titania nanotube array loaded with both Cu and Pt nanoparticles as
the catalysts to convert CO2, and reported a hydrocarbon production rate of 160 lL/
(hr) [117]. Other novel spherical catalysts, such as ZnAl2O4-modified mesoporous
ZnGaNO with Pt co-catalyst or SiC nanoparticles modified by Cu2O, have also
been reported for CO2 conversion with similar efficiencies [114, 115]. With billions
spent in the R&D effort, the conventional semiconductor technologies have
achieved a lot. So far, the reported highest efficiency by TiO2-based catalysts is
around 0.1% [114, 115].

One-dimensional nanostructures have proven to be the most promising tech-
nique for combatting the charge transfer and recombination issues prevalent in
traditional nanocomposite films. Such structures, including nanowires, nanotubes,
nanorods, nanobelts, and nanofibers, provide a direct pathway for electron transport
between the photon-excited surface and the surrounding media. One dimensional

134 S.E. Hunyadi Murph



hollow nanostructures are favored to other shapes as they allow for the reactant
gases to occupy both the inner and outer surfaces of the TiO2 nanotubes, maxi-
mizing the surface area for photocatalytic reactions [99–102, 117]. Additionally, if
the nanotube wall thickness is about half of the hole diffusion length in TiO2, the
surface species have access to charge carriers generated near the surface and also
deep within the walls via diffusion. This is advantageous because regardless of the
nanotube length, charge carriers are never generated far from the
semiconductor-reactant surface. Therefore, the nanotubes can be lengthened to
increase reactive surface area and facilitate light absorption without compromising
the photocatalytic properties processes taking place in the array [114].

Semiconductor nanoparticles, metallic nanoparticles, and quantum dots possess
unique electrical and optical properties that can significantly enhance solar energy
conversion efforts. When used in conjunction with photoactive semiconductor
materials, nanoparticles can increase the surface-to-volume ratio and the spectral
window of such devices. The superior light-absorbing and charge-separating
capabilities of quantum dots and plasmonic nanoparticles in conjunction with the
electron-transport properties of nanostructured semiconductor materials are a
promising avenue for new solar conversion devices. The development of such
hybrid multifunctional structures has also led to major advances in solar-to-fuel
conversion applications as discussed in the next section.

We demonstrated solar conversion of carbon dioxide and water vapor to carbon
monoxide, hydrogen and hydrocarbons by exposure to titania-based nanophoto-
catalysts under ambient light only. TiO2 and WO3-core TiO2-shell nanorod arrays
fabricated by glancing angle deposition were functionalized with quantum dots
(CdSe) prepared by solution chemistry (Fig. 5.24) [118]. A gas chromatographic
analysis shows that the primary products are carbon monoxide, hydrogen and
hydrocarbons (methanol and methane) after several hours of exposure to sunlight
[99, 118]. The overall CO2 conversion efficiency of such core-shell and quantum
dot-titania nanostructures is significantly higher than that of pure TiO2 nanorod
array photocatalysts. The improved conversion efficiency may result from the
additional absorbance of visible light by WO3 and CdSe quantum dots and the
charge separation at the WO3-TiO2 and CdSe-TiO2 interfaces. The conversion
efficiency of such an artificial photosynthesis process remains to be improved for
practical applications.

Solar conversion of carbon dioxide and water vapor in the presence of Fe2O3-
TiO2 core-shell nanorod arrays was also investigated. Carbon monoxide, hydrogen,
methane, and methanol along with other hydrocarbons were produced after only
several hours’ exposure under ambient illumination (Figs. 5.25 and 5.26) [99].
Core-shell Fe2O3-TiO2 nanostructures (Fig. 5.25a) were chosen because they have
high surface areas for reactions. The titania-iron composite also maximizes the
interfacial area between the two different materials, which should improve charge
separation and transport and, therefore, increase the overall efficiency of the
material. Coupling TiO2 with a lower band gap material (Fe2O3) created a com-
posite structure that is active over a larger region of the spectrum, allowing one to
take advantage of the excellent photocatalytic properties of TiO2 under visible light

5 Anisotropic Metallic and Metallic Oxide Nanostructures … 135



absorbance. Fe2O3 is an excellent choice as a coupling material for TiO2 because it
is stable, non-toxic, widely available, and catalytically active. Furthermore, it has a
band gap of 2.2 eV so it can absorb visible light.

In order to utilize solar radiation as the sole energy input for CO2 reduction,
sunlight sensitive materials need to be further developed. The combination of high
surface area nanostructured semiconductor arrays with the visible light-absorbing
properties of metallic nanoparticles and quantum dots have led to significant
advances in CO2 photoconversion in recent years [114, 115, 117].

Fig. 5.24 a Scanning electron micrograph of representative CdSe-WO3-TiO2 nanoparticles;
b CO2 reduction process with TiO2, WO3-TiO2 or CdSe-TiO2 nanophotocatalysts after prolonged
exposure in sun light
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Fig. 5.25 a, b SEM images of the Fe2O3–TiO2 core-shell nanorod array from top view and cross
section view. c, d HRTEM image of the as-deposited Fe2O3–TiO2 core-shell nanorods. b–
d HRTEM images of the Fe2O3–TiO2 core-shell nanorods annealed at 500 °C. e H2 and CO
production in the presence of Fe2O3–TiO2 core-shell or TiO2 nanorod array photocatalysts after
4 h exposure. f H2 evolution after 16 h exposure in the presence of TiO2. Adapted from Ref. [99]
with permissions from Elsevier
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5.5.2 Energy Storage Materials

Nanoparticle mediated energy storage is also highly dependent on nanoparticle
morphology. Researchers at Stanford showed that Pd nanoparticles of various
shapes, specifically cubes and pyramids, may be more efficient energy storage
materials than icosahedra shaped Pd. Dionne’s group examined how different
shapes and crystalline structures of palladium nanoparticles affected their ability to
absorb and release hydrogen atoms [119]. Multiply twinned icosahedral particles
show hydrogen intercalation behavior markedly different from that of their
single-crystalline counterparts. Notably, icosahedra absorb hydrogen gradually over
several pressure steps and apparently exhibit reduced hydrogen storage capacity
compared to single-crystalline cubes and prisms [119]. Generally, nanoparticles
with highly compressively strained, defective central regions have a reduced energy
storage capacity compared to their single-crystalline counterparts.

Fig. 5.26 a Pictures of the syringe-type chamber with the catalysts. b–d Representative
chromatographs collected on a micro-GC showing CO, CH3OH, CH4 and H2 evolution, in the
presence of the core-shell nanorod array photocatalysts exposed under ambient light for 4 hours.
Reprinted from Ref. [99] with permissions from Elsevier

138 S.E. Hunyadi Murph



5.6 Photothermal Applications

As described in previous chapters, gold and silver nanoparticles exhibit localized
surface plasmon resonance (LSPR) that occur when the incident electromagnetic
radiation resonantly drives free electrons into collective oscillations in metallic
materials leading to highly intense electromagnetic fields [90, 91]. The plasmonic
properties of gold and silver nanostructures are tunable throughout the visible and
near-infrared region of the spectrum as a function of nanoparticle size, shape,
aggregation state, and local environment, allowing for increased tunability [2–6].
This phenomenon has been exploited for photothermal applications as the large
amount of near-IR light absorbed by gold nanoparticles of appropriate size and
shape can be released into the surroundings as heat [38, 42, 120, 121]. The tem-
perature profiles generated by shining light of appropriate wavelength can be
optimized by simply matching the laser light wavelength to the nanoparticle’s
plasmon band. For example, in the presence of near infrared (NIR) laser excitation,
the plasmonic induced heating of 100 nm gold nanorods with longitudinal plasmon
band at around 800 nm is superior to spheres with plasmon band at 525 nm.

While these properties have been largely exploited for cancer studies [40–44],
there are numerous other applications where these phenomena are easily exploited
for drug delivery, uptake and release of analytes of interest, catalysis, among others.
Coupling of optically tunable gold nanoparticles with other nanoparticles or media,
specifically oxides, polymers, metals, bacteria, cells, etc. [49] are attractive options
for photothermal applications [90, 91].

Plasmonic heating has been employed to study temperature gradients in catalytic
reactions [90, 91]. The photothermal properties of shape selective multifunctional
Fe2O3−Au nanoparticles, namely, Fe2O3 rings, spheres and tubes (Fig. 5.18a–c),
were harnessed to increase temperatures using light and tested as catalysts for
4-nitrophenol reduction reactions. Compared to pure AuNPs, Fe2O3−Au
nanoparticles were superior catalysts, not only by having greater efficiencies but
also by using significantly much smaller quantities of gold (Fig. 5.27). The
Fe2O3−Au spheres were the most catalytically active structure compared with the
Au-Fe2O3 rings and tubes. However, the Au loadings on the Fe2O3−Au rings and
tubes were significantly smaller than Au loading on the Fe2O3 sphere. Specifically,
Fe2O3−Au rings and tubes were more than twice as efficient as the spheres when
normalized against the amount of Au loaded onto the Fe2O3 support. Fe2O3−Au
nanoparticles can also be recovered and reused via magnetic collection. The
Fe2O3−Au nanoparticles and AuNPs are found to efficiently transduce heat from
light through plasmonic absorbance phenomenon that was demonstrated using the
photothermal catalytic reduction of 4-nitrophenol. The reaction rates increase with
increasing laser intensities/solution temperatures for both, as expected. Linear fits of
the Arrhenius data result in measured activation energies, EA = 106 ± 7 kJ/mol
and EA = 180 ± 10 kJ/mol for the AuNPs and the Fe2O3−Au spheres, respectively
(Fig. 5.27h–i) [90].
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Nanoparticle size and shape are demonstrated to affect the specific heat, melting
entropy and enthalpy of nanomaterials. The specific heat increases with a decrease
in particle size, whereas the melting entropy and enthalpy decrease as the particle
size decreases for Ag, Cu, In, Se nanospheres, nanwires and nanofilms. The amount
of reduction in the melting entropy is increasing in the following order: nanofilm,
nanowire, and nanosphere. The melting entropy difference for nanofilm to nanowire
to nanosphere increases for the same particle size [122].

Fig. 5.27 a Temperature traces of the solutions containing the AuNPs, Fe2O3–Au and Fe2O3

spheres, and deionized water under laser irradiation. b Temperature traces and c solution mass loss
comparing the photothermal heating effects of the Fe2O3–Au spheres, rings, and tube. d–h EDX
mappings respectively showing the distribution of e–g Au, Fe, and O in the Fe2O3–Au rings. h,
i Arrhenius style plots of the photothermally induced temperature-rise versus the catalytic reaction
constant for the h AuNPs and the i Fe2O3–Au spheres. Adapted with permission from Ref. [90].
Copyright 2017 American Chemical Society
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5.7 Self-assembled Nanostructures

The organization and manipulation of one dimensional nanostructures (nanorods
and nanowires) have attracted a lot of attention. Further scientific and technological
advances in the application of 1-D nanostructures in functional devices depend
strongly on the ability to assemble them into ordered and complex architectures.
Self-assembly of nanostructures into optimized geometries can lead to interesting
synergistic effects and are of particular interest for molecular-based sensors, com-
ponents for optical and electronic devices, photovoltaics, among others. One
dimensional nanostructures are superior to nanospheres for self-assembly applica-
tions due to the unique spatial properties. For example, gold nanorods showed
unidirectional oriented self-assembly at high concentration in nematic liquid crys-
tals while no alignment was observed for shape-isotropic nanoparticles [123].

Whether through spontaneous or directed self-assembly, nanoparticles form sec-
ondary architectures with properties dictated not only by the individual building
blocks but also by their spatial arrangement. Spatial assembly of nanoparticles in 1-D
nanoarchitectures can be achieved by surface functionalization/biorecognition, tem-
plate directed self-assembly, external electric or magnetic fields, Langmuir-Blodgett
technique, or solvent directed assemblies, among others [124–127]. It has been
reported that the collective behavior and interparticle coupling in well-organized 1-D
nanostructures results in new functions or significant improvement of their single
optoelectronic properties [123–127]. The long-range unidirectional alignment of gold
nanorods gives rise to strong polarization-dependent absorption and scattering,
abnormal dispersions of refractive index, and enhanced optical birefringence with
sign reversal in the spectral vicinity of the longitudinal SPR peak [123]. Optimal
dimension ratios for anisotropic nanostructures, rods, platelets, bowls and dumbbells,
have been reported for particle alignment using an external electric field [127].

Theoretical and experimental work suggests that one-dimensional metal
nanoparticle arrays can be utilized to transport electromagnetic energy (“plas-
monics”) [128, 129]. Maier et al. demonstrated that periodic arrays of metallic
structures (specifically, lithographically prepared silver nanorods) embedded in
dielectric media are able to guide and modulate light transmission (even through
corners and tee structures) in a regime dominated by near-field coupling [130].

We developed a convenient and straightforward wet-chemical route to produce
“nanopeapod” architectures in which silver “peas” are embedded in silica “pod” in
an ordered fashion (Fig. 5.28). Since a wet-chemical approach was employed for
their fabrication, the synthesis is amenable to scaling up [14].

Optical manipulation of nanoparticles is of particular interest in the plasmonics
field. The shape of an optically trapped gold NP strongly determines the stable
position and orientation in the optical tweezers for a particular trapping wavelength.
Theoretical analysis focused on the three dimensional optical trapping of
non-spherical gold nanoparticles using a tightly focused laser beam (i.e. optical
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tweezers) shows that thin triangular gold prisms can be trapped in 3D even if
spheres of the same volume cannot be confined [131].

Anisotropic nanoparticles, unlike spherical particles, can align and aggregate in
different configurations. Solvent-mediated interactions between gold nanorods with
uniform shape and size often leads to end-to-end, parallel or ‘nondirectional’ ori-
entations. Figure 5.29 shows an arrangement of gold nanorods with localized
arrangements based on solvent-mediated interactions. The solvent mediated
aggregation is used for identifying a change in local environments. It is important to
note that control of the self-assembled structures is not possible when the
self-assembly is induced by surfactant-mediated interactions and drying alone.
Assemblies of nanorods are known to produce a shift of the localized plasmon
bands in the UV-vis spectra (Table 5.1) [132]. In our experiment, a red shift in the
localized plasmon band was recorded and, in some cases, appearance of additional
peaks due to aggregate formation.

The self-assembly of gold nanorods of different aspect ratios (AuNRs) on carbon
nanotubes (CNTs) has been studied by us (Fig. 5.30). The gold nanoparticles have
a positive surface charge due to the CTAB surfactant bilayer whereas the CNTs
have an intrinsic negative surface charge. Simply mixing solutions of these two
species together in the appropriate solvents can lead to electrostatic assembly of the
Au nanoparticles on the CNT surface. Bifunctional linkers can also be used to
covalently attach Au nanoparticles to CNTs by exploiting the strong affinity of Au
to thiol or amino groups [12].

Fig. 5.28 Transmission electron micrographsof representative “peapod” architectures obtained
under conditions of incomplete dissolution of the silver with ammonia, showing silver “peas” in
silica “pods”. Scale bar 500 nm. Adapted with permission from Ref. [14]. Copyright 2017
American Chemical Society
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Fig. 5.29 Electron micrographs of Au nanorod aggregates in different solvent: a water,
b methanol, c acetone, d pyridine

Table 5.1 Au nanorods’ plasmon band shifts with the environment

Solvent name Longitudinal plasmon
band(s) (nm)

Aggregated assemblies

Water 711 No aggregation; individual nanoparticles

Methanol 914
1046

End-to-end aggregates; *100 nanorods

Acetone 909
1025

Large aggregates; *Hundreds of nanorods
with 3–7 side-to-side aggegates

Pyridine 737
870

Small nanorod aggregates; side-to-side
aggregates; *3–5 nanorods
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5.8 Conclusions

The promise of viable future applications for anisotropic nanomaterials lies in the
scientists’ ability to understand, generate, and control materials at the nanoscale.
Since nanomaterial’s properties can be precisely tuned by manipulating atomic
growth, a high degree of control is vital. In this chapter, the reader was immersed in
the latest state-of–the-art developments in nanotechnology with a focus on the
broad applications of these technologies at the laboratory and/or industrial scale.
Specifically, the reader was introduced to a plethora of current and emerging
applications of anisotropic nanomaterials, including sensing and imaging, catalysis,
biomedical imaging and drug delivery, environmental remediation, plasmonics, and
energy- related missions. The effect of morphology and nanometric dimensions of
metallic, metallic oxide and nonmetallic and materials on their physico-chemical
properties have been described. It is our hope that the reader recognizes the
inimitability of anisotropic nanostructures and acquired a greater appreciation for
the vast degree of excitement in this area.
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Chapter 6
Putting Nanoparticles to Work:
Self-propelled Inorganic Micro-
and Nanomotors

Kaitlin J. Coopersmith

Abstract The development of nanomotors (nano- and micron sized particles that
convert energy into mechanical movement) is an exciting endeavor. Nanomotors
have been crafted in an extensive variety of sizes, morphologies and compositions
for applications such as drug delivery, cargo transport, sensing, and lithography.
Inspired by nature’s elegant use of chemical gradients and cellular tracks for
independently driven molecular processes, a variety of machines have been created.
With the recent bestowment of the Nobel Prize for molecular machines, this con-
cept is being actively pursued to create inorganic nano- and microparticles that
independently move for a gamut of applications.

Keywords Anisotropic nanoparticle � Bimetallic nanoparticle � Nanomotor �
Micromotor � Propulsion � Autonomous movement � Sensing � Acoustic �
Optical � Magnetic � Electrophoresis � Biofuel

6.1 Introduction

As technological creations become smaller, machines that perform work expand
into the micro- and nano-sized regimes. With the advancement of nanotechnology,
the creation of nanoscopic machinery is becoming a popular endeavor. Molecular
machines have been crafted using various molecules that interact with light, sound,
and biological entities to create miniscule moving parts that are highly controlled
[1–3]. More recently, nanomotors have been fabricated from micro- and nanopar-
ticles rather than molecules [4–10]. This exploits the unique optical and physical
properties of micro and nanoparticles that are highly dependent on size, composi-
tion, and morphology. Typically, nanomotors do not have moving parts, although,
carbon nanotube based machines with moving parts have been created [9].
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Nanomotors harvest energy from different forms of chemical or physical stimuli,
including acoustic, optical, magnetic, and electrical energies and convert it into
mechanical work [4–9]. Self-propelled nanoparticles have an array of applications
related to medical treatment and diagnostics [4], biological and chemical sensing
[7], energy storage [11], lithography [12], mass transportation [13, 14], and
chemical degradation [15]. Self-powered nanomachines can cause controlled agi-
tation without external energy, which can be useful in applications such as chemical
degradation in ecosystems, where external agitation is not feasible but mixing is
highly desirable. Compared to the diffusion controlled counterparts, nanomotors
have higher reactivity due to the increased fluid transport [15]. The successful
integration of nanomotors requires highly efficient propulsion using fuel at con-
centrations relevant to the applications. A variety of motors exists but with low
efficiencies and high fuel concentration requirements that are not suitable for most
biological applications. Propulsion speed is typically expressed in body lengths per
second (bl/s), with speeds up to 176 bl/s having been reported for biological motors
[16], 75 bl/s for inorganic nanomotors [8], and 375 bl/s for microtube nanomotors
[17]. For comparison, a cheetah can only move with a speed of about 32 bl/s [18]
and the record for the world’s fastest land animal currently belongs to the
Paratarsotomus macropalpis, a mite found in California that moves with a speed of
192 bl/s [19].

The sophistication found in biological entities have inspired the creation of
nanomotors [20, 21]. Cells have an internal structure that is anisotropic and
non-homogeneous and their complex makeup leads to directional flow and transport
of materials [20]. Various molecular motors inside of the cells carry out the
directional processes that overcome Brownian motion using stored chemical energy
[20]. Flagella, which are tubular protein appendages, are present on most
prokaryotic and some eukaryotic cells and move in response to ion gradients [22–
24]. In prokaryotic cells, flagella move in sinusoidal wave-like motions and in
eukaryotic cells, they move in whipping motions. Bacterial flagella are driven by a
protein rotary engine that is powered by a proton gradient that comes about during
the cell’s metabolism [20]. Fig. 6.1i shows video micrographs of flagellar move-
ment that resulted from the oscillatory sliding motion in bull sperm flagella in the
presence of ATP and Ca2+ ions [24]. Transverse movement was attributed to the
two sliding mechanisms that occur between adjacent double microtubules [24].

Cellular motor proteins can also move along a track. For example, dynein and
kinesin convert energy from adenosine triphosphate (ATP) to movement along
cytoskeletal tracks to generate forces and transport cargos (Fig. 6.1ii) [21]. Kinesin
moves along a predefined path composed of microtubule (MT) filaments toward the
positive end to transport cellular cargo as well as help the cell carry out mitosis and
meiosis. Dyneins move along the MT’s negative end to transport cellular cargo,
position organelles in the cell, and play a role in other important cellular functions
[21]. A more sophisticated biological motor is ATP synthase, the enzyme that
produces ATP. It is made up of two rotary molecular motors that move in opposite
directions depending on cell conditions [20].
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Nanomotors have been created from organic compounds, biological molecules
such as DNA and enzymes, carbon nanoparticles, metals, metal oxides, and semi-
conducting materials, both with and without moving parts [4–10]. The altered
movement of nanomotors in response to changes in the local environment can be
exploited for chemical sensing, environmental remediation, electronic self-repair,
among others [4–7]. In medical applications, nanomotors can be used to pick up and
deliver chemical payloads or as intracellular gene silencers in genetic therapy [25].
Most of these applications focus on the creation of non-toxic and environmentally
friendly nano- and micromotors. The speed, direction of movement, and trajectory is
directly related to the concentration of fuel, which can be acoustic, optical, magnetic,
electrophoretic/electrocatalytic, chemical, and enzymatic/catalytic. Movement can be
varied with the addition of fuel, namely ions or secondary moieties/molecules/
components, to the nanomotors. The speed can be dramatically increased or
decreased when a combination of fuels are used [7]. For environmental or biological

Fig. 6.1 Movement of biological motors: i (a) Phase contrast micrograph of the effect of sliding
displacement on transverse displacement in bull sperm models (time interval between successive
images t = 0.15 s; beat frequency of flagellar bending was f = 1.2 Hz); (b) profiles of microtubule
sliding displacement and of the transverse displacement of the flagellum shown in (a). Scale
bar = 10 lm. Open access from Ref. [24]. ii Models for (a) kinesin and (b) dynein stepping.
Reprinted with permission from Ref. [23]
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applications, nanomotors are employed in complex sample matrices (e.g. high ionic
strength), so high selectivity is imperative.

In liquid suspensions, the solvent’s viscosity and the particle’s drag force in the
solvent have profound effects on motor movement. Locomotion in fluids is typi-
cally described by Reynolds number, which is the ratio of inertial forces to viscous
forces. Due to their small sizes, the movement of nano- and micromotors takes
place at low Reynolds numbers where viscous forces dominate [26]. Since inertial
forces do not play a role, motors in this regime must continuously apply force to
move. Particle diffusion can be understood using Stokes’ Law, which calculates the
drag force experienced by a spherical particle with a certain radius in low Reynolds’
number regimes. Diffusion coefficients are also size dependent, so it is harder for
smaller motors to move in response to a field. Nanomotors have to overcome
hydrodynamic forces (e.g. diffusion and viscous drag), Brownian motion and
rotation, and unfavorable interactions with the energy source (e.g. magnetic or
plasmonic heating) or physical environment. Non-equilibrium forces are required
to create directional movement. Thus, careful design of the nanomotor and power
source must be carried out to ensure the movement is related to the power source
rather than hydrodynamic forces and Brownian motion. The interactions between
the motors, such as repulsive or attractive forces or long-range ion gradients, can
lead to assemblies and collective interactions that will also affect the movement of
the motors [27]. Depending on the morphology, composition, and fuel used, the
nano- and micromotors can have oscillatory or linear motion.

This chapter focuses on metallic inorganic nanomotors. These nanomotors are
not typically made up of moving parts but rather are created in a way to facilitate
movement through their anisotropic structure [7]. The biomimetic capabilities of
nanomotors have also been applied to electronic applications, where nanomotors
were used to autonomously seek and repair nano-and micro-sized cracks [6]. The
ability to repair damage based on changes in the chemical or physical environment
can be extended into the medical field, where nanomotors can be applied to help
“heal” damage to the body. The ability of nanomotors to change speed and tra-
jectory in the presence of certain chemicals is beneficial in a wide array of appli-
cations including chemical sensing and transport.

6.2 Synthetic Nanomotor Design

6.2.1 Synthesis and Characterization

A variety of approaches have been used to fabricate a wide array of nanomotors,
including Janus particles, anisotropically shaped nanoparticles, and protein and
polymer based particles. The movement of nano and micromotors in solution is
typically tracked through optical spectroscopy. Videos and time lapse images are
obtained and single particle tracking statistics are used to determine the speed and

156 K.J. Coopersmith



trajectory of the motors [5, 7, 11]. Temporal particle tracks are used to graphically
demonstrate the motor’s trajectory [11]. Diffusion coefficients, which are typically
on the order of *1 lm2/s for nanomotors, can be calculated from the slope from
mean squared displacement plots or extrapolated from dynamic light scattering
(DLS) measurements [28, 29]. Diffusion coefficients are used to quantify the
mobility of the motors and are dependent on viscosity. Optical tweezers have also
been used to measure the force required for propulsion [29].

The presence of ligands on nanomotor’s surfaces will affect the movement and
efficiency of the nanomotor, either hindering or enhancing the movement [30].
When ligands hinder the movement, anisotropic rods and wires can be synthesized
without surface capping molecules via physical routes such as sequential elec-
trodeposition onto templates [7, 10, 11, 30] or thermal evaporation [5]. In elec-
trodeposition routes, the rod or wire length can be tuned via electrodeposition time
where a longer deposition time leads to longer rods or wires. The fast movements of
propelled nanomotors may also lead to a decrease in physically adsorbed species
that can interfere with the movement or reactivity.

Anisotropy can be appended to particles that may not otherwise be anisotropic,
such as spherical particles. For example, Janus nanoparticles have two or more
domains with distinct physical or chemical properties. The different domains are
typically fabricated by creating a separate domain on a spherical nanoparticle at
various types of interfaces, such as air-liquid, liquid-liquid or gas-liquid interfaces.
In the most common approach, nanoparticles are deposited onto substrates and the
exposed side is coated with a different composition, either through wet chemistry
[31], electron beam deposition [29] or altered sputtering processes [15]. In the
thermal evaporation technique, single composition nanoparticles are attached to a
substrate and metal vapor condenses onto the substrate in a vacuum, leading to the
creation of a sphere with two different metallic domains [5]. Other synthetic
methods, including the Kirkendall effect, may also be utilized to create anisotropic
nanoparticles. For the Kirkendall effect, particles are synthesized from two
incompatible metals that phase separate into individual domains. The ideal tech-
nique for nanomotor fabrication depends on the nanomotor’s requirements.

6.2.2 Efficiency

Nanomotor efficiency is based on the conversion of fuel into mechanical motion.
A variety of mechanisms contribute to efficiency loss, including consumption of the
motor, depletion of the fuel, and side reactions, such as the decomposition of the
fuel via paths that do not lead to movement [10, 11, 30]. Nanomotors should be able
to be employed in complex sample matrices, where contaminants may be present.
Various routes have been studied to increase the efficiency, including the photo-
chemical decomposition to regenerate the nanomotor and fuel [30]. The efficiency
is typically calculated using Eq. 6.1:
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g ¼ power output
total power output

; ð6:1Þ

where ƞ is the efficiency of the nanomotor as a function of power output (speed and
trajectory) and total power input (chemical concentrations, etc.) [30]. The efficiency
of nanomotors have been reported on the order of 10−9–10−5, and external field
driven motors typically have higher efficiency than chemically driven motors [30].

6.3 Propulsion Routes

Synthetic nanomotors can be powered non-autonomously by external fields, such as
magnetic [12, 13, 32–35], acoustic [25, 36–40], and optical [41–44] energies, or
autonomously through self-generated chemical gradients [7, 11, 28, 45] or bubble
propulsion [4, 15]. For motors powered via external fields, the speed and direc-
tionality may be easier to control. In contrast, chemically powered nanomotors do
not require direct manipulation but they typically require high concentrations of
chemicals, since the instantaneous efficiency depends on the amount of fuel
remaining in solution. Chemically powered motors also have fine-tuned sensing
capabilities, where movement as a response to changes in the environment can
translate into lower detection limits and energy conservation for industrial appli-
cations such as water detoxification. The propulsion route and nanomotor design
can be tailored depending on the desired application.

6.3.1 External Propulsion

External energy can be transduced into movement via magnetic, acoustic or optical
energy, with speed and efficiency related to the strength and power of the energy
input. These energy routes are non-contact and highly targeted methods that do not
require additional chemical changes to the environment. External manipulation and
control also gives one the ability to tune the route and location of the nanomotors
with longer motor lifetimes.

6.3.1.1 Acoustic

Acoustic energy has been developed for medical treatment and diagnostics, such as
ultrasonography. Due to the minimal adverse side effects on biological systems, the
use of acoustic energy to power nanomotors for biologically relevant applications is
desired. Nanorods, nanowires, and microrods have been accelerated in megahertz
(MHz) acoustic fields without the addition of chemical fuel [25, 37–40]. In these
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studies, standing waves are used to acoustically confine particles to a levitation
plane, where the acoustic pressure is at a minimum (nodal plane). Experimental
geometry can also be tailored to create arrays of particles. In the presence of
acoustic radiation, spherical particles create linearly and spherically assembled
shapes that are difficult to control [38]. Though anisotropic metal rods also dis-
played linear and spherical assembly, they displayed directional motion, in-plane
rotation and pattern formations, as shown in Fig. 6.2 [38]. The directional motion
was dependent on their location in the levitation plane and the frequency and the
speed of the rods were tuned by changing the amplitude of the acoustic fields [38].

The mechanism that is believed to be responsible for movement in acoustic
fields is the acoustic streaming mechanism, where particles oscillate in the plane of
the acoustic field and experience a stress that causes them to move [37]. Particle
asymmetry causes streaming effects that create a net force along the axis of the rods,

Fig. 6.2 a–c Illustration of the kinds of motion (axial directional motion, in-plane rotation, chain
assembly and axial spinning and pattern formation, especially ring patterns) of metal microrods in
a 3.7 MHz acoustic field. AuRu rods (gold-silvery color in dark field) showed similar behaviour to
the Au rods, except that they moved with their Ru ends (the silvery end in the image) forward and
aligned head-to-tail into chains. d and e Dark field images of typical chain structures and ring
patterns formed by Au and AuRu rods. Note that the cartoons superimposed on d are intended to
show the alignment of the rods and are not to scale or in proportion to the aspect ratio of the Au or
AuRu rods. Reproduced with permission from Ref. [38] Copyright © 2012 American Chemical
Society
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leading to directional movement [37, 38]. For bimetallic nanorods, lighter density
material led the movement of the nanomotor but when the materials had similar
densities, the movement occurred in the direction of the concave end of the
rod as opposed to the convex end due to shape asymmetry rather than material
asymmetry [37].

Both cells and nanomotors can be manipulated using acoustic fields. When
exposed to ultrasonic radiation, cells aggregate at pressure nodes that are perpen-
dicular to the direction of the acoustic waves without damage to the cells or drug
loaded nanomotors [46]. Acoustic fields can be used to increase the contact between
cells and drug loaded nanomotors that can subsequently deliver their drugs [25, 46].
Enhanced propulsion under the influence of the acoustic field allows nanomotors to
pierce through the cell membrane [25]. Drug therapy has been found to be more
efficient in the presence of acoustic radiation [25]. More efficient drug therapy leads
to lower drug concentration requirements, which can decrease the prevalence of
unwanted side effects.

6.3.1.2 Optical

The first examples of nanomachines were created from organic molecules that
change based on photochemical processes, such as photochemical cis-trans iso-
merization and thermal isomerization [47, 48]. When exposed to ultraviolet
(UV) light, organic molecular motors rotate in response to the change in chirality.
When the UV light is removed, the molecular motors rotate in the opposite
direction due to thermal isomerization as the molecule relaxes back to the original
structure. Organic molecular motors have been created that can rotate objects that
are on the order of 10,000 times larger than their size when exposed to ultraviolet
light [48]. Molecular motors have a large electronic effect that determines the rate of
isomerization and the speed of rotation [47]. Alternatively, nanomotors based on
inorganic nano and micron sized particles have been created from materials that
interact with light, such as metal nanoparticles that have a surface plasmon band
[41–44]. The optical torque of anisotropic gold nanostructures using light has been
studied theoretically [41, 42] and experimentally [44]. Generally, the optical torque
and direction depends on the polarization of the light, location of the surface
plasmon resonance band, the efficiency of light absorption, solution viscosity, and
magnitude of the light torque [41].

Figure 6.3 shows the interactions between AuNRs and circularly polarized light
as well as the effect of torque on wavelength. At the surface plasmon resonance
band, rotational torque is at a maximum; however, no rotation was observed with
linearly polarized light [41]. Nanomotors that rotate in response to light can be used
as nano stir bars or as probes measure biological processes or determine the vis-
cosity of nano environments [44].
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6.3.1.3 Magnetic

Another external actuation mechanism involves the use of magnetic fields [12, 13,
32–35]. Propulsion has been achieved using homogenous rotating magnetic fields
and magnetic field gradients, though as the size of the nanomotor decreases,
actuation by the former becomes more reliable [12, 33]. Magnetically propelled
machines typically contain helical or chiral components that allow them to be
steered through a matrix. Independent control over propulsion in a mixture of
different nano and micromotors has been achieved in a variety of different ways [12,
33]. In one route, two different nanomotors can be combined that respond to
different types of magnetic fields. Alternatively, various nanomotors can be fabri-
cated with different magnetic moments or speed-frequency relationships [12, 33].
For the latter, the ratios between speeds of the different propellers are related to the
ratios between the critical frequencies, allowing for predictable motor control [12].
Nanomotors propelled via magnetic fields have been used for assembly, material
delivery, and nanomotor lithography. Magnetic manipulation is useful for biolog-
ical applications because most biological systems can tolerate magnetic field
energy. As a result of this benefit, magnetic nanomotors have been used for
applications such as the magnetic delivery of drugs using a predetermined route
[13], biosensing [49], among others.

6.3.2 Chemical Propulsion

Chemically powered motors use stored chemical energy as the power source,
leading to a fully autonomous movement without the need for external energy.

Fig. 6.3 a AuNR rotation as a response to circularly polarized light; b effect of absorption
efficiency on torque for a rotating AuNR. Open access from Ref. [41]
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In these systems, there is an imbalance in the chemical environment that drives the
motion. Chemical mechanisms that have been used to describe nanomotor accel-
eration in the presence of fuel or ions include underpotential deposition (UPD),
where ions are absorbed and reduced on the surface [7], self-generated ion gradi-
ents, catalyzed reactions, and gas propulsion as a result of gas release from chemical
reactions. The speed and directionality of chemically powered nanomotors depends
on the nano-engineered motor as well as the amount of the fuel.

6.3.2.1 Diffusiophoresis

Movement can result from a gradient of uncharged solutes (electrophoretic
movement) or a gradient of charged solutes (chemophoretic movement) on motor’s
surfaces [7, 11, 28, 45]. These mechanisms direct movement in particles by creating
a gradient of particles that generates a change in osmotic pressure, leading to fluid
flow in the direction of higher concentrations of ions or chemicals [28]. In
self-electrophoresis, or the movement in the presence of a self-generated ion gra-
dient, the change in ion concentrations results in movement via electro-osmotic
flow through the change in the electrical double layer. Since the movement is
dependent on ion concentrations, speed typically decreases with solution conduc-
tivity [7]. Nanoparticles that are propelled by self-generated chemical concentration
gradients are propelled by self-diffusiophoresis and are effective even in high ionic
conditions; however, these nanomotors tend to have slower speeds compared to
electrophoretic conditions [27]. The fastest diffusiophoretic mechanisms occur in
systems that release protons since the diffusion of protons is an order of magnitude
faster than the diffusion of anions [27].

One of the most well studied self-electrophoretic fuel mechanisms is the
decomposition of H2O2 in the presence of bimetallic rods and wires [7]. In one
example, Au–Pt nanowires were used, where the Pt–Ag system acted as an anode–
cathode for the decomposition of hydrogen peroxide. This system had an unusual
increase in speed with an increase in solution conductivity when the added ion was
Ag+. In the presence of Ag+ ions, there was a dramatic increase in speed, from
10 lm s−1 to 52 lm s−1, whereas the addition of other metal ions led to a decrease
in speed, ranging from 0.3 to 7.1 lm s−1 [7]. This increase in speed was attributed
to underpotential deposition (UPD), where the Ag was reduced at the Pt surface of
the nanowires, leading to Au–Pt–Ag compositions. Control experiments indicated
that the acceleration was due to the addition of the Ag domain. This added domain
possibly led to an increased difference in chemical potentials between the anode and
the cathode, an increase in the catalytic activity, and an increase in concentration
gradient of reaction products around the rod (self-diffusiophoresis).

Although hydrogen peroxide is one of the more well studied fuels, other
materials such as halogen liquids have been investigated. Figure 6.4 shows an
example of a bimetallic nanowire that moved in response to the addition of Br2 and
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I2 solutions due to the etching of the Cu domain in Br2 and the conversion of Cu to
CuI in I2 solutions [11]. The movement of the nanowire is in the opposite direction
of the fluid flow. The shorter the Cu segment, the faster the rods moved but the
shorter the lifetime due to the consumption of the Cu metal [11].

In this study, asymmetric Cu nanorods were also synthesized into a ratchet shape
and introduced into I2 to create a rotor. The different redox reaction rates at the
anisotropic end of the Cu nanorod led to the torque for the rotational movement
[11].

Enzyme catalytic reactions are specific and efficient reactions that can occur even
in the highly molecularly crowded locations inside of cells [50]. There is a large
library of known enzymatic reactions, with over 2000 known enzymes. Since
enzymes are found in living cells, they have a high biocompatibility that is beneficial
for in vivo cargo delivery, biological sensing and other biomedical applications [29,
50]. In one example, Janus nanoparticles were created and functionalized with three
different enzymes as shown in Fig. 6.5 [29]. The enzyme functionalized nanopar-
ticles had directional movement as a result of the chemical gradient from the enzyme
catalyzed reactions [29]. An increase in diffusion coefficient was measured with
increasing fuel concentrations up to a saturation point (Fig. 6.5c), which was
attributed to the Michaelis-Menten enzyme kinetic values and the viscosity of the
solution due to increased glucose fuel concentration. Unlike the H2O2 fueled motors,
these motors used glucose and urea, which are biologically benign [29].

Fig. 6.4 Effect of aqueous solutions of Br2 (a) and I2 (b) on Cu morphology in Pt–Cu bimetallic
nanowires. Reproduced with permission from Ref. [11]. Copyright © 2012 American Chemical
Society
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6.3.2.2 Bubble Propulsion

Micro- and nano sized jets have been created that are propelled via bubble recoil
(Fig. 6.6). In these systems, bubbles are created due to a chemical reaction on one
side of the nanomotor. For example, in the creation of H2 gas from a metallic
reaction with water or acid [15, 51], the hydrogen bubble thrust generated as a result
of the reaction led to particle propulsion in the opposite direction. Controlled and
gradual dissolution leads to an increase in nanomotor lifetime. This has been
accomplished through various routes, including in core/shell architectures, where
the presence of a small “hole” in the shell allows gradual exposure of the reactive
species [15]. Bubble formation has also been used to create nanomachines that
move in response to the ejection of single layer graphene sheets as a result of H2

release from the sodium-water reaction [51].

Fig. 6.5 i Overview of the different enzymes used to create self-propelled nanomotors. ii
(a) Diffusion coefficient as a function of urea concentration for urease functionalized nanoparticles;
(b) effect of urea on DLS measured diffusion coefficient; (c) diffusion coefficient as a function of
glucose concentration for glucose oxidase functionalized nanoparticles. Open access from Ref.
[29]

Fig. 6.6 Nanomotors powered via bubble propulsion as a result of the manganese reaction with
water. Reproduced with permission from Ref. [15]. Copyright © 2014 American Chemical Society
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6.3.3 Multiple Energy Sources

Dual-fuel and hybrid motors have also been realized for increased flexibility,
control, and lifetime [5]. In one example, Ag/Mg Janus microparticles could be
propelled in two directions based on the fuel; silver was propelled through elec-
trocatalytic reactions with hydrogen peroxide and the magnesium component was
propelled through the water–magnesium reaction with sodium bicarbonate as fuel.
These nanomotors moved with an average velocity of 90 lm s−1 in sodium
bicarbonate (*3.6 bl/s) and 67 lm s−1 in hydrogen peroxide (*2.7 bl/s) and
traveled for 15 and 30 min in sodium bicarbonate and hydrogen peroxide,
respectively, before consuming all of the fuel [5]. When exposed to E. coli with and
without fuel, these motors killed 90% of the bacteria when the fuel was added,
compared to 10% for the static motors. The more efficient antibacterial properties of
the moving nanomotors was a result of the increased movement of the Janus
particles in solution, allowing more bacteria to be exposed to the antimicrobial
silver portion. These findings can lead to more efficient antimicrobial delivery and a
decrease in antibiotic resistance.

Nanomotors that are powered by two different energy routes, also known as
hybrid nanomotors, have been created [34–36]. These can be used to overcome the
limitations of certain fuel sources or to reverse motion [36]. In one example,
nanowires were created with Ag, Ni and Pt segments for catalytic and magnetic
powered motors [34]. Individually, the motors experienced similar speeds in the
presence of either catalytic fuel or magnetic energy; however, in the presence of
both, the speeds were slower due to the increased fluid drag resistance from
opposing propulsion forces [34].

Figure 6.7 shows the design of a hybrid nanomotor that can be powered using
either acoustic or magnetic energy [35]. In these nanomotors, the concave Au
nanorod segment responded to acoustic fields and the Ni coated Pd segment
responded to a magnetic field. The magnetic propulsion was achieved using a
rotating magnetic field with speeds of 12.2 lm/s and the acoustic propulsion, under
an ultrasound field, led to speeds of 16.8 lm/s [35]. Creating nanomotors that can
be powered using two different routes offers a new degree of flexibility for their use
in dynamic environments [35].

Fig. 6.7 Hybrid nanomotor that can be powered by a acoustic energy, which is absorbed by the
Au nanorod segment, or b magnetic energy, which is absorbed by the Ni coated Pd segment;
c SEM image of the magneto-acoustic nanomotor (scale bar = 500 nm). Reproduced with
permission from Ref. [35]. Copyright © 2015 American Chemical Society
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6.3.4 Conclusions and Future Outlook

The employment of micro- and nanomotors for medical treatment and diagnostics,
chemotaxis, electronic repair, and environmental remediation has been realized.
A wide array of machines has been created and their interactions with various
chemical and external fields have been studied. While each propulsion system has
their benefits and detriments, careful pairing of particle size, morphology and
composition with the input energy route can lead to machines that are highly
efficient for the job they are employed to do. It is hopeful that in the future,
nanomotors are created with an enhanced ability to work in complex sample
matrices and ability to move in biologically and environmentally relevant fuel
concentrations.
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Chapter 7
Prospects for Rational Control
of Nanocrystal Shape Through Successive
Ionic Layer Adsorption and Reaction
(SILAR) and Related Approaches

Andrew B. Greytak, Rui Tan and Stephen K. Roberts

Abstract This chapter describes the use of colloidal successive ionic layer addition
as an additive growth method to form inorganic colloidal nanocrystals with con-
trolled shapes. Rational design of nanocrystal dimensions and layer thicknesses in
nanocrystal heterostructures is important to many current and anticipated uses of
nanocrystals in optoelectronics, energy conversion, and fluorescence imaging. One
approach to shape control is the use of a series of self-limiting surface reactions to
build up crystals one atomic layer at a time. This approach is especially applicable
to nanocrystals made of binary ionic or polar-covalent crystalline compounds, as
are found in colloidal quantum dots (QDs). The intrinsic symmetry present in
colloidal nanocrystal nuclei can be suppressed to enforce conformal layer growth or
harnessed to promote regioselective growth. We specifically discuss two families of
methods that are colloidal analogues of vapor-source atomic layer deposition. In
colloidal successive ionic layer adsorption and reaction (colloidal SILAR), reagents
are introduced to a nanocrystal solution in metered doses corresponding to the total
surface area. In colloidal atomic layer deposition (colloidal ALD), reagents are
added in excess, and unreacted reagent is subsequently separated and removed. An
extensive literature exists on the use of colloidal SILAR to form nominally isotropic
core/shell quantum dots (QDs) with high photoluminescence quantum yield.
Colloidal ALD has been introduced more recently. There is increasing interest in
applying both methods to the formation of anisotropic nanocrystal heterostructures,
both through deposition of conformal layers on anisotropic substrates and through
controlled anisotropic growth. We review the historical development of these
methods, common precursors, and recent developments in monitoring of reaction
progress and mechanisms. We also present contemporary examples of isotropic and
anisotropic growth, and prospects for future development in the context of several
representative applications including cell membrane voltage measurements and
fluorescence anisotropy.
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7.1 Overview

When the sizes of semiconductor and metal nanoparticles are reduced below
characteristic length scales for physical processes in these materials, the properties
begin to diverge from the bulk, resulting in a host of size-dependent phenomena
that can be used to tune the properties to advantage in applications. However, the
size-dependence means that a great deal of control must be exercised over size and
shape in order to have narrowly distributed properties among particles in the
ensemble. A particularly interesting challenge is the definition of anisotropic par-
ticles in template-free colloidal syntheses. Such anisotropic particles are potentially
useful for measuring or imposing directional physical conditions such as static
electric fields and absorption and emission of polarized light in order to determine
orientations in biological samples.

Shape control in inorganic nanocrystals can be achieved via surface interactions
and crystal symmetry in colloidal growth. These factors do not require a
pre-existing template and are therefore highly scalable and can exert control at the
nanometer and sub-nanometer level. We focus on the case of nanocrystals com-
posed of binary semiconducting compounds that have shown considerable promise
as colloidal quantum dots. Growth of these crystals can lead to anisotropic shapes
based on interfacial energies and/or growth kinetics in epitaxial growth as well as
due to relaxation of lattice strain in formation of heterostructures. Decades of
research have identified solvent conditions, ligands, and temperatures under which
colloidal nanocrystals of common compound semiconductors preferentially grow
into quasi-spherical nanocrystals, nanorods, nanoplatelets, and a variety of other
shapes. However, these conditions do not necessarily allow critical dimensions such
as length and width to be defined independently or for conformal coatings to be
deposited on anisotropic cores. Additionally, to achieve samples with well-defined
properties, it is necessary to eliminate sources of structural inhomogeneity,
including the nucleation of undesired particles due to cross-reaction of precursors in
solution.

Colloidal successive ionic layer addition encompasses a family of processes that
are designed to improve the control of surface growth in colloidal nanocrystals by
using a series of self-limiting surface reactions that each supply one of the com-
plementary ions. These processes are analogous to atomic layer deposition
(ALD) [1–4] and successive ion layer adsorption and reaction (SILAR) [5–8]
techniques for conformal thin film growth. To date, such processes have primarily
been used for the formation of quasi-spherical core/shell quantum dots. Though
successful in this objective, the potential value of colloidal successive ionic layer
addition in the synthesis of anisotropic nanocrystal shapes with precisely pro-
grammed dimensions is just beginning to be recognized.

This chapter begins by describing the significance of shape control to spec-
troscopy and applications of semiconductor nanocrystals, and processes that lead to
anisotropic growth in representative colloidal materials. Successive ionic layer
addition approaches to nanocrystal growth are then introduced, including
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assessments of the effectiveness of such methods in enforcing conformal and
isotropic growth of core/shell heterostructures. By combining successive ionic layer
addition with kinetically- or thermodynamically-controlled continuous growth
steps, it is possible to form selected classes of anisotropic nanocrystal
heterostructures. We then discuss the prospects for adapting successive ionic layer
addition methods to form anisotropic structures directly via sub-monolayer addition
cycles, and some emerging application areas where such shape control is likely to
be especially useful.

7.2 Influence of Shape on Electronic Properties
of Colloidal Nanocrystals

Colloidal semiconductor nanocrystals, which can constitute one type of quantum dot
[9, 10], have been widely explored over the past 30 years and a number of good
reviews are available [11–13]. They have been studied as the basis for photocatalysts
[14], components of solution-processable solar cells [12, 15] and photodetectors [16],
as emitters for lighting and display applications [17–19], and asfluorescent probes and
sensors for biomedical applications [20–28]. Many, but not all, of the foregoing
applications make use of the unique electronic structure of semiconductor
nanocrystals; namely, delocalized band-edge states whose energies are subject to
quantum confinement imposed by the boundaries of the crystal. As a result of their
electronic structure, quantum dots exhibit size-tunable absorption and emission
spectra, large molar extinction coefficients [29–31] and 2-photon cross sections
[21, 32], and high photostability compared to most molecular fluorophores [33].

In what follows, the term nanocrystal (NC) will be used to refer to nanocrystals
in general and quantum dot (QD) to refer specifically to those whose relevant
properties can be reasonably understood from spherical-well excited states, such as
are typically employed as fluorophores; the terms are in some cases interchange-
able. Nanocrystal samples are typically inhomogeneous ensembles, formed via
kinetically-controlled, high-order reactions [34, 35]. In well-represented cases such
as CdSe, advances in NC growth have permitted the formation of samples with
good crystallinity and narrow size distributions, as well as core/shell heterostruc-
tures that achieve high quantum yields by enclosing the core within a semicon-
ductor having a larger bandgap [36–41]. The ensemble linewidths of the
lowest-energy electronic transition (LEET, or band-edge exciton) in QD samples
can approach the single-particle limit at room temperature [42]. Advances in QD
surface chemistry have enabled the formation of biocompatible nanoparticles with
low non-specific binding, high brightness, and the ability to attach additional
molecular components in a modular fashion to design interactions as sensors and
labels [43–48].
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Despite many successes in the use of QDs in fluorescence applications, it has
been challenging to achieve homogenous properties among QDs in a sample and to
reconcile single particle results with ensemble properties. For example, in samples
displaying less than unity photoluminescence quantum yield (QY), it is important to
understand the origin of non-radiative decay and whether it is a homogenous
property of the sample or is associated with a subset of particles. Fluorescence
intermittency, or blinking, is ubiquitous among QDs, but structural variations
among particles also play a key role. It has long been known that one contribution
to diminished QY is the homogenous nucleation of particles of the shell material
during procedures intended to form core/shell heterostructures [49]. These shell
particles will absorb incident light at energies above their effective bandgaps, but
will not transfer the excitation efficiently to the intended product QDs. Lattice
mismatch between core and shell can pose difficulties in achieving conformal,
epitaxial shell growth. Indeed, recent experiments that permit registry of
single-particle fluorescence microscopy images to high-resolution scanning trans-
mission electron microscopy (scanning TEM, STEM) have shown that many QDs
that show poor QY also display inhomogeneous or incomplete shell coverage [50].

Alternating layer approaches to core/shell QDs were introduced by Peng and
co-workers with the goal of suppressing homogenous nucleation and enforcing
conformal shell growth [51]. The techniques have since been widely adopted in
many variations, and are now a standard preparative approach to core/shell QDs.
More recent studies have investigated the intermediate stages of these reactions to
determine the conditions under which the mechanistic goals of the approach can be
met. Sections 7.4–7.7 of this chapter review alternating layer methods designed to
form approximately spherical core/shell QDs, along with several references to shell
growth procedures under simultaneous reagent addition for comparison.

In bioimaging, QDs have been employed as isotropic fluorophores in labeling,
tracking [52], biodistribution [53], and energy transfer sensing applications [24].
Yet, there is a crowded field of small-molecule or genetically-encoded fluorophores
and alternative luminescent nanoparticles [54] that are suitable for many applica-
tions. As such, there may be a limited set of cases in which the advantages of QDs
outweigh drawbacks such as blinking and incorporation of toxic elements.

The success of colloidal QDs in fluorescence applications can be extended to
achieve an even greater impact by research to alleviate these concerns, but also by
harnessing the unique electronic properties afforded by NCs, including NCs with
anisotropic shapes. NCs can be synthesized that display significant fluorescence
anisotropy due to dielectric confinement and/or exciton fine structure [55–58], or
that display significant responses to applied electric fields at room temperature [59];
such NCs offer a way to probe anisotropic biological processes and structures if the
crystal orientation in the biological environment can be controlled. The application
of semiconductor NCs as probes of membrane potential for neuroscience studies in
particular has been considered for several years [60, 61] and recently discussed
theoretically [62], but to realize this goal will require advances in the ability to form
anisotropically-functionalized NCs.
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7.3 Mechanisms of Anisotropic Growth and Erosion

Figure 7.1 illustrates several means by which continued growth of single-crystal
colloidal nanoparticles may lead to anisotropic structures. Firstly, the surfaces of
NCs necessarily include regions that do not share the same symmetry with respect
to the crystal lattice and are therefore structurally distinct [11, 63–65].
Thermodynamic effects, such as a lower surface free energy, may favor the pre-
ponderance of low-index facets with greater coordination numbers, while these
structurally distinct regions (facets, edges, corners) may naturally possess different
reaction rates toward ligand exchange reactions or further crystal growth [66]. In
this sense colloidal nanocrystals are no different than larger crystals, except that
surface coating more strongly affects the relative stability of the system and the
exchange kinetics at different sites. If growth is allowed to continue towards
thermodynamic equilibrium with dissolved species, and/or if growth is conducted
under conditions in which large differences in growth rates among crystal orien-
tations exist, the resulting NC shapes will be anisotropic, and the anisotropies that
are achieved will be derived from the symmetry of the crystal lattice.

Among the most common compound semiconductor NC lattice structures are
cubic rocksalt (e.g. PbS, PbSe) and zincblende (e.g. InAs, InP, CdSe) . The wurtzite
structure is also widely found (e.g. CdS, CdSe, ZnO) and is an example of a
hexagonal lattice. A range of nanocrystal shapes can be derived from each of these
structures without reducing their intrinsic crystal symmetries.

Zinc blende and rock salt can each be thought of as a pair of interpenetrating
face-centered cubic lattices. In the zincblende structure, the atoms of the second
lattice occupy a set of tetrahedral voids in the first; each atom has a tetrahedral
bonding geometry, exactly as in diamond but with each element in the compound
occupying half of the sites. In a zincblende crystal, six {100} facets may be ter-
minated by cation or anion layers, but are all symmetrically equivalent. There are
eight possible {111} facets, but {111} facets on opposite sides of the crystal are
inequivalent. If the {111} facets are terminated so that each surfaceatom has only
one dangling bond, then one of the opposing {111} surfaces will be
cation-terminated (commonly defined as the A face, pointing in the [111] direction),
while the other will be anion-terminated (commonly defined as the B face, pointing
in the [1′1′1′] direction). This creates a dipole that, in a symmetric crystal, is
canceled out by equivalent dipoles in the other three tetrahedrally equivalent
directions, much as in a molecular compound such as CF4. The {110} faces are
charge-neutral, having equal numbers of cations and anions in each layer. As a
result of these considerations, zincblende nanocrystals commonly appear as cubes,
octahedrons, truncated octahedrons, or tetrahedral shapes.

In the rocksalt structure, the atoms of the second lattice occupy the octahedral
voids in the first; each atom has an octahedral bonding geometry. In rocksalt
crystals, the {100} and {110} faces are charge-neutral, while all eight {111} faces
are symmetrically equivalent, with alternating layers of cations and anions.
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Fig. 7.1 Factors driving anisotropic growth in nanocrystals. a Growth of a cubic structure, such
as zincblende. Preference for low-index facets may favor non-spherical shapes that share the
symmetry of the lattice. Breaking the symmetry between crystallographically equivalent facets can
lead to 2D structures with square or rectangular shapes. b The wurtzite crystal structure is
hexagonal and lacks inversion symmetry. Red and blue patches represent dissimilar c faces of the
unit cell; they are chemically distinct and exhibit different growth rates. Reduction in symmetry
between equivalent sidewall facets can lead to 2D structures with rectangular shapes and distinct
edge facets. c In core/shell heterostructures, lattice strain can be relieved by formation of defect
structures leading to inhomogeneous or incomplete coverage of the core
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As a result, cubes, octahedrons, and truncated octahedrons can be formed without
loss of symmetry. Note that charge-neutral {111} faces can only be achieved with a
partial monolayer at the surface.

The wurtzite structure is uniaxial. It is derived from a hexagonal close packed
cation lattice, with anions occupying tetrahedral sites such that each atom has a
tetrahedral bonding geometry, but with an eclipsed arrangement for successive pairs
of atoms along the hexagonal axis, rather than the staggered arrangement found in
zincblende and diamond. It does not possess inversion symmetry about the axis of
hexagonal symmetry. As such, the two hexagonal facets ({0001}, normal to the
c axis) are chemically distinct from each other and from the orthogonal surfaces. If
the {0001} facets are terminated such that each atom has only one dangling bond,
one face will be cation terminated (commonly used to define the [0001] direction,
homologous to the ZB A face), while face in the opposing [0001′] direction will be
anion-terminated (homologous to the ZB B face). Low-index sidewalls include the
six {112′0} facets, and the six {11′00} facets rotated by 30° from these, all of which
present charge-neutral monolayers. As a result of these considerations, when
wurtzite NCs are extended through growth (or eroded through etching) the process
can be characterized by at least three distinct growth rates (two axial, plus at least
one orthogonal to the axis). Nanorods with tips of differing lengths, as well as
hexagonal platelets, have been observed.

In each of these structures, reductions in symmetry have also been observed that
are attributed to strong ligand interactions. Examples include the formation of
quasi-2D nanoplatelets featuring extended (001) and (001′) facets in the case of
zincblende, and nanoplatelets (or “nanoribbons”) with {112′0} facets with rectan-
gular symmetry in the case of wurtzite. The monolayer structure orthogonal to the
<111> direction in zincblende is identical to that orthogonal to the <0001> direction
in wurtzite; only the stacking sequence varies. As such, stacking faults and poly-
typism among wurtzite and zincblende are common and this has been harnessed to
form complex structures such as tetrapods with zincblende cores and wurtzite arms
extending in each of four equivalent <111> directions. These nanocrystal shapes
strongly influence properties through quantum confinement and dielectric contrast.

Nanocrystal heterostructures can be formed by heterogeneous nucleation of a
shell material on pre-existing cores (sometimes referred to as seeds). The growth of
such shells may be regioselective based on the underlying anisotropy of the crystal
structure as described above. For example, for wurtzite NC heterostructures,
dot-in-rod and dot-in-plate morphologies are seen. Additionally, strain due to lattice
mismatch can interfere with the ability to form epitaxial heterostructures. Above a
critical thickness, the strain energy exceeds the cost of forming defects and/or
increasing surface area, such that roughened and discontinuous layers are formed
(Fig. 7.1c) [67]. Such islanding is well-known in thin-film growth, and tolerances
are often more lenient in nanoscale junctions than in planar interfaces, but there can
be a tradeoff between lattice mismatch and the desire to form heterojunctions with
large band offsets to confine the band-edge wavefunctions. In some cases, strain
can be used to repeatably obtain branched shapes such as tetrapods [68],
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but strain-driven anisotropy can also be accompanied by considerable variation in
shapes among NCs in ensemble samples.

The above processes provide an avenue to template-free formation of anisotropic
colloidal nanocrystals, which can sometimes be highly desirable. The formation of
CdSe/CdS rod/tetrapod core/shell structures [69–74], CdS1–xSex nanorods with
axial anisotropy [75–77], multi-component nanobarbells [78], and CdSe/CdS
core/shell nanoplatelets [79] has led to NCs displaying highly polarized excited
states [80–82], high sensitivity to non-isotropic external stresses [72], multiexci-
tonic dual emission [83, 84], and the capability to engineer charge and energy flows
that are valuable in applications [70, 85, 86]. We emphasize that while nanocrystals
with the wurtzite and cubic lattices have been widely studied, nanocrystal shape
control via crystal symmetry is of course not limited to these materials: for example,
2D growth in transition metal sulfide colloidal nanocrystals has recently been
reported [87].

In other cases, these tendencies toward anisotropic growth are detrimental. For
example, a conformal and isotropic core/shell heterostructure can increase the
photoluminescence (PL) performance of QDs by isolating the QD core from the
surface, chemically and electronically. Quasi-spherical CdSe/CdS or CdSe/ZnS
core/shell QDs [37, 41, 88–91] display much higher PL QY, [40, 92–94] excitation
rate (absorption cross-section) [95], and photo- and chemical stability than QDs of
homogeneous composition (“core-only” QDs) [33, 96]. The alternating layer
addition processes that are the focus of this chapter have largely been applied in an
effort to enforce isotropic growth and suppress homogenous nucleation in forming
core/shell heterostructures, by suppressing the pathways to anisotropic growth
outlined in Fig. 7.1.

In many cases the selection between isotropic and anisotropic core/shell growth
is made by adjusting the solvent/surfactant and temperature conditions to achieve a
desirable ratio between the growth rates along the different crystal axes [97]. Some
examples of specific conditions for anisotropic growth of chalcogenide nanocrystals
are mentioned in Sect. 7.10. This leads to only a limited degree of control as the
length and diameter of resulting particles cannot be independently selected.
Additional control can be achieved through etching following growth [86].
Nonetheless, the development of a controllable method for growing shells with
different morphology remains a critical goal. In addition, an understanding of the
shell growth mechanisms at play in existing procedures should aid in the design of a
new generation of NC heterostructures.

This chapter will describe nanocrystal surface chemistry pertinent to shape
control and alternating layer growth methods; several good reviews are available for
readers interested in a more general comprehensive overview [98], including
measurements of ligand binding and the effect on photophysics [99], and structural
aspects of ligand binding [100].
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7.4 Enforcing Isotropic Growth with Alternating
Layer Approaches

Successive Ionic Layer Adsorption and Reaction (SILAR) is a solution-phase
technique analogous to atomic layer deposition that can be used to grow binary
films from solution, in which addition of each ion type is nominally self-limiting
(Fig. 7.2). The goals of such an approach are to: (1) saturate available surface
binding sites in each half-cycle in order to enforce conformal growth; and (2) avoid
the simultaneous presence of both precursors in the solution or vapor so as to
prevent uncontrolled surface growth or homogeneous nucleation of film material.
While SILAR was originally developed for use on planar substrates [5, 6], over the
last 14 years alternating-layer methods have been extensively applied to growth of
shells on colloidal NCs.

In discussing alternating layer addition approaches for colloidal particles, it is
important to make a distinction between the process and the mechanism that is
achieved by it. In typical thin film growth by SILAR (or ALD), an excess of reagent
is used in each half-cycle step to drive the surface reaction to completion at all
available sites by mass action. The excess is easily removed before the next step, for
example by lifting the solid substrate out of the reagent solution and rinsing
(Fig. 7.3a). As long as the adsorbed ions do not rearrange quickly on introduction
of the film into the next reagent solution, conformal growth can be achieved.
However, separation of colloidal particles from excess reagent in each half-cycle
poses an extra challenge, and several methods have been adopted in the effort to

Fig. 7.2 Selective ionic layer adsorption and reaction (SILAR). A crystal may grow preferentially
in one direction when all constituent elements are provided simultaneously in the appropriate
oxidation state. SILAR relies on the self-limiting adsorption of an individual constituent of a
binary compound to the crystal surface when the complementary constituent is not present. By
alternating the supply between the two constituents, a conformal, layer-by-layer growth process
can be achieved
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capture the SILAR mechanism—enforcement of conformal growth by self-limiting
surface reactions—in a process compatible with colloidal NCs (Fig. 7.3b–d).

In this segment, methods, reagents, and analysis associated with the use of
alternating layer addition to achieve isotropic growth of semiconductor NCs will be
presented. We focus on the formation of core/shell QD heterostructures, as this has
been the principal target and has also provided an effective test case for
SILAR-based elaboration of NCs based on the contrast in composition between
core and shell, which facilitates analysis of growth results. Table 7.2 lists some

Fig. 7.3 a SILAR on solid-supported substrates can easily expose the sample to a large excess of
each precursor, followed by easy removal. b An experimental configuration for colloidal SILAR
(c-SILAR) permitting introduction of precise precursor doses in sequence. c The c-SILAR
paradigm, in which saturating does are introduced in sequence to saturate available surface sites in
each cycle. d A biphasic implementation of “colloidal ALD” in which an excess of precursors is
introduced in each half-cycle, followed by removal of excess. In the example shown, precursor
conversion is accompanied by a change in solubility
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characteristic examples of NC shell growth via alternating layer methods, as well as
representative preps using simultaneous addition for comparison.

7.5 Methods

7.5.1 Colloidal SILAR (Homogeneous Solution)

In one approach, as originally laid out by Peng and co-workers, reagents are added
in doses calculated to exactly saturate the available surface sites per NC in each
cycle (Fig. 7.3b, c) [51, 101]. This approach has been widely referred to as
“SILAR” in the colloidal NC literature, and we will refer to it here as “colloidal
SILAR” or “c-SILAR” for short. The dose necessary can be determined by con-
sidering the marginal increase in radius associated with one complete “monolayer”
of the (shell) material being deposited. The change in volume associated with this
increase in radius can be used to determine the molar equivalent of each reagent that
is required in each cycle. To conduct a c-SILAR reaction, the NC size and the total
amount of NCs must be determined. For quasi-spherical QDs, calibration curves
can be established that relate the radius and the molar extinction coefficient to the
LEET peak wavelength. Calibration curves have been published for Cd chalco-
genides [29–31, 40] and PbS [102], and individual values are published for other
materials such as InP [103]. Alternatively, the sample mass and average particle
size from direct measurement (e.g. by TEM or small-angle X-ray scattering) can be
used. With this information in hand, for a spherical core of radius r0 and a nominal
shell thickness t, the total dose d (in moles) can be calculated as:

d ¼ nQD �
4p
3 r0 þ tð Þ3�r30
h i

� NA

Vm
ð7:1Þ

Here, nQD is number of moles of QDs, Vm is the molar volume of the shell
compound, and NA is Avogadro’s number. The incremental dose di for each cycle
i can be calculated by considering the radius increase required in each cycle (with
d = Rdi):

di ¼ nQD �
4p
3 r3i � r3i�1

� �� NA

Vm
ð7:2Þ

The marginal thickness for one monolayer has frequently been taken to be the
spacing between adjacent metal (or anion) atom planes in bulk structure of the shell
material—for wurtzite, this corresponds to ½ of the c-axis primitive lattice vector,
or about 0.337 nm in CdS. More generally, a quantity of shell precursors can then
be expressed as a number of monolayer equivalents (ML eq) by considering the
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marginal increase in radius that would result if these reagents reacted quantitatively
to form a shell of uniform thickness on all particles in the sample.

Since the initial report by Peng’s group, Mews and co-workers have used
c-SILAR to form multi-shell structures with gradient composition with ensemble
QY of 70–85% [39]. Hollingsworth and co-workers have adapted the technique to
produce thick shells [95], and Mulvaney and co-workers have used the technique to
map the electronic properties of CdSe/CdS core/shell QDs over a wide range of
parameter space, with reasonably good registry between nominal shell thicknesses
and TEM observations [104].

Despite many successes, application of SILAR in this manner to colloidal NCs
contains an inherent tradeoff that has become apparent in recent years. In thin film
SILAR, a large excess of precursor is presented that drives saturation of each
surface site. In the colloidal case, stoichiometric doses are added. If the precursor
dose per cycle is too large, excess unreacted precursor will remain in solution and
could lead to homogenous nucleation or uncontrolled growth when the comple-
mentary reagent is introduced. On the other hand, if the precursor dose is too small,
surface sites will not be completely saturated, so that isotropic growth is not nec-
essarily enforced: instead, a partial monolayer could be deposited in a regioselective
manner. Importantly, even if 1 ML equivalent is added precisely, the surface
reaction may not run to completion in the absence of excess reagent, instead
reaching an equilibrium state with dissolved species. Indeed, in the initial
description of SILAR on planar substrates, deposition of CdS and ZnS films from
aqueous solutions yielded only about 0.4 ML per complete cycle [5]. The extent to
which extant c-SILAR preps inhabit the mechanistic paradigm has only recently
begun to be probed. As we discuss in some detail below, the choice of precursor
and of reaction solvent affects precursor conversion; judicious choice of precursor
dose and solvent can sustain the formation of isotropic shells with high roundness,
and high ensemble QY.

7.5.2 Colloidal “Atomic Layer Deposition”

A family of biphasic alternating layer addition techniques described in the literature
as “colloidal ALD” (c-ALD) [105] offers an alternative approach in which shell
precursors can be applied in excess. Traditionally, it has been thought difficult to
separate colloidal NCs from precursor solutions at the conclusion of each half-step
as in done in thin film SILAR. NCs can be flocculated and precipitated by addition
of a poor solvent to the colloidal solution, but the addition of polar and/or protic
antisolvents carries the risk of re-solubilizing the surface-adsorbed ionic layer [106,
107] and/or inducing irreversible aggregation. NCs can also be separated by
chromatography [108] or electrophoresis [109], but these techniques face chal-
lenges of scale and speed, allowing surfaces to re-equilibrate with a low precursor
concentration. In c-ALD, SILAR is accomplished in a biphasic mixture that allows
excess reagent to be added and removed rapidly; in some cases, the SILAR
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half-reaction is coupled to a phase transfer between the two immiscible solvents.
This approach, illustrated in Fig. 7.3d, has led to core/shell QDs of high roundness,
and has been adapted to deposition of conformal layers on anisotropic nanorods and
nanoplatelets. Additionally, the Zamkov group has used c-ALD growth of CdS on
CdS nanocluster seeds to form pure CdS NCs with narrow size distributions [110].
The temperature range may be restricted based on the boiling point or phase sep-
aration temperature of the immiscible solvents.

7.6 Precursors

NCs based on II–VI (e.g. CdSe) chalcogenide semiconductors, a few examples
with Pb chalcogenides (e.g. PbSe/PbS [111]) have made up the bulk of the work
done to date on the use of alternating layer approaches to enforce isotropic growth
in NCs. Desirable characteristics for precursors include ease of preparation and
handling, solubility, and strong reactivity toward the NC or substrate surface.
Table 7.1 lists several common reagents used in the synthetic examples discussed
in this chapter, and abbreviations that will be used to specify them in summaries of
literature on the subject in Tables 7.2, 7.3 and 7.4.

For the metal constituents, organometallic precursors such as dimethylcadmium
(Me2Cd) and dimethyl- or diethylzinc (Et2Zn) have historically been employed in
NC synthesis, and were used in pioneering work on conformal shell growth on QDs
under simultaneous addition by the Guyot-Sionnest, Alivisatos, and Bawendi
groups. Additionally, Et2Zn was used to grow conformal ZnS shells on CdSe NRs
under simultaneous addition, and was also used by the Guyot-Sionnest group in
vapor-source atomic layer deposition of ZnO on CdSe-based NC solids [112].
These compounds have the advantages of high solubility and high reactivity
towards decomposition (to formally yield equivalents of the reduced metal) or with
proton sources (to yield the 2+ ion). However, the development of c-SILAR
coincided with an effort to move away from these toxic and pyrophoric
organometallic precursors in favor of less hazardous alternatives.

For metals such as Cd and Zn, oleate and phosphonate salts have been widely
used due to their ease of preparation from the corresponding acids and oxides, and
their relative safety. Additionally, the olefin protons in oleic acid provide a unique
handle for 1H NMR, while phosphonates can be tracked with 31P NMR. The
preparation of these precursors from the oxides evolves water; many preps include
heating and/or vacuum steps intended to remove the water after conversion of the
oxides is complete. Recent work on PbS QDs indicates that at least for lead oleate, a
portion of this water is retained even after heating under vacuum [113]; the possible
role of retained water or hydroxide in results described in the extant c-SILAR
literature has not been thoroughly explored. Anhydrous preparations exist, for
example, the reaction of Me2Cd with oleic acid to yield Cd(oleate)2 and methane
[114]. It has recently been suggested that Cd alkylcarboxylates may actually
decarboxylate to give alkylcadmium intermediates at very high temperatures [115].
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Considerable variation is found in the selection of chalcogenide precursors.
For NC SILAR reactions in homogeneous solution, silylated chalcogenides (e.g.
bis-trimethylsilyl sulfide, TMS2S) and phosphine chalcogenides (e.g. tri-
octylphosphine sulfide or selenide) can serve as ready sources of these elements in
the −2 oxidation state as is required for crystal growth. Many literature protocols
rely on preparations of elemental S or Se in octadecene (ODE) or oleylamine
(OLAm) solvents; in these cases reduction is presumably provided by reaction with
the solvent [116]. An emergent approach is the preparation of substituted thio- and
seleno-urea compounds [117]; these offer the ability to tune reactivity but have not
yet been applied to SILAR growth. For biphasic c-ALD preps, aqueous solutions of
alkali or ammonium chalcogenides are compatible with metal oleate precursors
introduced in the organic phase.

An early review of shell growth in QDs including by SILAR indicated that TOP
diminishes precursor conversion in sulfide shell growth [118]. However, we note
that for preps in which S is supplied as the element (including ODE/S and OAm/S),
if TOP is present, the relatively refractory TOPS is likely to be formed

Table 7.1 Some chemical
species used in nanocrystal
synthesis

Abbreviation Chemical name

Amines

OctAm Octylamine
HDAm Hexadecylamine

ODAm Octadecylamine
OLAm Oleylamine
DOAm Dioctylamine
THAm Trihexylamine

Phosphines and derivatives

TBP Tributylphosphine
TOP Trioctylphosphine
TOPS Trioctylphosphine sulfide
TOPSe Trioctylphosphine selenide

TOPTe Trioctylphosphine telluride
Phosphonic and phosphinic acids

PPA n-propylphosphonic acid
HPA n-hexylphosphonic acid

TDPA n-tetradecylphosphonic acid
ODPA n-octadecylphosphonic acid
DOPA Dioctylphosphinic acid
TMPPA Bis-(2,2,4-trimethylpentyl) phosphinic acid

Other reagents and solvents

OA Oleate (cis-9-octadecenoate)
Ac Acetate
ODE 1-octadecene
NMF N-methylformamide

TMS2S Bis (trimethysilyl) sulfide
DDAmBr Didodecyldimethylammonium bromide
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spontaneously. In contrast, reagents extruding the sulfide directly such as TMS2S
do not require reduction and are not intercepted by TOP. We note that TOPS has
been used successfully as the sulfide source for (non-SILAR) shell growth on ZB
CdSe by Dubertret and co-workers at high temperatures [90]. In this case, oleic acid
was also introduced. The addition of excess free carboxylic or phosphonic acids
opens a pathway whereby TOPS (or TOPSe) can extrude a formal equivalent of
H2S (or H2Se), ultimately forming the phosphine oxide (TOPO) and an acid
anhydride: this process is driven by the formation of the strong phosphorus-oxygen
bond and has been studied in the context of QD nucleation and growth [119]. These
intermediates, if formed, could protonate metal carboxylates or phosphonates to
yield the desired shell compounds. Compared to TOPS, TOPSe is more reactive
and has been widely used as a precursor for SILAR growth of selenides. Compared
to the tertiary phosphine derivatives, greater reactivity is displayed by secondary
phosphine chalcogenides such as diphenylphosphine sulfide, used by the Krauss
group to achieve strongly sulfur-rich surfaces in the course of CdS shell growth on
CdS QDs by c-SILAR [120, 121].

For c-ALD [105], aqueous c-SILAR preps [122], and traditional SILAR on
heterogeneous substrates, precursors soluble in polar solvents including water are
desirable. For metals these include acetate, nitrate, or chloride salts. For chalco-
genides, sulfide salts Na2S, K2S, and (NH4)2S, and selenide salt Na2Se have been
cited as precursors. These precursors are convenient and inexpensive, though care
must be taken to maintain basic conditions to avoid liberating toxic H2S or H2Se
vapors. We note that in aqueous solution the active sulfide (selenide) species are
likely to be HS− (HSe−) at accessible pH’s. In situ formation of HSe− from
borohydride reduction of SeO2 is reported to lead to a stable and effective selenide
precursor [123, 124]. In some versions of c-ALD the metal precursor has been
introduced in the organic phase as Cd(oleate)2.

7.7 Analysis of the SILAR Mechanism
in Colloidal NC Processes

The mechanistic details of c-SILAR and c-ALD process are important because of
the possibilities that these methods holds for the control of NC structure during
epitaxial growth. The essential question is whether it is possible, through manip-
ulation of the dose sequence, to achieve nanostructures that are different than those
formed by kinetic or thermodynamic control under simultaneous addition. To do so
requires that nearly all of the precursor dose added in each cycle binds to the NC
surface to form a self-limited monolayer—with little left in solution—and that this
layer is not significantly restructured upon addition of the complementary reagent.
The results for nominally isotropic growth of colloidal nanocrystals by c-SILAR
and c-ALD can be analyzed to evaluate this premise.
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Upon the addition of a weakly-confining shell to colloidal QDs, a large redshift
in the LEET is observed due to penetration of the band-edge electron and hole state
wavefunctions into the shell [36, 104]. As such, the position and shape of the LEET
can be a sensitive indicator of shell growth reaction progress; however, it cannot
easily be used to uniquely or quantitatively describe the extent of shell growth
without evidence from supporting microscopy and analytical techniques.

More specific tools for analysis of shell growth results include TEM, which can
reveal size and shape distributions. For this purpose, high-angle annular darkfield
scanning TEM (HAADF-STEM) is superior to lattice-resolved high-resolution
bright field TEM, because HAADF-STEM is sensitive to incoherent scattering,
which exhibits high atomic number (Z) contrast and eliminates the challenge in
identifying the edges of very small crystals on the basis of lattice fringes formed by
coherent scattering. Powder X-ray diffraction can reveal crystal structures, and
X-ray photoelectron spectroscopy (XPS) can reveal oxidation states as well as
information on shell thickness on the basis of attenuation of core element signals.

In the original work by Peng’s group in 200 [3, 51] CdSe QDs (cores) were
treated with alternating additions of Cd oleate and ODE/S to form CdS shells.
Precursors were added in amounts corresponding to 1 ML per cycle, starting with
Cd. The resulting particles had a wurtzite crystal structure, and showed a red-shifted
LEET as detected by UV-visible absorption and PL spectroscopy. XPS analysis
was consistent with uniform coverage of the CdSe core by CdS, the PL of the
resulting particles displayed reduced sensitivity to ligand exchange compared to the
cores, and the prep was scalable to multi-gram samples. Although no attempt was
made to directly probe precursor conversion, several features of the results indicated
imperfect adherence to the SILAR reaction model. TEM images showed slightly
oblate structures, the PL QY was modest at 20–40%, and photoluminescence
excitation (PLE) spectroscopy indicated the formation of a considerable quantity of
isolated CdS nanoparticles that contributed to absorption in the sample, but not to
band-edge emission from the core/shell QDs.

Subsequent work by Mews and co-workers, also focusing on CdSe QDs,
extended the colloidal SILAR technique to ZnS and CdZnS alloy and
graded-composition shells [39]. Once again the crystal structure was wurtzite, and
in this work, the SILAR shell growth commenced with the addition of a diminished
metal oleate dose (0.5 ML eq) on the hypothesis that the initial surface was nearly
equimolar and so could not sustain addition of a completed Cd monolayer. This
work succeeded in raising the PL QY of the resulting particles to up to 85% in the
case of CdSe/CdS core/shell QDs, and in producing total shell thicknesses that
approximately correspond to the total quantity of added shell reagents after up to 6
cycles (6 ML eq of metal and sulfur reagents). The potential for lattice mismatch to
lead to poor core/shell results was clearly demonstrated by the decrease in QY of
CdSe QDs with pure ZnS shells when the shell thickness was extended beyond 2
ML eq; however, the graded shell, built up by a stepwise transition from CdS to
CdZnS to ZnS, was able to show good results for CdSe cores with a ZnS final
surface.
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These two studies have served as the foundation for c-SILAR work conducted
since, but neither study directly addressed whether the alternating layer process was
enforcing isotropic growth or whether the reagent doses being added indeed cor-
responded to saturation of available surface sites. In fact, the study by Mews
showed that the lattice mismatch between CdSe and ZnS leads to lattice defects and
irregular shapes for CdSe/ZnS core/shell QDs with either simultaneous or SILAR
addition.

Additional insight into surface saturation conditions during c-SILAR growth
emerged from studies by the Mulvaney group, the Hollingsworth group, and our
own investigations related to c-SILAR growth in the CdSe/CdS core/shell system.
Mulvaney’s group published a careful analysis of the synthetic methodology
involved in the growth of core/shell nanocrystals, within an isotropic model. In
particular, they emphasized the importance of the equilibrium between dissolved
precursors and surface-bound forms in directing epitaxial shell growth instead of
homogeneous nucleation of the shell compound [118]. They also discussed the
charge-balance considerations for c-SILAR growth in solvents of low polarity. In
particular, the presence of excess metal “ions” (metal atoms in the oxidation state
found in the crystal) at the nanocrystal surface must be accompanied by the pres-
ence of anionic ligands to maintain near-zero overall charge for the colloidal par-
ticle. Addition of the anion (non-metal component in its reduced oxidation state) to
this surface can in principle lead to formation of a nearly charge-neutral surface
stabilized by neutral molecules engaging in dative bonding with available coordi-
nation sites on the surface. Colloidal SILAR preps starting with Peng and Mews
had used primary amines as a component of the reaction solvent, and these amines
presumably take on the role of coordinating the neutral surface (at the conclusion of
the anion addition cycle) in typical chalcogenide c-SILAR preps. Mulvaney’s group
also investigated changes in surface enrichment and LEET wavelength under single
reagent addition to CdSe QDs [125], and published a detailed article concerning the
size-LEET wavelength calibration curve and molar extinction coefficient of CdSe
QDs [31]. This information is essential to accurate and consistent calculations of
surface ML equivalents in c-SILAR growth.

The Hollingsworth and Klimov groups sought to use c-SILAR to form
CdSe-based QDs with very thick CdS shells with considerable electron delocal-
ization, in order to limit Auger recombination in multiply-excited QDs and in an
effort to suppress fluorescence intermittency (blinking) processes associated with
Auger recombination and/or surface traps [92, 93, 95]. SILAR, with Cd oleate and
ODE/S precursors, was used for shells with nominal thickness up to 19 ML
equivalent. Notably, the authors substituted a secondary amine (dioctylamine) for
the primary amine in the growth solvent—without this switch, growth of thick
shells was problematic due in part to uncontrolled homogeneous nucleation that
robbed the core/shell particles of shell precursors; these issues were expounded in
subsequent independent work by Vela and co-workers [101].

In 2009, one of us (ABG) used a variation of the c-SILAR approach to form
wurtzite CdSe/CdS core/shell QDs with near-unity QY (98% absolute QY),
mono-exponential ensemble PL decay, and suppressed blinking [40]. Several
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features distinguished this work from the examples described above: trioctylphos-
phine (TOP) was used as a solvent component; (TMS)2S was used as the sulfur
precursor; and the reagent dosing was only 0.8 ML eq per cycle (starting with Cd,
and out to*4 ML eq total). Part of the success of this approach can be attributed to
greater precursor conversion due to the reduction in dose per cycle and the use of
the silylated sulfur precursor; we have since demonstrated that the presence of TOP
as a ligand on the surface of these QDs is also important to establishing the high QY
of these samples at the conclusion of shell growth [126]. However, the surface
saturation conditions associated with the SILAR mechanism still remained to be
measured.

We have now conducted two studies that, firstly, demonstrate limited conversion
of the Cd(oleate)2 precursor in CdSe/CdS shell growth in primary amines at full
monolayer equivalency; secondly, show that surface saturation is not necessary to
achieve isotropic growth under the conditions used; and thirdly, that moving to a
more highly substituted amine solvent promotes precursor conversion and the
formation of high quality samples under full monolayer equivalency. These results
are important details in the preparation of CdSe/CdS core/shell QDs by colloidal
SILAR, but more importantly, they emphasize the importance of testing for the
SILAR mechanism under the alternating layer addition process in colloidal NC
growth, and provide examples of how to perform such tests.

7.7.1 Dose Dependence in c-SILAR

In order to test the hypothesis that alternating addition of stoichiometric doses of
cation and anion precursors can effectively saturate surface sites, which is necessary
to effectively control shape, we first examined the dose dependence of CdSe/CdS
core/shell growth under c-SILAR conditions (Fig. 7.4) [127]. In the case that the
reagent dose per cycle exceeds the amount necessary to saturate surface sites, or
experiences limited precursor conversion at equilibrium, an increase in homoge-
neous nucleation is expected. At low dose per cycle, heterogeneous nucleation is
expected to be diminished, but anisotropic growth is expected if precursor con-
version is strongly regioselective. We used the redshift associated with CdS shell
growth as a convenient process monitoring tool, as well as scanning transmission
electron microscopy (STEM) and mass spectrometry measurements of free reagent
concentration in these experiments.

Redshift data was first used to examine reaction rates as single reagents (Cd
(oleate)2 or TMS2S) were added, and to establish that the initially-prepared surface
would not react with TMS2S to yield growth but did react with Cd(oleate)2, such
that Cd(oleate)2 was selected as the first reagent to add in the alternating layer
growth process.

For the addition of total reagent amounts equivalent to 4.0 ML, at 1.0 ML/cycle,
we indeed observed the appearance of small particles in HAADF-STEM imaging
(Fig. 7.4b) that are consistent with heterogeneous nucleation of CdS. When the
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same total reagent amounts were added at 0.6 and 0.2 ML/cycle, the occurrence of
such small particles was greatly diminished, the redshift was increased (corre-
sponding to greater characteristic shell thickness) and the average particle radius
was increased compared to 1.0 ML/cycle. These results suggested that precursor
conversion was incomplete at 1.0 ML/cycle. A surprising result was found in the
roundness of the particles. For a 2D projected shape with area A and major axis a,
the roundness characteristic is defined as 4A/pa2. The roundness is 1 for a circle,
and <1 for oblate shapes. The roundness of the core/shell QDs increased for low
dose per cycle, whereas the SILAR mechanism posits saturating doses as being
necessary to enforce isotropic growth. This initially surprising result can be
understood as a combination of (1) an absence of strongly anisotropic precursor
binding strength, leading to high roundness at low dose per cycle; and (2) aniso-
tropic and non-self-limited surface growth when both precursors are present in
solution at the same time due to incomplete conversion to bound forms during the
SILAR cycle at high dose.

The origin of these growth results was revealed through a series of titration
experiments (Fig. 7.5) in which each reagent addition was conducted in a series of
submonolayer steps, permitting aliquots to be withdrawn and analyzed along the
way. These steps can be extended beyond 1 ML equivalent in order to observe
saturation behavior. For Cd addition (s. 5A), we found that red shifting of the LEET
associated with growth extended beyond 1 ML equivalent—in other words, the
surface was not completely saturated after the addition of 1 ML equivalent, but
instead required an excess to drive the precursor binding equilibrium to the right.

Fig. 7.4 Dependence of redshift and particle shape on reagent dose per cycle in colloidal SILAR
growth of CdSe/CdS core/shell QDs in oleylamine/octadecene solvent at 180 °C. a Progressive
redshift of lowest-energy electronic transition (LEET) with increasing nominal shell thickness
*4.0 ML total applied at 1.0, 0.6, and 0.2 ML equivalents per cycle. b–d Representative STEM
images of samples at the conclusion of shell growth. e–g Distribution of total radius. h–
J Distribution of roundness, indicating better shape control at lower dose per cycle. Adapted with
permission from Ref. [127]. Copyright 2013 American Chemical Society
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This implies that some Cd is left in solution at the conclusion of a 1 ML addition
half-cycle. Indeed, we were able to directly detect free Cd in the supernatant when
QDs were removed from aliquots drawn during a titration reaction accomplishing a
complete 1 ML SILAR cycle (Fig. 7.5c). In contrast, a sharp saturation signature is
seen when TMS2S is added (Fig. 7.5b); the saturation signal occurs when the
amount of TMS2S added is equal to the amount of Cd(oleate)2 added previously.
These results suggest that it is incomplete conversion of the Cd precursor, Cd
(oleate)2, to a surface-bound form, that limits SILAR performance under the
reaction conditions.

We can contrast the precursor conversion reactions of the Cd and S precursors.
For Cd(oleate)2, precursor conversion can be thought of as simply the association of
an equivalent of Cd(oleate)2 to the NC surface: the Cd(oleate)2 acts as an elec-
trophilic or “Z-type” ligand. This process is reversible, and in a simple picture, can
be described by an association equilibrium constant. It is known that metal car-
boxylate equivalents can be displaced from the surface of chalcogenide NCs in the

Fig. 7.5 Probing surface saturation in the colloidal SILAR process monitored by titration with a
series of submonolayer reagent doses. a Titration of Cd(oleate)2 into a solution of CdSe NCs leads
to a continuous redshift over at least 2 ML equivalents. b The reaction of the sulfur precursor,
TMS2S, after Cd addition leads to a strong redshift and a sharp endpoint feature. c Plot of the
concentration of Cd in aliquots taken at the points marked in b, after QDs are precipitated and the
supernatant digested with aqua regia. d When 1 ML equivalent is added, a portion of the precursor
remains in solution at equilibrium and fails to convert to a surface-bound form. Adapted with
permission from Ref. [127]. Copyright 2013 American Chemical Society
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presence of strong nucleophilic (L-type) ligands such as amines [107, 128]. In
contrast, the addition of TMS2S results in transfer of the TMS groups to oleate
ligands, which deprotects the NC surface and is driven by the effectively irre-
versible formation of Si–O bonds; this behavior has been seen previously in the use
of silylated alkylthiol ligands to drive ligand exchange reactions in high yield [129].

The reactivity of NC surfaces toward shell growth can be sensitive to the manner
in which the NCs are initially prepared, due to differences in surface termination
(elemental enrichment and ligand population) and/or the presence of impurities that
interfere with binding of shell precursors. In our own work, we found that while
purification of CdSe cores by two precipitation/redissolution cycles led to selective
reactivity toward the Cd precursor as described above, purification of the cores by
gel permeation chromatography (GPC), a technique that leads to a lower number of
residual ligands per QD, led to (1) diminished reactivity towards the Cd precursor;
and (2) aggregation and etching when TMS2S was added first [108]. We interpret
this as, in the first case, a larger amount of precursor needed to saturate the solution
before surface binding could proceed, and in the second case, the rapid removal of
the smaller number of residual phosphonate or oleate ligands upon silylation by
TMS2S such that colloidal stability is lost. On examination of the literature, one can
see that different assessments of the optimum starting point for SILAR growth have
been reached by different researchers: for example, in work by the Mulvaney group
[104], a half-monolayer of Cd precursor was introduced prior to the complete
c-SILAR cycles starting with S. Careful attention to the role of initial surface
occupation and impurities, as well as precursor conversion and byproducts, will be
important to development of increasingly sophisticated and repeatable NC growth
steps, particularly in reactions targeting anisotropic shapes. Purification challenges
are inherent in simultaneous addition and single-source shell growth as well: Nan
et al. describe the addition of amines and phosphines to extract residual Cd car-
boxylate and Se species, respectively, from zincblende CdSe QD samples prior to
CdS shell growth in a low-temperature, one-pot, single-source CdS shell growth
reaction [91].

7.7.2 Solvent Dependence of Precursor
Conversion in c-SILAR

Even for a precursor conversion reaction that is effectively a ligand association, as
is the case for Cd above, it is possible to improve precursor conversion through a
judicious choice of solvent such that the effective association equilibrium constant
is large. In this way, high fractional occupation of surface sites can be achieved in
the presence of small residual free ligand concentration.

In the case of Cd(oleate)2 in CdSe/CdS core/shell growth, the oleylamine
coordinating solvent used in many early SILAR preps was found to limit precursor
conversion [101]. Replacing oleylamine with dioctylamine, a secondary amine of
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similar molecular weight, leads to a reduction in homogeneous nucleation in
1.0 ML/cycle c-SILAR growth. Our group has shown that moving to trihexy-
lamine, a tertiary amine, leads to even greater suppression of homogeneous
nucleation [130]. The effect of suppressed nucleation can be seen in STEM images
of the core/shell growth products (Fig. 7.6), and in excitation spectra of the
resulting products that reveal a weaker excitation energy dependence of the

Fig. 7.6 STEM images for CdSe QDs a–d and for CdSe/CdS core/shell QDs formed by colloidal
SILAR in solvent mixtures of octadecene with three different amines. e–h oleylamine (primary
amine). i–l dioctylamine.m–p trihexylamine. Adapted with permission from Ref. [130]. Copyright
2015 American Chemical Society
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quantum yield when growth is conducted in dioctylamine or trihexylamine instead
of oleylamine.

The simplest model for precursor conversion considers a Langmuir-type mass
action relationship between the fractional occupation y of surface sites and the
concentration of free precursor:

y ¼ K � Cd½ �
1þK � Cd½ � ð7:3Þ

In this expression, K is the association equilibrium constant and the surface sites
are assumed to be identical and non-interacting (an oversimplification, but sufficient
to compare K for different precursors and/or conditions).

In a SILAR experiment, the amount of precursor introduced is known; if the
amount remaining in solution can be measured, the difference can be attributed to
an increase in the amount bound to the surface. In an idealized model of the
colloidal SILAR process, y = 0 at the beginning of the reagent addition cycle
(representing complete saturation of the surface by the complementary precursor
and the maximum capacity for adsorption of the new precursor), and the number of
sites corresponds to the estimated stoichiometry for 1 ML as described above. In
practice, neither of these is necessarily true: a non-zero amount of surface occu-
pation and non-zero free ion concentration may exist at the start of the addition
cycle. Additionally, the total increase in surface occupation corresponding to
self-limiting saturation may differ from the 1 ML estimate. For these reasons, it is
helpful to introduce an effective surface occupation h defined as the number of
bound precursors divided by the estimated number of sites: when y = 1, h will have
its maximum value hmax, with hmax = 1 if the estimate is perfect. At the beginning
of the addition cycle, h = hmin, and the change in surface occupation, which is
accessible experimentally, is Dh = h − hmin. We can combine this with the
Langmuir expression to write

Dh ¼ hmax � y�hmin ð7:4Þ

or y ¼ hmin þDhð Þ=hmax ð7:5Þ

In order to experimentally characterize precursor conversion in the three sol-
vents, we performed single reagent titrations of Cd(oleate)2 into CdSe QD cores
under each solvent condition. The free Cd concentration was determined by mass
spectrometry analysis of aliquots drawn from the reaction over the course of the
titration. Equation 7.4 above allows an experimentally determined series of Dh
values to be fit as a function of precursor concentration ([Cd]) with K, hmax, and
hmin as parameters. Equation 7.5 allows the standardized y versus precursor con-
centration for a series of conditions to be compared. Figure 7.7 shows our results
for Cd(oleate)2 in each of the amine solvents. In each case, increasing solution [Cd]
is associated with increased surface occupation, with an asymptotic relationship, but
K is greatest in trihexylamine.
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Amine coordination of both the QD surface and of free Cd(oleate)2 in solution
will tend to discourage precursor conversion and thereby decrease K. Increased
steric hindrance in the case of secondary and tertiary amines could plausibly
decreased amine binding in both cases and thereby an increase in K and, accord-
ingly, higher precursor conversion (larger y) at 1 ML equivalent doses. We were
able to show via time-resolved PL and NMR measurements that the secondary and
tertiary amines bind much less strongly to the QD surface than does oleylamine. In
effect, moving to more weakly coordinating solvents decreases competition for
precursor binding interactions. In the presence of primary amines, high precursor
conversion could only be achieved with submonolayer dose per cycle, which
undermines the role of the SILAR approach in controlling NC shape. These con-
cepts are expressed schematically in Fig. 7.8. We predict that the tertiary amine
solvent will offer improved shape control for colloidal SILAR growth of anisotropic
nanocrystals as well, though this has not yet been directly tested.

The approach used here to monitor the SILAR mechanism—in particular,
analysis of small aliquots drawn from the reaction with mass spectrometry—was
sufficient to explain the difference in growth results and offer confidence in further
developing the colloidal SILAR approach to shape control, but it also entails
limitations. In particular, while the reaction is conducted in a mixture of solvents at
elevated temperature (here 180 °C), the aliquots are cooled to room temperature
and diluted in a new solvent (hexane) when they are collected. Precipitation with a
polar solvent is then used to remove QDs and allow analysis of solution species.
Accordingly, it is not clear to which condition the effective association constant
K applies: which temperature and which solvent? While meaningful comparisons
can be made between different growth solvents or precursors (as seen above), an
in situ method could offer greater confidence as to the actual precursor conversion
and saturation conditions during growth.

Fig. 7.7 Fractional occupation of CdSe QD surface by added Cd(oleate)2 in primary, secondary,
and tertiary amine-containing solvents. Free [Cd] is determined from ICP-MS analysis of aliquot
supernatants following precipitation of QDs. The K’s are association constants, with units of M−1.
Adapted with permission from Ref. [130]. Copyright 2015 American Chemical Society
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7.7.3 Electrochemical In Situ Monitoring

In 2014 Fedin and Talapin described an electrochemical technique that permitted
monitoring of sulfide concentration under SILAR conditions at temperatures up to
150 °C. [131] In particular, a silver (Ag) wire coated with Ag2S was used as a
non-aqueous, ion-sensitive electrode for sulfide, according to the following
reaction:

2Agþ S2� ! Ag2Sþ 2e�

The potential at this electrode, measured relative to a Ag/Ag+-cryptand reference
electrode, formally measures the activity of sulfide according to the Nernst equa-
tion: the potential decreases proportional to log([S2−]). The sulfide potential was
measured in N-methylformamide (NMF) solution and could be used to monitor
SILAR growth either directly in NMF, or in a less polar solvent (hexane or ODE)
placed in contact with it, with either K2S or TMS2S as sulfide sources. Using this
technique, the titration of NCs with Cd2+-rich surfaces with sulfide could be
monitored, and showed clear endpoints that scaled with NC size and concentration
(Fig. 7.9). In SILAR growth, the sulfide potential was seen to rise rapidly (corre-
sponding to a decrease in [S2−] when Cd(oleate)2 precursor was introduced. As with
the measurements of free Cd concentration above, equilibrium constants for sulfide
addition to NC surfaces could be obtained. The biphasic SILAR system differs from
colloidal ALD in that the precursors are provided stoichiometrically, rather than in
excess, and separations between subsequent half-cycles are not required.

While challenging to implement, in situ measurements such as this offer highly
valuable information about reaction progress and the opportunity to detect surface

Fig. 7.8 Primary amines bind strongly to the NC surface and effectively inhibit Cd(oleate)2
precursor conversion to bound species. Tertiary amines avoid this. As a result, cross-reaction with
the sulfur precursor to form CdS nanoparticle side product is suppressed. Adapted with permission
from Ref. [130]. Copyright 2015 American Chemical Society
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saturation on-the-fly, which could lead to improved core/shell material properties,
as well as facilitating the development of shape control by SILAR.

7.7.4 XPS Monitoring

The foregoing monitoring techniques, while useful, offer only an indirect probe of
the actual surface composition of the NCs during alternating layer growth. X-ray
photoelectron spectroscopy (XPS) can in principle offer such information because
the binding energy of each atom is highly sensitive to its local environment. XPS is
often thought of as a surface-sensitive technique. However, considerable care is

Fig. 7.9 a Experimental configuration for c-SILAR shell growth monitored by sulfide-sensitive
electrode. FA is formamide. b Titration of Cd-rich QDs in hexanes with sulfide at room
temperature. c, d Single-component titration and multi-cycle monitoring of c-SILAR shell growth
of CdS on CdSe QDs in ODE/oleylamine at 150 °C. Adapted from Fedin and Talapin [131].
Copyright 2014 American Chemical Society
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necessary in the interpretation of XPS signals from NC solids because the particle
size is often on the order of the inelastic mean free path for photoelectrons in the
core and/or shell compounds. The relative intensities of peaks for different ele-
ments, together with the appropriate sensitivity factors and mean free paths, can be
used to assign elemental ratios in the NC sample (for example Cd:Se in NC core
samples) and look for changes upon various treatments; our group showed that
heating phosphonate-capped CdSe cores in amine solvents led to a decrease in the
Cd:Se ratio in QDs that were subsequently isolated from the mixture [127].

Additional information can be obtained if the binding energy for atoms at the NC
surface is sufficiently different from that of the same element in the NC interior that
precise fits for their relative intensities can be obtained. In this way, the distribution
of a single element between NC interior and surface can be obtained. Krauss and
co-workers have used this technique to demonstrate control over surface enrichment
in CdS QDs and during CdS shell growth on CdSe cores via c-SILAR [120, 121].
Using a secondary phosphine sulfide (diphenylphosphine sulfide) sulfur precursor,
they were able to tune the surface composition as measured by XPS to >70% Cd
and >70% S in the course of the SILAR cycles, and to associate these changes in
surface composition with changes in PL brightness.

7.8 Rational Construction of Anisotropic Colloidal
Nanocrystals with Alternating Layer Approaches

We can distinguish two different roles for alternating layer methods in the synthesis of
anisotropic nanocrystals and heterostructures. The first role is the combination of
conformal c-SILAR or c-ALD growth steps with anisotropic growth steps conducted
under different conditions: for example, to deposit conformal shells on nanoplatelets
synthesized in a previous step. There are several examples of this role and it draws
heavily on experience with heterogeneous SILAR growth on solid substrates and on
the quasi-spherical core/shell work described in the previous section. The second role
is in directly controlling anisotropic growth by selectively saturating some sites or
facets but not others. This is a newer approach, and will be aided by an understanding
of the origins of anisotropic or regioselective growth in nanocrystals.

Many of the early studies in this area have focused on photophysical properties and
applications of the resulting anisotropic nanostructures, for example, charge separa-
tion [156], dual emission and upconversion in double quantum dots [84], and
quasi-2D electronic structures emerging in nanoplatelet systems [157]. It will be
important going forward to apply advances in chemical understanding andmonitoring
methods such as those exemplified above to test the validity of the SILARmechanism
in these reactions and ultimately achieve even greater control of nanocrystal shape.

The core concept of SILAR—proceeding via a sequence of saturating,
self-limiting ionic layers—appears well-suited to the formation of conformal
shells on nanocrystals with complex shapes and anisotropic surface reactivity.
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Indeed, conventional SILAR growth on planar substrates and surface-supported
nanostructures can lead to complex shapes and provides instructive examples for
c-SILAR and c-ALD growth on anisotropic colloidal cores; accordingly, we discuss
results in this area in Sect. 7.9.

However, as described above, implementation of conformal growth via SILAR
in a colloidal system poses challenges associated with achieving surface saturation
while avoiding cross-reaction of excess reagents. Several studies have examined
alternating layer growth to form conformal layers on pre-existing colloidal nanor-
ods, nanoplatelets, and nanowires: we will discuss these in Sect. 7.10.

The second role for alternating layer addition methods is in deliberate regiose-
lective extension of nanocrystal cores based on the core crystal structure. In such an
approach, sub-monolayer reagent doses may be used to promote regioselective
growth, while still attempting to avoid cross-reactions and maintain sample
homogeneity. This is an emerging concept, and early examples and future prospects
are discussed in Sect. 7.11.

Examples of template-free colloidal growth leading to anisotropic shapes are
listed in Table 7.3. Efforts to achieve anisotropic nanostructures through the use of
alternating layer approaches, either using anisotropic substrates or anisotropic
growth, are summarized in Table 7.4.

7.9 Alternating Layer Growth on Supported
Nanostructures

SILAR was initially developed for depositing conformal compound films on planar
and irregularly-shaped supported substrates, and work in this area provides
important background for work on alternating layer growth on anisotropic colloidal
nanostructures. In particular, growth on supported substrates allows precursors and
heteroepitaxial growth to be studied without having to worry about maintaining
colloidal stability.

Nicolau’s initial description of SILAR in 1985 demonstrated heteroepitaxial
growth on planar substrates [5]. He used aqueous solutions of CdSO4, ZnSO4, and
Na2S to grow CdS and ZnS films on a variety of planar substrates including
single-crystal semiconductors, oxides, and polycrystalline metal sheets. For ZnS
deposition, optically flat polycrystalline films up to 300 nm in thickness were
obtained, while epitaxial growth of both hexagonal and cubic CdS could be
obtained depending on the crystalline substrate used (Difficulties were encountered
with Si substrates, for which native oxide formation is difficult to avoid, and CaF2,
which is slightly soluble in the aqueous solvent). For comparison with early work
on colloidal SILAR as described above, it is worth noting that the best growth rates
corresponded to only about 0.4 ML/cycle despite the excess of ionic precursors
available (at 5 mM concentration) in each step, and the high dielectric constant of
the aqueous solution, which should act to screen surface charge. Thus, it is overly
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simplistic to assume that 1.0 ML/cycle can be sustained in c-SILAR or c-ALD
growth; precursor conversion must be evaluated experimentally.

By 2002, planar SILAR had been extended by Park et al. to deposition of metal
oxides and silicates on nitrided Si wafer substrates [6]. Alternating treatments with
aqueous metal cations and hydroxide or silicate anions led to amorphous films of
uniform thickness, which could be annealed into dense, polycrystalline films of
MnO2, ZrO2, and ZrSiO4 through hydrothermal treatment. These films, of several
hundred nanometers thickness, retained a generally smooth and uniform appear-
ance, even though it is common for films deposited on amorphous or
lattice-mismatched substrates to experience an increase in grain size and/or
islanding upon annealing. Such islanding can be desirable for photocatalysis
applications as it increases the surface area. In subsequent work by Park (working
with Woodward and Vogt), SILAR was used to deposit TiO2 films on Si;
hydrothermal annealing led to films with relatively uniform TiO2 nanoparticle sizes
that could be used for photoelectrochemical H2 production [7].

Indeed, much work has focused on SILAR as a method to grow self-organized
QDs on textured oxide supports for QD-sensitized solar cells [158] and photo-
electrochemical devices. For example, in 1994, Weller’s group demonstrated the
growth of a variety of metal sulfide QDs on substrates consisting of sintered col-
loidal oxide particles on tin-doped indium oxide (ITO) coated glass slides [147].
Formation of metal selenide QDs has historically been more challenging due to
limited stability of aqueous HSe− solutions, but recent work by Gratzel’s group has
achieved good results for in situ formation of HSe− by borohydride reduction of
SeO2 in alcohol solvent (Fig. 7.10a) [123].

Fig. 7.10 Shell growth by alternating layer methods on anisotropic substrates. a Formation of
CdSe nanocrystals via island growth on supported TiO2 particle film by SILAR. Adapted with
permission from Lee et al. [123]. Copyright 2009 American Chemical Society. b Conformal
polycrystalline CdS layer formed by SILAR growth on supported Si nanowires. Adapted with
permission from Jiang et al. [149]. Copyright 2015 Royal Society of Chemistry. c Epitaxial CdS
shell growth on zincblende CdSe nanoplatelets by colloidal ALD. Adapted with permission from
Ithurria et al. [105]. Copyright 2012 American Chemical Society
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The QD-sensitized oxide results demonstrate the promise and limitations of
SILAR as a method by which to enforce conformal growth. In particular, rather
than leading to a conformal film, initial growth tends to occur as a high density of
discrete islands. This presumably occurs due to dewetting of the deposited film
from the oxide substrate on the basis of differences in lattice constant and surface
energies. Nonetheless, nucleation at high density can be achieved on substrates with
high roughness and/or aspect ratio, such as oxide nanowires. QD-sensitized solar
cells can exhibit high internal quantum efficiencies for electron transfer to the
reducible oxide supports, and the inorganic QDs are seen as an inexpensive alter-
native to dye-sensitized solar cells that can also extend the action spectrum into the
infrared for increased solar energy conversion efficiency. In these approaches, as
with planar substrates, excess precursor is easily removed after each
step. The SILAR technique allows control of the size, the oxide-chalcogenide
interface (by starting with metal or chalcogenide precursor, for example, which
influences the oxide-QD interfacial electronic structure) [124], and permits the
formation of core/shell structures in which the core remains in contact with the
substrate. From the perspective of making QD-sensitized electrodes, this represents
success, but in colloidal nanocrystals an epitaxial, single-crystal structure is often
desired to minimize non-radiative recombination and inhomogeneous broadening
of spectral characteristics.

Even in the absence of an epitaxial relationship, continued SILAR deposition
can lead to conformal polycrystalline films on nanostructured supports, as has been
demonstrated for the case of CdS shell growth by SILAR on ZnO nanowire [148]
and Si nanowire [149] cores (Fig. 7.10b). This offers a low-temperature route to
structures that had previously been formed by methods with a higher energy
investment such as pulsed laser deposition [159].

Moving closer to the case of colloidal nanocrystals, SILAR has been employed
by the Zamkov group for shell growth and matrix encapsulation in the case of
substrate-supported chalcogenide nanostructures [150]. Zamkov and co-workers
employed SILAR to “infill” a CdS matrix into the interstices of a close-packed film
of PbS/CdS core/shell QDs; the film was supported on a glass/ITO/TiO2 substrate.
The resulting semiconductor matrix-encapsulated nanocrystal array (SMENA)
material retains quantum confinement of the PbS QD cores that sets the effective
bandgap, while permitting increased electronic coupling between neighboring QD
sites and thereby increasing carrier mobility. In this application, SILAR is advan-
tageous because it permits deeply recessed interstices within the QD film to be
filled, while avoiding deposition of a thick CdS film on top of the QD solid.

Another application of self-limiting ionic layer addition to supported nanos-
tructures has been the Kagan/Murray groups’ use of the technique to control doping
via surface enrichment in substrate-supported chalcogenide nanocrystal films.
Effective control of doping is necessary in order to construct complementary logic
architectures using solution-processed semiconductor nanocrystals and nanowires.
A perfectly stoichiometric binary semiconductor is nominally intrinsic, but
vacancies and/or impurities can create localized states that provide or trap
band-edge carriers. In nanoscale forms, enrichment of the surface of by one of the

204 A.B. Greytak et al.



component elements can also lead to excess electrons or holes, as can surface
adsorption of heteroatoms. The Kagan and Murray groups tested the concept of
lithographic patterning of doping type via SILAR. The first test used thin-film
transistors formed with aligned CdSe colloidal NWs, because the high axial carrier
mobilities permit large transconductance values [151]. Using XPS, they showed
that surface enrichment of Cd, Se, and S could be achieved by exposure to Cd2+,
Se2−, and S2− salts dissolved in methanol, respectively (though limited chemical
yield was found for Se2− treatment). These treatments successfully modulated the
threshold voltage of the TFTs, and additionally modulated the transconductance
that could be achieved by diffusion doping with indium from In metal contacts.
Subsequent work focused on SILAR treatment of PbSe and PbS QD solids [152],
forming up to one complete ML of PbSe or PbS shell by treatment of Pb-rich QD
films with chalcogenide (to achieve p-type films) and optionally with additional
Pb2+ (to achieve n-type films). Complementary n-channel and p-channel FET
performance was demonstrated following annealing treatment at less than 100 °C.
It should be pointed out that this work, though described as a SILAR technique and
relying on self-limiting deposition, entailed very long cycle times (up to 12 h) and
the control of doping type likely includes filling of vacancies through diffusion as
well as surface enrichment. Nonetheless, it indicates the stability of colloidal
nanocrystals to prolonged exposure to saturation by one of the component ions, and
demonstrates the possibility of achieving good electronic characteristics from
SILAR growth on semiconductor nanocrystals at low temperatures.

7.10 Alternating Layer Growth on Anisotropic
Colloidal Nanocrystal Cores

The chapters of this book describe a variety of strategies toward shape control in
nanomaterials, and some arguments specific to shape control in colloidal semi-
conductor nanocrystals according to crystal structure symmetries were introduced
in Sect. 7.2. The greatest amount of work has been done on those with hexagonal
(e.g. wurtzite) or cubic (e.g. zincblende, rock salt) crystal structures. Anisotropic
shapes arising from these structures include rod-like (quasi-1D) particles that are
extended along a single crystal direction but maintain a characteristically small
diameter, and plate-like (quasi-2D) structures that are extended along two directions
but maintain a characteristically small thickness. One example of an alternative
approach is the catalyzed growth of colloidal nanowires using metal nanoparticles
(the “solution-liquid-solid” method). Selective growth steps such as these can be
combined with isotropic growth and/or ion exchange reactions to arrive at
sophisticated nanocrystal shapes and heterostructures.

Nucleation, isotropic growth, and anisotropic growth steps can in principle be
conducted sequentially with different materials to form a wide variety of
heterostructures. Additionally, many compound semiconductor nanocrystals can be
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modified via partial or complete ion exchange [160, 161] to alter the composition of
the finished product. However, the reaction conditions available in the simultaneous
presence of precursors for all component elements do not necessarily allow the
extent of growth in the different crystal directions to be controlled independently,
and continued nucleation events can lead to the presence of impurities or a distri-
bution of shapes that are challenging to separate afterwards.

Conformal alternating layer growth subsequent to anisotropic growth could be
used to deposit a thin layer of a higher-bandgap semiconductor to function as a
barrier, leading to increased quantum yield, carrier lifetimes, and/or chemical sta-
bility. In principle, conformal growth could also be used to increase the size of a
nanocrystal core prior to selective, anisotropic extension of the NC, to enable
formation of NRs with independently controlled width and length.

With the colloidal SILAR method, in which calculated reagent doses are
introduced and nothing is removed, reagent doses are generally calculated from the
nanocrystal concentration, nanocrystal surface area, and sample volume as descri-
bed above. In the case of spherical nanocrystals of known composition and crystal
structure, there is typically a direct correspondence between the electronic
absorption spectrum and radius, and between the radius and the molar extinction
coefficient. For nanocrystals with more exotic shapes, such data is generally either
not standardized or is insufficient to assign particle dimensions and concentration
for c-SILAR calculations. Some work is available for zincblende nanoplatelets
[162] and colloidal nanowires [163]. In principle, electron microscopy (to deter-
mine the distribution of particle dimensions) and mass or elemental analysis
measurements of purified samples (to determine the total amount of the colloidal
compound) can be used to accurately determine the concentration and total surface
area of a nanoparticle sample, allowing c-SILAR doses to be calculated. Precursor
conversion measurements can be used to detect surface saturation during SILAR
growth. However, the c-ALD method is able to sidestep these requirements through
the use of excess precursors in a biphasic mixture, and indeed shell growth on CdSe
nanoplatelets and CdS nanorods were among the first targets for c-ALD. Below, we
describe some of the goals and challenges specific to shape control in NRs, NPLs,
and NWs and the ways c-SILAR and c-ALD are being used to address them.

7.10.1 Wurtzite Nanorods

Nanorod structures can be achieved by selective growth on one or both hexagonal
facets of nanocrystals with the wurtzite structure. For CdSe and CdS nanocrystals,
the wurtzite and zincblende bulk crystal structures are similar in energy [164], but
nucleation and growth of NCs with the wurtzite structure tends to be favored for
syntheses conducted at very high temperatures and/or in the presence of primary
amines [90].

Work on chalcogenide colloidal NRs was principally launched by Peng and
Alivisatos [137], who reported in 2000 the growth of wurtzite CdSe “quantum
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rods” with roughly hexagonal cross-sections of*6 nm and lengths along the c axis
of *20 nm. The shape control was achieved by addition of n-hexylphosphonic
acid (HPA) to the TOPO solvent during nucleation and growth at high temperature
from Me2Cd and TBPSe precursors. Phosphonic acids are believed to bind strongly
to the sidewalls, such that growth from precursors occurs selectively at the less
protected c planes. Later NR preps often use a mixture of short- and long-chain
phosphonic acids (e.g., HPA and tetradecylphosphonic acid, TDPA) to control the
NR dimensions. These CdSe NRs could be coated with thin layers of CdS or ZnS
under simultaneous addition. Under the conditions used for NR growth, it is likely
that Me2Cd reacts with phosphonic acids to form the corresponding Cd phospho-
nate (through elimination of methane), and indeed, later work by other groups
showed that comparable results for wurtzite CdSe NR growth could be achieved
with a CdO starting material (through elimination of water). These preps used a
TOPO solvent. While TOPO was frequently described as a coordinating solvent in
early QD work, it is now increasingly accepted that it binds only weakly to QD
surfaces [126, 165]. However, technical grades of TOPO contain phosphonic and
phosphinic acid impurities that can influence growth. The deliberate addition of
alkylphosphonic acids that led to CdSe NR growth represented an effort to gain
control of the NC coordination chemistry during growth. However, recent work
from the Buhro group using a CdO + TDPA precursor in solvents of recrystallized
TOPO or ODE found that NR growth was only replicated when a phosphinic acid,
DOPA, was present [140]. Even so, the phosphonate-based prep has been extended
to growth of wurtzite CdS NRs in a TOPO/TOP solvent mixture [105]. A nominally
phosphonate-free route to CdSe NRs was reported by Sapra et al., in which CdO
was combined with 2-octenoic acid to form the Cd precursor, which was combined
with TBPSe in ODE solvent; once again selective ligand binding is believed to
promote axial growth [97].

The quasi-1D growth characteristic of wurtzite NRs lends itself to axial
heterostructures. A common motif is the dot-rod structure in which a wurtzite QD is
used to nucleate the extension of a “shell” material in one or both of the two
dissimilar c-axis directions. The product is essentially a NR with a QD embedded
within it. CdSe/CdS dot/rod structures have received continued attention because
the electronic structure provides a large valence band offset leading to confinement
of the hole, but minimal conduction band offset leading to a delocalized electron
wavefunction [69, 81]. The structures can achieve high QY, high per-particle
brightness due to light harvesting by the CdS NR, and offer a route to responsive
nanostructures with dual emission and a large quantum-confined Stark shift (see
also Sect. 7.5) [59, 84]. The two {0001} facets present different reactivity, as seen
by differing lengths of extension of CdS nanorod arms from CdSe QD cores, and
this property has been used to achieve selective modification of just one or both tips
by ion exchange, additional growth, or metal deposition.

In the first such preparation, by Talapin et al. in 2003, a rod-like CdS shell was
nucleated on CdSe cores, using Me2Cd and TMS2S precursors at low temperature
(130 °C) [69]. A large excess of the S precursor and the hexadecylamine solvent
were found to promote selective axial growth. Higher temperatures led to isotropic
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growth, leading the authors to conclude that the rod growth is a kinetic effect,
occurring when the temperature is not high enough to overcome the activation
barrier for addition to facets orthogonal to the {0001} plane. More recent work has
largely relied on a newer prep by Carbone et al. that uses rapid injection of CdSe
QDs and TOPS to seed the growth of CdS NR shells [71]. A CdO starting material
is used to generate Cd phosphonates for the Cd precursor. The growth proceeds at
320–360 °C, but the guiding principle is thought to be similar to that of the Talapin
prep, with the higher temperature being required to achieve the necessary reactivity
from the TOPS precursor. Alternatively, NRs with axially varying Cd(S,Se) com-
position have been achieved by performing NR growth with a mixture of S and Se
precursors: the more reactive precursor is preferentially incorporated first [75, 76].

A family of NR heterostructures can be formed by similar methods. The ani-
sotropic surface reactivity of wurtzite NCs in the presence of phosphonate ligands,
as well as strain arising from lattice mismatch, play important roles in determining
the shapes that result. Several notable examples include the selective deposition of
ZnSe tips on CdS NRs to form heterostructures displaying evidence for photoin-
duced charge separation [78], and the selective deposition of a CdSe QD at just one
tip of a CdSe/CdS dot/rod, leading to a “double QD” bridged by the CdS NR [141].
Additionally, nanoscale tetrapods and related structures can be formed from the
nucleation of wurtzite arms on the {111} facets of ZB NC cores [68].

Despite all of these achievements, there are few examples of conformal shell
growth on NRs, even though an encapsulating shell would likely prolong
charge-separation lifetimes and QY in dot-rod nanostructures. One example, by
Manna et al. and employing organometallic metal precursors, succeeded in raising
the QY of CdSe NRs through deposition of a graded CdS/ZnS shell [138]. In this
prep the reagents were added dropwise over *10 min at 160 °C. This can be
contrasted with the dot-rod “shell” growth conditions, which when applied to
CdSe NR cores led to a CdS shell that was axially extended [166].

Recently, Oron’s group have adopted c-SILAR as a means to control the shape
of NR core/shell heterostructures. In particular, c-SILAR was used to achieve
“extended coverage” of CdZnS and CdZnSe shells on CdSe/CdS dot/rod cores,
whereas simultaneous addition was used for selective deposition at the nanorod tip
[59, 153]. The group’s review of double QDs emphasizes the role for c-SILAR in
shape control in NR heterostructures [84]. The initial experimental results, con-
ducted with metal oleates, ODE/S, and TOPSe as precursors and in primary
amine-containing solvents, achieve results qualitatively different than simultaneous
addition but do not yet include evidence for completely conformal coverage,
making this a key area for future investigation with conditions that promote high
precursor conversion.

Shell growth of CdS on pre-existing wurtzite CdS NRs had been reported via
c-ALD [105]. Homoepitaxial shell growth was detected by an increase in NR
diameter, indicating that the c-ALD process is able to displace the native ligand
coordination that had promoted anisotropic growth in the initial synthesis.
Specifically, excess (NH4)2S was found to draw the initially alkylphosphonate-
capped NRs into the polar phase, by forming a sulfide-terminated surface and
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releasing ammonium alkylphosphonate. As outlined in Fig. 7.3d, sulfide-terminated
NRs could be brought back into the non-polar phase with a phase-transfer agent,
didodecyldimethylammonium bromide, whereupon, after rinsing, the NRs could be
brought into contact with a polar phase containing Cd acetate precursor. The change
in the distribution of NR lengths and widths was consistent with conformal growth,
and could offer a route to a precise and independent specification of the length and
diameter of chalcogenide NRs, but it will be important to establish whether
defect-free NR heterostructures with good electronic properties can be achieved via
this method.

7.10.2 Colloidal Nanoplatelets with Wurtzite Structure

In the past several years, nanoplatelets, colloidal particles with two relatively
extended dimensions and the third strongly confined, have attracted considerable
attention due to the narrow emission linewidths, giant oscillator strength, and low
optical gain thresholds that arise from their quasi-2D electronic structures. Since the
modern discovery of graphene as a stable 2D allotrope of carbon, a variety of 2D
materials derived from intrinsically layered bulk crystal structures has been
explored, including transition metal dichalcogenides such as MoS2. These 2D
crystals have a “closed shell” within a single layer, requiring no covalent bonds
between atoms in neighboring layers. As such the 2D faces do not have dangling
bonds. The formation of heterostructures with these materials is an active area of
research, but will generally require a different approach than SILAR. The binary
chalcogenides and related compounds considered in this chapter do not fall in this
category, having primarily wurtzite and cubic structures. Thus, strong ligand
interactions are required to form and stabilize the large surface to volume ratios
found in 2D shapes.

In the case of wurtzite, one route to 2D shapes that is consistent with the crystal
symmetry is the formation of platelets with large and parallel {0001} facets
(orthogonal to c axis). Under many solvent conditions used for nanocrystal growth,
the polar {0001} facets are less stable than the neutral sidewall facets, and so
nanorod structures extended along the c axis are favored instead. Nonetheless, in
2012 the Dubertret group reported formation of CdSe/CdS core/shell structures in
which the CdS shell grew laterally hexagonal platelet surrounding the wurtzite
CdSe core with flat {0001} planes. Remarkably, these nanocrystals were grown
under c-SILAR conditions. Strain associated with the lattice mismatch between
CdSe and CdS was cited as a possible reason for this growth habit. The hexagonal
dot-in-plate structures appeared when the Cd precursor, formed from CdO and oleic
acid, was subjected to extended heating above the temperature required for con-
sumption of the CdO, while conventional isotropic growth occurred when this was
eliminated. This suggests that a Cd(oleate)2 decomposition product could be
responsible for controlling the resulting shape.
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A more extensively studied example of 2D wurtzite NC growth are nanoplatelets
in which the c axis lies in-plane, with the {112′0} planes making up the 2D facets.
Extension along the mutually orthogonal <11′00> direction leads to platelets with
rectangular symmetry; examples with much greater length along the c axis are
referred to as “nanobelts.” These structures have been developed by the Hyeon and
Buhro groups, and have been recently reviewed. In the case of CdSe, nanoplatelets
or nanobelts of just a few nm thickness and smooth surfaces are formed when
cadmium salts are dissolved in high concentrations of a primary amine (octylamine)
and exposed to a source of selenide at moderate temperature. This growth is cur-
rently believed to proceed by templating and oriented attachment of CdSe clusters
having a common structure (“magic size” clusters). The clusters are organized to a
lamellar structure by primary amine ligands that strongly chelate the {1120} facets.
Once formed, the nanoplatelets/nanobelts can be dispersed in suitable solvents.
They can display intrinsically high quantum yields owing to high crystallinity and
smooth surfaces, but core/shell growth on these 2D nanostructures has not yet been
reported. Effective shell growth techniques must displace the ligand coating on the
{1120} facets while maintaining colloidal stability. Such shell growth could lead to
high performance electronic devices with remote doping.

7.10.3 Colloidal Nanoplatelets with Zincblende Structure

Growth of colloidal nanoplatelets (NPLs) with the zincblende structure has been
achieved for CdSe, CdS, and CdTe. In each of these systems the reduction in
symmetry from the cubic structure occurs due to self-assembly of a strongly-bound,
anionic ligand layer to Cd-rich facets on the top and bottom of the platelet. In the
most common synthesis, described by Ithurria and Dubertret [144], the addition of
Cd acetate to a mixture of a longer-chain Cd carboxylate (e.g. oleate) and a
chalcogenide precursor causes a shift from radial QD growth to lateral extension
into NPLs with flat {001} facets. The thickness can be controlled by adjusting the
time at which the Cd acetate is added. The acetate is evidently not a stringent
requirement as Peng’s group has reported CdSe NPL synthesis with {001} and with
{111} facets using a range of carboxylate chain lengths in the absence of acetate
[167]. However, the acetate appears to grant a substantial degree of control.
Compared to the wurtzite NPLs, the zincblende NPL growth is performed at higher
temperatures and in the absence of amines. Since the initial report, zincblende
colloidal NPLs have extensively studied due to their 2D electronic properties [145]
and apparent ease of preparation. The synthesis and electronic properties of zinc-
blende NPLs have recently been reviewed [157, 160].

Heterostructures emerging from zincblende NPLs include “core/shell” structures
featuring epitaxial growth of a shell compound on all sides including the 2D facets,
and “core/crown” structures formed by continuing lateral growth with a different
semiconductor compound (typically once again with a mixture of acetate and longer
carboxylate metal precursors) [146]. Formation of core/shell NPLs requires
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displacement of the ligand coating that previously dictated 2D growth. This has
been achieved through c-ALD of a CdS shell on CdSe NPLs using (NH4)2S as the S
precursor (Fig. 7.10c), and was hailed as a major success for the technique at the
time, as some earlier c-SILAR attempts (unpublished) had evidently been unsuc-
cessful [105]. A c-ALD process using TMS2S as the sulfur precursor also suc-
ceeded in completing a monolayer of CdS growth on CdSe NPLs [79]. Eventually a
simultaneous addition process using thioacetamide and octylamine to extrude H2S
in situ was discovered and found to yield good quality core/shell structures as well
[79, 154]. Common to all of these successful shell depositions is the use of a
precursor that supplies S in the proper −2 oxidation state.

Published work on c-SILAR growth on zincblende NPL cores is more limited.
One of the challenges for c-SILAR, in which the reaction is performed in a single
phase, is to accurately determine the dose required in each step. We describe in
some detail below the use of in situ electrochemical monitoring to detect surface
saturation and this technique is being applied to NPL surface reactions [131].
Additionally, a study on the spectra and extinction coefficients of zincblende CdSe
NPLs as a function of size [162] has could serve as a valuable point of reference in
dose calculations.

7.10.4 Colloidal Nanowires

Semiconductor nanowires, with nanoscale diameters and lengths that extend to
microns or more, have attracted considerable interest among nanostructures in part
because they can easily be contacted by lithographically defined electrodes [168–
170]. The diameters can be smaller than characteristic length scales for minority
carrier diffusion, depletion width, and in some cases quantum confinement. Because
of these characteristics, semiconductor NWs have been studied for high density
logic and memory arrays [171, 172], solar cells [173, 174], and as the basis for
chemical and biological sensors and neural interfaces [175].

To achieve free-standing semiconductor crystals with such high aspect ratios,
catalyzed growth is employed. In the earliest examples of this approach, gold
droplets were used to catalyze the physical deposition of Si vapor on the surfaces of
Si bulk crystals [176]. At the growth temperature, Si dissolves in the Au particles to
form a liquid alloy; continued supply of Si leads to saturation of the mixture,
whereupon it deposits as a solid crystal of pure Si according to the Au–Si phase
diagram. This leads to the growth of Si wires or “whiskers” because at modest
supersaturation, the Si vapor readily adheres to and dissolves in the liquid alloy
droplet, but deposition onto the Si surface on the wire sidewalls occurs slowly. The
catalyst is not consumed because it is insoluble in the solid NW crystal. This
“vapor-liquid-solid” (VLS) process allowed growth of single-crystal wires with
arbitrary length and diameter defined by the catalyst particle size and surface ten-
sion. Later on the technique was extended to compound semiconductors by Hiruma
et al. [177]. A major shift in emphasis occurred when Lieber and co-workers
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extended the method to growth of NWs of many elemental and compound semi-
conductors with small diameters and on non-crystalline substrates [168, 178, 179].
Importantly, the Lieber group and many others showed that VLS-derived NWs
could be suspended in solvents and transferred to foreign substrates, including glass
and plastic, to form heterostructures and integrated devices. VLS syntheses typi-
cally employ gas-phase precursors and high temperatures, with NW growth
occurring on the surface of a solid substrate. Though this leads to high crystallinity,
there are some limitations. It is challenging to produce large quantities of NW
material in this way, it can be challenging to achieve single-digit nano diameters
[180], and the native surface that emerges is sensitive to oxidation.

A colloidal analogue to VLS is “solution-liquid-solid” NW growth, in which a
colloidal solution of a low-melting-point metal (typically bismuth) is added to
solution reaction conditions similar to those used in typical colloidal quantum dot
syntheses to catalyse the growth of NWs [170]. NWs synthesized in this way are
protected by a coordinating solvent or ligand that gives a measure of colloidal
stability. SLS growth has been used to prepare colloidal NWs with compositions
including Ge [181], CdS, CdSe, CdTe, and InAs.

For both VLS and SLS NWs, as with other semiconductor nanostructures, shell
growth has been investigated as a means to control properties. As with QDs,
confining shells can potentially be used to protect the core from oxidation and
improve PL QY by suppressing surface recombination. Additionally, control of
carrier concentrations via electronic doping is particularly important for NW device
applications, but incorporation of substitutional impurities during catalyzed axial
growth has been problematic [182]. Shell growth methods can be used for surface
doping, epitaxial growth of a doped shell, or formation of a core/shell
heterostructure that yields accomplishes remote doping of the core by charge
transfer or surface Fermi level pinning [183–187]. Each of these shell growth goals
has been accomplished in the case of VLS NWs, often by conducting shell depo-
sition at an elevated temperature and/or precursor partial pressure such that surface
growth, normally suppressed at axial growth temperatures, can proceed. However,
shell growth on colloidal NWs has been challenging.

Challenges in controlling shell growth on colloidal NWs include lattice mis-
match between core and shell materials, which can tend to lead to islanding; that
ligand coordination can kinetically or thermodynamically stabilize rough surfaces;
and the limited temperature range accessible in solution. Shell growth for colloidal
NWs has been particularly sought as the PL QY of the initially formed NWs is very
low in comparison to QDs of the same compositions. One reason for this is that
exciton diffusion along the NW axis amplifies the effect of any defects that can act
as recombination centers; additionally, wurtzite-zincblende polytypism through
stacking faults along the NW axis is common in colloidal NWs. In an early report,
the Kuno group formed a variety of II–VI core/shell heterostructures with colloidal
NWs using organometallic precursors in a manner similar to early shell growth
work on QDs [188]. The Kuno group also published extinction coefficient data that
can be used to select shell precursor amounts [189]. However, the QY was found to
decrease rather than increase and the growth conditions (250 °C) revealed some
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thermal instability of the core NWs. In 2010, Li and co-coworkers reported growth
of CdS shells on CdSe NWs using a single-source precursor, cadmium hexade-
cylxanthate [190]. This succeeded in increasing the PL quantum yield, but led to a
very rough shell: the shell initially deposited as a rough forest of small-diameter
CdS rods, which could be annealed into somewhat larger and more uniform
domains, but still containing numerous defects.

The self-limiting aspect of SILAR was successfully adopted in a unique method
of forming a monolayer CdS shell on CdTe colloidal NWs, reported by the Buhro
group in 2012 [155]. CdTe NWs with a principally wurtzite structure ({0001}
growth axis) were treated with ethanethiol and then heated in air. This is believed to
result in installation of sulfide and displacement of (likely oxidized) Te species.
Subsequently, introduction of TOP, which can act as a reducing agent and is known
to improve the PL QY of CdS-terminated QDs [126], along with photoannealing,
led to a large increase in PL QY.

Surface supported colloidal NWs have been treated with conventional SILAR
methods to control doping as described above [151], which validates alternating
layer addition as a strategy for shell growth on NWs while retaining good structural
characteristics, but additional work is necessary to develop a technique to achieve
good results in solution.

7.11 Regioselective Growth Under SILAR Conditions

Though alternating layer addition methods have traditionally been developed as a
means to enforce conformal growth, regioselective growth is achieved under certain
conditions, and with suitable control, can offer a strategy for rational design of
nanocrystals with anisotropic shapes. To date only a few examples exist. Below, we
discuss two strategies by which anisotropic and/or regioselective growth might be
achieved. Both strategies rely on the core nanocrystal having significantly different
reaction rates and/or equilibrium constants for precursor binding on different
regions of the nanocrystal surface, under the reaction conditions. These differences
are tunable based on solvent, ligand competition, temperature, and lattice mismatch.

In the first strategy, growth on some surfaces is strongly suppressed under the
reaction conditions, such that crystal growth on such surfaces will not occur even
when an excess of the precursor is available in each cycle. Here, the resulting shape
is not strongly dependent on the dosage per cycle, but the alternating layer approach
may help to suppress nucleation or inhomogeneous growth rates among the
nanocrystals in the ensemble.

In the second strategy, precursor conversion proceeds with a large association
constant and sufficient rate on all surfaces, but some surfaces exhibit a significantly
greater association constant or rate, such that when a sub-monolayer equivalent
dose is introduced, preferential growth is achieved. In this case, the dose per cycle
is an important control on the resulting nanocrystal shape.
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7.11.1 Regioselective Growth Under Saturating Conditions

One example of this approach in c-SILAR growth was reported by Cassette et al. in
2012 [56], in a study in which dot-in-plate nanostructures were formed by extension
of wurtzite CdSe cores with CdS. The authors found that a change in the prepa-
ration of the Cd shell precursor led to quasi-2D growth of the shell, forming
hexagonal platelets with {0001} faces, centered on the CdSe core. In particular,
under fairly standard SILAR conditions with Cd(oleate)2 and ODE/S as precursors
for CdS growth by SILAR in hexadecylamine/ODE solvent, spherical core/shell
nanocrystals were obtained. In this prep, the Cd(oleate)2 was prepared by heating
CdO in excess oleic acid at 160 °C, followed by degassing to remove H2O. When
the Cd precursor was instead prepared by heating the CdO and oleic acid at 300 °C,
anisotropic growth was observed. A portion of the Cd precursor could be replaced
with similarly prepared Zn to achieve dot-in-plate structures with CdZnS alloy or
gradient shells. The resulting platelets displayed 2D-polarized band-edge emission.
The chemical differences in the Cd precursor that resulted from the high temper-
ature preparation and led to the change in growth habit are not yet clear.

The initial description of c-ALD also includes evidence for regioselective and
anisotropic growth under saturating conditions [105]. In particular, CdS shell
growth on CdSe wurtzite cores proceeded preferentially on one of the {0001}
directions, with growth on the opposing hexagonal facet largely suppressed.
Growth in the presence of oleylamine led to slightly oblong core/shell nanocrystals
while more pronounced hexagonal-pyramid-like faceting was observed for growth
in toluene with ionic stabilization only. For zincblende CdSe cores, c-ALD growth
of CdS in the presence of oleylamine led to octahedral shapes while in its absence,
tetrahedral shapes with more pronounced faceting was observed. These observa-
tions are consistent with strong primary amine coordination of the surface, which
may stabilize undercoordinated surface atoms and minimize differences in the
thermodynamics of precursor binding on the various crystal surfaces.

7.11.2 Shape Control Via Reagent Dosing

With sufficient understanding of nanocrystal stability, surface chemistry, and pre-
cursor conversion reactions, it may become possible to use the reagent dosing
sequence in c-SILAR to select between regioselective and isotropic growth modes.
This would allow nanocrystal chemists to program the growth of nanocrystals and
heterostructures in a variety of shapes that are derived from the underlying crystal
symmetries, but that are not limited by the relative growth rates available through
simultaneous addition or c-ALD growth results. To do so requires that nearly all of
the precursor dose added in each cycle reacts at the NC surface to form a
self-limited monolayer – with little left in solution – and that this layer is not
significantly restructured upon addition of the complementary reagent.
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A case for morphological control of wurtzite NCs via SILAR is outlined in
Fig. 7.11. Under simultaneous addition, surfaces on which growth is kinetically or
thermodynamically favorable can be selectively elaborated and nucleation is not
blocked. Under the SILAR paradigm, growth under alternating-layer conditions
should enforce isotropic growth with full monolayer equivalents, even in cases
where anisotopic growth is favored under simultaneous addition. At sub-monolayer
equivalency, the result would appear to depend on the distribution of binding free
energies among the possible sites; in cases where the quasi-equilibrium reached
after sub-monolayer addition is described by partial occupancy on all surfaces,
isotropic growth will be preserved, while in cases where the surface enrichment
displays a strong thermodynamic preference for one facet over another, anisotropic
growth may emerge.

To date, this level of control in shell growth via SILAR has not been demon-
strated. However, we can point to several design considerations and encouraging
results for future development. Success is likely to require growth at relatively low
temperatures (favoring strong fractionation of added material towards the sites with
most negative free energy of binding), high precursor conversion, precise deter-
mination of precursor equivalencies (perhaps assisted by in situ monitoring), and
highly uniform and repeatable core nanocrystal preparations.

The in situ monitoring result by Fedin et al. [131]. included an important
observation that illustrates the promise and challenge of this approach (Fig. 7.12).
Using an electrode sensitive to the sulfide (S2−) concentration, the authors titrated
S2− (as K2S) into solutions of Cd chalcogenide nanocrystals that had been stripped
of covalently-bound ligands by treatment with Meerwein’s salt (triethyloxonium
tetrafluoroborate, a strong alkylating agent) leaving a Cd2+-rich surface stabilized
by BF4

− counterions. The electrode potential, which is proportional to −log [S2−],
decreases slowly as S2− is titrated in, since most binds to the nanocrystal surface,

Fig. 7.11 Under appropriate conditions, c-SILAR could afford the ability to select between
conformal and regioselective growth. a In one proposed scheme, shown for a hexagonal (e.g.
wurtzite) crystal structure, c-SILAR enforces isotropic growth when the dose is high enough to
saturate all surface sites, while regioselective growth occurs when only the most reactive sites are
populated. b The ability to select among isotropic and anisotropic growth could permit the design
of complex single-crystal heterostructures with independently programmed structural dimensions
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and then drops sharply when an endpoint is reached corresponding to saturation of
surface sites. In the case of quasi-2D CdSe/CdS core/shell nanoplatelets, two dis-
tinct titration endpoints are observed. The authors attributed this to distinct equi-
librium constants for S2− binding to different sets of crystal facets, with binding to
the large, Cd2+ rich {100} facets offered as a plausible candidate for the higher
association constant. If this explanation is correct, one could predict regioselective
growth for a continued SILAR process with doses that are only sufficient to saturate
the strongest-binding sites, versus isotropic growth with doses large enough to fill
all sites. The authors indicate, based on a multiple-site Langmuir absorption model,
that a difference in Ka of several orders of magnitude, and weaker binding sites
having Ka of at least *106 M−1, is necessary to cleanly discriminate between the
two sets of sites at room temperature. If this can be achieved, shape control via
reagent dosing could be used to form nanorod and nanoplate structures with pre-
cisely programmed dimensions, and core/shell structures with regionally variable
shell thickness, which would be advantageous for charge and energy transfer
applications.

7.12 Applications

Colloidal alternating layer addition methods have already proven to be a valuable
approach in controlling the shape and shell thickness of quasi-spherical QDs,
particularly those based on CdSe, and this experience has aided in development of
the methods and associated analytical techniques. There is currently a limited
number of examples in which c-SILAR and c-ALD have been used to direct the

Fig. 7.12 Experimental (a) and calculated (b) electrochemical titration curves for sulfide addition
to a sample of nanoplatelets; two distinct saturation features are seen for sufficiently different
values of the association constants. Adapted from Fedin and Talapin [131]. Copyright 2014
American Chemical Society

216 A.B. Greytak et al.



formation of anisotropic shapes, but we anticipate that this will change in the near
future. This chapter highlights three general areas in which such shape control is
anticipated to be of high value.

7.12.1 Double Quantum Dots and Related Dual-Emission
Structures for Temperature Measurement
and Upconversion

Most luminescent molecules emit light from only one electronic state—excitation
into a higher excited state results in rapid thermalization into the emissive state.
This roughly characterizes the typical behavior of colloidal QDs as well: excitation
at high energies still results in light emission from the lowest-energy exciton state
because of rapid cooling.

Double quantum dots are inorganic nanostructures that include two localized
emitters that are coupled through wavefunction overlap and/or long-range energy
transfer (FRET), but can both emit light when the system is excited (rather than
from the lowest energy excited state alone). For example, in concentric
core/barrier/shell heterostructures, the core can form one quantum dot, while the
outer shell forms a quantum well that can also emit. Double quantum dots can also
be formed in nanorod heterostructures in which two quantum dots are separated by
a barrier. In these systems, excitation at high energies (above the bandgap of the
barrier) can result in stochastic cooling process in which energy is funneled into one
or the other of the emitting states, and light emission subsequently occurs before the
emitters can reach equilibrium. If the two coupled QDs have different lowest-energy
exciton energies, their emission can be resolved spectroscopically. Dual emission
can also result if the lower energy emitter has a low radiative rate (long lifetime) so
that the two emitters can reach thermal equilibrium and yet emit light at comparable
intensity. This is achieved in some types of doped QDs in which a localized excited
state on an impurity atom is close in energy to the LEET of the QD.

Double quantum dots are highly sought after for several applications, as
described in a review by Oron and co-workers [84]. Dual emission can be used to
intentionally broaden the emission spectrum of QDs to be used in solid state
lighting. Double QDs can also be used as the basis for ratiometric optical sensors, in
which local conditions can be read out from the ratio of the intensities at the two
emission wavelengths. For example, doped QDs have already been demonstrated as
temperature sensors based on thermal equilibrium among band-edge and localized
excited states [191]. Additionally, double QDs are being studied as optical gain
media and photoluminescence upconversion materials (fluorophores that emit at
shorter wavelengths than the excitation light, a rare property that permits
low-background fluorescence imaging and microscopy in biomedicine).

Good structural control including control of shell growth is critical to the
preparation of double QDs. Colloidal SILAR has been used to form concentric
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CdSe/ZnS/CdSe/ZnS core/barrier/shell nanocrystals for white light emission [192],
and the Oron and Weiss groups have shown the ability to form double QDs in
nanorods by growing a PbS or CdZnSe tip at the far end of a CdSe/CdS dot-in-rod
heterostructure [141]. The Oron group has been one of the first to show, in 2012,
that c-SILAR could be used to impose “extended” shell growth on nanorod cores:
material is deposited on the sidewalls as well as at the more reactive tips of the
wurtzite nanorod [153].

Looking forward, many proposed uses of double QDs will require not only dual
emission, but a high overall quantum yield. Encapsulation of concentric double
QDs has been demonstrated and continued improvement in c-SILAR and c-ALD
methods can be expected to yield even better results. On the other hand, the
nanorod-based double QDs could likely benefit from complete encapsulation within
a higher-bandgap shell, and this has not yet been conclusively demonstrated. The
nanorod-based double QDs show considerable promise for upconversion, optical
gain, and sensing based on the ability to tune the energetic landscape within, and so
the achievement of conformal shell growth on anisotropic nanorod heterostructures
is likely to be an important application area for c-SILAR and c-ALD methods in the
future.

7.12.2 Cell Membrane Voltage Sensing

Considerable interest has arisen in the possibility of using colloidal NCs to detect
and image cell membrane potentials in neuroscience research. Nearly all biological
cells maintain a nonzero membrane potential (voltage) across the lipid bilayer that
forms the plasma membrane. From a rest potential around −70 mV with respect to
the outside, firing results in a jump to the action potential around +40 mV [193].
For a typical lipid bilayer membrane thickness of 5 nm, this is a change in the
electric field of >200 kV/cm.

The importance of membrane potentials to respiration, neuron function, con-
tractile function in heart muscle, and sensory perception including vision has
spurred the development of techniques that permit membrane potentials to be
measured and applied with greater throughput and spatial registration than is
possible with traditional patch-clamp techniques. Fluorescent voltage probes offer a
field of view encompassing many cells in culture or in a tissue [194]. These
fluorophores include genetically-encoded transmembrane proteins [195] and syn-
thetic dyes with hydrophilic and hydrophobic parts [196] that experience a change
in absorption or emission upon a change in the membrane potential. Limitations
associated with low water solubility, low dynamic range, and the speed of the
response continue to fuel the search for improved sensors. QDs are also known to
exhibit a strong quantum confined Stark effect (shift of electronic spectrum in
response to electric field) [197] that could make them useful as sensors of
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membrane potential if they can be localized within the cell membrane. It is known
from cryo-TEM experiments that QDs with a hydrophobic ligand coating can be
captured within the lipid bilayer of synthetic liposomes [60].

Marshall and Schnitzer analyzed the case for NC-based cell membrane voltage
sensing theoretically in 2013 [62]. They concluded that heterostructured nanorods
with a type II band alignment, such as CdTe/ZnTe, would give the best membrane
voltage sensors (Fig. 7.13). This is because while for spherical QDs the Stark shift
nominally depends on the square of the electric field, an anisotropic heterostructure
with a highly polarized excited state will generate a more linear response. Yet, the
lipid bilayer is only a few nm in thickness. Successful sensors will likely be small
and anisotropic, but must also maintain high QY in a live cell environment.
Colloidal SILAR and/or c-ALD could assist in programming regioselective growth
to form the voltage-sensing heterostructure, followed by growth of a thin, encap-
sulating shell.

7.12.3 Fluorescence Anisotropy in 1D and 2D Nanocrystals

Semiconductor nanocrystals can exhibit polarization anisotropy with respect to PL
emission and electronic excitation. Such anisotropy is strongly dependent on the
crystal structure and the overall shape. The prospect of NCs as bright and stable
sources of polarized light has generated considerable interest for uses in photonics,
and in bio-imaging, where polarized fluorescence can reveal orientation and
dynamics of protein complexes and other intracellular structures in live cells [198,
199]. Fluorescence polarization in wurtzite CdSe NRs was observed in the initial
report by Peng and Alivisatos [137]. In recent years increased attention has been
devoted to the influence of nanocrystal shape on polarization anisotropy in the case
of 1D and 2D nanocrystals [56–58, 166]. Applications will demand large aniso-
tropy, high quantum yield, and homogeneous behavior among NCs in the

Fig. 7.13 Anisotropic NCs positioned within the lipid bilayer could provide rapid detection of the
magnitude and sign of membrane voltage changes for neuroscience studies, through the quantum
confined Stark effect. Adapted with permission from Marshall and Schnitzer [62]. Copyright 2013
American Chemical Society
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ensemble; accordingly, this is an area in which techniques capable of growing and
encapsulating anisotropic nanocrystals with a high degree of control can be
anticipated to have a significant impact.

Polarization anisotropy in NCs has two essential origins: anisotropy in the elec-
tronic transition dipoles, and a classical effect from dielectric contrast between the
nanocrystal and the surrounding ligands and solvent that modulates the external
electric field. An anisotropic crystal structure can give rise to intrinsically polarized
electronic transitions. In the case of wurtzite nanocrystals, this is manifested in the fine
structure of the lowest-energy exciton state. A total of eight possible excited states are
split according to their total angular momentum (electron plus hole) [58, 200]. For
spherical QDs in the strong confinement limit, these are labeled ±2, ±1L, 0L, ±1U,
and 0U in order of increasing energy. Of these,±2 and 0L are optically forbidden. Of
the remaining five, the ±1L and ±1U states give rise to plane polarized transition
dipoles oriented orthogonal to the c axis, while 0U gives rise to a linearly polarized
transition dipole parallel to the c axis. In spherical QDs all of these transitions are close
in energy at room temperature. Little absorption polarization or emission polarization
is observed in solution samples, and single-QD measurements show elliptical
polarization. However, measurements of wurtzite NRs have shown strong emission
polarization oriented parallel to the elongated c axis [57, 58, 166], and measurements
of core/shell nanoplatelets extended in the ab plane have shown emission polarization
oriented perpendicular to the c axis [56].

Emission polarization (polarization anisotropy in PL emitted by the sample)
nominally probes the lowest-energy emitting state and both of these results have
been rationalized on the basis of the ordering and energy splitting of the exciton fine
structure. Excitation polarization (dependence of total PL intensity on polarization
of excitation light) can be measured as a function of wavelength to build a more
complete picture of the origin of PL anisotropy. In the case that anisotropy in the
electronic transition dipoles is responsible, excitation polarization will be empha-
sized near the band edge, and can help to assign the exciton fine structure. On the
other hand, anisotropy due to dielectric contrast will show excitation polarization
that does not depend strongly on energy. Recent investigations of excitation ani-
sotropy in wurtzite CdSe and CdSe/Cd1−xZnxS NRs found that near-band-edge
transition dipoles are chiefly responsible for PL anisotropy in ensemble NR sam-
ples. Surprisingly, though, the excitation dipoles were widely distributed in angle
relative to the NR axis when examined on a single-particle basis [58]. This is
problematic for potential applications of such materials in single-particle tracking
and orientation, where consistent excitation polarization is desirable. A possible
roles of surface defects was discussed as a reason for the distribution of transition
dipole angles. Improved control of NR and NPL dimensions and shell growth on
anisotropic nanocrystals through c-SILAR or c-ALD approaches could lead to
better understanding of PL anisotropy in colloidal nanocrystals and thereby pave
the way for applications.
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7.13 Concluding Remarks

Improved nanocrystal shape control will enable a range of new applications and
opportunities for basic research on charge transfer, energy transfer, and ligand
dynamics in nanoscale systems. In the time since c-SILAR was introduced, suc-
cessive ionic layer addition methods have been applied by a host of researchers
around the globe, demonstrating the accessibility and repeatability of these
approaches. Much of the work so far has centered on quasi-spherical core/shell
heterostructures, where suppression of nucleation and (at least nominal) enforce-
ment of self-limiting and isotropic growth contribute to high quantum yields in
core/shell QDs, and control of excited state wavefunctions. Fewer examples exist of
using successive ionic layer addition methods to design and synthesize anisotropic
nanostructures, yet we have described several salient results that lead us to antic-
ipate rapid development in this area.

One of the characteristic challenges of SILAR-like approaches applied to
nanoparticles in solution is to saturate the desired reaction sites while avoiding
undesired cross reactions. Technical methods devised to accomplish the alternating
reagent additions include colloidal SILAR, in which calculated reagent doses are
added to a homogeneous liquid phase; and colloidal ALD, in which reagents are
added in excess, followed by separation and removal of unreacted material. We can
point to three key areas of understanding that researchers should have in mind when
pursuing either of these methods. Firstly, it is important to select appropriate pre-
cursors and helpful to identify the reactants and products in the precursor conver-
sion reactions. Secondly, careful monitoring of the extent of precursor conversion
in each cycle through ex situ or in situ chemical analysis can help to identify
conditions compatible with shape control by detecting saturation events. For
example, conversion of Cd oleate to bound forms was found to depend on the
presence of nucleophilic solvent constituents. Thirdly, the charge and ligand
coordination environment at the nanocrystal surface is important to controlling
solubility and reactivity, and the initial character of the surface can be affected by
purification methods.

Due to advances in each of these three areas, our understanding of nanocrystal
growth via c-SILAR and c-ALD has been greatly improved, and we expect rapid
progress in extending successive ionic layer methods to the controlled formation of
anisotropic nanocrystals and heterostructures by selecting between conformal and
regioselective growth modes. In addition to improved shape control, we anticipate
an expanded material scope for growth of a wider variety of compounds, and the
application of homoepitaxial c-SILAR and c-ALD methods to small nuclei in order
to achieve a fine degree of size and crystal structure control in nanocrystals of
homogeneous composition. The principles and examples described in this chapter
will continue to serve as a guide for such endeavors.
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Chapter 8
Plasmon Drag Effect. Theory
and Experiment

M. Durach and N. Noginova

Abstract The plasmon drag effect was discovered about a decade ago in 2005.
Since then, it has attracted considerable attention from the nanotechnology and
photonics community due to fundamental physics of this effect as manifestation of
electron plasmon coupling and myriad of possible applications in nanoelectronics,
photonics and sensing. In this chapter, we review the recent advances in the
plasmon drag effect studies.

Keywords Plasmonics � Plasmon drag effect � Photoinduced responses �
Optoelectronics

8.1 Introduction

Continuous progress in the information technology plays a crucial role for the
development of our society in XXI century. Progressing in electronic and opto-
electronic devices towards the smaller, faster, and more efficient ones has also
brought many challenges. Currently, the most significant problem preventing sig-
nificant increase in processor speed is delay issues associated with electronic
interconnections. Increase in data transport and data processing operating speeds
requires fundamentally new approaches such as implementation of photonic tech-
nologies. However, use of optical elements in electronics has many challenges,
including a diffraction-limited size of the optical components and a large size
mismatch between electronic and dielectric photonic components. The field of
nanoplasmonics is capable to modernize the information technology by combining
advantages of compact size and optical speed of operations [1–5]. Plasmonic
components of different functionality [6–16] are proposed (examples are shown in
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Fig. 8.1a, b) which can enable the information processing at the nanoscale with
optical frequencies and bridge the gap between the world of microscale photonics
and nanoscale electronics.

Coupling of electric and optical effects in plasmonic circuit elements is of
imminent importance for photonic nanocircuitry applications as it may provide an
opportunity to include plasmonic elements in electronic circuits and/or control
surface plasmon effects electrically. It would be also advantageous for biomedical
applications of plasmonics [17–20] such as plasmonic-based sensors with electrical
detection, which would allow one to substitute bulky optical detectors with compact
electronic reading, Fig. 8.1c.

Plasmon drag effect (PLDE) is a giant enhancement of the photon drag
effect taking place in metal films and nanostructures under conditions of
surface plasmon resonance (SPR). PLDE presents interest for various appli-
cations as it may provide the direct way for incorporation of plasmonic ele-
ments in electronic and optoelectronic devices. From fundamental point of
view, it provides information on plasmon-assisted momentum transfer process
in light-matter interaction in metal.

Let us first discuss photon drag effect (PDE), well known for semiconductors,
which is generation of dc electric currents or electromotive force under optical
illumination. It has been first observed in 1970 [21, 22]. In first approximation, PDE
is commonly discussed in terms of radiation pressure [23], i.e. momentum (or
quasi-momentum) transfer from photons to charge carriers. The efficiency of this
classical process is quite low due to the large disparity in masses of interacting
particles. In semiconductors where photon drag is significant, other mechanisms
enabling this effect were shown to play a major role, such as momentum-selective
interband or intraband transitions and different mobilities in corresponding bands
[24–32]. The sign and the magnitude of PDE can be different from those solely
determined by a direct photon-to-electron momentum transfer, depending on the
energy band structure, electronic transitions, and relaxation processes involved.

Fig. 8.1 a Plasmonic transmission line with ultra fast control [13]; b Plasmonic C-NOT gates [16,
reproduced courtesy of The Electromagnetics Academy]; c Possible plasmonic-based chemical
sensors with compact electric reading
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One of the mechanisms of enhanced PDE in semiconductors and metals originates
from a combination of directional transition selectivity associated with the Doppler
effect and different carriers mobilities in ground and excited states [27, 28], see
Fig. 8.2a.

Semiconductors such as Ge and Te have already found applications as broad-
band “photon drag” detectors of high energy pulsed laser and microwave radiation
[33, 34].

In bulk metals, the photon drag effect is weak and commonly discussed in the
terms of light pressure mechanism. The photogalvanic model [29–31] also takes
into account diffusive scattering of electrons off the metal surface that can result in
the net flow of electrons away from the surface and against the in-plane component
of the photon wave-vector, Fig. 8.2b. The theory predicts the photoinduced current
as

j ¼ r
esP
2mc

sin 2h; ð8:1Þ

where r is the absorbance, e and m are the electron charge and an effective mass, h
is the angle of incidence, P is the power density of the incident light, and s is the
electron scattering time.

Similar considerations were used in the hydrodynamic model of PDE, [35] based
on a combination of the Maxwell’s equations and the hydrodynamic equations for a
jellium surface obliquely illuminated by a monochromatic light.

The PDE in bulk metal has been observed experimentally [36] at low temper-
atures. The detected signal demonstrated reasonable agreement with the photo-
galvanic model [30, 31].

Photoinduced electric effects in nanoscale metal systems include generation of
hot electrons. Under conditions of plasmon resonance, a metal particle acts as a
source of electrons, which are strongly accelerated by plasmonic fields and escape
along the trajectories governed by the particle geometry [37]. Novel effects

Fig. 8.2 a Schematics of momentum selective transitions in solids [27, 28]. b Diffused scattering
of electrons at the metal surface, contributing to photogalvanic effect [56]
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associated with catalytic activity of hot electrons are reported [38–43]. Possible
applications include solar energy harvesting as well [40].

The plasmon drag effect discussed in this work takes place within the metal, in
contrast to the effects related to hot electrons escaping from the metal. However, as
it will be discussed below, these effects might be closely related.

Before discussing the PLDE in details, let us briefly review basics of surface
plasmons and their excitation methods. Plasmons are collective oscillations of free
electron density in metal at optical frequency. Two classes of this phenomenon are
commonly discussed: localized surface resonances (LSPs) which can be excited in
0-D metal nanoparticles, and surface plasmon polaritons (SPPs) propagating at the
interface between metal and dielectric (Fig. 8.3a) [44, 45]. The resonance frequency
of LSP can be adjusted by the size, the shape of the particle, and dielectric prop-
erties of the surrounding medium. LSPs have been observed on rough surfaces
[46, 47], in engineered nanostructures [48–50], as well as in clusters of nanopar-
ticles [51], where they can lead to extremely large enhancement of local field
amplitudes [52].

In flat films direct optical excitation of surface plasmon polaritons is forbidden
because the SPP dispersion curve lies entirely below that of photon dispersion curve
in the dielectric (Fig. 8.3b), and an additional Dk is needed for the plasmon exci-
tation. One of common methods for SPP excitation in thin films is the Kretschmann

Fig. 8.3 a Surface plasmon polariton schemaics. b SPP dispersion curve; c Kretschmann
geometry of SPP excitation; d diffraction grating assisted SPP excitation [44]
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configuration [44, 45], where the metal film is bounded by dielectric (air) on one
side and by a high refractive index glass prism on the other side (Fig. 8.3c) and is
illuminated through the prism. The SPP is excited at the metal-dielectric interface
excitation at [44]

x
c
� n � sin hspp ¼ kSPP ¼ x

c
�

ffiffiffiffiffiffiffiffiffiffiffi
e1 � e2
e1 � e2

r
� � � : ð8:2Þ

Under these resonant conditions, a sharp minimum is observed in the reflectivity
profile, manifesting energy transfer from light to the SPP. The profile of the
reflection dip in a p-polarized light is described by the formula [44]:

R ¼ rp01 þ rp01e
2ikx1d

1þ rp01r
p
12e

2ikx1d

����
����
2

: ð8:3Þ

Here R—reflectivity, rpik is the amplitude reflection coefficient for p polarized
light at the interface between media i and k (i, k = 0, 1, 2), ei, k is the dielectric
constant, d is the thickness of the metallic film, kzi is the wave vector in the
direction perpendicular to the surface of the metal, kx is the wave vector in the
direction of the SPP propagation, kphot is the wave vector of a photon in the glass
prism, and h is the angle of incidence; the subscripts 0, 1, and 2 correspond to glass,
silver, and air, respectively.

Another way to produce SPP excitation is to use a diffraction grating [44] such
as a periodic structure on the top of the metal film (Fig. 8.3d). The SPP will be
excited at

kSPP ¼ kx þ n 2p=a; ð8:4Þ

where n = 0, ±1, ±2,… is a diffraction orders and a is the periodicity of the
grating. As with prism coupling, excitation of SPPs is detected as a minimum in the
reflected light. The SPP modes can be generated at non-periodic structures such as
sharp edges, rough surfaces of surfaces with particles or holes [44, 53, 54]. If the
dimensions of the defects are smaller than the wavelength of the incident light, a
broad spectrum of kx vectors can be generated (stemming from the spatial Fourier
spectrum of the particular defect), in which a mode satisfying the coupling con-
dition (Eq. 8.4) can be found. The plasmon excitation efficiency depends on the
particular profile of the defect. As an example, a single subwavelength hole in gold
film can generate SPPs with efficiency up to 28% depending on the hole size and
shape [54].
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8.2 Experiment

8.2.1 Photoinduced Electric Effects in Flat Metal Films

In the first experiments on the photoinduced electric effects in thin metal films,
SPPs were excited using Kretschmann configuration. Strips of thin gold or silver
films were deposited on the glass prism with the electric contacts placed on the
opposite sides of the metal strips. The photoinduced electric voltage was recorded
as the function of the light incidence angle. In [55] the enhancement of photoin-
duced electric signal was reported in gold films for p-polarized light at infrared
range (k = 930 nm) at the angles of incidence corresponding to the SPP resonance
angles (Fig. 8.4). This enhancement was initially explained with the photon pres-
sure mechanism taking into account the resonant absorption.

The effect was studied in more detail in silver films in Ref. [56], see Fig. 8.5.
The film was illuminated with p polarized laser light with approximately 5 ns

Fig. 8.4 Reflectivity (top)
and the electric signal
(bottom) in flat gold films for
p-polarized (thick curves) and
s-polarized(thin curves) laser
light illumination. Reprinted
from Ref. [55], with the
permission of AIP Publishing
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pulses of an optical parametric oscillator, which was tunable between 430 and
700 nm. The photoinduced electrical signal, was measured using 1 GHz oscillo-
scope and 50 X input impedance. The temporal profile of the photoinduced electric
signal approximately corresponded to that of the laser pulse. The effect has been
observed in the broad range of incidence angles. However, there was a clear cor-
relation between angular reflection and electrical signal, as it is seen from Fig. 8.5c,
where the minimum of the SPP reflectance profile is nearly coincided with the
maximum of the electric signal. The polarity of the photoinduced electric signal at
the SPP resonance angle was different from that at off-resonance angles. When the
film was illuminated from the other cathetus face of the prism, with the reversed
direction of the in-plane component of the optical k-vector, the signs of both
on-resonance and off-resonance electric signals flipped to opposite. The polarity of
the photoinduced electric signal corresponded to the drift of electrons along the
projection of the photon k-vector at the resonant SPP excitation conditions and
against the wavevector’s projection at the angles at which SPPs were not resonantly
excited.
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Fig. 8.5 PLDE in flat silver films. a Experimental setup. b Temporal profile of the signal. c SPP
reflectance angular profile (red circles) and angular profile of the electric signal (blue diamonds).
d PLDE magnitude versus pulse power [56]
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The magnitude of the electric signal at resonant excitation significantly exceeded
that of the off-resonant signal. Both resonant and off-resonant electric signals were
nearly linearly proportional to the laser light intensity at the small excitation
energies and showed some saturation at the higher light intensity, Fig. 8.5d. Despite
of the fact, that relatively small voltages measured, the current density peak in the
experiments was very high, up to 10–20 A/mm2, comparable to the maximum of
the working current density in the insulated copper wires, 6 A/mm2 [57]. Note that
the photogalvanic model (Eq. 8.1) cannot properly describe the effect. As an
example, for the experimental values P = 6 kW/mm2, h = 30°, currents predicted
by Eq. (8.1) were in the order of J = *1 lA (with account for increase of resonant
absorption), while the values of 20 lA and higher were observed in the experiment.
It was suggested that not the incident photons but propagating SPPs are the main
source of the photoinduced electric currents under the SPP resonance conditions.
The off-resonant signal can be associated with the plasmons as well, which are
excited due to a small roughness.

The direct relationship between SPPs and photoinduced electric effects was
clearly demonstrated in Ref. [58], where SPPs in a thin gold film were excited using
spatially modulated illumination. In the experiment, a periodic structure composed
of 200 nm-thick resist with the periodicity 700 nm was deposited on top
50 nm-thick Au film. The structure was illuminated with the pulsed laser light in
the wavelength range of 700–1400 nm. The photoinduced electric signal well
correlated with the SPP excitation. The polarity of the signal corresponded to the
drift of electrons in the SPP propagation direction regardless of the direction of the
photon pressure force, see Fig. 8.6a. The estimations made in Ref. [58] were more
than the order of magnitude lower than the experimental values Fig. 8.6b.

The fact that the direction of the SPP propagation determines the polarity of the
photoinduced voltage was also confirmed in the experiments with asymmetric
gratings. [59]

Fig. 8.6 a Schematic of the structure and forces at k = 925 nm. b Comparison of experiment and
theoretical prodictions. Adapted from Ref. [58]
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Thus, in the experiments with flat metal films, it was clearly demonstrated that:

• Maximum of photoinduced electric signal is observed at SPP resonance
conditions;

• Electrons are dragged in the direction of SPP propagation regardless of the
direction of light pressure force;

• Magnitude of the effect was significantly higher than predicted by light
pressure.

This is a new phenomenon of a plasmon drag effect (PLDE). More experimental
and theoretical studies are required for understanding and a proper theoretical
description of the PLDE. Results of recent works in this direction are presented in
the next paragraphs.

8.2.2 Experiment. PLDE in Nanostructured Films

It has been predicted in Ref. [60] that in the conditions of extreme confinement the
optical forces acting on electrons should increase dramatically resulting in a giant
surface plasmon induced drag effect (SPIDEr). In order to better understand the
mechanism of the plasmon-related optical drag and to explore the possibility that
this effect can be directly controlled through the engineering design of the nanos-
cale geometry, PLDE was studied in several nanostructured systems as a function of
(i) surface roughness and topology, (ii) angle of incidence and (iii) wavelength of
illumination [61].

The systems under study (see Fig. 8.7) included (1) gold or silver films with
random roughness (introduced through moderate laser damage or with gold
nanoparticles spread on the gold film surface); (2) gold and silver quasi-periodic
nanomeshes (produced by thermal deposition of metal onto porous anodic-alumina
membranes (AAO) of different periodicities (30–250 nm)), and (3) periodic arrays
of gold-coated silicon nanopillars, (fabricated following [62]).

Effect of roughness and nanostructuring. The optically induced electric sig-
nals were very weak in nominally flat films and were dramatically enhanced in
rough and nanostructured gold samples. Practically no signal was observed in
smooth silver films. After the films were exposed to high intensity laser light above
the damage threshold, and received a moderate laser damage, the photoinduced
electrical signal of a significant magnitude was observed [61]. In silver and gold
nanomesh samples, magnitudes of the signals were much higher than in flat films.
The role of the nanostructuring in providing the amplified effect is clearly seen in
Fig. 8.8, where the photo-induced voltage is recorded for various laser spot posi-
tions on the Au-coated silicon nanopillar arrays: with the laser spot focused directly
on the array (green curve), on the flat gold film to the left (purple curve) and to the
right (blue curve) of the array. When the nanopillar array was illuminated, the signal
was drastically enhanced in comparison to the surrounding flat gold films, and was
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much higher than the signals observed in other nanostructured samples under
similar experimental conditions. Thus, rough and nanostructured surfaces clearly
not only exhibit the PLDE effect but also provide an enhancement of the
photo-induced voltage in comparison with that observed at flat metal surfaces.

Fig. 8.7 a SEM of a gold film after exposure to intense laser light; b SEM of a gold nanomesh on
AAO; c, d SEM of the arrays with the periods of 250 and 500 nm; e schematic of the nanopillar
array sample [61]
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Dependence of PLDE on the angle of incidence. Typical dependences of the
photo-induced voltage on the angle of incidence, h, in rough, but nominally flat
films are shown in Fig. 8.9a, b. The dependences can be approximately described
with the function sinh. The signals in the nanopillar arrays grew with increasing
angle at small angles, reaching a maximum near *50°, and sharply decreased with
the further increase in the incidence angle.

As a rule, in flat films, the polarity of the photo-induced current corresponded to
the electron drag in the direction of kx. In some cases (in particular, when a film
with small roughness was illuminated from the other side through the glass sub-
strate), a small signal of the opposite polarity was observed, corresponding to
electron drift anti-parallel to the k-vector projection on the film plane.

Unidirectional PLDE was observed in nanomesh samples with asymmetric
profiles fabricated through the oblique deposition of metal on AAO. In that case, the
electron drag was only observed in one direction regardless of the direction of the
optical k-vector Fig. 8.9d, e.

Dependence on the wavelength of illumination. Figure 8.10 shows the spectral
dependence of PLDE in various samples, including a rough silver film (with the
laser-induced nanoscale surface damage), gold and silver nanomesh samples, and
the two gold nanopillar arrays with different periodicity of nanopillars. The
amplitude of the signal is normalized to the pulse energy incident on the sample.
The spectral dependence is non-monotonous, with a maximum in the range
of *440 nm in silver samples, *550 nm in gold nanomesh, and around 610 nm

Fig. 8.9 Angular dependences of the PLDE magnitude in rough silver (a), rough gold (b),
nanopillar array (c). Solid lines are sinh fits; Same in gold nanomeshes (d, e) with asymmetric
profiles. The wavelength of illumination is indicated [61]
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in nanopillar arrays. In all the cases, the peak of PLDE was in the range of the
localized plasmon resonance as measured via transmission or reflection spectra. The
reflection spectra of the gold nanopillar array, shown in Fig. 8.10c, had several
features due to its periodic structure. The feature around 600 nm corresponds to the
localized plasmon resonance of an individual gold nanopillar [62, 63]. Another
interesting result was that in the nanopillar arrays, the magnitude of PLDE is almost
twice as large in the array with the 250 nm pitch in comparison to the 500 nm pitch,
which is roughly consistent with the increase in the number of nanopillars in a row
in these arrays.

Effect of light polarization. In flat films where SPPs are excited only with
p-polarized light, no PLDE is observed for s-polarized light illumination [55],
Fig. 8.4. However, in rough and nanostructured samples, s-polarized illumination
can excite surface plasmons and produce the electrical signal [64]. As was dis-
cussed in Refs. [64–68], in metasurfaces with structures designed for the optical
magnetic resonance, the polarity of the photoinduced voltage can be manipulated
by the wavelength and handedness of circularly polarized light. Experimentally,
control of photoinduced voltages with light polarization has been reported in arrays
of gold holes [66], in light-bending metasurfaces [67], nanoporous gold films [64],
and chiral metamaterials [68]. As example, Fig. 8.11 depicts the experiments with
porous gold [64]. Both longitudinal and transverse electrical signals were observed
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at illumination with the circular light polarization. The transverse signal was shown
to change sign at the change of the polarization rotation.

The main conclusions of the experimental studies in nanostructured samples are:

• The effect sharply increases with increase in roughness and degree of
nanostructuring;

• Photoinduced voltages are orders of magnitude higher than predicted by
the radiation pressure model;

• Polarity of PLDE voltage can be controlled with the direction of illumi-
nation, light polarization and nanoscale geometry;

• Maximum of the effect is observed close to the conditions of localized
plasmon resonance.

8.2.3 Effect of Highly Nonhomogeneous Illumination

Two possible models (see the PLDE theory section below) can explain a sharp
increase in the PLDE with increase in roughness. According to the SPIDEr model
[60], the PLDE is created by SPPs and LSPs, which create rectified pressure and
striction forces. According to Ref. [61], a source of photoinduced voltage comes
from an internal nonlinearity of metals driven by field enhancements at the surface
of nanoparticles or nanoholes. In order to better understand the role of roughness

Fig. 8.11 Adapted from Ref. [64]. a AFM image of gold films; b schematics of electric
measurements; c Longitudinal voltage, k = 580 nm; d transverse voltage, k = 550 nm
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and nanostructuring, photoinduced electric signals were studied in rough silver
films in comparison with the samples under highly inhomogeneous illumination. In
similarity to previous experiments [61], no signal was resolved at a smooth silver
film. To introduce conditions for plasmon excitation, two different methods were
used. One series of the samples was exposed to intense laser light, which induced
film damage such as nanosize holes and roughness, see Fig. 8.12a. In the second
method, barium titanate glass microspheres with the *5lm diameter were ran-
domly placed on the surface of a smooth film (Fig. 8.12b). Such microspheres are
known to focus light into subwavelength “photonic jet” [70], which can provide
conditions for SPP excitation.

For both types of samples, photoinduced electric signals were observed under
the laser light illumination. In rough films the signal was stronger than that in the
films with microspheres. However, for small incidence angles, the signals were of
comparable magnitude, see Fig. 8.12c. In the films with laser damage, the angular
dependence of the photoinduced signal follows *sin(h), with the polarity of the
signal corresponding to the electron drift in the direction of the optical k-vector. In
contrast, in the sample with the microspheres, the signal has the opposite polarity.
In this sample, under the laser light illumination, electrons move against the
k-vector, with the maximum of the effect being observed at the angle of incidence
20–30°.

This experiment points to the propagating plasmons as the most probable source
of PLDE. In films with random roughness, the majority of SPPs were excited in the
direction of the optical k-vector, dragging electrons in the direction of the SPP
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Fig. 8.12 a Silver film surface after laser damage; b microspheres on the film. c Signal versus
incidence angle in the films with laser damage (squares) and microsphere on the surface (triangles)
[69]
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propagation. In order to explain the opposite behavior in the film with micro-
spheres, one can consider the photonic jets formed on the back of microspheres in
the tight air gap near the contact of the microsphere with metal. Such illumination
can excite the SPPs inside the effective channel of the near field contact between a
sphere and metal in backward direction through the end-fire mechanism [71].
According to geometrical estimations, the most efficient excitation corresponds
to *30° angle of incidence, which is reasonably close to experimental observa-
tions. At higher angles, the photonic jet is formed on the microsphere-air surface far
from the microsphere metal contact, which is unfavorable for excitation of SPPs.

8.3 PLDE Theory

8.3.1 Macroscopic Forces Acting on Polarized Matter

The general theory of optical forces in dielectric media was presented in Ref. [60],
where a general formula has been derived describing momentum transfer between
electromagnetic fields and extended polarizable structures. Classically, light-matter
interaction is well described by macroscopic Maxwell equations. The response of
matter is represented by the polarization vector P ¼ vE, where v is susceptibility of
the material, the induced polarization charge density q ¼ �r � P, the current
density j ¼ @P=@t, and surface charge density r ¼ ðP � nÞ at the surface of the
metal, where n is the normal to the surface pointing outward. We do not consider
systems with optical magnetism, whose operation at optical frequency is prob-
lematic [72, 73]. Therefore B ¼ H, which precludes the existence of surface cur-
rents. Correspondingly, the Lorentz force density represents the rate of momentum
transfer from the field to matter per unit volume as

f Lv ¼ �E r � Pð Þþ 1
c
@P
@t

� B: ð8:5Þ

The surface polarization charges experience the Lorentz force with a surface
density

f Ls ¼ rE: ð8:6Þ

The volume force density can be represented in the following way

f Lv ¼ �div P�Eð Þþ grad Pc � Eð Þþ 1
c
@ P� Bð Þ

@t
; ð8:7Þ

where superscript “c” exempts a vector from differentiation. The total force acting
on the polarization charges in the SPP field is
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FL ¼
Z
V

f LvdV þ
I
S

f Lsds; ð8:8Þ

where the first integration runs over volume V of the structure, and the second is
over its surface S. Noticing that the volume integral of the first term on right hand
side of Eq. (8.7) is equal to

�
Z
V

div P�Eð ÞdV ¼ �
I
S

P � nð ÞEds ¼ �
I
S

f Lsds; ð8:9Þ

we cancel terms in Eq. (8.4) to simplify it and obtain the following general
expression for the time-averaged total force acting upon the object [60]

�F ¼ 1
2
Re

Z
V

grad Pc � E�ð Þþ 1
c
@ P� B�ð Þ

@t

� �
dV : ð8:10Þ

The result (8.10) is of fundamental importance for processes involving interac-
tion of nanoplasmonic fields with metal electrons. Equation (8.10) is similar to the
force acting on a point dipole moment (see Ref. [74]), but is more general. It is valid
for a wide range of problems with a general material equation P ¼ v̂E, including
those where operator v̂ describes anisotropic or non-local media.

The second term in Eq. (8.10) is known as the Abraham force. In a
monochromatic field, this force averaged over the period of oscillations is zero, but
in the field of a pulsed excitation it has a finite, but small magnitude. The expression
in the first term can be represented in components using grad Pc � E�ð Þi¼ Pa@iEa,
where i; a ¼ x; y; z and summation over a is implied. After averaging over an
oscillation period the rectified momentum transfer rate per unit volume is obtained
as [60]

�fLi ¼ 1
2
Re Pa@iE

�
a

� �
: ð8:11Þ

Equation (8.11) can be decomposed as

�fLi ¼ 1
2
Rev � Re Ea@iE

�
a

� �� 1
2
Im vf g Im Ea@iE

�
a

� �
: ð8:12Þ

The first term corresponds to the striction force, also known as the gradient or
ponderomotive force. The first term is curl-free, it produces no overall work on
electrons travelling through a circuit, but can result in rectified polarization and
serve as a source for intrinsic nonlinearities in metals [75]. The second term is the
electromagnetic pressure force and the total PLDE electromotive force (emf) in a
closed circuit can only stem from this pressure force.
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8.3.2 The Quantum Aspect of Relationship Between PLDE
Emf and Absorption

Quantization of plasmonic oscillators or objects that they interact with has become a
hot topic known as quantum plasmonics. Several major results in this research area
have been obtained in recent years including the prediction and demonstration of
coherent stimulated emission of plasmons [76, 77], control over spontaneous
emission of single quantum emitters by plasmonic nanostructures [78–80],
non-classical quantum optics states of plasmons [81, 82], and influence of quantum
wave properties of metal plasma on plasmons [83, 84]. Note that quantum features
of these effects are retained in classical or semi-classical considerations.

In Sect. 10.2.1 it was noted that there is strong correlation between PLDE emf
and absorption at SPR. We demonstrated [85] that this is an inherent property of the
force given by Eq. (8.10). Energy transfer rate (absorption) per unit volume is given
by Q ¼ @P

@t � E and for monochromatic fields after averaging over the period of
oscillations,

�Q ¼ �x
2
Im PaE

�
a

� �
: ð8:13Þ

According to Eq. (8.12), due to high fields and high field gradients in plasmonic
conditions, optical forces acting on charge carriers can strongly exceed predictions
from the traditional radiation pressure mechanism, as shown in Ref. [60]. They can
be very different depending on local positions, but note that for a single-mode field,
the time-averaged force is related to the time-averaged power. This has a certain
similarity to the momentum transfer from photons however with the plasmon wave
vector kSPP and plasmon-enhanced absorption. Indeed, comparing the pressure
force in Eq. (8.12) with Eq. (8.13), one can see that the rectified force density is
directly related to the energy transfer as �f L ¼ �hkSPPQSPP=ð�hxSPPÞ which can be
interpreted from the quantum point of view as the number of quanta absorbed from
the plasmonic field multiplied by their momentum, unambiguously signifying the
quantum aspect of the problem. The quantum aspect is retained in our classical
consideration since the ratio �hkSPP=�hx stays constant in the classical limit �h ! 0.
We demonstrate below that this quantum aspect is retained in multimode fields in
metal films with modulated profile.

8.3.3 Kinetic Renormalization of PLDE

Both electromagnetic field and free electrons are many-body entities, which should
be viewed in the scope of statistical mechanics. The approach gives rise, in par-
ticular, to the emerging field of hot-electron plasmonics [38–43, 86–95], which
includes studies of plasmon-induced non-equilibrium electron distributions and
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thermalization processes in metal [86–88, 92–95] and the interaction of
plasmon-generated hot electrons with materials and molecules outside the metal
[42, 43, 89–91].

The momentum transferred from the SPP to electrons can be found as Ptr ¼R
Vil;tp

�fLx z; tð ÞdVdt where integration is carried out over the illuminated volume Vil of

the metal film and the duration of the pulse tp. This momentum is distributed over
the free electrons with the steady-state value of

Ptr ¼ neVil
tp
sm

m�vd: ð8:14Þ

Here ne is the free electron density, m� is their effective mass, vd is the resulting
drift velocity and sm is the time constant which describes the relaxation of the
momentum. We assume that sm is on the order of energy relaxation time, the
thermalization time ttherm. The assumption sm ¼ ttherm is confirmed by a very good
agreement of the theoretical predictions of Eq. (8.14) for the PLDE magnitude and
its experimental values, as will be shown below. The applicability of the ther-
malization concept to the relaxation of momentum in excited metal plasma indicates
that PLDE is essentially a hot-electron plasmonics effect. From this we estimate the
PLDE current density j as

j ¼ envd ¼ e
m� ttherm

�fLx ; ð8:15Þ

This result can be also obtained from considering the effect of the plasmonic
pressure on the kinetic distribution of electrons, f ¼ f ðvx; v?Þ. For simplicity, here
we consider the steady state case, and conditions of closed circuit (in which the dc
polarization field Edcx � 0) and homogeneous illumination. The distribution func-
tion f should depart from the equilibrium distribution f0 and satisfy the steady-state
Boltzmann equation

�fLx=n� eEdcx

m�

� �
df
dvx

¼ � f � f0ð Þ
ttherm

; ð8:16Þ

where Edcx is the dc polarization field. There are two opposite limits in which
Eq. (8.16) permits analytical solutions. The first one, in which action of the optical
forces upon open-circuit metal nanostructure leads purely to induction of dc
polarization electric fields, corresponds to enEdcx ¼ �fLx and was considered in
Ref. [60]. Depending on the dimensions and the geometry of the nanostructure and
illumination spot, the edge optical effects in the induced polarization charge dis-
tribution may lead to an additional diffusion term in Eq. (8.16) in the open-circuit
problem. Here we consider another scenario of a closed-circuit structure, where
Edcx � 0 and diffusion is insignificant.
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In this case the strongly non-equilibrium hot-electron distribution and electric

currents are formed. Denoting vd ¼ �fLx
m�n ttherm Eq. (8.16) can be solved analytically

as

f ¼
Zþ1

0

e�uf0 vx þ uvp; v?
� 	

du ¼
X1
n¼0

vnd
dnf0
dvnx

ð8:17Þ

which gives Eq. (8.15) for electric current j ¼ e R vf ðvÞd3v. Equation (8.17) shows
direct relation between PLDE and the energy distribution of non-equilibrium
electrons in presence of SPP excitation and allows an additional tool to study
thermalization of plasmon-induced hot-electrons in metal nanostructures.

8.3.4 PLDE in Flat Metal Films in Kretschmann Geometry

Consider the electric field of a wave propagating in metal films as

Eðx; zÞ ¼ E0 zð Þeiðkxx�xtÞ ð8:18Þ

Following Eq. (8.12) and taking Eq. (8.13) into account, the PLDE force density
acting in the direction along the film can be calculated as

�fLx zð Þ ¼ � kx
2
Im vf g E0 zð Þj j2¼ �hkx

�Q
�hx

: ð8:19Þ

The corresponding PLDE emf, U, normalized by incident intensity I, after
averaging over the film thickness h can be found as

U
I
¼ j

r
L
I
¼ ttherm

s
L=I
ene

1
h

Z
h

�fLxðzÞdz ¼
FL
eI

: ð8:20Þ

Here L is the diameter of the illuminated spot, F is the effective force acting on
each electron. We use the experimentally measured conductivity of silver r ¼
6:3� 107 S=m and express our result using the Drude collision time s [96]. Using
Eqs. (8.19) and (8.20) F can be expressed as

F ¼ �hkx
ttherm
s

1
ne

dnpl
dt

; ð8:21Þ

where dnpl
dt ¼ 1

h

R
h
�Q zð Þ
�hx dz is the rate of plasmonic quanta absorption per unit volume.

Below we use ttherm ¼ 1 ps [97] and s ¼ 31 fs [96], requiring approximately 30
collisions for electrons to thermalize.
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As a numerical example we consider the PLDE observed in a silver film
deposited upon a glass prism, as reported in Ref. [56]. Illumination through the
prism at a certain angle of incidence (Kretschmann geometry) excites surface
plasmon resonance (SPR), see Fig. 8.13a. The corresponding PLDE pressure force
(shown in Fig. 8.13b) is in the direction of SPP propagation and strongest at the

back of the film, reaching 3� 10�19 N
MW=cm2 per electron.

Let us compare the theoretical predictions of Eq. (8.20) for PLDE with the
experimental data previously obtained in the first PLDE experiments in silver films
[56] for two different experimental samples, S1 and S2, see Fig. 8.14a, b. Our
theoretical estimations (shown in red) were calculated for the following parameters,
corresponding those used in the experiment: film thickness h ¼ 42 nm, size of the
spot L ¼ 3 mm, refractive index of the prism npr ¼ 1:78. One can see a good
agreement between theory and experiment in the magnitude of the photoinduced
voltage. To our knowledge, this agreement between theory and experiment for
PLDE is achieved for the first time.

There are two major differences between the theoretical and experimental data.
First, the experimental curves at SPR are significantly broader than simulation
results, which can be expected since the calculations assume perfectly flat films.

Fig. 8.13 Plasmonic pressure force in metal films. Flat films: a schematic of SPP excitation,
b plasmonic pressure force distribution (Eq. 8.2) per electron at SPR resonance at k = 480 nm.
Films with modulated profile: c schematic, d plasmonic pressure force distribution at SPR
resonance with “backward” propagating plasmon at k = 608 nm > d = 538 nm [85]
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Nevertheless, the angular position of SPR is reproduced in the theory.
Theoretically, the enhanced PLDE emf at SPR is due to enhanced fields that enter
Eq. (8.20) via force given by Eq. (8.19), which also coincides with enhanced
absorption rate density Q. Second, the off-resonant signal in the experiment has the
polarity opposite to the main effect and theoretical predictions, as well as being
greater in magnitude than the off-resonance signal in calculations. Nevertheless, this
experimental result is completely in line with the general picture of the plasmon
drag in the “plasmonic pressure” model. In Fig. 8.14c–e, we compare the angular
profiles of the experimental reflectivity RðhÞ and the corresponding profiles of
photoinduced electrical signals U=I for both samples at two different wavelengths.
As one can see, in all the cases these profiles practically coincide if a proper offset
and scaling are introduced.

The close relationship between U and A = 1 − R, and the need for an offset
B can be explained by taking into account the fact that contributions to both
absorbance and PLDE emf come from two kinds of sources: (i) propagating SPPs
excited at the resonance conditions with the wave vector kx ¼ kSPP, and (ii) other
plasmonic modes excited in the experimental samples due to small scale surface
roughness, which include plasmons with high values of k.

Consider the ratio,

C ¼ U � Urough

A� Arough
: ð8:22Þ

Here we offset the full values of A and U by the contributions Arough and Urough

from the small-scale roughness. In ideally flat films, Urough ¼ Bth ¼ 0, Arough ¼ 0,

Fig. 8.14 a, b PLDE emf in flat silver films, theory (red) and experiment in the samples S1 (blue),
S2 (green); c–e comparison of U* = (U/I − B)/C (blue, green) and A = 1 − R (red), the sample,
wavelength and parameters B and C are indicated [85]
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and PLDE is associated only with SPP excited in Kretschmann geometry. The

constant C can be found using Eqs. (8.20–8.21), dnpl
dt ¼ I

h A � cos h=�hx and

I ¼ c
8p npr E0j j2, so that

C ¼ ttherm
s

1
neec

Lnpr
h

sin h cos h � 6
mV
MW
cm2

for our experimental conditionsð Þ: ð8:23Þ

In the presence of other plasmon excitations, contributions of plasmonic modes
to emf are proportional to their contributions to absorption U / �hk

�hx � A, according to
Eqs. (8.12–8.13). Our results can be fitted as Uspp � Urough and Aspp � Arough. This
is only possible if krough � kspp, which confirms that the offsets come from the
small-scale roughness. Note that Arough � 0 is not quite true for sample 2 as seen in
Fig. 8.14d. This fact correlates with the broader SPR in this sample signifying a
larger-scale roughness.

One can show that in films with periodically modulated profile, SPPs propa-
gating in the direction opposite to excitation can be excited in the case of small
periods of modulation, d, satisfying k[ d[ k=ð1þ kSPP=k0Þ. The opposite
polarity of the off-resonance signal observed in the experiments (negative values of
B) can be ascribed to a predominant contribution of such “backward” propagating
plasmonic modes generated at the rough surface. The sensitivity of PLDE to such
modes can provide interesting opportunities for applications such as electrical
detection of dark modes, inaccessible via far-field optical response.

8.3.5 PLDE in Metal Films of Modulated Profile

We would like to extend our model of PLDE to a more complicated geometry
including films with surface modulation and investigate if the relationship between
PLDE and absorption still holds for multi-mode fields. Consider a metal film with
thickness h whose interfaces are given by z ¼ aðxÞ and z ¼ a xð Þ � h, and a xð Þ is a
periodic function with period d. Such structures support SPP excitations, provided
that the excitation wave vector satisfies the quasi-momentum conservation
kx þ 2pm

d ¼ kSPP, where m is an integer number. Electromagnetic field distribution in
such structure can be found using the Chandezon’s method [98] which is based on
solving Maxwell’s equations in a transformed coordinate system with new coor-
dinates u ¼ x and v ¼ z� aðxÞ, in which the field interfaces become flat.

The resulting electric fields in the metal can be represented as [98]

El ¼ bjv
l
jme

irjveiamu ¼ bjv
l
jme

irj z�a xð Þð Þeiamx: ð8:24Þ

Here index l ¼ u; v characterizes the projection of the field, vljm is m-th element
of j-th eigenvector of the Chandezon’s method with eigenvalue rj, corresponding to
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m-th diffraction wave with wave number am ¼ kx þ 2pm
d . The amplitude of the j-th

eigenvector, found from the boundary conditions, is bj. In Eq. (8.24) summation
over j and m is implied.

Consider electron drift along a periodically modulated film, characterized by the
position-dependent angle hðx; yÞ between electric current and the x-axis. Using
Eqs. (8.12), (8.13) and (8.24), the work done on electrons by the PLDE pressure
force over a period can be found as

fLx þ tan h � fLz � d
¼

X
m

�ham
�hx

Qmdþ tan h� a0ð ÞfLzd � 1
2
Im vf ga00Im E�

xEz
� �

d;
ð8:25Þ

where bars denote averaging over a period, film thickness, and time and Qm is
absorption of fields in m-th diffraction wave. In order to clarify the physical
meaning of Eq. (8.25), let us consider the drift of electrons along trajectories par-
allel to the film profile a xð Þ. For such electrons the second term on the right-hand
side of Eq. (8.25) vanishes and, if the last term can be neglected (at certain con-
ditions discussed below), the momentum transfer from light to electrons is fully
determined by the energy transfer [the first term on the right-hand side of
Eq. (8.25)].

Assume that the direction of electric current in the film is parallel to the film
profile aðxÞ, such that tan h ¼ a0 and the electrons travel along the film following
laminae parallel to each other. With the assumption of such laminar electron cur-
rent, Eq. (8.25) allows us to extend Eq. (8.20) for the PLDE emf on multi-mode
plasmonic fields as

U
I
¼ 1

I
ttherm
s

L
nee

fLx þ a0fLz ¼ 1
I
ttherm
s

L
nee

X
m

�ham
�hx

Qm ¼ 1
I

X
m

Um: ð8:26Þ

As an example, we consider a sine-wave gold film (Fig. 8.1c) with the profile
a xð Þ ¼ X sinð2px=dÞ with the period d ¼ 538 nm and amplitude X ¼ 20 nm.
Substituting fields (8.24) into Eq. (8.12) and normalizing per incident intensity we
obtain the distribution of the forces inside the metal at SPR conditions, as illustrated
at Fig. 8.13d.

Our numerical calculations of the PLDE (Eq. 8.25) in this structure confirm the
direct relationship (8.26) between the PLDE emf and the energy transfer for both
single mode and multimode plasmonic fields [99]. This can be expected in the
conditions of predominantly laminar current flow and a relatively small modulation
amplitude X 	 d, when derivatives of the profile a xð Þ can be omitted and the emf
is determined primarily by the first term on the right hand side of Eq. (8.25).
However, in a general case, in particular for nanostructured surfaces with a steep
height profile, the last two terms in Eq. (8.25) cannot be excluded and the simple
relationship between momentum and energy transfer does not hold. The strict result
given by Eq. (8.25) would allow one to describe or predict PLDE in small-scale,
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irregular nanostructures, where energy absorption is not directly tied to momentum
transfer in the same sense as in this paper, paving a way for additional
shape-dependent control and engineering of PLDE.

We compare the calculations to the PLDE measurements performed on
sine-wave films in Fig. 8.15a. The experimental data was obtained in a sine-wave
gold film with the period of 538 nm and peak to peak modulation height of
*50 nm at pulsed laser light illumination with wavelength of 630 nm and pulse
duration of 5 ns. Details of the structure fabrication, experiment and calculations
are presented in Ref. [99]. As one can see the theory and experiment correspond
well to each other similarly to flat films. One can see the direct correlation of
experimental PLDE emf and absorption at SPR in Fig. 8.15b with fitting constant
C ¼ 3:5mV=ðMW=cm2Þ, which coincides with the value for C, needed to fit
theoretical emf and absorption, assuming the spot size L ¼ 2mm, and kinetic
coefficient ttherm=s ¼ 30.

8.3.6 PLDE in Nanostructures

Metal nanostructures larger than the skin depth (
 25 nm) support surface plasmon
polaritons (SPPs) that exert forces on electrons causing an SPP-enhanced PDE or
PLDE [55, 56, 85]. As was discussed in the previous sections the plasmonic
pressure force in such structures provides the induced potential differences in the
mV range with the response time in the 100 fs–1 ps range which is suitable for
conjugation with electronic circuits. In this section we describe the drag effect under
the conditions of strong nanoplasmonic confinement, when the SPP localization
radius is less than the skin depth (
 25 nm) [60, 61]. In this case the illumination
leads to a giant surface plasmon induced drag effect (SPIDEr) [60] with a response
on the femtosecond time scale. Ultrashort, nanolocalized SPP pulses exert forces on

Fig. 8.15 a, b PLDE emf in sine wave gold films (green circles and stars two different
measurements on the same sample) compared with theory and absorption scaled by C ¼
3:5mV=ðMW=cm2Þ (red in a, b respectively) [85]
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electrons in the nanowires, inducing giant THz electromotive force along the SPP
propagation direction (see schematic in Fig. 8.16). Additionally, internal nonlin-
earity of metals driven by field enhancements at the very thin layer on the surface of
nanoparticles or nanoholes would contribute to the photoinduced voltage [61].

According to our estimations, in thin (
 5 nm radius) wires the photoinduced
emf can reach 
 10 V over the SPP decay length, with nanolocalized THz fields as
high as 
 1 MV/cm. Such THz field have previously been generated in the far zone
[100], where they produce non-perturbative effects [101], but not on the nanoscale.
In contrast, the plasmonic metal nanowires can serve as nanolocalized sources of
high THz fields [60]. Thin metal nanowires can be used as broadband nanoscopic
photodetectors with extremely fast response due to the femtosecond momentum
relaxation times in metals. The nature of the giant enhancement of the SPIDEr is
novel in nanoplasmonics: it is not the enhancement of the optical fields per se (the
maximum magnitude of the local fields is limited by the breakdown at the metal
surface that occurs for fields *1 V/Å) but the effect of very high gradients of these
fields. The SPIDEr is ultrafast because it is a non-resonant effect whose bandwidth
is comparable to that of the entire optical spectrum.

We apply the general Eq. (8.10) to describe the SPIDEr. To be specific, consider
a metal nanowire with radius r and dielectric susceptibility v, which is oriented
along the z-axis and embedded in a dielectric with a dielectric permittivity of ed .
This wire propagates an SPP pulse, which can be excited by external sources using,
e.g., the effect of adiabatic compression [102, 103]. In the case of extreme
nanoplasmonic confinement (r 	 ls, where ls is the skin depth), r becomes the only
relevant quantity of the dimensionality of length [102]. Therefore there is a scaling
of all magnitudes in r. The SPP wave power P scales as P
E2r2vg, where vg 
xr
is the SPP group velocity. The SPIDEr-induced potential difference [electromotive
force (emf)] U is proportional to the pressure produced by the force from (8.10),
U
F=E2. The propagation length of the SPP, lp 
 rQ, where Q is the SPP figure of
merit independent of r [102]. These arguments allow one to predict a scaling of the
SPIDEr force F, emf U, rectified electric field Er (which for femtosecond SPP
pulses possesses THz frequencies), and the maximum rectified field Emr (at the

Fig. 8.16 Schematic of a SPIDEr in metal nanowire. Propagating SPPs create forces acting on
carriers in the nanowire, which leads to THz-band voltage (emf) between the ends of the wire.
Picosecond or femtosecond pulses can be used to manipulate the time dependence of the created
emf [60]
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maximum tolerable power P), F / Pr�1, U / Pr�3, Er / Pr�4, Emr / r�1.
The scaling implies that all the effects caused by the SPIDEr increase with decrease
in the wire radius as its powers. This enhancement is not resonant and therefore has
the bandwidth comparable to that of the entire optical spectrum. The scaling
describes only the dependence on r. There are also prefactors describing the
dependence on dielectric permittivities, frequency, etc., accounting for an additional
enhancement close to the SP resonant frequency, which is multiplicative in mag-
nitude. In the next session, we show that the strict theory confirm such a scaling.

8.3.6.1 SPIDEr in Metal Nanowires

The SPPs are transversemagnetic (TM)modes, and their complex fields have the form

E ¼ A t0ð Þ ~Ezẑþ ~Eqq̂
� 	

ei kz�xtð Þ; H ¼ A t
0


 �
~Huûe

i kz�xtð Þ ð8:27Þ

where t
0 ¼ t � z=vg, vg is the SPP group velocity at the pulse carrier frequency x,

and k is the SPP wave number (see Fig. 8.16). The total power flowing through the
plane z ¼ 0 at the moment t is P tð Þ ¼ 2p

R1
0 qdq�Sz r; tð Þjz¼0, where �Sz r; tð Þ ¼

c
8p

� 	
Re E�H�½ � is the Poynting vector averaged over the SPP period. Considering

the azimuthally symmetric (TM0) modes, the functions ~Ez, ~Eq and ~Hu depend only
on radius q. We normalize them for the real amplitude AðtÞ to satisfy a relation
A2 tð Þ ¼ PðtÞ. Disregarding the group velocity dispersion in Eq. (8.27) is valid for
pulses with duration of tens of femtoseconds and greater, and frequencies not too
close to the SP resonance [104].

Illumination of a nanostructure with femtosecond SPP pulses results in a recti-
fied force exerted on electrons which varies with time in THz scale. Since the
electron momentum-relaxation time is on the scale of femtoseconds, electrons come
to a local equilibrium in the process of this rectification. Therefore, the hydrody-
namic approximation can be applied, for which the pressure p and electrostatic
potential / satisfy an equation pþ ne/ ¼ const. From this, we can find the emf
U ¼ D/, which is the total change of potential in the direction of SPP propagation,
U ¼ Dp=ðneÞ, where Dp ¼ �Fz=ðpr2Þ is the full change of the pressure. Here, �Fz is
z-component of the force (8.10) averaged over the period of SPP oscillations.

Now let us calculate the force �Fz in the fields given by (8.27)

�Fz ¼ 1
2
Re

Z
V

~Pz~E
�
z þ ~Pq~E

�
q


 �
� �ikP t0ð Þ þ 1

2
@P t0ð Þ
@z

� 
e�2k00z � dV

¼ pv00Q
2

U tð Þ � pv00

2
P tð Þ

� �
�
ZR

0

~E
�� ��2qdq

ð8:28Þ
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where a new function was defined via

U tð Þ ¼ 1
lp

Z1

0

dz � P t00ð Þe�z=lp ¼ e�
t
tp

tp

Z t

�1
dt00 � P t0ð Þe�t00=tp ð8:29Þ

The total force �Fz ¼ fpr þ fst þ fA is composed of three forces: the SPP pressure,
striction, and a small-magnitude Abraham force, whose z-components are,
correspondingly,

fpr ¼ pr2

cApr
U tð Þ; fst ¼ pr2

cAst
P tð Þ; fA ¼ pr2

c2LA
U0ðtÞ ð8:30Þ

In Eq. (8.30) coefficients Apr and Ast have dimensionality of area, and LA has
dimensionality of length. They are defined as

Apr ¼ cv00Q
2r2

Zr

0

~E2qdq

0
@

1
A

�1

; Ast ¼ � cv0

2r2

Zr

0

~E2qdq

0
@

1
A

�1

;

LA ¼ clp
r2

Zr

0

Re v~Eq ~H
�
u


 �
qdq

0
@

1
A

�1

;

ð8:31Þ

where Q ¼ Rek=Imk is the SPP figure of merit, ~E
�� ��2¼ ~Ez

�� ��2 þ ~Eq

�� ��2, lp ¼
1=ð2Im kÞ is the SPP propagation length, and tp ¼ lp=vg is the SPP pulse lifetime.

These three forces result in three terms of the SPIDEr emf [60]

U tð Þ ¼ RH
U tð Þ
Apr

þ P tð Þ
Ast

þ P
0
tð Þ

cLA

� �
ð8:32Þ

where RH ¼ �1=ðnecÞ is the Hall constant.
The Abraham force contribution [the third term in Eq. (8.32)] is small under the

condition k0lp=ðkcsÞ 	 1, where k0 ¼ x=c, and s is the pulse duration.
Let us consider two limiting cases pertaining to Eq. (8.32): a

quasi-monochromatic regime of long pulses s � tp and a regime of short pulses
s 	 tp, where tp is the SPP dissipation time.

SPIDEr as a THz Source

Consider first the quasi-monochromatic regime s � tp
� 	

, where U tð Þ � PðtÞ (see
Eq. (8.29)). In such a case, the total emf UðtÞ follows the pulse-envelope time
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dependence P tð Þ. The computations will be made for a silver [96] nanowire
embedded in vacuum ed ¼ 1ð Þ.

For the quasi-monochromatic case, the total emf U as a function of frequency x
and wire radius r is displayed in Fig. 8.17a. In contrast to the case of dielectric
media, in the present plasmonic case the SPP pressure and striction contributions to
the emf have the same sign since v0\0. These two contributions are equal if a
condition v00Q\v0 is satisfied. The black solid line represents this condition; to the
left of this line the pressure dominates, and to the right the striction force gives the
major contribution to the SPIDEr. This is understandable because close to the SP
resonance of the wire (at *3.7 eV), the gradient of the SPP intensity increases due
to the high loss: the striction force is of a gradient nature, therefore dominating.
Similarly, with the decrease of r, the intensity gradient increases due to the
increased confinement, which also leads to the relative increase of the striction with
respect to the pressure force, as we clearly can see from this and other panels of
Fig. 8.17. General increase of the SPIDEr at the SP resonant frequency can be seen
as a broad red peak.

Magnitude of the SPIDEr emf relative to the SPP wave power, U=P, is illus-
trated in Fig. 8.17b as a function of the wire radius r for a frequency of x ¼ 2:9 eV.
The SPIDEr effect is gigantically enhanced for strong nanoplasmonic confinement:
by four orders of magnitude when r decreases from 100 to 5 nm at the same SPP
power. There is a pronounced scaling U=P / r�3 at r 	 ls, in accord with the
discussion in the beginning of Sect. 8.3.5.

The spectral dependence of the relative SPIDEr emf, U=P, for a wire of the
smallest radius considered, r ¼ 5 nm, is depicted in Fig. 8.17c [60]. For signifi-
cantly thinner wires, nonlocal-response effects may become significant, cf.
Refs. [105, 106]. The large magnitude shows that the SPIDEr effect can be used for
the photodetection on the nanoscale, i.e., in the role that previously was deemed
only available for semiconductors. In this sense, it belongs to the area of active
nanoplasmonics [104].

By nonlinear optics classification, the SPIDEr is an optical second-order non-
linear effect: the magnitude of the SPIDEr emf U is proportional to the power P of
the SPP field. Therefore, the maximum achievable magnitude of the emf is deter-
mined by the maximum P that the wire can tolerate. This we estimate setting the
optical field E at the surface of the wire equal to 1 V/Å [107, 108]. For fields
significantly higher than this, there will be massive ionization and damage of the
metal surface. We plot in Fig. 8.17d this maximum intensity as a function of
the wire radius for three SPP frequencies. Note a very good scaling, P / r3, in the
region r\ls of strong nanoplasmonic confinement. These values of the Pm in
comparison to the data of Fig. 8.17a–c show that the large values of the SPIDEr
emf are realistically achievable.

One of the most important for applications properties of the giant SPIDEr is the
high local electric field ER generated due to the SPIDEr optical rectification near the
metal nanowire. Such field (averaged over the SPP decay length lp) can be found as
Er ¼ U=lp. We display the maximum achievable rectified field Emr (at the
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Fig. 8.17 SPIDEr for quasi-monochromatic SPP pulses: emf and rectified field dependence on the
frequency �hx and wire radius R. Note the logarithmic scale for the magnitude of the effect.
a Dependence of the SPIDEr emf per unit SPP power U=P on wire radius and frequency. The
black broken curve indicates the parameters at which SPP pressure is equal to striction. The
magnitude of the effect is denoted by the color-coding bar. b Dependence of SPIDEr magnitude U
on wire radius R per unit power of the SPP wave (solid red curve). The contributions of the
pressure and striction to the total magnitude of SPIDEr are shown by the dashed curves.
c Dependence of SPIDEr magnitude per unit power U=P on frequency x for R ¼ 5nm.
d Maximum power that a wire can tolerate Pm as a function of wire radius R for different
frequencies x. e The maximum SPIDEr rectified field EmR (for the maximum tolerable power Pm)
as a function of frequency for three wire radii R = 5, 30, and 100 nm. f The maximum SPIDEr
rectified field EmR (for the maximum tolerable power Pm) as a function of the wire radius R for
frequency �hx ¼ 1:55 eV [60]
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propagating SPP power of Pm) in Fig. 8.17e, f. As we see from panel (e), the
spectral dependence of the SPIDEr rectified THz field is very similar for all wire
sizes, but the magnitude of this field is much greater for the 5 nm wire:
Emr 
 105 � 106 V=cm. The nanolocalized THz fields of such a magnitude will
excite a wealth of nonlinear THz responses at the nanoscale.

SPIDEr as a Femtosecond Detector

Now let us consider dynamics of the emf response to SPP pulses that differ in duration
swith respect to the SPP pulse dissipation time tp. The latter is displayed in Fig. 8.18a
as a function of the frequencyx. Aswe can see time tp is in the range from10 to 150 fs.
The temporal dependencies of the emf in comparison with the power P of the SPP
pulses for various pulse durations are illustrated in Fig. 8.18b–d. For a relatively long
pulse (s ¼ 1ps � tp) shown in Fig. 8.18b, the shape of the emfUðtÞ repeats that of the

Fig. 8.18 SPIDEr created by ultrashort SPP pulses: fast femtosecond emf response. a The
dependence of the SPP lifetime tp ¼ lp=vg on the frequency �hx for R ¼ 5 nm and R ¼ 30 nm.
b The time dependence of the emf UðtÞ (green line, left scale) and input power PðtÞ (red line, right
scale). The pulse duration is s ¼ 1 ps � tp � 30 fs and the emf closely follows the SPP pulse
dynamics. c The same for much shorter pulse with s ¼ 40 fs. The pressure-induced emf leads to a
small broadening in the emf dynamics (green line). The limiting exponential decay is outlined by
the broken blue line. d Emf induced by the short pulse in nanowire with R ¼ 30 nm with frequency
�hx ¼ 1:2 eV. The emf response is broadened, since s ¼ 80 fs, while tp ¼ 150 fs [60]
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power PðtÞ. This relatively long, picosecond response, nevertheless, corresponds to a
1 THz bandwidth for this nanowire used as a nanoscale photodetector.

For a much shorter, s ¼ 40 fs, SPP pulse and the same 5 nm wire, as shown in
Fig. 8.18c, there is a small broadening and delay of the voltaic response (emf) UðtÞ
with respect to the excitation SPP pulse PðtÞ. This broadening is due to the pressure
force that decays exponentially for long times, as Eq. (8.29) suggests, and the
broken blue line in the figure indicates. However, under the conditions considered,
this delay and broadening are not large. The frequency-response bandwidth of this
wire as an SPP photodetector on the nanoscale is very large, *20 THz, which is
characteristic of the extreme nanoplasmonic confinement.

For a much thicker nanowire of R ¼ 30 nm (weak plasmonic confinement case)
and �hx ¼ 1:2 eV, illustrated in Fig. 8.18d, the SPP decay time becomes much
longer tp ¼ 150 fs

� 	
. This leads to a very significant delay and temporal broadening

of the emf response with a pronounced exponential part due to the pressure forces
shown by the broken blue line. This behavior is due to the much longer SPP
lifetimes for the weak confinement where a significant fraction of the SPP energy
propagates in the dielectric (vacuum). Nevertheless, the emf response bandwidth is
still very large, on the order of 5 THz, and its amplitude is U[ 1V.

8.3.6.2 “Batteries” Model Based on Nonlinearity of Metal
and Asymmetric Boundary Conditions

This model was proposed in Ref. [61] for explaining the experimental findings on
spectral dependences of the photoinduced voltage in metal nanostructures, where
the electrical signal reached maximum at an incident wavelength close to the
localized surface plasmon resonance of an individual nanostructure. This experi-
mental fact indicates the predominant role of nanoscale features. In the experiments
with nanopillar arrays, the nanopillar array with the twice higher number of pillars
per row provided approximately twice the magnitude of the photo-induced voltage
in comparison to the second nanopillar array with the smaller number of pillars
[61]. This difference clearly illustrated that the individual plasmonic resonators
played a major role in the photoinduced effect. These experimental observations
suggest the following scenario: each nanopillar when excited with light, works as a
source of the electromotive force (see Fig. 8.19). Using the data from Fig. 8.10 and
taking into account the total size of the array, (500 lm), estimation of the emf of an
individual nanopillar is in the microvolt range for a light intensity of 2 MW/cm2.

This scenario can be explained with intrinsic nonlinearity of nanostructured
metal. As was discussed in [109, 110] sharp boundaries of nanostructures,
nanopillars or nanoparticles can lead to nonlinear effects, including harmonics
generation. Nonlinearity of metal nanoparticles was also discussed in [111] where
electrons were considered as a negatively charged compressive fluid in the frames
of Drude’s model. Following Ref. [111], let us assume that under the periodic field,
E0 cosðxtÞ negative charges can be compressed indefinitely on one side of the
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particle, while a positively charged layer with the width, h, is formed on the other
side. Thus, the range of the oscillations of the positive charge is different from that
of the negative charge. According to Ref. [111], such a difference can result in the
generation of high harmonics.

For a slab (Fig. 8.19b), the width of the positive layer, h, can be estimated as
h ¼ rj j=q, where r ¼ e0KðxÞE0 cosðxtþuÞ is the charge induced by the optical
field, q ¼ Ze=l3 is the background positive charge density, Z is the number of
electrons per atom, e is the electron charge, l is the lattice constant, u is the phase
shift and K(x) is the resonant factor describing the field enhancement. Let us now
consider a case when the motion of the charges in a nanoparticle under the driving
field is highly asymmetric and assume that a positively charged layer with the width
hðtÞ is formed only on one side of the nanoparticle for half of the period of the
oscillating field. Asymmetric shapes of the particle, boundary conditions or illu-
mination conditions can be possible sources for such asymmetry. This asymmetric
motion would result in the generation of a dc electric field. The voltage can be
found with averaging over the period of oscillation, as follows:

U ¼ E tð Þ � hðtÞ=2h i ¼ 1
2p

Zp

0

KE0 cos xtð Þ e0KE0 cos xtð Þ
2q

dt ¼ IK2l3

4cZe
ð8:33Þ

where I is the light intensity.
At Z = 1, l * 0.5 nm, and the experimental value of light power,

P = 2 MW/cm2, Eq. (8.33) yields, U
 10�8K2V . The factor K is on the order
of *10 at the resonance conditions [112]. Equation (8.33) predicts the induced
voltage to fall within the microvolt range, which is in line with the experimental
observations.

Fig. 8.19 a Equivalent circuit of PLDE in nanopillar arrays. b Asymmetry of positive and
negative charges motion under driving field in nanostructure according to Ref. [25]. c SEM image
of the gold nanomesh on AAO fabricated under oblique deposition. Arrow shows the direction of
the photoinduced electron drag [61]
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8.4 Conclusions

Plasmonics is a major branch of nanotechnology which encompasses a broad range
of phenomena on scales from 1 nm to 1 micron, covering the whole visible fre-
quency band and beyond. Plasmon drag effect is relevant at all scales in three
different regimes. In large structures, it takes a form of a quantum momentum
transfer, directly related with energy transfer, between plasmons and electron-hole
pairs, resulting in strong non-equilibrium distribution of hot-electrons and enhanced
plasmon-induced electrical currents. In smaller plasmonic structures PLDE takes
the form of SPIDEr, i.e. induction of rectified plasmon-induced electric polariza-
tion, which is dramatically increased in conditions of strong plasmonic confine-
ment. At the nanometric scale the plasmon-induced metal nonlinearities in thin
surface layers of metal nanostructures lead to the large rectified fields in the
nano-batteries regime. In all cases PLDE provides an invaluable for nanotechnol-
ogy coupling between plasmonic and electronic degrees of freedom promising a
myriad of possible applications ranging from electro-plasmonic integrated circuits
to biomedical sensors with nanoscopic selectivity.
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Dimensional Variations in Nanohybrids:
Property Alterations, Applications,
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Implications
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Abstract Hybridization of nano-scale entities lead to higher dimensional ensemble
materials with multifunctionality. Such hierarchical complex materials though are
engineered with output properties in mind, these evolved nanostructures possess
unique shapes and physico-chemical attributes. Nanotoxicological considerations
hinge on physical size and shape factors; thus, dramatic alterations to shape and
dimensionality of ensemble nanohybrids (NHs) necessitate careful evaluation of
this ‘horizon’ material class. This chapter reviews size/shape/dimensionality vari-
ations of nanomaterials due to hybridization and discusses property alteration of
these NHs, relevant to applications and nanotoxicology. The chapter also discusses
nano-bio interactions of novel nanohybrids in relation to their size, shape, and
dimensionality, and outlines future research needs and strategies.
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9.1 Introduction

Progress in nanoscale material development has paved the way for synthesis and use
of nanohybrids (NHs) by conjugating multiple nanomaterials (NMs) to form nano
heterostructures. In recent years, there has been an exponential growth in the
research and development of these complex multi-component NHs [1]. The
increasing trend of NHs development and usage for a wide range of applications can
be attributed to their enhanced–or multi-functionality compared to their component
materials [2]. This has been possible due to the manipulation of component NMs’
fundamental attributes including physico-chemical, electrical, mechanical, and
optical properties. The extensive array of applications of NHs includes prominent
uses in electronics [3–5], energy [6–8], sensors [9], biomedicine [10, 11], optical
imaging [12, 13], catalysis [14, 15], environmental remediation [16–18], among
others. The enhanced production and use of these novel nano-assemblies warrant
fundamental understanding of environmental and biological safety during manu-
facture, usage, and end-of-life stages of these materials [2].

The working definition of the NHs proposed in recent literature is as follows:
“when more than one NM of unique chemical origin or differing dimensionality
are conjugated by molecular or macromolecular links or physico-chemical forces
or when one nanomaterial overcoats another possessing a unique chemical
identity or when complex soft molecules are engineered to chemically bind to NM
surfaces, all to enhance the existing functionality or achieve multifunctional
usage, can be defined as NHs” [2]. These “horizon materials” show enhanced
performance by exhibiting desired multiple functional properties in comparison to
the component NMs. For example, nanoscale zero-valent iron (nZVI) can be very
effective in removing heavy metals from water due to their high reducing capa-
bility. Practical application of the nZVI is limited due to their high tendency to
agglomerate via enhanced van der Waals and magnetic attractions. Upon
hybridization with graphene, the tendency of nZVI agglomeration is reduced,
while other functional properties including graphene’s large reactive surface area,
high adsorption properties, and excellent electron transport properties improve the
contaminant degradation abilities of the nZVI by many folds [19]. However,
formation of such heterostructures via hybridization brings about physical and
chemical property alteration in the NH itself, which can lead to uncertainties
related to their potential environmental health and safety (EHS) [20, 21]. Among
these altered properties, dimensional attributes (e.g., size, shape, morphology etc.)
need to be considered carefully for adequate assessment of their environmental
and ecological impact [2, 22].

Hybridization often causes emergent dimensional modification in the NHs
compared to the component materials. For example, when zero-dimensional (0-D)
fullerenes are covalently bonded with one-dimensional (1-D) carbon nanotubes
(CNTs), the resulting NHs (often termed as nanobud) acquire three dimensional
(3-D) physical attribute [23]. These dimensional modifications can cause altered
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toxic responses when interacting with microorganisms or higher order biological
species. Nanotoxicity from passive and singular nanostructures has been correlated
with sizes and shapes; e.g.., asbestos-like pulmonary effects that is demonstrated by
1-D CNTs. Heterostructures of CNTs and other carbonaceous NMs thus will likely
present uncertainty on demonstrated nanotoxicity from the singular carbon nan-
otubes. Furthermore, when metal nanocrystals are deposited onto CNTs, the
resulting heterostructures can achieve unique dissolution (e.g., for silver) or pho-
toactive properties (e.g., reactive oxygen species or ROS generation from TiO2)–
two major mechanisms dictating most toxicological manifestations from metal
nanocrystals.

This book chapter presents a review of expanding classes of hybridized
nano-ensembles based on variations in their size and shape, and dimensionality and
the potential implications of these altered attributes. Finally, strategies for unrav-
eling complex nano-bio interactions and reducing uncertainty of nano EHS pre-
diction is outlined.

9.2 Dimensional Variations in Nanohybrids:
Altered Properties and Applications

Wide ranges of NHs are being prepared and studied using various combinations of
primary NM constituents for multidirectional applications. The most commonly
pursued combinations include: carbon-carbon (e.g., graphene-CNT [24],
CNT-fullerene [23]), carbon-metal (e.g., graphene-nZVI [19], CNT-TiO2 [25]),
metal-metal (e.g., Ag–Au [26], Ag–TiO2 [27]) etc. [2]. Each of these classes of
NHs has application in multiple fields including electronics [27–29], biomedical
[30, 31], environmental [32–34], etc. Alteration in dimensional features from parent
NMs is one of the distinct consequences of hybridization. Changes in dimensional
attributes like size and shape result in modification of the surface area and mor-
phological characteristics of NHs, which is responsible for altered physico-chemical
properties. This section attempts to categorize NHs into different classes based on
their dimensionality (Fig. 9.1) and discusses relevant physico-chemical property
alterations intended for applications.

(a) Zero dimensional (0-D) heterostructures commonly are core-shell
bimetallic NHs (e.g., Cu–ZnO [35], Ag–TiO2 [38], Cu–Ag [39]), where the par-
ent NMs are also nanoscale 0-D entities (Fig. 9.1a). Au–Ag bimetallic core-shell
NH is such an example, where an Au nanoparticle (Au NP) core is surrounded by a
nanometer thick coating of Ag. Individual spherical Au and Ag NPs have single
surface plasmon resonance (SPR) peaks around 520 and 400 nm, respectively, and
have been investigated for SPR based chemical or bio-sensing [40]. For Au–Ag
core-shell NH, two distinct SPR peaks are observed in the spectrum corresponding
to both Au and Ag NPs. However, the SPR peak positions shift due to the layered
structure of the bimetallics. The peak corresponding to Au displays blue shift from
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520–480 nm whereas that of Ag shows red shift from 400–450 nm. Such plasmon
shift is found to be a function of Ag layer thickness (as it varies from 0–15 nm), as
the core radius of Au is kept constant at 10 nm [41]. Thus, controlling the shell
thickness of the Au–Ag NH can allow for tuning of SPR spectrum and enable
efficient bio-sensing [40]. In the case of Ag–Au core-shell NH, similar shifts in SPR
spectrum can be observed due to the thickness changes in Au-shell. However, in
this case, both Au and Ag SPR peaks red shift towards higher wavelength
(Fig. 9.2).

Another example of plasmonic core-shell NHs is Au–TiO2, developed for usage
in dye-sensitized solar cells (DSSCs). Similar to the previous one, the functional
enhancement of this plasmonic NH depends on the tuning of the shell thickness.
Thinner TiO2 shells enhance the short-circuiting in a solar cell. On the contrary,
thicker TiO2 shells allow for generating open-circuit voltage activated by the
semiconducting property of the TiO2. Thicker shell also resists corrosion of the Au
core [42]. Considering both of these aspects, an optimum shell thickness of 5 nm of
TiO2 was found to give the highest performance with 23% power conversion
efficiency in DSSCs (Fig. 9.3). Several other similar examples of core-shell NHs
are listed in Table 9.1 alongside with their size-dependent physico-chemical
property alterations and potential applications.

Fig. 9.1 Classification of NHs based on dimensionality. Examples of a zero dimensional (0-D)
core-shell ZnO–Cu NH [35], b one dimensional (1-D) CNT-metal NH [36], c two-dimensional
(2-D) planar graphene–ZnO NH [33], d three dimensional (3-D) graphene-CNT-graphene NH [37]
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(b) One dimensional (1-D) structures are mostly composed of tubular, rod-like,
and ribbon shaped NHs that are predominantly stretched in one direction (Fig. 9.1b).
CNT-metal NHs are the most common 1-D NHs [36]. The metal NPs can either be
encapsulated within the CNT’s hollow structure (endohedrally) or conjugated at the
exterior of the CNT walls (exohedrally). When metal NP is encapsulated within CNT

Fig. 9.2 Light absorption spectra of Ag–Au core-shell NH with different thicknesses of Au shell
exhibiting different SPR peak shifts, when the core radius of Ag is kept constant at 10 nm.
[Reprinted from Zhu [41]. Copyright 2009 by Jian Zhu. Reprinted with permission.]

Fig. 9.3 Left Transmission electron microscopy (TEM) images of Au–TiO2 NHs with increasing
thickness of TiO2 shell, i.e., 5, 8, and 16 nm which is a function of reaction time involving stirring
of Au NP suspensions in titanium isopropoxide (TTIP); Right Short circuit current (Jsc) versus
open circuit voltage (Voc) characteristic of DSSCs for different Au–TiO2 NHs with TiO2 shell
thickness of 0 nm (red), 5 nm (blue), 8 nm (cyan), 12 nm (magenta), and 16 nm (orange). TiO2

shell thickness of 5 nm showed the optimum current-voltage characteristic in DSSCs. [Reprinted
from Liu [42]. Copyright 2013 by The Royal Society of Chemistry. Reprinted with permission.]
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(e.g., CNT-Ni, CNT-Co), the NH masks the zero-dimensionality of the metal NP,
making the hetero-structure one-dimensional [43]. Magnetic NPs, in many cases, are
encapsulated within CNTs to minimize their interaction with the surrounding envi-
ronment. This enables protection of the encapsulated magnetic NPs from oxidation or
other chemical reactions mediated by various atmospheric agents [36]. For example,
Fe–Co NPs are encapsulated within CNTs, which are used in arsenic removal from
water [44]. The enclosed Fe-CoNPs achieve higher chemical stability in environment
while the CNT backbone works as a closed nano-reactor system within which the
Fe-Co can efficiently adsorb arsenic fromwater. Even if themetal NP is conjugated on
the outer surface of CNT, the NH still can be considered 1-D as long as the size of the
spherical metal NP is negligible compared to the length of CNT. For example,
CNT-TiO2 exohedralNHhas length in the range offewmicrons, whereas the diameter
of TiO2 is in the range of 5–10 nm [45]. Similarly, multiwalled CNT (MWCNT)-ZnO
NHs have lengthmore than a micron while the ZnONPs are below 10 nm [46]. These
exohedrally conjugated CNT-metal NHs show various preferred multifunctionality.
For example, MWCNT-Cu NH shows enhanced photo-response property combining
excellent charge transfer abilities of 1-D MWCNT and catalytic capability of Cu NP
for usage in photo-electrochemical devices [47]. The performance of these
MWCNT-Cu NHs also depends on the size of Cu NPs. The photoresponse measured
in terms of incident photon-to-charge carrier generation efficiency (IPCE) across the
visible and near ultraviolet range varies depending on the size of the Cu NPs on the
MWCNT surfaces. For an optimum thickness of 0.2 nm of Cu NP on MWCNT, the
IPCE value has shown to reach 15%, which is 2.5 time higher than that of MWCNT
only. However, the IPCE value decreases as the thickness of the Cu coverage
increases beyond 0.2 nm and the materials lose photoresponsive abilities when the
thickness increases above 1 nm (Fig. 9.4). Carbon-carbon NHs like nanopeapods
(e.g., fullerenes encapsulated in CNT [48]) and tubular metal oxides including TiO2

and ZnO can also form 1-D NHs (e.g., TiO2 nanotube-Pt, ZnO nanotube-Cu2O NHs
[49, 50]). Similar examples of 1-D NHs are provided in Table 9.1.

(c) Two-dimensional (2-D) NHs are formed with parent materials possessing
2-D sheet-like structures (Fig. 9.1c). The size of this class of NHs may vary along
the plane, however, the thickness is confined within the range of few nanometers.
Recent advances in graphene and similar 2-D nanostructures have accelerated the
synthesis and application of 2-D NHs. Graphene based 2-D NHs are the most
common, where metal/metal oxide NP are hybridized with graphene (G), graphene
oxides (GO), and reduced graphene oxides (rGO) (e.g., G–Pd [51], rGO–Ag [52],
G–ZnO [53], rGO–CuO [54], etc.). Atomically thin 2-D planar surfaces of graphene
provide extraordinary properties including enhanced conductivity, zero-band gap,
high mechanical strength, enhanced surface area, and excellent adsorption prop-
erties [2]. These unique properties improve the functional characteristics of the
supported metal NPs. For example, GO–Au NH exhibits better optical property
than pure Au NP, which can be utilized in sensing and imaging applications [55,
56]. The enhanced optical property of GO–Au NH is also dependent on the shape
(i.e., sphere, octahedral, rod, etc.) of the Au NP on the GO surface [55]. Figure 9.5
shows extinction spectra, corresponding TEM images, and surface-enhanced
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Raman scattering (SERS) spectra of different GO–Au NHs with octahedral,
spherical, and rod shaped Au NPs. The extinction spectra with different GO loading
ratios for each shape of the NH suggest that the shape of Au NP as well as the
loading ratios of GO have an effect on the peaks of the extinction curve.
Figure 9.5g indicates that the change in SERS signal for the GO–Au NHs is a
function of the shape of Au NPs. The SERS signal of the NHs is shown to have
enhanced by factors of 9, 16, and 20, respectively, for spherical, octahedral, and rod
shaped Au NPs in comparison to that for GO only cases [55].

In the case of GO–ZnO NH, 6 nm ZnOs tend to show better photodegradation
rate of methylene blue compared to 12 nm ZnOs [57]. The size decrease and
corresponding increase of surface area have been reported to have caused such
enhancement. However, the same NH decorated with 3 nm ZnOs exhibits reduced
photocatalytic ability compared to the 6 nm cases. This has been explained by the
impediment of free movement of electron due to electron confinement, which result
in the decrease in photocatalytic ability.

In recent years, other two dimensional (2-D) structures, e.g., transition metal
dichalcogenide (TMD) NMs (e.g. MoS2 [58], TiS2 [59], WS2 [60], etc.) and NHs
based on TMDs (e.g. MoS2–Au [61], WS2–Cu [62] etc.) are being pursued
extensively for various applications. In the case of MoS2–Au NH, Au NPs enhance
the gas sensing ability of MoS2 nanosheets due to increased surface area and
catalytic activity. The enhanced gas sensing property depends on the homogeneity
of dispersion and isolation of Au NPs from each other on the MoS2 surfaces [63]. In
another case, Cadmium Selenide (CdSe) quantum dots are hybridized on the sur-
face of MoS2 layers for non-radiative energy transfer, which enables the NH to be
used in optoelectronic devices [64]. The CdSe quantum dots enhance the energy
absorptive property of the MoS2 sheets whereas, the efficiency of energy transfer
depends on the number of MoS2 layers. Single layer MoS2-CdSe NH exhibits the
highest energy transfer efficiency. With the increase in the number of the MoS2
layers in the NH, the energy transfer rate reduces [64].

(d) Three-dimensional (3-D) NHs or heterostructures are formed when blocks
of synthesized NHs expand their dimensional features in all three spatial coordi-
nates (Fig. 9.1d). For example, in CNT-graphene NH, CNTs serve as the backbone
and graphene sheets as walls and when conjugated these form 3-D structures with
large surface area and inter connected chambers [65]. Such structure and shape
resist clustering of constituent NMs and maintain gap between the consecutive
graphene layers. The CNT-graphene NHs possess a better conductive network,
which makes them potential candidates for lithium ion battery application. In such
structures, the CNTs bridge the defects for electron transfer of graphene [37]. When
CNTs are vertically mounted between graphene layers, the CNT-graphene NH
show high specific capacitance value, which makes these NHs attractive for use as
supercapacitors [66]. On the other hand, when the CNT and graphene are hybri-
dized in parallel alignment, the planar CNT-graphene NHs show better photovoltaic
conversion efficiency in solar cells due to enhancement in conductivity. However,
in the case of planar CNT-graphene NH films, the graphene layers tend to stack
together [67]. Thus, the directional arrangements of 1-D CNT and 2-D graphene
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can have significant impact on the physico-chemical property alterations.
Metal-metal NHs can also form 3-D structures. Metal-semiconductor composites
like Ag–TiO2 are an example of this class of NH, where the TiO2 forms 3-D
mesoporous morphology, which enables to evenly disperse Ag NPs (Fig. 9.6) [68].
This NH shows enhanced optoelectronic and catalytic properties due to the well
dispersed Ag NP on TiO2 mesostructure [69].

3-D heterostructures or NHs, formed by vertically stacked alternate layers of
recently developed 2-D NMs, are being extensively studied for use in modern
semiconductor and optoelectronic devices due to the enhanced photocurrent gen-
eration property of these heterostructures [70, 71]. Examples of these NHs include
WS2–MoS2 [72], graphene-WS2 [73], and graphene–MoS2 [74] heterostructures,
where the complementary physico-chemical properties from each of the constituent
NMs can provide a synergistic effect on the desired functionality. The alternate
nanosheets are linked with weak van der Waals interaction [72] and have edges
surrounding the layered sheets. In the case of solar cell, when a layer of MoS2 is
added between the graphene-silicone layers, the photovoltaic property of the
tri-layer NH enhances. This is due to the effective passivation and electron-
blocking/hole transport function of the MoS2 layer. The photovoltaic property of
the NH increases with decrease in the thickness of MoS2 layer and with the increase
in the number of graphene layers [75]. While used in photovoltaic devices, the
graphene–MoS2 heterostructures can have very high photon adsorption and
electron-hole creation property due to the presence of MoS2 and high resistance
against radiation damage due to the mechanical strength of graphene [76].

9.3 Nano-Bio Interactions of Nanohybrids: Importance
of Dimensionality

The mechanistic understanding of environmental health and safety of individual
NMs is still emerging, while NHs are considered as ‘horizon materials’. However,
significant progress has been made in understanding the toxic responses from
singular NM insults on a wide range of organisms, which include prokaryotic
microorganisms like bacteria, eukaryotic human cell lines, and hierarchical
organisms like rodents and fish [87]. The key mechanisms attributed to the toxi-
cological effects of NMs include: dissolution and associated cell damage [88],
oxidative stress through reactive oxygen species (ROS) generation [89, 90],
asbestos-like effects and inflammation [90, 91], cell rupture via physical interaction
and direct contact [92]. These toxic manifestations are controlled by physico-
chemical properties of NMs including size [93], shape [94], surface area [93],
dimensionality [95], etc. These physico-chemical attributes will also likely influ-
ence NH toxicity; however, the emergent alteration in dimensionality through
hybridization and the presence of multiple nano-scale entities with unique chemical
composition, will undergo a delicate interplay and can result in unexpected toxic
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stresses. In the following paragraphs, several toxicity mechanisms will be discussed
in light of such potential uncertainty in manifested toxicity.

Morphological aspects have contributed significantly towards nano-bio interac-
tion and manifested toxicity as shown by carbon based NMs. 1-D CNTs are
reported to cause asbestos-like inflammation in lungs and penetration through cell
membranes attributed to their needle-like tubular shape [96]. The long fibrous
CNTs are considered to get retained in the parietal pleura region of lungs when
inhaled [97]. These fibrous CNT structures initiate injury to the pleural mesothe-
lium (membrane of pleura), which causes pulmonary inflammation. Over time, this
may cause fibrosis and mesothelioma. However, if the CNTs are short in length and
tangled together, these no longer have the fibrous needle-like shape. As a result, the
short or tangled CNTs are not retained in pleura causing no significant inflamma-
tion. Another important process affecting length and shape dependent inflammation
response from CNTs is the inability of the macrophage to enclose longer tubes
(generally more than 15 lm). Figure 9.7 shows that macrophage can enclose short
or tangled fibers of CNTs whereas it is unable to enclose the long and
needle-shaped CNT as compared to asbestos-induced inflammation pattern. Similar
physical interaction based toxicity has also been observed for other high aspect ratio
metallic NMs such as TiO2 [98] and ZnO [99]. Moreover, planar size variation of
2-D graphene nanosheets can play an important role in cytotoxicity depending on
their surface chemistry. While smaller sizes ( *33 nm) of graphene oxides
(GO) show highest bio-uptake and biocompatibility in HeLa cells [100], the
reduced graphene oxides (rGO) with smaller sizes ( *11 nm) show significantly
higher cyto–and geno-toxicity when tested with human stem cells [101]. The
mechanisms of such toxicity variations for different sizes can be attributed to a
complex interplay of ROS generation and physical cell membrane damage [101].
As the dimensional characteristics are altered for 1-D CNTs (or other 1-D
tube/rod-shaped NMs) by hybridization with 2-D graphene (or other similar 2-D
NMs), these heterostructures are likely exhibit unanticipated toxic responses. For
example, it is quite uncertain whether and how CNT-graphene 3-D heterostructures
will modify the asbestos-like inflammation response of CNTs. It can be argued that
the 3-D shape (Fig. 9.1d) may inhibit the CNT penetration through the cell
membrane. Moreover, the hierarchical 3-D expansion may result in a much larger
structure and thus modulate their interactions with the cells and macrophages.
These ambiguities in understanding such interactions also will depend on the effects
of other variables including number of stacked layers, vertical or horizontal
alignments of the components, chirality of the CNTs, rigidity or mechanical
properties of the NMs, co-valent versus non-covalent bonding between the com-
ponent NMs, types of surfactants/polymers as coupling agents, among others.

One other key mechanism for NMs to cause cellular toxicity is the generation of
oxygen-containing radicals, collectively termed as ROS [102]. Through ROS gen-
eration, NMs impart oxidative stress to the affected cells causing lipid peroxidation
and cell organelle damage. For metal oxide NPs, electronic property i.e., position of
electron conduction band (Ec) has been correlated with ROS generation abilities and
potential nanotoxicity—demonstrating that only a handful of metal oxide NPs are
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ROS-active [103]. However, conjugation of the apparently non-ROS-active metal
oxides with 1-D CNTs or 2-D graphene can alter their band architecture to modulate
their ROS-generation ability. The excellent electron shuttling capability of CNTs or
graphene on top of the enhanced available reactive surface area for supporting
non-aggregating metal oxide NPs can play a strong role in such improvements of
ROS production. For example, semiconducting ZnO NP has a conduction band
(−3.9 eV) outside the range of the ROS-producing cellular redox potential (−4.12 to
−4.84 eV); however, ZnO-graphene hybridization causes band-bending to move the
conduction band within the cellular redox potential range [20]. Similarly, deposition
of UV-active TiO2 NPs onto CNTs or graphene make the heterostructures photo-
catalytic, also in the visible spectrum via band gap reduction [104].

Dissolution of metal (e.g., Ag) and metal oxide (e.g., ZnO) NPs are considered
to be a major mechanism to incur nanotoxicity. Dissolved metal ions damage cell
functions through direct cellular interaction and ROS generation [20]. For example,
Ag NPs when undergo oxidative dissolution, Ag+ ions bind with thiol groups of
cellular protein and enzymes, impeding ion transport across cell membranes and
affecting cellular respiration [105]. Dissolved Ag+ ions also contribute to microbial
toxicity by exerting ROS within cells [106]. The dissolution of Ag NPs is also size
dependent due to Kelvin effect (highest dissolution occurs for NM sized < 10 nm)
[107]. The dissolution also depends on the shape of the Ag NPs; platelet-like and
spherical Ag NPs have shown higher dissolution rate compared to rod-like or cubic
NPs [108]. Hybridization of Ag NPs with other nanomaterials can alter their dis-
solution properties. In case of bimetallic core-shell NHs, Ag can both be placed as a
core or on the shell with corresponding inert Au. The choice of the arrangement will
dictate their morphology as well as subsequent dissolution characteristics. For
example, 20 nm thick Ag NP shell surrounding an Au core has higher dissolution

Fig. 9.4 IPCE spectra of MWCNT-Cu NH with different thicknesses of Cu NP with respect to
bare MWCNT (brown) and silicon substrate (grey). a MWCNT-Cu with 0.1 nm Cu (orange),
0.5 nm Cu (pink), and 0.2 nm Cu (red); b MWCNT-Cu with 3 nm Cu (blue) and 1 nm Cu
(green). [Reprinted from Scarselli [47]. Copyright 2011 the IOP Publishing Ltd. Reprinted with
permission.]
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Fig. 9.5 Different extinction
spectra of
cetyltrimethylammonium
bromide (CTAB) capped
a GO–Au nanooctahedra
(GO–NO), b GO–Au
nanosphere (GO–NS), c GO–
Au nanorod (GO–NR) with
different ratios of GO loading;
d–f corresponding TEM
images of Au/GO NHs;
g SERS signals of GO-Au
NHs for different shapes of
Au NP, i.e., GO–NR, GO–
NO and GO–NS. [Reprinted
from Lee [55]. Copyright
2011 by The American
Chemical Society. Reprinted
with permission.]
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characteristics than that of the singular Ag NP of the same size [109]. Dissolution is
exacerbated due to higher crystalline disorder on Ag NP shell structure. On the
contrary, when Ag core is covered with a relatively inert Au shell, the stability of
the NH increases substantially as observed via lowering of dissolution [110]. Thus,
depending on the core-shell structure as well as shape and size of the materials, Ag+

mediated toxicity of Ag NPs will vary. Similarly, Ag NP deposition on carbon-
based NMs can alter their dissolution properties. 1-D CNT or 2-D graphene can
provide high surface area to reduce agglomeration of Ag NPs and provide sustained
ion release, thus influence manifested antimicrobiality. It is important to note that

Fig. 9.6 a TEM image of Ag–TiO2 NH, in the inset Fourier transformed pattern of the selected
area; b high-resolution TEM image of Ag–TiO2 NH showing the mesoporous surface morphology
of TiO2 with deposited Ag NP; c energy dispersive X-ray of the Ag-TiO2 NH. [Reprinted from
Wang [68]. Copyright 2005 by The Royal Society of Chemistry. Reprinted with permission.]

Fig. 9.7 Enclosing mechanism of macrophage for asbestos (left side) and CNTs (right side).
Macrophage can enclose and clear asbestos and CNTs when these are present in short and tangled
form, respectively. However, macrophages are unable to enclose both asbestos and CNTs when
present in long fibrous form. [Reprinted from Donaldson [97]. Copyright 2010 by Ken Donaldson.
Reprinted with permission.]
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these dimensional effects on toxicological consequences of metallic NPs will be
further exemplified by the physical perturbation of the cell-membranes by 1-D
CNTs or 2-D graphenes as previously discussed or simply by providing a larger
surface presence for attachment of cells and subsequent interactions with
metal/metal oxide nanoparticles. On the contrary, the presence of metallic NPs on
the surface can alter the mechanical properties of CNT or graphene (e.g., physical
stiffness) resulting in modification of the physical interactions and bio-uptake [111].
These effects can be further influenced by the sizes and shapes of deposited metallic
NPs on CNT or graphene—however, no systematic studies have thus far investi-
gated such structure-activity relationships.

9.4 Environmental and Toxicological Significance

The above discussion summarizes the importance of dimensional considerations for
the NHs’ toxicological impacts. With the rapidly increasing numbers of these
hierarchical ensembles and their applications, NHs’ potential environmental and
biological exposure and subsequent toxicological manifestation should be sys-
tematically evaluated. Change in dimensionality via conjugation, passivation of
surfaces in core-shell particles, modulation of band architecture, and introduction of
multiple chemical entities to bio species in tandem present emergent uncertainties in
predicting toxic behavior of these heterostructures. A singular NM though may be
benign to environmental and biological systems, can become toxic when hybridized
with a secondary NM. Characterization tools to evaluate heterostructure emergent
properties and techniques to detect these structures within cellular and hierarchical
biological entities are necessitated. Advanced methods, such as hyper-spectral
imaging, Raman-imaging, in situ aberration corrected transmission electron
microscopy, single particle inductively coupled plasma mass spectrometry may
provide new insights into the complex nano-bio processes with these heterostruc-
tures. Since there is an infinite combination of materials possible to form hybrid
structures, material selection for extensive toxicological studies should be carefully
made. Reports of demonstrated toxicity from component materials can serve as a
guide for such material selection.

9.5 Conclusions

With the increasing complexity of material systems at nanoscale, there is extended
need to understand the hybridized nanomaterials and their interactions at the
environmental and biological interfaces. Hybridization of nanomaterials leads to
different sizes, shapes, and dimensionalities—which may significantly alter the
structure-property relationships for toxicological consequences. Future research will
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need to distinguish emerging properties of novel nanohybrids including dimen-
sional variations and identify their relevance in nanotoxicity.
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Chapter 10
Assemblies and Superstructures
of Inorganic Colloidal Nanocrystals

Swati Naik and Gabriel Caruntu

Abstract Inorganic colloidal nanoparticles (NPs) possess the ability to
self-assemble into complex hierarchical structures with unique properties that are
different from their individual counterparts. The assembly of particles into compact
2D and 3D structures occurs only when they have a narrow size distribution and
uniform shape. In this chapter, we review how various types of forces and funda-
mental interactions at the nanoscale govern the assembly of colloidal nanocrystals,
the available methods for assembling colloidal nanocrystals with discrete geome-
tries and the application of such assembled structures in various fields ranging from
catalysis, biological diagnosis, plasmonics and electronics.

Keywords Colloidal nanocrystals � Solution-based synthesis � Shape anisotropy �
Self-assembly � Superstructures

10.1 Introduction

Although the concept of nanotechnology has been coined relatively recently,
materials at the nanometer-length scale have been empirically known for centuries,
being used in cosmetic preparations, fermentation processes, advanced glass
manufacturing and other technological applications. For example, in ancient Egypt
the hair dyeing was performed by a procedure involving the formation of galenite
(PbS) nanoparticles, which allowed for an even and steady dyeing [1]. In the
medieval period, the European knights have experienced during crusades the
extraordinary strength, sharp edges and shatter resistances of blades made of
ultra-strong Damascus steel which incorporated nanowires and tube-like Fe3C
(cementite) nanostructures with sizes of 40–50 nm [2]. Moreover, metallic
nanoparticles have been also used at large scale in ceramics and lustre decorations
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in many parts of Asia, Middle East and Europe. As such, Celtic art used copper
(Cu) and copper oxide (Cu2O) nanoparticles for the fabrication of red enamels [3]
whereas colloidal gold and silver nanoparticles were used in ancient Rome (4th
century AD) in the manufacture of dichroic glasses which exhibit spectacular color
changing properties depending on the light source (the Lycurgus cup) or in the
decoration of majolica during the Renaissance period [4].

With the increasing tendency towards miniaturization of electronics, the range of
technological applications of nanomaterials diversified enormously in the past
decade and nowadays they permeate all aspects of the human life, being used in
electronics, energy storage and conversion, biosciences, medicine [5], catalysis and
data storage [6], respectively. Nanomaterials can be defined as materials made of
submicroscopic grains which possess at least one dimension smaller than 100 nm.
The small size of the constituents in such materials is associated with a large
surface/volume ratio which, in turn, will lead to a very important contribution of
surface effects to the physical properties of nanomaterials, thereby making them
substantially different from those of their bulk counterparts. As an example, barium
titanate (BaTiO3), an archetypal ferroelectric perovskite, is characterized by multiple
phase transitions as the material is cooled down from elevated temperatures. Among
these, technological relevance is a paraelectric to ferroelectric phase transition which
occurs around 120 °C in the bulk material. This transition is microscopically
described by the off-center shift of the Ti4+ ions occupying the centers of
corner-sharing TiO6 octahedra which leads to the formation of electrical dipoles. The
cooperative interactions between these electrical dipoles eventually results into a
sizeable intrinsic lattice polarization associated with a ferroelectric behavior.
However, until now there is no clear consensus as to where ferroelectricity is sup-
pressed in nanoscale titanium-containing perovskites. To fully understand the polar
ordering in nanoscale perovskites, it is crucial to rationally design non-aggregated,
free-standing monodisperse colloidal nanocrystals with well-defined morphology
and tunable surface composition and chemical functionality [7].

The approaches conventionally applied in the synthesis of nanostructured mate-
rials can be classified into physical and chemical methods. Physical approach relates
to the fabrication of nanometer length-scale structures from larger ones, and chemical
methods employ a bottom-up approach wherein small particles result from nucle-
ation and growth processes. Both the methods have their set of advantages and
disadvantages, the physical method finds application in an electronic industry but
have the resolution limited to few tens of nanometers. On the other hand, a chemical
approach is carried out on a small scale with a very high precision [8].
Wet-chemistry/solution-phase methods can be utilized to achieve the best control of
particle sizes, shapes, and composition. The molecular precursors along with the
structure directing agents manipulate the structural growth of the nanocrystals. The
range of materials that can be synthesized includes the magnetic oxide such as Fe3O4,
MFe2O4 (M = Fe, Co, Mn) and Mn3O4, noble metals such as Pt and Pd, plasmonic
metals such as Au, Ag, and semiconductors consisting of CdS and CdSe [9].

Controlling the morphology of a nanocrystal and thereby stabilizing its structure is
critical in nanoparticle synthesis. The focus of nanoscience and nanotechnology is
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gradually shifting from individual components to larger assemblies since the first
report published in 1989 by Benton and coworkers [10]. Using the bottom-up
approach is characteristic for nanofabrication and to further assemble particles into
larger ordered architectures by employing specific interaction forces. The process of
formation of the long-range ordered structure from individual nanocrystals serves as a
connecting bridge between the nano to micro worlds. Nanoparticles can assemble in
various dimensionalities (1D, 2D, and 3D) which thereby induces collective prop-
erties. To understand how specific property is related to ordering of atoms in
nanocrystals, consider the case of opals which consist of sub-micrometer sized silicate
particles. The colorless appearance in opals is due to disordered silicate particles while
size segregation of ordered particles creates reflectivity in the material. The change in
optical behavior shows intrinsic property dependence on particle ordering at large
scale [11]. During self-assembly, the building blocks arrange itself in an ordered
pattern caused by direct interactions or indirectly using external stimuli. The stacking
of nanoparticles (1–100 nm diameter) in 2D and 3D arrangement results in super-
lattices which now exhibit new physical, chemical and mechanical properties due to
near field coupling. Superparticles are colloidal particles in nano dimension which
assemble leading to superlattice structures [12]. When nanocrystals assemble them-
selves in a certain crystallographic order such as fcc, bcc, and hcp, they are known as
supracrystals. Understanding these nanocrystal assemblies and giving rise to new
superlattice phases will establish our ability to create new structure-property rela-
tionship towards the emerging class of complex nanomaterials.

10.2 Forces at Nanoscale

Monodisperse nanoparticles have been synthesized in a wide variety of sizes and
shapes, such as spheres [13], cubes [14], rods [15], ellipsoids [16], plates [17],
tetrapods [18], core/shell [19], nanocages [20], dumbbells [21] and so on. A span of
morphologies stabilized among the most commonly studied class of materials that
includes metals [22], semiconductors [23], oxides [24] and polymers [25]. These
new materials with its unique properties can find a variety of applications only
when they organize in purposeful ways and can interact with each other. The
classification of self-assembly processes into three categories comprises of
one-dimensional wires, two-dimensional sheets and closed packed three-
dimensional lattice structures. The spontaneity of particles to organize itself into
superlattices/supralattices combines both attractive as well as non-covalent forces.
Novel properties such as charge transport, conductivity is enhanced due to syner-
gistic effects caused by the self-assembly [26]. The forces that interplay between the
nanoparticle building blocks are similar to those seen in the assembly of small
molecules or polymers [27]. Before understanding the contribution of these com-
plex forces, it is crucial to consider the overall interaction potential of nanoparticles
for the assembly process. If the obtained assembly is generated or caused randomly
will depend on the magnitude and length scale of nanoparticle interaction [28].

10 Assemblies and Superstructures … 295



When nanoparticles interact at short-range, gels are formed, whereas long-range
interaction result in ordered structures. The equilibrium theory of physical clusters
suggests that the formation energy for dimers from spherical particles can be
expressed as shown in Eq. 10.1.

DF2 ¼ �kT ln
Q2

Q1
ð10:1Þ

where Q represents the canonical partition functions [29]. In a dilute solution, the
cluster formation will result only when particle-particle interaction reaches several
kT to compensate for entropy [30] while, for a concentrated solution, entropy will
be a driving force to cause ordered assemblies thereby maximizing interparticle free
volume and overall entropy. The shape of the particles plays a crucial role in
deciding the nature of the formation. For example, with spherical particles;
close-packed structures are favorable as it has nothing to do with orientational
entropy while, for anisotropic structures (cubes, rods) the assembly will vary
depending on the chosen shapes. Maximization of the entropy of the system is a key
factor that results in any formation thereby restricting both translational and rota-
tional motion [31]. We can now develop our understanding towards a complex
scenario that consists of several interactions that results from solvent molecules,
binding agents etc. The various internal forces that play a deciding factor in causing
the assembly are as discussed below.

10.2.1 Van der Waals Interactions

The most dominating force in self-assembly processes is non-covalent by nature.
van der Waals interactions have been recognized as the fundamental forces present
in a non-covalent interaction between molecules resulting in the assembly. It arises
due to the electromagnetic fluctuations caused by the constant movement of charges
in all materials [31]. van der Waals force can be widely classified into three types
namely Keesom forces, Debye forces and London dispersion forces of which the
dispersion forces play a crucial role [31]. All these forces depend on the inverse of
the separation between the dipoles, as they scale with 1/r6 and their strength is
comparable to that of other types of long-range interactions characteristic to
nanoparticles, such as electrostatic interactions. An exact calculation of these types
of forces should necessarily take into consideration intrinsic characteristics of the
nanoparticles, such as the chemical composition, the size and shape, as well as
the separation between nanoparticles and can be performed by using the
Dzyaloshinskii-Lifshitz-Pitaevskii (DLP) theory using the Derjaguin approxima-
tion. Though Keesom and dispersion forces are attractive interactions, Keesom
forces appear between permanent dipoles regardless of their spatial orientation and
dispersion forces result from the fluctuation of the polarization associated with the
electron distribution within atoms. Since dispersion forces are associated with
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molecules, they play an important role in the assembly of capping ligand-passivated
nanoparticles. Equation 10.2 is used to calculate the strength of these dispersion
interactions.

Edisp
AB � 3IAIB

2IA þ IB

aA � aB
r6

ð10:2Þ

where, IA and IB denote first ionization potentials of atoms, r is the intermolecular
distance, and a is dipole polarizability. The dispersion forces are proportional to
1/r6 and hence at nanoscale the strength of electrostatic interaction is comparable to
that of van der Waals forces.

10.2.1.1 Examples of Nanoparticle Self-assemblies

Spherical monodisperse nanoparticles use van der Waals forces resulting in 2-D
close packing which arises due to the 6-fold symmetry (Fig. 10.1a) [32] and in three
dimensions, it results in the formation of the superstructures (Fig. 10.1b) [33]. In
case of anisotropic particles such as nanorods, van der Waals forces result in highly
directional interactions. For nanorods with large aspect ratio side-by-side assembly
is most common as illustrated in Fig. 10.1c [34] as compared to end-to-end
assembly as shown in Fig. 10.1d [34]. The potential in side-by-side assembly is
given by USbS whereas; end-to-end potential is given by UEtE. When the ratio of
these interactions is close to 1, then the assembly becomes complicated while in
case the ratio is greater than unity than side-by-side assembly is preferred over
end-to-end.

10.2.2 Induced Self-assembly

Solvent evaporation is one of the many ways used to assemble colloidal particles on
any given substrate. On solvent evaporation, isotropic particles with nearly same
sizes result in a closed packed array. The capping ligands present on the
nanoparticle surface contribute weak electrostatic repulsion while the most domi-
nating force being the van der Waals attraction [35]. Temperature plays an
important role in this assembly process as it controls the evaporation rate of the
solvent. This concept was tested by Talapin et al. who performed a systematic study
on formation of superlattice structures of FexO/CoFe2O4. They observed that at
highest temperature of 45 °C, fcc (face centered cubic) was formed. When the
temperature further decreases, the hcp (hexagonal close packed) structure begins to
crop in. At temperatures as low as −20 °C, all of the fcc is converted completely
into hcp structure [36]. The formation of fcc and hcp is supported by both entropic
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and isotropic van der Waals interactions. Along with temperature, the solvent plays
an important role in stabilizing of fcc structure [36].

Another parameter that regulates van der Waals interactions in the self-assembly
process is the solvent. To understand the solvent effect Quan et al. assembled Pt
nanocubes dispersed in two different solvents such as aliphatic hexane and aromatic
toluene. The superstructure obtained in toluene is simple cubic (sc) as ligand-ligand
interactions are stronger in comparison to ligand-solvent interactions. However,
ligands are completely miscible in hexane due to which the ligand-solvent inter-
actions prevails and results in body-centered tetragonal (bct) lattice as can be seen
in Fig. 10.2 [37].

Fig. 10.1 a TEM image of 2D close packing of Ag nanocrystal array (Reprinted with permission
from Ref. [32]. Copyright 1996, American Chemical Society), b SEM image of superstructures of
Ag2S sphere-topview (Reprinted with permission from Ref. [33]. Copyright 2013, American
Chemical Society), c SEM image of 3D bundles of Au rods and d SEM image of 2D assembly
formed using Au-Ni-Au rods. Reprinted with permission from Ref. [34]. Copyright 2004, The
American Chemical Society
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10.2.3 Electrostatic Interactions

Bearing similarity to the van der Waals forces, electrostatic interactions are known
to play a pivotal role on the assembly process at various scales. Such interactions
can be both attractive as well as repulsive in nature and in particles with asymmetric
surface charge distribution they can be directional [38]. Additionally, the extent of
the electrostatic interaction can be varied by the choice of the solvent, solution pH,
and electrolyte concentration. The length of the electrostatic interaction between
nanoparticles is calculated by the Debye equation and is shown in Eq. 10.3:

k�1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

eoerkBT
e2

P

ciz2i

s

k�1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

eoerkBT
e2

P

ciz2i

s

ð10:3Þ

where, eo is the vacuum permittivity, er is the dielectric constant of the solvent, kB is
the Boltzmann constant, TT is the absolute temperature, e is the elementary charge,
ci is number densities and zi is the valence of the electrolyte ions.

10.2.3.1 Examples of Self-assembly of Nanoparticles

Electrostatic interactions have been investigated to facilitate the formation of
structures that are used for various applications. Caruntu et al. successfully attached
2–3 nm gold particles onto the surface of *10 nm Fe3O4 nanocrystals. This
nanostructure opens up a new possibility of using magnetic particles for in vivo
biomedical applications [39]. Similar technique was applied for assembly of
bimetallic nanocrystals that display excellent electrocatalytic activity and durability
for fuel cells applications. Zhang et al. used electrostatic assembly to synthesize

Fig. 10.2 Schematic illustration of self-assembled Pt nanocubes in sc and bct superstructures in
presence of solvents like toluene and hexane. Reprinted with permission from Ref. [37]. Copyright
2014, The American Chemical Society
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Pt/Au binary nanocrystals. The whole assembly process is shown as a schematic in
Fig. 10.3a [40]. Pt nanoparticles are prepared in poly-(diallyldimethylammonium)
(PDDA) solution while negatively charged Au nanoparticles are synthesized in
sodium citrate solution. The attachment of Pt to the surface of Au nanoparticles
results in a complex structure which is held together by the electrostatic forces
between the two charged particles as evidenced in the TEM image in Fig. 10.3b. If
comparable amounts of positively and negatively charged particles are mixed, it
would lead to aggregation of nanoparticles as there are not enough net charges to
form discrete particles. In the case mentioned above, there is a large excess of
positively charged Pt nanoparticles which generate electrostatic repulsion interac-
tion. This repulsion stabilizes the nanocomposite and prevents precipitation in
solution [41, 42]. Nanoparticles can be also self-assembled into various structures
with different complexities in the presence of external magnetic or electric fields.
For example, Singh and coauthors recently demonstrated that a strict control of the
interplay between the van der Waals interactions and the magnetic forces, Zeeman
coupling and entropic forces between monodisperse cubic Fe3O4 colloidal
nanocrystals allow them to be assembled into complex arrays with a helicoidal
geometry [43].

10.2.4 Magnetic Interactions

When magnetic particles are arranged in an orderly fashion, such as a
self-assembly, they tend to align their magnetic moments in the direction of the
magnetic field. The alignment gives certain directionality to the magnetic interac-
tions, thereby enabling magnetic nanoparticles to form 1D, 2D and 3D assemblies.
All fundamental particles possess a spin, associated with which is a corresponding
magnetic moment. When magnetic particles approach each other, the dipole-dipole
interactions can significantly drive the particle assembly. A dipole-induced
assembly causes the domains of magnetic particles to align resulting in a ring or
chain-like structures. The above behavior has been observed by Dong et al. [44]
wherein, they synthesized magnetic Ni-Co alloy using microwave irradiation

Fig. 10.3 a Schematic illustration of electrostatic self-assembly of Pt decorated Au, b TEM image
of Au nanoparticle being surrounded by Pt nanoparticles. Reprinted with permission from
Ref. [40]. Copyright 2010, Wiley
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method. Each nanoparticle can be considered as a mini magnet due to its own
magnetic moment. Now depending upon the strength of the alloy, the nanoparticle
assembly will be decided. Figure 10.4a shows a schematic depiction of how the
alloy nanoparticles behave in both presence and absence of a magnetic field. In
solution, single domain nanoparticles can move freely.

As evidenced in Fig. 10.4c, when the magnetic field is applied, nanoparticles are
attracted forming short nanochains. In the absence of the field, the direction of the
magnetic moment is random resulting in nanorings formation as seen in Fig. 10.4b.
The formation of ring structure implies that the magnetic moment is strong enough
such that the magnetostatic field surpasses the external magnetic field leading to the
formation of nanorings. In a recent work by Taheri et al. [45] a controlled way to
assemble nanoparticles in solution has been proposed. Cubic-shaped iron-oxide
nanoparticles with sub-15 nm diameter are synthesized using oleic acid as a sta-
bilizing agent. The assembly of cubic nanoparticles in 1D and 3D structures is
induced by the magnetic field as evidenced in Fig. 10.5a, b. The external field
aligns the dipole moment of the nanoparticles such that the particles come in close
contact with each other and the van der Waals interactions can further cause a
face-to-face arrangement.

It is hard to predict the spatial arrangement of the superstructures by knowing the
constituents of the building blocks as there exists a delicate balance between com-
peting forces that includes van der Waals, magnetic, electrostatic and others [31].

The role of the interplay between the van der Waals interactions and the mag-
netic forces, Zeeman coupling and entropic forces on the assembly of colloidal
nanocrystals has been demonstrated recently by Singh and coworkers. To illustrate
this, they assembled superparamagnetic, *15 nm monodisperse cubic Fe3O4

Fig. 10.4 a Schematic depiction of self-assembly of Ni-Co alloy; the nanoparticles are
encapsulated by surfactant. In absence of an external magnetic field, nanoparticles connect with
each other forming short nanochains and random magnetic alignment thereby resulting in
nanorings. In presence of external magnetic field long nanochains are formed which have
consistent magnetic alignment; b TEM image of Ni-Co nanorings; c TEM image of Ni-Co
nanochains. Reprinted with permission from Ref. [43]. Copyright 2013, Wiley
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colloidal nanocrystals in the presence of an external magnetic field. The colloidal
nanocrystals possess a single-domain structure and the alignment of dipoles is the
result of the interplay between the dipole-dipole interactions and the coupling with
an external magnetic field. As such, when a horizontal magnetic field is applied and
its strength is progressively increased the magnetic dipoles, which initially possess
a zig-zag orientation, end up being oriented parallel to the lines of the external
magnetic field leading to the formation of uniform belts of magnetite nanocubes.
Conversely, when the direction of the applied magnetic field is perpendicular to the
liquid-air interface, the arrays will possess a hexagonal close packing, as a result of
the mutual repulsion between the individual pillars. By increasing the monolayer
coverage the magnetite nanocubes will orient their [111] axes thereby leading to the
formation of single-stranded helices [43]. The nanocubes have been in hexane
solution and assembled onto diethylene glycol/air interface, which facilitated the
post-synthesis transfer of the assemblies to any other type of substrate.

In another work by Singh et al. [46] iron oxide nanocubes were used and the
magnetic field applied was perpendicular to the liquid-air interface (h = 90o in
Fig. 10.6a). At a lower magnetic field, hexagonally packed pillars formed. On
further increasing the magnetic field (H > 1000G), the superstructures were sepa-
rated at a considerable distance and assumed C-shaped geometry as seen in
Fig. 10.6b. At higher fields, there is a tendency to minimize magnetic dipole-dipole
repulsion. These assemblies bear similarities to previously reported microring
structure [47].

Fig. 10.5 a SEM image of 3D cuboid, b cryo-TEM image of cubic nanoparticles in toluene.
Reprinted with permission from Ref. [44]. Copyright 2015, National Academy of Sciences, U.S.A.
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10.2.5 Superficial Forces

The goal of using ligands during nanoparticle synthesis is three-fold: to passivate
their surfaces, prevent agglomeration which occurs spontaneously in order to
decrease their surface energy and render them dispersible in solutions with a
polarity similar to that of the capping ligands thereby achieving a homogenous
solution. The nature of the binding ligand will define the type of forces that play a
role in the assembly process, and it is the intermolecular attractive forces among the
ligands that give rise to the superstructures [48]. For example, nanorods form
chain-like structure by using hydrogen bonding [49], linker molecules like DNA
cause selective binding [50] and dipole-dipole interactions within particles induces
their rapid assembly into superlattices. When certain functional groups like amines,
carboxylic acids are used as surface modifiers, then hydrogen bonding plays an
important role [51]. The magnitude of intermolecular forces is proportional to the
density and strength of the bonds formed by the interaction of the functional group
whereas the length scale is defined by the dimension of the modifier molecules. In a
colloidal assembly consisting of oleic acid/oleylamine-stabilized Fe3O4 nanoparti-
cles, superlattice formation is the result of the hybridization of assembled fatty acid
molecules and nanoparticles. The average length of the modifier molecules is about
2 nm, and they both are known to arrange themselves parallel in the alternating
directions [52]. The interaction between them is due to van der Waals forces, and
they arrange themselves on the outer edges owing to the hydrophilic nature of the
functional group. The functional groups have an affinity towards the nanoparticle
through hydrogen bonding and hence create superlattice structures.

10.3 The Functionality of Nanoparticle Superstructures

For various fundamental and industrial applications, superstructures of single or
binary nanoparticles are studied. But in the case of binary superstructures, several
new functionalities are known to arise. The functionalities can be well explained
with an example of semiconductor (SC), wherein electrons and holes inside a single

Fig. 10.6 a Schematic representation of the assembly of iron oxide cubes when h = 90°, b top
view of C-shaped nanocubes using SEM. Reprinted with permission from Ref. [46]. Copyright
2015, The Royal Society of Chemistry
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semiconductor undergo recombination and generate luminescence only on
photo-illumination [53]. In contrast to this, multiple different properties arise when
semiconductor nanoparticles blend with other types of nanoparticles in the same
superstructure. When the noble metals combine with semiconductors, photogen-
erated electrons transfer from semiconductor to metal thereby increasing the
recombination time [54]. The superstructures built using single or binary
nanoparticles find application in the field that ranges from flexible electronics,
catalysis, semiconductors, magnetism, etc. and will be summarized below.

10.3.1 Mechanical Strength

The new class of nanomembranes consists of free-standing nanoparticle arrays that
have a young modulus value of several GPa and differ from the traditional
solid-supported film [55, 56]. The fabrication of nanomembranes has seen exciting
progress, but the difficulty lies in fabricating defect-free membranes on a larger
area. Chen et al. [57] are successful in fabricating nanomembranes using single
crystalline, ultrathin Au nanowires via LB technique. Each nanowire is single
crystalline with a width of 2.5 nm and is stabilized by oleic acid molecules.
Figure 10.7a represents the as-synthesized wires, while Fig. 10.7b depicts the
superlattice nanomembrane film formed using the LB technique.

The membrane possesses enough strength and flexibility to be transferred to any
substrate, and the force-displacement curve exhibits the mechanical behavior. The
applied force was increased in a stepwise manner until the membrane completely
ruptured. Fitting the curve as shown in Fig. 10.7c, Young’s modulus was obtained
at 5.2 ± 0.4 GPa using an existing model [58]. The membrane is similar to
monolayer graphene [59] and has the characteristic of a 2D material given its
ultrathin nature and large aspect ratio. This nanomembrane shows a high optical

Fig. 10.7 a SEM image of Au nanowire (NW) bundles. b TEM image of monolayer
nanomembranes synthesized using LB method. c Mechanical properties of monolayered
superlattice nanomembranes obtained using Force displacement curve (AFM indentation) and
theoretical fitting. Reprinted with permission from Ref. [57]. Copyright 2013, Wiley
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transmittance of 90–97% which correlates to the dimensions of the film. In addition
to this, the membranes are conductive in nature. This method is scalable and
proposes a promising methodology for practical applications in lightweight and
foldable electronics [60].

10.3.2 Photoluminescence

Carbone and coworkers [61] synthesized CdSe/CdS nanorods having a narrow
distribution of rod length and diameters. They assembled the rods and measured
their photoluminescence (PL) to understand how different superstructure organi-
zation and coupling effects can alter this physical property. Evaporation mediated
process brings about the assembly of the nanorods while, the vertical alignment of
rods uses an electric field in that direction. Vertically oriented rods are non-emissive
and show a blue shift as compared to disordered structure while the ribbon-like
assembly is characterized by a blue shift of 30 meV as compared to PL of disor-
dered rods. The observed blue shift is related to the internal electric field that is
produced by photogenerated charge distributions in neighboring rods which are
more efficient in ordered assemblies than in disordered ones. In another example,
Xing et al. [62] studied the photoluminescence behavior of the 3D superstructure of
cubic b-In2S3. The stacks composed of thin micro-flakes which were luminescent as
compared to the non-luminescent behavior seen in bulk In2S3. The emission at
*436 nm corresponds to the presence of deep traps in the structure while, lumi-
nescence at *545 nm is due to the presence of interstitial sites.

Superstructures of rare earth oxides have long luminescent lifetimes (*1 ms)
and are considered for application in the field of luminescent probes as seen in the
case of Eu2O3, an oxide phosphor that has its central emission band at about
612 nm. Pol and coworkers [63] fabricated a 2D structure of Eu2O3 plates which
shows luminescent characteristic. Upon excitation at 300 nm, red emission at
612 nm is measured. The red emission is because of the stabilization of europium
ions in the +3 state, and this structure is known to have a thermal stability even at
temperatures as high as 750 °C.

10.3.3 Catalysis

The requirement for a new generation of catalysts imposes a uniform composition
of the nanoparticles along with a well-defined atomic arrangement at the surface.
Metal oxides are well known as a catalyst support [64] and regulating their shape
and size will let control the interfaces thereby increasing selectivity and activity for
the desired reaction [65]. Yamada et al. [66] used the existing theory of integrating
binary nanocrystals to form multiple interfaces [67]. However they were successful
in obtaining cubic nanocrystals and thereby forming highly ordered superlattices of
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the binary components. The design of the tandem catalyst is as shown in Fig. 10.8a
which consists of metal Pt, sandwiched between two oxides CeO2 and SiO2. The
two separate and sequential reactions are known to occur at the catalyst interfaces.
The assembly of the nanocubes is as shown in the TEM image in Fig. 10.8b. The
two reactions that occur on the catalyst surface include decomposition of methanol
as shown in Fig. 10.8c to yield CO and H2 and ethylene hydroformylation with CO
and H2 yielding propanol. The better performance of this catalyst is due to two
reasons, the occurrence of methanol decomposition at the Pt-CeO2 interface and
in situ generation of CO and H2 at the Pt surface.

In another study by Tsao and coworkers [68], Au-Ag core-shell nanocrystals
with cubic, octahedral and some intermediate geometries were synthesized as can
be seen in Fig. 10.9. The plasmonic and the catalytic behavior of these are moni-
tored to understand how shape and presence of binary component will affect the
properties. The localized surface plasmon resonance (LSPR) band shows a red shift
as compared to pristine Ag of same size and shape due to LSPR effect from the gold
core. Depending on the shell thickness, both blue and red shift can be observed.

Fig. 10.8 a Schematic of sequential deposition of single layers of metal and metal oxide
nanocubes. b TEM micrograph of a monolayer of CeO2 colloidal nanocrystals assembled onto a Pt
monolayer. c Time dependence of H2 generated by the thermal decomposition of MeOH over a
Pt/CeO2 interface. Reprinted with permission from Ref. [66]. Copyright 2011, The Nature
Publishing Group

Fig. 10.9 SEM images of Au-Ag core shell a nanocubes, b truncated cubes, c cuboctahedra All
scale bars are equal to 100 nm. Reprinted with permission from Ref. [68]. Copyright 2014,
American Chemical Society
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Both the Au-Ag cubes as well as octahedra showed catalytic activity towards
NaBH4 reduction of 2-amino-5-nitrophenol with the octahedra exhibiting highest
catalytic activity.

Developing new catalysts for environmental application has its own set of
challenges with the combustion of methane being one of the several [69]. PdO
particles dispersed in oxide matrix are well-known methane combustion catalysts
but, they get deactivated at high temperatures [70]. Colussi et al. were able to make
Pd-O-Ce surface superstructures as it was previously reported that insertion of Pd
into CeO2 surfaces provides lower energy barrier for dissociative adsorption of
methane [71]. This catalyst showed a high activity towards methane oxidation. This
work opened up a new perspective towards stabilizing noble metal centers in an
oxide moiety and thereby developing a range of efficient and durable catalysts [72].
Yin et al. studied the catalytic and photoluminescence behavior of superstructures
formed of hollow ZnO nanorods. The number of hollow cages varied from single,
double, multi to connected ones. The nanorods were synthesized using the
hydrothermal method in conjugation with carboxymethyl cellulose (CMC) as the
crystal growth modifier. Photoluminescence (PL) studies revealed that increase in
cage number increased PL intensity around 500–700 nm which is also ascribed to
increase in defects at the interface of the hollow structure. Although all the su-
perstructures showed good catalytic activity towards decomposition of ammonium
phosphate, the highest was recorded for single cage ZnO superstructure [73].

10.3.4 Plasmonics

The emergence of novel optical properties in hybrid systems consisting of semi-
conductor and noble metal nanocrystals is due to interparticle interactions partic-
ularly, the coupling of excitons in semiconductor along with plasmon resonances in
the metal [74]. Shevchenko and coworkers used this concept to build a long range
ordered binary nanoparticle superlattices using CdSe and Au nanocrystal [75]. The
semiconductor particles are 8.7 nm and emit in the visible region while Au
nanocrystals are 5.5 nm and have plasmon resonance in the visible range.
Quenching of fluorescence in semiconductor crystal is well known. But in the
hybrid structure, fluorescence intensity is only 5–15% as that obtained for CdSe
sample and fluorescence lifetime is shortened. This behavior is due to transfer of
energy to the surrounding Au nanocrystals which influences the radiative rate of the
CdSe. Plasmonic response occurs due to the generation of free carriers in
nanocrystals caused either due to defects or through doping. Indium doped cad-
mium oxide (ICO) films show higher conductivity than ITO and these conducting
oxides are an ideal candidate for plasmonics. Gordon et al. [76] synthesized
nanocrystals of ICO having a spherical and octahedral morphology that resulted in
3D superstructures having long range ordering. The nanoparticle films reveal
negative permittivity in near IR (NIR) range indicating its relevance to be used as
optical metamaterials. The design of 3D superstructures without the use of ligand
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exchange further paves a way to new metamaterials with a negative index. Metallic
supercrystals present a new model that explains fabrication of a new class of
plasmonic materials. In another work demonstrated by Tao et al. [77] 3D assembly
of Ag nanoparticles was constructed using bottom-up approach and scaled up for
the dimension of few millimeters. The limiting value in these self-assembly process
is the volume of the starting material. These metallic crystals exhibit different
electromagnetic field distribution, and they are ideal frequency selective materials
for functioning in the visible and near-IR range. This work denotes the magnitude
of bottom-up assembly process which offers control to achieve 3D structures which
are otherwise achievable only via lithography.

10.3.5 Surface Enhanced Raman Spectroscopy (SERS)

SERS (Surface Enhanced Raman spectroscopy) of proteins is consistently exam-
ined to attain the right enhancement factor (EF) which will help in direct detection
of low concentration of proteins [78]. It is crucial to develop ultrasensitive sub-
strates that are capable of generating high EF as in the case of nanoantennas [79]
and nanorod dimers [80]. Alvarez-Puebla et al. [81] were successful in fabricating
Au nanorods supercrystals as SERS substrates for detection of complex biomole-
cules. The substrate was stable, reproducible, and showed a homogenous distri-
bution of the electric field. Using such substrates they were able to detect prions in a
complex biological medium such as serum or blood. These nanorod supercrystals
are excellent SERS substrates in comparison to nanoparticle array as there is
increased plasmon concentrations on top surfaces as layer of rods get added. This
approach used for detection of prions is promising as it does not increase the time
and reduces the uncertainty of final results. SERS substrates which are 2D planar
systems have their active area limited to a single Cartesian plane. To overcome this
limitation the developed 3D substrates have extended SERS hotspots to the third
dimension, as large number of hotspots imply high enhancement factors. Zhang and
coworkers [82] constructed 3D SERS-active substrate of Ag nanocubes using laser
photolithography. This fabrication technique in conjugation with Langmuir-
Blodgett enables a range of 3D microstructures such that it possesses high hot-
spot density in all three directions. The different microstructures compared to their
SERS signal include pyramidal, right prism, truncated cone and square block. The
pyramidal microstructure is the most efficient in comparison to all the other
geometries thereby showing uniform signal due to contribution from all four facets.
This prismatic microstructure presents promising application as micro-barcodes and
will aid in the future design of substrates that find their use in the field of infor-
mation tagging and storage.

In the field of detection of bioanalytes, the concentration limit ranging from nano
to picomolar [83] can be achieved by using Au nanorods [84]. Hamon et al. used
Au nanorods to understand how the stacked nanorod layers will affect the
enhancement factor and will standardize the architectural layout [85]. The SERS
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signal obtained for Au nanorods were at two excitation wavelength namely 633 and
785 nm. On exciting with a wavelength of 633 nm, no variations in SERS signals
were observed irrespective of the number of Au layers but at 785 nm some changes
were seen. The theoretical data was used to explain the experimentally obtained
results and confirmed that the analyte penetration was only into the topmost layer.
To understand the enhancement produced by the stacked nanorods, it is essential for
the diffusion of the analyte to the interior of the supercrytals.

10.4 Superlattice Formation

Colloidal assembly bears similarity with microscopic systems and it serves as an
important model for understanding the atomic world. The broad classification of
colloidal particles includes isotropic, anisotropic, and amphiphilic. An amphiphilic
colloid that consists of Janus particles can impose specific interparticle interactions
while keeping the geometry simple [86]. These colloidal particles form superlattices
which are dependent on the quality of the nanocrystals as well as the environment
used for the assembly. The superlattice formation is a process wherein distinct
nanocrystals present in any solvent destabilize by forming long-range ordered
structures [87]. This process is typically associated with thermodynamic equilib-
rium, with the structure being characterized by minimum free energy [88]. In the
case of spherical particles, the superlattice structure results in simple cubic (sc)
[89, 90] face-centered cubic (fcc) [89–91] and hexagonal close packing (hcp) [92].
They most commonly pile up to a close-packed pattern resulting in fcc or hcp
arrangement to minimize potential energy and have highest packing efficiency of
74.04% [74, 93, 94]. For spherical particles, the crystal orientations in the blocks
are random, and the whole pattern is isotropic. At the nanoscale, the interactions
between particles become strongly anisotropic [95]. This anisotropic interaction is
very crucial for the assembly and can result in complex morphologies [35].
Depending upon the various force fields around the nanoparticles that cause the
assembly, it can be classified into 1D, 2D, and 3D structures [96, 97]. To achieve
the nanoscale assemblies, two mostly used approaches include top-down and
bottom-up methods. Top-down approaches involves use of lithography to generate
patterned structures and it gave rise to Si-integrated chip technology. But this
method has its set of disadvantages which gives more importance to a bottom-up
approach which is currently under investigation.

There are different ways in which one can classify the superlattice assembly
process. One way includes classification based on the constituents such as single
[89, 98], binary [99–101] and even ternary [101, 102] components or by the shapes
such as nanocubes, nano octahedron, nanoplates, nanorods and other morphologies.
The assembly process is due to the direct interaction between the particles resulting
in self-assembly, or it could be a directed self-assembly which includes using
templates or external stimuli. In this section, we focus on various methods applied
for assemblies of non-spherical nanoparticles used for formation of superlattices.
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10.4.1 Nanocubes

Recent developments in nanoparticle synthesis have permitted the fabrication of
cubes in various systems [103, 104] providing excellent building blocks for
arrangements spanning from 2D to 3D array. A cube is known to have 6 faces, 12
edges and covered by six [100] facets which can thereby serve as a model to study
the surface property of this particular side. Nanocubes with flat faces and sharp
edges assemble in a simple cubic superlattices [105] while, with rounded corners
and non-flat faces results in rhombohedral structure [106]. In this work, Yang et al.
[107] obtained monodisperse Cu nanoparticles using two different shape controlling
agent. Cu is known to be the second best conductor and exhibits LSPR in the
nanoregime. The Cu nanocubes have truncated cubic shapes and organize them-
selves into 2D and 3D supercrystals with rhombohedral structure. The ligands play
a crucial role in selectively stabilizing specific crystal planes thereby achieving
monodisperse Cu nanocubes.

10.4.2 Nano-octahedra

Octahedra are composed of 12 edges, 8 equivalent triangular faces and their surface
are terminated with [111] facets and side edges along [110]. [108, 109] Lu and
co-workers [110] synthesized octahedral In2O3 in cubic phase and were able to
create 2D and 3D assembly of these nanocrystals. In2O3 is a transparent conductor
and exists in cubic or hexagonal phase. In two-dimensions, three types of projected
assembly along [001], [110] and [111] were obtained. The packing efficiency
achieved was as high as 66.67% without any tetrahedral holes. By controlling the
solvent evaporation rate the nanocrystals have sufficient time to find equilibrium
superlattice sites on the growing structure. Three different types of packing resulted
in 3D superlattice structures by maintaining three different solvent evaporation
rates.

10.4.3 Nanoplates and Nanostars

Huang and coworkers [111] reported large area 3D and 2D hcp array of PbS
nanostars on Si substrate using drop casting and vertical deposition process. PbS is
a narrow band gap semiconductor in the nanocrystalline regime and shows large
quantum size effects. They used MCC template to bring about a non-close packed
(ncp) array of [111] oriented PbS nanostars. The reflectance spectrum of MCC-PbS
composite showed a red shift in the reflectance peak as compared to the original
MCC template. In a review Bouet et al. [112] fabricated 2D assemblies of
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semiconducting nanoplatelets such as In [113], Sn [114], Cu [115] and Cd [116].
These 2D crystals form a key component of modern microelectronics and opto-
electronics. Nanocrystals are known to form well-defined facets resulting in 3D
assembly and on suppressing the growth in one direction, results in a 2D lattice.
Lanthanide fluoride nanocrystals are chosen as model system by Ye et al. [117] due
to their anisotropic crystal structures [117]. The shape and composition of the
nanocrystals can be varied upon selecting the lanthanide element and/or adding LiF
salts or lithium trifluoroacetate. The nanocrystals LnF3 (Ln = La to Sm) adopt
trigonal a tysonite structure and have the aspect of round nanoplates. For heavier
Ln+3 ions (Ln = Er to Lu), nanocrystals with a tetragonal-bipyramidal shapes are
formed. When Ln ranges from Eu to Dy, irregular nanoplates with orthorhombic
b-YF3 structures are produced. As for the morphology of the nanoplates, Saunders
and coworkers [118] synthesized copper sulfide with two different compositions by
using two different methods. The solventless synthesis yields nanodisks of Cu2S
having a hcp structure while, CuS nanodisks having a hexagonal structure is formed
by arrested precipitation in a hot solvent. They also reported two stacking orien-
tations of the nanoplates that include face down on the substrate in the case of CuS
and Cu2S nanoplates orient in an edge down fashion.

10.4.4 Nanorods

The self-assembly of nanorods is not an entropically favorable process as it requires
both positional and orientational ordering. For a single layer of nanorods both
nematic or smectic-A ordering has been observed. However, when more than one
monolayer is present, it exhibits only nematic order. Talapin and coworkers [119]
reported that CdSe nanorods dispersed in toluene results in only nematic order
while the addition of a high boiling solvent to the above mixture followed by a
drying under reduced pressure results in smectic-A ordered superstructures. In
another work, Diroll et al. [120] built polycrystalline films of superlattices of
CdSe/CdS nanorods on polar liquids that vary in viscosity, surface tension and
dielectric constant. The various solvents that formed part of this study include
ethylene glycol, diethylene glycol, triethylene glycol, tetraethylene glycol,
dimethylformamide, dimethyl sulfoxide, dimetylacetimide, dimethyl sulfoxide,
dimethylacetimide, formamide and acetonitrile. The oriental ordering is strongly
related to the surface tension of the sub-phase. The optical properties of the nanorod
assemblies consisted of strong absorption near 500 nm due to CdS shell and the
emission originates from CdSe core. The optical anisotropy which is a projection of
excitation dipole on the emission dipole is also measured. In case of disordered
structures, random excitation dipoles result in small absorption anisotropy. When
the nanorods are vertical they show no excitation polarization as now the excitation
dipole is symmetrical along the long axis of the rods while, when the nanorods are
parallel to the substrate strong excitation anisotropy is observed. These assemblies
are in turn known to enhance the long-range electronic coupling.
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10.5 Methods Used for the Directed Assembly
of Nanoparticles

10.5.1 The Langmuir-Blodgett (LB) Method

The directed assembly of colloidal nanocrystals can be performed by several
methodologies that includes LB (Langmuir-Blodgett) [121] technique,
layer-by-layer (LBL) [122] assembly and self-assembled methods [123]. When
amphiphilic molecules are dissolved in an immiscible solvent and spread onto the
water surface, a Langmuir film is formed. A barrier used in this technique will
define the nature of the monolayer. The fluid consisting of nanoparticles or nano-
wires are compressed to achieve nanoscale assembly by adjusting the surface
pressure. This film is transferred to a substrate by dip-coating [124].

This technique though is limited for amphiphilic molecules, is currently being
explored for inorganic materials that have an organic capping layer [125]. This
method can vary particle density, spacing between particles which is followed by
the arrangement. In the work by Liu and coworkers [126], LB technique was used
to fabricate mesostructured assemblies of nanowires or nanotubes. The nanowires
are dispersed in a mixture consisting of CHCl3 and DMF. The p-A isotherm is as
shown in Fig. 10.10a represents different surface pressures corresponding to 0, 8.5,
19.5 and 23 mN/m, respectively. The corresponding TEM images collected at
different surface pressures are given in Fig. 10.10b. The same tellurium wires were
further tailored into nanomesh like arrangement wherein the second layer of

Fig. 10.10 a (inset) Solution of Te nanowires dispersed in CHCl3 and DMF mixture. p versus
area of the Te nanowire monolayer obtained at air water interface at room temperature. b TEM
images of Te nanowires collected at different surface pressure corresponding to I, II, III and IV,
respectively. Reprinted with permission from Ref. [126]. Copyright 2010, The American Chemical
Society

312 S. Naik and G. Caruntu



nanowires were perpendicular to the first layer and different assemblies were
obtained by varying the angle between two monolayers as seen in Fig. 10.11a, b.
The above method led to the assemblies of Ag2Te nanowires and Pt nanotubes
thereby proving to be a flexible and promising technique for fabrication of inte-
grated and periodic nanostructures. The tellurium films displayed reversibly swit-
ched photoelectric properties and the photocurrent was influenced by number of
monolayers of nanowire.

In another work by Moon and coworkers [127], hydrophilic particles without
any treatment were assembled into 2D monolayers using LB technique. The range
of particles assembled includes SiO2, polystyrene, Ag nanocubes, pNIPAM
hydrogel particles, graphene oxide nanosheet, single-walled carbon nanotubes,
tellurium nanowires and Co(OH)2 nanoplates. Alcohols used in this assembly
process are thermodynamically miscible with water, but their kinetics will depend
on the viscosity of the alcohol. Alcohols on contact with water are known to spread
creating a temporary alcohol-water bilayer. Ethanol tends to mix with water at an
early stage indicating that particles submerge in water before aggregating in the
alcohol phase. In the case of butanol, a thin alcohol layer formed is because it can
spread over longer distances. Thus the particles now flow along the alcohol layer
and make a floating monolayer. This research presents a new way to use traditional
LB method in creating 2D colloidal assembly.

Mahmoud and others [128] used Au nanorods to create a 2D arrays using the
Langmuir-Blodgett technique and to see its effect on the localized surface plasmon
resonance (LSPR). The Au nanorods were stabilized with CTAB (cetyltrimethy-
lammonium bromide) and were dispersed in thiolated polyethylene glycol (PEG).
The structure of the assembly was varied by changing the surface pressure and the

Fig. 10.11 a–b TEM images of nanomesh-like assemblies formed by packing two layers of Te
nanowires. The inset shows the angle between the monolayers as well as the fast Fourier transform
of the TEM images. Reprinted with permission from Ref. [126]. Copyright 2010, The American
Chemical Society
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chain length of the polymer (PEG). When Au nanorods functionalized with
6k-thiolated PEG was assembled on a Si surface at a surface pressure of 6 mN m−1,
voids were observed through the array as can be seen in the SEM image in
Fig. 10.12a. With the increase in surface pressure, the packing increased and both
end-to-end and side-to-side assemblies were formed, the dominant one being the
end-to-end assembly. With Au nanorods functionalized with 2k-thiolated PEG
assembled on a Si surface at a surface pressure of 5 mN m−1, voids were observed
through the array as can be seen in Fig. 10.12b. With the increase in surface
pressure, a tightly packed side-by-side assembly of nanorods was obtained. Au
nanorods are known to have two localised surface plasmon resonance (LSPR)
peaks. When non-polarized light is used for excitations both the longitudinal and
transverse plasmons are excited. Now if the incident light is polarized along the
long axis of the Au nanorod, the longitudinal mode will be excited. In order to
excite the transversal mode the incident light should be perpendicular to the long
axis of the nanorod. Figure 10.12c displays the LSPR spectrum for Au nanorods
functionalized with 6k thiolated-PEG and assembled using LB at surface pressure
of 6 mN m−1. The polarization of light is at 0° and 90° and a variation in peak
intensity and peak position was observed. When the incident light was polarized at 0°,
the longitudinal peak was more intense while, on increasing the angle of polar-
ization to 90° the intensity of longitudinal peak decreased and transverse peak
increased. The transverse and longitudinal peaks are observed at 540 and 834 nm.

Au NCs (gold nanocubes) are assembled by Mahmoud [129] and coworkers at a
lower surface pressure and the polymer micelles, polyethylene glycol (PEG) is used
to drive the assembly. The distance between the cubes is tuned by varying the chain
length of the PEG molecules, and these micelles void behave as a soft template.
When Au nanocubes functionalized with 6k PEG polymer were used to design the
assembly at a surface pressure of 11 mN m−1, the resulting assembly is as shown in
Fig. 10.13a. The circular voids are being surrounded by a highly packed array of

Fig. 10.12 SEM images of 2D array of gold nanorods functionalized with thiolated PEG on
silicon substrate. a end-to-end assembly in case of molecular weight of thiolated-PEG is 6k and the
surface pressure at 6 mN m−1. b Side-by-side assembly obtained when molecular weight of
thiolated-PEG is 2k and the surface pressure at 5 mN m−1. The LSPR spectrum obtained for Au
nanorod array at different angles of polarization of the incident excitation light. c Au nanorods
functionalized with 6k thiolated-PEG and the surface pressure at 6 mN m−1. Reprinted with
permission from Ref. [128]. Copyright 2014, The Royal Society of Chemistry
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Au NCs. When the same experiment is repeated for Au NCs functionalized with 2k
PEG, a similar kind of assembly is formed and is shown in Fig. 10.13b. Atomic
force microscopy (AFM) imaging (Fig. 10.13c) was used to decipher the con-
stituents of the voids and to understand the topography of the 2D array. To further
support and understand the composition of the voids; micro-Raman spectroscopy
was used. The Raman spectra were collected from the surface of the voids and from
the surface of the Au NCs. The above spectra were compared to that obtained from
pure CTAB and 6k PEG films cast on Si as can be seen in Fig. 10.13d. The Raman
band intensities obtained for pure CTAB were found to be higher than that mea-
sured for pure PEG film. The spectrum obtained from the surface of the NC’s and
the voids resemble the Raman bands obtained from both CTAB and PEG. This
confirms that the nanodisks present in the void are composed of both PEG and

Fig. 10.13 SEM images of gold nanocubes functionalized with PEG on silicon substrate.
a Assembly of cubes obtained when molecular weight of PEG is 6k and the surface pressure is at
11.5 mN m−1. b Assembly when molecular weight of PEG is 2k and the surface pressure is
at 6.5 mN m−1. c AFM image of AuNCs functionalized with 6k PEG and the surface pressure at
11.5 mN m−1. The image shows that the void area is filled with nanodiscs. dMicro-Raman spectra
collected for 2D AuNC functionalized with 6k PEG from the void areas and surface of the
nanocubes. Reprinted with permission from Ref. [129]. Copyright 2015, The American Chemical
Society
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CTAB. The balance between the attractive forces that bring the cubes together
along with the repulsive forces is responsible for the 2D array of NCs.

10.5.2 Ligand Stabilization

CTAB stabilized nanoparticles are very common as they provide flexibility to
synthesize any shapes and sizes as well as stability thereby preventing aggregation.
The post-synthesis functionalization of nanoparticles is for its transfer to any sol-
vent. When nanoparticles try to assemble itself into supercrystals, they minimize the
total free energy. The two well-known superlattice polymorphs that control the
assemblies include fcc and bcc structures. It is known that the assembly not only
involves a complex interplay of both entropic and enthalpic components but,
additional features such as temperature, pressure, evaporation rate, surface capping
ligand play a pivotal role. Wang et al. [130] tried to explain the structural phase
transformations as a function of packing density of nanoparticles and inter-
nanoparticle distances. They synthesized 3.5 nm PbS nanoparticles capped with
oleic acid (OA) to be used as a model system for the study. After the thermal
treatment, they observed the superlattice phase transformation from amorphous to
bcc and then to fcc. As shown in the plot in Fig. 10.14, the increase in inter-
nanoparticle distance is accompanied with a decrease in packing density and OA
modifies the surface from a disordered to ordered state. This shows the evolution
from amorphous to bcc and finally to fcc structure. This transformation is driven by
an increased ratio of structure ordering and enhanced interactions of
surface-capping molecules. When the inter-particle distance is small, the packing
density and the configurational entropy are maximum. In a similar work, the ligand
coverage on the nanocrystal surface was linked to directing the superlattice
assembly. Choi and coworkers [131] reported that PbS nanocrystals (NC’s)
assembled into fcc superlattice when there was a dense ligand coverage while, bcc
superlattice was formed when the ligand coverage decreased. The nanocrystals
were stabilized with oleic acid and suspended in hexane. A combination of surface
techniques and DFT calculations was used to understand the role of the surface
ligands in preserving a particular lattice structure. Pb-oleate ligands bind stronger to
the [111] facets than to the [100] facets. Since the Pb atoms are distributed on [111]

Fig. 10.14 Model used to
interpret nucleation and
growth of nanoparticles in
assembled superlattices.
Reprinted with permission
from Ref. [130]. Copyright
2013, The American
Chemical Society
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facets they bury the S atom underneath thereby preventing them from oxidation.
The facet specific ligand coverage can be understood by assuming an eight-fold
coordination of nanocrystals in bcc superlattice and eight-fold degeneracy of
[111]. When a surfactant is used, the formation of 3D gold nanorod
(NR) superstructures has a limited control on both the dimensionality and direc-
tionality of the assembly [132].

CTAB (cetyltrimethylammonium bromide) is a well-known surfactant which
functions as shape inducing agent along with preventing aggregation. In case of Au
nanorods, post-synthesis functionalization and transfer into organic solvents are
proposed for construction of superlattice structure. Martinez et al. [133] found a
unconventional surfactant known as the gemini surfactant [134] to produce
monodisperse nanorods that can be used to produce 2D and 3D superlattices.
Gemini surfactants are made up of two hydrophobic tails and two hydrophilic tails
linked by a spacer chain and are known for their amphiphilic properties. In their
work, the spacer was made up of ethylene oxide group and the assembly spans from
1 to 10 µm across as can be seen in Fig. 10.15a.

The top view of the long range assembly of Au nanorods is seen in Fig. 10.15b, c.
The Fourier transform confirms the formation of hexagonal geometry. The 2D
assembly results due to formation of van der Waals and electrostatic bonds at the
interfaces. For 3D assembly, smectic-B liquid is formed wherein the bilayer of the
ethoxide binds to two adjacent nanorods but there exist strong van der Waals
interactions of the alkyl chains and electrostatic interactions at the nanorod surfaces.
An alternate synthesis route for the preparation of nanocrystalline metal oxides
consists of avoiding the use of a surfactant. However, as expected, the control of the
distribution of the size of the nanocrystals has proven difficult.

Pucci et al. [48] demonstrated in situ 3D assemblies of surfactant free ZrO2 and
rare-earth stabilized ZrO2 particles. The nanocrystals are benzoate-capped which is
in situ generated. ZrO2 synthesized at 230 °C composed of particles which are
about 4 nm in size. Temperature is known to play a crucial role in defining the

Fig. 10.15 SEM images of gold nanorods functionalized with gemini surfactant on silicon
substrate. a Top view of the rods and its long range ordering. b Top view of AuNRs and the inset is
the fourier transform of the image. c Vertically aligned nanorods. Reprinted with permission from
Ref. [133]. Copyright 2009, Wiley
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morphology. At 325 °C, Tb-doped ZrO2 mainly show flower-like morphology
whereas when the temperature is increased to 350 °C rhombic dodecahedron
supercrystals are formed. When ytterbium was used as a doping ion, it resulted in
bipyramid supercrystals. The important characteristic observed in this method is
that irrespective of the temperature and nature of the doping ion used; the
nanoparticles have sizes ranging from 3 to 4.4 nm. When the surface of the
nanoparticles was studied it showed the presence of benzoates. They form bridging
bidentate coordination to the oxide layers and p-p stacking is responsible for the
formation of periodic organic-inorganic structure. The formation of uniform particle
size is due to limiting the growth as accumulated benzoate groups poison the
growth faces. When the benzoate amount is low, supercrystals formation is not
seen. This one-pot approach is used for fabricating grams of superstructure made up
of 3–4 nm building blocks.

10.5.3 The Solvent Evaporation Technique

The solvent evaporation of highly concentrated solution of Au colloidal
nanocrystals seemingly results in an ordered assembly of Au nanostructures [135].
The Au particles are stabilized by CTAB and depending upon molar ratio of the
binary mixtures, nematic or smectic superstructures are formed. A minimum of
surfactant concentration is important as it balances the entropic and electrostatic
potential which is crucial in superstructure formation. When surfactants are present
in excess then phase separation occurs resulting in their own superstructure which is
difficult to be imaged. Besides the surfactant concentration, the formation of
ordered superstructure depends on temperature at which the solvent evaporates.
A temperature of above 60 °C results in only disordered assembly due to fast
evaporation rate. The droplet evaporation assembly is applied for Au particles with
different shapes, including rods, cubes and polyhedra. Gold polyhedra assemble
into hexagonally packed superstructure (Fig. 10.16a) while, nanocubes assemble
into hexagonally packed superstructure (Fig. 10.16b). Au nanorods assemble into
nematic structure (end-to-end) resulting in long chains nearly parallel to each other
forming 3D lattices as seen in Fig. 10.16c. When nanorods assembled in
side-by-side fashion, it results in smectic-A structure. Au nanorods of different sizes
were mixed and let to assemble, nematic superstructures were formed and the
diameters of the two samples played an important role in the assembly.

Solvent evaporation induced assembly was applied for fabrication of large area
3D and 2D hcp arrays of PbS nanostars on clean Si substrate by Huang and
co-workers [111]. PbS is a semiconductor with a narrow band gap of 0.41 eV and
shows great promises in nanometer-size regime. The star shaped nanocrystals are
obtained in presence of both cationic as well as anionic surfactants and their 2D and
3D assembly is brought about by using drop casting and vertical deposition. When
a drop of PbS solution was drop-casted onto Si substrate the particles attained
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ordered structure with slow evaporation resulting in ring like structure. The for-
mation of 3D structure with hexagonal arrangement was confirmed using SEM and
fast Fourier transform. Using vertical deposition, 2D hcp assembly was formed. The
top layer hcp assembly was similar in both 2D and 3D structures with the difference
seen in average spacing between the two nanostars. The vertical deposition is
limited to colloidal particles as they sediment slower than the solvent evaporation.
The PbS nanostars have high density and their deposition on vertical substrate was
competitive causing orientational deviation.

To further elucidate the effect of the solvent on the structural transition from a
fcc to a hcp crystal structure, Courty et al. [136] synthesized 5 nm silver
nanocrystals capped with alkyl chain length varying from C10 to C12. The
nanocrystals are coated on HOPG (highly oriented pyrolytic graphite) substrate and
the temperature for assembly is varied from 15 to 50 °C. When the temperature was
at 15 °C, disordered 3D assemblies were observed irrespective of the nature of the
solvent used. When the temperature increased to 25 °C, hcp supracrystals were
obtained for less volatile solvent. A further increase in temperature to 50 °C saw a
transition to bcc structure in all the solvents used. To understand these transitions, a
model was developed by their group which employs the van der Waals interaction
between the Ag nanocrystals. The two important parameters that play a role in
defining the kind of packing is the length of the ligand (L) and nanocrystal radius
(R). From the model they predicted that the bcc structure is dependent on the
deposition temperature and on the length of coating agent while the hcp to fcc
transition is dependent on the nature of the solvent and is attributed to stacking
processes which is in turn dependent on evaporation kinetics.

In a related work by Xiao et al. [137] vertical arrays of Au nanorods were
obtained when the bulk solution was evaporated. The aqueous solution of CTAB
stabilized rods were allowed to assemble itself on Si substrate. The concave
meniscus forms when the solution evaporates (Fig. 10.17a) and contact line recedes
from interior towards the edge. When all of the solution completely evaporates,

Fig. 10.16 SEM images showing the assembly obtained from differently shaped Au nanostruc-
tures a Au polyhedral in hexagonal packing, b packing of Au nanocubes, c nematic superstructure
assembly of Au nanorods (the aspect ratio for Au nanorods is 4.4). Reprinted with permission from
Ref. [135]. Copyright 2008, Wiley
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microplates like structures were observed. The typical coffee ring formation was not
seen in this case as the contact line was moving continuously causing a uniform
distribution of the nanorods over the Si substrate.

A further SEM analysis suggested that the rectangular microplates are aligned
perpendicular to the substrate. A closer view of the microplates signifies nanorods
pack in a side-by-side fashion over a larger area. The packing is in a parallel fashion
resulting in a smectic superstructure as seen in Fig. 10.18a, b which depicts the
hexagonally close-packed nanorods. The surfactant plays a crucial role in the
vertical assembly. When the concentration was lower than 1 mM, no assembly was
observed. Thus a minimum of 1 mM concentration is required to balance the van
der Waals attraction, electrostatic repulsion and capillary forces. The formation of
the unique supercrystal arrays is based on movement of contact line which is
accompanied by continuation of nucleation and growth process.

Fig. 10.17 a Schematic representation of the assembly process using bulk evaporation process on
a Si substrate. The view of the concave meniscus formed along with solvent evaporation direction.
Reprinted with permission from Ref. [137]. Copyright 2014, The Royal Society of Chemistry

Fig. 10.18 SEM images of Au nanorods. a Smectic assembly of nanorods. b Hexagonal packing
of standing nanorods. Insets in (a) and (b) are the 3D simulated models of the microplates viewed
along different observation angles. Reprinted with permission from Ref. [137]. Copyright 2014,
The Royal Society of Chemistry
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10.5.4 The DNA-Template Method

The first work exploiting DNA for the assembly of nanoparticles was reported in
1996 [50, 138]. Single stranded DNA oligonucleotides of defined sequence and
length were employed in these studies. The advantages over the use of linker
molecules include use of DNA synthesizer to control the length and surface binding
functionality in automated fashion. The interparticle distances and stability of the
structure can be controlled by the choice of oligonucleotide sequence, solvent,
temperature and electrolyte concentration. In a work by Park and coworkers [139],
single or binary DNA sequence was attached to same inorganic nanoparticles
resulting in assembly into different crystalline states. 15 nm Au nanoparticles were
modified with synthetic oligonucleotides and a linker DNA. The unique part of this
system is that without any chemical alteration of the Au-oligonucleotide conjugate
both single as well as binary system can be simulated. Single component assembly
implies using one DNA linker while, binary component uses two different DNA
linkers. In a single component, each particle can bind to other particle forming a
closed packed fcc structure. Alternately binary system results in a non-close packed
bcc structure. The formation of different structure can be ascertained to competition
between the enthalpic and entropic terms at different temperatures. If the entropic
term dominates, it results in close-packed structure as smallest volume fraction
implies highest entropy. If the assembly happens at temperature near the melting
temperature Tm of DNA, a close-packed structure is obtained. At temperatures
below Tm, the assembly is governed by an enthalpic term and, therefore will result
into a non-closed packed structure.

To further enhance the versatility of DNA based assembly, nanoparticle crys-
tallization was studied by Mirkin et al. [140]. They observed that when DNA
functionalized nanoparticles (gold in their case) was heated above the melting
temperature of the DNA links and slowly cooled to room temperature; it yielded
faceted crystals thereby mimicking atomic crystallization. The microcrystals made
from gold nanoparticles of varied sizes such as 5, 10 and 20 nm resulted in sta-
bilizing rhombic dodecahedron shape with bcc packing as shown in Fig. 10.19a–c.

The formation of rhombic dodecahedron microcrystals is explained on the basis
of surface energy of the exposed facets. The facets that enclose rhombic dodeca-
hedron are (110) which in case of bcc represents the closest packed plane. When
closest packed plane is exposed, the process is thermodynamically favored as less
number of particle-particle interactions per unit cell are broken. Surface energy
calculations along with molecular dynamics simulation predict the Wulff polyhe-
dron for bcc metal to be rhombic dodecahedron enclosed by (110). This work
demonstrates the utilization of DNA not only for nanoparticle assembly but also in
formation of macroscopic structures.

DNA has been used in assembling elementary plasmonic nanoparticles. To
create well-defined nanostructures, the bonding interactions of nanoparticles need
to be understood. The complex forces involved are van der Waals, capillary,
electrostatic, solvation to name a few [141]. The assembly obtained for most
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nanoparticles does not signify thermodynamically lowest energy state but kineti-
cally trapped non-equilibrium structure. DNA has the ability for molecular recog-
nition and renders structural versatility. As compared to the organic ligand, DNA
offers manipulative ligand length thereby influencing the assembly. The vast variety
of DNA motif in conjugation with various shapes of plasmonic atoms results in
range of plasmonic nanostructures as can be seen in Fig. 10.20. When DNA is used,
the complex interplay of forces gets balanced such as van der Waals forces are
balanced by steric hindrance, electrostatic interaction is balanced by ionic strength
and the attractive Watson-Crick base pairing forces are activated by controlling the
sequence, ligand density and number of DNA bases. This biological moiety can not

Fig. 10.20 Schematic
displays the combination of
various DNA motifs and
plasmonic atoms to form
range of assemblies.
Reprinted with permission
from Ref. [142]. Copyright
2011, Nature Publications
Group

Fig. 10.19 SEM images of rhombic dodecahedron microcrystals synthesized using gold
nanoparticles of various sizes a 5 nm (scale bar-2 µm), b 10 nm (scale bar-4 µm) and c 15 nm
(scale bar-2 µm). Reprinted with permission from Ref. [140]. Copyright 2014, Nature Publications
Group
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only be used as linkers, templates but also as spacers to promote positioning of
metallic nanoparticles [142].

10.5.5 Template Assembly

Highly-ordered architectures can be obtained by self-assembling colloidal
nanocrystals. To this end, a new concept involves combination of disassembly and
self-reassembly synthesis. This method is based on constructing 3D ordered
macroporous (3DOM) structure using colloidal crystals template followed by
spontaneous disassembly of these structures by introducing amphiphilic surfactants.
Colloidal crystals are 3D periodic arrays built from monodisperse colloids and the
interstitial space is filled with another substance. By removal of the spheres after
fillings are done forms 3D ordered macroporous structures. This is followed by
controlled heating and the structure spontaneously disassembles into well-defined
shapes. The size of the particles will depend on the colloidal spheres and the shapes
ranges from cubes to spheres to multipods. Li and co-workers [143] synthesized 3d
block transition metal (Cr, Mn, Fe, Co, Ni, Cu and Zn) oxides to highlight the
generality of this assembly method. They were successful in synthesis of single as
well as mixed metal oxides. In their work, PMMA spheres were used to define the
shape, phosphates served as surfactants and metal acetates were the source of the
metal ion. Uniform nanocubes were formed for various materials and assembled in
3D and 2D morphology.

10.5.6 The Sedimentation Method

Ag nanocrystals ranging in size from 100 to 300 nm in various shapes were syn-
thesized using polyol method and stabilized with PVP (Polyvinylpyrrolidone)
[144]. These polyhedra behave like quasi-hard particles and assemble into 3D
supercrystals by sedimentation process. Calculations on these systems imply that
gravity acts as a driving force for these assemblies due to their sizes whereas, an
evaporation driven assembly is typical in the case of smaller nanoparticles. When
solvent driven assembly was applied for these nanocrystals, long range order was
missing. Thus sedimentation is known to provide more homogenous as well as a
gentle force for the assembly process as compared to solvent evaporation process.
The assembly was done using a PDMS reservoir that was filled with solutions of
particle. When the substrate was tilted causing the particles to gradually sediment
and assemble at the bottom of the reservoir. Figure 10.21a displays the range of
shapes for Ag nanocrystal that can be stabilized using this method. The long-range
ordering is obtained for nanocrystals of different shapes as can be seen in
Fig. 10.21b, c. The thickness of the polymer layer is 20 nm which is sufficient to
prevent close approach of the surfaces. In here the strong entropic repulsion from
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the polymer layer competes with the van der Waals attraction from the Ag core. The
solvent used in this case is DMF which has lower van der Waals energies as
compared to ethanol and water. Thus a disordered assembly is observed in water
and ethanol. This method can be used to design large scalable 3D plasmonic
materials that find applications in various fields.

10.5.7 Pressure Induced Growth

Oriented growth is an effective route to design nanostructures in both 2D as well as
3D [145]. But a major limitation with this method is that the oriented growth is only
for nanoparticles (<10 nm). Wong et al. have used high pressure synthesis of
200 nm SnO2 particles and constructed its 3D oriented assembly. When the general
solvothermal method was employed, SnO2 dodecahedra crystals were obtained that
composed of growth along [110] and [111] facets. Just by tuning the concentration
of TMAH (tetramethyl ammonium hydroxide) used in the synthesis, the
microstructure ranged from dodecahedra to octahedral to egg like structure. This
morphological evolution only implies that the growth is stabilized along certain
facet due to its favorable adsorption energy. In their work, another parameter that
contributes towards the assembly is the pressure term. As can be seen in Fig. 10.22,
different structures can be stabilized as a function of varying pressure and tem-
perature. Region 1 corresponds to low temperature and pressure and stabilizes SnO2

in octahedral structure. In region 2, the transition from octahedron to dodecahedron
is obtained along with the formation of a 2D superstructure while at a particular
pressure and temperature 3D ordered superstructures were obtained. Oriented
growth requires the combination of long range forces that bring crystallites into
close proximity and short range forces that allow the rearrangement. The crystallites
are able to approach each other due to the high pressure supplied.

Fig. 10.21 Self-assembly of polyhedron lattices a Schematic representation of different shapes of
Ag polyhedral. SEM of different colloidal lattices, b truncated cubes, c truncated octahedra. Scale
bar in (a) is 500 nm and used for all the SEM micrographs. Reprinted with permission from Ref.
[144]. Copyright 2012, Nature Publications Group
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10.5.8 Light-Induced Assembly

Light-induced self-assembly (LISA) is seen at colloidal and macromolecular scales
but not very common at the nanoscale. Klajn and coworkers [146] have overcome
this limitation wherein light induced 3D suprastructures are created by photoiso-
merization of dithiol molecules that are bound onto metal nanoparticles surface. In
their work, Au nanoparticles are stabilized by a capping agent and to this; the
photoactive ligand (azobenzene, ADT) is added. The isomerization of the ADT
attached to the nanoparticle is significant for self-assembly when >75% of the
nanoparticle surface was covered, no aggregation was observed even upon pro-
longed UV irradiation. Alternatively, when no ADT was adsorbed on the particle
surface, the trans-cis isomerization occurred readily. To elucidate the role of the
photoisomer and the cross-linker, model compounds were considered. The
light-induced assembly is not only brought about by dipole-dipole interactions, but
it is crucial to have cross-linking of the nanoparticles so as to overcome the thermal
fluctuations and form crystalline phases. The number of azobenzene ligands per
nanoparticle is vital as this will define the nature of the crystals formed. When the
concentration of the ligands was low as seen in Fig. 10.23a, the crystals would be
stable until being irradiated with UV light and free nanoparticles were beginning to
be observed when exposed to visible light. This process was reversible and could be
repeated a multiple number of times. Sparse ADT cross-links and light induced
dipoles were weaker when the cis-trans isomerization occurred on being irradiated
with UV light. Thus the thermal fluctuations were sufficient to cause the disinte-
gration of the crystals. Now when the amount of ADT cross-links increased as seen
in Fig. 10.23b, permanent crystals formed were stable both to light and heat. Thus
light can be used as a guide to construct larger architecture using nanoscopic
components that show controllable stability and tunable mechanical properties.

Fig. 10.22 P versus T
diagram explaining the
different structures of SnO2

and their superstructure
formation. Reprinted with
permission from Ref. [145].
Copyright 2016, The
American Chemical Society
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10.6 Conclusions and Perspectives

The assembly of nanoparticles into highly organized hierarchical structures
emerged in the past few years as a viable approach for the bottom-up fabrication of
novel functional materials with controlled morphologies and tailored properties.
This is not only because solution-based techniques are low cost and overcome the
challenges associated to lithographic techniques, but also because metamaterials
obtained via self-assembly techniques exhibit novel coupling properties from the
collective interactions between the nanoparticles which can be exploited in

Fig. 10.23 a Nanoparticles that have a low concentration of ADT ligands (red solution) on being
exposed to UV light result in the formation of faceted crystal as shown in the SEM image on left.
The reversible process is seen on being exposed to visible light, results in clear solution with few
dispersed particles. The corresponding TEM image is seen on the right. (scale bar: 100 nm in the
main images and 50 nm in the inset. b Higher concentration of ADT ligands, irreversible
permanent crystals are formed after being irradiated. SEM images show crystals of various
morphologies (scale bars: 200 nm). Reprinted with permission from Ref. [146]. Copyright 2007,
National Academy of Sciences, U.S.A.
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optoelectonics, plasmonics, high areal density data storage, catalysis and the
medical field. Such a progress in material fabrication by soft-solution routes can be
hardly ignored since these structures have been recently proposed for the design of
all-nanocrystal electronic devices for energy storage/conversion devices and flexi-
ble electronics. However, before such self-assembled materials can be fully
incorporated into functional devices, several major obstacles should be overcome.
These include the complete understanding of the types of forces that govern the
interactions between the particles at nanoscale, the development of novel synthetic
routes allowing the large scale synthesis of monodisperse nanocrystals with tunable
internal structure, size, shape and the control of the surface composition of the
nanocrystals to ensure a strong coupling between the constituting nanoparticles. If
these critical aspects will be addressed, metamaterials obtained by the self-assembly
of uniform colloidal nanocrystals will play a pivotal role in the development of
cutting-edge technologies in the years to come.
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Chapter 11
Nanostructured Catalysts
for the Electrochemical Reduction of CO2

Ming Ma and Wilson A. Smith

Abstract The electrochemical conversion of CO2 into carbon-based fuels has
attracted considerable attention as a promising strategy for closing the anthro-
pogenic carbon cycle. A key challenge for achieving this goal is to develop
selective, stable, and efficient electrocatalysts for the electrocatalytic reduction of
CO2. Nanostructured catalysts can provide many advantages compared to bulk
materials, including the increase of active sites, the change of the local pH of the
electrolyte, and improved stability. This chapter reviews the recent development of
nanostructured metal catalysts for the electrocatalytic reduction of CO2, mainly
focusing on the fabrication, characterization, catalytic performance, and the reaction
mechanism of these materials. In addition, the recent utilization of nanostructured
bimetallic catalysts are introduced and a fundamental understanding of the reaction
mechanism for their ability to reduce CO2 is discussed. Finally, nanostructured
carbon is shortly reviewed due to its low cost and improved catalytic activity and
stability for the electroreduction of CO2.
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11.1 Introduction

11.1.1 Background

The global atmospheric concentration of carbon dioxide (CO2) has increased dra-
matically due to human activity, particularly after the industrial revolution. The
accumulation of CO2 (greenhouse gas) in the atmosphere is a serious environmental
threat and a leading cause of global climate change [1, 2]. The increased global
mean temperature may trigger the rise of sea level and the frequency and intensity
of extreme weather events. In addition, the increase of the global CO2 concentration
has resulted in an increased ocean acidification, leading to the demise of many
natural habitats and aquatic species [3, 4]. The oceans are a principal sink for
dissolving the anthropogenic CO2 where it is estimated to have caused a rise of
30% in the concentration of H+ in the ocean surface waters since the early 1900s,
which may adversely affect many marine ecosystems in the near future [4].

For mitigating the atmospheric CO2 concentration, carbon capture and sequestra-
tion (CCS) at large emission sources such as industrial power plants has been pro-
posed. However, there are some unknown ecological and environmental impacts and
risks associated with the sequestration methods including geological and deep sea
storage. Thus, carbon capture and utilization (CCU) could be a feasible strategy. For
the utilization of the captured CO2, the electrochemical reduction of CO2 to fuels and
value-added chemicals at mild conditions has attracted considerable attention as a
promising solution [5–10]. In this process, the captured CO2 could be utilized as a
chemical feedstock and converted into carbon monoxide (CO), methane (CH4),
ethylene (C2H4), and even liquid products such as formic acid (HCOOH), methanol
(CH3OH) and ethanol (C2H5OH) [9–11]. The high energy density hydrocarbons can
be directly and conveniently utilized as fuels within the current energy infrastructure.
In addition, the production of CO is very interesting since it can be used as a reagent in
the Fischer–Tropsch process, a well-developed technology that has been widely used
in industry to convert syngas (CO and hydrogen (H2)) into valuable chemicals such as
methanol and synthetic fuels (such as diesel fuel) [5, 6].

In order to avoid extra CO2 emission, the electrochemical reduction of CO2

should be powered by electricity from renewable energy sources such as solar
energy, hydropower and wind energy [6, 9]. In this way, the anthropogenic carbon
cycle can be closed by the conversion of CO2 into fuels and useful products
(Fig. 11.1). A key technological challenge for achieving this goal is to develop
cheap and earth-abundant catalysts that are capable of electrochemically reducing
CO2 in cost-effective process with high efficiency, controllable selectivity and
long-term stability [5, 9, 12–14].

Hori and other researchers have investigated the electrocatalytic reduction of
CO2 using various metal foil electrodes in CO2-saturated aqueous solutions [8, 9,
15–20]. Recent studies indicate that a nanostructured metal catalyst has a significant
effect on the catalytic selectivity, efficiency and stability in the electrochemical
reduction of CO2 [14, 21–24].
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A review of nanostructured catalysts for the electrocatalytic reduction of CO2 is
presented in this chapter, mainly focusing on the fabrication, characterization and
catalytic performance of the nanostructured metal catalysts. In addition, a funda-
mental understanding of the reaction mechanism for the electrochemical CO2

reduction on nanomaterial-based catalysts is also introduced.

11.1.2 Bulk Metal Catalysts for CO2 Reduction

In the electrocatalytic CO2 reduction process, CO2 can be converted into many
different products when combined with water on metal surfaces, and each product is
formed by a different number of electrons at different equilibrium potentials. The
electrochemical reduction of CO2 to CO, CH4, C2H4, HCOOH, CH3OH and
C2H5OH with their corresponding equilibrium potentials (with respect to the
reversible hydrogen electrode (RHE)) are given in the following reaction equations:

CO2 þH2Oþ 2e� ! COþ 2OH� �0:11 Vvs:RHEð Þ ð11:1Þ

CO2 þH2Oþ 2e� ! HCOO� þOH� �0:03 V vs:RHEð Þ ð11:2Þ

2CO2 þ 8H2Oþ 12e� ! C2H4 þ 12OH� 0:08 V vs:RHEð Þ ð11:3Þ

CO2 þ 6H2Oþ 8e� ! CH4 þ 8OH� 0:17 V vs:RHEð Þ ð11:4Þ

Fig. 11.1 The carbon-neutral fuel production from the electrochemical reduction of CO2 coupled
to renewable energy sources such as solar energy, wind energy and hydropower, offers a promising
route to close the anthropogenic carbon cycle
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CO2 þ 5H2Oþ 6e� ! CH3OHþ 6OH� 0:03 V vs:RHEð Þ ð11:5Þ

2CO2 þ 9H2Oþ 12e� ! C2H5OHþ 12OH� 0:09 V vs:RHEð Þ ð11:6Þ

H2 evolution is a competing reaction with CO2 reduction in CO2-saturated
electrolytes. Thus, water could be reduced to H2 during the CO2 reduction
according to the below reaction:

2H2Oþ 2e� ! H2 þ 2OH� 0 V vs:RHEð Þ ð11:7Þ

It is important to note two key insights from the aforementioned reaction
equations. Firstly, the thermodynamic potential for each product formation are very
close to that of hydrogen (0 V vs. RHE), which indicates that it theoretically should
not add a substantial amount of extra potential to drive these reactions compared to
simple water reduction. However, it is also important to understand that many of
these reactions require many electron (and proton coupled electron) transfer
steps, as shown by the number of electrons needed to drive each reaction
(Eqs. 11.1–11.7). Secondly, the number of electrons required to form certain pro-
duct generally scales with the increased amount of reaction intermediates, and thus
the activation energy for each intermediate needs to be overcome to form the final
product. Therefore, while the overall thermodynamic potential for each product
formation seems to be small and reasonable, the formation of many intermediates
and electron transfer could significantly increase overpotentials, and the overpo-
tential of *1 V is generally needed to drive each reaction effectively and selec-
tively in many practical cases. The actual required overpotentials for driving the
reduction of CO2 are strongly materials dependent.

Hori and coworkers carried out the electrochemical CO2 reduction over various
transition metal electrodes (Table 11.1), discovering several metallic electro \cat-
alyst materials with the capability of reducing CO2 [8]. It has been demonstrated
that polycrystalline Ag and Zn show relatively high faradaic efficiency (FE) for the
electrocatalytic reduction of CO2 to CO, although these occur at high overpoten-
tials. In addition, Au is the most efficient and selective metal surface for the elec-
trocatalytic conversion of CO2 into CO at a moderate overpotential, as presented in
Table 11.1. Further reduction of CO to more complex products is rare on Au, Ag
and Zn catalysts due to the weak binding strength of CO with these metallic surface
[11, 25]. However, the strong binding of CO on Ni, Pt and Fe metallic catalysts
limits the desorption of CO, [11, 25] resulting in suppressed CO2 reduction with
dominant H2 evolution, as shown in Table 11.1. Among the identified transition
metal materials, copper electrodes can uniquely reduce CO2 to CH4, C2H4, and
alcohols at significant amounts in CO2-saturated aqueous electrolytes at ambient
pressure and temperature [15, 26].

The synthesis of products from CO2 on metal catalysts is a complex multistep
reaction with multiple adsorbed intermediates, most notably adsorbed CO [10, 27,
28]. The reaction mechanisms for the various products are attributed to the
adsorption strength of intermediates (such as CO, COH, CHO and CH3) on the
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catalyst surface during the electrochemical reduction of CO2 [24, 29, 30]. The
catalyst provides the reactive sites, and the product selectivity in the electrocatalytic
reduction of CO2 is affected by whether the reactants and other related species are
adsorbed at the active sites.

Because H2 evolution is always a competing reaction with CO2 reduction in
CO2-saturated electrolytes, H2 was also identified and quantified during CO2

reduction electrolysis. Polycrystalline Pt, Ni and Fe, shown in the Table 11.1,
exhibit an extremely high selectivity for H2 (water reduction is always a competing
reaction) along with very little catalytic activity for the electrochemical reduction of
CO2. On Pt, Ni and Fe, it is easy for CO2 activation and conversion of CO2 into
adsorbed CO, but the rate determining step for CO generation is the desorption of
CO due to the strong binding of CO on the catalyst surface [11, 25, 31]. The
coverage of CO adsorbed on polycrystalline Pt, Ni and Fe blocks the reactive sites
for CO2 reduction, influencing the catalytic activity for the electrocatalytic reduc-
tion of CO2. Recently, the catalytic activity and selectivity for the electroreduction
of CO2 on seven transition metal surfaces (Au, Ag, Zn, Cu, Ni, Pt and Fe) were
further investigated by Jaramillo [9, 32]. Au, Ag and Zn exhibit a high faradaic
efficiency for the reduction of CO2 to CO due to the surface of Au, Ag and Zn bind
CO weakly, while Ni, Pt, and Fe with binding CO strongly have a very low
catalytic activity for CO2 reduction along with dominant H2 evolution. Cu, with a
moderate CO binding energy, uniquely shows a total of 16 different CO2 reduction
products [9].

Table 11.1 Faradaic efficiencies of products in CO2 reduction at various metal electrodes.
Electrolyte: CO2-saturated 0.1 M KHCO3, T = 18.5 ± 0.5 °C. Reprinted with permission from
Ref. [8]

Electrode V versus SHE Faradaic efficiency (%)

CH4 C2H4 Ethanol n-propanol CO HCOOH H2 Total

Au −1.14 0 0 0 0 87.1 0.7 10.2 98.0

Ag −1.37 0 0 0 0 81.5 0.8 12.4 94.6

Zn −1.54 0 0 0 0 79.4 6.1 9.9 95.4

Pd −1.20 2.9 0 0 0 28.3 2.8 26.2 60.2

Ga −1.24 0 0 0 0 23.2 0 79.0 102.0

Pb −1.63 0 0 0 0 0 97.4 5.0 102.4

Hg −1.51 0 0 0 0 0 99.5 0 99.5

Tl −1.60 0 0 0 0 0 95.1 6.2 101.3

In −1.55 0 0 0 0 2.1 94.9 3.3 100.3

Sn −1.48 0 0 0 0 7.1 88.4 4.6 100.1

Cd −1.63 1.3 0 0 0 13.9 78.4 9.4 103.0

Bi −1.56 – – – – – 77 0 –

Cu −1.44 33.3 25.5 5.7 3.0 1.3 9.4 20.5 103.5

Ni −1.48 1.8 0.1 0 0 0 1.4 88.9 92.4

Fe −0.91 0 0 0 0 0 0 94.8 94.8

Pt −1.07 0 0 0 0 0 0.1 95.7 95.8

Ti −1.60 0 0 0 0 0 0 99.7 99.7
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11.1.3 Nanostructured Metal Catalysts for CO2 Reduction

Catalytic behavior is not only strongly materials-dependent, but also extremely
morphology-dependent [33]. The development of nanoscience research provides
the opportunity to synthesize nanocatalysts with controllable size and shape, which
has led to the discovery of the altered or enhanced catalytic activity and selectivity
with the size and shape of nanostructured catalyst. Researchers have demonstrated
that a nanostructured catalyst can exhibit very different behavior compared to its
bulk counterpart. Much work in the field has focused on the elucidation of the
effects of nanostructured catalysts.

Recently nanostructured metallic catalysts have been the object of an increasing
interest for the electrocatalytic reduction of CO2. The main advantage of metallic
nanocatalysts is that nanostructured catalysts are capable of providing more active
sites on the high surface area compared to bulk metal catalysts. The increased active
surface sites on nanocatalysts may cause an enhanced catalytic performance due to
the fact that the catalytic activity is proportional to the number of the active surface
sites [34]. In addition, the morphology of nanostructured surface contains more
low-coordinated sites (such as edge sites and corner sites) that are more active for
CO2 reduction in comparison with smooth or planar surface [35]. Furthermore, the
catalytic stability of the electrochemical reduction of CO2 has been improved on
nanostructured catalysts, which can be attributed to the enhanced tolerance to heavy
metal impurities in an electrolyte. Hori has demonstrated that unavoidable ppm
concentration of heavy metal impurities (such as Fe or Pb) in the electrolytes can be
reduced and deposited on the cathodic electrode surface, which could poison a flat
catalyst, resulting in a significant influence in the electrocatalytic activity for CO2

reduction [8]. The large surface area of nanostructured electrocatalysts could adapt
the contamination or impurities, having a better catalytic stability [34].

This chapter mainly focuses on the recent development of heterogeneous
nanocatalysts for the electrochemical reduction of CO2, including the fabrication,
characterization, catalytic performance and reaction mechanism of nanostructured
metallic catalysts.

11.2 Nanostructured Metal Catalysts
for CO2 Reduction to CO

The selective conversion of CO2 into CO is a promising route for clean energy
generation. CO can be used as feedstock in the Fischer–Tropsch process, a
well-developed technology that has been used in industry to produce chemicals
(such as methanol) and synthetic fuels (such as diesel fuel) from syngas (CO + H2)
for many decades [5, 6]. While several electrocatalyst materials (such as Au, Ag
and Zn) are capable of reducing CO2 to CO in CO2-saturated aqueous solutions at
ambient temperature and pressure, all suffer from one or more of the following
problems: high overpotential requirement, low current density and rapid
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deactivation of CO2 reduction activity in favor of H2 evolution [8, 13, 17]. The
main challenge for the electrochemical syngas production is the development of
electrocatalysts that are capable of reducing CO2 to CO efficiently and selectively at
low overpotential over a long period of time.

11.2.1 Nanostructured Au

Au is currently the most efficient electrocatalytic surface for the reduction of CO2 to
CO (Table 11.1). It has been demonstrated that polycrystalline Au is capable of
reducing CO2 to CO with a high faradaic efficiency of *87% at −0.74 versus RHE
[32]. While the low abundance and high cost of Au may prevent its large-scale
applications, it remains an interesting catalytic material for fundamental investi-
gation due to a high selectivity for CO formation at a relatively low overpotential in
the electroreduction of CO2 (Table 11.1).

11.2.1.1 Au Nanoparticles

Min et al. reported the electrocatalytic CO2 conversion into CO by nanostructured
gold catalysts deposited on carbon papers by an e-beam evaporator using an Au
pellet (99.99%) source [36]. The morphology of the deposited Au was observed to vary
from the small nanoparticles (NPs) to aggregated clusters to layered film (Fig. 11.2).

Fig. 11.2 TEM images of Au samples, showing the morphology changes with the dependence of
Au coverages which were presented by Au film thickness (increased Au coverages from a to h).
Reprinted with permission from Ref. [36]
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The CO faradaic efficiency and production rate were found to increase with
increasing the Au amount. The FE for CO formation reached the saturation point at
samples thicker than Au-4 (Au-4 represents that Au amount corresponds to 4 nm
thick Au film), which is comparable with a commercial Au foil. In addition, Nam
et al. synthesized a concave rhombic dodecahedron (RD) gold nanoparticle by
using 4-aminothiophenol as an additive and demonstrated that this concave RD had
a superior electrocatalytic performance for reduction CO2 to CO in CO2-saturated
aqueous solutions [37]. For instance, concave RD achieved a FE of approximately
52% for CO formation at a potential of −0.26 V versus RHE, which corresponds to
an overpotential of 0.15 V relative to the CO2/CO equilibrium potential (−0.11 V
vs. RHE).

Au clusters have also been explored by the combination of experimental and
computational studies, providing insights into the electronic interactions between
Au25 clusters and weakly bound adsorbates [38]. It was discovered that that the
Au25 clusters could perform as superior catalysts for the electrochemical conversion
of CO2 into CO and promote the reduction of CO2 to CO within 90 mV of the
formal potential (thermodynamic limit), which represents an approximate 200–
300 mV reduction in potential compared to the larger Au NPs and bulk Au tested.

Recently, Sun et al. reported that the electrocatalytic reduction of CO2 on Au
NPs with a series of sizes (4, 6, 8 and 10 nm) in CO2-saturated 0.5 M KHCO3 [39].
The crystallite diameters of 4, 6, 8 and 10 nm NPs were estimated to be 2.0, 2.3, 4.0
and 5.9 nm, respectively. Among 4, 6, 8 and 10 nm Au NPs, the 8 nm NPs
exhibited the highest selectivity for the reduction of CO2 to CO (FE = 90% at
−0.67 V vs. RHE). Density functional theory (DFT) calculations on different
crystalline faces suggested that edge sites on Au NPs are active for CO formation
while corner sites favor the competitive H2 evolution reaction. To understand the
size-dependent electroreduction of CO2 on Au NPs, the correlation of the density of
catalytically active surface sites with the cluster diameter was investigated, as
shown in Fig. 11.3. It was found that more edge sites than corner sites on the
Au NP surface could facilitate the stabilization of COOH� intermediate, resulting in
the improved reduction of CO2 to CO with suppressed H2 evolution.

11.2.1.2 Au Nanowires

The previous study on monodispersed Au NPs indicated that the edge sites of Au
NPs are favorable for the reduction CO2 to CO while corner sites are active for the
H2 evolution [39]. Thus, a one-dimensional morphology may offer an abundance of
edge sites which is preferred for the reduction of CO2. Zhu et al. demonstrated
ultrathin Au nanowires (NWs) for the selective electrochemical reduction of CO2 to
CO [40]. A facile seed-mediated growth method was developed to fabricate the
ultrathin Au NWs by reducing HAuCl4 in the presence of 2 nm nanoparticles.
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These Au NWs are capable of catalyzing CO2 to form CO with FE of 94% at
−0.35 V versus RHE in CO2-saturated 0.5 M KHCO3. The modeling work
(DFT) revealed that the excellent catalytic performance for the reduction of CO2 to
CO on Au NWs is ascribed to a high edge-to-corner ratio in ultrathin Au NWs and
the weak CO binding on these reactive edge sites.

11.2.2 Nanostructured Ag

Metallic Ag has attracted considerable attention due to its relatively low cost
compared to Au, and its high selectivity for the conversion of CO2 into CO [8, 11].
As presented in Table 11.1, Ag foils are capable of electrochemically reducing CO2

to CO with a high FE at a relatively smaller overpotential than other metallic
counterparts (except for Au). Recently, Jaramillo investigated the catalytic activity
and selectivity of the electrochemical reduction of CO2 as a function of potential on
metallic silver surfaces under ambient conditions [20]. The authors found that the
applied potential can significantly influence the selectivity for the two major
products (CO and H2). Specifically, the optimal selectivity for CO formation on the
polycrystalline silver catalyst was observed at the range from −1.0 to −1.2 V versus
RHE and hydrogen evolution dominated at very high and low potentials
(Fig. 11.4). By using high sensitivity of the experimental methods for identifying
and quantifying products of CO2 reduction, formate, methane, methanol, and
ethanol were observed as minor products (methanol and ethanol formation had
never been reported on Ag before this study).

Fig. 11.3 Density of
adsorption sites (yellow, light
orange, dark orange, or red
symbols for (111), (001),
edge, or corner on-top sites,
respectively) on closed-shell
cuboctahedral Au clusters
versus the cluster diameter.
The weight fraction of Au
bulk atoms is marked with
gray dots. Reprinted with
permission from Ref. [39]
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On Ag catalysts, the overpotential (>0.9 V) required for driving the electrocat-
alytic reduction of CO2 efficiently and selectively with suppressed H2O reduction
remains relatively high [32]. The large overpotential required for the reduction of
CO2 is attributed to the hindrance for the initial electron transfer to a CO2 molecule
to form a CO2

�� or COOH� intermediate [5, 12, 25, 35]. Nanostructured Ag cata-
lysts have been considered to be a promising candidate for the electroreduction of
CO2 to CO. It has been demonstrated that the surface of nanostructured Ag catalysts
offers the low-coordinated surface Ag sites, which is favorable for CO2 fixation (to
stabilize the formed COOH� intermediate) through reducing the activation energy
barrier of the initial electron transfer [35].

In addition, Hori et al. has investigated the electroreduction of CO2 on single
crystalline silver electrodes, showing that the CO2 conversion into CO is favorable
on Ag(110) compared to Ag(111) or Ag(100) [17]. Recently, a DFT simulation
study (Fig. 11.5) exhibited that Ag(110) or Ag(211) surface has a lower free energy
change for the first proton-coupled electron transfer for COOH� stabilization than
Ag(111) or Ag(100), resulting in better catalytic activity for the reduction of CO2 to
CO on Ag(110) or Ag(211) [35]. It was believed that stepped Ag(110) or Ag(211)
surfaces are much prevalent on the nanostructured Ag catalysts than that on bulk Ag
electrodes [35].

Fig. 11.4 Faradaic efficiency
for each product as a function
of potential on polycrystalline
Ag foils. Reprinted with
permission from Ref. [20]
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11.2.2.1 Ag Nanoparticles

Recently Kim et al. have examined silver nanoparticles with different sizes for the
electrocatalytic reduction of CO2 in CO2-saturated 0.5 M KHCO3 [41]. Silver
nanoparticles with three different sizes (3, 5 and 10 nm) were fabricated on carbon
substrates, respectively, by a facile one-pot method using cysteamine as an
anchoring agent. The authors discovered that immobilized Ag nanoparticles sup-
ported on carbon had an increased FE and a lower overpotential for selective
reduction of CO2 to CO. Notably, the particle size of 5 nm exhibited the highest
catalytic activity for the selective reduction of CO2 to CO. As shown in Fig. 11.6b,
a FE of 84.4% for CO formation and a decrease of the overpotential by 300 mV
were observed on NPs with diameter of 5 nm at −0.75 V versus RHE compared to
polycrystalline Ag foils. The DFT studies suggested that the specific interaction
(Ag-S interaction) between Ag nanoparticles and the anchoring agents modified the
catalyst induces a selectively higher affinity to the COOH� intermediate, which
effectively lowers the overpotential and improves the catalytic activity for the
reduction of CO2 to CO. In addition, for identifying the carbon source for the CO2

reduction, a 13CO2 isotope experiment was performed, which confirmed that the
carbon source for CO formation was completely derived from the dissolved CO2 in
electrolytes, and carbon from carbon support or cysteamine were not involved in
the reduction reaction.

A previous report also evaluated the Ag NP size effect, suggesting that that the
catalytic activity increases with decreasing particle size until a certain particle size

Fig. 11.5 Free energy
diagrams for the
electrochemical reduction of
CO2 to CO on flat (Ag(100)
and Ag(111)) and edge (Ag
(221) and Ag(110)) surfaces.
The first two steps include a
simultaneous proton/electron
transfer, with the final
molecular surface
configuration at each step
depicted on the bottom of the
graph. Values of DG are
reported with an applied
potential of −0.11 V versus
RHE. Sphere colors: white, H;
black, C; red, O; silver, Ag.
Reprinted with permission
from Ref. [35]
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of 5 nm, and that the activity decreases with going to even smaller nanoparticle size
(1 nm) [42]. This observation is consistent with the results from Kim (5 nm NPs
offer the maximum catalytic activity for CO2 reduction) [41].

11.2.2.2 Nanoporous Ag

Lu et al. reported that a nanoporous Ag catalyst prepared by the de-alloying of an
Ag-Al precursor is capable of reducing CO2 electrochemically to CO with a high
FE of >90% at a moderate potential of −0.6 V versus RHE in CO2-saturated 0.5 M
KHCO3 [5]. To explore the electrokinetics of CO2 reduction, Tafel analysis was
performed on the nanoporous Ag catalysts and the polycrystalline Ag electrode,
respectively.

It is known that a two electron-transfer process is involved in the electrore-
duction of CO2 to CO on Ag catalysts. Firstly, one electron is transferred to a CO2

molecule to produce a CO2
�� intermediate, and then one proton is coupled to form a

COOH� intermediate. Subsequently, the COOH� intermediate takes another electron
and one proton, resulting in the CO formation on catalyst surface. The initial

Fig. 11.6 CO faradaic efficiency a depending on applied potential and b fixed potential at
−0.75 V (vs. RHE). CO2 electrochemical reduction was performed in CO2-saturated 0.5 M
KHCO3. c TEM image and HR-TEM image of 5 nm Ag/C after CO2 reduction. Reprinted with
permission from Ref. [41]
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electron transfer to a CO2 molecule is the rate determining step for the overall
process because the first electron transfer requires a much more negative potential
compared to the following steps [5, 12, 25, 35]. A Tafel slope of 132 mV/dec for
polycrystalline Ag shown in Fig. 11.7d indicates the rate determining step is the
initial electron transfer to CO2 for the formation of the CO2

�� adsorbed on poly-
crystalline Ag. In contrast, the nanoporous Ag with a Tafel slope of 58 mV/dec
reveals a fast initial electron-transfer step, suggesting that a better stabilization for
CO2

�� intermediate on nanoporous-Ag in comparison to the polycrystalline Ag.
This study directly shows a clear advantage of CO2 reduction catalysis on nanos-
tructured electrodes.

11.2.3 Nanostructured Zn

Zn is an earth-abundant material, which is roughly 3 orders of magnitude more
abundant in the Earth’s crust than Ag. Hori et al. reported that polycrystalline Zn
electrodes are capable of catalytically reducing CO2 to CO with a FE of 79.4% [8].
However, the Zn electrodes require a relatively higher overpotential for driving
CO2 reduction selectively compared to Au and Ag (Table 11.1).

Nanostructured Zn dendrite electrodes were synthesized on Zn foil electrodes
using an electrochemical Zn deposition [43]. As shown in Fig. 11.8a, the scanning
electron microscope (SEM) images reveal that the dendrite layer was about
50–100 µm thick and uniformly deposited on Zn foils. The X-ray diffraction

Fig. 11.7 a A schematic diagram of a nanopore of the silver electrocatalyst with highly curved
internal surface. b Scanning electron micrograph of np-Ag dealloyed in 5 wt% HCl for 15 min
and further in 1 wt% HCl for 30 min (scale bar, 500 nm). c Corresponding high-resolution
transmission electron micrograph with visible lattice fringes. Inset: the Fourier transform shows
that the np-Ag is composed of an extended crystalline network (scale bar, 2 nm). d Tafel plots of
the partial current density for CO production. Reprinted with permission from Ref. [5]
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(XRD) patterns in Fig. 11.8b show that all the diffraction peaks of the nanostruc-
tured Zn dendrite and the Zn bulk foil are aligned precisely, indicating a pure
metallic Zn. This nanostructured Zn dendrite catalyst was able to electrochemically
reduce CO2 to CO in an aqueous bicarbonate electrolyte, with a CO faradaic
efficiency of around 3-fold higher than that of bulk Zn counterparts, as displayed in
Fig. 11.8c.

11.2.4 Nanostructured Pd

Bao et al. investigated a particle size dependence for the electrocatalytic reduction
of CO2 on Pd NPs with the size range from 2.4 to 10.3 nm [44]. The authors
discovered that an increase in the selectivity for CO production with reducing the
size of Pd NPs, which varies from the FE of 5.8% on 10.3 nm Pd NPs to that of
91.2% on 3.7 nm NPs at −0.89 V versus RHE. DFT calculations suggested that
corner and edge sites on small Pd NPs facilitate the adsorption of CO2 and the
stabilization of COOH� intermediates during CO2 reduction compared with terrace
one on large Pd NPs.

11.2.5 Metal Organic Frameworks

Metal Organic Frameworks (MOFs) have backbones constructed from metals and
organic ligands, which are structured and porous materials with nano-scale pores
for heterogeneous and homogeneous catalysis [45, 46]. Fe-based MOF catalysts
have been recently used for the electrochemical reduction of CO2 to CO (faradaic
efficiencies are 41 ± 8 and 60 ± 4% for CO and H2) [47]. The well-defined
nanoscale porosity of the MOF facilitates access of the solvent, reactant, and
electrolyte to the surface of catalytically active sites.

Fig. 11.8 a Typical SEM image for a Zn dendrite catalyst. b PXRD patterns of bulk and dendritic
Zn electrodes. c CO faradaic efficiency for bulk and dendritic Zn electrocatalysts. Reprinted with
permission from Ref. [43]
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Yang et al. reported an efficient and selective nano-scale MOFs catalyst for the
electrochemical generation of CO from CO2 in CO2-saturated aqueous bicarbonate
solutions [46]. A cobalt–porphyrin MOF, Al2(OH)2TCPP-Co (TCPP-H2 =
4,4′,4″,4‴-(porphyrin-5,10,15,20-tetrayl)tetrabenzoate) exhibited a FE of exceeding
76% for CO formation at −0.7 V versus RHE and a stable current of MOF catalysts
was observed after initial electrolysis, as presented in Fig. 11.9a. The crystallinity
of the MOF catalyst was still maintained after CO2 reduction electrolysis
(Fig. 11.9b) and the SEM images show that the retention of the platelike mor-
phology after CO2 reduction (Fig. 11.9c, d).

11.3 Nanostructured Metal Catalysts for CO2 Reduction
to Hydrocarbons

The conversion of CO2 and H2O into hydrocarbons on electrocatalysts has attracted
considerable attention [9, 13, 14, 21]. The main advantages of directly forming
hydrocarbons are their high energy density and the ease of utilization as fuels in our
existing energy infrastructure. However, a major challenge of this goal is to develop
electrocatalysts that are capable of reducing CO2 efficiently and selectively at low
potentials. Hori and his coworkers carried out CO2 reduction over various metal
electrodes (Table 11.1), and it was demonstrated that many electrocatalyst materials
such as polycrystalline Cu, Au, Ag and Zn show high faradaic efficiency for the

Fig. 11.9 Stability of the MOF catalyst is evaluated through chronoamperometric measurements
in combination with faradaic efficiency measurements (a). XRD analysis indicates that the MOF
retains its crystalline structure after chronoamperometric measurement (b). SEM images of the
MOF catalyst film before (c) and after electrolysis (d) reveal the retention of the platelike
morphology. Reprinted with permission from Ref. [46]
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electrochemical reduction of CO2, although these occur at very high overpotentials
[8]. It was found that copper electrodes can uniquely reduce CO2 to significant
amounts of CH4, C2H4, and alcohols in aqueous electrolytes at ambient pressure
and temperature [8, 15, 26]. One main reason for this unique catalytic activity of
copper is attributed to the appropriate binding strength of intermediates (such as
CO, COH, CHO and CH3,) on the copper surface during the electrochemical
reduction of CO2 [24, 29, 30].

Recently, Jaramillo et al. [9] reported new insights into the electrocatalytic
reduction of CO2 on metallic Cu surface, finding as many as 16 different products
from the electroreduction of CO2 (five of them have never been reported previ-
ously). At low negative potential of >−0.75 V versus RHE, only H2, CO and
HCOOH were detected on Cu. At −0.75 V versus RHE, C2H4 and CH4 formation
started to be observed. In addition, other C2 and C3 products were initially
detectable at −0.95 V versus RHE.

Hori et al. [48] investigated the electrochemical reduction of CO2 on Cu single
crystal electrodes (100), (110), and (111) in aqueous electrolytes at ambient pres-
sure, showing that C2H4 is favorably produced on Cu(100) and CH4 is preferred on
Cu(111). In addition, the similar product selectivity was also observed for the
electroreduction of CO on Cu single crystal electrodes [48, 49], due to the fact that
CO is the intermediate in the reduction of CO2 to hydrocarbons [29, 30, 50, 51].
Furthermore, a more detailed study on the effect of Cu crystal faces were carried out
[18, 52].

Until now, copper is the only known material which is capable of catalyzing the
formation of significant amounts of hydrocarbons at high reaction rates in aqueous
solutions at ambient conditions of temperature and pressure [9, 22, 50]. However,
controlling the product selectivity of the CO2 reduction effectively at low overpo-
tential with high current density for the formation of hydrocarbons is a major sci-
entific challenge for the practical use of this technology [12–14, 53]. It has been
demonstrated that the surface morphology and roughness of copper electrodes have
a dramatic influence on the catalytic activity and product selectivity for the elec-
trochemical reduction of CO2 in an aqueous solution [14, 21–24].

11.3.1 Cu Nanoparticles

Tang et al. reported that Cu nanoparticle covered electrodes exhibited a better
selectivity towards C2H4 and CO formation in comparison with an electropolished
Cu electrode and an argon gas sputtered Cu electrode [24]. In that study, the
increased catalytic selectivity for C2H4 formation in CO2 reduction was explained
by the roughened Cu surface which was able to provide a greater abundance of
undercoordinated sites. In addition, Alivisatos et al. has demonstrated that Cu NPs
supported on glassy carbon (n-Cu/C) exhibited a 4-fold higher methanation current
densities compared to the high-purity Cu foil counterpart [54]. A faradaic efficiency
of 80% for CH4 was achieved on the n-Cu/C electrocatalysts. The rate-limiting step
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for CH4 on Cu foils is a single electron transfer to CO2, which corresponds to a
Tafel slope of 120 mV/dec. The Tafel slope for CH4 is 60 ± 4.2 mV/dec on the
n-Cu/C, which is consistent with the theoretical value of 59 mV/dec, indicating a
one-electron pre-equilibrium step prior to a rate-determining non-electrochemical
step.

Recently, the particle size dependence for the electrochemical reduction of CO2

has been investigated on Cu NPs with the size range from 2 to 15 nm [21]. Cu NPs
exhibited that an increase in the catalytic activity and selectivity for CO and H2 with
decreasing Cu particle size, as presented in Fig. 11.10. In addition, catalytic
selectivity for hydrocarbons (CH4 and C2H4) was suppressed on the nanoscale Cu
surface compared to the bulk Cu foil. To gain insight into the Cu particle size effect,
the atomic coordination of model spherical Cu particles from 1 to 18 nm was
utilized, suggesting low-coordinated sites and the strong chemisorption are linked
to the acceleration for H2 evolution and the CO2 reduction to CO.

11.3.2 Cu Nanowires

Smith et al. reported a new synthesis method to prepare a Cu nanowire catalyst for
the electroreduction of CO2 at room temperature and atmospheric pressure [55]. Cu
nanowire array electrodes were synthesized through a two-step synthesis of Cu
(OH)2 and CuO nanowire arrays on Cu foil substrates and a subsequent electro-
chemical reduction of the CuO nanowire arrays. Cu(OH)2 nanowire arrays
(Fig. 11.11a) were first synthesized on Cu foils using a simple wet chemical method
[56, 57]. After this step, CuO nanowire arrays were formed by annealing the Cu
(OH)2 nanowires at 150 °C for 2 h in an air atmosphere [55]. The resulting CuO
nanowire arrays were directly utilized in the electrochemical reduction of CO2 in
CO2-saturated 0.1 M KHCO3 electrolytes, and were reduced to Cu nanowire during
electrolysis. The CuO-derived Cu nanowire arrays are able to electrochemically
reduce CO2 to CO with a FE of *50% at a moderate overpotential of 490 mV,
which is significantly higher than that of polycrystalline Cu foil catalysts at identical

Fig. 11.10 Catalytic
selectivity of reaction
products during the CO2

electroreduction on Cu NPs in
CO2-saturated 0.1 M KHCO3

at −1.1 V versus RHE under
25 °C. Reprinted with
permission from Ref. [21]

11 Nanostructured Catalysts for the Electrochemical Reduction of CO2 353



conditions. The Tafel slope of *110 mV/dec for Cu nanowire arrays shown in
Fig. 11.11c indicates a fast initial electron tranfer to CO2 for the formation of
adsorbed CO2

�� intermediate. Thus, the improved catalytic selectivity for the
reduction of CO2 to CO is ascribed to the enhanced stabilization for the CO2

��

intermediate on the high surface area Cu nanowire arrays.
It was also recently demonstrated that highly dense Cu nanowires for the elec-

trochemical reduction of CO2 [58]. CuO nanowires were prepared by the oxidation
of Cu mesh in air and then reduced by annealing in the presence of hydrogen or
applying a cathodic electrochemical potential to produce Cu nanowires. These
nanowires showed the distinct catalytic selectivity for CO2 reduction, which is
linked to the different nanoscale crystalline and surface structures. The authors
found that the Cu nanowires fabricated by the electrochemical reduction of CuO
exhibited a FE toward CO as high as � 60% at overpotentials of less than
0.4 V [58].

At more negative potentials, hydrocarbon gas phase products on Cu nanowire
arrays were observed [55]. Smith et al. tuned the selectivity of hydrocarbon
products on Cu nanowire arrays by systematically varying the length and density of
the Cu nanowires which can provide a high local pH within the nanowire arrays
(Fig. 11.12) [59]. With increasing the Cu nanowire length (� 2.4 ± 0.56 µm), the
formation of n-propanol was detected along with CO, HCOOH and C2H4. On
longer Cu nanowires (� 7.3 ± 1.3 µm), C2H6 formation appeared, accompanying
with the ethanol formation. The formation of C2H6 has never been reported in the
electrocatalytic reduction of CO2 on smooth Cu, [8, 9, 11] but was detected on
nanostructured Cu catalysts as a minor product [14, 23, 24]. The authors proposed a
reaction pathway towards C2H6 from the intermediate (CH3CH2O) in path (ii), as
shown in Scheme 11.1 (a route to C2H6 had never been reported before this study).
Furthermore, an increased selectivity for C2H4 was observed on Cu nanowire arrays
with increasing the Cu nanowire length and density (Fig. 11.12a), which is due to
the improved formation of C2H4 through a CO coupling mechanism caused by a
high local pH within the Cu nanowire arrays.

Fig. 11.11 SEM images of Cu(OH)2 nanowires before (a) and after (b) annealing in air at 150 °C
for 2 h, respectively. c Tafel plots of the CO partial current density for polycrystalline Cu and Cu
nanowires. Reprinted with permission from Ref. [55]

354 M. Ma and W.A. Smith



11.3.3 Cu Nanofoam

Sen et al. investigated the electrochemical reduction of CO2 over copper foams with
hierarchical porosity [23]. Three-dimensional foams of copper were electrode-
posited onto mechanically polished copper substrates. SEM images of copper foams

Fig. 11.12 a Faradaic efficiency for C2H4, C2H6, CO, HCOOH, ethanol, n-propanol and H2 on
Cu nanowire arrays with different lengths at −1.1 V versus RHE in CO2-saturated 0.1 M KHCO3

electrolytes (0 µm nanowire represents Cu foil). b Schematic illustration of the diffusion of
electrolytes into Cu nanowire arrays. Reprinted with permission from Ref. [59]

Scheme 11.1 Proposed
reaction paths for
electrocatalytic reduction of
CO2 on Cu nanowire arrays,
with path (i), left, showing
COH formation, and path (ii),
right, showing CO
dimerization. In path (i), 2
CH2 and 2 CH3 intermediates
are required for C2H4 and
C2H4 formation, respectively.
Reprinted with permission
from Ref. [59]
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prepared at different amounts of electrodeposition time are shown in Fig. 11.13.
The electrocatalytic studies exhibited that the copper nanofoams are capable of
reducing CO2 to HCOOH, H2, and CO as major products along with small amounts
of C2H4, C2H6, CH4, and C3H6, which indicates a distinct product distribution
(ethane and propylene were not observed on smooth copper) in comparison with
that on smooth copper. The authors believed that these differences for the CO2

reduction performance are attributed to high surface roughness, hierarchical
porosity, and confinement of reactive species. In addition, it was observed that a
gradual increase in the thickness the copper nanofoams with increasing electrode-
position time enhanced the FE of HCOOH formation by suppressing the electro-
chemical reduction of adsorbed H� to H2.

11.4 Oxide-Derived Metallic Nanocatalysts
for CO2 Reduction

While the reported metallic catalysts (Table 11.1) are competent for the electro-
catalytic reduction of CO2, all have one or more following drawbacks: (1) high
overpotential requirement for driving the CO2 reduction. (2) poor catalytic selec-
tivity, and (3) fast deactivation of electroreduction CO2 process with favorable
competing H2 evolution. In order to improve the CO2 reduction performance, an
interesting way of preparing catalysts through the electrochemical reduction of
metal oxides was recently proposed. In the process, the bulk metal is firstly oxi-
dized, and then the metal oxide layer is directly utilized in the electrochemical CO2

reduction in CO2-saturated electrolytes, reducing to metallic nanocatalysts during
electrolysis. The recent development and progress of these oxide-derived
(OD) catalysts are discussed in the following section.

Fig. 11.13 SEM images of electrodeposited copper foams on a copper substrate for a 10 s;
b 15 s; c 30 s. Reprinted with permission from Ref. [23]
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11.4.1 Oxide-Derived Cu

Kanan et al. demonstrated the electrochemical reduction of CO2 on a metallic Cu
catalyst resulting from the reduction of thick Cu2O films prepared by annealing Cu
foil in air [14]. This sample formed by the electroreduction of a Cu2O layer during
the CO2 reduction electrolysis was analyzed by XRD and XPS, indicating the
complete reduction of the copper oxide layer. By systematically varying the original
annealing temperature and time, it was found that annealing the Cu foil in air at
500 °C for 12 h results in a thick Cu2O layer, which then forms a nanostructured
Cu (OD-Cu) during electrocatalysis that are able to produce CO with *40% FE
and HCCOH with *33% FE at −0.5 V versus RHE (Fig. 11.14a, b). Notably, the
selectivity for CO (*40% FE) was maintained during the whole electrolysis of 7 h,
revealing a dramatically improved catalytic stability for CO2 reduction on OD-Cu.
As shown in Fig. 11.14b, the OD-Cu exhibited a high FE for CO2 reduction at
much lower overpotential in comparison with the bulk Cu electrodes. The Tafel
slope of *116 mV/dec for OD-Cu in the low overpotential range (Fig. 11.14c)
indicates the Cu formed by the electrochemical reduction of Cu2O during elec-
trolysis is in favor of the formation of CO2

�� intermediate, resulting in the improved
catalytic activity for CO2 reduction.

Furthermore, Kas et al. investigated the electrocatalytic CO2 reduction on copper
nanoparticles derived from different orientation of electrodeposited Cu2O ([110]
[111][100]) [22]. The authors reported that the initial crystal orientation of Cu2O
had a minor effect on the catalytic selectivity for CO2 reduction. However, it was
found that the thickness of the initial Cu2O layer strongly influenced the product
selectivity, which is consistent with the previous study on OD-Cu [14].

The electrochemical reduction of CO2 into fuels such as hydrocarbons on Cu
catalysts is a complex multistep reaction with adsorbed intermediates, most notably
adsorbed CO. Thus, CO reduction activity was investigated on OD-Cu, producing
liquid products (ethanol, acetate and n-propanol) with nearly 50% FE at moderate
potentials [53]. In order to correlate a particular structural feature of oxide-derived
Cu with the catalytic activity, the authors proposed that the Cu catalysts

Fig. 11.14 a SEM image of OD-Cu. b Faradaic efficiencies for CO and HCOOH versus potential.
And c CO partial current density Tafel plots for polycrystalline Cu and Cu annealed at 500 °C for
12 h. Reprinted with permission from Ref. [14]
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electrochemically reduced from copper oxide may obtain a high density of grain
boundary surfaces, likely resulting in a highly active sites for CO2 reduction [53].
A temperature-programmed desorption (TPD) of CO was utilized to probe the
surface chemistry of OD-Cu, revealing a high CO reduction activity on OD-Cu is
linked to the active sites that bond CO more strongly in comparison with low-index
and stepped Cu facets [60]. It was proposed that the strong binding sites with CO
are supported by grain boundaries on the OD-Cu, which are only accessible in this
nanostructured platform.

11.4.2 Oxide-Derived Au

It was reported that Au was the most efficient metal catalyst for CO2 reduction,
exhibiting the best catalytic selectivity and activity for the electrocatalytic reduction
of CO2 to CO among the identified bulk metals, as shown in Table 11.1. The
Cu NP films prepared by the electrochemical reduction of thick Cu2O layers
exhibited a dramatically improved catalytic activity for the electroreduction of CO2

to CO at lower overpotential with high resistance to deactivation, compared to Cu
foils. Similar to this OD-Cu, OD-Au nanocatalysts were also studied for CO2

reduction [13]. Initially, the Au oxide layers were prepared on Au foil electrodes by
applying periodic square-wave pulsed potentials in 0.5 M H2SO4. After the pulsed
anodization on Au, the Au oxide layers were synthesized on Au foils.

The Au oxide layers on Au foils were directly utilized for CO2 reduction in CO2-
saturated electrolytes and were electrochemically reduced to metallic Au at the
beginning of electrolysis (Fig. 11.15a shows the SEM images of the oxide-derived
Au). The significant distinct CO2 reduction activity for OD-Au and polycrystalline
Au were observed at low overpotentials, as shown in Fig. 11.15b. At a low over-
potential of 0.24 V, the FE for CO formation on the OD-Au was maintained at
*96% over the course of an 8 h electrolysis experiment. Furthermore, the Tafel
slope of 114 mV/dec (Fig. 11.15b) on polycrystalline Au indicates the rate deter-
mining step is the initial electron transfer to form an adsorbed CO2

�� intermediate

Fig. 11.15 a SEM image of oxide-derived Au NPs. b Faradaic efficiencies for CO and HCOOH,
and c Tafel plots of CO partial current density of oxide-derived Au NPs and polycrystalline Au.
Reprinted with permission from Ref. [13]
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(Scheme 11.2). The poor stabilization of CO2
�� intermediate is correlated with the

high overpotential required on polycrystalline Au. In contrast, the active sites on
OD-Au nanocatalysts offer the fast initial electron transfer (low Tafel slope in
Fig. 11.15b), which results in the dramatically enhanced stabilization of CO2

��

intermediate. The HCO3
� concentration dependence studies on OD-Au showed an

increase in the CO partial current density with gradually increasing the NaHCO3

concentration, implying that the first proton donation from HCO3
� is rate deter-

mining step on OD-Au (Scheme 11.2). Furthermore, a study on grain boundary
effect showed that the catalytic activity for the electroreduction of CO2 is linearly
correlated with the grain boundary density on Au NPs and the high density of grain
boundaries on OD-Au was thought to be linked to its enhanced catalytic perfor-
mance [61].

11.4.3 Oxide-Derived Pb

Nanocrystalline Pb prepared by the electroreduction of PbO2 exhibited a 700-fold
lower H2 selectivity compared to polycrystalline Pb, with maintaining the catalytic
activity for CO2 reduction [62]. OD-Pb showed a nearly 100% FE for HCOOH
formation at the potential range from −1.0 to −0.75 V versus RHE in CO2-saturated
electrolytes, which is much better than the polycrystalline Pb (FF for HCOOH was
30% at −0.8 V vs. RHE). Notably, the high catalytic activity and selectivity for the
electroreduction of CO2 to HCOOH was more or less maintained during a pro-
longed electrolysis of 75 h. The dramatically improved CO2 reduction performance
on OD-Pb is attributed to its morphology and microstructure [62].

Scheme 11.2 Proposed mechanisms for CO2 reduction to CO on polycrystalline Au and
Oxide-Derived Au. Reprinted with permission from Ref. [13]
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11.4.4 Oxide-Derived Ag

Recently, a porous-like nanostructured Ag catalyst (Fig. 11.16a, b) was prepared by
electrochemically reducing Ag2O which was synthesized by anodization of a Ag
foil in alkaline solutions [63]. The results of the XRD patterns (Fig. 11.16c) and the
Ag 3d XPS spectrum analysis (Fig. 11.16d) reveal that the electroreduction of
Ag2O to metallic Ag was complete within the detection limit of these characteri-
zation techniques. This OD-Ag exhibited an enhanced catalytic activity for the
reduction of CO2, and the high selectivity for CO was shifted by >400 mV towards
a lower overpotential than that of untreated polycrystalline Ag. Notably, the OD-Ag
is able to reduce CO2 to CO with *80% EF at a moderate overpotential of 0.49 V,
which is dramatically higher compared to that (*4%) of untreated polycrystalline
Ag at identical conditions. The dramatically improved catalytic activity and

Fig. 11.16 a and b SEM images of oxide-derived Ag. c XRD patterns and d XPS spectrum of the
polycrystalline Ag electrode (black line) and Ag oxide electrode before (red line) and after (blue
line) CO2 reduction electrolysis, respectively. Reprinted with permission from Ref. [63]
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selectivity for CO2 reduction to CO is likely correlated with of the nanostructured
surfaces, resulting in highly active sites for stabilizing COOH� intermediate. In
addition, it was demonstrated that the porous-like nanostructured Ag catalyst is
likely capable of generating a high local pH near the catalyst surface, which may
also play a role in the improved CO2 reduction along with suppressed H2 evolution.

11.5 Bimetallic Nanocatalysts

Electrode surfaces provide the active sites for CO2 reactions, and the reactants and
other related species adsorbed on the electrode play an important role in the product
selectivity of the CO2 reduction. CO2 can be electrochemically reduced to CO,
HCOOH, and hydrocarbons on metal electrodes in aqueous solution. The inter-
mediates formed on the electrode surface directly affect the product formed in the
final steps of the catalytic reaction. Therefore, it is important to know the binding
energy at the surface of different metals for different reaction intermediates.

Table 11.2 shows a comparison of the binding strength of CO2 reduction
intermediate species on FCC (111) single metal electrodes (adapted from Ref. [31]).
The product distribution and selectivity of CO2 reduction could be influenced by
whether or not the related intermediates are adsorbed. Alloying an element that that
has high oxygen affinity into a catalyst may allow CHO to bind to the surface
through the carbon and oxygen atoms, thus increasing the stability of CHO, which
may affect the final product distribution and selectivity [30]. Thus, the interaction of
the two different metallic atoms in the bimetallic alloy may significantly influence
the catalytic activity and selectivity of alloy surface.

The electrocatalytic CO2 reduction was performed on a nanostructured Cu-Au
alloy prepared through electrochemical deposition with a nanoporous Cu film
(NCF) as template, showing an improved catalytic selectivity for alcohols
(methanol and ethanol) [64]. The authors found that the FE for alcohols was
dependent on the nanostructured morphology and composition of Cu-Au alloys, as
shown in Table 11.3. In addition, the FE of 15.9% for methanol was detected on
Cu63.9Au36.1/NCF, which is *19 times higher than that of pure Cu.

Yang et al. assembled monodisperse Au-Cu bimetallic NPs (Fig. 11.17a) with
different compositions by implementing the solvent evaporation-mediated
self-assembly approach and then the nanoparticle monolayer was transferred onto

Table 11.2 Comparison of
the binding strength on FCC
(111) transition metal facets.
Reprinted with permission
from Ref. [31]

Species on FCC(111) transition metal facets binding
strength

*CO Rh > Pd > Ni > Pt > Cu > Au > Ag

*COH Rh > Pt > Pd > Ni > Cu > Au > Ag

*CHO Rh > Pt > Pd > Ni > Au > Cu > Ag

*OCH3 Ni > Rh > Cu > Ag > Pd > Pt > Au

*CH3 Pt > Rh > Ni > Pd > Cu > Au > Ag
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a glassy carbon substrate for the electrochemical reduction of CO2 [65]. With
increasing the Cu content, different products were observed and the largest number
in product distribution were found on pure Cu nanoparticles. The authors believed
the degree of stabilization of the intermediates on these nanoparticle surfaces can be
tuned by varying the composition of Au-Cu bimetallic NPs, which results in the
different final products (Fig. 11.17b). Furthermore, the catalytic performance of
these bimetallic catalysts was attributed to two factors: (1) the electronic effect on
the binding strength of intermediates, which is linked to the change of electronic
structure that is tuned with surface composition of the Au-Cu, and (2) the geometric
effect that is correlated with the atomic arrangement at the active site that have a
significant influence on the binding strength of intermediates [66].

The electrochemical CO2 reduction was performed on a nanostructured Cu-In
bimetallic alloy prepared by the in-situ electrochemical reduction of Cu2O in InSO4

electrolytes, and it was found that the In incorporation exhibited an enhanced
selectivity for the electroreduction of CO2 to CO with high catalytic stability [67].
At potential from −0.3 to −0.7 V versus RHE, CO was generated on Cu-In alloy
catalysts as almost the only products in CO2 reduction, and notably a FE of *90%

Table 11.3 Faradic efficiencies of main liquid products with different electrodes. Reprinted with
permission from Ref. [64]

Electrode Faradaic efficiency (%)

HCOOH Alcohols (methanol and ethanol)

Bulk Cu 11.5 4.8

Nanostrucutred Cu 27.4 9.7

Cu63.9Au36.1/NCF 12.6 28

Cu70.6Au29.4/NCF 18.1 17.2

Cu81.3Au19.7/NCF 21.2 11.5

Fig. 11.17 a TEM image of AuCu3 nanoparticles (scale bar, 100 nm). Average size
11.20 ± 1.65 nm. b Schematic showing the proposed mechanism for CO2 reduction on the
catalyst surface of Au-Cu bimetallic nanoparticles. Filled circles with grey is C, red is O and white
is H. The relative intermediate binding strength is indicated by the stroke weight (on the top right
corner). Additional binding between the COOH and the catalyst surface is presented as a dotted
line. Arrows between the adsorbed COOH and adsorbed CO is to show the difference in
probability of having COOH adsorbed on different types of surfaces. Coloured arrows indicate the
pathway to each product: red for CO, blue for formate and green for hydrocarbons. Larger arrows
indicate higher turnover. Reprinted with permission from Ref. [65]
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for CO formation was achieved on the alloy catalysts at −0.5 V versus RHE.
A DFT study suggested that the incorporation of In may cause both local electronic
effect and local geometric effect. The presence of In atoms has a significant effect on
the binding energy of the associated intermediates adsorbed on Cu. Furthermore,
the dramatically enhanced FE for the conversion of CO2 into CO is also achieved
on nanostructured Cu-Sn bimetallic electrocatalysts at decreased overpotentials
[68].

Recently, a mesoporous nanostructured Pd-Cu bimetallic electrocatalyst was
fabricated by an electrodeposition method for CO2 reduction and Pd7-Cu3 exhibited
a FE of more than 80% for selective CO formation at −0.8 V versus RHE [69]. The
mesoporous nanostructure has a roughened surface, which could offer more active
sites for the selective reduction of CO2 to CO. In addition, first principle calcula-
tions suggested that Pd atoms on the surface of the bimetallic catalysts act as
reactive centers with an increased adsorption ability of CO2 and COOH�, and the
presence of Cu could modify the CO desorption ability. The authors believed that
the catalytic activity is ascribed to the change of electronic structure of their
neighboring element and adjustment of atomic arrangement in the active sites.

Koper et al. have used bimetallic Pd-Pt nanoparticles for the electrocatalytic CO2

reduction [70]. They found that Pd-Pt nanoparticles had a low onset potential for
the reduction of CO2 to HCOOH, starting at 0 V versus RHE for HCOOH for-
mation, which is close to the theoretical equilibrium potential of producing
HCOOH (Eq. 11.2). In addition, the FE for HCOOH formation was dependent on
the composition of the NPs and a high FE of 88% towards HCOOH formation was
reached on Pd70-Pt30 at an applied potential of −0.4 V versus RHE.

While the progress on bimetallic catalysts for the electrochemical CO2 reduction
performance has been made, the fundamental understanding of the relationship
between the bimetallic catalyst and catalytic activity of CO2 reduction is still not
very clear. The further understanding of the correlation of bimetallic catalyst with
catalytic activity of CO2 reduction is critical for reasonable designing the
high-performance bimetallic catalysts.

11.6 Nano Carbon Catalysts

Carbon is a remarkable element, which can exist in a variety of stable forms such as
diamond (or diamond-like amorphous film), [71] graphite, fullerenes (C60) and
carbon nanotubes (CNTs), [72] as shown in Fig. 11.18. Nanostructured carbon
materials (such as graphene and CNTs) have attracted a great deal of interest in the
past because of their unique structure and interesting electronic, physical and
chemical properties [73]. Recently, nanostructured carbon materials including
graphene, nano-diamond, carbon nanofibers (CNFs) and CNTs have been applied
as the electrodes in the electrocatalytic CO2 reduction due to the high catalytic
selectivity, low cost and high stability.
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Kumar et al. reported the electrocatalytic CO2 reduction on metal-free carbon
nanofibers prepared by pyrolysis of electrospun nanofibre mats of heteroatomic
polyacrylonitrile (PAN) polymer (Fig. 11.19) [74]. It was confirmed that the
presence of nitrogen atoms (defects) in CNFs due to the existence of nitrogen atoms
in the backbone of the precursor (PAN). The catalytic activity of CO2 reduction was

Fig. 11.18 Polymorphs of carbon. Reprinted with permission from Ref. [73]

Fig. 11.19 a SEM image of the CNF mat displaying entangled fibers (scale bar, 5 mm),
b high-resolution SEM image on individual fibers (scale bar, 200 nm). c Current density for CO2

reduction at different (bulk Ag, Ag nanoparticles and CNF) electrodes in pure EMIM-BF4
electrolyte. Reprinted with permission from Ref. [74]
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performed in CO2-saturated 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMIM-BF4) electrolyte due to its high CO2 solubility. The CNFs catalyst showed
a very small overpotential of 0.17 V for driving CO2 reduction to CO (the CO2/CO
equilibrium potential is −0.11 V vs. RHE) and more than an order of magnitude
higher current density in comparison with the bulk silver catalyst under similar
experimental conditions (Fig. 11.19). Furthermore, a FE of 98% for CO formation
was detected at the potential of −0.57 V versus SHE. The high CO2 reduction
performance of CNFs is attributed to its nanofibrillar morphology and rough surface
(due to the fractal-like corrugations on the surface) which offers high number of
active catalytic sites and high binding energies of key intermediates on the CNF
surface.

Nitrogen-doped carbon nanotubes (NCNTs) followed with the adsorption of
Polyethylenimine (PEI) functions as a co-catalyst were synthesized by ammonia
plasma treatment of CNTs on glassy carbon substrates for CO2 reduction [75]. The
combination of N-doping of CNTs and PEI exhibited a significant reduction for
overpotential and improved catalytic performance for the selective reduction of CO2

to HCOOHwith a high FE (87%) and current density (9.5 mA/cm2) in CO2-saturated
0.1 KHCO3 aqueous solutions. The rate determining step for CO2 reduction is the
initial electron transfer to CO2 for the CO2

�� intermediate and CO2 is adsorbed to the
basic nitrogen binding sites in NCNT for reducing to CO2

�� in the proposed
mechanism. The PEI works as a co-catalyst to improve the stabilization of CO2

��

intermediate by a H-bond interaction, NCNT�N�CðOÞO�� � � �H�N�PEI. Thus,
the PEI overlayer and N-doping could provide a synergistic effect, creating a local
environment for stabilizing CO2

�� intermediate from CO2 with significantly reduced
overpotential.

N incorporated CNT arrays with a total N content of 5 atom% were fabricated by
liquid chemical vapor deposition (CVD) method for CO2 reduction, acting as a
highly selective, efficient and stable electrocatalyst for the catalytic reduction of
CO2 to CO (Fig. 11.20) [76]. The high selectivity toward the production of CO was
achieved on NCNTs (The FE of *80% for CO formation), as shown in
Fig. 11.20b. In contrast, pristine CNTs show much high overpotential for CO2

reduction with low catalytic activity and selectivity for the electroreduction of CO2

to CO (Fig. 11.20). The improved catalytic activity for CO2 reduction on NCNTs is
attributed high electrical conductivity, pyridinic N defects (preferable catalytic
sites), low free energy for CO2 activation and high barrier for hydrogen evolution.
In addition, the reaction mechanism of electroreduction of CO2 to CO on the
pristine CNT and NCNT surfaces through the adsorbed intermediates was studied
by DFT calculations, suggesting that the suitable binding energy of the key inter-
mediates enables strong adsorption of COOH and feasible CO desorption that
contributes to the high selectivity toward CO formation (Fig. 11.21).

N-doped three-dimensional (3D) graphene foam (NG) fabricated by CVD has
been used as a electrocatalyst for the electrocatalytic CO2 reduction [77]. The
various N-defect structures and content incorporated graphene foams were syn-
thesized by a post growth doping process performed at various temperatures for
CO2 reduction (Fig. 11.22). N-doped NG processed at 800 °C (denoted as NG-800)
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exhibited that the selective reduction of CO2 to CO started to be observed at
−0.30 V versus RHE with a FE of 25%, which corresponds to an overpotential of
0.19 V for CO production. In addition, the maximum FE for CO production on
NG-800 was reached to be � 85% with high stability during the electrolysis of 5 h
at −0.58 V versus RHE, corresponding to an overpotential of 0.47 V. The corre-
lation between catalytic activity and the N-defects along with its corresponding
potential versus concentrations of different N species (Fig. 11.22c) shows that the
maximum FE for CO formation increases and the corresponding potential shifts
anodically with increasing the pyridinic-N content. These results suggested
pyridinic-N is the most active site for CO2 reduction. The high catalytic selectivity
for CO and low overpotential on the NG-800 could be linked to the high
pyridinic-N concentration which acts as the active site for CO2 reduction.

N-doped nanodiamond coated on Si rod array has been demonstrated as an
efficient and stable nonmetallic catalyst for the electrocatalytic CO2 reduction in
CO2-saturated 0.5 NaHCO3 electrolytes [78]. The onset potential for CO2 reduction
was found to be −0.36 V versus RHE. The FE for acetate (CH3COOH) formation

Fig. 11.20 Performance of NCNTs for electrochemical reduction of CO2. a CVs for NCNTs in
Ar- and CO2-saturated 0.1 M KHCO3 electrolyte, 50 mVs−1. b Dependence of FE of CO on
applied cell potential during electrocatalysis of CO2 reduction for both NCNTs and CNTs
catalysts. c Partial current density of CO versus applied cell potential for NCNTs and CNTs
catalysts. d Stability of performance of NCNTs for CO2 reduction operated at potentiostatic mode
of −0.8 V for 10 h. Both current density and FE of CO remain steady over the duration of the test.
Reprinted with permission from Ref. [76]
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(77.3–77.6%) was detected along with HCOOH (13.6–14.6%) at the applied
potentials from −0.55 to −1.3 V versus RHE. It was found that the total FE of
CH3COOH and HCOOH reached 91.8% at −1.0 V versus RHE. The improved
CO2 reduction activity was ascribed to N-doped sp

3 carbon which was highly active
for the electrocatalytic CO2 reduction.

Fig. 11.21 Calculated free energy diagram for CO2 electroreduction to CO on pristine CNTs and
NCNTs. Reprinted with permission from Ref. [76]

Fig. 11.22 Comparison of the electrocatalytic activities of nitrogen-doped graphene with doping
temperature ranging from 700 to 1000 °C. a Faradaic efficiency of CO versus potential. b Faradaic
efficiency of HCOO− versus potential. cMaximum faradaic efficiency of CO and its corresponding
potential versus N functionality content. Reprinted with permission from Ref. [77]
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11.7 Summary and Outlook

This chapter provides a review of the development and recent trends on nanos-
tructured catalysts for the electrocatalytic reduction of CO2. Nanostructured Au,
Ag, Zn, Pd, Cu, bimetallic and oxide-derived metal catalysts, and the recent dis-
coveries in the application of metal-free nanostructured carbon for the electrore-
duction of CO2 were reviewed.

According to the results discussed in this chapter, nanostructured catalysts are
capable of electrochemically reducing CO2 with high selectivity and efficiency. It is
generally accepted that nanostructured metal catalysts could offer an abundance of
edge sites which are active for certain intermediate formation (e.g. COOH�),
resulting in the enhanced catalytic CO2 reduction performance. In other words, the
nanostructured catalysts could offer low-coordinated surface sites, which may
facilitate the key intermediates formation by reducing the activation barrier of CO2

reduction. Furthermore, the large surface area (roughened surface) provided by
nanostructured catalysts is capable of adapting contamination and enhancing tol-
erance to heavy metal impurities, resulting in a better catalytic stability performance
in CO2 reduction on nanostructured catalysts in comparison with bulk catalysts.

The interaction of the two different metallic atoms in the bimetallic alloys may
significantly influence the catalytic activity for the electrocatalytic CO2 reduction.
The changed catalytic activity on these bimetallic catalysts could be attributed to:
(1) the electronic effect on the binding strength of intermediates, which is due to
that electronic structure may be tuned by surface composition of two different
metallic elements, (2) the geometric effect that is linked to the atomic arrangement
that plays a significant role in the binding strength of intermediates. Thereby, it is
critical to rationally design a bimetallic catalysts that could facilitate certain inter-
mediate formation, leading to selective CO2 reduction.

Nanostructured carbon could be a promising candidate as a metal-free electro-
catalyst due to its low cost and high stability and catalytic activity for CO2

reduction. N defects (or N doping) were generally presented in nanostructured
carbon catalysts with the significantly enhanced catalytic activity and selectivity
because N species were suggested to be the active site for CO2 reduction. However,
pristine nanostructured carbon catalysts have poor catalytic activity for CO2

reduction. Different element doping could be designed to improve the catalytic
activity on nanostructured carbon catalysts. We believe that the nanostructured
carbon catalysts are also highly important for CO2 reduction due to their high
stability, low cost, earth abundance and comparable catalytic performance with
expensive noble metal catalysts.
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Chapter 12
Strategies for the Synthesis of Anisotropic
Catalytic Nanoparticles

Hazim A. Al-Zubaidi, Chartanay D.J. Bonner, Minghong Liu
and Sherine O. Obare

Abstract The design and synthesis of well-defined nanoscale anisotropic particles
is opening new avenues toward developing a fundamental understanding of their
chemical and physical properties. Obtaining nanoparticles that are homogenous in
size and shape can be a challenging process, particularly for particles that consist of
reactive metals. Anisotropy further adds to the complexity in controlling the
kinetics and thermodynamics of the nucleation and growth processes. Access to
well-defined nanoparticles provides the ability to develop succinct pathways toward
elucidating reaction mechanisms they mediate as well as understanding their sta-
bility in various environments. Thus, significant effort in the field of nanoscale
science and technology has focused on developing procedures that are reproducible
in yielding well-defined nanoparticles. This chapter reviews various methods for the
synthesis of catalytic metal nanoparticles and the impact of their shape on the
reactivity. Methodology for the characterization of the nanostructures is also
described.

Keywords Catalysis � Seed-mediated nanoparticle synthesis � Nucleation and
growth � Nanowires

12.1 Introduction

Designing nanoparticles with well-defined size, shape, and morphology is essential
toward understanding their size- and shape-dependent physical and chemical
properties, and consequently being able to rationaly apply them to advancing
specific technological applications physiochemical. There has been growing
interest in developing strategies toward the synthesis of nanoscale materials, par-
ticularly anisotropic nanoparticles that display unique electronic, optical, magnetic
and catalytic properties relative to their isotropic and bulk counterparts [1, 2].
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Studies have focused on tuning the morphology of different nanostructures include
one-dimensional (1D) nanoparticles (nanowires [3], nanorods [4], nanotubes [5],
nanobelts [6], and nanoribbons [7]), two-dimensional (2D) nanoparticles (branched
structures [8], nanoprisms [9], nanoplates [10], nanosheets [11], nanowalls [12],
and nanodisks [13]), and three-dimensional (3D) nanoparticles (nanodendrites [14],
nanocoils [15], nanopillars [16], and nanoflowers [17]), using a number of tech-
niques. Anisotropic metal nanostructures have proven to be highly effective cata-
lysts due to the reactivity of the surface atoms at the different facets. This chapter
focuses on synthetic routes of catalytic anisotropic nanoparticles.

Advances in the design and synthesis of anisotropic nanoparticles have been
accomplished by controlling the growth of facets, steps, kinks, and edges on the
nanocrystal surfaces [18, 19]. Noble metals including silver (Ag), gold (Au),
platinum (Pt), and palladium (Pd) that have high symmetry with face centered cubic
(fcc) packing, spontaneously grow through the (111), (100), and (110) facets [20,
21]. Manipulation at the surface level allows the expansion of nanostructure
properties. For example, the unique optical properties that accompany anisotropic
nanoparticles have extensively been studied [22–26]. Plasmonic Ag, Au, and
copper (Cu) nanoparticles have shown shape-specific surface plasmon resonance
(SPR) that have resulted in the development of novel optical and Surface-Enhanced
Raman Scattering (SERS) sensors [27]. The unique plasmonic properties of ani-
sotropic 2D nanoparticles arise from their ability to absorb energy along more than
one axis, unlike the isotropic counterparts that absorb along one axis [28, 29].

Similarly, the catalytic properties of anisotropic metal nanoparticles are unique
relative to isotropic nanoparticles [30–33]. Reaction parameters can be tuned to
provide catalytic nanoparticles with desired size, shape, and surface energy. In par-
ticular, noble metals have played a significant role in catalytic applications that have
shaped industrial processes. Semagina et al. studied the catalytic efficiency of iso-
tropic and anisotropic palladium nanoparticles for the hydrogenation of olefinic
alcohols [31]. Tetrahedron-shaped Pd nanoparticles displayed twice the reactivity in
terms of rates, when compared to their isotropic counterparts, which could be
attributed to the tetrahedron-shape having edge atoms less restricted surface [20, 34].
Research is currently focused understanding the growth mechanisms so that a con-
sensus can be reached on the parameters that influence nanostructure growth [35, 36].

Several synthetic methods have been developed for noble metals, metal oxides,
and semiconductor anisotropic nanostructures. Studies have highlighted the influ-
ence of capping agents and additives that are used to dictate the growth process of
nanoparticles in a specific direction. Moreover, standard reaction kinetics including
concentration, temperature, reaction time, type of precursor, and the synthetic
process used can influence the products formed. Unfortunately, several challenges
still exist in establishing facile protocols for the formation of monodisperse ani-
sotropic nanoparticles with high yield, relative to the established procedures for
uniform isotropic nanoparticles. Many review articles have exclusively focused on
the optical response of anisotropic structures, yet neglect the influence of aniso-
tropic nanoparticles have expanded the field of catalysis. Below we highlight
synthetic strategies for the design of anisotropic catalytic nanoparticles.
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12.2 Synthesis of Catalytic Nanoparticles

Anisotropic nanoparticle growth can be controlled based on the reaction kinetics
and thermodynamics. By tuning the size, shape, and morphology of the nanopar-
ticles, the catalyst selectivity and efficiency can be controlled. For example, We and
others, have studied how Pd, one of the most effective metal catalysts for C–C
coupling reactions, dehydrogenation, hydrogen storage, and environmental reme-
diation, can be manipulated technological applications [37–41]. Studies have
shown that selective adsorption of capping agents, surfactants, ligand species, or
polymers can direct particle growth along desired facets [42]. The presence of
additives alter metal surface energy at selective facets and promote changes in
morphology. When synthesizing Au and Ag nanorods, the capping agent
cetyltrimethylammonium bromide (CTAB) is used to control particle growth and
uniformity. Sokolov et al. discovered that when synthesizing Pd nanorods, triso-
dium citrate concentration contributed more to nanostructure than CTAB capping
agent [43]. It is proposed that changing the concentration of citrate present with
CTAB can induce co-adsorption responsible for direction nanostructure growth
versus separate entities. When synthesizing Ag and Pd nanostructures, Lin et al.
used oligosaccharide b-cyclodextrin as capping agents to influence the morphology
of Ag by limiting the reaction kinetics and controlling the thermodynamics [39].
The reaction resulted in Pd NPs nanodendrites and multipods [39]. Moreover, the
reaction parameters also have influence on the nucleation and growth of anisotropic
nanostructures. Various synthetic methods have provided an understanding of the
growth mechanisms and their influence on the resulting nanostructures. The most
common synthetic routes for anisotropic nanoparticles include the formation of
seeds and the use of templates for shape control. In the case of metal nanoparticles,
seed-mediated growth can occur via wet-chemical synthesis method,
template-mediated growth, thermal decomposition, galvanic replacement and
photochemistry [44]. This section will highlight the most predominant synthesis
methods, primary advancements, challenges, and promising studies.

12.2.1 Seed Mediated Growth

Seed mediated growth is one of the most commonly used synthesis process due to
the ability to control facet direction growth. In a two-step procedure, the metal
precursor is stabilized with surfactants in the presence of reducing agent to develop
seed for growth. In the second step, nucleation and growth is achieved by
growth control [45]. To develop anisotropic shapes, researchers have focused on
varying standard parameters such as the surfactant, reducing agent, and the metal
precursor [45]. One of the first established anisotropic synthetic reactions was based
on the reduction of Ag and Au ions using citrate to form the corresponding
nanoparticles [46]. The synthetic method for Ag and Au nanorods has expanded to
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the development of other catalytic anisotropic metal nanostructures. Sun et al.
followed a one-pot synthesis method to develop palladium (Pd) nanostructures with
capping agent CTAB and using ascorbic acid as a reducing agent at room tem-
perature in the presence of trisodium citrate [43]. The particle morphology was
tuned by varying the concentration of trisodium citrate added (Fig. 12.1).

In the absence of sodium citrate, the Pd NPs that formed appeared to have a
spherical shape. Increasing the citrate concentration resulted in selective facet
growth at (100) and the formation of nanocubes and nanorods. Xie et al. determined
growth of platinum (Pt) nanoparticles could be tuned by varying the citrate ion
concentration and adjusting the reaction temperature. The use of carbon monoxide
(CO) was also found to be effective in tuning the nanoparticle shape [47]. At
elevated temperatures, isotropic spherical particles were formed, yet at lower

Fig. 12.1 TEM images of Pd NPs at a 0 mM, b 0.2 mM, c 0.4 mM, d 0.6 mM, e 0.08 mM, and
f 1.0 mM of trisodium citrate. Reproduced with permission from Ref. [43]
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temperatures slower kinetic reduction occurred leading to anisotropic nanostruc-
tures. Various reaction conditions led to the formation of Pt nanospheres, nanorods,
multibranched and hyperbranched nanostructures. The presence of a capping agent
such as citrate plays a significant role in tuning the directional growth of the
resulting particle. Controlling the overall homogeneity of the nanoparticles was
challenging and highly dependent on the concentration of the capping agent.

By following a seed mediated growth method, varying metal species can be used
for the seed to direct the growth of variant metal species. Fan et al. used a Au
octahedral core with Au @ Pd nanocubes over grown on the core [48]. H2PdCl4
was reduced by ascorbic acid (AA) with CTAB capping agent. Altering the
dimensional growth of nanostructures improved the efficiency and selectivity of
catalyst. However, depending on the metal adjustments must be made to synthesis
routes. Bakshi et al. reviewed the influence that the hydrophobic surfactant,
1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC) had on the formation of Pd
nanoparticles [49]. Hydrophobic surfactants were found to promote colloidal sta-
bility and led to the formation of 1D flower-like and nanowire structures. Increasing
the reaction temperature promoted interparticle fusion due to Ostwald ripening.

Due to its success in developing nanorod structures, CTAB is a commonly used
capping agent. Consequently, CTAB ligand strong interfacial adsorption and
attachment at selective facets limit the yield and uniformity of nanostructures [49].
Therefore, various capping agents have been utilized to influence directional growth
of different nanostructures. For example, Lu et al. used an imidazolium salt (Im
salts) as a capping agent to synthesize Pd nanocubes that were effective catalysts for
a Suzuki coupling reaction [39]. Im salts are heterocyclic structures with high
polarity and biological significance. In that study, Im salts behaved as an easily
altered capping agent with similar binding as CTAB for the formation of nanorods.
The interaction energy between the Im salts and metal surface was smaller in
comparison to ammonium salts, thus allowing the formation of cube-like structure.
By changing the salt capping agent, formation of palladium nanoparticles were
protected and led to high yield during reaction as seen in Fig. 12.2.

1,3-di(dodecyl)-imidazolium chloride led to the formation of cube-like Pd NPs
with an average length of 7 nm. The Pd nanocubes were characterized by electron
diffraction.

To further tune the morphology, ionic species have been used to promote par-
ticle shape and size. Some of the most commonly used ionic species consist of
halides and silver (Ag+) ions [36]. Iodide (I−), bromide, (Br−) and chloride (Cl−)
anions have also been used to influence the particle growth in seed mediated
synthesis of nanoparticles. Due to smaller size for surface binding, halides have
reduced steric hindrance at selective facets. At room temperature in the presence of
CTAB and ascorbic acid, Fan et al. was able to tune morphology of palladium
nanostructures with the addition of halide ions including Cl− and Br− [14].
The CTAB stabilizer binds to specific facets and the presence of the halide ions can
contribute to surface adsorption. Growth was based on competitive adsorption
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between ions on the nanoparticles surface. In the case of Pd NPs, Br− and I−

are known to strongly adsorb on Pd surface compared to Cl−. In Fan
et al. study, nanocubes and nanodendrites were formatted by varying the NaCl
concentration.

Bimetallic nanostructures have become a promising catalyst for several chemical
operations due to the synergetic effect of the metals complex. Noble metals such as
Au and Pd are considered one of the most common nanostructures used and
developed. Au has been dominant in optical studies as Pd is highly utilized in
catalysis. By combining their unique characteristics, anisotropic synthesis can
exploit properties for enhancement in efficiency. Zheng et al. used a seed mediated
method to prepare Au NRs with Pd deposited either at the tips of the rods or
coated on the surface [37]. Using CTAB as a capping agent and ascorbic acid as a
mild reducing agent, Au NRs were synthesized in high yield. Following the syn-
thesis of the Au NRs, Pd nanocrystals were selectively deposited on the rod surface.
Consequently, the Pd nanocrystals at the surface resulted in promoting electron/hole
separation in the dehydrogenation reaction of formic acid.

Huang et al. also developed core–shell Au–Pd nanostructure. The electrocatalysis
morphology was tuned by changing the Au core (rod, sphere and cube) to influence
nanostructure growth [50]. Changing the structure of the seed led to varying the active
surface area for Pd growth and electrocatalytic activity. Wang et al. synthesized PtSn
bimetallic nanowires by using capping agent dodecylamine to promote directional
growth [51]. Consequently, only a low yield of the product was obtained. By
reviewing the influence of anions and pH, the growth of bimetallic Au and Pd was
controlled in a seed mediated co-reduction procedure [45]. Bower et al. reviewed the

Fig. 12.2 TEM image of Pd
NCs with imidazolium salt
capping agent. Reproduced
with permission from Ref.
[39]
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influence of pH, precursor concentration, and presence of chloride and iodide directed
formation of nanostructures [45].

Seed mediated growth has expanded the development of anisotropic nanos-
tructures of various metal species. By directing aggregation on facets,
multi-dimensional nanostructures are formed. Seed mediated growth is limited
based on low yield, shape uniformity, cost effectiveness and toxicity of harmful
reducing agents. Seed mediated growth by standard synthesis is often restricted to
formation of nanorods. With other metal nanoparticles low yields and uniformity
are reviewed. Therefore, studies have highlighted the incorporation of templates to
improve synthesis methods.

12.2.2 Template Mediated Growth

To improve the yield and uniformity of anisotropic nanostructures researchers have
focused on using template species. By varying template species, new metal struc-
tures can be determined. Using a template to establish growth process can promote
stability and tune morphology. Templated structures are usually based on a hard or
soft-template for synthesis [47]. Some of the most common used hard templates
consist of mesoporous silica as soft templates are more diverse with the use of
surfactants, polymers, and biomacromolecules. Soft-templates are more favorable
because they are easier to remove and can be more environmentally friendly.
Development of catalytic stability has been improved by using templates for
assembly and stability of nanostructures. 2D Pd nanobars and nanorods have been
prepared by using templates [52]. Song et al. used a soft template formed by CTAB
in a two-phase water chloroform system for the chemical reduction of platinum
complexes leading to the formation of nanowires [53]. Different templates for
growth can also present easy control over nanostructure synthesis. Tan et al. studied
the synthesis of monometallic Pt hollow nanoboxed with Ag–Pt core shell nano-
cube for template [54]. In this study, Bis(p-sulfonatonphenyl)phenyl phosphine
(BSPP) behaved as an oxidant. BSPP was able to preserve the template geometry
and control shell composition at room temperature. A self-assembly method with
template has led to the development of In2O3 nanocubes [55]. By using a magnetic
template such as Fe2O3 and noble metal can led to advancement in tuning magnetic
and catalytic response. Kim et al. developed a hybrid nanostructure with Pd or Au
on Fe3O4 [56]. Nucleation and growth was controlled by using mixture of capping
agent of oleylamine and oleic acid. This led to the formation of unique structures
such as dumbbell like structures with Pd at the surface.

Polyol synthesis is based on a self-assembly process that is easy and efficient for
nanoparticle production that can promote the formation of 1D, 2D, and 3D
nanostructures. Metal containing compounds are developed in the presence of
polymer and ethylene glycol. Ethylene glycol can behave as both as solvent and
reducing agent presenting less harsh metals. Polymers are predominately used as
capping agent which leads to the formation of nanostructures at elevated
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temperatures with varying size and shapes. Single crystalline platinum nanowires
have exclusively been developed by using polyol process method [57]. Herrick
et al. synthesized anisotropic platinum nanoparticles following a polyol synthesis
method [58]. Platinum precursor was reduced by ethylene glycol at 160 °C. The
addition of various amounts of sodium nitrate and Pt precursor allowed the tuning
of nanoparticles. Xiao et al. tuned the morphology of Pd nanorods by adjusting the
ratio of surfactants CTAB and PVP [59]. The Br− counter ion (to the CTAB)
behaved as the etchant at the metal surface. The PVP stabilizer led to increasing in
the Pd nanorod. In a similar manner, Yao et al. was able to synthesize rhodium
(Rh) nanocubes using a polyol method and tetradecyltrimethylammonium bromide
(TTAB) as a stabilizer as depicted in Fig. 12.3 [60].

Yao and colleagues reduced RhCl3∙3H2O with PVP and TTAB in the presence
of ethylene glycol [60]. Tuning morphology was developed in a four-step process
at 130 °C over a 1 h timeframe as shown in Fig. 12.3. Controlling rate of the
reaction allowed nuclei formation and the evolution of cubical growth. Wang et al.
varied the Pd precursor to develop seed structure using the polyol method [61].
Cuboctahedral seeds were produced by reducing Na2PdCl4 and Pd(acac)2. Different
growth patterns were observed based on the type of precursor used. Furthermore, by
adjusting reaction parameters, the growth process could be controlled, resulting in
changes in surface energy, and consequently particle shape.

Biological synthesis provides an environmentally friendly approach for devel-
oping anisotropic nanoparticles. The most promising aspects of biological synthesis
is due to rapid production, controlled toxicity, cost effectiveness, and environ-
mental friendly approach. It substitutes the use of aggressive capping agents, sol-
vents, reducing agents, and surfactants for less toxic components that are not
harmful when present in the environment and also present a cost effective synthesis
route. A standard biological synthesis follows a seed source with template to
expand nucleation growth from set facets. Common sources of use are bacteria,
fungi, yeast, and plant extracts. Kochkar et al. developed silver and Pd

Fig. 12.3 Nucleation and growth process of Rh NCs. Reproduced with permission from Ref. [60]
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nanoparticles on TiO2 by using b-cyclodextrin to promote hydrogentation [42]. For
more environmental friendly synthesis and high efficiency Pd nanoparticles,
Kennan et al. incorporated biomolecule 5-hydroxytryptophan (HTP) as a stabilizer
and reducing agent [40]. This allowed the reaction to be achieved at room tem-
perature with the elimination of harsh reaction conditions. By changing concen-
tration ratio between palladium precursor and HTP biomolecule, changes in
morphology were accomplished leading to the formation of palladium nanoden-
drites used for electrocatalytic oxidation of formic acid. Fu et al. used amino acid
arginine to synthesize palladium tetrapods for catalytic reduction [62]. The reaction
was able to take place inwater solvent with PVP surfactant. The concentration of
amino acid controlled the morphology of nanostructures. Chen et al. utilized
microorganism’s template to develop Au/Pd/Ag nanowires. CTAB, palladium, and
gold was adsorbed by pichia pastoris cells template [63]. Growth was dependent on
the mass of yeast and concentration of CTAB capping agent.

Hard templates have led to the development of promising anisotropic structures.
Mono- and bicomponents metallic nanowires were synthesized by our research
group [64]. Monometallic Au and bimetallic Au–Ni nanowires were prepared using
anodic aluminum oxide membranes (AAO). The membranes’ surface was coated
with 80 nm of Au to form a conductive layer. The deposition of Au to form the
nanowires took place for 1 h. The membrane-loaded Au nanowires were immersed
in a 6 M NaOH for 20 min to dissolve the membrane.

The prepared sample was sonicated and the nanowires were centrifuged, washed
with ethanol, and dried under vacuum. Au nanowires were characterized using
scanning electron microscope (SEM) as shown in Fig. 12.4. In order to prepare Au–
Ni bimetallic nanowires, a sequential electrodeposition method was used. Ni
nanowires were formed in AAO membranes via a reduction procedure. A constant
current of 3 mA was applied for 30 min. Au nanowires were deposited on Ni
nanowires by applying a current of 26 mA for 30 min. Figure 12.5 shows a SEM
image of Ni–Au nanowires.

Our group has synthesized several metallic nanowires for catalytic and biolog-
ical applications. Examples include, the synthesis of Ag–Au metallic alloy

Fig. 12.4 SEM image for Au
nanowires, synthesized using
AAO membranes

12 Strategies for the Synthesis of Anisotropic … 383



nanowires that were produced using electrolyte solution of 20% Ag and 80% Au
solution. An applied constant current of 2 mA was used for 1 h. Three solutions
consisting of 0.2 M NiCl2, 0.5 M H3BO3 and 0.02 M CuSO4, were used to syn-
thesize Ni–Cu alloy nanowires. An applied voltage of −1.5 V was used for 30 min.
Au plating solution was used with 0.04 M CuSO4 to obtain Au–Cu alloy with
2 mA current and reaction time of 1 h. In addition, Ti–Ni alloy were also produced
using 0.2 NiCl2, 0.05 M TiCl3 and HCl. The reduction process took 1 h using a
current of −1.5 V. Figure 12.6 shows SEM images of the nanowires produced [64].

12.2.3 Thermal Decomposition

Thermal decomposition has led to the synthesis of metallic and semiconductor
nanostructures with varying morphologies. Elevated temperatures allow directional
growth of the nanoparticles [65, 66]. Thermal decomposition is usually selected as
the method of choice as the elevated reaction temperatures allow the reduction of
metals that are hard to reduce. Zhou et al. used thermal decomposition to produce
PbS semiconductors in the presence of thioacetamide (TAA) and CTAB stabilizers
[17]. Particle growth was controlled by changing the initial reaction temperature
over time. Copper NCs were prepared in a similar manner and were found to have
an important role as cathodes in electrocatalytic reactions [33]. Wu et al. was able to
prepare the Cu NCs by using copper (II) nitride as a precursor and dissolving it in a
mixed solvent containing 1-octadecylamine and 1-octadecene at a temperature of
150–250 °C. Primary amines have served as effective capping agents that also
allow shape control of the particles. Xie et al. synthesized CdSe nanocrystals by
seed mediated method on zinc chalcogenide [67]. The morphology was altered by

Fig. 12.5 SEM image for
Ni–Au nanowires
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changing the temperature and the injection rate of the precursor during the growth
process.

Hydrothermal and solvothermal synthetic routes have been promising in the
production of metal oxides and carbon nanostructures. Teng et al. synthesized 3D
platinum multipods by solvothermal decomposition [68]. Silver acetylacetonate
was used to promote the formation of branched platinum. Hexadecylamine,
diphenyl ether, and adamantanecarboxylic acid was used to promote stabilization
and reduction of precursor. The application of heat over time promoted alteration in
nanostructures. Zhou et al. used a hydrothermal method to synthesize Cu NCs and
bimetallic Cu and Pd core–shell nanostructures [69].

As seen in Fig. 12.7a, Cu NCs were monodispersed with high yield. The
bimetallic complex of Cu/Pd were formed by the reduction of H2PdCl4 with Cu NCs
as seeds. Mankin et al. developed platinum nanocubes and nanopods following a
solvothermal method that promoted change in morphology by adjusting reaction
time [70]. Low boiling solvents hexane and acetone were used to control the first
growth phase. Platinum was reduced by morpholine borane in the presence of N-
methyl-2pyrrolidone. Oleylamine was able to serve as solvent and surfactant.
LaGrow et al. developed nickel nanocubes following a hydrothermal procedure [71].

Fig. 12.6 SEM images for two components alloy nanowires of a Ag–Au, b Ni–Cu, c Au–Cu and
d Ti–Ni
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Hexadecylamine and trioctylphosphine favor cubic morphology. Variation in metal
precursor to trioctlyphosphine ratio led to alteration in size and shape.

Vapor phase is based on a pyrolysis method that is predominately used in the
synthesis of semiconductors and metal oxides. A vapor precursor established from
liquid or gas is forced through a hole or opening of a high pressure apparatus to
burn. The resulting product is used as particles. The process is simple, cost effective
with continuous operation that promotes high yield synthesis of nanoparticles. Park
et al. synthesized hematite rhombohedra with NP9 surfactant and NaCl at molar
ratios [72]. By elevated reaction temperatures 240–820 °C led to the various
morphological nanostructures of iron. A carbothermal reaction allows the formation
of nanoparticles at elevated temperatures. Platinum atoms conventionally form facet
spheres and there are limited studies that grow within a 1D and 2D nanostructures.
Using vapor phase method allows the formation of platinum nanostructures by
controlling reaction temperature. Ma et al. used a carbothermal sapphire surface to
develop platinum nanoplatelets and nanobelts [57]. The reaction took place within
high temperature furnace at 1250–1500 °C to tune morphology. Cu NRDs upon a
carbon substrate was synthesized by Prunier et al. at elevated temperatures to
control morphology [73]. Chemical vapor deposition was used to form the con-
trollable synthesis of In2O3 at 1000 °C under N2 to control morphology [74].

12.2.4 Electrochemical and Galvanic Replacement

Electrochemical synthesis or galvanic replacement is one of the first developed
methods for the formation of nanoparticles. The method provides an easy synthesis
procedure that is cost effective. Some past studies have used varying metal starters
to form semiconductors, metal oxides, and noble metal nanoparticles. A number of
methods including lithography, chemical vapor deposition, physical vapor

Fig. 12.7 a TEM of Cu NCs and b SEM of Cu/Pd core–shell structures. Reproduced with
permission from Ref. [69]
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deposition, sol-gel deposition, chemical polymerization, and vapor liquid solid
growth are becoming increasingly attractive for the synthesis of new materials and
nanostructures. Traditionally, electrochemistry has been used to grow thin films on
conductive substrates. Electrochemical deposition could be a convenient way of
generating on dimensional nanostructures by simultaneously controlling the
dimensions, properties and morphology. The use of mild reaction conditions (low
temperature and low cost) makes electrochemical deposition a competitive
technique.

Most electrochemical deposition methods for nanowire synthesis are based on
the use of templates. A notable method was pioneered by Charles R. Martin for the
fabrication of metallic and semiconductor nanowires and nanotubes [75–77]. In this
case the templates used were nanoporous membranes having cylindrical shaped
pores of controllable pore diameter and with a narrow size distribution. The metal
atoms were electrochemically reduced and deposited inside the nanopores and then
formed 1D nanostructures.

The particle morphology was tuned by adjusting the reaction temperature and
the concentration of the Pd precursor [78]. Wang et al. prepared Ag/Pd alloy
nanodendrites using an electrochemical synthesis method. Fang et al. synthesized
palladium nanospikes and nanourchins determined by controlled potential and time
[30]. Chen et al. synthesized bimetallic nanostructures with copper metal and noble
metal nanoparticles for nanorods [44]. Metal precursor was dissolved in selective
amine with the removal of O2 and heated up to160 °C. Venkatasubramanian et al.
discovered that using KBr as an additive caused the formation of plate-like Cu
nanostructures [79]. Nam et al. used a template-free method to synthesize tin
(Sn) nanofibers [80]. Electrochemical deposition of the Sn salt was achieved by its
strong adsorption to Triton X-100. Pigozzi et al. analyzed thermal effects on
bimetallic Ni3Si/silica core shell semiconductor [81]. Changing the precursor and
heat treatment can lead to change in size and change in morphology.

Our research group has utilized electrochemical methods for the synthesis of
monodisperse Pd and Ru nanowires [64]. Bimetallic Pd–Ru nanowires were also
obtained by an electrochemical deposition method. Briefly, one surface of an AAO
membrane was sputter coated with a thin film of gold, and was attached to an ITO
coated glass slide to serve as the working electrode. Platinum gauze was used as
both reference electrode and counter electrode. Ru plating solution was 0.04 M Ru
salt aqueous solution. Pd plating solution was 0.03 M for PdCl3 aqueous solution.
Pd–Ru alloy plating solution consisted of an aqueous solution of 0.003 M Pd salt
and 0.01 M Ru salt. For all three kinds of nanowires, 3 mA constant current was
applied for the reduction of metal salts, which deposited on the bottom of the
membrane channel. After deposition, the alumina was dissolved in 6 M NaOH
solution, releasing the nanowires from the membranes. In the water suspension, the
nanowires could be collected by centrifugation, washed with milli-Q water
(Millipore) five times, and twice in 70% ethanol before drying in the vacuum.
Electrochemical deposition was used to fabricate Pd, Ru and Pd–Ru nanowires as
shown in Fig. 12.8. The nanowires produced by this method were monodisperse
and were either vertically orderly aligned on a substrate or were free standing in
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solution. Control of the nanowire length was accomplished by monitoring the
pore-filling process (time vs. current). Diameters are dependent on the selective
membrane pore size. The advantage of using electrodeposition to obtain nanowires
is that the nanowires are always continuous and have good crystalline structures.

By altering the synthetic method, various anisotropic catalytic nanoparticles can
be developed. Kinetic and thermodynamic conditions directly influence the yield,
monodispersity, and stability of nanostructures. By changing reactions conditions,
selectivity and efficiency of catalytic response can be tuned. Developing nanos-
tructures is primarily influenced by reduction methods and stability influenced by
surfactant and capping agents.

12.3 Anisotropic Metal Nanoparticles Catalytic
Applications

12.3.1 Catalytic Applications

Nanoscale metal-based catalysts have been used for different industrial applications
since last century [82]. Homogeneous catalysis of nanoscale metals were reported
for different processes, for example, the decomposition of hydrogen peroxide and
cross coupling reactions [83]. For the heterogeneous catalysis, both size and shape
are crucial for the catalytic reactivity and selectivity. Surface to volume ratio for the
solid metal catalyst control the catalyst active sites, then the catalytic activity.
Controlling the surface shapes, lead to high catalytic selectivity and reactivity for
many reactions including hydrogenations reactions [84, 85], oxidation reaction [86,
87], cross coupling reactions [88, 89], electron transfer [90].

As mentioned earlier, anisotropic metal nanocrystals exhibit special catalytic
behavior due to the sharp edges and corners on their surface. For instance, Xiong
et al., reported that branched Pt nanoparticles (with 3, 4, 6 and 8 branches) showed
high reactivity for the oxidation of formic acid comparing with spherical Pt as
depicted in Fig. 12.9. Octapod nanostructures showed higher catalytic activity

Fig. 12.8 SEM images of a Pd nanowires, b Ru nanowires, c Pd–Ru alloy nanowires
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because of the high branching which leads to higher surface area, and more Pt
atoms on the catalyst surface [91].

In this section we will discuss the catalytic activity of anisotropic mono- and
bimetallic nanoparticles. Anisotropic nanostructures have significantly enhanced
the catalytic reactivity and response, thus looking at some of the leading discoveries
and applications will give insight to further development.

Platinum: Platinum nanoparticles based catalyst is widely used for many
chemical reactions. Different shapes of Pt nanoparticles were synthesized, and have
shown various catalytic activities [92]. Fukuoka et al. found that Pt nanowires
showed more catalytic reactivity relative to Pt nanospheres (both supported on
FSM-16) for the butane hydrogenolysis reaction [93]. El-Sayed and coworkers,
investigated the change in Pt nanoparticles catalytic activity based on their aniso-
tropic shape. The catalytic activity could be tuned by changing the ratio of Pt atoms
numbers on the edges and the corners on the facets of different shapes. They found
that tetrahedral and cubic shapes of Pt nanoparticles became spherical in shape
during the catalytic reaction because it is favorable thermodynamically [94].
Platinum tetrahedral shaped nanoparticles showed less stability relative to cubic
structures during the electron transfer reactions between hexacyanoferrate (III) and
thiosulfate ions [95]. Moreover, El-Sayed et al. synthesized Pt nanostars in high
yield. The multiarms nanostar Pt showed high catalytic activity in the reduction
of ferricyanide by thiosulfate [96]. Wang et al. compared the electrocatalytic
activity of Pt tetrahexahedral and Pt nanospheres. The anisotropic structure of
Pt (tetrahexahedral structure) showed higher electrocatalytic activity (double)
than Pt nanospheres for the oxidation of formic acid and ethanol [97]. In another

Fig. 12.9 Cyclic
voltammograms of Pt tripods,
tetrapods, hexapods, and
octopods, respectively.
Reproduced with permission
from Ref. [91]
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study, the catalytic activity of Pt multipods, discs and hexagons, were examined for
the formic acid and ethanol oxidation. Hexagonal structures showed higher elec-
trocatalytic activity for the oxidation of formic acid [98]. Furthermore, formic acid
and ethanol were used as a model compounds to examine the catalytic activity of Pt
Y-junction, nanowires and commercial Pt/C. Higher catalytic activity was obtained
with Pt Y-junction structure than the other structures [99]. Sun et al., showed that
cubic structure of Pt showed twice catalytic reactivity comparing with the spherical
Pt nanoparticles for the oxygen reduction [100].

Palladium: Palladium is one of the most valuable catalysts for many organic
reactions [101]. Palladium with nanorods shape was synthesized and utilized for the
hydrogenation of styrene. The designed anisotropic catalyst showed an excellent
hydrogenation conversion for styrene, with moderate reaction conditions as 40 °C
as temperature and pressure of 0.2 MPa (Scheme 12.1) [102].

The catalytic activity of chain-like Pd nanocubes were examined and compared
to Pd nanospheres. Chain-like Pd nanocubes showed catalytic reactivity 11.5 times
higher than the isotropic Pd nanoparticles for the oxidation of formic acid and
methanol [103]. Palladium nanowires was obtained by self-assembly approach.
High catalytic reactivity was demonstrated the oxidation of formic acid as well
[104]. Ramaprabhu et al., reported the synthesis of Pd nanoparticles with triangular
shape and support it on nitrogen doped graphene. In a moderate reaction conditions
(25 °C and 2 MPa), the anisotropic catalyst showed high activity for the oxygen
reduction [105]. Gas phase hydrogenation of butadiene, carried out using aniso-
tropic Pd nanoparticles. Palladium nanocubes and nanoprisms exhibited high cat-
alytic reactivity for the butadiene hydrogenation [93]. Palladium nanorods and
branched palladium nanocrystals were designed by Huang et al., by the
seed-mediated method. Both Pd nanostructures showed high catalytic reactivity and
selectivity for Suzuki coupling reaction between phenylboronic acid and
iodobenzene [106]. The catalytic reactivity of highly branched Pd nanoparticles was
assisted for the hydrogenation of nitrobenzene to aniline with an excellent con-
version percentage [107]. Suzuki cross coupling reactions were carried out with
high efficiency, using hollow Pd nanospheres and furthermore, the anisotropic Pd
nanoparticles synthesized using uniform silica spheres as a template were highly
effective catalyts [108].

Gold: Gold is well known as unreactive noble metal, however, this metal
becomes very reactive with unique optical and electrical properties with the
nanoscale size. Au nanoparticles showed high catalytic reactivity for different

+ H2
30 psi

40 oC

Scheme 12.1 Hydrogenation of styrene to form ethylbenzene catalyzed by Pd nanorods
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organic reactions such as the oxidation of alcohol [109], hydrocarbon [110],
hydrogenation of aldehydes [111, 112], alkyne [113], and 4-nitrophenol reduction
[114]. Many studies have shown that anisotropic Au nanoparticles have more
catalytic reactivity than the spherical shape. Mandal et al., reported the designing of
polygonal Au nanoparticles. Polygonal Au nanoparticles was showed high catalytic
efficiency for the reduction of nitrophenols isomers [115]. Another study showed
that anisotropic Au nanoparticles exhibited high catalytic reactivity for both organic
and inorganic reactions. The organic transformations included the hydrogenation of
p-nitrophenol to p-aminophenol, while the inorganic reaction illustrated the trans-
formation of ferricyanide to ferrocyanide by thiosulphate [116]. Misra et al., syn-
thesized shape controlled Au nanoparticles with two morphologies as rice and
dendrimer shapes. The catalyst showed high potential for azo bond cleavage in
Sudan-1 compound [117]. Catalytic CO oxidation was carried out successfully at
room temperature with Au nanocubes based catalyst [118]. Dendrites gold
nanoparticles showed high catalytic performance for the p-nitraniline reduction
[119]. Gold nanotubes were used for the catalytic conversion of 4-nitrophenol to
4-aminophenol with an excellent conversion percentage (Scheme 12.2) [120].

Cobalt: Cobalt nanostructure with controlled morphology, has been used for
important application such as: data storage [121], magnetic separation [122], and
catalysis [123]. Cobalt nanorods exhibited higher catalytic reactivity and selectivity
for the hydrogenolysis of glycerol to 1,3-propanediol. Anisotropic cobalt
nanoparticles also showed higher catalytic reactivity than spherical cobalt [124].
Cobalt with hollow sphere shape was used as a catalyst for the coupling of alkenes
with aryl iodide or aryl bromide via Heck reaction. The catalytic reaction yield was
moderate to good and the catalyst was recyclable [125]. Cobalt nanowires
demonstrated good potential for both citral hydrogenation and hydrogenolysis of
glycerol [126]. Glycerol hydrogenolysis was obtained as well with good yield with
hollow Co nanostructures [127] and Co nanowires [128].

12.3.2 Bimetallic Anisotropic Nanoparticles

It has been reported that bimetallic nanostructures exhibit high catalytic reactivity,
selectivity, and life time [129]. In this section we review the catalytic reactivity and
selectivity for different anisotropic bimetallic systems. Core–shell Pd–Pt nanocubes
were synthesized by Han and coworkers. The catalytic activity for the hollow Pd–Pt

OHO2N OHH2N
Na2BH4

Au Nanotubes

4-nitrophenol 4-aminophenol

Scheme 12.2 Reduction of the 4-nitrophenol to 4-aminophenol catalyzed by Au nanotubes
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nanocubes was higher than the isotropic core–shell and the spherical Pd/C for the
oxygen reduction reaction [130]. Two anisotropic Pd–Pt were prepared as nano-
cubes and nanotetrahedrons shapes. The catalytic reactivity and durability for these
two shapes were examined and compared with commercial Pd/C. The nanocubes
structure demonstrate high reactivity, while the nanotetrahedrons shape showed
high durability [131]. The catalytic elecroreduction of oxygen was carried out using
Pt–Pd/Cu core–shell bimetallic system. The shell contains monolayer of Pt and the
core is porous/hollow Pd/Cu alloy. Pt–Pd/Cu showed higher catalytic reactivity
than Pt-bulk Pd by 3.5 times [132]. Xia et al., designed Pt–Pd nanodendritic
bimetallic catalysts. The catalytic reactivity was 2.5 times higher than Pt/C for the
oxygen reduction reaction [133]. Nanowire structure of Pd–Pt core shell, showed
high electrocatalytic efficiency for oxygen reduction compared to commercial
isotropic Pt based catalyst [134]. Anisotropic Pd–Ni nanowires, was prepared and
used for the catalytic hydrogenation of p-nitrophenol. The catalytic performance of
the anisotropic Pd–Ni nanowires was higher than both monometallic Pd nanowires
and Pd–Ni nanoparticles [135]. Cavity-conformed Pd–Ni nanocatalysts were used
for the hydrogenation dialkyl ketones, with high catalytic efficiency due to the
synergistic effect between the two metals [136]. Tripods Pd–Cu bimetallic
nanoparticles, reported as an active catalyst for the oxidation of formic acid [137].
Bimetallic Pd–Au with anisotropic shapes, illustrate high catalytic reactivity for CO
oxidation [138], hydrogen peroxide oxidation [139], and 1,2-propanediol oxidation
[140].

Recently, Pt–Au anisotropic bimetallic based catalyst has attracted the attention
for different catalytic transformations. High catalytic reactivity and selectivity was
observed for oxygen reduction [141], CO and methanol oxidation [142], ethanol
oxidation [143], and formic acid oxidation [144]. Anisotropic Pt–Ru bimetallic
system demonstrate an excellent electrocatalytic oxidation for CO [145–147].
Moreover, Pt–Ru with nanofiber [148, 149] and core–shell shapes [150] have
shown high catalytic reactivity for methanol oxidation. Many reports have shown
that anisotropic Au–Ni nanoparticles have shown higher catalytic reactivity,
selectivity and stability comparing with the analogous Ni and Au monometallic
nanoparticles [151–153].

12.4 Conclusion

In the last decade, anisotropic nanoparticles have attracted the attention in both
academia and industry. Modifying the nanoparticles from the isotropic to aniso-
tropic structure, enhance the optical, electrical, magnetic and catalytic properties.
Different shapes and dimensions of anisotropic nanoparticles were reported as: one
dimension (nanowires, nanorods, nanotubes, nanobelts and nanoribbons), two
dimensions (branched structure, nanoprisms, nanoplates, nanosheets, nanowalls,
nanodisks) and three dimensions (nanodendrites, nanocoils, nanopillars and
nanoflowers). Several anisotropic structures of metals, oxides and semiconductors

392 H.A. Al-Zubaidi et al.



were designed using different synthetic strategies. Anisotropic noble metals like Au,
Ag, Pt and Pd were synthesized and their applications were studied extensively.

The catalytic efficiency can be tuned by controlling the shape and size of the
catalyst. Nanoscale based catalysts showed enhanced catalytic performance relative
to their bulk counterparts. The enhanced catalytic activity can be attributed to the
high surface area and the large fraction of the small particle atoms on the surface
[82]. Furthermore, nanoscale materials have unique physical, chemical, optical and
electrical properties. These unique properties are related to the electrons confine-
ment in the nanostructure crystals [85, 154]. Metal nanoparticles are widely used
for many catalytic applications because they are electrons rich elements [86, 155].
As previously mentioned, catalytic reactivity of metal nanoparticles can be affected
by different parameters such as tuning size, morphology, composition and structure.
The catalytic reactivity can be directly influenced by size, while, selectivity can be
promoted by altering the shape of the metal nanocrystals [87, 88, 156, 157].
Furthermore, anisotropic nanoparticles have illustrated high catalytic reactivity for a
wide range of chemical processes and transformations including: oxidation,
reduction and hydrogenation reactions. The outstanding optical and catalytic
reactivity is due to the presence of sharp edges in the anisotropic nanoparticles,
which interact with the electromagnetic radiation. Moreover, anisotropic bimetallic
nanoparticles have exhibited an excellent catalytic and optical activities comparing
with the monometallic nanoparticles.
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Chapter 13
Biomedical Applications of Anisotropic
Gold Nanoparticles

John W. Stone, Alaaldin M. Alkilany, Majd A. Hamaly
and Stephanie Canonico-May

Abstract Synthesized colloidal suspensions of gold nanoparticles (GNP) have
been around since the early 1950s. Since that time there has been an extremely large
body of work dedicated to investigating both the chemical and physical properties
of these fascinating materials. This work has by no means been limited to nano-
spheres, but over the last *20 years included a wide variety of morphologies
including nanorods, nanocubes, nanoshells, and nanocages to name a few. There
has been much effort spent on functionalizing these nanomaterials for the purpose
of novel nanotechnology-driven approaches to medicinal and biological challenges.
Gold nanoparticles continue to be of interest due to their interesting optical prop-
erties, sizes, photothermal properties and long-term stability. More recently, there
has been a more concerted effort to better understand the growth mechanism of the
gold nanoparticles and to discover more efficient and/or greener alternatives for the
synthesis of these materials. We cannot begin to provide a truly comprehensive
explanation of all of the published work within the gold nanoparticle field in this
chapter and so have chosen to outline a few key areas of study.
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13.1 Introduction

For hundreds of years noble metal nanoparticles have been used in art due to their
vibrant colors. Objects from as far back as the Roman Empire have been found to
contain gold and silver nanoparticles [1, 2]. These findings prompted researchers to
investigate the source of the optical properties displayed by the nanoparticles. It is
now well known that these metals behave very differently when on the nanoscale
versus bulk metal. The size of the particles directly affect the optical properties, and
it is those particles having one or more dimension � 100 nm that exhibit these
properties [3]. In 1908 Gustav Mie theorized solutions to Maxwell’s equations
which explain this phenomenon quantitatively [4]. On a basic level, Mie concluded
that the colors were produced by light absorption and scattering done by the
nanoparticle [3]. Another explanation is simply qualitative based on the known
electron mean free path in metals which is (� 10–100 nm) [5]. Any metallic
nanoparticles in the size range of 5–200 nm can compare to this pathlength
therefore radiation of the particles using certain frequencies of light cause electrons
to oscillate adjacent to the surface of the metal. The electron oscillations have been
labeled surface ‘Plasmons’ [6] or more specifically localized surface plasmon res-
onances (LSPR). A standard ultraviolet-visible spectrometer (UV-vis) can be used
to detect plasmon bands by measuring the output when a sample is irradiated with
white light.

In the last two decades, researchers have concentrated on how to synthesize
different particle shapes and sizes as well as how the particle surfaces can be
modified for maximum functionalization. Gold and silver nanoparticles are among
the most highly used of the noble metal nanoparticles. Researchers discovered that
by changing morphologies and sizes of the nanoparticles their optical properties can
be tuned in both the visible and near-infrared spectrum (Fig. 13.1) [5]. While
nanospheres have historically been the most common shape more recent research
has determined the many attributes of anisotropic nanoparticles such as rods, cubes,
stars, prisms, shells, and cages.

There are multiple methods for the synthesis of GNPs. For gold nanospheres the
most commonly used is the Turkevich method (1951) which results in citrate
capped 10–20 nm spheres [7]. The Brust method (1990s) is also a well-known
synthesis method and used to grow *5–6 nm gold nanospheres in a surfactant
solution [8]. Gold nanorods are typically prepared following a seed-mediated
approach, a photochemical method, or one of two electrochemical methods [5, 9–
11]. For more information on these methods please refer to the synthesis section of
this report.

In more recent years research has been redirected toward finding ways to
functionalize GNPs for biomedical uses. Gold has historically been utilized because
of its use in the treatment of rheumatoid arthritis exhibiting the low cytotoxicity of
the bulk gold. We have seen that the properties of nanoparticles can differ greatly
from bulk material. For this reason, researchers have worked to determine the
cytotoxicity of the numerous differently sized and shaped nanoparticles. This work
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also expanded to include varying types of surface-capping agents, such as
cetyltrimethylammonium bromide (CTAB) and sodium citrate [12]. This work
determined that gold nanoparticles inherently have very low cytotoxicity rather it is
surface functionality that drives their properties and toxicity. As such many uses for
these GNPs have been discovered.

Gold nanorods (GNRs) are widely studied in biological applications due to their
unique properties regarding LSPR. These anisotropic GNPs exhibit two plasmon
bands. The oscillations of electrons along the short axis of the rod resulting from
irradiation with light in resonance with these oscillations is referred to as the
transverse band and the other being along the long axis is the longitudinal band [5].
Each peak corresponds to a wavelength and any changes in rod aspect ratio or
morphology will be reflected in the peak position, peak shape and peak intensity.

Fig. 13.1 Gold nanoparticles
commonly applied in
biomedical applications.
a Gold nanorods, b silica–
gold core–shell nanoparticles,
and c gold nanocages. The
intense color of these
nanoparticles arises from the
collective excitation of their
conduction electrons, or
surface plasmon resonance
modes, which results in
photon absorption at
wavelengths which varies
with a aspect ratio, b shell
thickness, and/or c galvanic
displacement by gold.
d Optical dark-field scattering
micrograph of gold nanorods
(electron micrograph in the
inset) showing resonant
scattering from their
transverse (short-axis)
plasmon mode (green) and
their lower energy,
longitudinal (long-axis)
plasmon mode (red) [5]
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Furthermore, since the process of surface modification is relatively facile, GNR
coatings may be tailored to fit specific applications. Figure 13.2 shows the surface
of the GNR being coated with polyacrylic acid (PAA) and polyallylamine
hydrochloride (PAH) before subsequent bioconjugation to an antibody.

During this process the rod solution is continually characterized by using UV-vis
to monitor changes in the observed LSPR. Clever surface functionalization allows
the GNRs to be conjugated to various materials making them applicable to a variety
of areas including sensing, imaging, drug delivery, and photothermal therapy.
Biological sensing is accomplished by monitoring changes in plasmon bands as a
result of minor changes to the local environment [13]. In imaging GNRs may be
used as contrast agents based on their light scattering properties. Coated GNRs may
be conjugated to linkers and thus to different types of drugs. As such GNRs have
become increasingly interesting vehicles in the field of drug delivery. Another
significant area of interest within biomedical community is the use of these mate-
rials as photothermal therapeutic agents. GNRs are conjugated to a “homing agent”
on the rod surface. This agent finds the associated cells and when the rods are
irradiated with a laser the photothermal heating results in irreparable cell damage.
[14] For more information on this refer to the functionalization and plasmonic
photothermal therapy sections of this report.

Fig. 13.2 Schematic outlining the bioconjugation of gold nanorods to antibodies via amide bond
formation between free primary amines on the nanorod surface and carboxylic acids present on the
antibodies [6]
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13.2 Synthesis of Gold Nanorods

13.2.1 Synopsis

The first aqueous batches of colloidal gold nanoparticles were prepared in 1857 by
Michael Faraday and still remain on display and optically active to this day in the
Faraday Museum. Since that time, countless works have been published on a wide
variety of gold nanoparticles having various sizes and shapes. Later work (some of
which are described in this chapter) included the utilization of these optically
fascinating materials for advances in the medicinal and biological communities.
Gold remains a popular metal of study not only due its optical properties but also
due to its low cytotoxicity and long-term stability. While the scope of this chapter
primarily focuses on surface functionalization and biological applications of ani-
sotropic gold nanoparticles, we have chosen to include a section on gold
nanoparticle synthesis. Specifically, gold nanorods have been synthesized since the
early 2000s with high monodispersity and reproducibility [5, 15–18]. The
seed-mediated approach is commonly used to prepare these materials but suffers
from an inherent problem with respect to yield. In fact only *15% of the initial
gold added is converted into nanorods. This problem prevailed for years, however,
several recent investigations have reported alternative approaches to gold nanorod
syntheses resulting in much higher gold conversion percentages [19–22]. Given this
recent surge in gold nanorod synthetic improvements, we thought it deserved a brief
discussion. Herein will be an overview of four such recent reports of improved gold
conversion. For more detailed explanations, readers should refer to the provided
references for each report.

13.2.2 Historical Synthetic Approaches

The most simple and commonly employed protocol for preparing gold nanospheres
having a size range of 10–20 nm is the Turkevich method (1951) whereby sodium
citrate is added to an aqueous boiling solution of chloroauric acid [7]. In this case, the
citrate acts as both the reducing and capping agent resulting in particles with a net
negative surface charge. These solutions are ruby red in color and extremely stable.
Another well-known synthesis for preparing spherical gold nanoparticles is the Brust
method (1990s). In this approach, chloroauric acid is mixed with tetraoctylammo-
nium bromide, toluene and sodium borohydride [8]. Here, the sodium borohyride
acts as both a reducing agent and anti-coagulant. These particles are smaller at
*5–6 nm and are stable in organic solvents that are not miscible with water.

There are several approaches to gold nanorod synthesis including: (1) the
seed-mediated approach whereby gold seed particles initialize the reduction of gold
ions in the presence of ascorbic acid, silver nitrate and the growth-directing agent
cetyltrimethylammonium bromide (CTAB). Ascorbic acid is a weak reducing agent
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and results in the reduction of Au+3 to Au+1. The seed (*1.5 nm gold spheres)
serves to alter the reduction potential of the ascorbic acid allowing for the slow
reduction of Au+1 to Au0. CTAB directs growth by binding preferentially to the
side faces of the gold as growth proceeds. The silver nitrate controls nanorod aspect
ratio is the result of Ag deposition on the rod side and end faces. The mechanisms
driving the role of silver are many and are beyond the scope of this chapter, (2) the
electrochemical method in which nanorods are grown in an electrolytic solution
under a 3 mA current, (3) the photochemical method where nanorods are grown
under UV irradiation in the presence of gold salt, CTAB and tetradodecylammo-
nium bromide, and (4) the electrochemical method where gold nanorods are syn-
thesized by the electrochemical deposition of gold metal inside the pores of a
membrane [5, 10, 11]. For the purpose of this report we will focus only on the
seed-mediated protocol.

13.2.3 New Approaches to Nanorod Syntheses
Via a Seed-Mediated Approach

While the seed-mediated synthesis results in highly monodisperse nanorod for-
mation is it highly inefficient with respect to the conversion of gold from HAuCl4 to
Au0. In fact only roughly 15% of the gold is utilized in the formation of gold
nanorods. In recent years researchers have begun to offer synthetic alternatives to
more efficiently convert the gold salt into gold nanorods. These approaches will be
discussed briefly in the following 4 subsections.

13.2.3.1 Secondary Growth

In 2013, Kozek et al. report a 100% conversion of gold salt into gold nanorods
based on optical density measurements [21]. Initially, gold nanorods were prepared
following a very similar protocol as reported by Murphy et al. to a solution of these
rods, ascorbic acid was added in a controlled manner resulting in continual con-
version of gold ions into nanorods [5]. This process was continued until an increase
in optical density was no longer observed (Fig. 13.3). They also report that the
addition of benzyldimethylhexadecylammonium chloride (BDAC) to the “initial”
rods followed by ascorbic acid addition resulted in rods having a larger aspect ratio
compared to those prepared in the absence of BDAC. Furthermore, they demon-
strate that the concentration and rate of ascorbic acid addition affects both the aspect
ratio and monodispersity.
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Fig. 13.3 Timed aliquots
during secondary growth of
the initial nanorods with a
longitudinal band *820 nm
at an injection rate (IR) of
11X, which drives an increase
in the AA:Au molar ratio:
a optical absorbance spectra
and b–g TEM images after
adding different amounts of
AA. Spectra and images for
samples of b initial rods and
c 31, d 62, e 94, f 125, and
g 156 min after starting the
secondary growth phase. g is
the final rod solution
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13.2.3.2 Pre-reduction with Salicylic Acid

Scarabelli et al. reported (2013) the use of 5-bromosalicylic acid (5-BrSA) as both a
cofactor and reducing agent [22]. They looked at the ability of the acid to reduce
Au+3 to Au+1 in a “prereduction” step followed by the addition of ascorbic acid to
complete the intermediate reduction to Au+1. Based on early literature reports, they
monitored complete conversion of gold into nanorods by obtaining an absorption
value of 1.2 at 400 nm [23]. Figure 13.4 shows the change in absorption with time,
change in UV-vis spectra, and change in TEM images of gold nanorods as a
function of various prereduction times. It is clear that a decrease in prereduction
time accompanied by an increase in longitudinal band absorption as well as a
decrease in aspect ratio. It should be noted that at the maximum time “f” (Fig. 13.5)
the absorption at 400 nm has reached the desired value of 1.2 indicating complete
conversion of gold ions.

The authors also demonstrated the ability to add gold onto presyntheisized gold
nanorods by adding them to an “overgrowth” solution containing Au+1 that has
been prereduced with 5BrSA followed by the addition of ascorbic acid. In this way

Fig. 13.4 The extent of prereduction by 5-BrSA affects both the aspect ratio and the amount of
reduced gold. a Kinetic study of the prereduction step (inset full UV-vis spectra). b UV-vis NIR
spectra of the various nanorod colloids obtained by changing the prereduction time. Abs396 nm:
0.88 (a); 0.71 (b); 0.64 (c); 0.53 (d); 0.33 (e); 0.22 (f) (Uv-vis spectra were multiplied by the
corresponding dilution factor). c Representative TEM images of nanorods obtained with different
prereduction times (the labels correspond to those on the spectra in b). Scale bars: 20 nm
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core-shell nanorods are formed. This process was repeated in a multicyclic fashion
on preformed gold nanorods both in the presence and absence of Ag. Figure 13.5 is
an overview of results obtained from the “overgrowth” process. It is clear that there
is a marked blue shift as a well an increase in absorption with each cycle. It is also
of particular interest, that when the overgrowth steps are performed in the absence
of Ag the morphology becomes largely spherical by the 4th cycle.

Fig. 13.5 Silver-free system, b silver Upper panel Visible-assisted system. The black spectra
correspond—NIR spectra after each overgrowth step. a to the common starting point for the
overgrowth reactions (UV-vis spectra were multiplied by the corresponding dilution factor).
c Evolution of the aspect ratio for each overgrowth cycle in both silver-free (blue) and silver
assisted (red) systems. Lower panel TEM images showing the shape evolution from the initial
sample (centralcycles for silver-free (blue line) and the silver-left image) after two and
four-assisted (red line) conditions. Scale bars: 200 nm
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13.2.3.3 Overgrowth of Gold Nanorods Via a Binary
Surfactant Mixture

In 2014 Khlebtsov et al. published a report where presynthesized gold nanorods
were added to a growth solution containing both CTAB and sodium oleate (NaOL)
resulting in controlled overgrowth on the rod surface. This work was an extension
of research performed by Murray and co-workers in 2013 [20, 24]. While
improving gold conversion was not the focus of this work, the investigators do
report a virtually 100% conversion of gold salt into nanorods again based on
absorption data. In this approach gold nanorods were prepared by the reduction of
HAuCl4 in the presence of both CTAB and NaOL as well as ascorbic acid. These
nanorods were then added to a secondary growth solution also containing the same
concentrations of CTAB and NaOL and left undisturbed for 48 h resulting in
overgrowth of Au0 on the rod surface. This overgrowth was along the longitudinal
axis and aspect ratios and thus longitudinal Plasmon bands were tuned over a wide
range of wavelengths. Experiments were carried out in which the gold molar ratio
(growth solution/nanorods) was varied between 1 and 20. It was found that as this
gold molar ratio was increased there was a continued blue shift in the UV-vis
spectra along with an increase in intensity of the transverse band (Fig. 13.6). In
order to highlight the importance of NaOL, overgrowth experiments were carried
out in the absence of the anionic surfactant. TEM images clearly show the for-
mation of “dog-bones” rather than the “cigar” like shape desired. It was concluded
that this occurs due to the faster kinetic growth rate when only CTAB is used as
compared to the binary surfactant mixture. The authors point our that NaOL’s
ability to drive slower kinetics results from its ability to improve stability on the
nanorod crystal faces as well as act as a reductant for Au+3. In this case the quantity

Fig. 13.6 Experimental (a) and simulated (b) extinction spectra of the nanorods obtained for
overgrowth at gold molar rations of 0–20. For calculations, the geometrical parameters of the
nanorods were taken from statistical analysis
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of ascorbic acid used was reduced by 8 times. Overall the ability to tune the
longitudinal Plasmon band using the binary surfactant mixture compared to CTAB
alone was found to be *75 nm verses *20 nm respectively.

13.2.3.4 Improved Conversion of HAuCl4 into Gold Nanorods Via
Re-seeding Approach

In 2016 a report was published by Canonico-May et al. whereby gold salt con-
version into gold nanorods was increased from *15 to *75% via a reseeding
approach. Gold nanorods were grown following a typical seed-mediated protocol
and purified via centrifugation [19]. Instead of discarding the supernantant, it was
saved followed by the addition of more seed (*1.5 nm gold spheres) and ascorbic
acid. This resulted in new nanorod growth and this process was repeated through 5
iterations resulting in monodisperse gold nanorods each time. Figure 13.7 is a
UV-vis overlay showing the spectra of the original as well as the 5 re-seeded
nanorod samples (left) and corresponding TEM images (right). The data shows that
while as compared to the original sample, the remaining re-seeded solutions show a
steady red-shift in the longitudinal Plasmon resonance. It should also be noted that
an increase in aspect ratio was also observed in parallel with each reseeded solution.
It is unclear as to why this particular pattern with respect to the absorption spectra
and aspect ratio is observed other than to speculate that it may be function of
varying kinetics associated with the rod growth. In order to further investigate the
diversity of this synthetic approach, the authors added additional AgNO3 to
supernatants generated from the purification of the original rods in an effort to
investigate the ability to tune the longitudinal Plasmon band independently within
the re-seeded samples. The investigators found that with increasing concentrations
of silver nitrate a red-shift was observed followed by a series of blueshifts
(Fig. 13.8). This was an important discovery in that it demonstrated the ability to
tune rod properties individually.

Fig. 13.7 Uv-vis spectral overlay of initial nanorod solutions (aspect ratio *3) and the 5
re-seeded supernatant gold nanorod solutions (left) and TEM images of the initial and 5 re-seeded
solutions (a–f) (right)
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13.3 Functionalization of Gold Nanoparticles

13.3.1 Synopsis

In spite of the distinctive physical and chemical properties associated with
nanoparticles, namely gold nanoparticles, surface fabrication is a rich area of
research for the development of highly stable, selective and sensitive probes for
biological applications [25]. Features include; optical properties, the availability of
synthetic approaches for the generation of different sizes, shapes and morphologies
and the relative biocompatibility.

GNPs exhibits unique particle-light interaction owing to the surface plasmon
resonance (SPR) effect. Depending on the size, morphology and aspect ratio of
GNPs and the type of laser light used for irradiation a number of possible inter-
actions can be demonstrated including enhanced light (Rayleigh) scattering,
fluorescence, Surface Enhanced Raman Scattering (SERS) and the plasmonic
photothermal effect [26, 27].

Moreover, a substantial number of reproducible synthetic approaches toward the
generation of GNPs with different attributes are highly addressed in literature,
examples include: the synthesis of nanospheres [7], nanorods [28], nanocages [29],
nanoshells [30] and others. Biocompatibility with the ligands in addition to the high
surface area to volume allows for multi-functionalization of GNPs and accordingly
GNPs can be fabricated to serve multiple roles at a time [30].

Bearing in mind the unique physico-chemical properties, structural diversity and
surface attributes, GNPs appear as an appealing potential platform for fabrication
for maximal utilization of these properties [31].

Fig. 13.8 Uv-vis spectral overlays for the varying additions of 0.01 M silver nitrate Scale bar:
100 nm
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Herein, we aim to discuss the most widely used capping ligands, functional-
ization of GNPs using biomolecules (bioconjugation) addressing common conju-
gation techniques and applications described in literature.

13.3.2 Functionalization Using Capping Ligand

Today, GNPs are continuing to demonstrate their valuable contribution as key
components for imaging and therapeutic applications [26]. To enable their uti-
lization for such applications two main issues shall be appropriately tackled: the
colloidal stability of the preparation and the successful fabrication with the nec-
essary targeting moieties.

Colloidal stability of nanosized preparations is a major challenge, especially that
their distinguished properties are directly correlated to their sizes and morphologies.
Accordingly, aggregation resulting in structural deformations or size variations
might be detrimental to the anticipated activity [32]. On the other hand and in terms
of targeting, for a successful delivery of nanomaterials into the desired sites,
homing moieties shall be introduced by surface functionalized of nanomaterials [3].

Herein, capping ligands come into the play; surface modification of GNPs were
extensively addressed to promote higher colloidal stability and prevent aggregation.
Upon attachment; capping agents demonstrate a steric, electrostatic stabilization
effects or a combination of both. As for targeting, several capping ligands are
addressed to facilitate crosslinking to biomolecules [33, 34].

Attachment of the capping ligands themselves is facilitated by several forces
including: covalent, electrostatic, hydrophobic and van der walls interactions. Thiol
containing molecules exhibit distinctive affinity to GNPs, alkyl and aryl thiol can
form a highly stable self-assembled monolayer (SAM) on gold surfaces medicated
by the sulfhydryl group [35]. Among the first approaches toward the formation of
thiol SAM is the Brust method that utilizes the tightly packed SAM for facile phase
transfer into toluene [8]. Produced GNPs are described as highly stable upon drying
and thus can be stored in the powdered form. Moreover, thiol SAMs arising from
different alkyl thiols can actually provide versatile platforms for further fabrication
for biomedical applications [36].

Another common capping agent is poly ethylene glycol (PEG), thiol terminated
PEG molecules display superior affinity to GNPs as a result of the gold thiol bond.
PEG is extensively used in GNPs grafting for multiple reasons: (1) the superior
stability of PEG grafted GNP over as prepared GNP, such stability was enhanced
by increasing the concentration of PEG [37], not only this but PEG grafted GNP
have demonstrated better colloidal stability over modification using thiol com-
pounds including glutathione, mercaptopropionic acid and cystamine [34]. Such
stabilizing effect is mainly attributed to the steric properties of the molecule with a
still hydrated surface, rendering the composite less sticky, which will be particularly
useful in high salt concentration media including biological systems [33]. (2) The
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remarkably longer blood circulation time and thereby plasma half-life for
PEG-coated GNP compared to as prepared or plain GNP [38]. (3) Bi-functional
PEG molecules can serve as a cross linker facilitating further grafting to biomo-
lecules or other chemicals while maintaining the stability of the system under
different conditions of grafting reactions [33].

Apart from the thiol-gold bond based stabilization, GNPs can be electrostatically
stabilized. The simplest form of electrostatically stabilized GNP are citrate stabi-
lized gold nanospheres (GNS). Citrate stabilized GNS are prepared according to the
popular Turkevich method that involves the reduction of HAuCl4 in aqueous media
using sodium citrate. Citrate ions play a dual role in this chemistry where they act as
a reducing and stabilizing agents for the formed nanospheres [7]. In spite of the
relatively easy synthetic approach, citrate stabilized GNS are very susceptible to
irreversible aggregation upon mechanical stressing or salt introduction [33, 39].
Accordingly, citrate stabilized GNS cannot be described as ideal candidates for
functionalization with biomolecules, ligand exchange using PEG for example might
be necessary to allow for further grafting [40].

Another interesting electrostatic stabilization technique is the polyelectrolyte
coating applying the layer by layer deposition. Where layers of oppositely charge
materials are adsorbed one over another resulting in surface charge flip and a hybrid
form of nanocomposites with various functional groups that can be suitable for
further functionalization such as carboxylic acid and amine groups [41]. For
instance, carboxylic acid functionality was gained by the adsorption of the nega-
tively charged polyacrylic acid over the positively charged surfactant CTAB used in
the seed mediated synthesis of god nanorods, this group served as an anchor for the
crosslinking of antibodies to the surface of GNPs [42, 43]. Furthermore, layer by
layer coating can successfully transfer gold nanorods to a number of polar organic
solvent and hydrophobic films while preserving their stability [44].

13.3.3 Functionalization Using Biomolecules

For a successful delivery and enhanced accumulation of nanoparticles in their
designated sites, recognition moieties can be attached to the surface of GNPs.
Examples include Oligonucleotides, antibodies and peptides [39].

13.3.3.1 Oligonucleotides

Viruses based delivery approach is a conventional approach for nucleic acid
delivery. However, such approach can be unpredictably toxic with unexpected
immune response. On the other hand, GNPs can be functionalized by thiol termi-
nated oligonucleotides. In fact, nucleic acids are relatively easily thiolated for
covalent conjugation to GNP [45, 46].
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Such approach enable the formation of dense layer of oligonucleotides with
distinctive affinity to complementary DNA sequence with association constants that
is more than two orders of magnitude higher compared to the unconjugated
oligonucleotides. Such distinctive behavior can be attributed to the dense packing
of oligonucleotides on the surface of GNPs [39, 47]. Such dense packing is allowed
by the small size and high surface area. It is worth mentioning that the nature of this
layer can be fine-tuned in terms of hydrophobicity and surface charge to optimize
the cellular uptake [46].

Heavily functionalized oligonucleotides-GNPs in combination with magnetic
nanoparticles were used as an ultrasensitive method for the detection of the
prostate-specific antigen; a tumor marker for the diagnosis prostate and breast
cancer at concentration at the attomolar levels [48]. Another application is based on
the relation that exist between the optical properties, namely the colors, the UV-Vis
spectra and the inter-particular distance; a colorimetric approach was investigated
for the sensitive detection of cancerous cells relying on aptamer functionalized
GNPs. functionalized GNP were able to assemble at the surface of positive cancer
cells and demonstrate spectral behavior compared to control cells. Absorbance was
positively correlated with cellular concentration confirming the effect of assembled
GNPs [49].

Furthermore, sharp melting transitions for the DNA-GNPs aggregates combined
with the observed colorimetric changes can be used to detect the mercury ion Hg2+.
This assay mainly relies on thymidine-mercury-thymidine coordinate chemistry.
Functionalized GNPs-Hg2+ aggregates were observed to melt at a higher temper-
ature compared to the ones in the absence of Hg2+, this is mainly attributed to the
stabilizing effect of the coordination [50]. In a similar direction, the stronger
interaction between Hg2+ enables the sequestering of mercury from the crosslinked
thymidine functionalized GNP. Accordingly the decrease in melting point and the
color change from purple confirmed the sequestering of mercury by cysteine
coordination [51].

Moreover, the colloidal stability of GNP can be used as probes to detect nucleic
acid in solution. Mixing DNA functionalized GNP with complementary DNA
targets can result in the formation of GNP-DNA network and subsequent color and
spectral changes [52].

Not only this, but oligonucleotide conjugated GNPs were also exploited for their
interesting ability to assemble into different crystalline structures by modifying the
DNA sequence [53].

13.3.3.2 Antibodies

Antibodies are characterized by their distinguished selectivity and binding affinity
to matching antigens making them excellent candidates for tissue targeting and
delivery for nano-scaffolds for both imaging and therapeutic purpose [27, 54, 55].
For instance, GNP were functionalized with specific tumor markers including
epidermal growth factor receptor EGFR, Her2 and tumor necrosis factor [55–60].
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GNP-antibody conjugates can be prepared by multiple approaches including
passive adsorption at the isoelectric point of the protein relying on the non-covalent
binding properties or a combination of electrostatic and hydrophobic interactions
conjugation to anti-EGFR is an example, conjugation was evidenced by spectral
changes and stability in phosphate buffer saline PBS [61–63]. However, such
approach can have several drawbacks including the need for higher concentration of
the antibody, the higher possibility of random orientation due to the variability in
the electrostatic nature of different regions of the antibody and finally the possibility
of the antibody of the protein getting replaced with higher affinity particles upon
introduction to biological samples [64].

Alternatively, covalent conjugation via a directional linker can be employed to
achieve consistent orientation of the active Fab portion of the antibody toward the
outer surface of GNP. The covalent attachment was achieved via the attachment of
a heterofunctional linker a thiol terminated amide-bonded adipic hydrazide and an
alkane and to the non-targeting or Fc portion of the antibody and allowing the rest
of the conjugation chemistry to occur here leaving the Fab region unhindered for
maximal activity [64].

Other crosslinkers can be also employed for covalent conjugation, however,
such conjugation and unlike the aforementioned techniques is rather nonselective in
terms of orientation. Examples include ortho-pyridyldisulfide-polyethylene glycol
N-succinimidyl propionate (OPSS-PEG-NHS); a carboxylic acid terminated thiol
functionalized crosslinker. Carboxylic acid groups provide a suitable point for
crosslinking applying ethyl dimethylaminopropyl carbodiimide (EDC) and
N-hydroxysaccinmide coupling that result in the formation of amide bond [65, 66].

Alternatively, surface fabrication of GNP themselves can serve as an excellent
platform for antibody functionalization [67] for instance, several thiol terminated
ligands can be employed to functionalize GNP with amine groups providing suit-
able candidates for EDC-NHS coupling [35]. Furthermore, layer by layer coating
can also promote GNP to successful EDC chemistry by either carboxylic acid or
amine functionalization. For example, PAA coating was addressed for the facile
formation of carboxylated GNP for anchorage of antibodies [42, 68]. Antibody
functionalization is extensively employed for imaging applications where GNP can
serve as suitable contrast agents and with the proper functionalization the are tar-
geted on the molecular lever toward the tissue in question, for instance, the selective
uptake of anti-HER2 functionalized GNP was revealed using confocal microscopy
[62, 69]. Other imaging techniques such as dark field microscopy and Raman
scattering were used hand in hand for successful visualization and probing of
molecular targets. Antibody functionalized GNPs demonstrated considerable
attenuation of X-rays and were considered as successful selective probes as com-
puter topography contrast agents, compared to conventional agents such as iodine
where such targeting wasn’t possible [68, 70]. Such particles can be used as Raman
tags for in vivo tumor imaging using surface enhancer Raman scattering [65, 71].
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Moreover, vectorized Anti-EGFR conjugated GNPs demonstrated selective
differentiation between cancerous cell that over express a matching tumor marker
and benign ones and accordingly were used as optical agents for the photothermal
therapy [72, 73]. Similarly, gold functionalized gold nanocages [74, 75] and gold
nanoshells [76, 77] functionalized with an antiHER2 monoclonal antibody were
addressed as well.

13.3.3.3 Peptides

Inspired by the colloidal stability of proteins in biological fluids, that is essentially
attributed to the unique folding that orients the hydrophobic groups inside and the
hydrophilic groups outside, peptide functionalized GNP were proposed [78].
Combinatorial synthetic approach was proposed for the determination of the opti-
mal amino acids sequence that would passively adsorb to the surface of the particles
and form a densely packed layer with hydrophilic terminus. The colloidal stability
of the conjugates was affected by the amino acid sequence, chain length and the
peptide density at the surface [79]. On a different direction, tyrosine containing
bi-functional peptides was found to be able to strongly reduce chloroauric acid
resulting in the formation of water soluble, mono-dispersed, with a relatively nar-
row size distribution and peptide functionalized GNPs [80].

Peptide functionalized GNP were exploited for their nuclear targeting properties.
Nuclear targeting is an extremely challenging process, probes shall be able to enter
the cell, escape the lysosomal pathway and they should be small enough to cross the
nuclear membrane. This was achieved employing various viral peptide that are
capable of fulfilling each of the aforementioned tasks and attaching them into a
single platform. It was demonstrated that GNPs functionalization with peptides that
are capable of activating receptor mediated endocytosis and possess a nuclear
localization sequence achieved considerable nuclear accumulation [81].
Furthermore, GNPs functionalized with therapeutic peptide performed both a
therapeutic and targeting roles, where the targeting role was mainly demonstrated
by promoting receptor mediated endocytosis. Loading on GNPs was adopted to
enhance the efficacy of the therapeutic peptide neuropilin-1 toward breast cancer
cells that overexpress matching receptors [64].

Finally, amino acids are known to interact with various metal ions though
non-covalent interactions employing their aromatic, hydroxyl and charged moieties.
The complex formed between peptide functionalized GNPs is utilized through its
colorimetric features for the detection of metal ions including Co2+, Hg2+, Pb2+,
Pd4+, and Pt2+ where each metal ion displayed a distinct Plasmon peak upon
interaction with peptide conjugated GNPs [82].
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13.4 Plasmonic Photothermal Therapy

13.4.1 Synopsis

Hyperthermia is a therapeutic approach that relies on rising the temperature of
tumor loaded tissues up to 41–43 °C to induce cellular damage and subsequent cell
death [83]. Hyperthermia is frequently used in combination with other treatment
modalities; for instance, a synergistic effect is demonstrated when hyperthermia is
combined with radiation.

Furthermore, the activity of chemotherapeutic drugs is enhanced when combined
with hyperthermia which can be attributed to the increased membrane permeability,
altered cell metabolism and altered transport mechanisms. Examples of drugs
combined with thermal enhancement are doxorubicin, cisplatin and bleomycin [84].

Hyperthermia induces apoptotic or necrotic cellular death mainly by acting on
proteins as cellular targets. Intra-cellular protein denaturation will destabilize the
cellular membrane, cytoskeleton, enzymes, alter the signal transduction and inter-
fere with the DNA repair mechanism [85].

Hyperthermia can be achieved via several modalities including; whole body
hyperthermia, regional, superficial and intra-cavity hyperthermia. Whole body
hyperthermia is accomplished by raising the whole body temperature using heated
fluids, blankets or air, moreover, such mode of hyperthermia can also be introduced
via invasive approaches by circulating heated blood. Regional hyperthermia is
when the temperature of deeper tissues is elevated, usually using an ultrasound
equipment that can generate waves at a wavelength of 1–5 MHz. For deeper and
larger tumors, longer wavelengths are usually applied namely at ranges of 10–
120 MHz. Ultrasound based techniques demonstrated penetrating abilities down to
4–6 cm while microwaves are used to manage superficial cases at a depth around
2 cm [86].

Intra-cavity hyperthermia is capable of achieving more localized heating with
reduced damage to normal tissues with the aid of an implant or usually described as
antenna. This approach are especially applicable for solid tumors such as prostate
and head and neck cancers and it enables the controlled application of heat in terms
of degree of heating, sometimes cooling and the duration of applications [83].

Nevertheless, such modes of hyperthermia have several drawbacks; whole body
hyperthermia may cause elevation of serum transaminases and bilirubin and can be
associated with neurological manifestations. Other approaches, although more
selective than whole body hyperthermia will still confer collateral damage to sur-
rounding tissues due to their limited selectivity [87].

For a more selective targeting of the tumor environment the photothermal
therapy was introduced. Using proper agents known as photosensitizes with the
ability to dissipate the energy gained rapidly through vibrational mode resulting in
local heating. Dyes such as cyanines, azodyes and porphyrins coordinated with
transition metal ions are suitable agents for such applications [88]. One major
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drawback is their low absorption cross section as natural chromophors and the
photo-bleaching of dye molecules upon lase irradiation [89].

In the past years, nanotechnology experienced a markedly rapid development
and a wide variety of nanostructures with distinguished properties was produced
and utilized for biomedical applications [3, 90, 91], herein, we wish to highlight the
significance of GNPs as excellent candidates for photothermal treatment.

13.4.2 Optical Properties

13.4.2.1 Surface Plasmon Resonance SPR

Compared to nonmetallic nanomaterials, gold nanoparticles exhibit distinctive
optical interaction with light as evidenced by their intense colors. Gold and silver
free electrons are mainly responsible of their behavior, with a mean free path of
50 nm only electron present at the surface of nanoparticles with sizes smaller than
the mean free path are capable of traveling and hence the term “surface”. When
gold nanomaterial are exposed to wavelengths larger than their dimensions, surface
electrons will align and oscillate in a coherent manner in response to that, fur-
thermore, this oscillation will exist in a resonance condition [92].

Upon interacting with metallic nanoparticles, electromagnetic waves experience
two types of energy loss; absorption and scattering, collectively known as extinc-
tion. Absorption occurs when the energy is emitted through inelastic process, light
photons are converted to heat. On the other hand, scattering occurs when electron
oscillation results in photons are emitted at the same frequency and can be known
as Rayleigh scattering or at a different frequency as Raman scattering [93].

What is really special about gold nanomaterials is their surface enhancement of
plasmon properties with an optical cross section that is 5 order of magnitude larger
than conventional dyes providing substantial improvement in sensitivity. Moreover,
GNPs and unlike dyes are immune to photo-bleaching and can provide the desired
optical behavior under high excitation and for longer periods of time [93].

13.4.2.2 Tunability of Optical Properties

Each different form of GNPs interact distinctively with light as characterized by
their absorption band shape and maxima [94]. Figure 13.9 illustrates a number of
GNPs morphologies and the corresponding plasmon peaks, for instance, for
spherical GNP sized 30 nm a strong absorption peak is observed at around 520 nm
and as the size increase a red shift is observed and can reach about 570 with slight
peak broadening (D1), obviously, color change from red to pink will be observed as
well [95].
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The tunability of optical properties is not only size dependent, optical properties
are also strongly affected by particles morphologies as well. Gold nanorod exhibit
two absorption peaks transverse and longitudinal corresponding to the excitation of
the surface electrons on the short and the long axes respectively. The short axis
band resembles that of the nanospheres and displays a relatively weaker absorption
than the longitudinal band. The size-sensitive longitudinal band is correlated to the
aspect ratio (length/width) of the nanorods where a shift toward a longer wave-
length is observed with the increase in aspect ratio as in (A1) [93, 94, 96].
Furthermore, and for gold nanoshells, the optical properties of the preparation is
strongly correlated to both the relative size of the silica core and the thickness of the
shell. For example Fig. 13.9 (C1) resembles the absorption band for particles with
silica core of 60 nm and varying shell thickness ranging from 20–5 nm, it was
observed that the decrease in the shell thickness was accompanied by a red shift
toward the near infrared (NIR) region [30].

Fig. 13.9 Tunability of the optical and electrical properties of gold nanoparticles with changes in
particles morphologies as evident by the TEM images, annotated as (1) and size as evident by the
corresponding UV-VIS spectra for each annotated as (2). Such tunability is evident by spectral
shifts of the surface plasmon resonance peak, spectral shift are due to changes in size, aspect ratio
or shell thickness. 1: UV-Vis spectra and 2: TEM images for A nanorods B nanocubes
C nanoshells D nanospheres E nanostars F rhombic dodecahedra G hollow gold nanospheres and
H nanocages. Copyright: A1 [26], A2 [104], B1, B2, F1 and F2 [105], C1 [27], C2 [30], D1 and
D2 [95], E1 and E2 [106], G1 and G2 [107], H1 and H2 [97]
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For another form of nanoparticles, Gold nanocages, optical properties can be
tuned as well throughout the visible and into the near-infrared region. Gold
nanocages are synthesized employing a galvanic replacement reaction that would
sacrifice silver nanocubes with the lower reduction potential to reduce the
chloroauric acid and allow it to get disposed gradually and ultimately resulting in
cage formation.

Gold nanocages optical properties can be tuned by varying the amount of
HAuCl4 solution presented to the reaction media, figure (H1) demonstrate the
shifting in the SPR band with an increasing volume of a 0.1 mM HAuCl4 solution
from 0 to 5.5 ml [29, 97].

The tenability of optical properties of GNP is of a paramount importance for
biomedical application. For effective photothermal effect, laser light penetration and
availability for cancerous tissue, where GNP are localized through various targeting
approaches. Light at the NIR region was found to exhibit minimal absorption by
tissues and is also known as “the transparent window” or the “therapeutic window”,
light at such wavelength exhibit minimal interaction with tissue chromophors
including Hemoglobin and deoxyhemoglobin. Microwatt NIR laser light classified
as FDA class 1 is reported to achieve 4–10 cm penetration depth depending on the
tissue in question. High power laser, FDA class 3, can penetrated as deep as 7 cm
into muscle and neonatal skull and brain tissues.

The above discussed nanostructures; the nanorods, nanoshells and nanocages are
considered as promising candidate for biomedical applications owing to the tun-
ability of their optical properties into this desirable region [31, 54, 98].

13.4.3 Targeting

Cancer cells are rabidly proliferating cells with high nutritional demands, oxygen
supplies and waste excretion rates. Tumors at a size of 2 mm2 and more become
diffusion compromised and accordingly solid tumors respond by generating more
blood vessels to increase the blood supply in a process known as angiogenesis. In
contrast to normal blood vessels the vasculature around the tumor is described to be
leaky and disordered with substantial gaps ranging from 100 nm to 2 µm
depending on the tumor type.

Such phenomena is described as Enhanced Retention and Permeability
(ERP) and is particularly important for the preferential accumulation of nanoma-
terials that are larger than the renal clearance threshold of 6 nm and smaller than
2 µm [27, 54, 58].

Nonetheless, several parameters shall be taken into consideration for tumor
delivery; most importantly the hydrodynamic radius and the nature of the coat. For
instance, smaller GNP with a thicker layer of PEG coat were found to achieved
higher accumulation compared to larger particles with a thinner coat [59, 99]. One
interesting work demonstrated the remarkable behavior of GNP with sizes between
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20 and 100 nm with various grades of PEG in terms of the bold circulating half-life,
tumor accumulation and vascular permeation [100].

Surface charge has an important contribution as well, positively charged particle
achieved higher internalization for most of the cells in the tumors and subsequent
payload dissociation. On the other hand, negatively charged particles demonstrated
better diffusion to deeper tissues but with lower cellular uptake.

When the homing of GNPs into the tumor relies on the advantageous enhanced
permeation and retention effect it will be described as passive targeting, never-
theless, the passive targeting is essentially hindered by its intrinsic lack of selec-
tivity [46].

On the other hand, active targeting is achieved by attaching recognition moieties
(antibodies, proteins, polypeptides, aptamars, etc.) to the surface of nanoparticles to
enhance the target-ability and result in localized tissue accumulation. A number of
ligand-functionalized nanoparticles are currently in different stages of clinical
evaluation for various medical applications [27, 101, 102].

Examples include the successful targeting of the human epidermal receptors
HER; a group of receptors that play a major role in cellular proliferation and
thereby highly unregulated receptors in cancerous cells for both imaging and
photothermal treatment [72, 73]. In spite of the increasing need of tumorous tissue
to various nutrients such as iron and folic acid, transferrin and folate conjugated
GNP were also exploited for active targeting [56, 57].

13.4.4 Examples

13.4.4.1 Gold Nanocages in the Photothermal Ablation
of Breast Cancer

The enhanced light absorption for GNPs due to the LSPR effect is reflected upon
their ability to emit that energy as heat. If proper laser light was used, such heating
can result in coagulation and protein denaturation, thus cancer cell death with
minimal invasiveness. In brief, gold nanocages, are hollow cage-shaped nanopar-
ticles with thin and porous wall synthesized by galvanic replacement reaction
through sacrificing silver nanocubes and chloroauric acid. Dimensions of gold
nanocages can be tuned to absorb light at 810 nm, at the NIR range, achieving
maximal breast tissue penetration. To investigate the photothermal effect of gold
nanocages, breast cancer cell line SK-BR-3 overexpressing the HER2 receptor.
Gold nanocages were functionalized using anti-HER2 antibodies for selective
receptor targeting. Cells were irradiated with the proper laser light at the NIR. Cell
viability was determined by incubating with calcein AM and Ethidium homodimer
1 (EthD-1) and then examined by fluorescence microscopy. Green fluorescence will
be observed in viable cells as colourless calcein AM will be enzymatically con-
verted to green fluorescence calcein, on the other hand in case of compromised cell
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membrane red fluorescence will result, which is in this case thermal damage. Using
conjugated gold nanocages with NIR laser light irradiation resulted in a significant
cell damage as indicated by (Fig. 13.10) [74].

13.4.4.2 Gold Nanorods in the Photothermal Ablation
of Squamous Cell Carcinoma

Gold nanorods were prepared applying the seed-mediated growth technique. Seeds
were prepared by fast reduction of HAuCl4 using ice cold NaBH4. The growth
solution was consisted of CTAB, HAuCl4, AgNO3 and ascorbic acid were gently
mixed to form the transparent growth solution. Seeds were subsequently added to
the growth solution and allowed to react for 2 h. Synthesized rods were of 12 nm in
width and 50 nm in length and an aspect ratio of around 4, longitudinal plasmon

Fig. 13.10 Breast cancer cell line a the green zone represent the viable cells after adding the
functionalized gold nanocages and irradiation with NIR laser light whereas b indicates Ethidium
homodimer-1 (EthD-1) assay (dead cells) c and d represent control samples where cells were
irradiated under the same conditions but without treatment with gold nanocages, as evident, cells
maintain viability, adapted from [57]
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absorption band was observed at 800 nm. Excess CTAB was removed by double
centrifugation and the cleaned-up rods were coated with thiolated poly (ethylene)
glycol namely via covalent conjugation through the gold thiol bond. Two admin-
istration approaches were adopted, direct injection to the tumor and intravenous
administration through the tail vain. For direct injection, irradiation with NIR light
was done immediately done after injection to minimize the diffusion of pegylated
gold nanorods beyond the tumor boundaries. For tail injection, tumor irradiation
was 24 h post administration to allow for intra-tumor accumulation. Control mice
were directly injected with phosphate buffer saline directly into the tumor with no
NIR exposure. Changes in tumor size were recorded for 13 days, for direct injection
more than 96% in tumor size was reported compared to more than 74% decrease in
case of intravenous injection and all differences were statistically significant. The
significant decrease in the tumor volume was mainly attributed to the localized
hyperthermia effect [103] (Fig. 13.11).

13.5 Conclusion

Over the last roughly 20 years research focus with respect to gold nanoparticles has
exploded. We now have a much better understanding of their optical properties,
control over their synthesis, and the ability to prepare particles having a wide
variety of morphologies, coatings and application-specific properties. Furthermore,

Fig. 13.11 Change in tumor size over a course of 13 days for control, direct administration into
the tumor and administration into the tail vein, adapted from [103]
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there has been an increase in our understanding of the surface of these materials and
the mechanism of particle growth. More recently there have been several reports on
more efficient conversion of gold salt into gold nanorods resulting in much higher
nanorods yields. We feel there is still fundamental science that should be pursued in
an effort to better understand these processes. Additionally, there continues to be
ongoing efforts to investigate the ability of these materials to act as therapeutic
agents within the biological and medicinal communities. The future outlook for
gold nanoparticles remains uncertain but with a continued increase in our knowl-
edge and understanding, we will continue to gain insight into the potential of these
fascinating nanomaterials.
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Chapter 14
Application of Gold Nanorods
in Cardiovascular Science

Jack G. Goldsmith, Heather L’Ecuyer, Delphine Dean
and Edie C. Goldsmith

Abstract Cardiovascular disease is a significant global Cardiovascular disease is a
significant global health problem. Effectively treating it and exercise, but also
demands the development of novel tools for rapid diagnosis and new therapeutics
for treatment. The field of nanomaterials is making significant contributions to
multiple health care problems in the areas of disease detection, imaging and drug
delivery. Gold nanoparticles are particularly promising due to their ease of syn-
thesis, biocompatibility and unique optical properties. In particular, gold nanorods
having received much attention for their potential in the diagnosis and treatment of
cancer, are now being examined for other biomedical applications. This chapter
highlights efforts using gold nanorods in cardiovascular research in such areas as
detection of cardiovascular disease, understanding cardiac cell response to nano-
materials and the ability of gold nanorods to alter the mechanical properties of
model tissue constructs and cardiac valves.

Keywords Gold � Nanorods � Nanomaterials � Cardiac � Heart � Fibroblast �
Valve

14.1 Introduction

According to the World Health Organization, cardiovascular disease is a leading
cause of death around the world [1]. More individuals die globally from cardio-
vascular disease than from any other noncommunicable disease (including cancers,
diabetes and respiratory diseases). Cardiovascular disease is not just one disorder,
but rather a family of diseases targeting either the heart itself or the blood vessels
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responsible for transporting blood throughout the body. Familiar examples of
cardiovascular disease include atherosclerosis, myocardial infarction, heart failure,
hypertrophic cardiomyopathy and valvular heart disease. Despite advances in
diagnosing cardiovascular disease, understanding cellular/molecular changes that
occur during cardiovascular disease and increased therapeutic options, new tools
are needed to provide for earlier detection of individuals at risk for cardiovascular
disease, to monitor disease progression, predict which patients will or will not
respond to current therapies and the development of novel interventions for those
living with cardiovascular disease. Nanomaterials have already made contributions
in these areas [2–4] and hold great promise for impacting how cardiovascular
disease is detected and managed in the future.

Nanoparticles, defined as having at least one dimension smaller than 100 nm, are
finding wide use as potential biomedical agents. There are a wide variety of
materials currently used to produce nanoparticles—metals, silica, biodegradable
and/or biocompatible polymers, biomolecules (i.e. lipids, dendrimers, protein)—
each with their own inherent advantages and disadvantages. Based on the phys-
iochemical properties of the material itself, nanoparticles of different shapes and
sizes have been developed for applications such as drug delivery [5, 6], imaging
agents [7, 8], sensors [9, 10], photothermal therapy [11, 12], and diagnostic [13]
tools. Gold nanoparticles are an important category of nanomaterials and are cur-
rently being investigated in many of these areas [14, 15]. While a major therapeutic
focus of gold nanoparticles has been in the area of cancer [14], investigators are
expanding studies to include other diseases, including those that affect the car-
diovascular system. Although gold nanoparticles with varied shapes have been
examined for applicability in the cardiovascular system [16–22], this chapter will
focus on studies specifically examining the applicability of gold nanorods.

14.2 Application of Gold Nanorods as Agents
to Detect Cardiovascular Disease

Gold nanorods (AuNRs) have been synthesized for use in improving bioimaging
approaches, biosensor technology, and targeted therapies. For instance, gold
nanorods make ideal probes for optical imaging techniques due to their tunable
optical properties [23, 24]. In addition, because of their unique optical absorption
properties, gold nanorods are currently being tested for use in hyperthermia treat-
ments of a wide range of cancers [24, 25]. As discussed below, the application of
gold nanorods in detecting damage to heart muscle has also been developed
recently.

Myocardial infarction (MI), commonly referred to as a heart attack, is due to the
occlusion of coronary vessels responsible for supplying the heart with oxygenated
blood. Deprived of oxygenated blood, cardiac muscle cells (myocytes) die and are
ultimately replaced by scar tissue. Rapid diagnosis of an MI leads to early
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intervention and is critical in minimizing the loss of cardiac muscle. A classical
marker used to diagnose acute MI is cardiac troponin I (cTnI) [26, 27], a protein
involved in regulating muscle contraction which is released from myocytes as they
die. Current methods in clinical labs used to detect cTnI in patient blood include
enzyme-linked immunosorbent assay (ELISA), HPLC and polymerase chain
reaction (PCR); all of which take hours to perform. Several studies have shown that
AuNRs can be used to detect cTnI levels, potentially offering a more rapid screen
for MI [28–33].

Relying on the localized surface plasmon resonance properties of gold nanorods,
which exhibit two resonance bands, specifically transverse and longitudinal plas-
mon bands [28, 29], several groups have worked to improve cTnI detection. In
2009, Guo et al. reported the use of surface modified AuNRs for in situ detection of
human cTnI [30]. In this study, poly(styrenesulfonate) (PSS)-terminated AuNRs
with an aspect ratio of 5.5 were further modified with an anti-human cTnI antibody.
Incubating antibody-modified AuNRs with varying concentrations of human cTnI
resulted in a dose-dependent shift in absorbance of the longitudinal band as well as
a broadening of this band at high cTnI concentrations (200 ng/mL; see Fig. 6 in
Ref. [30]). The incubation time of 15 min before detection by UV-Vis spectroscopy
represents a significant time improvement compared to the standard ELISA method
and the authors reported a detection limit of 10 ng/mL (see Fig. 6 in Ref. [30]).

While cTnI may be a “gold standard” in the diagnosis of acute MI, several other
proteins including myoglobin, cardiac troponin T, creatine kinase and lactate
dehydrogenase are also released from necrotic myocytes [26]. To improve diag-
nostic accuracy, Tang and Casas developed a multiplexed AuNR detection system
which can simultaneously detect both cTnI and myoglobin in solution [31].
Carboxy-coated AuNRs with two distinct longitudinal plasmon bands (830 and
640 nm) were coated with antibodies to either cTnI or myoglobin, respectively.
Simultaneous exposure of both particles to myoglobin resulted in a red-shift of the
640 nm band (AuNRs derivatized with the anti-myoglobin antibody) with no
change in the 830 nm band (cTnI detecting AuNRs). Similarly, when both particles
were exposed to cTnI, only the particles with the 830 nm band displayed a red-shift
in their spectrum (see Fig. 4 in Ref. [31]). When myoglobin and cTnI were present
in the same solution, discrete spectral shifts were observed for each antibody-coated
AuNR depending upon how much of the target protein, cTnI or myoglobin, was
present in the sample (see Fig. 4 in Ref. [31]). The detection of target protein
(myoglobin or cTnI) was similar in both a mixture of the two proteins or when the
AuNRs were incubated with each purified target protein individually, demonstrat-
ing the specificity of the approach.

An alternative to the AuNR-antibody based detection methods described above,
which have limitations including antibody cost and stability, is the immobilization
of biorecognition elements (BRE) on AuNRs. Using a human cTnI binding peptide
immobilized on AuNRs, Tadepalli et al. compared the ability of this BRE to detect
cTnI versus an anti-cTnI antibody derivatized AuNR [32]. BRE and
antibody-conjugated AuNRs were adsorbed onto filter paper, creating a paper-based
detection device, and homogenous distribution of the derivatized AuNRs on the
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paper confirmed before exposure to troponin. While both modified AuNRs
specifically detected troponin and demonstrated dose-dependent shifts in longitu-
dinal surface plasmon resonance, peptide-derivatized AuNRs had an order of
magnitude improvement in detection limit compared to antibody-based particles
(see Fig. 3 in Ref. [32]), even though both particles demonstrated similar affinities
for cTnI.

All three studies described thus far have demonstrated the feasibility of using
modified AuNRs to detect cTnI in simple solutions (purified cTnI or
cTnI + myoglobin). Tadepalli et al. extended these observations, making them
clinically relevant by testing detection capabilities of their paper-immobilized
AuNRs using solutions of cTnI containing 10% human plasma [32]. These
paper-based peptide-AuNR devices again demonstrated dose-dependent resonance
shifts and were able to detect cTnI in the complex solution at a level of 353 pg/mL,
a concentration well within the physiologically relevant concentrations of cTnI in
human plasma (0.01–10 ng/mL) [33].

The work described above clearly demonstrates the potential for AuNRs in the
detection of acute MI. Peptide and antibody-modified AuNRs demonstrated target
protein specificity with short exposure times (<2 h) and limits of detection within
clinically relevant target protein concentrations. Additional efforts to improve
sensitivity as well as the need to insure selectivity when confronted with complex
biological samples, such as human plasma or whole blood samples, are essential to
advance this work into a clinical environment. Identification or examination of
biomarkers associated with other cardiovascular diseases, such as atherosclerosis or
heart failure, would further enhance the biomedical application of AuNRs.

Atherosclerosis, commonly referred to as hardening of the arteries, develops
when cholesterol, triglycerides and macrophages/foam cells accumulate within the
walls of blood vessels forming plaques, causing the diameter of the vessels to
decrease. Subsequent rupture of plaques that form during atherosclerosis leads
to myocardial infarction. A variety of detection methods are currently employed to
examine atherosclerotic plaques but most are only used after symptoms are present
in an individual. Ankri et al. devised a method for AuNR detection of active
atherosclerotic plaques based on the uptake of AuNRs by macrophages, a cell
population enriched in vulnerable plaques at risk for rupture [34]. Using a rat
carotid artery balloon injury model, AuNRs were injected after the injury was
created in one carotid artery and both injured and uninjured arteries were scanned
using a diffusion reflection system. Uptake of gold nanorods in the injured artery
resulted in a strong decrease in light diffusion (see Fig. 3 in Ref. [34]).
High-resolution computed tomography (CT) imaging post-AuNR injection con-
firmed increased localization of AuNRs in the injury site was likely due to uptake
by macrophages [34]. The non-injured artery demonstrated far less nanorod
localization and nanorods that were detected demonstrated a homogenous distri-
bution along the artery wall [34]. As an extension of this method, macrophage
uptake of AuNRs has also been detected by either flow cytometry or by diffusion
reflection using tissue-like constructs to mimic imaging conditions in vivo [35]. The
in vivo detection of atherosclerotic plaques by gold nanorod uptake and
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non-invasive diffusion reflection imaging may provide a novel technique to monitor
progression of atherosclerosis and identifying plaques in danger of rupture.

14.3 Gold Nanorods as Reporters of Material
Deformation and Mechanical Environment

While many of the applications employing AuNRs as sensors have focused on their
use in the detection of biomolecules [36–39], it has also been demonstrated that
these particles can be used to monitor changes in mechanical environment. Taking
advantage of the light scattering properties of AuNRs, Orendorff et al. described the
use of nanorods to measure deformation of an elastic material [40]. Cetyltrimethyl
ammonium bromide (CTAB)-capped AuNRs were suspended in solution with
polyvinyl alcohol (PVA) and heat cured to generate transparent, elastic films with
AuNRs distributed throughout the film. In an alternative approach, AuNRs were
embedded in the surface of polydimethylsiloxane (PDMS) films by physical
transfer. Nanorod dispersion in PVA films was more homogeneous than for PDMS,
potentially due to the method of film preparation or chemical properties of the film;
however, both samples were suitable for imaging studies. Films were stretched to
20–25% of their original length and imaged, before and after deformation, using a
light microscope in dark-field mode. Based on the change in the pattern of light
scattered from the AuNRs after deformation, digital image correlation software was
able to calculate the displacement of nanorods within the films and allowed the
authors to map the strain field produced by the deformation. This “proof of con-
cept” study demonstrated the potential for AuNRs as reporters that can respond to
changes in mechanical environment.

Mechanical signaling is an important cue mediating cell behavior and cardiac
fibroblasts have been shown to respond to changes in their mechanical environment
in a number of ways [41–44]. While the afore cited studies focus on the response of
cardiac fibroblasts to externally applied mechanical loads, very little is known about
the local changes in the mechanical environment produced by cardiac fibroblasts as
they interact with, and modify, the extracellular matrix (ECM). Extending the
imaging method developed by Orendorff et al. [40] into a biological system, it has
been possible to quantify the strain that cardiac fibroblasts exert on a collagen
matrix [45–47]. Two-dimensional collagen films were prepared in a two step
process: an initial layer of type I collagen was adsorbed onto a slide followed by a
second layer to which CTAB-coated AuNRs were added. CTAB-terminated
AuNRs could be used in this application due to the short time during which cells
would be in contact with the nanorods. Light scattered by the nanorods disbursed in
the collagen film provided a pattern which could be imaged by dark-field micro-
scopy over time as the fibroblasts deformed the collagen matrix. Analysis of matrix
deformation was carried out using digital image correlation software by tracking
changes in position of the scattered light from the nanorods and local cell-induced
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strain field maps constructed. Using this method, it was observed that cardiac
fibroblasts exerting traction on the collagen matrix could produce matrix defor-
mations on the order of 18 m. The authors noted the displacements measure with
the AuNRs were in line with previous reports and an advantage of using gold
nanorods compared to methods employing fluorescent markers is the absence of
photobleaching.

This imaging technique has also been used to examine age-related differences in
the ability of cardiac fibroblasts to mechanically manipulate their local ECM
environment. In this study [47], primary neonatal and adult cardiac fibroblasts were
plated on 2-dimensional (2D) films of type I collagen containing CTAB-terminated
AuNRs. Collagen-AuNR constructs were created by initial adsorption of a neutral
type I collagen solution onto a slide followed by the addition of a second layer of
collagen to which AuNRs were added. After polymerization of the AuNR-collagen
layer, fibroblasts were allowed to attach to the collagen prior to imaging. To enable
visualization of the fibroblasts in addition to imaging the AuNRs, cells were briefly
labeled with a membrane-permeable, vital fluorescent dye. Dark-field and
epifluorescence microscopy images were collected over a one hour time period and
cell-induced strain fields were calculated using digital image correlation analysis.
Neonatal fibroblasts exhibited maximal peak principal strains of 6.3% (tensile) and
−5.5% (compressive) while adult fibroblasts achieved maximal values of 3.7%
(tensile) and −3.3% (compressive). Although the data the authors reported for
maximal principal strains, mean principal strains and the distribution of strain
values were not significantly different between the two cell types, this study along
with Stone et al. [45] demonstrated the utility of AuNRs as a tool to examine the
local mechanical environment surrounding cells.

14.4 Using Gold Nanorods to Direct Cell Behavior

As gold nanomaterials become tools for biomedical research and potential thera-
peutics, it is important to understand how these materials can impact normal cellular
behavior. The studies described above using AuNRs as imaging agents used rela-
tively small quantities of nanorods and short exposure times to cells. What happens
to cellular function, specifically cardiac fibroblasts, when the concentration of
nanorods and the exposure time is increased? An in vitro study using a biologically
relevant 3D model of cardiac fibroblast-mediated collagen remodeling addressed
this question.

Three-dimensional collagen gels have long been used to examine tissue
remodeling [48] and several studies have employed this model system to examine
factors that impact ECM remodeling by cardiac fibroblasts [49–52]. To ascertain if
AuNRs could impact the ability of cardiac fibroblast to remodel 3D collagen gels,
Sisco et al. prepared AuNRs capped with poly(styrene sulfonate) (PSS) and seeded
them into 3D collagen gels along with cardiac fibroblasts [53]. Nanorods were
coated with PSS to mask the CTAB surfactant used during AuNR synthesis,
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reducing any potential cytotoxicity. PSS-coated AuNRs inhibited
fibroblast-mediated contraction of collagen gels in a dose-dependent manner and
qualitative observations suggested PSS-AuNRs also altered gel stiffness.
Alterations in cellular contractile function were not associated with changes in cell
viability or activation of matrix metalloproteinases, enzymes involved in collagen
remodeling [54], but were associated with significant decreases in type I collagen
and a-smooth muscle actin expression. This suggests that the presence of the
nanorods in the collagen gels impaired the ability of cardiac fibroblasts to transform
into myofibroblasts and thus impedes the normally expected remodeling process.
Therapeutic approaches to modulate myofibroblast activity during cardiovascular
disease are severely limited; however, polyelectrolyte coated AuNRs may provide a
novel tool for regulating these cells.
While the observation that nanorods can alter cardiac fibroblast-mediated remod-
eling was exciting, to be biomedically useful it is also important to understand the
mechanism(s) through which these particles exert their biological effects. It has
been well documented that proteins can adsorb onto the surface of nanomaterials
creating a “protein corona” [55–57], but how these immobilized proteins can impact
cell function is less clear [58]. To determine if protein adsorption onto
polyelectrolyte-coated AuNRs could contribute to the observed effect these parti-
cles had on cardiac fibroblast function, the protein corona of AuNRs exposed to
fibroblast conditioned culture media was characterized [59]. This study compared
AuNRs coated with negatively (PSS) or positively (PDADMAC) charged poly-
electrolytes or polyethylene glycol (PEG) as a control which should exhibit limited
protein binding. PEGylated-AuNRs had minimal effects on cardiac fibroblast
mediated gel contraction whereas both PSS and PDADMAC terminated nanorod
containing gels had large decreases in contraction, suggesting that particle charge
plays a role in blocking contraction. Identification of proteins bound to the surface
of coated nanorods by mass spectrometry revealed that the charged particles
adsorbed a more diverse range of proteins compared to the PEGylated nanorods and
while some proteins bound to all three types of nanorods used in the study others
demonstrated a charge preference. One protein identified in this study, biglycan, has
been shown to modulate cell behavior and its sequestration on the nanorods was
postulated as a mechanism for reduced fibroblast remodeling activity. Depletion or
inactivation of biomolecules through interaction with nanoparticles could have a
significant impact on the biomedical applications of these materials.
Characterization of the protein corona may need to be factored into evaluation of
these materials for therapeutic usage, particularly for non-biodegradable nanopar-
ticles such as AuNRs.

An alternative to the protein corona hypothesis is that AuNRs could alter cellular
engagement of the collagen matrix within the gel thereby preventing collagen gel
contraction. Wilson et al. explored this idea by examining the potential interaction
between type I collagen and polyelectrolyte capped AuNRs [60]. In previous
studies using the collagen gel contraction model [53, 59–61], 3D collagen gels were
prepared by combining neutral type I collagen solution, cardiac fibroblasts and
polyelectrolyte-coated AuNRs with gel formation achieved by incubating the
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solution at 37 °C. Using a turbidity assay to monitor collagen polymerization in a
cell-free system, Wilson et al. discovered that AuNR surface charge altered poly-
merization kinetics, with negatively charged (PSS, poly(acrylic acid) PAA) AuNRs
accelerating collagen fibril formation while positively charged (poly(allylamine)
hydrochloride PAH, PDADMAC) nanorods delayed fibril assembly. Similar effects
on collagen fibrillogenesis were observed using AuNRs coated with the sulfated
glycosaminoglycans heparan sulfate and chondroitin sulfate [61]. Examination of
collagen fibril organization within 3D gels indicated relatively small changes in
fibril organization but that AuNRs tended to associate with the collagen, an
observation that was supported by TEM, and were not located in the fluid-filled
pores of the gels [53, 60]. In AuNR-collagen gel constructs seeded with cardiac
fibroblasts, no noticeable changes in cell morphology were detected, suggesting the
inclusion of nanorods in the gel constructs does not impair fibroblast-collagen
interactions. Previous work suggested a qualitative change in collagen gel stiffness
in the presence of PSS-coated AuNRs [53] which was examined quantitatively by
dynamic torsional shear testing [60]. Rheological evaluation of cell-free AuNR
containing collagen gels indicated that gels doped with negatively charged AuNRs
(PSS or PAA) were stiffer than controls lacking AuNRs while gels containing
positively charged AuNRs (PAH or PDADMAC) had mechanical properties similar
to control gels. These results offer the exciting possibility that negatively charged
AuNRs introduced into an actively organizing collagen matrix, such as scar for-
mation post-MI, would influence the assembly of collagen within the scar and
ultimately the mechanical properties of the resulting scar tissue.

A significant obstacle for tissue engineering, including development of engi-
neering cardiac tissue, is the ability to direct cell patterns and vascularization within
the engineered construct. Development of methods that would allow for pattern
integration during construct formation or directed patterning in situ could advance
this field. Taking advantage of the near-infrared (NIR) absorption properties of gold
nanorods Hribar et al. were able to direct endothelial cell migration and alignment
into hollow, vessel like tubes [62]. PEGylated AuNRs were combined with colla-
gen and endothelial cells and following gelation exposed to 800 nm light using a
NIR laser. Taking advantage of the AuNRs conversion of the energy absorbed from
NIR excitation into heat (the photothermal effect), irradiation resulted in local heat
denaturation of collagen within the gel and formation of channels whose features
could be controlled by laser power which was optimized to maximize endothelial
cell viability. Over a two week period of time, endothelial cells migrated towards
the channels created by AuNRs and aligned themselves within the channels in such
a way so as to produce hollow tubes lined with a single layer of endothelial cells
that are morphologically similar to simple blood vessels. This method provides a
novel tool for directing cell organization within a biomaterial and if combined with
AuNRs of different NIR absorption maxima could allow for the stepwise organi-
zation of multiple cell types, such as myocytes and fibroblasts, within an engineered
tissue construct.

Another important consideration in the development of replacement cardiac
muscle tissue is that myocyte organization and alignment, along with electrical
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coupling, is essential to achieve synchronous contraction. Ganji et al. examined the
importance of electrical stimulation in myocyte organization with a bioengineered
construct using gold nanotubes/nanowires embedded in biodegradable polyurethane
(PU-GNT/NW) [63]. H9C2 cardiomyocytes were seeded onto PU-GNT/NW con-
structs, subjected to external electrical stimulation and evaluated for cell growth
properties. Electrical stimulation in the PU-GNT/NW constructs enhanced cell
spreading and resulted in a higher degree of cellular confluence and alignment with
morphological characteristics similar to those observed in cardiac myocytes in vivo.
The incorporation of gold nanotubes/wires into a biodegradable scaffold provides a
promising new platform for cardiac tissue engineering.

14.5 Using Gold Nanorods to Alter the Material
Properties of Cardiac Valves

Atrioventricular valves separate the heart into four chambers and when functioning
properly ensure that blood does not flow back into the atria from the ventricles
during ventricular contraction. Multiple pathological conditions, including post-MI
ventricular remodeling, rheumatic fever, or degenerative disorders can result in
incomplete closure of the mitral valve causing regurgitation of blood back into the
left atrium [64]. In congestive heart failure patients, activation of fibroblasts within
the mitral valve can trigger increased collagen deposition yielding stiffer mitral
valves [65, 66] while in myxomatous valves increased production of matrix met-
alloproteinases leads to excessive degradation of collagen and “floppy” valves [67].
In both cases, mitral valve regurgitation occurs. Given studies indicating that
AuNRs have the capacity to alter cardiac fibroblast function as well as the
mechanical properties of collagen matrices, the effects of AuNRs on the mechanical
properties of mitral valves was examined by our group.

To determine if polyelectrolyte coated AuNRs can alter the mechanical prop-
erties of heart valves, mitral valves were isolated from freshly harvested porcine
hearts obtained from a local abattoir. Biopsy punches (5 mm in diameter) were
taken from the valves and divided into the following experimental groups—no
injection, saline injection, PSS–or PDADMAC-terminated nanorod (aspect ratio
*15) injections of either low or high nanorod concentrations. Injections were made
in the center of the punch and subjected to mechanical testing using atomic force
microscopy (AFM) with a 5 m spherical indenter tip over a period of 96 h
post-injection. Nanoindentation and stress-relaxation data was collected from
5 points on each valve, beginning near the injection site and moving radially
outward to 2.5 mm away from the injection site (Fig. 14.1). As shown in Fig. 14.1,
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injection of PDADMAC–and PSS-coated AuNRs tended to increase valve stiffness
(increased elastic modulus) independent of nanorod concentration when examined
over the entire 96 h experimental time period and including all five measurement
locations on each valve biopsy. When compared against control samples at each
time point, PDADMAC-coated nanorods resulted in a large increase in elastic
modulus initially after injection which decreased over time (Fig. 14.2A) while PSS
coated AuNRs resulted in more sustained changes in valve stiffness (Fig. 14.2B).
Examining the impact distance from the injection had on stiffness revealed sig-
nificant increases in stiffness at the position closest to the injection site (Fig. 14.3)
for both PDADMAC and PSS terminated nanorods, indicating that the observed
differences represent localized changed in mechanical properties. While these data
showed significant changes in elastic modulus due to the nanorods, stress-relaxation
tests suggested that neither PSS nor PDADMAC nanorods had an effect on the
viscous properties of valves. Taken together these data suggest that AuNRs can be
used to modulate the mechanical properties of native valve tissue but that these
effects have both temporal and distance to injection site components. Additional
work is needed to optimize particle characteristics such that sustained changes in
mechanical environment can be achieved.

Fig. 14.1 Polyelectrolyte-coated gold nanorods alter valve stiffness. Punch biopsies from porcine
mitral valves were untreated (Control i), injected with saline (Control ii), or injected with high
(H) or low (L) concentrations of positively (PDADMAC) or negatively (PSS) charged AuNRs.
The elastic moduli were calculated from nanoindentation curves using the Hertz Linear Elastic
analytical model at each time point (24, 48, 72, 96 h post injection) for each data acquisition point
and then averaged over the entire experimental time period. Inset shows AuNR injection site in
center of valve biopsy and data acquisition points relative to injection site. n = 75 force curves for
each experimental condition
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Fig. 14.2 Temporal changes in mitral valve stiffness with AuNR injection. Measurement of the
elastic modulus of samples injected with PDADMAC-coated AuNRs demonstrated a statistically
significant (p < 0.05) increase in stiffness 24 and 48 h post-injection which decreased gradually
over time (a) whereas PSS-AuNR injections resulted in an elevated, but more sustained change in
stiffness (b). n = 75 force curves for each experimental condition
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14.6 Conclusions and Future Directions

Gold nanorods have tremendous potential for use in diagnosing and treating car-
diovascular disease. These nanomaterials have already been shown to be able to
detect changes in clinically significant biomolecules involved in the diagnosis of
MI. Future work needs to confirm that the spectroscopic detection methods used are
compatible with blood/serum samples. Expansion to include biomarkers of other
cardiovascular diseases, such as atherosclerosis, cardiac hypertrophy and heart
failure, could have a significant impact on disease detection and monitoring. The
incorporation of these AuNRs into a portable, rapid detection devices would be of
great clinical value. The ability of polyelectrolyte-coated gold nanorods to alter not
only fibroblast phenotype but the stiffness of collagen matrices has important
clinical implications for the treatment of heart disease as well other conditions in
which fibrosis, the accumulation of excess collagen, impairs normal tissue function.
Future studies need to address the mechanism of nanorod delivery to ensure tar-
geted delivery to the heart and confirm that the ability of AuNRs to modulate cell
phenotype and material properties in vitro are maintained in vivo. Someday in the
future it may really be possible to say that an individual has a heart of gold, thanks
to advancing therapeutic applications of gold nanorods.

Acknowledgements The authors would like to thank the National Institutes of Health
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Fig. 14.3 Gold nanorods stimulate local changes in valve mechanical environment. Data from
indentation points at or nearest to the injection site demonstrate statistically significant increases in
elastic moduli for all AuNR injection conditions compared to both control samples. L—low AuNR
concentration; H—high AuNR concentration; PDAD—PDADMAC. p < 0.05 for all samples
compared to both controls
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Chapter 15
Architectured Nanomembranes

Michael Z. Hu and Matthew R. Sturgeon

Abstract This paper has reviewed the frontier field of “architectured membranes”
that contain anisotropic oriented porous nanostructures of inorganic materials.
Three example types of architectured membranes were discussed with some rele-
vant results from our own research: (1) anodized thin-layer titania membranes on
porous anodized aluminum oxide (AAO) substrates of different pore sizes,
(2) porous glass membranes on alumina substrate, and (3) guest-host membranes
based on infiltration of yttrium-stabilized zirconia inside the pore channels of AAO
matrices.

Keywords Membranes � Nanostructures � Mesoporous � Nanoporous �
Separations

15.1 Introduction

Membranes are utilized in a variety of industrial processes from water treatment to
gas purification to energy production. The main feature that defines a membrane is
permeability. Membranes can separate out solids, liquids, and gases [1] from
reaction mixtures based on different permeabilities by allowing transportation
through the membrane of only the desired species. Utilizing membranes to purify a
gas streams is a useful tool with the growing demands of the hydrogen economy [2]
and concern of rising CO2 levels [3]. Ions can also be conducted through mem-
branes, allowing for utilization in energy production (i.e. fuel cells [4] and Li ion
batteries [5]). With a specific transportation in mind, a membrane can be engineered
to meet the demands of that process by changing its physical or chemical properties
[6].

In these times of clean energy policies, new technologies must be explored to
maintain efficiencies, keep operating costs at a minimum, all while removing
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contaminants and reducing pollutants. The nanomembranes are designed for use in
energy intensive industrial applications to improve overall performance while
reducing operating costs and minimizing environmental impacts. A DOE study
speculated that nanomaterials used in membrane and catalyst technologies are
expected to have a financial impact of over $10 billion in process savings, provide
an energy savings of up to 1.1 quadrillion BTU/year, as well as reducing
wastewater and toxic emissions [7]. It is overwhelming clear that there is great
potential for economic and environmental benefits to utilizing nanomaterials.

There have been several studies on how nanostructured materials can improve
performance in electrical devices. Guo et al. [8] report that ion diffusion distances
are dramatically decreased in nanostructured materials applied in energy
storage/conversion devices thus improving devices like photovoltaic cells where
faster electron travel will improve efficiency by reducing electron-hole recombi-
nation. The large aspect ratios of nanomaterials used in batteries can provide large
electrode/electrolyte contact surface areas. The nature of the nanostructured
membranes should prevent some of the down falls of working with nanoparticles
such as agglomeration and low thermodynamic stability; allowing for utilization in
higher temperature/energy applications. In their review on oriented nanostructures
for energy conversion and storage Liu et al. also emphasize the importance con-
trolled pore channels and alignment of nanocrystalline phases play in optimizing
electron and ion transport in photovoltaics, batteries, supercapacitors, and ther-
moelectrics [9].

As energy prices continue to increase and the impending EPA’s clean air act [10,
11] the need for clean energy and reducing energy requirements in industrial
processes is paramount. There exist several potential benefits in utilizing archi-
tectured nanomembranes in industrial applications/processes such as electrical
applications, [12–14] conductive ion membranes for use in batteries and fuel cells,
[5, 15–17] solar applications (dye sensitized solar cells, [18–40] hydrogen pro-
duction via photocatalytic water splitting, [13, 28, 41, 42] and photocatalysts CO2

[36, 37, 43, 44]), catalytic membranes, [45–53] and energy intensive separations
[54–57].

Architectured nanomembranes are produced by intentional manipulation of the
membrane’s pore size. The architectured nanomembranes are more than nanopor-
ous inorganic structures/thin films. They employ intentionally ordered and oriented
pore arrays with engineered alignment. These unique structures are fabricated
through molecular engineering methodologies. These methodologies include,
electrochemical anodization, [23, 28, 32–34, 37, 58–62] glass drawing, [63–67] and
molecular self-assembly [68, 69]. The exploration of producing large dimensions
and large quantities of nanomembranes via electrochemical anodization and
manipulation of sputtered glass films based on glass drawing methodologies is
presented here-in.

Anodization is a well-known electrochemical process in which a metal surface is
electrochemically oxidized and etched creating unique nanostructures (nanopores/
nanotubes). It is extremely useful in creating straight alignedAl2O3 nanopores [58, 59,
70–72] or metal oxide (TiO2) nanotubes [28, 32, 37, 43, 60, 61, 73, 74]. The
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anodization process employs a metal substrate in an electrolyte solution. Several
studies have shown that metal deposited on different substrates can be anodized [35,
75–81]. Employing current deposition technologies, large dimension metallic films
can be coated onto several different kinds of substrates. This allows for great versa-
tility in the application of the resultant materials and viable industrial implementation.
The variety of electrolyte solutions allows for use of multiple metal/substrate com-
binations without fear of incompatibilities.

Glass drawing also produces very well aligned nanopores [63–67, 82–84].
However due to the nature of the draw—bundle—draw process it is rather difficult
to obtain membranes of large area dimensions. The etch rate of the core also
dictates how thick the sample can be [64]. Only specific glasses can be used;
however the glass can be modified before, during, or after the drawing process to
fabricate a membrane again suitable for a variety of applications. The draw—
bundle—draw process can be a painstakingly slow and unable to produce large
quantities of large dimension membranes. A new method was adopted where in a
glass surface is sputter coated onto a substrate. Heat treatment of the glass will
cause phase separation [85, 86]. Once separated, the phases have different etch rates
and the more etch able glass is removed leaving behind a nanoporous film (i.e.
membrane) with controllable pore sizes.

15.2 Synthesis Methodologies

The overall methodology to synthesize the architectured nanomembrane is illus-
trated in Fig. 15.1. The engineering approach to synthesis was designed in a way
that would produce large area dimension membranes in large industrial scale
quantities.

Two specific methods were tested according to Fig. 15.1. One was the deposition
and anodization of titanium to create supported titanium oxide nanotubes. The other
was sputtering a borosilicate glass composite on a substrate followed by heat
treatment and preferential etching. The deposition process is a well-known industrial
technique and would serve well to produce these materials on an industrial scale.

The deposition and anodization of Ti films on porous alumina substrate is illus-
trated in Fig. 15.2. The membrane thickness can be controlled by Ti film thickness as
well as anodization processing. Complete anodization of Ti film would leave tube
bottoms connected to porous alumina support. The tube bottoms are very thin and a
low concentration etchant would etch off the tube bottomwithout etching the support.

Fig. 15.1 Engineering methodology to produce large quantities of large dimension
nanomembranes
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Fig. 15.2 Deposition and anodization of Ti film and processing of film to produce supported
architectured nanomembrane

Fig. 15.3 Method for producing supported nanoporous glass membrane via deposition, phase
separation, and preferential etching

Creating nanoporous membranes from glass is conducted in a similar deposition,
which processing method and is illustrated in Fig. 15.3.

As stated before, the membrane thickness can be controlled by deposition of
glass on substrate surface. The pore size can be controlled by heat treatment, longer
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heating time will create more phase separated samples; there by increasing pore size
upon etching away the borate rich phase.

15.3 Experimental

In the production of titania nanotube membranes, anodized alumina (AAO) disks of
varying pore sizes, 13 ± 2, 18 ± 3, 35 ± 3, 55 ± 6, and 80 ± 8 nm were used as
received by Synkera, AAO disks of 200 nm were used as received from
Alltech/Whatman. VWR micro slides glass slides were cleaned with acetone, iso-
propanol, andDIwater prior to deposition. AAOdiskswere glued to glass slides using
Ladd conducting graphite glue. Ti films were deposited onto supports via electron
beam deposition using a Varian e-beam evaporator equipped with an Airco Temescal
model CV-8 electron beam.Wet ‘n’Wild brand nail polish was used as a polymer in
sample preparation. Ethylene glycol (Fisher Scientific) and ammonium fluoride
(J.T. Baker 99.0%) were used as received as in the electrolyte solution. A Hewlett
Packard HP 6653A 0-35 V/0-15A DC power supply used in the anodization exper-
iments. A 99.9% Pt plate (Alfa Aesar) was used as a cathode in anodization.

Glass was sputtered coated onto a porous alumina disks (42 mm diameter) used
as received from AdValue Technology using a RF sputtering system equipped with
a Kurt J. Lesker sputter source. Samples were etched in HF solutions. SEM images
were obtained using a Zeiss Merlin field emission SEM.

15.3.1 Production of Titania Nanotube Membranes

Titanium was deposited on both glass slides and AAO disks of varying pore size
using two different deposition techniques; DC—magnetron sputtering at a rate of
4.2 Å/s and electron beam deposition at a rate of 7 Å/s. Both techniques require the
sample to be placed in the sample chamber upside down. Therefore the AAO disks
were glued onto a glass slide using a very small dot (2–3 mm in diameter) of either
graphite glue or polymer (Wet ‘n’Wild brand nail polish). Three or Four AAO disks
could be glued to a single slide for Ti deposition. Once deposition was complete the
coated AAO were carefully removed from the glass slide prior to anodization.

To prepare the Ti coated samples for anodization the disks or glass samples were
glued to a glass slide by using a dot (4–5 mm) of graphite glue. An insulated Cu wire
was then attached to the top of the disk with a small dot (2–3 mm) of graphite glue.
In order to protect the electrical connection during anodization (while the sample is
immersed in electrolyte) the graphite glue was coated with polymer (Fig. 15.4).

Samples were anodized in an ethylene glycol solution containing 0.3 wt%
ammonium fluoride and 2% DI water. The prepared Ti coated AAO disks served as
the anode with a 1 � 1 in. Pt plate as the cathode. The Pt electrode was cleaned
ultrasonically for 1 min each in chloroform, acetone, isopropanol, and DI water,
sequentially. The electrodes were connected to the power supply at an interspacing
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of either 2.0 or 1.0 cm. A Teflon® container was then filled with 50 mL of the
electrolyte solution. The entire Ti coated AAO disk was immersed in electrolyte
while only half of the Pt electrode was immersed. Samples were anodized at a
voltage of 20 V and current of 0.001 A. Anodization times of greater than one hour
produced nanotubes. After anodization the disk samples were rinsed with DI water
and isopropanol. To remove the disk from the glass slide they were sonicated in
acetone for 1 min. Anodized samples were back side etched with a 5% HF solution.
Samples were then left to dry in air.

15.3.2 Production of Nanoporous Glass Membranes

An RF sputtering system was used to deposit a layer of glass onto a porous alumina.
The chamber was pumped down to 10−2 Torr by a mechanical pump, followed by a
turbo pump that further reduced the base-pressure down to 10−5 Torr. The sputter
target was made up of borosilicate glass. Depositions were conducted in Ar and
Ar-O2 gas mixture and at room temperature. The glass film was then phase sepa-
rated by heating in a box furnace under ambient atmosphere. The temperature was
increased at a rate of 2 °C/min, to a final temperature of 700 °C with a hold time of
20 min. After heating the temperature was decreased at the same rate. The samples
were then etched in a 5% HF solution for 1, 3, and 5 min.

Fig. 15.4 Ti coated glass
sample prepared for
anodization
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15.4 Results and Discussion

(1) Supported Titania Nanotube Membranes

AAO was used as a model porous substrate, as the pore sizes are highly regular
and the relatively smooth surface (compared to composite alumina) is ideal for
coating. DC sputtering was first used to deposit Ti films of thickness 200 and
600 nm on AAO with a pore size of 200 nm (Fig. 15.5).

In the 200 nm film, there are clearly visible voids in the film with agglomerates
of larger particles (100–300 nm). There are no voids in the 600 nm Ti film however
the particle agglomerates are much larger, >1 µm (Fig. 15.6).

Fig. 15.5 The surface morphologies of the Ti Sputtered films: 200 nm (a), 600 nm (b) image
width is 8–9 µm

Fig. 15.6 SEM image of a
*3 µm particle from the DC
sputter deposition of 600 nm
Ti on AAO
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We use the schematic in Fig. 15.7 to illustrate the agglomeration formation
process on the surface of AAO substrate. The A, B, and C schematic correspond to
the letter label spot in SEM image.

Both the 200 and 600 nm films were unsuccessfully anodized, with the Ti film
dissolving off of the substrate during anodization. The pore size of the AAO seemed
to be affecting the deposition of the Ti film and a smooth film was unattainable.
AAO of three smaller pore sizes, 13, 18, and 55 nm were then coated with 200 nm
Ti using DC sputtering. The sputter deposition gave a nice uniform Ti film on all
AAO disks and the glass substrate (Fig. 15.8).

SEM analysis shows that these films are uniform and continuous. However other
sputtered samples had non-uniform Ti coatings. DC sputter coating of Ti did not
reliably reproduce uniform films with smooth surfaces. Due to these inconsistencies
in DC sputtering, electron beam deposition was then employed in the deposition of
Ti films. Initial e-beam depositions produced uniform 200 nm thick Ti films on
200 nm pore size AAO (Fig. 15.9) as well as a glass slide substrate. The Ti films
consisted of uniform particles. Particle sizes on glass substrate were all less than
50 nm. On AAO the particles were less than 100 nm in size and gave a continuous
film at 200 nm film thickness, previously unattainable using DC sputter deposition
on 200 nm pore size AAO.

Films deposited via e-beam deposition had the advantage on not only being
uniform and highly reproducible the sample chamber is much larger than that in the

B

A

C

(a) (b) (c)

Fig. 15.7 Method of Ti sputter deposition on AAO substrate showing bare AAO support grid (a),
beginning of coating (b) and incomplete coverage (c) in the same sample. Image width is
7.193 µm
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Fig. 15.8 SEM images of 200 nm Ti sputter coated on 13 nm pore size AAO (a), 18 nm pore
size AAO (b), 55 nm pore size AAO (c), and glass substrate (d)

Fig. 15.9 SEM images of e-beam deposited 200 nm Ti film on glass substrate (a) and AAO (b, c)
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sputtering system. This allowed for the deposition of Ti on multiple substrates in a
single run. As many as fifteen substrates (of *1-cm diameter disks) could be
coated in a single e-beam deposition run, as opposed to only three substrates in a
sputter deposition run. Being able to coat five times as many substrates in a run is a
significant increase on an industrial scale.

The surface of the Ti films was smoother on glass substrates than AAO sub-
strates. In order to obtain a working procedure for the anodization of deposited
films, early anodization experiments were performed on Ti coated glass substrates.
These early anodizations of the 200 nm Ti films were short (less than 30 min) and
produced very uniform porous surface features (Fig. 15.10). However no nanotubes
were observed.

In longer anodization times (greater than 30 min) the Ti film would dissolve off
of the substrate, with the dissolution rate greatest at the air to electrolyte solution
surface interface. It was at this point that the samples were prepared to be fully
immersed in the electrolyte solution. Further anodizations of 200 nm thick Ti films,
samples fully immersed in electrolyte, still exhibited Ti films dissolving off the
substrate surface during anodization. For this reason thicker Ti films (500 nm) were
deposited. The thicker films could with stand longer anodization times. Anodization
times of 2 h successfully produced titania nanotubes on glass substrates
(Fig. 15.11).

The glass surface had a non-uniform color over the anodized area, with colors
ranging from purple to blue to sea green to light yellow. It was determined from
profile studies of the supported nanotubes (Fig. 15.12) that the tubes were c.a.
717 nm in length covered by a porous coating c.a. 82.5 nm thick.

The porous coating was partially removed upon further sonication, area of 0.15
by 0.16 mm were virtually clear of the porous coating. The nanotubes were not
damaged during this extra sonication.

E-beam deposition of 200 nm thick Ti films on 200 nm pore size AAO gave
continuous films (unlike DC sputtering deposition). The films were made up of
aggregates of particles, as seen before. However these particles were all of a

Fig. 15.10 SEM images of anodized Ti films on glass substrate
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uniform size. Anodization of this 200 nm Ti film on 200 nm pore size AAO was
successful in creating nanotube. Figure 15.13 shows an SEM image of the anodized
surface with corresponding EDX spectra (Fig. 15.14). However there were visible
voids in the anodized surface.

Fig. 15.11 SEM of titania nanotubes on glass substrate

Fig. 15.12 SEM profile view of titania nanotubes on glass

Fig. 15.13 SEM image of
anodized 200 nm Ti film on
200 nm pore size AAO. A, B,
and C correspond to EDX
spectra in Fig. 15.14

15 Architectured Nanomembranes 453



It is evident from the SEM images and the EDX spectra that the anodized film is
not uniform and as stated above there were visible voids in the coating. Therefore
200 nm Ti films were deposited on AAO with smaller pore sizes. Films were
deposited on AAO with pore sizes of 80 and 18 nm. The films on the 80 nm
samples were continuous and uniform with average Ti particle size less than
200 nm (Fig. 15.15). Anodization of this film produced some very interesting
features (Fig. 15.16).

Upon SEM analysis it was determined that the particles were actually being
individually anodized, as opposed to the entire film. In order to obtain continuous
layer of titania nanotube that would be converted into a supported nanomembrane a
smoother film would be required. Therefore AAO with 18 nm pore size were
coated with Ti, producing very smooth, continuous, uniform Ti film. Short
anodization (10 min) of this film successfully produced nanotubes (Fig. 15.17).
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Fig. 15.14 EDX spectra of
spots in Fig. 15.13, snowing
the elemental composition as
indicated by peak positions.
X-coordinate shows the range
of energy (keV) and
Y-coordinates shows the
intensity measured by the
detector

Fig. 15.15 SEM image of
200 nm Ti film on 80 nm
pore size AAO
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The tubes were covered with a similar porous coating as seen in the Ti/glass
samples. The anodized surface was very non-uniform with visible pits. To the
naked eye the anodized surface had visible non-uniformities in color, again ranging
from purple to tan. At this point it was determined that thicker Ti films with longer
anodization times would produce the desired supported nanotube arrays. Increased
conductivity of the electrolyte have also shown to produce nanotube arrays with no
porous coating [32]. According to the equation for conductance, G [87]:

G ¼ kA
l

where G is the conductance, A is area of electrodes, l is the distance between the
electrodes, and k is the conductivity; simply decreasing l, the distance between the
electrodes would increase conductivity. In the following anodization experiments
the working distance of the electrodes (the prepared Ti/AAO and Pt plate) was
reduced from 2 cm (used in all previous experiments) to 1 cm.

Fig. 15.16 SEM image of 200 nm film on 80 nm pore size AAO before (a) and after
(b) anodization

Fig. 15.17 SEM image of
anodized 200 nm Ti on
18 nm pore size AAO
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AAO with a pore size of 13 nm was coated (via e-beam deposition) with a
500 nm Ti film. Not only was the film very smooth, continuous, and uniform; it was
dense as well. The film could withstand anodization times up to 3 h even though
anodization times of 1 h were sufficient to produce nanotubes (Fig. 15.18).

The nanotube array produced from 1 h anodization was mostly clear of debris,
however there were still some spots covered (Fig. 15.19). The array produced from
a 3 h anodization was clear of debris.

Complete anodization of the Ti film was apparent from transparent samples as
well as SEM profile images (Fig. 15.20).

Once the films were anodized the bottoms of nanotubes would need to be
removed in order produce the architectured nanomembrane. The nanotube bottoms
were successfully backside etched in 5% HF (Fig. 15.21).

The successful etching of the titania nanotube array resulted in a supported
architectured nanomembrane of c.a. 500 nm thick with c.a. 40 nm pore size.

(2) Supported Nanoporous Etched Glass Membranes

This part of work is heavily influenced by the work of Simpson and D’Urso [86].
They showed that a porous glass material could be produced from etching phase
separated glass. However they were never successful in creating a supported glass
material. To create a supported nanoporous glass membrane, glass from a
borosilicate sample was RF sputtered onto a porous alumina substrate (Fig. 15.22).

Fig. 15.18 SEM image of
TiO2 nanotubes produced
from a 1 h anodization of
500 nm Ti film on AAO
(13 nm pore size)
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Due to the rough surface morphology and characteristics of the alumina sub-
strate, the thickness of the glass film was not determined. The borate and silicate
phases in the glass were then separated by heating. Only limited studies were
performed on the degree of phase separation due to heating as this was a proof of
principle conceptual study. The coated substrate was heated to 700 °C for 20 min.
The sample was then etched in a 5% HF solution for 1, 3, and 5 min. The 1 min
etch time was sufficient in creating nanopores (pore size less than 100 nm) in the
glass coating (Fig. 15.23).

Fig. 15.19 SEM image showing nanotubes from a 1 h anodization of 500 nm Ti film on 13 nm
pore size AAO

Fig. 15.20 SEM profile image showing complete anodization (*3 h) of Ti film on AAO,
showing parallel arrays of nanotubes connected with “bridges”
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Due to the complexity of the alumina support it was not determined if the
nanopores penetrated through the entire glass coating or not. However, from the
SEM image shown in Fig. 15.23, it does appear that there is a supported porous
glass nanomembrane.

Fig. 15.21 SEM image showing the successful etching of nanotube bottoms; before etching
(a) and after etching (b, c)

Fig. 15.22 Alumina substrate before (a) and after (b) glass deposition
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(3) YSZ in AAO—A Guest Nanomaterial in a Host Architectured Nanopore
Channels

Another type of architectured membranes consist of “guest” materials inside the
pores of a host matrix like AAO. An example of guest material is the electrolyte
used in SOFCs, i.e., yttria stabilized zirconia (YSZ). Hu and Kosacki synthesized a
guest host nanocomposite membrane consisting YSZ (guest) in mesoporous AAO
(host) for use as an oxide conducting nanomembrane (Fig. 15.24) [48].

They obtained the highest ionic conductivity ever reported for YSZ. The
nanocomposite maximizes both the grain boundary effect (YSZ grain size—grains
<100 nm show ten times the conductivity of larger grains) and the film thickness

Fig. 15.23 SEM image of nanopores etched into glass coated alumina

a

b

Fig. 15.24 A schematic of Hu’s guest—host composite nanomembrane. Channel pore size
(a) can be as low as 10 nm. Current flow is indicated by the arrows (b) [48]
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effect (thin films <60 nm of YSZ induce 10–103 times increase in conductivity,
Fig. 15.25). Detailed conductivity enhancement mechanisms were discussed in a
previously filed patent [48]. With increased conductivity the operating temperature
for fuel cells can be reduced. Hu and Kosacki have shown that the conductivity data
can be measured even at room temperature. This new class of guest-host electrolyte
membrane reduces operating costs and makes possible for low-temperature SOFC
applications.

15.5 Conclusion

Applications of architectured nanomembranes include (but are not limited to):
electrical applications, conductive ion membranes for use in batteries and fuel cells,
solar applications (dye sensitized solar cells, hydrogen production via photocat-
alytic water splitting, and photocatalysts), catalytic membranes, and energy inten-
sive separations. There exist many engineering R&D needs required to manufacture
these nanomembranes. Two such methods have been studied and reported herein.
The anodization method has the ability of producing titania nanotube on a substrate.
E-beam deposition of Ti films on any substrate (with varying topography i.e.
tubular) can create a film that once anodized will leave behind nanotubes. Backside
etching through the porous substrate will produce a supported architectured
nanomembrane. The thickness and pore size of the membrane can be controlled
through anodization techniques. The glass membranes have benefits unique to them
as well. The pore size is controllable through heating. The longer the sample is
heated the greater the degree of phase separation of the highly etchable borate phase
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from the more stable silicate phase. Once etched the membranes can be further
manipulated through the vast amount of available glass chemistry.

Acknowledgements We thank partial sponsorship from ORNL-Seed Money fund,
DOE/Industrial Technologies Office fund, and DOE/BETO fund. Part of the materials deposition
and characterization (including e-beam deposition and SEM) was conducted at the Center for
Nanophase Materials Sciences, which is sponsored by the ORNL Scientific User Facilities
Division and DOE Office of Basic Research Sciences.
Notice of Copyright This manuscript has been authored by UT-Battelle, LLC under Contract

No. DE-AC05-00OR22725 with the U.S. Department of Energy. The United States Government
retains and the publisher, by accepting the article for publication, acknowledges that the United
States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or
reproduce the published form of this manuscript, or allow others to do so, for United States
Government purposes. The Department of Energy will provide public access to these results of
federally sponsored research in accordance with the DOE Public Access Plan (http://energy.gov/
downloads/doe-public-access-plan).

References

1. Baker, R.W. 2002. Future directions of membrane gas separation technology. Industrial and
Engineering Chemistry Research 41 (6): 1393–1411.

2. Ritter, J.A., and A.D. Ebner. 2007. State-of-the-art adsorption and membrane separation
processes for hydrogen production in the chemical and petrochemical industries. Separation
Science and Technology 42 (6): 1123–1193.

3. Ritter, J.A., and A.D. Ebner. 2007. Carbon Dioxide Separation Technology: R&D Needs for
the Chemical and Petrochemical Industries. DOE report: http://www.chemicalvision2020.
org/pdfs/CO2_Separation_Report_V2020_final.pdf.

4. DOE/EERE. 2004. Fuel Cells Power for the 21st Century. DOE Report: http://www1.eere.
energy.gov/hydrogenandfuelcells/.

5. Zhang, S.S. 2007. A review on the separators of liquid electrolyte Li-ion batteries. Journal of
Power Sources 164 (1): 351–364.

6. BCS. 2005. Materials for Separation Technologies: Energy and Emission Reduction
Opportunities. Industrial Technologies Program DOE.

7. Thayer, G.R., F. Roach, and L. Dauelsberg. 2006. DOE Report: Estimated Energy Savings
and Financial Impacts of Nanomaterials by Design on Selected Applications in the Chemical
Industry. Los Alomos Chemical Industry Vision 2020. http://www.chemicalvision2020.org/
pdfs/LANL_Nano_Rept_Final_4-17-06.pdf.

8. Guo, Y.G., J.S. Hu, and L.J. Wan. 2008. Nanostructured materials for electrochemical energy
conversion and storage devices. Advanced Materials 20 (15): 2878–2887.

9. Liu, J., G.Z. Cao, Z.G. Yang, D.H. Wang, D. Dubois, X.D. Zhou, G.L. Graff, L.R. Pederson,
and J.G. Zhang. 2008. Oriented nanostructures for energy conversion and storage.
ChemSusChem 1 (8–9): 676–697.

10. Johnson, J. 2010. EPA’s move on CO2 reaps 24 lawsuits. InChemical and Engineering News, 6.
11. EPA. 2010. Clean Air Act. http://www.epa.gov/air/caa/.
12. Banerjee, P., I. Perez, L. Henn-Lecordier, S.B. Lee, and G.W. Rubloff. 2009. Nanotubular

metal-insulator-metal capacitor arrays for energy storage. Nature Nanotechnology 4 (5):
292–296.

13. http://x-journals.com/2009/nanotech-batteries-for-a-new-energy-future/, 2009.
14. Simon, U., and M.E. Franke. 2000. Electrical properties of nanoscaled host/guest compounds.

Microporous and Mesoporous Materials 41 (1–3): 1–36.

15 Architectured Nanomembranes 461

http://energy.gov/downloads/doe-public-access-plan
http://energy.gov/downloads/doe-public-access-plan
http://www.chemicalvision2020.org/pdfs/CO2_Separation_Report_V2020_final.pdf
http://www.chemicalvision2020.org/pdfs/CO2_Separation_Report_V2020_final.pdf
http://www1.eere.energy.gov/hydrogenandfuelcells/
http://www1.eere.energy.gov/hydrogenandfuelcells/
http://www.chemicalvision2020.org/pdfs/LANL_Nano_Rept_Final_4-17-06.pdf
http://www.chemicalvision2020.org/pdfs/LANL_Nano_Rept_Final_4-17-06.pdf
http://www.epa.gov/air/caa/
http://x-journals.com/2009/nanotech-batteries-for-a-new-energy-future/


15. Kim, M., Y.C. Nho, and J.H. Park. 2010. Electrochemical performances of inorganic
membrane coated electrodes for li-ion batteries. Journal of Solid State Electrochemistry
14 (5): 769–773.

16. http://www.hydrogen.energy.gov/. U.S. Department of Energy Hydrogen Program, 2011.
17. Oleksandrov, S., J.W. Lee, J.H. Jang, S. Haam, and C.H. Chung. 2009. Proton-conductive

nanochannel membrane for fuel-cell applications. Journal of Nanoscience and
Nanotechnology 9 (2): 1551–1554.

18. Chen, X., and S.S. Mao. 2007. Titanium dioxide nanomaterials: Synthesis, properties,
modifications, and applications. Chemical Reviews 107 (7): 2891–2959.

19. Directors, D.N.L. 1997. Technology Opportunities to Reduce U.S. Greenhous Gas Emissions.
www.ornl.gov/*webworks/cppr/y2003/rpt/110512.pdf.

20. Gong, D., C.A. Grimes, O.K. Varghese, W.C. Hu, R.S. Singh, Z. Chen, and E.C. Dickey.
2001. Titanium oxide nanotube arrays prepared by anodic oxidation. Journal of Materials
Research 16 (12): 3331–3334.

21. Mor, G.K., M.A. Carvalho, O.K. Varghese, M.V. Pishko, and C.A. Grimes. 2004.
A room-temperature TiO2-nanotube hydrogen sensor able to self-clean photoactively from
environmental contamination. Journal of Materials Research 19 (2): 628–634.

22. Varghese, O.K., G.K. Mor, C.A. Grimes, M. Paulose, and N. Mukherjee. 2004. A titania
nanotube-array room-temperature sensor for selective detection of hydrogen at low
concentrations. Journal of Nanoscience and Nanotechnology 4 (7): 733–737.

23. Wang, W.Z., O.K. Varghese, M. Paulose, C.A. Grimes, Q.L. Wang, and E.C. Dickey. 2004.
A study on the growth and structure of titania nanotubes. Journal of Materials Research
19 (2): 417–422.

24. Cai, Q.Y., M. Paulose, O.K. Varghese, and C.A. Grimes. 2005. The effect of electrolyte
composition on the fabrication of self-organized titanium oxide nanotube arrays by anodic
oxidation. Journal of Materials Research 20 (1): 230–236.

25. Shankar, K., M. Paulose, G.K. Mor, O.K. Varghese, and C.A. Grimes. 2005. A study on the
spectral photoresponse and photoelectrochemical properties of flame-annealed titania
nanotube-arrays. Journal of Physics D-Applied Physics 38 (18): 3543–3549.

26. Varghese, O.K., M. Paulose, K. Shankar, G.K. Mor, and C.A. Grimes. 2005.
Water-photolysis properties of micron-length highly-ordered titania nanotube-arrays.
Journal of Nanoscience and Nanotechnology 5 (7): 1158–1165.

27. Mor, G.K., K. Shankar, M. Paulose, O.K. Varghese, and C.A. Grimes. 2006. Use of
highly-ordered TiO2 nanotube arrays in dye-sensitized solar cells. Nano Letters 6 (2):
215–218.

28. Mor, G.K., O.K. Varghese, M. Paulose, K. Shankar, and C.A. Grimes. 2006. A review on
highly ordered, vertically oriented TiO2 nanotube arrays: Fabrication, material properties, and
solar energy applications. Solar Energy Materials and Solar Cells 90 (14): 2011–2075.

29. Paulose, M., G.K. Mor, O.K. Varghese, K. Shankar, and C.A. Grimes. 2006. Visible light
photoelectrochemical and water-photoelectrolysis properties of titania nanotube arrays.
Journal of Photochemistry and Photobiology a-Chemistry 178 (1): 8–15.

30. Paulose, M., K. Shankar, O.K. Varghese, G.K. Mor, and C.A. Grimes. 2006. Application of
highly-ordered TiO2 nanotube-arrays in heterojunction dye-sensitized solar cells. Journal of
Physics D-Applied Physics 39 (12): 2498–2503.

31. Ruan, C.M., M. Paulose, O.K. Varghese, and C.A. Grimes. 2006. Enhanced photo
electrochemical-response in highly ordered TiO2 nanotube-arrays anodized in boric acid
containing electrolyte. Solar Energy Materials and Solar Cells 90 (9): 1283–1295.

32. Grimes, C.A. 2007. Synthesis and application of highly ordered arrays of TiO2 nanotubes.
Journal of Materials Chemistry 17 (15): 1451–1457.

33. Shankar, K., G.K. Mor, H.E. Prakasam, S. Yoriya, M. Paulose, O.K. Varghese, and C.A.
Grimes. 2007. Highly-ordered TiO2 nanotube arrays up to 220 mu m in length: use in water
photoelectrolysis and dye-sensitized solar cells. Nanotechnology 18 (6).

34. Shankar, K., J.I. Basham, N.K. Allam, O.K. Varghese, G.K. Mor, X.J. Feng, M. Paulose, J.A.
Seabold, K.S. Choi, and C.A. Grimes. 2009. Recent advances in the use of TiO2 nanotube and

462 M.Z. Hu and M.R. Sturgeon

http://www.hydrogen.energy.gov/
http://www.ornl.gov/%7ewebworks/cppr/y2003/rpt/110512.pdf


nanowire arrays for oxidative photoelectrochemistry. Journal of Physical Chemistry C
113 (16): 6327–6359.

35. Varghese, O.K., M. Paulose, and C.A. Grimes. 2009. Long vertically aligned titania
nanotubes on transparent conducting oxide for highly efficient solar cells. Nature
Nanotechnology 4 (9): 592–597.

36. Varghese, O.K., M. Paulose, T.J. LaTempa, and C.A. Grimes. 2009. High-rate solar
photocatalytic conversion of CO2 and water vapor to hydrocarbon fuels. Nano Letters 9 (2):
731–737.

37. Rani, S., S.C. Roy, M. Paulose, O.K. Varghese, G.K. Mor, S. Kim, S. Yoriya, T.J. LaTempa,
and C.A. Grimes. 2010. Synthesis and applications of electrochemically self-assembled titania
nanotube arrays. Physical Chemistry Chemical Physics 12 (12): 2780–2800.

38. Mor, G.K., K. Shankar, M. Paulose, O.K. Varghese, and C.A. Grimes. 2004. Enhanced
photocleavage of water using titania nanotube arrays. Nano Letters 5 (1): 191–195.

39. Jennings, J.R., A. Ghicov, L.M. Peter, P. Schmuki, and A.B. Walker. 2008. Dye-sensitized
solar cells based on oriented TiO2 nanotube arrays: Transport, trapping, and transfer of
electrons. Journal of the American Chemical Society 130 (40): 13364–13372.

40. Banerjee, S., M. Misra, S.K. Mohapatra, C. Howard, and S.K. Kamilla. 2010. Formation of
chelating agent driven anodized TiO2 nanotubular membrane and its photovoltaic application.
Nanotechnology 21 (14).

41. Gong, J.J., Y.K. Lai, and C.J. Lin. 2010. Electrochemically multi-anodized TiO2 nanotube
arrays for enhancing hydrogen generation by photoelectrocatalytic water splitting.
Electrochimica Acta 55 (16): 4776–4782.

42. Richter, C., and L. Menon. 2010. Impact of adsorbed alkali ions on photoelectrochemical
hydrogen production by titania nanotubes. Energy & Environmental Science 3 (4): 427–433.

43. Albu, S.P., A. Ghicov, J.M. Macak, R. Hahn, and P. Schmuki. 2007. Self-organized,
free-standing TiO2 nanotube membrane for flow-through photocatalytic applications. Nano
Letters 7 (5): 1286–1289.

44. Tan, L.K., M.K. Kumar, W.W. An, and H. Gao. 2010. Transparent, well-aligned TiO2

nanotube arrays with controllable dimensions on glass substrates for photocatalytic
applications. ACS Applied Materials & Interfaces 2 (2): 498–503.

45. Kormann, H.P., G. Schmid, K. Pelzer, K. Philippot, and B. Chaudret. 2004. Gas phase
catalysis by metal nanoparticles in nanoporous alumina membranes. Zeitschrift fur
Anorganische und Allgemeine Chemie 630 (12): 1913–1918.

46. Stair, P., C. Marshall, G. Xiong, H. Feng, M. Pellin, J. Elam, L. Curtiss, L. Iton, H. Kung, M.
Kung, and H.H. Wang. 2006. Novel, uniform nanostructured catalytic membranes. Topics in
Catalysis 39 (3): 181–186.

47. Dotzauer, D.M., J.H. Dai, L. Sun, and M.L. Bruening. 2006. Catalytic membranes prepared
using layer-by-layer adsorption of polyelectrolyte/metal nanoparticle films in porous supports.
Nano Letters 6 (10): 2268–2272.

48. Hu, M.Z., and I. Kosacki. 2010. Design and Synthesis of Guest-Host Nanostructures to
Enhance Ionic Conductivity Across Nanocomposite Membranes. US Patent US 7,641,997 B2.

49. Pellin, M.J., J.N. Hryn, and J.W. Elam. 2005. Catalytic Nanoporous Membranes US
2005/0065028 A1. United States Patent Application.

50. Pellin, M.J., J.N. Hryn, and J.W. Elam. 2009. Catalytic Nanoporous Membranes US
7,625,840 B2. United States Patent Application.

51. Pellin, M.J., J.N. Hryn, and J.W. Elam. 2010. Catalytic Nanoporous Membranes US
2010/0075827 A1. U.S.P.A. Publication, Editor.

52. Routkevitch, D., and O.G. Polyakov. 2007. Composite Membranes and Methods for Making
Same US 2007/0256562 A1. U.S.P.A. Publication, Editor. Synkera Technologies INC.

53. Guo, Y.G., J.S. Hu, H.M. Zhang, H.P. Liang, L.J. Wan, and C.L. Bai. 2005. Tin/platinum
bimetallic nanotube array and its electrocatalytic activity for methanol oxidation. Advanced
Materials 17 (6): 746–+.

15 Architectured Nanomembranes 463



54. Pokropivnyi, V.V. 2002. Two-dimensional nanocomposites: Photonic crystals and nanomem-
branes (review). II: Properties and applications. Powder Metallurgy and Metal Ceramics 41
(7–8): 369–381.

55. Paulose, M., H.E. Prakasam, O.K. Varghese, L. Peng, K.C. Popat, G.K. Mor, T.A. Desai, and
C.A. Grimes. 2007. TiO2 nanotube arrays of 1000 lm length by anodization of titanium foil:
Phenol red diffusion. Journal of Physical Chemistry C 111 (41): 14992–14997.

56. Albu, S.P., A. Ghicov, S. Berger, H. Jha, and P. Schmuki. 2010. TiO2 nanotube layers:
Flexible and electrically active flow-through membranes. Electrochemistry Communications
12 (10): 1352–1355.

57. Roy, P., T. Dey, K. Lee, D. Kim, B. Fabry, and P. Schmuki. 2010. Size-selective separation of
macromolecules by nanochannel titania membrane with self-cleaning (declogging) ability.
Journal of the American Chemical Society 132 (23): 7893–7895.

58. Masuda, H., F. Hasegwa, and S. Ono. 1997. Self-ordering of cell arrangement of anodic
porous alumina formed in sulfuric acid solution. Journal of the Electrochemical Society
144 (5): L127–L130.

59. Masuda, H., H. Yamada, M. Satoh, H. Asoh, M. Nakao, and T. Tamamura. 1997. Highly
ordered nanochannel-array architecture in anodic alumina. Applied Physics Letters 71 (19):
2770–2772.

60. Prakasam, H.E., K. Shankar, M. Paulose, O.K. Varghese, and C.A. Grimes. 2007. A new
benchmark for TiO2 nanotube array growth by anodization. Journal of Physical Chemistry C
111 (20): 7235–7241.

61. Ghicov, A., and P. Schmuki. 2009. Self-ordering electrochemistry: A review on growth and
functionality of TiO2 nanotubes and other self-aligned MOx structures. Chemical
Communications 20: 2791–2808.

62. Paulose, M., L. Peng, K.C. Popat, O.K. Varghese, T.J. LaTempa, N.Z. Bao, T.A. Desai, and
C.A. Grimes. 2008. Fabrication of mechanically robust, large area, polycrystalline
nanotubular/porous TiO2 membranes. Journal of Membrane Science 319 (1–2): 199–205.

63. Tonucci, R.J., B.L. Justus, A.J. Campillo, and C.E. Ford. 1992. Nanochannel array glass.
Science 258 (5083): 783–785.

64. D’Urso, B., J.T. Simpson, and M. Kalyanaraman. 2007. Nanocone array glass. Journal of
Micromechanics and Microengineering 17 (4): 717–721.

65. Tonucci, R.J., and G.K. Hubler. 2007. Materials characterization and nanofabrication methods
—Nanochannel glass materials. In Advances in Nanophotonics Ii, ed. Sibilia, C., and D.S.
Wiersma, 59–71. Melville: Amer Inst Physics.

66. Ma, Z.Y., L.Y. Ma, and M. Su. 2008. Engineering Three-dimensional micromirror arrays by
fiber-drawing nanomanufacturing for solar energy conversion. Advanced Materials 20 (19):
3734–+.

67. Hendricks, T.R., I.N. Ivanov, D.A. Schaeffer, P.A. Menchhofer, and J.T. Simpson. 2010.
Processing of loose carbon nanotubes into isolated, high density submicron channels.
Nanotechnology 21 (11).

68. Guliants, V.V., M.A. Carreon, and Y.S. Lin. 2004. Ordered mesoporous and macroporous
inorganic films and membranes. Journal of Membrane Science 235 (1–2): 53–72.

69. Wang, Y.H., and W.D. Zhou. 2010. A review on inorganic nanostructure self-assembly.
Journal of Nanoscience and Nanotechnology 10 (3): 1563–1583.

70. Tsuya, N., T. Tokushima, M. Shiraki, Y. Wakui, Y. Saito, H. Nakamura, S. Hayano, A.
Furugori, and M. Tanaka. 1986. Alumite disk using anordic oxidation. IEEE Transactions on
Magnetics 22 (5): 1140–1145.

71. Jessensky, O., F. Muller, and U. Gosele. 1998. Self-organized formation of hexagonal pore
structures in anodic alumina. Journal of the Electrochemical Society 145 (11): 3735–3740.

72. Jessensky, O., F. Muller, and U. Gosele. 1998. Self-organized formation of hexagonal pore
arrays in anodic alumina. Applied Physics Letters 72 (10): 1173–1175.

73. Paulose, M., K. Shankar, S. Yoriya, H.E. Prakasam, O.K. Varghese, G.K. Mor, T.A.
Latempa, A. Fitzgerald, and C.A. Grimes. 2006. Anodic growth of highly ordered TiO2

464 M.Z. Hu and M.R. Sturgeon



nanotube arrays to 134 lm in length. Journal of Physical Chemistry B 110 (33):
16179–16184.

74. Macak, J.M., H. Tsuchiya, A. Ghicov, K. Yasuda, R. Hahn, S. Bauer, and P. Schmuki. 2007.
TiO2 nanotubes: Self-organized electrochemical formation, properties and applications.
Current Opinion in Solid State and Materials Science 11 (1–2): 3–18.

75. Chen, C.C., J.H. Chen, C.G. Chao, and W.C. Say. 2005. Electrochemical characteristics of
surface of titanium formed by electrolytic polishing and anodizing. Journal of Materials
Science 40 (15): 4053–4059.

76. Chu, S.Z., S. Inoue, K. Wada, S. Hishita, and K. Kurashima. 2005. Self-organized
nanoporous anodic titania films and ordered titania nanodots/nanorods on glass. Advanced
Functional Materials 15 (8): 1343–1349.

77. Sadek, A.Z., H.D. Zheng, K. Latham, W. Wlodarski, and K. Kalantar-Zadeh. 2009.
Anodization of Ti thin film deposited on ITO. Langmuir 25 (1): 509–514.

78. Wang, J., and Z.Q. Lin. 2009. Anodic formation of ordered TiO2 nanotube arrays: Effects of
electrolyte temperature and anodization potential. Journal of Physical Chemistry C 113 (10):
4026–4030.

79. Kar, A., R. Pando, and V. Subramanian. 2010. Photoelectrochemical responses of anodized
titanium oxide films. Journal of Materials Research 25 (1): 82–88.

80. Lin, J., J.F. Chen, and X.F. Chen. 2010. Facile fabrication of free-standing TiO2 nanotube
membranes with both ends open via self-detaching anodization. Electrochemistry
Communications 12 (8): 1062–1065.

81. Biswas, S., M. Shahjahan, M.F. Hossain, and T. Takahashi. 2010. Synthesis of thick TiO2

nanotube arrays on transparent substrate by anodization technique. Electrochemistry
Communications 12 (5): 668–671.

82. Park, Y.I., M. Nagai, J.D. Kim, and K. Kobayashi. 2004. Inorganic proton-conducting gel
glass/porous alumina nanocomposite. Journal of Power Sources 137 (2): 175–182.

83. Yang, J., and Y. Jaluria. 2009. Transport processes governing the drawing of a hollow optical
fiber. Journal of Heat Transfer-Transactions of the ASME 131 (7).

84. Yang, J., and Y. Jaluria. 2009. Feasibility and optimization of the hollow optical fiber drawing
process. International Journal of Heat and Mass Transfer 52 (17–18): 4108–4116.

85. Mazurin, O.V.1984. Phase Separation in Glass. The American Ceramic Society.
86. Simpson, J.T., and B. D’Urso. 2007. Transparent, Super-Hydrophobic, Disordered

Composite Material. US Patent number: US 2007/0184247 A1.
87. Atkins, P., and J. de Paula. 2006. Physical Chemistry, 8th ed. New York: W.H. Freeman and

Company.

15 Architectured Nanomembranes 465



Summary and Final Thoughts

The goal for this book was to provide an overview of anisotropic nanoparticles,
with particular attention paid to how properties and applications can be tuned by
selecting an appropriately shaped nanoparticle. The journey began by considering
many different methods to create nanoparticles with different shapes. By employing
elegant self-assembly techniques or precise top-down electron beam writing, ani-
sotropic nanoparticles of almost any conceivable shape and composition can be
formed. These new nanoparticle shapes bring new challenges, and greater care must
be taken when characterizing anisotropic nanoparticles. As discussed in Chap. 4,
laboratory analyses very often assume the sampling of isotropic materials, and
therefore, it is important to consider the orientation and built-in assumptions of both
the technique and sample during characterization. Finally, the most important
driving force in nanoscale research is the intended application of nanomaterials. An
extensive portion of the book has been devoted to detailed studies and reports
describing the advantages and implications of using anisotropic and shape-selective
nanoparticles for various applications, and the topics covered in this text ranged
from plasmonics to catalysis to energy generation. These different chapters illustrate
how nanoparticle shape influences behavior. For example, Goldsmith et al.
described how Au nanorods can enhance cardiovascular disease detection and
treatment. While on the other hand, Aich et al. discussed how nanorods and other
shapes of nanoparticles can have different effects on bio-toxicity that depend very
strongly on their shape, size, and aggregation state. The information presented in
these and other chapters show that anisotropic nanoparticles may behave in
unexpected ways when placed in different conditions, and furthermore, these
unique behaviors can induce profound effects on their surrounding environment,
both good and bad.

The overall view of the syntheses, characterizations, and applications of aniso-
tropic and shape-selective nanoparticles is that, while plenty of work remains, these
fields are quite well-developed. Moving forward, we expect to see the persistent
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increase in the precision of nanomaterial production and experimental measure-
ments that have propelled research in this field so far. Scientists and engineers will
continue to push the outer boundary of the ability to confine and control matter at
the nanoscale, but it is as important, if not more so, to bring the trailing edges into
mainstream society. Indeed, a significant challenge for nanotechnology for the
foreseeable future is the transition of the remarkable results seen in laboratories into
everyday applications. The main hurdles to the widespread adoption of nanotech-
nologies are the difficulties of scaling up processes and reducing costs associated
with nanomaterial production. Health and environmental implications of wide-
spread use of nanomaterials will also require careful consideration and could pose
another obstruction to commercial applications. It is important that the quest for the
industrial adoption of nanotechnologies, shape-selective or otherwise, should not be
judged solely as a profitmaking scheme, though commercial viability is paramount
for any technology. Over the next century, rapidly growing urban population
centers and a changing climate will place tremendous demands on a limited supply
of resources and our ability to provide security and healthcare. Broad implemen-
tation of innovative technologies is our best hope to meet these challenges.
Throughout this book, we have seen demonstrations in the laboratory setting that
anisotropic nanoparticles can help solve these impending problems. Now, clever
thinking and engineering is required to transmit what is found in the lab out into the
real world.

Editors
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