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Preface

Nanoscience is an intersection of chemistry, physics, materials science, biology, 
electrical engineering, and many other disciplines to study matters at nanometer 
scale. More specifically, this multidisciplinary field is focused on matters with at 
least one dimension sized from 1 to 100 nm. In parallel to quantum dots that were 
invented earlier, metallic nanostructures have attracted tremendous attention from 
the research community, and their research has become a fast-growing subfield of 
the nanoscience. Metals possess a range of wonderful properties, leading to exten-
sive use in industrial applications including catalysis, electronics, photography, and 
magnetic information storage. As the dimensions of metallic materials shrink down 
to the nanoscale, they give birth to numerous new applications such as photonics, 
imaging, and medicine. Undoubtedly, a majority of these promising applications 
require the use of metals in a finely divided state, which not only brings about grand 
challenges to materials synthesis, but creates opportunities for chemists to collabo-
rate with the scientists of various academic backgrounds.

The history of solution-phase synthesis—the most widely used approach to me-
tallic nanoparticles can be traced back to the 1850s when Michael Faraday invented 
his now famous gold colloids. However, not until the recent decade had the con-
trollability over size, shape, structure, and composition of metallic nanostructures 
reached the level usable for realistic applications. Now, the solution-phase methods 
can offer the quality, quantity, and reproducibility suitable for shape-property rela-
tionship investigations, which significantly blossoms the research and implementa-
tions of metallic nanostructures. Nevertheless, the people having insufficient chem-
istry training still suffer from the difficulty of transferring literature knowledge to 
bench work in wet labs. “Enabling anyone to make desired metal nanomaterials 
in a wet lab” is thus one of the major motivations of writing this book. Needless 
to say, understanding the designing rules for nanomaterials is also an obstacle to 
the chemists working on materials synthesis. Leveraging example applications, this 
book illustrates how to design a perfect metallic nanostructure for the application 
which the readers are specifically interested in. We do hope, by bridging controlled 
synthesis and applications, it will make it more clear how fascinating and versatile 
metal nanomaterials are.
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This is the first book to address the fundamentals in the controlled synthesis 
of metallic nanostructures toward fulfilling specific functions, and is intended for 
the scientists and engineers making efforts in the fields related to nanotechnology. 
Here we just name a few examples: materials science, chemistry, physics, electron-
ics, magnetic information storage, catalysis, biotechnology, optics, and photonics. 
Although it is not specially designed for a university textbook, it does not bother 
this book to become a reference for the college and graduate students studying 
the courses related to nanotechnology and materials science. Specifically, Chap. 1 
first gives an overview on the fundamentals in the field of metallic nanostructures. 
Chapters 2 and 3 provide basic knowledge relative to metallic nanomaterial syn-
thesis and allow the readers to have a clear picture for making desired metallic 
nanoproducts via direct synthesis or seeding growth. Chapters 4–9 illustrate the 
structure-dependent properties of metallic nanostructures for interfacial molecular 
interactions, biomedicine and sensing, electrocatalysis and catalysis, photonics and 
electronics, and magnetic applications case by case. They fully demonstrate what 
applications metallic nanomaterials can be implemented in, leading to the bright 
future of this research. We do hope that this book coherently integrates synthesis 
fundamentals with material functions and can unravel the puzzle that people fre-
quently encounter when designing metal nanostructures for various applications.

Overall, the objective of this book is to strengthen research in metallic nano-
structures by creating a coherent framework of fundamental understanding and case 
study for various disciplinary nanoscience communities. It represents a further step 
in the research of metal nanomaterials to achieve rational design materials. At the 
same time, it constitutes an updated overview of the state-of-the-art and a roadmap, 
reflecting frontier research trends in each subfield of metal nanomaterials.

University of Science and Technology of China      Yujie Xiong
National University of Singapore        Xianmao Lu
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Chapter 1
Metallic Nanostructures: Fundamentals

Wenxin Niu and Xianmao Lu

© Springer International Publishing Switzerland 2015
Y. Xiong, X. Lu (eds.), Metallic Nanostructures, DOI 10.1007/978-3-319-11304-3_1

X. Lu () · W. Niu
Department of Chemical and Biomolecular Engineering, National University of Singapore,  
4 Engineering Drive 4, Singapore 117585, Singapore
e-mail: chelxm@nus.edu.sg

Abstract This chapter focuses on the fundamental aspects of metallic nanostruc-
tures. We firstly introduce the definition, classification, and historical background 
of metallic nanostructures. A summary of their novel optical, catalytic, and mag-
netic properties is provided in the next section. General methods for the synthesis 
of metallic nanostructures are then outlined, followed by the discussion of their 
morphological, structural, and compositional characterization methods. Finally, 
representative examples for controlled syntheses of metallic nanostructures are 
highlighted.

1.1  Metallic Nanostructures: General Introduction  
and Historical Background

1.1.1  General Introduction

Nanoscience has emerged as one of the most exciting areas of modern science and 
technology. The development of nanoscience has revolutionized many applications 
ranging from catalysis to electronics, photonics, information storage, biological 
 imaging and sensing, as well as energy conversion and storage [1–5]. Among these 
advances, metallic nanostructures have played a major role in many directions and 
have become one of the most studied subjects in nanoscience [6]. Metallic nano-
structures are defined as metallic objects with at least one dimension in the range 
of one to a few hundred of nanometers. They exhibit many remarkable chemical 
and physical properties that are different from both individual metal atoms and bulk 
metals. The emergence of these novel properties is the driving force for the rapid 
development of research in metallic nanostructures, which has been on the forefront 
of scientific disciplines including chemistry, physics, materials science, medicine, 
and biology.
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1.1.2  Classification of Metallic Nanostructures

A typical way of classifying metallic nanostructures of different morphologies is to 
identify them according to their dimensions. Based on the number of dimensions, 
metallic nanostructures can be roughly classified as zero-dimensional (0D), one-
dimensional (1D), two-dimensional (2D), and three-dimensional (3D). 0D metallic 
nanomaterials include small clusters composed of a few to roughly a hundred metal 
atoms, and common spherical metal nanoparticles. Figure 1.1a shows an example 
of 0D Pd spherical nanoparticles [7]. 1D metallic nanomaterials are nanostructures 
with large aspect ratios such as nanorods, nanowires, nanobelts (nanoribbons), and 

Fig. 1.1  Metallic nanostructures of different dimensions: a 0D Pd spherical nanoparticles (scale 
bar: 20 nm, reproduced with permission from reference [7], Copyright 2010 Wiley-VCH), b 1D 
Au nanorods (scale bar: 100 nm, reproduced with permission from reference [8], Copyright 2012 
American Chemical Society), c 2D Pd ultrathin nanosheets (scale bar: 100 nm, reproduced with 
permission from reference [9], Copyright 2011 Nature Publishing Group), and d 3D Pd concave 
nanocubes (scale bar: 200 nm, reproduced with permission from reference [10], Copyright 2014 
American Chemical Society)
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nanotubes. Figure 1.1b shows an example of 1D Au nanorods [8]. 2D nanomaterials 
are thin films with nanometer thickness such as nanosheets, nanoplates, and nano-
prisms. Figure 1.1c shows an example of Pd ultrathin nanosheets with a thickness of 
1.8 nm [9]. 3D nanomaterials include more complicated structures such as various 
polyhedra, as well as assemblies of 0D, 1D, and 2D nanostructures. Figure 1.1d 
shows an example of 3D Pd concave nanocubes with sub-10 nm sharp edges [10].

1.1.3  Historical Background of Metallic Nanostructures

Metallic nanostructures have been unknowingly used for a few purposes dating 
back for millennia. Gold and silver nanoparticles have been incorporated into glass-
es as colorant for over 2000 years [3]. One of the most well-known examples is 
the Lycurgus cup from the Roman times [11]. The Lycurgus cup has a remarkable 
characteristic of dichroism: the glass appears a color of green jade under normal 
external lighting conditions, while it gives a deep ruby red color when it is lighted 
from within (Fig. 1.2a, b). Modern transmission electron microscopy (TEM) stud-
ies proved that the fascinating colors originate from alloy nanoparticles of Ag and 
Au with sizes of 50–100 nm embedded in the glass [12]. When viewed in reflected 
light, the green color of the cup is due to the scattering contribution of the alloy 
nanoparticles [13]. When it is illuminated from inside, the color is resulted from the 
absorption contribution: the green wavelength is absorbed and the light that goes 
through the glass appears with the complementary red color.

In the Middle Ages, Au, Ag, and Cu nanoparticles have been frequently em-
ployed as colorants, particularly for church windows and pottery [14, 15]. In the 
seventeenth century, Andreas Cassius et al. described a procedure that can produce 
Au nanoparticles with an intense purple color [16]. This so-called “Purple of Cas-
sius” was used to color glasses and produce the so-called “gold ruby glass” [17]. 
The preparation of “Purple of Cassius” involved the dissolution of gold metal in 
aqua regia followed by the reduction of Au(III) by a mixture of stannous chloride, 

Fig. 1.2  The dichroism of the Lycurgus cup: a viewed in transmitted light, b viewed in reflected 
light (from reference [20], Copyright Trustees of the British Museum), c medieval stained glass 
from Chartres Cathedral (from reference [21], Copyright Dr Stuart Whatling)
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although the true chemical reaction mechanisms were not understood at that time 
[18]. Figure 1.2c shows a medieval-stained glass from Chartres Cathedral, in which 
the red color originates from Au nanoparticles. Ag and Cu nanoparticles were also 
dispersed in the glassy matrix of the ceramic glaze for luster decoration of medieval 
and Renaissance pottery [19].

The first documented scientific study of metal nanoparticles was performed by 
Michael Faraday [22, 23]. In 1857, Faraday reported that colloidal Au nanoparti-
cles can be prepared by the reduction of gold salts with reagents including organic 
compounds or phosphorus [24]. Faraday’s Au nanoparticles, with size between 
3 and 30 nm, are still stable now [25]. Faraday correlated the red color of Au 
colloid with the small size of the Au particles in metallic form. He concluded 
that it is gold present in solution in a “finely divided metallic state” smaller than 
the wavelength of visible light that shows colors different from the original color 
[24]. Faraday also examined the synthesis of other metal nanoparticles such as Pt, 
Pd, Rh, and Ag [24].

Zsigmondy and Svedberg also made significant contributions to the develop-
ment of metallic nanostructures [26]. Zsigmondy employed an ultramicroscope to 
study the optical properties of Au nanoparticles [27, 28]. He developed a method for 
preparing colloidal Au nanoparticles by boiling gold chloride with formaldehyde 
[27]. He even used small Au particles as nuclei for the growth of large Au nanopar-
ticles, which is possibly one of the first seed-mediated growth methods for metallic 
nanostructures [27]. Svedberg also studied the synthesis of metal nanoparticles ex-
tensively [29]. He explored many reducing agents to produce Au nanoparticles from 
chloroauric acid, ranging from gas phase reductant hydrogen, hydrogen sulphide, 
and carbon monoxide (CO), to various organic and inorganic reducing agents 
[29]. In addition, he invented the ultracentrifuge, which allowed size separation of 
nanoparticles [30].

The revolutionary development of TEM enabled researchers to directly explore 
the morphology of metallic nanostructures [31]. In 1937, Beischer et al. first stud-
ied the shapes of Au nanoparticles using a TEM [32]. Since then, researchers have 
been able to correlate the sizes and shapes of metallic nanostructures with their 
synthetic conditions. In 1951, Turkevich et al. developed a method for producing 
spherical Au nanoparticles via citrate reduction of tetrachloroauric acid [33]. The 
citrate reduction method is very simple and can give Au nanoparticles with nar-
row size distribution. In 1973, Frens refined Turkevich’s work and discovered that 
the size of Au nanoparticles can be simply controlled by tuning the ratio between 
sodium citrate and gold salt [34]. The citrate reduction method is still one of the 
most simple and reproducible approaches in synthesizing Au nanoparticles with 
controlled size. Besides TEM, the invention of numerous characterization and ana-
lytical technologies has greatly simulated the developments of modern research in 
metallic nanostructures [35]. Based on these high-resolution chemical and physical 
analyses, elucidation of structure–function relationships in metallic nanostructures 
has become possible. Morphology-controlled synthesis of metallic nanostructures 
has achieved unprecedented progress, even at atomic precision [36]. Many rational 
synthetic methods for metallic nanostructures have been developed and “materials 
by design” has become a goal of research in this area.
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1.2  Fundamental Properties of Metallic Nanostructures

The fast development in the synthesis of metallic nanostructures with controllable 
morphologies has enabled the discovery of their new properties [38]. Now it is 
well-known that size and shape of metallic nanostructures can profoundly alter 
their properties. One of the most well-known size-dependent properties of metal-
lic nanostructures is their high surface area to volume ratio. Table 1.1 shows the 
relationships between particle size versus the percentage of surface atoms for Pt 
nanoparticles with cuboctahedral shapes [37]. It can be clearly seen that as the size 
of Pt nanoparticles decreases, a dramatic increase in the surface atom percentages 
can be obtained. The large surface area to volume ratio of metallic nanostructures is 
the origin of a number of unique applications, especially in catalysis [39]. Besides 
their sizes, the shape of metallic nanostructures also strongly affects their optical, 
catalytic, and magnetic properties. In this section, the correlation between these 
properties and the morphology of metallic nanostructures is briefly introduced.

1.2.1  Optical Properties

The brilliant colors of Au and Ag nanostructures have fascinated people for thou-
sands of years. These phenomena arise from localized surface plasmon resonance 
(LSPR). LSPR is the resonant collective oscillation of free electrons of metallic 

Table 1.1  Calculated sizes of cuboctahedral Pt nanoparticles and their corresponding surface 
atom percentages (reproduced with permission from reference [37], Copyright 2012 Wiley-VCH)

Number of 
shells

Number of surface 
atoms

Number of total 
atoms

Percentage of  
surface atoms (%)

Size of Pt 
nanoparticles (nm)

1 12 13 92 0.8
2 42 55 76 1.4
3 92 147 63 1.9
4 162 309 52 2.4
5 252 561 45 3.0
6 362 923 39 3.5
7 492 1415 35 4.1
8 642 2057 31 4.6
9 812 2869 28 5.1
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nanostructures under light irradiation [41–43]. LSPR can result in strong light ab-
sorption, scattering, and enhanced local electromagnetic field. Based on these char-
acteristics, plasmonic nanostructures have found broad application in biological 
sensing and imaging, photothermal therapy, and solar energy harvesting [43–46]. 
Metallic nanostructures possessing LSPR in visible wavelength range are usually 
metals with a negative real and small positive imaginary dielectric constant such as 
gold, silver, and copper [41]. One remarkable feature of LSPR is that its frequency 
and intensity are strongly dependent on the size, shape, and composition of the 
plasmonic metallic nanostructures. This provides an important method to tailor the 
LSPR of metallic nanostructures by synthetically tuning their structural parameters. 
For example, Fig. 1.3 shows three types of metallic nanostructures with tunable 
LSPR properties: nanorods, nanoshells, and nanocages [40, 47, 48]. Their optical 
properties can be controlled by tuning the aspect ratio, shell thickness, and compo-
sition. Another feature of LSPR is that it is very sensitive to the refractive index of 
the surrounding medium [41]. Pronounced red shifts in the LSPR spectral position 
can be observed when the refractive index of the surrounding medium increases. 
Based on this property, LSPR has been used for ultra-sensitive sensing [49].

1.2.2  Catalytic Properties

The rapid development of metallic nanostructures has impacted the field of hetero-
geneous catalysis considerably [51–54]. Metallic nanostructures with well-defined 
sizes and shapes can be a new family of model systems for establishing structure–
function relationships in heterogeneous catalysis [55]. In conventional catalysis, the 
detailed crystal structure and crystallographic facets of metallic nanocatalysts are 
usually not well resolved. However, these structural parameters can have a dramatic 
effect on their catalytic activity. A typical example is the discovery of Au catalysts 
in low-temperature CO oxidation [56, 57]. Although bulk Au is very unreactive for 

Fig. 1.3  Metallic nanostruc-
tures with tunable localized 
surface plasmon resonance 
(LSPR): a Au nanorods with 
different aspect ratios, b Au 
nanoshells with different 
shell thickness, and c Au/
Ag nanocages with differ-
ent composition and shell 
thickness (reproduced with 
permission from reference 
[40], Copyright 2012 The 
Royal Society of Chemistry)
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low-temperature CO oxidation, Au nanoparticles in sizes of 3–4 nm are catalyti-
cally active for this reaction. The advance in metallic nanostructures now allows 
one to control their size, shape, and composition precisely, offering new opportuni-
ties to discover cost-effective and active metallic catalysts [58]. For instance, by 
controlling the surface crystal facets of Pt nanocrystals, their catalytic activity can 
be significantly increased [59]. Figure 1.4 shows the surface atomic arrangements 
of various crystal facets of face-centered cubic (fcc) metals [50]. Pt nanostructures 
with high-index facets can exhibit up to 400 % increase in catalytic activity for the 
electrooxidation of small organic fuels compared with common Pt catalysts [60]. 
The activity is attributed to the open structure with a high density of unsaturated 
atoms on the high-index facets. The selectivity of catalytic reaction can also be con-
trol by the shape of metallic nanostructures [37]. Somorjai et al. showed that during 
the benzene hydrogenation reactions, cyclohexane and cyclohexene products were 
formed on cuboctahedral Pt nanocrystals with both {111} and {100} facets, where-
as, only cyclohexane was produced on Pt nanocubes enclosed by {100} facets [61].

1.2.3  Magnetic Properties

The size and shape of ferromagnetic metal nanostructures have a significant im-
pact on their magnetic properties [62]. Superparamagnetism is one of the most 
 interesting phenomena arising from the shrinking size of metallic nanostructures. 
In metallic nanostructures of a critical size, the thermal energy is sufficient to invert 

Fig. 1.4  Unit stereographic triangle of face-centered cubic (fcc) metal single-crystal and models 
of surface atomic arrangement (reproduced with permission from reference [50], Copyright 2008 
American Chemical Society)
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the magnetic spin direction and the magnetic fluctuation results in a net magneti-
zation of zero. This phenomenon is called superparamagnetism [63]. Apparently, 
the transition from ferromagnetism to superparamagnetism is temperature depen-
dent and this transition temperature is referred as the blocking temperature [64]. 
The blocking temperature of metallic nanostructures is strongly dependent on their 
sizes. In the case of cobalt nanoparticles, ferromagnetic to superparamagnetic tran-
sitions of nanoparticles with sizes of 2, 4, 6, 8, and 13 nm occur at 10, 20, 100, 
180, and 370 K, respectively (Fig. 1.5a) [65]. The magnetic coercivity of cobalt 
nanoparticles is also dependent on their sizes. For Co nanoparticles with single 
magnetic domain structures, the magnetic coercivity increases with the size of the 
nanoparticles. For Co nanoparticles with multiple magnetic domains, the magnetic 
coercivity decreases as the size of the Co nanoparticles increases (Fig. 1.5b and c) 
[66]. The magnetic coercivity of metallic nanostructure is also dependent on their 
shape and composition [67–69]. For example, Co nanowires with high aspect ratios 
have a much higher coercivity than those with small aspect ratios [67].

1.3  General Methods for the Synthesis of Metallic 
Nanostructures

The quest for methods of producing metallic nanostructures with controllable sizes 
and morphologies has been always a challenging subject. The interest in rationally 
synthesizing metallic nanostructures with controllable sizes and morphologies is 
not based solely on their esthetic appeal. The sizes and morphologies of metallic 
nanostructures will play a pivotal role in determining their properties [42, 52, 70–
72]. Therefore, the ability to generate metallic nanomaterials with well-controlled 

Fig. 1.5  a Zero-field cooling curves and transmission electron microscopy (TEM) images of Co 
nanoparticles with sizes of 2, 4, 6, 8, and 13 nm. b Size-dependent magnetic domain structures 
from superparamagnetism to single domain and multidomain ferromagnetism. c Size-dependent 
coercivity of Co nanoparticles (reproduced with permission from reference [62], Copyright 2008 
American Chemical Society)
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sizes, shapes, and compositions is central to unraveling the chemical and physical 
properties of metal nanostructures. Since the time of Faraday, numerous approaches 
have been developed to control the morphology and composition of metallic nano-
structures. Besides simple chemical reduction or thermal decomposition routes, 
various techniques such as thermal evaporation, laser ablation, and electrochemi-
cal, photochemical, sonochemical processes have been developed. These methods 
could be realized either through chemical or physical processes in gas, liquid, or 
solid phases.

1.3.1  Gas- and Solid-Phase Methods

Many gas-phase synthesis approaches are based on physical vapor deposition 
(PVD), in which metallic nanostructures are generated through homogeneous or het-
erogeneous nucleation and growth through a vapor of metal atoms. A few techniques 
can be used to evaporate metals, such as arc discharge [73], laser ablation [74], ion 
sputtering [75], electron beam [76], or simply thermal evaporation [77]. However, 
most of these methods can only produce metallic nanomaterials with broad size 
distribution and usually have limited control on their morphology. Combined PVD 
with nanofabrication methods such as electron beam lithography can generate 2D 
metallic nanostructures with arbitrary sizes and shapes, although the throughput may 
be low (Fig. 1.6a) [78, 79]. Besides lithographic methods, templates can also be used 
to produce nanostructures with anisotropic shapes [80, 81]. For example, Van dyne 
et al. has developed a technique called nanosphere lithography to fabricate arrays 
of metallic nanostructures (Fig. 1.6b) [82]. This method uses close-packed sphere 
arrays of monodispersed polystyrene or silica nanospheres as templates for the de-
position of truncated triangular prisms of different metals. By templating against a 

Fig. 1.6  Metallic nanostructures fabricated by combining physical vapor deposition and nano-
fabrication methods: a A checkerboard cluster of Au nanoblocks separated by nanogaps through 
electron beam lithography (reproduced with permission from reference [79], Copyright 2011 
American Chemical Society), b An array of triangular copper nanostructures by nanosphere 
lithography (reproduced with permission from reference [88], Copyright 2007 American Chemi-
cal Society), c Pyramidal Au nanostructures supported on Si pedestals fabricated by templating 
Si wafer with etched holes (reproduced with permission from reference [89], Copyright 2005 
American Chemical Society)
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single-crystal Si wafer with an array of etched holes, Odom et al. were able to gener-
ate free-standing pyramidal metallic nanostructures with diameters down to 80 nm 
and curvatures of tip radii as small as 2 nm (Fig. 1.6c) [81].

An alternative gas phase synthesis approach is chemical vapor deposition 
(CVD). In a typical CVD process, a substrate is exposed to one or more volatile 
precursors of metallic nanostructures, then the precursors may react or decompose 
on the substrate surface to produce corresponding metal nanostructures [83]. A pop-
ular variation of CVD is atomic layer deposition (ALD) [84]. ALD has emerged as 
an important technique for depositing metallic thin films and supported metallic 
nanoparticles with controllable size, composition, and structures [85]. During ALD 
processes, metallic nanostructures are grown via sequential, self-limiting chemical 
reactions between precursor vapors and the substrate surface [86]. There are only a 
finite number of surface sites on the substrate surface, therefore, only a finite num-
ber of surface species can be deposited [87]. Precise control over metal nanoparticle 
size, composition, and structure can be achieved by manipulating the combination 
of ALD sequence, surface treatment, and deposition temperature [84].

Most PVD and CVD processes start at the molecular level to build up metal-
lic nanostructures. Conversely, metallic nanostructures can be produced from bulk 
metals through top-down approaches. For example, solid-phase mechanical pro-
cesses such as grinding and milling have been used to reduce the size of metal 
materials into nanoscale [90, 91]. Nanoscale metallic powders are produced by 
high-energy ball milling of bulk materials. Colloidal stabilizers or supports are 
commonly added during the grinding and milling processes to avoid the aggrega-
tion of metal nanoparticles during the size reduction processes.

1.3.2  Wet Chemical (Liquid Phase) Methods

Gas- and solid-phase methods have advantages in obtaining nanomaterials with 
high purity and some of the processes are readily applicable to large-scale produc-
tion. However, size and morphology control of metallic nanostructures are diffi-
cult to achieve with these methods if they are not combined with nanofabrication 
techniques. In addition, some of the techniques require high vacuum and expensive 
instruments. In contrast, synthetic methods based on wet chemistry have received 
intense attention and exhibit a few advantages over gas- and solid-phase methods 
[72, 92–94]. Wet chemical methods have greater flexibility and versatility in syn-
thesizing metal nanostructures with controlled size, shape, and composition. For 
wet chemical methods, different reaction parameters such as precursor, surfactant, 
shape-directing agent, and reaction temperature can be independently manipulated. 
Moreover, wet chemical methods are easier to scale up and there is no need for 
expensive equipment. Over the past 30 years, many wet chemical methods have 
been developed for metallic nanostructures [72]. Most of these methods inevitably 
involve the precipitation of metals into solid phase in solution through chemical 
reduction or decomposition. In the following sections, a few wet chemical methods 
are introduced. These methods vary from common chemical reduction and ther-
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mal decomposition, to hydrothermal and solvothermal reactions at high pressure, 
synthetic processes involving microwave heating, radiation, electrochemistry, sono-
chemistry, syntheses at interfaces and in reversed micelles, and syntheses directed 
by templates.

1.3.2.1  Chemical Reduction and Thermal Decomposition

Chemical reduction is the most traditional method for metallic nanostructures [95, 
96]. It has been successfully applied in synthesizing noble metal nanostructures 
such as Au, Ag, Pd, Rh, and Pt [72]. In a typical chemical reduction process, several 
regents are essential in addition to metal salts. The first one is the reducing agent, 
which donates electrons and reduces the metal salts to metal atoms. Important reduc-
ing agents include sodium borohydride, hydrazine, hydroxylamine, hydrogen, CO, 
and organic compounds such as sodium citrate, various sugars, alcohols, aldehydes, 
amides, and amines [26, 96]. To avoid the aggregation of metal nanostructures, a 
stabilizing agent is generally needed [97]. Stabilizing agents are usually surfactants 
or polymers that can be absorbed to the surface of metal nanostructures. To achieve 
morphology control, some shape-directing agents might be added. These shape-di-
recting agents may have specific interactions with certain facets of the metal nano-
structures or can change the reduction kinetics and induce the anisotropic growth of 
the nanostructures [92]. These agents include atomic/ionic species such halides [98, 
99] and metal ions [100], surfactants [97], polymers [101], or biomolecules such as 
peptides [102–106].

Salts of reactive metals such as Fe, Co, and Ni have relatively low reduction 
potentials and cannot be reduced with common reducing agents. In these cases, 
thermal decomposition of their organometallic compounds becomes an attractive 
route for the synthesis of these metallic nanostructures [107, 108]. A typical ther-
mal decomposition process usually involves the hot injection of an organometallic 
precursor into a heated solvent in the presence of suitable stabilizing agent [109]. 
Various metal nanoparticles including Fe, Ni, Co, as well as their alloys have been 
prepared through thermal decomposition [109–111]. It should be noted that CO 
generated from the decomposition of metal carbonyl precursors also has a strong 
effect on the shape evolution of metal nanostructures [112].

The synthesis of metallic nanostructures with narrow size distribution and uni-
form morphology has long been a great challenge [72, 92, 93, 113, 114]. To achieve 
this goal, the nucleation step must be separated from the growth step during the 
synthesis of metallic nanostructures, thus simultaneous secondary nucleation and 
growth can be avoided. Therefore, it is necessary to induce a single nucleation event 
in the nucleation step. This could be realized through a hot-injection method, in 
which a quick injection of metal precursor into hot reducing solvent could yield a 
fast nucleation process [115, 116]. An alternative and possibly better approach is 
seed-mediated growth [117, 118]. Seed-mediated growth is a typical heterogeneous 
nucleation process, which involves the synthesis of metal nanoseeds and the growth 
of the seeds in another growth solution. The seeds can catalyze the reduction of 
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metal salts by reducing agents, therefore, they can continually grow into large nano-
structures and the secondary nucleation can be efficiently discouraged. Therefore, a 
better control over size and shape of metallic nanostructures can be attained. More-
over, seed-mediated method is promising in identifying shape-directing agents and 
providing mechanistic insight into the growth mechanisms of metal nanostructure 
due to its high controllability [119, 120].

1.3.2.2  Hydrothermal and Solvothermal Method

For common chemical reduction or thermal decomposition methods in solution 
phase, the reaction temperatures generally cannot exceed the boiling points of 
the solvents. Under hydrothermal and solvothermal conditions, the reactions are 
 proceeded in a sealed container and water or solvents can be heated to tempera-
tures above their boiling points [127–129]. In the meantime, heating can increase 
the autogenous pressure in the reaction container, causing significantly increased 
reactivity of the reducing agents and precursors [130, 131]. There have been many 
successful examples using hydrothermal and solvothermal processes to synthesize 
metallic nanostructures. For example, different Ag nanocrystals including nano-
cubes, right bipyramids, nanorods, nanospheres, and nanowires can be produced 
through cetyltrimethylammonium bromide (CTAB)-modified silver mirror reac-
tions at hydrothermal conditions [132, 133]. Pd nanowires have been synthesized 
in high yields through an iodide-assisted hydrothermal process (Fig. 1.7a) [121]. 
Solvothermal methods have been especially successful to synthesize noble met-
als such as Pt and Pd (Fig. 1.7b). A few Pd, Pt, and their alloy nanostructures with 
high surface energy have been synthesized [134–139]. Under hydrothermal and 
solvothermal conditions, small adsorbates with low boiling point can be effectively 
introduced to control the growth of metal nanostructures [140].

1.3.2.3  Microwave Method

Microwave can be used as an energy source to heat reaction solutions and induce 
the reduction of metal salts or the decomposition of metal complexes into metallic 
nanostructures [141, 142]. Under microwave irradiation, polar molecules such as 
H2O and polyols tend to orientate with the external electric field from microwave. 
When dipolar molecules try to re-orientate with alternating high-frequency elec-
tric fields,  molecular friction between the polar molecules will generate heat [143]. 
Compared with normal heating methods such as heating using oil bath and heating 
mantle, microwave methods provide rapid, uniform, and efficient heating of reagents 
and solvents [144, 145]. The rapid and uniform heating can promote the reduction 
of metal precursors and the nucleation of metal clusters, leading to the formation 
of nanostructures with uniform sizes. Besides the common heating effect, hot spots 
may be created on the solid–liquid surfaces when metal nanostructures are heated 
by microwave [141]. Upon microwave heating, the adsorption of surfactant with a 
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large dielectric loss constant on metal nanostructures can create hot surfaces on solid 
 metals, and this could be a specific shape-control strategy not attainable by other 
methods. For example, Liu and Huang et al. have applied microwave irradiation to 
synthesize uniform Pd icosahedral and cubic nanocrystals (Fig. 1.7c) [123, 146, 147].

1.3.2.4  Radiolytic and Photochemical Method

Radiolytic reduction can be employed as a powerful tool to produce metallic 
nanostructures [148]. Normal ionization radiations such as electron beam, X-ray, 
gamma-ray can cause the formation of hydrated electrons, OH*, and H* radicals 
during radiolysis of aqueous solutions [149, 150]. These species can cause the re-
duction of metal salts. Ultra-violet (UV) light, on the other hand, can also cause the 
formation of radicals through photolysis reactions. For example, Au nanorods were 
obtained after a solution containing acetone irradiated with a 254-nm UV light. 
Radicals are generated via the excitation of acetone by UV light and cause the 

Fig. 1.7  Metallic nanostructures synthesized with different wet chemical methods: a Pd nanow-
ires via hydrothermal method (reproduced with permission from reference [121], Copyright 2009 
American Chemical Society), b Pt nanowire bundles via solvothermal method (reproduced with 
permission from reference [122], Copyright 2013 American Chemical Society), c Pd icosahedral 
nanocrystals via microwave method (reproduced with permission from reference [123], Copy-
right 2009 International Union of Pure and Applied Chemistry), d Au nanorods via photochemical 
method (reproduced with permission from reference [124], Copyright 2002 American Chemical 
Society), e Au nanorods via electrochemical method (reproduced with permission from reference 
[125], Copyright 1998 American Chemical Society), f Au nanobelts via sonochemical method 
(reproduced with permission from reference [126], Copyright 2006 Wiley-VCH)
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reduction of gold salts (Fig. 1.7d) [124]. The aspect ratio of the final rods can be 
simply tuned by the amount of silver ions added to the system [151].

Visible light can also be involved in the synthesis of metallic nanostructures 
[152]. This process is mainly based on the plasmonic properties of noble metal nano-
structures. Upon the excitation the plasmonic modes of Au or Ag nanostructures, 
visible light can induce the shape transformation of metal nanocrystals. Mirkin, Xia 
et al. discovered a photo-induced method for converting small Ag nanoparticles into 
nanoprisms, nanoplates, and nanobelts [153–156]. For Ag nanoprisms, edge lengths 
in the 30–120 nm range can be controlled by using dual-beam illumination of the 
Ag nanoparticles [155]. The process is believed to be driven by surface plasmon 
excitations. The plasmon excitations may cause the photo-oxidation of citrate by 
hot “holes” from plasmon dephasing on the surface of Ag nanostructures, oxidative 
etching of Ag in the presence of oxygen, and selective reduction of aqueous Ag ions 
to form larger nanoprisms [157].

1.3.2.5  Electrochemical Method

Electrochemical process was employed as a synthesis method of metallic nanostruc-
tures almost 100 years ago by Svedberg [29]. Reetz et al. further developed this 
method in recent years to synthesize metal nanoparticles [158, 159]. Their process 
generally is based on a two-electrode setup. The sacrificial anode consists of a bulk 
metal is transformed into metal nanoparticles upon electrochemical treatment. In 
1997, the electrochemical method was successfully used to synthesize single-crys-
talline Au nanorods with tunable aspect ratios (Fig. 1.7e) [125, 160]. Recently, elec-
trochemical methods have also been applied to synthesize metal nanostructures with 
defined crystal facets [50]. Sun et al. pioneered the synthesis of platinum, palladium, 
rhodium, and iron nanocrystals with high-index facets and unconventional shapes 
using  electrochemical method [50]. Repetitive adsorption/desorption of oxygen gen-
erated by square-wave potential are believed to play a key role in the formation of 
 high-index facets. Oxygen atoms preferentially adsorb at high-index facets because 
high-index facets contain many step atoms with low coordination numbers. There-
fore, high-index facets are preserved during the electrochemical treatment [59].

1.3.2.6  Sonochemical Method

Ultrasound has also been used as a unique tool for the synthesis of metallic 
nanostructures in recent years [161, 162]. A few metallic nanostructures, such as 
Au clusters, Ag nanoprisms, Au nanorods, dodecahedra, octahedral, and belt-like 
nanostructures (Fig. 1.7f) have been synthesized by using sonochemical methods 
[126, 163–168]. The effect of ultrasonic radiation on chemical reactions arises from 
a phenomenon called acoustic cavitation. Acoustic cavitation involves the forma-
tion, growth, and implosive collapse of bubbles in a liquid [169]. The transient 
temperature and pressure in and around the collapsing bubbles can reach as high as 
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5000 K and 1800 atm. Moreover, the heating and cooling rates are extremely high, 
which is in the order of 1010 K/s [170]. The extreme temperature and pressure and 
high energy produced during acoustic cavitation can cause the reduction or decom-
position of metal precursors and lead to the formation of metallic nanostructures in 
a room-temperature liquid phase, eliminating the requirement of high temperatures, 
high pressures, or long reaction times [171]. Ultrasonic irradiation treatment of 
volatile precursor and non-volatile precursors follows different mechanisms. For 
volatile precursors such as organometallic compounds, free metal atoms will be 
generated by bond dissociation due to the high temperatures created during bubble 
collapse [170]. In the case of non-volatile precursors, ultrasonic irradiation of water 
can generate highly reactive H* and OH* radicals, which are strong reducing agents 
for the chemical reduction of metal salts. Moreover, these reactive radicals can fur-
ther react with organic species in the solution and generate secondary radicals (R*) 
[172]. The secondary radicals can dramatically promote the reduction rate of metal 
salts. Metallic nanoparticles synthesized with volatile organometallic compounds 
are generally amorphous, while metallic nanostructures produced from non-volatile 
precursors are usually well crystallized [161].

1.3.2.7  Reversed Micelle Method

Reverse micelles are defined as globular aggregates formed through the self-assem-
bly of surfactants in apolar solvents [173]. A reverse micelle has a polar core and an 
apolar shell, which are formed by the assembly of the hydrophilic heads and the hy-
drophobic chains of the surfactants, respectively [174]. Water confined in the polar 
cores of reverse micelles are separated as many water-in-oil droplets, which act as 
effective nanoreactors for the growth of metallic nanostructure with tailored size, 
shape, and composition [175]. By modulating water to surfactant ratio, the droplet 
size of reverse micelles can be readily tuned in the nanometer range. An important 
feature of reverse micelles is that the water-in-oil droplets are not kinetically stable 
and a dynamic exchange process is occurring between different colliding droplets 
[176]. Based on this characteristic, the synthesis of metallic nanostructure in reverse 
micelles can be achieved by mixing two reverse micelle solutions containing hydro-
philic metal salts and reducing agents, respectively [177]. After mixing, the droplets 
collide and exchange the metal salts and reducing agents, leading to the nucleation 
and growth metallic nanostructures in the water-in-oil droplets. The synthesis of 
metallic nanostructure in reverse micelle systems has proved to be effective for 
monodisperse metal nanoparticles [178, 179].

1.3.2.8  Multiphase Process

Interfaces play an important role in the nucleation and growth of metallic 
nanostructures [180]. By carefully designing the chemical reactions taking place at 
the interfaces of different phases, better control over the size and shape of metallic 
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nanostructures can be achieved. A well-known example is the broadly used Brust–
Schiffrin method [181]. The Brust–Schiffrin method is especially useful for the 
synthesis of ultra-small gold clusters and nanoparticles with small diameters [182]. 
Because of the utilization of thiols as stabilizing agents, the as-formed Au nanopar-
ticles can be selectively functionalized and have a much better stability [183]. The 
nanoparticles can be repeatedly isolated and redispersed in common organic sol-
vents without aggregation. The typical Brust–Schiffrin procedure involves three 
major steps: (1) phase transfer of gold species from an aqueous solution to the 
organic phase assisted by a long-chain quaternary ammonium surfactant; (2) reduc-
tion of Au(III) to Au(I) by thiols; and (3) reduction of Au(I) to Au(0) by a strong 
reducing agent such as sodium borohydride [184].

Li et al. developed a liquid–solid–solution phase transfer and separation strategy 
to synthesize monodispersed metal nanoparticles [185]. When aqueous solutions 
of noble metal salts, sodium linoleate, linoleic acid, and ethanol were mixed, three 
phases would form: an upper liquid phase of ethanol and linoleic acid, a middle 
solid phase of sodium linoleate, and a bottom solution phase of noble metal salts in 
water and ethanol mixed solvent. During the reaction, metal ions will enter the solid 
phase and form metal linoleate through ion exchange. Then ethanol could reduce 
the noble metal ions at the liquid–solid or solution–solid interfaces. The formed 
metal nanoparticles can be stabilized by in situ generated linoleic acid. Finally, 
the hydrophobic metal nanoparticles could be collected at the bottom of the reac-
tion container. This method can be generalized to synthesize various noble metal 
nanoparticles, including Ag, Ru, Rh, Ir, Au, Pd, and Pt.

1.3.2.9  Template-Based Syntheses

Many of the previously introduced methods can only produce 0D or polyhe-
dral metallic nanostructures with isotropic shapes. Forming anisotropic metallic 
nanostructures through symmetry breaking is especially challenging for metallic 
nanostructures because most metals possess highly symmetric crystal lattices [186]. 
Therefore, there are only limited strategies to control the morphology of anisotropic 
metallic nanostructures, such as judiciously control over the reaction conditions, 
selection of shape-direction agents, manipulation of growth kinetics, or formation 
of specifically twinned structures [187–191]. Synthesis using a pre-existing nano-
structured template is an alternative and effective strategy that can achieve high 
degree of morphology control, especially for highly anisotropic metallic nanostruc-
tures [192, 193]. Many types of nanomaterials can be considered as templates to 
direct the growth of metallic nanostructures. Most of them can be classified into 
three major categories: soft templates, hard templates, and sacrificial templates.

Soft matters such as polymers and biological molecular assemblies can be 
used as templates for the growth of metallic nanostructures. For example, Crooks 
et al. developed a method using dendrimers as templates for the synthesis of 
metal nanoparticles [200]. After sequestering metal ions within dendrimers, cor-
responding metal nanoparticles can be synthesized through chemical reduction. 
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The  uniform structure of dendrimer templates allows for the generation of metal 
nanoparticles with uniform sizes. The dendrimer-encapsulated metal nanoparticles 
have a substantial fraction of unpassivated surface and may have a higher catalytic 
activity than common metal nanoparticles. By using lamellar bilayer membranes as 
2D templates, ultrathin single-crystalline Au nanosheets were obtained in confined 
water layers [201, 202].

Soft templates usually have a limited effect on the shapes of the metallic nano-
structures. In contrast, hard templates with specific structures have a profound effect 
of the as-obtained metallic nanostructures. By using silica spheres as templates, 
Halas et al. were able to fabricate Au nanoshells with tunable optical properties 
[194, 203]. To coat the silica spheres with Au nanoshells, small Au nanoparticles 
were first attached to the silica cores by using linker molecules. Then more gold 
was deposited onto the seeds until the seed nanoparticles coalesced into a com-
plete shell (Fig. 1.8a) [204]. By varying the diameters of the silica sphere templates 
and the thickness of the nanoshell, the optical resonance of Au nanoshells can be 

Fig. 1.8  Metallic nanostructures synthesized with template-based methods: a Au nanoshells with 
silica spheres as templates (reproduced with permission from reference [194], Copyright 2005 
American Chemical Society), b Au nanorods with silica nanotubes as templates (reproduced with 
permission from reference [195], Copyright 2011 American Chemical Society), c mesoporous Pt 
nanostructures with 3D mesoporous silica as templates (reproduced with permission from refer-
ence [196], Copyright 2011 American Chemical Society), d metal nanostructures with controllable 
gaps via on-wire lithography (reproduced with permission from reference [197], Copyright 2009 
Nature Publishing Group), e Au/Ag nanocages with Ag nanocubes as sacrificial templates (repro-
duced with permission from reference [198], Copyright 2013 The Royal Society of Chemistry), f 
Pt nanowires with tellurium nanowires as sacrificial templates (reproduced with permission from 
reference [199], Copyright 2009 Wiley-VCH)
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systematically tuned over a broad region ranging from visible to the mid-infrared 
[205]. By using a similar seeding technique, Yin et al. synthesized various noble 
metal nanorods in silica nanotube templates [195]. Silica nanotubes can confine the 
growth of metal nanostructures and form a metal nanorod@silica core-shell struc-
ture. Silica can be easily etched to release dispersed metal nanorods (Fig. 1.8b). 3D 
mesoporous silica has also been used as templates for the growth of mesoporous 
metallic nanostructures (Fig. 1.8c) [196, 206, 207].

Channels in porous membranes were also employed as 1D hard templates for 
the synthesis of metallic nanostructures [208]. By using chemical or electrochemi-
cal methods, metal can be deposited into channels of the porous templates, after 
removal of the templates, nanotubes, or nanowires of a wide range of materials can 
be obtained [209]. Two types of porous membranes are commercially available: 
ion-track-etched membranes and anodic aluminum oxide (AAO) templates [210, 
211]. Based on AAO templates, Mirkin et al. further developed a technique called 
on-wire lithography for synthesizing metallic nanostructures with controllable gaps 
(Fig. 1.8d) [197, 212]. They first used electrochemical deposition to prepare seg-
mented nanowires composed of a noble metal and a sacrificial metal. After the 
removal of the template and deposition of a backing material on the segmented 
nanowires, the sacrificial metal layers can be selectively etched, leaving noble met-
al nanostructures with controllable gaps. The gap size is controlled by the thickness 
of the sacrificial metal layer [213].

Besides serving solely as templates, sacrificial templates can be also involved in 
chemical transformations during the synthesis of metallic nanostructures.  Templates 
can function as reducing agents and lead to the deposition of metal on their surfaces. 
For example, Xia et al. employed galvanic replacement reactions to synthesize vari-
ous hollow metal nanostructures (Fig. 1.8e) [214]. Ag nanostructures can be used 
as sacrificial templates for generating hollow nanostructures of Au, Pt, Pd, and Ag 
alloys [198]. Many pre-synthesized nanostructures can act as reducing agents for 
metal ions. For example, selenium and tellurium nanowires have been used as both 
reducing agent and sacrificial templates for noble metal and their alloy nanowires/
nanotube (Fig. 1.8f) [199, 215]. Hollow metal nanocages have been synthesized 
with Cu2O nanocrystals as templates, in which Cu2O was oxidized into Cu(II) spe-
cies while metal salts were reduced to metallic cages [216, 217].

1.4  Characterizations of Metallic Nanostructures

1.4.1  Techniques for Morphological Analysis

1.4.1.1  Transmission Electron Microscope

TEM is one of the most useful and straightforward microscopic methods to charac-
terize the morphologies of metallic nanostructures [222]. It can be directly  utilized 
to visualize the size, shape, structure, and dispersity of metallic nanomaterials. 
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TEM operates on similar working principles as the light microscope, except that 
TEM uses an electron beam instead of light to probe the samples. Electron beams 
can exhibit wavelengths that are 10,000 times smaller than those of visible light, 
which makes it possible to get a much better resolution using TEM [223]. In TEM, 
the high energy electron beam is collimated and focused by electrostatic and elec-
tromagnetic lenses, and transmitted through the sample [224]. The transmitted 
electron beam is magnified and focused by an objective lens and appears on the 
imaging screen. A more detailed schematic comparison between the structures of 
TEM and the light microscope can be found in the book by Bozzola and Russell 
[225]. High-resolution transmission electron microscope (HRTEM) has allowed the 
imaging of samples with resolutions below 0.5 Å (with magnifications more than 
50 million times) [226]. Therefore, HRTEM can determine the position of atoms 
and defects of the samples, and the locations of atoms and grain boundaries can be 
rigorously interrogated and examined [227]. Figure 1.9a–d shows HRTEM of metal 

Fig. 1.9  High-resolution transmission electron microscope (HRTEM) images of metal nanopar-
ticles with different crystal structures: a single-crystalline Pt nanocubes (reproduced with permis-
sion from reference [218], Copyright 2012 American Chemical Society), b single-twinned Pd 
bipyramids (reproduced with permission from reference [219], Copyright 2013 American Chemi-
cal Society), c penta-twinned Au nanoparticles (reproduced with permission from reference [220], 
Copyright 2006 The Royal Society of Chemistry), d icosahedral multiply twinned Pt nanoparticles 
(reproduced with permission from reference [221], Copyright 2013 American Chemical Society)
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nanostructures with four typical crystal structures: single-crystalline Pt nanocubes 
[218], single-twinned Pd bipyramids [219], penta-twinned Au nanoparticles [220], 
and icosahedral multiply-twinned Pt nanoparticles [221], respectively.

1.4.1.2  Scanning Electron Microscope (SEM)

SEM is one of the most versatile instruments available for the examination and 
analysis the 3D morphology of metallic nanostructures [228]. It produces im-
ages of a sample by scanning it with a focused beam of electrons. The electrons 
interact with the atoms in the sample and produce various signals that contain 
information about the sample’s surface morphology and composition [229]. To 
study the topographic feature of a sample, the secondary electron operation mode 
of SEM is commonly used, which collects the inelastically scattered electrons. 
When a sample is scanned with an electron beam, the secondary electrons can 
only escape from a thin layer near surface of the sample, therefore, the surface 
topography information of the sample can be provided [230]. Although the reso-
lution of the SEM is lower than that of the TEM, it has very large depth of field 
and can image a bulk sample of several centimeters in size with 3D representa-
tion. By using electron beams generated with a field emission gun, it is possible 
to achieve up to 900 K magnification for SEM imaging [231]. Figure 1.10 shows 
several examples using SEM to study the assembly behaviors of Ag and Au nano-
structures [8, 232, 233].

1.4.1.3  Atomic Force Microscope (AFM)

AFM is a type of scanning probe microscopy techniques for examining the sur-
face of materials [234]. AFM can provide a direct 3D visualization of materials. 
Qualitative and quantitative information on the size, morphology, and surface 
roughness can be obtained accordingly. AFM provides the information of the 
topography of the sample by measuring the atomic force between the atoms at 
the surface of the sample and the AFM tip [235]. During the operation of AFM, 
a tip at the end of a cantilever is scanned across the sample surface, and the 
forces between the tip and the surface cause the cantilever to deflect, provid-
ing data to form images for the surface of the sample [236]. AFM can provide 
measurements of ultrathin nanomaterials with a vertical resolution of less than 
0.1 nm with XY resolution of approximately 1 nm [237]. Figure 1.11b shows an 
AFM image of ultrathin Rh nanosheets [137]. Based on AFM measurement, the 
thickness of the Rh nanosheets is only 0.4 nm. Compared with SEM, AFM can 
be operated in ambient air and liquid environment. A major drawback of AFM 
is the limited area that it can scan: typically, AMF can only scan samples on the 
order of  micrometer [238].
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Fig. 1.10  Scanning electron microscopy (SEM) images of assemblies of metal nanostructures: a 
and b Ag truncated octahedral nanocrystals and Ag octahedral nanocrystals, respectively (repro-
duced with permission from reference [232], Copyright 2012 Nature Publishing Group); c and 
d Au nanorods with different aspect ratios (reproduced with permission from reference [8] and 
[233], Copyright 2012 and 2013 American Chemical Society)

 

Fig. 1.11  Transmission electron microscopy (TEM) image, atomic force microscopy (AFM) 
image, and the corresponding height profiles of ultrathin Rh nanosheets (reproduced with permis-
sion from reference [137], Copyright 2014 Nature Publishing Group)
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1.4.2  Techniques for Crystal Structural Analysis

1.4.2.1  X-Ray Diffraction (XRD)

XRD is a non-destructive technique to characterize the crystallographic structure, 
grain size, and preferred orientation in solid samples [239]. Powder diffraction is 
commonly used to identify unknown crystalline substances. It may also be used to 
characterize heterogeneous solid mixtures to determine the relative abundance of 
crystalline materials [238]. During XRD testing, a monochromatic X-ray directed 
onto a sample and the interaction between X-rays and different crystal planes of 
the sample will lead to the diffraction of X-rays [240]. By recording the scat-
tered intensity of the X-ray beam as a function of incident and scattered angle, 
a spectrum will be obtained. Two types of fingerprint information of a particular 
crystalline material are provided in the spectrum: the peak positions (correspond-
ing to lattice spacing according to Bragg’s law) and the relative intensity of the 
peaks [231]. XRD is also useful in size measurement of structural nanocrystalline 
materials using Scherrer equation. The Scherrer equation is a formula that relates 
the size of sub-micrometer crystallites to the broadening of a peak in a diffrac-
tion pattern [241]. It can determine the size of crystalline nanoparticles in pow-
der samples. XRD is capable of investigating the structural information of metal 
nanocrystals. For example, Fig. 1.12 shows the XRD patterns and corresponding 
SEM images of Au nanocrystals with different shapes [242]. When the shapes of 
Au nanocrystals gradually evolved from cubes with {100} facets to octahedra with 
{111} facets, their XRD patterns also show the decrease of {200} peaks and the 
increase of {111} peaks.

Fig. 1.12  X-ray diffraction 
patterns and corresponding 
scanning electron microscopy 
images of Au nanocrystals 
with different shapes: a 
cubes, b cuboctahedra, c 
octahedra (reproduced with 
permission from reference 
[242], Copyright 2006 
American Chemical Society)
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1.4.2.2  Selected Area Electron Diffraction (SAED)

SAED is a crystallographic experimental technique that usually coupled with TEM 
microscopes for microanalysis [243]. Unlike XRD, which can only provide crystal-
lographic structure of bulk samples, SAED can provide crystallographic information 
on the single nanostructure level. SAED analysis can reveal whether a material is 
polycrystalline, single-crystalline, or amorphous. A crystalline material will produce 
a diffraction pattern composed of several spots. The center spot is associated with the 
non-diffracted transmitted electron beam, whereas all the other spots are diffracted 
spots [244]. These diffraction spots represent the beams diffracted from different sets 
of planes. The distance between the diffraction spots and center spot is 1/dhkl, where 
dhkl is the interplanar spacing between (hkl) planes [245]. If the sample is polycrys-
talline, in which individual crystal domains are oriented in different directions, the 
diffraction pattern is the overlap of diffraction spots from each individual crystal 
domain. Small crystal size and large numbers of crystals will lead to the formation 
of continuous diffraction rings [246]. Figure 1.13a–f show the TEM images and 
corresponding SAED patterns of single-crystalline octahedral, cubic, and rhombic 
dodecahedral Pd nanocrystals, respectively [247]. Their characteristic diffraction 
patterns are indicative of their crystal facets of {111}, {100}, and {110}, respec-
tively. In Fig. 1.13g and h, a SAED pattern of a penta-twinned Au nanocrystal along 
the [110] direction is shown [248]. The penta-twinned Au nanocrystal is formed by 
five single crystals with {111} twin planes as indicated in Fig. 1.13g. The diffraction 
pattern can be interpreted by superimposing the [110] SAED pattern of each crystal 
rotated by 72° with respect to each other [220].

Fig. 1.13  Transmission electron microscopy images and corresponding selected area electron 
diffraction patterns of different metallic nanostructures: a, b an octahedral Pd nanocrystal recorded 
along the [111] zone axis; c, d a cubic Pd nanocrystal recorded along the [001] zone axis; e, f a 
rhombic dodecahedral Pd nanocrystal recorded along the [011] zone axis (reproduced with permis-
sion from reference [247], Copyright 2010 American Chemical Society); and g, h a penta-twinned 
Au nanocrystal recorded along the [011] zone axis (reproduced with permission from reference 
[248], Copyright 2013 The Royal Society of Chemistry)
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1.4.3  Techniques for Composition Analysis

1.4.3.1  X-ray Photoelectron Spectroscopy (XPS)

XPS is a spectroscopic technique to analyze the materials within several nanometers 
from the surface [249]. XPS is an important analytical technique that can probe the 
chemical state and chemical composition of a sample. XPS can detect elements with 
atomic number larger than 3, with parts per million detection limit [226]. During 
XPS measurement, the system is irradiated with a monochromatic X-ray beam to 
promote the emission of photoelectrons of the surface atoms [2]. The emitted photo-
electrons are then collected and analyzed using an electron spectrometer. XPS spec-
tra are recorded by plotting the number of photoelectrons escaped from the surface 
of the sample versus the binding energy. The binding energy of the emitted photo-
electrons can be calculated from the energy of the incident beam and the measured 
kinetic energy of the electrons [250]. The chemical shifts in the binding energies 
of the photoelectrons are indicative of the chemical states of the detected elements 
[251]. The short mean free path of the emitted electrons in solids makes XPS a 
surface-sensitive method to analyze the surface composition of metallic nanostruc-
tures [252]. For example, Mirkin et al. have used XPS to investigate the surface 
coverage of Ag atoms on different Au crystal facets and illustrate the function of 
Ag underpotential deposition in the synthesis of Au nanocrystals (Fig. 1.14) [253].

Fig. 1.14  X-ray photoelec-
tron spectroscopy (XPS) 
analysis of Ag adsorption on 
Au nanocrystals with differ-
ent crystal facets: a models of 
Ag atoms adsorbed on differ-
ent Au facets ( Blue spheres 
represent surface atoms), b 
Ag/Au ratio for each facets 
obtained from XPS data 
( black), and theoretical val-
ues for monolayer coverage 
of Ag based on models in (a). 
(reproduced with permis-
sion from reference [253], 
Copyright 2011 American 
Chemical Society)
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1.4.3.2  Energy-Dispersive X-Ray Spectroscopy

Energy-dispersive X-ray spectroscopy (EDX, EDS, or EDAX) is an analytical tech-
nique used for the elemental analysis of a sample [254]. It is based on the analysis 
of characteristic X-ray lines from the sample when exposed with a beam of charged 
particles such as electron beams. Electron beams can remove an inner shell elec-
tron from the sample and create a vacancy. Then an electron of higher states fill 
the resulted vacancy and release the energy difference between these two states of 
electrons in the form of X-rays [255]. The number and energy of the X-rays emit-
ted from a specimen are measured by an energy dispersive spectrometer. An EDX 
spectrum is a plot of intensity versus X-ray energy. The energy of emitted X-rays is 
distinctive characteristic of each element, therefore, the EDX spectra can be used to 
identify the composition and measure the quantity of elements in the sample [256]. 
EDX systems are most commonly found as a feature of SEM or TEM. Therefore, 
the composition analysis can be coupled with the morphology of the nanomateri-
als through different scanning modes such as spot, linear, or mapping scan. For 
example, EDX mapping has been used to study the structure of Au@Ag core-shell 
nanorods (Fig. 1.15) [257].

Fig. 1.15  a, b Transmission electron microscopy images of Au@Ag core-shell nanorods and c, d 
Energy-dispersive X-ray spectroscopy elemental mapping of Ag and Au for the Au@Ag nanorod 
shown in (b) (reproduced with permission from reference [257], Copyright 2013 Wiley-VCH)
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1.4.3.3  Inductively Coupled Plasma Atomic Emission Spectroscopy/Mass 
Spectrometry

Inductively coupled plasma atomic emission spectroscopy (ICP-AES, also called in-
ductively coupled plasma optical emission spectrometry—ICP-OES) [258] and induc-
tively coupled plasma mass spectrometry (ICP-MS) [259] are two of the most popular 
methods for quantitative elemental analysis of trace metals. Both techniques are based 
on inductively coupled plasma (ICP) techniques. ICP is a high temperature excitation 
source that can efficiently excite and ionize atoms [260]. Liquid samples are dried, 
vaporized, atomized, ionized, and finally transformed into a fine liquid aerosol after 
it travels through the plasma torch [261]. The excited atoms and ions that represent 
the elemental composition of the sample are ready to be quantified by atoms emis-
sion spectroscopy (AES) or mass spectrometry (MS). In the case of AES, the excited 
atoms and ions for a particular element emit electromagnetic radiation at characteristic 
wavelengths. The intensity of the radiation measured at specific wavelengths is pro-
portional to the concentration of the corresponding element in the solution. Most ele-
ments can be quantitatively measured using ICP-AES with sensitivity down to parts 
per billion [262]. In ICP-MS, the sample is ionized with ICP and then the formed 
ions are separated and quantified by a mass spectrometer. The intensity of a specific 
peak in the mass spectrum is proportional to the amount of the element in the original 
sample. ICP-MS is capable of detecting metals and several non-metals at concentra-
tions as low as part per trillion [263]. The ICP methods offer multi-element analytical 
capability within a broad dynamic range and good precision [261]. Xia et al. studied 
the bromide ion-assisted growth of Pd nanocrystals with ICP-MS. During the growth 
of Pd cubic seeds into cuboctahedra and then octahedra, the bromide ions are gradu-
ally released from the surface of Pd nanocrystals, as illustrated by the ICP-MS results 
in Fig. 1.16 [264]. This quantitative information can be used to estimate the amount 

Fig. 1.16  a Schematic illustration for the processes of bromide ion desorption during the Pd over-
growth on Pd {100} surfaces, b inductively coupled plasma mass spectrometry analysis of the 
residual bromide ions at different growth stages, indicating that bromide ions desorbed from the 
Pd {100} surfaces during the Pd overgrowth (reproduced with permission from reference [264], 
Copyright 2013 American Chemical Society)

 



271 Metallic Nanostructures: Fundamentals

of bromide ions needed to generate Pd nanocrystals with {100} and {111} facets of 
desired ratios.

1.5  Representative Examples for Shape-Controlled 
Synthesis of Metallic Nanostructures

1.5.1  Seed-Mediated Growth Methods

Seed-mediated growth methods have been broadly used to control the sizes and 
morphologies of metallic nanostructures [117, 265]. In seed-mediated growth meth-
ods, the nucleation and growth stages of metallic nanostructures are well separated, 
therefore, a better control over the size distribution and morphology evolution of 
metallic nanostructures can be readily achieved [118–120]. The seeding strategy 
has been used to synthesize Au nanoparticles since the time of Zsigmondy [28]. 
In the 1990s, Brown and Natan developed a method to synthesize monodisperse 
Au nanoparticles based on Au nanoparticle-catalyzed reduction of Au salts by hy-
droxylamine [266–268]. They have described the observation of some rod-like Au 
nanostructures in their reports. However, it is until the year of 2001 when seed-
mediated growth methods were rediscovered as an efficient strategy for controlling 
the morphologies of metallic nanostructures [269, 270]. The Murphy group first 
reported the synthesis of Ag and Au nanorods using seed-mediated growth methods 
with CTAB as a surfactant and ascorbic acid as a reducing agent. In the case of 
Au nanorods, they developed a three-step protocol that yielded long Au nanorods 
with penta-twinned structures (Fig. 1.17a) [270–272]. Although a high yield of Au 
nanorods could be achieved after shape separation, the actual purity of nanorods in 
the original products was only 5–10 % [273]. In 2002, the El-Sayed group devel-
oped an alternative seed-mediated approach to synthesize Au nanorods. By using 
single-crystalline Au nanoparticles as seeds and silver nitrate as a shape-directing 
agent, single-crystalline Au nanorods with high yields approaching 100 % were syn-
thesized [274]. Moreover, by changing the amount of silver nitrate, the aspect ratio 
of Au nanorods could be tuned and this leads to tunable plasmonic properties. Sub-
sequent studies have made a few variations of the initial reaction conditions of Au 
nanorods to achieve more control and better monodispersity (Fig. 1.17b) [275–279]. 
For example, the Wang group explored the effect of chain lengths of alkyl group 
of surfactants and was able to synthesize Au nanorods with very high aspect ratios 
[280, 281]. The Murray group has explored aromatic additives [8], binary surfactant 
mixture composed of CTAB and sodium oleate [282], and bromide-free surfactant 
composed of alkyltrimethylammonium chloride and sodium oleate for the synthesis 
of Au nanorods [233], respectively. These studies have achieved large-scale synthe-
sis of Au nanorods with ultrahigh monodispersity and purity.

In 2004, another report from the Murphy group described the application of seed-
mediated growth methods in synthesizing multiple shapes of Au nanostructures, 
such as rectangle-, hexagon-, cube-, triangle-, and star-like morphologies [283]. 
Shape control by manipulation of the kinetic and thermodynamic parameters of Au 
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nanostructures has received considerate attention since this study. The synthesis of 
a variety of Au nanostructures such as cubes, octahedra (Fig. 1.17c), rhombic do-
decahedra, and trisoctahedra (Fig. 1.17d) has been rationalized by correlating their 
shapes and growth kinetics and thermodynamics [284–287]. In 2005, the function 
of silver nitrate in the synthesis of Au nanorods was revealed as an  underpotential 

Fig. 1.17  Metallic nanostructures synthesized with seed-mediated growth methods: a penta-
twinned Au nanorods via three-step growth (reproduced with permission from reference [272], 
Copyright 2004 American Chemical Society), b single-crystalline Au nanorods via Ag(I)-assisted 
growth (reproduced with permission from reference [282], Copyright 2013 American Chemi-
cal Society), c Au octahedra (reproduced with permission from reference [284], Copyright 2008 
American Chemical Society), d Au trisoctahedral nanocrystals (reproduced with permission from 
reference [287], Copyright 2010 American Chemical Society), e Au truncated ditetragonal nano-
prisms (reproduced with permission from reference [293], Copyright 2011 American Chemical 
Society), f concave Au nanocubes (reproduced with permission from reference [295], Copyright 
2010 American Chemical Society), g–i Pd cubic, rhombic dodecahedral, and octahedra nano-
crystals (reproduced with permission from reference [247], Copyright 2010 American Chemical 
Society)
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deposition (UPD) mechanism [279]. The UPD of foreign metal atoms on metal 
nanostructures can stabilize high-energy facets and has been an important strate-
gy to synthesize metallic nanostructures with high-energy facets [253, 288, 289]. 
Elongated tetrahexahedra with {730} facets [290], tetrahexahedra with {520}  facets 
[291], rhombic dodecahedra with {110} facets [292, 293], truncated ditetragonal 
prisms with {310} facets (Fig. 1.17e) [293], hexagonal bipyramids with {210} 
facets [294], and concave cubes with {720} facets (Fig. 1.17f) [295] have been 
synthesized based on the UPD mechanism. UPD was also employed to control the 
architectural diversity of heterogeneous metallic nanostructures [296].

Seed-mediated growth methods have been successfully applied in synthesiz-
ing Pd and various core-shell metallic nanostructures [10, 247, 257, 297–306]. For 
 example, rhombic dodecahedral, cubic, and octahedral Pd nanocrystals, as well as 
their derivatives with varying degrees of edge- and corner-truncation were synthe-
sized through manipulation of the concentration of KI and the reaction temperature 
(Fig. 1.17g–i) [247]. Polyhedral Au@Pd core-shell nanocrystals including concave 
trisoctahedra with {hhl} facets, concave hexoctahedra NCs with {hkl} facets, and 
tetrahexahedra NCs with {hk0} facets were synthesized under careful control of 
their growth kinetics [303]. Au@Ag core-shell nanocrystals with cubic, truncated 
cubic, cuboctahedral, truncated octahedral, and octahedral shapes were synthesized 
by regulating the growth rates of different crystal facets [300].

1.5.2  The Polyol Process

The polyol process is one of the most versatile methods to synthesize metal nano-
structures with controllable morphologies [72, 307]. Nanostructures of many dif-
ferent metals including Ag, Au, Pt, Pd, and Rh have been synthesized with polyol 
method [72]. In polyol processes, various polyols such as ethylene glycol, 1,5-pen-
tanediol, di(ethylene glycol), and triethylene glycol are used as both the solvent 
and the reducing agent for the reduction of metallic precursors [187, 308, 309]. 
Polyvinylpyrrolidone (PVP) is commonly used as a stabilizing agent and some-
times a shape-directing agent for the growth of metallic nanostructures. The rapid 
development of the polyol process in the synthesis of metallic nanostructures dates 
back to the seminal report of polyol synthesis of Ag nanocubes by the Xia group in 
2002 [310]. In the report, monodispersed Ag nanocubes were synthesized by reduc-
ing silver nitrate with ethylene glycol in the presence of PVP (Fig. 1.18a). In their 
subsequent studies, rational synthesis of Ag nanostructures was demonstrated by a 
mechanism called oxidative etching [311]. During the growth of Ag nanostructures, 
oxygen and halides can selectively remove Ag seeds with certain crystal structures. 
In the case of Ag nanocubes, twinned seeds can be removed by oxygen and chloride 
due to their high activity [312, 313]. Thus, a high yield of Ag nanocubes can be ob-
tained. If the reaction was performed without oxidative etching, penta-twinned Ag 
nanowires can be synthesized (Fig. 1.18b) [314]. By using bromide and oxygen as a 
weaker etchant, single-twinned Ag right bipyramids were synthesized (Fig. 1.18c) 
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[315]. A similar strategy is also applied in the synthesis of Pd nanostructure such 
as Pd nanocubes, nanorods, and nanobars [316–318]. By blocking the oxidative 
etching of Pd nanostructure with citric acid, multiple-twinned Pd icosahedra were 
obtained [319]. The Song group showed that by tuning the oxidative etching rate of 
Au seeds, Au nanocrystals with decahedral, icosahedral, and truncated tetrahedral 
shapes can be synthesized (Fig. 1.18d–f) [308].

Fig. 1.18  Metallic nanostructures synthesized via polyol processes: a–c Ag nanocubes (repro-
duced with permission from reference [328], Copyright 2005 Wiley-VCH), nanowires (reproduced 
with permission from reference [312], Copyright 2004 American Chemical Society), and right 
bipyramids (reproduced with permission from reference [315], Copyright 2006 American Chemi-
cal Society), d–f Au plate-like, decahedral (reproduced with permission from reference [308], 
Copyright 2008 American Chemical Society), and icosahedral nanocrystals (reproduced with per-
mission from reference [329], Copyright 2014 American Chemical Society), g–h Au octahedra 
(reproduced with permission from reference [323], Copyright 2008 American Chemical Society), 
truncated ditetragonal prisms (reproduced with permission from reference [324], Copyright 2011 
American Chemical Society), and i multiple-twinned bipyramids (reproduced with permission 
from reference [325], Copyright 2013 The Royal Society of Chemistry)
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The growth of metallic nanostructures through the polyol process is very sensi-
tive to growth kinetics and inorganic species. For example, the Yang group have 
shown that the synthesis of Ag nanocrystals with shapes from cubes, to cuboctahedra 
and octahedra with the assistance of copper(II) chloride [309]. Different shapes can 
be obtained at different stages of the reaction. By introducing silver nitrate in the 
growth of Au nanocrystals, Au nanocrystals with continually tunable shapes includ-
ing octahedra, truncated octahedra, cuboctahedra, cubes, and higher polygons were 
synthesized, which is attributed to the UPD of silver on the surface of Au nanostruc-
tures [242, 320, 321]. By introducing different amounts of silver nitrate, the shapes 
of platinum nanocrystals could also be tunable across octahedra, cuboctahedra, and 
cubes [322].

An alternative stabilizing agent for the polyol process is poly(diallyl 
dimethylammonium chloride) (PDDA). Li et al. developed a PDDA-mediated poly-
ol route to synthesize Au octahedral nanocrystals with high yields and tunable sizes 
(Fig. 1.18g) [323]. PDDA was believed to selectively stabilize the {111} facets of 
the Au octahedra. By introducing silver and palladium ions into the growth of Au 
nanostructures, truncated tetrahexahedra enclosed by {310} and {111} facets, trun-
cated ditetragonal prisms enclosed by {310} facets (Fig. 1.18h), and penta-twinned 
bipyramids could be obtained [324, 325]. Penta-twinned Au decahedra, Au@Ag 
core-shell nanorods, and penta-twinned bipyramids (Fig. 1.18i) were also synthe-
sized through Ag(I)-assisted PDDA-mediated polyol processes [325–327].

1.5.3  N,N-Dimethylformamide-Mediated Syntheses

Similar to polyols, N,N-dimethylformamide (DMF) can also be used as a solvent 
and reducing agent for the synthesis of metallic nanostructures [335]. DMF was 
first applied as a reaction medium for the synthesis of metallic nanostructures by 
the Liz-Marzán group in 1999 [336]. In a later work, they showed that Ag nano-
plates could be synthesized by using a high silver nitrate concentration and a low 
PVP concentration (Fig. 1.19a) [330]. Gao et al. synthesized Ag decahedra in DMF 
with PVP of high molecular weights as a stabilizing agent (Fig. 1.19b) [331]. By 
increasing the amount of PVP, tetrahedra Ag nanocrystals were obtained. The Xie 
group reported the synthesis of decahedral Au nanostructures in DMF [337]. By in-
troducing sodium hydroxide, rhombic dodecahedral Au nanocrystals were obtained. 
Further increasing of the reaction temperature leads to the formation of Au octahe-
dra. Moreover, hexagonal nanosheets were synthesized at a high concentration of 
Au salts. Subsequent studies have synthesized a few Au nanocrystal enclosed by 
{110} facets in DMF, including rhombic dodecahedra (Fig. 1.19c), squashed do-
decahedra, truncated pentagonal bipyramids (Fig. 1.19d), and Platonic dodecahedra 
(Fig. 1.19e) [248, 329, 332, 338]. DMF or one of its oxidation products during the 
reactions is responsible to stabilize the high-energy {110} facets. Xia et al. showed 
that in an ethylene glycol and DMF mixture, Pt nanowire assemblies composed of 
ultrathin Pt nanowires were synthesized under solvothermal conditions [122].
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A few small molecular adsorbates have been introduced into DMF-mediated re-
duction to control the morphologies of metallic nanostructures [339]. The Zheng 
group reported the synthesis of Pt NCs with {411} high-index facets with the addition 
of short chain amines (Fig. 1.19f). Amines are believed to stabilize the open struc-
tures on the {411} surface [333]. By introducing CO, palladium nanosheets with less 

Fig. 1.19  Metallic nanostructures synthesized via N,N-dimethylformamide (DMF)-mediated 
syntheses: a Ag nanoplates (reproduced with permission from reference [330], Copyright 2002 
American Chemical Society), b Ag decahedral nanocrystals (reproduced with permission from 
reference [331], Copyright 2006 Elsevier B.V.), c–e Au rhombic dodecahedra (reproduced with 
permission from reference [332], Copyright 2009 American Chemical Society), truncated pen-
tagonal bipyramids (reproduced with permission from reference [248], Copyright 2013 The Royal 
Society of Chemistry), and Platonic dodecahedra (reproduced with permission from reference 
[329], Copyright 2014 American Chemical Society), f concave Pt nanocrystals (reproduced with 
permission from reference [333], Copyright 2011 American Chemical Society), g–i Pd nanosheets 
(reproduced with permission from reference [9], Copyright 2011 Nature Publishing Group), tetra-
hedra, and tetrapods (reproduced with permission from reference [334], Copyright 2012 American 
Chemical Society)
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than 10-atomic-layer thickness were obtained, due to the growth confinement effect 
of CO (Fig. 1.19g) [9]. If hydrogen is introduced in addition to CO, single-crystalline 
Pd tetrapod and tetrahedral nanocrystals enclosed by (111) surfaces can be obtained 
(Fig. 1.19h–i) [334]. This is due to the fact that CO can stabilize the {111} facets of 
β-PdHx nanocrystals, which formed in the presence of H2 but transformed into pure 
Pd nanocrystals in air. Cui et al. also reported that CO could be used to confine the 
growth of Pt−Ni alloy nanoparticles [340].

1.5.4  Oleylamine-Mediated Syntheses

Oleylamine (cis-1-amino-9-octadecene) is a long-chain primary alkylamine broad-
ly used in the synthesis of metallic nanostructures [341]. A variety of metallic 
nanostructures including Au, Ag, Pt, Pd, and their alloy has been synthesized in 
the presence of oleylamine. It has several important functions in the synthesis of 
metallic nanostructure. Oleylamine can simultaneously function as a solvent for 
the reaction mixture and stabilizing agent for metallic nanostructures. In addition, 
oleylamine has a boiling point of 364 °C; therefore, it can be used to synthesize 
metallic nanostructures at high temperatures. Peng et al. used Fourier transform 
infrared spectroscopy to study the presence of oleylamine on Ag nanoparticles and 
observed a new peak of Ag–N bonds [342]. Oleylamine-stabilized metallic nano-
structures can be easily dispersed in non-polar solvents assisted by the long hy-
drocarbon chains of the oleylamine molecules. The Sun group has done extensive 
research on the oleylamine-mediated syntheses of metal nanostructures. For exam-
ple, monodispersed FePt nanoparticles were synthesized by simultaneous reduc-
tion of platinum acetylacetonate and decomposition of iron pentacarbonyl in the 
presence of oleic acid and oleylamine (Fig. 1.20a) [343]. The composition of the 
as-synthesized FePt nanoparticles can be controlled by changing the ratio of iron 
and platinum precursors. Based on oleylamine, they have developed the synthesis 
protocol for many metallic nanostructures, such Pt, Pd, AgPd, CoPt, NiPt, CuPt, 
ZnPt, FePtAu alloy nanoparticles, various core-shell structures such as Pd/Au and 
Pd/Au/FePt core/shell nanoparticles, and Pt-Au heterostructures [344–351].

A few strategies for the shape control of metallic nanostructures have been re-
ported in the oleylamine-mediated syntheses. A typical example is the synthesis of 
ultrathin Au nanowires in the presence of oleylamine (Fig. 1.20b). Au nanowires 
can be synthesized in the presence of oleylamine under mild reducing conditions. 
1D mesostructures formed between HAuCl4 and oleylamine are believed to act as 
templates for the growth of Au nanowires [353, 356–360]. Mild reducing conditions 
can preserve the 1D mesostructure and convert Au salts into metallic nanowires. 
The Sun group discovered that oleylamine can induce the 1D growth of FePt and 
CoPt nanostructures (Fig. 1.20c) [354, 361]. Based on this process, 1D FePt, CoPt, 
FePtCu, FePtNi, and FePtPd nanostructures have been synthesized [354, 361–364]. 
Ag nanocubes were also synthesized by oleylamine-mediated processes based on 
oxidative etching process [365–367]. For example, dimethyldistearylammonium 
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chloride and Fe(III) species were introduced to remove twinned seeds and facilitate 
the formation of exclusively single-crystalline Ag nanocubes [365, 367]. Pd icosa-
hedral, decahedral, octahedral, tetrahedral, and triangular plate-like Pd NCs were 
selectively synthesized by introducing formaldehyde and varying the quantities of 
oleylamine (Fig. 1.20d–f) [355].

Metal carbonyls are an important class of shape-directing agents in oleyl-
amine-mediated syntheses of metal nanostructures. Tungsten hexacarbonyl, iron 
 pentacarbonyl, chromium hexacarbonyl, and dimanganese decacarbonyl have been 

Fig. 1.20  Metallic nanostructures synthesized via oleylamine-mediated synthesis: a FePt nanopar-
ticles (reproduced with permission from reference [352], Copyright 2001 Materials Research 
Society), b ultrathin Au nanowires (reproduced with permission from reference [353], Copyright 
2008 American Chemical Society), c ultrathin FePt nanorods (reproduced with permission from 
reference [354], Copyright 2007 Wiley-VCH), d–f Pd icosahedra, decahedra, and triangular plates 
(reproduced with permission from reference [355], Copyright 2011 Wiley-VCH), g–i Pt octahe-
dra, cubes (reproduced with permission from reference [218], Copyright 2012 American Chemi-
cal Society), and icosahedra (reproduced with permission from reference [221], Copyright 2013 
American Chemical Society)
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explored to control the shapes of metallic nanostructures [218, 368–375]. The Fang 
group has developed a general strategy to synthesize Pt3Fe, Pt3Co, Pt3Ni nanocu-
bes, and Pt3Ni nanoctahedra based on tungsten hexacarbonyl-assisted growth in 
the oleylamine-mediated syntheses [368–370, 374]. The Murray group reported 
the synthesis of multiple Pt nanostructures with the assistance of dimanganese 
decacarbonyl (Fig. 1.20g–h) [218]. These structures include truncated cubes, 
cuboctahedra, spheres, tetrapods, star-shaped octapods, multipods, and hyper-
branched structure. Wang and Loukrakpam et al. show that Pt nanocubes could 
be synthesized in the presence of iron pentacarbonyl and chromium hexacarbonyl, 
respectively [372, 373]. In these studies, the zero-valence metals from the metal 
carbonyls were considered to play an essential role for the shape control of Pt nano-
cubes. Wu et al. proposed that CO from the decomposition of metal carbonyls also 
plays a major role and promotes the formation of Pt nanocubes [112]. The Murray 
and Yang groups also directly introduced CO in the oleylamine-mediated syntheses 
of metallic nanocrystals. A variety of metallic nanostructures have been synthesized 
through this versatile method, including Pt nanocube, Au nanowires, Pd nanopar-
ticles, icosahedral nanocrystals of Pt (Fig. 1.20i), PtAu, Pt3Ni, Pt3Pd, PtPd, nanocu-
bes of Pt3Ni, PtNi, and PtNi3, octahedral nanocrystals of Pt3Ni, PtNi, and PtNi3 [7, 
221, 376, 377]. This method is named by the Yang group as a gas-reducing agent in 
liquid solution method. The Tilley group used hydrogen instead of CO as a reducing 
agent in similar conditions and synthesized monodispersed Pt concave nanocubes 
and highly branched Pd nanostructures [378–380].

1.5.5  Plasmon-Mediated Syntheses

The interaction of light and plasmonic metallic nanostructures can be employed 
as a novel tool to synthesize metallic nanostructures with controllable morpholo-
gies, especially in the case of Ag nanostructure [152]. In 2001, the Mirkin group 
first reported that plasmonic photo-excitation of Ag nanostructures could be used 
to synthesize monodispersed Ag nanoprisms [156]. In their synthesis, spherical Ag 
nanoparticles were first prepared by the reduction of silver nitrate by sodium boro-
hydride in the presence of trisodium citrate and bis(p-sulfonatophenyl) phenylphos-
phine dihydrate dipotassium salt (BSPP). Irradiating the Ag nanoparticle solution 
with visible light results the gradual conversion of spherical nanoparticles into tri-
angular nanoprisms. A plasmon-induced electron transfer mechanism is believed to 
be responsible for the synthesis of triangular Ag nanoprisms [157, 389–391]. The 
plasmon excitation of spherical Ag nanoparticles will result in the generation of en-
ergetic electron-hole pairs from plasmon decay, which could catalyze the reduction 
of Ag + by citrate, leading to the conversion of spherical nanoparticles into triangular 
nanoprisms. In the meantime, smaller Ag nanoparticles were oxidized into Ag+ for 
the continuous growth of Ag nanoprisms. By using dual-beam illumination, they can 
improve the synthesis of monodisperse Ag nanoprisms with desired edge lengths in 
the range of 30–120 nm (Fig. 1.21a) [155]. They also found that edge lengths of the 
nanoprisms can also be controlled by the pH of the growth solutions [392].
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The Ag nanoprisms synthesized through plasmon-mediated syntheses have a 
multiply planar-twinned structure and are primarily enclosed by {111} facets [152]. 
By using silver nitrate as a precursor and performing the light-radiation reaction at 
a higher pH, Ag right triangular bipyramids enclosed by {100} facets were obtained 
(Fig. 1.21b) [393]. These bipyramids have similar planar-twinned structures. The 

Fig. 1.21  Metallic nanostructures synthesized via plasmon-mediated synthesis: a Ag nanoprisms 
(reproduced with permission from reference [155], Copyright 2003 Nature Publishing Group), b 
Ag right bipyramids (reproduced with permission from reference [381], Copyright 2010 American 
Chemical Society), c twinned Ag nanocubes (reproduced with permission from reference [382], 
Copyright 2013 Wiley-VCH), d Ag tetrahedra (reproduced with permission from reference [383], 
Copyright 2008 American Chemical Society), e Ag decahedra (reproduced with permission from 
reference [384], Copyright 2008 American Chemical Society), f Ag nanorods (reproduced with 
permission from reference [385], Copyright 2011 American Chemical Society), g Ag icosahe-
dra (reproduced with permission from reference [386], Copyright 2014 The Royal Society of 
Chemistry), h Au@Ag core-shell nanoprisms (reproduced with permission from reference [387], 
Copyright 2007 Wiley-VCH), i Au@Ag core-shell icosahedra (reproduced with permission from 
reference [388], Copyright 2011 Wiley-VCH)
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selective conversion of these two shapes was realized in a later study [381]. The 
{100}-faceted right triangular bipyramids are favored at a high pH (> 10) and a 
[BSPP]/[Ag + ] ratio close to 1. Triangular prisms with mostly {111} facets are fa-
vored at a lower pH or a higher [BSPP]/[Ag + ] ratio. Ag nanocubes with multiply 
planar-twinned structures were also synthesized by fine tuning the irradiation wave-
length of light during plasmon-mediated syntheses (Fig. 1.21c) [382].

The plasmon-mediated syntheses are capable of producing metallic nanostruc-
tures with other crystal structures. For example, with disodium tartrate as a struc-
tural-directing agent, tetrahedral Ag nanocrystals enclosed by 4 {111} facets were 
synthesized with relatively high yields (Fig. 1.21d) [383]. By using arginine as a 
photochemical promoter, the Kitaev group reported that decahedral Ag nanocrys-
tals with penta-twinned structures were synthesized with a high shape selectivity 
(Fig. 1.21e) [384]. The Mirkin group reported that at low-energy irradiation wave-
lengths, Ag penta-twinned nanorods were obtained (Fig. 1.21f) [385]. By using a 
combination of Cu2+ additive, H2O2 etchant, and violet light irradiation, the Kitaev 
group synthesized Ag icosahedral nanoparticles with multiply twinned structures 
(Fig. 1.21g) [386]. Besides Ag nanostructures, the plasmon-mediated syntheses 
were also applied in synthesizing Au@Ag core-shell nanostructures by exploring 
plasmonic Au seeds (Fig. 1.21h–i) [387, 388, 394].

1.5.6  Electrochemical Square-Wave-Potential Methods

Metallic nanostructures with high-energy facets have received considerable 
 attention recently due to their importance in catalytic applications [400, 401]. 
High-energy facets are usually referred to the {110} and high-index {hkl} facets of 
 metallic nanostructures, which possess a high density of atoms with low coordina-
tion numbers and a high density of atomic steps, ledges, and kinks [402]. However, 
in most common synthetic conditions, the high-energy facets will easily disappear 
due to their low stability. Electrochemical square-wave-potential (SWP) methods 
have emerged as a versatile method to synthesize metallic nanostructures with high-
energy facets [50, 59]. The Sun pioneered the synthesis of metallic nanostructures 
with high-energy facets using the electrochemical SWP methods. In 2007, the Sun 
group reported the synthesis of single-crystalline tetrahexahedral Pt nanocrystals 
with {730} high-index facets by the electrochemical SWP method [60]. In their 
report, tetrahexahedral Pt nanocrystals were synthesized by treating electrode-
posited ~ 750 nm Pt nanospheres with SWP of certain lower (EL) and upper (EU) 
 potentials in a solution of H2SO4 and ascorbic acid. The formation of the high-index 
{730} facets was attributed to the repetitive adsorption/desorption of oxygen spe-
cies (OHad and Oad) generated by SWP processes. At the EU potential, some of the 
oxygen species may invade into Pt and squeeze out some Pt atoms. At the EL, all 
oxygen species will be desorbed and lead to the formation of Pt surface with open 
structures. Repeating the SWP process for thousands of times will lead to the forma-
tion of Pt nanocrystals with well-defined high-index facets.
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The electrochemical SWP methods can be generalized in synthesis various Pt 
nanocrystals with high-index facets. In a recent report from the Sun group, they 
described a process that can selectively synthesize tetrahexahedral, hexoctahedral, 
and trapezohedral Pt nanocrystals, which are enclosed by {hk0}, {hkk}, and {hkl} 
high-index facets, respectively (Fig. 1.22a–c) [395]. The transition among these 
different shapes was realized by increasing either the upper or lower potential of the 
SWP process. Concave hexoctahedral, triambic icosahedral (Fig. 1.22d), concave 
tetrahexahedral Pt nanocrystals (Fig. 1.22e) were also synthesized through similar 
electrochemical SWP techniques [50, 396, 397, 403]. The electrochemical SWP 

Fig. 1.22  Metallic nanostructures synthesized via electrochemical square-wave-potential (SWP) 
methods: a Pt tetrahexahedra, b Pt hexoctahedra, c trapezohedra (reproduced with permission 
from reference [395], Copyright 2013 American Chemical Society), d triambic icosahedral Pt 
nanocrystals (reproduced with permission from reference [396], Copyright 2013 American Chem-
ical Society), e concave Pt tetrahexahedra (reproduced with permission from reference [397], 
Copyright 2011 American Chemical Society), f Pd nanorods (reproduced with permission from 
reference [398], Copyright 2009 The Royal Society of Chemistry), g–i Fe rhombic dodecahedra, 
cubes, and tetragonal bipyramids (reproduced with permission from reference [399], Copyright 
2009 American Chemical Society)
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method can also be extended to synthesize other metallic nanostructures, such as 
tetrahexahedral and trapezohedral Pd nanocrystals, five-fold twinned Pd nanorods 
(Fig. 1.22f), tetrahexahedral Rh nanocrystals, tetrahexahedral Pd–Pt alloyed nano-
crystals, and Fe nanocrystals with different shapes ranging from rhombic dodeca-
hedra to tetragonal bipyramids and cubes (Fig. 1.22g–i) [50, 398, 399, 404–406].
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Abstract The controlled synthesis of metallic nanomaterials in solution is central 
to realize many applications that arise from their fascinating properties. As proper-
ties in metal nanomaterials are strongly dependent upon size, shape, composition, 
structure (solid versus hollow interiors), and surface functionality, controlled syn-
thesis is a powerful approach to tailor and optimize properties as well as to establish 
how they are dependent on the several physical and chemical parameters that define 
a nanostructure. In this context, this chapter focuses on the fundamentals of the 
controlled synthesis of metal nanomaterials in solution phase in terms of the avail-
able theoretical framework. Specifically, it starts by introducing the mechanisms 
employed for the stabilization of nanomaterials during solution-phase synthesis 
(Sect. 2.2). The basics of nucleation and growth in solution will be discussed in 
Sect. 2.3. After that, the shape-controlled synthesis of Ag nanomaterials will be 
employed as proof-of-concept example of how thermodynamic versus kinetic con-
siderations, oxidative etching, and surface capping can be employed to effectively 
maneuver the shape of a metal nanocrystal in solution (Sect. 2.4). Finally, some 
of the current challenges and outlook regarding the controlled synthesis of metal-
based nanomaterials will be presented (Sect. 2.5).

2.1  Motivation for Controlled Synthesis of Metallic 
Nanomaterials

The motivation for the controlled synthesis of metallic nanomaterials comes from 
the fact that their properties are strongly dependent upon size, shape, composition, 
structure (solid versus hollow interiors), and surface functionality [1]. Thus, the pre-
cise control over these parameters opens up the possibility of designing nanomateri-
als with desired or optimized performances for a given application. Taking catalysis 
as an example, in addition to small sizes (that are imperative to achieve high-surface 
areas), the control over the shape enables the exposure of specific surface facets that 
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can be more catalytically active or selective for a reaction of interest [2]. The shape-
dependent catalytic activity of Pd nanocrystals towards the electroxidation of for-
mic acid is shown in Fig. 2.1 and represents a notable example on how the control 
over shape can be employed for optimizing catalytic performance. As {100} surface 
facets are more active relative to {111} for the electroxidation of formic acid, a 
gradual increase in the current densities was observed as the shape was changed 
from cubes to truncated cubes, cuboctrahedrons, truncated octahedrons, and finally 
octahedrons, as these shapes gradually enable an increased exposure of {111} rela-
tive to {100} surface facets [3]. In addition to catalytic activity, optical, magnetic, 
and electronic properties have also shown shape/size-dependency [4].

It is noteworthy that, in order to reach its full potential, the controlled synthesis 
of metallic nanomaterials must meet several requirements that include monodisper-
sity in terms of size, shape, structure, and composition. Among different methods 
for the controlled synthesis of metallic nanomaterials, solution-phase approaches 
offer many advantages that include the facile stabilization by the addition of proper 
capping agents, easy extraction/separation from the reaction mixture (by centrifuga-
tion, for example), straightforward surface modification/functionalization, potential 
for large-scale production, and versatility regarding the several experimental pa-
rameters that can be controlled during the synthesis (temperature, nature of precur-
sors, stabilizers, solvent, reducing agents, their molar ratios, concentrations, etc.) 
[5]. Surprisingly, substantial developments on the solution-phase-controlled syn-
thesis of metallic nanomaterials with a variety of shapes and sizes were made only 
recently. Figure 2.2 illustrates a variety of shapes that have been realized by the 
controlled synthesis of metal nanostructures [1]. Despite this progress, a detailed 
atomic understanding of the mechanisms of nucleation and growth stages during 
nanoparticle formation is still not completely understood, and most fundamentals 
are currently borrowed from classical colloidal theories [6].

In this chapter, rather than describing a variety of protocols for the controlled 
synthesis of different classes of metal nanomaterials, we will focus on the main fun-
damentals and concepts behind the controlled synthesis of metal nanomaterials in 
solution phase. Specifically, we will start by introducing the mechanisms employed 

Fig. 2.1  Maximum current 
densities for formic acid 
oxidation employing Pd 
nanocrystals displaying 
controlled shapes as 
electrocatalysts. The current 
densities (electrocatalytic 
activities) were strongly 
dependent on the relative 
exposure of {100} and {111} 
surface facets, decreasing as 
the shapes transitioned from 
cubes to octahedrons [3]. 
Copyright 2012 American 
Chemical Society
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for the stabilization of nanomaterials in the context of solution-phase synthesis 
(Sect. 2.2). The fundamentals of nucleation and growth in solution will be discussed 
in Sect. 2.3. After that, the shape-controlled synthesis of Ag nanomaterials will be 
employed as proof-of-concept example of how thermodynamic versus kinetic con-
siderations, oxidative etching, and surface capping can be employed to effectively 
maneuver the shape of a metal nanocrystal in solution (Sect. 2.4). Finally, we will 

Fig. 2.2  Different shapes that have been enabled for a range of metals nanocrystals by solution-
phase synthesis
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present some of the current challenges and outlook regarding the controlled synthe-
sis of metal-based nanomaterials (Sect. 2.5).

2.2  Stabilization in Solution-Phase Synthesis

The main feature that sets nanomaterials apart from their micro- and macro-coun-
terparts is their large surface to volume ratios, which is responsible for many unique 
or improved properties that nanomaterials possess [7]. A large surface to volume 
ratio implies that nanomaterials display high-surface energies (as surface energy 
increases with surface area), which makes them thermodynamically unstable or 
metastable [8]. Consequently, the synthesis of nanomaterials in solution requires 
one to overcome their large surface energies and prevent them from agglomerating. 
Agglomeration is thermodynamically driven by the reduction in surface area and 
thus surface energy. In fact, the reduction of surface energy is also the driving force 
for other processes in solution-phase syntheses such as surface restructuring, forma-
tion of facets, and Ostwald ripening [5]. In the following section, we will discuss 
two main approaches that are commonly employed to stabilize metallic nanomateri-
als against agglomeration: the electrostatic and steric (or polymeric) stabilization. 
Interestingly, as will be discussed in Sect. 3 and 4, the steric stabilization can also 
be put to work for favoring the formation of nanomaterials with monodisperse sizes 
and controlled shapes.

2.2.1  Electrostatic Stabilization

The concept behind the electrostatic stabilization is illustrated in Fig. 2.3 and it 
is based on the repulsion of electrical charges having the same sign present in the 
electrical double layers between neighboring particles [9]. The electrostatic stabili-
zation can also be understood in terms of osmotic flow, in which solvent from the 
suspension flows into the region where the double layers overlap until the distance 
between the nanoparticles equals to or become larger than the sum of their indi-
vidual double layers. As the overlap of double layers lead to a substantial increase 

Fig. 2.3  Electrostatic stabili-
zation between two approach-
ing particles: the electrostatic 
repulsion of like-charges 
drive particles apart as their 
double layers overlap
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in the concentration of ions in the inter-particle region, the osmotic flow works to 
restore the equilibrium concentration.

The formation of a double layer arises from the adsorption of charged species at 
the surface, dissociation of surface-charged species, and/or accumulation or deple-
tion of electrons at the surface following the formation of a solid surface in a polar 
solvent or electrolyte. An equal number of counter-ions with the opposite charge 
will then surround the system to produce a charge-neutral double layer, as depicted 
in Fig. 2.3. In addition to the contribution from columbic forces, Brownian motion 
and entropy also contribute to the location of species in solution, resulting in an in-
homogeneous distribution of surface ions and counter ions [10]. The DLVO theory, 
which was named after Derjaguin, Landau, Verwey and Overbeek, successfully 
describes how the electrostatic stabilization between neighboring nanoparticles in 
suspension works [11]. The DLVO theory assumes that the interaction between two 
electrically charged approaching particles in suspension consists of a combination 
of Van der Waals attraction and electrostatic repulsion arising from the neighbor-
ing double layers [12, 13]. Figure 2.4 shows a plot of the overall potential (V, solid 
line) illustrated as a sum of Van der Waals attraction (VA, dashed line) and elec-
trostatic repulsion (VR, dashed line) as a function of the distance between the ap-
proaching particles. When the two particles are far away from each other (distance 
is large), both VA and VR tend to zero. As the particles start to approach each other, 
the electrostatic repulsion is stronger than the Van der Waals attraction (VR > VA), 
leading to an increase in the overall potential (V) with the decrease in distance until 
a maximum is reached at VMAX, which corresponds to the repulsive energy barrier. 
As the distance is further decreased, the Van der Waals attraction surpasses the elec-
trostatic repulsion (VA > VR), and the overall potential becomes strongly dominated 
by VA, which leads to the agglomeration of the particles. If VMAX > ~ 10 kT ( k is the 

Fig. 2.4  Overall poten-
tial energy (V, solid line) 
expressed as a combination 
of the attractive Van der 
Waals and repulsive electro-
static potentials (VA and VR, 
respectively, dashed lines) 
[9]. Copyright © 2002, John 
Wiley and Sons

 



54 P. H. C. Camargo et al.

Boltzmann constant and T the temperature), collision from Brownian motion will 
not overcome VMAX and agglomeration will not take place. On the other hand, if 
VMAX < ~ 10 kT, agglomeration takes place and the particle suspension would not 
be stable.

It is important to note that these considerations indicate that electrostatic stabili-
zation mechanism only applies to dilute systems, is dependent on the concentration 
of ions in suspension, agglomerated particles cannot be re-dispersed, and comprises 
a kinetic stabilization method. As an example, the widely employed synthesis of 
Au nanoparticles by the reduction of AuCl−

4(aq) by trisodium citrate pioneered by 
Turchevich [14] and refined by Frens [15] is based on electrostatic stabilization, in 
which citrate anions (negative charge) bind to the surface of the Au NPs during the 
synthesis.

2.2.2  Steric (or Polymeric) Stabilization

The steric (also called polymeric) stabilization consists in preventing neighboring 
particles of getting close to each other in the range of attractive forces where Van 
der Waals attraction would lead to agglomeration by the presence of polymers at the 
particles surface [16]. In general, a polymer can interact with a solid surface by one-
end binding (anchored polymer) or via weak interactions from random points along 
its backbone (adsorbing polymer) [9]. When two particles covered with polymer 
approach each other, the polymer layers from each particle will interact only when 
the distance between particles become lower than the sum of the thicknesses of the 
neighboring polymer layers. Figure 2.5 depicts two approaching nanoparticles pre-
senting an anchored polymer at their surface. As the distance between the particles 
becomes lower than the sum of the thicknesses of the neighboring polymer layers, 
they can overlap or become compressed resulting in strong repulsion between the 
neighboring nanoparticles. When the polymer is at good solvent conditions and 
neighboring adsorbed layers can overlap (under low-surface coverage), stabiliza-
tion occurs as a result of the unfavorable mixing of the adsorbed layers, as an in-
crease in entropy accompanied by an increase in the Gibbs free energy results from  
the interpenetration of polymers (assuming the enthalpy variations are negligible due 
to the interpenetration). At higher coverage (and/or under poor solvent conditions), 

Fig. 2.5  Steric stabilization 
between two approaching 
particles containing anchored 
polymers at their surface. 
Under both low- and high-
surface coverage conditions, 
the polymer layers repel one 
another as they approach and/
or interact
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the approaching adsorbed layers become compressed at the surface as the nanopar-
ticles approach each other, and therefore, cannot interpenetrate. This process leads 
to an increase in the Gibbs free energy, driving the nanoparticles apart. Hence, steric 
stabilization emerges from the volume restriction effect (exclusion by space) due to 
the decrease in the possible configurations in the region between the particles and 
from the osmotic effect as the concentration of polymeric molecules in the region 
between the two particles becomes high [11].

It is important to mention that the steric stabilization is not so well understood 
in comparison to the electrostatic stabilization. Nevertheless, it is widely employed 
in the solution-phase synthesis of nanomaterials, offering many advantages when 
compared with electrostatic stabilization. For instance, steric stabilization is ther-
modynamic (agglomerated particles can be redispersed), it is not restricted to dilute 
systems, and is not sensitive to the presence of electrolytes, which is highly desir-
able for several applications. Moreover, it contributes to the production of mono-
disperse nanoparticles as the polymer layer adsorbed at the nanoparticle surface 
can also work as a diffusion barrier to the addition of growth species, favoring the 
diffusion-limited growth (Sect. 3.2) [5]. Polymers employed for steric stabilization 
can also play other roles in solution-phase syntheses such as serving as reducing 
agents, helping in manipulating precursor reduction rates, and interacting with dis-
tinct nanocrystals surface facets with different binding affinities, which is central in 
the context of shape-controlled synthesis [1, 17].

2.3  Fundamentals of Nucleation and Growth

The controlled synthesis of metal nanomaterials requires (and refers to) nanomate-
rials with monodisperse sizes and shapes. Therefore, all nanostructures produced 
from a reaction mixture must have sizes and shapes as similar as possible (narrow 
size and shape distribution). The controlled synthesis of metal nanomaterials from 
a homogeneous solution comprises two main stages: nucleation and growth. In this 
section, we will discuss the theory behind nucleation and growth stages in order to 
understand how these steps can be employed to obtain nanomaterials with mono-
disperse sizes.

2.3.1  Homogeneous Nucleation

Nucleation refers to the extremely localized building of a distinct thermodynamic 
phase and represents the first stages during a crystallization process. More specifi-
cally, it can be defined as the process by which building blocks (metal atoms in the 
synthesis of metal nanomaterials) arrange themselves according to their crystalline 
structure to form a site upon which additional building blocks can deposit over and 
undergo subsequent growth [18]. In this context, nuclei correspond to infinitesimal 
clusters consisting of very few atoms of the growth species.
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Lamer et al. pioneered the study on the synthesis of uniform colloids and the 
related nucleation and growth mechanisms [6]. These studies date back from the 
1940s and are still the basis of our understanding on the synthesis of uniform nano-
materials (including metallic, polymeric, semiconducting, and oxide systems) [19]. 
From these studies, the concept of “burst nucleation” has been established to be 
crucial for the synthesis of monodispersed particles. Burst nucleation refers to the 
formation of a large number of nuclei in a short period of time, followed by growth 
without additional nucleation. This allows nuclei to have similar growth histories 
and, therefore, yield nanoparticles with same sizes. This concept is normally re-
ferred to as the separation of nucleation and growth stages during the synthesis 
[19]. For instance, if nucleation and growth could occur simultaneously, the nuclei 
growth histories would be significantly different and heterogeneous size distribu-
tions would be obtained.

The supersaturation of growth species comprises the first requirement for the 
occurrence of homogeneous nucleation. In the synthesis of metal nanoparticles, su-
persaturation may be achieved via the in situ generation of the solute growth species 
(metal atoms) through the conversion of soluble precursors into metal atoms by re-
duction or decomposition reactions. Alternatively, supersaturation could be induced 
by the decrease in the temperature of an equilibrium mixture containing the growth 
species. Although nucleation can take place in liquid, gas, and solid phases, we will 
center our discussion on the liquid phase, as the fundamentals are essentially the 
same in all cases.

The reduction of the overall Gibbs free energy to generate a new solid phase 
from a supersaturated solution containing the growth species as the solute repre-
sents the driving force for homogenous nucleation. The change in Gibbs free energy 
per unit volume of the solid phase (∆Gv) is dependent on the concentration of the 
solute and can be expressed as follows:

 (2.1)

where T is the temperature, Ω the atomic volume, C the concentration of the solute, 
and C0 the solubility or equilibrium concentration [20]. When C > C0, ∆Gv becomes 
negative and nucleation is spontaneously favored. However, this decrease in the 
Gibbs free energy is accompanied by an increase in the surface energy per unit area 
(γ) of the newly formed solid phase. Thus, the overall Gibbs free energy change 
(∆G) for the formation of spherical nuclei with radius r from a supersaturated solu-
tion corresponds to:

 (2.2)

where the first term corresponds to the change of volume free energy (volume 
term, ∆μv) and the second to the change in surface free energy (surface term, ∆μs). 
Figure 2.6 displays a plot of ∆G as a function of r (solid line) [20]. The surface and 
volume terms are also shown as dashed lines. As γ is always positive and ∆Gv nega-
tive as long as the solution is supersaturated, the plot of ∆G as a function of r has a 

∆G kT C Cv = − / ln( / )Ω 0

3 2
vG (4/3) r G 4 r∆ = π ∆ + π γ
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maximum that corresponds to the critical radius r*. The critical radius (r*) can be 
defined as the minimum radius that a nucleus must possess in order to spontane-
ously grow from a supersaturated solution, or the minimum size required for the 
formation of a stable nucleus by precipitation from a supersaturated solution. When 
r < r*, the surface term is higher than the volume term and any nucleus smaller than 
r* will dissolve into the solution. In other words, the increase in the surface energy 
due to the nucleus formation is higher than the stabilization due to the formation of 
a new solid phase from the supersaturated solution, and nucleation is not favored. 
On the other hand, when r > r*, the volume term exceeds the contribution from the 
surface term so that the created nucleus is stable and undergoes subsequent growth 
(the stabilization due to the formation of the new solid phase from the supersatu-
rated solution becomes higher than the destabilization due to the increase in surface 
energy). Setting d∆G/dr allows us to find r* and ∆G* according to the following 
equations:

 (2.3)

 (2.4)

where ∆G* corresponds to the critical Gibbs free energy, i.e., the minimum energy 
barrier that must be reached for nucleation to take place. These equations illustrate 
that r* can be decreased by lowering the γ of the new solid phase. Also, increasing 
∆Gv will lead to a decrease in both r* and ∆G* (∆Gv increases with the supersatura-
tion, Eq. 1). Surface energy, on the other hand, can be manipulated by changes in 
the solvent, temperature, and the use of “impurities” in the reaction mixture such as 
capping agents [19]. As an example, Fig. 2.7 shows how r* and ∆G* for a spherical 
nucleus can vary as a function of temperature. It can be observed as an increase in 
both r* and ∆G* with temperature. This is because supersaturation (and thus ∆Gv) 
decreases as the temperature is increased (Eq. 1) [5].

vr* 2 / G= − γ ∆

2
vG* 16 /3( G )∆ = πγ ∆

Fig. 2.6  Change in the Gibbs 
free energy (G, solid line) 
as a function of the nucleus 
radius ( r) as a sum of the 
volume and surface free ener-
gies [20]. Copyright © 2001, 
Elsevier
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The nucleation rate (NR, per unit volume and unit time) is defined as the increase 
in the number of particles as a function of time and can be written as a function of 
∆G* in the Arrhenius form:

 (2.5)

NR is also dependent on the number of growth species per unit volume (number 
of nucleation centers, which is determined by the initial concentration C0) and the 
jump frequency of growth species from one site to another. Thus, NR can be written 
as:

 (2.6)

where η corresponds to the viscosity of the solution and d to the diameter of growth 
species. This equation shows that high nucleation rates are promoted by high initial 
concentration of growth species (high supersaturation), low viscosity, and low ∆G*. 
Moreover, in order to start the accumulation of nuclei for subsequent growth, NR 
must be high enough to surpass the re-dissolution of nuclei. It is important to men-
tion, however, that the thermodynamic model discussed above has some limitations 
when the synthesis of nanocrystals is regarded, as both γ and ∆Gv should not be 
constant and vary with size [19].

Owing to their sub-nanometer sizes, there is actually little information and 
knowledge regarding the true identity of nuclei during the synthesis of metal nano-
materials due to the lack of experimental tools capable of precisely capturing and 
characterizing them. According to theoretical investigations and evidence from 
mass spectrometry as well as adsorption and emission spectroscopies, it has been 
proposed that the crystal embryos seem to be closely related to their corresponding 
metal clusters [1, 21].

Figure 2.8 depicts the Lamer plot, which shows the change in the atomic concen-
tration of the solute (growth species) during the nucleation and growth processes 
as a function of time. This plot is also very useful for illustrating the concept of 
burst nucleation. In the synthesis of metal nanocrystals, the concentration of solute 
(metal atoms) is increased by the decomposition or reduction of the corresponding 

dN/dt N  exp TR= = −( * / )∆G k

3
R 0N {(C T / (3 d )}exp( G * / T)= πη −∆k k

Fig. 2.7  Change in the Gibbs 
free energy (G) as a function 
of the nucleus radius ( r) for 
two different temperatures, 
where T1 < T2 [20]. Copyright 
© 2001, Elsevier
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soluble precursors. In the first stage, although the concentration of metal atoms 
increases, no nucleation/precipitation occurs even after the concentration of solute 
is above the equilibrium concentration (Cs). At this stage, although the solution is 
supersaturated, the energy barrier for nucleation (∆G*) is high due to the contri-
bution from surface energy. Nucleation takes place only when the supersaturation 
reaches a specific value above the solubility (Cmin = minimum solute concentration 
required for precipitation), which corresponds to the point where ∆G* is reached 
for the formation of nuclei. At this point, atoms start to aggregate into nuclei and 
homogeneous nucleation begins. As nucleation takes place, the concentration or 
supersaturation of metal atoms in solution starts to decrease, leading to a decrease 
in ∆Gv. When the concentration is below Cmin (where ∆G* is reached), nucleation 
stops and growth starts. Growth then occurs under a continuous supply of metal 
atoms (solute) as long as their concentration is above the equilibrium solubility 
(Cs). In addition to growth via atomic addition and Ostwald ripening, the nuclei 
can also merge into larger objects via coalescence and oriented attachment [22]. 
The stabilization mechanisms discussed in Sect. 2 are essential to avoid extensive 
agglomeration that would hamper the production of nanoscaled materials. Accord-
ing to the Lamer plot, the concentration of the growth species should be increased 
abruptly to a very high supersaturation level followed by quickly bringing it below 
Cmin in order to achieve burst nucleation [6].

2.3.2  Growth

In addition to the “burst nucleation” concept and the subsequent separation of nu-
cleation and growth during the synthesis, the size distribution of nanoparticles in 
solution-phase synthesis is dependent on the growth stage. More specifically, the 

Fig. 2.8  Variations in the 
atomic concentration of 
growth species in solution 
as a function of time during 
a the generation of atoms, 
b nucleation, and c growth 
stages [1]. Copyright © 2009 
WILEY-VCH Verlag GmbH 
& Co. KGaA, Weinheim
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size distribution of the initial nuclei may increase or decrease depending on the 
kinetics of growth [23]. The growth of nuclei can be subdivided in four major steps 
as illustrated in Fig. 2.9: generation of growth species (Fig. 2.9a), their diffusion 
(Fig. 2.9b), adsorption (Fig. 2.9c), and irreversible incorporation to the growth sur-
face (Fig. 2.9d). Steps (a–c) can be further grouped and regarded as diffusion (sup-
plying the growth species to the growth surface), while (d) corresponds to growth 
itself (by surface processes). Therefore, growth can be controlled either by diffusion 
or surface processes, and each of these regimes lead to differences in the final size 
distribution.

First, let us consider the case in which the growth is controlled by diffusion, i.e., 
controlled by the diffusion of growth species from the bulk of the solution to the 
growth surface. This situation is favored when diffusion is the slowest step during 
growth. In this condition, the growth rate (dr/dt) of a spherical nucleus of radius r 
depends on the flux of growth species to its surface (J) according to the equation:

 (2.7)

where Vm is the molar volume of the nuclei. If the distance among nuclei is large 
enough, their growth can be considered independent from one another, and thus the 
diffusion layer formed at the surface of each growing particle will be undisturbed. 
The Fick’s law of diffusion expresses the flux of growing species (J) through the 
diffusion layer of each growing particle as:

 (2.8)

where D is the diffusion coefficient, C the concentration, and x the distance from 
the center of the growing particle. Assuming that J is constant with respect to x and 
integrating C(x) from x to x + δ, we get:

 (2.9)

2
mdr/dt JV /4 r= π

2J 4 x D(dC/dx)= π

[ ]sJ 4 Dr(r )/ C(r ) C= π + + −δ δ δ

Fig. 2.9  Schematics of the main steps that occur during growth: generation of growth species (a), 
followed by their diffusion (b), adsorption (c), and irreversible incorporation (d) to the growth 
surface. Steps (a–c) comprise diffusion while (d) is regarded as growth itself
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where Cs is the concentration at the surface of the growing particle. At large δ values 
(δ > r), Eq. 9 becomes:

 (2.10)

where Cbulk is the concentration of the bulk solution [19]. Hence, from Eq. 7 and 10 
we get the growth rate as:

 (2.11)

indicating that the growth rate of a particle is inversely proportional to its radius. 
Assuming the initial radius of the nuclei to be r0 and the change in Cbulk to be negli-
gible, this equation can be solved as:

 (2.12)

where kD = 2DVm(C−Cs). Thus, for two particles having an initial radius difference 
δr0, the radius difference δr as the particles grow decreases with time according to 
Eq. 13 and 14, demonstrating that the growth limited by diffusion induces the for-
mation of nanoparticles with monodisperse sizes [5].

 (2.13)

 (2.14)

From the experimental point of view, growth limited by diffusion can be favored 
by: (i) keeping the concentration of growth species very low, so that the distance 
for diffusion from the solution to the growth surface would be large; (ii) increas-
ing the viscosity of the solvent; (iii) controlling the supply of growth species to the 
growth surface; and (iv) introducing a diffusion barrier at the particle’s surface. 
Interestingly, in the controlled synthesis of metallic nanomaterials, many polymers 
employed to stabilize the nanoparticles during the synthesis (by steric stabilization) 
can also serve as a diffusion barrier that aids to promote diffusion-limited growth.

Now let us turn our attention to the opposite scenario in which the diffusion of 
growth species from the solution to the surface is fast, and the growth rate becomes 
controlled by surface processes [24]. The surface processes in which the adsorbed 
growth species becomes irreversibly incorporated at the surface (growth itself, 
Fig. 2.9d) can follow a layer-by-layer or polynuclear pathway. In the layer-by-layer 
pathway, the growth species have enough time to diffuse on the surface so that a 
second layer if formed only after a complete layer is produced. In this condition, the 
growth rate is proportional to the surface area and can be written as:

 (2.15)

bulk sJ 4 Dr(C C )= π −

m bulk sdr/dt V D (C C )/r= −

r k t rD
2

0
2= +

0 0r r r /rδ = δ

2 1/2
0 0 D 0r r r /(k t r )δ = δ +

dr/dt k rm= 2
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where km is a proportionality constant. Solving this equation we have:

 (2.16)

Thus, the radius difference between two growing particles increases with size (r) 
and time (t) according to the following expressions, showing that this mechanism 
does not promote the formation of monodisperse sizes:

 (2.17)

 (2.18)

In the polynuclear mechanism, the concentration of growth species at the surface 
becomes so high that the formation of a second growing layer is favored before first 
growth layer is complete. In this case, growth species do not have enough time to 
diffuse on the surface and the growth rate becomes independent of both particle size 
and time. Particles then grow linearly with time and the radius difference between 
distinct growing particles remains constant. Although the absolute radius difference 
is constant, relative radius difference becomes smaller with the increase in size 
and time, also favoring the formation of monodisperse nanoparticles (to a lesser 
extent relative to growth controlled by diffusion). Therefore, the above discussion 
indicates that growth limited by diffusion represents the best growth condition for 
achieving monodispersed nanoparticles.

In addition to the classical crystal growth, which can be roughly described by 
diffusion and incorporation of metal atoms to the growth surface as well as the dif-
fusion of metal atoms from more soluble to the less soluble crystals (Ostwald rip-
ening), the so-called non-classical mechanisms also play an important role during 
the growth of metal nanostructures [25, 26]. In fact, recent advances regarding in 
situ transmission electron microscopy techniques and time-resolved small-angle X-
ray scattering measurements have allowed the direct observation of solution-phase 
growth in metal nanoparticles and demonstrated that non-classical mechanisms 
such as aggregation, coalescence, and oriented attachment affect the growth route 
and final morphology of metal nanoparticles [22, 27–29]. Specifically, these non-
classical mechanisms refer to growth in which primary crystallites assemble into 
secondary crystals, and can be understood as follows: first, the reversible formation 
of loose assemblies of primary particles is observed, which are free to rotate and 
rearrange with respect to one another through Brownian motion. These primary 
particles can either dissociate or irreversibly attach to each other along some pref-
erential crystallographic orientations to produce a new secondary crystal. In this 
process, the formation of unique architectures, the incorporation of stacking faults, 
twin defects, and edge dislocations can be observed [26, 30, 31]. It is important to 
note that an aggregate corresponds to an irreversible assembly, and thus oriented at-
tachment refers to an irreversible assembly of oriented primary particles. Although 
the detailed assembly process and the driving forces for the oriented attachment of 

1 1 0/ /r = −r k tm
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primary particles along certain directions are still unclear, reduction in the overall 
surface energy by eliminating some high-energy facets represents one plausible ex-
planation [26].

2.3.3  Growth by Heterogeneous Nucleation (or Seeded Growth)

Heterogeneous nucleation refers to the formation of the new solid phase (nucle-
ation) onto the surface of another material [32]. Heterogeneous nucleation possess 
lower ∆G* (critical Gibbs free energy barrier for nucleation), and thus are more 
thermodynamically favored relative to homogeneous nucleation [18]. While in ho-
mogeneous nucleation the nucleus is approximated by a sphere whose surface area 
is 4πr2, the nuclei in heterogeneous nucleation have a surface area lower than 4πr2 
due to the introduction of the interface between the nucleus and the surface, which 
leads to a decrease in the surface free energy (recall that the increase in ∆G is due 
to the surface free energy, Eq. 2). The synthesis of metal nanomaterials by hetero-
geneous nucleation (seeded growth) in solution employing nanoparticles obtained 
in a separate/previous synthetic step as seeds is very helpful, as it enables one to ef-
fectively separate nucleation and growth processes as well as to apply a much wider 
range of growth conditions, milder reducing agents, lower temperatures, and differ-
ent solvents. This approach has been extensively employed for the shape-controlled 
synthesis of a variety of metal nanocrystals, including bimetallic (core-shell) sys-
tems where the composition of seeds differs from the growth species [32–34]. For 
example, if the seed particles possess well-defined shapes and are monodisperse, 
nanocrystal growth via heterogeneous nucleation can not only produce monodis-
perse nanocrystal sizes but can also influence (and in some cases template) the 
shape of the resulting nanocrystal after the final growth step [35].

2.4  Manipulating Nucleation and Growth  
for Shape-Control

2.4.1  Growth Mechanisms

We have mentioned in the previous sections that the solution-phase synthesis of 
metal nanomaterials is comprised of two main stages: nucleation and growth. In 
the shape-controlled synthesis of metal nanomaterials, these stages can be further 
subdivided into (i) nucleation; (ii) growth of nuclei into seeds; (iii) and evolution 
of the seeds into the final nanocrystal. These steps are schematically illustrated 
in Fig. 2.10 [1]. As nuclei correspond to infinitesimal clusters consisting of very 
few atoms formed as the new solid phase in solution, structure fluctuations may 
occur in the nuclei with the incorporation of defects in order to minimize surface 
energy until they evolve into seeds. The seeds can then be defined as species that 
are larger than the nuclei that are locked into a specific structure, in which structure 



64 P. H. C. Camargo et al.

fluctuation does not occur as they become energetically more costly as the size 
increases. Interestingly, for several systems (including Ag, Au, and Pd), it has been 
established that the final shape assumed by the nanocrystal is determined by both 
the structure of its corresponding seed and the relative binding affinities of capping 
agents to its distinct surface facets [36–38].

Figure 2.10 illustrates how the structure of the seeds play an important role in 
determining the final shape of a metal nanocrystal in solution-phase synthesis [38]. 
For example, a single-crystalline seed (truncated octahedron) can evolve into an 
octahedron, cuboctahedron, or cube depending on the relative growth rate of {111} 
and {100} surface facets (expressed as R in Fig. 2.10). Considering their struc-
ture, seeds often assume single-crystalline, single-twinned, and/or multiple-twinned 

Fig. 2.10  Main stages of controlled synthesis of metal nanomaterials (with face-centered cubic 
(fcc) structure): (i) nucleation; (ii) growth of nuclei into seeds; (iii) and evolution of the seeds into 
the final nanocrystal. The shape assumed by the nanocrystal depends on the structure of its cor-
responding seed and the relative binding affinities of capping agents to its distinct surface facets. 
R, for example, refers to the ratio between the growth rates along the {100} and {111} directions 
[38]. Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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structures. Thus, the key for the synthesis of metal nanocrystals with controlled 
shapes relies on maneuvering nucleation and growth processes so that only one kind 
of seed, with the proper structure, is present in the reaction mixture. The structure 
of seeds during solution-phase synthesis (single crystalline, single-twinned, or mul-
tiple-twinned) are dependent upon many parameters that include thermodynamic 
and kinetic considerations, while the relative population distribution of seeds can be 
further influenced by oxidative etching processes. Moreover, surface capping plays 
an important role in controlling the shape as the final nanocrystal evolves from its 
corresponding seed during nanocrystal growth.

When the synthesis in under thermodynamic control, the population of seeds 
displaying different structures will be determined by the statistical thermodynamics 
of their free energies. The most stable (lowest energy) seeds will be favored, and 
surface energy considerations are crucial in understanding and predicting the struc-
ture of the produced seeds. Surface energy (γ) can be defined as the energy required 
for creating a unit area of “new” surface, or as the excess free energy per unit area 
for a particular crystallographic face according to Eq. 19 and 20:

 (2.19)

 (2.20)

where G is the free energy, A the surface area, Nb the number of bonds that need 
to the broken to produce the new surface, ε the bond strength, and ρ the density of 
surface atoms. [39] When we consider an amorphous solid or liquid droplet, these 
equations show that simply decreasing the surface area can lower the total surface 
energy, and the perfectly symmetric sphere is the resulting shape. However, noble 
metals assume a face-centered cubic (fcc) crystal structure, in which the distinct 
surface facets possess different atomic arrangements and surface energy values as 
illustrated in Fig. 2.11. Stable morphologies that enable the minimization of free 
energy can be achieved by the exposure of low-index crystal planes that exhibit 
closest atomic packing (for fcc metals, γ{111}< γ{100} < γ{110}). Although these 
surface energy values suggest that single-crystal seeds should assume octahedral or 
tetrahedral shapes (which enables the exposure of {111} facets), they have higher 
surface areas relative to a cube of the same size. The formation of single-crystal 
seeds can then be considered in the context of Wulff’s theorem, which represents 
a method to determine the equilibrium shape of a droplet or crystal having a fixed 

n,T,P( G / A)γ = δ δ

b(1/2)Nγ = ερ

Fig. 2.11  Atomic arrange-
ments and surface energy 
values for {100}, {110}, and 
{111} surface facets (from 
left to right, respectively)
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volume [40]. Energy minimization arguments are used to show that certain crystal 
planes are preferred over others, giving the crystal its final shape. According to the 
Wulff construction, single-crystal seeds are expected to exist as truncated octahe-
drons enclosed by a mix of {111} and {100} facets. This shape, which presents a 
nearly spherical profile, displays the smallest surface area and leads to the mini-
mization of the total surface energy. Single- and multiple-twinned seeds have also 
been observed in the synthesis of metal nanocrystals under thermodynamic con-
trol. Here, a twin defect refers to single atomic layer in the form of a (111) mirror 
plane. The surface of a single-twinned seed tends to be enclosed by a mix of {111} 
and {100} facets to lower the surface free energy, while a multiple-twinned seed 
is enclosed by {111} facets [41]. As the strain energy caused by the twin defects 
greatly increases as the seeds grow in size, multiple-twinned seeds are stable only 
at smaller sizes [42].

Kinetic control relies on the manipulation over the structure/population of seeds 
containing different numbers of twin defects by decreasing the reduction or decom-
position rate of a precursor that is responsible for providing metal atoms (growth 
species). In fact, when the decomposition or reduction becomes considerably low, 
atoms tend to form nuclei and seeds through random hexagonal close packing to-
gether with the inclusion of stacking faults, and the resulting seeds typically takes 
a shape that deviates (having higher surface energies) from those favored by ther-
modynamics [43]. In practice, structures that deviate from thermodynamic consid-
erations can be achieved by a set of special conditions that enable an extremely low 
concentration of metal atoms in solution so the nuclei will not be able to grow into 
polyhedral structures. These include substantially slowing down precursor decom-
position or reduction rates, coupling the reduction to an oxidation process, and/or 
by taking advantage of Ostwald ripening (process by which relatively large struc-
tures grow at the expense of smaller ones) [1].

In addition to thermodynamic and kinetic control, which dictate the identity 
and structure of the produced seeds, the relative population of single-crystal and 
twinned seeds can be influenced by oxidative etching processes, in which metal at-
oms can be oxidized back to the ionic form by O2 from air (present in the synthesis) 
and a ligand such as Cl− and Br− [44]. The defect zones in twinned seeds have higher 
energy relative to single-crystal regions, making them more susceptible to undergo 
oxidation. Thus, multiply-twinned seeds are more susceptible to oxidation than sin-
gle-twinned and single-crystal seeds, respectively [45]. Consequently, if properly 
controlled, oxidative etching can enable the selective removal of a specific kind of 
seed from the reaction mixture as well as to control the number of seeds [46, 47].

When we consider the evolution of the seeds into the nanocrystal, capping agents 
that facilitate the interaction of distinct surface facets with different binding affinities 
can be put to work to control the shape of the produced nanocrystal. Upon interaction 
with the surface, capping agents can change the order of free energies from distinct 
facets, changing their relative growth rates. Therefore, the use of a capping agent 
can be considered as a thermodynamic approach. For example, a capping agent that 
binds more strongly to a specific facet can slow down its growth relative to the other 
facets, allowing for the control over its relative surface area in the final nanocrystal. 
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This is illustrated by the possibility of producing octahedron, cuboctahedron, or cube 
nanocrystals from a single-crystal seed as shown in Fig. 2.10. If a capping agent that 
binds more strongly to the {111} relative to the {100} facet from the single-crystal 
seed is employed, the growth along {111} is significantly slowed down relative to 
the {100} direction producing octahedrons (contain only {111} surface facets). In 
the opposite scenario, cubes would be obtained. Intermediary conditions would lead 
to the formation of cubeoctahedrons (enclosed by a mix of {111} and {100} surface 
facets). It is important to emphasize that although many successful examples have 
been reported on the use of capping agents to control the shape of metal nanocrystals, 
the exact mechanisms are still not completely understood due to the lack of experi-
mental techniques to precisely probe the molecular structure and resulting surface 
energy of different facets upon the binding of a capping agent.

Now that we have discussed the fundamentals of nucleation and growth, as well 
as the general concepts involved in synthesis of metal nanomaterials with controlled 
shapes, let us discuss the controlled synthesis of Ag nanostructures as an example 
on how thermodynamic and kinetic control, oxidative etching, and surface capping 
can be employed to give birth to a myriad of nanocrystals with monodispersed sizes 
and well-defined shapes.

2.4.2  Controlled Synthesis of Silver Nanomaterials

In the last decade, many methods have been developed for the synthesis of Ag 
nanocrystals displaying uniform size distribution and variety of shapes that include 
cubes, bypiramides, wires, octahedrons, triangular plates, bars, among others [1, 
17, 37, 48]. Representative scanning electron microscopy images of some of these 
shapes are as illustrated in Fig. 2.12. Among the various solution-phase methods for 
obtaining Ag nanocrystals, we will focus our discussion on the polyol reduction. 
Polyol reduction is probably the best-established protocol for generating Ag nano-
materials with controllable shapes [37]. This approach is illustrated in Fig. 2.13 
and it is based on the utilization of ethylene glycol as both a solvent and source of 
reducing agent (glycoaldehyde), high temperatures (~ 140–160 °C), Ag+ as the Ag 
precursor, and polyvinylpyrrolidone (PVP) as the capping agent. As the reduction 
of Ag+ to Ag starts, the concentration Ag0 in solution starts to increase. As discussed 
in Sect. 3.1, nucleation takes place only when the supersaturation with Ag reaches 
a value above the solubility where ∆G* is satisfied. As the nuclei are formed, they 
can undergo structure fluctuations at small sizes due to the input of thermal energy 
so that defects can be incorporated to reduce their surface energy [49]. For ex-
ample, the formation of a twin defect can be thermodynamically favored at small 
sizes as they result in the exposure of {111} (lowest energy) facets. As nuclei grow, 
these structural fluctuations start to become energetically more costly. The birth of 
the seeds is reached when these structure fluctuations stop (thermal energy is not 
enough to enable structure fluctuation). In the polyol synthesis of Ag nanomaterials, 
a mixture of multiple-twinned, single-twinned, and single-crystal seeds is produced 
in the reaction mixture as shown in Fig. 2.13, which can evolve into wires, bypira-
mids, and cubes as shown in Fig. 2.13a–c, respectively [50].
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The multiple-twinned (decahedral) seeds are the most abundant ones (relative 
to single crystal and single-twinned seeds) in the reaction mixture as introduction 
of twin planes is thermodynamically favored at small sizes [51]. Therefore, the 
removal of the other seeds is not required to achieve the synthesis of Ag nanowires. 
As their twin defects are more reactive relative to single-crystal regions, Ag atoms 
(growth species) preferentially add to the twin defects of the multiple-twinned seeds 
during growth, leading to the elongation of the seeds producing small pentagonal 
rods. As PVP is employed as a surface capping agent and has a higher binding affin-
ity with the {100} side facets relative to the {111} end facets, growth along the side 
facets is hindered, leading anisotropic growth into nanowires tens of micrometers 
long (Fig. 2.12a and 2.13a) [47, 52]. Although the other seeds (single crystal and 
single-twinned) may also grow in the same reaction mixture, their smaller sizes 
relative to nanowires facilitate their separation by centrifugation.

The removal of twinned seeds is required to achieve the synthesis of Ag nanocu-
bes (Fig. 2.12b and 2.13c). This selective removal of twinned seeds can be accom-
plished by oxidative etching upon the addition of Cl− ions in the reaction mixture 
[53]. In this case, the O2/Cl− pair becomes an efficient etchant of twinned seeds 
owing to their higher susceptibility to oxidation relative to the single-crystal seeds 
[54]. As PVP binds more strongly {100} relative to the {111} facets in the single-
crystal seeds that are left behind, cubes are produced. Interestingly, it has been ob-
served that under a continued supply of Ag atoms by extending the polyol reaction, 
the Ag nanocrystal shape can evolve from a cube to a cuboctahedron and then to 
an octahedron, with an increasing ratio of {111} to {100} facets (Fig. 2.12c and d, 

Fig. 2.12  Scanning electron micrographs of Ag wires (a), cubes (b), truncated octahedrons (c), 
octahedrons (d), bypiramids (e), and plates (f) [36, 47, 48, 55]. a Reproduced by permission of the 
PCCP Owner Societies, (c–d) Copyright © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Wein-
heim, (e) Copyright 2006 American Chemical Society, (f) Copyright © 2006 Wiley-VCH Verlag 
GmbH & Co. KGaA, Weinheim
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respectively) [36]. In this case, rather than a layer by layer growth, Ag selectively 
deposits over the {100} cube facets, slowing down the growth rate along the {111} 
direction and enabling its increase exposure at the surface of the final nanocrystal 
[36].

In order to selectively produce single-twinned seeds, the degree of oxidative 
etching must be moderated so that only the multiple-twinned seeds (that are the 
most reactive) are removed from the reaction mixture by oxidation. This can be per-
formed by replacing Cl − with the milder etchant Br − and has enabled the synthesis 
of right bypiramids (Fig. 2.12e and 2.13b) [48].

All these shapes discussed so far (wires, cubes, octahedrons, and bypiramids) 
are thermodynamically favored. In order to obtain thermodynamically unfavorable 
shapes, such as triangular nanoplates (Fig. 2.12f), different strategies must be em-
ployed, such as the substantial reduction on the supply of Ag atoms by greatly re-
ducing the precursor reduction rate [1]. In this case, Ag atoms may form plate-like 
seeds through random hexagonal close packing with the inclusion of stacking faults, 
that can subsequently grow to yield Ag triangular plates [43]. The use of the hy-
droxyl end groups of PVP as an extremely mild reducing agent has been employed 
as an effective approach to slow down the Ag + reduction rate and yield the forma-
tion of Ag triangular plates [55].

It is important to mention that these Ag nanocrystals could be further employed 
as seeds for overgrowth by heterogeneous nucleation (seeded growth) in order to 
obtain nanomaterials with monodisperse sizes. Moreover, the shape can be further 
manipulated by the proper choice of capping agents. In a typical example, it has 
been demonstrated that Ag cuboctahedrons (single-crystal structures enclosed by a 
mix of {111} and {100} surface facets) could be employed as seeds for Ag hetero-
geneous nucleation and growth, as shown in Fig. 2.14a [35]. In this seeded-growth 
process, the utilization of sodium citrate (Na3CA) as capping agent led to the pro-
duction of Ag octahedrons enclosed by {111} facets (Fig. 2.14b), while the utiliza-
tion of PVP led to the formation of cubes/bars enclosed by {100} facets (Fig. 2.14c). 

Fig. 2.13  Polyol approach for the synthesis of Ag nanocrystals displaying controlled shapes. A 
mixture of multiple-twinned, single-twinned, and single-crystal seeds is produced in the reaction 
mixture, which can grow into wires (a), bypiramids (b), and cubes (c) in the presence of polyvinyl-
pyrrolidone (PVP) as the capping agent [50]. Copyright 2006 American Chemical Society
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It has been established that, in the case of Ag, citrate binds more strongly to {111} 
relative to {100} facets.[56] Therefore, the utilization of citrate as capping agent al-
lows for the reduction on the growth rate along the [111] direction and thus leading 
to the exposure of {111} facets in the final nanocrystal (formation of octahedrons). 
Conversely, PVP binds more strongly to {100} than {111} facets of Ag, reducing 
the growth rate along the [100] direction and resulting in the exposure of {100} 
facets in the final nanocrystal (formation of cubes and bars) [52]. Other Ag nano-
crystals, such as Ag triangular plates, can also be employed as seeds for Ag over-
growth using this principle as depicted in Fig. 2.15a [57]. Ag triangular plates are 
covered by {111} faces in both top and bottom surfaces, while their sides contain 
twin planes and stacking faults. When Na3CA is employed as capping agent, growth 
along the side facets (lateral growth) occurs preferentially relative to growth along 
the top and bottom surfaces (Fig. 2.15b and c). Even though the side surface of the 
plates also contains {111} planes, the stacking faults and twin defects make them 
more reactive towards Ag nucleation relative to the top and bottom surfaces in the 
presence of Na3CA. On the other hand, vertical growth is induced in the presence of 
PVP (Fig. 2.15d and e). As PVP can bind more strongly to {100} facets, the growth 
along the top and bottom {111} surfaces becomes faster relative to lateral growth 
(that also occurs).

Seeded growth has been widely applied for producing a variety of controlled bi-
metallic nanomaterials with a myriad of architectures by the utilization of Ag, Au, 
Pd, and Pt nanocrystals of different shapes as seeds for the overgrowth of Ag, Au, Pd, 
and Pt, for example [32, 34]. In addition to the utilization of pre-formed nanocrystals 
as seeds for heterogeneous nucleation and growth, they can also be employed as 
chemical templates for the synthesis of controlled nanomaterials. One example is 
the utilization of Ag nanocrystals as sacrificial templates in a galvanic replacement 

Fig. 2.14  a Scheme for the 
formation of Ag octahedrons 
or cubes by overgrowth 
using Ag cuboctahedrons 
as seeds and Na3CA or PVP 
as capping agents. b and c 
Show transmission electron 
micrographs for the produced 
octahedrons and cubes, 
respectively [35]. Copyright 
2010 American Chemical 
Society
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reaction with ions AuCl4
−, PdCl4

2−, and PtCl6
2− to produce Ag-Au, Ag-Pd, and Ag-Pt 

nanocrystals, respectively, having bimetallic compositions, ultrathin walls, hollow 
interiors, and different morphologies (boxes, cages, tubes, frames, shells, etc.) [58].

2.5  Final Remarks

This chapter described the fundamentals of the controlled synthesis of metal nano-
materials in solution phase in terms of the available theoretical framework. Our 
discussion encompassed the mechanisms for the stabilization of nanostructures in 

Fig. 2.15  a Scheme for the lateral or vertical overgrowth of Ag employing Ag triangular plates as 
seeds and Na3CA or PVP as capping agents. b–c and d–e Show scanning electron micrographs for 
the produced plates after lateral and vertical growth, respectively [57]. Copyright © 2011 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim
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solution, the theory behind nucleation and growth stages, and the role that thermo-
dynamic and kinetic considerations, oxidative etching, and surface capping can play 
in the synthesis of metal nanomaterials with controlled shapes using Ag as a repre-
sentative example. It is obvious that solution-phase synthesis represents a powerful 
approach to produce metal nanomaterials with monodisperse and controlled sizes, 
shapes, architectures, and composition. Solution-phase methods enable the control 
over several experimental parameters (temperature, choice of precursors, stabiliz-
ers, solvent, reducing agents, their molar ratios, concentrations, among others) and 
have, at least in theory, the potential for large-scale fabrication. However, progress 
on the truly controlled synthesis of metal nanomaterials has only been achieved in 
the last decade, and the synthesis of many metal nanocrystals in a variety of shapes 
has been realized. Despite these attractive features, several challenges (both funda-
mental and practical) still remain and need to be addressed so that solution-phase 
synthesis can reach its full potential. These include: (i) a better understanding on the 
atomistic details and mechanisms behind the nucleation and growth processes is re-
quired; (ii) the precise roles played by solvent molecules, capping agents, and trace 
impurities must be unraveled; (iii) the scope of controlled synthesis needs to be 
increased, i.e., the development of protocols for the controlled synthesis of several 
metals still need to be developed; (iv) protocols must be reproducible; (v) it is desir-
able that solution-phase protocols are facile, environmentally friendly, and carried 
out in water as the solvent; and (vi) the controlled synthesis of metal nanomateri-
als in large scale must be realized in order to allow their transition from the lab to 
industry. It is safe to say that addressing these shortcomings will allow not only the 
synthesis variety of metal nanocrystals with controlled shapes/sizes by design, but 
also enable them to have a more profound impact in various fields of knowledge.
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Abstract In recent years, improvements in the fundamental understanding of syn-
ergistic effect between two distinct metal elements in bimetallic nanocrystals have 
started to revolutionize the development of alternative energy systems for clean 
energy production, storage, and conversion. By using an interdisciplinary approach 
that combines both experimental and computational methods, the scientists are pos-
sible to rational-design and predict the properties that can enhance the performance 
of bimetallic nanocrystals for required applications. Although the choice of metal 
elements is an important aspect of bimetallic nanocrystals, their structures (e.g., 
core-shell, dendrite, and alloy) are a concern for nearly all bimetallic nanocrystals’ 
applications. This chapter will mainly describe the influence of bimetallic struc-
tures for the applications and their related synthetic strategies, aiming to provide 
guidance to rationally design and synthesize bimetallic nanocrystals with desired 
properties.

3.1  Introduction

Bimetallic nanocrystals composed of two distinct metal elements usually possess 
novel physical and chemical properties distinct from monometallic nanocrystals 
due to their complex components and structures. That is, when two metals with 
complementary properties are properly combined, enhanced performance relative to 
monometallic component can occur. This enhancement is known as synergy, which 
is resulted from the electronic and/or ensemble effects of two metals in bimetallic 
nanocrystals. Due to this synergistic effect, bimetallic nanocrystals, therefore, can 
display not only a combination of the properties associated with two different met-
als, but sometimes even new properties and capabilities. This synergistic effect is 
particularly interesting, which provides possibilities to the findings of new materials 
for energy and environment-related applications. We anticipate that this synergistic 
effect could be affected by the component and structure of bimetallic nanocrystals, 
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which are two main parameters of bimetallic nanocrystals. Studies of these two 
parameters should therefore yield information, which complements the extensive 
literature describing nanosize effect with extended, monometallic nanocrystals. 
Recently, bimetallic nanocrystals formed by noble and non-noble metals used in 
catalysis closely resemble practical heterogeneous catalysts for fuel cells, organic 
reactions, and catalytic convertors, so important new scientific and technical prog-
ress may be gained regarding the synergistic effect on activity and specificity.

In this chapter, we will emphasize the important role of bimetallic nanocrystal 
structure for their physical and chemical properties, including optical and catalytic 
properties of bimetallic nanocrystals, and how can we rationally design the structure 
of bimetallic nanocrystals for the desired properties. Section 3.1 presents a brief 
introduction of three types of bimetallic nanocrystals. The principle for bimetallic 
design is concluded in Sect. 3.2. Methods for characterizing bimetallic nanocrystals 
are discussed in Sect. 3.3. The relationship between the structure and property is 
introduced in Sect. 3.4. Finally, Sect. 3.5 deals with four traditional synthetic strate-
gies for synthesizing bimetallic nanocrystals with designed structures.

As a modification to monometallic nanocrystals, bimetallic nanocrystals are 
formed by two metal elements, and they can be classified according to the types of 
atoms of which they are composed and the nature of the structure. Many reviews 
have mainly categorized bimetallic nanocrystals into three types of structures [1–3]. 
Examples (see Fig. 3.1) include core-shell nanocrystals, dendrite nanocrystals, and 
alloy nanocrystals.

Core-shell nanocrystals consist of a shell of one type of atom (B, blue-colored 
atoms) surrounding a core of another (A, yellow-colored atoms), and therefore A 
is fully capsulated inside B and forms AcoreBshell core-shell nanocrystals. The core-
shell structure can provide bimetallic nanocrystals with varied optical properties 
and unusual stabilities. That is, the dielectric constant of the medium surrounding a 
metal nanocrystal can be tailored by encasing the metal core inside the second metal 
shell, thereby tuning the optical properties of metal nanocrystals; typical examples 
will be given in Sect. 3.4, as well as others. In addition, a noble metal shell can lend 
stability to non-noble or active metal cores from oxidation. Yin et al. [4] prepared a 

Fig. 3.1  Three types of bimetallic nanocrystal structures
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thin Au shell on Ag nanoplates and observed a significant enhancement of stability 
of Ag nanoplates. More examples of core-shell nanocrystals will be discussed in 
Sect. 3.4 and 3.5.

Dendrite nanocrystals consist of A and B subcrystals, with a mixed A–B inter-
face. These are examples of the so-called “branched nanocrystals,” as they have 
branches of B on A cores (see Fig. 3.1). Dendrite nanocrystals have great potential 
as catalysts, sensing materials, and building blocks for nanoscale devices due to 
their large surface area and high densities of atomic steps and kinks. Various strat-
egies have recently been developed for the solution-phase synthesis of bimetal-
lic dendrite nanocrystals. In Sect. 3.2, the procedures and mechanisms, as well as 
examples underlying the formation of dendrite nanocrystals, will be presented in 
parallel with other types of bimetallic nanocrystals.

Alloy nanocrystals may either be ordered (pseudocrystalline) or random (solid 
solution). The intermixed pattern is found in many systems, with the ordered struc-
ture of Pt3Ni being important for their fuel cell applications. Based on the phase 
diagrams of bimetallic materials, it is possible to optimize the experimental param-
eters (e.g., pressure, temperature) for the preparation of desired alloy nanocrystals. 
However, some metals, like Cu and Ag, are immiscible in the bulk thus cannot form 
alloy bulk materials, while some others, like Pt and Cu/Co/Ni, can form ordered al-
loys. Figure 3.2a shows the transmission electron microscopy (TEM) images of Pt-
3Ni nanoframe along different directions, with high-resolution TEM (HRTEM) and 
energy-dispersive X-ray spectroscopy (EDX) mapping results shown in Fig. 3.2b 
[5]. However, when the size of materials is down to a critical value, such as Fe and 
Ag, which are immiscible in the bulk, it can form alloys [6]. There is considerable 
interest in mapping out for diverse bimetallic systems in the nanoscale. On the other 
hand, alloy nanocrystals, for example, alloying noble metals with cheaper metals, 
such as Fe, Co, and Ni, can reduce the cost of catalysts. A number of reported 

Fig. 3.2  HRTEM and energy-dispersive X-ray spectroscopy elemental mapping characterizations 
of Pt3Ni nanoframes. (Reproduced from Chen et al. [5])
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 alloy nanocrystals were found to exhibit much better catalytic behavior than those 
of monometallic ones due to the influence of different neighboring atoms, named 
synergistic effect. For example, a clear synergistic effect has been observed in the 
catalytic oxygen reduction reactions (ORR) by Pt3Ni mentioned in Fig. 3.2, for 
which a factor of 36 enhancement in mass activity and a factor of 22 enhancement 
in specific activity relative to state-of-the-art platinum-carbon catalysts.

There are also some other types of bimetallic nanocrystals, such as multishell 
nanocrystals, which present onion-like alternating concentric -A-B-A- shells. Re-
cently, three-shell Pd–Au nanocrystals have been produced experimentally and 
characterized by Wang et al. [7]. As this multishell bimetallic nanocrystal is more 
likely to be an extension of the core-shell nanocrystals, we classify this structure to 
be core-shell nanocrystals.

3.2  Influence Factors of Bimetallic Nanocrystal 
Structures

When two metal elements are mixed together, three possible structures can be ex-
pected as aforelisted, including core-shell, dendrite, and alloy nanocrystals. Dif-
ferent structures may result in significant different properties, thus their potential 
applications. Whether we can finely control the structure of bimetallic nanocrystals 
during their growth is the most important issue for rational design of bimetallic 
nanomaterials.

As early as 1986, Bauer and van der Merwe have proposed three growth modes 
for the overgrowth of the second metal on a substance [8]. That is, the layered 
growth (Frank-van der Merwe mode), the island growth (Volmer–Weber mode), 
and the intermediate type of growth (Stranski–Krastanow mode; see Fig. 3.3). 
These growth modes have been recently adopted to control the growth of bimetallic 
nanocrystals. Fan et al. [9] propose three rules for the epitaxial layered growth of 
heterogeneous core-shell nanocrystals, which is (i) the lattice constants of two met-
als should be comparable with the lattice mismatch smaller than approximately 5 %; 
the shell metal with smaller atom radius is easier to epitaxially grow on the core, as 
they could uniformly release the lattice strain resulting from the lattice mismatch; 
(ii) the electronegativity of the shell metal is lower than the core metal to avoid the 
displacement reaction and to easily wet the surface of the core; and (iii) the bond 

Fig. 3.3  Schematic illustrations of three typical growth modes
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energy between metal atoms of the shell should be smaller than that between the 
shell atoms and substrate atoms to ensure the growth in the Frank-van der Merwe 
mode, with the experimental observations for the layered growth mode of four types 
of noble metals.

These three fundamental rules play key role and provide the guidance to the 
growth of bimetallic nanocrystals with rationally designed structures. As for lattice 
mismatch, which generally exists between a second metal (B) and the substance 
(A), it can induce positive strain energy (γstrain) in the prepared bimetallic AcoreBshell 
nanocrystals. Along with the increasing of lattice mismatch between core and shell 
metals, γstrain increases rapidly, thus influencing the overall excess energy of bime-
tallic nanocrystals (Δγ). Δγ is defined as the following equation [10, 11]:

 (3.1)

γi Is the interfacial energy of bimetallic AcoreBshell nanocrystals due to the formation 
of interfaces between metals A and B during the nucleation and growth. γA And γB 
are the surface energy of metals A and B, respectively. In case of a relatively small 
lattice mismatch between metals A and B, the total energy of γB, γi, and γstrainwould 
be smaller than the surface energy of the substrate metal (γA, Eq. 3.1), resulting 
in a negative Δγ during growth and thus layer-by-layer growth of B atoms on A 
 substrate. Contrarily, Δγ is positive in case of a large lattice mismatch so that metal 
B atoms grow on those high-energy sites of substrate metal and form islands to 
minimize strain energy and reduce Δγ. This is the so-called island growth mode. 
When the lattice mismatch is relatively large but Δγ is still negative at the initial 
stage, the layer-by-layer growth is preferable initially. However, the strain energy 
is increased with the number of layers of B atoms increased. When the number 
reaches a critical value, Δγ becomes positive and the growth mode changes from 
layer-by-layer growth to island growth on the wetting layers to release strain energy. 
In addition to the lattice mismatch, the metal bond energy is also a key factor dur-
ing the preparation of bimetallic nanocrystals. The interaction among atoms in the 
deposited overlayer should be smaller than that between the substrate and overlayer. 
Moreover, the proper interaction (electron transfer) of the overlayer and substrate is 
another key factor when the crystal growth occurs in solutions, which is determined 
by electronegativity of two kinds of metal atoms. For instance, electrochemical un-
derpotential deposition (UPD) in electrolyte solution is a good example [12]. The 
foreign metal atoms with lower electronegativity tend to wet the heterogeneous 
metal surface and form the two-dimensional UPD overlayer. It also prevents the gal-
vanic replacement reaction, that is, the deposition of less active metal (with higher 
electronegativity) on the metal core. Based on this achievement on the preparation 
of core-shell nanocrystals, Pt@Pd, Au@Pd, and Au@Ag core-shell nanocrystals 
have been synthesized and well explained by Frank-van der Merwe growth modes.

Besides the aforementioned three rules for layered overgrowth for the prepara-
tion of core-shell nanocrystals, study of bimetallic nanocrystals has been restricted 
by many factors, including (1) relative strengths of A–A, B–B, and A–B bonds; 
(2) surface energies of bulk elements A and B; (3) relative atomic sizes; (4) charge 

B i strain A          γ γ γ γ γ∆ = + + −
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transfer; (5) strength of binding to substrates or surface ligands (surfactants); and 
(6) specific electronic/magnetic effects [13]. The structure of bimetallic nanocrys-
tals depends critically on the balance of the factors outlined earlier in the text, as 
well as on the preparation method and experimental conditions, which may give rise 
to kinetic, rather than thermodynamic, products.

3.3  Characterizations of Bimetallic Nanocrystals

Similar to the characterization of monometallic nanocrystals, a variety of 
experimental techniques can be used to characterize and measure the proper-
ties of bimetallic nanocrystals, including X-ray diffraction (XRD), TEM, X-ray 
photoelectron spectroscopy (XPS), EDX, and scanning electron microscopy (SEM). 
However, the analyses of bimetallic nanocrystals are more complicated than those 
of monometallic nanocrystals due to the different elements they are composed of 
and complex structures. Therefore, accurate characterization of bimetallic nano-
crystals presents a formidable challenge and typically requires the combination of 
several types of characterization techniques. Due to the important role of XRD, 
TEM, high-angle annular dark field scanning TEM (HAADF-STEM), and EDX in 
characterizing bimetallic nanocrystals, we will give an introduction to these tech-
nologies in this section.

3.3.1  XRD Analysis

As one of the most widely used techniques, XRD can give the information on bime-
tallic structure, crystallinity, lattice spacing, crystal size, and qualitative chemical 
composition information. Due to its strong ability in determining the composition 
of bimetallic nanocrystals, XRD is particularly effective to differentiate bimetal-
lic alloy nanocrystals with core-shell/dendrite bimetallic ones. From the peak po-
sitions of XRD pattern, the lattice parameters a can be calculated. Lipson [14] 
has discussed in detail how to figure out the composition of binary materials with 
different structures through XRD. Formation of alloy nanocrystals, as well as the 
dissolution of B in A, will cause a shift in diffraction peak positions due to the 
changes of the lattice constants. In comparison, XRD patterns of core-shell or den-
drite nanocrystals will be a combination of the two individual metal phases. By far, 
comparison of the XRD patterns of bimetallic nanocrystals has provided research-
ers with correction information of structures. For example, Au–Cu, Au–Pd, Pt–Ni, 
and Pt–Co alloy nanocrystals have been indentified based on calculations of a val-
ues, which are further compared with their standard a constants [15–19]. The size 
of bimetallic nanocrystals can also be calculated based on XRD patterns. Denton 
and Ashcroft [20] developed Vegard’s law in 1991, which is an approximate em-
pirical rule that holds that a linear relation exists, at constant temperature, between 
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the crystal lattice constant of an alloy and the concentrations of the constituent 
elements. Figure 3.4 presents the XRD patterns of Au–Pd alloy, Au, and Pd, re-
spectively [21]. As can be seen, the peaks of Au–Pd alloy locate besides the Au and 
Pd metals. The composition of alloy nanocrystals, thus, can be calculated by using 
Vegard’s law. On the other hand, XRD patterns of core-shell/dendrite nanocrystals 
will exhibit two different sets of peaks, indicating the existence of two separate 
phases, as shown in Fig. 3.5.

In some cases, for example, core-shell cubes, plates, or octahedrons, a preferen-
tial orientation effect (parallel to the substrate) will occur during the XRD charac-
terizations. This effect will result in an enhancement of the diffraction intensity of 
a particular facet that is parallel to the substrate. Based on the preferential orienta-
tion of core-shell nanocrystals, it is possible to fix out the orientation relationship 
between the core and shell metals via XRD analysis. Figure 3.5 shows XRD pat-
terns of Au@Pd core-shell nanocubes [9]. Clearly, the preferential orientation of 
the sample can be viewed, as the {200} diffraction of the sample is significantly 
enhanced compared with other facets, which implies the {100} facets preferential 
orientation of cubes due to their regular shapes. The same preferential orientation 
direction of core and shell metals indicates that the growth of the shell is affected 
and induced by the core metals.

Fig. 3.4  XRD patterns of Au–Pd alloy nanocrystals. (Reproduced from Zhang et al. [21])

 

 Fig. 3.5  XRD pattern of 
Au@Pd core-shell nanocu-
bes. (Reproduced from Fan 
et al. [9])
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3.3.2  TEM Observations

While XRD mainly provide the composition information of bimetallic nanocrystals, 
TEM and its higher-resolution version HRTEM has traditionally been the main tools 
used to obtain the nanocrystal shape, size, and structure information. Especially for 
core-shell and dendrite bimetallic nanocrystals, TEM and HRTEM are able to show 
different contrasts of the separate phases of two metals. That is, the metal atoms 
with different atomic numbers possess different contrasts under TEM and HRTEM 
characterizations, such as Au@Pd, Pd@Cu, and Au@Ag core-shell nanocubes [9, 
22, 23]. Figure 3.6 is the TEM images of the aforementioned core-shell nanocrys-
tals, in which the dark and light contrast can be easily observed. However, some 
cases, like Pd and Pt, which possess similar contrast under these characterizations, 
are nearly impossible to differentiate only by TEM and HRTEM.

3.3.3  Elemental Information Analyzed by HAADF-STEM  
and EDX

Generally speaking, TEM and HRTEM is essentially a phase contrast technique 
with relatively little elemental information. However, in High-angle annular dark 
field scanning transmission electron microscopy (HAADF-STEM), STEM coupled 
with HAADF detector provides mainly incoherent images that have strong elemen-
tal dependence. Therefore, HAADF-STEM has recently been recognized as a pow-
erful tool for imaging bimetallic nanocrystals. Xia et al. demonstrated that even the 
monolayer growth of Pt on Pd nanocubes can be visible via the HAADF-STEM 
characterization (see Fig. 3.7) [24]. Due to the elemental dependence of imaging 
contrast in the HAADF-STEM, the technique is particularly suited for study of 
bimetallic nanocrystals. Ideally, atomic resolved spectrum imaging of bimetallic 
nanocrystals can also be achieved by coupling TEM or STEM with EDX. They are 
going to increasingly provide complementary and elemental-specific information 
toward characterization of bimetallic nanocrystals.

Fig. 3.6  TEM images of Au@Pd, Au@Ag, and Pd@Cu nanocubes. (Reproduced from Fang et al. 
[9], Ma et al. [22, and Jin et al. [23])
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3.4  Properties of Bimetallic Nanocrystals with Different 
Structures

Commonly, the properties of bimetallic nanocrystals are mainly dependent on their 
structures with the same components. Therefore, there are numerous scientific 
reasons to investigate the relationship between structure and their corresponding 
properties. The strong influence of the bimetallic nanocrystals structure is general, 
affecting the magnetic response, optical properties, and chemical activities. The 
implication of these observations is that structure can be utilized to optimize the 
physical properties of nanocrystals. Even a monolayer shell of a second metal on 
the core of another metal can markedly influence the properties of a nanocrystal, 
such as Fermi level, thus resulting in the different optical, catalytic, and magnetic 
properties of a nanocrystal.

Fig. 3.7  HAADF-STEM images showing the numbers of Pt atomic layers. (Reproduced from Xie 
et al. [24])
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3.4.1  Optical Properties of Au@Ag Core-Shell and Alloy 
Nanocrystals

Shape-controlled synthesis of noble metal, such as Au and Ag, has attracted a great 
deal of attention in recent years because surface plasmon resonance (SPR) excita-
tion within the Au and Ag nanostructures can greatly enhance the local electric 
field. The frequency and intensity of SPR is highly sensitive to their compositions, 
structures, size, morphologies, and embedding mediums. In general, the field en-
hancement can be significantly improved by the nanostructures with sharp cor-
ners. However, the composite metallic nanostructures with multiple elements are 
of significant interests for their improving catalytic and optical properties. Espe-
cially, bimetallic Au and Ag nanocrystals are particularly attractive due to broader 
range of Plasmon tunability as compared with the individual unit of Ag and Au 
nanocrystal. By forming Au and Ag into core-shell structures, the LSPR can be 
controlled by not only varying the size and shape of the core metals but also the 
shell  thickness.

Figure 3.8 is the extinction spectra of Au@Ag cube, tetrahedra, octahedra, and 
dodecahedra [25]. The ratio of OD (outside diameter) to ID (inside diameter) is 
varied for each polyhedron to test the influence of the core size. For Au@Ag cubes, 
when the core size is 0 nm (Ag nanocubes), two strong LSPR peaks can be observed 
at 467 and 520 nm, representing the dipolar and quadrupolar modes, respectively. 
When the core size is increased to 16 nm, both peaks are found to red-shift to 478 
and 535 nm, respectively, which should be attributed to the differences in the dielec-
tric constants of the two metals. Meanwhile, as Ag exhibits much stronger optical 
resonance than Au, the intensities of all the adsorption peaks are decreased along 
with the increasing of the Au core size. However, in case of Au@Ag tetrahedra, the 
peaks are shifted to 460, 562, 639, and 757 nm, respectively, compared with the 
Ag tetrahedra when the size of the Au core is 6 nm. In comparison, Ag octahedra 
can exhibit two LSPR peaks at 493 and 562 nm, respectively. If the size of the Au 
core is 10 nm, the peak located at 562 nm blue-shifted, while the other red-shifted, 
resulting in peaks relocation at 522 and 562 nm, respectively. When the core size 
is further increased to 14 nm, these two peaks shift closer and finally combine into 
one peak at 575 nm. In addition, the intensity of the peak positioned around 500 nm 
is reduced as the size of the Au core increases. In another case, Ag dodecahedra can 
exhibit one resonance peak at 433 nm as shown in Fig. 3.8d. However, there is a 
significant decrease in extinction efficiency, along with a red-shifting of the extinc-
tion maximum of Au@Ag dodecahedra when the size of the Au core increases from 
0 to 16 nm.

On the other hand, the shell thickness of core-shell nanocrystals can also af-
fect the optical properties of bimetallic nanocrystals. Xia et al. recently synthesized 
Au@Ag core-shell nanocubes with the shell thickness tunable from 1.2 to 4.5 nm, 
and studied their corresponding optical properties [22]. These Au@Ag core-shell 
nanocubes can exhibit two characteristic peaks located at 510 and 410 nm, repre-
sentative of the Au core and the Ag shell, respectively. Further tailoring the shell 
thickness will result in the peak intensity decrease of the Au cores (See Fig. 3.9).
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Fig. 3.8  Extinction spectra of Au@Ag polyhedra, the outside diameter is equal to 20 nm; a cubes, 
the core diameter varies from 0 to 16 nm; b tetrahedra, the core diameter varies from 0 to 6 nm; c 
octahedra, the core diameter varies from 0 to 14 nm; d dodecahedra, the core diameter varies from 
0 to 16 nm. (Reproduced from Zhang et al. [25])

 

Fig. 3.9  Ultraviolet-visible 
extinction spectra of Au@
Ag core-shell nanocubes with 
different thicknesses for the 
Ag shells. (Reproduced from 
Ma et al. [22])
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The shell material can also help to impart novel, desired properties on the 
nanocrystals. Pd nanocrystals, which are known to show weak optical absorbance 
property, can serve as seeds for the overgrowth of different Ag structures (the material 
that can exhibit excellent optical property), thus enabling the bimetallic nanocrystals 
with enhanced optical absorbance properties. Figure 3.10 shows the extinction spec-
tra of the as-obtained Pd–Ag bimetallic nanocrystals with Ag growing on different 
numbers of the faces of a cubic Pd seed [26]. When Ag only grows on one of the six 
faces of a Pd seed, the major LSPR peak was located at 421 nm. However, when Ag 
was deposited on two, three, four, and five faces, the LSPR peaks can increasingly 
blue-shift to the region between 415 and 400 nm along with an increase in the num-
ber of faces being covered by Ag.

On the other hand, alloy nanocrystals can show different optical responses, such 
as Au–Ag alloy nanoboxes. Xia et al. [27] reported that Au–Ag nanocages with alloy 
walls can be prepared via galvanic replacement reaction between Ag nanocubes and 
HAuCl4. By controlling the molar ratio of Ag to HAuCl4, the bimetallic nanostruc-
tures can be changed from solid cubes to hollow boxes and porous cages. Through 
this way, the extinction peaks of bimetallic nanocrystals can be continuously tuned 
from 400 nm to near-infrared (1200 nm). The discrete-dipole approximation (DDA) 
calculations suggest that peak broadening is likely due to the small variations in the 
wall thickness. Figure 3.11 compares the calculated extinction cross-section (Cext), 
Cabs, and Csca (Cext = Cabs + Csca) for Au nanoboxes with 60- and 40-nm edge length, 
respectively, with a wall thickness of 5 nm for both samples. Similar to solid Au 
nanoparticles, light absorption dominates the extinction spectra for Au nanoboxes of 
relatively small sizes (< 30 nm), and light scattering increases for nanoboxes of larger 
dimensions (> 60 nm). Figure 3.11c shows the cross-sections calculated for nano-
boxes whose edge length and wall thickness are 36 and 3 nm, respectively. Results in-
dicate that the extinction peak can red-shift from 710 to 820 nm as the wall thickness 
decreases from 5 to 3 nm. Figure 3.11d shows the calculated spectra of nanoboxes 
similar to that of Fig. 3.11b, except that all eight corners are replaced with eight holes. 
Obviously, an increase in the magnitude of scattering and adsorption cross-sections 

Fig. 3.10  Ultraviolet-visible 
extinction spectra of the 
different types of Pd–Ag 
bimetallic nanocrystals. 
(Reproduced from Zhu et al. 
[26])
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can be observed. In contrast to the wall thickness, the position of the extinction peak 
does not show any significant dependence on the porosity of the nanoboxes.

3.4.2  Catalytic Properties of Bimetallic Nanocrystals  
with Different structures

Not only the optical property but also the catalytic activity and/or even selectivity 
of bimetallic nanocrystals can be enhanced by the rational design of components 
and structures. Catalysis by bimetallic nanocrystals is therefore a very popular 
area of research in recent years. Another important driving force for research into 
catalysis by bimetallic nanocrystals is the cost/rarity of the metals typically used 
in catalysis. It is clearly desirable to use cheaper metals, such as Fe, Co, and Ni, to 
replace expensive metals, such as Pt and Au, while achieving bimetallic nanostruc-
tures that possess much better catalytic properties than that of the monometallic cat-
alyst. Generally, a catalytic process can be divided into three steps: the adsorption 
of reactants, reaction on the surface, and desorption of products. The relationship 
between catalytic activity and adsorption energy shows a volcano shape. Two fac-
tors have an influence on adsorption energy, one is the atomic arrangement of the 

Fig. 3.11  Extinction spectra calculated using the discrete-dipole-approximation method for Au 
nanocages having four different sets of geometric parameters: a an Au nanobox 50 nm in inner 
edge length and 5 nm in wall thickness; b an Au nanobox 30 nm in inner edge length and 5 nm in 
wall thickness; c the same as in (b), except that the wall thickness is 3 nm; and d the same as in (b), 
except that the eight corners are decorated with triangular holes 5 nm in edge length. (Reproduced 
from Chen et al. 2012) [27]
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surface atoms, and other one is electronic structure, especially the d-band center 
position of the surface atoms. The d-band center position can be directly controlled 
by preparing alloy catalysts and changing the shape of bimetallic nanocrystals. 
Bimetallic nanocrystals with different shapes expose various facets, and thus the 
coordination number of surface atoms is different. For instance, core-shell bime-
tallic nanocrystals are very promising for the design of new catalysts. Figure 3.12 
shows the comparison of the catalytic activity for six different systems in the Hi-
yama cross-coupling of iodotoluene and trimethoxyphenylsilane. As can be seen, 
Ni–Pd in the form of core-shell structure exhibited the highest catalytic activity 
than monometallic Pd nanocrystals and mixed Ni–Pd nanocrystals [28]. That is, at-
tribute to the core-shell structure results in more Pd atoms on the surface, and thus 
more accessible catalytic sites per mole of palladium.

Dendrite bimetallic nanocrystals also provide a way to enhance the catalytic 
performance of bimetallic catalysts. A number of researchers have successfully 
deposited Pt branches/atomic layers onto fine particles of other cheaper metals. 
In this way, the total surface area available for catalysis, for a given mass of Pt 
catalyst, is increased, leading to greater catalytic activity. As been reported by Xia 
and other groups, dendrite bimetallic nanocrystals consisting of a dense array of Pt 
branches on a core of Pd nanocrystal can be synthesized by reduction of K2PtCl4 
with l-ascorbic acid (AA) in the presence of uniform Pd nanocrystal seeds in an 
aqueous solution [29]. The Pt branches supported on faceted Pd nanocrystals exhib-
ited relatively large surface areas and particularly active facets toward formic acid 
oxidation and the ORR; in the ORR, the Pd–Pt nanodendrites were 2.5 times more 
active on the basis of equivalent Pt mass for the ORR than the state-of-the-art Pt/C 

Fig. 3.12  Comparison of the catalytic activity for six different systems in the Hiyama cross-cou-
pling of iodotoluene and trimethoxyphenylsilane. (Reproduced from Durán Pachón et al. [28])
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catalyst and five times more active than the first-generation support-less Pt-black 
catalyst (Fig. 3.13).

The catalytic activity of metals can also be modified and fine-tuned by alloy-
ing, which can alter the d-band center position. Schmid stated that the mutual 
influence of different neighboring atoms in alloy nanocrystals can lead to catalytic 
behavior better than that of monometallic nanocrystals. For example, a clear en-
hancement has been observed in the ORR by bimetallic Pt3Ni alloy nanocrystals. 
Markovic and coworkers demonstrate the improved oxygen reduction activity on 
Pt3Ni (111), as the Pt3Ni (111) surface has an unusual electronic structure and 
arrangement of surface atoms, which can greatly increase the number of active 
sites for oxygen adsorption; thus, the Pt3Ni (111) surface is 10-fold more active 
for the ORR than the corresponding Pt (111) surface and 90-fold more active than 
the current Pt/C catalysts for polymer electrolyte membrane fuel cells (PEMFCS; 
Fig. 3.14) [30].

Based on these facts, bimetallic nanocrystals have raised more and more signifi-
cant concern from worldwide researchers in recent years. Generally speaking, syn-
thesis of high-quality bimetallic nanocrystals with controllable size, morphology, 
composition, and structure is the most important key for tuning their properties, 
thus their future applications.

3.5  Synthetic Approaches of Bimetallic Nanocrystals

Bimetallic nanocrystals can be generated in a variety of media: in the gas phase, in 
solution, supported on a substrate, embedded in a matrix, or even in a bacterial cell. 
Among all these media, growth of nanocrystals in solution have been proven to be 
the most effective and controllable, especially those bimetallic nanocrystals with 
well-defined facets. This method can be induced by thermal, photo, or reducing 

Fig. 3.13  Comparisons of 
electrocatalytic properties of 
the Pd–Pt nanodendrites, Pt/C 
catalysts (E-TEK), and Pt 
black. (Reproduced from Lim 
et al. [29])
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agent. In a typical solution-based synthetic procedure, one must select a proper 
chemical reaction and corresponding reactants to generate the target products; 
then, a rational solution system including solvents and surfactants to carry out the 
selected reaction should be designed; finally, the nucleation and growth process 
of nanocrystals must be precisely controlled by adjusting the thermodynamic and 
kinetic parameters of the reaction. In this section, we will summarize and discuss 
the strategies used in the solution phase for tailoring the structure of bimetallic 
nanocrystals, including thermal decomposition, coreduction, galvanic replacement 
reaction, and seed-mediated growth.

3.5.1  Thermal Decomposition

Decomposition of a thermally labile, oil soluble, metal-organic precursor is the 
oldest approach for non-aqueous synthesis of metal nanocrystals. This approach 
requires the presence of a surfactant-like stabilizer (e.g., a block copolymer), a high-
boiling-point solvent (usually between 200 and 300 °C), and an available thermally 
unstable metal-organic precursor. Theoretically, this method is typically only used 
for base metal nanocrystals synthesis like Co, Fe, and Ni, via the decomposition of 
Co2(CO)8, Fe(CO)5, and Ni(CO)4.

Simultaneous decomposition of two metal precursors can result in the forma-
tion of bimetallic nanocrystals. Hyeon et al. synthesized Pd–Ni bimetallic nano-
crystals with a core-shell structure from the thermal decomposition of Pd-TOP 
and Ni-TOP complexes [31]. As the Ni-TOP complex is more readily decomposed 
thermally compared with the Pd-TOP complex, Ni nanocrystals will nucleate 
first, followed by the deposition of Pd shell, resulting in the formation of Ni-rich 

Fig. 3.14  Comparison of electrocatalytic properties of different facets of Pt3Ni and Pt nanocrys-
tals. (Reproduced from Stamenkovic et al. [30])
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core/Pd-rich shell bimetallic nanocrystals. The different decomposition rates of 
two metals can be finely tuned by the addition of proper catalysts. For exam-
ple, Co2(CO)8 can decompose at 150 °C in tetrahydronaphthalene solvent, while 
Fe(CO)5 decomposes at temperatures as high as 200 °C. If the experiment is car-
ried out at 200 °C, separate phases of monometallic Co and Fe are formed due 
to the faster decomposition of Co2(CO)8 at 200 °C. However, by the addition of 
aluminum trialkyl as a catalyst for the thermolysis of Fe(CO)5, the decomposi-
tion temperature of Fe(CO)5 can be tuned to 150 °C, and thus, the Fe–Co alloy 
nanocrystals can be obtained [32]. Commonly, controlling the decomposition rates 
of two different organometallic precursors is relatively hard to achieve, although 
there may be some efficient catalysts that can be used. Therefore, many researchers 
have further modified “simultaneous decomposition” method by using bimetallic 
precursors as single-source molecular precursor. The use of a bimetallic precursor 
can avoid the problems associated with the different reaction kinetics when using 
more than one precursor. As a typical example, Fe–Pt alloy nanoparticles could be 
prepared by using Pt3Fe3(CO)15 as single-source precursor [33]. Other bimetallic 
single-source precursors like [FeCo3(CO)12]

−, [Fe3Pt3(CO)15]
2−, [FeNi5(CO)13]

2−, 
and [Fe4Pt(CO)16]

2− could also be used to synthesize FeCo3, FePt, FeNi4, and Fe4Pt 
alloys, respectively, with their compositions determined by the molar ratio of met-
als of bimetallic precursors [34].

In some cases, bimetallic nanocrystals can also be synthesized in solution 
through combining decomposition method with high-temperature reduction of a 
second metal precursor. A certain organometallic precursors, like Pt(acac)2, can be 
reduced by alcohol in coordinating solvents like diol and triol. Sun et al. [35, 36] 
have successfully refined this “poly-ol” method to produce monodispersed iron–
platinum (FePt) nanocrystals. FePt nanocyrstals with controlled size and composi-
tion were obtained via reduction of Pt(acac)2 by a long-chain 1,2-hexadecanediol 
and decomposition of Fe(CO)5 in the presence of OA and OAm (Fig. 3.15a). The 
composition of FePt bimetallic nanocrystals can be easily adjusted by controlling 
the molar ratio of iron carbonyl to the platinum salt. A seeded growth can be further 
applied to achieve an optimal size or shape. Sun and coworkers [37] further ex-
tended this method to one-step synthesis of FePt nanocrystals with controlled sizes 
and shapes via thermal decomposition of Fe(CO)5and reduction of Pt(acac)2 in the 
absence of 1,2-alkanediol. It is believed that 1,2-alkanediol can lead to the facile 
reduction of Pt(acac)2 to Pt, resulting in fast nucleation of FePt, thus the formation 
of smaller-sized bimetallic nanocrystals (see Fig. 3.15b). Without the addition of a 
reducing agent, the nucleation rate may slow down, allowing more metal precursors 
to be deposited around the nuclei, resulting in a larger size (see Fig. 3.15c). The 
morphology of bimetallic nanocrystals can be tailored by tuning the reaction kinetic 
parameters. FePt nanocubes (Fig. 3.15d) could be prepared by controlling the addi-
tion of the surfactants (OA and OAm) and Fe/Pt ratio [38]. During the preparation 
of FePt nanocubes, OA must be added at the initial stage of the reaction to generate 
cubic Pt-rich nuclei due to its weak tendency to bind to Pt. In the following stage, 
Fe-rich species would prefer to deposit on the {100} facet, leading to the formation 
of cubic nanocrystals. Therefore, empirically chosen surfactants are typically used 
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to stabilize the growth of bimetallic nanocrystals. Sometimes, more than one stabi-
lizer may be employed, a common combination being a long-chain alkyl primary 
amine and a long-alkyl chain acid. Some empirical variation of solvent is necessary 
to achieve an optimal growth path of bimetallic nanocrystals. In the aforementioned 
reaction, when only OAm was used as both surfactant and solvent, FePt nanowires 
(Fig. 3.15e) with a length of more than 200 nm could be obtained [39].

Fig. 3.15  TEM images of FePt alloy nanocrystals. (Reproduced from Sun et al. [35, 36], Chen 
et al. [37, 38], and Wang et al. [39])
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3.5.2  Coreduction

Coreduction is a straightforward method for the synthesis of alloy nanocrystals. 
The key aspect of this method is to manipulate the redox potential and chemical 
behavior of two distinct metals. Normally, two types of metals would nucleate sepa-
rately due to their different redox potential, which is known as sequential reduction 
with respect to coreduction process, resulting in the formation of core-shell/den-
drite bimetallic nanocrystals. However, the selection of a proper reducing agent and 
reaction system can modify the redox potentials of the two metals, and thus their 
reduction rates, aiming to reduce two metals simultaneously (coreduction). Taking 
the preparation of Ni–Co alloy for example, by choosing hydrazine as the reducing 
agent and NiSO4 and CoSO4 as precursors, Ni–Co alloy can be synthesized [40].

Compared with other synthetic strategies, coreduction synthesis technique has 
been described extensively in several papers and patents for the preparation of 
 high-quality alloys with tunable size, composition, and controlled morphology. 
The success of this method relies on the reaction parameters, including proper 
surfactants, reducing agents, solvent, and others like temperature. Schaak and 
coworkers reported the synthesis of Cu–Pt alloy nanorods with tunable lengths 
and aspect ratios by reducing Pt(acac)2 and Cu(acac)2 with 1,2-hexadecanediol 
in a mixed solvent containing OA, OAm, and 1-octadecence [41]. Control of the 
morphology and length of alloy nanorods can be achieved by varying the OAm/
OA ratio, as well as reduction rate, solvent, and temperature. Generally speaking, 
the surfactants and solvents can influence the growth rates of different crystal 
facets by changing the energy of different facets, and thus can affect the size and 
morphology of desired alloy nanocrystals. Taking Br─ ions for a simple example, 
due to the specific absorption property of Br─ ions toward {100} facets of Pt–Cu 
alloy nanocrystals, Pt–Cu nanocubes can be prepared by simultaneous reduc-
tion process of Pt(acac)2 and Cu(acac)2 with 1,2-tetradecanediol (TDD) in ODE 
solvent, which contains tetraoctylammonium bromide (TOAB) as an effective sur-
factant (see Fig. 3.16) [42].

Fig. 3.16  a Low-magnifi-
cation TEM image of the 
overall morphology of Pt–Cu 
nanocubes. b TEM selected-
area electron diffraction pat-
tern of the Pt–Cu nanocubes. 
c High-resolution TEM 
image of a selected Pt–Cu 
nanocube. (Reproduced from 
Xu et al. [42])
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Not only the growth of alloy nanocrystals would be induced by specific capping 
agent, selective etching of alloy nanocrystals may also be affected by the selected 
surfactants. Han and coworkers recently reported the successful synthesis of bime-
tallic octapodal alloy Au–Pd nanoparticles via coreduction of NaAuBr4 and K2PdCl4 
by AA in the presence of cetyltrimethylammonium chloride (CTAC) [43]. In this 
synthesis, the unprecedented octapodal shape is attributed to the selective etching 
of {100} facets by Br− ions generated via the reduction of AuBr4

− (see Fig. 3.17). 
Small molecules, like C2O4

2− species and Br− or I− ions, can also act as surfactants 
for other bimetallic systems. Yan and coworkers have successfully prepared Pt–Pd 
alloy tetrahedrons and cubes in the presence of C2O4

2− and Br−/I− ions, respectively 
(see Fig. 3.18) [44]. The selective adsorption of C2O4

2− species on the {111} facets 

Fig. 3.17  TEM images of nanostructures collected at different reaction times: a 10 min, b 15 min, 
c 20 min, d 2 h, and e 4 h. Black diagrams in insets are the projection of the red-colored three-
dimensional structures under the electron beam. f Scheme for the shape evolution of nanoparticles 
by the selective etching process. (Reproduced from Hong et al. [43])

 

Fig. 3.18  a Schematic 
illustration of shape-selective 
synthesis of Pt–Pd alloy 
tetrahedrons and nanocubes. 
b TEM image of Pt–Pd alloy 
tetrahedrons, and c TEM 
image of Pt–Pt alloy nanocu-
bes. (Reproduced from Yin 
et al. [44])
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and Br−/I− ions toward {100} facets were found to be a key factor in directing the 
formation of Pd–Pt alloy tetrahedrons.

The coordination effect of surfactants toward specific metallic ions further 
enables them with the ability to tune the reduction rate. For example, Geng and 
coworkers synthesized Au–Pd alloy and core-shell nanostructures via a simple 
one-pot hydrothermal coreduction route by using specific surfactants (CTAB) [45]. 
With the introduction of CTAB, uniform spherical polycrystalline alloy nanocrys-
tals were obtained. Without CTAB, the products were core-shell nanostructures. 
Han and coworkers synthesized bimetallic core-shell Au–Pd nanoparticles with a 
well-defined octahedral shape in the presence of CTAC [46], which was acted as 
both a reducing agent and stabilizer. Due to the weak reduction power of CTAC, the 
reduction rate of metal precursors can be conducted at a relatively low speed. Due 
to the difference in reduction potentials of Au(III) and Pd(II) (AuCl4

−/Au, + 1.002 V 
vs. PdCl4

2−/Pd, + 0.591 V). Au (III) will be reduced first, followed by the reduction 
of Pd(II), thereby forming a core-shell nanocrystal (see Fig. 3.19).

Moreover, the type of reducing agents also plays a critical role in the synthe-
sis of bimetallic nanocrystals. In a coreduction process, reducing agent can readily 
manipulate the reduction kinetics, thus influencing the crystallinity of seeds in the 
nucleation stage. Different structures of Pd–Pt alloys can be prepared by using PVP 
or ethylene glycol (EG) as reducing agents [47]. Smaller reduction rate due to the 
mild reducing ability of PVP can make coalesce of clusters formed in the nucleation 
stage much easier, resulting in the formation of twinned nuclei. Finally, star-shaped 
decahedrons and triangular nanoplates can be obtained (see Fig. 3.20a). In com-
parison, when a stronger reducing agent (EG) was used, the fast formation of metal 
atoms would lead to a rapid growth of nuclei, giving the formation of single-crystal-
line alloy with a truncated octahedral shape enclosed by a mix of {111} and {100} 
facets (see Fig. 3.20b). Other parameters, including capping agents and reaction 
conditions (concentration of reactants, temperature, time, etc.), can also be turned to 
control the formation of bimetallic nanocrystals with a specific shape, tunable size, 
and controlled composition.

For bimetallic nanocrystals, the composition-control synthesis is especially 
significant due to their composition-dependent physical and chemical properties. 
The composition of bimetallic alloys can be easily controlled by changing the 
 molar ratio of two metal precursors during coreduction process. Sun and cowork-
ers successfully tuned the composition of polyhedral Pd–Pt alloy nanocrystals by 
controlling the amount of metal precursors (Pd88Pt12to Pd34Pt66) [48]. However, 
the compositions of the final products are not exactly consistent with the feeding 

Fig. 3.19  Formation process 
of Au–Pd core-shell and alloy 
bimetallic nanostructures. 
(Reproduced from Kuai et al. 
[45])
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ratio in most cases due to the incomplete diffusion of the second metal into the 
first preformed metal, for example, during the synthesis of monodisperse Au–Ag 
alloy nanocrystals [49]. Au0.82Ag0.18 alloy nanoparticles could be obtained when 
10:1 molar ratio of AgNO3 and HAuCl4 were reduced simultaneously at 120 °C for 
0.5 h. Compared with Au, only a minor proportion of Ag precursor was reduced and 
alloyed with Au. The proportion of Ag in Au–Ag alloy nanocrystals could be in-
creased if the reaction time was prolonged to 1 h (Au0.60Ag0.40 alloy nanoparticles). 
On the other hand, the proportion of Ag in Au–Ag alloy can be further increased by 
increasing the amount of silver precursor because the higher concentration of silver 
precursor in the reaction mixture can compensate its slower reduction. Au0.52Ag0.48 
and Au0.39Ag0.61 alloy nanoparticles could be synthesized when 20:1 molar ratio of 
AgNO3 and HAuCl4 were coreduced at 120 °C for 1 and 2 h, respectively.

3.5.3  Galvanic Replacement Reaction

Compared with other synthetic strategies, galvanic replacement reaction has been 
extensively described in several papers for the preparation of high-quality Ag–M 
(M = Au, Pd, Pt) bimetallic nanocrystals in recent years. The redox potential dif-
ference is a key factor for galvanic replacement reaction. When the redox potential 
of a second metal is higher than that of the core metal, the galvanic replacement 
reaction occurs spontaneously between the second metal ions and the core metal. 
The precursor of the second metal is reduced by the core metal instead of the re-
ducing agents. Cations of the second metal adsorbed on the surface of a sacrificial 
template can get electrons from the template and reduced metal atoms. Simultane-
ously, atoms on the surface of sacrificial templates would lose electrons and oxi-
dize to metal ions. The deposition and dissolution sites on templates are strongly 
dependent on the surface capping agents. Facet-specific capping agents can be 
used to control the dissolution sites and deposition sites. Therefore, many complex 

Fig. 3.20  a Transmission electron microscopy (TEM) image of star-shaped decahedron Pd–Pt 
alloy nanocrystals. b TEM image of truncated Pd–Pt alloy nanocrystals. (Reproduced from Lim 
et al. [47])
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bimetallic nanocrystals, such as concave nanocubes and multipod nanocrystals can 
be synthesized via this site-selected deposition and dissolution effect. In addition, 
as galvanic replacement reaction concerns the dissolution of the sacrificial metal 
and the growth of the deposition metal at the same time, this method can also be 
used to prepare bimetallic nanocrystals with hollow interiors. The final structure 
of hollow nanocrystals would prefer to take a shape similar to that of the sacrificial 
template. For example, Au/Ag alloy hollow nanostructures has been systematical-
ly explored via the galvanic replacement reaction between Ag nanomaterials and 
HAuCl4 in boiling water by Xia and coworkers [50–52]. Figure 3.21 schematically 
illustrates the mechanism of this reaction and SEM images of the morphological 
transformation at different stages of galvanic replacement reaction.

Alloying and dealloying are two important processes involved in a galvanic 
replacement reaction [53], and both of them have significant impacts on the struc-
ture and morphology of the final product. Alloying occurred in the initial stage of a 
galvanic replacement reaction when a thin layer of the second metal is deposited on 
the template metal, which is the basis for retaining the morphology of the template. 
For example, the galvanic replacement between Ag cubes and NaPdCl4 would re-
sult in the formation of smooth, single-crystal Pd–Pt alloy nanobox [54]. However, 
when Na2PtCl4 reacted with Ag nanocubes, polycrystalline nanobox with rough 
surfaces composed of Pt nanoparticles were formed (see Fig. 3.22). Differences in 
these two cases are the metal–metal bonding energies. Unlike Au and Pd, Pt does 
not readily undergo solid–solid interdiffusion over the entire surface of an Ag tem-
plate to form a conformal Pt–Ag alloy. The much higher bonding energy of Pt–Pt 
relative to that of Pt–Ag not only would lead to the island growth pattern for the de-
position of Pt, but also generated a relatively larger energy barrier to interdiffusion. 
Dealloying plays a key role in the later stages of a galvanic replacement reaction, 
especially in controlling the porosity of the wall of the hollow structures. Dealloy-
ing can be aroused by adding more second metal ions or by utilizing a  conventional 

Fig. 3.21  SEM and TEM 
(inset) of a Ag nanocubes 
with rounded corners and 
b–d product after reaction 
with different amount of 
HAuCl4 solution. e Illustra-
tion summarizing morpho-
logical changes. Coloration 
indicates conversion of an 
Ag nanocube into an Au/Ag 
nanocage then a predomi-
nately Au nanocage. (Repro-
duced from Skrabalak et al. 
[50] and Chen et al. [51])
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wet etchant [55–57]. Taking the galvanic replacement reaction between Ag nano-
cubes and HAuCl4 aqueous solution for example, Au–Ag nanocages with pores on 
the surface can be obtained by extracting Ag atoms with HAuCl4 from the Au–Ag 
alloyed walls.

In principle, galvanic replacement reaction should occur between any two met-
als with the favorable reduction potentials. Some specific species can change the 
reduction potentials of the metal/ion pairs and thus accelerate or inhibit the galvanic 
replacement. For example, the galvanic replacement reaction between Pd nanocube 
and H2PtCl6 could not occur or react slowly in the absence of Cl−/Br− ions [58]. 
With the addition of Cl−/Br− ions, the galvanic replacement between Pd nanocube 
and H2PtCl6 could occur at a relatively high speed, due to large solubility product 
constants (Ksp) of [PdBr4

2−]/[PdCl4
2−] and [PtBr6

2−]/[PtCl4
2−], and result in the for-

mation of Pd–Pt concave nanocubes (see Fig. 3.23).

Fig. 3.22  TEM images of the Ag–Pt nanostructures formed with different amount of Na2PtCl4 
aqueous solution. (Reproduced from Chen et al. [54])

 

Fig. 3.23  Schematic illustration of a plausible mechanism for the formation of a Pd–Pt concave 
nanocube through the galvanic replacement between a Pd nanocube and PtCl6

2− ions. (Reproduced 
from Zhang et al. [58])
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In some cases, it is necessary to prevent the galvanic replacement. For example, 
Yin and coworkers synthesized highly stable Ag@Au core-shell plates by deposi-
tion of a thin and uniform layer of Au on the surface of Ag nanoplates, to enhance 
the stability of Ag nanoplates [4]. The galvanic replacement between Ag nanoplates 
and HAuCl4 would prevent the formation of Ag@Au core-shell nanoplates. To pre-
vent this galvanic replacement reaction, I− ions were introduced into the reaction 
system, as AuI4

− complex would not be reduced by Ag nanoplates due to its high 
stability. As a result, bimetallic core-shell Ag–Au nanoplates were obtained (see 
Fig. 3.24). Another method for the prevention of galvanic replacement is the intro-
duction of a strong antioxidant or reducing agent into the system. With the strong 
reducing agent, metal precursors will be rapidly reduced into metal atoms. For 
example, Ag–Au nanoplates were obtained by Xue and coworkers by introducing 
hydroxylamine and NaOH to prevent the galvanic replacement between HAuCl4 
and Ag nanoplates and generated Ag–Au core-shell nanoplates [59].

Overall, galvanic replacement offers a facile and versatile route to a variety of 
advanced multifunctional nanostructures often characterized by tightly controlled 
sized and shapes, hollow interiors, porous walls, and tunable elemental composi-
tions. Ligand also plays an important role in the galvanic replacement, which can 
facilitate the oxidation of the core metal in many cases. Core-shell bimetallic nano-
crystals can also be obtained when the galvanic reaction occurs slowly and evenly 
on the surface of the metal template.

3.5.4  Seed-Mediated Growth

Seed-mediated growth is the most powerful and widely used route to prepare core-
shell and heterostructures bimetallic nanocrystals that are usually difficult to  obtain 
via other routes. A typical seed-mediated process involves two steps: synthesis 
of seed nanocrystals with uniform and relatively small sizes, and heterogeneous 

 Fig. 3.24  TEM image of the 
Ag@Au core-shell nano-
plates. (Reproduced from 
Gao et al. [4])
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nucleation and growth of another metal on the preformed seeds, leading to forma-
tion of bimetallic nanocrystals. It is particularly advantageous because it allows the 
thoughtful design of nanocrystals morphology through choosing seed nanocrystals 
and meticulously manipulating crystal growth conditions. When the second metal 
evenly deposits on the surface of the preformed seed, core-shell nanostructures 
will be obtained, while dendrite bimetallic nanocrystals are formed via the specific 
site deposition. Generally, during seed-mediated process, homogeneous nucleation 
should be prevented. As the free-energy barriers for nucleation on the preformed 
seeds are usually lower than that of a nucleation process, indicating heterogeneous 
nucleation is more thermodynamically favored [60]. However, if the reaction sys-
tem can afford enough energy to overcome the energy barrier for a homogeneous 
nucleation process, it will still occur, leading to the generation of separate monome-
tallic nanocrystals. Therefore, the reaction parameters must be rationally selected 
to meet the thermodynamic requirements for the synthesis of core/shell or dendrite 
bimetallic nanocrystals.

In a seed-mediated growth process, the structure, shape, and size of nanocrys-
tal seeds have a considerable impact on the nucleation and growth of the second-
ary metal. Noble metal nanocrystals with face-centered cubic lattice can exist in 
several crystalline forms. The most common forms include single-crystal, singly 
twinned, or multiply twinned structures. Generally, single-crystal seeds, octahe-
drons, cuboctahedrons, or cubes will be formed depending on the relative growth 
rates between the < 111 > and < 100 > directions. Single-crystal seeds can evolve 
into single-crystal nanocrystals with various exposed crystal facets, such as cube, 
octahedrons, and polyhedrons, and if anisotropic growth is induced, the cubocta-
hedral and cubic seeds will grow into octagonal rods and rectangular bars. From 
single-twinned seeds bipyramids will be produced, but when anisotropic growth 
is induced, these seeds also can involve into nanobeams. Nevertheless, multiple-
twinned seeds usually grow into decahedron and isosahedron, and pentagonal 
nanorods (or nanowires) can be produced, depending on whether the {100} planes 
on the side surface are stabilized. When there are multiple planar-twinned seeds 
with stacking fault, they form thin plates with a hexagonal cross-section due to the 
sixfold symmetry of an fcc system; as the growth is continued, the final products 
can also take a triangular shape by eliminating the {111} facets from the side sur-
faces [61, 62].

Seed-mediated growth is an effective route to prepare core-shell bimetallic nano-
crystals. As indicated earlier in the text, there are three types of growth modes when 
a substance is deposited on a substrate in gas phase or vacuum; in the F-M mode 
growth, the metal bond energy is a key factor in addition to the lattice mismatch, 
and the interactions among atoms in the overlayer metal should be smaller than that 
between the substrate and overlayer. In addition to the lattice mismatch and bond 
dissociation energy, the electronegativity is also a key factor to the crystal growth 
in solution. Thus, three rules have been proposed for the epitaxial layered growth of 
heterogeneous core-shell nanocrystal. In the previous literatures, Au@Ag, Au@Pd, 
and Pt@Pd can well meet the aforementioned rules and have been prepared by Fan 
and other researchers [9, 63].
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Many factors, including concentration of capping agent, reducing agent, and 
metal precursor ions as well as the reaction temperature, have been proved to have 
significant effect on the final structure of bimetallic nanocrystals. Xia and cowork-
ers prepared Au@Pd core-shell nanocrystals with controlled size and morphology 
by manipulating the kinetics of seeded growth [64]. Along with the increase of 
reaction rate, core-shell nanocrystals evolved into octahedrons, concave octahe-
drons, rectangular bars, cubes, concave cubes, and dendrites. The reducing agent 
also plays an important role in a seed-mediated growth. For example, Pd–Au bime-
tallic nanocrystals with two different types of structures were obtained by choosing 
different reducing agents. AA and citric acid were used to reduce HAuCl4 in the 
presence of cubic Pd seeds in the experiments, respectively. When AA was used to 
reduce HAuCl4, conformal overgrowth of Au on the Pd nanocubes was observed 
and resulted in the formation of Pd@Au core-shell nanocrystals (see Fig. 3.25a) 
[65]. However, the reduction of HAuCl4 by citric acid resulted in Pd–Au dimers 
consisting of Pd nanocubes and Au nanoparticles (see Fig. 3.25b).

Recently, Pd@Cu nanocrystal with a lattice mismatch of 7.1 % was also obtained 
via the reduction of CuCl2 by glucose in the presence of Pd seeds and hexadecy-
lamine as capping agent [23]. In this system, the formation of Pd@Cu core-shell 
nanocube follows a localized epitaxial growth mechanism; the Pd@Cu core-shell 
nanocrystals evolved into a cubic shape due to a strong affinity of hexadecylamine 
for the Cu {100} facet. In addition to the lattice mismatch, the bond dissociation 
energy also played a key role in the seed-mediated growth. For example, for the 
growth of Pt on Pd seeds, the island-on-wetting layer mode is preferred due to the 
following order in bond energy: EPt-Pt (307kJ/mol) > EPt-Pd (191kJ/mol) > EPd-Pd 
(136kJ/mol), resulting in the generation of Pd-Pt bimetallic nanodendrites struc-
tures. As reported by Xia and coworkers [30], the synthesis of bimetallic nanoden-
drite with Pt branches anchored to a Pd core. In this work, Pd truncated octahedrons 
with an average size of 9nm were used as seeds to direct the dendritic growth of 
Pt via reduction of K2PtCl4 by AA in an aqueous solution containing PVP as cap-
ping agent. High concentration of Pt atoms’ fast reduction by AA was probably 
responsible for the branched growth of Pt. As shown in the figure, a large number 
of Pt branches had grown from each Pd core, leading to the formation of Pd@Pt 
nanodendrites; the Pd seeds play an important role in forming an open, dendritic 
structure by providing multiple nucleation sites for Pt that were spatially separated 
from each other, helping to avoid overlap and fusion between the Pt branches dur-
ing the growth process. Such an open bimetallic architecture provides a new design 
strategy for generating advanced catalysts with enhanced activity by integrating 
several different functionalities in one structure. In another study, Pd-Pt nanoden-
drites with controlled Pt and Pd ratios were also generated by reducing Pd and Pt 
precursors in sequence with the use of AA as a reducing agent and Pluronic P123 
(a triblock copolymer) as capping agent at room temperature [66].

Although core-shell and dendrites bimetallic nanocrystals are more favored via 
seed-mediated method, alloy and intermetallic NCs can also be prepared in some 
cases when the reaction system is elaborately designed. For example, CuAu and 
Cu3Au nanocrystals can be synthesized by reducing Cu(CH3COO)2·H2O in the 
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presence of Au nanoparticles as seeds [67]. The molar ratio of Cu/Au precursors 
as well as the reaction temperature codetermines the composition of final products. 
Figure 3.26 illustrates this unique seed-mediated diffusion process for the synthesis 
of intermetallic nanocrystals. At high temperature, the capping molecules on the 
surface of Au seeds have a high probability to be desorbed, leaving active sites 
on the Au surface. Once the copper ions are reduced, it is very easy for the newly 
produced highly reactive Cu atoms or clusters to collide with the active sites of Au 

Fig. 3.25  TEM images of Pd–Au core-shell nanocrystals synthesized by reducing HAuCl4 with 
l-ascorbic acid and citric acid, respectively. (Reproduced from Lim et al. [65])
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particles and diffuse from the surface into the crystal lattice of Au seeds. The reduc-
tion and diffusion processes proceed continuously, leading to the formation of a 
Cu–Au solid solution. Finally, intermetallic nanocrystals were obtained.

3.6  Summary

In this chapter, we discussed three types of bimetallic nanocrystals, including core-
shell, dendrite, and alloy nanocrystals. All three types of bimetallic nanocrystals 
have significant effect on their related properties, such as optical and catalytic ac-
tivity. Four methods/techniques have been mostly adopted for the generation of 
bimetallic nanocrystals, including thermal decomposition, coreduction, galvanic 
replacement reaction, and seed-mediated growth. Role of reaction parameters (e.g., 
reaction temperature, surfactant, and reducing agents) has been discussed for these 
four methods. The advanced syntheses and characterization methods described in 
this chapter should allow optimization of the structure of bimetallic nanocrystals, 
thus enabling their application as new optical and catalytic materials.
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Abstract Metallic nanocrystals have been widely used in heterogeneous cataly-
sis and biomedical applications. The essence of these applications is more or less 
related to interactions of metallic nanocrystals with molecules such as O2, H2, and 
CO. This chapter summarizes the progress on the related research with a focus on 
fundamentals. Two typical small molecules, O2 and H2 are highlighted to demon-
strate the mechanisms for metal–molecule interactions, followed by brief introduc-
tion to their applications. Notably, charge transfer process plays a central role in the 
interactions. Acquiring this information, one can rationally tune the performance of 
metal nanocrystals in catalysis and biomedicine by tailoring their parameters.

4.1  Introduction

Catalytic reactions such as CO oxidation and hydrogenation have received wide 
interest due to increasing energy concerns. Metallic nanomaterials have been com-
monly used as catalysts in these reactions. Heterogeneous catalysis essentially oc-
curs through a process of interfacial reactions. Thus the surface states of catalysts 
play an important role in determining the species adsorption and molecular activa-
tion, and in turn, hold promise to tailoring reaction activity and selectivity in cataly-
sis. In this regard, we can learn a lot from surface science, which community has 
extensive experience in surface–molecule interactions on flat surface. However, it is 
well known that as the size of particles shrinks, their boundary effects will become 
more dominant. In particular, metallic nanomaterials have demonstrated a range of 
fascinating properties that are distinct from those appearing in bulk materials, basi-
cally due to its unique surface/interface states. Such difference of heterogeneous 
catalysts from single crystals has been commonly recognized in surface science as 
“material gap”. To better understand the nature of metallic nanocatalysts, it is im-
perative to investigate the interactions of these nanocrystals with small molecules 
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from the viewpoint of fundamentals. In parallel, molecular activation serves as a 
key process to biomedicine such as cancer therapy and nanoparticles toxicity. For 
instance, reactive oxygen species (ROS), whose generation relies on O2 activation, 
are known to be capable of reducing cell viability. Thus the surface–molecule inter-
actions also hold the key to designing agents for cancer treatment and safe nanoma-
terials for commercialization.

Given the extensive research in related fields, it seems impractical to include all 
the activities in this chapter. In order to highlight the key facts, here we mainly out-
line two small molecules’ interactions (O2 and H2) with metallic nanocrystals. From 
the perspective of fundamentals, the mechanisms involved are not limited to surface 
science, quantum confinement effect, and molecular dynamics. It is anticipated that 
the discussions will in turn facilitate further applications other than catalysis and 
biomedicine.

4.2  Molecule of O2

Oxidation reactions are an important category of chemical transformation in organ-
ic chemistry. The oxidative species includes a variety of molecules and compounds, 
among which molecular oxygen (O2) is the one that can readily meet the criteria for 
green chemistry and low costs. In principle, molecular O2 can be activated to form 
various ROS species including superoxide (O2

−), hydrogen peroxide (H2O2), hy-
droxyl radicals (OH•), and singlet oxygen (1O2). Each species may play an impor-
tant role in chemical reactions and biological systems. The corresponding electron 
spinning configurations for species, along with their specific scavengers that can 
effectively inhibit the production of species, are summarized in Fig. 4.1.

It is well known that the ground state of O2 is in a triplet form, while most organic 
compounds are singlet. In the organic systems, chemical reactions between singlet 

Fig. 4.1  Molecular orbital diagrams of O2 molecule and ROS species, and several commonly used 
specific scavengers
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organic molecules and triplet O2 (
3Σ) that produce new singlet compounds are gen-

erally forbidden by the Wigner’s spin selection rule, making the organic oxidations 
kinetically slow [1, 2]. For this reason, the excitation of inert ground triplet O2 to 
highly reactive singlet O2 is a key step in many oxidation reactions. In recent years, 
there has been a significant progress to discover that metallic nanoparticles exhibit 
excellent catalytic activities in various oxidation reactions such as epoxidation [3] 
and CO [4], hydrocarbon [5], alcohol [6], and glucose oxidations[7] in the presence 
of molecular oxygen [6, 8, 9]. The interactions between O2 and metal surface play 
a central role in a variety of chemical and biological systems, but are not yet fully 
understood despite several decades of research in surface science.

Among various model systems, chemical/physical behavior of O2 molecule over 
metal surface is the particular one that has been widely investigated. Numerous dif-
ferent theories have been proposed to address the related issues such as the diffusion 
of “hot atoms” [10], atom-repelling via adsorption [11], and spin selection rule [12]. 
Meanwhile, it has been recognized that the states of adsorbed O2 are varied because 
factors such as the types, sizes, surface facets, and charge states of metals can affect 
the adsorption process. In this section, we will use three types of metallic nanocrys-
tals as conceptual models to discuss recent progress on nanocrystal-O2 interactions.

4.2.1  Au–O2 Interactions

It has been identified for long time that bulk gold is very inactive towards oxygen 
activation unless sufficient energy can be exotically provided to break the O═O 
(double bond) [13]. However, when the gold materials downsize to the nanoscale or 
sub-nanoscale, they become an effective catalyst for oxidation reactions at low tem-
perature using molecular O2. This finding was first achieved on low-temperature 
CO oxidation by Haruta in 1987 [14]. Following this important discovery, a large 
number of experimental and theoretical studies have been undertaken, attempting 
to elucidate the nature of this catalytic activity. With an insightful saturation che-
misorption investigation, Salisbury and Whetten found that the adsorbed O2 can be 
activated by the electrons that are donated by Au clusters, which plays a key role in 
oxidation reactions [15]. This conclusion is now generally accepted by researchers. 
In this section, we will highlight some detailed mechanisms for the interactions of 
molecular O2 with Au clusters or nanocrystals, hopefully in turn facilitating related 
research in the future.

4.2.1.1  Au Clusters

Based on the charge states of Au clusters, it can be divided into three types: cat-
ionic clusters (positively charged), neutral clusters, and anionic ones (negatively 
charged). Experimental and theoretical studies have revealed that the activation of 
adsorbed O2 can be affected by the charge states of Au clusters. Specifically, the 
activation mainly occurs on neutral and anionic clusters, whereas no interaction 

AQ1
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between Aun
 +  and O2 has been experimentally observed [16]. Besides the charge 

states, the even–odd number (i.e., magic number) of clusters has significant impact 
on their reactivity with O2. As a result, the interactions between Au clusters and O2 
become quite complicated.

Anionic Clusters Huang and Wang presented a systematic photoelectron spec-
troscopy (PES) study for the interactions between molecular O2 and Aun

− clusters 
(Fig. 4.2, n = 2, 4, 6). Their observations show that both the electron-bonding ener-
gies (Eb) and vibrational frequencies (ν(O–O)) of adsorbed O2 are distinguished 
from free molecular O2 when n = 2, 4, 6. In that work, the inertness of odd-sized 
Au clusters ( n = 1, 3, 5, 7) towards O2 was also observed for the first time. Based 
on the findings, Pal and Zeng further elucidated that there exist two modes of che-
misorpted O2 on even-sized anionic Aun

− clusters: the superoxo (O2
−) and peroxo 

(O2
2−) states (see Fig. 4.2 and 4.3) [17]. For the clusters of n = 2, 4, 6, 20, O2 is 

adsorbed in the superoxo form via one-electron charge transfer from anionic clus-
ters to O2. However, n = 8 is the onset of the even-sized anionic clusters from the 
superoxo to the peroxo forms via chemisorption. When n = 10, 12, 14, 18, the O−O 
bond is more elongated than that in n = 2, 4, 6, 20, indicating that the peroxo form of 
adsorbed O2 is more activated than the superoxo form.

Besides the PES, another direct evidence of O2 activation on Au clusters is in-
frared multiple-photon dissociation (IR-MPD) spectroscopy provided by Woodham 
and Fielicke (see Fig. 4.2b) [19]. Based on the IR-MPD data, they have been able 

Fig. 4.3  Structures of anionic 
AunO2

− with even atom num-
bers acquired by theoretical 
simulations for the lowest 
energy [17]

 

Fig. 4.2   a PES of AunO2
− ( n = 2, 4, 6, 8, 12, 14, 18, 20) [17, 18]. b IR-MPD spectra of AunO2

− 
( n = 4, 6, 8, 10, 12, 14, 18, 20) [19]
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to establish an approximate anticorrelation between electron affinity (EA) and vi-
brational frequencies (ν(O–O)). In a word, the clusters with low EA are more likely 
to donate electron into the π* orbital of O2, resulting in a weaker O–O bond and a 
lower ν(O–O). It is worth mentioning that an anionic Au cluster only can accom-
modate one O2 molecule, no matter whether it is of even or odd atom numbers [15].

Neutral Clusters The presence of ROS on neutral Au clusters arises from an elec-
tron transfer from the Aun to the oxygen, similarly to the findings observed for 
anionic clusters. Woodham and Fielicke have presented spectroscopic evidence 
for the formation of odd-sized AunO2 ( n = 7, 9, 11, 21) [20]. The electron trans-
fer from Aun leads to the formation of a superoxo (O2

−) species. In stark contrast, 
the even-sized Aun clusters have been found largely unreactive with molecular O2 
when n = 4, 10, 12. Only slightly activated O2 was captured upon even-sized AunO2 
complexation.

The charge transfer from Aun to O2 not only impacts on the states of O2, but also 
induces significant rearrangement on the Au clusters (see Fig. 4.4). Density func-
tional theory (DFT) calculations suggest that after the rearrangement process, the 
neutral Au cluster more resembles a cationic structure. This rearrangement mecha-
nism (along with binding and electron transfer) highlights the importance of struc-
tural flexibility to O2 activation by Au clusters.

Taken together, both the charge state and even-odd effect are major parameters 
in the O2 activation by Au clusters. Table 4.1 outlines some related results as a 
reference for further investigations. Due to the complexity of this Aun–O2 system, 
early-stage theoretical calculations failed to explain such results with sharp turn-
overs caused by subtle structure/charge difference of Au clusters. However, after 

Fig. 4.4  Structures of anionic 
AunO2 with odd atom num-
bers acquired by theoretical 
simulations for the lowest 
energy [20]

 

Table 4.1  Different forms of adsorbed oxygen on Aun clusters (Data collected from [17, 20])
Even-sized clusters Odd-sized 

clusters
Neutral clusters Unreactive Superoxo

( n = 7, 9, 11, 21)
Anionic clusters Superoxo

( n = 2–6, 20)
Superoxo to 
peroxo
( n = 8)

Peroxo
( n = 10–18)

Unreactive
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the tremendous efforts on theoretical calculations to benchmark work functions, 
the research community can now explain and predict the adsorption behavior of 
molecular O2 on Au clusters [18, 21–23].

4.2.1.2  Au Nanocrystals

As the model system switches to nanoscale crystals, the mechanisms of molecule–
metal interactions become quite different from those for clusters. In principle, the 
difference may originate from the facts: (1) a number of nanocrystal sizes are above 
the regime for quantum confinement effect; (2) the nanocrystals are enclosed by 
certain surface facets that affect the adsorption modes of molecules. In general, the 
parameters listed below play important roles in determining the activation of O2 
molecules on Au nanocrystals.

Size At large sizes (approximately > 10 nm), Au nanocrystals behaves like bulk Au 
(i.e., unreactive, or extra energy required) in the activation of oxygen. The catalytic 
activity of Au nanocrystals in oxidation reactions is promoted rapidly with its size 
reduction (see Fig. 4.5). As the nanocrystals have a fixed and long-range ordered 
structure, they cannot undergo a thorough restructuring during Au–O2 interaction 
like the Au clusters. As a result, the O2 activation process on the nanocrystals would 
be very different, making the large-size Au relatively inactive. For this reason, tre-
mendous efforts have been devoted to tune the sizes of Au nanocrystals for catalytic 
oxidation reactions.

Light Raviraj and Hwang reported that molecular O2 could be activated to 1O2 on 
the surface of Au and Ag nanocrystals by illumination of light [31, 32]. In com-
parison, Au and Ag nanocrystals are unable to promote the formation of 1O2 in the 
absence of light (see Fig. 4.6). Given the importance of photons to O2 activation, a 
“localized surface plasmon resonance (LSPR) sensitization” mechanism has been 
proposed as shown in Fig. 4.7 [33]. Similar findings were also brought about by 

Fig. 4.5  TOF (s−1) versus 
particle size (Data collected 
from [24–30])
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Huang and Tian [34]. Nevertheless, there have been some other reports to exclude 
the necessarity of light in the Au-mediated O2 activation. For instance, they per-
formed oxidation reactions in the presence of molecular O2 and Au nanocrystals, 
and the participation of light was not emphasized as a necessary element [24–30]. 
In addition to the energy transfer through LSPR coupling depicted in Fig. 4.7, it 
is quite possible that the LSPR photothermal effect can convert the light into heat 
promoting the O2 activation. It seems that this light effect is still an unfinished story, 
and more benchwork research is needed to deepen understanding on the underlying 
mechanisms.

Support Au nanocrystals supported on various materials, often present unexpected 
catalytic properties. The remarkable catalytic behavior may arise from strong elec-
tronic interactions between Au and supports. Turner and Lambert synthesized a 
series of Au nanoparticls from 1.4 to 30 nm that were supported on boron nitride 

Fig. 4.6  Phosphorescence 
emission of 1O2 by sensi-
tization of Au nanorods at 
885 nm ( solid lines) and in 
dark ( dash line) [32]

 

Fig. 4.7  Schematic for surface-plasmon-enhanced 1O2 generation [33]
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(BN), silicon dioxide (SiO2) or carbon (C). The catalytic behavior by these three 
supports is briefly summarized in Table 4.2, showing selective oxidation of sty-
rene by molecular O2. It turns out that the Au nanoparticles with extremely small 
sizes that have been supported on chemically and electronically inert materials pos-
sess high capabilities of adsorbing and activating O2 for selective oxidation. It is 
believed that this oxidation process is initiated through dissociation of O2 to yield 
O adatoms. Interestingly, a sharp size threshold in catalytic activity has been iden-
tified: the nanoparticles with diameters above 2 nm are completely inactive [35]. 
In fact, the integration of Au nanoparticles with supports has been widely used in 
various oxidation systems. Figure 4.8 illustrates support-dependent activities of Au 
nanocrystals in CO oxidation. The semiconductor supports have shown superior 
enhancement to the dielectric materials [36]. In principle, charge transfer may occur 
between semiconductor and metal so that the charge density of Au nanocrystals 
becomes tunable to improve O2 activation.

Fig. 4.8  CO conversion ( filled bars) and reaction rates ( empty bars) of different supported Au 
nanocrystals [36, 37]

 

Catalyst Mean 
Au size 
(nm)

Conver-
sion yield 
(%)

Selectivity (%)
Benzal-
dehyde

Styrene 
epoxide

Aceto-
phenone

Au/BN  1.6 19.2 82.3 14.0 3.9
Au/SiO2  1.5 25.8 82.1 12.0 5.7
Au/C 17 No 

reaction
– – –

Table 4.2  Catalytic data for 
styrene oxidation using O2  
and supported Au. Mean 
particle size of Au was calcu-
lated by counting particles in 
HRTEM images. All reactions 
were carried out at 100 °C in 
toluene [35]
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4.2.2  Pd–O2 Interactions

4.2.2.1  Surface Facet

It is known that Pd nanoparticles exhibit excellent catalytic performance in vari-
ous oxidation reactions. Like the Au system, the activation of O2 on the surface of 
Pd nanocrystals should have a strong correlation with their surface states. A recent 
work by Xiong et al. indicates that the surface facets have huge impact on their ef-
ficiency in O2 activation, using single-faceted Pd nanocrystals as a model system.

In that work, the O2 activation was probed by electron spin resonance (ESR) 
spectroscopy, a common way to determine the type of ROS in the presence of 
specific radical trapping agents. Specifically, 2,2,6,6-tetramethyl-4-piperidone hy-
drochloride (4-oxo-TMP) was used as an 1O2-sensitive trapping agent, which can 
produce a stable nitroxide radical 4-oxo-TEMPO, to identify the production of 
singlet oxygen. The 4-oxo-TEMPO has characteristic signals with a 1:1:1 triplet 
of g = 2.0055 in ESR spectroscopy. Figure 4.9a clearly shows that 1O2-analogous 
species can be formed on the surface of Pd nanocrystals. Such formation of 1O2-
analogous species has also been proven by the control experiments in the pres-
ence of D2O (enhancer) or carotene (quencher). Interestingly, the experiment results 
show that the 1O2-analogous species is preferentially formed on {100} facets of Pd 
nanocrystals rather than {111} facets (see Fig. 4.9a).

This finding highlights the opportunity for tuning O2 activation via facet engi-
neering, followed by further investigations to elucidate the mechanism behind. As 

Fig. 4.9  ESR spectra of 4-oxo-TMP solution and Pd nanocrystals mixture in different conditions: 
a nanocubes in H2O, octahedrons in H2O, nanocubes in the presence of carotene (1O2 scavenger), 
and nanocubes in H2O with 50-μL D2O (which can prolong 1O2 lifetime), respectively; b nanocu-
bes under irradiation of UV light source (ν < 400 nm) for different time [38]
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mentioned in Sect. 4.2.1.2, the “LSPR sensitization” mechanism has been tenta-
tively employed as an explanation for 1O2 generation in the Au and Ag systems [31, 
32]. In order to assess whether the LSPR plays a role in the case of Pd, Xiong et al. 
employed the 4-oxo-TMP ESR probing technique to characterize the samples under 
irradiation of different light sources. As shown in Fig. 4.9b, illumination of light 
does not promote the signals for 1O2, suggesting that the LSPR sensitization should 
not be responsible for the finding in the Pd system.

Instead, their theoretical simulations reveal that this O2 activation is actually 
caused by electron transfer from Pd nanocrystal surface to molecular O2 during che-
misorption. As illustrated by Fig. 4.10, surface facets may alter the chemisorption 
state of molecular O2 on Pd surface and, in turn, cause the O2 activated to different 
levels. The surface facets are thus a key parameter for tuning efficiency in gener-
ating 1O2-analogous species. This species behaves like singlet oxygen physically 
and chemically but has higher charge density due to the acceptance of electrons. 
Enabled by this tunable O2 activation, the {100}-enclosed Pd nanocubes have been 
identified as more active catalysts for oxidation reactions as compared with the 
{111}-enclosed Pd octahedrons [38]. Given the key role of ROS in reducing viabil-
ity, this facet control also provides a knob to optimize the performance of metallic 
nanocrystals in cancer treatment.

4.2.2.2  Surface Charge State

Since Pd surface donates electrons for the production of 1O2-analogous species, 
the charge state of Pd surface should be a critical parameter to the O2 activation ef-
ficiency. Xiong et al. proposed a strategy for tailoring the Pd charge state through 
metal-semiconductor hybrid configuration. In the configuration, Pd nanocrystals 
enclosed by {100} facets are deposited on TiO2 supports. Driven by the Schott-
ky junction, the photoexcited semiconductor supports can supply electrons for Pd 

Fig. 4.10   a Top view, b side view, c spin charge density, and d projected density of states (PDOS) 
diagram of O2 on Pd{100} facet. e–h The case of O2 adsorbed on Pd{111} [38]
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{100} surface under illumination, increasing the Pd electron density. As indicated 
by theoretical simulations, appropriate quantities of additional electrons brought 
to the Pd {100} surface promote its activity in O2 activation (see Table 4.3). Based 
on this mechanism, an enhancement of O2 activation has been observed on TiO2-
supported Pd nanocubes [39].

Interestingly, the light intensity turns out to affect the amount of electrons sup-
plied to the Pd {100} surface, with a turnover point at certain intensity [39]. Accord-
ingly, the efficiency of O2 activation shows the same trend. This feature suggests 
that too strong UV illumination reduces the number of transferred electrons from 
TiO2 to Pd. Ultrafast spectroscopy reveals that plasmonic effect of Pd can generate 
hot electrons on metal nanocrystals, which are in turn injected into the conduction 
band of the semiconductor at the metal-semiconductor interface. This injection of 
hot electrons constitutes a reverse flow of electrons from Pd to TiO2, thus lowering 
the electron density of the Pd surface as a side effect. As Pd is a metal with relatively 
weak plasmonic effect, the migration of hot electrons becomes more dominant un-
der strong illumination. This case informs us that use of semiconductor supports 
should be an effective approach to tuning O2 activation but light intensity should be 
precisely modulated for optimal efficiency. As a result, the optimized O2 activation 
under appropriate illumination has enabled significantly improved catalytic effi-
ciency in glucose oxidation [39].

4.2.3  Ag–O2 Interactions

Epoxidation of ethylene with molecular O2 catalyzed by Ag is one of the 
most important and successful industrial reactions. The importance of this 
reaction to chemical engineering has attracted tremendous attention to study 

25 % 
Coverage, 
parallel

Charge − 2 Charge 0 Charge + 1 Charge + 2

Total 
energy/eV

− 883.357 − 883.482 − 882.833 − 882.029

Local 
magnetic 
moment 
average/μB

0.008 0.004 0.002 0.001

O–O 
distance 

average/Å

1.396 1.406 1.411 1.415

Obtained 
electrons 
per O2

0.64 0.69 0.72 0.74

Table 4.3  Simulation results 
for 25 %-coverage oxygen on 
Pd {100} (parallel configura-
tion) in the presence of dif-
ferent additional electrons or 
holes [39]
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the nature of this reaction. Santen et al. has figured out that the efficiency of 
Ag-catalyzed ethylene epoxidation with molecular O2 relies on the state of 
adsorbed O2 [40]. Raman spectroscopy provides a versatile tool to examine 
the behavior of adsorbed O2 on the surface of Ag films. Pettenkofer et al. 
found that there are at least three different types of oxygen species on the Ag 
surface under illumination of laser light, with O–O vibrational bands around 
1050, 700, and 630 cm−1 [41].

Huang and Tian further proposed that Ag oxide/hydroxide is the key ele-
ment in 3O2 activation during oxidation reactions [34]. Raman spectra moni-
toring oxidation of p-aminothiophenol (PATP) in different chemical environ-
ment have confirmed such hypothesis. Theoretically, DFT calculation results 
show that the thermodynamic energy for the PATP oxidation process by 3O2 
is over − 60 kcal mol− 1. In comparison, the activation barriers for the PATP 
oxidation process by AgOH and Ag2O are 7.3 and 9.5 kcal mol− 1, respectively 
(see Fig. 4.11). Given that Ag is a metal that can be easily oxidized, such reac-
tion pathway hypothesis should be quite reasonable. Moreover, they pointed out 
that, both energy transfer and local heating effects raised by the LSPR of metal 
nanocrystals should have played a critical role.

4.2.4  Summary for Metal–Oxygen Interactions

As outlined above, molecular oxygen can be activated to ROS on metal clusters or 
nanocrystals during a spontaneous process via adsorption. For this reason, some 
metal clusters or nanocrystals have been used as highly efficient and selective oxi-
dation catalysts at low temperatures. In the cases of Au cluster and Pd nanocrystal, 
charge transfer occurs between metal and molecular O2, responsible for the O2 ac-
tivation. This feature provides more versatility to tune the activation efficiency via 
materials design. Here, this section will be ended with a brief summary of adsorbed 
O2 on the common metals (see Table 4.4).

Fig. 4.11  Activation energy pathway for PATP oxidation process by a 3O2 and b AgOH/Ag2O [34]
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4.3  Molecule of H2

Catalytic hydrogenation with molecular H2 includes a large group of addition reac-
tions of hydrogen at unsaturated bonds, which are among the simplest transforma-
tions in organic chemistry and extensively involved in various processes. Palladium 
is the only element in group-10 transition metals that can absorb molecular H2 exo-
thermically [45]. Hydrogen dissociative adsorption on the Pd can easily occur at 
room temperature and under ambient pressure. For this reason, this section is main-
ly focused on Pd nanostructures and their alloys from the viewpoint of H2-metal 
interactions.

4.3.1  Pd–H2 Interactions

In this section, we start with a brief description for the interactions between mo-
lecular H2 and single-facet Pd surface. With the concepts from traditional surface 

Table 4.4  Different situations for adsorbed oxygen on metallic nanocrystals
Adsorbed 
oxygen

Light Ref.

Pd Nanocrystals 1O2-analogous Unnecessary [38, 39]

Pt Nanocrystals 1O2 Necessary [42]

Ag peroxo O2
2− [43]

Nanocrystals 1O2 Necessary [42]

Nanocrystals 2O2
− Necessary [34]

Au Neutral clusters 
(odd-sized)

Superoxo O2
− [20]

Anionic clusters 
(even-sized 
except Au8

−)

Superoxo O2
− [17]

Anionic clusters 
(Au8

−)
Peroxo O2

2− [17]

Nanocrystals 1O2 Necessary [42]
Nanocrystals 2O2

− Necessary [34]
Zn Peroxo O2

2− [43]

Cd Peroxo O2
2− [43]

Ti − OOH [43]
Zr − OOH [43]
Co Nanocrystals O2

− Unnecessary [44]
Cr − OOH [43]
Mo − OOH [43]
W − OOH [43]
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science in mind, it would be more straightforward to understand the case of Pd 
nanocrystals.

Dissociative Adsorption The dissociative adsorption of molecular H2 on Pd surface 
is the first step (and most of the time, the crucial step) in heterogeneous catalysis. 
In practice, there is almost no barrier for the dissociative adsorption of molecular 
H2 on Pd surface, which makes this step easily occur at room temperature [46, 47]. 
The calculated binding energies and site preferences of H on Pd surface are listed in 
Table 4.5. Among the three basic crystal facets, Pd {111} shows the highest surface 
atom density and the lowest surface energy, as well as exhibits the highest selectiv-
ity for synthesis of H2O2 from H2 and O2 [48]. Like the O2 activation, this feature 
once again demonstrates that the performance of a catalyst highly depends on its 
surface structure.

Eb/eV Site

Pd{111} − 2.86 fcc
Pd{100} − 2.81 Hollow
Pd{110} − 2.75 Short bridge

Table 4.5  Binding energies 
(Eb) and adsorption sites of 
H on Pd single-facet surface 
[48]

Fig. 4.12  Calculated motion 
and trajectory of H atoms 
after dissociative adsorption 
on clean Pd{100} surface 
[50]
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Trajectory of Dissociated H Atoms After the first step of adsorption, the extra 
energy gained from the dissociative adsorption process leads to the formation of 
“hot” atoms (i.e., atoms with energy much higher than external thermal energy). 
The diffusive motion of “hot” atoms can significantly affect catalytic reaction path-
way, since it represents the way of reactants to reach the surface of catalysts [49, 
50]. Groß et al. has performed ab initio molecular dynamics (AIMD) simulations 
to reveal the mean free path of the dissociated H atoms on clean Pd{100} surface 
[50]. The calculation results show that the mean displacement of a single H atom 
on Pd{100} is about 7 Å. In addition to acquiring information for H diffusion, this 
picture of atomic motion also illustrates the importance of single-atom alloy surface 
to separation of H atoms (see Sect. 4.2.2).

Formation of PdH It is well known that Pd not only interacts with H2 through 
surface adsorption, but also incorporates dissociated H atoms in lattice and form 
palladium hydride phase (PdH). The hydride formation is a result from attractive 
H-H interactions [51]. As compared with Pd, PdH possesses quite different physical 
and chemical properties, enabling wider applications. The phases of hybrids depend 
on H2 pressure: α-phase PdH can be produced under low H2 pressure, while PdH 
prefers to form a β-phase as the pressure becomes higher [52]. At moderate tem-
perature and ambient pressure, the transition from α to β-phase starts at 1–2 % H2, 
leading to an increase in strain energy due to the mismatch of lattice constants. As 
demonstrated in Sect. 4.2.3, this lattice mismatch also facilitates the application of 
Pd nanocrystals in H2 sensors.

As the model system switches to nanocrystals, a kinetics study has revealed that 
the hydriding and dehydriding processes occurring on Pd nanocrystals are strongly 
dependent on their particle sizes (see Fig. 4.13). The hydriding process follows the 
function of ln ( t0.5) = z ln (D) where t0.5 is half of maximal hydriding degree and D 
represents mean diameter of Pd nanocrystals. The dehydriding process is even more 
complicated, which involves growth of newly formed metallic shells and shrinkage 
of hydrides. During dehydriding, H atoms diffuse from the hydride cores to the 

AQ2

Fig. 4.13  Power-law for t0.5 (half of the maximum) and D (mean diameter of Pd nanocrystals):  
a hydriding process, and b dehydriding process [51]
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outside, which are still attracted by the metallic shells. As this research proceeded, 
Kasemo et al. have modified the function of dehydriding to be ln( t0.5) = ln(CR)—
R*/R where C is a constant and R stands for nanocrystal radius [51]. From both 
equations for hydriding and dehydriding, one can see that these two reversal pro-
cesses exhibit size-dependent behavior. For this reason, the size control provides a 
knob for tuning the performance of Pd nanocrystals in H2 activation.

4.3.2  Alloys with Isolated Pd Atoms

Using single-facet metal as a model system, Sykes et al. identified interesting be-
havior of molecular H2 on Pd single-atom alloy (SAA) surface. It is well known 
that there is no notable barrier for the H2 dissociative adsorption step on Pd surface; 
however, the adsorbed H atoms have very strong binding to the surface. In sharp 
contrast, the dissociative adsorption of H2 on Cu surface is relatively inert. Taking 
the relative merits of Pd and Cu surface, the isolated Pd SAA surface offers low dis-
sociation barrier due to the presence of Pd atom and at the same time, has hydrogen 
atoms weakly bounded to the Cu surface. As a result, the H atoms activated by Pd 
can spill over onto the Cu surface [53, 54]. Based on this feature, Pd SAA can be 
utilized a bifunctional surface, which not only boosts catalytic efficiency in hydro-
genation but cost-effectively reduces usage of noble metals.

4.3.3  Applications

The fundamental research for interactions between H2 and metal surfaces in sur-
face science sheds more light on underlying mechanisms for metallic nanocatalysts, 
which in turn can help form designing rules for high-performance heterogeneous 
catalysts or facilitate other applications.

4.3.3.1  Catalytic Reactions

Due to its active interaction with molecular H2, Pd has been a common catalytic 
material in hydrogenation reactions. Since the reaction occurs at the surface of cata-
lysts, the activity and selectivity of a catalytic reaction is strongly correlated with 
the shape and size of the nanocrystals involved in catalysts, which is more or less 
relevant to their surface states.

Kiwi-Minsker et al. investigated three types of Pd nanocrystals with uniform 
shapes in the hydrogenation of 2-methyl-3-butyn-2-ol (MBY): nanocube with 
{100}, octahedron with {111}, and cuboctahedron with both {100} and {111} fac-
ets [55]. Catalytic data suggested that two types of active sites were involved in 
the catalysis: the atoms on the planes (σ1 sites) and the ones at edges (σ2 sites; see 
Fig. 4.14 a). As these two types of atoms have different coordination numbers, the 
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reaction activity and selectivity are varied. It turns out that semihydrogenation pref-
erentially occurs at the σ1 sites to produce 2-methyl-3-butyn-2-ol MBY, while the 
σ2 sites promote over hydrogenation for formation of 2-methyl-3-buten-2-ol MBE 
(see Fig. 4.14b and 4.14c). Following a two-site Langmuir–Hinshelwood mecha-
nism, the data fitted with kinetic modeling can well depict the activity and selectiv-
ity of reactions. Overall, shape and size control of nanocrystals provides a brand 
new model for catalysis research, beyond the traditional concepts in surface science 
given the unique roles of corner and edge atoms in activating molecules.

When the reactions move up to the industrial scale, the catalysts are mostly re-
quired to be mounted on supports. For this reason, supported catalysts have been 

Fig. 4.14   a TEM images of 18-nm Pd nanocubes, 31-nm Pd octahedrons and 5.5-nm Pd cuboc-
tahedrons. b Schematic for hydrogenation of MBY. c Selectivity of MBY as a function of edge 
atoms. d Dependence of MBY conversion rate on size and shape of Pd nanocrystals [55]
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widely investigated by research community. Yamada et al. developed a catalyst made 
of silicon nanowire array-stabilized Pd nanoparticles (SiNA-Pd; see Fig. 4.15). 
Such a SiNA-Pd structure showed high catalytic activity and reusability in hydroge-
nation of alkene and nitrobenzene. Strikingly, the activity of this supported catalyst 
reached a turnover number (TON) as high as 2,000,000 [56]. Kobayashi et al. has 
also developed an efficient system for hydrogenation reaction using a microchan-
nel reactor based on the Pd catalysts. Such a microreactor substantially reduces the 
time and space needed for organic synthesis, boosting the atomic economy. The 
hydrogenation reactions in this system turn out to proceed to the desired products 
within 2 min [57]. There is no doubt that this approach should be extendable to 
other multiphase reactions.

4.3.3.2  H2 Sensing

Development of H2 sensor with low detection limit is crucial for safe hydrogen-
based applications. The spontaneous dissociation of H2 on Pd surface, together with 
the huge difference between Pd and PdH, makes Pd an excellent material for H2 
sensing. Specifically, the sensor may work electrically or optically.

Electrical Sensors As described above, PdH can be form upon the dissociative 
adsorption of H2 on Pd surface. Such hybrids have very different conductivity from 
Pd, so the conductance of materials gradually changes when exposed to H2. Based 
on this feature, the conductance can be probed to monitor the presence of H2, mak-
ing a hydrogen sensor. In a typical case, Crego-Calama et al. used conventional 
microfabrication techniques (deposition and etching under angles (DEA)) to fab-
ricate Pd nanowires on Si substrate. The nanowires show a reversible response to 
H2 at concentrations as low as 27 ppm (see Fig. 4.16) [58]. When H2 is turned 
on, the conductance of Pd nanowire starts to decrease and finally reaches a steady 
value for a given H2 concentration. In comparison, no signal has been observed for 

Fig. 4.15  Schematics for fabricating Si nanowire array-supporting Pd catalyst [56]
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O2, validating the application of this sensor in real environment. The Pd nanowire-
based sensor possesses high response speed and sensitivity, and as such, the net-
works of ultrathin (< 10 nm) Pd nanowires can be utilized as a high-sensitivity and 
fast-response sensor as demonstrated by Zeng and Xu (see Fig. 4.16d–4.16f) [59].

During the formation of PdH, the Pd materials also expand in volume. This fea-
ture offers an opportunity of designing a “on-off switch” H2 sensor based on the 
Pd nanoparticle assembly. Favier and Penner demonstrated a Pd nanowire-based 
sensor for the H2 detection [60]. This nanowire is composed of densely packed Pd 
nanoparticles, and as such, the conductive nanowire becomes to have high resis-
tance after exposed to H2, as the contact between the nanoparticles gets loose after 
volume expansion (i.e., mode I). After the first cycle, the resistance of nanowire 
is reduced once exposed to H2, simply because the volume expansion can shrink 
the gap between the nanoparticles. The detection limit for “mode I” and “mode 
II” sensors is 0.5 % and 2.25 % H2, respectively. Despite the lower sensitivity, the 
“mode II” sensor can produce a “wait state” where no power or noise is generated 
in the absence of H2. This is a huge advantage to further industrial applications. By 
designing different structures, this working mechanism has been extended to other 
H2 sensors by Villanueva and Favier [61].

Optical Sensors The structural changes during Pd–H2 interactions not only change 
the conductivity of Pd, but also tune its LSPR optical properties. However, spectral 
signals arising from Pd-H interactions are too weak to be detected given Pd is not 
an ideal metal for LSPR (see Fig. 4.17a-up). Liu and Alivisatos demonstrated a 

Fig. 4.16   a SEM image of a Pd nanowire with 50–80 nm diameter in sensor device. b Conduc-
tance change of a single Pd nanowire when exposured to H2 at concentrations ranging from 30 % 
to 27 ppm. The inset shows the reversibility of a single Pd nanowire for 80 cycles. c Averaged 
response time from six nanowires. The inset shows a linear fit to the steady-state response for 
square root of H2 concentration [58]. d SEM image of Pd nanowire network. The inset is the pho-
tograph of a sensor sample. H2 concentration-dependent e resistance change and f response time of 
of Pd network with different thickness [59]
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resonant antenna-enhanced single-particle H2 sensor, working along a mechanism 
similar to tip-enhanced phenomenon [62]. The Au antenna and Pd particle can be 
facilely manufactured through a lift-off process involved in two separate nanofabri-
cation cycles (see Fig. 4.17b). The distance between Au antenna and Pd particle can 
be controlled by tuning fabrication parameters. It turns out that the distance between 
Au antenna and Pd particle is the key factor to optimizing sensitivity. The smaller 
the distance, the greater the single shift (see Fig. 4.17c). Certainly, the shape of Au 
is also influential to the signal information due to shape-dependent LSPR prop-
erty. This design of antenna-enhanced single-particle sensor has been able to in-situ 
monitor catalytic reactions.

Nevertheless, collecting antenna-enhanced plasmonic signals usually requires 
complicated devices. To simplify the process, Chiu and Huang designed and syn-
thesized Au–Pd core-shell nanocrystals with various shapes to yield visible optical 
evolution during Pd–H interactions (see Fig. 4.18) [63]. In the designed nanostruc-
tures, the Au cores act as a nanoantenna to enhance the plasmonic signals (i.e., 
LSPR peak shift with H2 adsorption). The Au–Pd core-shell nanocrystals show 
nearly reversible spectral shifts during hydriding and dehydriding cycles. As a con-
sequence, it appears to be a promising and reusable H2 sensor for various appli-
cations. Notably, this optical sensor is H2-specific, as no spectral change can be 

Fig. 4.17  a Schematic for antenna-enhanced single-particle H2 sensing. b Fabrication of antenna-
enhanced nanostructures using double electron-beam lithography with double lift-off. c Optical-
scattering measurements of a single Pd–Au triangle antenna nanostructure on H2 exposure. The 
results show that adsorption peak shift is dependent on separation d between the Au antenna and 
the Pd particle [62].
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observed when exposed to O2 or CO. As compared with the “top-down” approach, 
this design coming up with “bottom-up” synthesis represents a simpler technique to 
address the demand for H2 sensing.

4.4  Conclusion and Outlook

To summarize, the interactions between small molecules and metallic nanocrystals 
have been discussed in this chapter. Understanding on these interactions at molecu-
lar scale would open new avenues to the design of materials with specific functions. 
Taking Pd–H system for example, researchers have developed a variety of applica-
tions based on the hydriding and dehydriding processes. In the applications, lattice 
changes and optical properties along with the processes are fully utilized. The in-
sights into the underlying mechanisms also highlight the importance of controlled 
synthesis of metallic nanocrystals/clusters, which should hold the promise for tun-
ing their behavior in molecular activation to boost various applications.

4.5  Appendices

4.5.1  A. Synthetic Methods

Pd Nanocubes Covered by {100} Facets About 0.105 g of poly(vinyl pyrrolidone) 
(PVP, M.W. = 55,000), 0.060 g of L-ascorbic acid and 0.100–0.600 g of KBr were 
dissolved in 8 mL of deionized water at room temperature. The solution was placed 
in a 3-neck flask (equipped with a reflux condenser and a magnetic Teflon-coated 
stirring bar) and heated in air at 80 °C for 5 min. Meanwhile, 0.065 g of potas-
sium palladium(II) chloride (K2PdCl4) was dissolved in 3 mL of deionized water at 
room temperature. The Pd stock solution was then injected into the flask through a 
syringe pump. Heating of the reaction at 80 °C was continued in air for 3 h.

Pd Octahedrons by {111} and Pd Cuboctahedrons by {111}/{100} About 0.105 g 
of poly(vinyl pyrrolidone) (PVP, M.W. = 55,000), 0.060 g of citric acid and 0.060 g 
of L-ascorbic acid were dissolved in 8 mL of deionized water at room tempera-
ture. The solution was placed in a 3-neck flask (equipped with a reflux condenser 
and a magnetic Teflon-coated stirring bar) and heated in air at 120 °C for 5 min. 
Meanwhile, 0.065 g of potassium palladium(II) chloride (K2PdCl4) was dissolved 
in 3 mL of deionized water at room temperature. The Pd stock solution was then 
injected into the flask through a syringe pump at 5 mL/h-octahedrons, 360 mL/h-
cuboctahedrons. Heating of the reaction at 120 °C was continued in air for 3 h. The 
samples were washed with acetone and then with ethanol and water three times to 
remove most of the PVP and other molecules by centrifugation.
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4.5.2  B. ESR Measurement

Reactive oxygen species (ROS) are transient species that can be identified by using 
radical trapping agents (spin traps). Spin traps react with transient ROS in solution 
to yield stable products—spin adducts, which can be readily observed by ESR spec-
troscopy. 5,5-dimethyl-1-pyrroline N-oxide (DMPO) is particularly useful for iden-
tifying oxygen-centered radicals (superoxide radical anion and hydroxyl radicals), 
as the formed spin adducts have characteristic ESR parameters and can be readily 
distinguished from other radicals (see Fig. 4.19a and 4.19b) [64]. 4-oxo-TMP has 
been commonly used as a sensitive probe for 1O2 that produces stable nitroxide radi-
cal 4-oxo-TEMPO (see Fig. 4.19c) [38, 65].

Measurement Protocol as an Example A 50 µL of aqueous suspension of nano-
crystals was mixed with 500 µL of spin-trap solution (4-oxo-TMP, DMPO). The 
solution was then characterized with ESR spectroscopy at 20 °C. The measurements 
can be performed in various chemical environment and incident light depending on 
experimental needs.
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Abstract Noble metal nanostructures are appealing for therapeutic, diagnostics, 
and sensing applications because of their unique optical properties and biocompat-
ibility. The collective oscillation of electrons in a metal nanostructure resonates 
with particular wavelengths of light, generating the localized surface plasmon reso-
nance (LSPR). The LSPR results in absorption and scattering of incoming pho-
tons. Absorption leads to photothermal generation of heat, photoluminescence, and 
quenching of fluorophores in close proximity. Scattering results in reflected photons 
and its amplification of the local electromagnetic field can enhance fluorescence, 
phosphorescence, and Raman scattering. These optical properties make plasmonic 
nanostructures ideal candidates for theranostic applications including light-induced 
thermal therapy, drug/gene delivery, and biomedical imaging. The use of plasmonic 
nanostructures for ex vivo detection of chemicals and biomolecules are also dis-
cussed in this chapter.

5.1  Introduction

Nanomaterials are broadly defined as materials that have at least one dimension in 
the range of 1–100 nm and possess unique properties distinct from those of their 
bulk counterparts [1]. Noble metal nanomaterials (particularly Au and Ag) have 
long been known to exhibit brilliant colors as a result of their interaction with light, 
known as localized surface plasmon resonance (LSPR). This phenomenon arises 
from the resonant oscillation of conduction electrons confined in a metal particle 
with an incident electromagnetic wave (photons), resulting in strong scattering and/
or absorption at the resonant wavelength. Historically, Au and Ag nanoparticles 
(AuNPs and AgNPs) have been (unknowingly) used to stain glass. The Cup of 
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Lycurgus, a famous fourth century Roman relic currently housed in the British Mu-
seum, is made of dichroic glass containing Au and Ag colloids. This cup changes 
color depending on its orientation, appearing red by transmitted light and green by 
reflected light, an effect now known to arise from the optical properties of the Au 
and AgNP contained in the glass.

In addition to their plasmonic properties, Au and Ag colloids have a long history 
of biomedical use. Ancient Indian, Chinese, and Egyptian medicine utilized Au-
based ingestible substances as therapeutics for arthritis [2, 3]. Such treatment relied 
on the oral administration of Au salts, which ultimately formed colloids in situ in 
the synovial fluid [4]. Gold-based therapeutics were also unsuccessfully applied to 
treat tuberculosis, lupus, epilepsy, and migraines [3]. Many ancient civilizations 
transported water in Ag containers, unknowingly tapping into the antimicrobial 
properties of the metal. While Ag is toxic in large doses, these applications typi-
cally resulted in low enough doses to prevent severe adverse effects. A condition 
known as argyria did develop in some people who consumed excessive amounts of 
Ag. The Ag had deposited in the skin, generating a colloid that ultimately caused 
the patients to turn blue [5].

Modern study of AuNPs began with Michael Faraday in 1857. Faraday synthe-
sized ruby-red Au colloids [6] that are still on display in the Faraday Museum. Since 
Faraday’s synthesis of stable Au colloids, the understanding of the plasmonic mate-
rials has advanced significantly, and they have found diverse applications ranging 
from catalysis to chemical sensing and biomedicine. The plasmonic properties are 
strongly correlated to the size and shape of the particle. This chapter focus on the 
plasmonic properties of noble metal nanostructures especially Au nanostructures 
and their biomedical and sensing applications. Particular attention is paid to the 
strong absorption, scattering, and photoluminescence phenomena that Au nano-
structures exhibit, followed by discussion of their applications in therapeutics, di-
agnostics, and sensing.

5.2  Optical Properties

5.2.1  Localized Surface Plasmon Resonance (LSPR)

When metal NP are smaller than the wavelength of incident light, the oscillation 
of the conduction electrons can resonate with incident electromagnetic wave and 
give rise to the LSPR (Fig. 5.1) [7]. The effect of the LSPR is often referred to 
as extinction and is the sum of two components: absorption and scattering [8]. In 
1908, Gustav Mie developed a theory to describe the interaction between spherical 
particles and light [9]. The Mie theory represents the exact solution to Maxwell’s 
equations and describes a plane wave interacting with a metal sphere with radius R 
having the same dielectric functions as its bulk counterpart. If the boundary condi-
tions are specified, the extinction cross-section ( σext) of a sphere can be obtained. 
Once can derive the extinction efficiency factor ( Qext) which is defined as ratio of 
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σext to the physical cross-sectional area ( πR2). Under the condition that R < < λ, σext 
can be determined from Eqn. 1.

 
(1)

where εm is the dielectric constant of the embedding medium and εr and εi are the 
real and imaginary components of the metal dielectric function, respectively. Reso-
nance occurs when the condition ( ) 2r mε λ ε= −  is satisfied. All metal nanoparticles 
exhibit LSPR. In the case of coinage metals (Cu, Ag, and Au) the resonant condition 
is met in the visible region of the spectrum, accounting for their brilliant color. Typi-
cally, Ag nanospheres have an LSPR at ~ 400 nm; while the LSPR of Au and Cu 
nanospheres is located at ~ 520 and ~ 600 nm, respectively [10, 11]. The position of 
the LSPR peak is sensitive to the size of nanospheres. For example, increasing the 
diameter of Au nanospheres from 15–110 nm resulted in an LSPR shift from ~ 520 
to ~ 585 nm (Fig. 5.2) [12, 13].

In addition to size, the position of the LSPR is dependent on the shape of the 
nanoparticles. For biomedical applications, the tissue transparent windows are the 
spectral regions where light penetration through tissue is the greatest, located in the 
near infrared (NIR) region (Fig. 5.13). The first NIR window ranges between 650 
and 900 nm where the penetration depth is 1–2 cm with some tissue autofluores-
cence that may interfere with the optical signal [14]. The second NIR window exists 
between 1,000 and 1,350 nm at which autofluorescence is significantly reduced, al-
though the availability of detectors is rather limited [15]. By altering the shape, the 
optical properties of the Au nanostructures can be tuned to the NIR window, while 
maintaining their small size.

Nanoshells, nanorods, and nanocages are three representative Au nanostructures 
with tunable LSPR in the NIR peaks that have been extensively for biological ap-
plications. Gold nanoshells, developed by Halas et al. [16], are made by depositing 
a thin layer of Au on a silica core with small AuNPs adsorbed. The LSPR is less 
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Fig. 5.1  Schematic illustration of LSPR phenomenon. (Reproduced from reference [7])
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red-shifted as the shell becomes thicker. Gold nanorods, developed by Murphy [17] 
and El-Sayed [18], have a longitudinal mode of the LSPR that shifts to longer wave-
lengths as their aspect ratio increases (Fig. 5.4a) [19]. Xia et al. [20] developed the 
synthesis of Au nanocages using galvanic replacement between Ag nanocubes and 
chloroauric acid. As the nanocubes are hollowed out, the optical spectra gradually 
shift to the red and reach the NIR region (Fig. 5.4b) [21, 22]. The optical spectra of 
these more complex geometries are typically calculated using the discrete dipole 
approximation. Readers may refer to an excellent review by Schatz et al. [23] on 
the calculation of optical spectra of plasmonic nanostructures of with arbitrary ge-
ometries.

5.2.2  Absorption

Absorption by metal nanoparticles at their LSPR gives rise to three interesting 
phenomena: nonradiative relaxation of the plasmon, photoluminescent emission 

Fig. 5.2  Dependence of LSPR on diameter of spherical AuNPs: a photograph of AuNPs of differ-
ent diameters and b corresponding extinction spectra. (Modified from reference [13])
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(5.2.3), and quenching of adjacent fluorophores (5.3.3). Nonradiative relaxation re-
sults in the generation of heat, a process which has been reviewed by Govorov et al. 
[24]. Basically, the excited electronic oscillation relaxes by releasing energy in the 
form of heat dissipated to the surroundings. In fact, most light absorbers generate 
heat via nonradiative relaxation. Because of their extremely large absorption coef-
ficients, plasmonic nanomaterials can convert the photon energy into heat energy 
at very low concentration, several orders of magnitude lower than that of other 
materials [25]. The temperature profile over time can be described by Eqn. 2 [26].

 (2)

where T0 is the initial temperature, A is the rate of energy absorption (°C/s) and B is 
the first order rate constant for heat dissipation (s−1).

0( ) / (1 )BtT t T A B e−= + −

Fig. 5.3  Spectral locations 
of the first and second tissue 
transparent windows as well 
as the attenuation coefficients 
of skin, fat, and oxygen-
ated or deoxygenated whole 
blood. (Reproduced from 
reference [15])

 

Fig. 5.4  Tunable LSPR maxima: a color photograph and extinction spectra of Au nanorods with 
increasing aspect ratio; and b color photograph and extinction spectra of Au/Ag nanocages with 
increasing ratio of Au/Ag. (Modified from references (a) [19] and (b) [21, 22])
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The relaxation time of the LSPR is size dependent. For example, the relaxation 
following absorption occurs on the order of 10 and 380 ps for 4 and 50 nm AuNP, 
respectively [27], at which time point another photon can be absorbed. The photo-
thermal effect can be varied by the nanoparticle concentration (more precisely, the 
optical density at the excitation wavelength), the optical flux, and the irradiation 
time. For instance, a power density of 1 W/cm2 is capable of increasing the tempera-
ture of a 2 nM suspension of Au nanocages by more than 40 °C in less than 5 min, 
while a 0.2 nM suspension irradiated at 0.5 W/cm2 has not reached a 30 °C tempera-
ture increase after 10 min irradiation (Fig. 5.5) [28]. The photothermal effect will be 
further discussed in the context of acoustic (5.4.2.1) and thermal imaging (5.4.2.2), 
hyperthermal therapy (5.4.1.1), and on-demand drug release (5.4.1.2).

5.2.3  Photoluminescence

An interesting, but not yet well understood plasmonic phenomenon is photolu-
minescence. Distinct from scattering, the photon is absorbed by the LSPR, and 

Fig. 5.5  Photothermal effect of Au nanocages: a photograph of a mouse undergoing laser irradia-
tion of tumor; thermal image during irradiation; b with and c without Au nanocages; temperature 
response profile as a result of varying concentration of Au nanocages at laser flux of d 1.0 and  
e 0.5 W/cm2. (Modified from reference [28])
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subsequently emitted in a short period. The wavelength of the emitted photon is 
slightly red-shifted relative to the excitation wavelength. The first reports of photo-
luminescence from bulk Cu and Au were published in 1969 [29], Shortly thereafter 
it was found that roughened metal surfaces emitted more frequently than smooth 
surfaces such that two-photon luminescence could be achieved [30]. Plasmonic 
photoluminescence is particularly appealing for bioimaging because it bypasses the 
photobleaching problems of organic fluorophores and blinking issues of quantum 
dots [31]. The luminescence efficiency of this process is quite low, with a mile-
stone efficiency of 10–4 (i.e. 1 photon emitted for every 104 absorbed) for some 
nanoscale particles, while emission from bulk metals is practically nondetectable 
(~ 10–10) [32].

Two plausible mechanisms of photoluminescence have been proposed: retarda-
tion of nonradiative decay or enhancement of radiative decay [33]. For metallic 
structures, d band holes are generated by the excitation, then recombine with sp 
electrons in the metal [29]. This recombination releases a particle plasmon that then 
decays by emitting a photon. This luminescence intensity, however, has been shown 
to be independent of the size of particles and in some situations can be more easily 
detected than the scattered signal. It is worth noting that nonplasmonic metal clus-
ters have a high photoluminescence yield, comparable to quantum dots. Readers 
may refer to a thorough review on photoluminescence of metal clusters by Dickson 
et al. [34].

5.2.4  Scattering

All objects scatter light to some extent. Lord Rayleigh first described the elastic 
scattering light by small molecules [35]. No change in wavelength is observed, 
and the scattering intensity is proportional to the diameter of the object to the sixth 
power and inversely proportional to the wavelength of light to the fourth power (i.e. 
I ∝ d6, λ−4). Rayleigh scattering applies to objects that are significantly smaller than 
the wavelength of the incident light (e.g. oxygen and water molecules in the sky). 
Tyndall scattering is similar to Rayleigh scattering, but applies to larger objects with 
a diameter approaching the wavelength of light [36]. Both Rayleigh and Tyndall 
scattering are more efficient with shorter wavelengths of light.

Plasmonic scattering is also wavelength dependent; and the LSPR maximum 
determines the region of maximum scattering [37]. Scattering by the LSPR can be 
visualized using darkfield microscopy with the particles typically appearing as the 
color of the scattered light, that is, AgNP are cyan [38], AuNP are green [39], Au 
nanorods are yellow or red [40]. Hyperspectral imaging records the scattered spec-
trum of light at a particular point on a microscope image, and can be used to gener-
ate a map that records both the position and LSPR profile of nanoparticles. These 
maps have been used to distinguish various geometries of particles and to monitor 
particle agglomeration [39].
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5.3  Surface Effects

The oscillations of the LSPR allow the elastic absorption and reemission of the 
photon (i.e. scattering). The motion of electrons changes the charge density around 
the nanostructure causing enhancement of the electromagnetic field. Simulations 
of this “near-field” have shown significantly greater field enhancement in areas 
of high curvature (Fig. 5.6) [41, 42]. The corners of nanocubes [43], the tips of 
nanorods [44], and the void between two metal surfaces [45] have been indicated 
to be the sites of maximum enhancement on their respective structures. Agglomera-
tion of AuNP results in significant field enhancement at the points where particles 
abut, which is largely the result of plasmon coupling [46]. Similarly, the interior 
and the pores of hollow Au nanocages and nanoshells exhibit orders of magnitude 
enhancement of the electromagnetic field. The interior of concentric structures (e.g. 
nanorattles or nanomatrioshka) displays extraordinary local field enhancement, par-
ticularly when the core is adjacent the side wall [47]. The enhanced electromagnetic 
fields can interact with near-field molecules giving rise to a variety of optical phe-
nomena including surface-enhanced Raman scattering (SERS), surface-enhanced 
fluorescence (SEF), and nanometal surface energy transfer (NSET).

5.3.1  Surface-Enhanced Raman Scattering (SERS)

The LSPR can enhance Raman signal of molecules on the surface by several orders 
of magnitude, a phenomenon known as SERS. Raman scattering by a molecule, 
first observed in 1928 [48, 49], is an inelastic process wherein the energy of the 

Fig. 5.6  Calculated electromagnetic field enhancement of various geometries: a–d hollow Au 
nanoframes of varying edge length and wall thickness; e, f Ag nanoprisms under different polariza-
tions of light; g cylindrical and h tapered Ag nanorod; and i Ag dimer separated by 2 nm. (Modi-
fied from references (a–d) [41] and (e–i) [42])
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scattered photon ( Esca) is different from that of the absorbed photon ( Eabs). This 
energy difference, known as Raman shift, corresponds to changes in the vibrational 
state of the molecule, and can be classified as Stokes shift ( Esca < Eabs) or anti-Stokes 
shift ( Esca > Eabs) (Fig. 5.7) [50]. The Stokes and anti-Stokes spectra are mirror im-
ages, with the Stokes spectrum having higher intensity because of the larger popu-
lation of the ground vibrational state than an excited vibrational state in a sample 
[50, 51]. Raman shifts, both Stokes and anti-Stokes shifts, are typically reported as 
wavenumber (cm−1) because this unit is linearly proportional to energy in a photon. 
The Raman shift can be defined by Eqn. 3.

 (3)

where Δν is the Raman shift (in cm−1), λ0 is the excitation wavelength, and λ is the 
wavelength of the scattered photon (both in nm).

Generally, the Raman cross section of a molecule is extremely small, and thus the 
signal is extremely weak relative to Rayleigh scattering. In 1974, Fleischmann et al. 
[52] observed that molecules on roughened Ag surfaces exhibited significantly en-
hanced Raman scattering. Since then, SERS has become a powerful analytical tool 
that has been extensively investigated for many applications, particularly chemical 
and biological detection [53]. There are two primary mechanisms responsible for 
SERS: chemical and electromagnetic enhancement. Chemical enhancement refers 
to the process of charge transfer from the plasmonic metal to the molecule, which 
better enables the vibrational transitions necessary for Raman shifts. Such enhance-
ment has been shown to enhance Raman signal by up to a factor of 102 [54]. The 
electromagnetic component contributes the majority of Raman enhancement, typi-
cally enhancing the electric field as a total of E4 [55]. In this scenario, the plasmonic 
metal acts as a two-way antenna: increasing incident light flux on the molecule 
thereby increasing the number of transient absorptions and amplifying the scattered 
Raman signal [56]. SERS enhancement is inversely correlated with distance to the 
10th power (1/d10) [57], and thus the enhancement decreases rapidly away from the 

7
0(1/ 1/ )·(10  nm/cm)v λ λ∆ = −

Fig. 5.7  Schematic illustra-
tion of scattering processes 
that utilize the transient 
virtual excited state of the 
molecules. The energy 
change relative to the excita-
tion wavelength is included 
in parenthesis
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metal surface (Fig. 5.8) [58, 59]. Therefore, maximum enhancement is observed for 
surface adsorbates. Because Raman scattering requires a change in the polarizabil-
ity of a molecular vibration to be observed and the interaction of scattered photons 
with the LSPR is orientation dependent, SERS can be used to probe the orientation 
of Adsorbed molecules on the surface [60].

Raman enhancement occurs best when a molecule resides in a “hot spot,” an area 
of high local enhancement of the electromagnetic field [61]. The location of these 
hot spots corresponds to the regions of calculated maximum field enhancement in 

Fig. 5.8  Surface-enhanced 
Raman spectroscopy: 
a schematic illustration 
of agglomeration-based 
activation of SERS signal 
with b typical, reversible pH 
responsive SERS spectra; 
c distance dependence of 
SERS enhancement factor of 
Ag island films. (Modified 
from references (a–b) [58] 
and (c) [59])
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a nanostructure or an array of nanostructures [62, 63]. For example, agglomeration 
points are areas of both high curvature and nearby metal surfaces, and under ap-
propriate conditions can generate hot spots with enhancement factors on the order 
of 1015 [64]. Such hot spots have enabled the detection of single molecules residing 
within them [65].

5.3.2  Surface-Enhanced Fluorescence (SEF)

Similar to SERS, localized enhancement of electromagnetic field on the metal sur-
face results in the enhancement of fluorescence from fluorophores in close proximi-
ty, known as SEF. This phenomenon was first observed with organic dyes on rough-
ened metal films [66]. This process competes with quenching processes (5.3.3) at 
short distances but is dominant at a longer distance range. Consequently, enhance-
ment is observed over a distance range of up to d = 100 nm from the metal surface, 
while the fluorescence is primarily quenched at distance close to the surface, d less 
than the critical distance ~ 20 nm (Fig. 5.9a and b) [67].

The plasmon can interact with a fluorophore in several ways to enhance emis-
sion. First, the LSPR can increase the excitation incidence, by increasing the optical 
flux at the fluorophore thereby increasing the frequency of excitation events. Sec-
ond, the LSPR can increase the rate of radiative decay, causing emission to occur 
more readily from the excited state of the fluorophore. Third, the LSPR can engage 

Fig. 5.9  Fluorescence enhancement: a sample calculated distance dependence of fluorescence 
( left axis) and quenching ( right axis); b additive fluorescence quantum yield based on combina-
tion of enhancement and quenching; c fluorescence signal from fluorophore/albumin conjugated 
to Au nanoshell (i) Au nanorod (ii) and without Au (iii); d calculated scattering intensity of Au 
nanoshell (i) and Au nanorod (ii). (Modified from References (a, b) [67] and (c, d) [71])
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in far-field coupling with the emitted photon, increasing the likelihood of emis-
sion [68]. Functionally, the plasmonic structure serves as a bidirectional antenna 
that increases the number of photons absorbed and the number of photons emitted 
[69]. The spectral position of the LSPR plays an important role in fluorescence 
enhancement. Generally, overlap between the emission wavelength and the LSPR 
provides the maximum enhancement. The LSPR overlapping with the excitation 
wavelength results in slight enhancement while its red-shifting from the emission 
wavelength results in reduction of enhancement [70]. Other studies have shown 
that the enhancement factor increases with the size (more precisely, the scattering 
cross-section) of the nanostructure (Fig. 5.9c and d) [71]. Theoretical calculations 
have shown that the longitudinal orientation of the fluorophore results in the maxi-
mum vector sum of the metal dipole and fluorophore transition dipole, which leads 
to an increase of the emitting dipole [72]. In contrast, transversal and perpendicular 
orientations of the fluorophore cause antiparallel orientation with the metal dipole, 
resulting in the reduction of emission.

In addition to fluorescence enhancement, the LSPR can also enhance the quan-
tum efficiency of triplet state phenomena. Plasmonic metal enhancement of phos-
phorescence was demonstrated in 2004 using AgNPs deposited on a layer of phos-
phors on glass substrate [73]. This enhanced phosphorescence is the result of the 
LSPR stabilizing the triplet state of the phosphor and enabling radiative decay, simi-
lar to fluorescence enhancement. This phenomenon has also been shown to enhance 
the phosphorescent signal from the decay of singlet oxygen. Relaxation of singlet 
oxygen to its ground triplet state leads to phosphorescence at ~ 1270 nm, and utili-
zation of plasmonic structures can enhance the signal from singlet oxygen, leading 
to lower detection limits [74]. Singlet oxygen itself is typically generated through 
triplet-triplet annihilation of an excited photosensitizer molecule [75]. As a result, 
the LSPR can effectively enhance the generation of singlet oxygen by the adjacent 
photosensitizers, improving efficacy of photodynamic therapy [76, 77]. Similar to 
fluorescence quenching, close proximity between the particle and the phosphor re-
sults in quenching by the LSPR, and subsequent loss of emission [78]. A distance 
dependence similar to that of fluorescence enhancement has also been observed 
[79]. Various studies have further demonstrated that the maximum stabilization of 
the triplet state can be achieved by matching the LSPR with the wavelength of phos-
phorescent emission [80, 81].

5.3.3  Nanometal Surface Energy Transfer (NSET)

Analogous to the distance-dependence quenching of fluorophores observed in 
Förster resonance energy transfer (FRET) [82], NSET was first observed in 1969 
[83] and then applied to metal nanoparticles by Strouse et al. in 2005 [84]. For 
NSET to occur, the metal surface is treated as a two-dimensional array of dipoles, 
while the fluorophore is treated as a point dipole. The quenching efficiency of a met-
al surface is distance dependent with a 1/d4 loss. The value d0 for NSET is defined 
as the distance at which quenching efficiency is 50 % and is described by Eqn. 4.
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(4)

where c is the speed of light, ΦD is the donor quantum efficiency, ω is the donor 
electronic transition, ωf is the Fermi frequency for the (bulk) metal, and kf is the 
Fermi wave vector of the (bulk) metal. Further experiments revealed that the mech-
anism for NSET does not involve an appreciable suppression of the radiative rate of 
the fluorophore, but rather an increase in the rate of energy transfer [85]. The fluo-
rescence quenching efficiency is both distance and size dependent (Fig. 5.10) [86]. 
Additionally, the early studies of NSET used 1.5 nm AuNPs, which are too small to 
exhibit LSPR. Larger particles have a plasmon, and their quenching efficiency has 
been shown to have a 1/d6 distance dependence, the same as that of FRET [87]. This 
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Fig. 5.10  Fluorescence quenching efficiency is both distance and size dependent: a schematic for 
distance and size change; b calculated (lines) and experimental (points) quenching efficiency for 
varying AuNP radius, “r”, and separation from fluorophore, “d.” (Reproduced from reference [86])
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distance dependence is due to the LSPR and the fluorophore both behaving as point 
dipoles and the d0 can be described by Eqn. 5

 (5)

where κ2 is the relative orientation of the dipoles and is taken to be 2/3 due to rapid 
averaging, ΦD is the quantum yield of the free donor, n is the refractive index of the 
medium and J(λ) is the overlap integral between the normalized donor emission and 
acceptor extinction coefficient. Quenching by NSET yields a larger d0 value than 
that for traditional FRET systems. This increased d0 value allows the two objects to 
function as optical rulers on a longer scale than those based on FRET. There have 
been numerous demonstrations of the use of nanoparticle-fluorophore systems to 
measure distances at the nanoscale [88].

5.3.4  Surface Chemistry

Functionalization of the surface of noble metal NP has become a very important 
topic for their use in biomedical and sensing applications. An excellent review by 
El-Sayed and Murphy has summarized the recent advancement of surface chemistry 
on Au nanostructures [21]. In this subsection, a brief discussion will focus on Au-
thiolate chemistry and its application for in vivo targeting.

The Au-S bond is among the strongest bonds to the Au surface with roughly 
the same strength as that of the strongest hydrogen bond (~ 40 kcal/mol) [89]. 
Whitesides et al. pioneered the work in self-assembled monolayers on Au films 
using alkanethiols [90, 91]. Other sulfur-containing molecules, such as disulfides 
and thioethers, can also be used to functionalize the Au surface. Using heterobi-
functional linker molecules with one thiol terminus (e.g. HS-linker-X), a variety of 
functional groups can be introduced to the Au surface via the other terminus. The 
thiol serves as an anchor to the nanoparticle platform while the variable terminus 
acts as a functional handle for further chemical modification. Additionally, mixed 
monolayers can be attached to the Au surface for inclusion of multiple components 
in controllable compositions [92, 93]. Poly(ethylene glycol) (PEG) is one of the 
most common surface ligands because of its ability to repel proteins and increase 
particle circulation lifetimes [94]. Heterobifunctional PEG allows for a thiol group 
to serve as an anchor to an Au nanoparticle and the other exposed terminus to func-
tion as a handle for further conjugation with a fluorophore, therapeutics, marker, or 
targeting moiety.

For in vivo applications, one of the grand challenges of nanomedicine is success-
ful delivery of the nanomaterial to the desired site. Two primary delivery mecha-
nisms can be applied: passive targeting and active targeting. The primary distinction 
between the two is the use of targeting moieties. For instance, in passively targeted 
systems, no ligand is utilized to direct materials to a particular site [95]. For tumors, 
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the leaky vasculature allows for increased uptake of nanoparticles with diameters 
typically below 200 nm [96]. The inflammation usually associated with tumors 
leads to reduced clearance of the materials from the tumor, and thus increases reten-
tion of the materials [97]. Together these phenomena are known as the enhanced 
permeability and retention (EPR) effect. Particles clearance from the bloodstream 
typically occurs through the spleen and the liver; therefore these organs can be pas-
sively targeted as well.

In contrast to passive targeting, active targeting uses specific recognition moi-
eties to promote the association with particular cells (Fig. 5.11) [98]. Biomolecules, 
such as peptides, antigens, aptamers, and antibodies, have been utilized as targeting 
ligands [99]. Targeting may lead to a significant increase in tumor uptake thereby 
decreasing particle concentration in other organs [100]. Targeting typically involves 
interaction of the ligands with specific receptors expressed at high concentration on 
the target cell surface. The high local density of the ligand on a particle’s surface 
enables strong multidentate binding to several receptors to facilitate receptor-medi-
ated endocytosis of nanoparticles [101, 102]. In addition to endocytosis, cell pen-
etrating peptides can shuttle the conjugated nanoparticles through the membrane to 
the cytosol without being encapsulated in a vesicle [103]. It is worth noting that the 
formation of a protein corona in biological systems could mask the targeting moi-
eties to an extent, though they are often not fully compromised [104].

5.4  Biomedical and Sensing Applications

Plasmonic nanostructures, in particular Au nanostructures, are potential candi-
dates as theranostic agents due to unique their optical properties, facile surface 
modification and bioinertness. “Theranostics” is a portmanteau of therapeutics and 

Fig. 5.11  Schematic of various targeting moieties. (Reproduced from reference [98])
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diagnostics; theranostic materials possess both of these capabilities [105]. Most 
studies have concentrated on oncological applications which has been covered in 
the book chapter by Chen [106]. In this context, nononcological applications of 
plasmonic nanostructures are the primary focus. This section is divided into three 
subsections: therapeutics, biomedical imaging and sensing. Each subsection will 
start with the basis of each application, followed by examples.

5.4.1  Therapeutics

Plasmonic nanostructures are particularly appealing for therapeutic applications 
due to their capability of light-to-heat conversion. Plasmonic nanostructure medi-
ated photothermal therapy, chemotherapy, and gene therapy will be discussed in 
this subsection.

5.4.1.1  Photothermal Therapy

Plasmonic nanomaterials can efficiently convert the absorbed photons to phonons 
through lattice vibrations, generating heat that can be dissipated to their surround-
ings. The large absorption cross-section at their resonance frequency makes Au 
nanostructures ideal photothermal agents [107]. Targeting these nanostructures to 
cells or tissue and then irradiating the region allows controllable localized heating 
[108]. Increasing temperature around mammalian cells can induce cell death via 
two different mechanisms: necrosis and apoptosis. Necrosis is typically induced 
at a temperature greater than 50 °C, and this process is known as thermal ablation 
[109]. The extremely high heat causes the direct cell killing and tissue coagula-
tion [110]. When the temperature mildly increases to 42–47 °C (body temperature 
being 37 °C), many tumor cells have been shown to begin undergoing apoptosis, 
programmed cell death [109]. Hyperthermia elevates the cell temperature only high 
enough to induce apoptosis, whereas ablation causes significant protein denatur-
ation that in turn causes the cells to die. Additionally, photothermal therapy combin-
ing with other therapy such as chemotherapy could further improve the treatment 
efficacy through the synergistic effect (Fig. 5.12a and b) [111].

In photothermal therapy, the thermal effect is generated by the plasmonic par-
ticles upon light irradiation at their resonance wavelength. By controlling the 
nanoparticle concentration and the irradiation dose, the temperature can be fine-
ly tuned to maximize therapeutic effect and minimize damage to healthy tissue. 
The photothermal effect was first demonstrated on tumors by Halas et al. using 
Au nanoshells [112, 113]. Other Au nanostructures such as nanorods [114, 115], 
nanocages, [116, 117] nanostars [118], have been applied to different cell lines and 
in vivo models for photothermal treatment of cancer. The photothermal effect is 
typically generated by a NIR continuous wave (c.w.) laser while an ultrafast pulse 
laser introduces alternative complications that may cause necrotic cell death such as 
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cavitation or nanobubbles around the plasmonic nanoparticles [119]. Photothermal 
destruction of bacterial cells, pioneered by Zharov and Smeltzer, has been demon-
strated against both gram negative and gram positive bacterial strains using AuNPs 
and Au nanorods (Fig. 5.12c–h) [120, 121].

5.4.1.2  Chemotherapy

The facile surface chemistry of plasmonic nanostructures makes them ideal can-
didates for drug delivery. Drug molecules can be incorporated on the nanoparticle 
surface covalently via chemical bonds or noncovalently through intermolecular in-
teractions. A vast library of covalent conjugation strategies developed for biochemi-
cal labeling is readily applied to these materials [122]. Amide coupling is among the 

Fig. 5.12  Chemotherapy delivery: a synergistic effect of photothermal and chemo therapies based 
on tumor size; b photographs of mice under various treatment conditions; c chart of bacterial 
viability after photothermal treatment under various AuNP formulations; TEM images of S. aureus 
targeted with various AuNPs d before treatment; after 0.5 J/cm2 irradiation using e nonclustered 
and f clustered AuNPs; and after 3.0 J/cm2 irradiation using g nonclustered and h clustered AuNPs. 
(Modified from references (a, b) [111] and (c–h) [120])
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most commonly-used method to covalently attach the drug molecule to the handle 
of the bifunctional linker on the particle surface. “Click chemistry” is another par-
ticularly appealing conjugation route, due to the orthogonality of the functional 
groups involved [123]. Additionally, these covalent linkages can be designed to 
respond to a variety of external or internal stimuli such as irradiation [124], pH 
change [125, 126], or exposure to biomolecules [117], enabling controlled release 
[127]. Covalent bonds offer relatively stable conjugates with low leakage during 
transport in the circulatory system. However, the pharmacokinetics and efficacy of 
drug molecules could be compromised because their structures may have been per-
manently modified by the conjugation. Noncovalent strategies offer the advantage 
of no chemical modification of the drug, however, they are more prone to leakage 
due to the equilibrium-based nature of the binding [128]. The drug molecules are in-
corporated to the surface coating on the NP through van der Waals forces including 
electrostatic forces, hydrogen bonding, hydrophobic interactions, and π-π interac-
tions. Readers may refer to an excellent review by Rotello et al. [129] on the topics 
of drug delivery using AuNPs.

Assisted by the photothermal effect, the drug payload can be released control-
lably by NIR light. Halas et al. [130] demonstrated the Au nanoshell embedded into 
heat-responsive, poly(N-isopropylacrylamide) (pNiAAm) hydrogel could control 
the release of drugs by NIR irradiation. Instead of a gel, a monolayer coating of thi-
ol-anchored pNiAAm serves as a gate to keep drugs inside the hollow Au nanocage 
(Fig. 5.13a) [131]. The release can then be regulated by the NIR light through the 
photothermally induced phase change of the polymer from hydrophilic, brush-like 
conformation to hydrophobic, collapsed state. Collapse of the polymer exposes the 
pores allowing drug molecules to diffuse outward. Similarly, drugs can be embedded 
in a phase-change material within the nanocage void, which transitions from solid 
to liquid at a specific temperature (Fig. 5.13b) [132, 133]. Photo-induced heating 
mediated by the nanocages causes the solid interior to melt and the drugs to diffuse 
outward. Alternatively, drugs can be loaded into the interior of vesicles composed of 
Au nanostructure tethered polyelectrolyte capsules [134, 135], or liposomes [136, 
137]. Irradiation of the Au nanostructures results in photothermal rupture of the ves-
icles to release the encapsulated drug (Fig. 5.13c) [138], or photothermal activation 
of chemical reaction to cleave the drug molecules (Fig. 5.13d) [139]. Other studies 
have demonstrated that Au structures can enhance photodynamic therapeutic effi-
cacy of conjugated photosensitizers by increasing delivery of the drug to the tumor 
site and/or enhancing generation of therapeutic singlet oxygen [77, 140].

In addition to anticancer drugs, AuNPs have been utilized for the delivery of 
antibiotics. Typically, AuNPs are conjugated with an antibiotic through an avail-
able amine group which provides sufficiently strong interactions to densely pack on 
the AuNP surface, although the active portion of the antibiotic must be exposed to 
the environment. It has been suggested that therapeutic efficacy could be reduced 
as a consequence of agglomeration due to the presence of multiple amino groups 
in the antibiotic [141]. The close-packing of the antibiotic vancomycin on the par-
ticle surface mimics the mechanism of action of the drug by removing the entropic 
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contribution to the activation (Fig. 5.14) [142]. Multiple vancomycins attached to 
the particle surface facilitate oligomerization of the antibiotic at the cell membrane, 
thereby lowering its minimum inhibitory concentration. Other reports have shown 
improved efficacy of quinolone [143], aminoglycosides (“-mycins”) [144], and am-
picillin [145] against gram negative and gram positive strains when they were con-
jugated onto the AuNP surface. Even in the case of small molecules (e.g. pyrimidine 
and derivatives) which lack intrinsic antibacterial activity, conjugation to AuNPs 
has been shown to turn them into potent bactericides [146]. The antibiotic cefaclor 
has also been utilized as reducing and capping agent for synthesizing AuNPs while 
its β-lactam ring remains intact and thus antimicrobially active [147]. Replacing the 
amine with a thiol for anchoring to the AuNP surface can be advantageous because 
the orientation of the attached antibiotics could be more tightly controlled, which is 
paramount for its efficacy [141].

5.4.1.3  Gene Therapy

Gold nanostructures have been widely-used to deliver genetic material, commonly 
DNA (deoxyribonucleic acid) and siRNA (small interfering ribonucleic acid), for 
gene therapy. The two primary conjugation strategies for genetic molecules are to 
anchor oligonucleotides to the nanoparticle surface through a terminal thiol or to 
tether anionic DNA/RNA strands to the cationic particles by the electrostatic inter-
actions (Fig. 5.15) [148, 149]. The former yields a perpendicular orientation of the 
genetic molecules to the nanoparticle surface while a parallel orientation is found 
on the NP surface in the latter. Gold nanoparticles provide a significant increase in 

Fig. 5.14  Schematic illustration of the conjugation of vancomycin to Au nanoparticles and its 
bactricidal mechanism of action: a structure of vancomycin; b illustration of conjugation via cys-
teamine; and c illustration of binding mechanism of the conjugated particle with bacterial mem-
brane. (Modified from reference [142])
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transfection efficiency relative to free DNA possibly due to increased resistance to 
degradation by DNAse [150] and being targetable to the nucleus [151]. Readers can 
refer to a comprehensive review by Rotello et al. [152] on AuNPs for nucleic acid 
delivery.

In addition to its function as a platform, AuNPs are more advantageous over oth-
er carriers because their plasmonic properties enable controlled release of nucleic 
acid by NIR light. The ubiquity of nucleases in biological samples has long prevent-
ed the delivery of “naked” genetic material. The light-to-heat conversion by AuNPs 
increases the conjugate temperature above the melting point of the attached double-
stranded DNA, leading to the release of a single strand for transfection [149]. Fur-
ther, multiple DNA oligonucleotides could be selectively released from surface of 
Au nanorods with different LSPR wavelengths by simply varying the wavelength 
of incident light [153]. Aside from DNA delivery, AuNPs have shown successful 

Fig. 5.15  Gene conjugation strategies: a oligonucleotides are layered on the Au surface using 
electrostatic interactions; b oligonucleotides are anchored via a thiol chain, PT heating causes the 
release of single-stranded oligonucleotides. (Modified from references (a) [148] and (b) [149])
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delivery of siRNAs, which are a class of double-stranded RNA molecules (20–25 
base pairs) that interfere with protein expression and subsequently turn various 
functions off and on. In an addiction model, an Au nanorod/siRNA conjugate was 
able to effectively shut down the positive response to stimulus normally present in 
dopaminergic cells [154]. Similarly, Au nanoshells conjugated with siRNA were 
able to arrest the production of green fluorescent protein in cells following photo-
thermal release [155].

5.4.2  Biomedical Imaging

Plasmonic nanostructures are particularly attrative as constrast agents for biomedi-
cal imaging because of their nonblinking and nonphotobleaching optical properties. 
In this subsection, we discuss the use of plasmonic nanostructures for molecular im-
aging by six optical imaging modalities: photoacoustic tomography, photothermal 
imaging, darkfield microscopy, optical coherence tomography, Raman mapping, 
and multiphoton luminescence.

5.4.2.1  Photoacoustic Tomography (PAT)

The capability of strong light absorption makes plasmonic nanostructures particu-
larly compelling as contrast agents for photoacoustic (PA) imaging. In PA imag-
ing, the irradiation light is absorbed and converted to thermal energy, resulting in 
thermal expansion of the objects and generation of mechanical (acoustic) waves 
that can be detected using an ultrasonic probe (Fig. 5.16a) [156]. PAT combines the 
high lateral resolution of optical imaging and the deep information resultant from 
ultrasonic imaging (Fig. 5.16b) [156]. The PA signal is proportional to the light 
absorption ability of the objects, therefore, tissue with different absorption capabil-
ity show inherent PAT contrast. To enhance contrast in the region of interest both 
endogenous and exogenous contrast agents are considered. Although endogenous 
contrast agents (e.g. blood) can reveal some biological aspects associated with a 
disease such as O2 diffusion rate, exogenous contrast agents provide additional in-
formation that is essential for disease diagnosis particularly in early stages. Gold 
nanostructures possess tunable, large absorption cross-sections in the tissue trans-
parent window (i.e. NIR region), allowing significant enhancement of PA contrast 
compared with the tissue alone.

Early demonstrations showed that Au nanoshells [157] and nanocages [158] 
could be used as PA contrast agents to image rat brain (Fig. 5.16c–e). Nanocages and 
nanorods have the advantage over the nanoshells for contrast enhancement due to 
their relatively large absorption cross-section [159]. Nanocages have also been dem-
onstrated as optical tracers for PA sentinel lymph node mapping that could reach a 
depth of 33 mm below the skin surface [153, 160]. Such techniques could potentially 
be translated to the clinical setting for staging breast cancer. Nanocages conjugated 
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with tumor targeting peptides could enable molecular PAT of tumors such as mela-
nomas for early cancer diagnosis [161]. Alternatively intravascular PAT showed 
the successful imaging of atherosclerotic plaque in rabbit arteries using AuNPs 
[162, 163]. PAT has also been applied for cystography (bladder imaging) follow-
ing intraurethral administration of the nanocages as contrast agents (Fig. 5.16f–h)  
[164]. This administration route could lead to nanoparticle elimination during the 
first urination, effectively nullifying any toxicity risk. In-depth mechanisms and 
recent advancements of PAT can be found in the excellent review by Wang et al. 
[165].

5.4.2.2  Photothermal Imaging

The capability of light-to-heat conversion makes plasmonic nanostructures as ap-
pealing contrast agents for photothermal (PT) imaging, which relies on the pho-
tothermal effect of the analytes upon irradiation. Photothermal detection was first 
introduced by Kitamori et al. [166] using the thermal lens effect to detect trace 
amount of small molecule light absorbers, possibly to the level of single molecule. 
The technique was then further advanced by coupling the thermal lens with po-
larization interference to image AuNPs with diameters down to 2.5 nm [167]. PT 
imaging overcomes the limitation of Rayleigh scattering-based imaging (e.g. dark-
field microscopy, 5.4.2.3), which typically requires particle size large than 40 nm. 

Fig. 5.16  Photoacoustic tomography: a schematic illustration of photoacoustic tomography setup 
with b sample tracking of blood flow in a brain. Photoacoustic images of brain c before and d after 
I.V. AuNP injection and e subtracted images. Photoacoustic images of mouse bladder following 
intraurethral injection of Au nanocages with excitation at f 700 nm and g 980 nm h as well as the 
wavelength dependence of PA signal. (Modified from references (a, b) [156], (c–e) [157], and 
(f–h) [164])
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Because of the large absorption cross-section of a AuNP, at least two orders of mag-
nitude higher than that of a small molecule absorber, photon energy is efficiently 
converted to heat at extremely low particle concentration. Thus, irradiation doses 
well below the safe standard for medical lasers can be used for PT imaging [168].

PT imaging, consisting of a PT probe and sensitizer, is ideal to trace metal 
nanoparticles within the cells. This technique was pioneered by Zharov et al. [107]. 
Typically, two laser pulses are used with an initial pulse followed by a probe ~  50 ns 
later. Subtraction of these two signatures has been used to image AuNPs in biomi-
metic media. Photothermal imaging can be coupled with flow cytometry, and this 
technique has been used to visualize 20-nm AuNPs in the lymphatic system [169]. 
This imaging modality could be adapted to monitor circulating cells targeted with 
AuNP for diagnostic or therapeutic purposes.

5.4.2.3  Darkfield Microscopy

The tunable optical properties and favorable surface chemistry of Au nanostruc-
tures make them attractive agents for immunotargeted labeling of cells and tissues 
[170, 171]. An additional imaging modality, darkfield microscopy, is particularly 
sensitive to the strong optical scattering of plasmonic nanostructures. Darkfield mi-
croscopy is a technique which employs the use of a specially designed condenser 
annulusto block the central portion of the illumination beam normally used in the 
conventional bright field configuration (Fig. 5.17a) [172]. The resulting ring of il-
lumination will, if configured properly, illuminate the sample such that the cone 
of light falls outside the cone of acceptance of the objective lens; therefore, this 

Fig. 5.17  Darkfield microscopy: a schematic illustration of darkfield microscope set up; and 
b images of three different cell lines with high, low, or no expression of EGFR: darkfield images 
were acquired after incubation with anti-EGFR labeled Au nanoparticles, and fluorescence 
images were acquired after incubation with labeled anti-EGFR antibody. (Modified from refer-
ences (a) [172] and (b) [175])
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method of imaging is useful only for relatively low numerical aperture objectives. 
A nonscattering sample appears black like the background; however, should the 
incoming photons undergo a scattering event the angle of the scattered photon may 
fall within the acceptance cone of the objective lens. Scattering materials appear 
as discrete, bright objects against a black background; this high signal-background 
ratio is ideal for detection of relatively low numbers of scattering particles [172].

Darkfield microscopy of targeted gold nanostructures has been successfully 
demonstrated using antibody-directed binding to selected cellular targets. Extra-
cellular receptors, such as epidermal growth factor receptor (EGFR), are highly 
overexpressed in certain epithelial cancers, such as squamous carcinoma of the oral 
cavity and breast adenocarcinoma [173]. Several groups have successfully demon-
strated darkfield imaging of immortalized human cancer cell lines using targeted 
Au nanostructures as scattering optical contrast agents (Fig. 5.17b) [174, 175]. This 
method is highly promising as a molecular imaging technique to specifically detect 
abnormally overexpressed cellular receptors in dysplastic cells, a potential method 
for early detection of cancers in epithelial tissues.

5.4.2.4  Optical Coherence Tomography (OCT)

Optical coherence tomography is a scattering-based optical imaging modality that 
is also referred to as “optical ultrasound.” OCT works by reading the optical signal 
backscattered by opaque samples using an interferometer. This technique utilizes 
the wavelength of the light to remove background scattering noise and only read 
photons that are scattered 180° toward the source (Fig. 5.18a and b) [176]. Com-
pared with ultrasound, OCT can provide high resolution images of tissue (axial 
image pixel resolution as high as 1.6 µm) using nonionizing radiation without inva-
sive procedures. However, the technique is limited by the penetration depth of light 
through tissue. The theory underlying OCT and its clinical applications have been 
discussed in a thorough review by Boppart et al. [177].

Plasmonic nanostructures are appealing as contrast agents for OCT because their 
strong light scattering capability in the NIR region. The scattering cross-section 
of Au nanostructures (e.g. nanocages) is five orders of magnitude larger than that 
of dye molecules. Many Au nanostructures with immune-labeling have been dem-
onstrated to enhance OCT contrast at the cellular level for cancer cell differentia-
tion including Au nanoshells, nanocages, and nanorods [178–181]. In addition to 
cancer diagnosis, OCT has been widely-used in ophthalmology, because it enables 
high spatial resolution to visualize the back of the eye [182]. Using contrast agents 
such as Au nanorods, the OCT image contrast of the eyes in living mice could be 
improved nearly 50-fold higher than the control mice, providing more information 
of the ocular structures (Fig. 5.18c and d) [183]. Therefore, the use of plasmonic 
nanostructures in OCT can potentially overcome the limitation of intrinsic tissue 
scattering, providing structural information at the region of interest.
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Fig. 5.18  Optical coherence 
tomography: a Schematic 
of setup with b sample 
depth-based output; c AuNP 
concentration dependence of 
contrast; and d optical coher-
ence tomography images of 
mouse cornea in vivo with 
varying concentration of Au 
nanorods. (Modified from 
references (a, b) [176] and 
(c, d) [183])

 



1595 Plasmonic Nanostructures for Biomedical and Sensing Applications

5.4.2.5  Raman Imaging and Mapping

Enhancement of the Raman scattering signal by plasmonic nanostructures means 
that Raman mapping can be utilized with greater sensitivity than fluorescence 
microscopy [184]. The two primary imaging methodologies are “label-free” and 
“labeled,” which refer a structure without or with a Raman reporter conjugated 
to the particle, respectively (Fig 5.19a–e) [185]. Using a label-free system allows 
the detection of various endogenous components by their unique Raman signals. 
However, it may be compromised by overlapping Raman signatures from different 
components in a living system. Therefore, the labeled system is widely-used with 
Raman reporters having a known spectral signature or “fingerprint.”

A SERS label for Raman imaging and mapping contains a metal core, adsorbed 
reporter, and targeting agent. This basic strategy has been used to identify and im-
age cancer cells in vitro and in vivo [186]. SERS is suitable for multiplexed imaging 
because unique reporters and affinity agents can be coupled to the metal core for 
identification of different biomarkers in an entity [187]. On the other hand, SERS 
has also been applied to track the vesicles containing plasmonic nanostructures as 
they are taken up and trafficked within living cells (Fig. 5.19f–k) [188].

5.4.2.6  Multiphoton Luminescence

Multiphoton irradiation is advantageous over traditional single photon illumination 
for biological imaging because of the deeper tissue penetration at longer wave-
lengths, low autofluorescence from the biological sample and reduced photobleach-
ing if a dye molecule is used [189]. Compared with higher order events, two-photon 
luminescence is well established and understood. For small molecule fluorophores, 
two-photon absorption is effectively a simultaneous occurrence at which two pho-
tons of the appropriate energy must be absorbed within the same 10–18 s to reach the 
excited state and emit fluorescence [189]. In the case of plasmonic nanostructures, 
two-photon luminescence occurs by emitting photons after a sequential, two-photon 
absorption process with a longer-lived intermediary state, on the order of 1 ns [190]. 
Two-photo luminescence has been used to track Au nanostructures in biological 
system [191–193]. Two-photon excitation at ~  800 nm may overlap with the LSPR 
of the Au nanostructures, causing photothermal damage. The use of three-photon 
[194] and four-photon [195] schemes have been demonstrated to generate photolu-
minescence while overcome the photothermal effect.

5.4.3  Sensing Applications

Plasmonic nanostructures are also widely used for ex vivo chemical and biological 
sensing applications because of their unique optical properties. In this subsection, 
we discuss four plasmonically mediated, optical-based sensing techniques: agglom-
eration-, LSPR-, Raman-, and fluorescence-based detection.
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5.4.3.1  Agglomeration-Based Detection

The LSPR of AuNP shifts dramatically as particles agglomerate which can be de-
tected visually or by a simple colorimetric technique. This method was first intro-
duced by Mirkin et al. [196] for the screening of particular oligonucleotides using 
AuNP which were conjugated with the complementary DNA strands of the ana-
lytes. Following this conceptual demonstration, various types of chelating ligands 
were conjugated to the surface of AuNPs for detection of corresponding analytes. 
Basically, the presence of a particular analyte causes the ligands on different AuNPs 
to bind the same analyte, resulting in the formation of a nanoparticle network and a 
subsequent shift of the plasmonic peak. In addition to multidentate binding, careful 
selection of chelating ligands is required to increase the sensitivity and selectivity.

The agglomeration-based sensing technique has then been widely used to detect 
different types of physiological important analytes in aqueous solution. For exam-
ple, AuNPs functionalized with 15-crown-5 were used to detect K+ and a number 
of other cations in the concentration range of µM to mM (Fig. 5.20a and b) [197]. 

Fig. 5.20  Agglomeration-based sensing: a schematic of AuNPs conjugated with 15-crown-5 
ether as a selective K+ sensor; b color photos of the sensor incubated (I) without ions, (II) with 
Na+, and with Na+ and K+ (III) immediately after and (IV) 1 day after addition of K+; c schematic 
of thermolysin responsive AuNP assembly where the presence of thermolysin causes release of 
AuNPs from the assembly; TEM images of the assembly d without and e with thermolysin. 
(Modified from references (a, b) [197] and (c–e) [200])
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AuNPs terminated with carboxylic acid group were employed to detect a number of 
toxic heavy metal ions in aqueous solution [198]. More complex ligands were con-
sidered for the detection of anions and small molecules [199]. In addition to small 
molecule ligands, biomolecules can be used as chelating compounds (Fig. 5.20c–e) 
[200]. Thymine bases in DNA can base pair with each other in the presence of Hg2+ 
ions, enabling a selective sensor for Hg2+ [201]. The reverse action, AuNP deag-
glomeration, was also demonstrated for colorimetric detection. A system of net-
worked hydrogen bonds on AuNPs was disrupted in the presence of Pb2+, leading to 
a quantifiable deagglomeration of the nanoparticles [202]. Aptamers have demon-
strated particular applicability for detection of small molecules with high selectivity 
[203], even in complex environment as a “dipstick” to test blood for the presence 
of particular small molecules [204]. Apart from detection of ions and small mole-
cules, proteins can be identified using this colorimetric technique by functionalizing 
AuNPs with carbohydrates [205] or specific, enzyme-cleavable sequences [206].

5.4.3.2  LSPR-Based Detection

Rather than monitor the significant shift between primary and agglomerated 
AuNPs, small shifts in the LSPR can be used to detect binding of small molecules, 
based on the change of the local dielectric constant surrounding the nanoparticles 
(Fig. 5.21a–c) [207]. Typically these sensors exist in the form of nanoparticles im-
mobilized on a substrate and conjugated with binding moieties. In solution, AuNPs 
are typically conjugated with antibodies and as ligands bind, a shift in the plasmon 
is observed [208]. The signal can be amplified by interactions between the LSPR 
and the metal film used as a substrate for surface plasmon resonance measurements 
[209]. Utilization of two unique antibodies can significantly enhance signal as a re-
sult of significant increase of the plasmonic shift. In this case, the primary antibody 
is bound to the surface of a thin gold film which is exposed to ligands and then to 
a secondary antibody conjugated to AuNPs [210]. A similar strategy was employed 
using complementary nucleotides, with half the complement conjugated to the film 
and the other half attached to the nanoparticles [211].

Instead of exploiting the LSPR shift that results from binding, the LSPR shift 
as a result of morphological changes can also be utilized for chemical sensing of 
peroxides and other small molecules. The peroxides are scavenged, acting as a re-
ducing agent for metal ions which can be deposited on preexisting metal sites on a 
substrate [212]. The growth patterns vary with peroxide concentrations, resulting in 
significant shifts in the LSPR. The plasmonic shift is inversely proportional to the 
concentration of H2O2 concentration, thereby providing extremely high sensitivity 
and low detection limits (Fig. 5.21d) [213]. A similar system was exploited that 
utilized the generation and growth of AuNPs as a response to different neurotrans-
mitters [214].
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5.4.3.3  Raman-Based Sensing

Plasmonic nanostructures are particularly apt for Raman-based sensing because of 
the massive enhancement factor that can be achieved with precisely shaped parti-
cles. When a Raman-active dye is adsorbed to the surface of the plasmonic nanopar-
ticles, fluorescence is quenched, minimizing its competing signal. Raman-based 
detection can be performed with label-free assays or Raman reporters. Label-free 
detection is often utilized for the detection of small molecules. The analytes in-
duce agglomeration of nanoparticles, which in turn results in the generation of hot 
spots and a detectable Raman signal from the analytes. This methodology has been 
used with AuNPs to monitor the pH of intracellular compartments [215]. Similar 

Fig. 5.21  Localized surface plasmon resonance-based sensing: a schematic illustration of AuNP 
surface coating for use as an anion sensor; b, c LSPR shift of the sensor in the presence of increas-
ing concentrations of H2PO4-; d catalytic cycle resulting in hydrogen peroxide generation and 
reduction of Ag+ to Ag metal; at (i) low concentration, Ag plates the Au nanostars, resulting in 
a clear shift in LSPR, while at (ii) high concentration, Ag self-nucleates, forming independent 
AgNPs that do not appreciably affect the LSPR of Au nanostars. (Modified from references (a–c) 
[207] and (d) [213])
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applications have been demonstrated with AgNPs which provide greater Raman 
enhancement due to the strong scattering properties of Ag, however, the instability 
of Ag nanostructures remains a concern [216].

Raman reporters can be conjugated to plasmonic nanoparticle surface for multi-
plexed detection. Characteristic peaks of Raman reporters are well-known and their 
vibrational fingerprints have been catalogued [217]. Several strategies have been 
demonstrated for detection of biomolecules. For example, Raman-labeled oligonu-
cleotides adsorbed to the AuNP surface yield strong SERS signal of the reporter for 
oligonucleotide detection [218]. Gold nanoparticles conjugated with single-stranded 
oligonucleotides through a Raman reporter as a linker were used as SERS probes to 
bind substrates through the complementary strand, followed by detecting the Raman 
signals after enhancement (Fig. 5.22a–c) [219]. By utilizing distinct Raman report-
ers, this methodology has been demonstrated to quantify up to eight oligonucle-
otide simultaneously [220]. Proteins are often detected using a sandwich approach 
wherein a Raman reporter is conjugated to the surface of a particle (or film), and a 
primary antibody conjugated above the reporter (Fig. 5.22d and e) [221]. A second-
ary antibody is conjugated to free nanoparticles, protein immobilization by the pri-
mary antibody is followed by binding of the nanoparticle-bound secondary antibody, 
which generates a hot spot that enhances the Raman signal [222].

Fig. 5.22  Raman-based detection: a schematic of Raman-based chemical nose system using 
b various dyes with unique SERS spectra and c analysis of various pathogens to determine the 
presence of these genes simultaneously from a complex sample; d schematic of label-free system 
using antibody coated Ag agglomerates where e ligand binding results in new, concentration-
dependent Raman signal. (Modified from references (a–c) [219] and (d) [221])
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5.4.3.4  Fluorescence-Based Sensing

Gold nanoparticle-fluorophore-based sensing can be categorized two ways: “con-
formation-based” and “release-based” sensing. Conformation-based sensing results 
from the quenching of fluorophores near the particle surface through a FRET-like 
process [84]. Because the quenching efficiency is distance dependent, designing 
the system so the fluorophore-to-nanoparticle spacing changes in the presence of 
a particular molecule is paramount for effective sensing. Typically, a self-comple-
mentary oligonucleotide conjugated to a fluorophore is utilized to provide a linker 
of known length. Binding with DNA causes rigidity of the oligonucleotide and sep-
aration from the Au surface, resulting in the recovery of fluorescence (Fig. 5.23a) 
[223]. Most fluorescence-based detection, however, relies on the deconjugation of 
the fluorophore from the nanoparticle surface.

Release from the nanoparticle surface can be achieved in many ways, depending 
on the type of the conjugation. For example, conjugating quantum dots to biotinyl-
ated AuNPs through streptavidin results in separation of the conjugate in the pres-
ence of avidin, and recovery of fluorescence [224]. Alternatively, a fluorophore la-
beled oligonucleotide could be conjugated to a mostly complementary strand on the 
AuNPs surface, but then displaced by a strand with higher binding affinity [225]. 
Similarly, green-fluorescence protein (GFP) can be noncovalently conjugated to 
AuNP; and competitive binding between analyte proteins and the GFP results in 
GFP displacement and the recovery of fluorescence (Fig. 5.23b) [226]. These tech-
niques were multiplexed toward the development of a “chemical nose.” The nose 
consisted of AuNPs that had been monolayer coated with six different cationic ter-
mini followed by introduction of an anionic, fluorescent polymer that bound elec-
trostatically. Introduction of proteins led to competitive binding with the fluorescent 
polymer, but different proteins showed different affinities for different proteins, re-
sulting in a chemical fingerprint that can be used to identify proteins [227].

5.5  Conclusion and Outlook

Noble metal nanostructures interact with incident light and give rise to LSPR at 
particular wavelengths. Their strong plasmonic properties, together with their bio-
compatibility, make noble metal nanostructures, in particular Au nanostructures, 
appealing for biomedical and sensing applications. The LSPR is the sum of absorp-
tion and scattering of the incoming photons. Absorption leads to the photothermal 
effect, photoluminescence, and quenching of fluorophore in close proximity, while 
scattering results in emitted photons and amplifies the local electromagnetic field, 
enhancing fluorescence, phosphorescence, and Raman scattering.

The optical properties make plasmonic nanostructures ideal candidates for ther-
anostic applications. Early studies have demonstrated Au nanostructures with LSPR 
in the NIR region, especially nanoshells, nanocages, and nanorods, for molecular 
imaging, photothermal therapy, and drug delivery. Recent advancements emphasize 
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the integration of therapeutics and diagnostics with multimodal methodologies such 
as multimodal imaging, therapy, and imaging-guided drug delivery. Ex vivo, optical-
based detection for of chemicals and biomolecules using plasmonic nanostructures 
is achieved using colorimetric, fluorescence, and Raman scattering techniques. The 
goal is to develop simple, robust, highly sensitive and highly selective techniques 
for analyte detection. More formulations and technologies are anticipated to soon 
be translated from bench top to clinical setting. Special attention ought to be paid 
to translational aspects such as biocompatibility, portability, and cost during the 
product and technology development.
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Abstract In this chapter, we first introduce some established synthetic protocols 
toward magnetic-metallic nanocrystals (NCs) composed of single component met-
als (e.g., iron, cobalt, and nickel) and alloys (e.g., FePt, CoPt, FeCo, FeNi, and 
magnetic carbides). We mainly focus on colloidal chemical approaches such as 
thermal decomposition of organometallic precursors, chemical reduction of metal 
salts, sol–gel methods, reverse micelles, polyol process, and synergetic synthetic 
process. Current methods to protect magnetic-metallic NCs from oxidation and 
chemically etching, as well as their diverse magnetic properties are also discussed. 
Some promising biological applications of magnetic-metallic NCs are illustrated, 
especially in cancer diagnostic and therapy including magnetic resonance imaging 
(MRI), magnetic hyperthermia (MH), and ion releasing for selectively killing cells.

6.1  Introduction

Magnetic-metallic nanocrystals (NCs) have attracted tremendous attention owing to 
their unique chemical and physical properties. Among various synthetic protocols, 
colloidal chemical synthesis is efficient in controlling the morphology and compo-
sition of expected magnetic nanostructures.

For colloidal magnetic nanoparticles with sizes < 100 nm stabilized by various 
surfactants, the particle size distribution (also denoted as uniformity), size con-
trol, shape control, self-assembly, and phase related crystallinity are the key points 
in their synthesis. Chemical methods, with their intrinsic characters to be able to 
produce final products in large quantities and reliable qualities, have long been 
a straightforward pathway toward the generation of monodispersed nanoparticles. 
There have been several preeminent review articles concerning the chemical pro-
cesses toward magnetic NCs [1–6].

As discussed in Chap. 2, generally a burst of nucleation in a solution followed 
by a controlled supply of original materials is critical to produce uniform nanopar-

© Springer International Publishing Switzerland 2015
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ticles. Therefore, the synthetic protocols to generate magnetic NCs often include the 
formation of abundant nuclei and the growth of particles. In such a process, organo-
metallic compounds (usually assisted by reducing agents) which act as precursors 
are injected into a special solution containing surfactants to form abundant nuclei. 
In addition, reagents can also be mixed at low temperature and slowly heated to a 
stated temperature to generate nuclei. When providing reactive species unremit-
tingly to the system in a mild manner, particle growth occurred (also, the particle 
growth could be mastered by Ostwald ripening, in which growth occurred in a man-
ner that smaller particles dissolved and deposited on the larger ones). After a size-
selective precipitation process often involving the addition of a polar solvent to the 
reaction system, various mono-dispersed magnetic NCs can be obtained. By adjust-
ing the synthetic parameters, such as reaction time, temperature, the concentration 
of reactants and surfactants or co-surfactants, and reducing conditions, the particle 
sizes and morphologies could be systematically tuned.

In this chapter, we first introduce various chemical synthesis methods of mag-
netic-metallic nanostructures, including chemical synthesis of single component 
magnetic nanocrystals of iron, cobalt, and nickel with tunable sizes, shapes and 
compositions, and subsequently their alloys. Then we discuss promising biological 
applications of magnetic-metallic NCs, especially in cancer diagnostics and therapy 
based on magnetic resonance imaging (MRI), magnetic hyperthermia (MH), and 
ion releasing for killing cancer cells selectively.

6.2  Chemical Synthesis of Magnetic-Metallic 
Nanostructures

6.2.1  Nanocrytals of Iron, Cobalt, and Nickel

6.2.1.1  Iron Nanocrystals

Metallic iron has a high magnetization at room temperature [Ms(bulk) = 212 emu/g]. 
For iron NCs with sizes ranging from 1 to 12 nm, a superparamagnetic behavior is 
expected. From a physical point of view, these properties make iron nanoparticles 
an ideal choice for biomedical applications such as magnetic fluid hyperthermia 
and magnetic resonance imaging [7–10]. Unfortunately, iron NCs do not possess 
good stability, especially when exposed to water and oxygen. This weakness for its 
reactivity is multiplied if in nanoscale, where the iron rapidly and finally oxidized. 
However, as catalysts, the extreme reactivity of iron NCs could be beneficial in a 
nonoxidizing environment, such as the Fischer-Tropsch synthesis reaction, which 
converts syngas (a mixture of CO and H2 produced by steam-reforming coal) to 
hydrocarbons at high temperature and pressure over an appropriate catalyst, where 
the use of iron primarily involves promoting the formation and cleavage of the C–C 
bonds [11].
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Mentioning the preparation of well-defined iron NCs, enormous efforts have 
been made early from 1940s and 1950s, which were relied on dispersing iron in 
mercury. Luborsky investigated the forming of iron NCs via electrodeposition iron 
salts in mercury in detail [12]. The methods were critical and useful, which made 
the testing of properties of single-domain particles come true. Taking into account 
the substantial solubility of iron in mercury which is toxic in vapors, and relative 
ease of extraction of organic solvents, organic-solvents-based methodologies have 
been introduced. Recently, researchers are endeavoring to keep the iron NCs more 
stabilized against fast oxidating [13]. In most common cases, iron NCs are synthe-
sized via thermal decomposition of iron pentacabonyl ([Fe(CO)5], also denoted as 
carbonyl), sonochemical decomposition of iron carbonyl, reduction of iron salts and 
oxides, and thermal reduction of iron(II) bis(trimethylsilyl)amide precursor, etc.

The process leading to fine monodispersity of nanoparticles or to the formation 
of self-organized supercrystals in an organic or aqueous solutions has long been a 
conundrum for researchers to resolve [14]. As to iron NCs, a good understanding 
of the formation is a crucial point before the fascinating applications. Besides, how 
to avoid the high reactivity with dioxygen and water to make iron NCs more stable 
if unprotected remains untoward. Works have already been done to prepare iron 
nanoparticles with good quality, but the magnetizations of the iron NCs were much 
lower than that of the bulk especially at smaller sizes [2, 15–20].

Hyeon developed a general ultra-large scale solution phase synthesis of mag-
netic nanoparticles. Iron-oleate complex precursors were produced via reaction of 
Fe(CO)5 and oleic acid surfactant at a mild temperature. As UV-visible absorption 
spectrum and FT–IR spectrum showed, assisted by Mössbauer spectroscopic re-
sults, that iron pentacarbonyl decomposed at 120 °C and demonstrated the iron(II) 
complex. After aging the iron complex at 300 °C, iron nanoparticles were gener-
ated. Besides, the as-synthesized particles revealed a bcc α-iron structure after be-
ing heated under argon atmosphere at 500 °C, and were transformed to γ-Fe2O3 
nanocrsytallities via oxidizing at 300 °C with a mild oxidant trimethylamine oxide 
([(CH3)3NO]). While Iron-oleate complex precursors were produced via reaction 
of FeCl3 and oleic acid surfactant, uniform 20 nm Fe nanocubes passivated by thin 
FeO shell were obtained [17, 21].

Dumestre et al. prepared 7 nm nanocubes organized into superlattices us-
ing the amido precursor Fe[N(SiMe3)2]2(THF) (Me = CH3, THF = tetrahydrofu-
ran) in the presence of oleic acid and hexadecylamine (HDA). How to tune the 
growth process to control iron particle sizes and shapes remains a problem yet [22]. 
Chaudret et al. reported the synthetic steps toward unoxidized, small iron NCs of 
homogeneous size near 1.5 nm that exhibit bulk magnetization via the reduction 
of {Fe(N[Si(CH3)3]2)2}2 under H2 atmosphere [23]. While using a mixture of long-
chain acid and amines as reaction solution, well-defined and larger iron NCs with 
bulk magnetization were successfully synthesized. Tunable size (from 1.5 to 27 nm) 
and shape (spheres, cubes, or stars) of Fe NCs were successfully synthesized via 
tailoring the reaction parameters including the reaction time, the temperature, and 
the surfactant concentrations [24]. On the basis of tuned synthetic parameters, the 
authors promoted the environment-dependent growth mechanisms schematically 



178 Y. Hou et al.

represented in Fig. 6.1a, which involved the influence of the local acid concentra-
tion on each step of the NCs synthesis, especially on their faceting. The proposed 
growth protocols included nucleation, isotropic growth and coalescence, and ori-
ented and repair mechanisms inside organic superstructures. Concerning the point 
of controlling the size and shape of iron NCs on a larger range, Chaudret et al. 
produced either ultra fine iron clusters of ca. 1.5 nm, polycrystalline spherical NCs 
with a mean diameter between 5 and 10 nm, or single-crystalline nanocubes more 
than 13 nm which were subsequently self-assembled into superlattices in micromet-
ric scale successfully. The Mössbauer study also confirmed that complete Fe reduc-
tion into metallic Fe NPs can be reached at lower temperature when increasing the 
reaction time, as Fig. 6.1b shows. Interestingly, the magnetization of the final iron 
NCs was higher than 210 A m2 kg−1 at 2 K (approximately equal to bulk iron). Be-
sides, the authors reported that a dihydrogen free synthetic atmosphere may allow 
tuning the NCs size within quite large range and keeping high magnetization value 
associated with metallic iron meanwhile [13].

Iron pentacarbonyl ([Fe(CO)5]), also denoted as iron carbonyl, is a meta-
stable organometallic compound with the standard enthalpy of formation of ca. 
−185 kcal mol− 1, whose facile decomposition has made it an vital reagent for vari-
ous iron-based NCs [25,26]. As been reported, iron pentacarbonyl has long been 
used extensively as a gaseous precursor to produce iron catalyst nanoparticles, spe-
cially in the flame synthesis, in the HiPco (High-pressure CO conversion) process, 

Fig. 6.1  a Schematic illustration of the two environment-dependent growth routes (nucleation in 
two different environments). The blue color indicated an amine-rich environment, and it repre-
sents an organic shell composition that preferentially stabilizes the {100} facets of the iron NCs. 
Reproduced with permission from [24]. Copyright 2008 American Chemical Society. b Mössbauer 
spectra of the iron NPs prepared after different reaction time and temperature. Reproduced with 
permission from [13]. (Copyright 2011 Royal Society of Chemistry)
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and in a laminar flow reactor toward carbon nanotubes (CNTs) [27, 28]. The com-
plete understanding of the chemical kinetics of Fe(CO)5 decompositon and iron 
nanoparticles formation is very important, yet complicated, which requires reliable 
kinetic measurements for the thermal decomposition process and known thermo-
chemical properties of related species. As pioneers, Giesen et al. used a global 
reaction (Fe(CO)5→Fe + 5CO) behind a shock wave to describe the thermal de-
composition of Fe(CO)5, and suggested that FeCO was a minor species, without ac-
counting for any intermediates or byproducts for the purpose of a simplified particle 
growth mechanism [29]. For other studies, Rumminger et al. introduced a five-step 
Fe(CO)5 decomposing model, which demonstrated the dissociation of five iron car-
bonyls (Fe(CO)n→Fe(CO)n−1 + CO, n = 1–5) and presumed that the iron generate 
Fe atoms before forming particles when modeling the inhibition effects of Fe(CO)5 
on atmospheric flames [30]. Rumminger et al. have done a reasonable first approxi-
mated modeling of the iron carbonyl chemistry. However, as shown by Green et al., 
the conversion of Fe(CO)5 into iron nanoparticles should be included in a detailed 
model that involved several other important intermediates and reactions [31]. The 
thermal decomposition of iron carbonyl and subsequent iron nanoparticles forma-
tion included iron clusters Fen( n = 1, 2, 3,…), iron carobonyls (Fe(CO)n, n = 1–5), 
and other intermediates, Fem(CO)n, as shown in Fig. 6.2.

Despite all the complications, iron carbonyl is frequently used in the formation 
of iron nanoparticles with/without a catalyst whose decomposition process requires 
seemly energy in the form of heat or sonication, an appropriate surfactant/solvent 
system, and means to remove the byproduct, carbon monoxide. According to the 
Sun group’s report, monodisperse transition metal (Co, Ni, Fe, and alloy) nanopar-
ticles with uniform size, composition, and shape were successfully synthesized via 
high temperature, solution phase synthesis under the control of parameters such as 
precursor, surfactant, and reducing rate. These nanoparticles were ideal building 
blocks to be assembled into close-packed superlattice for magnetic devices [32].

For further reported works, the fine tuning decomposition process of Fe(CO)5 
in octadecene (ODE) at 180 °C gave monodispersed Fe nanoparticles (< 10 nm in 

Fig. 6.2  Molecular structures 
of intermediates Fen(CO)m 
and their spin states. Repro-
duced with permission from 
[31]. (Copyright 2007 Ameri-
can Chemical Society)
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radius) [33]. While exposed to air, the as-synthesized particles were quickly oxi-
dized/or agglomerated within a short time in hexane dispersion. Structural charac-
terization of the nanoparticles showed that both metallic core and oxide shell were 
amorphous. With a crystalline Fe3O4 shell, the iron nanoparticles could get more 
robust protection, as shown in Fig. 6.3.

As it is known to all, stable magnetic NCs are the essential building blocks for 
fabricating next generation exchange-coupled nanocomposites magnets that are ca-
pable of storing of high-density magnetic energy. Among the iron NCs studies thus 
far generated via the thermal decomposition of iron carbonyls, the reported works 
showed a low magnetization value (90.6 A m2 kg−1/gFe), which inhibited the wide 
applications of iron NCs. Taking advances of the previous work, Sun et al. demon-
strated an exciting process toward body centered cubic ( bcc-Fe) iron nanoparticles 
via the decomposition of Fe(CO)5 in the presence of oleylamine (OAm), oleic acid 
(OA), and hexadecylammonium chloride (HAD·HCl), which could be further con-
verted to crystalline Fe3O4 when exposed to ambient environments or just with a 
thin crystalline Fe3O4 shell to stimulate the robust protection effects of the Fe@
Fe3O4 architecture, as shown in Fig. 6.4 [34]. At room temperature, these NPs were 
ferromagnetic and exhibited a high magnetization at 2 T with a saturation magne-
tization value Ms = 164 A m2 kg−1

Fe and coercive field Hc = 14 mT. As reported, the 
crystalline Fe3O4 protected Fe NPs, showed little magnetization change over 24 h, 
and were stable even after a month of air exposure period.

To further investigate their works, the authors monitored the Fe NCs growth 
in the reaction to demonstrate the role halide ions played in the synthetic steps. 
Contrast to the previous works showing that halide ions could tune different crys-
talline facets growth of Pd based NCs, the Cl−/Br− ions did not show crystal-facet 
dependent growth. As the authors declared, the strong binding between Fe–Cl−/
Br−, retarded the growth of Fe on the seeding nanoparticle surfaces, which favored 
a thermodynamic growth of Fe over the existing Fe nucleis and seeds into the bcc 
structure [35].

Fig. 6.3  a TEM images of Fe/Fe3O4 nanoparticles. ( Inset) HRTEM image of the Fe/Fe3O4 
nanoparticles. b Self-assembled Fe/Fe3O4 nanoparticle superlattice. Reproduced with permission 
from [33]. (Copyright 2006 American Chemical Society)

 



1816 Magnetic-Metallic Nanostructures for Biological Applications

6.2.1.2  Nanocrystals of Cobalt and Nickel

Similarly to the synthetic steps toward iron NCs, the fabrication of cobalt NCs is 
commonly via the thermal decomposition or chemical reduction of organometallic 
precursors, and cobalt salts.

Murray and Sun et al. have investigated the monodispersed metallic magnetic 
NCs of cobalt intensively using different synthetic procedures, which were orga-
nized into 2 and 3-D (2 and 3-Dimensional) superlattices for further fabrication of 
magnetic devices in potential. Via the injection of superhydride (LiBEt3H) solution 
in dioctyl ether into a hot cobalt chloride solution at 200 °C assisted by oleic acid 
and trialkylphosphine as surfactants, the formation of small metal clusters were in-
duced simultaneously as nucleis for the growth of nanoparticles. Finally, the metal 
clusters grew to magnetic NCs via heating consistently at 200 °C. Controlled by the 
steric bulkiness of the stabilizing effects of oleic acid and co-surfactants, particles 
size could be finely modulated. Interestingly, the authors reported that short-chain 
alkylphosphines may allow faster growth which resulted in the bigger products, 
while bulkier surfactants hindered the particle growth process and favored the gen-
eration of smaller nanoparticles [32, 36, 37].

Cobalt atoms could be tuned to generate three types of phases including hexago-
nal close packed ( hcp), face-centered cubic ( fcc), and ε-phase with distinct magnet-
ic properties. Furthermore, heating the ε-Co nanoparticles at 300 °C could generate 
hcp-Co NCs directly.

Numerous work has been done concerning the thermal decomposition of di-
cobalt octacarbonyl Co2(CO)8 in the presence of a surfactant mixture composed 
of oleic acid (OA), lauric acid and trioctylphosphine (TOP) or trioctylphosphine 
oxide (TOPO) by Alivistos and Bawendi et al. Through controlling the reaction 
parameters, such as the precursor/surfactant ratio, the reaction temperature and the 
injection time, particles in a wide diameter scale from 3 to 17 nm were generated 
successfully [38, 39].

Fig. 6.4  a TEM image of the bcc-Fe NCs obtained from the re-dispersion of the plate assembly 
in hexanes. b HRTEM image of a single bcc-Fe NC revealing the metallic Fe core and Fe3O4 shell 
with Fe {110} and Fe3O4 {222} planes indicated. Reproduced with permission from [34]. (Copy-
right 2011 American Chemical Society)
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For the purpose of increasing density in microelectronics and magnetic-storage 
industries via the production of devices that function reproducibly at every smaller 
dimensions, monodispersed Co-NCs (radius 5 nm, σ = 5 %) with a metastable cubic 
phase isomorphous with β-Mn generated via high-temperature solution-phase syn-
thetic method were organized into ordered arrays through a controlled evaporation of 
the solvent. Excitingly, the authors demonstrated spin-dependent electron transport, 
which was reported by Pileni et al. previously [40]. Besides, at temperatures below 
20K, the device magnetoresistance ratios were approaching the maxium predicted 
for cobalt islands with randomly oriented preferred magnetic axes. And with the in-
creasing of temperatures and bias-voltage, magnetoresistance was suppressed [41].

Generally, the hcp-cobalt nanoparticles were synthesized by using polyol pro-
cess, where high boiling alcohol was applied as both reductant and solvent [32]. 
In a typical synthetic process, nanoparticles were isolated by the so-called size-
selective precipitation. By controlling the steric bulkiness of the reacted phosphine 
stabilizers, and the relative concentration ratio of precursor and stabilizer, particle 
size could be tuned in a diameter scale of 3–13 nm. As it has been reported ini-
tially on the synthesis of cadmium sulfide quantum dots, colloidal assemblies such 
as reverse micelles are good candidates to reduce the size of crystallities to form 
nanoscale particles [42, 43]. Reverse micelles, which could be defined as water-in-
oil droplets stabilized by a monolayer of surfactants, have then been induced for 
the generation of various nanoparticles including semiconducting, metallic, and/
or magnetic nanoparticle as ideal instruments to investigate the quantum size ef-
fect on optical, catalytic, or magnetic properties. In a typical process toward cobalt 
NCs via reverse micelle synthetic steps, collisions followed by exchange between 
micellar droplets induced chemical reaction of cobalt ions and sodium borohydride 
NaBH4 to form cobalt nanoparticles. The cobalt containing reactants could be other 
CoCl2, Co(AOT)2, and other cobalt salts, while the solution often included didodec-
yldimethylammonium bromide (DDAB), sodium bis(2-ethylhexyl)sulfosuccinate 
(NaAOT) and related organics to form micelles [44, 45].

As one of the transition metals that exhibit characterized magnetism and other 
interesting properties, nickel reveals various applications such as in hydrogen stor-
age and catalysis in potential. Numerous works have been explored for the synthetic 
methods toward nickel NCs, which involves high temperature organometallic de-
composition [46–48], electrochemical reduction [49], and chemical reduction [50].

Based on the previous methods described by Murry and Son et al., Zanchet et al. 
reported a systematic chemical route toward 4–16 nm nickel NCs on the chemical 
reduction of nickel salts (Ni(CH3COO)2 or Ni(acac)2 (acac = acetylacetonate) [32, 
51, 52]. Considering the growing demand of nickel NCs, T. Ohta et al. improved the 
TOPO-oleic acid by introducing HAD into the metal colloidal synthetic system. By 
modification of surfactants, the solution reduction of Ni(acac)2 (acac = acetylace-
tonate) by sodium borohydride or superhydride in dichlorobenzene was employed 
to produce nickel nanoparticles in a diameter scale of 3–11 nm [50]. In a standard 
anaerobic procedure investigated by Guo et al., the Bis(1,5-cyclooctadiene)nick-
el (Ni(COD)2) was introduced as the nickel precursor. Following the protocol of 
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preparing Co NCs, the authors used toluene, 1,2-dichlorobenzene (DCB), or octyl 
ether as solvents, trioctylamine (TOA), OA, and TOPO and their combinations as 
surfactants to generate nickel NCs [47]. As evidented by Chaudret et al., via the hy-
drogenation of the olefinic ligands into the corresbonding, coordinatively inert al-
kanes, nanoparticles could possess noncontaminated surfaces, which  display mag-
netic properties analogous to that of clusters prepared in ultrahigh vacuum [53, 54].

As has been reported in the indium synthesis, through stabilizing polymers in 
the surface, the shape could be tuned from spherical nanoparticles to nanowires 
depending on the ligands present in the reacting environment mediated by trioc-
tylphosphineoxide (TOPO) or hexadecylamie (HDA), respectively [54]. Inspired 
by these results, the authors thus investigated the effect of HDA on the shape and 
magnetic properties of nickel nanoparticles, using the complex Ni(COD)2 (COD 
= cycloocta-1, 5-diene) as precursor. As the results showed, in this typical organo-
metallic based synthetic method, increasing the concentration of amines favored 
the formation of nickel nanorods nearly monodispersed in diameter, which most 
probably induced through the specific coordination of the amines, Fig. 6.5 shows 
the TEM images of the nickel nanorods and the corresponding hysteresis loops [55].

6.2.2  Nanocrystals of Alloys of Iron, Cobalt, and Nickel

6.2.2.1  M–Pt (M = Fe, Co) Alloys Nanocrystals

Aside from single composition magnetic NCs, nanostructured alloys such as FePt 
and CoPt have received intensive investigations concerning their magneto-anisot-
ropy and chemical stability [56]. FePt nanoparticles are a vital class of magnetic 
nanoparticles which contains a near-equal atomic percentage of Fe and Pt known to 
possess a chemically disordered face-centered cubic ( fcc) structure or chemically 

Fig. 6.5  a High-resolution TEM of a nanorods. b Hysteresis loop for Ni nanorods at 2 K. Insets: 
( bottom right) enlargement at low field; ( top left) ZFC/FC curve (10 Oe). Reproduced with per-
mission from [55]. (Copyright 2001 American Chemical Society)
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disordered face-centered tetragonal ( fct, also denoted as L10) structure. Compared to 
the commonly used high-moment nanoparticles of Co and Fe, along with the large 
coercive materials such as SmCo5 and Nd2Fe14B, Fe–Pt interactions dramatically 
render the FePt nanoparticles chemically much more stable, thus making them espe-
cially useful for practical applications in solid-state devices and biomedicine [57].

Concerning the deficiency in physical deposition process (such as vacuum-de-
compostion [58–60], gas-phase evaporation [61]) toward FePt NCs that include 
magnetically soft structure, aggregation, various insulator matrices, and barriers to 
make them into regular arrays, solution-phase synthesis offers a unique step toward 
monodispersed FePt NCs and nanoparticles superlattices. Generally, chemical syn-
thesis of FePt nanoparticles included thermal decomposition of Fe(CO)5 and reduc-
tion of Pt(acac)2, and co-reduction of metal salts. Sun et al. reported the monodis-
persed FePt nanoparticles using a combination of oleic acid and oleylamine to sta-
bilize the FePt colloids and prevent oxidation. Based on the reduction of Pt(acac)2 
(acacm = acetylacetonate, CH3COCHCOCH3) by a diol and the decomposition of 
Fe(CO)5 in high-temperature solutions, the authors modified the synthetic proce-
dure by using a long-chain 1,2-hexadecanediol to reduce the Pt(acac)2 to Pt metal. 
The size and composition of FePt NCs could be fine tuned by modulation of pre-
cursors and the solvent [62]. Further studies revealed that exclusion of additional 
reducing agent such as 1,2-alkanediol in the reaction mixture promoted better size 
control of the FePt NCs [63, 64]. Notably, Howard et al. investigated the detailed 
co-reduction process toward FePt NCs, with the diameter scale of 5–10 nm by the 
reduction of Pt(acac)2 and iron acetylacetonates or Na2Fe(CO)4 [65].

6.2.2.2  M–Fe (M = Co, Ni) Alloys Nanocrystals

Concerning the unique intrinsic magnetic properties with large permeability and 
high saturation magnetization, FeCo alloys nanostructures attracted intensive de-
liberations for biomedical applications and self-organizing into superlattices for 
further devices in potential.

Chaubey et al. successfully obtained bimetallic FeCo NCs with well-modulated 
particle size and size distribution via the reductive decomposition of Fe(acac)3 and 
Co(acac)2 in a solution including OA, OAm, and 1,2-hexadecanediol under Ar + H2 
atmosphere [66]. Bimetallic nanoparticles (CoRu, CoRh, CoPt or RuPt) have been 
obtained in Chaudret’s group by co-decomposition under H2 of appropriate organo-
metallic precursors [67]. Inspired by this, the authors reported a similar route that 
leads to 20-nm FeCo nanoparticles using Fe(CO)5, Co(η3-C8H13)(η

4-C8H12), and 
Co(N(SiMe3)2)2 as precursors and a mixture of HAD, OA, and stearic acid (SA) as 
stabilizing agents at 150 °C under 3 bar of H2. Furthermore, the FeCo NCs could be 
organized into supercrystals from a macroscopic to a nanometric scale [68].

Recently, Soulantica et al. synthesized a topologically structured Fe-Co dumb-
bell, the growth steps were studied by advanced electron microscopy techniques 
denoted as electro tomography, as Fig. 6.6 shows [69, 70]. In this special topo-
logical dumbbell structure, the soft anisotropy of the Fe nanocubes and the dipolar 
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magnetic interactions induced a drastic decrease of the magnetic anisotropy of the 
nanohybrids, the coercive field of which became only slightly higher than the one 
of interacting Fe nanocubes.

As a unique magnetic alloy, nanostructured FeNi alloys possess various applica-
tions from recording heads and transformers to magnetic shielding materials. Up 
to now, researchers have developed a wide range of synthetic steps toward nano-
structured FeNi alloys, such as hydrogen reduction of metal salts, hydrothermal 
reduction methods, and electroleaching processes [71–74]. Li et al. reported the 
synthesis of face centered cubic FeNi3 nanoplatelets with controlled size through a 
solution reduction method. The size of the FeNi3 nanoplatelets could be controlled 
by varying the concentrations of the reactants with the lattice constants of 92 nm 
in diameter, which was larger than that of the bulk [74]. K. T. Leung prepared bi-
metallic FeNi concave nanocubes with high Miller index planes through controlled 

Fig. 6.6  a 3-D representation of the reconstructed volume along different viewing directions of 
the Fe–Co dumbbell. b HAADF-STEM image of the particle focusing on the Fe cube. c M-H 
hysteresis loops at 2 K for Co nanorods ( black), Fe nanocubes ( blue), and Fe–Co dumbbell ( red). 
d Simulated M-H hysteresis loops along the nanorod axis for a single Co nanorod ( black), a single 
Fe nanocube along the < 110 > direction ( blue), and a single Fe–Co dumbbell along the long axis 
( red) using the OOMMF micromagnetic code at 0 K. Reproduced with permission from [69]. 
(Copyright 2014 American Chemical Society)
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triggering of the different growth kinetics of iron and nickel via a material-inde-
pendent electroleaching process. With the high-index facets exposed, these con-
cave nanocubes 10-fold more active toward electrodetection of 4-aminophenol than 
cuboctahedrons, providing a label-free sensing approach for monitoring toxins in 
water and pharmaceutical wastes, as shown in Fig. 6.7 [49].

6.2.2.3  M–C (M = Fe, Co,Ni) Carbide Alloys Nanocrystals

Magnetic carbide nanostructures such as iron carbides, cobalt carbides, and nickel 
carbides have long attracted intensive attention due to their chemical characteristics 
that make them as valid and sustainable alternatives to noble metals in catalysis, 

Fig. 6.7  a SEM images of the typical nanocubes with increasing deposition time from 3 to 20 s. 
b Schematic illustration of the plausible mechanism for the formation of higher-index facets of a 
concave nanocube: (1) selective adsorption of FeOH+ over NiOH+; (2) faster reduction of FeOH+ 
than NiOH+; (3, 4) formation of step or kink defects and ultimately higher-index planes. c CVs of 
concave nanocubes at different concentrations of 4-aminophenol (scan rate = 50 mV s−1). The inset 
shows the linear relationship between current density and concentration. d CVs of concave FeNi 
nanocubes in 10 mM PBS with and without 1 mM K3Fe(CN)6. Reproduced with permission from 
[49]. (Copyright 2013 American Chemical Society)
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biomedicine as contrast agents and drug delivers, and to air-sensitive metals or ox-
ides for applications under harsh conditions [75].

As methods that possessed more defined and chemically pure structures, physi-
cal methods such as physical vapor decomposition, plasma, and laser acted as active 
synthetic pathways toward magnetic carbide nanostructures, yet, physical methods 
made the variety of as-synthesized products restricted [76–78]. Commonly, clas-
sical chemical procedures toward transition metal carbides involved reactions of 
parental metals, corresponding metal oxides or other metal precursors with special 
carbon sources such as coal and gaseous hydrocarbons, which are always performed 
at high temperature higher than 1000 °C [75, 79].

6.2.2.4  Iron Carbides Nanosrystals

Giordano et al. extended the use of a so-called urea-glass route to the preparation 
of iron carbide, which could be denoted as a sol–gel chemical pathway. By heating 
treatment of the gel phase obtained by mixing an iron precursor with urea, a black 
powder constituted of Fe3C with superparamagnetic properties could be obtained. 
As the authors declared, the urea partially replaced the water with oxygen atoms 
presumably in the first coordination sphere around the metal ion [75, 80].

Inspired by the Fischer–Tropsch process, Chaudret et al. reported a tunable or-
ganometallic synthesis of monodispersed iron carbides and core-shell iron–iron car-
bide nanoparticles with a diameter of ca. 13.1 nm and 13.6 nm, respectively, which 
was based on the decomposition of Fe(CO)5 on Fe(0) seeds that allow the modula-
tion of carbon atoms diffusion and tune the magnetic anisotropy of the final products, 
as shown in Fig 6.8. Interestingly, the iron/iron carbide core/shell NCs possessed 
the anisotropy axes aligned along the magnetic field direction in the ferromagnetic 
regime, which were the typical behaviors of magnetic nanoparticles [81].

Hou et al. reported a facile chemie douce route for the synthesis of single phased 
Fe5C2 NPs that involved the reaction of iron carbonyl ([Fe(CO)5]) with octadecyl-
amine in the presence of CTAB (Hexadecyl trimethyl ammonium Bromide) under 
mild temperatures (up to 350 °C). The size of the iron carbide NPs can be tuned by 
tailoring the concentration of Fe(CO)5. In this typical synthetic pathway, bromide 
ions acted partially as an agent that favor thermodynamic growth of iron to bcc-Fe 
nanoparticles, which were then promoting the cleavage of C–C bonds of the amines 
decomposing process to form unsaturated hydrocarbons and cyanides as carbon 
sources, as shown in Fig 6.8c [82].

Ionic Liquids (ILs), which is a class of organic solvents possessing specific 
physico-chemical properties such as high fluidity, thermal stability, and ionic con-
ductivity, low melting temperatures, and extended temperature range in the liquid 
state, etc [83 84]. Recently, Guari et al. reported the thermal decomposition of 
Fex(CO)y precursors for the synthesis of nanoparticles of iron carbides and their 
superstructures with sizes ranging from 2.8 to 15.1 nm using imidazolium-based 
ionic liquids as solvents, stabilizers, and carbon source, as shown in Fig. 6.9 [85].
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Fig. 6.9  Schematic representation of the procedure used for the synthesis of Fe/C NPs by thermal 
decomposition of Fex(CO)y complexes in ILs. Reproduced with permission from [85]. (Copyright 
2013 Springer-Verlag)

 

Fig. 6.8  a TEM analysis of iron carbide NCs of about 13.1 nm. b TEM analysis of iron/iron 
carbide nanoparticles of about 13.6 nm. Reproduced with permission from [81]. Copyright 2012 
American Chemical Society. c Schematic Illustration of the Formation Mechanism of Fe5C2 NPs. 
Reproduced with permission from [82]. (Copyright 2012 American Chemical Society)
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6.2.2.5  Cobalt Carbides Nanocrystals

As a new kind of permanent magnet, cobalt carbides nanostructures have received 
dramatical attention for its interesting structural and physical properties. Doping 
carbon into metallic cobalt structure increased the magnetocrystalline anisotropy 
and observed the coercivity, which was caused by the crystalline reconstruction. 
Via applying an extensively investigated pathways toward metal and oxides nano-
structures denoted as the polyol process, whereby metal salts were dissolved in a 
polyhydric alcohol (polyol) and heated to elevated temperatures, cobalt carbides 
have been successfully obtained [86, 87].

Zhang et al. reported the controlled synthesis of cobalt carbide (Co2C and Co3C) 
nanoparticels and nanowires through a facile polyol reduction procedure assisted 
with surfactant. By adjusting the category and concentration of the surfactant, 
shape, and size of the cobalt carbide NCs could be controlled, thus accordingly tun-
ing the magnetic properties of the products [88]. As reported, [OH−] ions has shown 
to intensively affect the shape and metallic phase during the polyol process toward 
cobalt nanoparticles [89–92]. Besides, halide ions could also be applied to control 
the size and shape of special nanoparticles by oxidatively etching the surface and 
preventing polycrystalline agglomeration [93, 94]. Based on the reported works, 
Carpenter et al. investigated the effects of various [OH−] and [Cl−] ions toward the 
final products of cobalt carbides nanoparticles. It revealed that, via designed control 
of [OH−] and [Cl−] ions in the solution, single phased Co2C forming agglomerations 
of ellipsoidal grains could be obtained. Apart from the phase control, ions could also 
tune the particle shapes from nanoflower-like to sea-urchin-like morphologies [95].

6.2.2.6  Nickel Carbide Nanocrystals

Compared to pure hcp-Ni, which was predicted to be highly magnetic with satura-
tion magnetization values approximate to fcc-Ni, Ni3 C is nominaly nonmagnetic, 
despite a very small magnetic moment caused by special regions with substoichio-
metric interstitial carbon atoms [96–99]. Besides, nickel carbides show great activi-
ties in various catalytic reactions, such as methane reforming [100], conversion of 
cellulose [101], steam reforming, and other energy related reactions [102].

Omata et al. demonstrated the thermolysis of nickel acetylacetonate [Ni(II)
(acac)2] in oleylamine, hard X-ray photoemission spectroscopy (HX-PES) showed 
that hexagonal nickel carbide was synthesized, Fig. 6.10 shows the crystal struc-
ture of Ni and Ni3C and their corresponding magnetism related characterizations of 
the as-synthesized samples [103]. Similarly, Raymond E. Schaak et al. proposed a 
synthetic protocol using nickel 2,4-pentanedionate as nickel salts that was closely 
related to existing colloidal routes, which yielded particles attributed to both hcp-Ni 
and Ni3C. Reaction time could be used to tune average carbon content via a continu-
ous Ni3C1−x solid solution [104].
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6.3  Biological Applications of Magnetic-Metallic 
Nanocrystals

6.3.1  Magnetic-Metallic Nanocrystals for Magnetic 
Hyperthermia

Magnetic hyperthermia (MH) is a promising application of magnetic nanoparticles 
(MNPs) in biomedicine. Usually, after injecting MNPs into the tumor, the patient 
is immersed in an alternating magnetic field (AMF) with an appropriate frequency 
and amplitude, which can raise the temperature of the tumor site. This temperature 
increase can improve the efficiency of chemotherapy and even directly kill the tu-
mor cells by apoptosis or necrosis.

Various mechanisms for the heat generation by MNPs under the AMF are re-
ported. Among them, hysteretic properties and relaxation behavior are the two 
dominating ones. Hysteretic property, which is originated from the internal energy 
of magnetic particles, is the primitive mechanism, especially for the situation of fer-
romagnetic nanoparticles. While the relaxation behavior, which includes Brownian 

Fig. 6.10  a Crystal structures of hexagonal hcp-Ni. b Crystal structures of rhombohedral Ni3C, 
highlighting the similarities between the structures and the location of the interstitial carbon in 
Ni3C. Nickel atoms are represented by large red spheres, and carbon atoms are represented by 
small blue spheres. The unit cell of Ni3C in b shows the superlattice structure. Reproduced with 
permission from [104]. Copyright 2011 American Chemical Society. c M-H hysteresis loops of 
fcc-Ni NCs. d M-H hysteresis loops of the hexagonal nickel carbide NCs. Insets show the coerciv-
ity. Reproduced with permission from [103]. (Copyright 2008 American Chemical Society)
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and Néel relaxation pathway, is another mechanism for magnetic hyperthermia, par-
ticularly in the situation of superparamagnetic nanoparticles (NPs) [105]. Brownian 
relaxation is caused by the entire magnetic particle rotating, while Néel relaxation 
is due to the magnetic moment rotating within the magnetic core (Fig. 6.11) [106, 
107]. The competition of these two relaxation processes is controlled by the faster 
one. In the case of intracellular MNPs, the intracellular components usually hinder 
the movement of NPs, which results in heat contribution mostly from the Néel re-
laxation [108, 109].

According to the heat generation mechanisms, several factors have been found 
to influence the heating power, including the AMF and the structures and magnetic 
properties of NPs. When applying a magnetic field to MNPs, hysteresis loop is 
generated, whose area A corresponds to a dissipated energy. This dissipated energy 
is the origin for the heat. Under the excitation of AMF, A represents heat released 
from one cycle. Then, power generated by MNPs is finally determined by specific 
absorption rate (SAR or SLP) = Af, where f is the frequency of the magnetic field. 
According to this equation, an increase in f, magnetic field applied (H), and satura-
tion magnetization (Ms) is beneficial. However, there is a physiological limitation 
in clinical application due to the tolerance of human body on magnetic field, with 
Hmaxf < 5 × 109 Am−1 s−1 [110]. Typical values used in medical treatments so far are 
100 kHz and 20 mT [111]. There are several experimentally used ways to improve 
SAR in clinical. The first point is to optimize the MNPs used. For example, high 
Ms can increase the area of the hysteresis loop which eventually leads to the tem-
perature increase. For a given MNPs, their size, morphology, and mono-dispersion 
are also major parameters. For instance, poly-dispersed NPs are proved to exhibit 
considerable low heat generation rate compared with mono-dispersed ones, i.e., 
mono-dispersed MNPs are preferred. Intrinsically, magnetic materials possess mag-
netically disordered spin glass like layers near the surface due to the reduced spin–
spin exchange coupling energy at the surface. Upon reducing the size of magnetic 
materials to nanoscale, the surface canting effects are dramatically reduced in Ms, 
which is described as Ms = Ms0[(r−d)/r]3, where r is the size, Ms0 is the saturation 
magnetization of bulk materials, and d is the thickness of disordered surface layer. 
This phenomenon is especially noticeable when the diameter of NPs is smaller than 

Fig. 6.11  Néel and Brown-
ian relaxation processes. 
Reproduced with permission 
from [107]. (Copyright 2011 
American Chemical Society)
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5 nm. Therefore, size of NPs is another critical factor for MH, and the larger size is 
favored [112]. However, MNPs with large size tend to aggregate under physiologi-
cal environment, which is an adverse factor in biomedical application. Therefore, 
size of the MNPs should be in an appropriate range. Optimizing the anisotropy (K) 
is another important protocol to improve heating power. An optimum anisotropy 
increases the SAR and reduces the detrimental effects of the size distribution of 
MNPs. It is reported that, K depends on the magnetic field used in the hyperther-
mia experiments and the MNP magnetization [113]. By varying these parameters, 
Cheon et al. proved all of them have great effects on SPL based on ferrite magnetic 
NPs, and optimizing them would dramatically increase SAR (Fig. 6.12) [114].

Regarding the ease of fabrication and their approved clinical usage, iron oxide 
based NPs (IONPs) with controlled sizes and surface chemistry have been studied 
extensively for MH applications. However, their further applications have been lim-
ited due to their relatively low Ms, with SAR values commonly less than 100 W/g 
[115]. One of the possible ways to solve this problem is to use metallic NPs with 
higher Ms, e.g., cobalt or iron NPs. Take Co NPs for example, SAR values increased 
to 500 W/g and 720 W/g at 400 kHz, 13 kA/m and 410 kHz, 10 kA/m respectively 
[9, 115], offering the opportunity for higher heating. However, issues of biocom-
patibility are the main barrier for the application of Co NPs in diseases therapy. Fe 
NPs on the contrary, consist of essential element Fe only, and in higher Ms than Co 
NPs, being better candidate for MH. Hadjipanayis et al. reported that for achieving 

Fig. 6.12  Simulated plot of SLP based on NPs’ a magnetic field and magnetic anisotropy con-
stant at size of 12 nm, b size and magnetic anisotropy constant at a magnetization value M of 
100 emu/g. Reproduced with permission from [114]. (Copyright 2011 Nature Publishing Group)
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the same temperature change, the local hyperthermia, Fe NPs require a dose of 
only 1/20 that of IONPs [116]. However, Fe NPs used in this work is synthesized 
by directly reducing the metal salt solution with a sodium borohydride solution, 
which has the Ms of only about 70 emu/g. Sun et al. prepared body centered cubic 
( bcc-) Fe NPs via a thermal decomposition of iron pentacarbonyl in the presence of 
hexadecylammonium chloride. These NPs have a magnetization close to the bulk 
value. But they would be quickly oxidized once exposed to air. They further con-
trolled, oxidized the surface layers of the bcc-Fe into crystalline Fe3O4 by exposing 
to ambient environments, which dramatically improved their stability, with little 
Ms changed over 24 h and only about 20 % dropped after a month by exposing to 
air (Fig. 6.13a). At room temperature, these NPs are ferromagnetic and exhibit a 
high magnetization at 2 T with Ms = 164 Am2 kg−1 Fe and coercive field Hc = 14 mT 
(Fig. 6.13b). Due to their high Ms and small Hc, these NPs are with a SAR value 
of 140 W g−1 Fe, which is much more efficient heater than both the amor-Fe/Fe3O4 
and Fe3O4 NPs, being one of the highest reported NPs thus far under similar condi-
tions [34]. Iron carbide NPs, with similar properties with Fe NPs and much higher 
stability, showing great potential in MH. Chaudret et al. tuned the magnetic prop-
erty of iron carbide NPs by adjusting their Fe content, and found that the optimized 
NPs possess SAR = 415 W g−1, which is three times larger than the values reported 
on the best chemically synthesized MNPs under the situation of f = 96 kHz and 
Hmax = 20 mT (Fig. 6.14) [81].

Alloys such as FePt, CoPt, CoFe et al. are more stable than Fe NPs, and their 
Ms are relatively higher, being good candidates for HM. Maenosono et al. esti-
mated the comparative heating rates for aqueous monodispersions of the various 
MNPs including magnetite, maghemite, FeCo, and L10-phase FePt, finding out that 
FeCo NPs have the largest heating rate [117]. Based on this, Lacroix et al. reported 
the application of single-domain FeCo in MH with a moderate saturation field to 

Fig. 6.13  Magnetic characterization of the Fe/Fe3O4 NPs. a The change of the magnetization 
values as a function of air exposure time of the bcc-Fe/Fe3O4 and the amor-Fe/Fe3O4 NPs of 
similar size at 1.5 T and room temperature. b Magnetic hysteresis loops of the bcc-Fe/Fe3O4 NPs 
recorded at 5 K ( solid cubes) and 300 K ( open circles). Inset: a close look of the hysteresis loops 
between 0.3 and 0.3 T. Reproduced with permission from [34]. (Copyright 2011 American Chemi-
cal Society)
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maximize the losses, whose value is comparable to the highest of the literature 
[118]. However, the size range of FeCo where the heating is possible is larger than 
30 nm, which is much larger than the usual size range of standard ferrofluids (D 
= 8–10 nm) [117]. Moreover, the heat release rate is far too rapid to be safe in hu-
man beings [119]. In addition, due to the spontaneous magnetization, the stability of 
magnetic colloid becomes impaired when D > 20 nm. However, fcc- and L10-phase 
FePt NPs yield the largest heating rates in the size range of D < 20 nm, and the heat 
rate is controllable and suitable for MH [117]. They are therefore regarded as prom-
ising candidates in MH.

6.3.2  Magnetic-Metallic Nanocrystals for Magnetic 
Resonance Imaging

Magnetic resonance imaging (MRI) is another important application of MNPs in 
biological field. Generally, there are two modes in MRI, which are termed as T1-
weighted MRI and T2-weighted MRI. The former one provides positive signal, 
which is bright in images, while the latter one shows a darken figure. On the other 
hand, MNPs used in MRI can be divided into paramagnetic, ferromagnetic, and 

Fig. 6.14  Magnetization data of a ∼9.6 nm iron NPs (Fe(0)), b ∼13.1 nm/iron carbides core shell 
MM2 NPs and c ∼14.2 nm iron carbide MM1 NPs at 2 and 300 K. d SAR measurements of 
MNPs at f = 54 kHz. Reproduced with permission from [81]. (Copyright 2012 American Chemical 
Society)
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superparamagnetic NPs, with the latter two having almost the equal impact. In-
terestingly, paramagnetic NPs, mainly chelates of paramagnetic ions are usually 
for T1-weighted MRI, and the ferromagnetic or superparamagnetic NPs are good 
candidates for T2-weighted MRI. Metallic NPs, usually ferromagnetic or superpara-
magnetic, are therefore commonly applied in the T2-weighted MRI.

The T2-weighted contrast ability based on MNPs is usually estimated by the 
spin–spin relaxivity r2 and it is dependent on their Ms, size and distance between 
the MNPs and the surrounding protons (d). The higher Ms is beneficial, as the value 
of r2 is reported to be proportional to Ms

2 [120]. In the situation of MNPs, Ms is in 
positive correlation with the diameter of NPs, and therefore, larger size is favorable. 
However, cellular uptake and bio-circulation are also dependent on NPs’ size, with 
the smaller ones easily been engulfed into cells and having longer circulation time, 
medium diameter are therefore optimal. In addition, r2 has a relationship with d−6, 
i.e., reducing the distance between MNPs and surrounding protons, which can dra-
matically increase the r2 value [120].

According to these principles, various metallic NPs have been developed for the 
contrast agent in T2-weighted MRI. As discussed previously, Fe NPs have greater 
Ms and coercivity than clinically used MRI contrast agent IONPs based on hys-
teresis loops, and therefore, can induce significantly higher r2 value at a compa-
rable particle size [116]. By further improving the Ms using bcc-Fe NPs, Sun et al. 
make the bcc-Fe/Fe3O4 NPs with r2 value comparable with optimized ferrite NPs 
(r2 = 220 mM−1 s−1) [34]. Recently, iron carbides are also applied in MRI based on 
their high Ms and stability. Hou et al. prepared Fe5C2 NPs by a facile and mild wet-
chemistry route. These NPs displayed an r2 relaxivity of 464.02 mM−1 s−1, which is 
among the highest of all MRI probes reported. By further coupling to a tumor-tar-
geting ligand, these NPs were able to home into tumors and induce more prominent 
signal change than Fe3O4 NPs (Fig. 6.15) [121]. Gao et al. confirmed this result, by 
reporting, that Fe5C2 NPs exhibit twice as high as r2 value of spherical Fe3O4 NPs, 
and are able to produce much more significant MRI contrast enhancement than con-
ventional Fe3O4 NPs in living subjects [122]. The Hou’s group further made full use 
of their high absorption in near-infrared (NIR) which lies on the carbon coating on 
the Fe5C2 NPs, developing a multifunctional probe for cancer diagnosis and therapy 
based on MRI, photoacoustic tomography, and photothermal therapy (PTT). The 
carbon shell on the other hand, can protect the Fe5C2 NPs from oxidizing, which 
makes the NPs with high Ms for at least 6 months. With the conjugation of targeted 
affibody, it can target tumor cells with low cytotoxicity, and selectively kill them 
through laser radiation (Fig. 6.16) [123].

FePt NPs is another important metallic material for enhancing the T2-shortening 
effect and improving in molecular recognition ability as MRI contrast agents due 
to their superior magnetic properties. It is suggested that chemically disordered fcc-
FePt NPs with a mean diameter of 9 nm displayed a higher T2-shortening effect 
than conventional superparamagnetic IONPs, with the R2/R1 relaxivity ratio being 
3–14 times improved [124]. Further coating a shell layer such as Fe3O4 and Fe2O3 
can improve the contrast ability. Xu et al. revealed that FePt@Fe2O3 core-shell NPs 
exhibited stronger MR signal attenuation effect compared with FePt@Fe3O4 core-
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shell NPs and bare FePt alloy NPs (Fig. 6.17) [125]. By conjugating folic acid on 
the surface, the NPs showed obvious tumor MRI contrasts after injecting intrave-
nously [126]. However, these FePt@Fe2O3 yolk-shell NPs exhibit relatively low 
IC50 value originating from the fact that the slow oxidation and releasing of FePt 

Fig. 6.16  Schematic illustration for the design of Fe5C2 NPs as a targeted theranostic platform. 
Reproduced with permission from [123]. (Copyright 2014 John Wiley & Sons)

 

Fig. 6.15  a Phantom studies with Fe5C2 and Fe3O4 NPs dispersed in 1 % agarose gel at different 
concentrations on a 7 T magnet. b r2 relaxivities derived from the imaging results in a. c MR imag-
ing results. U87MG tumor-bearing mice were intravenously injected with RGD–Fe5C2 or RGD–
Fe3O4 NPs (10 mg Fe/kg). Scans were performed before, and 4 and 24 h after the administration. In 
both the RGD–Fe5C2 and RGD–Fe3O4 groups, black areas (in the RGD–Fe5C2 group highlighted 
by red arrows) were found distributed in the tumors (circled by yellow dotted lines). Reproduced 
with permission from [121]. (Copyright 2014 John Wiley & Sons)
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yolks [125]. Silica coating, on the contrary, can enhance the biocompatibility. Lai 
et al. developed silica-coated FePt with both significant T1 and T2 MRI contrast 
abilities and without obvious cytotoxicity. Moreover, the silica shell enables the in-
corporation of fluorescein isothiocyanate inside the NPs, which shows the potential 
in fluorescent imaging [127]. In addition, FePt NPs have a high X-ray absorption, 
being a candidate for contrast agent in computed tomography (CT). Chen et al. 
synthesized 3, 6, and 12 nm FePt NPs for the application as a dual modality contrast 
agent for CT/MRI molecular imaging. The bio-distribution analysis revealed the 
highest serum concentration and circulation half-life for 12 nm-FePt, followed by 
6 nm-FePt then 3 nm-FePt, and the 3 nm-FePt showed higher brain concentrations. 
After conjugating anti-Her2 antibody on FePt NPs, selective contrast enhancement 
of Her2/neu over expression cancer lesions in both CT and MRI was found in tu-
mor-bearing animal after tail vein injection [128].

Other alloys such as FeCo and CoPt NPs are with high potential in improving 
contrast in MRI [129, 130]. Take FeCo NPs for example, Dai et al. synthesized 
FeCo/graphitic-shell NPs through a chemical vapor deposition method, whose Ms 
is close to bulk FeCo, being the highest Ms obtained for magnetic NPs (Fig. 6.18a). 
The NPs therefore exhibit both ultra-high r1 and r2 relaxivities, with the value of 
70 mM−1 s−1 and 644 mM−1 s−1 respectively (Fig. 6.18b and c). Mesenchymal stem 
cells are able to internalize these NPs, showing high T2-contrast enhancement in 
MRI, and long-lasting T1-contrast enhancement for vascular MRI in rabbits was 
also achieved. In addition, the graphitic shell, on the one hand, makes NPs with a 
superior chemical stability against HF etching and oxidation resistance, without any 
degradation in Ms over a period of one month by exposing in air [131]; on the other 
hand, endows the NPs high absorbance in NIR for PTT, as well as the high drug 
loading due to the π-π stacking on the graphitic shell [132].

6.3.3  Ion Releasing for Selectively Killing Cancer Cell

Taking the advantage of the instability of metallic NPs, such as fcc-FePt NPs under 
acidic environment, which can lead to a leakage of iron ions, that may be developed 

Fig. 6.17  T2*-weighted MR 
images of a FePt@Fe2O3 
yolk-shell NPs, b FePt@
Fe3O4 core-shell NPs, and c 
FePt NPs from a 7.0 T MRI 
system at 25, 50, and 100 µg/
mL in water (containing 1 % 
agarose gel). Reproduced 
with permission from [125]. 
(Copyright 2008 American 
Chemical Society)
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as a new class of candidates as anticancer drugs. By incubating fcc-FePt NPs in 
dialysis tubing at pH 7.4 and 4.8, the Sun’s group proved that NPs are stable at neu-
tral pH conditions (pH = 7.4) but releasing Fe at low pH environments (pH = 4.8) 
(Fig. 6.19a). Within a cell, the released Fe could catalyze H2O2 decomposition into 
ROS, which lead to a fast membrane lipid oxidation and cell death. By incubat-
ing NPs with A2780 cells which are loaded with DCFH-DA, a ROS indicator that 
would be fluorescent in the presence of ROS, they found that fcc-FePt NPs exhibited 

Fig. 6.18  a Room-temperature magnetization versus field data for ∼ 7 nm ( black line) and ∼ 4 nm 
( red line) NPs measured shortly after synthesis, and after 1 month exposure in ambient air for the 
∼ 7 nm NCs ( blue symbols; no degradation from the solid black line). b MR images of various 
contrast agents at three metal concentrations generated on a T2-weighted spin-echo sequence with 
an echo time (TE) of 60 ms and pulse repetition time (TR) of 3000 ms. c MR images with a T1-
weighted spin-echo sequence with TE of 12 ms and TR of 300 ms. Reproduced with permission 
from [131]. (Copyright 2006 Nature Publishing Group)
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a 50 % higher fluorescence after 6 h compared to cells incubated with the Fe3O4 NPs 
and the control group, proving that the fcc-FePt NPs induce the formation of excess 
ROS in A2780 cells (Fig. 6.19b). By further assessing the membrane lipid damage 
via the oxidation of a fluorescent dye C11-BODIPY, whose fluorescence would be 
decreased during this process, it showed a much weaker fluorescence after treating 
A2789 cells with fcc-FePt NPs compared with that treated with Fe3O4 NPs and the 
control group (Fig. 6.19c), indicating a strong membrane oxidation was induced 
by fcc-FePt NPs. Interestingly, as shown in the MTT study, the FePt-initiated cata-
lytic formation of ROS results in serious toxicity to various cancer cells, including 
A2780, HeLa, A431, Sk-Br3, and HEK-293 cell (Fig. 6.19d), revealing that this 
iron release process may be a general protocol as a cancer therapy [133].

Fig. 6.19  a Fe release from the fcc-FePt and Fe3O4 NPs in PBS at different pH values. b Time-
dependent fluorescent intensity from DCFH-DA labelled A2780 cells with fcc-FePt and Fe3O4 
NPs (Fe concentration: 1.5 µg/ml) in HBSS. c Fluorescent emission intensity detected at 595 nm 
from C11-BODIPY labelled A2780 cells and those treated with FePt or Fe3O4 NPs. d MTT cellular 
viability of several tumour cell lines incubated with fcc-FePt NPs at different iron concentrations 
at 37 °C for 24 h. Reproduced with permission from [133]. (Copyright 2009 American Chemical 
Society)
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6.4  Conclusions and Perspectives

Over the past decades, considerable progress has been made in the synthetic meth-
ods toward magnetic-metallic NCs in a large scale in diameter and various mor-
phologies, which possess important applications including ultrahigh-density mag-
netic storage, electrochemical catalysis, and biological systems. Colloidal chemical 
synthesis, which includes chemical reduction, decomposition, and precipitation of 
corresponding precursors, are still fascinating areas worth pursuing. The general-
ized synthetic protocols, intensively modulated morphologies and compositions of 
the final products and large-scale synthesis of magnetic-metallic NCs with speci-
alities into organized alignments are needed. There is also a need to intensively 
investigate the toxicity of MNPs before they are applied clinically, and to find novel 
metallic materials to be screened for maximum absorption of magnetic field lines 
for higher MH and MRI. The field will open for broader and in depth investiga-
tions that may bring magnetic-metallic NCs into clinical trials in the near future, 
with interdisciplinary collaborations from physics, chemistry, biology, pharmacy, 
and clinical medicine.
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Abstract The metal electrocatalyst research requires molecular-level knowledge 
of the electrocatalytic reactions and the controlling factors that determine the reac-
tion kinetics. Several important factors, including electronic structure and geometric 
structure of metal surfaces, third-body effect, and bifunctional effect, are discussed 
for their roles in electrocatalysis. Chemical stability and surface restructuring/segre-
gation of metals, which need practical consideration in the electrocatalyst research, 
are introduced. The electrochemistry of oxygen, hydrogen, carbon-containing com-
pounds, and nitrogen-containing compounds is reviewed. Discussions are focused 
on recent advances in preparing metallic nanostructures for these reactions, and on 
understanding the relationship between the physical parameters of metallic nano-
structures and the electrocatalytic property.

7.1  Introduction

Metallic nanostructures for electrocatalysis have been an area of active research for 
decades and can find important applications in many research areas and industries 
[1–6], including energy generation, chemicals production, electrochemical sensors, 
environmental control, and so on. With increasing concerns over environments and 
depletion of fossil fuels in recent years, more research efforts have been put into 
utilizing alternative energy resources and developing clean energy technologies. 
For example, polymer electrolyte membrane fuel cells (PEMFCs), which can gener-
ate electric energy by electrochemically reacting hydrogen and oxygen, have been 
researched for automobiles [7–11]. Metal–air batteries have been developed to im-
prove the power density and efficiency of portable energy devices [12–15]. Elec-
trochemical water splitting has been recently considered as a clean and alternative 
technology for producing H2 [16–18], which is both energy carrier and important 
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chemical commodity. All these technologies involve electrochemical reactions and 
require the use of metallic nanostructures for promoting the reaction kinetics. Re-
search of metallic nanostructures as efficient electrocatalyst thus becomes crucial to 
advance these energy technologies.

Metal electrocatalyst researches in the early years have once been highly empiri-
cal, primarily based on trial-and-error experiments and research experiences. It was 
caused by the fact that electrocatalysis is governed by multiple parameters of both 
reaction and catalyst and that these parameters often intervene with each other to af-
fect the catalytic property. With rapid advances in both experimental and theoretical 
tools nowadays, electrocatalytical reactions can be better understood at molecular 
level. Many theories have also been proposed to guide metal electrocatalyst re-
search and development. In this chapter, we will first introduce the fundamentals 
for metal electrocatalysis and electrocatalyst, and then discuss recent examples of 
metallic nanostructures for electrocatalysis.

7.2  Electrochemical Reaction

7.2.1  Thermodynamics of Electrochemical Reaction

An electrochemical reaction involves the transfer of electrons between two sub-
stances: one, a solid (electrode), and the other, a liquid (electrolyte) in most cases. 
In principle, every redox chemical reaction, aA bB cC dD+ → + , can be written into 
two electrochemical reactions, in which one gains the electrons being generated 
from the other [19]:

 (7.1)

 (7.2)

An electrochemical cell can be built by separating occurrence of the two electro-
chemical reactions at different electrodes and connecting the electrodes using elec-
trolyte and an external circuit (Fig. 7.1). Thus, the electrochemical reactions are also 
called half-cell reactions. One major difference between a redox chemical reaction 
and an electrochemical cell made of the reaction is their energy conversion. A redox 
chemical reaction releases/absorbs thermal energy during the course of reaction, 
whereas an electrochemical cell generates/consumes electric energy. The open-cir-
cuit voltage of the cell ( Ecell) can be correlated with the Gibbs free energy change of 
the reaction (ΔG) using the following equation:

 
(7.3)

aA cC ne→ + −

bB ne dD+ →−

∆G nFEcell= −
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where F is the Faraday constant and has a value of 96485 C/mol. An electrochemi-
cal cell made of spontaneous redox chemical reactions (negative ΔG) has a posi-
tive Ecell and is often called galvanic cell. It can be utilized to convert chemical 
energy stored in fuel molecules into electric energy. On the other hand, one made of 
nonspontaneous redox reactions (positive ΔG) is called electrolytic cell and can be 
utilized to produce valuable chemicals by inputting electric energy into the reaction 
system. One example is the reaction between H2 and O2, which is a spontaneous 
redox reaction [20]:

 
(7.4)

A PEMFC can be constructed by separating H2 oxidation and O2 reduction at anode 
and cathode, having a PEM in between, and connecting the electrodes with an elec-
tric circuit. The two half-cell reactions can be depicted as follows:

0
2 2 22 2 ( 475 KJ/mol)H O H O G+ → ∆ = −

Fig. 7.1  An electrochemical cell constructed using redox chemical reaction aA bB cC dD+ → +
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 (7.5)

 
(7.6)

H2 is electrochemically oxidized into protons because of its higher susceptibility 
to lose electrons than O2. O2 gains the electrons from H2 electro-oxidation and is 
reduced into H2O. Such a PEMFC has an open-circuit cell voltage of Ecell

0 = 1.229 V 
if being operated under the standard condition.

Redox potentials are defined for half-cell reactions to represent their ability to 
gain or lose electrons electrochemically. The voltage of cells constructed using any 
two half-cell reactions can thus be described using the following equation:

 (7.7)

The redox potentials are not absolute values, but rather relative ones comparing to 
reference electrode reactions. One most often used reference is the standard hydro-
gen electrode (SHE), which operates under the standard condition and has a defined 
redox potential of E

H H+ =
/ 2

0 0V. By constructing an electrochemical cell using any 
given half-cell reaction and the SHE and measuring the cell voltage, its redox po-
tential vs. SHE can be determined using the following equation:

 (7.8)

Table 7.1 lists a few half-cell reactions of electrocatalysis importance and their 
equilibrium redox potentials under standard condition (E AC /

0 ). The redox potential 
under nonstandard conditions can be calculated using the Nernst equation:

2 4 42H H e→ ++ −

O H e H O2 24 4 2+ + →+ −

E E Ecell cathode anode= −

E E E EC A cell H H cell/ /
= + =+

0 0 0

2

Table 7.1  Standard redox potentials of half-cell reactions
Half-cell reaction EC A/

0  (V vs. SHE)

N H O e NH OH2 2 36 6 2 6+ + ⇔ +− − − 0.77

N H e N H2 2 44 4+ + ⇔+ − − 0.39

CO H e HCOOH2 2 2+ + ⇔+ − − 0.25

CO H e CO H O2 22 2+ + ⇔ ++ − − 0.10

2 2 2H e H+ −+ ⇔ 0.00

CO H e CH OH H O2 3 26 6+ + ⇔ ++ − 0.04

CO H e CH CH OH H O2 3 2 212 12 3+ + ⇔ ++ − 0.08

O H O e OH2 22 4 4+ + ⇔− − 0.401

O H e H O2 2 22 2+ + ⇔+ − 0.695

O H e H O2 24 4 2+ + ⇔+ − 1.229
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(7.9)

Correspondingly, the open-circuit voltage of any electrochemical cell operating un-
der nonstandard conditions can also be calculated:

 

(7.10)

7.2.2  Kinetics of Electrochemical Reaction

Many theories have been developed for understanding the kinetics of chemical re-
action. In the transition state theory, reactants overcome an energy barrier to gener-
ate active intermediates, which further react to form products. The rate constant, k, 
can be described using the Arrhenius equation [21]:

 
(7.11)

where A is a pre-exponential constant, Ea is the activation energy, R is the gas con-
stant, and T is the reaction temperature. For an elementary reaction, the reaction rate 
is simply the production of k and concentration(s) of the reactant(s). For a complex 
reaction that contains multiple elementary steps, the reaction kinetics is determined 
by the rate-limiting step. The rate law is an algebraic function of k, concentration(s) 
of the reactant(s), and some constant parameters.

The kinetics of electrochemical reactions can also been understood using the 
transition state theory. Comparing to chemical reactions, electrode potential ( E) 
serves as one additional factor for controlling the electrochemical reaction kinetics. 
The electrode potential can alter the energy barrier and consequently influence the 

reaction rate (Fig. 7.2). If we consider an elementary half-cell reaction O ne R
k

k

f

b

+ ⇔  

and use current density ( i) to represent the reaction rate, the relationship between i 
and E can be depicted using the Butler–Volmer equation [22]:

 (7.12)

 (7.13)

 
(7.14)

where i0 is the exchange current density, α is the charge transfer coefficient, η is the 
overpotential, E and EO/R are the electrode potential and redox potential, and kf and 
kb are the rate constant for the forward and reverse half-cell reaction. When η =0, 

E E
RT
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which represents the electrode stays at the redox potential, i is equal to zero and the 
half-cell reaction is at its equilibrium. The i value is positive and increases rapidly 
with η when E < EO/R (negative η ), indicating a reduction process. It becomes nega-
tive and the value changes exponentially with η when E > EO/R (positive η), corre-
sponding to an oxidation process (Fig. 7.3).

The half-cell reactions can be classified into reversible and irreversible systems 
based on their intrinsic reaction kinetics. For reversible half-cell reactions, electrons 
can be rapidly exchanged at the electrode and the i0 value is relatively large. A small η 
can lead to a large increase in i (Fig. 7.3). The apparent reaction rate is limited by the 
diffusion of reacting species rather than the fast reaction kinetics. Cyclic voltamme-
try of such reactions shows defined distance between peak potentials, and the peak 
current densities can be calculated using the Randles–Sevcik equation (Fig. 7.4):

Fig. 7.3  Current density (i) vs. overpotential (µ) curves for the reaction O ne R
k

k

f

b

+ ⇔  with 
different i0

 

Fig. 7.2  Free energy changes during a reaction and effects of a potential change on the reaction
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(7.15)

 (7.16)

where Epa and Epc are the anodic and cathodic peak potentials, ipc and ipc are the cor-
responding peak currents, EA is the electrode area, D is the diffusion coefficient of 
reacting species, v is the potential scan rate, and C is the concentration of reacting 
species ([O] for calculating ipc and [R] for calculating ipa).

For irreversible processes (those with sluggish electron exchange and thus small 
i0), the two peaks are reduced in size and widely separated when being compared 
with reversible systems. Totally irreversible systems are characterized by a shift of 
the peak potential with the scan rate:

 

(7.17)

where na is the number of electrons involved in the charge-transfer step, k is the rate 
constant ( kf for calculating Epc and kb for calculating Epa), and v is scan rate. The 
peak current density can be given by:

 (7.18)

The ip value is still proportional to the bulk concentration, but will be lower in 
height (depending on the value of α).

59
pa pcE E mV

n
− =

8 3/2 1/2 1/22.69 10pi n EA D v C= × × × × × ×

1/2

/ 1/20.78 a
p O R

a

n FvRT k
E E ln ln

n F RTD

α
α

   = − − +         

8 1/2 1/2 1/22.99 10 ( )p ai n n EA D v Cα= × × × × × × × ×

Fig. 7.4  Cyclic voltamme-
try curves of reversible and 
irreversible electrochemical 
processes

 



212 Z. Peng

7.3  Fundamentals for Metal Electrocatalysis

7.3.1  Mechanism of Metal Electrocatalysis

As being discussed in Chap. 7.2.2, electrochemical reactions can be classified into 
reversible and irreversible processes based on their exchange current density, i0. 
One characteristic of the irreversible processes is a much smaller i0 and thus the 
requirement of a much larger η to achieve a same i as for the reversible processes 
(Eq. 7.12 and Fig. 7.3). If an electrochemical cell is constructed using irreversible 
half-cell reactions, the working cell voltage will be significantly smaller than the 
open-circuit value. Consequently, the energy conversion efficiency will be signifi-
cantly lower than the theoretical value.

The irreversible half-cell reaction kinetics can be improved by metal electroca-
talysis. From Eq. 7.13, i0 is affected by several parameters, including the number of 
electrons being transferred ( n), the pre-exponential constant (A), the charge transfer 
coefficient (α), the concentration of reacting species ([O] and [R]), and the rate con-
stants ( kf and kb). kf and kb depict the intrinsic kinetics of forward and reverse half-
cell reactions. Similar to chemical reactions, kf and kb for the half-cell reactions also 
follow the Arrhenius law (Eq. 7.11) and are functions of their activation energy ( Ea,f 
and Ea,b). The irreversible half-cell reactions have large Ea,f and Ea,b values, which 
cause small kf and kb. In consequence, a small i0 is resulted and a large η is required 
for the half-cell reaction to occur effectively.

Metals can change the reaction rate by promoting a different molecular path 
for half-cell reactions, which is named metal electrocatalysis. Rather than directly 
exchanging electrons with electrode, the reacting species first interact with metal 
surface atoms. The interaction can lead to the generation of altered active intermedi-
ates, which further exchange electrons with electrode and react [23]. By altering the 
reaction path, the energy barrier can be effectively decreased, leading to improved 
rate constant and thus increased reaction kinetics (Fig. 7.5) [24].

Fig. 7.5  Free energy changes 
during an electrochemical 
reaction with and without 
metal electrocatalysis
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7.3.2  Kinetics of Metal Electrocatalysis

The overall reaction rate of an electrocatalytic reaction is limited by the rate of the 
slowest step in the path, including diffusion of reactant(s) from bulk electrolyte to 
catalyst surface, electrocatalytic reaction, and diffusion of product(s) from catalyst 
surface back to bulk electrolyte. Here we focus on electrocatalysis and assume the 
diffusions are much faster than the electrocatalytic reaction rate, which means that 
the concentrations of reacting species on catalyst surface are equal to those in bulk 
electrolyte and the overall reaction is controlled by metal electrocatalysis. If we 
consider a simple half-cell reaction O ne R

k

k

f

b

+ ⇔  occurring under metal electrocatal-
ysis, the reaction path typically involves three steps including reactant adsorption, 
surface reaction, and product desorption:

 
(7.19)

 
(7.20)

 
(7.21)

where S stands for metal active sites, and O·S and R·S are adsorbed O and R spe-
cies. The overall reaction rate law ( r) is determined by the rate-limiting step, which 
can fall in one of the following three situations for different reactions and/or using 
different catalysts.

1. Adsorption-limited process:

 
(7.22)

2. Surface reaction-limited process:

 

(7.23)

3. Desorption-limited process:

 

(7.24)

where kA and k−A are the rate constants for [O] adsorption, kS and k−S are the rate 
constants for the surface reaction, kD and k−D are the rate constants for [R] desorp-
tion, KO and KR are the equilibrium constants for O and R adsorption, KS is the 
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equilibrium constant for the surface reaction, and Ct is the concentration of metal 
active sites. The electrochemical reaction is at equilibrium, i.e. r = 0, at η = 0.

The exchange current density, i0, is largely determined by the rate constants of 
the rate-limiting step from the aforementioned rate law expressions. Taking the 
surface reaction-limited process as one example, both KO and KR are significantly 
larger in values than kS and k-S. If we consider a special case where KO and KR have 
similar values and O and R have comparable concentrations, the apparent rate con-
stants for the forward and reverse half-cell reaction under metal electrocatalysis 
will become / 2f sk k′ ≈  and / 2b sk k′

−≈ . In another word, the rate constants for the 
overall electrochemical reaction are directly determined by the rate constants of the 
surface reaction step for a surface reaction-limited mechanism. If we take k f

′ and kb
′ 

values into Eq. 7.13, we can describe i0 as a function of kS and k-S:

 
(7.25)

From this equation, the electrochemical reaction kinetics of a surface reaction-lim-
ited process can be promoted by using metal catalysts that exhibit high kS and k-S 
values.

7.4  Fundamentals for Metal Electrocatalyst

An electrocatalyst by definition is a catalyst that participates in an electrochemi-
cal reaction and alters the reaction kinetics without being consumed in the process. 
Many types of materials can serve as electrocatalyst, among which metals are most 
often used for their outstanding property. Chapter 7.3 provides discussions on the 
mechanism of metal electrocatalysis and the kinetics of electrocatalytic reactions. 
Similar to heterogeneous catalyst, metal electrocatalyst is reaction specific. A metal 
electrocatalyst good for one electrochemical reaction might be completely inactive 
for another. For a same electrochemical reaction, some metals exhibit high activ-
ity, while some others are inert. For surface sensitive electrochemical reactions, the 
property of metal electrocatalyst can be significantly altered by the nature of the 
metal surfaces exposed. From Chaps. 7.2 and 7.3, we learn the electrochemical reac-
tion kinetics is determined by i0, which can be affected by the interaction between re-
acting species and metal active sites. In this section, we discuss several major factors 
that can affect the metal-reacting species interaction and thus the reaction kinetics.

7.4.1  Electronic Effect

As being discussed in Chap 7.3, metal electrocatalysis involves interaction between 
reacting species and metal active sites. At molecular level, the interaction is caused 
by the different energy levels of their outer-layer electrons, which lead to electron 

[ ] [ ]11
0 ( / 2) ( / 2)S Si nFA k k O R

α αα α −−
−≈
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transfer to minimize the system energy. The process is usually accompanied by 
chemical bond breakage/formation, including chemisorption and intermediate gen-
eration. The d-band center of metals relative to the Fermi level, εd, has been identi-
fied as a good measure for describing the strength of interaction with reacting spe-
cies [25–29]. Nørskov and coworkers have calculated εd values of different metals 
as well as their alloys and overlayer structures (Table 7.2) [30]. They have achieved 
promising successes in using the data for explaining chemisorption of molecules to 
metals.

From Table 7.2, we learn that the εd alters with metals, which helps to explain 
why they have different interaction with reacting species and exhibit different 
electrocatalytic property. For example, the platinum group metals (including Ru, 

Table 7.2  Shifts in d-band centers, εd, of surface impurities (A) and overlayers (B) relative to the 
clean metal values (bold).

Fe Co Ni Cu Ru Rh Pd Ag Ir Pt Au
A
Fe − 0.92 − 0.05 − 0.20 − 0.13 − 0.29 − 0.54 − 1.24 − 0.83 − 0.36 − 1.09 − 1,42
Co 0.01 − 1.17 − 0.28 − 0.16 − 0.24 − 0.58 − 1.37 − 0.91 − 0.36 − 1.19 − 1.56
Ni 0.09 0.19 − 1.29 0.19 − 0.14 − 0.31 − 0.97 − 0.53 − 0.14 − 0.80 − 1.13
Cu 0.56 0.60 0.27 − 2.67 0.58 0.32 − 0.64 − 0.70 0.58 − 0.33 − 1.09
Ru 0.21 0.26 0.01 0.12 − 1.41 − 0.17 − 0.82 − 0.27 0.02 − 0.62 − 0.84
Rh 0.24 0.34 0.16 0.44 0.04 − 1.73 − 0.54 0.07 0.17 − 0.35 − 0.49
Pd 0.37 0.54 0.50 0.94 0.24 0.36 − 1.83 0.59 0.53 0.19 0.17
Ag 0.72 0.84 0.67 0.47 0.84 0.86 0.14 − 4.30 1.14 0.50 − 0.15
Ir 0.21 0.27 0.05 0.21 0.09 − 0.15 − 0.73 − 0.13 − 2.11 − 0.56 − 0.74
Pt 0.33 0.48 0.40 0.72 0.14 0.23 − 0.17 0.44 0.38 − 2.25 − 0.05
Au 0.63 0.77 0.63 0.55 0.70 0.75 0.17 0.21 0.98 0.46 − 3.56
B
Fe − 0.92 0.14 − 0.04 − 0.05 − 0.73 − 0.72 − 1.32 − 1.25 − 0.95 − 1.48 − 2.19
Co − 0.01 − 1.17 − 0.20 − 0.06 − 0.70 − 0.95 − 1.65 − 1.36 − 1.09 − 1.89 − 2.39
Ni 0.96 0.11 − 1.29 0.12 − 0.63 − 0.74 − 1.32 − 1.14 − 0.86 − 1.53 − 2.10
Cu 0.25 0.38 0.18 − 2.67 − 0.22 − 0.27 − 1.04 − 1.21 − 0.32 − 1.15 − 1.96
Ru 0.30 0.37 0.29 0.30 − 1.41 − 0.12 − 0.47 − 0.40 − 0.13 − 0.61 − 0.86
Rh 0.31 0.41 0.34 0.22 0.03 − 1.73 − 0.39 − 0.08 0.03 − 0.45 − 0.57
Pd 0.36 0.54 0.54 0.80 − 0.11 0.25 − 1.83 0.15 0.31 0.04 − 0.14
Ag 0.55 0.74 0.68 0.62 0.50 0.67 0.27 − 4.30 0.80 0.37 − 0.21
Ir 0.33 0.40 0.33 0.56 − 0.01 − 0.03 − 0.42 − 0.09 − 2.11 − 0.49 − 0.59
Pt 0.35 0.53 0.54 0.78 0.12 0.24 0.02 0.19 0.29 − 2.25 − 0.08
Au 0.53 0.74 0.71 0.70 0.47 0.67 0.35 0.12 0.79 0.43 − 3.56

The impurity/overlayer atoms are listed horizontally and the host entries are listed vertically. The 
surfaces considered are the closest packed, and the overlayer structure are pseudomorphic. All 
values are in eV, and the ed values are relative to the Fermi level (reprinted with permission from 
[31], copyright 2007 Elsevier)
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Rh, Pd, Ir, and Pt) are effective electrocatalyst for CO electro-oxidation reaction, 
whereas the coinage metals (including Cu, Ag, and Au) are inactive toward this 
reaction [32–34]. The little activity of coinages metals could be attributed to their 
significantly deeper d-band centers comparing to the platinum group metals, which 
leads to much weaker interaction with CO molecules. The arguments are in good 
consistence with Fourier transform infrared spectroscopy (FTIR) studies, which ob-
serve little CO adsorption to the coinage metals but strong CO adsorption to the 
platinum group metals.

Another important message drawn from Table 7.2 is that the εd of metals can be 
adjusted by alloying or creating heterogeneous overlayers. The shift in εd has been 
attributed to charge transfer and/or lattice change due to incorporation of a second 
metal. For instance, the εd of pure Pt is − 2.25 eV, which enables Pt to interact mod-
erately with many reacting species and makes it an active catalyst for a variety of 
electrochemical reactions, for instance oxygen reduction reaction (ORR), methanol 
oxidation reaction (MOR), and ammonia oxidation reaction (AOR) [20, 35–42]. 
Fundamental studies have suggested a more negative εd for Pt in ORR to suppress 
the adsorption of hydroxyl species, which compete with ORR and negatively influ-
ence the reaction kinetics. From Table 7.2, the εd for surface Pt can be shifted nega-
tively when it is alloyed with selected elements (Pt-M, M = Fe, Co, Ni, Cu, etc) or 
is overlayered on these metals. In experiments, these alloys and overlayer structures 
have been demonstrated with improved ORR kinetics than pure Pt [43–47], which 
validates the d-band theory.

7.4.2  Geometric Effect

The physical structure of metals depends primarily on the arrangements of atoms 
that make up the metals. Most of metal electrocatalyst nanoparticles are crystalline 
in structure, i.e., the metal atoms being arranged in a pattern that repeat themselves 
in three dimensions. Body-centered cubic ( bcc), face-centered cubic ( fcc), and hex-
agonal close-packed ( hcp) structures are most often observed for crystalline metals. 
The atom arrangement, or geometry, can vary significantly with different crystal 
structure and planes. Correspondingly, the geometric structure of metal surface can 
be greatly altered by exposing different crystal planes. Figure 7.6 shows the geo-
metric structure of (100), (110), and (111) surface planes of an fcc structure, which 
have different atom arrangements and atom-atom distances.

It is often that multiple active sites are required simultaneously to catalyze elec-
trochemical reactions. How these metal active sites arrange can thus dramatically 
alter their interaction with the reacting species, which lead to an altered reaction 
kinetics. These kind of electrochemical reactions are grouped as surface sensitive 
reactions, in which the surface geometry of metal nanoparticles can play a deter-
mining role. For instance, CO can be oxidized into CO2 under Pt electrocatalysis, 
and the reaction is found sensitive to Pt surface. Mechanistic studies suggest an 
Eley–Rideal (E-R) mechanism in an alkaline solution [48]:
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 (7.26)

Adsorbed CO molecules on Pt react with OH- in the bulk phase, which leads to pro-
duction of CO2 and H2O and meanwhile generation of electrons. Figure 7.7 shows 
the voltammetric CO oxidation on single crystalline Pt (111), (110), and (100) [48]. 
The main anodic peaks are resulted from E-R CO oxidation, while the small shoul-
der peaks in the double layer region are attributed to the reaction between COads and 
OHads adsorbed on defect sites via a Langmuir–Hinshelwook (L-H) mechanism. 
The reaction exhibits varying onset potentials on different Pt surfaces, following 
the order E E EPt Pt Pt( ) ( ) ( )110 100 111< < . It suggests different reaction kinetics in order 
of i i iPt Pt Pt0 110 0 100 0 111, ( ) , ( ) , ( )> > . A plausible explanation is that CO molecules form 
multiple bonds with Pt active sites when they adsorb to the surface. The COads on 
Pt (111) is primarily triple bonded while the COads on Pt (110) and (100) are less 
bonded due to geometric constraint. The more stabilized COads on Pt (111) cause a 
larger EA and thus a smaller i0 for electro-oxidation comparing to that on the other 
two Pt surfaces.

7.4.3  Other Effects

Besides the electronic and geometric structures of metals in controlling the intrinsic 
kinetics of electrochemical reactions, some other factors can also play an important 
role. Here, we briefly discuss two major effects which often involve in metal elec-
trocatalysis.

7.4.3.1  Third-Body Effect

A third-body effect describes the role of second metal atoms, which by themselves 
are inactive and do not directly involve in electrocatalysis, in blocking the active 
sites for a side reaction or in blocking the adsorption of poisoning species, which 
require multiple adjacent active sites for adsorption. In this effect, the second metal 

CO OH CO H O eads + → + +− −2 22 2

Fig. 7.6  Schematic illustration of (100), (110), and (111) surface planes of fcc metals
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Fig. 7.7  Electrochemical oxidation of adsorbed CO on Pt (hkl) in 0.1 M NaOH solution: (a) Pt 
(111), (b) Pt (110), and (c) Pt (100). Scan rate = 50 mV/s, background CV ( dotted line) collected 
immediately after CO stripping (reprinted with permission from [48], copyright 2004 Elsevier)
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atoms does not improve the reaction turnover frequency (TOF) on individual active 
sites of the first metal, but alter the distribution of reaction pathways by breaking 
the active sites into smaller ensembles.

One example is the formic acid electro-oxidation reaction (FAOR), which have 
two major reaction pathways (dehydrogenation and dehydration) under metal elec-
trocatalysis [49]:

 (7.27)

 (7.28)

FA molecules are directly electro-oxidized to CO2 in a dehydrogenation pathway, 
while COads-like intermediates are first generated and then oxidized to CO2 in a 
dehydration pathway. The reaction occurs via both pathways when pure Pt is used. 
The generated COads through FA dehydration readily adsorb to Pt and block the ac-
tive sites for further FAOR, causing decreased amount of the active sites and thus 
diminished activity (Fig. 7.8) [49]. PtAu alloy nanoparticles exhibit significantly 
higher activity than pure Pt, which can be attributed to the third-body effect. Al-
though Au is inert for FAOR, it can modify the Pt surface by breaking the Pt atoms 
into smaller ensembles. As the dehydration path requires multiple adjacent Pt sites, 
it is effectively suppressed due to decreased availability of such site ensembles. The 
FAOR thus primarily undergoes the dehydrogenation pathway on PtAu and gener-
ates less COads poisoning species than on pure Pt, leading to increased reaction rate 
and thus current density.

HCOOH CO H edehydrogenation → + ++ −
2 2 2

HCOOH CO H O CO H edehydration
ads → + → + ++ −

2 2 2 2

Fig. 7.8  Cyclic voltammetry 
curves of FAOR using Pt/C, 
Au/C, and PtAu/C alloy 
nanoparticles (reprinted with 
permission from [49], copy-
right 2009 Springer)
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7.4.3.2  Bifunctional Effect

In the bifunctional effect two types of active sites, which have distinct roles in the 
electrochemical reaction, are in presence and in close adjacency. It is often that an 
electrochemical step involves two reacting species, both of which need activation 
but impose different requirements on the active sites. A good catalyst needs to con-
tain two types of active sites, which function together to activate both species and 
to ensure efficient reaction between the two species.

For example, electro-oxidation of adsorbed CO on Pt (COads, Pt) in an acid elec-
trolyte is considered following a L-H mechanism [50]:

 
(7.29)

 (7.30)

The reaction has little activity below 0.6 V vs. reversible hydrogen electrode (RHE),  
which is limited by Step (7.29) because pure Pt cannot effectively adsorb OH spe-
cies until the potential (Fig. 7.9). Bimetallic Pt–Ru is discovered to be a better 
electrocatalyst for this reaction, with more negative onset potential (i.e., bigger i0) 
comparing to pure Pt. One plausible explanation is that Ru adsorbs OH groups ef-
ficiently at low potentials, which react with adsorbed CO on Pt sites:

 
(7.31)

 
(7.32)

H O Pt OH H eads Pt2 + → + ++ −
,

CO OH CO H eads Pt ads Pt, ,+ → + ++ −
2

2 ,ads RuH O Ru OH H e+ −+ → + +

CO OH CO H eads Pt ads Ru, ,+ → + ++ −
2

Fig. 7.9  Electrochemical 
oxidation of adsorbed CO on 
pure Pt and bimetallic Pt–Ru 
electrodes in 3 M H2SO4 at 
10 mV/s (reprinted with per-
mission from [50], copyright 
1998 Elsevier)
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The reaction mechanism is altered by using the bimetallic Pt–Ru, in which Ru pro-
motes the OH adsorption and Pt promotes the CO adsorption. They function to-
gether to catalyze the reaction at a lower potential than pure Pt.

It needs to be noted that all the four effects are functions of the physical pa-
rameters of metal electrocatalyst, some of which are common. Adjustment in one 
physical parameter can lead to variations in multiple effects. In another word, it is 
often that multiple effects work simultaneously to determine the electrochemical 
reaction kinetics, although one of them might play a dominating role. For instance, 
the higher FAOR activity on PtAu alloy than on pure Pt can be mainly attributed to a 
third-body effect (Chap. 7.4.3.1), in which surface Au atoms by themselves are inert 
for the reaction. Their presence helps to break surface Pt atoms into discontinuous 
ensembles, suppresses the undesired pathway, and leads to increased reaction rate. 
Besides the third-body effect, the addition of Au atoms also alters the geometric 
structure of the particle surface. It is because that Au and Pt have different atom 
size and electron affinity, which cause surface restructuring and changes in the lat-
tice parameters. From Table 7.2, the εd for surface Pt shifts up when being alloyed 
with Au, which indicates an alteration of the electronic structure. Thus, besides the 
dominating third-body effect, the geometric and electronic effects could also pos-
sibly play a role in the FAOR reaction. Because of the fact that multiple effects can 
work together and influence each other, it is sometimes difficult to disentangle their 
separate impact on the reaction. A synergistic effect, a more general term which 
describes the creation of an effect greater than the sum of individual effects due to 
the interaction of multiple elements in electrocatalyst, is sometimes used to include 
all possible effects.

7.4.4  Practical Considerations in Metal Electrocatalyst Research

Some practical issues also need consideration in the metal electrocatalyst research. 
It is because metals have their own physical and chemical properties, which can af-
fect and even determine the electrochemical property.

7.4.4.1  Chemical Stability of Metals

The chemical stability of metals requires practical consideration in researching 
metal electrocatalyst. A good metal electrocatalyst should well maintain its struc-
ture and chemical identity under the working condition. For instance, mechanistic 
studies suggest a down-shift in the d-band center of Pt, which has a εd of − 2.25 eV, 
for promoting the ORR kinetics [51]. If we only consider the electronic effect, Cu 
has a moderately deeper εd of − 2.67 eV and could be expected to be a better elec-
trocatalyst than Pt. However, Cu is not a suitable ORR catalyst at all. It has a low 
redox potential and can readily dissolve in acid electrolyte in the ORR potential 
range. Moreover, the low redox potential of Cu causes high coverage of OH spe-
cies even at low potentials, which compete with ORR and negatively influence the 
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reaction kinetics. Another example is the intermetallic PtPb electrocatalyst for both 
MOR and FAOR at low potential range [52, 53]. It is discovered as significantly 
better catalyst for the two reactions than pure Pt, which could possibly be attributed 
to a combination of third-body and bifunctional effects. The Pb surface atoms can 
effectively adsorb OH groups at low potentials, which serve as one of the reacting 
species, and break surface Pt atoms into smaller ensembles, which help to suppress 
the undesired pathway. They function synergistically with Pt active sites for pro-
moting the reaction kinetics. However, it is observed the intermetallic PtPb rapidly 
loses the activity if the working electrode is ramped to potentials above the Pb redox 
potential. It is because Pb begins to leach out above the potential, which leaves a 
pure Pt surface and loses the third-body and bifunctional effects. Table 7.3 lists the 
equilibrium redox potential for some metals under the standard condition ( EA Ax+ /

0 ), 
which can be used as a qualitative measure for evaluating their chemical stability 
under the working condition.

7.4.4.2  Metal Surface Restructuring and Segregation

Another practical consideration in the electrocatalyst research is restructuring and/
or segregation of metal surfaces, which affect the catalytic property by altering the 
surface geometry. The real surface of working metal electrocatalyst, which is often 
resultant of complex interplays between many factors, including surface restructur-
ing, surface segregation, and surface interaction with reacting species, can be quite 
different from the ideal bulk structure.

It is a general phenomenon that the surface atoms can restructure and have dif-
ferent arrangement from those in the bulk, which is driven by a positive surface 
energy. The surface atoms can also restructure under the interaction with reacting 

Table 7.3  Standard redox potentials for metals
Half-cell reaction EC A/

0  (V vs. SHE)

Fe e Fe2 2+ −+ ⇔ − 0.447

Co e Co2 2+ −+ ⇔ − 0.28

Ni e Ni2 2+ −+ ⇔ − 0.257

Cu e Cu2 2+ −+ ⇔     0.342

Ru e Ru2 2+ −+ ⇔     0.455

Rh e Rh3 3+ −+ ⇔     0.758

Pd e Pd2 2+ −+ ⇔     0.951

Ag e Ag+ −+ ⇔     0.7996

Ir e Ir3 3+ −+ ⇔     1.156

Pt e Pt2 2+ −+ ⇔     1.18

Au e Au3 3+ −+ ⇔     1.498
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species. For instance, fcc Pt (100) surface under vacuum consists of a quasi-hexag-
onal structure, rather than the square symmetry (100) lattice. The surface restructur-
ing is driven by the surface energy minimization. When the Pt (100) is exposed to 
CO atmosphere, CO molecules adsorb to the surface and can cause restructuring of 
the quasi-hexagonally arranged surface Pt atoms back into a square-like structure. 
This surface restructuring process is driven by the interaction between adsorbed CO 
and surface Pt atoms [54].

Surface aggregation often occurs in alloys, which causes a different surface 
composition from the bulk phase. The phenomenon is originated from the different 
property between elements, including metal–metal bond strength and atom size. 
Norskov and coworkers have calculated the segregation energies of all binary com-
binations of transition metals (Fig. 7.10) [28], which provide a valuable measure to 
estimate the tendency of metals to segregate in their alloy surfaces. For instance, Pt–
Ru is among the most active electrocatalysts for MOR [55–59]. From the calculated 
segregation energies, we learn that Ru strongly antisegregates when being alloyed 
with Pt, whereas Pt strongly segregates when being alloyed with Ru. The resultant 
surface structure under such segregation effects consists of separate Ru sites, each 
of which is surrounded by several Pt atoms. Such a surface structure is favorable for 
MOR, with the isolated Ru sites to provide OH species and the adjacent Pt sites to 
activate methanol oxidation.

7.5  Current Development of Metallic Nanostructures for 
Electrocatalysis

As the electrochemical reactions differ from each other in many aspects, including 
reaction mechanism, intrinsic kinetics, reaction conditions, and so on, the imposed 
requirements on metal electrocatalyst are often different. As a result, different elec-
trochemical reactions are found with different metallic nanostructures as the best 
performed catalyst. In general, a good metal electrocatalyst for an electrochemical 
reaction possesses the following characteristics: (1) it exhibits excellent activity 
toward the reaction; (2) it is chemically stable and durable under the reaction condi-
tion; and (3) it is cost-effective. Here we briefly introduce a few important electro-
chemical reactions and discuss the current catalyst development.

7.5.1  Oxygen Electrochemistry

7.5.1.1  Oxygen Reduction Reaction

Oxygen reduction reaction (ORR) has been intensively studied over the past few 
decades because of its fundamental complexity and practical importance for many 
applications, including PEMFCs and metal–air batteries. The overall reaction in an 
acidic electrolyte can be described as follows:
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 (7.33)

There are two difficulties in the research of ORR metal electrocatalysts. One is the 
low intrinsic exchange current density, i0, which leads to very sluggish reaction 
kinetics and large overpotential. The other is the high working potential in acidic 
electrolyte, which imposes rigid requirement on the chemical stability of metals. 

2 2 04 4 2 ( 1.229V vs SH )E.O H e H O E+ −+ + → =

Fig. 7.10  Surface segregation energies for transition metal solutes in the close-packed surfaces 
of transition metal hosts (reprinted with permission from [28], copyright 2002 Annual Reviews)
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Pt has been found the most effective metal for both reaction kinetics and stability 
considerations. However, even the i0 can be increased to around 10−10 A/cm2 using 
Pt, it is still not sufficient for the reaction [60]. The current state-of-the-art Pt/C 
catalyst exhibits around 0.2 mA/cm2 Pt and 0.2 A/mg Pt at 0.9 V vs. RHE in ORR 
[20]. Large amount of expensive Pt metal is needed to generate usable currents 
with high energy conversion efficiency in both PEMFCs and metal–air batteries. To 
advance these technologies the Pt usage must be dramatically reduced, with targets 
of 0.7 mA/cm2 Pt and 0.44 A/mg Pt at 0.9 V vs. RHE being set by the DOE [61]. 
Intensive research activities have been conducted in search of active Pt structure in 
the past years to reach the targets, which led to the development of many types of 
alloy [62–68], skin-layer [69–72], core-shell and thin-film electrocatalysts [73–76].

Mechanistic studies on Pt suggest that the ORR begins with adsorption of O2 to 
the active sites (Eq. 7.34), which is a fast process. The adsorbed O2, O2·S, gains one 
electron from the electrode and reacts with one proton to generate active intermedi-
ate HOO·S (Eq. 7.35), which is further electroreduced to H2O.

 
(7.34)

 (7.35)

The HOO·S generation is discovered to be the rate-limiting step on Pt [77], which 
determines the i0 value and controls the ORR kinetics. The oxygen adsorption en-
ergy to the metal surface (ΔEO), which is a function of the metal electronic structure, 
has been found an effective descriptor for the reaction. A valcano-like relationship 
between the ORR activity and ΔEO has been discovered (Fig. 7.11), suggesting an 
optimal ΔEO for a perfect metal electrocatalyst [51].

2 2· (fast)O S O S+ ⇔

2· · (rate-limiting step) O S H e HOO S+ −+ + ⇔

Fig. 7.11  Experimental 
kinetic current density of 
metal electrocatalysts as a 
function of the calculated 
oxygen adsoprtion energy, 
ΔEO, with respect to that 
of Pt (111) (reprinted with 
permission from [51], copy-
right 2013 Royal Society of 
Chemistry)
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Studies show that single crystalline Pt3Ni (111) can be about 90 times more active 
than the state-of-the-art Pt/C [62]. The largely improved kinetics could be attributed 
to a down-shift in the εd of surface Pt and the (111) surface geometry. A plausible 
explanation is that the rate-limiting step favors a more negative εd (or a less negative 
ΔEO) comparing to that of pure Pt. Meanwhile, the (111) surface geometry is also 
favored to decrease the surface coverage of adsorbed OH species, which negatively 
influence the reaction by blocking the active sites for Eq. 7.35. The discovery has 
motivated the research of octahedral Pt–Ni alloy nanoparticles, which are enclosed 
by the (111) planes and have large specific active area [62, 63, 78–81].

Peng and coworkers has recently developed a scalable, surfactant-free, and low-
cost solid-state chemistry method for making octahedral Pt–Ni alloy nanoparticles 
on carbon support (Pt-Ni/C) [61]. In the method, octahedral Pt–Ni/C can be pre-
pared by simply impregnating both platinum and nickel acetylacetonates onto C 
support and reducing them at 200 °C in 120/5 cm3/min CO/H2 for 1 h. Mechanis-
tic studies suggest that the octahedral Pt–Ni production is resultant of employing 
both CO and H2 gases, wherein H2 aids transportation and reduction of the metal 
precursors on C support and CO is responsible for the particle morphology forma-
tion. Figure 7.12 shows the schematic illustration of the method and the produced 
octahedral Pt–Ni nanoparticles.

The octahedral Pt–Ni/C nanoparticles with different composition were studied 
for the ORR property, which exhibit significantly higher activity than the commer-
cial Pt/C (Fig. 7.13). The octahedral Pt1.5Ni/C shows the highest activity, with a jarea 
of 3.99 mA/cm2 Pt being harvested at 0.90 V vs. RHE. It is about 20 times of the 
value for the Pt/C (0.2 mA/cm2 Pt). The jmass of the octahedral Pt1.5Ni/C is 1.96 A/
mg Pt and is 10 times as high comparing to the Pt/C (0.19 A/mg Pt). However, the 
long-term stability of the octahedral Pt-Ni/C catalyst remains a challenge. After 
4000 cycles of linear potential sweeps between 0.60 and 1.00 V vs. RHE at a scan 
rate of 50 mV/s, the jarea and jmass for the Pt1.5Ni/C decrease to 2.17 mA/cm2 Pt and 
0.97 A/mg Pt at 0.9 V vs. RHE, although the electrochemical active surface area 
(ECSA) decays by only 8 %. The instability of the octahedral Pt–Ni/C could be at-
tributed to a gradual Ni dissolution, which is chemically unstable in acid and under 
high potential and tends to leach out.

Fig. 7.12  Preparation and 
TEM of octahedral Pt–Ni 
nanoparticles on C support 
using solid-state chemistry 
(reprinted with permission 
from [61], copyright 2014 
American Chemical Society)
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7.5.1.2  Oxygen Evolution Reaction

Oxygen evolution reaction (OER) differs from ORR in the reaction mechanism, 
although it is considered as the reverse process of ORR. Thus, the characteristics 
of a good OER catalyst are different from that for ORR. The OER catalyst research 
is of particular interest for water splitting, and regenerative fuels cells and batter-
ies. Mechanistic studies suggest the following OER pathway on metals in acidic 
electrolyte [60, 82]:

 (7.36)

 
(7.37)

 
(7.38)

 
(7.39)

It is proposed that Eq. 7.37 is the rate-limiting step when the active sites interacts 
weakly with oxygenated species, while Eq. 7.38 is the rate-limiting step if the inter-
action is strong. Based on the mechanism, metals are actually more in their oxida-
tive state during electrocatalysis.

A perfect OER catalyst must have optimal interaction with oxygenated species 
to balance the kinetics between the two steps. A valcano plot has been obtained 

2H O S HO S H e+ −+ ⇔ ⋅ + +

HO S O S H e⋅ ⇔ ⋅ + ++ −

2 ·O S H O HOO S H e+ −⋅ + ⇔ + +

HOO S S O H e⋅ ⇔ + + ++ −
2

Fig. 7.13  ORR property of octahedral Pt–Ni/C. a ORR polarization curves and b, c active area 
and mass-specified ORR current densities ( jarea and jmass) of PtNi/C, Pt1.5Ni/C, Pt2Ni/C, Pt3Ni/C, 
Pt4Ni/C, and commercial Pt/C in O2-saturated 0.1 M HClO4 at room temperature, with a scan rate 
of 10 mV/s and an electrode rotating rate of 1600 rpm, and d Cyclic voltammograms, e ORR, 
and f jarea and jmass of Pt1.5Ni/C and commercial Pt/C after accelerated stability test (reprinted with 
permission from [61], copyright 2014 American Chemical Society)
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for the OER performance using different metals (Fig. 7.14) [82]. The change of 
enthalpy for metal oxidation has been found a good descriptor for predicting the 
OER property. Ru and Ir possess the most moderate values among all metals and are 
thus found the most effective elements for the reaction. In practice, Ru and Ir oxide 
nanoparticles are often used as OER electrocatalyst.

7.5.2  Hydrogen Electrochemistry

7.5.2.1  Hydrogen Evolution Reaction

Hydrogen evolution reaction (HER) receives considerable attention in recent years 
for H2 production via electrochemical and photo-electrochemical water splitting. 
The reaction in an acidic electrolyte can be written as follows [51]:
 

(7.40)

The reaction pathway on metals is proposed as follows:
 

(7.41)

 (7.42)

2 02 2 ( 0.0 S0V vs. H )EH e H E+ −+ → =

· (rate-limiting step)H e S H S+ −+ + ⇔

2· · 2H S H S H S+ ⇔ +

Fig. 7.14  Volcano plot of the overpotential for OER vs. the enthalpy of the lower to higher oxide 
transition. Solid circles: in acidic electrolyte, hollow circles: in alkaline electrolyte (reprinted with 
permission from [82], copyright 1984 Elsevier)
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A valcano-like relationship for the HER kinetics has been discovered as function of 
the metal–hydrogen bond strength, which can be related to the electronic structure 
of metal surfaces (Fig. 7.15) [51]. Pt possesses the most optimal metal–hydrogen 
interaction among all the metals and thus exhibits the highest HER activity. Pt/C 
nanoparticles are often used as HER electrocatalyst.

7.5.2.2  Hydrogen Oxidation Reaction (HOR)

Hydrogen oxidation reaction (HOR) is the reverse process of HER and serves as the 
anode half-cell reaction for PEMFCs. Similar to HER, Pt is the most effective metal 
in HOR for its optimal electronic interaction with hydrogen, and is thus most often 
used as the electrocatalyst. It needs noted that the i0 value for HOR on Pt can reach 
10−3 A/cm2 [83], which is around several orders of that for ORR on Pt. Much less 
amount of Pt is needed for HOR than for ORR. Thus, the electrocatalyst develop-
ment is more focused on ORR side in the PEMFC research.

7.5.3  Electrochemistry of Carbon-Containing Compounds

7.5.3.1  Methanol Oxidation Reaction

Methanol has been considered as an alternative fuel for constructing direct metha-
nol fuel cells (DMFCs), in which methanol oxidation reaction (MOR) serves as 
an anode reaction. The reaction has slow kinetics because of its complex reaction 
pathway. Despite the many mechanistic studies, the clear MOR mechanism is still 
under active debates. Figure 7.16 shows a multipathway scheme for the reaction, 
which is proposed based on the intermediate species identified in experiments [84]. 
Several routes involve the generation of COads-like species, which can accumulate 
on metal surface and block the active sites. Pure Pt exhibits a low activity toward 
MOR, which is probably caused by a poisoning effect by the generation of COads.

Fig. 7.15  The HER activity 
on metals as a function of 
the metal–hydrogen bond 
strength (reprinted with 
permission from [51], copy-
right 2013 Royal Society of 
Chemistry)
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Based on current understanding of the reaction, a good MOR electrocatalyst 
should effectively suppress COads generation and efficiently remove generated CO-
ads. PtRu/C alloy nanoparticles have been found a better catalyst than pure Pt for 
the reaction. The property improvement has been attributed to both the third-body 
and bifunctional effects. As being discussed in Chap. 7.4.3, the incorporation of 
Ru breaks surface Pt atoms into smaller ensembles, which helps to suppress COads 
generation because the process requires multiple adjacent Pt sites. Meanwhile, sur-
face Ru atoms adsorb hydroxyl species (OHads), which helps to react with and thus 
remove COads. Abruna and coworkers have recently prepared PtPb intermetallic 
nanoparticles, which exhibit exceptionally higher MOR activity [52]. They reported 
one to two orders of increase in the current density and no detectable COads forma-
tion comparing to pure Pt. They concluded that the COads generation pathway was 
completely suppressed for MOR on the intermetallic PtPb (Fig. 7.17).

7.5.3.2  Formic Acid Oxidation Reaction

As being discussed in Chap. 7.4.3, formic acid oxidation reaction (FAOR) have ma-
jor dehydrogenation and dehydration pathways in parallel (Eqs. 7.27 and 7.28) [49]. 
The dehydration pathway generates COads, which can poison metal electrocatalyst 
by blocking the active sites. Pure Pt is a poor catalyst for the reaction, with the low 
activity caused by COads accumulation on the surface. Pure Pd exhibits significantly 
higher FAOR activity than Pt [85–89]. Spectroscopic studies suggest that FAOR 
favors the dehydrogenation pathway on Pd comparing to Pt, which could be attrib-
uted to the electronic effect. The dehydration pathway and thus COads generation are 
suppressed on Pd, leading to improved FAOR rate.

The FAOR kinetics can also be improved by adding a second metal for modify-
ing the Pt surface. A range of PtM (M = Au, Bi, Pb, etc) alloy nanoparticles exhibit 
greatly improved FAOR kinetics comparing to pure Pt [90–97]. Similar to the alloy 
electrocatalysts for MOR, the improvement can be attributed to the third-body and/
or bifunctional effect. Peng et al. has recently demonstrated the importance of Pt 

Fig. 7.16  Multipathway 
scheme for MOR on metal 
surface, with pathway in 
dashed line not being well 
documented (reprinted with 
permission from [84], copy-
right 2008 Springer).
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surface composition in affecting the FAOR by studying PtAg alloy electrocatalyst 
(Fig. 7.18) [98]. In the study Pt18Ag82 alloy nanoparticles were first synthesized by 
reducing Pt acetylacetonate and Ag stearate in a mixture of 1,2-hexadecanediol, 
oleylamine, oleic acid, and dipenyl ether at 200 °C, and then put on a C support 
for preparing Pt18Ag82/C. By adjusting the potential range used for electrochemical 
dissolution of Ag from the Pt18Ag82, the surface composition of the particles can 
be well controlled. The optimal surface composition was discovered to be Pt3Ag, 
which leads to an overall particle composition of Pt34Ag66, for the FAOR, with the 
activity being more than one order higher than that using pure Pt. In comparison, the 
Pt–Ag structure with a pure Pt surface, which was produced using the Pt18Ag82 by 
altering the electrochemical treatment potential, exhibits much less activity compar-
ing to Pt34Ag66.

7.5.3.3  Ethanol Oxidation Reaction

Ethanol oxidation reaction (EOR) is an even more complex electrochemical reac-
tion comparing to MOR. A complete EOR process involves C–C bond breakage, 
transfer of 12 electrons, and generation of many intermediate species. Figure 7.19 
shows some suggested reaction routes for EOR from mechanistic studies [84]. In 
situ FTIR and on-line DEMS studies show that ethanol cannot be effectively elec-
tro-oxidized into CO2 on Pt. The CO2 yield is only about a few percent, with the 
major products being acetaldehyde and acetic acid. The low yield of CO2 is caused 
by inefficient breakage of the C–C bond, which creates a big energy barrier and 
requires high energy input.

Fig. 7.17  Cyclic voltammogram for MOR using carbon-supported Pt and PtM (M = Bi, Pb, and 
Ru) alloy nanoparticles (reprinted with permission from [52], copyright 2006 American Chemical 
Society)
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Fig. 7.19  Multipathway scheme for EOR on metal surface (reprinted with permission from [84], 
copyright 2008 Springer)

 

Fig. 7.18  a TEM and b HRTEM of as-synthesized Pt18Ag82 alloy nanoparticles, c preparation of 
Pt surface-rich Pt34Ag66 nanostructure by controlled electrochemical Ag dissolution from Pt18Ag82, 
and d, e cyclic voltammetry and FAOR activity using the Pt surface-rich Pt34Ag66 and pure Pt elec-
trocatalysts (adapted with permission from [98], copyright 2010 Wiley-VCH)

 



2337 Metallic Nanostructures for Electrocatalysis

Adzic and his coworkers have recently researched a ternary PtRhSnO2/C elec-
trocatalyst and claimed high effectiveness of the catalyst in splitting the C–C bond 
[99]. They prepared the PtRhSnO2/C nanoparticles using a controllable deposition 
called the cation-adsorption-reduction-galvanic-displacement method. The EOR 
activity for the PtRhSnO2/C is more than two orders of magnitude higher than that 
of the commercial Pt/C at 0.3 V vs. RHE. The dramatically improved activity was 
attributed to a synergistic effect, in which Pt facilitates ethanol dehydrogenation 
and modifies the electronic structure of Rh, Rh facilitates C–C bond breaking and 
ethanol oxidation, and SnO2 provides adsorbed OH species to oxidize the dissoci-
ated CO at Rh sites (Fig. 7.20).

7.5.4  Electrochemistry of Nitrogen-Containing Compounds

7.5.4.1  Ammonia Oxidation Reaction

Ammonia oxidation reaction (AOR) electrocatalyzed by metals has attracted con-
siderable interest for many potential applications, including direct ammonia fuel 
cells [100–102], electrochemical detection of ammonia [103], and wastewater treat-
ment [104, 105]. Mechanistic study discovers that AOR on Pt occurs via stepwise 
dehydrogenation and generation of NHx,ad (x = 1, 2) species (Fig. 7.21) [106, 107]. 
The NHx,ad undergoes dimerization to produce N2Hy,ad (y = 2, 3, 4), which is the 
rate-limiting step. Further dehydrogenation of N2Hy,ad produces final product, N2 
[108–110]. Meanwhile, Nad can be generated via complete dehydrogenation of 
NHx,ad. The produced Nad block the active sites due to strong chemisorption to Pt 
and largely suppress AOR activity [109]. Studies on Pt single crystals find that 
the reaction is geometric structure sensitive. Pt (100) is much more active than Pt 
(111) and (110) [111–113]. Both experimental and theoretical results also suggest 
less generation and easier removal of Nad on Pt (100) than on other surfaces [112, 
114–117]. The synergistic effect leads to a dramatically higher AOR activity.

Fig. 7.20  EOR polarization 
curves on PtRhSnO2/C and 
Pt/C (reprinted with permis-
sion from [99], copyright 
2009 Nature Publishing 
Group)
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The finding suggests that cubic Pt nanoparticles, which are enclosed exclu-
sively by the Pt (100) surfaces, are good AOR electrocatalyst. Peng and cowork-
ers have recently produced cubic Pt nanoparticles on C support (PtNCs/C) using a 
similar solid-state chemistry method as for preparing octahedral Pt–Ni/C [35]. The 
PtNCs/C exhibits an AOR current density of 1.44 mA/cm2 Pt at 0.6 V vs. RHE, 
which is about five times of that using the commercial Pt/C (0.30 mA/cm2) at the 
same potential. The significant enhancement in the current density represents much 
improved reaction kinetics and demonstrates the geometric effect of Pt nanopar-
ticles on the AOR property (Fig. 7.22).

7.5.4.2  Hydrazine Oxidation Reaction

Hydrazine oxidation reaction (HZOR) has been applied in many industrial applica-
tions, including metal plating, corrosion protection, and direct hydrazine fuel cells. 
It has been proposed that HZOR on metal surfaces proceeds through direct hydra-
zine electrochemical dehydrogenation into N2. The reaction involves no N–N bond 
breakage and less electron transfer, and is thus intrinsically more active comparing 
to AOR. The reaction pathway in an acidic electrolyte can be depicted as follows 
[118]:

Fig. 7.21  Schematic illustration of AOR pathways on Pt (100) and (111) surfaces (reprinted with 
permission from [35], copyright 2013 Royal Society of Chemistry)
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 (7.43)

 (7.44)

 (7.45)

Step (7.44) seems to be the rate-determining step and is discovered to be both 
electronic and geometric structure sensitive. Dissimilar to AOR, for which Pt is 
the most active among all metals, Rh exhibits the highest activity for AZOR. It 
indicates Rh has the most optimal electronic structure for promoting the rate-lim-
iting process. The AZOR activity on different Rh surfaces follows the trend of Rh 
(100) > Rh (111) > Rh (110) (Fig. 7.23). The geometric structure-dependent activity 
could be attributed to the active sites requirement for N2H2·2S species generation, 
in which two adjacent active sites with an optimal distance are needed. The studies 
on single Rh crystals suggest that cubic Rh nanoparticles could be a good AZOR 
electrocatalyst.

N H S N H S H e2 5 2 3
+ + −+ ⇔ ⋅ + +2

2 3 2 2 2 (rate-determining step) N H S S N H S H e+ −⋅ + ⇔ ⋅ + +

N H S N H e2 2 22 2 2⋅ ⇔ + ++ −

Fig. 7.22  a TEM and b 
HRTEM of cubic Pt/C 
nanoparticles (PtNCs/C) pre-
pared using solid-state chem-
istry method, and c the AOR 
activity using the PtNCs/C 
and the commercial Pt/C 
(reprinted with permission 
from [35], copyright 2013 
Royal Society of Chemistry)
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Abstract The discovery of substantial catalytic activity over metallic nanostructures 
has established a modern industrialized society, largely sustained by heterogeneous 
catalysts for supplying a wide variety of consumer and industrial goods. Heteroge-
neous catalysts allow for highly efficient and selective chemical processes, while 
simultaneously reducing the energy costs associated with chemical manufacturing 
by lowering the activation energy of the desired product pathway. The remarkable 
catalytic activity of metallic nanostructures is intimately linked to their unique physi-
cal and electronic properties. Unfortunately, the catalytic efficiency of modern het-
erogeneous catalysts is often hindered by poor control over active catalytic sites 
and a substantial thermal energy requirement for reaction, which leads to a signifi-
cant reduction in catalyst lifetime and imposes a growing strain on the environment. 
Recent breakthroughs involving the precise control over the size, shape, and elec-
tronic structure of metallic nanostructures as well as the optimization of metal-sup-
port interactions have paved the way for highly efficient catalytic materials poised to 
ease these environmental burdens. The continued optimization and development of 
photoresponsive metallic nanostructures using Earth-abundant materials is expected 
to further reduce both the energetic and financial requirements for obtaining highly 
efficient and selective heterogeneous catalysts. Deeper fundamental understanding 
of the physical and electronic properties governing the catalytic properties of these 
metallic nanostructures promises to provide a means of engineering highly efficient 
catalysts capable of meeting the pressing material needs of the growing industrial 
world while achieving a sustainable economic landscape.

8.1  Introduction

The rapid expansion of the industrialized world has placed tremendous pressure 
on chemical and manufacturing industries to keep pace with rising global demand 
for consumer goods. In order to meet the ever-increasing appetite of expanding 
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markets for raw chemical feedstocks, catalysts are employed to improve the inher-
ently slow rates of many chemical reactions. Catalysts play a critical role in lower-
ing the activation energy of a chemical reaction, which would otherwise occur with 
lower efficiency or at a slower rate. Therefore, it is becoming increasingly rare that 
a modern industrial chemical process is performed in the absence of some form of 
catalyst. Despite the ubiquitous use of industrial catalysts, the fundamental chemi-
cal mechanisms governing catalytic efficiency remain a highly active area of both 
pure and applied chemical research. Although, advancements in catalytic perfor-
mance continue to occur, to date, most industrial processes still require significant 
thermal energy inputs in order to achieve sufficient catalytic efficiency. As a result, 
the chemical industry remains the single largest energy consumer in the industrial 
sector at nearly 20 % as of 2013, and is expected to rise in the coming decades 
(Fig. 8.1; [1]). Further improvements in catalytic selectivity and efficiency, coupled 
with innovative methods to reduce thermal demands, are required in order to con-
tinually improve the performance of industrial catalysts.

Catalyst design involves consideration of numerous factors in order to achieve an 
appropriate balance between conversion efficiency and product selectivity. Metals 
offer particularly intriguing opportunities for catalysis due to their unique electronic 
structure, which results from partially filled d-bands. The occupancy (or vacancy) of 
these d-bands, coupled with the spatial orientation of these electronic states, is often 
responsible for the varied catalytic activity of different metal nanocrystals, which 
provide highly-localized electron density for reduction reactions, or conversely, 
spatially-localized vacancies for adsorbing reactants. Furthermore, size-dependent 
electronic properties arise as a consequence of the band structure of the metal itself, 
which depend sensitively on the diameter ( d) of the metal catalyst. For instance, 
very small metal clusters, ranging in size from ~10–200 atoms (e.g. d < 2 nm), ex-
hibit quantized electronic levels similar to that of semiconductors with a true band 
gap [2], whereas classical electronic properties emerge at larger sizes ( d > 2 nm) as 
a continuous band structure is established within the metal [3]. The ability to transi-
tion between these regimes through recent advancements in controlled nanocrystal 

Fig. 8.1  Worldwide industrial sector energy consumption by a industry and b energy source (cur-
rent and projected) [1]

 



2458 Metallic Nanostructures for Catalytic Applications

growth have provided new “synthetic knobs” to tune the physicochemical proper-
ties of the resulting metal catalyst for a particular application.

Catalytically active metal nanocrystals are often deposited on another material 
support in order to increase the active surface area available for reactions. In the 
context of heterogeneous catalysis, it is important to distinguish between so-called 
“passive” and “active” supports in evaluating the role of both constituents in the 
overall catalytic process. Certain reactions are dramatically enhanced in the pres-
ence of these active supports, such as carbon monoxide (CO) oxidation [4], as the 
presence of unique active sites at the interface between the metal nanocrystal and 
the support enhance adsorption and activation of the reactant molecules. These 
types of unique active sites exert significant influence over the catalytic activity 
observed in many industrially important reactions and must be considered when 
designing catalytic materials for a given purpose.

As mentioned previously, the majority of these catalytic processes require sub-
stantial thermal energy to drive the reaction in order to achieve sufficient conversion 
efficiencies at an industrial scale. Unfortunately, this thermal requirement repre-
sents an undesirable industrial practice, as additional thermal inputs add significant 
production costs to the overall catalytic cycle. Moreover, operating heterogeneous 
catalysts at elevated temperatures accelerates deactivation of the catalysts [5, 6]. 
Depending on the reaction of interest, several potential products may be expected, 
and these unwanted byproducts are often increased at elevated temperatures, fur-
ther reducing the overall selectivity of the catalyst [7]. The development of high 
efficiency catalysts, that mitigate thermal inputs, constitute a vital requirement for 
more sustainable industrial practices. Two critical criteria that must be addressed to 
improve future catalytic materials involve mitigating these thermal requirements by 
improving catalytic efficiency and boosting reaction selectivity.

The industrial applications for heterogeneous metal catalysts are as varied as the 
reactions they catalyze. Archetypal catalytic reactions such as CO oxidation, ethyl-
ene epoxidation, and the water–gas shift reaction have shaped the modern paradigm 
of metal nanocrystal catalysis [4]. Although these reactions are historically and in-
dustrially important, perhaps the most interesting development in metal catalysis 
came with the realization that small Au nanoparticles (NPs) exhibit remarkably in-
creased catalytic activity for CO oxidation at room temperature [8]. This discovery 
has had important implications for the future direction of metal nanocrystal cata-
lytic research and has ushered a renewed interest in the unique catalytic properties 
of metal NPs for catalytic applications.

The use of metallic nanostructures for sustainable chemistry will become a 
greater emphasis in the future, with the realization that ever-increasing global de-
mand can only be met by reducing energy inputs. The efficient use of renewable 
energy sources will be of vital importance to the chemical industry, as the search 
continues for new ways to improve catalytic efficiency and selectivity, while mini-
mizing the thermal requirements for industrial synthesis. In particular, the devel-
opment of both alloyed and core-shell nanostructures offer improved selectivity 
for challenging chemical reactions, such as the oxygen reduction reaction [9, 10], 
a demanding catalytic reaction pivotal to the eventual realization of a sustainable 
hydrogen economy. Heterogeneous metal catalysts for electrolytic reactions, such 
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as the hydrogen evolution reaction from water [11, 12], or electroreduction of CO2 
[13] are also expected to receive substantial attention in the coming decades, as 
these reactions represent a sustainable means of procuring chemical energy and raw 
chemical feedstocks for further synthesis of fine chemicals.

Recently, in an effort to reduce energy inputs, researchers have turned to plas-
monic-metal NPs as potential photocatalysts for a variety of photochemical reac-
tions [6, 14–18]. The unique optical properties of plasmonic-metal nanostructures 
stem from their ability to support collective electronic oscillations known as surface 
plasmons. Optical excitation at the surface plasmon resonance (SPR) frequency of 
the metal nanoparticle induces a coherent oscillation of the electron gas, generat-
ing an enhanced electromagnetic (EM) field spatially localized at the surface of the 
plasmonic-metal nanostructure [19]. The SPR frequency is highly sensitive to the 
composition, shape, and size of the metal nanostructure, as well as the local dielec-
tric environment, offering a means of tuning the optical response for a given appli-
cation [20, 21]. The large optical cross sections of plasmonic-metal nanostructures 
make them attractive candidates for solar-powered applications, with tunable SPR 
properties throughout the entire solar spectrum. Efficiently harvesting solar energy 
for catalyzing chemical reactions offers a sustainable route to power industrial reac-
tions, while reducing the thermal inputs required for achieving sufficient reaction 
efficiencies. The synergistic use of both light and thermal energy offers intriguing 
possibilities for driving industrially relevant catalytic processes, while minimizing 
extraneous thermal inputs. It is anticipated that these plasmonic nanocrystals may 
offer a new approach to reduce external energy inputs, while maintaining suitable 
catalytic efficiency.

8.2  Traditional Small Metallic Nanostructure Catalysis

Metals possess inherent material properties that make them unique from other 
forms of matter and position them as promising materials for catalysis. These prop-
erties are derived from the nature of the electronic interactions between atoms as 
they combine to form a discrete metal particle. As the number of atoms of a metal 
increase to form a periodic solid lattice, continuous energy bands form as a result 
of orbital overlap of the quantum mechanical wavefunctions (Fig. 8.2). For metals, 
the highest-energy band is only partially filled, allowing for transport of these elec-
trons between the unoccupied electronic states throughout the nanocrystal lattice at 
room temperature, facilitating electronic conduction. For metals in group VIII–XI, 
the catalytic activity is partially due to the degree of vacancy of the d-bands, as this 
occupancy determines the adsorption strength of reactants and molecular intermedi-
ates for a particular reaction. For this reason, the metals found to be most active, and 
consequently most commonly studied for heterogeneous catalysis are: the 3d metals 
of Fe, Co, Ni, and Cu; the 4d metals of Rh, Pd, and Ag; and the 5d metals, Pt and Au 
[22]. A brief overview of commonly used metals is presented below.
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The choice of metal has a significant effect on the resulting selectivity and 
activity for certain reactions because of the intrinsic differences in material 
properties of the metals. Properties such as the lattice parameters, work function, 
and ionization energy affect overall catalytic activity. For example, the relatively 
low ionization energy of Ag engenders this metal with high selectivity for ethylene 
epoxidation, resulting in an important industrial feedstock, ethylene oxide (EO), 
rather than unwanted H2O and CO2 byproducts [23, 24]. It has been suggested that 
Ag can readily stabilize atomic oxygen on its surface, whereas Au cannot regenerate 
surface oxygen without oxidative treatment [24].

By comparison, Au nanocrystals are thoroughly studied for CO oxidation despite 
their inability to readily adsorb molecular oxygen (O2) [25]. The relatively weak 
chemisorption strength of CO on the Au surface allows for easy desorption follow-
ing oxidation to CO2. This process is much more difficult on the Pt nanostructure 
surface because the relatively strong adsorption of CO2 on the Pt surface prevents 
desorption after reaction, leading to catalyst poisoning [22]. Hence, Au has been the 
subject of many catalytic studies because of its unusual activity and selectivity for 
aerobic oxidation reactions [26–28].

Pt nanocrystals are known to be highly active for water reduction, and are of-
ten the benchmark by which new hydrogen-evolving electrocatalysts are measured 
[29]. The Pt surface is highly active because of the appropriate mix between ac-
tive adsorption of the molecular reactant and ready desorption of the molecular 
product [30]. The prolific hydrogen evolution reaction (HER) activity of Pt NPs 
make them attractive candidates for augmenting photoelectrochemical cells to im-
prove the conversion of solar energy into chemical energy in the form of H2 gas. 
This approach has shown to yield substantial benefits in overall photoelectrochemi-
cal activity, while requiring a minimal amount of precious metal cocatalyst [29, 
31]. Further research has centered around involving the more plentiful third-row 

Fig. 8.2  Density of states 
as a function of interatomic 
distance. (Adapted from 
reference [80])
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transition metals into metal nanocrystal catalytic platforms in order to achieve an 
appropriate balance between overall catalytic activity and catalyst cost.

Pd nanostructures excel in a particular type of C–C coupling reaction between 
a halide and a boronic acid known as the Suzuki–Miyaura cross-coupling reaction. 
This coupling reaction has proven to be a very versatile reaction for the industrial-
scale formation of C–C bonds in aryl compounds such as styrene [32], and has been 
so important that A. Suzuki, R. F. Heck, and E. Negishi shared the 2010 Nobel Prize 
in Chemistry for their pioneering work in this process. Pd atoms excel at this reac-
tion because of their ability to add to the organohalide reactant, the rate-limiting 
step, relative to other metals [33]. Originally, this procedure involved homogenous 
Pd(0) organometallic catalysts dispersed in organic solvents. Unfortunately, the use 
of a homogeneous catalyst is inconvenient due to the inherent difficulty associated 
with separating the Pd catalyst from the final product [34]. When Pd metal nano-
structures were used in place of the originally-developed organometallic catalyst, 
improved stability and separation from the metal catalyst was realized [33]. The key 
to develop highly selective and efficient catalysts is to exploit the inherent chemical 
properties of the metal nanostructure, and tailor the physical and electronic proper-
ties in order to minimize the activation energy at an active site, while maximizing 
the density of those sites.

8.2.1  Size and Facet-dependent Catalysis

Current industrial needs require the rational design of heterogeneous catalysts. The 
utilization of nanostructured metals offers multiple practical advantages over bulk 
materials: (1) physically, decreasing the size increases the surface to volume ratio 
and the density of the active sites [5]. Additionally, the exposed facets can be ma-
nipulated via shape-controlled synthesis methods to preferentially expose a greater 
proportion of catalytically active surfaces [30, 35]; (2) electronically, the metal 
band structure can be considerably different at the nanoscale and is modified to 
facilitate the formation of discrete bands through quantum confinement [36]. It is 
through quantum confinement or SPR that these optical properties can be tailored 
for photocatalytic reactions. Supported single-crystal metal nanostructures gener-
ally assume a semi-spherical shape, and for FCC metals in groups X and XI are 
often bound by low index {100}, {111}, and even {110} facets (Fig. 8.3). These 
periodic arrangements of atoms vary in surface energy and typically have a distinct 
effect on catalytic activity. Recently, it has been demonstrated that Pd nanocubes 
exclusively bound by {100} facets show the highest activity for the Suzuki cou-
pling of 4–bromoanisole and phenylboronic acid [33]. The basis for this improved 
activity was found to be the leaching of Pd through reaction with adsorbed oxygen, 
which occurred more readily on the {100} facet surface than the others. Exposed 
crystal facets can also affect the surface energy and lead to a reduced dissocia-
tion barrier for some reactant species. In the case of nanoporous Au catalysts, it 
was observed that the selective exposure of high-energy facets and surface defects 
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including kinks and steps, while simultaneously preventing the formation of low 
energy {111} facets, leads to a higher activity for the aerobic oxidation of CO [37]. 
These results highlight a common problem in nanocrystal catalysis, in that these 
high-energy surface facets are highly active for catalysis, but often reorganize to 
less active, lower energy crystal facets during (or prior to) catalytic reaction, reduc-
ing catalytic activity and overall catalyst lifetime [38].

The exposed crystal facet also plays a major role in selectivity for EO formation. 
By comparing Ag nanorods, which are bound by both {100} and {111} facets, to 
nanocubes bound only by {100} facets (Fig. 8.4) and multifaceted nanospheres, 
Linic et al. determined the influence of exposed {100} surface area on selectivity 
for EO [35]. The selectivity for EO was observed to be directly proportional to the 
surface area of the exposed {100} facet (Fig. 8.4). This facet-dependent activity was 
further confirmed based on the geometry of the nanorods, which exhibited {111} 
surfaces on the ends of the rods and {100} surfaces on the sides, as lengthening the 
nanorod led to higher selectivity.

In many cases, the facet-dependent activity is inseparable from the size depen-
dence, since nanocrystal size limits the exposed facet surface area and dictates the 
types of exposed surface sites. For instance, Goodman et al. successfully correlated 
the number of low-coordination number Au atoms (located at the perimeter or cor-
ner of the NP with the CO oxidation activity (Fig. 8.5; [39]). More recently, Murray 
et al. demonstrated a similar phenomenon in both Pd and Pt NPs adsorbed on CeO2 
for CO oxidation activity [40]. It was observed that when normalized for metal 
surface area, the sample with the smallest size had the highest activity because this 
catalyst had the largest proportion of perimeter and corner atoms.

Further manipulation of metal nanocrystal size leads to unique electronic proper-
ties. Nanoparticles in the d < 2 nm size range exhibit band structures that begin to 
reflect quantum mechanical properties. At this size, transition metals exhibit a va-
lence band (VB) and conduction band (CB) with an intermediate band gap similar 
to semiconductors or quantum dots. This attribute was apparent early on in Good-
man’s study of size dependent aerobic oxidation over Au on TiO2 supports. While it 
has been widely accepted that sub-5 nm Au nanostructures are inherently active for 
CO oxidation, Goodman et al. highlighted that the onset of catalytic activity in sup-
ported Au catalysts occurred at ~1 nm thickness (~300 atom cluster), at nearly the 

Fig. 8.3  Geometric represen-
tation of common low-energy 
facets found in FCC metals
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Fig. 8.5  Dependence of CO oxidation activity on specific active sites ( red and blue) on Au 
bilayer films ( left), bilayer particles ( center), and hemispherical particles ( right). (Reprinted with 
permission from reference [39])

 

Fig. 8.4  Ethylene epoxida-
tion over a Ag nanorods 
and b Ag nanocubes exhibit 
remarkable differences in 
selectivity c due to differ-
ences in exposed surface 
facets. (Reprinted with per-
mission from reference [35])
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same point at which quantum confinement is observed [36]. However, it should be 
noted that the surface catalytic activity of the metallic nanostructures persists into 
the large NP regime ( d > 20 nm) in most cases.

8.2.2  Support Effect

The metal nanostructure itself can function as a catalyst for certain reactions. How-
ever, there are many physical and electronic advantages of using a support material 
in conjunction with metallic nanostructures, including: (1) improved stability of 
smaller nanostructures ( d < 5 nm) by minimizing aggregation/coalescence, (2) no 
requirement for surface ligands to stabilize the nanocrystal, offering unhindered 
access to the catalyst surface, (3) can alter the electronic structure of the supported 
metal nanocrystal, and (4) so-called “active” supports can actually participate in the 
reaction mechanism. Another important result from the work of Murray et al. was 
that the density of under-coordinated Pd or Pt atoms only affected the activity when 
adsorbed on CeO2 supports and not Al2O3 [40]. This was explained by the fact that 
CeO2, like TiO2, α-Fe2O3, ZnO, SrTiO3, and MgO, is considered an “active” sup-
port, meaning that they are involved in the adsorption and activation of molecular 
O2 to either atomic oxygen or a reactive oxygen species such as singlet oxygen (O2

*) 
or superoxide (O−) radicals. The properties of the catalyst support affect all aspects 
of a catalytic reaction, including adsorption, surface reaction, and desorption. When 
complimentary to the reactivity of the metallic nanostructure, the catalyst support 
can provide synergistic catalytic activity otherwise unattainable with unsupported 
nanostructures.

8.3  Catalytic Reactions Using Traditional Metallic 
Nanostructure Catalysts

Small metal nanostructures have been employed for a wide variety of catalytic re-
actions. The aim of this section is to highlight specific reactions that are actively 
studied, have significant industrial application, and have advanced the fundamental 
understanding of surface catalysis in metallic nanostructures.

8.3.1  Carbon Monoxide Oxidation

The scission of the C–O bond during CO oxidation is regarded as the rate limiting 
step in the Fischer–Tropsch reaction, which forms hydrocarbons from the hydroge-
nolysis of CO [41]. This reaction has also been the target of catalytic converters in 
automobiles since the 1970s in order to lower the toxicity of tailpipe emissions by 
converting CO to hydrocarbons and CO2 [42]. Haruta et al. first observed catalytic 
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activity for CO oxidation over small ( d < 5 nm) supported Au NPs in the 1980s 
[8]. This observation was remarkable for several reasons. First, bulk Au catalysts 
are known to be inactive for CO oxidation. Second, the oxidation activity of Au 
nanocrystals was observed at surprisingly low temperatures (T < 0 ℃), which is not 
reproduced using other metallic nanostructures.

As with many surface catalytic processes, low temperature CO oxidation is sug-
gested to occur through a Langmuir–Hinshelwood mechanism involving four pri-
mary steps: (1) reactant adsorption, (2) surface diffusion, (3) surface reaction, and 
(4) product desorption [43]. The process is initiated by the chemisorption of CO 
onto the surface of a Au NP, during which a CO molecule chemisorbs to the Au 
surface through overlap of the molecular 2σ orbital of carbon with the hybrid dσ and 
dz

2 orbitals of Au (Fig. 8.6a; [44]). When chemisorbed, electron density is spontane-
ously transferred to the vacant hybrid Au orbitals. This transfer of electrons leads to 
an unsustainably high electron density, resulting in the back donation of electrons to 
the C 2π* orbital (Fig. 8.6b), weakening the C–O bond, and strengthening the Au–C 
bond [44]. For low temperature CO oxidation, it is suggested that the active sites for 
Au NPs supported on a metal oxide are at the nanocrystal perimeter, consisting of 
under-coordinated Au atoms, and therefore, the adsorbed CO and O2 species must 
diffuse to this active site for reaction before intermediate formation and desorption 
of CO2 occurs (Fig. 8.7; [22, 28, 40, 45, 46]).

The activation of O2 is widely considered the rate limiting step in the overall 
CO oxidation mechanism and unlike Ag or Pd, adsorption of molecular O2 onto 
low energy facets of Au is unfavorable [22]. Therefore, this reaction is far more 
dependent on the catalyst support for at least the partial adsorption and activation 
of O2 species. It has been suggested that reducible metal oxides (e.g., TiO2, SrTiO3) 
can activate O2 because of their ability to both readily adsorb and transfer electrons 
to O2 molecules [47]. Recent studies have suggested that the activation of O2 on a 
reducible oxide can occur via a Mars–van Krevelen pathway in which lattice oxy-
gen from the support can reduce to superoxide (O−) and react with CO adsorbed to 
a perimeter Au atom, leaving behind an oxygen vacancy to which molecular O2 can 

Fig. 8.6  Orbital interaction between metal surface and CO that leads to chemisorption (a) and 
overlap that leads to electron back-donation (b)
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then adsorb, thereby filling the oxygen vacancy in the support and completing the 
catalytic cycle [47].

While molecular O2 does not readily adsorb to Au, it is possible for O2 to bridge 
the interface of the Au and metal oxide support in addition to adsorption on the 
metal oxide. Yates et al. recently published results suggesting that molecular O2 
species adsorb to the interface between the Au nanocrystal and the TiO2 support, 
“bridging” between a perimeter Au atom and a five-coordinated Ti site, as identified 
by in situ Fourier transform infrared (FTIR) spectroscopy and further supported by 
density functional theory (DFT) calculations [28]. In addition to providing evidence 
for the adsorption of CO to the Au surface, the authors suggest that the CO can 
adsorb to TiO2 as well and that CO at both adsorption sites subsequently diffuse 
to the perimeter of the Au at T > 120 K, where oxidation occurs from a bridge-site 
oxygen species.

The oxidation state of the supported metal is vitally important to CO oxidation 
activity [45]. The inherent properties of the exposed facets of the metal-oxide can 
either donate or withdraw electron density from the supported metal. This observa-
tion is particularly apparent in small Au clusters, as Landman et al. demonstrated 
with Au8 clusters supported on different MgO facets [48]. Monitoring the ν(CO) 

Fig. 8.7  Proposed CO oxidation mechanism involving the chemisorption of CO on the Au surface 
followed by diffusion to a perimeter Au atom where oxidation by activated oxygen species occurs. 
(Reprinted with permission from reference [22]).
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stretch via in situ FTIR, the authors determined that the activity of Au clusters ad-
sorbed to the MgO {110} facet with a high density of F-center defects was attrib-
utable to the donation of electron density from the MgO defects to the Au NPs, 
resulting in a more electron-rich nanocluster as compared to the defect free surface. 
The surface charge on the Au NP affects back transfer of electrons to the π* orbital, 
either increasing chemisorption strength or C–O bond strength.

Additionally, the oxidation state can be manipulated using oxidative and reduc-
tive treatment. As Tauster et al. first demonstrated, thermal treatment of Au on TiO2 
under H2 atmosphere leads to the partial encapsulation of the adsorbed Au NPs but 
also electron transfer from the TiO2 support to the metal NP [49]. In a recent study, an 
oxidative strong metal-support interaction (SMSI) phenomenon was demonstrated 
over Au on ZnO, showcasing a reversible encapsulation and electron transfer from 
Au to ZnO when treated in an O2 atmosphere [50]. The resulting NPs possessed 
a partial positive charge (δ+) as measured by FTIR that could be transformed to a 
partial negative charge (δ−) by further treating the catalyst with H2 and subsequently 
accompanied by the reversal of NP encapsulation (Fig. 8.8). These observations 
showcase a universal approach to the tailoring of metallic nanostructure catalysts 
for gas phase reactions and have been pursued as a means of tuning reaction activ-
ity. However, this approach is costly and energy intensive, as it requires expensive 
equipment and operates under high pressure and temperature, motivating research-
ers to seek other pathways to manipulate the surface charge of a metal nanocrystal. 
These recent approaches will be discussed in greater detail in the sections to follow.

8.3.2  Ethylene Epoxidation

The epoxidation of ethylene is an industrially relevant reaction for the production of 
EO, a precursor for detergents, plastics, and other chemical feedstocks. While EO 
can be produced with approximately 87.5 % selectivity over Ag-based industrial 
catalysts, the global market for EO is expected to surpass 27 million t by 2017 [24, 
51]. Because of this projection, even seemingly small improvements in catalytic 
activity are expected to have major financial consequences. Challenges for the pro-
duction of EO include process temperatures in the 500–600 K range and resulting 
catalyst instability [52].

The epoxidation of ethylene involves molecular O2 adsorption over an Ag cata-
lyst whose reaction is given by:

 (8.1)

Ag is the most studied and feasible catalyst for ethylene epoxidation, given that 
other metallic nanostructures result in the complete oxidation to CO2 or are more 
selective for undesirable byproducts. The Ag surface is easily oxidized at room 

2 4 2 2 4
1C H O C H O2+ →



2558 Metallic Nanostructures for Catalytic Applications

Fi
g.

 8
.8

  C
O

 c
on

ve
rs

io
n 

ov
er

 A
u–

Zn
O

 h
et

er
os

tru
ct

ur
es

 f
ol

lo
w

in
g 

ox
yg

en
 p

re
tre

at
m

en
t 

at
 v

ar
yi

ng
 t

em
pe

ra
tu

re
s 

(a
) 

an
d 

du
rin

g 
al

te
rn

at
io

n 
be

tw
ee

n 
ox

id
iz

in
g/

re
du

ci
ng

 t
re

at
m

en
ts

 (
b)

. 
En

ca
ps

ul
at

io
n 

of
 A

u 
fo

llo
w

in
g 

ox
id

at
iv

e 
tre

at
m

en
t 

(c
) 

is
 r

ev
er

si
bl

e 
af

te
r 

tre
at

m
en

t 
in

 r
ed

uc
tiv

e 
at

m
os

ph
er

es
  

(d
). 

Th
e 

co
rr

es
po

nd
in

g 
ch

an
ge

 in
 o

xi
da

tio
n 

st
at

es
 o

f s
up

po
rte

d 
A

u 
na

no
pa

rti
cl

es
 fo

llo
w

in
g 

pr
et

re
at

m
en

ts
 (e

). 
(R

ep
rin

te
d 

w
ith

 p
er

m
is

si
on

 fr
om

 re
fe

re
nc

e 
[5

0]
) 



256 W. D. Wei et al.

temperature under atmospheric pressure but the weak Ag–O bond is not stable at 
higher temperatures, leading to dissociation and oxidation of adsorbed ethylene 
[24]. It has been suggested that electrophilic oxygen (Oδ+) selectively attacks the 
C═C double bond, whereas nucleophilic surface oxygen will preferentially attack 
the C–H bond, removing a bonded hydrogen atom [24]. DFT calculations suggest 
that out of oxygenated surfaces of Au, Ag, and Cu metals, Ag exhibits the lowest 
energy barrier, whereas the Au surface cannot be easily reoxidized, while the Cu 
surface very readily oxidizes, but retains oxygen on the surface at higher tempera-
tures, leading to a high activation energy [23].

Optimization of the physical properties of metallic nanostructures for a variety 
of catalytic reactions is ongoing and heavily studied in the field of catalysis. How-
ever, manipulation of both the physical and electronic properties of the catalyst is 
critical for achieving fully optimized materials with high yield and selectivity. One 
promising approach that has been the focus of recent studies involves the applica-
tion of visible light in the catalytic process to further manipulate the oxidation state 
of supported metal nanocrystals. In this regard, harnessing the SPR properties of 
plasmonic-metal nanostructures has shown significant promise as a means of reduc-
ing thermal energy inputs, while simultaneously boosting catalytic activity.

8.4  Large Metallic Nanostructure Catalysis

8.4.1  Photocatalysis Model

As progress is made to optimize the catalytic activity of metallic nanostructures 
through manipulation of their physical and electronic structure, significant effort 
has been put toward expanding upon the inherent catalytic activity of metallic 
nanoparticles through heterostructure formation with semiconductors. Since the pi-
oneering work of Honda and Fujishima in the 1970s, which demonstrated the pho-
tolysis of water to generate H2 and O2 by ultraviolet (UV) irradiation of TiO2 [53], 
semiconductor synthesis and design continues to constitute active areas of funda-
mental photocatalytic research. Unlike a metal’s band structure, semiconductors ex-
hibit discrete band gaps that allow for absorption of incident photons with energies 
larger than the band gap, which is given by the energy difference between the VB 
maximum and CB minimum. In traditional semiconductor photocatalysis, there are 
three sequential processes to consider: (1) absorption of light to generate electron-
hole pairs, (2) diffusion of these excited-state charge carriers to the semiconductor 
surface, and finally, (3) transfer of these charges to reactant molecules adsorbed on 
the photocatalyst surface to catalyze a chemical reaction [54]. Specifically, incident 
photons can generate excitons in the semiconductor through the process of excit-
ing VB electrons to the CB, (Fig. 8.9a) leaving behind a charge vacancy, or hole, 
in a process known as charge-separation. If charge-separation occurs sufficiently 
close to the semiconductor–electrolyte interface, electrons and holes may diffuse 
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(Fig. 8.9b) to the surface of the semiconductor and react as part of a reduction or 
oxidation half-reaction, respectively (Fig. 8.9c). Efficient photocatalysis requires 
that the semiconductor balances several properties simultaneously, including: (1) 
appropriate band edge potentials, (2) suitable band gap range to harvest solar inso-
lation, (3) photochemical stability, and (4) minimal charge carrier recombination. 
This last parameter is often a significant limitation in semiconductor photocatalysis 
because of the significant mismatch between the typical length scales required for 
effective photon absorption (~μm) and the typical diffusion distance of excited-state 
charge carriers (~nm) in most metal oxides (e.g., TiO2, ZnO, Fe2O3, etc.) [54]. A 
commonly studied approach to overcome this limitation involves heterostructure 
formation with a metal cocatalyst.

8.4.2  Metallic Nanoparticles as an Electron Sink

Similar to the catalysts used in traditional surface catalysis, metallic nanostructures 
are physically anchored to the semiconductor surface, forming a metal–semicon-
ductor heterostructure. The interface between these two materials comprises the 
critical region of the entire heterostructure for determining photocatalytic activity. 
The electronic properties of the substituent materials determine the type of interface 
that is formed, which can either promote or hinder efficient electron transfer [55]. 
These contacts can be either rectifying or Ohmic depending on the Fermi level of 
the metal relative to the semiconductor, and therefore, impede or facilitate electron 
transfer between these materials.

A Schottky barrier is a type of rectifying potential barrier formed at the interface 
between a metal and an n-type semiconductor. Assuming an ideal interface, without 
Fermi-level pinning due to semiconductor surface states, a metal with a high work 
function relative to the work function of the semiconductor can induce band bend-
ing and a potential energy barrier in the semiconductor. When the Fermi level of the 
metal is below the Fermi level of the semiconductor, there will be a spontaneous 

Fig. 8.9  Photocatalytic 
model involving a photon 
absorption, b charge–carrier 
diffusion, and c surface 
reaction
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transfer of electrons from the semiconductor to the metal upon physical contact un-
til a single Fermi level is established within the composite material. This transfer of 
charge leads to the formation of a positive space charge region within the semicon-
ductor near the metal–semiconductor interface, which establishes a potential energy 
barrier within the semiconductor known as a Schottky barrier (Fig. 8.10; [55, 56]). 
The potential energy barrier, or Schottky barrier height, is given by the difference 
between the metal work function ( ϕ) and the semiconductor electron affinity ( χ). 
For example, at the interface of Au ( ϕ = 5.2 eV) and anatase phase TiO2 ( χ = 4.2 eV), 
the potential energy required for an electron to completely surmount the Schottky 
barrier and transfer from metal to semiconductor would be ca. 1.0 eV. Using Au, 
and other metals with high work functions (e.g., Pt, 5.9 eV or Pd, 5.6 eV), can lead 
to a build-up of negative charge at particular reactive sites on the metal nanocrys-
tal, while simultaneously minimizing recombination within the semiconductor and 
lowering reaction overpotential.

The creation of a metal–semiconductor heterostructure and subsequent Schottky 
barrier formation alleviates multiple limitations of traditional semiconductor-based 
photocatalysis. First, the overpotential for many catalytic processes, such as H2 evo-
lution, is much lower in metallic nanostructures such as Pt or Au as compared to a 
pristine semiconductor surface. Secondly, a rectifying barrier arises from the fact 
that excited-state electrons in the semiconductor CB can easily transfer to the met-
al, but the reverse transfer back to the semiconductor is energetically unfavorable. 
Therefore, the use of a rectifying barrier enables efficient charge separation, while 
simultaneously providing a means of shuttling excited-state electrons to reactive 
metal catalysts. For instance, this strategy has been employed since the late 1970s 
with Bard et al.’s initial observation of methane evolution from acetic acid over UV-
irradiated Pt–TiO2 heterostructures [57].

Since the Fermi level of the resultant heterostructure equilibrates upon conjoin-
ing two distinct materials, Kamat et al. studied the relative Fermi energy of Au–
TiO2 heterostructures by varying the Au NP size between 3, 5, and 8 nm [58]. Using 
flash photolysis and a (C60/C60

−) redox mediator, it was demonstrated that the effec-
tive Au–TiO2 Fermi level shifts to more negative potentials with UV irradiation of 
the TiO2 support, rendering the composite photocatalyst more reductive than bare 
TiO2 (Fig. 8.11). Furthermore, the size of the Au NPs strongly affects the magnitude 
of the Fermi level shift, with 3 nm Au NPs inducing a Fermi level shift of − 60 mV 

Fig. 8.10  Schottky barrier 
diagram exhibiting band 
bending upon interfacing of 
metal and n-type semicon-
ductor where φ represents 
the barrier height, ECB and 
EVB the conduction band 
and valence band of the 
semiconductor, respectively, 
and Ef , the Fermi level of the 
heterostructure [56]
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under UV irradiation (closer to the TiO2 CB), whereas 8 nm Au NPs only shifted the 
Fermi level by − 20 mV. The distinct shift in Fermi level was attributed to the dif-
ferences in the density of states (DOS) of the different Au NP sizes. In an 8 nm Au 
NP, the potential energy increase per transferred electron is smaller than in 3 nm Au 
NPs due to the quantum size effect of Au, allowing electrons transferred to smaller 
Au NPs to reach higher unoccupied levels and more negative reduction potentials 
relative to larger Au NPs. This demonstrates one aspect of the synergistic effects 
between the physical and electronic properties of metallic nanostructures and ef-
fectively allows for the tailoring of their electronic properties for specific catalytic 
reactions. Another approach to minimize recombination through charge separation 
is by exploiting the inherent optical properties of the metallic nanostructures them-
selves.

8.4.3  Charge Transfer to the Support

Despite the ubiquitous use of TiO2 and other wide band gap semiconductors over 
the past few decades, their application for solar photocatalysis is ultimately lim-
ited by their narrow optical response. Unmodified anatase TiO2 primarily absorbs 
UV light (λ < 415 nm), which accounts for only ~4 % of the solar energy reaching 
Earth’s surface [59]. In order to maximize the potential for solar energy conversion 
in catalytic applications and reduce the remaining thermal requirements in common 
industrial processes, the absorption region must be expanded into the visible and 
infrared (IR) regimes, which account for more than 90 % of the solar spectrum [59].

While many different approaches to expanding the absorption region have 
been explored (chemical doping, dye-sensitization, etc.), incorporating larger 
(10 nm < d < 100 nm) plasmonic-metal nanostructures has become a focus of pho-
tocatalysis research because of their unique optical properties [14]. Specifically, 
nanoscale noble metals of Au, Ag, Cu, Al, and Pd exhibit a strong optical response 
in the visible range (UV for Al and Pd) due to SPR [60]. The advantage of utiliz-
ing plasmonic nanostructures lies in the fact that the SPR response is highly tun-
able through manipulation of the size, shape, and local dielectric environment of 
the nanostructure, which means this phenomenon has the potential to be exploited 

Fig. 8.11  a Fermi level equilibration in the dark and b Fermi level shift upon UV irradiation.  
(Used with permission from reference [58])
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for panchromatic solar energy conversion throughout the entire solar spectrum [60, 
61]. Following optical excitation, the SPR dephasing mechanism involves elec-
tron–electron scattering and eventually photothermal electron–phonon coupling 
(Fig. 8.12) [62]. The electron–electron scattering process generates a non-thermal-
ized distribution of so-called “hot” electrons that are energetic enough to perform 
catalytic reactions on the surface of the metallic nanostructure, or overcome the 
Schottky barrier at the metal-semiconductor interface and occupy available CB 
states in an adjacent semiconductor [55, 56, 63, 64, 65].

The work by Tian and Tatsuma first demonstrated the feasibility of plasmon-me-
diated electron transfer (PMET) in metal–semiconductor heterostructures [66]. By 
using the photoelectrochemical characterization of Au on P25 (80 % anatase, 20 % 
rutile TiO2), the authors were able to closely correlate the generated photocurrent 
to the SPR response of the supported Au NPs. To isolate the reduction half-reaction 
from the overall photocatalytic process, a sacrificial hole-scavenger (methanol) was 
used and the methanol oxidation products were found to be composed of a mixture 
of formic acid, 2-methoxymethanol, and ethyl formate. Not long after, the work by 
Silva et al. showcased a comparison of the UV and visible light model for photo-
catalysis using a colloidal heterostructure of Au NPs deposited on TiO2 [64]. The 
study focused on the different charge transfer mechanisms between the two con-
stituents depending on different irradiation conditions (UV or visible). The authors 
discovered that they could generate H2 from water using only visible light incident 
upon the sample, corresponding to excitation of the Au NPs’ SPR. The conclusion 
of these two early studies was that the distribution of electrons resulting from local-
ized surface plasmon resonance (LSPR) excitation included a portion of electrons 
energetic enough to overcome or tunnel through the ~1.0 eV Schottky barrier at the 
Au–TiO2 interface.

Fig. 8.12  Surface plasmon 
resonance decay dynamics. 
(Reprinted with permission 
from reference [62])
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More recently, PMET has been demonstrated to be a viable approach to over-
all photoelectrochemical water splitting. Moskovits et al. showed that the charge 
vacancies left behind on Au following electron transfer to a semiconductor can be 
harnessed for oxygen evolution when coupled with an oxygen-evolving cocata-
lyst (cobalt oxide) [67]. Additionally, various reports have begun using anisotro-
pic nanostructures combined with semiconductors in order to harness lower energy 
photons with the ultimate goal to harvest the entire solar spectrum through this 
PMET strategy [15, 68–70].

8.4.4  Direct Charge Transfer to Adsorbed Species

In addition to charge transfer to a semiconductor, it has recently been demonstrated 
that the excited electron distribution can directly transfer to unoccupied molecular 
orbitals of reactants adsorbed to the surface of the metallic nanostructure [18, 52, 
71]. Conceivably, excited electrons in plasmonic materials can transfer to any ma-
terials with sufficient orbital mixing and sufficiently low potential energy barriers. 
This includes molecules chemisorbed or physisorbed to the metal surface [18, 52, 
72]. While it is expected that direct electron transfer may be limited based on the 
relative density of unoccupied molecular orbitals, multiple studies have shown that 
the PMET approach can be applied to surface catalysis [18, 52, 71].

As discussed previously, Ag nanostructures are active for ethylene epoxidation. 
Linic et al. explored improvements in activity by utilizing the inherent plasmonic 
properties of Ag nanocubes [52]. Using {100} facet-bound Ag nanocubes supported 
on Al2O3, the authors showed that plasmonic excitation of the nanocubes with vis-
ible light could induce electron transfer to the adsorbed O2 molecules on the surface, 
populating the 2π* orbital of the O2 molecules and effectively lowering the barrier 
for dissociation into atomic oxygen. The transfer of an electron to the anti-bonding 
2π* orbital increases the bond-length along the reaction coordinate, leading to a 
lower barrier to bond scission and eventual dissociation (Fig. 8.13). This observa-
tion was confirmed using the kinetic isotope effect with labelled 18O2. While this did 
not completely alleviate the thermal requirement for reaction, it was observed that 
at 450 K, the steady-state activation of oxygen increased approximately 23 %, cou-
pling the thermal and electromagnetic energy for surface catalytic transformation 
of ethylene [52]. Further study revealed that the dissociation of O2 follows a super-
linear dependence on light intensity at incident powers greater than 300 mW/cm2 
[73]. By partially reducing the thermal requirement, the incorporation of plasmonic 
excitation into surface catalysis has the potential to improve catalyst stability and 
therefore increase the longevity of the catalyst. Recently, Halas et al. demonstrated 
a similar mechanism as described above, in which the excited electrons from the 
supported Au NPs can populate the H2 1σu* anti-bonding orbital leading to H2 dis-
sociation [18, 71].

Modification of the electronic state of the catalytically-active metal is another 
developing area of plasmonic research. The oxidation state is critical to the activity 
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of many catalytic processes such as propylene epoxidation over Cu NPs. Metallic 
Cu is selective for the epoxidation of multiple olefin species, yet is very susceptible 
to complete oxidation to CuO under reaction conditions, rendering it inactive with 
time [16]. Charge transfer to alloyed metal species has been shown to manipulate 
the surface electronic properties and improve catalyst stability by preventing oxida-
tion [16, 74]. Shiraishi et al. fundamentally examined the oxidation of surface Cu 
atoms in a Au–Cu alloy using electron paramagnetic resonance (EPR) [74]. Us-
ing 2–propanol oxidation as a model reaction, the authors observed the continual 
increase in acetone formation under visible light irradiation, whereas the activity 
plateaued under dark conditions as the surface Cu atoms became fully oxidized 
over time. The EPR spectrum exhibited a signal for Cu2+ under dark conditions and 
Cu0 under visible light irradiation (Fig. 8.14), supporting this proposed mechanism 
[74]. Linic et al. demonstrated the same plasmon-mediated oxidation state manipu-
lation mechanism in supported Cu NPs for propylene epoxidation. The authors were 
able to observe drastic selectivity changes between dark and light conditions. The 
oxidation state changes were monitored through in situ UV-Vis spectroscopy and it 
was observed that with SPR excitation, the extinction features of metallic Cu0 were 

Fig. 8.13  a Kinetic isotope effect confirming electron-mediated O2-dissociation process, b den-
sity of states for O2 adsorbed to Ag{100}, c calculated potential energy surface for an electron 
transferred to O2 2π* molecular orbital from Ag, and d transient negative ion formation and result-
ing vibrational energy increase leading to O2 bond dissociation. (Used with permission from refer-
ence [52])
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sustained during reaction, but were characteristic of Cu2O under dark conditions 
[16]. These discoveries suggest a promising means of manipulating and stabilizing 
active oxidation states of metal nanocrystal catalysts while reducing energy inputs.

While the majority of recent research has focused on Au, Ag, and Cu, this tech-
nique is applicable to other metals such as Pd as well. Recent work by Xiong et al. 
has suggested that Pd nanocubes can also populate the O2 2π* anti-bonding orbital, 
leading to reactive singlet oxygen [75]. In this work, the resulting singlet oxygen 
was monitored by EPR in the presence of a spin trap, 2,2,6,6-tetramethyl-4-piper-
idone (4-oxo-TMP). A clear correlation between incident light power and catalytic 
activity was observed, however the relatively low absorption cross-section for Pd 
nanostructures ultimately limited the utility of such a photocatalyst for solar energy 
conversion. An additional strategy for leveraging the surface properties of materi-
als with a small absorption cross-section such as Pd is via alloying with plasmonic 
nanostructures such as Ag or Au, which represents a promising approach to the 

Fig. 8.14  Electron paramagnetic resonance analysis of Cu oxidation state. a Au/Cu–TiO2 in the 
dark with g = 2.005 and g = 1.982 representing oxygen-vacancy-bound electrons, b irradiation of 
Au/Cu–TiO2 for 3 h, c 2-propanol added to Au/Cu–TiO2 in the dark, d Au/Cu–TiO2 irradiated by 
visible light showing reduction of Cu2+ and e Au–TiO2 confirming TiO2 g-factor assignments. 
(Reprinted with permission from reference [74])
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controllable engineering of the physical and electronic properties of the plasmonic 
photocatalyst. Additionally, Yan et al. also successfully demonstrated a combination 
of the strong plasmonic response of Au with the surface propensity of Pd nanopar-
ticles to improve the yield of certain Suzuki coupling reactions [72].

8.4.5  Photothermal Effect on Catalysis

In addition to the aforementioned PMET process, photothermal heating induced by 
the SPR effect of plasmonic NPs has also been harnessed to facilitate catalytic reac-
tions [76]. It is known that most chemical reactions are adequately described by the 
Arrhenius equation and can thus be accelerated by increasing temperature [72, 77]. 
Additionally, the localized heating on the catalysts makes the catalytic reactions 
more energy efficient compared to those powered by bulk heating approaches [78].

Plasmonic nanoparticles, such as Au and Ag, have been used as nanoscale sourc-
es of heat in heterogeneous catalytic reactions [17, 79, 80–82]. Since radical species 
are often generated by thermal energy, localized photothermal heating has been 
investigated as a means of inducing radical reactions [78, 83]. The thermal decom-
position of a common radical initiator, dicumyl peroxide, was investigated by irra-
diating Au NPs in a water droplet with a 532 nm laser [78]. This radical reaction was 
determined to be initiated by the photothermal effect of Au NPs. Surprisingly, the 
conversion rate of this chemical reaction reached 100 % within 1 min and the local 
temperature was estimated to be higher than 500 ºC. In addition to radical polymer-
izations, non-radical polymerizations can also occur as a consequence of the plas-
monic photothermal effect. For instance, caprolactam was polymerized to Nylon-6 
on the surface of Ag NPs under resonant optical excitation [84] and polydimethyl-
siloxane (PDMS) has been photothermally cured into different morphologies by 
photothermal heating from irradiated Au NPs [85]. These recent examples highlight 
the potential opportunities afforded by local photothermal heating for catalyzing a 
variety of chemical reactions.

As an alternative to bulk system heating, localized photothermal heating is also 
effective for material fabrication via SPR-assisted NP deposition. To date, both 
metal and semiconductor architectures can be fabricated with sub-diffraction limit 
resolution by harnessing SPR-induced photothermal heating. Sub-10 nm Au NPs, 
which are well-known CO oxidation catalysts, have been deposited on a nanostruc-
tured Ag surface by using the intrinsic plasmonic properties of the Ag film [86]. 
Furthermore, common metal oxide supports, such as TiO2, CeO2, PdO, and carbon 
nanotubes (CNTs) have also been successfully deposited on Au NPs with the assis-
tance of SPR-driven photothermal heating [81]. These nanomaterials can be further 
used as a support in SPR-catalyzed chemical reactions.

Au NPs are also effective in catalyzing important thermally-activated organic 
reactions. For example, an industrially important chemical reaction, the reform-
ing of alcohol, was facilitated via the plasmon-driven photothermal effect [80]. 
Similar to the nano-reactor (Fig. 8.15), [87] this reaction was conducted within a 
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microfluidic device to take better advantage of the localized photothermal effect. 
This also shows that plasmon-driven photothermal heating can catalyze chemical 
reactions in a nanometer volume when appropriately confined within small systems 
that are engineered to maximize the highly localized photothermal effect. Further-
more, such nanoheaters also can be combined with catalytically-active materials in 
other chemical reactions [17, 72, 79, 88, 89]. For instance, the photo-degradation 
of formaldehyde was studied over Au NPs dispersed on different metal oxides such 
as CeO2, ZrO2, SiO2, and Fe2O3. All of these catalysts showed significant catalytic 
activities toward oxidation of formaldehyde in air at room temperature when ir-
radiated with visible light [89]. A common model reaction, the oxidation of CO, 
has also been found to be enhanced with the photothermal effect of Au NPs when 
anchored on a Fe2O3 support (Fig. 8.16) [79]. These recent studies showcase the 
variety of catalytic applications driven by the photothermal effect.

Although encouraging, separation of numerous possible plasmonic enhancement 
mechanisms is challenging, and has impeded the conclusive demonstration of the 
photothermal effect as the sole reason for enhanced catalytic performance under 
visible-light irradiation of plasmonic-metal nanocrystals. Indeed, more complicated 
mechanisms invoking simultaneous photothermal heating and hot electron transfer 
have been proposed, as detailed in the previous section. It is anticipated that if these 

Fig. 8.15  SERS signal of maleic anhydride (dienophile) during reaction with 2,4-hexadienol 
(diene) to yield 4-isobenzofurancarboxylic acid (a, b). Comparison of product yields for different 
reaction conditions (c). (Reprinted with permission from reference [87])
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dual SPR effects of plasmonic-metal NPs can be appropriately harnessed to achieve 
synergistic enhancements in photocatalytic yield, new avenues of applied photo-
chemical research may be realized.

8.5  Conclusion

Although significant progress has been made in heterogeneous surface catalysis, 
this field is still developing new catalytic materials that are optimized for industrial 
applications requiring high activity and selectivity. Most industrial catalytic reac-
tions are still heavily reliant on expensive metals and significant thermal energy 
inputs to achieve suitable activities, and are therefore plagued by low catalyst life-
times and poor control over reaction selectivity. In that regard, it is expected that 
continued development of nanocrystal metallic alloys will enable the synthesis of 
new materials with tailored reaction selectivity and improved longevity. Further im-
provements will come through a deeper mechanistic understanding of both surface 
catalysis and photocatalysis reaction pathways. The knowledge gained from these 
fundamental studies will aid the development of more Earth-abundant materials 
in order to leverage new insights for carefully engineering optimized heterostruc-
tures with improved reactivity. Particularly intriguing are the recent developments 
involving the use of Al and Cu plasmonic nanostructures as cost-effective alterna-
tives to the more prominently used Ag or Au-based nanostructures. Furthermore, 

Fig. 8.16  Quadrupole mass spectrometry signals for CO2 production over distinct catalysts under 
different reaction conditions. (Reprinted with permission from reference [79])
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the controlled integration of plasmonic-metal nanostructures into semiconductor 
architectures is expected to facilitate the transfer of charge carriers to the site of 
reaction, improving the quantum yield of these processes while harnessing freely 
available sunlight. The motivations behind these developments are deeply rooted 
in the rapid expansion of global industrialization, as the global energy landscape 
and environmental health hang in the balance. Despite the pressing need for highly 
active industrial catalysts and their current limitations, application of metallic nano-
structures to an ever-increasing range of catalytic systems remains promising.
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Abstract Metallic nanostructures have played an important role in electronic and 
optoelectronic devices. This chapter summarizes the related progress with a focus 
on metallic nanowires. We first outline the fabrication of transparent conductive 
electrodes with silver nanowires and copper nanowires, followed by various meth-
ods to improve their performance in electronic devices. We then discuss another 
perspective of metallic nanowires—plasmonic waveguiding that can be potentially 
implemented in optoelectronic devices and can overcome limitation of traditional 
electronic circuits in the era of “big data”. In this section, light coupling as well 
as plasmon propagation in silver nanowire waveguides and functional parts of 
nanophotonic circuits are overviewed. At the end, a few well-established protocols 
for synthesizing metallic nanowires are presented, allowing the readers to further 
explore the related research.

9.1  Introduction

Electronic and optoelectronic devices are the central components in modern instru-
mentation and equipment for display, computation, communication, and sensing 
[1–3]. Over the past decades, significant reduction in critical dimensions and sub-
stantial growth in component integration of devices have led to enormous increases 
in speed, functionality, and computing capacity. This trend is likely to continue 
for some years, leading to devices and systems with exceptional operating perfor-
mance. Notably, progress in such trend is dominated by a development path that 
involves increasing the number of device components, following the Moore’s Law 
[4]. Certainly there exist many challenges to the development in materials science 
and engineering, among which the electrodes need to be fabricated in high-density, 
transparent, and flexible forms [5–7]. During the past years, metallic nanowires 
have been demonstrated as excellent candidate to meet this strong demand, enabling 
various applications especially in optoelectronics [8–10]. However, the emerging 
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era of “big data” requires extremely high density of channels to achieve higher data 
transmission rates and capacity, which apparently cannot be afforded by traditional 
electronic circuits [11,12]. As a promising solution, metallic nanowires have shown 
their capabilities in plasmonic waveguiding which may potentially transmit data 
optically instead of electrically, within the circuits.

9.2  Transparent and Flexible Conductive Electrodes

Transparent conductive electrodes (TCEs) are critical components widely used in 
organic light emitting diodes (OLEDs), solar cells, and display technologies [8]. 
These optoelectronic devices require the electrodes to provide a low-resistance 
electrical contact while maintaining high transparency [13]. In the past decade, a 
wide variety of materials including metal oxide, carbon materials, metal grids, and 
metal nanowires, have been implemented to form transparent and electrically con-
ductive electrodes [14–16].

9.2.1  Conventional Conductors

Transparent conducting oxides (TCOs) are a class of materials having perfect com-
bination of high conductivity with excellent transparency in visible spectral region 
[15]. Indium oxide and indium–tin oxide (ITO) are two important TCOs which have 
been commonly utilized in optoelectronic devices. The ITO occupies 95 % of the 
market with $ 5 billion per year. With the ITO material, it is feasible to achieve sheet 
resistance of ~ 10 Ω/sq and light transmittance of  > 90 % [17]. However, the scarcity 
of indium resources urgently calls for new material to replace ITO (~ $ 800 per kg), 
and more importantly, the brittleness of metal oxides makes them easily crack when 
the substrate is bent [13]. From the perspective of device fabrication, the application 
of ITO is hindered by the high-temperature treatment involved in its production as 
well as slow vapour-based deposition (~ 0.01 m/s) [17].

For this reason, efforts have been made to develop new flexible and transparent 
conductors such as carbon nanotubes (CNTs), graphene, metal grids, and random 
networks of metallic nanowires [18]. Although CNTs and graphene have abundant 
material source, their sheet resistances are too high to replace the use of ITO in 
current-driven devices. The typical sheet resistance of CNT meshes on plastic is be-
tween 200 and 1000 Ω/sq with an optical transmittance of 80–90 %. This resistance 
value, caused by high contact resistance between CNTs, is significantly higher than 
that of ITO on plastic and Ag nanowires meshes [19]. Similarly, graphene has a rela-
tively high sheet resistance (~ 200 Ω/sq) [20]. Such a high sheet resistance impedes 
the applications of carbon materials as the substitutes for ITO in current-based de-
vices such as organic light-emitting diodes and solar cells [13,19].
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Metal grid is another candidate for replacing ITO. It has been experimentally 
demonstrated that the Ag gratings that are patterned at the nanoscale can be em-
ployed as a transparent electrode for OLEDs achieving performance comparable 
to that of ITO [21]. However, the fabrication of nanopatterned silver gratings is 
too costly for wide applications in solar cells and OLEDs. This cost consideration 
has motivated people to develop more cost-effective methods for fabricating metal 
electrodes.

Notably, mesh electrodes can be made by simply casting suspensions of solu-
tion-synthesized metal nanowires. The metal nanowires, which have high conduc-
tivity and optical transmittance, have become the most appealing substitutes of ITO 
in TCEs. In this section, we mainly focus on discussing the use and performance of 
silver and copper nanowires as TCEs.

9.2.2  Silver Nanowires (Ag NWs)

9.2.2.1  Typical Synthesis and Electrode Fabrication

In 2008, Lee et al. demonstrated the potential application of Ag NWs in trans-
parent mesh electrodes. In their work, the Ag NWs were synthesized by reduc-
ing Ag nitrate in ethylene glycol (EG) with the addition of poly(vinyl pyrrolidone) 
(PVP). The yielded Ag nanowires were 8.7 ± 3.7 μm in length and had a diameter of 
103 ± 17 nm (see Fig. 9.1).

To fabricate the transparent electrodes, suspensions of Ag NWs were dropcast 
on glass substrate that had been prepatterned with 100-nm thick Ag contact pads, 
and were dried in air for 10 min. The electrodes were then thermally annealed prior 

Fig. 9.1  SEM images of an as-synthesized Ag NW mesh on silicon substrate and the length and 
diameter histograms of Ag NWs [13]
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to resistivity and transmittance measurements. The fabricated electrodes appeared 
to be random meshes consisting of Ag NWs. As shown in the scanning electron 
microscope (SEM) image in Fig. 9.1, the Ag NWs are uniformly dispersed on the 
surface. To facilitate discussions, we name the electrode fabricated via this method 
typical Ag NW mesh electrode in following sections.

9.2.2.2  Performance of Typical Ag NW Mesh Electrodes

There are four major parameters critical to assessing the performance of TCEs: 
sheet resistance, transmittance, stability, and surface roughness. The discussions 
in the following sections will focus on these four parameters, together with some 
technical approaches to improve these properties.

Sheet Resistance The sheet resistance ( Rsh) of an Ag NW mesh originates from 
two factors—wire resistance ( Rw) and wire–wire contact resistance ( Rc), as well as 
depends on wire length ( L) and wire aerial density ( D). The Rsh of Ag NW meshes 
has been experimentally measured with varied wire density, as shown in Fig. 9.2. 
The average Rw can be determined to 18 Ω based on the bulk resistivity of silver. To 
analyze the roles of Rc, the measured data of Rsh are compared with model calcula-
tions assuming Rc = 1, 40, and 100 Ω. At D < 0.3 μm−2, the data comply well with the 
model for Rc = 40 Ω. As the D is over 0.3 μm−2, the circumstance of Rc = 1 Ω better 
matches the data.

Transmittance TCE requires high optical transmittance over a broad wavelength 
range [19]. Figure 9.3 shows spectrally resolved diffuse transmittance for Ag NW 
meshes. For the two Ag NWs meshes with Rsh of 10.3 and 22.1 Ω, their solar pho-
ton flux-weighted transmissivity ( Tsolar) can reach 84.7 and 88.3 %, respectively, 

Fig. 9.2  Experimentally-
determined sheet resistance 
vs. nanowire density ( D) 
of the typical Ag NW mesh 
electrodes. Red lines repre-
sent the theoretical results for 
different contact resistance 
( Rc)[13]
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certainly depending on the wire density (the inset of Fig. 9.3). As shown in Fig. 9.4, 
Ag NW meshes on glass exhibit a Tsolar comparable or even higher than that of ITO 
on glass for a given Rsh.

Stability Many factors may impact on the stability of electrodes: (1) the adhesion 
strength of Ag NWs with the substrate; (2) the robustness upon being bent; (3) the 
resistivity to chemical damage and heat. The last one is required to guarantee the 
long-term stability of devices integrated with Ag NW mesh electrodes.

The stability of Ag NW mesh electrodes has been tested by Hu et al. in 2010. 
First of all, the film adhesion to the substrate was assessed by a mechanical tape test. 
It turns out that Ag NW mesh electrode without encapsulation has a large increase 
in sheet resistance after the tape test. In comparison, ITO electrode well maintains 

Fig. 9.4  Solar photon flux-
weighted transmissivity vs. 
sheet resistance for Ag grat-
ings ( blue), ITO ( red dot), 
CNT meshes ( Δ), and Ag 
NW meshes ( ) deposited on 
a glass substrate [13]

 

Fig. 9.3  Transmittance 
vs. wavelength of two Ag 
nanowire meshes with differ-
ent Rsh. The inset shows solar 
transmissivity vs. nanowire 
mesh aerial density ( D) [13]
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its sheet resistance during the test. Second, bending tests show that the ITO on 
polyethylene terephthalate (PET) substrate is quite fragile while the Ag NW mesh 
electrode shows great flexibility. Third, the sheet resistance of Ag NWs that have 
been stored in air for a month does not change beyond 5 %. In parallel, it has also 
been demonstrated that Ag NW electrode can well maintain its sheet resistance 
when exposed to water, acetone, and isopropanol (IPA). Strikingly, the sheet resis-
tance even decreases when the electrode is heated, because the contact between Ag 
NW and the substrate is improved through annealing.

Surface Roughness Surface roughness is another important factor determining the 
applications of electrodes. In certain applications such as OLED, 1–2 nm surface 
roughness is required.

9.2.2.3  Methods for Reducing Sheet Resistance

Annealing The initial resistance of the typical Ag NW mesh electrodes demon-
strated above is > 1 kΩ/sq due to the presence of thick PVP capping layer. The PVP 
can be decomposed and flow during an annealing process, and meanwhile, this 
process allows the nanowires to contact or fuse together. As a result, the sheet resis-
tance of mesh electrodes has a sharp drop to ~ 100 Ω/sq after annealing at 200 ℃ for 
20 min. However, excessive annealing for over 40 min leads to an increase in Rsh 
due to the coalescence of Ag NWs (see Fig. 9.5).

Increasing Aerial Density The sheet resistance has been proven negatively cor-
related with the aerial density of Ag NWs [19]. Figure 9.6 shows the performance 
of mesh films consisting of Ag NWs with diameters of 40–100 nm but different 
densities on PET substrates. The Ag NW networks with less density turn out to have 
larger sheet resistance. The sheet resistance can reach ~ 10 Ω/sq by tuning the aerial 

Fig. 9.5  Sheet resistance vs. 
annealing time of Ag NW 
mesh electrodes [13]
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density, which becomes comparable to that of ITO on plastic or glass substitutes for 
solar cell.

Modifying Parameters of Nanowires Hu et al. successfully synthesized longer and 
thinner Ag NWs by introducing KBr solution into the traditional synthesis. Such 
modifications on the parameters of nanowires enable a significant decrease in the 
resistance. Figure 9.7a illustrates the mechanism responsible for this modified syn-
thesis. The addition of bromide results in the formation of AgBr, and thus consti-
tutes a competition with the reduction of Ag + ions by EG. From the SEM images in 
Fig. 9.7b, one can see that the Ag NWs obtained via the modified method are about 
50 % thinner than those by the standard process. The thinner Ag NWs typically 
have 20-Ω/sq sheet resistance and 80 % spectral transmittance at 500 nm, while the 
regular Ag NWs with the similar transmittance have much higher sheet resistance.

Replacing Surface With Au Within the NW network, charges can be transported 
along the wires or across the junctions. The measurements have demonstrated that 
the NW–NW junction resistance is higher than 1 GΩ while the resistance of single 
Ag NW is only about 300 Ω. Thus, the junction resistance holds the key to improv-
ing the electric performance of Ag NW mesh electrodes.

In principle, the sheet resistance of Ag NW electrode can be reduced by improv-
ing the conductance of the NW–NW junction. Au replacement has been proven as 
an effective method to achieve this goal. Experimentally the Au addition can be 
achieved by immersing the Ag NW film in boiling HAuCl4 aqueous solution for 

Fig. 9.6  SEM images of networks with different densities whose Ag NWs were synthesized by 
following the standard method. Different densities lead to varied sheet resistances shown in the 
top right corners [19]

 



278 S. Zhou and Y. Xiong

several minutes and then drying with an air gun. As a result, the pristine Ag NW 
network has been coated by Au through galvanic displacement (Fig. 9.8a–c).

After the Au coating, the resistances have been probed on two typical nanow-
ires with a cross junction to prove the efficiency of Au coating. It turns out that 
more significant resistance reduction occurs on the nanowire junction. The on-wire 
resistances for single nanowire are reduced from 260 to 220 Ω and from 320 to 
300 Ω, respectively, and the junction resistance decreases from > 1 GΩ to 450 Ω 
(Fig. 9.8d).

Pressing Electrodes Mechanically The sheet resistance of Ag NW electrode film 
can be reduced by holding a high mechanical pressure on the top surface. Figure 9.9 
shows the surface of an Ag NW electrode after being pressed by an 81-GPa pres-
sure for 50 s. The sheet resistance drops from hundreds of Ω/sq to tens of Ω/sq. The 
surface roughness also decreases from 110 to 47 nm after the pressure treatment.

Reducing Film Thickness Thickness has been proven as a critical parameter to the 
sheet resistance of Ag NW film, following a negative correlation [17]. As can be 
seen from Fig. 9.10, enabled by the increase of film thickness, the sheet resistance 
of Ag NW film can be reduced down to 10 Ω/sq.

9.2.2.4  Methods for Enhancing Optical Transmittance

Reducing Aerial Density The transmittances for Ag NW films with different 
aerial densities (thus exhibiting varied sheet resistance) are shown in Fig. 9.11. 
In general, the Ag NW films possess high transmittance in a very broad spectral 

Fig. 9.7  a Schematic for synthesizing longer and thinner nanowires by utilizing the competition 
between Br− and ethylene glycol for Ag+ . b SEM images of Ag NWs synthesized via the standard 
protocol and Ag NWs with the addition of KBr. The diameters of Ag NWs shrunk from 50–100 nm 
to 30–50 nm with this modification to the synthesis [19]
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Fig. 9.8  a Schematic for galvanic displacement involved in Au replacement. b TEM image show-
ing the NW treated with the Au replacement. c Surface evolution of NWs along with the Au addi-
tion. d Wire resistance and junction resistance of two 10-μm-long Ag NWs [19]

 

Fig. 9.9  a SEM image of Ag NW network after treated under pressure; b and c AFM images of 
the Ag NW network before and after pressing [19]
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range. In the visible range, the transparency of Ag NW electrode with sheet 
resistance of 110 Ω/sq is very comparable to that of ITO electrode. However, 
the Ag NW electrode also exhibits high transparency in the near-infrared (NIR) 
range (close to that in the visible range), while the transmittance of ITO elec-
trode decreases sharply as the light wavelengths switch towards the NIR. The 
unique broad-range high transmittance enables the Ag NW electrode to be used 
in infrared solar cells.

Reducing Film Thickness The optical transparency of Ag NW films has a strong 
correlation with their thickness. The light transmittances at the wavelength of 
550 nm have been tested on the NW films with different thickness. As shown in 
Fig. 9.12, there is a clear trend that smaller thickness leads to a much higher trans-
mittance. However, unfortunately as the thickness is reduced, the sheet resistance of 
Ag NW electrodes simultaneously increases. As a matter of fact, this feature can be 
also observed in Fig. 9.10. For this reason, a trade-off between optical transmittance 
and sheet resistance should be considered when the Ag NW meshes are employed as 
electrodes in various applications.

Fig. 9.11  Optical transmittance of transparent Ag NW electrodes compared with ITO on PET 
(excluding the influence from substrates) [19]

 

Fig. 9.10  Plots of sheet 
resistance varying with film 
thickness [17]
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9.2.2.5  Methods for Enhancing Stability

Encapsulating NW Film The sheet resistance of Ag NW electrode is doubled after 
a tape test, indicating failure to maintain adhesion of Ag NWs to plastic substrates. 
However, the electrode shows high stableness in sheet resistance after encapsula-
tion with Teflon (Fig. 9.13a). It proves that the adhesion to the plastic substrates can 
be improved by performing encapsulation. In addition to the adhesion, resistance 

Fig. 9.12  Transmission 
spectra for Ag NW films with 
different thickness. A 35-nm-
thick Ag film is presented for 
comparison [17]

 

Fig. 9.13  a Tape tests on three electrodes: pristine Ag NW films, Ag NW films with Teflon encap-
sulation, and ITO on PET; b Bending tests on these three electrodes; c Chemical stability tests on 
Ag NWs: the film is exposed to heat (120 ℃ for 123 h), water for 10 min, acetone for 10 min, and 
IPA for 10 min, respectively [19]
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to mechanical deformation and environmental changes is also critical to the stabil-
ity of electrodes. The flexibility test indicates that the Ag NW electrodes are stable 
during bending regardless of encapsulation, while the ITO film cannot endure the 
bending (Fig. 9.13b). In terms of environmental reliability, the Ag NW electrodes 
can well survive under heating or in solvents without the need of encapsulation, 
and in the case of heating, they even show decrease of sheet resistance most likely 
owing to NW–NW junction and NW–substrate contact improvements (Fig. 9.13c).

There are some other encapsulation techniques to effectively improve the adhe-
sion of Ag NW film to the substrate [18]. For example, polyvinyl alcohol (PVA) can 
be used as a transparent polymer matrix to fabricate Ag NWs–PVA composite film 
(see Fig. 9.14 for the process). This approach successfully enhances the electrical 
performance reliability of film, while its optical transmittance is not much reduced 
(Fig. 9.15). The sheet resistance of the Ag NWs–PVA film turns out to be even 
10 ~ 30 % smaller than that of pristine Ag NW film on bare PET. As demonstrated 
in the work, a deposition density of 32 mg/m2 can offer an optical transmittance 
of 88.0 % (at 550 nm) and a sheet resistance of about 182 Ω. When the deposition 
density increases to 47.7 mg/m2, the Ag NWs–PVA film can achieve a sheet resis-
tance of 63 Ω; although, the optical transmittance is slightly reduced to 87.5 % at 
550 nm. This impressive performance record is very close to meet the criteria for 
touch-screen panels.

The resistance to mechanical deformation can be greatly improved by burying the 
Ag NWs film in PVA. The Ag NW film, that is directly deposited on PET intrinsi-
cally, has good robustness against bending; however, the Ag NWs cannot adhere to 
the substrate tightly. After being buried in PVA, Ag NW film has no obvious increase 
in sheet resistance after a standard tape test or being wiped (Fig. 9.16). Such a simple 
modification also enables excellent reliability in tensile and compressive tests, supe-
rior to the performance of ITO on PET substrate. As compared with the Ag NW film 
on PET, the modified electrode shows greater resistance to heat and chemical attack.

Fig. 9.14  Schematic for burying Ag NWs in PVA to fabricate the Ag NWs–PVA composite film 
[18]
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Increasing Film Thickness De et al. prepared Ag NW films on PET at a number 
of thicknesses in 2009. Deposited mass per unit area ( M/A) is used as a parameter 
to assess the thickness. The films are repeatedly bent from initial radius of 7.5 to 
2.5 mm for many cycles. As shown in Fig. 9.17, the thinnest film ( M/A = 39 mg/
m2) shows stable sheet resistance over the first 200 cycles, but the resistance is 
increased by 2 orders of magnitude in the next 2000 cycles. In stark contrast, the 
sheet resistance of thicker films remains almost unchanged over 2000 cycles. As the 
M/A reaches 79 mg/m2, the sheet resistance has little change in both compressive 
and tensile bending. The thick Ag NW film shows reliability in terms of sheet resis-
tance as high as bulk silver film, dramatically better than the ITO films.

Fig. 9.15  a Photograph of the as-fabricated Ag NWs–PVA film. b and c AFM images of Ag NWs–
PET and Ag NWs–PVA film. d UV-Vis-NIR transmission spectra and e sheet resistance curves 
for the Ag NWs–PVA film at different deposition densities. f Transmission (at 550 nm) vs. sheet 
resistance of the Ag NWs–PVA film compared with other typical transparent conductors [18]
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Fig. 9.16  a Sheet resistance change of Ag NWs–PVA after a tape test. The insets show that bare 
Ag NWs on PET are destroyed after friction and tape adhesion. b The increase in resistance after 
different cycles of folding up. 140-nm-thick Al-doped ZnO (AZO) film on 48-μm thick polyimide 
film (Kapton) is used as a comparison. c Sheet resistance change with temperature increase. d 
Sheet resistance change of Ag NWs–PVA electrode exposed to Na2S solution [18]

    

Fig. 9.17  The change of 
sheet resistance with the 
increase of cycle number for 
Ag NW films at different 
thickness in compression or 
tension tests. A bulk silver 
film is used for comparison 
[17]
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9.2.2.6  Methods for Improving Electrode Smoothness

Improving Fabrication Process A Meyer rod coating setup has been demonstrated 
for lab-scale coating of Ag NWs in 2010 (Fig. 9.18) [19]. The Ag NWs are synthe-
sized by following the protocol in literature with slight modifications [22]. The ink 
made from the suspension of Ag NWs is dropcast onto PET substrate, during which 
the solution is either pulled or rolled over by a Meyer rod. After the inking process, 
the wet coating is dried using an infrared lamp and then treated at 120 ℃ in an oven. 
In this technique, both the ink concentration and Meyer rod size influence the final 
thickness of Ag NW film. Methanol has been identified as the best solvent for uni-
formly coating the Ag NWs on PET substrate.

Increasing Film Thickness As shown in Fig. 9.19, the network of nanowires 
becomes less sparse with the increase of thickness. As a result, the substrate appears 
less transparent and macroscopically smoother. For the film with M/A = 780 mg/m2, 
the NW film is so dense that the substrate below can be hardly seen.

Pressing Electrode Mechanically A mechanical pressure can not only reduce the 
sheet resistance, but also alter the morphology of Ag NW film. As shown in Fig. 9.9b, 
c, the surface roughness would be greatly decreased from 110 to 47 nm after pressing.

Fig. 9.18  a 10-mL Ag NW ink in methanol solution with a concentration of 2.7 mg/mL. b Meyer 
rod coating setup for scalable Ag NW coating on plastic substrate. c Ag NW film on PET substrate. 
d SEM image of as-synthesized Ag NWs [19]
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Encapsulating NW Film As discussed in the last section, when the Ag NW film is 
buried in PVA, the surface roughness can be significantly reduced from 30–100 nm 
to 1–5 nm (Fig. 9.15b, c). This surface roughness can basically meet the require-
ment for specific applications such as OLED.

9.2.2.7  Summary for Ag NW Mesh Electrodes

As demonstrated above, the performance of Ag NW mesh electrodes can be com-
parable to or even higher than that of ITO. The excellent flexibility and stability 
of Ag NW meshes in certain forms, together with their small surface roughness, 
make the mesh electrodes a promising candidate to replace conventional TCEs. 
It is not hard to figure out that many factors are interlinked together when people 
develop approaches to improve the performance of mesh electrodes in terms of four 
parameters—sheet resistance, optical transmittance, stability/reliability, and surface 
roughness. In order to fabricate optimal electrodes for specific applications, some 
factors have to be compromised to find a perfect combination.

9.2.3  Cu nanowires (Cu NWs)

Ag NW mesh electrodes can offer performance at the level up to or superior to con-
ventional ITO electrodes, which have made them possible for commercializations; 
however, their further applications are still limited by some obvious drawbacks such 
as the scarcity and high price of silver [23]. Copper is 1000 times more abundant 
than silver and 100 times less expensive, so fabricating Cu NW electrodes would be 
an appealing alternative to Ag NWs or ITO.

Fig. 9.19  a Photograph of an Ag NW film of PET. b–e SEM images of Ag NW films with differ-
ent thickness: 28, 46, 83, 186, 780 mg/m2. f Length and g diameter distribution diagrams of Ag 
NWs [17]
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9.2.3.1  Typical Synthesis of Cu NWs

Cu NWs can be synthesized on the gram scale to fabricate TCEs. The typical syn-
thetic protocol is presented in Sect. 9.5.2, in which Cu(NO3)2 is reduced by hydra-
zine in NaOH and ethylenediamine (EDA) solution (Fig. 9.20). The Cu NWs have 
a diameter of 90 ± 10 nm and a length of 10 ± 3 μm.

9.2.3.2  Fabrication of Cu NW Electrodes

The product is first sonicated to form an aqueous suspension containing 3 wt% of 
hydrazine and 1 wt% PVP. The suspension is then diluted in a 10 wt% PVP solution, 
which allows the aggregates to sink to the bottom and leaves the well-dispersed 
NWs in the upper solution.

The Cu NWs are filtered onto polycarbonate membranes, and then printed onto 
glass microscope membranes (covered by Aleene’s Clear Gel Glue). The membrane 
is then put in contact with a sticky gel film by hand, and finally peeled off to obtain 
the Cu NW film (Fig. 9.21a).

The film with 390 mg/m2 of Cu NWs shown in Fig. 9.21a has a transmittance 
of 67 % (at the wavelength of 500 nm) and a sheet resistance of 61 Ω/sq. Both the 
compression and tensile bending tests (Fig. 9.21b, c) show that the Cu NW film 
has good reliability in sheet resistance after 1000 bending cycles. The stability of 
Cu NW film in air has been also demonstrated by 28-day exposure to air at room 
temperature. The test shows that the Cu NW film is still highly conductive with no 
degradation in optical transmittance (Fig. 9.21d). Unfortunately, the transparency of 
Cu NW film is lower than that of Ag NW and ITO films.

9.2.3.3  Methods for Improving Cu NW Electrode Performance

Synthesizing Longer and Thinner Cu NWs It has been identified that a few param-
eters of Cu NWs—short lengths, large diameters and aggregation—would cause the 
posterior performance of Cu NW film. Thus, it is imperative to develop synthetic 

Fig. 9.20  Photographs for solution a before the synthesis and b after growth of Cu NWs at 80 ℃ 
for 1 h. c SEM image of as-synthesized Cu NWs. The inset shows that Cu NWs have a spherical 
Cu particle at one end (scale bar: 200 nm) [23]
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methods for longer and thinner Cu NWs. In order to achieve this goal, a few modi-
fications have been made: the heat time is shortened to 3 min, the PVP is used to 
replace the capping agent EDA to prevent the aggregation of Cu NWs, and the 
reaction solution is quickly cooled in ice bath [24]. In terms of electrode fabrication, 
a modified Meyer rod method is used where nitrocellulose is used to uniformly coat 
Cu NWs on PET substrate. After plasma clean and annealing at 175 ℃, the final 
Cu NWs–PET network is ready for use. The as-synthesized Cu NWs have a length 
larger than 20 μm and a diameter smaller than 60 nm.

This Cu NW film turns out to exhibit greatly improved performance (Fig. 9.22). 
At a sheet resistance of 50 Ω/sq, the transmittance is higher than the Ag NW and 
CNT films made by Meyer rod coating and spray coating. Although ITO on glass 
with sheet resistance of 45 Ω/sq has a transmittance 7 % greater than the Cu NWs–
PET film at a wavelength of 550 nm, the transmittance of Cu NW film appears to be 
much higher at the wavelength above 1200 nm. When the wavelength is 1550 nm, 
the transmittance of Cu NW film is 87 % while the ITO film only offers 54 %. The 
high transmittance of Cu NW films in the infrared region allows their applications 
in infrared photovoltaics.

Fig. 9.21  a Photograph of a Cu NW film. b Transmittance vs. sheet resistance for Cu NW films, 
silver NWs, ITO, and CNTs. c Sheet resistance change of Cu NWs in compression and tensile 
bending tests. d Sheet resistance vs. time demonstrating the stability of the Cu NWs films in air 
[23]
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The modified Cu NW films retain their excellent reliability during bending. The 
sheet resistance stays unchanged during 1000 bends, while that of ITO is increased 
by 400 times after only 250 bends. The stability of Cu NW film in oxygen environ-
ment has also been demonstrated for a period of 42 days.

Fig. 9.22  Dark-field optical microscope images of Cu NW films: a transmittance of 90 % and 
sheet resistance of 186 Ω/sq, and b transmittance of 85 % and sheet resistance of 30 Ω/sq. c, d SEM 
images of Cu NW films shown in (a) and (b), respectively. The average length is 20 ± 5 μm, and the 
diameter is 52 ± 17 nm. e Sheet resistance vs. number of bends for Cu NW film (85 % transparent) 
and ITO on PET. The inset shows the Cu NW film in different curvature radii of 10 and 2.5 mm. f 
Sheet resistance vs. time of exposure to air for Cu NW films with transparency of 89, 86 and 82 % 
from top to bottom [24]
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The electrical properties of electrodes can be further tuned by growing ultralong 
Cu NWs. For instance, Zhang et al reported that ultralong single-crystalline Cu 
NWs with good dispersity can be synthesized in the presence of hexadecylamine 
(HAD) and cetyltriamoninum bromide (CTAB), catalyzed by a thin layer of Pt [25]. 
The ultralong Cu NW film with transmittance of 90 % has a sheet resistance as low 
as 90 Ω/sq, exceeding the performance of some reported Ag NW films (Fig. 9.23) 
[19].

Covering Cu NWs with Ni Cu NW films are prone to oxidation as well as possess 
reddish-orange color, limiting their applications in display. In order to overcome the 
limitations, Cu–Ni alloy NWs have been developed by reducing Ni(NO3)2·6H2O on 
Cu NWs [27]. The as-synthesized Cu–Ni NWs are then fabricated into mesh films 
by a Meyer rod method (Fig. 9. 24).

As compared with Cu NW film having the same sheet resistance, the transmit-
tance of Cu–Ni NW film is somewhat reduced by the presence of Ni. For example, 
at a sheet resistance of 60 Ω/sq, the transmittance is reduced from 94.4 to 84.3 % 
at the wavelength of 550 nm as the Ni content rises from 0 to 54 %. Nevertheless, 
the addition of Ni enables much higher resistance to oxidation. This feature can be 
resolved by the tests on two films with similar transmittance in an oven at 85 ℃. As 

Fig. 9.23  SEM images of Cu NW electrodes with a 91 % and b 84.5 % transmittance. c Perfor-
mance comparison of the electrodes made from the ultralong Cu NWs, normal Cu NWs [24], 
CNTs [26], and Ag NWs [19]. d Transmittance vs. wavelength of ultralong Cu NW electrode 
(sheet resistance ~5 Ω/sq) [25]
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shown in Fig. 9.25, the sheet resistances of Cu NW film and Ag NW film increase 
by an order of magnitude after 5 days and 13 days, respectively. In sharp contrast, 
the sheet resistance of Cu–Ni NW film almost stays constant. An estimation based 
on the Arrhenius equation indicates that the Cu–Ni NW film is 1000 times and 100 

Fig. 9.24  a–c Energy dispersive X-ray spectroscopy mapping profiles of a Cu NW coated with 
54 mol % Ni. SEM images of d Cu NWs before coating and e Cu NWs after coated with 54 mol % 
Ni. The diameters of the wires increase from 75 ± 19 to 116 ± 28 nm. Cross sections of pristine Cu 
NW and Ni-coated Cu NW are shown in the insets [27]

      

Fig. 9.25  Sheet resistance 
vs. time for Ag NW film, Cu 
NW film and Cu–Ni NW film 
with transparency of 85–87 % 
stored at 85 ℃ [27]
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times more resistant to oxidation than the Cu NW film and the Ag NW film at room 
temperature, respectively.

In addition to oxidation, the problem about the intrinsic color of Cu NW films 
has also been solved with Ni coating. As displayed in Fig. 9.26, the color of Cu–Ni 
NW films alters from reddish to gray with the amount of Ni increases. Given the 
yellow-green color of ITO, the Cu-Ni NW film displays more neutral color than the 
widely used ITO material.

9.2.3.4  Summary for Cu NW Electrodes

Although typical Cu NW electrodes do not have the performance comparable to 
ITO or Ag NW mesh electrodes, several methods have been developed to improve 
the transmittance at low resistance of Cu NWs electrodes. Such improvements 
result in enhanced performance even superior to some of the reported Ag NW 
mesh electrodes. Since copper is much cheaper than indium and silver, more ef-
forts should be made to further improve the performance of Cu NW electrodes 
down the road.

Fig. 9.26  Images of NW films with transparency of 87 % on a (a) black and (b) white backlit 
background. (c) Quantitative comparison of color on a Hunter color scale. (d) Transmittance vs. 
wavelength for ITO (11 Ω/sq), Cu NWs (60 Ω/sq), and CuNi NWs (60 Ω/sq), with different Ni 
contents [27]
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9.3  Plasmonic Waveguiding

The era of “big data” will require numerous input and output channels to increase 
data transmission rates and capacity. Traditional electronic circuits are limited when 
digital information needs to be sent from one point to the other end of a micro-
processor. Although optical interconnects may play this role, the minimum size of 
photonic structures cannot meet the requirement for the integration with electronic 
chips due to the diffraction limit [28]. Intuitively, plasmonics can solve this prob-
lem by localizing and guiding light in subwavelength structures based on surface 
plasmons [28].

Nanowires have been found to be a suitable candidate for nanoscale plasmonic 
optical waveguides [29]. They can localize the electromagnetic energy at the na-
noscale thus making it possible to miniaturize optical signal processing at subwave-
length. Light coupling and plasmon propagation are two key components for such 
processing, and together with key functional parts of nanophotonic circuits, will 
make important contributions to plasmonic waveguides.

9.3.1  Light Coupling

There are several different approaches to coupling light to plasmon modes in Ag 
NWs. The Ag NWs are synthesized using the similar method outlined in Sect. 9.5.1. 
These NWs have smooth surface and tapered ends.

Approach 1: Laser Focusing on One End of a Nanowire By using one end of the 
Ag NW as the scattering center (Fig. 9.27a), the incident light can be coupled to 
propagating plasmon mode along the Ag NW [30]. As displayed in Fig. 9.28, no 
matter which end of an Ag NW is illuminated by a diffraction-limited laser spot, the 
plasmon propagation can occur along the axial direction of NW. However, when the 
laser is focused on the middle of the Ag NW, no plasmon modes can be launched 

Fig. 9.27  Schematics for a coupling light to a NW by focusing a laser beam on the end of a NW 
and b guiding light with a polymer waveguide [12]
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due to the cylindrically symmetric of the midsection that cannot scatter in the axial 
direction. Only on the tapered end or any discontinuity of nanowire where the sym-
metry is broken can light be coupled into plasmon modes [30].

Approach 2: Guiding Light with a Polymer Waveguide Polymer waveguiding is 
another method that has been developed to more conveniently excite plasmons in 
Ag NWs as shown in Fig. 9.27b [12]. In this method, the interconnect between 
photonic and plasmonic waveguides can be used to couple light into nanophotonic 
devices. To achieve the goal, Ag NWs are aligned perpendicularly to a polymer 
waveguide with one end exposed to the maximum light intensity in the photonic 
waveguide. In the design, the polymer waveguide has a SU-8 core with refractive 
index of 1.58 and 5-μm bottom cladding made of sol–gel with refractive index of 
1.5.

When one end of the Ag NW is embedded in the polymer waveguide, light can be 
coupled into plasmon modes. In a well-designed device, experiment results clearly 
show that laser light propagates along the nanowire to the outside of polymer wave-
guide (Fig. 9.29). With the polarization of the laser light rotated by 90°, the light 
scattered from the nanowire is significantly decreased. It demonstrates that one can 
tune the light emitted from the nanowire simply by adjusting the polarization of 
the incident light. This method is also applicable to couple light from one polymer 
waveguide to multiple nanowires simultaneously.

Other Approaches Although the plasmon on the midsection of Ag NWs cannot be 
directly excited by coupling light to plasmon modes from free space, the coupling of 
plasmonic and photonic nanowires provides a possibility to solve this problem [31]. 
In the approach, light is first lens-coupled into a silica fiber and gradually tapered 
into a nanofiber. The nanofiber is then contacted with a ZnO or Ag NW to excite 
surface plasmons. In this way, plasmons can be excited in the midsection of Ag NWs.

Fig. 9.28  Spatial sensitivity 
of launching plasmons in an 
Ag NW. a Excitation at the 
bottom end. b Excitation 
from the top end. c Excita-
tion from the left end. d 
Laser focusing at the middle 
of the NW [30]
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9.3.2  Plasmonic Propagation

When light is coupled to plasmon modes in an Ag NW, the plasmon propagates 
along the NW. In general, two possible energy attenuation processes should be 
considered in the propagation—intrinsic ohmic loss and radiative energy loss. The 
energy loss due to the NW bending has been extensively investigated [29].

Fig. 9.29  Dark-field images of plasmon propagation in single Ag NW a with and c without white 
light illumination. The laser polarization is parallel to the nanowire. Dark-field images of plasmon 
propagation in the Ag NW b with and d without white light illumination after turning the polariza-
tion of incident laser light 90°. e Microscope images for coupling light from a polymer waveguide 
to multiple NWs [12]
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Intuitively, intrinsic ohmic loss in the propagation can be facilely assessed in the 
system of straight Ag NWs. By changing the position of tapered optical fiber, light 
is coupled into an Ag NW at different locations which in turn change the propaga-
tion length (Fig. 9.30). As such, the propagation loss can be determined by mea-
suring the emission light intensity. It turns out that different Ag NWs with varied 
diameters and lengths have a propagation loss from 0.35to 0.48 dB/μm due to the 
intrinsic ohmic loss.

As for the radiative energy loss, it occurs more when the Ag NW is bent due to 
the energy conversion from propagation to radiation. To probe this energy loss, an 
Ag NW with a diameter of 750 nm and length of 45 μm is bent to radii varied from 
5 to 32 μm by tapered optical fiber manipulation. As shown in Fig. 9.31, the bending 
section keeps smooth, and no defects can be observed. In this bending system, the 
intensities of emitted light from the end of Ag NW are recorded (Fig. 9.30b). Given 
that it exists whenever Ag NW is bent or not, the propagation loss in this Ag NW is 
considered as constant value 18.5 dB. As such, the bending loss can be calculated by 
extracting propagation loss from the total energy loss. As summarized in Fig. 9.31c, 
the pure bending loss decreases exponentially with the increase of bending radii. 
This finding suggests that the emitted light intensity can be adjusted by changing 
the shape of Ag NW. A low bending loss can be readily achieved as long as the 
bending radius is large enough.

9.3.3  Functional Components in Nanophotonic Circuits

Branched Ag NWs have been exploited as the router and multiplexer for plasmon 
propagation [32]. In fact, the branched Ag NWs are occasionally recognized by 
spin-coating suspension of Ag NWs on ITO glass slides. The gaps separating the 
branches are tens of nanometers as displayed in Fig. 9.32. 

Fig. 9.30  a Bright-field optical images and b corresponding dark-field optical images of Ag NWs 
with diameter of 750 nm and length of 45 μm. Surface plasmons are excited by directing a 785-nm 
laser from the tapered optical fiber. (a1–a3) Different positions of the tapered optical fiber. (b1–b3) 
Emitted light at the output end of Ag NW (indicated by red arrows). The propagation distances are 
11, 19 and 38 μm, respectively. The scale bar is 5 μm. c Emitted light intensity vs. propagation loss 
for different propagation distances [29]
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When the end of one NW is excited, surface plasmons propagate along both the 
main wire and the branch wire. Interestingly, the relative intensities of the surface 
plasmons along the main and branch wires can be controlled by tailoring the polar-
ization of the excited light. For instance, when the incident polarization is 140°, the 
light emission is strong at the wire end 2; however, as the polarization turns to 40°, 
the light emission at wire end 2 becomes very dim, leaving that at wire end 3 strong. 
It has been demonstrated that as the emission at the end of the main wire reaches the 
maximum, that at the end of the branched wire end gets to the minimum and vice 
versa. Thus surface plasmons can be routed to different destinations by maneuver-
ing the incident polarization.

The branched Ag NW structure can also be used as a multiplexer. When this 
structure is excited by two different wavelengths, they can be routed differently. 
For example, 633- and 785-nm light are simultaneously focused on wire end 1 with 
polarization of 40°. The 633-nm light is almost completely routed to the branched 

Fig. 9.31  a Bright-field optical images showing an Ag NW with different bending radii of infinite, 
32, 16, 9 and 5 μm, respectively. The inset of (a5) is an SEM image of curved section with scale 
bar of 350 nm. b Dark-field optical images of Ag NW with different bending radii corresponding 
to (a). 785-nm laser is used for the excitation, and emitted light dots are indicated by red arrows. 
The scale bar is 5 μm in (a, b). c Change of pure bending loss with bending radius, well fitted with 
the red exponential curve. The inset shows the geometry of a bent wire [29]
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end, while the 785-nm one stays in the main wire. The switching and routing of 
surface plasmons can be separated for different wavelengths, and do not interfere 
with each other at the same time.

Fig. 9.32  ( Left column) Optical images of the light emitted at the ends of NWs. Plasmons are 
excited at wire end 1 with 633-nm laser light. Red arrows represent the polarization orientations of 
the excitation laser. ( Insets) SEM images of the router structures and the junctions. The scale bars 
are 2 μm and 200 nm, respectively. ( Right column) Emission intensity as a function of polarization 
angle θ from wire ends 2 ( black) and 3 ( red), corresponding to the left column [32]
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Other nanophotonic components such as Mach–Zehnder interferometers and 
microring cavities have also been achieved by using the coupling of photonic and 
plasmonic nanowires [31]. The development for assembling hybrid nanophotonic 
devices, based on different photonic and plasmonic components, has become an ap-
pealing strategy for enhancing the device performance and deserves more attention 
in the future [33].

9.3.4  Summary for Ag NW Plasmonic Waveguides

As plasmonic waveguides can carry optical and electric signals along the same 
circuitry beyond optical diffraction limit, they have the ability to combine the ad-
vantages of photonics and electronics on the same chip [28]. The promising proper-
ties of Ag NW plasmonic waveguides have been extensively studied. Nevertheless, 
more efforts will be needed to reduce energy loss in plasmonic waveguides and 
fulfill the waveguides in nanophotonic circuits.

9.4  Conclusion and Outlook

Electrical and photonic transports represent two different typical modes used in 
electronic and optoelectronic devices. Transparent conductors can be used in a wide 
variety of applications, such as touch-sensitive control panels and thin-film solar 
cells. Metallic nanowires have been demonstrated as promising materials to form 
flexible, transparent conducting films to replace ITO films, whose performance can 
be boosted by developing new materials and processing techniques. In parallel, the 
metallic nanowires can be employed in a new mode of subwavelength data trans-
mission—plasmonic waveguiding for miniaturization to meet the demand in the era 
of “big data”. The density and throughput of conventional diffraction-limited pho-
tonic integrated circuits are limited by the fairly large wavelength of light, which 
certainly are unable to provide sufficient input and output channels to increase data 
transmission rates and capacity. The metallic nanowires can not only carry optical 
and electrical signals along and across the nanowires, but also be used in hybrid 
nanophotonic components to form photo-plasmon coupling. It is envisioned that 
these properties and techniques for metallic nanowires will in turn drive their use 
in broader applications, which require more controllable and scalable synthesis to 
produce desired building blocks.

Certainly the applications of metallic nanostructures in electronics and optoelec-
tronics are not limited to the developments outlined in this chapter. For instance, a 
simple approach has been developed to pattern silver microelectrodes in flexible, 
spanning, and stretchable form via omnidirectional printing of concentrated inks—
suspensions of silver nanoparticles [34]. The microelectrodes have demonstrated 
their use for integration with semiconductor, plastic, and glass substrates, providing 
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a brand new way to wire-bond three-dimensional interconnects for solar cells and 
LED arrays. Along this line, the bottom-up synthesis and assembly of metallic 
nanostructures can be perfectly integrated with top-down fabrication of materials, 
producing low-cost and high-performance devices.

9.5  Protocols

9.5.1  Typical Synthesis of Ag NWs

This protocol is adapted from [19] without further modifications.
A mixture of 0.334-g poly vinylpyrrolidone (PVP) and 20-mL ethylene glycol 

(EG) is heated and thermally stabilized at 170 ℃ in a flask. Once the tempera-
ture has been stabilized, 0.025 g of silver chloride (AgCl) is ground finely and 
added to the flask for initial nucleation of the silver seeds. After 3 min, 0.110 g of 
silver nitrate (AgNO3) is titrated for 10 min. After sufficient silver sources have 
been supplied, the flask is heated for additional 30 min to ensure that the growth is 
complete. The cooled-down solution is then centrifuged three times at 6000 rpm for 
30 min to remove solvent (EG), PVP, and other impurities in the supernatant. After 
the final centrifuge, the precipitate of Ag NWs is redispersed in 30 mL of methanol.

9.5.2  Typical Synthesis of Cu NWs

This protocol is adapted from [23] without further modifications.
Cu NWs are synthesized by adding NaOH (2000 mL, 15 M), Cu(NO3)2 (100 mL, 

0.2 M), EDA (30 mL), and hydrazine (2.5 mL, 35 wt%) to a 3000-mL round bottom 
flask. This mixture is swirled by hand for 20 s after each addition to mix the reac-
tants. The solution is then heated at 80 ℃ and stirred at 200 rpm for 60 min. After 
the reaction, the suspension is centrifuged at 4500 rpm for 5 min, and the supernate 
is decanted from the nanowires. The wires are then dispersed in a 3-wt% aqueous 
solution of hydrazine by vortexing for 30 s, and then centrifuged and decanted for 
three more cycles. The Cu NWs are stored in a 3-wt% hydrazine solution at room 
temperature under an argon atmosphere to minimize oxidation.
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