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ABSTRACT: This Review offers a comprehensive review of the colloidal synthesis,
mechanistic understanding, physicochemical properties, and applications of one-
dimensional (1D) metal nanostructures. After a brief introduction to the different types
of 1D nanostructures, we discuss major concepts and methods typically involved in a
colloidal synthesis of 1D metal nanostructures, as well as the current mechanistic
understanding of how the nanostructures are formed. We then highlight how experimental
studies and computational simulations have expanded our knowledge of how and why 1D
metal nanostructures grow. Following specific examples of syntheses for monometallic,
multimetallic, and heterostructured systems, we showcase how the unique structure−
property relationships of 1D metal nanostructures have enabled a broad spectrum of
applications, including sensing, imaging, plasmonics, photonics, display, thermal
management, and catalysis. Throughout our discussion, we also offer perspectives with
regard to the future directions of development for this class of nanomaterials.
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1. INTRODUCTION
One-dimensional (1D) metal nanostructures refer to those
structures made of metals with two of the three dimensions
between 1−100 nm.1 Different from their zero-dimensional
(0D) and two-dimensional (2D) counterparts (i.e., nano-
particles and nanosheets, respectively), 1D nanostructures offer
a unique platform for tailoring and utilizing the electronic,
plasmonic, magnetic, electrical, mechanical, and thermal
properties of metals to suit or enable various types of
applications. For example, by simply adjusting the aspect
ratio (AR) of Au nanorods (NRs), one can tune their
longitudinal localized surface plasmon resonance (LSPR)
peaks from visible to near-infrared wavelengths, enabling
biomedical applications related to sensing, optical imaging, and
cancer treatment.2,3 For Ag nanowires (NWs), they can be
mixed with a polymer and cast as thin films with high optical
transparency, excellent electrical conductivity, and good
mechanical flexibility to allow for the fabrication of
touchscreens and flexible solar cells.4,5 For both NRs and
NWs comprised of Fe, Co, or Ni, their magnetic anisotropy is
expected to bring new capabilities for applications related to
actuation and information storage.6,7

It has been 15 years since the first publication of a
comprehensive review article on the subject of 1D nanostruc-
tures.1 At that time, the entire research field, including
semiconductors and metals, both top-down and bottom-up
approaches to their production, their properties, their assembly
into complex architectures, and their use in device fabrication,
could be covered in about 30 pages and 200 citations. The
research on 1D nanostructures has since exploded to
encompass over 100 000 articles, and now requires an entire
issue of Chemical Reviews to cover different aspects of this class
of nanomaterials.
Our own research has focused on metal nanostructures that

can be obtained by controlling the assembly of atoms in the
solution phase, an approach that is often referred to as
solution-phase or colloidal synthesis. At the time of the 2003
review,1 1D nanostructures could only be synthesized from
two metals: Au8 and Ag.9 The synthesis required the use of
appropriate capping agents to induce anisotropic growth. Since
then, colloidal synthesis of NRs and NWs have been reported
for 23 different metals (Figure 1), most of which still rely on
capping agents to achieve anisotropic growth. Researchers can
now not only control the AR of a variety of 1D metal
nanostructures but also produce them with various types of
cross sections. In addition, colloidal syntheses have been
further developed to produce bimetallic and trimetallic
nanostructures, as well as heterostructured systems consisting
of a metal and a dielectric or semiconductor.
In tandem with the expansion of the scope of colloidal

synthesis, 1D metal nanostructures have found widespread use
in various applications. Studies of the AR-dependent colors of
AuNRs have evolved into exploration of their use as optical
sensors, contrast agents for biomedical imaging, and
therapeutic agents for cancer treatment.2,3,10 A variety of
metal NWs have been examined as highly active electro-
catalysts.11−13 Large-scale syntheses of metal NWs have also
enabled their use in the fabrication of electrically and thermally
conductive composites, as well as wearable electronics.4,5,14−17

As one of the success stories, several companies have started to
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commercialize the use of AgNWs in the fabrication of
transparent, conductive films for use in touchscreens, organic
light-emitting diodes (OLEDs), and photovoltaics.17

The demand for improved dimensional control, purity, and
reproducibility has motivated further study of how and why
metals grow into 1D nanostructures. Although researchers
have undertaken exhaustive studies of how reaction temper-
ature, reactant concentration, as well as the presence of
different types of capping agents or halides affect the
morphology of a metal nanostructure, the precise mechanism
of how and why the 1D morphology is attained largely remains
a matter of debate. New tools and experimental methods that
enable in situ measurements, as well as computational
simulations, are shedding light on the mystery of 1D
nanostructure growth and may eventually settle some of the
debates. For example, in situ visualization of nanostructure

growth has enabled researchers to quantify the growth kinetics
and differentiate between growth mechanisms such as atomic
addition and oriented attachment.18,19 Single-crystal electro-
chemistry can provide clear experimental tests of the
hypotheses for the roles of capping agents and halides in
directing anisotropic growth.20 Computational simulations are
increasingly used to scrutinize the driving forces for anisotropic
growth, illustrate the types of surface structures preferred by
various capping agents, and test hypotheses that still cannot be
examined experimentally at the current stage of develop-
ment.21−23

This Review is an attempt to provide a comprehensive
review of the synthesis, mechanistic understanding, properties,
and applications of 1D metal nanostructures. We start with a
brief introduction to the different types of 1D metal
nanostructures in section 2. Section 3 provides an overview
of the different methods that have been developed for
producing 1D metal nanostructures, as well as the current
mechanistic understanding of the formation process. Section 4
reviews the experimental tools, methods, and computational
simulations that are expanding our understandings of how and
why 1D metal nanostructures grow. Specific examples of
syntheses for different monometallic, multimetallic, and
heterogeneously structured systems are covered in sections
5−7, respectively. In section 8, we highlight how the unique
structure−property relationships of various 1D metal nano-
structures have enabled a multitude of applications. We hope
this Review will provide the broader context for new students
entering the field who are seeking to not only learn what was
done previously on this research topic but also how their work
fits into this large and rapidly growing body of knowledge. We
also hope this Review will help update veteran nanomaterial
researchers on the most current synthetic methods, new tools
for exploring the growth mechanisms, as well as the most
recent ways researchers are using 1D metal nanostructures to
solve problems.

2. DIFFERENT TYPES OF 1D METAL
NANOSTRUCTURES

As shown in Figure 2A−C, 1D metal nanostructures can be
classified into different types or subgroups according to their
AR, internal twin structure, and cross section, respectively. In
addition, nanostructures can be straight, wavy (worm-like), or
branched (dendritic); solid or hollow; monometallic, bimet-
allic, or multimetallic; as well as homogeneously mixed or
spatially segregated in terms of elemental distributions. All
these parameters can be used as handles to tailor the properties
of 1D nanostructures, as illustrated in Figure 2D−F. Here, we
provide a brief account of the common practice in classifying
1D nanostructures so the readers will be able to quickly grasp
the terminology used in literature.

2.1. Aspect Ratio

The AR (defined as the ratio of length to diameter) of a 1D
metal nanostructure not only determines the location of its
longitudinal plasmon resonance peak2,10,24−29 but also the
minimum loading of nanostructures needed to obtain electrical
or thermal conduction in both thin films and bulk
composites.4,5,29−32 In our discussion, 1D nanostructures
with low and high ARs are typically referred to as NRs and
NWs, respectively. There is no widely accepted cutoff to define
the line between these two types of nanostructures, but in
practice, NRs usually refer to 1D nanostructures with ARs

Figure 1. (A) Number of articles about 1D metal nanostructures
retrieved from the Web of Science database. (B, C) Relative
distributions of articles about NWs and NRs made of different metals.
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below 30, whereas NWs typically have ARs over 100. The
specific term that should be used in the region of 30−100 is
probably best left to the discretion of the researcher as different
names can make sense for the same structure depending on the
context and conventions of the field. For simplicity and
convenience, we only use NRs and NWs in our discussion. For
those 1D nanostructures originally reported under the names,
such as nanobars, nanobeams, or nanobelts in literature, we
simply call them NRs or NWs depending on their AR, together
with the specification of the geometric shape of the cross
section. Although most NRs and NWs have the same cross-
sectional area along the long axis, some of them may develop a
tapered morphology during the growth process, generating
cross sections with increasingly smaller areas.25,33,34 Whenever
this happens, the side surface will be covered by high-index
facets featuring a high density of atomic steps (see Figure 2E).

2.2. Internal Twin Structure

A 1D metal nanostructure can be monocrystalline, with the
same crystal lattice extending over the entire dimensions of the
structure; it can contain one or five twin planes running
parallel to its long axis; and it can be polycrystalline,
comprising multiple monocrystalline domains arranged along
its long axis. The internal twin structure is a manifestation of
the type of seed involved in the growth, as well as the growth
pathway. At very small sizes, there is enough thermal energy
for a nucleus to fluctuate among different shapes and crystal
structures.35 The fluctuation will cease once the nucleus has
grown to reach a certain size, generating a minuscule structure
commonly referred to as a seed. Within a certain size range,
twinned structures can be energetically more favorable than
the monocrystalline counterpart due to the requirement to
minimize the total free energy. As a result, seeds with different
numbers of twin planes, including monocrystalline (no twin
plane), singly twinned (one twin plane), and multiply twinned

(typically, five twin planes), can all be formed in the early stage
of a colloidal synthesis. The exact populations of these different
types of seeds are determined by the experimental conditions,
in particular, the initial reaction rate involved in the nucleation
step.36 By optimizing the experimental parameters, it is feasible
to obtain a pure sample of seeds characterized by a single type
of internal twin structure. As illustrated in the top panel of
Figure 3, the internal twin structure of the seed will be
preserved when the seed grows anisotropically to evolve into a
1D nanostructure through atomic addition.

For a face-centered cubic ( fcc) metal, monocrystalline seeds
(typically, in a cuboctahedral shape and covered by a mix of
{111} and {100} facets) can grow to evolve into NRs with a
square, rectangular, or octagonal cross section.37 Monocrystal-
line NRs with a square or rectangular cross section are also
referred to as nanobars in the literature.38−40 They can be
considered as nanocubes elongated along one or two of the
three axes of an fcc lattice, so their surface is still enclosed by
{100} facets, together with some truncations at the corners and
edges, just like those of a nanocube. When the edges are

Figure 2. Schematic illustrations of different types of 1D metal nanostructures and how to tailor their properties. (A−C) Typical examples of 1D
nanostructures, including (A) NRs, (B) NWs, and (C) their derivative structures. (D−F) Structure−property relationships of 1D nanostructures:
(D) simulated extinction spectra of AuNRs with different ARs, (E) high-index facets on the side surface of a tapered NR, and (F) simulated sheet
resistance for thin films comprised of AgNWs with different ARs. Reprinted with permission from ref 24. Copyright 2008 American Chemical
Society. (E) Reprinted with permission from ref 25. Copyright 2012 The Royal Society of Chemistry. (F) Reprinted with permission from ref 29.
Copyright 2013 American Chemical Society.

Figure 3. Schematic illustration showing the growth of 1D
nanostructures through two different pathways: (A) atomic addition
and (B) oriented attachment.
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significantly truncated, the 1D nanostructures become NRs
with an octagonal cross section.38,41−44 Truncation at edges
may also lead to the formation of high-index facets on the
surface, rather than just {110} facets. In early reports, it was
claimed that the side surface of a AuNR was covered by
alternating four {100} and four {110} facets while their caps
were thought to be enclosed by four {111} and four {110}
facets, together with {100} facets at the ends.41,42 Later studies
revealed that the side surface of a AuNR could be encased by
{520} facets, alternating {520} and {110} facets, or {0512}
facets.43,44 Upon further growth along the long axis, NRs with
a rectangular cross section will evolve into nanobelts, a
morphology more commonly observed for 1D nanostructures
made of metal oxides rather than metals.45 In our discussion,
nanobelts are referred to as NWs with a rectangular cross
section.
For the seeds featuring a singly or multiply twinned

structure, they can grow to evolve into nanobeams and
penta-twinned NRs (or NWs), respectively. The nanobeam
contains a single twin plane running parallel to the long axis,
and will be called a NW in our discussion.46 The penta-
twinned NRs and NWs are supposed to evolve from
decahedral seeds whose surface is covered by 10 {111} facets
and five twin boundaries. During growth, it is hypothesized
that atoms are preferentially deposited onto the twin
boundaries, followed by their diffusion to the {111}
facets.9,47−56 Penta-twinned NRs and NWs contain five twin
planes running parallel to the long axis, while their side surface
is covered by five {100} facets and their ends are capped by a
pentagonal pyramid consisting of five {111} planes and five
twin boundaries.
As an alternative growth pathway to atomic addition, the

seeds can also self-assemble into 1D nanostructures through
random aggregation or oriented attachment (Figure 3, bottom
panel).18,57−66 As a signature of this growth pathway, there are
multiple planar defects, including twin boundaries and stacking
faults, oriented perpendicular to the long axis as a result of
imperfect alignment between the seed particles during their
aggregation or attachment process. This growth pathway can
also lead to the production of NWs with a wavy morphology
due to the presence of grooves at the interfaces among the
constituent seed particles. Surface diffusion after the assembly
process can help smooth out these grooves, improving the
mechanical strength of the NWs.18 This growth route can be
validated by following the growth process through in situ
transmission electron microscopy (TEM) (see section 4).

2.3. Branched, Segmented, Core−Sheath, Core−Satellite,
and Hollow 1D Nanostructures

Additional variations to 1D nanostructures include branched
(or dendritic) morphologies, as well as the formation of a
hollow, core−sheath, core−satellite, alloyed, or spatially
segmented structure. Branched or dendritic nanostructures
can be obtained through additional growth of NRs or even
NWs from the surface of presynthesized 1D nanostruc-
tures.67−72 In particular, site-selective overgrowth of the
second metal on the ends of 1D metal nanostructures can
lead to the formation of structures with a segmented73−78 or
dogbone-like (or tadpole)79−83 morphology. When the second
metal is applied uniformly to the entire surface of a 1D
nanostructure, the resultant structure is often referred to as
either core−shell or core−sheath depending on the AR.84−90

Seed-mediated growth represents the most versatile route to

the fabrication of such nanostructures. The shell or sheath can
be leveraged to modify the properties of the 1D nanostruc-
tures. If the 1D nanostructures have a hollow interior, one will
obtain nanotubes when the AR is relatively large. The hollow
interior is often generated through the use of a sacrificial
template.91−93

3. COLLOIDAL SYNTHESIS OF 1D METAL
NANOSTRUCTURES

Over the past two decades, a wide variety of strategies for the
colloidal syntheses of 1D metal nanostructures have been
demonstrated and refined, with notable examples including
one-pot synthesis, seed-mediated growth, oriented attachment,
and template-assisted growth. In this section, we focus our
discussion on the methods and mechanistic insights associated
with the production of 1D metal nanostructures. We also cover
the fundamentals of nucleation and growth, as well as other
general concepts typically involved in the colloidal synthesis of
metal nanostructures.

3.1. Challenges in Creating and Preserving 1D Metal
Nanostructures

Despite the remarkable progress, it remains a challenging task
to produce 1D metal nanostructures in a predictable,
controlled, and deterministic fashion. Because of the high
symmetry associated with the cubic lattice taken by most
metals, it is not an easy matter to force the seed to evolve into
an anisotropic shape during a colloidal synthesis.94 For
example, we have to overcome the strong tendency of a
monocrystalline nanostructure made of an fcc metal to reduce
its total surface energy by taking a highly symmetric shape in
the form of cube, cuboctahedron, or octahedron. In addition,
the lack of an external driving force for initiating and sustaining
anisotropic growth in an isotropic medium in the absence of a
template also makes it very difficult to create the 1D
morphology. In general, to initiate and sustain anisotropic
growth from a highly symmetric seed, the synthesis has to be
placed under a kinetic control, which can be achieved by
manipulating the generation or deposition rate of metal atoms,
as well as the surface diffusion rate of adatoms.95 For example,
anisotropic growth will naturally occur when the number of
atoms available for heterogeneous nucleation is fewer than the
number of equivalent growth sites on the surface of a seed. At
the same time, the use of a relatively low temperature can
suppress the surface diffusion of adatoms and thus help retain
the anisotropic growth pattern in the course of a colloidal
synthesis.
In addition to the difficulty in generating anisotropic

nanostructures, the intrinsic instability of a 1D nanostructure
also presents a major challenge. Because of the high surface-to-
volume ratio, it is difficult to preserve the 1D morphology in
the presence of an oxidant (e.g., O2 from the air) for the metal
and a coordination ligand for the corresponding metal ion
because of oxidative etching. Taking PdNWs as a typical
example, when they were dispersed in diethylene glycol (DEG,
a polyol used for the synthesis) and aged at 160 °C for 4 h in
the presence of poly(vinylpyrrolidone) (PVP), the 1D
morphology could be preserved (Figure 4A).96 When the
aging time was extended to 12 h, however, the NWs were
transformed into NRs with rough surfaces and varying
diameters (Figure 4B). In comparison, most of the PdNWs
were quickly fragmented to form nanoparticles after aging in
DEG-containing PVP, NaI, and HCl for just 10 min (Figure
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4C). The presence of a coordination ligand such as I− and Cl−

resulted in the oxidative etching of PdNWs by promoting the
formation of PdCl4

2− or PdI4
2−. The O2 from the air also

played an important role in accelerating the destruction of
PdNWs. When argon was bubbled through a similar DEG
solution containing PVP, NaI, and HCl, most of the PdNWs
can be retained after aging at 160 °C for 60 min (Figure 4D).
Taken together, it is clear that 1D metal nanostructures,
especially those containing twin defects, are vulnerable to
corrosion caused by oxidative etching. This intrinsic instability

further contributes to the difficulty in generating, storing, and
utilizing 1D metal nanostructures.

3.2. Homogeneous Nucleation versus Heterogeneous
Nucleation

In a one-pot synthesis of metal nanostructures, a precursor
compound is either decomposed or reduced to generate
zerovalent atomsthe basic building blocks of the nanostruc-
tures. The atoms then undergo homogeneous nucleation (or
self-nucleation) to generate nuclei, followed by growth to
evolve into seeds and then nanostructures. This process is
expected to follow the LaMer model established in the 1950s
to account for the chemical synthesis of sulfur hydrosols with
uniform sizes by reacting Na2S2O3 with HCl in an aqueous
solution (Figure 5A).97 When applied to the colloidal synthesis
of metal nanostructures,37 the concentration of metal atoms is
supposed to increase steadily with reaction time as the
precursor is reduced or decomposed. Once the concentration
of atoms reaches the minimum level of supersaturation, the
atoms will start to aggregate to generate nuclei (i.e., small
clusters consisting of atoms and ions) and then seeds (i.e.,
nanocrystallites with well-defined internal twin structures) in a
process commonly referred to as homogeneous nucleation.
The seeds will then grow in an accelerated manner because of
autocatalysis so the concentration of metal atoms in the
solution will drop quickly. Once the concentration has
dropped below the minimum level of supersaturation, no
additional nucleation event will be able to occur. With a
continuous supply of atoms because of the reduction or
decomposition of the remaining precursor, the seeds will grow
into nanostructures with increasing sizes until the synthesis is
terminated or an equilibrium state is reached between the
atoms on the surface of the nanostructures and those in the
reaction solution. Although this simple model is only
qualitative in terms of description, the fundamental concept
is still useful in understanding the mechanistic details of a
colloidal synthesis of metal nanostructures.
Preformed seeds with a well-defined internal twin structure

and facets can also be introduced into a synthesis to serve as
primary sites for nucleation and growth (Figure 5B).98 In this

Figure 4. TEM images of the products obtained by aging the PdNWs
at 160 °C. The NWs were dispersed in (A, B) DEG-containing PVP
for 4 and 12 h, respectively; (C) DEG-containing NaI, PVP, and HCl
for 10 min; and (D) DEG-containing NaI, PVP, and HCl for 60 min,
while argon was bubbled through the solution. Reprinted with
permission from ref 96. Copyright 2017 American Chemical Society.

Figure 5. (A) Plot of the concentration of atoms as a function of time, illustrating the processes of atom generation, self-nucleation, and growth.
(B) Illustration of two different nucleation modes: (top) homogeneous nucleation in the reaction solution and (bottom) heterogeneous nucleation
on the surface of a seed. (C) Plot showing the change in Gibbs free energy as a function of particle size for homogeneous (yellow line) and
heterogeneous nucleation (blue line). (A) Modified with permission from ref 97. Copyright 1950 American Chemical Society. (B, C) Reprinted
with permission from ref 98. Copyright 2016 Wiley-VCH.
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case, the newly formed atoms can nucleate on the surface of
the introduced seeds at a concentration well below the
minimum level of supersaturation in a process usually referred
to as heterogeneous nucleation. If the incoming atoms and
those on the seeds have the same chemical identity, the atoms
newly formed in the reaction solution will be deposited on the
seeds through an epitaxial process, in which the deposited
atoms will take a crystal structure identical to that of the seed.
When two different metals are involved, a large mismatch in
lattice constant may exist, often resulting in the formation of
planar defects. Relative to homogeneous nucleation, a much
smaller driving force (i.e., with the requirement of a lower
concentration of atoms or a lower reaction temperature) is
needed for heterogeneous nucleation (Figure 5C), making
seed-mediated growth favorable in most cases. In general,
when we want to avoid homogeneous nucleation and thus the
formation of undesired nanoparticles during seed-mediated
growth, the minimum level of supersaturation should be
treated as the upper limit for the concentration of atoms in the
reaction solution to ensure that all the newly formed atoms will
be deposited on the added seeds.

3.3. Different Routes to the Formation of 1D Metal
Nanostructures

As discussed above, the atoms generated from the reduction
and/or decomposition of a precursor will either aggregate to
form nuclei/seeds or be deposited onto the preformed seeds.
To achieve anisotropic growth for the formation of 1D metal
nanostructures, symmetry breaking has to occur during the
deposition of atoms.94 Alternatively, the seeds (or even larger
nanoparticles) can assemble through random aggregation or
orientated attachment for the generation of 1D nanostruc-
tures.18 In both cases, templates featuring a 1D morphology
can also be introduced to help guide the deposition and
assembly processes.
3.3.1. Atomic Addition. 3.3.1.1. Reduction Pathways. As

demonstrated in a series of recent studies, the reduction of a
metal precursor may take two completely different pathways
during the synthesis of metal nanostructures: solution
reduction versus surface reduction.99−101 When a precursor
is introduced into the reaction solution containing a reductant,
it can be directly reduced in the solution phase through
collision and electron transfer with the reductant, in a process
referred to as solution reduction (Figure 6A). The resultant
atoms then undergo homogeneous or heterogeneous nuclea-
tion, with the latter being more favorable due to its lower
activation energy barrier. In the presence of seeds, formed in

situ through homogeneous nucleation or preformed and
introduced into the reaction solution, the precursor can
undertake an alternative pathway known as surface reduction
(Figure 6B). In this case, the precursor adsorbs onto the
surface of a seed or growing nanostructure, followed by
reduction to the elemental form for incorporation into the
surface of the nanostructure.
At the beginning of a one-pot synthesis, the solution-phase

reduction should be the only option for the metal precursor.
However, once seeds have been formed (or in the case of seed-
mediated growth with the introduction of preformed seeds),
the reduction of the precursor may take either of the two
pathways. On the basis of quantitative analysis, it was
demonstrated that the precursor would be reduced on the
surface of a seed through an autocatalytic process when the
rate of reduction is slow, whereas it would be reduced in the
solution phase when the rate of reduction is fast.99 In the case
of Pd, for example, small particles generated through
homogeneous nucleation were observed in the products
when PdCl4

2− was used as a precursor while nearly all the
atoms were deposited on the introduced seeds when using
PdBr4

2− as a precursor. Because the reduction potential of
PdCl4

2−/Pd is more positive than PdBr4
2−/Pd, PdCl4

2− prefers
to be reduced in the solution phase because of the fast
reduction kinetics, while PdBr4

2− tends to be reduced on the
surface of a seed because of the slow reduction kinetics.
Interestingly, for the same pair of precursor and reducing
agent, it was demonstrated that the reduction pathway could
be switched from one to another depending on the reaction
temperature which can affect the reduction kinetics. For
example, when PdBr4

2− was reduced in the presence of Pd
seeds, a transition from surface reduction to solution reduction
was observed as the reaction temperature was increased.99 This
quantitative understanding of reduction pathway can serve as a
guideline for the rational synthesis of 1D metal nanostructures
with desired properties. However, since all the observations
and analyses with regard to the reduction pathway were made
in the past few years, we are unable to deliberately elaborate on
this subject when discussing most of the synthetic methods.

3.3.1.2. Site Selectivity. During the growth of a nanostruc-
ture, the incoming atom (or precursor in the case of surface
reduction) always needs to decide onto which site it will land
in order to be incorporated into the nanostructure. To
minimize the total surface free energy, the atom prefers to land
on the site with the greatest energy. As a result, only those sites
with the lowest energy will be exposed on the surface of the
final nanostructures. For example, the reduction of a Ag(I)
precursor in the presence of Ag spheres or cubes will lead to
the formation of Ag octahedra enclosed by {111} facets in the
absence of a capping agent such as PVP, which blocks the
growth on {100} facets.102 Because of the intrinsically lower
energy of {111} facets relative to {100} facets for an fcc crystal,
the deposition of Ag atoms favors {100} facets in the absence
of PVP, leaving behind {111} facets on the surface for the
formation of nanocrystals with an octahedral shape.
Although atomic deposition on high-energy facets is

thermodynamically preferred because it lowers the total
surface free energy, the actual deposition pattern of atoms is
affected by many other parameters. In general, the final
location of the deposited atom is governed by a combination of
intrinsic and extrinsic experimental parameters, including the
extent of lattice mismatch, type and coverage density of the
capping agent, reduction potentials of the metal precursor, type

Figure 6. Schematic illustrations of the two different reduction
pathways: (A) solution reduction and (B) surface reduction. Modified
with permission from ref 99. Copyright 2017 American Chemical
Society.
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of reducing agent, solvent, and reaction temperature, among
others. For example, monocrystalline Ag nanocubes mainly
covered by {100} facets would be obtained when reducing
AgNO3 with ethylene glycol (EG) in the presence of PVP.103

Further investigations confirmed that PVP interacted more
strongly with Ag atoms on the {100} facets than those on the
{111} facets and the strong interaction greatly reduced the
growth rate on Ag(100) surface.104 If PVP was not present, the
Ag atoms generated from the reduction of AgNO3 would
nucleate and grow into octahedra bounded by the most stable
{111} facets. A similar strategy was also involved in the
synthesis of AgNWs where the capping effect from PVP greatly
stabilized the {100} facets on Ag nanostructures for the
formation of penta-twinned NWs covered by {100) side
faces.47

3.3.1.3. Symmetry Breaking. Constrained by the inherent
fcc lattice, most of the shapes taken by noble-metal
nanostructures are highly symmetric in terms of spatial
arrangements of atoms. The products usually exhibit a
monocrystalline structure such as cube, cuboctahedron, or
octahedron, as well as a multiple-twinned structure like
decahedron or icosahedron. At the fundamental level,
symmetry breaking involves the inhibition (or promotion) of
growth for some of the equivalent sites on the surface of a
growing seed, resulting in a nanostructure with reduced
symmetry relative to the initial seed.94,105 This process is
dictated by both kinetic and thermodynamic parameters and
can be controlled by carefully manipulating the experimental
conditions. A number of strategies have been developed for
breaking/reducing the symmetry of a seed particle (Figure 7),
including the manipulation of reduction or decomposition
kinetics to limit the supply of atoms, formation of internal twin
defects, involvement of different metals with a large lattice
mismatch, selective capping (or asymmetric passivation) of the
surface of a seed, and participation of oxidative etching. In the
following discussion, we will provide a brief account of each
strategy.
3.3.1.3.1. Manipulation of Reaction Kinetics. Limiting the

supply of precursor or atom will inevitably result in their
uneven nucleation and deposition on the multiple equivalent
sites present on the surface of a seed.105−108 As shown in
Figure 7A, once a few atoms have landed at one site on a seed,
continued growth will be favored at this activated location
owing to a relatively higher surface energy relative to other
sites. When the supply of precursor molecules or the resultant
atoms is limited, it will be impossible for the growth to occur at
all the equivalent sites on the surface of a seed, leading to an
asymmetric pattern for the nucleation and deposition and thus
the generation of anisotropic shapes.
By manipulating the reduction rate at which the atoms are

produced from a precursor, the supply of atoms can be
conveniently managed. In general, the reduction rate of a
precursor is determined by a set of parameters, including the
type and concentration (related to the injection rate) of the
precursor, the type and concentration of the reducing agent,
temperature, and pH value of the reaction solution. For
example, one can finely control the deposition pattern of Ag
atoms on the surface of a Au decahedral seed by tuning the
reduction kinetics of the Ag(I) precursor with ammonia.75 It
was demonstrated that, although the complexation of Ag(I)
ions with ammonia might slow down the reduction kinetics,
increasing the concentration of ammonia led to an increase in
the alkalinity of the solution and thus a stronger reducing

power for the polyol, which in turn accelerated the reduction
of Ag(I). When a relatively low concentration of ammonia was
used, the slow reaction rate favored asymmetrical growth to
generate Au-tipped AgNRs, in which the Au seed was located
at one of the two ends of each NR. In the case of a fast
reduction rate at a high concentration of ammonia, sym-
metrical growth dominated, leading to the formation of Ag−
Au−Ag NRs, in which the Au seed was located at the midpoint
of each NR. When Pd or Ag cubic seeds were used for the
deposition of Ag atoms, it was demonstrated that the
deposition could be confined to one to six side faces by
carefully manipulating the reduction kinetics.106−108 Specifi-
cally, the deposition or growth could be confined to one of the
six side faces at an extremely slow reduction rate, resulting in
the formation of Pd−Ag nanobars with a Janus configuration
or Ag nanobars.

3.3.1.3.2. Internal Twin Defects. When seeds with twin
defects are used for growth, a thermodynamic driving force
may be responsible for their asymmetric growth into 1D
nanostructures (Figure 7B). Notable examples include the
formation of penta-twinned NRs or NWs from decahedral
seeds.47 As the decahedron is not a space-filling structure, it is
hypothesized that atoms located farther away from the central
axis of a decahedron will experience a larger lattice strain and
thus a higher energy. The strain energy will increase if the
decahedral seed grows laterally while, in contrast, elongation of
a decahedral seed along the axial direction parallel to the twin

Figure 7. Schematic illustrations showing the asymmetric growth
enabled by (A) manipulation of reduction kinetics, (B) twin defect,
(C) lattice mismatch, (D) surface capping, and (E) surface activation.
For clarity, the atoms added to the surface of a seed and the metal
ions released from the etching take golden and blue colors,
respectively. The twin defects in (B) are marked by red lines and
the multiply twinned structure has an icosahedral shape. The red
spheres in (D and E) correspond to the capping agent chemisorbed
on the surface of the seed. Modified with permission from ref 94.
Copyright 2017 Royal Society of Chemistry.
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planes will not experience additional penalty in terms of strain
energy.109 As a result, the decahedral seed would preferentially
grow along the axial direction to evolve into a penta-twinned
NR and then NW instead of growing laterally into a
decahedron with a larger size. As some of the popular
examples of 1D nanostructures, penta-twinned Au, Ag, and Cu
NRs have all been successfully synthesized using decahedral
seeds generated in the initial stage of a synthesis, or preformed
and introduced into the reaction solutions.47−56 In another
report on the growth of penta-twinned AgNWs, it was
proposed that the NW could be considered as a combination
of a heavily strained core and a less-strained sheath. The
crystalline defects in the core provided active sites for the
growth of an NW along the longitudinal axis, while the less-
strained side faces of the NW are lower in reactivity toward the
deposition of atoms to make them thicker. The difference in
reactivity between the ends and side faces could serve as a
driving force for the anisotropic growth of a penta-twinned
NW.110

3.3.1.3.3. Lattice Mismatch. Lattice mismatch refers to the
situation in which two solid materials with different lattice
constants share a common interface. When the deposited
material is similar in terms of both structure and lattice
constant to the substrate material, a strain-free, uniform layer
can be formed over the entire surface of the substrate. In
contrast, if the lattice mismatch between the two materials is
too large (e.g., equal to or exceeding 5%), the strain energy
arising from the lattice distortion at the interface will alter the
growth pattern (Figure 7C). Once the second metal has
nucleated on the surface of a seed, subsequent deposition will
be favored at the lattice-matched location (i.e., the sites
covered by the same material) to minimize the interfacial
strain. The seeds can only be completely covered after a
sufficiently large number of atoms has been deposited and
spread out across the surface. When the lattice mismatch
between two materials is excessive, failure to achieve epitaxial
growth will lead to the generation of defects, providing another
route to symmetry breaking.
A notable example can be found in the synthesis of Au@Cu

NRs using monocrystalline Au spheres as seeds.111 Because of
the large (12%) lattice mismatch between Au and Cu, the
freshly reduced Cu atoms tended to land onto the sites at
which the previously formed Cu atoms had already been
deposited. In this case, Au−Cu Janus structures were formed in
the initial stage of a synthesis. The strain energy associated
with a large lattice mismatch could effectively induce the
formation of twin planes on the monocrystalline Au seed and
led to the formation of a penta-twinned Cu shell. As the
reaction proceeded, the twinned structure slowly evolved into
CuNRs with the Au seeds completely encased in each NR.
3.3.1.3.4. Surface Capping. Surface capping also plays an

important role in the synthesis of 1D metal nanostructures.
Capping agents are molecular species with relatively strong
binding affinity toward specific crystallographic facets on a
nanostructure.37,112 Typical examples include monatomic ions
(e.g., halides such as Cl− and Br−), small gas molecules (e.g.,
CO, O2, and H2S), coordination ligands (e.g., thiols and
amines), surfactants, and polymers (Figure 7D). By selectively
binding to the surface of a seed, a capping agent can markedly
impede the deposition of atoms, and serve as a barrier to the
surface diffusion of adatoms. In this way, the growth rate of the
capped region will be greatly retarded, and the capped facets
will be preferentially exposed on the surface of the resultant

nanostructures. In general, the coverage density of a capping
agent on a seed should be more or less the same for equivalent
facets related by symmetry. However, if the capping agent is
partially removed or its concentration in the solution is too low
to ensure a complete coverage, the deposition will occur
preferentially on the less capped region, resulting in the
formation of asymmetric nanostructures.94

Through the deactivation of certain facets, a capping agent
can help initiate and direct the growth of nanostructures into
shapes not favored in terms of minimization of surface energy.
For example, when Cu atoms were deposited onto a Pd
decahedral seed in the presence of hexadecylamine (HDA) and
Cl− ions, a penta-twinned CuNR was obtained with a Pd seed
located at one of the two ends of each NR.113 Because of the
strong binding of HDA to Cu(100), the side faces covered by
{100} facets were stabilized and a penta-twinned shape was
favored. Another example is the synthesis of penta-twinned
AgNWs in the presence of PVP.47 It was proposed that
multiply twinned Ag particles were formed in the initial stage,
which then grow into NWs due to the selective coverage of the
{100} facets on side faces with PVP while leaving the {111}
facets at two ends largely uncovered and thus reactive for
continuous growth. In addition to capping agents, the
deposition of atoms onto the surface of a seed can also be
inhibited by selective depositing an inert material (e.g., SiO2)
on certain regions of a seed.
Underpotential deposition (UPD) of metal atoms is one of

the most widely used methods for guiding the shape evolution
of metal nanostructures.114 Underpotential deposition refers to
the electrodeposition of one metal as a monolayer on another
metal at potentials significantly less negative than what is
required for the deposition on the surface of the first metal.
This process allows for a precise control of the surface
coverage caused by the selective capping of metal atoms,
leading to the formation of nanostructures with well-defined
shapes. A notable example is the use of Ag(I) ions in the
synthesis of Au nanostructures.115 It was proposed that up to
one monolayer of Ag atoms could be deposited onto an
existing Au surface through the UPD process, stabilizing
certain facets of Au and thus directing the evolution of 1D Au
nanostructures. When different concentrations of Ag(I) was
used, high-index facets such as {110}, {310}, or {720} could be
stabilized, leading to the formation of Au nanostructures in the
shape of a rhombic dodecahedron, rod, truncated ditetragonal
prism, and concave cube, respectively.

3.3.1.3.5. Surface Activation. Site-selective surface activa-
tion is another strategy commonly used for the synthesis of
anisotropic nanostructures, and oxidative etching is often
involved in this process. In the presence of an oxidant/ligand
pair (e.g., O2/halide), corrosion will be initiated from a limited
number of sites rather than the entire surface. The corrosion
can subsequently accelerate the deposition on these sites by
means such as removing the capping agents or increasing the
surface roughness, and the resultant anisotropic growth can
lead to the formation of asymmetric structures (Figure 7E). A
notable example can be found in the synthesis of Pd nanobars
through surface activation with oxidative etching.38 In the
synthesis of Pd nanocubes, the addition of Br− at a sufficiently
high concentration could lead to the coverage of the entire
surface of Pd cubes with Br− ions because of the strong binding
to {100} facets. The chemisorbed Br− layer retarded further
addition of Pd atoms from solution to the surface, inhibiting
the growth. However, when oxidative etching was initiated on
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one of the six side faces of a cubic seed, with the dissolved
oxygen and Br− ions acting as the oxidant/ligand pair, some of
the Pd atoms could be dissolved from the surface. The etching
activated the side face because of desorption of Br− anions
from the surface, and then the newly formed Pd atoms were
selectively and continuously deposited onto the activated side
face, resulting in the formation of Pd nanobars. The same
mechanism might also be involved in the synthesis of
monocrystalline Au@Ag NRs.76

3.3.1.3.6. Surface Diffusion. In addition to deposition, the
diffusion of adatoms plays an important role in the shape-
controlled synthesis of metal nanostructures. It was demon-
strated that it is the relative rate (V) of atom deposition over
surface diffusion that determines the growth pathway of a seed
and thus the shape or morphology taken by the final
product.116 Using the overgrowth of Pd cubic seeds as a
model system, it was shown that when Vdeposition/Vdiffusion ≫ 1,
surface diffusion could be ignored and thereby the growth will
be largely confined to the corner sites, resulting in the
formation of Pd octopods. In contrast, when Vdeposition/Vdiffusion
≪ 1, growth was dominated by surface diffusion and most of
the atoms at the corners migrated to edges and side faces of the
cubic seed, leading to the formation of a cuboctahedron to
minimize the total surface energy. As a result, to generate 1D
nanostructures through symmetry breaking from the initially
formed seeds, the ratio of the deposition rate to the diffusion
rate has to be properly controlled.95 When the diffusion rate
exceeds that of deposition, the resultant nanostructures often
adopt a symmetric shape favored by thermodynamics. Only
when the deposition rate exceeds that of surface diffusion, the
deposited atoms will be able to land and stay at the sites of
deposition, facilitating the site-selective, kinetically controlled
growth mode. A detailed discussion on surface diffusion is
presented in section 3.4.2.
3.3.2. Random Aggregation and Oriented Attach-

ment. Aggregation-based growth, which involves coalescence
of nanoparticles rather than atomic addition, has been widely
observed in the synthesis of nanostructures.57−66,117,118

Typically, the nanoparticles can be attached to each other in
a random or oriented manner (Figure 8A and B). Compared to
random aggregation, which does not involve the orientation of
crystal lattices, oriented attachment can be more favored
thermodynamically for the growth of 1D metal nanostructures.
Segmented 1D nanostructures can also be obtained through an
oriented attachment mechanism. It should be pointed out that,
because the existence of Brownian motion for the nano-
particles in a solution, random aggregation or disordered
attachment may also be involved. In addition, misorientation
or imperfectly oriented attachment is frequently observed,
leading to the inclusion of planar defects.119

Oriented attachment could be described as a self-directed
arrangement of neighboring nanoparticles that have identical
or similar crystallographic structures. These nanoparticles
merge together when a favorable crystallographic orientation
is encountered. This process can reduce the overall surface
energy due to the elimination of energy associated with
unsatisfied bonds, and is thus favored thermodynamically. A
good understanding of oriented attachment can be achieved
using the Derjaguin, Landau, Verwey, and Overbeek (DLVO)
theory.120 In principle, aggregation can be triggered when the
repulsion is reduced below a critical level. As an extension to
this theory, other non-DLVO forces such as solvation have
been taken into consideration.121 Different from random

attachment, for inorganic nanoparticles in close proximity,
Coulombic forces dominate over van der Waals interactions
and random Brownian forces in guiding the interacting
particles to find energetically favorable crystallographic
orientations for attachment.
The aggregation-based growth mechanism was proposed in

1998 to account for the growth of TiO2 nanocrystallites under
hydrothermal conditions.122 Perfect single crystals were
formed if the adjacent nanoparticles adopted parallel crystallo-
graphic orientations, whereas slight misorientation between
them would lead to the formation of dislocations. A similar
phenomenon was also observed in some natural minerals, such
as iron oxyhydroxide,123 where it was found that the adjacent
2- to 3 nm particles could spontaneously aggregate and further
grow into bulk crystals. In recent years, efforts have been
directed to a systematic investigation of oriented attachment
and this process has been applied to the synthesis of several
kinds of nanostructures, including 1D metal nanostructures,
such as NRs, NWs, and dendrites, among others.119,124,125

3.3.3. Template-Directed Synthesis. Template-directed
synthesis offers a straightforward route to the generation of 1D
nanostructures. As we mentioned in the previous sections, the
growth of 1D nanostructures could proceed through an atomic
addition or particle aggregation pathway, with atoms or

Figure 8. Schematic illustrations of four different strategies for
generating 1D nanostructures: (A) random aggregation, (B) oriented
attachment, and template-directed growth with the use of (C) hard
and (D) soft templates, respectively. The orange spheres, gray
spheres, brown blocks, and wavy lines represent metal ions, atoms,
hard templates, and surfactants, respectively.
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particles serving as the building blocks. In both cases,
templates can be introduced to help direct the assembly of
these building blocks into 1D nanostructures. In this approach,
the template can simply serve as a scaffold within (or around)
which a different material is generated in situ and shaped into a
nanostructure with its morphology similar to that of the
template. A variety of templates have been reported, with
notable examples including step edges present on the surface of
a solid substrate,126 channels within a porous material,127

mesostructures assembled from surfactants or polymers,128

biological macromolecules, such as proteins, DNA, or
viruses,129 and existing nanostructures with various shapes.130

When the template is only involved physically, it is necessary
to selectively remove the template using postsynthesis
treatment (such as chemical etching or calcination) to obtain
pure products. In a chemical process, the template is usually
consumed as the reaction proceeds and it is possible to directly
obtain the products. Although template-directed synthesis
offers a simple and straightforward route with good
reproducibility, the quantity of the structures that can be
produced in each batch is rather limited and polycrystalline
products are often obtained. Here, we focus on three major
types of templates that are widely used in the synthesis of 1D
metal nanostructures, including both hard and soft templates,
as well as existing nanostructures.
3.3.3.1. Channels in Porous Materials (Hard Templates).

Channels in porous materials provide a class of straightforward
templates for use in the synthesis of 1D nanostructures.
Typically, three steps are involved in this process: (i)
infiltration of the channels with an appropriate precursor via
a solution-based approach; (ii) conversion of the precursor to
the desired element under the physical confinement of the
channels; and (iii) recovery of the nanostructures by selectively
removing the template (Figure 8C). Porous materials with
different pore sizes, including macroporous (>50 nm in
diameter) and mesoporous (1.5−30 nm) have been ex-
plored.131 For example, Pt and PtRu NWs with a uniform
diameter of 30 nm were synthesized by templating with an
anodic aluminum oxide (AAO) membrane.132 In a typical
synthesis, an AAO film with a pore diameter of 40 nm was
fabricated on a Ti/Si substrate and then used as a template for
the electrodeposition of Pt or PtRu NWs using H2PtCl6 or
H2PtCl6 and RuCl3 as the precursors. The electrodeposition
was continued until the deposited NWs overflowed from the
channels in the template. The sample was then immersed in
NaOH solution to remove the AAO template and obtain an
array of metal NWs on the Ti/Si substrate.
In addition to the macroporous templates, 1D nanostruc-

tures with smaller diameters can be produced using
mesoporous templates. For example, AgNWs with uniform
diameters of 5−6 nm and large ARs between 100−1000 were
obtained through impregnation of AgNO3 solution into
mesoporous silica SBA-15 template, followed by the thermal
decomposition of AgNO3 at 300 °C.127 Carbon nanotubes
(CNTs) represent another class of templates that can be used
to direct the formation of 1D nanostructures.133 With at least
one open end, CNTs could be filled with a salt solution
through capillary action. After the reduction of the metal
precursor and removal of the tubular templates, 1D
nanostructures were obtained. In this way, metal NWs,
including Au, Ag, Pt, Pd, and Ru, have all been successfully
produced by templating with single-walled CNTs.

3.3.3.2. Self-Assembled Molecular Structures (Soft Tem-
plates). Structures self-assembled from surfactants provide
another class of simple and versatile templates for the
fabrication of 1D nanostructures in relatively large quantities.
The surfactant molecules can spontaneously organize into rod-
or wire-shaped micelles (or inverse micelles) when their
concentration reaches a critical value. The micelles comprised
of surfactants can be immediately used as soft templates to
promote the formation of 1D nanostructures when coupled
with an appropriate chemical reaction. When the reaction is
completed, the surfactant molecules need to be selectively
removed by dissolution or ligand exchange to collect the
nanostructures as pure samples (Figure 8D). By leveraging this
procedure, a variety of 1D metal nanostructures have been
produced.1 For example, PtNW networks with a diameter of
2.2 nm were synthesized by reducing K2PtCl4 with NaBH4 in
the presence of a soft template formed from cetyltrimethy-
lammonium bromide (CTAB) in a two-phase system
containing water and chloroform.128 It was demonstrated
that a network of swollen, worm-like micelles was initially
generated within the chloroform droplet, with the CTAB
molecules residing at the interface between chloroform and
water. The K2PtCl4, confined within the inverse micellar
network, was then reduced by NaBH4 to generate PtNWs that
replicated the structure of the template. Using the same
protocol, substitution of a Pd(II) complex for the Pt(II)
precursor gave PdNW networks, demonstrating the generality
of this method. Although metal NWs can be synthesized in
relatively large quantities using this method, the preparation
and removal of the micelles is often difficult and tedious, which
is one of the major drawbacks of a method involving soft
templates.
Metal nanostructures with a controllable thickness and AR

can be produced from preformed seeds with the help of soft
templates. Notable examples include Au and Ag NRs.134 In a
typical synthesis, Au or Ag nanoparticles (3−5 nm in
diameter) were added as seeds into a solution containing
rod-like micelles assembled from CTAB and a metal precursor,
such as HAuCl4 or AgNO3. When a weak reducing agent (e.g.,
ascorbic acid) was added, the seeds served as nucleation sites
for the growth of NRs within the confinement of the micelle
structure. The lateral dimensions and ARs of these NRs could
be controlled by varying the amount of the metal precursors
relative to the seeds.
Block copolymerspolymers comprising two or more

chemically distinct segments (i.e., blocks) that are linked by
covalent bondshave also been exploited as soft templates to
direct the growth of 1D nanostructures.135−137 When the
chemically distinct segments are immiscible, the polymer
chains will separate into different phases. Under appropriate
conditions (e.g., a proper ratio between the molecular weights
of different segments), arrays of cylinders could be formed
from these polymers, with a structure similar to those self-
assembled from surfactants. Different regions in such an
arrayed structure can be selectively decorated with metal atoms
or filled with a precursor that will later be reduced to the
elemental form, making block copolymers a class of versatile
templates for the synthesis of 1D nanostructures. To this end,
AgNWs have been synthesized using different types of block
copolymers as templates, including those made of carbosilane
dendrimers and polyisocyanopeptides, or double-hydrophilic
poly(ethylene oxide)-block-poly(methacrylic acid).135,136
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3.3.3.3. Existing 1D Nanostructures. Existing 1D nano-
structures can also serve as templates to generate 1D
nanostructures made of various metals, some of which may
be difficult directly synthesize as uniform samples. Taking Cu
or Ag NWs as an example, their surface could be directly
coated with a conformal sheath made of a different material to
form core−sheath NWs. In this case, nanotubes will be
obtained after subsequent removal of the original NWs. For
example, it was demonstrated that a conformal, ultrathin Au
shell with a thickness of 1−2 nm can be deposited onto the
surface of Cu (or Ag) NWs by modifying the ligand in the
Au(III) precursor complex.90 The introduction of a phosphine
ligand could reduce the reduction potential to a level that the
galvanic replacement between Au ions and Cu is no longer
favored, favoring the formation of a core−sheath structure. On
the other hand, hollow NWs or nanotubes can be directly
produced from existing 1D nanostructures using methods, such
as galvanic replacement or oxidative etching.91 Metal nano-
tubes, including those based on Au, Pd, Pt, and their alloys,
have been synthesized using Ag or Cu NWs as templates.130

See sections 3.4.3 and 3.4.4. for a detailed discussion of
galvanic replacement and oxidative etching.

3.4. Chemistry Involved in the Synthesis of 1D Metal
Nanostructures

3.4.1. Reduction versus Decomposition. In a colloidal
synthesis of metal nanostructures, a precursor is either reduced
or decomposed to generate zerovalent atoms, followed by
nucleation and growth. The majority of the protocols reported
for the synthesis of metal nanostructures are based on
reduction, which can be conducted in a variety of media
under different conditions, including aqueous, organic, polyol,
hydrothermal, and solvothermal. The reduction route is most
effective for the monometallic system because it is often very
difficult to match the reduction rates of different precursors
when more than one metal is involved. In the case of
decomposition, it is commonly conducted in an organic
medium with the assistance of heating and/or ultrasonication.
As an example, monocrystalline PbNWs were prepared via
thermal decomposition of Pb(OAc)2 in EG (see section
5.3).138 The decomposition route is particularly effective for
bimetallic and even multimetallic systems as the different
metals can be incorporated into the same precursor compound
at the right atomic ratio and then generated at that particular
ratio during decomposition. In comparison, it is more
challenging to precisely control the elemental composition of
bi- and multimetallic nanostructures for the reduction route.
3.4.2. Thermodynamics versus Kinetics. When their

concentration reaches the minimum level of supersaturation,
the atoms derived from reduction or decomposition will
nucleate to generate clusters and then seeds with single-crystal
or internal twin structures. In general, the formation of seeds
with a specific type of internal twin structure is controlled by
both thermodynamics and kinetics.139,140 In addition, the
population of different types of seeds can be altered in the
presence of other processes, such as oxidative etching and
galvanic replacement. Here we provide a brief account of the
thermodynamic and kinetic aspects of a typical synthesis of
metal nanostructures.
3.4.2.1. Thermodynamics. The thermodynamically con-

trolled product exhibits a global minimum in total free energy,
at which point the sum of the surface and volume free energies,
internal defects, and strain energies are collectively minimized.

For noble metals with an fcc structure, the surface energies of
the low-index crystallographic facets increase in the order of
{111} < {100} < {110}. This sequence implies that a single-
crystal seed would take either an octahedral or a tetrahedral
shape in order to maximize the expression of {111} facets and
thus minimize the total surface free energy.139 However, both
octahedra and tetrahedra have a higher surface area to volume
ratio relative to a cube. As a compromise, the seed is supposed
to exist as a truncated octahedron (the so-called Wulff
polyhedron) enclosed by a mixture of {111} and {100} facets.
This shape has a nearly spherical profile and thus the smallest
surface area to volume ratio, minimizing the total surface free
energy. Similar to a single-crystal seed, the surface of a twinned
seed also tends to be covered by a mixture of {111} and {100}
facets to lower the total surface free energy. Although twin
boundaries can cause internal strain that increases the internal
bond energy, the overall free energy of a nanostructure can still
be lowered by enabling a larger coverage of {111} planes.
One effective way to drive a nanostructure to adopt a shape

or morphology different from the Wulff polyhedron is through
the introduction of a capping agent.37,112 As discussed in
section 3.3.1 and summarized in Table 1, capping agents are

ionic species, small molecules, or macromolecules that can
selectively bind to different types of facets on a nanostructure
to alter the surface free energies and therefore their
proportions in the final product. When a capping agent is
introduced into a reaction mixture, the facets preferentially
stabilized by the capping agent will exhibit a lower surface free
energy, leading to the formation of nanostructures with a shape
that maximizes the surface area of the capped facet. From a
kinetic perspective, the capping agent chemisorbed on a facet
will serve as a physical barrier to hinder or even prohibit the
deposition of atoms on this facet and eventually lead to the
formation of a shape with that particular facet being
preferentially exposed.
A notable example is Br− ions, which can serve as a capping

agent that binds strongly to the {100} facets on Ag and Pd
nanostructures.141,142 This preferential capping will lead to a
slower growth rate on the {100} facets and drive the addition
of metal atoms to other facets. For single-crystal seeds

Table 1. Capping Agents Commonly Used for Stabilizing
Various Facets on Metal Nanostructures

metals facets capping Agents

Cu {100} tetradecylamine (TDA)
HDA
octadecylamine (ODA)
oleylamine (OLA)

Ag {100} PVP
Br−

cetyltrimethylammonium chloride (CTAC)
{111} citric acid
{110} Cu(II)

Au {100} Br−

{111} citric acid
{110} Ag(I)

Pd {100} Cl−

Br−

I−

{111} citric acid
Pt {100} CO
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terminated with a mixture of {111} and {100} facets, metal
atoms will add preferentially to the poorly passivated {111}
facets. As a result, a single-crystal cuboctahedral seed will
evolve into a cube in the case of symmetric growth, or a NR
with a square or rectangular cross section in the case of
asymmetric growth.38 Similarly, for multiply twinned seeds
with a decahedral profile, NRs or NWs with a pentagonal
cross-section and side surfaces covered by {100} facets will be
produced.47−56

3.4.2.2. Kinetics. Although thermodynamics provides useful
information with regard to the most favored structure at a
given size for the seed, accumulating evidence from
experimental studies indicate that nanostructures rarely grow
in a way that minimizes the total free energy of the final
structure. In most cases, the nanostructures would rather settle
into locally stable positions, a propensity determined by the
interplay of thermodynamics and kinetics.139 To this end, the
exact shape or morphology taken by the nanostructure will be
largely determined by the relative ratio of the rates
corresponding to atom deposition (Vdeposition) and surface
diffusion (Vdiffusion), as discussed in section 3.3.1.116 Both rates
can be manipulated by changing the experimental conditions
related to a nanostructure synthesis.
In general, Vdeposition is directly correlated to the rate at which

the newly formed metal atoms are supplied and it is largely
determined by the reduction rate (V) of a metal precursor A by
a reductant B. In general, R can be expressed as eq 1139

= [ ] [ ]V k A Bx y (1)

where [A] and [B] are the molar concentrations of A and B,
respectively, the exponents x and y are the reaction orders with
respect to A and B, and k is the rate constant of the reduction
reaction, which is strongly dependent on temperature, as well
as the nature of the precursor and reductant. As a result,
Vdeposition can be manipulated in a number of different ways,
including variations of reagent concentration and reaction
temperature, the choice of reductant or precursor, and the type
of coordination ligand for the metal ion.
Surface diffusion is a thermally activated process that

involves the motion of atoms on a solid surface through a
jumping or hopping mechanism.139 The diffusion rate, Vdiffusion,
is largely determined by the diffusion coefficient D, which
measures the rate of jumping of an atom across a surface. An
Arrhenius-type equation can be used to express the coefficient

= −D D E RTexp( / )0 diff (2)

where D0 is the diffusion pre-exponential factor, Ediff is the
potential energy barrier to diffusion, R is the ideal gas constant,
and T is the absolute temperature. Clearly, for surface diffusion
of adatoms across the surface of a growing seed, D and the
corresponding Vdiffusion are mainly determined by the reaction
temperature (T) and Ediff. In general, Ediff is dependent on a
number of factors, including the strength of the bond between
the surface atom and the adatom, the crystallographic plane of
the surface, the accessibility of the surface (e.g., passivation by
a capping agent), and the chemical potential gradient. To
conclude, both surface deposition and diffusion play an
important role in the growth of nanostructures and the
relative ratio of their rates can be finely tuned by controlling
the experimental conditions.116

In addition to controlling the overgrowth of nanostructures
from seeds, kinetics also provides us with a powerful means for
understanding and maneuvering the crystal structure of seeds

at the initial stage of a synthesis.143 The initial reduction rate of
a precursor can serve as a quantitative knob for manipulating
the number of twin defects developed in a seed. For example,
Pd seeds changed their structures from stacking-fault-lined to
multiply twinned and then single-crystal as the initial reduction
rate was increased from 10−8 to 10−6 and then 10−4 M s−1.143

Though more efforts are required to investigate the generality
of this result, it provides us with a quantitative relationship
between the initial reduction rate and the structure of the
seeds, as well as an effective approach to controlling the twin
structure and thus the shape taken by metal nanostructures.
It should be pointed out that, in addition to reducing agent,

temperature, and capping agents which are often discussed in
manipulating the reduction kinetics, we should also pay special
attention to the coordination ligands. The addition of chemical
additives that strongly coordinate with metal ions may have
great influence on the stability and reduction potential of the
metal precursor, and thus its reduction kinetics. For example,
the introduction of HDA, whose amine group was expected to
coordinate with Au(III) and Cu(II) ions, would lower the
reduction potentials of these metal precursors.144 The standard
reduction potentials of AuCl4

−/Au and Cu2+/Cu pairs are 1.00
and 0.34 V versus standard hydrogen electrode (SHE), but the
reduction potentials would decrease after coordination with
HDA. For example, the reduction potentials of [Au(NH3)4]

3+/
Au and [Cu(NH3)4]

2+/Cu pairs are only 0.33 and 0 V,
respectively. The drop in reduction rate would lead to the
formation of AuCu alloy shell instead of a phase-separated
Au−Cu shell on a Pd cubic seed.144

Taken together, it is critical to consider the roles of both
thermodynamic and kinetic parameters in defining the
pathways for the nucleation and growth of nanostructures.
The essence of thermodynamic control is to minimize the total
free energy of a system. With the help of capping agents and
surface diffusion, shapes with the lowest energy can be reached.
In reality, however, the shape of the nanostructure can be
easily trapped in a thermodynamically unstable, but kinetically
enabled, state. Activity involving the manipulation of the rate
for either surface diffusion or atom deposition should be
considered as a kinetic control, which can be most
conveniently achieved by controlling the temperature used
for a synthesis. As the hallmark of a kinetically controlled
process, the products are no longer confined to global minima,
allowing for the formation of nanostructures with highly
anisotropic shapes, like NRs and NWs. We believe a
combination of thermodynamic and kinetic control can help
us better understand the formation mechanism and give rise to
the synthesis of a wider variety of nanostructures.

3.4.3. Oxidative Etching. Oxidative etching is a common
phenomenon in our everyday life, with familiar examples
including corrosion of steels. When steel is exposed to both air
and water, rust will begin to form at specific sites and then
eventually spread to cover the entire surface. In addition to rust
formation, corrosion can take many other forms such as
pitting, crevice etching, galvanic replacement, and dealloying,
among others. When applied to the synthesis of metal
nanostructures, oxidative etching can affect the reduction
rate of a precursor and thus the shape of resultant
nanostructures.35,145−147 When a synthesis is conducted in
air, together with the presence of a proper coordination ligand
for the metal ions such as halide ions, the zerovalent species
(including atoms, clusters, seeds, and nanostructures) can be
oxidized back to the ionic forms during both the nucleation
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and growth stages of a synthesis. The situation becomes even
more complicated when the product has twin defects on the
surface as etching tends to selectively start from the defect sites
rather than a single-crystal region because of the high energy of
defects.145 For example, during the synthesis of Ag
nanostructures that involved the reduction of AgNO3 by a
polyol, the presence of Cl− ions, together with O2 from the air,
had great influence on the nucleation and growth processes.35

In particular, the reaction solution turned from light yellow to
nearly colorless and then back to light yellow, indicating the
sequential formation of Ag nanoparticles, removal of the
twinned nanoparticles due to oxidative etching, and the
subsequent growth of the single-crystal species.
The combination of oxidative etching and reduction, which

is supposed to coexist throughout a synthesis of metal
nanostructures, can have a major impact on the outcome. In
one demonstration, monocrystalline AuNRs were synthesized
with the help of an Fe-based etchant.148 The synthesis involved
the room-temperature aging of a mixture of [AuCl(OLA)]
complex with amorphous Fe nanoparticles in chloroform.
Analysis of the growth mechanism indicated that Au
nanostructures with a high density of defects were formed in
the early stage. The unstable defect regions in the particles
were preferentially oxidized back to Au(I) or Au(III) at a late
stage of the synthesis. These Au cations were reduced again by
Fe(0) or Fe(II) and the newly formed zerovalent Au atoms
were deposited epitaxially onto the defect-free regions of the
Au nanostructures. Continuous etching and deposition
eventually reshaped the nanostructures into monocrystalline
NRs, which were more stable than the twinned counterparts
due to a lower defect density. A similar mechanism was also
proposed for the synthesis of AuNWs, in which AuCl was
reduced by OLA.149 In the presence of oxidative etching, the
OLA molecules adsorbed on the low-energy {111} facets and
the highly reactive twin defects were selectively removed,
inducing anisotropic growth for the Au nanostructures.
Continuous etching of Au atoms from defect sites and their
reduction and deposition onto other sites at a faster rate
eventually reshaped and elongated the nanostructures into
ultrathin NWs. Such observations further confirm the crucial
role of oxidative etching in controlling the shape or
morphology of metal nanostructures.
The involvement of oxidative etching often lowers the

growth rate of a metal nanostructure by oxidizing atoms back
to ions while the precursor is being reduced.145 Oxidative
etching thereby enables control over the nucleation kinetics
and growth mode. For example, it has been reported that Ag
atoms could be deposited asymmetrically onto a Ag cubic seed
by taking advantage of oxidative etching.105 In the presence of
O2 from the air, some Ag atoms were oxidized back to Ag(I)
prior to redeposition onto the cubic seed, making the
concentration of Ag atoms too low to nucleate on all six side
faces of the seed. In this case, rather than being added evenly
to all six side faces of the cube, the Ag atoms were deposited
on three adjacent {100} faces more rapidly than the other
three {100} faces, leading to the generation of an anisotropi-
cally truncated Ag octahedron. In comparison, when the
reaction was conducted under the protection of argon,
oxidative etching was suppressed and Ag nanocube with a
larger size was obtained from a conformal growth of Ag atoms
onto the cubic seed.
3.4.4. Galvanic Replacement. When metal ions are

employed as an oxidative etchant, it is possible to generate

zerovalent species during the oxidation of preformed metal
nanostructures in a process commonly referred to as galvanic
replacement. This process offers a simple and versatile
approach to the fabrication of metal (as well as metal oxide)
nanostructures with controlled compositions, structures, and
morphologies.150 In principle, galvanic replacement is an
electrochemical process that involves the oxidation of one
metal (the sacrificial template) by the ions of another metal
with a higher reduction potential. Upon contact in a solution
phase, the template will be oxidized and dissolved into the
solution while the ions of the second metal will be reduced and
plated right on the outer surface of the template.
For example, when aqueous HAuCl4 solution is added into

an aqueous suspension of Ag nanostructures, because of the
difference in standard reduction potentials (1.52 and 0.80 V
versus SHE for Au3+/Au and Ag+/Ag pairs, respectively),
galvanic replacement will be initiated at the sites with high
surface energies (e.g., defect regions, stacking faults, and/or
steps).130,151 As a result, Ag atoms will be oxidized to ions and
dissolved into the solution, generating small holes on the
surface of the nanostructure. At the same time, the electrons
migrating to the surface of the nanostructure were captured by
AuCl4

− to generate Au atoms for deposition, resulting in the
formation of a thin and incomplete layer of Au on the surface
of each nanostructure, which helps prevent the underlying Ag
from reacting with AuCl4

−. In this case, the small holes serve as
the primary sites for continuous dissolution of Ag, and the
opening will allow all the species involved in the reaction,
including Ag(I) and Au(III) ions, to diffuse in and out of the
cavity. Accompanying the deposition of Au, alloying will occur
with the underlying Ag because a homogeneous alloy is
thermodynamically more stable than phase-segregated Au and
Ag. At the end, dissolution of Ag leaves a void inside the
nanostructure while an alloyed sheath comprised of Au and Ag
is generated.
The wall thickness and void size depend not only on the size

of the template but also on the stoichiometric ratio between
the two metals involved. For example, in comparison with
Au(III), the reaction between a Ag nanostructure and the same
amount of Au(I) ions will generate a Au−Ag alloy sheath with
a thicker wall since every three Ag atoms dissolved will result in
the reduction of three Au(I) ions rather than one Au(III)
ion.152 If a larger amount of HAuCl4 is added into the reaction
system, the AuCl4

− will cause dealloying for the Au−Ag sheath
by selectively removing Ag atoms from the alloyed walls.
During this process, many lattice vacancies will be generated as
the Ag atoms are extracted by AuCl4

−, leading to an increase in
surface free energy. To lower the total energy, the vacancies
coalesce to generate small holes in the wall. Further dealloying
enlarges the holes, generating hollow nanostructures with
porous walls. Complete dealloying will cause the hollow
nanostructure to collapse into small fragments when an excess
amount of HAuCl4 is added.
The simple reaction of galvanic replacement can be

employed to generate a wide variety of metal nanostructures,
and is limited by no more than the requirement of a favorable
difference in the reduction potentials of the two metals. To this
end, metals with relatively lower reduction potentials, such as
Cu, Ag, and Pd, are most commonly used as templates. For
example, AuCu alloy nanotubes have been synthesized by
injecting a Au(III) precursor, such as HAuCl4, into a
suspension of CuNWs in EG.54 Because of the large difference
between their reduction potentials (1.52 and 0.34 V versus
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SHE for Au(III)/Au and Cu(II)/Cu pairs, respectively),
galvanic replacement could happen even at room temperature,
leading to partial removal of Cu. At the same time, Au atoms
were produced for the formation of an alloy with the remaining
Cu, leading to the creation of AuCu alloy nanotubes. Other
examples include PdPt and PdAu alloy nanotubes derived from
TeNWs.153 By repeating the replacement reaction, multiwalled
nanotubes have also been produced,91,154 including Au/Ag
alloy nanotubes containing two or three coaxial walls (see
section 6.1).

4. INVESTIGATION OF THE GROWTH MECHANISM

4.1. General Concepts

Understanding the mechanism by which 1D metal nanostruc-
tures grow anisotropically and how the growth pathway is
affected by a multitude of parameters remains incomplete. A
nonexhaustive list of experimental parameters that can impact
how nanostructures grow include the reaction temperature, the
concentrations of the primary reaction constituents (reducing
agent, metal precursor, and capping agents), the presence of
secondary additives (e.g., halides), the presence of trace
contaminants (often, unknown), the stirring rate, and even the
presence of light.37,115,155−158 Fundamental factors that
influence growth and should be considered in computational
simulations include what facets and/or defects are present on
the growing nanostructure, facet dependence of surface energy,
facet-dependent diffusion rates of adatoms, the facet-depend-
ent electrochemical potential at which reduction occurs, the
facet-dependent rate of metal addition (or deposition), the
facet-dependent binding energies of various species, as well as
how the binding of one species might influence the binding of
another. Deconvoluting the roles played by all these
parameters or factors is obviously a daunting task and remains
an active area of research.
Most early investigations of the growth mechanism of 1D

metal nanostructures in a solution relied on the analysis of dry
samples by TEM or scanning electron microscopy (SEM).
Electron microscopy provides information on the size, shape,
crystal structure, and purity of the nanostructures produced in
a given synthesis. Identification of the twin structure provided
clues as to the growth mechanism, as well as the seeds from
which the structures grow. For example, the presence of planar
defects perpendicular to the growth direction suggests that the
NWs likely grew via attachment.18 Revealing the 5-fold
twinned structure and a pentagonal cross-section of NWs
indicate that they grew from penta-twinned, decahedral
seeds.47 Further exploration of the internal twin structure of
seeds (e.g., single-crystal or multiply twinned) also help
pinpoint its explicit role in dictating the evolution of the 1D
morphology.37,46,159−161

Despite the insights gained from ex situ imaging techniques,
many details of the mechanisms by which nanostructures grow
remain unclear. For example, ex situ imaging techniques could
not tell whether the species being added onto a nanostructure
was an ion, a cluster, or a nanoparticle. In addition, ex situ
techniques could not reveal what was the rate-limiting step for
1D nanostructure growth, and they could not adequately
validate the hypotheses on the roles of capping agents and
additives in driving anisotropic growth. Answering these
questions is important as it shows how nanostructure synthesis
fits into our current understanding of related chemical
processes, and thereby connects to the fields of physical

chemistry, surface science, and electrochemistry. A deeper
understanding of the growth mechanisms also allows us to
more effectively search the vast, multidimensional variable
space when optimizing or scaling-up a colloidal synthesis of 1D
nanostructures for a given application.
Motivated by the many unsolved mysteries of nanomaterial

synthesis, researchers have developed a variety of analytical
methods to gain new insights into the processes by which 1D
nanostructures form. Notable examples include in situ
TEM,18 ,58 ,64 ,162−165 dark-field optical microscopy
(DFOM),19,166−168 and transmission X-ray microscopy
(TXM).169−171 All these techniques have been used to observe
the growth of 1D metal nanostructures in real time, quantify
their growth kinetics, and distinguish between atomic addition
and oriented attachment. In addition, single-crystal electro-
chemistry has provided new insights into the roles played by
halides and capping agents during anisotropic growth.172−179

Computational simulations have also been used to evaluate
different hypotheses pertaining to how anisotropic growth
occurs, offering additional insights into atomic-level processes
that determine the rates of anisotropic growth, as well as why
anisotropic growth occurs.21−23,64,180−190 This section focuses
on the contributions made by these new analytical methods,
each of which can contribute a different perspective on the
development and testing of models to account for 1D growth.

4.2. Liquid−Cell Transmission Electron Microscopy

4.2.1. Liquid Cells. Recent developments in liquid-cell
TEM have enabled the real-time visualization of anisotropic
growth,18,58,62,64 the evolution of nanostructures containing
defects,18,62,163 as well as changes to the distributions of
different elements within a nanostructure.18 Liquid-cell TEM
involves the use of a specialized cell that has a very thin
window that is transparent to electrons but is robust enough so
that the liquid does not leak into the high vacuum of the
microscope. Newer liquid-cell holders from Hummingbird
Scientific and Protochips also enable the user to apply heating
to the liquid cell and add reagents via a pump to conduct a
synthesis in the liquid cell. The cost of the equipment for
performing liquid-cell TEM is around $200 000. The experi-
ments are also much more time-consuming than imaging of
dry samples, which further increases the cost of the TEM and
personnel time involved in the experiments. For these reasons,
liquid-cell TEM has not yet become a routine technique, such
as conventional TEM, that is accessible to essentially every
researcher in the field. It is still a specialized technique used by
a relatively small number of groups that are willing to dedicate
significant resources to these experiments, but the situation is
changing as more user facilities are acquiring the necessary
equipment.
The liquid cell typically consists of silicon nitride windows

with a thickness of 10−100 nm.62,162,191,192 The spacing
between the windows in a liquid cell is around 150 nm, which
limits their use to relatively small nanostructures. The
mechanical stiffness and strength of these cells allow for the
incorporation of various elements for electrochemical measure-
ment,193 temperature control,194 and liquid flow.195 The
silicon nitride causes electron scattering, making it difficult to
achieve atomic resolution with liquid cells based on this
material. For this reason, methods were developed to perform
a synthesis in the liquid confined between two graphene sheets
(<1 nm in thickness).165,196 Owing to their higher electron
transparency, the graphene-based liquid cells allow in situ
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TEM to achieve atomic resolution. At the current stage of
development, the graphene-based liquid cells are not available
commercially, limiting their use to a few research groups only.
Even when atomic resolution is achieved, the mechanistic

understanding that can be achieved using liquid cells is limited
by the fact that the electron beam itself can cause reactions in
the solution that otherwise would not occur in a conventional
synthesis. For example, the electron beam can easily reduce
metal ions without any reducing agent present in the reaction
solution.197 Procedures for quantifying the effect of electron
dose, imaging mode, and acceleration voltage on beam-
induced solution chemistry have been reported.198 In the
case of an aqueous reaction medium, the high-energy electrons
decomposed water molecules, producing a variety of reactive
chemicals and radicals, such as H•, OH•, H2, H2O2, H

+, and
OH−. These chemical species can possibly cause undesired
reactions. Adjustment of irradiation dose rate198 and addition
of radical scavengers into the reaction solutions199 can reduce
the impact of such species. Minimizing the effects of the
electron beam on the outcome of a synthesis while obtaining
high-quality images in the highly dynamic liquid environment
remains a challenging task and an area of active research. It is
important to consider and plan for beam-induced reactions if
one wishes to obtain results that are relevant to the syntheses
conducted in flasks.
4.2.2. Anisotropic Growth via the Attachment of

Nanoparticles. Real-time visualization of 1D nanostructure
growth by liquid-cell TEM has produced new insights into how
the structures could grow via particle attachment rather than
atomic addition, revealing mechanistic details with regard to
neck formation/elimination, straightening, and defect for-
mation/elimination, as well as the attachment frequency as a
function of alignment angles.
In the liquid-cell TEM study of Pt3Fe NRs,

18 several stages
of growth were observed. Initially, Pt3Fe nanoparticles were
formed in the liquid cell under electron beam-induced
reduction. This was followed by the attachment of the
nanoparticles to form short NRs. Additional attachment to
the ends of the rods led to the formation of longer NRs. The
chains of nanoparticles were initially wavy and flexible, and
planar defects were present at the attachment interfaces. Some
of the chains became straighter over time, presumably due to

surface diffusion of atoms to the necks in order to lower the
total surface energy. The TEM images in Figure 9A show the
formation of wavy chains of Pt3Fe nanoparticles and the
subsequent straightening process. The addition of a surfactant
into the growth solution facilitated the formation of straight,
stiff chains of nanoparticles. In the absence of surfactant, the
chains did not straighten but instead remained wavy.
After the straightening process, additional structural

relaxation occurred, eliminating the planar defects and
resulting in the formation of single-crystal NRs. The rate of
the straightening process was not affected by the length of the
nanoparticle chain whereas the kinetics of the single-crystal NR
formation process decreased as the length of the nanoparticle
chain increased. Figure 9B indicates that the NR was still
polycrystalline after the straightening process. In addition,
variations in composition were observed, with the Fe-enriched
regions highlighted by white arrows. The size of Fe-enriched
regions was much smaller than the size of the attached
nanoparticles, indicating that Pt and Fe atoms were
redistributed in the nanostructure during the relaxation
process. Lattice rotation that resulted in the formation of a
single-crystal NR was also observed, as shown in Figure 9C.
Taken together, it can be concluded that a polycrystalline chain
of nanoparticles was initially formed because of the misalign-
ment between the attaching particles. A subsequent lattice
rotation and straightening process led to the formation of the
straight, single-crystal NRs.
Tracking of the attachment process by liquid-cell TEM

suggests that the attachment angle could affect the removal of
planar defects at the interfaces between the attached
nanoparticles.62 When the angles between the {111} facets
of the two attaching particles were below 20°, the attachment
resulted in bonding without defects, presumably due to
prealignment prior to attachment. When the attachment
angles were over 20°, planar defects were observed at the
interfaces. In a separate study, the attachment between AgNRs
was investigated using liquid-cell TEM.64 End-to-end attach-
ment was found to be most favorable, with over 85% of the
attachments taking place with the rod−rod orientation angles
below 45°. This experimental observation was supported by
molecular dynamic simulations, which indicated that a higher
activation energy was required for the side-to-side attachment

Figure 9. (A) Attachment-based growth of Pt3Fe NRs and a subsequent straightening process. (B) Images of polycrystalline chains of Pt3Fe
nanoparticles (white arrows indicate Fe-rich regions). (C) The structural evolution of a polycrystalline trimer of Pt3Fe nanoparticles into a single-
crystal NR via lattice rotation and straightening. Reprinted with permission from ref 18. Copyright 2012 AAAS.
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relative to end-to-end attachment because of the solvation
energy.
4.2.3. Oxidative Etching. As discussed in section 3.4.3,

oxidative etching plays an important role in controlling the
internal defect structure of seeds, and thereby the final shape or
morphology of nanostructures.145−147 Oxidative etching can
also be used in conjunction with liquid-cell TEM to provide
information on surface diffusion rates, as well as which facets
on a nanostructure are most susceptible to oxidation. To this
end, the degree of oxidative etching of AuNRs was found to
affect the dissolution rate as well as the intermediate structures
involved.165 When the etching of AuNRs was slow, there was
enough time for surface diffusion to reconstruct the shape of
the nanostructure so as to minimize its total surface free energy
(Figure 10A). When the etching process was accelerated with
an additional etchant, a nonequilibrium ellipsoidal shape with
sharp tips was observed. The etching rate at the ends of the
AuNRs was also faster than the side faces, presumably due to
the presence of a lower coverage density for the adsorbed
CTAB (Figure 10B).
The formation of nonequilibrium nanostructures was also

observed for the oxidative etching of Au nanocubes and
rhombic dodecahedra.165 Figure 10C shows images taken at
different stages of the oxidative etching of a Au rhombic
dodecahedron bounded by {100} facets. A nanostructure with
high-index {310} facets was observed as the intermediate when
the etching was relatively fast. At lower etching rates, truncated
octahedra covered by a lower total surface energy was
observed. These results illustrate how nanostructures with
nonequilibrium shapes can be produced through the control of
reaction kinetics.

4.3. In Situ Dark-Field Optical Microscopy

In a set of studies, DFOM was explored to measure the
anisotropic growth kinetics of 1D metal nanostruc-
tures.19,166−168 DFOM cannot provide any information about
the internal defect structure, but this method is much more
cost-effective than liquid-cell TEM. The liquid cell can be
readily constructed from glass coverslips and double-sided tape
(Figure 11A).19 The reaction solution can also be heated with
a transparent indium tin oxide (ITO) heater and an integrated
temperature controller. Altogether, the material cost should be

below $100, while the optical microscope costs another
$15,000. DFOM can easily resolve NWs with diameters as thin
as 20 nm because they scatter much more light than the
background solution.
DFOM was first applied to the syntheses of CuNWs with

ethylenediamine (EDA) in a NaOH solution.19,167 Figure 11B
shows typical images for the growth of CuNWs acquired using
DFOM.19 Although the complete conversion of Cu in this
synthesis required at least 30 min, individual NWs grew to
their full length within ∼2 min. For example, the average
growth rate of CuNWs at 70 °C in a solution containing 14.3
M NaOH, 4.7 mM Cu(NO3), 25 mM N2H4, and 110 mM
EDA was 86 nm/s (Figure 11C). Changing the concentration
of Cu(NO3)2 revealed that the growth rate of CuNWs
increased with the Cu(NO3)2 concentration at a rate of 24 nm
s−1 mM−1 (Figure 11D). In contrast, the reducing agent
(hydrazine, N2H4) had no effect on the NW growth rate
(Figure 11E). The temperature dependence of the growth rate
shown in Figure 11F revealed that the activation energy for
NW growth (11.5 kJ mol−1) was lower than the activation
energy for water self-diffusion (18−20 kJ mol−1).200 These
results suggested that the growth of CuNWs was diffusion-
limited in such a synthesis. This hypothesis was tested by
modeling the rate of NW growth based on the diffused-limited
steady-state current at an ultramicroelectrode and by
measuring the diffusion rate of Cu(OH)2

− in the reaction
solution. This simple model produced a Cu(NO3)2-dependent
growth rate of 25 nm s−1 mM−1, which almost perfectly
matched the experimentally measured growth rate of 24 nm s−1

mM−1. These results provided strong evidence that the NW
growth was limited by the rate of diffusion of Cu(OH)2

−

complex to the ends of CuNWs.19

In another example, DFOM was used to show that CuNW
growth in an alkylamine-mediated synthesis is charge-transfer
limited.168 Although the concentration of Cu(II) precursor for
the alkylamine-based synthesis was 3.5 times higher than what
was used for the EDA-based synthesis (16.4 mM versus 4.7
mM), the growth of CuNWs with TDA (69 nm/s) and ODA
(5 nm/s) were slower than that with EDA (120 nm/s) at the
same temperature of 90 °C.19,168 Based on electrochemical
measurements of the diffusion rate of Cu(II)-alkylamine
complexes, the diffusion-limited growth rates were calculated

Figure 10. (A, B) Oxidative etching of AuNRs results in the formation of (A) an equilibrium shape at a low etching rate and (B) a nonequilibrium
shape at a higher etching rate. (C) Kinetically controlled oxidative etching of Au nanocubes and the formation of tetrahexahedron with high-index
{310} facets. Reprinted with permission from ref 165. Copyright 2016 AAAS.
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to be 31 400 and 5260 nm/s for the TDA- and ODA-based
systems, respectively.168 The fact that the growth rates
measured by DFOM are 450−1000 times slower than the
calculated diffusion-limited growth rates indicates that the
growth of CuNWs in the presence of alkylamines is limited by
charge transfer. These studies demonstrate that DFOM can
provide insights into the rate-limiting step for NW growth.

4.4. In Situ Transmission X-ray Microscopy

In situ TXM offers a resolution of 25 nm, which is worse than
TEM but obviously better than DFOM.169−171 The advantage
of TXM relative to TEM is that the depth of focus is on the
order of tens of micrometers, allowing this technique for
syntheses involving relatively thick metal NWs. In contrast, the
need for electron transparency in TEM limits the cell thickness
to less than 200 nm due to the electron scattering, making it
difficult to study the growth of long, thick NWs. Another

advantage of TXM over TEM is that the cell sits under
atmospheric pressure rather than vacuum, so one can more
easily develop custom-made flow cells without worrying as
much about leakage. Most importantly, with TXM, it is
possible to map the distributions of elements by tuning the X-
ray energy across their absorption edges, as well as to
determine their oxidation or coordination states by examining
their X-ray absorption near-edge structure (XANES). Related
to 1D nanostructures, TXM has been used to monitor the
chemical transformation from AgNWs to Au nanotubes via
galvanic displacement, as well as the conversion of AgNWs to
nanotubes made of silver oxide.169,171

Figure 12A shows a schematic diagram of TXM, integrated
with a flow cell.171 To study galvanic replacement, AgNWs
were transferred onto a Si3N4 membrane, and a liquid cell was
assembled and placed in the TXM system.169 A reaction
solution containing HAuCl4 was injected into the liquid cell to

Figure 11. (A) Photograph and schematic of the setup used for DFOM. (B) Real-time visualization of CuNW growth. (C) Changes in length as a
function of time when measured by DFOM from five individual NWs. The CuNW growth rate as a function of the concentrations of (D) Cu(II)
ions, (E) N2H4, and (F) reaction temperature. Reprinted with permission from ref 19. Copyright 2014 American Chemical Society.
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initiate the galvanic replacement reaction with AgNWs. A
number of stages of the galvanic displacement reaction could
be clearly resolved using TXM. First, random pits formed on
the AgNW in the initial stages of galvanic replacement, but the
deposition of the Au shell was relatively uniform. After the
AgNW had been dissolved, the porous Au wall evolved into a
continuous shell via Ostwald ripening, finally producing Au-
based nanotubes. For AgNWs with a diameter below 80 nm,
galvanic replacement resulted in the formation of fragmented
nanotubes, whereas thicker NWs were converted to nanotubes
without fragmentation.169

The Kirkendall effect during the oxidation of AgNWs was
also investigated by TXM.171 Air was injected into the cell, and
the radiolysis of air by X-rays generated a strong oxidant for
converting the NWs to Ag2O nanotubes. The oxidation
process of a AgNW is presented in Figure 12B. A thin oxide
layer (i.e., the lighter gray region) formed in the first 3 min.
The diffusion of oxygen into the core was slower than the
diffusion of Ag to the surface of the NW, resulting in the
accumulation of Kirkendall voids at the interface between the
oxide shell and the Ag core. As the oxidation progressed, the
thickness of the Ag2O shell increased whereas the diameter of
the Ag core decreased. Finally, the Ag core and the oxide shell
were completely separated from each other by the Kirkendall
voids.
4.5. Electrochemical Methods

The growth of 1D metal nanostructures via atomic addition is
the result of spontaneous oxidation of a reducing agent and the
simultaneous reduction of a metal precursor. After the

nucleation stage, the electron transfer that occurs in both of
these reactions is likely mediated by the metal surface in an
autocatalytic fashion. The formation of anisotropic nanostruc-
tures has largely been attributed to the modulation of the
atomic addition rate on specific crystal facets by the adsorption
of shape-directing (i.e., capping) agents. Measurements of the
surface reactivity as a function of crystal orientation and the
concentration of adsorbate can test this hypothesis and offer a
deep understanding of the facet-dependent chemistry that
causes anisotropic growth of 1D metal nanostructures. To this
end, single-crystal electrochemical measurements have been
demonstrated as a powerful analytical tool for obtaining such
information in the fields of electrocatalysts,201−204 electro-
chemical deposition,114,205−208 and corrosion.209−212 To date,
single-crystal electrochemistry has been used to test the
hypothesis of capping agent for AuNR and CuNW
growth.172−179 There remain many additional nanostructure
syntheses in which single-crystal electrochemistry can be
applied to provide a deeper understanding of the facet-selective
chemistry.
The first application of single-crystal electrochemistry to

nanostructure synthesis was a test of the hypothesis that
surfactants such as CTAB selectively adsorb on Au(100) over
Au(111).173,174 Such facet-selective adsorption has been
hypothesized to be responsible for the anisotropic growth of
AuNRs. Using chronocoulometry to study the adsorption of
octyltrimethylammonium onto Au(100) and Au(111), it was
found that although the presence of bromide promoted the
adsorption of the surfactant, there was no preferential
adsorption of octyltrimethylammonium onto Au(100) in the
presence of bromide. It was concluded that the preferential
adsorption of CTAB onto Au(100) was, therefore, unlikely to
be the cause of anisotropic growth of AuNRs. The authors did
not explore whether there was any difference in the kinetics
(i.e., charge transfer resistance) of ascorbic acid (H2Asc)
oxidation or HAuCl4 reduction between Au(111) and Au(100)
surfaces. In a separate study with a polycrystalline Au
electrode, it was found that the adsorption of CTAB onto
Au decreased the rate of H2Asc oxidation, and that having a Ag
layer on the Au in combination with CTAB decreased it even
further.213 Since this work was done with a polycrystalline
electrode, it is not clear whether the H2Asc oxidation kinetics
differ between the {100} facets on the side surface of a AuNR
and the {111} facets on the ends.
Most previous experiments with single-crystal electrodes

have been performed separately with different crystals, such
that the crystals are electrically disconnected. This situation
differs from the solution-phase synthesis, in which the two
crystal facets are in electrical contact, and therefore will
presumably be at the same potential. To address this issue,
researchers used single-crystal Au bead electrodes consisting of
four Au(111) surfaces and one Au(100) surface.178 These
electrodes are made by flame annealing the end of a gold wire.
Since all the surfaces were connected, it was impossible to
measure the currents on different facets in a single measure-
ment when fluorescent, single-stranded DNA was employed as
an indicator of the facet-selective adsorption of capping agents.
A typical experiment involved the formation of self-assembled
monolayers (SAMs) of mercaptoundecanoic acid on all the Au
surfaces, followed by the electrochemical or chemical
desorption of the monolayers at different potentials. The
surfaces were then exposed to fluorescent, single-stranded
DNA to compare the facet-dependent desorption of

Figure 12. (A) Schematic diagram of the TXM system. (B) TXM
images of a AgNW undergoing oxidation for the generation of Ag2O
nanotubes. Reprinted with permission from ref 171. Copyright 2016
American Chemical Society.
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monolayers on Au(111) and Au(100). Depending on the
electrochemical potential, the detachment of the monolayer
from Au(111) was up to 20 times greater than that from
Au(100). At no potential was the fluorescence intensity greater
on Au(100) than on Au(111). The same results were obtained
by changing the potential at the electrode with the use of
NaBH4 in place of an applied electrical potential. Facet-
dependent adsorption of CTAB on Au surfaces was also
investigated in the same manner, but the results were less
conclusive because of nonspecific adsorption of the DNA.
Fluorescent images indicate single-stranded DNA adsorbed
onto the Au(111) surface to a greater extent than Au(100) in
the presence of CTAB, suggesting that the Au(100) surface
was blocked by CTAB. This result supported the hypothesis
that CTAB preferentially adsorbs onto Au{100} facets during
the growth of AuNRs.178

Single-crystal electrodes were also used to test the
hypothesis of capping agent for the growth of penta-twinned

CuNWs in a highly basic solution (15 M NaOH) containing
EDA.177 It has been hypothesized that EDA acted as a capping
agent that preferentially adsorbed onto the side faces of NWs,
the {100} facets, while less EDA adsorbed at the ends of the
growing NWs terminated in the {111} facets, leading to the
selective addition of Cu to the ends of the NWs. This study
showed that, rather than acting as a capping agent, EDA was a
facet-selective promoter for CuNW growth under the
experimental conditions used. Since the rate of Cu(II)
reduction in this synthesis is diffusion-limited, electrochemical
quartz crystal microbalance (EQCM) and chronocoulometry
measurements were used to determine the rate of Cu(II)
reduction and the mixed potential at which such reduction
occurred in the reaction solution. Surprisingly, 73% of the
electrons from hydrazine oxidation went to the reduction of
surface oxide on the Cu, with only 27% going to the reduction
of Cu(OH2)

− to elemental Cu. Such a high fraction of
electrons going to the reduction of oxide was due to the highly

Figure 13. Changes in the open circuit potential in a solution containing NaOH and N2H4 (A) without and (B) with EDA. (C) Schematic
diagrams showing the facet-dependent effect of EDA on surface oxidation. (D) Current efficiencies of Cu(OH)2

− reduction to metallic Cu on
Cu(111) and Cu(100) surfaces, respectively. (E) Growth mechanism of CuNWs in NaOH solution with EDA as a facet-dependent promoter. (F)
TEM images confirming that the time scale for the lateral growth of CuNWs in the reaction solution matches the time scale for facet-selective
Cu(II) reduction on single crystals. (A−E) Reprinted with permission from ref 177. Copyright 2017 American Chemical Society. (F) Reprinted
with permission from ref 167. Copyright 2014 Royal Society of Chemistry.
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basic reaction environment. Single-crystal electrochemical
measurements further revealed that EDA was more effective
in preventing the oxidation of Cu(111) than Cu(100) (Figure
13A−C), suggesting that EDA specifically adsorbed on the
Cu(111) surface.177

Rather than acting as a capping agent, it was found that
increasing the concentration of EDA increased the current
from hydrazine oxidation for both surfaces, but to a greater
extent on Cu(111) than Cu(100).177 By comparing the mixed
potentials in the reaction solution with and without Cu(II)
ions, and using those potentials to oxidize hydrazine, the time-
dependent efficiency of Cu(OH2)

− reduction on Cu(111) or
Cu(100) surface was determined (Figure 13D). The results
indicated that EDA actually acted as a facet-dependent
promoter for CuNW growth by keeping the Cu(111) surface
at the ends of the NWs free from surface oxidation for the first
5 min into a synthesis (Figure 13E). The capping agent in this
synthesis is actually surface oxide on the {100} side faces on
the NW. This result demonstrates that single-crystal electro-
chemistry can reveal the actual role of an organic additive as a
facet-selective promoter, which is the opposite to what is
generally hypothesized.177

The time-dependent facet-selective chemistry with single-
crystal electrodes was similar to the time-dependent growth of
CuNWs in a solution-phase synthesis.167 Stopping the reaction
at 14 min showed that NWs of 35 nm in diameter were
produced, but 5 min later Cu started to plate onto the side
faces of the NWs, leading to the increase of their diameters to
154 nm. The fact that the time-dependent facet-selective
electrochemical results generally match with what is observed
for the time-dependent NW growth process suggests a good
correspondence between the chemistry occurring on the

single-crystal electrodes and what is occurring on the NW
facets in a solution-phase synthesis.167,177

4.6. Computational Simulation

Electrochemical methods can reveal what species in the
reaction solution are responsible for the facet-selective
chemistry that causes anisotropic growth, but they cannot
reveal why these species behave in a facet-selective manner. To
this end, computational simulations are helpful in using energy
landscapes to test hypotheses that are not easily tested
experimentally, revealing potential new mechanisms and
elucidating what types of surface structures may be responsible
for anisotropic growth. For these reasons, extensive simulations
have been performed to help clarify the roles of shape-directing
agents in the growth of Au, Ag, and Cu NRs/NWs.
Early reports on AuNR growth suggested that the adsorbed

CTAB existed as a bilayer on the side surface of a AuNR. In
contrast, molecular dynamics (MD) simulations revealed that
such a bilayer is not stable, and instead CTAB forms cylindrical
micelles on the Au surface within 1 ns (Figure 14A).22 The
thickness of micelles on Au(111), (100), and (110) surfaces
was similar (3.7−3.9 nm), but the area per CTAB molecule
was slightly greater (0.76 nm2) on Au(111) than on Au(110)
and Au(100) (0.67 and 0.67 nm2, respectively). Due to the
cylindrical shape of the adsorbed micelles, the researchers
observed water−ion channels at the interfaces between
micelles. This water−ion channel allowed Au(III) ions (or
complexes) to diffuse toward the Au surface, which would
presumably allow them to be reduced and add to the surface,
although these steps were not simulated. The widths of the ion
channels were 0.94, 0.71, and 0.73 nm for (111), (110), and
(100) surfaces, respectively. These widths implied that 23.10%,
17.40%, and 17.80% of (111), (110), and (100) surfaces were

Figure 14. (A) Illustration of the CTA+ micelles formed on Au(111) surface. (B) Changes in the adsorption of CTA+ micelles according to the
halides. (C) Changes in the energies during Au atomic addition onto (100), (110), and (520) surfaces covered by the CTAB−AgBr complex. (A)
Reprinted with permission from ref 22. Copyright 2013 American Chemical Society. (B) Reprinted with permission from ref 23. Copyright 2016
Royal Society of Chemistry. (C) Reprinted with permission from ref 21. Copyright 2014 American Chemical Society.
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accessible to the diffusion of Au(III) ions. These results
suggested that the lower packing density of CTAB on Au(111)
would facilitate a greater rate for atomic addition.
Motivated by the work showing that AuNRs and NWs grew

in the presence of bromide but not chloride,115,214,215

researchers have studied the effects of different halide ions
on the adsorption of cetyltrimethylammonium ion (CTA+) by
MD simulations.23 The simulations were performed with the
same amount of CTA+ but different ratios of Br− and Cl− ions.
It was found that the most compact CTA+ layer was observed
when only Br− ions were used as the counteranion (Figure
14B), indicating that Br− ions enhanced the adsorption of
CTA+. The surface densities of Br− and CTA+ on Au(111)
were 23% and 13% lower than those on (110) and (100)
surfaces. When Cl− ions coadsorbed with Br− ions on Au
surfaces, less compact and more stretched micelles were
observed on all Au surfaces (Figure 14B), and the difference in
the surface density of CTA+ between the different crystal
surfaces became negligible. This result suggested that surface
adsorption of Cl− ions impeded the facet-selective growth of
Au nanostructures. The simulated results were confirmed by
experimental results in that NRs were formed when the Br− to
Cl− ratio was above 0.75, but Au nanostructures lost their
shape anisotropy with a ratio less than 0.2. The combination of
simulation and experimental studies suggested that both Br−

ions and CTA+ were important in inducing the anisotropic
growth of AuNRs. It is not clear why the simulated results
reported in this paper differ from experimental measurements
of surface adsorption performed with single-crystal chrono-
coulometry.173,174

The process by which highly symmetric fcc metals break
their symmetry to form single-crystal NRs is one that is
difficult to explore experimentally, but for which computational
simulations can be used to scrutinize potential mechanisms. To
this end, density functional theory (DFT) simulations have
been used to study the symmetry breaking process of Au
cuboctahedra in the presence of Ag(I) and CTAB.21 This work
highlighted the potential role of a CTAB−AgBr complex in
causing symmetry breaking. The energy gained by the
adsorption of this complex was more than 3 eV, and was
preferential for {100} facets because AgBr can grow epitaxially
on {100} but not {111} facets. The researchers indicate that
the structures of the nanoparticle and the adsorbed CTAB−
AgBr complexes are such that only 4 out of 6 {100} surfaces
can be simultaneously blocked, leading to the formation of a
tube due to dispersion interactions between the alkyl chains,
which will, in turn, cause anisotropic growth along the [100]
direction. Unfortunately, this paper did not provide any
detailed images or schematics of the proposed tube structure
and did not report any tests of whether the formation of such a
tube structure would be energetically favorable.
The same authors also explored the energetics of formation

of different side faces on single-crystal AuNRs.21 To do so,
they broke the atomic addition process into three steps that
include (i) adsorption of a CTAB−AgBr complex, (ii) the
desorption and loss of a Br atom from the complex, and (iii)
the addition of Au to the crystal. It is not exactly clear how the
energetics of these steps were determined, especially for step
iii, which would involve electron transfer (Figure 14C). It was
shown that atomic addition to the {520} facet was more
energetically favorable than the {100} and {110} surfaces. The
authors further demonstrated that the adsorption energy of a
CTAB−AgBr complex was most favorable for the {520} facet

because such adsorption gave this facet the lowest surface
energy. On the basis of the calculated surface energies, Wulff
construction was used to draw a NR dominated by {520}
facets. Such a construction agrees with some experimental
observations with regard to the NR’s surface structure.43,44

Computational simulations also offered insights into the
growth mechanism of penta-twinned Ag and Cu NWs. Since
penta-twinned NWs consisted of 10 {111} facets at the ends
and five {100} facets on the side surface, the simulations
mainly compared the binding energies of organic capping
agents toward {111} and {100} surfaces.188−190 The
simulation results for Cu and Ag NWs generally support the
hypothesis of surface capping for NW growth, in which
anisotropic addition is caused by the stronger binding of a
capping agent to {100} rather than {111} facets.
Poly(vinylpyrrolidone) is a general shape-directing agent for

the synthesis of penta-twinned AgNWs.104,216−218 Since DFT
calculations of the binding of an entire polymer chain would be
too costly, researchers explored the potential for facet-selective
binding of PVP by considering the binding of segments of a
PVP chain: 2-pyrrolidone and ethane.188 Ethane did not bind
to the Ag surface, but 2-pyrrolidone could bind to Ag surface
via the O atom. The total binding energy of 2-pyrrolidone on
Ag(100) was 0.08 eV greater than that on Ag(111). This
difference was attributed to the hybridization of the 2-
pyrrolidone orbitals with the d-band of Ag(100) but not
Ag(111). Although the difference in binding energy for one
repeat unit was rather small, the researchers estimated that the
probability for binding of a chain with nine PVP segments was
109 times greater for Ag(100) than Ag(111). In a separate
study, simulations suggested that the selectivity of PVP binding
toward Ag(100) was 107 times greater than poly(ethylene
oxide) (PEO). These simulation results are consistent with
experimental data, demonstrating that the growth of penta-
twinned AgNWs was more effectively promoted by PVP than
by PEO.219

For the case of penta-twinned CuNW growth, simulations
revealed that alkylamines could form SAMs on Cu surface
when the alkyl chain contained more than 10 carbons.185 In
comparison, experimental data showed that the minimum
carbon chain length was 12 to obtain CuNWs with
alkylamines. Nanoparticles were obtained with shorter alkyl-
amines.168 These calculated and experimental results suggest
that the formation of alkylamine monolayers is necessary for
the anisotropic growth of CuNWs with long-chain alkylamines.
Simulations also indicated that the binding energy of
alkylamines on Cu(100) was slightly higher (by 0.12 eV)
than that on Cu(111) surface.186 The energy required to
remove TDA (14 carbons) from a monolayer on a Cu surface
was 2.06 eV versus 3.59 eV for ODA (18 carbons).168 This
difference in the binding energy may explain why CuNWs
grow 13.8 times faster with TDA compared to ODA.168

4.7. Single-Crystal Electrochemistry Integrated with
Computational Simulations

Although each method discussed above can provide pieces of
the puzzle for how and why nanostructures grow anisotropi-
cally, one must fit these pieces together to get the whole
picture. For example, in situ visualization can give information
about the growth rate of anisotropic nanostructures but not the
chemistry that drives anisotropic growth. Single-crystal electro-
chemistry can reveal what species are responsible for facet-
selective metal deposition, but the surface of a bulk single
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crystal differs in scale and defect structure from a growing
nanostructure. Computer simulations can explore part of the
thermodynamic landscape but usually involve approximations
and exclude solvent to reduce the computational cost, which
may lead to results that differ from experimental observations.
In principle, a combination of all these methods can allow one
to compensate for the shortcomings of any one method.
Establishing a robust theory of 1D metal nanostructure growth
will thus require collaboration between synthetic chemists,
electron microscopists, electrochemists, and theoreticians.
One recent report that examines the growth of CuNWs in

the presence of HDA provides an example of such a
collaboration (Figure 15).20 It has been hypothesized that
HDA selectively binds to the {100} facets on the side surface
of NWs and thereby inhibits Cu deposition while leaving the
{111} facets at the end of the NWs open for Cu addition.
However, this mechanism cannot explain the fact that Cl− is
necessary for the anisotropic growth of CuNWs (Figure 15A).
On the basis of the synthetic results, one could propose two
hypotheses: (i) Cl− selectively enhances the adsorption of
HDA on {100} facets or (ii) Cl− selectively removes the HDA

monolayer from {111} facets. These hypotheses could be
tested with single-crystal electrochemistry (Figure 15B), which
clearly showed that the first hypothesis was false because Cl−

disrupted the ability of the HDA monolayer to passivate the
Cu(111) surface at lower concentrations than for the Cu(100)
surface. The concentration at which the difference in the
charge transfer resistance between the Cu(111) and Cu(100)
was the greatest exactly matches the concentration that
produced the CuNWs with the highest AR. In addition,
single-crystal electrochemistry helped explain why javelin-
shape CuNWs rather than spheres formed at relatively high
Cl− concentrations when the HDA monolayer was disrupted
on both Cu(111) and Cu(100). Figure 15B shows the
disruption of the HDA monolayer by Cl− on Cu(111) was
faster than Cu(100), but after 5 min both surfaces were
activated by Cl− to an equivalent extent. As a result of this
time-dependent facet-selective activation, and the fact that the
CuNWs grew from the middle out over a similar time scale,
javelin-shape CuNWs formed with a diameter in the middle
that was larger than the diameter at the ends.

Figure 15. (A) Synthetic results with and without Cl− in the presence of HDA. (B) Current at the mixed potential, where the oxidation rate of the
reducing agent matches that of Cu(II) reduction, as a function of Cl− concentration and time for Cu(111) and Cu(100) single-crystal electrodes.
Relatively high concentrations of Cl− resulted in a higher current on Cu(111) within the first few minutes, a condition which corresponded to the
formation of javelin-shaped CuNWs (inset image). (C) DFT results for competitive adsorption of HDA and Cl− on Cu(100) and Cu(111). (D) A
schematic diagram showing the proposed growth mechanism of CuNWs in the presence of HDA and Cl−. Reprinted with permission from ref 20.
Copyright 2018 American Chemical Society.
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The facet-dependent displacement of HDA by Cl− was
corroborated by DFT calculations (Figure 15C). Both surfaces
exhibited similar N−Cu bond distances (and thus similar bond
strengths), in the absence of Cl−, which agrees with the lack of
facet-dependent electrochemical activation, as well as the
formation of spherical particles, in the absence of Cl−. At a Cl−

coverage of 0.25 monolayer, the Cu−N interaction was nearly
doubled in strength for Cu(100), but weakened for Cu(111).
Increasing the Cl− coverage to 0.33 monolayer resulted in
weak physisorption of HDA on Cu(111) surface because of
short-range repulsion between Cl− and HDA, whereas the
structure of the Cu(100) surface accommodated strong
chemisorption of both Cl− and HDA. At the 0.5 monolayer
coverage of Cl−, short-range repulsion between Cl− and HDA
resulted in HDA being weakly physisorbed on both surfaces.
The corroboration between the results from the synthesis of

CuNWs, single-crystal electrochemistry, and DFT calculations
provided strong support for the proposed growth mechanism
illustrated in Figure 15D. An intermediate concentration of Cl−

led to selective desorption of HDA from the {111} facets at the
end of the CuNW, thereby causing anisotropic growth. This
result illustrates that the simple picture of HDA acting as a
facet-selective capping agent was incomplete. Instead, the
presence of both Cl− and HDA was necessary to obtain facet-
selective atomic addition. Since the presence of both capping
agents and halides is necessary for AuNRs, AgNWs, and a
variety of other metal nanostructures, this work provides a
template for uncovering the synergistic role that capping agents
and halides might play in driving anisotropic growth.

5. MONOMETALLIC SYSTEMS

5.1. Noble Metals

Five metals, including copper (Cu), silver (Ag), gold (Au),
palladium (Pd), and platinum (Pt), will be discussed in this
subsection. These metals all have standard reduction potentials
that are positive relative to hydrogen, making it relatively easy
to reduce their respective ions.
5.1.1. Copper (Cu). Copper and Cu-based nanostructures

have received steadily growing interest in various applications
related to catalysis, electronics, and plasmonics because of the
high abundance and low cost of Cu.220 Compared to those
with a 0D or 2D morphology, 1D Cu nanostructures are
advantageous in terms of a larger area for the desired surface,
faster electron transportation, and better flexibility. Taking
penta-twinned CuNWs as an example, their large area of {100}
facets on the side surface give them greatly improved activity
and selectivity in catalyzing the electrochemical reduction of
CO2 to multicarbon products, such as ethylene.221,222 Relative
to ITO, a CuNW network offers the comparable conductivity,
transparency, and flexibility but at a much lower cost.4,223 The
LSPR effect also makes 1D Cu nanostructures a promising
candidate in plasmonic applications such as surface-enhanced
Raman scattering (SERS) detection.56,224 Compared to other
noble metals, such as Au or Ag, however, there are only a
limited number of reports on the colloidal syntheses of 1D Cu
nanostructures. This shortage can be largely attributed to the
difficulty in reducing a Cu(II) or Cu(I) precursor, lack of
effective capping agents for shape control, limited choice of
solvents, and poor stability of Cu under ambient conditions.113

Among the reports on 1D Cu nanostructures, the majority of
them were focused on CuNWs, with a few on NRs and other
types of 1D nanostructures, such as tadpole-like NWs.

5.1.1.1. Nanowires. In general, methods for the production
of CuNWs can be divided into three major categories: one-pot,
seed-mediated, and template-directed. In this following
discussion, we will introduce them in this sequence, together
with the inclusion of some typical examples.
In a one-pot synthesis, Cu atoms are first formed via

chemical reduction, followed by their aggregation into nuclei
and then further growth into seeds and nanostructures. Surface
capping agents are typically involved in the growth process,
with notable examples including long-chain alkyl amines.225

The slow reduction rate of a Cu(II) precursor, together with
the use of a proper capping agent, can result in the formation
of decahedral seeds, which further grow into penta-twinned
NWs with high ARs. The NWs are covered by {100} facets on
the side surface, together with {111} facets at the ends. It was
reported that CuNWs with an average diameter of 24 nm
could be produced in high purity of 95% and with a high
conversion yield of 93% for Cu(II) in an aqueous solution
heated at 100 °C (Figure 16A and B).53 The lengths of the
NWs varied in the range from several micrometers to
millimeters. In a typical synthesis, the Cu(II) precursor
based on CuCl2 was reduced by glucose in the presence of
HDA, which was hypothesized to act as a facet-selective
capping agent for the {100} facets on the side surface of
CuNWs. The capping agent not only directed the growth of
nanostructures but also protected the surface from being
oxidized in air. When reducing the amount of HDA by half, Cu
nanocubes were generated due to the selective removal of
multiply twinned, decahedral seeds via oxidative etching.
Interestingly, using a similar protocol, tadpole-like NWs could
be obtained by increasing the amount of glucose (Figure 16C
and D). Increasing the concentration of the reducing agent led
to an accelerated reduction rate for the Cu(II) precursor and
thus the formation of decahedral seeds with a relatively large
size. As the synthesis proceeded, glucose was consumed and
the reduction rate would be decreased. The anisotropic growth
on the decahedral seeds finally resulted in the formation of
pentagonal bipyramids, which further evolved into tadpole-like
NWs.
More recent work has demonstrated that CuNWs only

formed in the presence of HDA when CuCl2 rather than
Cu(NO3)2 was used as a precursor to Cu.20 This observation
suggested that HDA by itself did not act as a facet-selective
capping agent. Electrochemical measurements confirmed this
hypothesis by showing that, in a solution of HDA and
Cu(NO3)2, there is no difference in the charge transfer
resistance between Cu(111) or Cu(100) for the reduction of
Cu(II). However, if Cl− is added into the reaction solution, the
charge transfer resistance was 14.7 times lower on Cu(111)
than on Cu(100), resulting in a 14.7 times greater reduction
rate. The concentration of Cl− that resulted in the lowest
charge transfer resistance on Cu(111) relative to Cu(100)
matched with the production of CuNWs with the highest AR.
DFT calculations further showed that a coverage of 0.33
monolayer of Cl− could selectively displace HDA from
Cu(111), while allowing HDA to remain strongly bound to
Cu(100), corroborating the synthetic and electrochemical
results.
Under certain reaction conditions, alkylamines can also serve

as both reducing agents and capping agents. For example,
penta-twinned CuNWs were produced by heating CuCl in
OLA at 170 °C.55 In the initial stage of the synthesis, a Cu(I)-
OLA complex was reduced to generate Cu atoms and then
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decahedral seeds through homogeneous nucleation. Due to the
high energy of twin boundary and the capping of Cu{100}
facets by OLA, the decahedral seeds then grew into penta-
twinned NWs with an average diameter of 63 nm and lengths
around 30 μm. In such a synthesis, OLA played multiple roles
as a solvent, a coordination ligand, a reducing agent, as well as
a capping agent.
The introduction of other metal ions may sometimes help

the generation of CuNWs through galvanic replacement. For
example, it was reported that CuNWs with a diameter of 15
nm and lengths up to 10 μm could be produced by reducing
CuCl2 in the presence of Ni(acac)2 and OLA.226 It was
hypothesized that Ni(II) ions were first reduced to zerovalent
atoms by OLA at a relatively low temperature, at which Cu(II)
cannot be reduced to Cu(0) due to the stable complex
between Cu(II) and ligands, such as OLA and Cl−. The Ni
atoms with high chemical activity would then rapidly reduce

Cu(II) to Cu(0) atoms due to the synergy between the
reduction by OLA and the galvanic replacement reaction, while
the Ni(0) atoms were oxidized back to Ni(II). Eventually,
nuclei made of Cu(0) atoms were formed, followed by their
growth into decahedral seeds and penta-twinned NWs. Other
additives such as RuCl3 and FeCl2 were shown to be able to
protect the twinned seeds from oxidative etching, ensuring the
evolution of NRs and then NWs from the decahedral seeds.227

Organic radicals have also been explored as reducing agents
for the formation of uniform CuNWs with diameters ranging
from 18−36 nm and lengths up to 20 μm.228 It was
demonstrated that, upon heating, benzoin decomposed into
two radical segments, benzoyl radical and α-hydroxybenzyl
radical, and the resulting radicals can act as efficient electron
donors to reduce Cu(II) species to Cu(I) and then to Cu
atoms. With the aid of OLA, Cu atoms nucleated to produce
penta-twinned NWs with the side surface being covered by
{100} facets. The reducing power of benzoin can be readily
tuned by symmetrically adding different functional groups to
the aromatic rings, with the introduction of electron-donating
and electron-withdrawing groups to increase and decrease the
reducing power, respectively.
Copper NWs have also been observed to grow from

relatively large (200−300 nm), polycrystalline Cu nano-
particles that formed at the early stages of a synthesis (Figure
16E).229 The synthesis involved the reduction of Cu(NO3)2 in
an aqueous solution containing NaOH, EDA, and hydrazine.
The as-synthesized CuNWs have a diameter of 90 nm and a
length around 10 μm. Examination of the products formed in
the early stages indicated that polycrystalline Cu nanoparticles
were generated from the reduction of Cu2O nanoparticles,
which, in turn, formed from the precipitation of Cu(I).230 In
the absence of EDA, nearly all the Cu(I) precipitated out to
form Cu2O octahedra within the first few minutes, thereby
depleting the Cu(I) precursor. This result shows that one of
the major roles played by EDA in this synthesis is to suppress
Cu(I) precipitation. It was initially hypothesized that EDA was
a capping agent that selectively blocked the {100} facets on the
side surface of a NW, enabling selective atomic addition to the
{111} facets on the ends of a NW. Single-crystal electro-
chemistry experiments later revealed that this hypothesis was
false.177 Rather than acting as a capping agent, EDA acted as a
facet-selective promoter for NW growth by keeping the {111}
facets free from oxidation within the first few minutes of the
reaction. Removal of the surface oxide from the side surface of
the CuNWs in the later stages of the reaction resulted in an
increase in their diameter from 35 to 153 nm.167

Various types of templates have also been used to direct the
growth of CuNWs.129,201,231−233 The templates can be
selectively removed after the synthesis by calcination or
dissolution to obtain free-standing nanostructures. For
example, it was reported that CuNWs could be produced in
a CTAB−amine−water−cyclohexane system, with CuCl2
serving as a precursor and glucose as a reducing agent.201

The best result was obtained when tetramethylenediamine
(TMEDA) was used in the formation of CuNWs with
diameters of 200−1000 nm and lengths up to 50 μm. It was
believed that the assembly of CTAB, which lay at the interface
between an aqueous solution and a nonpolar solvent, acted as a
soft template to direct the growth of NWs. Biological entities
with well-defined sizes and structures, such as DNA and
viruses, have also been explored as templates for the

Figure 16. (A) SEM image of CuNWs synthesized in an aqueous
solution in the presence of HDA and Cl− ions. (B) High-resolution
TEM (HRTEM) image taken from a CuNW oriented with one of its
side faces parallel to the e-beam. (C) SEM image of tadpole-like
CuNWs. (D) HRTEM image of a tadpole-like CuNW, revealing the
twinned structure of the NW. (E) SEM image of CuNWs with Cu
nanoparticles attached to one end. (F) TEM image of CuNRs
synthesized from cylindrical templates assembled from surfactants
(water content = 34). (A−D) Reprinted with permission from ref 53.
Copyright 2011 Wiley-VCH. (E) Reprinted with permission from ref
229. Copyright 2010 Wiley-VCH. (F) Reprinted with permission
from ref 238. Copyright 1997 American Chemical Society.
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production of 1D Cu nanostructures, with notable examples
including λ-DNA and tobacco mosaic virus (TMV).129,233

5.1.1.2. Nanorods. There are only a few reports on the
synthesis of CuNRs, which might be related to the difficulty in
avoiding oxidative etching and the tendency for the NRs to
quickly grow into NWs. Similar to NWs, the one-pot synthesis
of CuNRs often involves the reduction of a Cu(II) or Cu(I)
precursor in the presence of capping agents.234,235 For
example, by reducing Cu(acac)2 in octyl ether, CuNRs with
an AR around 7 (∼100 nm in width and ∼700 nm in length)
were obtained, albeit in low purity and quality.235 In a typical
protocol, 1,2-hexadecanediol was used as a reducing agent,
with oleic acid (OA) and OLA both serving as capping agents.
The proposed mechanism involved the initial formation of
decahedral seeds and the preferential adsorption of capping
agents on {100} facets, which led to the faster growth rate on
{111} facets and thus the formation of NRs. In some cases,
organic surfactants were not needed and CuNRs could be
synthesized in the absence of a surfactant. As an example, the
reduction of CuSO4 by glucose in the presence of NaOH could
generate CuNRs with an average diameter of 46 nm and a
length of about 116 nm.236 It was believed that the Cu(OH)2
formed under the alkaline condition was responsible for
nucleation and continuous growth. The formation of NRs may
also be ascribed to the chelate stabilization between Cu(II)
and the OH groups of glucose (at a particular concentration).
The chelates might self-assemble into cylindrical shapes with
voids inside them and, thus, act as templates for the growth of
NRs.
In addition to one-pot synthesis, CuNRs were synthesized

using a seed-mediated approach. Preformed metal nanocrystals
with well-defined shapes, including Pd decahedra and Au
spheres, have been used as seeds.111,113 This will be discussed
in section 6.2 because of the involvement of a different metal.
In addition to seeds made of another metal, Cu nanocrystals
can also serve as seeds to generate CuNRs. In a typical
protocol, Cu nanocrystals to be used as seeds were first
synthesized by reducing CuCl2 with hydrazine in ethanol, with
PVP serving as both capping agent and stabilizer.237 These
nanocrystals were then collected by centrifugation and added
into an ethanol solution containing CuCl2, PVP, and hydrazine
for the growth of CuNRs. The as-prepared CuNRs had a
diameter ranging from 50 to 70 nm and a length from 480 to
600 nm. According to the UV−vis spectrum, there was a
strong extinction peak at 586 nm, which was red-shifted
relative to that of Cu seeds. The redshift could be attributed to
the increase in the AR for the products, indicating the
formation of NRs.
Template-directed synthesis has also been applied to the

production of CuNRs.238−240 It was reported that cylindrical
CuNRs could be prepared by reducing copper(II) bis(2-
ethylhexyl) sulfosuccinate (Cu(AOT)2) in an isooctane-water
system with hydrazine serving as a reducing agent (Figure
16F).238 Cylindrical water-in-oil droplets could be obtained
when a certain ratio of water and Cu(AOT)2 was used (water
content, which was defined as the ratio of [H2O]/[AOT],
located at 5.5−11 and 30−35), and these droplets then served
as templates for the formation of cylindrical CuNRs. The
CuNRs showed a diameter of around 6.5 nm and a length of
around 20 nm. It was also reported that a self-assembled
structure of long-chain, saturated fatty acid, lauric acid
(C12H24O2), could serve as a template for the synthesis of
CuNRs with a diameter of 14 nm and lengths ranging from

100 to 235 nm.241 In a standard protocol, a basic aqueous
solution (with pH up to 12−13), containing CuCl2, lauric acid,
AlCl3, NaOH, and EDA, was heated at 170 °C for 24 h. In this
process, lauric acid acted as the reducing agent and template
for the formation of CuNRs. In addition to organic templates,
biotemplates including DNA and rod-like virus have also been
exploited for the production of CuNRs.233,242

5.1.1.3. Summary. Among the various protocols for the
synthesis of 1D Cu nanostructures, amine-based organic
compounds, such as HDA, ODA, EDA, and OLA, are most
commonly used as the shape-directing agents. Although it was
initially thought that these additives acted as facet-selective
capping agents, single-crystal electrochemical measurements
revealed that the hypothesis needs to be modified.20,177 For
example, HDA passivates both Cu {111} and {100} facets to
an equivalent extent, but can be selectively displaced from
{111} facets by Cl− for the initiation of anisotropic growth.
The passivation by long-chain alkyl amines can protect the Cu
surface from being oxidized in air, instrumental to the
formation of nanostructures that are vulnerable to etching or
corrosion due to their high surface areas and the presence of
twin defects.186 The coordination of amine groups to Cu(I) or
Cu(II) ions could slow down the reduction kinetics of the
precursor, and the relatively slow reduction rate is beneficial to
the generation of multitwinned seeds, which will further grow
into penta-twinned NWs.243 Reducing agents such as
hydrazine, H2Asc, and glucose are typically used for aqueous
systems. The use of radicals as reducing agents opens the door
to a broad range of syntheses for Cu nanostructures, and it is
hoped that more robust protocols will be developed in this
regard. In addition to the synthetic methods, how to disperse
and store 1D Cu nanostructures has emerged as a major
concern because of the intrinsic instability of elemental Cu
under ambient conditions. Methods including ligand exchange,
introduction of reducing agents, involvement of oxygen
scavengers, and application of metal coating can all be used
to improve the stability of Cu nanostructures.89

5.1.2. Silver (Ag). Silver NWs have received considerable
interest in the manufacturing of conductive, transparent, and
flexible electrodes, which are key to a variety of applications
such as touchscreens, flexible electronics, solar cells, and
surface-enhanced infrared absorption device.159,244 In this
subsection, we highlight the major accomplishments in the
syntheses of both Ag NWs and NRs, with an emphasis on
NWs because they have already been incorporated into
commercial products. Generally, the vast majority of the
reported AgNWs are penta-twinned, so their internal structure
will not be discussed in detail unless necessary.

5.1.2.1. Synthesis of NRs. The Br−-mediated polyol method
was also modified for the synthesis of AgNRs (originally
known as nanobars) with a single-crystal structure and a
rectangular cross section. In a typical synthesis,39 two
solutions, one containing AgNO3 in EG and the other
containing PVP and NaBr in EG, were added dropwise via a
two-channel syringe pump into EG held at 155 °C. The solid
products obtained at 1 h into the synthesis contained a mixture
of nanocubes and NRs with a range of ARs. Ionic bromides
were also found to perform much more efficiently than the
covalent compounds in inducing and promoting anisotropic
growth.40 In a typical synthesis with ionic bromides, the
products contained a mixture of Ag nanocubes and NRs with
square and rectangular cross sections, implying that the growth
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rates along the three orthogonal ⟨100⟩ directions were
different because of the presence of bromide.
In a most recent study,245,246 similar AgNRs were also

synthesized in an aqueous protocol that sharpened the corners
and edges of truncated Ag nanocubes with sizes down to 18
nm, followed by their elongation into NRs with ARs up to 2.
The key to the success of this synthesis is the site-selective
deposition at corners and edges, as enabled by CTAC. In
particular, Cl− can react with Ag(I) to generate AgCl
precipitates, slowing down the reduction kinetics. In addition,
Cl− can serve as a facet-selective capping agent toward the
{100} side faces and thereby confine the growth mainly to
corners and edges. Interestingly, once all the corners and edges
had been sharpened, the growth was switched to an
asymmetric mode that favored deposition on one of the six
side faces only for the production of AgNRs with controllable
ARs. The symmetry reduction was believed to take place as a
result of the limited supply of Ag atoms, the strong capping of
Cl− ions toward the {100} facets, and the possible involvement
of localized oxidative etching and thus activation for growth as
caused by Cl−/O2.
5.1.2.2. Polyol Synthesis of NWs. Polyol reduction has long

been the most popular approach to the production of uniform
AgNWs.247 Syntheses that fall within this category are
conducted in a polyol (e.g., EG),9,32,219 which plays dual
roles as the reducing agent and solvent under heating. To
stabilize or passivate specific facets on the nanostructures, it is
also necessary to introduce various types of capping agents.
The initially reported polyol synthesis of AgNWs involved

the use of preformed seeds. In one example,9,248 the seeds were
produced by reducing PtCl2 or AgNO3 with EG at 160 °C.
Shortly after the emergence of seeds, an EG solution
containing AgNO3 and PVP was added dropwise. The close
match in crystal structure and lattice constant between Pt and
Ag is favorable for the heterogeneous nucleation and
subsequent deposition of Ag atoms on Pt seeds. During the
synthesis, the newly added AgNO3 precursor could also
undergo homogeneous nucleation, proceeding competitively
with heterogeneous nucleation for the formation of Ag
nanoparticles as a typical byproduct. These Ag nanoparticles
could be consumed through Ostwald ripening to serve as a
source of Ag atoms for the formation of relatively large
nanostructures. In general, the AR of the resultant AgNWs
(Figure 17A) can be tuned by varying a number of parameters,
including the ratio of PVP to metal precursor, the reaction
temperature, and the seeding conditions. Aspect ratios as high
as 1000 could be easily and routinely achieved. Later, this
protocol involving two steps condensed into one step. In the
modified protocol,219 an EG solution containing both AgNO3
and PVP was titrated into EG heated at 160 °C with a syringe
pump. By controlling the rate at which the metal precursor was
introduced, the Ag atoms nucleated at the very beginning of a
synthesis could serve as the seeds for growth. The seeds
produced in situ were almost identical to the aforementioned
Pt seeds in terms of function. Again, it was found that both the
molecular weight of PVP and the molar ratio of PVP to AgNO3
were critically associated with the purity and AR of the
AgNWs.
The synthesis of AgNWs was also optimized by introducing

various inorganic additives. In one demonstration,49 AgNWs
were synthesized by reducing AgNO3 with EG at 148 °C in the
presence of PVP and a trace amount of NaCl. In this case, Ag
decahedral nanocrystals served as seeds for the growth of sub-

20-nm AgNWs. It has now been well-documented that PVP
has a stronger binding toward the Ag{100} facets over
Ag{111} facets in EG.47,112 This leads to the passivation of
{100} facets that ultimately become the side faces of penta-
twined AgNWs featuring a pentagonal cross section (Figure
17B). However, the formation of AgNWs was impeded by the
presence of oxygen from air as it could work with Cl− ions to
dissolve the decahedral seeds through oxidative etching. To
address this issue, Fe(II) was added to scavenge the dissolved
O2, eliminating oxidative etching and facilitating the formation
of AgNWs.218 Specifically, Fe(II) could be oxidized by O2 to
generate Fe(III), which could be recycled back to Fe(II)
through reduction by EG. Likewise, the addition of other
oxygen scavengers, such as Cu(I), also exert a similar effect.249

In this case, it is interesting to note that the syringe pump was
no longer necessary as the slow reduction kinetics could
effectively mitigate the supersaturation problem that is
detrimental to sample uniformity. In this case, the Cl− ions
from the additives were able to form poorly soluble
compounds with Ag(I) ions, through which the availability
of Ag atoms in the growth solution was reduced substantially.
The poorly soluble species can act as a “sponge” to slowly but
continuously release Ag(I) ions, which essentially serves the
role of a syringe pump. Additionally, the Cl− ions can also
facilitate the growth of uniform AgNWs by stabilizing the Ag
seeds via electrostatic interactions. In a third demonstration,250

the goal of depleting O2 was realized in the absence of any
oxygen scavenger. Specifically, the EG being used as solvent or
growth solution was preheated at 170 °C for 1 h prior to the
introduction of NaCl, PVP, and AgNO3. During the heating
process, the O2 in the reaction system was consumed by
oxidizing EG to aldehyde, the actual reducing agent
responsible for polyol reduction. Compared to the initial

Figure 17. Silver NWs synthesized via a polyol process. (A) SEM
image of a typical sample of AgNWs. (B) SEM image showing the
characteristic pentagonal cross section of the AgNWs as marked by
the arrows. (C) TEM and (D) HRTEM images of AgNWs with
diameters controlled below 20 nm. (A) Reprinted with permission
from ref 9. Copyright 2002 American Chemical Society. (B)
Reprinted with permission from ref 47 Copyright 2003 American
Chemical Society. (C, D) Reprinted with permission from ref 49
Copyright 2016 American Chemical Society.
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attempt, such an approach was able to increase the volume of
production by a factor of 10 while allowing for the synthesis of
AgNWs with different diameters.
To reduce the diameter of AgNWs, the deposition of atoms

on side faces should be minimized, halide species, such as Br−

ions, whose interaction with Ag{100} facets are relatively
stronger than other facets, have been shown to be more
effective than PVP alone in inhibiting atomic addition to
Ag{100} facets,49,159 enabling the synthesis of AgNWs
featuring narrow diameters. It should be noted that the
presence of Br− ions can behave in a way similar to that of Cl−

ions by forming poorly soluble species (AgBr), in addition to
its role in oxidative etching. Therefore, it is necessary to
remove O2 from the growth solution through either the
addition of O2 scavenger or preheating treatment. Further-
more, it was found that increasing the molecular weight of PVP
could also help reduce the diameter of AgNWs.49 In a typical
synthesis, an EG solution of PVP (Mw ≈ 1.3 MDa) was heated
at 160 °C for 1 h, followed by the addition of NaBr that was
dissolved in EG. An EG solution of AgNO3 was then titrated
into the mixture at a rate of 0.15 mL/min. The reaction could
be finished within 35 min after initiation, and the products
contained AgNWs (>85% in purity) with a mean diameter
below 20 nm (Figure 17C and D). In this case, the passivation
of side faces by both PVP and Br− ions contributed to the
inhibition of lateral growth, only allowing for the deposition of
Ag atoms along the longitudinal direction. In another study,248

it was found that a high reaction temperature promoted lateral
growth. As such, it is essential to reduce the temperature to
minimize the diameter of the AgNWs. However, a lower
temperature will weaken the reducing power of polyol, leading
to the production of fewer Ag atoms. A recent study addressed
this issue through the introduction of benzoin, a precursor to
reductive radicals, into the growth solution. In a typical
synthesis, AgNO3, PVP (Mw ≈ 1.3 MDa), NaCl, and NaBr
were mixed together in EG, followed by the addition of
benzoin.217 The reaction was conducted at 150 °C for 1 h
under the protection of N2. Specifically, the presence of both
Cl− and Br− ions resulted in the production of AgNWs with
diameters down to 16 nm, whereas the participation of Br−

ions alone could further reduce the mean diameter to 13 nm.
Possibly, it was the replacement of Cl− ions absorbed on
Ag{100} facets by Br− ions that contributed to an enhanced
passivation effect.
Polyol synthesis has also been conducted by heating with a

microwave system.251−253 In this case, almost all reagents
involved in the synthesis are the same as what were used in a
traditional polyol synthesis except for the heating method.
Recent studies suggested that dissolved oxygen can also play a
key role in inducing 1D growth under microwave irradiation.
One study reported that AgNWs could be produced with a
purity as high as 90% without any purification under
continuous bubbling of air.251 By contrast, if the synthesis
was conducted under the protection of N2, a mixture of
byproducts including cubes and bipyramids emerged, and the
yield of AgNWs dropped to 20%. No explanation was provided
to account for the exact role played by oxygen in this system.
5.1.2.3. Other Methods for NWs. In addition to the polyol

method, it is possible to produce AgNWs in an aqueous
system.48,254,255 In one study,254 AgNWs were obtained at a
relatively large scale through the direction by a soft template
based on CTAB. In this case, a two-step protocol was used.
Silver nanoparticles 4 nm in diameter were prepared by the

reduction of AgNO3 with NaBH4 in the presence of trisodium
citrate (Na3CA). Next, the nanocrystals were used as seeds for
the deposition of Ag atoms in a growth solution containing
AgNO3, H2Asc, CTAB, and NaOH. Upon reaching a critical
concentration, the CTAB molecules can spontaneously
assemble into tubular micelles. Thanks to the strong
interaction between Br− ions and Ag{100} facets, the CTAB
micelles could effectively guide the 1D growth necessary for
the formation of AgNWs. By increasing the pH of the growth
solution to a value slightly greater than 11.8 (pKa of the
second proton of H2Asc), the length of the resultant AgNWs
could be reduced for the production of rod-like nanostructures.
Though feasible to some extent, the limited ARs of the AgNWs
(typically, below 50) offered by this method cannot satisfy the
requirements of many applications.
In the absence of preformed seeds, AgNWs can only be

produced as a consequence of self-nucleation. The purity and
uniformity of the resultant AgNWs tend to be compromised
unless the synthesis is conducted under extreme conditions
such as hydrothermal or solvothermal heating. In one study,48

AgNO3 precursor was reduced by glucose, Na3CA or sodium
hypophosphite in water at different temperatures. Regardless of
the reducing agent, short AgNWs and irregularly shaped Ag
nanoparticles were produced. Through the introduction of
sodium dodecylsulfonate as a surfactant, another group
reported the preparation of high-quality 1D Ag nanostructures
under similar conditions.256 In this case, the AR of the
resultant 1D nanostructures increased as the concentration of
Na3CA was decreased, making it feasible to produce both NRs
and NWs.
Solvothermal conditions have also been used to produce

uniform AgNWs. In one study,257 both AgNO3 and PVP (Mw
≈ 360 kDa) were dissolved in ethanol, followed by the
addition of an ethanol solution containing NaCl. The mixture
was transferred into an autoclave and heated at 150 °C. The
dominant products were AgNWs (length = 5−20 μm;
diameter = 70 nm). Here, the PVP molecule played the dual
roles as both the reducing agent and capping agent. The
concentration of NaCl was found to be crucial to the evolution
into NWs, with abundant byproducts emerging in the case of
inadequate NaCl. In another study,258 a solvothermal
condition based on polyol was used to produce ultralong
AgNWs. Specifically, AgNO3 and PVP (Mw ≈ 1.3 MDa) were
dissolved in EG before the introduction of FeCl3. The mixture
was sealed in an autoclave and heated at 130 °C. Silver NWs
with lengths up to 400 μm, together with a diameter of about
55 nm (AR > 4000) were obtained, which were much longer
than those produced using the conventional polyol method
(typically, 1000−2000). It was proposed that the extreme
condition, most importantly, the high pressure, favored
stronger passivation of Ag{100} facets by both Cl− ions and
PVP with a high molecular weight. Despite these demon-
strations, concern still exists with regard to the reproducibility,
as well as the cost-effectiveness of a hydrothermal or
solvothermal method.

5.1.2.4. Summary. For the colloidal synthesis of AgNWs,
the polyol method has been the most versatile and most
successful one. Initial attempts involved the use of seeds that
were prepared separately. With a better understanding of how
the 1D nanostructures are formed, AgNWs can now be
prepared in one pot and in a single step by controlling the
experimental conditions so that the Ag nanoparticles that
emerge during the early stage of reduction can serve as the
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seeds for further growth. An optimized polyol method would
only allow homogeneous nucleation to take place at the very
beginning of the reaction, helping mitigate the size and
morphology variations for the final products. Aside from their
role in manipulating the reduction kinetics, inorganic additives
such as halide ions can also selectively bind to the {100} facets
on both NWs and NRs to help initiate and direct 1D growth.
On the other hand, the formation of less soluble species
between Ag(I) and halides ions can reduce the availability of
Ag atoms and modify the reaction kinetics, both are vital to the
reduction of symmetry and thus the formation of 1D
nanostructures. If there is anything to be said as a major
drawback of the polyol synthesis, it should be the relatively
high reaction temperature and the high sensitivity of a
synthesis toward the impurities, including Cl− and iron species,
commonly associated with commercial polyols. It is still not
feasible to produce high-quality 1D Ag nanostructures in an
aqueous system and at room temperature.
5.1.3. Gold (Au). Gold is the most extensively investigated

noble metal for the synthesis and exploration of 1D metal
nanostructures. Like Cu and Ag, 1D Au nanostructures feature
highly tunable LSPR peaks in the visible and near-infrared
regions, but Au is much more resistant to oxidation. The
combination of plasmonic activity and stability makes 1D Au
nanostructures a versatile platform material for a wide variety
of applications, including sensing, SERS, and catalysis.259−263

Gold is also biocompatible and can be conjugated to a library
of molecules, such as drugs, DNA or siRNA, targeting ligands,
as well as fluorescent or radioactive labels through the well-
established Au−S chemistry. These features have been
instrumental in applying Au-based nanostructures to the
diagnosis and treatment of various types of malignancies like
cancer, inflammation, infection, and Alzheimer’s Disease.2,3,264

5.1.3.1. Nanorods. The most popular form of 1D Au
nanostructure is the NR. When we conducted a search on the
Web site of Google Scholar using the keyword “gold nanorod”,
as many as 59,900 publications were found (dated 08/02/
2018), which is certainly beyond the capacity of a single review
article. In this subsection, we would like to highlight the key
concepts with regard to the colloidal synthesis of AuNRs.
In 2001, the first wet chemical synthesis of AuNR was

reported on the basis of seed-mediated growth.8 In a typical
experiment, 3.5 nm Au seeds, whose surface was capped by
citrate, were prepared through the reduction of HAuCl4 by
NaBH4 in the presence of citrate. The seeds were subsequently
introduced into a growth solution containing HAuCl4, CTAB,
and H2Asc, w/wo AgNO3, in a mixture of cyclohexane and
acetone. Next, part of this growth solution was extracted and
used as the seeds for a second-round of reduction in another
growth solution. Although it was not resolved in the original
study, now it is clear that the AuNRs obtained using this
protocol were penta-twinned, featuring ARs tunable in the
range of 6−20 and lengths up to 400 nm. Afterward, many
studies were carried out to optimize this protocol in an effort
to improve the purity (initially, it was as low as 5%) and
uniformity of AuNRs. One of the breakthroughs was made two
years later.265 In that work, a new protocol was reported by
switching to CTAB-capped Au nanoparticles (1.5 nm in
diameter) as the seeds. Specifically, the seeds were synthesized
by reducing an aqueous solution containing CTAB and
HAuCl4 with NaBH4. Different from the multiply twinned
seeds prepared in the presence of citrate, the seeds synthesized
using this new protocol were single crystalline, featuring a

cuboctahedral shape. Using these seeds, short AuNRs with ARs
in the range of 2−5 were obtained through Ag(I)-assisted
growth in a way similar to what was used in the three-step
method. One of the marked developments is the substantial
improvement in the purity (>95%) of AuNRs.
On the basis of this new development, a library of wet

chemical methods has been reported for the preparation of
AuNRs differing in length, diameter, AR, and crystallin-
ity.266−272 Despite the differences in synthetic procedures to a
minor or even moderate content, essentially all the vast
majority of approaches available so far are based on seed-
mediated growth. Collectively, putting the details of chemicals
aside, the synthesis of AuNRs can be simply described as a
two-stage process: initially, surface-capped, tiny Au seeds
ranging from 1−3 nm are prepared through the reduction with
a strong reducing agent. The freshly prepared seeds are then
introduced into a growth medium containing metal precursor,
capping agents that stabilize or direct the growth of NRs, a
reducing agent with moderate reducing power that promotes
heterogeneous atomic addition, or some inorganic or organic
additives that promote the formation of AuNRs featuring with
a high purity. To this end, many studies sought to improve the
understanding of the roles of many parameters in the
preparation of AuNRs, consequently leading to the emergence
of numerous hypotheses on the basis of experimental
observations or computational modeling.21−23,273−275 Though
informative to some extent, there is still no consensus as to
how AuNRs grow asymmetrically from highly symmetric seeds,
or the relative importance of different parameters for this
process. Here we focus on the roles of several key parameters
that govern the formation of AuNRs.

5.1.3.2. The Role of Seeds. As discussed in section 3, the
crystallinity, size, and shape of seeds are crucial to the
evolution of nanostructures. This has been validated in the case
of AuNRs. Generally, two classes of AuNRs that differ in
crystal structure have been prepared: (i) penta-twinned AuNRs
with a pentagonal cross section (Figure 18A) and (ii) single-
crystal AuNRs with an octagonal cross section (Figure 18B).
For the later one, its truncated tip is enclosed by a mix of
{100}, {111}, and possibly {110} facets. Initially, the lateral
facets enclosing the single-crystal AuNRs were believed to be
{011}, but more recent results suggest the side surface of

Figure 18. (A) TEM image of penta-twinned AuNRs with a
pentagonal cross section (see the inset for a projection along the
long axis). (B) TEM image of single-crystal AuNRs with an octagonal
cross section (see the inset for a projection along the long axis). (A,
B) Reprinted with permission from ref 277. Copyright 2015 American
Chemical Society. (Inset A) Reprinted from ref 279. Copyright 2014
American Chemical Society. (Inset B) Reprinted from ref 43.
Copyright 2010 Wiley-VCH.
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AuNRs consists of high-index {011 + √2} facets.276 To
produce single-crystal AuNRs, one must first produce Au
cuboctahedral seeds enclosed by {100} and {111}. In a typical
synthesis,265 an aqueous solution containing HAuCl4 is mixed
with that of CTAB at a concentration above its critical micelle
concentration (CMC), resulting in the formation of CTAB
micelles. The mixture will immediately change to a blond
color, which is much brighter than that of the original metal
precursor. This observation reveals the ligand exchange
between the counterion (Br−) of CTAB and the Cl− of
HAuCl4. Next, NaBH4, a potent reducing agent that is
dissolved in iced water (in an effort to slow down its
decomposition) is introduced, and the reaction will be
completed almost immediately as reflected by the swift change
in color. Specifically, starting from a brownish seed suspension,
AuNRs can be produced that feature better monodispersity
than the reddish colored seed solution does, presumably owing
to the abundance of Au nanospheres with sizes beyond 4
nm.277 It is now well established that a combination of CTAB
and NaBH4 favorably produces single-crystal Au nanoparticles
with sizes below 4 nm. When these seeds are introduced into a
growth solution containing HAuCl4, H2Asc, and CTAB, w/wo
additives such as Ag(I), aromatic compounds, or sialic acid.
The Au atoms derived from the reduction of Au(I)-Br−-CTA+

complex will be deposited onto the seeds. As mediated by
several components that will be detailed later in this
subsection, the atom deposition under such condition can
break the original symmetry of seeds, a criterion for growing
essentially all types of 1D nanostructures, leading to (i) the
elongation of the seeds, (ii) the formation of dog-bone-like
intermediate, and (iii) the transient evolution into NRs that
feature flat, lateral surfaces.278 Essentially all AuNRs prepared
using this protocol are single crystalline, featuring an octagonal
cross section.276

Alternatively, the agent used to stabilize the seeds can be
switched to either citrate or PVP. Without changing other
parameters, the as-prepared AuNRs will be changed from
single-crystal to penta-twinned.277 Further investigations
revealed that the presence of citrate or PVP favors the
production of multiply twinned nanostructures such as
decahedra or icosahedra with sizes in the sub-10 nm
range.109,280,281 Since these nanostructures are enclosed by
{111} facets, they are thermodynamically stable when
containing some portions of truncation in the intersection of
{111} facets.282 When the seeds are introduced into the
growth solution, these truncations parallel to ⟨110⟩ direction
will be passivated by the surfactant and/or additives, only
allowing for the deposition of atoms onto {111} facets for the
production of penta-twinned AuNRs
From the perspective of symmetry breaking,282 the size of

seeds is crucial to the successful preparation of AuNRs.
Specifically, it has been observed that the symmetry of a
nanostructure can only be broken when its size is within a
relatively narrow range (typically, 4−6 nm). As such, large Au
nanostructures cannot serve as the seeds for the growth of
AuNRs in high purity, independent of their surface properties.
For the ultrasmall counterparts, their poorly faceted structures
abrogate the emergence of {011} or {100} facets in the nascent
nanostructures, thereby either totally preventing the produc-
tion of AuNRs or resulting in the massive production of
byproducts such as bipyramids, cubes, and spheres. Within a
moderate range, the increase in seed size reduced the AR of the
resultant AuNRs by increasing their width. Besides, it is also

reported that the surface potential/charge of seeds can
influence the purity as well as the AR of the resultant
AuNRs. Specially, the variation in these parameters is
susceptible to negatively charged seeds, rather than these
positive counterparts.283 However, it should be mentioned that
such a study was conducted in the absence of Ag(I),283 which
is now routinely leveraged as an important additive to control
the AR and purity of AuNRs. As such, the role of the surface
potential of seeds in the growth of AuNRs still needs to
revisited under conditions more relevant to what is used
currently.
Another important aspect of the seed-mediated growth is the

time interval between the seed preparation and their
introduction into the growth solution. In the case of NaBH4
reduction, though the seeds are believed to be produced
almost immediately upon the initiation of reduction, they have
to be aged to get rid of the excess reducing agent. During this
period, two processes occur: the decomposition of excess
NaBH4 and the ripening of Au seeds. Generally, the resultant
Au seeds can be used after storage for a couple of hours at 27
°C.277 Further aging of the seeds results in the increased
formation of nanoparticles instead of NRs in the growth
solution.284 As mentioned earlier, Ostwald ripening increases
the size of the initially generated Au seeds at the expense of
smaller seeds, increasing the size of the seeds to values beyond
what is allowed for symmetry breaking.285 Altogether, these
findings demonstrate that the structure and size of the Au
seeds, as governed by many parameters, affect the structure
and quality of the resultant AuNRs.

5.1.3.3. The Role of Surfactant. CTAB is the most
commonly used surfactant for the growth of AuNRs. Here
we only give a brief discussion on the many roles played by
CTAB in directing the growth of AuNRs. Starting from the
stage of seed preparation, CTAB is critical to the emergence of
{100} facets on the cuboctahedral seeds.282 As we have
mentioned above, for sub-10-nm nanoparticles, the thermody-
namically favored structures are decahedra or icosahedra with
surfaces covered primarily by {111} facets. Chemisorption of
CTAB may result in a substantial reduction in the free energy
for {100} facets, leading to the production of cuboctahedral
seeds. For the anisotropic growth from cuboctahedral seeds to
rod-like structures, it was initially proposed to be guided by the
worm-like micelles formed by CTAB.286 In principle, it is
possible for CTAB molecules to undergo a spheroid-to-rod
change in the micelle structure at a high concentration
(typically, ∼0.5 M).287 However, a simple switch from CTAB
to CTAC featuring similar micelles failed to replicate the rod-
like structure,288 suggesting that other roles played by CTAB
promote the formation of NRs.
A set of experiments were designed to elucidate the explicit

role played by CTAB in anisotropic growth.214,288−291 It is
now believed that the Br− counterion of CTAB contributes
more to the anisotropic growth than the CTA+.291 The rapid
ligand exchange between Br− and Cl− in AuCl4

− results in a
reduced redox potential (AuBr4

−/Au = 0.854 versus SHE;
AuCl4

−/Au = 1.002 versus SHE), thus preventing homoge-
neous nucleation in the presence of a weak reducing agent such
as H2Asc. Furthermore, the Br−, possibly in tandem with
CTA+, enables symmetry breaking through the selective
passivation of facets other than {111}. As one can imagine,
for cuboctahedral seeds, the passivation of either {100} or
{111} facets will only lead to the production of cubic or
octahedral nanocrystals, respectively. Experimental evidence
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confirmed the emergence of {110} facets that cover the side
surfaces of the resultant nanostructures.282 The presence of
{110} facets can be explained as an attempt of the
cuboctahedral seeds to reduce the under-coordinated atoms
located at the junction linking two {111} facets. The
preservation of these metastable facets, however, has long
been poorly understood. Recent computational modeling
suggests that the coverage density of CTA+ on {110} (1.49
molecules/nm2) is identical to that on {100} (1.49 molecules/
nm2) and higher than that on {111} (1.31 molecules/nm2).292

As such, stabilizing these facets may have led to the extension
of {110} facets on side surfaces of AuNRs. This simulation was
conducted under Ag(I)-free conditions, which is essential to
the production of octagonal AuNRs. The authors also studied
the case of Ag(I)-assisted growth, and interestingly, it was
found that the introduction of Ag(I) reduced the selectivity of
CTAB toward {110} facets over {111} and {100}.
Another important parameter that governs the growth of

AuNRs is the backbone of the surfactants.214,290 In one
study,214 the C16TAB was replaced by several analogues
(CnTAB, n = 10, 12, 14, 16, and 18). It was shown that the
production of AuNRs differing in AR could also be achieved
via fine-tuning of surfactant tail length, with a longer chain
favoring the growth of AuNRs with a greater AR. On this basis,
the authors proposed a “Zipping” mechanism, in which the
intermediate AuNRs were capped by a bilayer of surfactants
similar to the cell membrane, with polar groups facing the
AuNRs and aqueous solution. In this case, the longer the chain
length is, the stronger the van der Waals attracting force
between them will be, supporting a more stable surfactant
bilayer. On this basis, new approaches leveraging binary/
gemini surfactants were proposed in an effort to tune the
structure of surfactant micelles.293 It was found that any choice
other than quaternary ammonium surfactant would prevent the
formation of NRs,291 thereby highlighting the significance of
the headgroup of a surfactant in guiding the symmetry
breaking process. Changes were also made to the headgroup,
in which the replacement of methyl with ethyl group could
greatly extend the AR of the resultant AuNRs.
In 2008, an interesting observation emerged, in which the

quality or even the reproducibility of AuNRs synthesis was
linked to an impurity in CTAB.288,294−296 Initially, the authors
noticed that there existed huge differences in the performance
of CTAB obtained from different manufacturers or even the
same vendor but with different lot numbers.288 Later,
inductively coupled plasma mass spectrometry (ICP-MS)
was used by the same group to show that a tiny amount of
iodide contaminating some samples could prevent the growth
of AuNRs.294 Paradoxically, some subsequent studies reported
that iodide is essential to AuNR synthesis,295 and others used
iodide as an additive to finely tune the structure of AuNRs.296

Though the exact roles of impurities in CTAB are still under
debate, it raised a good point about a previously overlooked
parameter that might explain reproducibility issues.
5.1.3.4. The Role of Silver. It is generally accepted that the

presence of Ag(I) ions is crucial controlling the AR of single-
crystal AuNRs that evolved from CTAB-capped seeds, whereas
it prevents anisotropic growth of penta-twinned AuNRs.277

Although penta-twined AuNRs can still be produced in the
presence of Ag(I) ions, their purity and uniformity are
relatively poor. It was suggested that the complexation between
Ag(I) and surfactant micelles reduce the passivation of specific
facets, eventually leading to the formation of less isotropic

structures like spheroids.277 Given this, the following
discussion is confined to the roles of Ag(I) ion in the growth
of single-crystal AuNRs. Specifically, three different mecha-
nisms have been proposed to account for the influence of
Ag(I) ions: (i) the formation of a silver-bromide complex (in
the form of either Ag(I)−Br−−CTA+ or simply as AgBr2

−) that
acts as a capping agent toward lateral facets of the evolving
AuNRs; (ii) the deposition of a thin layer (down to the
subnanometer range) of Ag atoms through UPD, resulting in
passivation of specific facets of intermediate nanocrystals and
thus symmetry breaking; and (iii) the remodeling of spherical
CTAB micelles into a cylindrical shape to serve as a soft
template to guide the growth. All three types explanations are
individually supported by a variety of facts, both experimental
and computational.277 However, a considerable portion of
these findings conflicts with one another. For instance, if Ag(I)
ions actively participate in the growth of AuNRs through either
the formation of a silver-bromide complex or by harnessing the
UPD mechanism, the presence of Ag may be found on specific
facets.109 However, energy dispersive X-ray spectroscopy
(EDX) maps of Ag on AuNRs synthesized in the presence
of Ag(I) ions showed that Ag was concentrated at the surface
of AuNRs but had no preference for a particular facet.297 X-ray
photoelectron spectroscopy analysis indicated that the Ag(I)
ions were bound in a complex between silver bromide and
CTAB.298 Thus, the role of the Ag(I) additive in symmetry
breaking and controlling the AR of single-crystal AuNRs has
not yet been resolved.

5.1.3.5. Influence of Other Parameters. During the
modification of the experimental procedure, it was noted
that several other parameters, including the additives (both
organic and inorganic), the pH value, the reaction temperature,
and the nature of the reducing agent could all affect the purity
and AR of the resultant AuNRs.299−303

5.1.3.6. Post-Synthesis Treatment. As we have discussed,
during a typical Ag(I)-assisted synthesis, the conversion rate of
precursor-to-product is typically lower than 30%.304 Under this
condition, two species, Au(0) in the AuNRs and the Au(III)
metal precursor coexists and can react through a disproportio-
nation reaction (Au(III) + Au(0) → Au(I)). Such a reaction,
though not favored under normal condition (K ≈ 1.9 × 10−8),
was drastically promoted through the complexation of AuCl4

−

with CTAB micelles.305 Specifically, CTAB capping is less
dense on the curved tips of a NR, making the atoms vulnerable
to etching by Au(III) and a reduction in NR length. This
assumption was supported by UV−vis spectra that showed the
absorption peak of AuNRs suspended in the growth solution
was blue-shifted over time.161 Since the width of the AuNRs is
more or less fixed, the oxidation of AuNRs along the
longitudinal direction offers a way to fine-tune the AR
postsynthesis.305

The AuNRs can also be elongated by leveraging the excess
metal precursor in the reaction solution.304 During a typical
synthesis of AuNRs, the reducing agent, H2Asc, is depleted
prior to the metal precursor. The choice of introducing an
inadequate amount of reducing agent is built upon the
consideration that a too strong a reducing power can lead to
isotropic growth. A second addition of H2Asc, however, can
induce a second-round of growth on the pre-existing AuNRs.
Depending on the amount of H2Asc, a set of structures from
dog-bone-like to slightly concave rods have can be
synthesized.304

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.8b00745
Chem. Rev. XXXX, XXX, XXX−XXX

AE

http://dx.doi.org/10.1021/acs.chemrev.8b00745


5.1.3.7. Gram-Scale Production. To fully explore the
translational potential of AuNRs in various applications,
AuNRs must be produced at the gram-scale or large, but
such a scale cannot be achieved with the aforementioned
protocols.8,265 Given this, a different method was proposed and
validated.306 In this study, a one-pot synthesis in the absence of
seeds was reported. Specifically, CTAB powder and an aqueous
solution of AgNO3 and HAuCl4 were mixed together, followed
by the introduction of NaCl in order to narrow the size
distribution of AuNRs. Next, two different reducing agents,
H2Asc and NaBH4 were sequentially introduced into the
growth solution, and the reduction was allowed to proceed for
several minutes under ambient conditions. In this case, the AR
of the resultant AuNRs could be tuned, by varying the amount
of NaBH4, to a maximal value of 5.6. The AuNRs prepared via
seedless growth had ARs similar to those prepared using seed-
mediated growth, but had smaller lengths and widths. This
one-step strategy is, in principle, similar to that of two-step,
seed-mediated growth, but the generation of seeds was
executed in situ rather than ex situ. Indeed, the authors
demonstrated that the size of the seeds that were generated in
situ had a dramatic effect on the resulting nanostructure
morphology.
5.1.3.8. Tapered Gold Nanorod. During the evolution of

decahedral seeds into penta-twinned NRs, the diameter may
keep decreasing, leading to the formation of NRs with a
tapered cross-sectional area and enclosed by high-index facets.
In one study,33 it was demonstrated that the hydroxyl group in
tetra(ethylene glycol) (TTEG) could also serve as a ligand to
stabilize Au(I) ions. When the TTEG-stabilized Au(I) was
used as a precursor to elemental Au, the rice-like final products
were covered by ten {611} facets their sides and ten {111}
facets at the two ends (Figure 19). In a typical synthesis, the

freshly prepared Au(I)-TTEG solution was mixed with a
freshly prepared aqueous solution of AgNO3 in a vial and
heated at 130 °C for 5 h. The molar ratio of Au to Ag was set
to 20:1. A trace amount of AgNO3 had to be introduced into
the reaction solution to induce the formation of the tapered
NRs. Because of the existence of high-index facets on the
surface, the tapered AuNRs exhibited better catalytic perform-

ance toward CO oxidation reaction than Au nanoparticles with
similar dimensions but enclosed by low-index facets.

5.1.3.9. Nanowires. As a promising candidate for flexible
electronics, it has been demonstrated that AuNWs out-
performed the bulk material over 100 times in terms of
mechanical strength.307 Several strategies, including template-
directed synthesis308 and oriented attachment,124 have been
explored for the production of AuNWs. In one report,124

HAuCl4 was mixed with OLA and OA in toluene, followed by
refluxing at 120 °C. An intermediate composed of Au(I) that
was chelated with OLA emerged, as indicated by the faded
color of the growth solution. Next, 2 nm Au nanoparticles
synthesized by NaBH4-mediated reduction were introduced
along with H2Asc as a reducing agent. The reduction of Au(I)-
OLA to Au(0) was allowed to proceed under ambient
conditions for a few days, and AuNWs with an average
diameter of 2 nm were produced. The main byproduct of this
synthesis was poorly defined nanoparticles with sizes below 20
nm. The AuNWs were believed to evolve through orientated
attachment of single-crystal, small Au nanoparticles along the
⟨111⟩ direction. The presence of some twin-defects and
stacking faults indicated that the fusion of {111} facets of
adjacent Au nanocrystals was incomplete. Here, the production
of wire-like structures due to oriented attachment was
explained by the selective capping of {100} facets of Au
nanoparticles, which left the {111} facets exposed and thereby
vulnerable to attachment. Both low concentrations of metal
precursor and surfactant favored the production of 1D
nanostructures by harnessing such a mechanism.
Ultrathin AuNWs have also been synthesized using

alternative methods. In one study,309 AuCl was used as a
metal precursor, and reacted with OLA in hexane to form the
Au(I)-OLA complex, an intermediate similar to that emerged
during the synthesis discussed above. Next, Ag nanoparticles
were introduced into the growth solution after it had been
heated to 60 °C, and the reaction was allowed to proceed at
this temperature for 24−100 h. It was found that the as-
synthesized AuNWs had a mean diameter of 1.8 nm (AR >
1000) and they grew along the ⟨111⟩ direction (Figure 20A
and B). The polymeric Au(I)−OLA complex was formed due
to the aurophilic binding between AuCl and OLA. There, the
chain-like complexes were proposed to serve as the backbone
of the resultant AuNWs. The exact role of Ag nanoparticles in
this synthesis is yet to be elucidated. It is thought that they
acted as a reducing agent in addition to OLA in this synthesis.
Likewise, AuNWs with a narrower diameter could be produced
by slightly changing the reaction temperature and time.310

Gold NWs featuring a thicker diameter have also been
synthesized. As described in one study,311 OLA and OA were
mixed with HAuCl4, and heated at 80 °C for 5 h. The
diameters of the resultant AuNWs were 9 and 3 nm in the
presence and absence of OA, respectively. The growth of both
types of AuNWs took place along the ⟨111⟩ direction. The
only crucial component during the synthesis of AuNWs is
OLA. Proposed roles for OLA include the formation of
structure-guiding micelles, chelation with metal precursor, and
serving as a capping agent.311

Several synthetic methods have been developed to control
the number of planar defects in Au NWs. In one study,312 it
was demonstrated that mechanical forces from stirring rate
increased the production of planar defects. In another study,313

it was shown that the kinked AuNWs composed with many
planar defects could be prepared through kinetic control. In

Figure 19. (A) TEM images of tapered AuNRs. (B) UV−vis
spectrum recorded from an aqueous suspension of the tapered
AuNRs. (C) TEM image of an individual tapered AuNR and (D) the
corresponding model. Reprinted with permission from ref 33.
Copyright 2011, Wiley-VCH.
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this case, different amounts of CuCl2 and ethanol were
sequentially introduced into the solution containing HAuCl4 to

help tune the rate at which the Au nanoparticles were
produced. These nanoparticles were then elongated, and
attached with adjacent counterparts to create the kinked
structures. Likewise, in the presence of CTAB, wavy AuNWs
can also be obtained through the reduction of HAuCl4 with
H2Asc (Figure 20C).60 Unexpectedly, the AuNW product
segregated to the air/water interface, facilitating their
purification. The presence twin boundaries perpendicular to
the NW growth direction (Figure 20D) suggests the NWs
grew through oriented attachment.
All the above-mentioned AuNWs, though differing in the

manner of synthesis, share one thing in common: their fcc
structure. In contrast, a recent demonstration showed that
tadpole-shaped AuNWs composed alternating segments in hcp
and fcc phases could be synthesized.314 HAuCl4 and OLA were
heated at 55 °C for 36 h along with graphene oxide (GO)
sheets. Tadpole-shaped structures were produced, with the
tapering section composed of alternating segments of hcp and
fcc phases, whereas the so-called “head” segment was only fcc.
Since no special component other than GO was involved, it
was proposed that the presence of this substrate helped to
stabilize the hcp-domains whose emergence is otherwise less
favored energetically.

5.1.3.10. Summary. Seed-mediated growth under ambient
conditions is the most successful and popular method for
synthesizing AuNRs. In this approach, Au nanoparticles are
prepared and then introduced into the growth solution as
seeds, along with various organic and/or inorganic additives,
such as Ag(I) ions and surfactants. The amounts and types of
additives, as well as the type of seed, can be used to control the
AR, shape, and crystal structure of the resultant AuNRs. For
example, the seeds prepared using the NaBH4/CTAB and

Figure 20. (A) TEM image of the as-synthesized AuNWs and (B)
HRTEM images of AuNWs aligned along the ⟨111⟩ direction. (C)
SEM images of wavy AuNWs. (Inset: TEM image taken from the
same batch of wavy AuNWs.) (D) HRTEM image showing the
stacking faults, which was enlarged from the region highlighted by a
black arrow in the inset. Inset scale bar: 50 nm. (A, B) Reprinted with
permission from ref 309. Copyright 2008 American Chemical Society.
(C, D) Reprinted with permission from ref 60. Copyright 2012
American Chemical Society.

Figure 21. (A, B) HRTEM images showing the single-crystal PdNRs with an AR of (A) 2 and (B) 4, respectively. (C) TEM image of penta-
twinned PdNRs. (D) HRTEM image showing the characteristic, penta-twinned structure of such a rod when the electron beam was aligned parallel
to the long axis. (E) TEM images of PdNWs synthesized via the polyol method. (F) HRTEM image taken from the end of an individual PdNW,
whose projection is illustrated in the inset. (A, B) Reprinted with permission from ref 38. Copyright 2007 American Chemical Society. (C, D)
Reprinted with permission from ref 320. Copyright 2015, Wiley-VCH. (E, F) Reprinted with permission from ref 96. Copyright 2017 American
Chemical Society.
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citrate-mediated reduction routes produce single-crystal and
penta-twinned AuNRs, respectively. Extensive experimental
efforts have clarified the roles played by various additives to
certain extents, but many questions and controversies still
remain. Rapidly developing characterization techniques, such
as in situ TEM and single-crystal electrochemistry, may help to
address some of the outstanding questions. In contrast to the
aqueous conditions used for the synthesis of AuNRs, their
wire-like counterparts are normally prepared in organic
solvents. In a typical process, Au (I or III) chelated with
organic ligands serve as the metal precursor, and a large
number of nanoparticles are produced shortly after the
initiation of the reaction. Next, wire-like nanostructures with
planar defects emerge as a result of oriented attachment of the
nanoparticles. In this case, the environment as mediated by the
dissolved O2 plays a crucial role in shaping the final products.
In addition to AuNWs that adopt an fcc structure, Au
nanostructures containing the hcp crystal domains have been
prepared using GO as a template.314 As an interesting note,
there are way more reports on AuNRs than on AuNWs. This
disparity can probably be attributed to the easiness in
synthesizing AuNRs in high quality. In contrast, it is still
very difficult and challenging to generate AuNWs with quality
equivalent to that of AuNRs.
5.1.4. Palladium (Pd). Palladium nanostructures have

been extensively explored for a range of applications, including
the catalysis of organic coupling reactions (e.g., Heck and
Suzuki), detection and storage of hydrogen, and electro-
oxidation of fuels such as formic acid and ethanol.315−317 In
addition to the shape-dependent catalytic activities, computa-
tional studies indicate that 1D Pd nanostructures, such as NRs
and NWs, may feature ferromagnetism at room temperature,
while bulk Pd is known to be paramagnetic.318 These and
other intriguing findings have motivated the development of
protocols for generating 1D Pd nanostructures. Depending on
the exact conditions, the methods can be divided into different
categories, including solvothermal, polyol, mesophase-tem-
plated, galvanic replacement, and phase transfer, among others.
5.1.4.1. Nanorods. There are around 10 publications on the

colloidal synthesis of PdNRs, and the methods fall into three
general categories: one-pot synthesis, seed-mediated over-
growth, and template-directed growth.
For the one-pot synthesis, one of the protocols involved the

introduction of Na2PdCl4 into a mixture of KBr, PVP, and
different amounts of water in EG held at 100 °C.38 In this case,
both EG and PVP could serve as reducing agents while Br−

ions acted as a capping agent toward the {100} facets. The
reaction starts with the formation of single-crystal seeds,
followed by their evolution into NRs through anisotropic
growth (Figure 21A and B). The NRs took a single-crystal
structure (diameter = 6 nm; AR = 2−4). It was proposed that
oxidation etching, caused by the Br− ions and the dissolved
oxygen, played an important role in initiating the anisotropic
growth. Depending on the exact shape or morphology of the
seeds, the final products exhibited different cross sections.
Specifically, cubic seeds resulted in the formation of PdNRs
with a square (or rectangular) cross section, while cuboctahe-
dral seeds produced PdNRs with an octagonal cross section. A
one-pot synthesis of PdNRs could also be conducted in an
aqueous system by reducing Na2PdCl4 with H2Asc in the
presence of KBr and PVP (a coreductant and a colloidal
stabilizer).319 After heating at 80 °C for 3 h, penta-twinned
PdNRs were obtained. In this case, it was believed that Pd

decahedral seeds were formed in the early stage of the
synthesis due to the slower reduction kinetics relative to the
polyol synthesis based on EG. Assisted by the Br− ions and
PVP, the decahedral seeds grew to form penta-twinned NRs
covered by {100} on the five side faces and {111} facets on the
two ends. The seeds formed in the nucleation stage could also
adopt single-crystal and singly twinned structures, leading to
the formation of cubes and right bipyramids as byproducts.
Compared to one-pot synthesis, seed-mediated growth offers

better control of product purity. Both Pd decahedral
nanoparticles320 and Pd clusters321 have been explored as the
seeds. In the case of Pd clusters, the seeds were obtained by
reducing K2PdCl4 with NaBH4 in the presence of CTAB as a
stabilizer, in a manner similar to the preparation of Au clusters
for the growth of AuNRs. The clusters were then added into
the growth solution containing K2PdCl4, CTAB, and sodium
ascorbate. The TEM images of samples from reaction solution
at different time points revealed that two populations of
nanoparticles were formed at the very beginning of a synthesis,
including the added Pd seeds (7−8 nm in size) and smaller Pd
nanoparticles (2−3 nm in size) that formed due to
homogeneous nucleation.321 The authors proposed that
growth of penta-twinned NRs from the mixture of seeds and
smaller particles was due to the assembly of the smaller
particles onto one side of the seed with a 5-fold symmetry.
Uniform, high purity PdNRs can be obtained via Pd seed-

mediated growth as assisted by Cu(II)-mediated UPD.322

Palladium seeds were prepared by reducing PdCl4
2− with

NaBH4 in the presence of CTAB. The seeds were added to a
growth solution containing Na2PdCl4, H2Asc, and CTAB for 2
h, and some of this solution was then added to a second
growth solution containing Cu(OAc)2 and H2Asc. The second
growth solution was left undisturbed at 30 °C for 20 h.
Addition of increasing amounts of Cu(II) to the second
growth solution resulted in the formation of longer NRs
(length = 200−300 nm; AR = 10−15), and eventually
branched nanostructures. The effect of Cu(II) on the PdNR
AR was attributed to the periodic deposition and oxidation of
Cu atoms on the ends of PdNRs, but exactly how Cu
facilitated anisotropic deposition of Pd was unclear. It was also
proposed that higher concentrations of Cu ions activated sites
for Pd deposition on the side facets as well as the ends, leading
to the branched morphology. Other ions, such as Ni(II),
Zn(II), or Ag(I) did not promote anisotropic growth.
However, reduction with NaBH4 normally produces seeds
with a variety of crystal structures and shapes.321 Another
report improved the purity of NRs through substitution of the
seeds.320 In this protocol, decahedral seeds were prepared
using the polyol method. These seeds were mixed with a DEG
solution containing PVP, H2Asc, and NaI, followed by the
addition of Na2PdCl4 dissolved in DEG. After heating at 160
°C for 1 h, uniform penta-twinned PdNRs with diameters in
the range of 6−16 nm and lengths up to 81 nm were obtained
(Figure 21C and D). Although I− and Br− chemosorb onto the
{100} facets of Pd nanostructures in a similar way, the
replacement of I− with Br− led to the formation of twinned
bipyramids only, suggesting that the greater size of I− was of
paramount significance in preserving the penta-twinned
structure. Furthermore, control over the diameter and length
of PdNRs can be realized by increasing the size of the
dodecahedral seeds and the amount of metal precursor,
respectively. Although the introduction of seeds can make the
reaction less convenient than one-pot syntheses, can enable the
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production of a much more uniform NR product with
improved shape control.
For template-directed growth, CTAB is broadly exploited

either alone or in combination with PVP as a cosurfactant. In
one study,323 PVP, an aqueous solution of CTAB, and
H2PdCl4 were added sequentially into EG that was heated to
150 °C under the protection of argon gas. By tuning the ratio
of CTAB to PVP, the AR of the resultant PdNRs could be
adjusted from 2.5 to 7.8. Without the assistance of CTAB, PVP
alone cannot guide 1D growth, and polyhedral nanoparticles
are produced. The presence of too much CTAB, however, can
presumably passivate the NR ends, as well as the side, thereby
reducing the anisotropy of the final products. Similar results
have also been reported in another study based on microwave
synthesis.324 Alternatively, CTAB alone could support the
confined growth in 1D as long as the reduction rate was slow
enough.325 In this case, Pd(NO3)2 was added into an aqueous
solution containing a mixture of CTAB and H2Asc, and the
reaction was allowed to proceed at 50 °C for 2 min. An
aqueous solution of sodium ascorbate was then added,
followed by another 5 min of reduction at the same
temperature. Through the two-stage reduction, penta-twinned,
concave PdNRs were synthesized. The key to the success of
creating such structures was the interval allowed for the
reductions mediated by H2Asc and sodium ascorbate. It is
critical to realize a moderate nucleation rate so that the penta-
twinned PdNRs would be favorably formed through the timely
migration of deposited atoms to side faces. Subsequently, the
introduction of sodium ascorbate markedly accelerates the rate
of atom deposition, causing the evolution of concave facets on
the PdNRs. The major drawback of this protocol is the
unsatisfactory purity of the resultant PdNRs. Because of poor
control over nucleation, three types of nanostructures differing
in shape emerged, including rods, bipyramids, and cubes, with
the PdNRs only accounting for ca. 24% of the final solid
products. Nevertheless, the strategy of stepwise reduction is
still of practical value in developing rational syntheses of
nanostructures with concaved faces.
As in the case of AuNRs, the introduction of metal ions can

remodel the growth of PdNRs. To assess the role of Ag(I),
H2PdCl4 was thoroughly mixed with CTAB, followed by the
sequential addition of KI, AgNO3, and H2Asc.

326 The
reduction was allowed to proceed at 90 °C for 1 h. By
changing the stage at which AgNO3 was added, the authors
found that Ag(I) was associated with the formation of multiply
twinned seeds, rather than the subsequent growth. Possibly,
either Ag or AgI clusters served as the templates for the further
production of Pd twinned nanoparticles. The length of the
resultant PdNRs could be tuned in the range of 100−500 nm
by decreasing the pH of the growth solution, with the diameter
of the resultant nanostructures largely fixed at 20 nm. This
control over shape was believed to be associated with the pH-
sensitive reducing power of H2Asc, where slow reduction
mediated by H2Asc under an acidic condition was beneficial to
the elongation of NRs.
5.1.4.2. Nanowires. Palladium NWs are generally penta-

twinned, with the side surface and ends enclosed by {100} and
{111} facets, respectively.96 In one study,327 penta-twinned
PdNWs were synthesized using a hydrothermal method.
Specifically, PdCl2 was used as a metal precursor and added
into an aqueous solution containing PVP and NaI. The
mixture was sealed in Teflon-lined stainless-steel autoclave and
the reaction was allowed to proceed at 200 °C for 2 h. The

resultant PdNWs were uniform in size with a mean diameter of
9.0 ± 1.0 nm and a length of about 3 μm. Characterization by
HRTEM revealed that the as-synthesized NWs had a penta-
twinned structure and grew along the ⟨110⟩ direction. Their
lengths could be controlled by varying the reaction time, with
an extended time favoring a shorter length and a larger
diameter. Given the thermodynamic instability of the {100}
facets, prolonged heating is believed to reduce their presence
on the surface, leading to the morphological change from NWs
to NRs. The amount of PVP was also critical in determining
the morphology of the final products, and was believed to serve
as a reductant in addition to its role as a stabilizer. Halving or
doubling the amount of PVP resulted in the production of
cubic, triangular, tetrahedral, or spherical nanostructures,
rather than NWs. The presence of I− was also crucial to the
production of PdNWs. In the absence of I−, a network of
interconnected nanoparticles was produced instead of the
penta-twinned PdNWs.
Using a hydrothermal method,328 PdNWs comprised of

nanoparticles bounded by high-index facets such as {443},
{331}, and {221} could be synthesized. In this case, the same
metal precursor (PdCl2) and stabilizer (PVP) were utilized,
whereas the halide ion was switched to F− through the
introduction of NaF. Sodium dodecyl sulfate (SDS) was also
used as a cosurfactant. All the reactants were mixed under
ambient conditions prior to transferring into an autoclave.
After heating at 220 °C for 6 h, wavy NWs comprised of Pd
particles (mean diameter = 4.0 ± 0.7 nm) with grain
boundaries were obtained. As confirmed by HRTEM, the Pd
nanoparticles were oriented along the ⟨110⟩ direction, in line
with the growth direction of penta-twinned PdNWs. By
reducing the duration of heating to 2 h, bent NRs emerged as
the major intermediate. As such, the particle-to-wire shape-
evolution is believed to be a consequence of oriented
attachment in an effort to minimize the surface energy,
followed by the end-to-end attachment of rod-like inter-
mediates that contributed to the extension along the ⟨110⟩
direction. The absence of either SDS or NaF prevented the
production of wire-like structures, leading to the production of
short rods together with some poorly defined nanoparticles. As
a strong interaction between either the sulfate group of SDS or
F− and Pd atoms is not expected, the exact roles played by
these two components are unknown.
Through the electrostatic interaction with the metal

precursor, the surfactant can also direct the growth of
PdNWs in a role other than just the passivation of specific
facets. In an early study,329 poly(methacryloyloxyethyl
dimethylbenzylammonium chloride (PMB-Cl), a positively
charged, brush-like polymer, was synthesized via free radical
polymerization to act as the template. Next, a clean Si wafer
was immersed into a solution containing PMB-Cl for 1 min,
followed by dipping into an acidic solution of Pd(OAc)2 for
another 1 min. The Pd(II) ions absorbed on PMB-Cl were
reduced by dimethylamine borane (DMAB) in the same
solution. Atomic force microscopy (AFM) analysis revealed
that the PMB-Cl molecules deposited on the Si wafer exhibited
a worm-like structure, consistent with the morphology of the
as-synthesized PdNWs with a mean diameter of 5 nm and
lengths up to 1 μm. The length of the resultant PdNWs was
governed by the polymer-based substrate. Specifically, when an
extremely long polymer (Mw ≈ 6.3 MDa) was introduced,
PdNWs with lengths up to 1 μm were obtained. By contrast, if
the PMB-Cl polymer was added freely into an aqueous
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solution, their interaction with the metal precursor would make
the Coulomb repulsion less favorable, resulting in a substantial
change to the polymer conformation. As such, the “freezing” of
PMB-Cl on the Si wafer was believed to be crucial to the
preservation of wire-like structures.
Alternatively, biotemplates such as DNA molecules can also

be harnessed to direct the growth of PdNWs.330 In a typical
experiment, K2PdCl4, λ-DNA, and Na3CA were mixed
thoroughly. The strong binding of Pd(II) with the N7 and
N3 atoms of guanine/adenine and thymine/cytosine bases,
respectively, can be used to immobilize the metal precursor, as
confirmed by Fourier-transform infrared spectroscopy (FT-IR)
and UV−vis spectra. After the introduction of DMAB or
NaBH4 as a reducing agent, the reaction was allowed to
proceed for 2−24 h under ambient conditions. The difference
in reducing power between these two reducing agents did not
change the morphology of the product. The diameters of the
resultant PdNWs could be controlled in the range of 5−45 nm
as confirmed by AFM analysis, which was greater than what
was calculated (1.6 nm) on the basis of X-ray diffraction
(XRD) peak width using the Scherrer equation. A bead-on-
necklace structure was proposed, in which ultrafine Pd particles
(with sizes down to 1.6 nm) crystallized and then arranged
along the longitudinal axis of the DNA template.
The surfactant micelles formed by CTAB above the CMC

were also proposed to serve as a template for growth of
PdNWs. In one example, CTAB was added into the brine to
obtain a viscous micellar solution, followed by the addition of a
toluene solution of tris(dibenzylideneacetone)dipalladium or
Pd2(DBA)3.

331 The mixture was then gelled as triggered by a
tiny amount of 1-pentanol to finalize the formation of the
mesophase. Upon reduction with hydrazine vapor, PdNWs
were obtained. Small-angle X-ray scattering (SAXS) analysis
revealed that the metal precursor-doped surfactant mesophase
featured a hexagonal symmetry, in agreement with the three
characteristic Bragg peaks in the ratio of 1:31/2: 2 as confirmed
by XRD. Since the reduction of Pd2(DBA)3 was driven by
hydrazine in the vapor phase, the reaction required 48 h for the
reducing agent to diffuse through the mixture. Notably, the Pd
atoms in Pd2(DBA)3 are zero in valence, which is substantially
different from the conventionally used Pd(II) precursors.
Upon the reduction of DBA by hydrazine, the interaction of
these ligands with Pd(0) would weaken, leading to the release
of Pd(0) atoms and their aggregation into clusters. The
resultant clusters are then subjected to orientation and coalesce
along the longitudinal axis of CTAB micelles. Though
disoriented to a minor content, the selected area electron
diffraction (SAED) pattern of the cross section of an individual
PdNW confirmed the presence of {111} facets and the growth
along the ⟨111⟩ direction. Such an observation, along with the
presence of single-crystal domains featuring lengths over 30
nm, rules out the possibility that the PdNWs are penta-
twinned. Replacement of CTAB with either SDS or
cetylpyridinium chloride (CPC) only led to the production
of spherical particles. The authors proposed that Br−, as
assisted by CTA+ from CTAB, passivated the {100} facets of
Pd particles, leading to the orientation-driven growth along
⟨111⟩ direction. Similarly, PdNWs were synthesized using
dioctadecyldimethylammonium chloride (DODAC) as a
surfactant.332 The soft template composed of DODAC also
features a hexagonal symmetry (p6mm) as indicated by SAXS
measurements. Upon reduction H2Asc at 95 °C, a temperature
proven to be crucial to the stabilization of worm-like micelles,

PdNWs were prepared. Specifically, when the heating temper-
ature was lowered to 65 and 45 °C, helical and ring-like
structures were obtained because of the changes in the
structure of the DODAC micelles.
The role of oxygen in PdNW growth has also been explored.

In one study,333 n-dodecyltrimethylammonium bromide
(DTAB) was introduced to bind with Pd(NO3)2 or PdCl2,
and facilitate phase-transfer into a mixture of ODA and
toluene. The mixture was then reduced by NaBH4 to produce
metastable, elongated nanostructures. These intermediates
then underwent secondary growth and resulted in the
formation of thread-like PdNWs. Since Br− was involved in
this case, the orientation of intermediates proceeded in a
fashion similar to what was mentioned above, in which the
passivation of {100} facets presumably led to growth along the
⟨111⟩ direction. Many twin boundaries and stacking faults
were observed between the interconnected Pd nanoparticles,
making them vulnerable to oxidative etching as mediated by
the Br− and oxygen. This was confirmed by exposing the
PdNWs to air, after which the length of NWs was reduced until
they split into spherical particles after 12 h. In another study,96

PVP, H2Asc, NaI, and a tiny amount of HCl were mixed in
DEG before addition of Na2PdCl4. When the mixture was
heated at 160 °C for 1 h, and PdNWs with diameters below 8
nm and ARs up to 100 were obtained. Extending the reaction
time to 1.5 h resulted in the formation of particles at the ends
of the PdNW, resulting in a tadpole-like morphology. At 4 h,
all the NWs disappeared and only irregularly shaped particles
remained. Control experiments showed that the NWs broke up
into nanoparticles in DEG solutions containing PVP, NaI, and
HCl in just 10 min, but the extent of etching was greatly
reduced if argon was bubbled through the reaction solution.
These results suggested that oxidative etching was responsible
for the conversion of penta-twinned PdNWs into nano-
particles.
Sacrificial templates, such as TeNWs, can also be used to

direct the growth of PdNWs.334 In a typical experiment, the
TeNWs were added into EG under ambient conditions. After
the introduction of PdCl2, the mixture was heated at 50 °C for
13 h to facilitate the galvanic replacement between Pd(II) and
Te. According to the stoichiometry, the removal of 1 Te atom
should correspond to the deposition of 2 Pd atoms that were
about the same in volume as one Te atom, resulting in the
production of solid PdNWs with ARs beyond 10 000. Given
the fairly low temperature involved, EG was likely not acting as
a reducing agent, but its high viscosity was beneficial for
slowing the galvanic replacement reaction to produce a smooth
NW surface. This study also highlights the significance of the
valence of metal precursor in regulating the morphology of the
final products. If the volume of the deposited metal atoms is
inadequate to compensate for the loss caused by the removal of
atoms from the template, hollow structures will emerge instead
of solid ones.
The aforementioned approaches were all seedless in nature,

whereas seeded growth can enable the production of
nanostructures with more uniform in size and shape. Seed-
mediated synthesis was exploited to fabricate PdNWs as a
catalyst for Sonogashira-coupling reaction.335 A thiol-function-
alized ionic liquid, (1-methyl-3-(2-mercaptoacetoxyethyl)
imidazolium chloride, was first added into an aqueous solution
containing HAuCl4 at room temperature, followed by
reduction with NaBH4. Next, Au clusters capped by ionic
liquid molecules were introduced into an aqueous solution
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containing H2PdCl4, and the mixture was once again reduced
by NaBH4 under ambient conditions. This approach produced
worm-like PdNWs with an average diameter of 3.1 nm. The
emergence of PdNWs, rather than spherical nanoparticles as
normally observed in the case involving NaBH4 as a reducing
agent, was attributed to the strong interaction between the
thiol group of the ionic liquid and the nanocrystals. XRD
results suggested the facets passivated by ionic liquid were
{111} facets on the basis of their considerable abundance in
the resultant-PdNWs, thereby offering an approach to preserve
facets other than {100}, which can be achieved by Br− or I−.
Template-free syntheses of PdNWs can offer a less laborious

approach compared to template-based methods to producing
sufficient quantities of PdNWs to explore and use their
properties in applications. In one template-free method,
injection of Pd(OAc)2 into PVP solution (in DEG) was
carried out at 140 °C, and the reaction was allowed to proceed
for 3 h.63 Wavy PdNWs with a diameter as thin as 2 nm were
produced, which were morphologically similar to that of the
wavy AuNWs discussed in section 5.1.3. The TEM images at
different stages of the reaction demonstrated that the
formation of wavy PdNWs involved three steps: (i) ultrafine
Pd nanoparticles emerged due to a burst of homogeneous
nucleation; (ii) the metastable Pd nanoparticles then
aggregated to create intermediate structures such as short
NRs; and (iii) the NRs attach end-to-end to form wavy NWs.
Increasing the temperatures seemed to result in greater
consumption of the metal precursor during nucleation, thereby
leading to the production of a greater number of NWs
featuring a lower AR than those obtained at a lower
temperature. When the precursor was switched to less active
Na2PdCl4, the reduction rate was substantially decreased,
resulting in ongoing nucleation events over the course of the
reaction. In this case, only well-dispersed, large Pd polyhedral
nanocrystals were obtained, again highlighting the importance
of the reduction rate in controlling the produce morphology.
Similarly, the vulnerability of the resultant PdNWs to oxidative
etching was confirmed by the production of polyhedral
nanocrystals after extended heating in air.
5.1.4.3. Summary. Most of the reported Pd NRs and NWs

have a penta-twinned structure. Halide ions are usually
necessary for the formation of such NRs and NWs, and they
can play multiple roles. Ligand exchange can take place
between the introduced halide ions and that of the metal
precursor, leading to a slower reaction kinetics for the initiation
of anisotropic growth. The strong binding of halides toward
Pd(100) surface also favors the formation of Pd 1D
nanostructures enclosed by {100} facets, including Pd
nanobars with a rectangular cross section and penta-twinned
NRs and NWs with a pentagonal cross section. By fine-tuning
the reaction kinetics, Pd decahedral nanoparticles can be
generated in situ. With halide ions passivating the newly
formed {100} facets, the Pd decahedral seeds favor growth
along ⟨110⟩ direction to evolve into penta-twinned NRs and
then NWs. The 1D Pd nanostructures can also be formed as a
consequence of random or oriented attachment of nano-
particles, but they are vulnerable to oxidative etching due to
the abundance of planar defects located at the intersections
between domains. In this case, experimental conditions such as
heating temperature and the number of halide ions must be
carefully controlled to mitigate the adverse impacts of oxidative
etching.

5.1.5. Platinum (Pt). Platinum plays critical roles in an
array of applications.336−340 For instance, it can serve as an
excellent catalyst for CO/NOx oxidation in converters,
production of nitric acid, as well as many types of organic
reactions (e.g., hydrogenation). There have been extensive
studies of the use of Pt as an electrocatalyst for the oxygen
reduction reaction (ORR), as well as for the oxidation of fuels
including hydrogen, methanol, and ethanol.336 The strong
worldwide demand for Pt has resulted in a steady increase in
price, motivating researchers to engineer Pt-based catalysts
with increased activity, selectivity, and durability. To this end,
1D Pt nanostructures featuring high surface-to-volume ratios,
together with well-defined facets, have been actively explored.
In this subsection, we focus on the syntheses of PtNWs, the
most popular form of 1D Pt nanostructures. The synthetic
strategy can be generally divided into three categories:
substrate-based, template-directed, and template-free synthesis.

5.1.5.1. Substrate-Assisted Growth. Various types of solid
substrates have been explored to guide the growth of PtNWs.
PtNWs were grown directly from the surface of a Pt or W
gauze, as well as from a Si substrate.340−342 The selection of Pt
or W gauze was made based on the consideration of
downstream catalytic applications. Normally, for those
PtNWs deposited on commercially available substrates like
carbon black, their life span is limited due to corrosion of the
underlying carbon. The introduction of Pt gauzes can readily
address the issue of corrosion, in addition to other
contributions to the catalytic performance. Likewise, the W
gauze can also act as a cocatalyst in conjunction with the
deposited PtNWs. In a typical experiment, either Pt or W
gauze was added into EG that was preheated at 110 °C for 30
min, along with the addition of either Fe(III) or Fe(II) species.
Another 30 min of heating was conducted to remove
remaining water before the simultaneous introduction of
PVP and H2PtCl6 that were predissolved in EG. The reaction
was proceeded for 18 h in air, with the metal precursor being
reduced by EG as mediated by the Fe(III) or Fe(II) species.
The final products were collected as black aggregates on the
gauze. It was found that the PtNWs (diameter: 5 nm; length:
100 nm) grew along the ⟨111⟩ axis. The addition iron species,
either Fe(III) or Fe(II), could slow down the rate of H2PtCl6
reduction, which favored the formation of the PtNWs. Since
both Pt and W gauzes can serve as substrates for the growth of
PtNWs, it is not unreasonable to suggest that such a strategy
can be extended to gauzes other than those made of Pt or W,
or more broadly speaking, other classes of substrates as long as
they are stable in hot polyol.
Besides this, substrate-free, polyol synthesis of PtNWs has

also been reported. In one study,343 and intermediate
composed of Pt(II) formed during the reduction of either
H2PtCl6 or K2PtCl6 metal precursor with EG in the presence of
PVP. These intermediates, though stable under ambient
conditions, can react to form tiny Pt nanocrystals after heating
at 110 °C. Furthermore, the authors showed that the
introduction of a small amount of either FeCl3 or FeCl2
would slow down the rate at which small Pt nanocrystals
were produced, leading to their assembly into sea urchin-like
structure (Figure 22A−D). By virtue of the fact that the
absence of either air or iron species could prevent the
production of PtNWs, the following mechanism underlying
their formation was proposed: During the reaction, the
reduction of Pt(II) to Pt(0) is autocatalytic, that is, the
enlargement of the Pt nanocrystals which emerged at the very
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beginning would accelerate, which is unfavorable for
anisotropic crystal growth. Although oxygen itself is not
adequate to slow down the reduction rate, it can be done with
the assistance of iron species through oxidative etching.
Alternatively, PtNWs can be produced in a seed-mediated
fashion.344 In this case, assemblies of small Pt nanocrystals
were prepared at first using polyol methods in the presence of
SDS. Tuning the ratio of SDS to metal precursor resulting in
nanocrystals could with different shapes (from well-dispersed
individuals to submicrometer-sized spherical aggregates).
Through the introduction of such aggregates into growth
medium, PtNWs can be grown directly from the small Pt
nanocrystals making up of the aggregate (Figure 22, E and F).
The large size of the aggregate makes it easier to gather the
PtNWs from the solution. The NWs can also be separated
from the aggregate through sonication.
In addition to the polyol method, solvothermal reactions

have also been applied to prepare PtNWs on substrates. In one
study,345 Ni(OH)2 was synthesized and then used as the 2D
substrates. During a typical experiment, the aqueous solutions
of K2PtCl4 and KOH were mixed with a suspension of
Ni(OH)2 in formamide. The mixture was sealed in an

autoclave and subjected to heating at 120 °C for 4 h. In this
case, the formamide played dual roles as reducing agent and
solvent for Ni(OH)2. Both HRTEM and XRD analyses
confirmed that the NWs with a diameter of about 1.8 nm
were made of Pt rather than a Pt−Ni alloy. Increasing the pH
through the introduction of KOH could slow down the
reduction rate, thereby promoting anisotropic growth. One of
the major concerns associated with the extreme conditions is
the stability of the substrates. The substrates used in this work
were stable up to 4 h, but they were decomposed thereafter,
inevitably producing aggregated or bundle-like PtNWs.
In another study,346 sulfur-doped graphene was leveraged as

a substrate for the growth of PtNWs. Briefly, an EG suspension
of sulfur-doped graphene, dimethylformamide (DMF), and
H2PtCl6 were mixed before the addition of KOH. This mixture
was transferred into an autoclave and heated at 170 °C for 8 h.
A variety of NWs featuring diameters in the range of 3−25 nm,
together with lengths greater than 1 μm, were produced.
HRTEM analysis revealed that the PtNWs grew along the
⟨111⟩ direction and they were comprised of numerous single-
crystal domains. A time-lapse study was also conducted to
better understand the growth mechanism. The authors found
that single-crystal Pt nanoparticles emerged after several
minutes of reaction, and they were then attached in an
oriented fashion along the ⟨111⟩ direction. In particular,
PtNWs with a rough surface could be observed at 4 h post
heating, and they further grew into NWs with a smooth surface
during the upcoming 2 h.

5.1.5.2. Template-Directed Growth. The feasibility of both
hard and soft templates in guiding the growth of PtNWs have
been validated. As one of the most versatile hard templates,
metal organic frameworks (MOF) have been harnessed to
synthesize PtNWs. In one study,347 MOF-545 was prepared
and added into a mixture of H2PtCl4 and formic acid in EG.
The suspension was sonicated briefly prior to incubation at 30
°C for 14 h. The PtNW-embedded MOF-545 was precipitated
out using a mixture of water and acetone. The PtNWs had an
average diameter of less than 3 nm. Brunauer−Emmet−Teller
(BET) measurements demonstrated that the original surface
area of MOF-545 (2200 m2/g) was reduced by 75−93% after
the growth of PtNWs, indicating that the vast majority of pores
in the MOF could serve as a hard template for the deposition
of Pt atoms. Alternatively, CTAB micelles were explored as soft
template to guide the anisotropic growth of Pt. In a typical
experiment,128 an aged aqueous solution of K2PtCl4 was mixed
with chloroform containing CTAB. It was proposed that
PtCl4

2− could bind with CTA+, and be reduced by NaBH4 in
the worm-like, interconnected CTAB micelles in chloroform,
resulting in a network of polycrystalline PtNWs with a mean
diameter of 2.2 nm. Furthermore, the authors proved that the
fine-tuning of the network structure, such as the intersections,
could be realized by simply changing the stirring rate.
Specifically, the higher the stirring rate was (up to 1000
rpm), the less significant the intersection would be. It is
believed that rapid mass transfer could be realized under a high
rate of stirring to enable uniform atom deposition along the
interior of the template, producing a smooth surface. Since the
as-obtained nanostructures faithfully replicated the structures
of micelles, the key to the success of using a soft template in
guiding 1D growth is to control the structure of the micelles.
As tested by the authors, once the concentration of CTAB was
reduced to a certain value (e.g., several mM), the micelles
would adopt a spherical shape, rather than a worm-like

Figure 22. Electron micrographs of PtNWs synthesized via polyol
reduction in the presence of Fe(III) species: (A) SEM image of the
hierarchically structured Pt agglomerates, (B) SEM image of the
PtNWs anchored to the surface of the agglomerates, (C) TEM image
of PtNWs harvested from the agglomerates through sonication, (D)
HRTEM image showing an individual PtNW grown along the ⟨111⟩
direction, (E) SEM image of the Pt hierarchical structures synthesized
using the same protocol except that the Pt nanoparticles were
assembled into agglomerates through the introduction of SDS, and
(F) SEM image of the PtNWs marked by the box in panel E. (A−D)
Reprinted with permission from ref 343. Copyright 2004 American
Chemical Society. (E, F) Reprinted with permission from ref 344.
Copyright 2006, Wiley-VCH.
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morphology, preventing the production of NWs. In addition,
how the soft template interacts with the metal precursor also
plays a critical role in determining the morphology and
structure of the final products, which has been discussed in
detail in section 3.
5.1.5.3. Template-Free Synthesis. Though template-direc-

ted growth offers an attractive route for the preparation of
PtNWs, their downstream applications, especially as catalysts
for electrochemical reactions like ORR, has stringent require-
ments for their surface cleanness. Most of the templates, both
hard and soft, are difficult to remove. Thus, there was a need to
develop a template-free method for the growth of PtNWs. The
early work was based on polyol synthesis in the presence of
iron species.343 In a typical polyol process, H2PtCl6 was mixed
with PVP in EG at 110 °C. After the system had been exposed
to air for 2 h, a Pt(II)-based intermediate emerged, whose
stability could enable its storage at room temperature for
several months. Extended heating to 4 h would produce
numerous tiny, spherical Pt nanoparticles (∼5 nm) though
reduction of the Pt(II) intermediate. Since such a reduction is
autocatalytic, the growth of Pt nanoparticles accelerated with
time. Once a critical size was reached for the intermediate Pt
nanoparticles, the growth mode switched from isotropic to
anisotropic, producing a sea-urchin-like structure with
numerous PtNWs exposed on the surface of a micrometer-
sized agglomerate of Pt nanoparticles. As mentioned above, it
is believed that oxidative etching contributes to the change of
growth mode. Furthermore, since the atoms associated with
defects such as twin boundaries or dislocations are most
vulnerable to oxidative etching, their favorable removal
produced single-crystal PtNWs, with a growth direction
along the ⟨111⟩ axis. The detrimental influence of oxidative
etching on the preparation of polycrystalline PtNWs was
validated by another study,333 in which PtCl2 was phase-
transferred into a mixture of ODA and toluene using DTAB.
Polycrystalline PtNWs (diameter = 2.4 nm; length = 30 nm)
with multiple twin planes and stacking faults were produced
from the oriented attachment of intermediates in the form of
rod-like nanoparticles. Oxidative etching leads to the breakup
of the PtNWs into PtNRs. As discussed in section 5.1.4, the
same processes were observed for PdNWs.
In general, anisotropic growth of 1D Pt nanostructures is

linked to a slow reduction rate, thereby requiring a fairly long
period of time to accomplish the synthesis. To address this
issue, efforts have been paid to speed up the synthesis of
PtNWs without compromising their uniformity. One of such
studies leveraged a modified, NaBH4-mediated reduction. In a
typical experiment,348 H2PtCl6 was first reduced by NaBH4
dissolved in a mixture of DMF and toluene. The amount of
NaBH4 used was far beyond the value required to convert all
the metal precursor to Pt(0). After 3 h, single-crystal PtNWs
with a mean diameter of 2.0 ± 0.5 nm were obtained.
Regarding the growth mechanism, the authors proposed that
the low polarity of the solvent favors the production of Pd(0)
nuclei whose surface was protected by the excess NaBH4.
These Pt nuclei underwent oriented attachment as a
consequence of oxidation as mediated by dissolved oxygen.
Their preferential growth along one direction can be explained
by the selective passivation of their {111} facets with DMF.
Such a hypothesis was supported by the results of 1H NMR
with a focus on the intermediates. With respect to the
precursor, several newly emerged peaks could be assigned to
DMF molecules. The absence of peaks associated with Na+

and Cl− ions rules out the possibility for these species to act as
capping agents.
To increase the performance of PtNW-based catalysts, it is

necessary to narrow their diameters down to several nanome-
ters. To this end, progress has been made through biomimetic
synthesis, solvothermal reaction, and CO-mediated reduction.
For biomimetic synthesis,349 a Pt-binding peptide with a
sequence of Ac-TLHVSSY-CONH2 (BP7A) was identified
with phage display. For the synthesis, H2PtCl6 was allowed to
form a complex with BP7A peptide prior to the introduction of
H2Asc and NaBH4 as reducing agents, and more metal
precursor were sequentially added. The wavy PtNWs
synthesized using this method were around 2 nm in diameter
and they typically grew along one or more ⟨111⟩ directions,
resulting in a wavy morphology. The authors confirmed the
presence of defects, including twin boundaries, edges, and
adatoms, in addition to high-index facets. The wavy
morphology of the resultant PtNWs suggested that they were
likely formed as a consequence of oriented attachment. During
the attachment, both lattice-matched and lattice-mismatched
processes occur, which produced single-crystal and polycrystal-
line domains, respectively. It is believed that the oriented
attachment that occurred in the reaction resulted in a lattice-
mismatch and, thus, an alternating growth direction. After the
attachment, the newly formed twin boundaries were stabilized
by the BP7A peptide. The authors demonstrated that only
spherical nanoparticles were produced at low concentrations of
peptide.
Ultrathin PtNWs with a diameter of 1.1 nm, or only 6 Pt

atoms wide, were prepared through CO-mediated growth.350

In a typical process, Pt(II) acetylacetonate and EDA were
mixed in DMF. Next, the mixture was transferred into a glass
pressure vessel, followed by the charging with CO gas. This
vessel was heated to 150 °C in 0.5 h and the reduction was
allowed to proceed at this temperature for another 5 h.
HRTEM analysis confirmed that all the resultant PtNWs were
single-crystal and they grew along the ⟨110⟩ axis. The capping
effect of CO was crucial to the formation of long, wire-like
nanostructures that otherwise shrunk to short segments in the
absence of CO.
In addition to their diameter, the length of PtNWs can also

be adjusted using a solvothermal method. In one study,351

H2PtCl6 and KOH were added into a mixture of DMF and EG.
After thorough mixing at room temperature, the solution was
transferred into an autoclave and heated at 170 °C for 8 h.
Thin (3 nm) and ultralong (10 μm) PtNWs were synthesized
in the form of bundles. HRTEM analysis revealed the PtNWs
had a single-crystal structure; they grew along the ⟨111⟩
direction and were enclosed by high-index facets. Imaging of
the intermediate products indicated that the PtNWs formed as
a result of oriented attachment. As we have discussed above,
given the single-crystal nature of the final products, the
attachment of facets was believed to occur between matched
lattices. The authors proposed that recrystallization and
rearrangement of the intersecting atoms could result in the
single-crystal structure after oriented attachment. The
concentration of KOH, also affected the production of
PtNWs. It was proposed that hydroxide could adsorb on the
intermediate Pt nanoparticles, affecting their evolution into
wire-like structures and the subsequent assembly into bundles.

5.1.5.4. Summary. The polyol method has been widely used
to produced PtNWs in solution and on substrates. A slow
reduction process mediated by oxidative etching with additives
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such as Fe(III) promoted 1D growth. As an alternative, various
types of templates, either soft or hard in nature, were used to
generate PtNWs featuring multiple planar defects along the
long axis. In this case, it may be difficult to remove the
template without destroying the NWs. Ideally, one would like
to synthesize PtNWs in the absence of any capping agent to
keep their surfaces clean for catalytic reactions, but such a
synthesis remains to be developed.
5.2. Magnetic Metals

Nanostructures based on magnetic metals have been used for
applications related to high-density data storage,352 as well as
heterogeneous catalysis353 and magnetic separation.6,7 Some of
their physical properties, especially those associated with
magnetism, are highly dependent on their morphology.
Specifically, it has been shown that anisotropic nanostructures
of magnetic metals, including NRs and NWs, exhibit markedly
enhanced magnetic properties, such as a larger coercivity or
higher blocking temperature.6,7 In the following subsections,
we discuss recent progress in the colloidal syntheses of NRs
and NWs made of Fe, Co, and Ni.
5.2.1. Iron (Fe). The only solution-phase synthesis of

FeNRs is based on polyol reduction (Figure 23A),354 in which

a given amount of Fe(NO3)3 dissolved in water was added into
liquid poly(ethylene glycol) (Mw ≈ 300 Da). The mixture was
then irradiated in a microwave system at 100 °C for 5 min. The
PEG used here has a lower reducing power along with a larger
viscosity with respect to EG or DEG. Since the vast majority of
the efforts in this study were devoted to the synthesis of
AgNRs, there was no discussion on the crystal structure of the

FeNRs, as well as its correlation with the experimental
conditions.

5.2.2. Cobalt (Co). Cobalt could exist in three different
phases, including hcp, fcc, and ε, with hcp being thermodynami-
cally most favorable at room temperature. Such a unique
feature makes Co nanostructures ideal templates for the
overgrowth of metals that do not favor the hcp phase, such as
Au and Pt, if the galvanic replacement reaction between the
metal precursors and Co can be suppressed. Taking CoNRs as
an example, they have been prepared via electrochemical
deposition with the assistance of hard templates, such as
porous AAO.355 Although this approach is straightforward and
robust, the NRs had large diameters (typically, 380−420 nm)
and a polycrystalline structure, resulting in unpredictable
magnetic properties.

5.2.2.1. Solvothermal Synthesis. Given the difficulty of
reduction associated with the relatively low redox potential of
Co (Co2+/Co, −0.28 versus SHE), polyol-based solvothermal
synthesis can be used to produce Co NRs and NWs. In one
study,356 Co(OAc)2 and NaOH were mixed together in 1,2-
propanediol prior to the introduction of steric acid and a
solution of RuCl3 in 1,2-propanediol. Next, the mixture was
transferred into an autoclave and heated at 150 °C for 10 h.
The products included CoNRs with a mean diameter of 10 nm
(Figure 23B). In this case, tiny Ru nanocrystals emerged at the
very beginning of the synthesis. Since Ru nanocrystals are
typically crystallized in the hcp phase, they could serve as seeds
for the overgrowth of hcp-Co nanostructures. During the
reduction, stearic acid acted as a ligand to form a complex with
Co(II) ions in addition to its role as a surfactant to direct the
anisotropic growth of CoNRs. The addition of NaOH to form
solid Co(OH)2, along with the chelation of free Co(II) ions
with stearic acid, was used to adjust the reduction kinetics and
produce CoNRs. However, if too much NaOH was
introduced, plate-like nanocrystals, instead of NRs, were
obtained. Likewise, reaction temperatures that were either
too high or too low, which correspond to a strong or weak
reducing power, respectively, caused the morphology of the
resultant Co nanostructures to change.
Using a similar approach, CoNRs with diameters and lengths

in the range of 10−30 nm and 100−250 nm, respectively, were
also synthesized.357 In this case, the metal precursor was cobalt
carboxylate (CnH2n+1COO

−, n = 7, 9, 11), while the polyol was
1,2-butanediol. Co nanostructures with both fcc and hcp phases
could be obtained depending on the reduction rate, which was
determined by both the length of the carboxylate and the
concentration of NaOH. A slower reduction caused by a longer
carboxylate chain or an increased amount of NaOH favored
the formation of fcc-Co over hcp-Co. Within a narrow range,
the AR of the resultant CoNRs could be adjusted without
changing the crystal phase. A subsequent computational study
revealed that it was the carboxylate that behaved like a ligand
to passivate the lateral facets of the NRs.
In addition to NRs and NWs, Co multipods were prepared

using the solvothermal method. In a typical synthesis,358

dodecylsulfate intercalated α-cobalt hydroxide was dispersed in
1-butanol with sonication, followed by the introduction of
OLA, before the mixture was transferred into an autoclave.
After heating at 220 °C for 24 h, single-crystal, hcp-Co
multipods with a mean diameter and length of 130 and 320
nm, respectively, were obtained. Notably, the tips of these
multipods were terminated in a flat surface that features a 6-
fold symmetry, together with a diameter of 190 nm. In addition

Figure 23. (A) SEM image of FeNRs synthesized using a microwave-
based polyol method. (B) TEM image of CoNRs prepared via one-
pot synthesis. (Inset: TEM image of the CoNRs at a higher
magnification.) (C) TEM image of NiNWs synthesized with TMVs
serving as the templates. (Inset: Single virion filled with a 200 nm long
NiNW with a diameter of 3 nm.) (A) Reprinted with permission from
ref 354. Copyright 2008 American Chemical Society. (B) Reprinted
with permission from ref 361. Copyright 2016 The Royal Society of
Chemistry. (C) Reprinted with permission from ref 364. Copyright
2003 American Chemical Society.
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to its role as a reducing agent, OLA, as a base, transiently
converted the metastable cobalt hydroxide nanosheets from
the α- to β-phase. The absence of OLA prevented the
formation of any Co nanostructures. The β-cobalt hydroxide
contributed to the production of fcc-CoO nanospheres, which
ultimately grew into Co multipods with an hcp phase. The
authors proposed that the abundant {111} facets on the
intermediate CoO nanocrystals served as sites for additional
Co deposition. Since the [111] and [0001] axes correspond to
the densest packing direction for both fcc- and hcp-phases, it is
not unreasonable to assume that these CoO nanocrystals could
facilitate the growth of a CoNR along the ⟨0001⟩ axis, as
confirmed by the HRTEM analysis.
5.2.2.2. Hydrothermal Synthesis. Hydrothermal condition

has also been used to synthesize 1D Co nanostructures,
including NWs359 and dendrites.360 For NWs, a typical
synthesis involved a mixture of Na3CA, CoCl2, and water,
along with sodium hypophosphite (NaH2PO2) and NaOH.359

This mixture was transferred into an autoclave before heating
at 160 °C for 20 h. In this case, the citrate formed a complex
with Co(II) soon after its introduction into the growth
solution, which was then reduced by H2PO2

−. As revealed by
XRD analysis, the production of hcp-Co nanocrystals began
after 6 h. Over the following 12 h, Ostwald ripening
contributed to the overgrowth of large intermediates along
the ⟨0001⟩ direction by sacrificing smaller particles, resulting in
the intensification of scattering from {0002} in XRD patterns.
The absence of citrate resulted in the production of spherical
Co nanoparticles. FT-IR results confirmed the presence of
carbonyl groups of citrate ions on the intermediate
nanostructures, suggesting citrate ions passivated the lateral
facets on the NWs. Similar to the solvothermal synthesis, the
concentration of NaOH determined the morphology of the
final product, too low and too high a concentration of NaOH
corresponding to the production of bamboo- and dendrite-like
Co nanostructures, respectively.
5.2.2.3. Other Methods. In a recent study, uniform CoNRs

were prepared using an organometallic Co(I) compound as the
metal precursor. In this study,361 the Co(I) complex,
Co(PPh3)3Cl, was dissolved in degassed OLA in a glovebox
under the protection of N2. The mixture was heated to 190 °C
at a rate of 5 °C per minute, and then held at 190 °C for 9 h.
Cobalt NRs featuring a mean diameter of 6 nm and ARs in the
range of 4−10 were obtained. The XRD pattern recorded from
the NRs suggested that they were composed a mixture of both
fcc- and hcp-phases although the crystal orientation could not
be resolved.
5.2.3. Nickel (Ni). Anisotropic Ni nanostructures have

received interest for their potential use in the fabrication of
magnetic sensors as well as data storage and memory
devices.362 Like the case of Co, electrochemical deposition is
the most commonly used method for the preparation of 1D Ni
nanostructures.6 This method suffers from drawbacks such as
thick diameters and the tedious postsynthetic treatment for
removing the template. As a metal that is even harder to be
reduced than Co, it is not surprising to see only a very limited
number of reports on the solution-phase synthesis of 1D Ni
nanostructures. Here, we focus on the methods involving
hydrothermal conditions and the use of a soft template.
Nickel NWs can be prepared using a hydrothermal method

under conditions similar to what was used for CoNWs, except
CoCl2 is replaced with NiCl2, and an additional surfactant,
sodium dodecyl benzenesulfonate (SDBS), is added.363 The

reaction was carried out at 110 °C for 24 h. Nanowires with
diameters ranging from 0.5 to 1 μm and lengths up to 50 μm
were obtained. The SAED pattern confirmed that 1D Ni
nanostructures had an fcc-crystal structure, and grew along the
⟨011⟩ axis. The reduction of citrate−Ni(II) complex by
H2PO2

− was proposed to facilitate the formation of 1D
nanostructures through an Ostwald ripening mechanism. The
presence of SDBS was thought to promote the growth of
NiNWs by passivating the {111} facets, thus explaining why
the growth was favored along the ⟨011⟩ direction.
Another interesting study reported the synthesis of ultrathin

NiNWs by templating with the central channel in TMV
(Figure 23C). In this case,364 TMV was selected for its stable
structure and tubular shape to supply the desired template.
Tobacco mosaic virus has an inner diameter of 4 nm that limits
the maximum diameter of the NWs obtained using this
method. An individual TMV is around 300 nm in length, and
through the head-to-tail orientation and attachment of TMVs,
oligomer-based templates with lengths reaching multiples of
300 nm (e.g., 600 and 900 nm) were obtained. Specifically, a
two-step synthesis was conducted. First, Pt(II) or Pd(II) ions
were incubated with TMVs to modify their nonconductive
inner surface. The as-prepared templates were then immersed
in a growth solution containing Ni(II) ions and DMAB
((CH3)2NHBH3, a reducing agent). During growth, the inner
surface of a TMV is negatively charged, making it unfavorable
for the binding of PtCl4

2− or PdCl4
2−. However, amine groups

in the channel may complex with Pd(II) or Pt(II). The outer
surface of the TMV did not have amine groups, thus explaining
the selectivity for binding of metal ions to the interior of the
TMV. After activation of the channel with Pt(II) or Pt(II), Ni
could be deposited within the TMV channel in an electroless
plating bath. The crystal structure of the resulting NW was not
analyzed. Although the successful use of TMV as a template for
NW growth is an important scientific accomplishment, the
limited availability of TMV (20 plants yield 1 g) makes this
approach impractical for commercial production.

5.3. Other Metals

5.3.1. Aluminum (Al). Aluminum is one of the most
abundant elements in the Earth’s crust. Despite its relatively
low cost, it has been rarely explored in the form of
nanostructures primarily because of the difficulty of prepara-
tion. Recent studies demonstrate that Al exhibits plasmonic
features comparable to those of Au and Ag, if not better. In
principle, the plasmon resonance peak of Al nanostructures can
be tuned from the ultraviolet to the infrared region, making
them viable plasmonic nanomaterials. Given the extremely low
reduction potential of Al3+/Al (−1.662 V versus SHE), it was
originally believed that it is not feasible to fabricate Al
nanostructures using methods other than lithography and
atomic deposition.365 A recent study completely changed this
believing by demonstrating a solution-phase method for the
synthesis of AlNRs. In this work,366 anhydrous trioctylamine
and triisobutyl aluminum were sequentially introduced into a
flask under the protection of N2. The solution was next heated
to 250 °C, with the appearance of opaque gray color indicative
of the formation of Al nanostructures. Another 10 min of
heating, the reaction was terminated through natural cooling to
80 °C. Afterward, a mixture of 2-[2-(2methoxyethoxy)ethoxy]-
acetic acid and cyclohexane was added into the suspension to
destabilize the resultant nanostructures so they became
collectible by centrifugation. Characterization by HRTEM
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suggested that the AlNRs were elongated along the ⟨110⟩
direction to give a diameter and a length of 275 ± 71 and 992
± 287 nm, respectively (Figure 24A). Unlike the conventional
NRs for Au or Ag, the AlNRs showed a distorted, hexagonal
cross section. The top and bottom surfaces were enclosed by
{100} facets, with all other surfaces terminated in {111} facets
when the NR was horizontally placed. The surfactant played a
key role in enabling anisotropic growth. The authors believed
that the surfactants employed to direct the crystal growth were
not proper in all early attempts, highlighting the paramount
significance of trioctylamine, which was also proven to serve
the synthesis by inhibiting supersaturation in addition to its
role as a capping agent. The major problem associated with
this synthesis was the low purity of the products. Only 15% of
the resultant nanostructures adopted a rod shape, regardless of
their difference in length or AR, making the products of limited
use, at least in the present form. A better understanding of the
shape evolution, starting from the very beginning, is still
missing.
5.3.2. Ruthenium (Ru). Ruthenium, a much less expensive

noble metal compared to Au, Pt, and Rh, is well-known for its
outstanding catalytic performance in a variety of reactions,
including selective hydrogenation and CO oxidation,367 as well
as hydrogenation.368 Although solution-phase methods have
been developed for the synthesis of Ru nanostructures,369 very
few of them showed 1D morphology. Only four attempts have
been reported with claimed success of creating Ru 1D
nanostructures in dendrite-370−372 or hourglass-like morphol-
ogy.373

One of the attempts involved solvothermal heating.370 In a
typical synthesis, Ru(acac)3 was dissolved in n-octylamine and
transferred into an autoclave and then heated at 320 °C for 6
h. After they were repeatedly washed with acetone, the
products were found to contain short NRs (diameter = 15 nm;
length = 50 nm). The authors found that alkylamine played a
crucial role in the formation of NRs. When the n-octylamine
was replaced by hydrocarbons such as decalin or toluene, Ru
tiny nanoparticles featuring irregular shapes emerged. In this
report, no further characterization with regard to the crystal

structure of the RuNRs was provided so it is hard to say what
exact role the n-octylamine played. Presumably, the RuNRs
were formed as a result of the passivation of side faces by n-
octylamine.
The other two attempts were sort of similar because they

both leveraged the thermal decomposition of Ru3(CO)12 to
produce Ru dendritic nanostructures. In the earlier attempt,371

a mixture of Ru3(CO)12 and HDA was prepared, and
introduced into tri(n-octyl)amine heated at 175 °C. The
reaction was allowed to proceed for 1 h before it was
terminated through the addition of toluene. As expected, the
Ru dendritic nanostructures obtained here favorably crystal-
lized in the hcp phase. Powder XRD analysis indicated that
such nanostructures were likely made of tiny Ru nano-
crystallites with a mean diameter of 1.6 nm. Comparing to the
XRD pattern of bulk Ru, the enhanced (0002) diffraction
revealed the preferred growth along ⟨0001⟩ direction. The
presence of alkylamine, again, was believed to be of paramount
importance. When the synthesis was conducted in the absence
of an amine species, the decomposition of Ru3(CO)12 took
place quickly, leading to the formation of precipitation. On the
other hand, the HDA could be replaced by ODA, suggesting
the less significance of alkyl chain length once it was beyond a
certain value. The temperature also played an important role.
When it was elevated to 275 °C, the high supersaturation
favored isotropic, rather than anisotropic, growth. In the other
study,372 star-shaped Ru nanostructures were first prepared
through thermal decomposition of Ru3(CO)12 in toluene at
160 °C for 6 h under the guidance of HDA and hexadecanoic
acid in the presence of hydrogen gas. Afterward, the
nanostructures were enriched through centrifugation and
employed as the seeds for the next round of growth under
identical condition to give rise to Ru dendrites. Their XRD
pattern confirmed the dominance of hcp phase, but it is hard to
tell exactly the dimensions of the nanostructures as they varied
dramatically. Again, alkylamine was proposed to serve as a
capping agent to direct the anisotropic growth. Regarding the
fatty acid, the authors believed that it was involved in slowing

Figure 24. (A) TEM image of AlNRs. (B) TEM image of hourglass-like Ru nanostructures. (C) TEM image of Rh nanodendrites (D) SEM image
showing PbNWs synthesized using a polyol process. The inset shows the cross section of a fractured NW. (A−D) Reprinted with permission from
refs 366, 373, 375, and 382, respectively. Copyrights 2018, 2013, 2018, and 2004 American Chemical Society, respectively.
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down the reaction rate, making the kinetics more favorable
toward anisotropic growth.
Similarly, using hydrogen as a reducing agent, another class

of Ru nanostructure featuring a hourglass-like morphology was
prepared.373 In a typical synthesis, Ru(acac)2 and dodecyl-
amine were dissolved in mesitylene and sealed in a Fischer−
Porter bottle, with the remaining space filled with hydrogen.
Next, the bottle was placed in an oven and heated at 160 °C
for 70 h, followed by cooling naturally to room temperature.
Characterization with TEM revealed that the nanostructures
adopted a hourglass-like morphology, which could be periodi-
cally deposited on a substrate to form a superlattice (Figure
24B). A closer look at an individual nanostructure revealed that
it was enclosed by {0001} and {101̅1} facets with a mean
length of 18 ± 3 nm and widths of 11 ± 2 and 4 ± 1 nm,
respectively, for the bottom and neck. The authors also
conducted a time-lapse study to better understand the process
of shape evolution. It was found that the growth could be
divided into three stages: (i) the coalescence of nuclei that
gave rise to a rod-like intermediate; (ii) the remodeling of rod-
like nanostructures into single-crystal, dumbbell-shaped
structures; and (iii) the emergence of well-defined facets as
{0001} and {101̅1} in a thermodynamically controlled process.
The authors proposed that it was the dense packing of
dodecylamine on these two facets that helped preserve them
during growth. Introduction of double bonds into the amine,
even just one, could weaken the interaction between amine
and Ru, leading to the emergence of poorly defined structures.
5.3.3. Rhodium (Rh). In industry, Rh serves as an

important catalyst for the oxidation of various toxic species,
including CO, NO, and hydrocarbons.374 With respect to the
Pt-based catalyst toward a similar end, the Rh-based counter-
part is more appreciated for its superior activity and durability.
Although it is not clear about their promise in this catalytic
application, there are a number of reports on the chemical
synthesis of 1D Rh nanostructures.
An early attempt was made by harnessing the power of

polyol reduction.376 In this work, small Rh nanocrystals were
prepared by reducing RhCl3 with EG, along with PVP as the
capping agent, at a temperature in the range of 90−190 °C.
These nanocrystals could then serve as the seeds for the
second-round growth at 90 °C to obtained multipods. In this
case, extra RhCl3 was introduced together with DI water. The
temperature was found to be critically associated with the
shape of the Rh nanocrystals, with anisotropic growth only
being favored at temperatures above 90 °C. The XRD pattern
recorded from Rh multipods revealed an increased population
of {111} planes with respect to their cubic counterpart. The
EG was essential as reducing agent for the development of
multipods. If EG was replaced by other polyols such as DEG,
tri(ethylene glycol) (TEG), and TTEG, tetrahedral nanocryst-
als emerged instead.377 It was suggested that the interplay
between polyol-mediated reduction and chloride-induced
oxidative etching governed the shape of the resultant
nanostructures.376 If the power of oxidative etching over-
whelmed that of reduction, multipods could not be formed.
One year later, an optimized protocol was reported.378

Specifically, EG solution of PVP and Na3RhCl6 were slowly
and concurrently introduced into an EG solution preheated to
140 °C. Rhodium multipods consisted of arms with a mean
length of 11 nm were obtained. Given the characteristic
plasmonic resonance peak of Rh nanostructures close to the
visible region, the authors monitored the shape evolution using

UV−vis spectroscopy. A peak around 380 nm, which could be
ascribed to 19 nm tripods of Rh, developed after 90 min of
heating, but gradually diminished in intensity thereafter. The
authors attributed this change to oxidative etching, which
could be mitigated through the introduction of Ar. Compared
to the previous version of polyol synthesis, the replacement of
RhCl3 by Na3RhCl6 allowed a better control over the reduction
kinetics, benefiting the formation of nanostructures more
uniform in size. Alternatively,379 if additional substances such
as NaI and Na2Asc were concurrently introduced into the
growth solution, dramatic changes in morphology from tripods
to wavy NWs was observed. The time-lapse study based on
TEM imaging suggested that the wavy RhNWs emerged
through a mechanism similar to that of the wavy PtNWs, in
which the oriented attachment of intermediate nanocrystals
played a critical role in shape evolution.
In another study,380 the polyol synthesis was exploited to

synthesize Rh tetrapods. Briefly, Rh(acac)3 was dissolved in a
mixture of 1,2-hexadecanediol and ODA at 90 °C, and the
solution was then gradually heated to 130 °C under Ar
protection. The reaction was allowed to proceed for 14 h at
this temperature, and the solid products were collected
through the addition of a methanol/toluene mixture. As
confirmed by HRTEM imaging, each of the four arms was
grown along its own ⟨111⟩ direction with a length in the range
of 15−20 nm. In addition to tetrapods, the authors also
noticed that their four tips could serve as the nucleation sites
for further growth of NRs. In this case, the growth solution was
the same as that for the preparation of tetrapods expect that Rh
tetrapods were introduced as the seeds. Afterward, the
branched nanostructures could serve as the seeds for the
growth of tetrahedra on the very end of each rod, through
which the new products could once more act as seeds for the
growth of a total of 16 branches in a similar fashion. Given the
vulnerability of both corner and edge to atom deposition, these
highly branched structures are believed to offer unparalleled
catalytic activity toward organic reactions.380

Alternatively, Rh 1D nanostructures can be obtained using
hydrothermal or solvothermal methods. In one of the
studies,381 the morphology of the final products was adjusted
through the choice of inorganic additives. In a typical
experiment, aqueous solution containing RhCl3, PVP, sodium
halide, and sodium lauryl sulfate was mixed well before
transferring into an autoclave. The mixture was then heated at
220 °C for up to 24 h. The presence of NaF and NaI led to the
production of dendrites and networks made of NWs,
respectively, whereas the participation of NaBr promoted the
formation of nanostructures with a cubic shape. With the
assistance of TEM images collected at different stages of a
synthesis, the authors proposed that the dendrites were formed
as an ensemble of tiny nanocrystals whose population in the
reaction solution dropped over time. Regarding the network of
NWs, HRTEM characterization confirmed that the resultant
NW had a diameter of about 5 nm, and was mainly enclosed
by {111} facets. The formation of NWs was believed to be
through oriented attachment. In this method, many poorly
defined shapes emerged in the absence of halides, whereas the
solution devoid of sodium lauryl sulfate gave no solid products
after heating. As such, it was proposed that the combination of
sodium lauryl sulfate with Rh(III) helped transform the ions
into unknown species that could be reduced under the given
conditions. Afterward, the fate of the emerged intermediates
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with regard to enlargement in size or attachment with adjacent
counterparts was governed by the halide.
In a most recent study,375 cyclic penta-twinned Rh

nanodendrites were produced through a solvothermal syn-
thesis. In a typical protocol, a mixture of RhCl3, PVP, and n-
octylamine was sealed in an autoclave before heating at 200 °C
for 6 h. The solid products contained nanodendrites comprised
of NRs featuring a mean diameter of 4.3 ± 0.6 nm and variable
lengths (Figure 24C). Their fcc structure was confirmed by
XRD pattern. Considering the enhanced (220) peak, the
growth direction should be along ⟨110⟩, in agreement with the
HRTEM data. In addition, the time-lapse TEM analysis
suggested that Rh icosahedra emerged at the early stage of the
synthesis, which was favored by thermodynamics. To minimize
the high surface energy of the twin structure, atom deposition
preferred to occur at the edges, followed by growth along the
⟨110⟩ direction to generate the branched nanostructures.
Another critical parameter was the choice of RhCl3 as the
metal precursor, whose replacement with either Rh(acac)3 or
Rh(OAC)3 failed to replicate the synthesis. In addition, the
authors claimed that PVP, whose role is yet to be identified,
seemed to serve as a stabilizer under this condition since the
only consequence of its absence was the aggregation to a
certain extent. To justify the effect exerted by alkylamine, a
variety of analogous differ in length was introduced instead of
n-octylamine. A library of structures, including free-standing or
aggregates of NRs and triangular nanoplates, were obtained.
The results can be explained by the difference in repulsion
between alkylamine chains, which eventually affected its
packing on Rh nanostructures.
5.3.4. Lead (Pb). Lead-based nanostructures have tremen-

dous potential as an electrode material for batteries, as well as
for the fabrication of optical filters.138 In general, the progress
in method development for such a heavy metal is not on par
with the growing interest in exploring their intriguing
properties. There are only a few reports on the wet-chemical
synthesis of PbNWs.138,382 One report involved thermal
decomposition of Pb(OAc)2 in the presence of PVP with
EG under N2.

138 Monocrystalline PbNWs grew along the
⟨110⟩ axis with a diameter of approximately 35 nm and lengths
up to 250 μm (Figure 24D). The SAED pattern recorded from
an individual NW exhibited a 6-fold symmetry along the ⟨111⟩
axis. Another SAED pattern showed diffraction spots from (1/
3){422}, which is forbidden for fcc nanostructures. It was
proposed the appearance of such forbidden spots was a
consequence diffraction from a thin nanostructure that was
enclosed by flat top and bottom faces.
A subsequent mechanistic study concluded that PbNWs

were formed as a result of Ostwald ripening.382 Specifically, Pb
atoms originating from the thermal decomposition of metal
precursor were able to nucleate and grow into structures with
dimensions ranging from 5 to 10 nm to several micrometers.
The reactive corners of the larger crystals could then serve as
nucleation sites for the growth of PbNWs through the
consumption of smaller nanoparticles, which may be in the
molten state due to the low melting point of lead. Attraction of
small molten droplets to these corners could lead to formation
of liquid droplets, from which a PbNW could crystallize and
grow. Such a growth mechanism is commonly referred to as
solution−liquid−solid (SLS) process, which was originally
proposed to explain the growth of semiconductor NWs from
metallic liquid droplets.383 The yield of PbNWs was optimized
by varying two parameters: the amount of PVP and reaction

temperature.382 When the ratio of PVP to Pb(OAc)2 was set to
3.5, PbNWs could be obtained with a purity approaching
100%. When the ratio was other than 3.5, the main products
were switched to belt- or plate-like Pb nanostructures. A
reaction temperature greater than 190 °C was essential to
thermally decompose the metal precursor. Otherwise, no
nanostructures could be found in the final product.
Lead NWs can also be prepared using a galvanic

replacement process involving the use of Zn foil as a reducing
agent and Pb(OAc)2 as a metal precursor.384 The as-
synthesized PbNWs had a single-crystal structure, together
with a mean diameter of 80 nm and lengths up to hundreds of
micrometers. The PbNWs were initially covered by a thin layer
of ZnO that could be removed by simply etching with dilute
HCl. HRTEM results revealed that the PbNWs grew along the
⟨100⟩ axis.

6. BIMETALLIC AND TRIMETALLIC SYSTEMS
The use of more than one metal greatly increases the diversity
and scope of 1D nanostructure configurations.385 In addition
to the increasing the functional diversity of nanostructures
from simply combining two or more metals, the spatial
distributions of the elements also play a significant role in
tuning the properties of the final products. Figure 25 shows an

illustration of the possible mixing configurations for bimetallic
1D nanostructures. Generally speaking, the structure can be
alloyed or spatially segmented. A large number of bimetallic
and trimetallic systems have been reported, and the synthesis
of these nanostructures usually follows several typical
strategies. Depending on the metals involved and the
experimental conditions, different patterns of mixing can be

Figure 25. Schematic illustrations of different types of 1D bimetallic
nanostructures: (A) alloyed, (B) segmented, (C) tadpole-like, (D)
dumbbell-like, (E) core−shell, (F) core−satellite, and (G) multi-
walled nanotube.
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obtained, along with different properties that affect their
suitability for applications.

6.1. Alloys

Alloys are mixtures of metals randomly mixed at the atomic
level. The formation of an A−B alloy depends on a number of
parameters, including the relative strength of the A−A, A−B,
and B−B bonds; the relative atomic size; and the charge
transfer between different types of atoms. When formed as
nanostructures, the surface free energies of different types of
facets for each individual metal can also play an important role.
For a good reference on this subject, please refer to a review
article published in 2008.386 Here, we focus on the preparation
methods, including coreduction and galvanic replacement.
6.1.1. Coreduction. Coreduction is a simple and

straightforward method for the synthesis of alloyed nanostruc-
tures. This method involves the simultaneous reduction of
different metal precursors in a reaction solution. The order of
reduction is determined by the reduction potentials of the
metal ions. For metal ions with a similar reduction potential,
they can be reduced at roughly the same rate to generate alloys
with elemental compositions largely determined by the ratio of
the different metal precursors. In one example, the coreduction
method was applied to generate alloyed Ag−Pd NWs.387 The
final products were made of a bimetallic alloy with multiple
monocrystalline domains. In a typical synthesis, an EG solution
containing PVP was heated at 170 °C for 1 h. Pd(NO3)2 and
AgNO3 were codissolved in water at room temperature, and
this mixture of precursors was injected into the EG solution,
followed by heating at 170 °C for 1 h. This one-pot synthesis
generates worm-like NW with an average diameter of 5−8 nm
and a length up to 200 nm. The same morphology was also
applied to Pt−Ag.57 The formation of such wavy nanostruc-
tures was proposed to follow an attachment mechanism, in
which primary nanoparticles assembled into worm-like NWs.
According to an MD simulation for Pt−Ag alloyed NW, Ag
atoms can readily diffuse at 200 °C, while Pt atoms cannot.
This result suggests that the diffusion of Ag atoms played an
important role in reconstruction upon particle−particle
collision.
The requirement for a similar reduction potential means that

coreduction method can only be applied to a limited
combination of metal ions. One way around this problem
involves the introduction of nonmetal seeds (i.e., templates) to
reduce the nucleation energy, followed by the dissolution of
the templates at the end of the synthesis. In one example, a
hard template made of ZnO NRs was used for the synthesis of
Pt−Pd−Ag trimetallic nanotubes.388 This method involves two
main steps: (i) synthesis of an array of ZnO NRs on a Si wafer
and (ii) immersion of the arrayed ZnO NRs in a solution
containing a mixture of K2PtCl4, K2PdCl4, and AgNO3, along
with Na3CA. The reaction mixture was heated at 90 °C for 1 h
in a conventional drying oven. During this process, the metal
precursors were reduced on the surface of the ZnO NRs while
the ZnO NRs were dissolved due to the acidic environment,
leaving behind Pt−Pd−Ag alloyed nanotubes as the final
product. The ZnO NRs not only served as sacrificial templates
to direct the formation of nanotubes but also facilitated
heterogeneous nucleation by greatly decreasing the energy
barrier to precursor reduction.
Another approach to mitigating the effect of the difference in

reduction potential between metal ions is to vary the
coordination ligand. As is mentioned in section 3.4.2, the

strongly binding ligand can make a metal ion more difficult to
reduce. Taking Ag as an example, Table 2 shows the changes in

reduction potential when Ag(I) ions are coordinated with
different ligands.389 The reduction potential can be readily
tuned by coordinating Ag(I) with different ligands. In addition,
the reduction rate is also sensitive to the strength of the
reducing agent, the pH of the solution, as well as the chemical
properties of the solvent.390−393 All these strategies can be
used to expand the scope of alloyed nanostructures synthesized
using a coreduction method.
Unlike monometallic systems, it is more difficult to define

the role of the capping agent for alloyed nanostructures. The
apparent facet-selective stabilization from a capping agent is
dependent on the metal. For example, PVP can cap the {100}
facets on Ag nanostructures, but caps the {111} facets for
Au.112 However, it is still possible for certain molecules to act
as a capping agent for alloyed nanostructures. A typical
example is the synthesis of Cu−Pt NRs.394 The synthesis
involved mixing Pt(acac)2, Cu(acac)2, 1,2-hexadecanediol, OA,
and OLA in 1-octadecene. The reaction mixture was then
bubbled with Ar prior to heating to 120 °C for 20 min, and
then to 225 °C at a rate of 20 °C/min. The reaction was
allowed to proceed for 30 min before being terminated and
cooled down to room temperature. During the whole process,
the reaction solution was protected with Ar. Increasing the
ratio of OLA to OA increased the AR of the NRs. The change
in AR suggests that OLA stabilized certain facets on the Cu−Pt
alloyed NRs. Although a detailed mechanism remains to be
elucidated, this work suggests that one can apply capping
agents to synthesize alloyed nanostructures with well-defined
shapes and facets.
Mixtures of metals can also form ordered intermetallic

compounds instead of random alloys. Such intermetallic
compounds can exhibit enhanced catalytic properties.395 A
good example can be found in the case of Pt−Pb intermetallic
NRs.396 In a typical synthesis, Pt(acac)2 and Pb(acac)2 were
added into a mixture containing 1-adamantanecarboxylic acid
(ACA), hexadecanethiol (HDT), and HDA heated at 180 °C
under argon atmosphere. When the temperature was stabilized,
a tert-butylamine borane complex (TBAB) was injected and
the mixture was kept at 180 °C for another 30 min. The
authors proposed that the Pt−Pb NRs grew along the ⟨001⟩
direction because of the larger coordination number available
for atoms binding to a crystal growing in this direction relative
other low index directions. However, it is not clear whether the
role of facet-dependent differences in coordination number is
more important that the role of capping agents in this
synthesis.

6.1.2. Galvanic Replacement. As briefly mentioned in
section 3.4.4, galvanic replacement represents another simple
route to the synthesis of a wide range of bimetallic and

Table 2. Reduction Potentials of Ag(I) Ions As in Different
Complexes

redox system E0 (V)

Ag+ + e− → Ag0 +0.80
[Ag(NH3)2]

+ + e− → Ag0 + 2NH3 +0.38
[Ag(SO3)2]

3−+e− → Ag0 + 2SO3
2− +0.29

[Ag(S2O3)2]
3− + e− → Ag0 + 2S2O3

2− +0.01
[AgI4]

3− + e− →Ag0 + 4I− −0.09
[Ag(CN)3]

2− + e− → Ag0 + 3CN− −0.51
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trimetallic alloyed nanostructures. The general process involves
the electrons from the oxidation of one metal reducing ions of
a more noble metal.150 This process is driven by the difference
in reduction potential between the two metals. The higher the
reduction potential difference is, the easier it is for the galvanic
replacement reaction to occur. This method is especially well-
suited for the synthesis of hollow nanostructures due to the
destructive nature of a replacement process. Nanostructures
made of Ag are often used as the sacrificial template due to its
low reduction potential and the well-established synthetic
chemistry.397,398 An early study reported that single-walled and
multiple-walled Ag−Au alloy nanotubes with a pentagonal
cross section could be synthesized using galvanic replace-
ment.154 For the synthesis of single-walled nanotubes, AgNWs
were diluted with deionized water and refluxed for 15 min.
Then, aqueous HAuCl4 solution was added dropwise into the
reaction mixture and refluxing continued for 10 min. For
double-walled nanotubes, the as-formed nanotube was coated
with a layer of Ag (with the use of AgNO3 as a precursor and
H2Asc as a reducing agent), followed by another round of
galvanic replacement. In the same report, the authors found
that by switching the precursor from HAuCl4 to Pd(NO3)2,
Pd−Ag alloyed nanotubes were also synthesized.154 Figure 26

shows a schematic illustration for the process to generate
multiple-walled NWs, along with SEM images for single and
double-walled Au−Ag nanotubes. As can be seen from Figure
26C, different layers of the nanotubes could be clearly resolved
under electron microscopy. This simple and robust synthesis
could be readily extended to various kinds of metals to obtain
alloyed nanotubes with different compositions.
As illustrated above, the composition of the product derived

from galvanic replacement could be tailored by varying the
reaction condition. This protocol could also be readily
extended to trimetallic systems for the fabrication of various

unique nanostructures. Taking advantages of the effect from
ligand stabilization mentioned discussed in section 6.1.1, by
tailoring reaction parameters, even a stable metal like Au could
function as a sacrificial template for galvanic replacement. It
was reported that Pt−Au−Ag trimetallic hollow NRs could be
synthesized through galvanic replacement between Au@Ag
core−sheath NRs and PtCl4

2−.399 In a typical protocol, AuNRs
were coated with a thin shell of Ag to create Au@Ag NRs,
which were then reacted with K2PtCl4 at 60 °C in the presence
of CTAB for 6 h. EDS mapping confirmed that the hollow NRs
consisted of a homogeneous alloy of Au, Ag, and Pt.
Interestingly, the AuNRs with the Ag shell could not be
etched by K2PtCl4 to create hollow nanostructures. The
authors proposed that charge transfer from the Au core to the
Ag shell promoted the oxidation of the Au by Pt(II).400

In summary, the two main strategies for the syntheses of 1D
alloy nanostructures are coreduction and galvanic replacement.
In general, coreduction generates solid NRs and NWs while
galvanic replacement favors the formation of hollow nano-
structures such as nanotubes. The parameter most critical to
the generation of alloys is the difference in reduction potential
among different metals. The reduction potential can be readily
tuned by varying the ligand binding to the metal ions, the
concentration of metal ions in the solution, the pH, and the
solvent.

6.2. Segmented Structures

It is more challenging to synthesize segmented nanostructures
when compared with either single-metal or alloyed nanostruc-
tures. The final morphology is highly susceptible to the facets
exposed on the seeds, reaction conditions, and the presence of
a surfactant or capping agent in the solution. These factors
would influence the nucleation and diffusion processes
involved in the formation of heterostructures. This is especially
important for 1D nanostructures as they are highly anisotropic,
with different types of facets exposed on the side surface and
two ends. Generally, heterostructures can be divided into two
subgroups: segmented and core−sheath. In this section, we
focus on the synthesis of segmented structures. Core−sheath
structures will be discussed in the next section. The segmented
nanostructures can be synthesized using two different
methods: coreduction and seed-meditated growth.

6.2.1. Coreduction. Similar to the case of alloyed
nanostructures, coreduction is also widely used for the
synthesis of segmented nanostructures. As discussed in section
6.1, for a reaction solution containing multiple precursors to
different metals, the one with the highest reduction potential
will be reduced first, followed by the heterogeneous nucleation
and growth of other metals on the as-formed seeds.
In the presence of a suitable surfactant, Au−Ag hetero-

structured NRs were synthesized using a one-pot polyol
r e d u c t i o n . 7 6 I n a t y p i c a l s y n t h e s i s , p o l y -
(diallyldimethylammonium) chloride (PDDA), HAuCl4, and
AgNO3 were dissolved in EG. The mixture was then stirred
vigorously to convert AgNO3 into AgCl. The as-prepared
mixture was heated at 200 °C for 60 h. In this synthesis,
Au(III) was readily reduced due to the higher reduction
potential of AuCl4

−. At the same time, Ag(I) was released from
AgCl at a comparatively low rate even at the elevated
temperature.401 The low concentration of free Ag(I) in the
solution led to a slow rate for the generation of Ag atoms.
poly(diallyldimethylammonium) chloride also played a crucial
role in this synthesis, probably as a stabilizer and a surfactant.

Figure 26. (A) Schematic illustration showing how to generate
multiple-walled nanotubes: (i and iii) template-engaged galvanic
replacement and (ii) electroless planting of Ag. (B, C) SEM images of
(B) single-walled and (C) double-walled Au−Ag alloy nanotubes,
respectively. Reprinted with permission from ref 154. Copyright 2004
Wiley-VCH.
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By tuning the concentration of PDDA in the reaction solution,
the AR of the NRs could be readily manipulated. It was
observed that increasing the concentration of PDDA led to
greater ARs. However, when the concentration of PDDA went
above 40 mM, both the quality and uniformity of the ARs
decreased.
6.2.2. Seed-Meditated Growth. Although coreduction is

straightforward for the formation of segmented nanostructures,
it is hard to control both the morphology and uniformity of the
final products. Therefore, seed-meditated growth has been
extensively explored as an alternative approach. This method
involves the formation of seeds made of one metal, followed by
the deposition of another metal onto the surface.
In seed-meditated growth, it is usually desirable to prevent

homogeneous nucleation in the solution. To eliminate self-
nucleation, the concentration of the reduced atoms must be
below the minimum level for homogeneous nucleation. A
typical example can be found in the synthesis of Ag−Au−Ag
segmented NRs,77 with Ag segments attached to both ends of a
AuNR. In a typical synthesis, a mixture of penta-twinned
AuNRs and benzyldimethylhexadecylammonium chloride
(BDAC) was heated to 60 °C. Then, AgNO3 and H2Asc
were added continuously using separate syringe pumps while
keeping the reaction temperature fixed. The final products
were uniform in length even at ARs above 100. Figure 27

shows TEM images of the multisegmented NRs, which shows
essentially no change in thickness along the axial direction.
Several factors contribute to the successful synthesis of this 1D
segmented nanostructure: (i) the presence of a capping agent
toward the side {100} facets on each AuNR, allowing Ag atoms
to be deposited only on the ends (compared with pure CTAB,
the combination of CTAB and BDAC was better at preventing
lateral growth of AuNRs); (ii) the low injection rate of the

Ag(I) precursor into the reaction solution, leading a low
concentration of precursor in the reaction mixture to promote
heterogeneous atomic addition onto both ends of the NR; and
(iii) the slightly acidic environment and elevated temperature
that both favor the slow reduction of Ag(I).402 By controlling
the ratio of the reducing agent H2Asc and metal precursor
Ag(I), another group reported obtaining arrowhead-like end-
caps on the AuNRs.403

In the above examples, the Au seeds were already in the
morphology of rod. One or more capping agents were applied
block atomic addition to the side surfaces of AuNRs, and thus
promote axial deposition of Ag. In other examples, the seeds
could be in an arbitrary shape and only serve as nucleation
sites, and it is the capping agent for the second metal that
promotes the formation of an anisotropic structure. Notable
examples include Au−Ag NRs,76 Pt−Ag NWs,250 and Pd−Cu
NRs.113 Taking Pd−Cu bimetallic NRs as an example,113 it
was reported that penta-twinned CuNRs could be grown in the
presence of Pd decahedral seeds, Cl−, and HDA. To obtain the
NRs, Pd decahedral seeds were first synthesized using a polyol
method based on DEG. A solution containing CuCl2, HDA,
and glucose was prepared by magnetically stirring the mixture
overnight. Pd decahedral seeds were added to this mixture and
it was purged with Ar to reduce the oxygen content. Finally,
the vial containing the mixture was placed in an oil bath held at
110 °C for 3 h to obtain the NRs. The success of this synthesis
depends on two critical factors: the presence of Pd decahedral
seeds and the addition of HDA as a capping agent toward
Cu{100} facets. The Pd seeds not only offered nucleation sites
for the deposition of Cu atoms, but also helped control the
length of the NRs by altering the ratio between Cu(II)
precursor and Pd seeds. As shown in Figure 28, A and B, due
to the large lattice mismatch between Cu and Pd (7.1%), the
Cu only grew from one side of the decahedral seeds.
Palladium can also be grown from both sides of a Au

decahedral seed to create Pd−Au−Pd NRs. The preparation of
segmented Pd−Au−Pd NRs started with mixing Au decahedral
seeds, H2PdCl4, CTAB, and KI in an aqueous solution. The
mixture was heated at 90 °C for 30 min and then cooled down
to about 30 °C. The ratio of KI to CTAB was important for
heterogeneous growth of NRs. Since I− has a stronger binding
to the Au surface, a high ratio of KI/CTAB resulted in more
homogeneous nucleation and no deposition of Pd on the Au
seeds. When no KI was added, only Au@Pd nanoparticles
formed. A moderate amount of KI facilitated the formation of
PdNRs on the Au decahedral seed. It was proposed that I−

preferentially bonded to the Pd(100) surfaces on the sides of
the NR, facilitating anisotropic growth. Figure 28, C and D,
shows TEM images of Pd−Au−Pd segmented NRs, in which
the Au seed was positioned at the midpoint of each rod. The
fact that Pd grows from both sides of the Au seed versus just
one side for growth of Cu from Pd seeds may be due to both a
difference in reduction kinetics and the smaller lattice
mismatch between Au and Pd relative to Cu and Pd.78

To summarize, the exact configuration of 1D segmented
nanostructures is highly dependent on the reaction conditions,
including temperature, pH, the capping agent, as well as the
intrinsic material properties of the metals such as lattice
mismatch. The successful syntheses of symmetry-reduced 1D
segmented nanostructures containing two or more metals was
mainly determined by two factors: (i) the existence of a twin
plane that promotes the atomic deposition in an anisotropic
way404,405 and (ii) the presence of a proper capping agent or

Figure 27. TEM images of segmented Ag−Au−Ag NRs with Ag
segments of different lengths at the tips. The Ag segments were (A)
33 ± 6, (B) 61 ± 9, (C) 130 ± 20, and (D) 660 ± 90 nm,
respectively, in length. Reprinted with permission from ref 77.
Copyright 2015 American Chemical Society.
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surfactant to passivate certain facets. It is generally believed
that the presence of twin planes is a crucial factor for
generating anisotropic structures. The twin plane could either
come from the seeds with a twin structure, like decahedral or
bipyramid seeds,406,407 or generated during the reaction due to
large lattice mismatch between the two metals.111 So far, the
side surface of most of the reported 1D metal nanostructures is
covered by {100} facets, which are comparatively higher in
surface energy than {111} facets. As a result, their formation
requires the assistance of a capping agent to stabilize the {100}
facets.
6.3. Core−Sheath and Core−Satellite Structures

A core−sheath nanostructure consists of an inner core coated
with a sheath made of another metal. The introduction of
core−sheath structures can bring up several advantages,
including enhancement in catalytic performance due to
electronic coupling or strain effects; improvement in chemical
and thermal stability; tuning of optical properties; augmenta-
tion of magnetic anisotropy; and serving as an intermediate for
the formation of other types of structures (e.g., cages and
frames).385 Thanks to the efforts made in the past two decades,
a variety of synthetic methods have been developed for
generating core−sheath structures, including coreduction,
seed-mediated growth, electrochemical deposition, and chem-
ical vapor deposition, among others. In the following
discussion, we focus on the wet-chemistry approaches.385,408

Typically, the conformal deposition of another metal can
lead to the formation of core−sheath nanostructures with a
shape or morphology similar to that of the core that serves as a
physical template for the coating process.37 By tuning the
amount of metal precursor added, one should be able to
precisely control the shell thickness if the deposition follows a
layered growth mode. To date, core−sheath 1D nanostructures

have been reported for a number of systems, with notable
examples including NRs and NWs, as well as other types of
structures with more exotic morphologies.

6.3.1. Coreduction Method. By taking advantage of the
difference in reduction potential between metal precursors,
core−sheath 1D nanostructures can be produced in one pot
through coreduction. In general, such a one-pot synthesis can
be considered to occur in two sequential steps: (i) formation of
the core for the metal with the higher reduction potential and
(ii) epitaxial growth of the second metal with the lower
reduction potential as the sheath. The one-pot method is not
only simple and time-saving but also makes it easier to scale-up
to larger production volume. However, it might be difficult to
precisely control and reproduce the shape of the nanostruc-
tures due to the difficulty in manipulating the nucleation
process and the reduction kinetics of different metal
precursors. Several reports have demonstrated the successful
synthesis of various 1D metal nanostructures using a one-pot,
coreduction method.409,410 For example, Au@Pd core−sheath
nanostructures with a thorn-like shape have been synthesized
through the coreduction of Au(III) and Pd(II) precursors, and
the nanothorns exhibited remarkably enhanced electrocatalytic
activity and durability for the ORR in alkaline media.409 In a
typical protocol, HAuCl4 and PdCl2 were reduced at 20 °C by
H2Asc in an aqueous solution containing poly(allylamine
hydrochloride) (PAH) and EG to produce thorn-like
structures with diameters of 30−50 nm and lengths of 100−
400 nm. Since AuCl4

− has a higher standard reduction
potential than PdCl4

2−, the Au core was generated before the
Pd sheath. Considering the Pd sheath had a porous structure,
the formation of Au@Pd nanothorns most likely took place
through the deposition of Pd nanoparticles. It was presumed
that PAH and EG acted as both stabilizing agents that
prevented the particles from aggregation and shape-directing
agents that lead to the formation of a thorn-like morphology.

6.3.2. Seed-Mediated Growth. Seed-mediated growth is
the most commonly used approach for the synthesis of core−
sheath nanostructures, in which preformed nanostructures act
as heterogeneous nucleation sites for the deposition of atoms
from another metal.98,411,412 Repeating this process sequen-
tially can result in the generation of multilayered core−sheath
nanostructures. Typically, the introduction of single-crystal
seeds often lead to the formation of single-crystal nanostruc-
tures, while multiply twinned seeds will result in the generation
of nanostructures with a similar twin structure.37 In addition to
seeds made of 1D nanostructures, preformed 0D nanostruc-
tures, such as cubes and spheres, can also serve as seeds for the
formation of 1D nanostructures. For example, single-crystal Au
nanospheres can seed the growth of Pd nanobars by reducing
H2PdCl4 with H2Asc in the presence of CTAB.413

As discussed in section 3.3.1, the ratio between the
deposition rate (Vdeposition) and surface diffusion rate (Vdiffusion)
ultimately determines which pathway a growing nanostructure
will follow.116 When Vdeposition > Vdiffusion, the deposited atoms
tend to “hit and stick” to the site of deposition, facilitating the
site-selective, kinetically controlled overgrowth. If Vdeposition <
Vdiffusion, the atoms hit and then diffuse across the surface of a
seed, resulting in a conformal growth mode favored by
thermodynamics. To achieve a conformal sheath, one can
either decrease Vdeposition by slowing down the reduction rate or
injection rate of the metal precursor, or increase Vdiffusion by
elevating the reaction temperature. For example, Ag@Au
core−sheath NWs with a conformal Au sheath could be

Figure 28. Two different types of segmented NRs, with (A, B) a Pd
decahedral seed located at one of two tips of each CuNR and (C, D) a
Au decahedral seed located at the midpoint of each PdNR. (A, B)
Reprinted with permission from ref 113. Copyright 2016 Wiley-VCH.
(C, D) Reprinted with permission from ref 78. Copyright 2016 ACS
publications, respectively.
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generated at an elevated reaction temperature of 60 °C and a
slow injection rate for the Au(III) precursor as both conditions
enabled sufficient time for diffusion of the Au atoms after their
deposition to cover the entire surface of the AgNWs.414 When
the synthesis was conducted at room temperature, NWs with a
rough surface were obtained, presumably due to inadequate
surface diffusion.
By repeating the deposition process sequentially, multi-

layered core−sheath structures can be generated. For example,
Au@Pd@Cu core−sheath NRs with two shells comprised of
different metals were generated through a stepwise growth
mode.415 In a typical protocol, Au@Pd NRs were first
produced by depositing a Pd sheath on AuNRs, followed by
the deposition of a Cu sheath onto the Pd surface. Switching
from sequential reduction to coreduction lead to the formation
of an alloyed sheath instead of a multilayered sheath. For
example, Pt@PtPb core−sheath NWs were produced by
sequential introduction of Pt(acac)2 and Pb(acac)2.

416 In the
initial step of the reaction, PtNWs were formed. The remaining
Pt(II) and newly introduced Pb(II) precursors were then

reduced to Pt and Pb atoms for codeposition onto the PtNWs,
generating a PtPb alloy sheath. Another interesting example is
the formation of Pd@PtNi core−sheath NWs.417 In a typical
synthesis, PtNi alloy NWs were generated by reducing
Pt(acac)2 and Ni(acac)2 in the presence of CTAC, glucose,
and OLA. When Pd(acac)2 was added dropwise into the above
mixture, alloy NWs were transformed into core−sheath
structures. The initially formed PtNi NWs served as templates
for the subsequent deposition of a thick sheath of Pd.
However, because of the diffusion of Pt and Ni atoms to the
surface, Pd was gradually concentrated at the center of a NW
to become the new core, whose surface was covered by a PtNi
alloy sheath. It is not clear why the Pd sheath became a core in
this case.
In addition to the core−sheath nanostructures with

monometallic core or sheath, a more complex structure with
both core and sheath as alloys has also been reported. For
example, FePtM@FePt (M = Pd, Au) core−sheath NWs have
been prepared using a seed-mediated growth method.88

Through controlled decomposition of Fe(CO)5 and reduction

Figure 29. (A) Schematic illustration showing the conformal coating of AgNW with a Au sheath. (B) TEM, (C) HRTEM, and (D) HAADF-
STEM images of a Ag@Au NW taken from the region marked by a box in (B). (E) EDS mapping of Ag and Au in a Ag@Au NW. Reprinted with
permission from ref 414. Copyright 2017 The Royal Society of Chemistry.
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of Pt(acac)2 in the presence of 2.5 nm thick FePtM NWs as
seeds, FePt sheath with a thickness of 0.3−1.3 nm was
deposited around the FePtM core. The as-prepared alloy NWs
exhibited enhanced activity and stability toward ORR when
compared with a commercial Pt/C catalyst, and the synthetic
concept was proposed to be extendible to other multimetallic
core−sheath NWs.
6.3.3. Deposition without Involving Galvanic Re-

placement. As discussed in section 3.4.3, when the ions of
one metal with a higher reduction potential are added to a
solution containing a reduced metal with a lower reduction
potential, the metal with the lower reduction potential will be
oxidized and replaced by atoms of the metal with a higher
reduction potential through galvanic replacement. In this case,
voids can be generated, and a hollow, alloy structure can be
obtained. To avoid the removal of the core due to galvanic
replacement, several methods can be applied, such as adding a
reducing agent to serve as an alternative source of electrons,
modifying the reduction potential of the metal ions, and the

use of protective layers.89 For example, Ag@Au core−sheath
NWs could be obtained via the reduction of HAuCl4 by H2Asc
and the deposition of generated Au atoms onto preformed
AgNWs (Figure 29).414 Because of the higher reduction
potential of Au3+/Au compared to Ag+/Ag (1.52 and 0.80 V
versus SHE for Au3+/Au and Ag+/Ag pairs, respectively),
galvanic replacement can be favored, making it challenging to
generate a core−sheath structure with a Ag core. To prevent
galvanic replacement, an alkaline solution (pH ≈ 11.0)
containing H2Asc was used to enable electrons from H2Asc
oxidation to replace those from Ag oxidation. In addition, the
Cl− in AuCl4

− can be replaced by OH− to form Au(OH)4
−,

thereby decreasing the reduction potential of Au(III). By both
enhancing the reducing ability of H2Asc and decreasing the
reduction potential of the Au(III) precursor in an alkaline
condition, the galvanic replacement was effectively suppressed
and Ag@Au core−sheath NWs were obtained. The protection
from the Au sheath greatly improved the stability of AgNWs
against oxidative etching.

Figure 30. (A) TEM image of 4H Au nanoribbons. (B) HRTEM image taken from the center of a Au nanoribbon. (C) Schematic illustration of a
unit cell of 4H Au. (D) Atomic models showing the top view (top) and side view (bottom) of a typical 4H Au nanoribbon. (E) HAADF-STEM
image and the corresponding EDS mapping of a Au@Ag nanoribbon. (F, G) HRTEM images of a Au@Ag nanoribbon taken from (F) the center
and (G) the edge, respectively. Reprinted with permission from ref 427. Copyright 2015 Nature Publishing Group.
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In another example on the synthesis of Cu@Au core−sheath
NWs, trioctylphosphine (TOP) was used as a strong binding
ligand to prevent galvanic replacement.90 According to the
hard and soft acids and bases (HSAB) theory, Au(III) ion is a
soft Lewis acid, therefore, the introduction of a soft Lewis base
such as phosphine would strongly bind to the Au(III) ion and
lead to a decrease in the reduction potential. When Au(III)
precursor was added in the presence of TOP, the reduction
rate of Au(III) was suppressed, and a core−sheath structure
was generated. When OLA was used instead of TOP, OLA was
a hard Lewis base and could not bind strongly to Au(III). In
this case, galvanic replacement dominated the reaction and
pores and voids could be observed in the final products.
Alternatively, some remaining Tris(trimethylsily)silane that
was used to reduce Cu(II) to form NWs in the first stage of the
synthesis may have also reduced Au(III) in the second stage. A
control reaction in which the NWs are washed before the
introduction of Au(III) may clarify what serves as the
reduction agent for Au(III) in this reaction.
6.3.4. Galvanic Replacement. Although galvanic replace-

ment should be avoided when one tries to deposit a metal with
a higher reduction potential onto another one with a lower
potential, in some cases, it can be used to completely remove
the initially deposited metal and generate core−sheath
nanostructures with the desired sheath composition. For
example, Pd@Pt NWs were prepared through the UPD of
Cu on PdNWs, followed by the conversion of Cu to Pt via
galvanic replacement.418 When immersing the Cu-deposited
PdNWs into a solution containing K2PtCl4 and H2SO4, the Cu
sheath was replaced by Pt because of the large difference in
standard reduction potentials (0.34 and 1.19 V versus SHE for
Cu2+/Cu and Pt2+/Pt pairs, respectively) and the presence of
H2SO4, which further facilitated the removal of Cu. A similar
approach was also extended to the synthesis of Au@Pd and
Au@Pt NRs by using Au@Ag NRs as templates.419

Hollow structures, such as yolk−shell or multiwalled 1D
nanostructures, have also been created by using galvanic
replacement to generate the voids. As an example, rod-shaped
Au nanorattles have been synthesized through the replacement
reaction between Au(III) and Ag.420 In a typical protocol,
AuNRs were first coated with a thin layer of Ag via the
reduction of AgNO3 with H2Asc, followed by the galvanic
replacement between the Ag sheath and an aqueous HAuCl4
solution. The final product consisted of a thin Au sheath
surrounding the inner AuNRs with voids between them. The
advantages of NRs (e.g., low plasmon resonance frequency,
large polarizability, small damping) combined with the high
surface area of hollow structures make the yolk−shell Au@Au
NRs a promising candidate for optical sensing.
6.3.5. Core−Sheath Nanostructures with Novel

Crystal Structures. Epitaxial growth can also be used to
generate metal nanostructures with novel crystal struc-
tures.72,421−423 When the metals in the core and shell have
similar radii and a small lattice mismatch, it is possible for the
metal in the sheath to follow the atomic packing of the
underlying core metal during epitaxial deposition.424−426 In
this case, a metallic sheath with a novel crystal structure can be
obtained. As an example, 4H hexagonal structured Au
nanoribbons, with a characteristic stacking sequence of
“ABCB” along their close-packed direction, were successfully
used as substrates for the epitaxial growth of other noble
metals with a 4H structure (Figure 30).427 When Ag was
deposited onto the Au nanoribbons by reducing AgNO3 with

OLA, a 4H-structured Ag sheath mixed with an fcc phase was
obtained, indicating the 4H phase of Ag was stabilized through
the epitaxial growth process. Similarly, polytypic 4H Pd and Pt
were also obtained via epitaxial growth on Au nanoribbons by
reducing H2PdCl4 and H2PtCl6 with NaBH4 in the absence of
OLA.427,428 This approach offers a new route to non-fcc
structured noble-metal nanostructures that may exhibit
enhanced activities for catalysis.
Novel crystal structures can also be obtained without

templates.429 It was reported that Ag with a 4H crystal
structure was formed at the tips of anisotropic or highly
branched nanostructures, such as rod−needle and plate−belt
heterostructures,430 rice-shaped,431 and flower-like struc-
tures.432 According to simulations, the 4H phase has a lower
surface energy then fcc but a higher internal energy.433 This
may explain why the 4H phase would be favored at tips with a
higher ratio of surface atoms. In addition, manipulation of size
and reaction kinetics can also lead to the formation of
nanoparticles with novel crystal structures.433,434

6.3.6. Core−Satellite Structures. Core−satellite struc-
tures, including dendrites and multipods can be considered as
derivatives of 1D nanostructures. A dendritic nanostructure
consists of a core surrounded by several self-repeated shells of
branches or arms, whereas multipods consist of a core
surrounded by a limited number of branches.435 These types
of nanostructures may be excellent catalysts due to their high
surface areas and possible coverage of high-index facets.
However, the synthesis of highly branched structures can be
challenging because the anisotropic structure is not favored
surface energy considerations and requires growth under
kinetic control. At a low deposition rate, a nanostructure may
undergo a relaxation process in which atoms can migrate on
the surface to minimize the total surface energy, and
accordingly, a polyhedral nanocrystal covered by low-index
facets will be preferred. When the deposition rate higher than
the diffusion rate, anisotropic overgrowth can occur with high-
energy facets growing more quickly than low-energy facets.
In most cases, bimetallic nanodendrites or multipods are

synthesized through seed-mediated growth. The formation of
core−satellite nanostructures relies on the precise control of
reduction kinetics, together with the selection of an
appropriate capping or stabilizing agent and seeds with a
suitable structure. For example, in the synthesis of Au@Pt
dendritic nanostructures, CTAB was believed to play an
important role in directing the shape evolution.436 After mixing
Au seeds with CTAB, the molecular chains of CTAB would be
adsorbed on the surface of Au seeds due to the interaction of
Au and Br− ions in the CTAB molecules. The existence of
CTAB around the Au surface could serve as a capping agent
and direct the growth of the branched Pt arms, leading to the
formation of Au@Pt dendritic nanostructures.
In addition to the heterogeneous growth, a new mechanism

based on homogeneous nucleation and particle attachment has
been proposed for the generation of Pd@Pt nanoden-
drites.123,437 In a typical protocol, K2PtCl4 was reduced by
H2Asc in the presence of truncated Pd octahedra that served as
seeds. The resultant Pd@Pt bimetallic nanodendrites exhibited
open 3D morphology, with Pt branches distributed over the
entire surface of the Pd seed. It was believed that both
homogeneous and heterogeneous nucleation of Pt occurred at
the early stages of the reaction and the growth proceeded via
oriented attachment. The fast reduction of Pt(II) precursor by
H2Asc and limited nucleation sites provided by Pd seeds led to
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the self-nucleation of Pt atoms and the formation of small Pt
particles. Because of the ineffective stabilization by PVP, the
small particles with a high chemical potential tended to attach
to the seeds, and thus grew into dendritic structures. It is worth
pointing out that the truncated octahedral shape of the Pd
seeds played a pivotal role in achieving an open, dendritic
nanostructure by providing multiple nucleation sites for Pt. In
this case, attachment would be initiated at the Pt particles that
are spatially separated from each other on the Pd seed, and the
branches could grow without significant overlap and fusion
between them.

7. HETEROSTRUCTURED SYSTEMS

So far, we have discussed the colloidal synthesis of
monometallic 1D nanostructures, as well as bimetallic and
trimetallic systems with alloyed or spatially segmented
compositions. As the number of metals in the system is
increased, the variations in structure and properties are also
greatly expanded. However, many metal nanostructures are
susceptible to oxidation by O2 from the air and to etching/
dissolution by a strong acid.438 In addition, the electronic
structures and thus the related properties/applications of metal
nanostructures are limited when compared with those made of
semiconductors.439 To address these issues, metals have also
been integrated with other materials for the fabrication of
heterostructured systems with enhanced and/or expanded
properties.

7.1. Metal−Dielectric
By coating the entire surface of a 1D metal nanostructure with
a dielectric material, one can form a protective layer to prevent
the metal from oxidation or corrosion; generate an insulating
layer to confine electrical conduction; enhance the mechanical

strength; and manipulate the plasmonic or other optical
properties. In an early demonstration,440 a simple sol−gel
process was employed to coat the surface of AgNWs with
amorphous SiO2, generating Ag@SiO2 core−sheath NWs. This
method involved the hydrolysis of tetraethoxysilane (TEOS) in
a mixture of 2-propanol and water in the presence of ammonia
as a catalyst to accelerate the hydrolysis reaction, followed by
condensation of the SiO2 sol particles onto the AgNWs. The
surface of the AgNWs was originally covered by PVP, a
capping agent and colloidal stabilizer commonly used in the
polyol synthesis of metal nanostructures. The PVP on the
surface was crucial to the formation of a smooth SiO2 coating.
Under the reaction conditions used, the PVP on the surface
could function as a silane coupling agent, assisting the
formation of SiO2 sheath.

441 The thickness of the SiO2 sheath
could be readily controlled in the range of 2−100 nm by
varying the deposition time from 5−45 min. If the sample was
left in the reaction solution for a prolonged period of time, the
AgNW in the core would be partially or completely dissolved
due to oxidative etching enabled by ammonia and O2. Upon
dissolution of AgNW in the core, the core−sheath nanostruc-
ture evolved into a SiO2 nanotube with porous walls.
The simple sol−gel coating process has been successfully

applied to a large number of 1D metal nanostructures with
diverse elemental compositions, surface properties, and
morphologies. Notable examples include PVP-stabilized
AgNWs,440 and CTAB-stabilized AuNRs.442,443 However, it
should be pointed out that the success of SiO2 coating critically
depends on the surface properties of the nanostructures. For
example, unlike the case of AgNWs whose surface was covered
by PVP, the sol−gel coating process usually requires the
introduction of a silane coupling agent or a polymer coating
when applied to CTAB-stabilized AuNRs. In one demon-

Figure 31. Memristors fabricated from heterostructured NWs. (A) Top-view photograph of fully printed memristors. (B) SEM image of a cross-
section of the polymer/NW composite film. (C) Current and voltage in the memristor during erasing and writing. (D) Schematic of the device
illustrating the operating mechanism of the memristor. (E) Application of a positive bias to the Cu top contact induces the growth of Cu filaments
into the SiO2 shell, resulting in the ON state. (F) The memristor can be erased by applying a reverse bias to dissolve the filament and achieve the
OFF state. Reprinted with permission from ref 442. Copyright 2017 Springer Nature.
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stration, the layer-by-layer (LBL) technique was combined
with the hydrolysis of TEOS in a mixture of 2-propanol and
water to successfully coat the surface of CTAB-stabilized
AuNRs with SiO2.

442 In a typical process, an aqueous
suspension of the AuNRs was added dropwise into an aqueous
solution of poly(styrenesulfonate) (PSS, a negatively charged
polymer) under vigorous stirring. This process was then
repeated with a positively charged electrolyte and then PVP to
serve as the promoter of SiO2 coating. These two layers of
polyelectrolytes apparently displaced CTAB and allowed for
PVP coating, which in turn facilitated the deposition of a
uniform SiO2 shell on the surface of each AuNR with precise
control over the thickness.
The dielectric coating could serve as a protective layer to

increase the stability and mechanical strength of 1D metal
nanostructures. For the Ag@SiO2 core−sheath NWs prepared
using the sol−gel method, they could withstand a pressure of
15 GPa without visible fractures during a bending experi-
ment.444 This value was almost doubled when benchmarked
against the pristine AgNWs without SiO2 coating. The SiO2
sheath on AuNRs could serve as an electrically insulating layer
in the fabrication of organic photovoltaic (OPV) devices.442

CuNWs coated with SiO2 shells could serve as memristive
switches (see Figure 31) in a printed, nonvolatile memory that
exhibited on−off ratios of 106, switching speeds as low as 50
ns, operating voltages as low as 2 V, no degradation over 104

switching cycles, and a data retention time of 10 years.445

These performance characteristics are similar to or better than
commercial flash memory devices.

7.2. Metal−Semiconductor

By depositing a semiconductor sheath on the surface of 1D
metal nanostructures, one can generate a protective layer to
prevent the metal from corrosion or oxidation and create a
heterojunction at the interface to enhance the charge-transfer
process and prevent electron−hole recombination.446−448 As a
result, the semiconductor coating is expected to improve the
stability and durability of the metal nanostructures, while
enhancing its properties and applications. For example,
semiconductor nanostructures have been actively explored
for the detection of volatile organic compounds.449,450

However, most semiconductors have weak interactions with
the visible light because of their small optical cross sections. By
introducing a metal−semiconductor interface, the sensitivity,
selectivity, and operation conditions of the sensors could all be
greatly improved.451

A recent study demonstrated the fabrication of Ag−ZnO
heterostructured NWs under laser treatment.70 In a typical
process (Figure 32A and B), the as-synthesized AgNWs were
deposited on a clean glass or Si substrate and dried under
ambient conditions by removing the polyol through evapo-
ration. The surface of the AgNW was then seeded with ZnO
quantum dots. Laser-induced hydrothermal growth was
applied to obtain a dense array of ZnO NRs on the surface
of the AgNW. Figure 32C shows a typical SEM image of the
Ag−ZnO heterostructured NWs, indicating high selectivity
toward the surface of AgNW because the laser beam heated a
small area on the AgNW.
The exposed metal surface in the heterostructures similar to

the one shown in Figure 32 may still suffer from corrosion and
dissolution when brought into contact with a harsh environ-
ment,452,453 whereas a core−sheath structure could prevent
such degradation. Thanks to the efforts from many research

groups, various kinds of core−sheath nanostructures have been
successfully synthesized, including Au@Cu2O NRs,454 Ag@
TiO2 NWs,455,456 and Pt@SnO2 NRs,457 among others. For
the Au@Cu2O NRs, they were synthesized using a protocol
that involved mixing CuCl2, SDS, AuNRs, NaOH in water.
NH2OH·HCl was added, and the mixture was allowed to react
for 2 h under magnetic stirring to obtain a uniform, conformal
coating of Cu2O on the surface of each AuNR. These core−
sheath NRs were later explored by other research groups for
CO gas sensing.454 It was found that the Au core could trap the
mobile electrons for a longer period of time because of the
large difference in band structure between the metal and the
semiconductor at their interface. The electronic sensitization
provided by the Au core resulted in greatly enhanced detection
sensitivity toward various gases.
Researchers have taken full advantage of the metal core to

enhance the capabilities of a variety of semiconductors toward
photocatalysis and related applications. Except for the unique
interaction between the metal and semiconductor at their
interface, the semiconductor sheath in a core−sheath structure
could also protect the metal core from the harsh environment,
increasing its durability and lifespan. A typical example can be
found in Ag@TiO2 NRs,

458 where the TiO2 coating can serve
as a multifunctional layer that greatly enhances the
physiochemical properties of the AgNRs as a SERS substrate.
In one report, AgNRs were prepared by oblique angle
deposition, followed by atomic layer deposition (ALD) of
TiO2 on the surface of each NR. The wall thickness could be
readily tuned by changing the cycles of ALD. It was found that
when the coating thickness was about 2 nm, the Ag core could
be insulated from the air without showing any decrease in
SERS sensitivity. More significantly, the TiO2 layer also
introduced self-cleaning capability that could increase the
lifespan of the AgNRs.

Figure 32. (A) Schematic showing the fabrication of Ag−ZnO
heterostructured NWs under laser irradiation. (B) Illustration of the
resultant hierarchical structure comprised of ZnNW branches on a
AgNW backbone. (C) SEM image of the hierarchical structure
suspended on an etched Si substrate. Reprinted with permission from
ref 70. Copyright 2017 American Chemical Society.
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7.3. Other Materials

7.3.1. Metal−Graphene. Both graphene and reduced
graphene oxide (RGO) are also interesting for integration with
1D metal nanostructures. Graphene is known to have high
conductivity, making it attractive for the fabrication of
transparent electrodes. Perfect graphene is impermeable to
gas molecules, and can therefore serve as a passivation layer for
metal NRs and NWs to increase their chemical and mechanical
stability. As reported in a number of studies, graphene was able
to reduce the oxidation of metals, such as CuNi and Ag.459,460

However, these hybrid structures are typically fabricated by
coating graphene on a thin film of NWs in instead of forming a
uniform, conformal coating on individual NWs.
Reduced graphene oxide has been applied to hyperthermia

therapy because it can convert UV to NIR light to heat
through radiative decay.461 In one report, RGO was
successfully coated as a thin layer about 2.5 nm thick on the
surface of AuNRs.462 The protocol involved the synthesis of
AuNRs and GO separately, followed by mixing and incubation
for 1 h. The sample was then washed and redispersed in DI
water. Finally, the product was transferred into a solution
containing ammonium hydroxide (pH 10−11), followed by
fast injection of hydrazine as a reducing agent to obtain RGO
on the surface. The mixture was stirred at 95 °C for 1 h,
cooled, washed, and redispersed in water. The key to the
success of this coating process is the attractive force between
positively charged AuNR and negatively charged GO in the
solution. For CTAB-capped AuNRs, there is no need to do any
pretreatment before coating. When switching to Au nano-
particles prepared using the citrate method, the Au nano-
particles had to go through a pretreatment with cysteamine to
make the surface positively charged.
7.3.2. Metal−Polymer. In addition to inorganic materials,

organic polymers are also of great interest for the fabrication of
heterostructured NRs and NWs. It is widely known that some
of the polymers can be directly applied as capping agents or
colloidal stabilizers during syntheses to regulate the morphol-
ogy, stabilize the surface, and increase the colloidal stability of
the final products. A typical example is PVP, which is used in
the colloidal synthesis of most metal nanostructures.112

However, polymers can also be added after the synthesis to
tailor the surface properties of the 1D metal nanostructures.
Different methods have been reported for coating the

surface of 1D metal nanostructures with a polymer. A good
example involves the coating of AuNRs with a polyelectro-
lyte.463 In this method, AuNRs were synthesized using seed-
mediated growth in the presence of CTAB. After removal of
the excess surfactant on the surface, the AuNRs were dispersed
in a microcentrifuge tube. Stock solutions containing PSS or
poly(diallyldimethylammonium chloride) (PDACMAC, pos-
itively charged) were then injected into the centrifuge tube.
After incubation for 30 min, the excess polymers were removed
through centrifugation and the solid product was redistributed
in aqueous NaCl. This process could be repeated several times
to obtain the desired thickness for the polyelectrolyte coating.
This LBL strategy allows for the presentation of either cationic
or anionic polyelectrolyte on the surface of AuNRs for their
immobilization on either positively or negatively charged
substrates.
In another demonstration,464 AgNWs were soldered

together using a mixture of poly(3,4-ethylenedioxythiophene)
(PEDOT) and PSS for the fabrication of flexible touch panels.
The first step involved the synthesis of AgNWs, which were

subsequently dispersed in isopropyl alcohol (IPA). Then a
solution containing AgNWs and IPA was deposited on a glass
substrate or polymer substrate through pipetting and coating
by a Mayer rod. After the evaporation of IPA, the mixture of
PEDOT and PSS solution was deposited onto the same
substrate using the same method. The resistance of the film
could be adjusted by changing the thickness of AgNW through
repetition of the coating. In this case, nanosoldering of AgNWs
at room temperature could be obtained.

8. APPLICATIONS

8.1. Plasmonics

8.1.1. Localized Surface Plasmon Resonance.
8.1.1.1. Theory. Surface plasmon resonance (SPR) refers to
the collective oscillation of conduction electrons at a metal
surface in the presence of an electromagnetic wave. When the
conduction electrons (or so-called free electrons) in a metal
feel the electric field of an electromagnetic wave, they will be
displaced from the positively charged nuclei, creating a
polarization that will drive the electrons back to their original
positions. If the frequency of the incident wave matches the
natural frequency at which the electrons seek to return to their
original positions, resonance will occur, leading to strong
coupling of the energy from the incident electromagnetic wave
to the SPR mode. An SPR wave can propagate over several
microns on a metal surface, but when it is confined to a
nanoparticle, it becomes an LSPR mode. The optical extinction
of a metal nanoparticle made of Ag or Au is characterized by a
Gaussian-like peak, with the maximum corresponding to the
frequency at which resonance occurs. The LSPR peak position
is affected by the composition, size, and shape of the
nanoparticle, as well as the dielectric constant of the
surrounding medium. While spherical particles below 50 nm
in diameter only show one resonance frequency, 1D
nanostructures can have at least two LSPR peaks, correspond-
ing to the transverse and longitudinal modes,465−467 and they
can be leveraged as substrates for surface-enhanced infrared
absorption and also as nanoantenna.406

Gustav Mie was the first to solve Maxwell’s equations for the
optical extinction, scattering, and absorption cross sections of a
spherical particle whose diameter is considerably smaller than
the wavelengths of visible light.28,468 The extinction (σext) and
scattering (σsca) cross sections can be expressed as29
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where εm is the dielectric constant of the surrounding medium,
V is the volume of the particle, λ is the wavelength, and ε1 and
ε2 are the real and imaginary parts of the dielectric function of
the metal particle. The absorption cross section (σabs) can be
obtained from σabs = σext − σsca. Mie theory indicates that the
extinction cross section is determined by both the dielectric
function and size of the particle, as well as the dielectric
constant of the surrounding medium (εm). In addition, Mie
theory suggests that resonance takes place when ε1 = −2εm,
and the wavelength at the maximum extinction (λmax) can be
expressed as28

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.8b00745
Chem. Rev. XXXX, XXX, XXX−XXX

BB

http://dx.doi.org/10.1021/acs.chemrev.8b00745


λ λ= +n2 1max P m
2

(5)

where λP is the plasma frequency of bulk metal and nm is the
real refractive index (RI) of the surrounding medium. This
simple equation shows how an LSPR resonance peak can be
shifted with changes in the RI of the medium.
Richard Gans further extended the capability of Mie theory

to describe the LSPR modes of a spheroidal particle.469

Because of the anisotropic shape of a spheroidal particle, there
are two LSPR modes, corresponding to the transverse and
longitudinal directions. The scattering cross section of a 1D
nanostructure can be described by the following equations:28
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Pj is the depolarization factor for the three axes. Px and Py are
the depolarization factors for the transverse axes, and Pz is the
depolarization factor for the longitudinal axis. α corresponds to
the AR of the 1D nanostructure. Plotting σsca versus α reveals
that the longitudinal LSPR peak red shifts with increasing
AR.28

Numerical methods are required to calculate the extinction
spectra of anisotropic particles with different shapes, such as
disks, rings, rods, and wires. The most commonly used

Figure 33. (A) TEM images and UV−vis spectra of the AuNRs with ARs between 2 and 11, and a plot of the longitudinal peak position as a
function of AR. (B) The formation of a uniform Pd shell causes the LSPR peak of AuNRs to blue-shift, while a discontinuous coating of Pd
particles causes the peak to red-shift. (A) Reprinted with permission from ref 26. Copyright 2018 American Chemical Society. (B) Reprinted with
permission from ref 490. Copyright 2012 American Chemical Society.
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methods include discrete dipole approximation (DDA), finite
difference time domain (FDTD), and the finite element
method (FEM).470 In DDA, the nanoparticle is represented as
a cubic array of polarizable elements, with the polarizability of
each element determined by the dielectric function of the
material for the particle.471−473 The extinction spectrum of the
particle is a function of the interaction of these dipoles with the
incident electric field, as well as the other dipoles in the array.
This method has been used to predict the LSPR spectra for
spheres, cubes, tetrahedra, octahedra, core−shell particles,
triangular plates, disks, rings, and many other shapes.473 The
FDTD method solves Maxwell’s equations for two grids, one
for the electric and the other for the magnetic field, that is
shifted by half grid points relative to one another. This method
has been used to predict, for example, how the spectrum of a
single nanocube changes as it approaches a glass surface.474

The FEM method does not require the use of a discrete grid
but instead can use elements that best fit the geometry of the
problem. This method is best suited for modeling large
domains that contain small details, such as sharp points.
8.1.1.2. Tuning the LSPR of 1D Metal Nanostructures.

Most efforts to control the LSPR of 1D metal nanostructures
have focused on control of AR, particularly, for
AuNRs.134,214,265,286,303,475−477 The focus on AuNRs is likely
because Au does not readily oxidize so its spectra will be stable
over time under ambient conditions. In addition, the seed-
mediated growth approach allows for excellent control over
AR.
Figure 33A shows examples of AuNRs with ARs ranging

from 2 to 11.26 The mini AuNRs with a diameter below 10 nm
were synthesized via a seed-mediated growth method. The Au
seed particles were, in turn, prepared from a solution
containing CTAB, HAuCl4, and NaBH4, which was identical
to the standard AuNR synthesis. To reduce the diameter of the
final AuNRs, HCl was added into the growth solution to
reduce the solution pH, and a relatively large volume of the
seed suspension was used. As a result, the mean diameter of
the AuNRs was decreased to below 10 nm, while the standard
AuNR synthesis typically resulted in the formation of AuNRs
with a mean diameter between 10−20 nm. In this new
protocol, the AR could be tuned from 2.2 to 10.8 by varying
the amount of Ag(I) ions and/or the volume of the seed
suspension. The red shift of the longitudinal peak was linearly
dependent on the AR of the AuNRs, as shown by the plot in
Figure 33A. The peak position of the longitudinal peak was
shifted from 607 nm (at an AR of 2.2) to over 1300 nm (at
10.8) whereas the transverse peak remained at a wavelength in
the range of 504−523 nm.27

Silver is another popular material for studying LSPR because
the spectra of AgNRs are narrower and more intense than
those of AuNRs.28 This is because the energy required for
interband transition in Au is close to the energy of light at the
resonance frequency, leading to greater absorption and band
broadening in Au relative to Ag.478 There are reports on the
successful control of AgNR’s AR, and the LSPR was found to
be linearly dependent on the AR according to both
experiments and DDA simulations.28 For example, the
longitudinal LSPR peak of AgNRs was shifted from 545 to
900 nm by changing the AR from 2 to 4.6. At the same AR, the
LSPR peak of AgNR occurs at a shorter (by ∼100 nm)
wavelength relative to that of AuNR.
There are a number of reports on the synthesis of

CuNRs.111,113,235,479 In one study, Pd decahedral particles

were used as the seed for the growth of penta-twinned
CuNRs.113 The growth of CuNRs occurred in the presence of
HDA, the same organic capping agent used for CuNW
synthesis. The diameter of the CuNRs was around 21 nm,
which was largely determined by the size of the Pd seeds. By
varying the amount of Pd decahedral seeds while keeping the
amount of the Cu(II) precursor fixed, the length of CuNRs
could be tuned from 50 to 170 nm, corresponding to ARs of
2.6 and 7.9, respectively. The corresponding longitudinal peak
was shifted from 630 to 1100 nm, which was again linearly
dependent on the AR. The transverse LSPR peak remained at
560 nm regardless of the AR.
Controlling the exact shape of 1D metal nanostructures can

also be used to control the LSPR spectrum.39,296,480−482 For
example, the longitudinal LSPR peak of AgNRs with a square
cross section was red-shifted by 50−70 nm relative to that of
Ag nanorice with truncated corners.245 Discrete dipole
approximation calculation results for the NRs with ideally
sharp edges were also more red-shifted than the synthesized
particles, which are typically truncated at edges. These results
indicate that sharper edges caused the longitudinal LSPR peak
to red-shift for nanostructures with the same AR. The effect of
shape was also investigated by selectively etching a Au−Ag
core−shell NR into nanorice or a dumbbell-shaped struc-
ture.483 It was found that Cu(II) ions etched Ag from the tips
of a core−shell NR in the presence of CTAC, generating a
rice-shaped nanoparticle. In comparison, a combination of
Fe(III) ions with CTAB led to selective etching of Ag from the
middle of the core−shell NR for the formation of a dumbbell-
shaped nanoparticle. The selective etching at the tips initially
caused a blue-shift for the longitudinal LSPR peak because of
the decrease in AR and the truncation of edges, but a red-shift
occurred after Au was exposed at the tips. A similar red-shift
was observed upon etching the sides of the NRs to create the
protuberant corners of the dumbbell-shaped structure.
The formation of shells on AuNRs has also been used to

tune their optical properties.483−493 For example, it was
observed that a shell of Pd nanoparticles could cause the
LSPR peak of a AuNR to red-shift, while a continuous thin
shell of Pd causes the LSPR peak of a AuNR to blue-shift
(Figure 33B).490 These changes were ascribed to a percolation
transition for the shell as it changes from a dielectric to a
metallic medium. The transition causes the real part of the
dielectric function of the shell to shift from a positive to a
negative value, which changes the direction of the LSPR peak
shift accordingly.

8.1.1.3. Chemical and Biological Sensing. Changes in the
dielectric constant of the medium surrounding a 1D Au or Ag
nanostructure can be detected by observing a shift in the
longitudinal LSPR peak. The shift in LSPR peak position can
be described by494
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where λ is the peak position, λp is the plasma wavelength, ε0

and εm are the dielectric constants of vacuum and the
surrounding medium, and P is the depolarization factor. This
equation indicates that the longitudinal LSPR peak is more
sensitive to changes in εm compared to the transverse LSPR
peak because Pz < Px = Py for AR > 1. In addition, it can be
expected that NRs with larger ARs are more sensitive because
Pz decreases with AR. It was also experimentally confirmed that
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the RI sensitivity of a AuNR was higher than that of a Au
nanosphere.495 This phenomenon makes the longitudinal
LSPR peak of Au or Ag NRs particularly sensitive toward
the local environment.
To make 1D metal nanostructures into sensors, it is often

necessary to modify their surfaces after the synthesis. For the
case of AuNRs, the removal of CTAB is particularly important
because CTAB is a toxic surfactant for cells while bare AuNRs
have negligible toxicity.496−498 Since the adsorption of CTAB
via the amine is weaker than the ligand bearing a thiol group,
various thiolate molecules have been used to replace CTAB,
and thereby modify the functionality of AuNRs.499−504 For
example, replacement of CTAB with lipids having a thiol
headgroup enabled the label-free detection of a lipophilic drug
in water, and a lipopeptide in serum.503 In addition, the
deposition of Ag on Au nanostructures was found to be
effective for the removal of CTAC from Au nanostructures.505

The subsequent selective etching of the deposited Ag layer
enabled citrate ions to adsorb onto the Au nanostructures.
Alternatively, the positively charged CTAB layer can be
overcoated with an anionic surfactant.463 LBL coating, that is,
alternative coatings of anionic and cationic polymers, have also
been used to obtain a multilayer of polyelectrolytes.463,501−508

Such surface functionalization methods play an important role
in modifying the properties of AuNRs for use in optical
sensing, imaging, photothermal therapy, and drug/gene
delivery.
Surface modification is also used to enable specific binding

of an analyte of interest while minimizing nonspecific binding.
By measuring the shift in the longitudinal LSPR peak as a
function of analyte concentration and binding time, the
amount of analyte in the solution can be quantified.509−512

For example, biotin-modified AuNRs immobilized on a glass
substrate could detect as little as 94 pM and 19 nM of
streptavidin in phosphate-buffered saline and serum solutions,
respectively.510 For multiplexed detection, three AuNRs with
different ARs (and thus different LSPR peak positions),
functionalized with three different recognition agents, could
simultaneously detect three different targets in the same
solution.511

The ability of a nanostructure to measure the binding of an
analyte can be benchmarked with the shift in the LSPR peak
per refractive index unit (RIU). The RI sensitivity can be
obtained by measuring the peak shift by dispersing the
nanostructures in liquids having different refractive indices. For
Au nanostructures, the RI sensitivity of different morphologies
was found to decrease in the following order: nanoplate ≈ NR
> concave nanocube > nanocube.513 This order can be
attributed to the fact that the RI sensitivity increased linearly
with the LSPR peak position. This result indicates that the
longitudinal LSPR peak of NRs is particularly well-suited for
RI sensing as they are red-shifted from the peaks of many
nanostructures. In addition, immobilization of the nanostruc-
tures reduced the RI sensitivity by up to 36%, and the removal
of CTAB increased the RI sensitivity by up to 40%.
Because of their small size and RI sensitivity, the shift in the

plasmon resonance of AuNRs can detect the binding/
detachment events of single molecules.514,515 In one example,
AuNRs with tips functionalized with thiolated biotin were used
for tracking the binding and detachment of proteins with
molecular weights as small as 53 kDa in real time without any
need for a protein label.514 Rather than measuring the plasmon
shift caused by the binding event directly, the researchers

heated the NR with a beam at 785 nm and detected the change
in the temperature of the NR upon a shift in the LSPR
resonance with a detection beam at 693 nm. Every 1 nm shift
in the plasmon peak induced a 4% change in the photothermal
signal. Since the detection relies on the absorption of light
(which scales with particle volume) rather than scattering of
light (which scales with the square of particle volume), the
sensitivity of this approach is ca. 700 times greater than
methods that rely on spectral measurements with dark-field
scattering.
Aggregation of nanoparticles can be used as a sensitive, but

qualitative, method for the detection of chemicals. The LSPR
alters when nanocrystals aggregate because the electric fields
from each nanoparticle couple with one another.516−518 End-
to-end coupling of AuNRs causes the longitudinal LSPR peak
to red-shift, whereas a side-by-side binding causes a blue
shift.519−523 For example, the addition of cysteine or
glutathione (a tripeptide which contains cysteine) could be
specifically detected among other peptides upon introduction
into a mixture of AuNRs.524 Addition of cysteine caused the
NRs to assemble end to end, leading to plasmonic coupling
between the NRs and a red-shift in their longitudinal peak.
Other amino acids did not cause such end-to-end assembly,
presumably because they lacked the thiol functional group
necessary to displace CTAB from the surface of the NRs.
Another example used AuNRs sequentially coated with PSS
and goat anti-h-IgG to detect h-IgG.525 The addition of h-IgG
to PSS-coated AuNRs/goat anti-h-IgG conjugates caused side-
to-side assembly due to antibody−antigen binding, resulting in
a red-shift for the longitudinal peak. The detection limit of the
functionalized AuNRs for h-IgG was 60 ng/mL, suggesting
that AuNRs functionalized with appropriate antibodies can be
used as sensitive sensors for detecting antigens of interest.
Another analytical technique in which anisotropic metal

nanostructures have played a role is SERS.526−532 Although it
cannot be used to quantify the amount of an analyte, the SERS
spectrum can serve as a fingerprint for identifying the adsorbed
analyte, and tracking changes in surface chemistry. The LSPR-
enhanced electromagnetic field around a metal nanoparticle
increases the SERS signal of adsorbed molecules because the
intensity of SERS is proportional to the forth power of the
electric field.526 SERS can also be enhanced through the
interaction of the molecules with the metal surface, that is, a
chemical enhancement effect, but the contribution of this effect
to the signal is small relative to the contribution from the
electric field.526 The enhancement of SERS from different
particles can be compared through the enhancement factor:

=enhancement factor
SERS intensity/no. of molecules

Raman intensity/no. of molecules
(11)

The enhancement factor for Ag and Au NRs is above 107,
depending on the AR and the analytes.527,529,530,532 The SERS
signal is most significant at the ends of the NRs due to a
lightning rod effect from the high curvature at the ends of NRs.
Early work reported that the optimum ARs of Ag and Au NRs
for SERS were 10 and 1.7, respectively, because the
longitudinal peaks of these NRs were closest to the wavelength
of the excitation laser (633 nm).527 At the optimum AR, the
SERS enhancement was 10−100 times greater compared to
the NRs with other ARs. The shape of the anisotropic
nanostructures can also affect the SERS signal. Experiments
comparing the SERS signals from different shapes showed that
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the enhancement factor decreased in the order of dogbone >
tetrapod > NR.532 The enhancement from the dogbone was 15
times greater than the NR, suggesting that the sharpened edges
could contribute to enhancement. Assembly of NRs into 3D
supercrystals was able to further enhance the Raman signal by
creating an array of hotspots between the NRs.293,533−538

Another example of SERS enhancement was the use of aligned
AgNWs prepared using the Langmuir−Blodgett technique.539
The assembled monolayer of AgNWs exhibited an enhance-
ment factor of 2 × 105 for thiol and 2,4-dinitrotoluene, as well
as 2 × 109 for Rhodamine 6G.
8.1.1.4. Optical Imaging. The ability to tune the

longitudinal LSPR peak of AuNRs to the near-infrared window
(650−1350 nm) where light penetrates soft tissues most
deeply makes them useful for optical imaging. One approach is
to simply detect the light scattered from the NRs with
DFOM.540−547 Although dark-field imaging generally has more
signal from the background than fluorescence imaging, the
light scattered from AuNRs is much brighter than a fluorescent
dye and does not photobleach.548 In one study, AuNRs
conjugated with the antiepidermal growth factor receptor
(anti-EGFR) were used to distinguish between a malignant
and nonmalignant epithelial cell line using DFOM in vitro.542

Subsequent work showed that while tumor-targeting peptides
enhanced the attachment of AuNRs to cells in vitro, this did
not always translate into improved tumor uptake in mouse
models due to preferential uptake of such particles by the liver
and spleen.547 The accumulation of Au in organs and tumors
was also quantified using elemental analysis, while the
intratumoral distribution of AuNRs was analyzed with TEM,
demonstrating the suitability of AuNRs for several comple-
mentary analytical methods.
Optical coherence tomography (OCT) uses interferometry

to detect the depth from which light backscatters from a tissue
sample to create an image with micrometer resolution down to
a depth of several millimeters.549−552 This imaging modality
has enabled advances in clinical diagnosis, particularly in
ophthalmology, but the need for optical coherence limits the
contrast agents that can be used with OCT to those that can
modulate the optical scattering and absorption.550 For this
reason, AuNRs whose scattering peak can be tuned to the
wavelength of the commonly used laser (780−900 nm) are
promising contrast agents for OCT imaging.550 Work to date
has demonstrated OCT imaging of the distribution of AuNRs
in human breast carcinoma tissue,550 visualization of tumor
blood vessels at depths that would otherwise make the vessels

Figure 34. Representative images of tissues or cells obtained using (A) OCT or PT-OCT, (B) PAT, and (C) TPAF or TPL. (A) Reprinted with
permission from ref 553. Copyright 2011 American Chemical Society. (B) Reprinted with permission from ref 462. Copyright 2015 American
Chemical Society. (C) Reprinted with permission from ref 562. Copyright 2007 American Chemical Society.
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undetectable,552 as well as mapping of the internal structure of
biological materials.551 Photothermal OCT (PT-OCT) was
also developed to take better advantage of the ability of AuNRs
to strongly absorb light, and thereby modify the phase of the
light scattered back to the detector.553 As shown in Figure 34A,
the contrast of AuNR-infused tissue is enhanced to a much
greater extent in PT-OCT relative to OCT.553

Besides changing the phase of light, the strong absorption of
light and subsequent heating by AuNRs can be used to
generate an acoustic wave for photoacoustic tomography
(PAT).554−560 By relying on an acoustic instead of an optical
response, PAT can probe greater depths than optical methods,
such as OCT.559 In one example, AuNRs were coated with a
SERS reporter molecule to enable simultaneous SERS and
PAT of ovarian cancer tumors in vivo.555 SERS imaging was
also used to allow for high-sensitivity detection of tumor
margins during image-guided resection, while PAT enable
greater depth penetration. Figure 34B presents one example of
photoacoustic imaging. Although the AuNRs without any
surface coating can be used for PAT, it was found that the
coating of AuNRs with RGO further enhanced the photo-
acoustic amplitude.462 At the same laser power of 6 mJ/cm2,
the intensity of photoacoustic signals from AuNRs coated with
RGO was 1.5 times stronger than those from bare or GO-
coated AuNRs.
Optical imaging based on two-photon luminescence (TPL)

is another example of how AuNRs can be used to enhance the
optical imaging of cancer cells.561−567 In TPL with AuNRs, the
first infrared photon excites one electron in the sp-conduction
band to an energy level above the Fermi energy, creating a hole
into which the second photon subsequently excites an electron
from the d band.568,569 Visible light is emitted as electrons in
the sp-conduction band recombine with holes in the d band.

The intensity of TPL is 58 times that of two-photon
fluorescence (TPF),561 enabling the imaging of individual
AuNRs in vivo. The TPL signal is also 3 orders of magnitude
greater than two-photon autofluorescence (TPAF) from
unlabeled cancer cells.562 Figure 34C shows the examples of
TPAF (top) and TPL (bottom) images of cancer cells.562 TPL
imaging was also used to monitor how the surface modification
of AuNRs affected their circulation and clearance from the
blood vessels of mice.565

8.1.1.5. Photothermal Therapy. The enhanced permeation
and retention (EPR) effect, as well as surface modifications
with tumor-targeting ligands, can enable the accumulation of
AuNRs in the targeted tissues such as cancerous tu-
mors.548,570−572 The accumulated AuNRs can then be used
for drug delivery or photothermal therapy. As a review article
covered this topic in 2015,2 here, we briefly introduce the
basics of this therapy and some recent research results.
The vast majority of the energy from light that is converted

into the LSPR in a AuNR is eventually released as heat. As
hyperthermia has long been used in conjunction with
chemotherapy to treat cancer, it was envisioned that the heat
generated from AuNRs could more effectively direct heat to
tumors, while minimizing the damage to healthy tissues. For
example, a solution containing 28 nm × 8 nm AuNRs at a
concentration of ca. 10 nM could be heated to 65 °C with a
continuous wave laser (5 W cm−2) at 808 nm in 30 s.573 Such
heating was more than sufficient to kill cancer cells.573

However, this power is much higher than the maximal
permissible exposure (MPE) of skin (0.33 W cm−2),574 and
the intensity of light at this wavelength will rapidly decay over a
few hundred micrometers in soft tissues. Thus, researchers
have sought to combine the photothermal effect with other
treatment modalities to improve its efficacy and applicability.

Figure 35. Schematic of the procedures of tumor diagnosis and treatment based on optical imaging with photothermal, photodynamic, and
chemotherapy with multifunctional AuNRs and an endoscope. Reprinted with permission from ref 583. Copyright 2015 Nature Publishing Group.
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An alternative light-based therapy to photothermal therapy
is photodynamic therapy (PDT), which involves the
generation of singlet oxygen with light to kill cells. Molecular
photosensitizers are hydrophobic, making it difficult to use
them in the body. However, it was recently demonstrated that
AuNRs alone could generate singlet oxygen upon irradiation
by light at a wavelength of 915 nm.574 This effect was used to
kill cells and arrest tumor growth at illumination intensities of
0.13 W cm−2, below the skin tolerance threshold. By changing
the laser wavelength between 780 nm for photothermal
therapy and 915 nm for PDT, the authors found the latter
method to be much more effective in inducing cancer cell
death both in vitro and in vivo. Photodynamic therapy was
even more effective than treatment with an anticancer drug
such as doxorubicin.
Gold NRs can also act as a carrier for drug and gene delivery.

The various ways to attach such molecules to the surface of a
AuNR include the use of a thiolate bond, the grafting of drugs
to the capping agent adsorbed on the Au surface, as well as
electrostatic, hydrogen bonding, and van der Waals inter-
actions.2,10,572,575−582 Subsequent release of the compounds
can be initiated by light and/or light-induced heating. One
benefit of the use of AuNRs for this application is the potential
ability to selectively release compounds in different areas by
using NRs featuring resonances at different wavelengths. In
one example, two different AuNRs were synthesized with
resonance wavelengths at 800 (short NR) and 1110 nm (long
NR).575 Two different oligonucleotides (FAM-DNA and
TMR-DNA) were then loaded onto the short and long NRs,
respectively. These oligonucleotides could be selectively
released with an efficiency of 50−80% by irradiating the NRs
with laser light at their respective resonance wavelengths.
Combing multiple therapeutic modalities can potentially

provide the best outcome for cancer treatment. In one
example, AuNRs were loaded with a PDT dye, a fluorescent
marker, and doxorubicin, encapsulated with poly(N-isopropy-

lacrylamide), and conjugated with a tumor-targeting antibody
(Figure 35).583 The AuNRs were first injected into a mouse
model, and the fluorescent marker was used to confirm the
uptake of AuNRs into the tumor. The tumor tissue was
removed with forceps, and the tumor site was further treated
with RF ablation. The remaining cancer cells were treated by
photothermal therapy, PDT, and chemotherapy. The combi-
nation of these therapies proved to be most effective at killing
cancer cells in vitro, as well as in a mouse model. This study
also used a multifunctional endoscope with a AgNW-based
transparent electrode for monitoring temperature, contact, and
cell/tissue viability during RF ablation in real time.583

Other platform nanomaterials other than AuNRs have also
been used for the ablation of tumor tissue through imaging-
guided photothermal therapy. In one study,584 the authors
synthesized PdCu@Au core−shell tripods by conformally
coating the surface of PdCu tripods with Au in an aqueous
system (Figure 36, A and B). When a portion of the Cu atoms
were replaced with radioactive 64Cu, the resultant trimetallic
nanostructures emitted positrons that could be detected using
positron emission tomography (PET, Figure 36C) in addition
to its intrinsic adsorption of near-infrared light. Once
functionalized with a peptide to target the receptor overex-
pressed on triple negative breast cancer cells, a considerable
portion of the injected tripods were able to accumulate inside
tumor tissue. Upon laser irradiation, the lesion as depicted by
the PET imaging could be destroyed while sparing the normal,
surrounding tissues.

8.1.1.6. Plasmonic Photocatalysis. Surface plasmons
excited by light can decay into energetic “hot” electrons and
holes.585−587 These charge carriers can then go on to do
chemistry on the surface of the metallic nanoparticle. The
ability of the SPR of NRs to be tuned across the visible and
infrared regions can potentially enable the broadband harvest-
ing of sunlight for plasmon-mediated photocatalysis. The
plasmonically active NRs can be combined with catalytic

Figure 36. (A) Schematic illustration of the PdCu@Au tripod. (B) TEM image of the trimetallic tripods. (C) 18F-FDG PET/CT fused images of a
mouse after receiving photothermal treatment as mediated by the tripods. For comparison, the mouse treated with saline was also tested. Reprinted
with permission from ref 584. Copyright 2016 American Chemical Society.
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metals to further enhance the rate and efficiency of photon-to-
chemical conversion. To this end, Pd or Pt-tipped AuNRs have
been used as photocatalysts for Suzuki coupling,588 methanol
oxidation,81 and formic acid dehydrogenation.82,83 For Suzuki
coupling with Pd-tipped AuNRs, the yield for the reaction
increased from 55% to 95.8% upon laser irradiation at 809 nm,
which corresponded to the resonance peak of the nanostruc-
tures.588 Up to 15-fold enhancement in the H2 generation rate
was observed for Pd-tipped AuNRs with visible light relative to
the case without light.82 However, the degree of enhancement
depends on a multitude of factors, including the reaction
temperature, the illumination wavelengths, the light intensity,
the type of reaction, and the type of nanostructure, making it
difficult to make comparisons between different efforts.
Comparisons based on the internal quantum efficiency, the

ratio of collected electrons (i.e., the amount of chemical
product) to absorbed photons can help deconvolute the effects
of nanoscale structures on the absorption of light and
subsequent photocatalysis. For example, in a study of the
plasmon-enhanced H2 generation by Pt-modified AuNRs, the
authors compared the quantum efficiency of Pt-tipped and Pt-
covered AuNRs and found the Pt-tipped NRs had an internal
quantum efficiency twice that of the Pt-covered AuNRs.81

They attributed this result to the improvement in charge
separation for the Pt-tipped NRs. However, even the internal
quantum efficiency of the Pt-tipped NRs was less than 1%,
suggesting that much work remains to be done in order to
understand and improve the efficiency of 1D metal
nanostructures for plasmon-enhanced catalysis.
8.1.2. Waveguiding. Miniaturization of photonic devices

with dielectric waveguides is fundamentally limited by the
wavelength of visible light. Confinement of light to plasmons at
a metal-dielectric interface can enable the localization of light

to dimensions about 10 times smaller than those achieved with
dielectric waveguides, facilitating the miniaturization of on-
chip optical components and their integration with silicon-
based electronic devices. A detailed review of plasmonic
waveguiding was published in 2018.589 Here, we briefly
introduce a few examples of NW-based waveguides.
The atomically smooth surfaces provided by most

synthesized 1D nanostructures can serve to minimize losses
of light due to surface scattering relative to rough polycrystal-
line structures.589 This lower loss enables atomically smooth,
synthesized nanostructures to support the propagation of
surface plasmons over longer distances. Plasmons can be
coupled into synthesized NWs by focusing light on one end of
the NW using a microscope objective, a tapered optical fiber,
or a dielectric waveguide. Early work demonstrated that light
could propagate along the NW and exit at the opposite end
with little loss due to scattering, even when bent with a
curvature as small as 4 μm in radius.590 Light leaked out of
sharp kinks in NWs, which could be used to estimate the
plasmon propagation distance. Light was also observed to
couple from one NW to adjacent NWs in this work.
Later work demonstrated that the extent of inter-NW

coupling could be controlled using the polarization of incident
light.591 As shown in Figure 37A, the excitation source was
focused onto one end of a backbone AgNW (marked with “1”
in Figure 37A), and the light was emitted from the ends of a
branch and the backbone AgNW (marked with “2” and “3″,
respectively).591 This result illustrates that a surface plasmon
can propagate along one NW while also coupling to and
emitting from an adjacent NW. The emission of light at
positions 2 and 3 was modulated by the polarization and the
wavelength of the incident light. At an incident light
wavelength of 633 nm, the maximum intensities of the light

Figure 37. Examples of nanophotonic devices enabled by AgNWs, including (A) a router and wavelength splitter and (B) an OR logic gate. (A)
Reprinted with permission from ref 591. Copyright 2010 American Chemical Society. (B) Reprinted with permission from ref 595. Copyright 2011
American Chemical Society.
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at 2 and 3 were observed at polarization angles of 30° and
160°, respectively. Generally, the maximum coupling efficiency
occurs when the polarization is parallel to the NW to be
coupled with. When two lasers with wavelengths of 633 and
785 nm were simultaneously focused on position 1 at a
polarization angle of 40°, the 633 nm light primarily emitted
from the NW branch while the 785 nm light mainly emitted
from the backbone. These results suggest the use of branched
NWs for use as a router and wavelength splitter.591

Excitation via a microscope objective is impractical for
device operation. Subsequent work demonstrated the
excitation of propagating plasmons in AgNWs through a
dielectric waveguide. Although this method allowed coupling
to many NWs simultaneously, and to a degree that could be
tuned with the polarization of light, one drawback of this
approach is that the coupling efficiency to any individual NWs
was only about 1%. An efficiency of 82% could be achieved by
coupling light into a AgNW via a ZnO NW in a butt-coupling
scheme.592 Hybrid nanophotonic polarization splitters, Mach−
Zehnder interferometers, and cavities were all fabricated from
the Ag and ZnO NWs.
Another exciting application of NW-based plasmonics is

their use for the fabrication of logic gates.593−596 Instead of
shining light on one end of a backbone AgNW and using
polarization to route it to two different NW branches, the light
can be aimed at the ends of the two branches (marked with
“I1” and “I2” in Figure 37B) and combined constructively or
destructively on the NW backbone. By changing the relative
phases of incident light at the inputs of the two branches, the
intensity of light at the output (marked with “O” in Figure
37B) can be modulated between an ON and OFF state. This
phenomenon can be used as an OR gate, which can be
combined with a NOT gate to create a NOR gate in a four-
terminal plasmonic device. These logic gates demonstrate the
potential to create plasmonic circuits using synthesized metal
NWs.

8.2. Interconnected Networks of Metal Nanowires

The anisotropic morphology of NWs allows them to form
interconnected networks at very low volume fractions. These
networks can be used to transmit electricity or thermal energy
through materials. While 2D networks of NWs have large void
spaces that can enable the transmission of 99% of visible light,
3D networks of NWs with a porosity of 90% fracture when
stretched to a strain of ca. 2%. However, they can be stretched
to strains of 300% when the void spaces are filled with an
elastomer. In this section, we discuss the AR-dependent
properties of NW networks in the context of transparent
conductors as well as electrically and thermally conductive
composites.
8.2.1. Percolation Threshold. As conductive particles are

added into a nonconducting film or composite, there will be a
minimum concentration above which a conductive path forms,
resulting in a sharp increase in the conductivity of the material.
This minimum concentration is referred to as the percolation
threshold. For a 2D system, the concentration necessary for
percolation can be described in terms of a critical area Ac =
Nca, where Nc is the number density of the objects, and a is the
area of the individual object. For a system of interpretable
objects, the critical area fraction ϕc

AF is given by30

ϕ = − −e1 A
c
AF c (12)

For a circle, Ac = 1.13 and ϕc
AF = 0.68. For a widthless stick

with a length of L and area L2, Ac = Nc L
2 = 5.64, and ϕc

AF = 1.
To determine the effect of AR on the percolation threshold,
one can compare the critical circle diameter Dc = 1.2Nc

−0.5

with the critical stick length Lc = 2.37Nc
−0.5 necessary for

percolation.597 Such a comparison suggests that AR has little
effect on the percolation threshold in 2D, because increasing
the AR by going from a circle of diameter D to a stick of length
L can at most decrease the number of objects necessary for
percolation by a factor of 2.598

In contrast to the 2D case, AR has a huge impact on the
percolation threshold for a 3D system. For example, the critical
volume fraction ϕc

VF for spheres is 0.29, but for a
spherocylinder (a cylinder with hemispherical end-caps) with
an AR of 100, the ϕc

VF is only 0.007.599 This difference
indicates that the ϕc

VFdepends strongly on the ratio between
the volume V and the excluded volume Vex of an object. The
excluded volume is the volume around an object in which the
center of an identical object cannot be present if inter-
penetration of the two objects is to be avoided. The
dependence of the percolation on excluded volume was first
found in 1984 by comparing the scaling of Nc with radius r for
soft-core (interpenetrating) spherocylinders in Monte Carlo
simulations.600 For the simulations, the length L of the cylinder
was 0.15. Figure 38 shows that at large r (small AR), 1/Nc

scales with r3, consistent with previous results for spheres that
showed Nc ∝ V. At l/r ≥ 5, however, the dependence of 1/Nc
becomes linear. This result suggested a dependence of the
percolation threshold on the total excluded volume, which, for
the case of L/r ≫1, is 4L2rNc.
The following equation for ϕc

VF was subsequently
proposed:601

ϕ = − −e1 cV V
c
VF ( / )ex (13)

Figure 38. Dependence of the critical concentration of spherocy-
linders (Nc) necessary for percolation as a function of their radius r
for length L = 0.15. Reprinted with permission from ref 600.
Copyright 1984 American Physical Society.
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Here, c = NcVex, and it is approximately a constant of the order
1, so a large Vex/V ratio will result in a small ϕc

VF. For spheres,
Vex/V = 8, but for spherocylinders

α α
α

= + + +
+

V
V

2
6(1 )(1 0.5 )

1 1.5
ex

(14)

The AR α = L/D, where L is the height of the cylindrical
part of the spherocylinders and D is their diameter. From this
equation, one can see Vex/V = 8 at α = 0, and Vex/V = L/r at α
= ∞. Thus, large ARs will result in a large Vex/V and a small
ϕc
VF.
It was also found that the values of c are 2.8 for spheres and

1.4 for spherocylinders with L/D ≫ 1. With the benefit of
improved algorithms and computational power, it was shown
in 2016 that c is clearly a function of AR (α) and, from fits to
numerical results, this function had the following approximate
form:599

α α= + + −c( ) 1 (0.136 0.166) 0.3235 (15)

This equation indicates that the lower bound is c = 1 for
infinitely long cylinders, and the upper bound is c = 2.79 for
spheres. Using this equation, the authors demonstrated
excellent fits to experimental results for AgNW−polystyrene
composites (Figure 39).31,32,599

8.2.2. Transparent Conductors. Materials that are
transparent and conductive are essential components for
photovoltaics, OLEDs, smart windows, displays, transparent
heaters, and transparent antennas.602−612 Indium tin oxide, an
n-type semiconductor with a band gap of 4 eV, is the most
widely used transparent conductor due to its high trans-
mittance at low sheet resistances (>90% at 10 Ω sq−1). Indium
tin oxide films are usually produced with a sputtering process,
in which high energy Argon ions bombard and vaporize an
ITO target.4 The sputtering process requires a vacuum, the
film coating rates are relatively low (∼1 cm s−1), and most of
the vapor is deposited on the walls of the chambers instead of
on the film. There has also been concern over the cost and
availability of indium since it has a similar crustal abundance as
Ag, but for a 100 nm-thick ITO film, indium accounts for only
2% of the film cost.4 This means most of the cost of ITO film
is due to the slow and inefficient sputtering process. The cost
of ITO is a significant problem for the development of low-
cost, solution-processable OLEDs and OPVs, for which the
ITO film can represent a majority of the overall materials

cost.613 The brittleness of ITO also means it cannot be used in
applications that require flexibility or stretching capability.
Many new transparent, conducting materials have been

developed to address these issues with ITO, including
conducting polymers,614−616 CNT films,608,617,618 gra-
phene,619−622 and metal NWs.229,623,624 Among these materi-
als, metal NW is the only material that can both exceed the
performance of ITO and be coated from solution at rates >100
times faster than ITO sputtering, thereby eliminating the need
for the costly sputtering process. Figure 40A and B show a
picture and an SEM image of transparent conductors made of
Cu and Ag NWs, respectively.216,625 The optoelectronic
properties of the various transparent conductors in Figure
40C illustrates that the properties of AgNW networks are
comparable to ITO.626 The cost comparison shown in Figure
40D highlights that the processing cost is significantly lower for
NWs than for ITO.626 Their potential to be more cost-effective
than ITO while showing comparable performance has
motivated research into how to replace ITO with 2D networks
of metal NWs in numerous applications. Researchers have also
demonstrated that NW networks can be much more flexible
and stretchable than ITO, enabling the development of flexible
and stretchable electronics. The following sections discuss the
optical, electronic, and mechanical properties of metal NW
networks, the methods for fabricating transparent conductors
using metal NWs, and applications of the networks.

8.2.3. Optical Properties of the Networks. Generally,
researchers would like to create a NW network that is as
transparent as possible. The transmittance, %T, of a NW
network can be described using

= ϕ−T e% QAF
ext (16)

where ϕAF is the area of the film covered by the NWs and Qext
is the extinction efficiency of the NWs. The area fraction ϕAF

can be approximated as ϕAF = NLD, where N is the number
density of the NWs, with L being their length and D being
their diameter. Qext can be determined from Mie theory or with
the FDTD method.627 Figure 41 shows the extinction
efficiency decreases with diameter, so researchers have sought
to improve the optical properties of NW films by synthesizing
thinner NWs.628 However, as the diameter is decreased, the
NWs will become more fragile and potentially break during
processing. For example, NW breakup during rapid stirring
becomes noticeable with diameters of about 20 nm or less, but
to date, the breakup of NWs during processing has not been
thoroughly studied. In addition, the transmittance of a film
increases with a decreasing area fraction of NWs, so it is
desirable to maximize the conductivity of NW network for a
given area fraction of NWs.
Haze is another optical property that can affect how well

suited a NW network is for a given application.629−631 Haze is
the light that is scattered from the NWs between 2.5° and 90°
relative to the incident beam. For a display, ideally, haze should
be below 1%, whereas for an OPV haze is desirable as it
increases the amount of light that is scattered into the absorber
layer. Haze increases exponentially with increasing NW
diameter, indicating different NW diameters may be
appropriate for touch screens versus solar cells.

8.2.4. Electrical Properties of the Networks. To
understand how the electrical conductivity of a random NW
network changes with the dimensions or number of NWs, it is
instructive to start with the simpler case of a square grid of
wires with diameter D and length (or periodicity) L. According

Figure 39. Experimental and simulated percolation thresholds for
spherocylinders as a function of their AR (α). Reprinted with
permission from ref 599. Copyright 2016 American Physical Society.
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to Kirchoff’s laws, the sheet resistance Rs for a square network
with N × N wires is527,632

=
+

R
N

N
R

1s wire (17)

For the case of cylindrical wires, Rwire = 4ρL/πD2, where ρ is
the resistivity of the wire. If the measurement of Rs is made
over a distance much larger than L, then

ρ
π

=R
L

D
4

s 2 (18)

Thus, the sheet resistance of a large square network of wires
is just equal to the resistance of an individual wire. This
equation can be rewritten in terms of the area fraction of the

wires with ϕ = − ≈( )1 D
L

D
L

AF 2 2 for a square grid of wires

with L ≫ D

ρ
π ϕ

=R
D
8

s AF (19)

This equation indicates that Rs will increase linearly with D and
ϕAF.
Percolation theory indicates that the relationship between

the area fraction of NWs and the sheet resistance should likely
have the following form:633

ϕ ϕ= ′ − −R M ( ) t
s

AF
c

AF
(20)

Here, M′ is a scaling constant, and t is the conductivity
exponent. The value of t is usually taken to be 1.3, but Monte
Carlo simulations have shown its value can range from 1.2−1.4
as the ratio of the inter-NW junction resistance to NW
resistance increases from 0.01 to 100 at relatively low NW

densities with <ϕ ϕ
ϕ
−i

k
jjj

y
{
zzz 1

AF
c
AF

c
AF .634 As the NW density increases,

the potential range of values of t widens to be between 1−1.8
for junction-to-NW resistance ratios of 0.01−100.635 This
theoretical work suggests that the value of the conductivity
exponent can be used as a qualitative measure of the junction-
to-NW resistance ratio for a given NW density. Reported
values for t range from 1.23−1.75 for AgNWs,29,627,628,636,637

Figure 40. (A) Photograph and (B) SEM image of transparent conductors fabricated from Cu and Ag NWs, respectively. (C) Optoelectronic
properties and (D) material versus process cost of various transparent conductors. (A) Reprinted with permission from ref 625. Copyright 2011
Wiley-VCH. (B) Reprinted with permission from ref 216. Copyright 2015 American Chemical Society. (C, D) Reprinted with permission from ref
526. Copyright 2015 Elsevier.

Figure 41. Efficiency of absorption, scattering, and extinction of
AgNWs as a function of their diameters. Reprinted with permission
from ref 628. Copyright 2012 Royal Society of Chemistry.
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with high values of t generally corresponding to networks with
high junction resistances. Values of t for CNTs (1.46−1.65)
are usually higher than those for AgNWs, which is expected
from their higher junction resistance.638−640

A comparison of eqs 19 and 20 suggests that ′ ≈ ρ
π

M C
D
8

when ϕAF ≫ ϕc
AF.627 Here, C is a constant that takes into

account the fact that the random NW network will have a
higher resistivity than a metal grid because of the contract
resistance between the wires. Fitting this equation to
experimental data gave a value of C = 2.4.627

A very useful analytical expression for the sheet resistance of
a NW network was derived by treating the network as an array
of resistors (see Figure 42).641 If the length (We) of the

electrodes equals the distance (Ws) between them, the sheet
resistance between the electrodes in Figure 42 can be
expressed as

=R
R n N

N
( )

s
x

y

w

(21)

Here, Nx and Ny is the number of resistors connected in series
and parallel. The values of Nx and Ny can be derived from

π
=N

LW n
y

e w
(22)

α=
⟨ ⟩
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i
iw

2 2

(23)

where the probability Pi of forming an intrawire conductor is
given by

α
α

=
−
+

P
n n
n n

2
3i

w
2

w

w
2

w (24)

and the average wire segment length ⟨L⟩ is given by

π
⟨ ⟩ =

+
L

L
P L n 12

w (25)

Here, C is a constant (∼1), α = 0.5PπL2, and the contact
probability (P) is approximately 0.18. R(nw), the effective
resistance of the NW network, maps the resistance of an
ordered lattice normalized to the resistance of a NW network
with the following expression:

α α α

α α α α

α
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2 0.5
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Here gj is the average conductance of a NW junction, and gi,
the average conductance of a NW, is obtained as

π
ρ

=g
D
L4i

2

(27)

Note that we have modified the original equation for Nx by
replacing L with ⟨L⟩ so that the value of Nx (the number of
nodes in the x-direction) increases with increasing L, and the
effect of L on Rs becomes small at high nw and small gj. This
analytical model produced predictions for Rs that were
identical to those obtained by much more complicated
numerical simulations that involve solving Kirchhoff’s circuit
equations. The model also enabled good fits to experimental
data and showed that the experimental values of Rs were about
10 times higher than is theoretically possible if the junction
resistance was zero.
We have used this analytical model to plot the effects of

changing L, D, and gj (the junction resistance) on the sheet
resistance of a NW network as a function of area fraction (note
nw = ϕAF/DL). Figure 43A shows how, at a junction resistance
of 1 kΩ, increasing length while keeping the diameter constant
(i.e., increasing the AR) lowers the sheet resistance at a given
area fraction. This is because increasing length decreases the
probability of having a “dead-end” NW segment, which lowers
the network resistance R(nw) at low area fractions but has less
effect at high area fractions. At a junction resistance of 10 Ω,
Figure 43B shows that the reduction in sheet resistance gained
by increasing NW length is diminished, primarily because the
contribution of dead-end resistors to R(nw) is less significant at
low junction resistances.
One can also increase AR by decreasing NW diameter, but

Figure 43C shows that doing so will actually increase the
network resistance at a given area fraction. This is simple to
understand because decreasing the diameter will decrease the
volume of metal in the NW network at a given area fraction.
This effect might be surprising given that decreasing NW
diameter increases the transmittance of a NW network at a
given sheet resistance. The optoelectronic performance of the
film increases with decreasing diameter because the reduction
in the extinction efficiency gained by reducing the diameter
more than compensates for the decrease in the sheet resistance
at a given area fraction. For example, the Qext for a AgNW
decreases more than 10× when decreasing D from 100 to 12.5
nm, whereas the Rs increases roughly 3.4× when decreasing D
from 100 to 12.5 nm at ϕAF = 0.1. Thus, increasing AR by
decreasing diameter can increase performance, but it does so
by decreasing extinction efficiency more than it increases sheet
resistance.

Figure 42. Drawing of (A) a NW network between two electrodes
and (B) the equivalent square lattice of resistors. Reprinted with
permission from ref 641. Copyright 2016 Royal Society of Chemistry.
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Figure 43D shows the effect of junction conductance on the
sheet resistance of a NW network at fixed dimensions for the
metal NWs. Obviously decreasing junction resistance will
improve performance, but the effect becomes negligible above
a junction resistance of 1 Ω because the network resistance is
limited by the resistance of the NWs and the intrinsic
resistivity of the metal. Values of the junction (or contact)
resistance between NWs reported in the literature vary widely.
For a thermally annealed AgNW network, a value between 1−
40 Ω in a computer simulation seemed to provide the best fit
to the data, but there is no information about how the
simulation and fit were performed.623 The junction resistance
of plasmonically welded AgNWs obtained with a four-point
probe measurement was ∼8 kΩ.642 The junction resistance of
Au-coated AgNWs obtained with a 2-point probe measure-
ment was 0.5 kΩ.643 The junction resistance, obtained with a
2-point probe measurement, of a mat of AgNWs welding with
Joule heating was 185 Ω. Silver NWs that were not thermally
annealed were fit with a model that assumed the junction
resistance was much larger than the resistance of individual
NWs, and an effective junction resistance of 2 kΩ was
obtained. Another study measured the resistance of 32
junctions with the 4-point probe method and obtained a
median junction resistance of 11 Ω, with several outlier
junctions exhibiting a resistance >100 Ω.644 The value of 11 Ω
is comparable to the resistance of a NW segment within a
network, and did not vary much with the type of annealing
method (e.g., furnace, hot plate, or electrical).644

8.2.5. Fabrication Methods for Transparent Con-
ductors. Transparent conducting films can be made from
metal NWs using a number of different coating methods,

including dip coating,645 drop casting,646 spin coating,647−649

spray coating,650,651 filtration,652−655 and coating with a Meyer
rod.4,643 Dip coating involves simply dipping a substrate into a
suspension of the NWs.645 The viscosity of the suspension, the
concentration of NWs, and the withdrawal velocity can all be
used to control the thickness of the NW film. Drop casting
involves dropping a suspension of the NWs on a substrate, and
the NWs can form a 2D network after the solvent has
evaporated.646 However, it is difficult to obtain uniform films
with this method because the NWs will likely move due to
evaporative flows, resulting in a coffee-ring pattern. Spin
coating involves dropping the NW suspension at the center of
a substrate and spinning the substrate to obtain a uniform
coating.647−649 Spray coating involves spraying a NW
suspension with an air gun or electrostatic spray.650,651 The
amount of NWs in the coating can be adjusted by the number
of spray passes and the concentration of the feed solution.
Spray coating can be difficult to control and is fairly low
throughput relative to spin coating but can be used to apply
NWs to surfaces or substrates for which spin coating is not
well-suited (i.e., surfaces that are not flat). Nanowire films can
also be formed through vacuum filtration followed by transfer
of the NWs from the filter to various substrates.652−655 The
filtration method can easily pattern the NWs by filtering the
solution with a patterned mask,653 and the amount of NWs in
the film can be known and precisely controlled by changing the
concentration of NWs in the feed solution. Meyer rod coating
involves spreading a NW suspension across a surface with a
wire-wound metering rod (known as a Meyer rod).4,643 The
thickness of the wet film and, thus, the thickness of the NW
film can be adjusted by using rods wrapped with wires of

Figure 43. Plots of sheet resistance versus area fraction obtained from an analytical model. The effect of increasing NW length with a NW junction
conductance of (A) 1 mS and (B) 0.1 S, respectively. (C) The effect of increasing NW diameter on sheet resistance with a junction conductance of
0.1 S. (D) The effect of junction conductance on the sheet resistance with the length L = 20 μm and diameter D = 50 nm.
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different sizes. This and similar methods such as doctor blade
and slot die coating are compatible with large-scale, roll-to-roll
coating processes.656−662

Methods to align AgNWs during coating have also been
developed in an attempt to improve the optoelectronic
properties of the film.663 Instead of using a Meyer rod, a
polydimethylsiloxane (PDMS) stamp with 400 nm-wide
channels was dragged across a NW solution, resulting in
their alignment. The alignment was presumably due to the
confinement of the NWs by the long channel, and trapping
them in the aligned state by removing the liquid, but the
authors proposed capillary forces also played a role. The
alignment was also improved by applying a surface coating
such as poly-L-lysine that promoted adhesion of the NWs to
the substrate. The aligned NWs were about 4% more
transparent than random NW networks at a sheet resistance
of 20 Ω/sq and, surprisingly, did not exhibit an anisotropic
conductivity.663

Nanowire films are usually further processed after coating to
improve the conductivity of the films. Thermal annealing is the
method most commonly used for improving conductivity.
Temperatures between 80−180 °C are sufficient to fuse
AgNWs together, and the annealing can be performed in air
because of the chemical stability of Ag.216,623 Copper NWs
must be annealed in a reducing atmosphere, such as H2, to
remove the surface oxide.165,625 Annealing cannot be used with
plastic substrates that deform at the annealing temperature,
and thin NWs are easily melted and fragmented into particles
during thermal annealing.623 Therefore, the appropriate
annealing conditions should be carefully determined to
minimize thermal damage to the NWs and the substrate.
Another method to make contacts between NWs is

mechanical pressing.664−666 In one example, the mechanical
pressing of AgNW films reduced the sheet resistance from 104

to 10 Ω sq−1 when the pressing pressure was 25 MPa.664 This
reduction in resistance was similar to what was obtained when
annealing the NW film at 200 °C. Another study showed that
while annealing at 165 °C resulted in a conductivity of 370 Ω
sq−1, this could be reduced to 36 Ω sq−1 by applying pressure
from a roller at 0.344 MPa.665 In the case of CuNWs, the
surface oxide must still be removed prior to mechanical
pressing, which can be accomplished by washing the CuNWs
with aqueous H2Asc.

666 Pressing after this chemical treatment
reduced the sheet resistance from 89 to 61 Ω sq−1, but also
decreased the transmittance from 93% to 91% because of
flattening of the NWs, which increased their optical cross
section. Although pressing, in this case, resulted in no change
to the optoelectronic performance, it reduced the surface
roughness of the films from 78 to 37 nm. This reduction in
surface roughness was critical to the prevention of shorts
during the use of the NW film as the transparent electrode in
an organic solar cell.666

Silver NW films can also be annealed by exciting a plasmon
at the NW junctions with a tungsten halogen lamp at a power
density of 30 W/cm2. The intense electric field at the junctions
results in localized heating and annealing of the NW junctions
without damaging the NWs or the substrate.642,667−670 At the
initial stage of this plasmonic welding process, the heat
generation was concentrated at the gaps between the NWs that
formed due to the presence of adsorbed capping agents. After
the closure of the gap due to localized heating, the rate of heat
generation decreased dramatically, such that the process was
self-limiting.642 The plasmonic welding can be completed in 1

min, and is compatible with roll-to-roll fabrication.659 This
localized heating effect was also used to reduce AgNO3 with
Na3CA specifically at the NW junctions at a power density that
was 1000 times lower (30 mW/cm2) than plasmonic
welding.671

Another way to join NWs is to use capillary forces in a
process referred to as cold-welding.464,672 It is thought that a
liquid bridge forms at the NW junctions, resulting in very
strong capillary forces that drive the NWs together during
drying.672 Capillary forces were also used to selectively coat the
junction of NWs with PEDOT:PSS and improve the adhesion
of the NWs to the substrate.464

The sheet resistance of a AgNW network could also be
reduced from 81.5 to 35 Ω sq−1 by simply dipping it in a
solution of NaBH4.

673 It was proposed that PVP on the surface
of the AgNWs was displaced by a hydride ion. The welding of
AgNWs at room temperature without heat and light was also
achieved via simply cleaning the surface of AgNWs.673 The
NWs were subsequently functionalized with dodecanethiol to
provide better resistance to degradation in the presence of a
trace amount of H2S.

8.2.6. Improvement of the Optoelectronic Perform-
ance and Stability. As explained in the previous sections, the
length and diameter of NWs have an impact on the
optoelectronic performance of the NW film. Longer NWs
can reduce the threshold for percolation and increase network
conductivity by reducing the number of “dead-ends”, that is,
parts of NWs that do not contribute to the overall network
resistance. Decreasing NW diameter decreases the extinction
coefficient of the NWs in the film, thereby improving its
transmittance. Therefore, researchers have developed new
synthetic methods to increase the AR of metal NWs so as to
improve their performance in transparent conducting films.
Addition of bromide to the polyol synthesis of AgNWs is an

effective way to reduce the diameter of the resultant NWs.216

In the absence of bromide, the average diameter of AgNWs
was approximately 72 nm. The addition of bromide into the
same synthesis resulted in a decrease of the diameter to 20 nm.
Experimental results suggested that the reduction in diameter
was primarily caused by an increase in the number of
nucleation events upon addition of NaBr to the reaction
solution. Addition of NaBr increased the number of NWs
produced in the reaction by a factor of 13, indicating there
were more nuclei formed in the early stages of the reaction.
Addition of NaBr also increased the number of AgBr
nanoparticles formed in solution by a factor of 12. The AgBr
nanoparticles can act as seeds for the growth of AgNWs.674,675

Thus, the 13-fold increase in the number of NWs (which
resulted in a 13- and 3.6-fold decrease in the average NW
volume and diameter, respectively) could be attributed to the
12-fold increase in the number of AgBr nanoparticles that
formed in the presence of NaBr. The reduction in NW
diameter allowed the NW film to achieve a transmittance of
99.1% at a sheet resistance of 130 Ω/sq.216
The addition of benzoin to a polyol synthesis of AgNWs

with bromide could further reduce their diameter even to 13
nm.217 Benzoin-derived radicals acted as a reducing agent at a
lower temperature than EG. This lower temperature was
hypothesized to reduce the lateral growth of NWs by
increasing the adsorption of bromide ions onto the sides of
the NWs. The transparent conductor made from these NWs
had a transmittance of about 95% at a sheet resistance of 28 Ω

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.8b00745
Chem. Rev. XXXX, XXX, XXX−XXX

BO

http://dx.doi.org/10.1021/acs.chemrev.8b00745


sq−1.217 The haze of the NW films was also reduced by about
3× by reducing the diameter of the AgNWs from 40 to 13 nm.
Efforts have also been made to reduce the diameter of

CuNWs to improve the optoelectronic performance of
transparent conducting films. Copper NWs synthesized with
alkylamines can have a diameter between 24 and 60 nm. In
comparison, a combination of tris(trimethylsilyl)silane and
OLA yielded CuNWs with a diameter of 17.5 nm.223 The use
of dual capping agents, such as a combination of HDA and
ODA, has also been reported to decrease the diameter of
CuNWs to 13.5 nm.676 The use benzoin-derived radicals as a
reducing agent with OLA as a capping agent resulted in the
formation of CuNWs with a diameter of 18.5 nm.230

Apparently, the effect of temperature on the diameter of
CuNWs synthesized with benzoin-derived radicals is the
opposite of the case for AgNWs. The diameter of AgNWs
decreased with decreasing reaction temperature whereas the
diameter of CuNWs increased with decreasing reaction
temperature.217,230 This may be due to lower temperatures
resulting in less lateral growth in the former case but fewer
nuclei in the latter case.
Maximizing the length of Cu and Ag NWs and, thereby,

improving the optoelectronic properties of NW films has also
been the topic of several synthetic studies.677−681 In one
example, a hydrothermal synthesis using an aqueous solution
with glucose as a reducing agent and PVP as a capping agent
led to the formation of AgNWs with lengths of 200−500 μm
and diameters of 45−60 nm.678 In comparison, a typical polyol
synthesis produces AgNWs with average lengths up to 25
μm.628 Subsequently, multistep growth has been used to
increase the average length of AgNWs from 50 to 120 μm.679

In this method, short AgNWs acted as the seeds for further
longitudinal growth. For the case of CuNWs, a combination of
HDA and CTAB as dual capping agents was reported to
produce NWs with lengths of hundreds of micrometers.681 A
combination of OLA and OA in water and glycerol resulted in
CuNWs with an average length of 250 μm and a diameter of
50 nm.677

Purification of the NW product can also improve the
performance of NW-based transparent conductors.216,682−684

Nanoparticles are often produced along with NWs in the
alkylamine-mediated synthesis of Cu and PVP/EG-mediated
synthesis of Ag NWs. It is undesirable to have these
nanoparticles in the NW film because they will block light
without lowering the sheet resistance of the film. Therefore, it
is desirable to remove these nanoparticles from the NW
product to prevent their incorporation into the film. One
simple, scalable way to separate nanoparticles from NWs is
based on selective precipitation. For the case of AgNWs, this
process involves the addition of acetone into a mixture of the
EG-based reaction solution and water.216 Since PVP is not
soluble in acetone, the addition of acetone will cause the NWs
to precipitate out from the suspension. This occurs at a lower
concentration of acetone for NWs than for nanoparticles,
presumably because collisions between NWs are much more
likely than between nanoparticles or between a nanoparticle
and a NW. After removing the supernatant, the precipitated
AgNWs can be collected and redispersed in water or an ink for
coating. This purification step resulted in an increase in the
transmittance of the NW film up to 4%, and enabled the
production of films with a transmittance over 99%.216 The
difference in the dispersion capability between NWs and
nanoparticles was also used to purify CuNWs.683 In this case,

CHCl3 was added into an aqueous suspension containing
CuNWs and nanoparticles synthesized with HDA. The NWs
were transferred to the CHCl3 phase while the nanoparticles
remained in the water phase. Cross-flow filtration has also been
used for removing nanoparticles from the product solution.682

This process involves pumping a solution containing both
nanoparticles and NWs into a hollow cross-filter with a pore
diameter of 0.5 μm. The nanoparticles diffused out through the
pores but the NWs did not, enabling the production of a
purified NW product.682

Nanowire-based transparent electrodes must also be chemi-
cally stable if they are to be used in electronic devices. The
surface of Ag is gradually converted to silver sulfide in the air
due to reactions with ambient hydrogen sulfide and carbonyl
sulfide.460,647,655,658,685−687 Metallic Cu also corrodes in air
through reactions with oxygen and sulfides.87,89,651,666,688−691

Both Ag and Cu NWs must, therefore, be protected against
such corrosion if they are to be used for transparent
conducting films. Methods to improve the stability of Ag and
Cu NWs include coating with graphene,460,647,658,687,691

coating with shells of corrosion resistant metals or transparent
metal oxides,89,90,655,666,688,689 and coating with poly(methyl
methacrylate)690 or dodecanethiol.673

8.2.6.1. Flexibility and Stretching Capability. One clear
advantage of a metal NW-based transparent conductor
compared to ITO is its mechanical flexibility and stretchability.
Several research groups have demonstrated that metal NW
films can retain their conductivity after hundreds of bending
cycles, whereas ITO is not conductive after a few cycles of
bending.5,624,625,692,693 Subsequent work suggested that curved
CuNWs could retain their conductivity under bending to an
even greater extent than linear CuNWs.694 In terms of
stretchability, films made of metal NWs can retain their
conductivity up to strains of ∼50%,653,695−697 and this can be
increased to several hundred percents if the films start in a
prestrained, buckled state653 and consist of NWs hundreds of
micrometers in length. In comparison, individual NWs fracture
at strains <5%.698 It is thought that the stretchability of a NW
network is accommodated by a mixture of network
deformation and sliding.696,699 Reversible sliding was observed
at low NW densities for a CuNW-based dielectric elastomer
actuator that achieved area strains of 200%. Higher NW
densities led to NW entanglement and fracture.699 Prestraining
the substrate before stretching leads to out of plane bending of
the NWs, allowing them to accommodate greater strains before
fracture.653,695,696

One can also create wavy NWs by bending them in-plane.
One way to accomplish this is by compressing a NW film in a
Langmuir−Blodgett trough, followed by transfer of the film to
a stretchable substrate.654 The resulting wavy NW networks
exhibited much less fracture and greatly reduced resistance
during stretching. A more practical approach to improved
stretchability is to use spray coating to form rings of AgNWs
on the substrate.700 The AgNWs were apparently bent into
ring structures inside the micrometer-sized liquid droplets
rather than by the coffee ring effect during drying. The AgNW
rings exhibited a stable electrical resistance during 5000 cycles
of mechanical stretching/releasing with 30% strain, whereas
the randomly distributed AgNWs showed a dramatic increase
in the electrical resistance with cycling.

8.2.6.2. Applications of NW-Based Transparent Con-
ductors. Transparent conductors made of Ag and CuNWs
can now match the optoelectronic properties of ITO. The
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fabrication of a NW-based transparent conductor can be more
cost-effective because they can be deposited from a suspension
at high coating rates relative to the vapor-phase sputtering
process for ITO. Furthermore, metal NW-based transparent
conductors are flexible and stretchable, whereas ITO is brittle.
These advantages are motivating the study of metal NW-based
transparent conductors in a wide range of applications,
including touch screens,653,662,667,668,678,701,702 solar
cells,623,629,646,648,650,663,666,671,703−711 OLEDs,712−716 super-
capacitors,655,717,718 transparent memory,670 air filters,719

transparent radio frequency antennas,654 electromagnetic
interference (EMI) shielding,720,721 and skin-attachable speak-
ers and microphones.722 Here, we only highlight example
applications of metal NW-based transparent conductors in
touch screens, solar cells, OLEDs, and supercapacitors.
Touch screen panels consisting of two parallel metal NW-

based transparent conductors have been reported by several
groups.653,662,667 The two transparent conductors were
separated by a spacer or optically clear adhesive, while the
driving and sensing lines were fabricated by metal evaporation
or screen printing. In addition to touch screens that can detect
the location of touch, a force-sensitive touch screen was
recently reported.702 A mechanochromic spiropyran−PDMS
composite film was added to a touch screen made of AgNWs.
A touching force between 5 and 25 N was measured by
analyzing the color change with a spectroradiometer. This
enabled the touch screen to measure the distribution of writing
forces used to draw a single letter, potentially enabling screens
that can verify the authenticity of personal signatures using
such force distributions.
Many articles have explored the replacement of ITO in solar

cells with NW-based transparent conductors because of their
potential to lower the cost and enable the fabrication of more
flexible, durable solar cells.623,629,646,648,650,663,666,671,703−711

Transparent metal NW networks, however, have some
disadvantages relative to ITO. One disadvantage is that, unlike
ITO, the NW film is not continuous. The transparency of NW
films comes from the fact that only a few percents of the
surface is covered by metal, leaving behind micrometer-sized
open areas in which charge carriers cannot be effectively
collected. A second disadvantage is that the halide ions in
perovskite solar cells can react with metal NWs to form metal
halides, leading to the degradation in the electrical conductivity
of the metal NW network. A third disadvantage is the relatively
large surface roughness of metal NW networks (on the order of
two NW diameters) relative to ITO (<3 nm) can result in the
formation of electrical shorts in relatively thin organic solar
cells.646 Finally, the poor adhesion of NWs to most substrates
can lead to their removal from the substrate during solution
processing steps.
One approach to addressing some of these disadvantages is

the deposition of an additional transparent conductive material
o n t op o f t h e NW-b a s e d c ondu c t o r . Me t a l
oxide,616,629,648,705,706 graphene or GO,707 ITO nanoparticles,
and PEDOT:PSS films623,646,650,663,666,671,703,709−711 have all
been applied to NW-based transparent conductors to improve
their performance in solar cells. The deposition of conductive
films fills the vacant area between NWs and increases the
probability of charge collection. The role of NWs in such
composite films is to act as a highly conductive backbone in
the low-conductivity film that improves transport of charge
carriers to busbars. Such layers can improve the adhesion of
metal NWs to the substrate and prevent reactions between

metal NWs and halide ions.648,723−725 The issue of surface
roughness could also be solved by embedding metal NWs in a
conductive polymer layer.646,726 These solutions enabled the
construction of more cost-effective, stable, and flexible solar
cells with metal NW-based transparent electrodes.
The modulation of haze is another approach to improving

the performance of a solar cell.629,707−709 A transparent
conductor with a higher haze factor can increase the light
path length in the active material, leading to an increase in light
absorption. Since the haze factor increases with decreasing
transmittance, this trade-off must be optimized to maximize
the performance of a solar cell. Simulation results indicated
that thicker NWs have a higher haze factor, but lower
transmittance. In one example, the optical haze factor of ITO
film was below 1% at the wavelength of 550 nm, whereas a
AgNW film with a transmittance of 65% exhibited a haze factor
of 59%.708 Simulation results indicated that the higher haze
provided by AgNW films could improve the light absorption
by 25% for silicon thin films, and 45% for GaAs thin films.708

In another example, a composite film of AgNWs and fluorine-
doped ZnO exhibited a transmittance of 84%, a sheet
resistance of 17 Ω/sq, and a haze of 37%.629 Although
perovskite solar cells fabricated with this composite electrode
had a slightly higher efficiency that those fabricated with
fluorine-doped tin oxide (FTO), they still exhibited a power
conversion efficiency of only 3.3%. Adding AgNWs to the top
contact of PEDOT:PSS on a silicon solar cell resulted in lower
electrical resistance, increased haze, and a power conversion
efficiency of 10.1%.709

The ability to coat NWs from liquids can enable the
deposition of transparent electrodes in unconventional geo-
metries. In one example, a double-twisted fibrous perovskite
solar cell was fabricated on a CNT fiber with a AgNW
transparent electrode.727 The CNT fiber was first coated with
TiO2, followed by CH3NH3PbIxCl3−x, and then a P3HT/
SWNT hole transport layer. Then, AgNWs were coated on the
outer surface of the composite fiber. Finally, a second CNT
fiber was twisted with the composite fiber to create an
electrical contact with the AgNW layer. The double-twist
fibrous solar cell exhibited a power conversion efficiency of 3%
and was stable under mechanical bending over 1000 cycles.
Such fibrous solar cells may someday be employed to power
wearable electronics.
Another promising application of the transparent conductors

based upon metal NWs is for OLEDs.722−726 Replacing ITO
with a metal NW-based transparent conductor enables the
fabrication of an OLED that is flexible and stretchable, and can
be potentially manufactured with roll-to-roll fabrication.722−726

The primary technical hurdle for using metal NWs as the
transparent electrode in an OLED is the higher surface
roughness of a metal NW-based transparent conductor than
ITO, which can lead to the formation of electrical shorts and a
decrease in the efficiency of the OLED.712,713,715 Weak
adhesion between metal NWs and the substrate can also
reduce the mechanical stability of the devices.713,715 Similar
solutions to those discussed for solar cells were employed to
address these problems, including embedding metal NWs in a
conductive polymer and coating of an additional buffer
layer.712−716 In one example, AgNWs were coated on a glass
substrate, followed by overcoating and polymerization of a
vinyl monomer.712 The composite electrode could then be
peeled off from the substrate to reveal the NWs embedded in a
smooth polymer surface.712 The NW composite electrodes
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exhibited moderate improvements in their maximum current
efficiency and a 20−50% higher luminance relative to OLEDs
fabricated using ITO. OLEDs produced with the composite
AgNW electrode largely retained their performance after 100
bending cycles.
Another way to fill the vacant area in a NW electrode is to

use a mixture of long, thick NWs that act as highly conductive
backbones, and short, thin NWs that act as branches.715 Such a
dual-scale electrode was fabricated from AgNWs and
embedded in a flexible substrate for use as the transparent
electrode for an OLED. The current and power efficiency
improved by 40% and 70%, respectively, for devices made with
the dual-scale electrode compared to previous work that used
AgNWs with a smaller range of dimensions.
Metal NW-based transparent conductors also enabled the

fabrication of a flexible/transparent supercapacitor.655,717,718

However, bare Cu and Ag NWs are not stable because they are
easily oxidized electrochemically at the voltages commonly
used for a supercapacitor. In one example, AgNWs were
protected with a Au sheath with a thickness between 3−5
nm.655 The Au sheath prevented the oxidation of AgNWs
during 500 cycles of charging/discharging. Subsequent work
reported that a coating of polypyrrole on the Ag@Au core−
sheath NW electrode improved the specific capacitance and
created a transparent/bendable/stretchable pseudocapaci-
tor.718 WO3 particles were also combined with a AgNW
transparent conductor to create a photoresponsive electro-
chromic supercapacitor.717 In this case, AgNWs were
deposited on cellulose nanofibers, followed by coating with
RGO and WO3. The performance of the electrochromic
supercapacitor only dropped by 12.6% after 20 000 cycles and
could retain its performance after bending. Such an electro-
chromic supercapacitor could power changes in coloration in
mobile and wearable applications.
8.2.7. Bulk Composites Based on the Networks.

8.2.7.1. Fabrication of Composites from Metal NWs. As
discussed above, NWs with large ARs can form electrically
conductive networks at very low volume fractions. This allows
the voids between the metal NWs to be filled with various
materials to produce multifunctional composites. For example,
an individual NW can be stretched by only a few percent
before fracture,698,728−731 and NW networks are mechanically
weak, so a 3D network of metal NWs cannot be used directly
for flexible/stretchable electronics. For the case of a thermally
annealed Cu@Ag core−sheath NW felt, the material exhibited
a yield strength of 0.1 MPa at a strain of only 1.5%, and a strain
at failure of 4%.732 However, this porous NW felt could be
infiltrated with PDMS elastomer to improve the strength by
>10 times, and increase the strain at failure to over 300%.
Interestingly, the elastic modulus of the NW-PDMS composite
was up to 13 times greater than the elastomer alone, even
though the NWs comprised only 10% of the composite. Such a
large increase can be attributed to the fact that the elastic
modulus of CuNWs has been calculated to be 145 GPa, which
is more than 106 times greater than the elastic modulus of
PDMS. In addition, increasing the elastic modulus of the
PDMS matrix from 0.07 to 0.59 MPa at 100% strain resulted in
a greater increase in the electrical resistance at 150% strain by a
factor of 5. The increase in resistance was attributed to an
increase in the delamination of the PDMS from the surface of
the NWs for PDMS with the higher elastic modulus. This
example illustrates how the properties of a NW composite can
change depending on the matrix material.732

A variety of methods are available for the fabrication of
metal NW composites. Perhaps the simplest one involves drop
casting NWs into a patterned mask733 or filtration of NWs on
membrane filters, followed by transfer of NWs to a polymer
substrate and overcoating with additional polymer.16,695,734

This method is suitable for the creation of thin composite
films, such as those used for stretchable electrodes.
Alternatively, metal NWs can be combined with RGO and
filtered from a suspension to create conductive composite
films.735,736 Such a film can be peeled off a membrane to make
it free-standing, or the NWs can be filtered onto cloth to create
a flexible, conductive electrode on clothing. The RGO
improves the mechanical properties of the NW network and
prevents the oxidation of CuNWs. Alternatively, NWs can
simply be dispersed in PDMS, and molded into a desired
shape.15 This required replacing the hydrophilic PVP surface
ligand with a hydrophobic hexylamine ligand. Dip coating is
another option to fabricate a NW-based, stretchable conductor
with 3D polymeric substrates or even with tissue paper.737 In
one example, a cellulose paper consisting of microcellulose
fibers was dipped into a NW solution to coat the surface of the
cellulose fibers with NWs.738 Infiltration of polymers into a 3D
NW network prepared via vacuum filtration has also been used
for producing a flexible and stretchable composite.732 In
another example, polymer infiltration was used to produce a
3D monolithic composite consisting of graphene-coated
AgNWs and PDMS.739 This was prepared by dipping
polyurethane foam into a suspension of GO-coated metal
NWs, followed by pyrolysis to remove the polyurethane, and
infiltration with PDMS. Fibrous stretchable conductors can be
obtained via brush coating metal NWs on the fibrous
polymer,740 or wet spinning metal NW-polymer compo-
site.741,742 Freeze-drying is another method that can be used
to prepare an elastic NW-PDMS composite.743 A highly
porous CuNW−PVA aerogel was prepared by freeze-drying
and then filled with PDMS, and the final CuNW−PVA−
PDMS rubber could be cut into a variety of shapes. Various
printing methods, including screen printing and direct writing
of NW inks with needles, have also been exploited to fabricate
flexible/stretchable metal NW-polymer composites.744−749

Further improvement of the flexibility and stretching
capability of a NW-polymer composite can be achieved via
prestrain16,695,740,750 and patterning.15,732,751 The prestrain
strategy involves the transfer or the coating of NWs onto a
prestrained (i.e., stretched) substrate.696,740 Upon relaxation of
the strain, the NW film can buckle out of the stretching plane,
creating wrinkles that can enable the film to accommodate
greater strains before fracture than would otherwise be
possible. Prestraining can be combined with spray coating of
NWs on a sawtooth-shaped PDMS substrate to achieve
retention of conductivity to strains over 700%.750 Patterning
NW−polymer composites into serpentine patterns or a 3D
helix structure has been used to greatly improve the
stretchability of NW−polymer composites.15,695,732,751

8.2.7.2. Applications of Metal NW-Based Bulk Compo-
sites. Metal NW-based composites have been utilized to
fabricate flexible and stretchable strain and touch sen-
sors,16,733,735,737,741,747,751−753 biomedical devices,15 and EMI
shielding.754−756 In addition, metal NW−thermoplastic
composites were adopted as conductive filaments for 3D
printing,757 and 3D networks of metal NWs were used as the
current collector for Li-ion battery.758−762
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Strain and touch sensors that are enabled through the use of
highly conductive, stretchable NW composites are particularly
exciting as they enable new applications in wearable
electronics, as well as for monitoring the motion of body
parts, organs, and muscles. Accurate monitoring of motion can
facilitate the development of human/robot interfaces, as well as
disease diagnosis. Most strain and touch sensors rely on
changes in the resistance or capacitance for detection. For
strain sensing, research has focused on improving the
stretching capability, stability, and sensitivity of the strain
sensor while under linear strain.733,735 As explained above, the
prestraining strategy is one of the most popular methods to
fabricate a strain sensor since a high stretching capability can
be achieved using this approach. For wearable applications,
however, it is likely that a strain of 50−100% will be sufficient.
By stacking two perpendicular, prestrained AgNW networks, a
multidimensional strain sensor was developed, which could
monitor strain patterns across a surface (Figure 44A).16

Multiple stacks of perpendicular, prestrained NW networks
were combined into an array of strain sensors that was then

used to map the strain distribution across the back of a hand
during a gripping motion.
Pressure sensors can be designed based on changes in either

resistance or capacitance. In one simple example, researchers
used a piece of tissue paper coated with ultrathin AuNWs as a
pressure sensitive contact between interdigitated electrodes in
a planar film.737 The magnitude of pressure increase correlated
to the decrease in electrical resistance of the AuNW-coated
tissue paper between the interdigitated electrodes. This device
could also differentiate among pressing, bending, and torsion-
based on the differences in the time-dependent current
profiles, and was sensitive enough to monitor the acoustic
vibrations from a heartbeat on a human wrist (Figure 44B).737

A capacitive-based pressure sensor was constructed by
separating two orthogonal arrays of lines made of AgNWs
with PDMS.752 The researchers used this device to
demonstrate the monitoring of strains during thumb move-
ment, walking, running and jumping, as well as mapping of
pressure.

Figure 44. (A) Multidimensional strain sensor array for monitoring hand motion, (B) AuNW-based pressure sensor for monitoring heartbeat, and
(C) a serpentine patterned AgNW-based epicardial mesh. (A) Reprinted with permission from ref 15. Copyright 2015 American Chemical Society.
(B) Reprinted with permission from ref 737. Copyright 2014 Nature Publishing Group. (C) Reprinted with permission from ref 14. Copyright
2016 AAAS.
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Metal NW−polymer composites also have the potential to
monitor motion in vivo. In one example, researchers developed
an epicardial mesh made from a AgNW−styrene−butadiene−
styrene (SBS) composite that could be wrapped around the
heart. A serpentine pattern was used to match the elasticity of
the composite to that of the myocardium. This stretchable,
conductive mesh was used not only to record the intracardiac
electrogram of a beating heart but also to apply electrical
signals to the heart, acting as a pacemaker or defibrillator
(Figure 44C).15 Subsequent research improved the biocom-
patibility of the implantable bioelectronics by coating AgNWs
with Au.763

8.3. Thermal Management

8.3.1. Heat Dissipation of the Bulk Composites. Heat
management of electronic devices is essential for preventing
their failure. A heat sink with a large surface area and high
thermal conductivity is typically placed in contact with an
electronic heat source, such as a central processing unit
(CPU), to facilitate heat dissipation.764 Air can be trapped
between the rough surfaces of a heat source and heat sink,
thereby reducing heat transfer, so a thermal interface material
(TIM) is usually applied to improve the thermal conductivity
of this interface.765 Common TIMs include thermal grease,
solder, and particle-laden adhesive tapes.766 Metal NW-
elastomer composites have also been evaluated for use as
TIMs.765,767−770 The ability of metal NWs to form percolating
networks at low volume fractions means they can be added
into an elastomer at volume fractions less than 2% and achieve
the desired level of thermal conductivity. In contrast, spherical
particles must be used at a volume fraction between 10−50%.
Such a high loading causes the elastomer composite to become
brittle and crack under pressure rather than conform to the
interface between the heat sink and source.
A variety of effective medium models have been developed

to account for the effect of a filler’s AR, orientation, and
Kapitza resistance (interfacial thermal resistance) on the
thermal conductivity of composites.765,771−775 Similar to the
case of electrical conductivity, the thermal conductivity of a
NW composite is predicted to increase with the AR,775−777

although the increase levels out at an AR of ca. 1000 for a
volume fraction of 1.8%.765 Experimental results qualitatively
confirmed these predictions. In one comparison, a dimethicone
composite containing 10 vol % of CuNWs with an AR of ∼22
exhibited a thermal conductivity 1.6 times greater than that of
a composite containing Cu nanoparticles at the same volume
fraction.775 Another study compared the thermal conductivity
of composites containing short (<20 μm in length) and long
(few tens to hundreds of micrometers) CuNWs with a
diameter of ca. 80 nm.777 The short NWs were produced by
sonicating the long NWs. The addition of short NWs into
polyacrylate increased the thermal conductivity by 350% at a
volume fraction of 1.5%, whereas the long NWs increased the
thermal conductivity by 1350% at a volume fraction of 0.9%.777

Further improvement of the thermal conductivity was
achieved by coating metal NWs with thin sheaths of SiO2 or
TiO2 (see section 7.1).778−780 These thin shells were observed
to improve the dispersion of NWs within a polymer matrix, as
well as increase interfacial adhesion as determined by the
elimination of air gaps at the NW−matrix interface. The thin
sheaths of SiO2 or TiO2 also decreased the electrical
conductivity of the composites relative to composites made
from plain NWs. If the thickness of the SiO2 sheath increased

beyond a certain point, the thermal conductivity of the
composite decreased because of the lower thermal conductivity
of SiO2 relative to the metal.780 Thus, the improved thermal
conductivity was attributed to improved bonding between the
oxide-coated NWs and the matrix.

8.3.2. Fabrication of Transparent, Flexible, and
Stretchable Heaters. Metal NW networks can also be used
to generate heat through the passage of electrical current, that
is, Joule heating.17,781−791 A transparent heater fabricated with
metal NWs can be used for defogging windows792 or for a
thermochromic display.783,791 Since a metal NW-based
composite can also be flexible and stretchable, it can be used
for the fabrication of wearable heaters for personal thermal
management or thermal therapy.
Residential heating consumes 42% of global energy, much of

which is wasted to maintain the temperature of empty space.
An alternative approach would be to create a wearable thermal
management device that could maintain the comfort level of
building occupants at lower indoor temperatures. It was
demonstrated that cloth impregnated with AgNWs could be
used for personal thermal management by passively blocking
IR radiation from the body, as well by actively heating the body
through Joule heating.17 Carbon nanotubes could be used for
active heating but not IR reflection because of their low
thermal emissivity.17 Figure 45A shows IR images of gloves
made of CNT-cloth and AgNW-cloth, respectively. The
AgNW-based glove appears to be several degrees colder in
the image because of its low emissivity. The addition of
AgNWs to the cloth improved its thermal insulation by 21%
due to the reduction of radiative loss. A 1 in. × 1 in. sample of
AgNW-based cloth could also be heated from room temper-
ature to 55 °C by applying only 1.2 V, whereas a CNT-based
cloth required a bias of 12 V to reach the same temperature.
Thus, the higher conductivity of AgNWs could enable them to
be used as more efficient heaters that use smaller, low-voltage
batteries. Wearable devices made of NWs are permeable to air
and moisture, ensuring they are as comfortable as normal
cloth.17,788

Thermal therapy is another potential application for
stretchable, conductive NW composites.763,786 Thermal
therapy is often prescribed to alleviate the symptoms of
painful or swollen joints, but current heat wraps are heavy,
bulky, inconvenient, and do not maintain a desired temper-
ature set point. Electrically programmable heaters on
polyimide substrates cannot conform to the human body. To
address this problem, researchers suspended AgNWs in an SBS
elastomer, and molded the elastomer to create a stretchable,
conductive serpentine mesh. This heater was connected to a
battery and microcontroller to serve as a programmable heater
for the wrist (Figure 45B).786 An alternative approach to the
construction of a stretchable heater is to start by creating
stretchable, conductive yarn with CuNWs.788 A helical yarn
composed of polyester microfibers was coated with CuNWs
and then silicone by dip coating. A wearable heater was created
by weaving the conductive threads through the fabric, and its
temperature could be controlled with a phone via Bluetooth.
The fabrics created using this conductive yarn were washable,
breathable, and highly deformable.

8.4. Electrocatalysis

Electrochemistry plays a pivotal role in energy conversion,
enabling a number of sustainable processes for future
technologies.793 As an important component of most electro-
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chemical processes, electrocatalysts reduce energy barriers and
increase reaction rates. Generally speaking, two strategies can
be used to improve the activity of an electrocatalyst: (i)
increasing the number of active sites per unit mass, as
exemplified by reducing the size of catalytic particles to expose
more active sites on the surface, and (ii) increasing the intrinsic
activity of surface atoms, as illustrated by maneuvering the
shape (and thus surface structure) or elemental composi-
tion.794

Metal nanostructures have been explored for a variety of
electrocatalytic applications, with notable examples including
Pt for ORR,795,796 Pd for formic acid oxidation reaction
(FOR),387,797 Ir for oxygen evolution reaction (OER),798,799

and Cu for CO2 reduction,
800 among others. When reducing

the size of metal nanostructures to the nanoscale, they may

exhibit improved activities because of the corresponding
increase in the surface-to-volume ratio. Additionally, surface
strains on nanostructures can affect their catalytic performance.
For example, it was demonstrated that icosahedral Pt3Ni
nanocrystals exhibited an area-specific activity 1.5 times greater
than its octahedral counterpart toward ORR, and this
enhancement could be mainly attributed to the tensile field
induced by the twin boundaries.801 The tensile strain shifted d-
band center up, resulting in an increase in the adsorption
strength for reactants and intermediates and thus enhancing
the ORR activity.
In this section, we focus on the use of 1D metal

nanostructures in various electrochemical processes, including
ORR, methanol oxidation reaction (MOR), FOR, and CO2
reduction. In addition, 1D nanostructures have also been used
as transparent electrocatalysts for the fabrication of photo-
electrochemical cells (PECs).

8.4.1. Oxygen Reduction Reaction. Though small in size
and diverse in shape and morphology, nanoparticles (i.e., 0D
nanostructures) traditionally used as catalysts are not ideal for
long-term operation because of two possible deactivation
mechanisms: Ostwald ripening and particle coalescence.802

Ostwald ripening involves interparticle transport of mobile
species, with larger particles growing at the expense of smaller
ones because of their difference in potential energy.
Coalescence occurs when particles get close enough to each
other as a result of migration. A notable example is the poor
durability of the commercial Pt/C catalyst, in which irregularly
shaped Pt nanoparticles of 3−5 nm in size are dispersed on
carbon powders. During accelerated durability tests (ADTs),
which involved 5000 cycles of potential cycling in the range of
0.6−1.1 V in O2-saturated 0.1 M HClO4, the electrochemically
active surface area (ECSA) and mass activity of Pt/C catalyst
decreased by around 54% and 44%, respectively.803 It was
demonstrated that the size of Pt particles increased to 10−20
nm after 5000 cycles of potential cycling. The gradual loss of
ECSA will inevitably lead to efficiency loss for the fuel cell and
can eventually reach an unacceptable level, compromising the
lifetime of a fuel cell. Such a decrease in the ECSA of a catalyst
during ADT testing was also observed for many other types of
0D nanostructures.437 Additionally, the corrosion of carbon
can lead to the detachment of catalytic particles, contributing
to a further decrease in catalytic activity.437

The loss in ECSA as induced by the Ostwald ripening or
coalescence of nanoparticles can be mitigated by switching to
1D nanostructures. Compared with nanoparticles, 1D
nanostructures often exhibit higher stability because of a larger
contact area with the support.804,805 For example, when similar
thermal annealing process was applied, ultrafine Pt nano-
particles underwent severe aggregation (with a size increase
from ∼7 nm to 10−30 nm), which could be partially attributed
to the migration and fusion of the nanoparticles.806 In contrast,
PtNWs supported on carbon black had multiple anchoring
points and their mobility was much lower than that of
nanoparticles, leading to a limited increase in size. In addition
to their greater stability, 1D nanostructures can also have high
specific surface areas because of the nanometer-sized thickness.
When the diameter of a NW is decreased, one will achieve
both higher specific surface areas and surface-to-volume ratios.
For example, the ECSA of PtNWs with a diameter of ∼1.8 nm
reached 110 m2/gPt in a N2-saturated 0.1 M HClO4 solution,
which was 1.5 times greater than that of the commercial Pt/C
catalyst.806 Additionally, the anisotropic morphology of 1D

Figure 45. (A) Thermal images (left) and photographs (right) of
gloves fabricated using CNT-based cloth (top) and AgNW-based
cloth (bottom), respectively. (B) Photographs of AgNW-based wrist
heaters (top) and thermal images during heating (bottom). (A)
Reprinted with permission from ref 16. Copyright 2015 American
Chemical Society. (B) Reprinted with permission from ref 786.
Copyright 2015 American Chemical Society.
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nanostructures can help improve mass transport and catalyst
utilization. In the conventional formulation of catalyst ink,
Nafion has to be added for proton transport, but it tends to
isolate catalytic particles from the carbon support, leading to
poor electron transport. The use of 1D nanostructures can
ensure the formation of a conductive path, helping eliminate
the problems caused by Nafion and thereby improve the
utilization rate of catalysts.11,807

8.4.1.1. Core−Sheath Structures. Although monometallic
nanostructures usually exhibit superb performance as electro-
catalysts, their activity and cost-effectiveness can be improved
through the introduction of another metal. The addition of a
second metal can result in three effects: (i) an ensemble effect,
in which multiple metals create multiple reaction sites and
provide more opportunities to form appropriate binding
configurations with the reactants or intermediates; (ii) a
ligand effect, in which charge transfer between two dissimilar
surface atoms alters their electronic structure and activity; and
(iii) a geometric effect, in which the spatial arrangement of
surface atoms are affected by strain, geometric shape, and
size.808 To this end, bi-, tri-, or multimetallic 1D nanostruc-
tures have been designed to improve catalytic performance
(Section 6).
Multimetallic nanostructures can be categorized into two

major groups: core−sheath and alloy structures. The core−
sheath structure has stimulated the development of a number
of electrocatalysts. It is generally accepted that the compressive
strain in the sheath can dramatically influence the binding
strength of adsorbates and thereby their chemical reactivity.809

For example, it has been reported that Pd@Pt core−sheath
NWs exhibited a mass activity 10 times greater than that of a
commercial Pt/C catalyst toward ORR.13 The excellent activity
of the Pd@Pt NWs could be mainly attributed to the strain

effect caused by their core−sheath structure. In addition, the
strong coupling between the metal atoms in the core and
sheath also helped enhance the stability of the sheath by
positively shifting the oxidation potential. In another study, it
was demonstrated that Pd@Pt core−shell NWs supported on
carbon black maintained 63% of their initial ECSA after 30 000
cycles of potential cycling, while the commercial Pt/C was only
able to maintain slightly over 50% of the initial ECSA.418 The
core−sheath structures can also be used to tune the
composition of the catalysts. Although noble metals exhibit
excellent performance in various catalytic reactions, their high
costs greatly limit their application. Through the use of core−
sheath structures and the introduction of nonprecious metals,
one can effectively reduce the loading amount of noble metals
while enhancing the catalytic activity. To this end, FePtCu@Pt
and PtNi@Pt NWs with cores partially made of nonprecious
metals have been synthesized, which not only showed higher
activity than commercial Pt/C but also helped reduce the
loading of Pt.806,810

8.4.1.2. Alloy Structures. In addition to core−sheath
structures with spatially separated compositions, alloy nano-
structures where different metals are mixed together are also
widely used as catalysts for electrochemical reactions. Similar
to core−sheath structures, the incorporation of other metals
not only reduces the overall cost of the catalyst by reducing the
amount of noble metal utilized but also enhances the catalytic
performance through a favorable synergistic electronic
interaction between the different metals.811−814 For example,
PtNi alloy nanoparticles demonstrated a higher activity than
pure Pt nanoparticles because the introduction of Ni lowered
the d-band center and thus accelerated desorption of O and
OH species, leading to an increase in the kinetics for ORR.815

It was reported that PtNi NWs supported on carbon showed a

Figure 46. (A) STEM and (B) HRTEM images of subnanometer PtCo NWs. (C) STEM and (D) HRTEM images of subnanometer PtNiCo
NWs. (E) ECSAs, (F) mass activities, and (G) specific activities of PtNiCoNW/C, PtNiNW/C, PtNWs (1 nm)/C, PtNWs (4.5 nm)/C, and
commercial Pt/C. Reprinted with permission from ref 796. Copyright 2017 AAAS.
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mass activity 3- and 23-fold higher than that of PtNWs/C and
commercial Pt/C catalyst, respectively (Figure 46).796 The
authors showed the presence of Ni could reduce the bond
strength between oxygen atoms and the surface of the NWs,
and proposed this could enhance the ORR activity. Because of
their low reduction potentials, nonprecious metals can also be
removed after several potential cycles, resulting in a rough, Pt-
enriched sheath with improved performance. Using FePtCu
NRs as an example, the ternary alloy structures could be
successfully converted into FePtCu@Pt core−sheath structures
via selective dissolution of Fe and Cu from the surface after
treatment with acetic acid and electrochemical etching in 0.1
M HClO4. The core−sheath NRs with a Pt-enriched sheath
exhibited mass and specific activities 6.3 and 4.4 times higher,
respectively, than those of a commercial Pt/C catalyst.
Furthermore, the durability test with the core−sheath NRs
showed no degradation after 5000 cycles, with only a slight
decrease in the Fe and Cu contents (1−2 atomic%).810

8.4.1.3. Hollow and Porous Structures. Increasing the
surface area of 1D nanostructures provides another effective
approach to further enhancing their catalytic performance. To
this end, porous and hollow structures, such as nanotubes,
generated from etching or galvanic replacement are promising
materials.816 It has been demonstrated that etching is initiated
by oxidizing the metal atoms in the outermost layer of the
sheath to generate vacancies, followed by diffusion of metal
atoms from underlying layers to enlarge the vacancies. The
hollow structure generated by etching not only provides a
larger reactive surface area but also allows for efficient mass
transport of both the products and reactants in and out of the
catalytic system. In addition to etching, hollow structures can
be produced through galvanic replacement that takes
advantage of the difference in standard reduction potentials
between two metals. The alloy structures and tunable

compositions, which can be controlled by varying the number
of metal ions introduced, allow for the optimization of catalytic
activity for specific reactions. As an example, through galvanic
replacement, porous Pt dendritic tubes were produced using
Ag dendrites as a template. The hollow Pt dendrites showed a
specific activity 4.4 times greater than that of a commercial Pt/
C catalyst, which can be attributed to their large surface area
and improved mass transport and gas diffusion.817

8.4.1.4. Support-Free Electrocatalysts. As briefly discussed
at the beginning of this section, the corrosion of the carbon
support is one of the major causes of the decrease in the
catalyst activity, as it accelerates the detachment of catalytic
particles from the carbon surface. It has also been explained in
section 8.2 that a network of metal NWs is electrically
conductive enough to be directly used as an electrocatalyst,
making the carbon support unnecessary.
Support-free electrocatalysts were first developed with Pt-

and Pt-based nanotubes.11 In a typical protocol, AgNWs
synthesized via the polyol method were used as a sacrificial
template for the galvanic replacement with Pt(II) or Pt(II) and
Pd(II) precursors to generate Pt or PtPd nanotubes (Figure
47). The diameter and the length of the nanotubes were 50 nm
and 5−20 μm, respectively, and the shell thickness was
controlled in the range of 4−7 nm. The ADT test revealed an
enhanced stability for the nanotubes without carbon support
when benchmarked Pt black and Pt/C. There was no
remarkable change to the morphology of the Pt nanotubes
after the ADT test, and the minor dissolution of Pt during the
test led to a slight decrease in ECSA. Although the mass
activity of Pt nanotubes was already higher than those of Pt/C
and Pt black, PtPd nanotubes showed even greater mass and
specific activities, which were 1.4× and 5.8× those of
commercial Pt/C. The support-free Pt-based electrocatalysts
have been further optimized to improve their stability and

Figure 47. SEM images of (A) Pt and (B) PdPt nanotubes, respectively. (C) Loss of ECSA for Pt/C, Pt black, and Pt nanotubes as a function of
the number of CV cycles. (D) ORR curves of Pt/C, Pt black, Pt nanotubes, and PdPt nanotubes in O2-saturated 0.5 M H2SO4 solution at room
temperature. Inset: Mass activity (top) and specific activity (bottom) for the four catalysts at 0.85 V. Reprinted with permission from ref 11.
Copyright 2007 Wiley-VCH.
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activity, including the development of porous Pt nanotubes,
PtPd alloyed nanotubes, and Cu@Pt core−sheath
NWs.94,818,819

8.4.1.5. Summary. The high specific surface area, large
contact area with the support, as well as the anisotropic
morphology and the corresponding improvement in mass
transport, all make 1D nanostructures attractive electro-
catalysts toward ORR. At the current stage of development,
their performance is still plagued by a number of shortcomings.
For example, it is hard to precisely control the type of facet on
1D metal nanostructures, in particular, for those derived from
attachment growth or galvanic replacement. In addition, the
stability of 1D metal nanostructures is also a potential concern.
As discussed in section 3, 1D metal nanostructures are highly
vulnerable to oxidative etching, and they may break into short
segments when exposed to a corrosive environment containing
a strong acid and/or an oxidant.97 Once broken, the segments
tend to fuse together to generate relatively large particles
through Ostwald ripening, leading to a sharp decrease in ECSA
and thus electrocatalytic activity. Coating with carbon or with
polymers may help improve the stability of electrocatalysts
based on 1D metal nanostructures.820−822

8.4.2. Methanol Oxidation and Formic Acid Oxida-
tion. The electrochemical oxidation of methanol is a two-step
reaction that consists of fast oxidation of methanol to CO and
the subsequent oxidation of CO to CO2. To achieve superior
catalytic activity, a higher conversion rate of methanol and
better CO tolerance are both of great importance. Since
catalysts based on pure Pt have weak tolerance against CO
poisoning, many studies have been conducted to develop
binary or ternary 1D nanostructures to provide a better
catalytic activity and CO tolerance. In addition, to avoid
problems such as carbon corrosion and particle detachment,
support-free electrocatalysts based on NWs or nanotubes have
also been applied to the MOR.
A good example of 1D alloy electrocatalysts for MOR is

based on PtAgNWs.823 In a standard protocol, PtAg NWs (6−
20% of Ag atomic concentration) were synthesized via particle
attachment in an aqueous solution. The as-prepared alloy NWs
had a diameter of 6 nm and length of 2−3 μm. Although the
ECSA of the PtAg NWs was smaller than that of the Pt/C
catalyst, the mass activities were 3.8 and 3.6 times higher at 6
and 20 atomic% of Ag when compared with a Pt/C catalyst.
Furthermore, the ratio of forward to backward current
obtained from cyclic voltammetry showed that the PtAg
NWs had a better CO tolerance than a Pt/C catalyst. The
forward current is from the oxidation of methanol, and the
backward current is from the oxidation of remaining CO on
the surface of the catalyst. Therefore, the higher ratio of
forward to backward current implies a superior tolerance to
CO poisoning. The ratio for PtAg NWs was over 1.5, whereas
that for Pt/C catalyst was around 1.1, demonstrating better
CO tolerance of PtAg NWs than Pt/C. It was proposed that
the codeposited Ag might decrease the Pt−CO bond strength
by modifying the Pt 4f energy and assisted the formation of Pt
active sites, leading to better CO tolerance and higher catalytic
activity. A similar alloying effect which improved catalytic
activity toward MOR and CO tolerance was also reported for
other 1D nanostructures, including those based on PtRu,824

PtNi,825 PtCu,784,826 PtCo,827 PtFePd,828 and PtRuCu.824

Among different types of 1D-structured catalysts, PtRu
nanotubes and Cu@PtRu core−sheath NWs were explored as
support-free electrocatalysts without using any carbon support

for MOR.783 In a typical protocol, CuNWs were first
synthesized through the reduction of Cu(NO3)2 by hydrazine
and EDA in a basic aqueous solution. The PtRu nanotubes and
Cu@PtRu core−sheath NWs were then produced through
complete and partial galvanic replacement with the as-prepared
CuNWs. It was demonstrated that Cu@PtRu core−sheath
NWs showed the highest specific activity, which was 3.2 and
5.5 times higher than those of the PtRu nanotubes and PtRu/C
catalyst, respectively. Less current decay was also observed for
the Cu@PtRu core−sheath NWs, revealing the higher stability
of Cu@PtRu core−sheath NWs relative to PtRu nanotubes
and PtRu/C.
For FOR, Pd and Pd-based nanostructures are most widely

used as electrocatalysts.829 Compared with 0D nanostructures,
the higher stability and presence of more active facets for NWs
and NRs lead to a major improvement in catalytic activity. For
example, penta-twinned PdNWs supported on carbon showed
a specific activity 5 times higher than that of commercial Pd/
C.96 The increase in surface strain caused by twin boundaries,
together with the presence of {100} side faces, greatly
improved the catalytic performance of PdNWs. In addition
to pure Pd catalysts, PdAg NWs exhibited greatly enhanced
electrocatalytic activity toward FOR with a larger oxidation
current density, higher tolerance to CO poisoning, and more
negative onset potential in comparison with a Pd/C catalyst.387

When maintained at the same potential, the as-synthesized
PdAg NWs also exhibited higher stability than commercial Pd/
C in the chronoamperometric analyses. It is thought that
oxygen-containing species adsorbed on the Ag sites can
enhance the oxidation of formic acid adsorbed on nearby Pd
sites. The synergistic effect between Pd and Ag greatly
contributed to the enhanced catalytic performance, leading
to an electronic structure and thus reactivity different from
those of Pd nanostructures.830,831

8.4.3. CO2 Reduction. Electrochemical reduction of CO2
has received a lot of attention in recent years because of its
potential to convert CO2 into valuable chemical products.
Metal electrocatalysts with various compositions, shapes, and
structures have been applied to the electrochemical reduction
of CO2.

832 Although there are only a small number of reports
on the application of 1D catalysts toward CO2 reduction and
the investigation of reaction mechanisms, 1D nanostructures
can improve the electrocatalytic performance in a way similar
to the cases of ORR and MOR.
Gold is one of the noble metals that are widely used as

electrocatalysts for CO2 reduction. Ultrathin AuNWs with a
diameter of 2 nm and different lengths (15, 100, and 500 nm)
were used to investigate the effect of the edge-to-corner ratio
of NWs in CO2 reduction.833 Theoretical calculations
indicated that the edge between two side faces of NWs was
more active than the corner sites at the ends of the NWs.
Therefore, when the total number of surface Au atoms was
fixed, 1D NWs were more active than nanoparticles because of
the existence of more edge sites and fewer corner sites. Further
investigation revealed that both CO and COOH, an
intermediate, preferentially bound to the edge sites on
AuNWs. Compared to other Au nanostructures such as Au13
clusters and Au(211) surface, the adsorption of CO on the
edge sites of a NW was weaker than on the corner sites of Au13,
while the adsorption of COOH on the edge sites of a NW was
marginally stronger than that on the Au(211) surface. This
result suggests that COOH could be activated on the edge sites
of AuNWs, and the produced CO could be easily released from
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the surface of NWs. As a result, a higher activity was observed
with the ultrathin AuNWs compared to polycrystalline Au
nanoparticles, and the longer NWs were more active than the
shorter ones. Furthermore, the onset potential of CO2
reduction for the NWs with a length of 500 nm was more
positive than those for the shorter ones, and the faradaic
efficiency for CO production also increased with the length of
the AuNWs. These observations supported the hypothesis that
the edge sites on NWs were more active than the corner sites.
In addition to Au, Cu-based catalysts have been extensively

explored for CO2 reduction.800,834,835 Several products,
including CO, methane, and ethylene, can be produced
when Cu nanostructures are used as catalysts and the
improvement in selectivity toward a specific product is one
of the major efforts for this research. Penta-twinned CuNWs
with a diameter of 20 nm have been investigated for the
electrochemical reduction of CO2.

834 It was observed that the
difference between Cu foil and CuNWs were largely negligible
at a relatively low overpotential. However, when the voltage
was decreased to −1.25 V (versus RHE, reversible hydrogen
electrode), the partial current for methane production
significantly increased only with CuNWs. When the passed
charge was below 1 C, methane was selectively produced with
negligible formation of CO and ethylene. However, when the
passed charge for CO2 reduction was over 2 C, the main
product was changed and a significant amount of ethylene was
produced. This change in selectivity could be attributed to the
morphological change to the CuNWs. Specifically, wire
bundling, disintegration, and fracturing were all observed
under TEM. It was further confirmed that the selectivity
toward methane could be preserved by coating the CuNWs
with RGO because of the suppression of morphology changes
to the CuNWs.
8.4.4. Photoelectrochemical Cells. Metal NWs and their

derivatives can also be used to fabricate transparent electro-
catalysts because of their electrical conductivity, mechanical
flexibility, and optical transparency. It was reported that
CuNW networks could serve as transparent, flexible electro-
catalysts for applications in PECs (Figure 48A and B).836

Currently, most designs of PECs rely on the use of ITO
coating as a transparent electrode onto which an active layer of
catalyst is coated. However, in addition to the scarcity of
indium, ITO is brittle and expensive, and it is not catalytically
active toward most reactions such as water oxidation. As an
attractive alternative to ITO, CuNWs can be directly deposited
from solution at rates several orders of magnitude faster than
gas-phase ITO sputtering, and their networks offer nearly the
same level of optoelectric performance. Additionally, Cu is 425
times more abundant and 100 times cheaper than indium,
making CuNWs more competitive and promising catalysts for
PECs.
As shown in Figure 48C, while repeated catalytic waves for

water oxidation could be observed with Ep,o = 1.02 V versus
normal hydrogen electrode (NHE) when a CuNW film was
used as a catalyst, only a small oxygen evolution wave was
obtained on an ITO electrode under identical conditions.
Figure 48D shows the electrolysis process at a stable current
density of 0.6 mA cm−2 at 1.2 V. After 2.5 h, about 13.2 μmol
of O2 was generated with a columbic efficiency as high as 94%.
The CuNWs were intact after sustained water oxidation with
only a slight increase in surface roughness, and the CuNW film
maintained excellent optical (77%) and electrical (48 Ω sq−1)
properties. Higher current densities can be achieved with

thicker layers of NWs at the expense of transmittance (Figure
48E). Once optimized in terms of the balance between
transmittance and catalytic performance, films fabricated from
metal NWs are generally much more flexible than that of ITO
(Figure 48F). It was demonstrated that the sheet resistance of
a film based on a CuNW network on polyethylene
terephthalate (PETP) increased by only 4 times after 1000
bends. In comparison, for the ITO film on PET, the sheet
resistance increased 400 times after just 250 bends. In addition
to CuNWs, other mono- or multimetallic NWs have also been
reported as potential transparent electrocatalysts, including
PtCu alloy NWs and Ni-coated CuNWs.837,838

9. CONCLUDING REMARKS
Over the last two decades, we have witnessed a staggering
amount of progress in the synthesis, mechanistic under-
standing, processing, and application of 1D metal nanostruc-
tures, such that it is difficult to adequately summarize the field
in a review article even as long as this one. Syntheses of 1D
metal nanostructures have been reported for 23 different
metals since the turn of the century; many of which have been
refined or modified in hundreds of subsequent studies to
improve control over the dimensions of the nanostructures,
ensure reproducibility, as well as lower the cost839 and
environmental impact.840−843 In many cases, the reason why

Figure 48. (A, B) TEM images of CuNWs (A) before and (B) after
sustained water oxidation. (C) CVs (10 scan cycles) of a CuNW
network on glass in 1 M Na2CO3. For comparison, a CV of an ITO
electrode is shown as a dashed line. (D) Constant potential
electrolysis with a CuNW network at 1.20 V vs NHE with 0.8 mM
CuSO4 added into the solution. (E) A plot of the transmittance of
CuNW networks vs catalytic current density of water oxidation. (F)
Plots of sheet resistance vs number of bends for ITO film (●), Cu
NW film (■), and CuNW film after water oxidation (▼) on PET.
Reprinted with permission from ref 836. Copyright 2007 Wiley-VCH.
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nanostructures made of metals with a cubic crystal lattice grow
anisotropically remains poorly understood, but the advent of
new analytical tools and methods is beginning to shed light on
this mystery. In situ TEM, in particular, is offering new insights
into how NRs or NWs can be assembled from isotropic
nanoparticles, while in situ DFOM can be used to differentiate
between growth pathways limited by mass- and charge-transfer,
respectively. Single-crystal electrochemistry and computational
simulations are providing unexpected surprises as to the
explicit roles played by capping agents and halides in driving
the anisotropic growth. We expect that additional studies with
these and other analytical methods will continue to shed light
on the facet-selective surface chemistry and reduction kinetics
responsible for the anisotropic growth.
Improving the mechanistic understanding of nanostructure

growth has the potential to make the development of new
synthetic protocols much more efficient. For a given synthesis,
one can change a myriad of variables, including (i) reaction
temperature, (ii) concentration of the precursor to the metal,
(iii) concentration of the reducing agent (or a precursor to the
reducing agent), (iv) concentrations of capping agents/
stabilizers, and (v) concentrations of halides and other types
of additives. On top of these five variables, there are also many
different types of capping agents, reducing agents, and
precursors that one can choose for a synthesis, resulting in a
variable space with a dimensionality in the hundreds. Having a
better understanding of the factors that promote the
anisotropic growth or affect the rate-limiting step can help
reduce the variable space and/or enable more intelligent search
algorithms, and thus accelerate the pace with which one can
identify the optimal reaction conditions.
New applications, such as the use of AuNRs in imaging and

medicine, and the use of Ag and Cu NWs for transparent
electrodes and stretchable electronics, have motivated efforts
for improved control over the length and diameter of these
nanostructures, as well as the development of methods for
scale-up syntheses. Applications in electrocatalysis have
motivated the development of core−sheath and alloyed 1D
nanostructures that improve the intrinsic activity of the
nanostructures, as well as hollow and/or porous nanostructures
that increase the specific surface area. Even with the most
recent progress, there is still much room for improvement in
control over the nanostructure’s dimensions, composition, and
uniformity. For example, whereas the length and diameter of
AuNRs can be relatively uniform, those of Cu and Ag NRs or
NWs still vary over a very broad range. Studies of the effect of
the dimensions of Cu and Ag NWs might benefit from the
development of a seed-mediated synthesis that could narrow
the variations. The issue of structural control is, even more,
pressing for studying the electrocatalytic properties of 1D
metal nanostructures, in which the variation in either
composition or shell thickness between particles makes it
very challenging to develop definitive structure−property
relationships. In this case, the development of methods for
measuring the electrocatalytic properties of individual, well-
characterized nanostructures may bring immediate advan-
tages.844

The development of additional commercial applications for
the 1D metal nanostructures is often limited by their high costs
with respect to more mature materials, in addition to the small
scales they are commonly produced. Figure 49A illustrates the
progression for scaling up the production of Cu-based NWs
from milligram to gram scale, enabling their use in the

fabrication and testing of conductive composites.732,757 This
approach simply involved the use of larger reaction vessels with
moderate changes to the experimental conditions.229,300,757

This approach to scale-up, however, can lead to greater
heterogeneity for the products because it does not allow for the
same degree of control over temperature as in a small-scale
synthesis. An alternative approach to scale-up involve the use
of continuous flow reactors.845 Further integration of such a
system with purification and recycling capabilities is expected
to pave the way for the production of metal nanostructures at
scales relevant to industrial applications. As demonstrated in a
recent study, the droplet-reactor system shown in Figure 49B
can be applied to the continuous and scalable production of Pd
nanostructures. Aqueous droplets containing the reaction
constituents were generated by flowing an aqueous phase
containing the reactants and a carrier phase based on silicone
oil (or air) in a polytetrafluoroethylene (PTFE) tube. The
droplets passed through a mixing zone, followed by a heating
zone to induce the nucleation and growth of nanostructures.
After it passed through a cooling zone, the silicone oil
selectively flowed through holes in the PTFE tube, achieving
the separation of the carrier fluid for recycling. The solid
products were then separated from the solvent through cross-
flow filtration.
As most colloidal syntheses only produce about 1 g of

nanostructures for every liter of reaction solution, they have a
waste to product ratio of about 1000. This large volume of
waste, and the need to use a new solvent for each synthesis, is
the largest contributor to the high cost of nanostructures even
made of earth-abundant metals. In addition, it makes the

Figure 49. (A) Scale-up of CuNW synthesis from milligram to gram
per batch. (B) Continuous flow reactor for scalable production of
nanostructures. (A) Reprinted with permission from refs 168, 229,
and 757 Copyright 2018 American Chemical Society, 2010 Wiley-
VCH, and 2018 Wiley-VCH, respectively. (B) Reprinted with
permission from ref 845. Copyright 2018 American Chemical Society.
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production of 1D metal nanostructures a potential environ-
mental hazard if this issue is not addressed at large scales. This
problem could potentially be addressed through either process
intensification, in which the same amount of product is
produced in a much smaller reaction volume, or through
integrated purification and recycling of the reaction solvent to
reduce the volume of the waste stream. Currently, neither of
these avenues are very active areas of research, but this is
expected to change as more applications pull 1D metal
nanostructures into the market at larger volumes.
Similarly, although the assessment of potential environ-

mental impacts of nanomaterials has progressed dramatically
over the past decade,846−848 the possible adverse impacts of 1D
metal nanostructures have received relatively little attention.849

This makes sense given that most 1D nanostructures are yet to
be used to any appreciable extent in commercial applications.
To this end, AgNWs are perhaps the only 1D metal
nanostructures currently used in consumer products, and as
such AgNWs have received the most scrutiny.849 Fortunately,
work to date indicates that AgNWs are less toxic than Ag
nanoparticles850 or Ag ions,851 suggesting that the relatively
larger dimension of 1D nanostructures relative to nanoparticles
or metal ions may serve to mitigate their environmental
impact.852 As other types of 1D nanostructures begin to enter
commercial products, similar studies will be required to assess
their potential ecological damage and determine their fate in
the environment.
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CTA+ cetyltrimethylammonium ion
CTAB cetyltrimethylammonium bromide
CTAC cetyltrimethylammonium chloride
DDA discrete dipole approximation
DEG diethylene glycol
DFOM dark-field optical microscopy
DFT density functional theory
DLVO theory Derjaguin, Landau, Verwey, and Over-

beek theory
DMAB dimethylamine borane
DMF dimethylformamide
DODAC dioctadecyldimethylammonium chloride
DTAB dodecyltrimethylammonium bromide
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lance
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FDTD finite difference time domain
FEM finite element method
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GO graphene oxide
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HDA hexadecylamine
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HRTEM high-resolution transmission electron mi-

croscopy
HSAB theory hard and soft acids and bases theory
ICP-MS inductively coupled plasma mass spec-
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IPA isopropyl alcohol
ITO indium tin oxide
LBL layer-by-layer
LSPR localized surface plasmon resonance
MD molecular dynamics
MOF metal-organic framework
MOR methanol oxidation reaction
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NHE normal hydrogen electrode
NR nanorod
NW nanowire
OA oleic acid
OAc acetate
OCT optical coherence tomography
ODA octadecylamine
OER oxygen evolution reaction
OLA oleylamine
OLED organic light-emitting diode
OPV organic photovoltaic
ORR oxygen reduction reaction
PAH poly(allylamine hydrochloride)
PAT photoacoustic tomography
PDDA poly(diallyldimethylammonium) chloride
PDMS polydimethylsiloxane
PDT photodynamic therapy
PEC photoelectrochemical cell

PEDOT poly(3,4-ethylenedioxythiophene)
PEO poly(ethylene oxide)
PET positron emission tomography
PETP polyethylene terephthalate
PMB-Cl poly(methacryloyloxyethyl dimethylben-
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PSS poly(styrenesulfonate)
PTFE polytetrafluoroethylene
PT-OCT photothermal optical coherence tomog-

raphy
PVP poly(vinylpyrrolidone)
RGO reduced graphene oxide
RHE reversible hydrogen electrode
RI refractive index
RIU refractive index unit
SAED selected area electron diffraction
SAM self-assembled monolayer
SAXS small-angle X-ray scattering
SBS styrene−butadiene−styrene
SDBS sodium dodecyl benzenesulfonate
SDS sodium dodecyl sulfate
SEM scanning electron microscopy
SERS surface-enhanced Raman scattering
SHE standard hydrogen electrode
SLS solution−liquid−solid
SPR surface plasmon resonance
TBAB tert-butylamine borane
TDA tetradecylamine
TEG tri(ethylene glycol)
TTEG tetra(ethylene glycol)
TEM transmission electron microscopy
TEOS tetraethoxysilane
TIM thermal interface material
TMEDA tetramethylenediamine
TMV tobacco mosaic virus
TPAF two-photon autofluorescence
TPF two-photon fluorescence
TPL two-photon luminescence
TXM transmission X-ray microscopy
UPD underpotential deposition
XANES X-ray absorption near-edge structure
XRD X-ray diffraction
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Goḿez-Graña, S.; Liz-Marzań, L. M.; Van Tendeloo, G. Atomic-Scale
Determination of Surface Facets in Gold Nanorods. Nat. Mater. 2012,
11, 930−935.
(45) Pan, Z. W.; Dai, Z. R.; Wang, Z. L. Nanobelts of
Semiconducting Oxides. Science 2001, 291, 1947−1949.
(46) Wiley, B. J.; Wang, Z.; Wei, J.; Yin, Y.; Cobden, D. H.; Xia, Y.
Synthesis and Electrical Characterization of Silver Nanobeams. Nano
Lett. 2006, 6, 2273−2278.
(47) Sun, Y.; Mayers, B.; Herricks, T.; Xia, Y. Polyol Synthesis of
Uniform Silver Nanowires: A Plausible Growth Mechanism and the
Supporting Evidence. Nano Lett. 2003, 3, 955−960.
(48) Zhang, S.-H.; Jiang, Z.-Y.; Xie, Z.-X.; Xu, X.; Huang, R.-B.;
Zheng, L.-S. Growth of Silver Nanowires from Solutions: A Cyclic
Penta-Twinned-Crystal Growth Mechanism. J. Phys. Chem. B 2005,
109, 9416−9421.
(49) Da Silva, R. R.; Yang, M.; Choi, S. Il; Chi, M.; Luo, M.; Zhang,
C.; Li, Z.-Y.; Camargo, P. H. C.; Ribeiro, S. J. L.; Xia, Y. Facile
Synthesis of Sub-20 nm Silver Nanowires through a Bromide-
Mediated Polyol Method. ACS Nano 2016, 10, 7892−7900.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.8b00745
Chem. Rev. XXXX, XXX, XXX−XXX

CC

https://www.cambrios.com/
http://dx.doi.org/10.1021/acs.chemrev.8b00745


(50) Carbo-́Argibay, E.; Rodríguez-Gonzaĺez, B.; Pastoriza-Santos, I.;
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C. The Optimal Aspect Ratio of Gold Nanorods for Plasmonic Bio-
Sensing. Plasmonics 2010, 5, 161−167.
(478) Raether, H. Surface Plasmons on Smooth and Rough Surfaces
and on Gratings; Springer-Verlag: Berlin, 1988; Vol. 111.
(479) Liu, Z.; Bando, Y. A Novel Method for Preparing Copper
Nanorods and Nanowires. Adv. Mater. 2003, 15, 303−305.
(480) Jana, N. R.; Gearheart, L.; Obare, S. O.; Murphy, C. J.
Anisotropic Chemical Reactivity of Gold Spheroids and Nanorods.
Langmuir 2002, 18, 922−927.
(481) Zhang, J.; Li, X.; Sun, X.; Li, Y. Surface Enhanced Raman
Scattering Effects of Silver Colloids with Different Shapes. J. Phys.
Chem. B 2005, 109, 12544−12548.
(482) Vigderman, L.; Zubarev, E. R. Starfruit-Shaped Gold
Nanorods and Nanowires: Synthesis and SERS Characterization.
Langmuir 2012, 28, 9034−9040.
(483) Jing, H.; Zhang, Q.; Large, N.; Yu, C.; Blom, D. A.;
Nordlander, P.; Wang, H. Tunable Plasmonic Nanoparticles with
Catalytically Active High-Index Facets. Nano Lett. 2014, 14, 3674−
3682.
(484) Ah, C. S.; Hong, S. Do; Jang, D.-J. Preparation of AucoreAgshell
Nanorods and Characterization of Their Surface Plasmon Reso-
nances. J. Phys. Chem. B 2001, 105, 7871−7873.
(485) Khlebtsov, B. N.; Liu, Z.; Ye, J.; Khlebtsov, N. G. Au@Ag
Core/Shell Cuboids and Dumbbells: Optical Properties and SERS
Response. J. Quant. Spectrosc. Radiat. Transfer 2015, 167, 64−75.
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(533) Goḿez-Graña, S.; Peŕez-Juste, J.; Alvarez-Puebla, R. A.;
Guerrero-Martínez, A.; Liz-Marzań, L. M. Self-Assembly of Au@Ag
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