Angewandte
Reviews

. DOI: 10.1002/anie.201301875
Metal Nanoparticles /

Plasmon-Mediated Syntheses of Metallic Nanostructures
Mark R. Langille, Michelle L. Personick, and Chad A. Mirkin*

C. A. Mirkin et al.

Keywords:

anisotropic nanoparticles -
plasmon-mediated synthesis -
shape control - silver -
surface plasmon
resonance

Angewandte
meemationalEdition. CEMiE

13910 www.angewandte.org © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 1391013940


http://www.angewandte.org
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composition, size, and shape enables their resulting properties to be

exquisitely tailored, which has led to the use of these structures in
numerous applications, ranging from medicine to electronics. The

prospect of using light to guide nanoparticle reactions is extremely
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controllable technique for preparing a number of different Ag particles
with tight control over shape, as well as a wide variety of Au-Ag
bimetallic nanostructures. We discuss the underlying physical and
chemical factors that drive structural selection and conclude by
outlining some of the important design considerations for controlling
particle shape as learned through studies of plasmon-mediated reac-
tions, but applicable to all methods of noble metal nanocrystal

synthesis.

1. Introduction

Noble metal nanostructures are being extensively studied
because they possess properties that are markedly different
from their corresponding bulk forms. The ability to control
the composition, size, and shape of materials on the nanoscale
enables one to control resulting catalytic,'! electronic, %
optical,' and magnetic properties.'”) Therefore, noble
metal nanostructures, particularly those comprised of gold
and silver, have found use in numerous applications ranging
from medicine to electronics.'*'*) Nanoparticles comprised of
Ag are particularly interesting because of their extraordinary
ability to absorb and scatter light, as compared to particles
made of Au or other materials.”***! Consequently, the use of
Ag nanostructures has been critical for the development of
highly sensitive chemical and biological detection
schemes.” As the fundamental properties of Ag and the
other noble metals are becoming better understood and
nanoparticle-based applications are further developed, it is
clear that shape is an important structural parameter that can
be used to tune the properties of these materials, which in
some cases allows access to a wider range of properties than
can be achieved through size and compositional control
alone.’'*! However, preparing noble metal nanoparticles
with well-defined shapes has proved to be a great challenge,
largely due to the complexity that arises when working with
materials on this small of a length scale. Fortunately, many
synthetic methods, including physical,*"*® thermal,®** pho-
tochemical,*** electrochemical,*"*! and templated meth-
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ods,® overcome these challenges and have provided the
ability to effectively control particle composition, size, and
shape. Some of the most promising methods are solution-
based colloidal syntheses because they often exhibit superior
control over the crystallographic and architectural parame-
ters of the resulting nanostructures. However, these syntheses
are also quite complex due to the wide variety of reaction
conditions employed by researchers who use these synthetic
approaches. Moreover, seemingly small changes in these
conditions can have an enormous influence on particle
growth. This often leads to difficulty in identifying the
underlying chemical and physical factors that favor the
growth of one particular particle shape over another. None-
theless, recent research in the area of solution-based noble
metal nanoparticle synthesis has made a great deal of progress
towards this end. This is particularly true for plasmon-
mediated reactions, a class of light-driven, solution-based
colloidal syntheses that has been used to produce Ag nano-
structures. From the initial discovery in 2001 that Ag spherical
nanoparticles can be transformed into Ag triangular nano-
prisms in the presence of room light,*! plasmon-mediated
reactions have progressed from being fascinating phenomena
to highly controllable methods for the preparation of
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numerous Ag nanostructures. This change in understanding
has largely been due to studies within the past ten years that
have identified the key components of the reactions that drive
structural selection.

Herein, we have comprehensively reviewed plasmon-
mediated syntheses as a method for preparing Ag nano-
structures, and we focus on how the physical and chemical
parameters of such reactions can be varied to prepare
particles of a desired composition, size, and shape. These
syntheses rely on visible light to drive the reduction of Ag* to
Ag” in the presence of both trisodium citrate and plasmoni-
cally active seed particles (“plasmonic seeds”) to generate Ag
nanostructures. We limit this Review to plasmon-mediated
methods only and do not discuss photochemical methods in
general, which may utilize ultraviolet (UV) light, radiolysis,
high intensity laser irradiation, or photo-active reducing
agents, and for which relevant reviews can be found in the
literature.*** The distinction between plasmon-mediated
and photochemical processes lies in the underlying mecha-
nism of electron transfer (see Section2), and thus this
distinction is difficult to make in some cases when a mecha-
nism is not well understood. However, plasmon-mediated
reactions require the excitation of surface plasmons to drive
particle formation, which is oftentimes sufficient to distin-
guish these reactions from other photochemical processes.

This Review is organized as follows: first, we briefly
discuss how plasmon resonances can be used to drive
chemical reactions and highlight a select number of important
examples that illustrate this concept (Section 2). Section 3
describes plasmon-mediated reactions that yield the triangu-
lar prism shape, including the role of each chemical reagent
(Section 3.1), the role of excitation wavelength (Section 3.2),
the reasons why the triangular prism shape is favored
(Section 3.3), and the proposed mechanisms of plasmon-
induced electron transfer as they pertain to this specific
reaction (Section 3.4). Subsequent sections examine how
plasmon-mediated syntheses can be used to prepare nano-
structures with other shapes, including circular and hexagonal
plates (Section 4), triangular bipyramids (Section5), and
decahedra, tetrahedra, rods, and cubes (Section 6). Section 7
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focuses on extending plasmon-mediated syntheses beyond
monometallic Ag nanoparticles to the preparation of bimet-
allic Au-core/Ag-shell nanoparticles. Note that many of the
concepts from Section 3 are carried over into later sections, as
the production of different shaped nanoparticles is largely
a consequence of simply changing the reactions conditions of
the triangular prism synthesis, and thus the mechanistic
explanations of the various syntheses are related. Finally, we
provide a summary and outlook for the future of plasmon-
mediated syntheses (Section 8).

2. Plasmon-Mediated Chemistry

It is important to distinguish plasmon-mediated reactions
from conventional photochemical reactions, as they occur by
fundamentally different mechanisms. In photochemical reac-
tions, excitation results in the generation of a molecular
excited state, making that molecule both a better reducing
and oxidizing equivalent. In contrast, in plasmon-mediated
reactions, the excitation of the surface plasmon resonance
(SPR) of a metal nanoparticle is followed by many possible
subsequent effects which facilitate metal ion reduction, and it
is these effects which will be discussed in this section. SPRs
are generated when incident light causes a coherent oscil-
lation of the conduction band electrons in a metal (Figure 1).
For either Ag or Au, the energy needed to excite SPRs usually
falls within the visible region of the spectrum and is
dependent on the particles’ composition, size, shape, and
surrounding dielectric environment.”” While the striking
optical properties of Ag and Au nanoparticles have them-
selves been utilized in many applications,” SPRs also give
rise to a variety of other important photophysical process-
es.>¥! The possibility of using SPRs to drive chemical
reactions has been explored since the early 1980s,*¢!
although research in this field has only just begun to gain
momentum within the past decade. The photophysical effects
as a result of SPR excitation that are most relevant to
performing chemistry can be generally divided into three
different categories: (1) Local heating of the nanoparticle and
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Figure 1. Scheme illustrating surface plasmon resonance, which arises
when incident light couples to the conduction band electrons of

a metal nanoparticle and drives their collective oscillation. Here the
entire electron cloud of a spherical metal nanoparticle is oscillating in
phase with the electric field of incident light in what is called a dipole
plasmon resonance. Electromagnetic “hot spots” are generated at the
poles of the particle where the electron cloud permeates into the
environment surrounding the nanoparticle.

the surrounding environment, (2) the concentration of
incident light near the particle surface, which increases the
electromagnetic field and photon flux for molecules located
within those regions, and (3) the generation of energetic
electron-hole pairs that can participate in charge transfer
reactions between the particle and nearby molecules. Which
of these three effects is predominantly responsible for Ag
nanoparticle growth in plasmon-mediated synthetic methods
is still not clearly understood and, in what follows, we will
discuss each effect in the context of nanoparticle synthesis.

Local heating of a nanoparticle and the area around it due
to the excitation of an SPR is often referred to as the
photothermal effect. While the physics responsible for this
process is quite complicated and can be found elsewhere,[**]
it is sufficient to understand that by this mechanism, light is
converted to heat when a particle is irradiated with a wave-
length of light that overlaps its SPR. However, it is important
to note that to observe an appreciable heating effect, one
typically must use a pulsed laser or a continuous wave laser at
a very high power. It is not surprising that photothermal
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effects can be used to drive chemical reactions as they are
simply a means of heating the environment, although a differ-
ence between photothermal effects and the direct application
of heat is that the former is localized near the particle surface
and temperatures can be reached that are much higher than
the solution would be able to maintain if that temperature
were distributed across the entire volume of the reaction.
Indeed, there are examples of chemical reactions and physical
changes involving organic molecules,**! polymers,®! and
biomolecules (e.g. DNA)®"! that can be facilitated by light-
driven photothermal effects. This process can also be used to
synthesize noble metal nanoparticles through a laser ablation
process. In a typical set-up, a pulsed laser irradiates a solid
metal target immersed in solution, which, among other
effects, causes heating and photoionization of the metal that
can lead to the generation of nanoparticles within the
solution.*) While this is a relatively easy method to
generate noble metal nanoparticles, it is difficult to control
their size and shape. However, laser ablation techniques can
also be used on colloidal nanoparticles to induce structural
changes. For example, Tsuji and co-workers have studied
a system where first, laser ablation of an Ag plate in pure
water using a 1064 nm laser light is used to generate spherical
Ag nanoparticles."*7! After removal of the Ag plate, the
colloid is then irradiated with 355 nm or 532 nm laser light or
by a fluorescent light source to induce structural changes.
Even in the absence of citrate or other readily apparent
reducing agents, photoirradiation can cause the transforma-
tion of the spherical particles into a mixture of crystalline,
shaped nanoparticles, such as prisms, plates, wires, and rods,
presumably through a photothermal-driven mechanism.*™!

SPRs are also able to concentrate light into very small
volumes near the surface of a nanoparticle. This occurs
because the oscillating electron cloud of a nanoparticle is
confined to only a few nanometers above its surface and
consequently produces electromagnetic field strengths 100 to
10000 times that of the incident light."”) However, these areas
of enhanced electromagnetic field are not uniformly distrib-
uted across the particle surface. They appear in small areas
called “hot spots” that are dictated by the shape of the
particle and the plasmon oscillation.””! Molecules located
within these hot spots experience the greatest enhancement
of the electromagnetic fields and photon flux. This is the
phenomenon behind the high sensitivities of surface
enhanced spectroscopic methods, such as surface-enhanced
Raman spectroscopy (SERS).5"1 In fact, the relationship
between surface-enhanced spectroscopies and surface-
enhanced chemistry has been addressed in a few review
articles.[s>54

In 1981, Nitzan and Brus were the first to propose that the
high local electromagnetic fields produced by surface plas-
mons could be used to enhance photochemical reactions by
taking advantage of the ability of SPRs to increase the photon
flux for molecules located within electromagnetic hot
spots.[“®U Tt was reasoned that this, in turn, should enable
the enhancement of photochemical reactions for chemical
species localized near the particle surface. However, in the
case of photochemistry where light is necessary to generate an
excited state of a molecule, this excited molecule can undergo

www.angewandte.org

13913


http://www.angewandte.org

Angewandte

13914

Reviews

Forster energy transfer to the metal particle. Despite these
competing processes, it was calculated that within a given
range of distances from a metal surface, the energy transfer
rate decreases faster than does the electromagnetic field
enhancement, suggesting that plasmon-enhanced photochem-
istry is possible. The first experimental support for this
process was published in 1983 by Chen and Osgood who
showed that UV light-induced photo-dissociation of an
organometallic Cd precursor was enhanced by the presence
of plasmonic Cd particles that absorbed in the UV.®! They
also showed that photoreduction occurred selectively at the
poles of the plasmonic particles, where the highest electro-
magnetic fields would be expected to occur. This was
evidenced by observing spherical Cd particles grow into
elongated, rod-like Cd structures by transmission electron
microscopy (TEM), with the direction of growth aligned
parallel to the polarization direction of incident light. Other
early examples of plasmon-enhanced photochemistry were
also reported by Harris and co-workers®! and Moskovits and
co-workers.®”) More recent examples of plasmon-enhanced
photochemical processes include polymerization
tions,®“Y triplet state excitation,”" second harmonic gener-
ation,”” multi-photon processes,”**! and molecular electrical
conductivity.” The incorporation of plasmonic nanoparticles
into solar cells is another rapidly growing area of research that
is due, in part, to the enhanced local fields generated by SPR
excitation.”® It is clear from these examples that the ability of
noble metal nanostructures to concentrate light into small
volumes can be beneficial in either assisting or enhancing
chemical processes.

A third photophysical effect of SPRs that is relevant to
performing chemistry is that when an SPR decays, energetic
(“hot”) electron-hole pairs can be generated.”> ! This
process actually leads to broadening of the intrinsic linewidth
of the plasmon resonance and is typically considered detri-
mental to plasmonic properties, however, there is potential to
use the electron-hole pairs to drive chemical reactions. This
physical process has been known for some time, but it is
difficult to utilize because the lifetime of the electron-hole
pairs is very short.”> 192 Typically, surface plasmons dephase
within femtoseconds and subsequently undergo electronic
thermalization and relax via coupling to lattice phonons
within picoseconds.”*1%1%1 Nonetheless, this phenomenon
has led to the development of systems that exhibit plasmon-
induced charge separation.""®'% In a classic example of such
a system, Tian and Tatsuma deposited Au or Ag nanoparticles
onto a nanoporous TiO, film in the presence of a molecular
electron donor, such as I~ or Fe?*/Fe’*."21531 1t was found that
irradiating the system with light at a wavelength that overlaps
the SPR of the particles causes the formation of electron-hole
pairs in the metal nanoparticles. These electrons are then
rapidly transferred from the nanoparticles to the TiO, and the
then electron-deficient nanoparticles acquire electrons from
the molecular donor. Furthermore, this system has been
shown to photocatalytically oxidize ethanol and methanol at
the expense of O, reduction, which is notable because the
chemical reaction is initiated with visible light and SPR
excitation. We note that although energetic electrons are an
important component of this system, the electron transfer

reac-
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mechanism of this process is still debated and it is possible
that the high local fields generated by SPRs may also play an
important role.

Another recent example by Halas and co-workers showed
that the hot electrons produced from plasmon decay can be
used to create an active optical antenna.''¥ This device
consisted of rectangular Au nanorods that were fabricated on
top of a semiconductor substrate. It was shown that light
irradiation at the SPR of the Au nanorods produced hot
electrons that could cross the metal-semiconductor interface
(i.e. Schottky barrier) and generate a measurable current
when exposed to light. They also determined that the
photocurrent generated by the device is wavelength depen-
dent, where more photocurrent is generated when the
wavelength of light maximally overlaps the SPR of the Au
rods. This enabled the authors to develop a method of
photodetection where a device comprised of rods of different
lengths, and consequently different SPR maxima, could be
used to detect the wavelengths of incident light by comparing
the photocurrents generated by different length rods. This
same principle of action also has been used for potential
energy storage applications, where it has been shown that
photoirradiation of a structure with a metal-insulator-metal
configuration causes plasmons in the metal segment closest to
the light source to become excited, causing a high concen-
tration of hot electrons to be injected above or tunnel through
the thin insulating barrier to produce current.!'”!

Some researchers have proposed that plasmon-induced
electron transfer is involved in the mechanism underlying the
plasmon-mediated reduction of Ag™ to form Ag nanoparticles
with well-defined shapes (see Section3.4 for a detailed
discussion), but there are other noteworthy examples of
plasmon-mediated metal ion reduction both prior to and after
the first triangular nanoprism synthesis was discovered.
Although the mechanism was not understood at the time, in
1987 Ahern and Garrel observed the photoreduction of Ag*
to colloidal Ag particles when investigating the preparation of
substrates for SERS.!"'®! The authors found that high quality
SERS spectra of aqueous pyridine, citrate, or biotin could be
obtained by either adding Ag colloid or AgNO; to the analyte
solution. Because the effects of SERS require the presence of
a metallic surface, it was hypothesized that the 514.5 nm laser
used to collect the Raman spectra was reducing Ag* in situ,
generating Ag colloids that were indistinguishable from the
colloids prepared separately and then added to the analyte
solution. The authors noted that the reduction of Ag™ should
be accompanied by the oxidation of the analytes in solution,
but were unable to detect oxidation products by SERS,
although control experiments indicated that the low Raman
cross-sections of these oxidation products could make them
difficult to detect. This experiment was also important
because it suggested that citrate could be photo-oxidized in
the presence of colloidal Ag, which is an important chemical
step in the plasmon-mediated syntheses of Ag structures.
There also have been reports of SERS spectra of molecules
adsorbed onto Ag substrates changing as they are being
acquired.”'"”! The authors of these reports claim that these
observations are due to the molecules undergoing photo-
chemical reactions that are enhanced by SPR excitation of the
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Ag substrate, most likely as a result of charge transfer
reactions between Ag and the adsorbed molecules.

A more recent example of plasmon-induced metal ion
reduction utilizes the energetic electrons from SPR excitation
of Au nanoparticles to reduce Ag* to Ag’.l'"® Moskovits and
co-workers immobilized Au nanoparticles onto a glass sub-
strate that was then immersed in a solution of Ag". Laser
irradiation from the side opposite the immobilized Au
particles resulted in the reduction of Ag®, forming radially
extended Ag nanostructures that grew beyond the diameter
of the laser beam. SERS and photoelectrochemical measure-
ments indicated that this was a biphotonic process where the
energetic electrons generated from plasmon decay of the Au
nanoparticles were present on the surface of the Au nano-
particles or on the growing Ag nanostructures and subse-
quently reduced Ag* at those locations. Moskovits and co-
workers concluded that the photo-emitted electrons were
conducted along the Ag pathways that formed, enabling the
reduction of Ag* in regions beyond the diameter of the laser
beam. It is important to note that the mechanism of electron
transfer in this example is different from plasmon-mediated
reactions for generating Ag nanoparticles because the
presence of citrate in the latter results in a different electron
transfer pathway, however, the former is still a result of
energetic electron-hole pair generation from plasmon decay
(see Section 3.4).

The remainder of this Review examines the use of
a specific reaction that is catalyzed by plasmon resonance
excitation, namely the reduction of Ag" to Ag’ by trisodium
citrate to produce Ag nanoparticles. It is important to realize
that light and plasmon excitation are responsible for the rate
of reduction of metal ions in these reactions and, conse-
quently, for particle growth (sometimes simply by accelerat-
ing the rate in what would otherwise be a kinetically stable
solution), but that the particular conditions of the reaction
solution are largely responsible for the formation of a partic-
ular shaped nanostructure. Thus, the same underlying ther-
modynamic and kinetic considerations known to exist in other
colloidal nanoparticle syntheses (see reference [33], for
example) are still applicable to plasmon-mediated reactions.
That is also to say that many of the physical and chemical
factors that affect the generation of Ag nanostructures
described in this Review can be applied to other solution-
based syntheses. However, plasmon-mediated reactions are
unique among these syntheses because light-induced plasmon
excitation not only acts as a driving force for chemical
reduction, but also is an important tailorable reaction
parameter that indeed influences the growth and shape of
Ag nanoparticles generated by this method.

3. Triangular Nanoprisms

In 2001, Mirkin and co-workers were the first to report
that plasmon photo-excitation could be used to prepare
monodisperse samples of nanoparticles; in this initial work,
they also showed that nanoparticle shape could be controlled
and, in particular, that the production of Ag triangular
nanoprisms with tight control over edge length and thickness
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was possible.*! In this work, a solution of citrate-protected ca.
8 nm diameter spherical Ag particles (yellow in color) was
irradiated with a fluorescent light source for 70 h to yield the
nearly complete (>99 %) conversion of the spherical nano-
particles into Ag triangular nanoprisms (blue in color), which
are thin, plate-like structures in the shape of a triangle
(Figure 2). The triangular nanoprisms generated by this

Figure 2. The plasmon-mediated conversion of Ag spherical nanopar-
ticles to Ag triangular nanoprisms. A) Photograph of the initial yellow
colored solution of spherical Ag nanoparticles. B) Irradiating the
spherical nanoparticles for 70 h with fluorescent light yields a blue
colored solution of Ag triangular nanoprisms. Inverse contrast TEM
images of the C) initial Ag nanospheres and the D) final Ag triangular
nanoprisms. Scale bars: 200 nm. The inset of (C) shows a higher
magnification view, scale bar: 20 nm. Adapted with permission from
reference [44]. Copyright 2001 American Association for the Advance-
ment of Science.

method have an average edge length and thickness of 100
and 16 nm, respectively. These structures were among the first
monodisperse anisotropic (i.e. non-spherical) noble metal
nanostructures prepared using colloidal synthesis tech-
niques,®>**1l and the only ones prepared by plasmon-
mediated means, and thus represented a significant advance
for the field. Indeed, this method introduced the possibility of
using light irradiation to control noble metal nanoparticle
growth. The utility of plasmon-mediated methods was further
illustrated when the same group showed that the wavelength
of incident light can be used to exquisitely control the edge
length of the resulting triangular nanoprisms, with the prisms
growing until their SPR is slightly redshifted from the
excitation wavelength (A.).*! This facile method of size
control allows for the preparation of Ag nanostructures that
have optical properties spanning the entire visible and near-
infrared (NIR) region of the spectrum, making them attrac-
tive candidate structures for a variety of potential applica-
tions.

In this section, we discuss plasmon-mediated syntheses
that generate triangular nanoprisms and highlight the factors
that lead to the growth of this particular shape. These
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reactions require many chemical and physical components
acting together to yield the final nanostructures (i.e. a source
of Ag, citrate, plasmonic seeds, and light) but here we have
attempted to separate different aspects of the reaction into
subsections. We first address the chemical mechanisms of
particle growth (Section 3.1). This is followed by a discussion
of how the wavelength of light can be used to control prism
size (Section 3.2) and then we go on to discuss why the
triangular prism shape is produced in these reactions from
a crystallographic perspective (Section 3.3). Lastly, we discuss
some of the proposed mechanisms of electron transfer and
explain how plasmon excitation leads to the reduction of Ag*
in plasmon-mediated reactions (Section 3.4). Note that these
divisions are only for organizational purposes and that all of
the concepts from these sections must be taken together to
fully understand the plasmon-mediated synthesis of triangular
nanoprisms.

3.1. Chemical Mechanisms of Growth

The ability to convert Ag spherical nanoparticles into
triangular prisms in the presence of room light is a rather
remarkable phenomenon.[*! It is not only an efficient method
for preparing Ag triangular nanoprisms, but it also presented
a potential new method for the synthesis of colloidal nano-
particles. However, the underlying mechanisms of particle
growth were not well understood at first and consequently,
many researchers engaged in studies aimed at elucidating
these mechanisms. The body of work in this field steadily
increased and culminated in publications by Mirkin and co-
workers!'™! and Brus and co-workers,"*!! who independently
arrived at similar conclusions about the chemical mechanism
of Ag triangular prism formation, although each group
focused on different aspects of particle growth. This is not
to say that the understanding of the mechanisms of triangular
prism formation is complete, but these publications represent
significant contributions toward this end. Essentially, Mirkin
and co-workers discovered that the conversion of spherical
Ag particles to triangular prisms occurs through a series of Ag
redox cycles where oxidative dissolution of Ag particles
produces Ag" in solution, which is then reduced by citrate
onto the Ag particle surface when irradiated with visible
light."*) Brus and co-workers confirmed these findings and
proposed that the photo-oxidation of citrate by plasmon-
generated “hot” holes is responsible for generating a cathodic
photovoltage on the seed particles, which in turn is respon-
sible for facilitating the reduction of Ag" onto the growing
particles."”! The details of these findings will be presented
here, along with mention of the references that the work of
the above two reports was built upon.

In the first plasmon-mediated synthesis of triangular
nanoprisms, reported by Mirkin and co-workers, spherical Ag
seed particles were prepared through the reduction of AgNO;
by NaBH, in the presence of trisodium citrate and a particle
stabilizing agent, bis(p-sulfonatophenyl) phenylphosphine
dihydrate dipotassium salt (BSPP).*!l Note that throughout
this Review, the solution containing all of the chemical
reagents that are photo-irradiated is referred to as the
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“growth solution.” BSPP is a triarylphosphine that can
coordinate to Ag" and also can bind to the surface of Ag’
nanoparticles, making it an effective particle stabilizer (i.e.
capping agent).'””16! The use of BSPP is not essential for the
reaction, although the monodispersity of the prisms is
improved when BSPP is present, for reasons that will be
discussed shortly. Indeed, others have either omitted the use
of BSPP entirely,"” or replaced it with other particle
stabilizing agents, such as polyvinylpyrrolidone (PVP),1%!
without significantly affecting the formation of the triangular
prism morphology. Irradiating the Ag seed solution with
visible light from a fluorescent light source with a wavelength
range between 350 and 700 nm results in the conversion of the
spherical particles into triangular prisms. The growth process
of the triangular prisms was found to occur in three stages:
1) induction, when Ag nanoparticles smaller than the seed
particles (2-4 nm diameter) are nucleated, 2) growth, at
which point small nanoprisms are formed at the expense of
the spherical nanoparticles, and 3) termination, when the
reaction ends and the solution is composed entirely of Ag
triangular nanoprisms and spherical nanoparticles are no
longer observed. Importantly, this conversion process does
not occur in the dark, or with light in the infrared region of the
spectrum (> 700 nm). It was also found that the reaction does
not occur in the absence of citrate.**'*] Thus, it was
determined that the essential components of this plasmon-
mediated reaction are: 1) a source of Ag™, 2) citrate, 3) plas-
monic seeds, and 4) visible light.

While there was debate as to whether this conversion of
spheres into nanoprisms happened by a light-induced ripen-
ing process,*! through the coalescence of the spherical
particles into triangular prisms,'*!® or by a process of
oxidation and re-deposition of Ag,2*121127l most studies have
concluded that the last mechanism—oxidation and re-depo-
sition—is primarily responsible. Brus and co-workers, for
example, provide evidence against a spherical particle fusion
mechanism under these conditions by monitoring the kinetics
of the reaction by UV/Vis spectroscopy.?!! Based on the
volume of the initial spheres and the triangular nanoprism
product, they computed that it would require 30 seeds to
combine and form one prism. Consequently, it would be
expected that there should be a complex kinetic order in seed
concentration if the seeds must come into contact with one
another to fuse. They found that reaction kinetics were
roughly first-order autocatalytic and almost identical for
different dilutions of the seed solution, which strongly
suggests that the prisms do not grow by fusion of the spherical
seeds. An alternative explanation for these observations
could be that this process exhibits cooperativity, although this
is not likely the case. There is also ample evidence that
oxygen, present in the aqueous seed solution, can dissolve
small Ag nanoparticles and thereby provide a source of
aqueous Ag*.3113 This process can be observed by bubbling
O, through the seed solution, which causes the disappearance
(i.e. rapid oxidation) of the Ag nanoparticles, generating
Ag" 131 Congistent with the chemical reaction for the
oxidation of Ag’ by O, (Figure 3A), the photo-conversion
process results in a measurable increase in the pH of the
growth solution.™ %] Indeed, some of the most compelling
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A) 28g% + %0, + H,0 — 2Ag" + 20H™
CO0~ COO0™
B) HO%*COO_ + OH™ — O% + CO, + H,0 + 2e~
COo0~ CO0~
citrate 1,3-acetonedicarboxylate
c) 2ag" + 267 — 2ag°

Figure 3. Primary chemical reactions involved in the plasmon-mediated
generation of Ag nanostructures.'”'? A) Dissolution of Ag nano-
particles by oxygen to Ag* and hydroxide ions. B) Oxidation of citrate
to 1,3-acetonedicarboxylate and carbon dioxide, yielding two electrons
(oxidation half reaction). C) Reduction of Ag" to Ag® (reduction half
reaction).

evidence for the triangular prisms being generated by Ag"
reduction is that under appropriate conditions, the spherical
Ag nanoparticle seeds can be replaced with a Ag* salt (most
commonly, AgNO;) and triangular prisms can still be
produced.™” This indicates that an important role of the
Ag seed particles in this reaction is to provide a source of Ag*
that can then be re-deposited onto the growing Ag prism
structures.

This oxidative dissolution process also has consequences
for the size of the Ag seed particles that are needed to effect
the sphere-to-prism conversion. Because larger particles have
higher redox potentials,"®! they are more difficult to oxidize
and thus are detrimental to prism formation. In a study by Sun
and Xia,!”®! spherical Ag nanoparticles were prepared in the
presence of PVP as a particle stabilizing agent, rather than
BSPP as was used in the original synthesis by Mirkin and co-
workers.* This method yields Ag spheres with an average
diameter of 5.6 +3.9 nm. Irradiation of these particles with
a halogen lamp with a UV cut-off filter for 40 h results in the
conversion of the spherical particles to triangular nanoprisms.
However, when PVP was omitted from the spherical Ag
nanoparticle synthesis, particles having a broad size distribu-
tion from 10 to 20 nm in diameter were produced and, upon
irradiating these seeds with visible light, particle aggregates
were produced rather than triangular nanoprisms. It was
found that with the use of PVP (of various molecular
weights),®¥ polyvinyl alcohol, or sodium dodecyl sulfate as
a particle stabilizing agent, the size of the spherical particles
could be kept small enough (<10 nm) to successfully yield
triangular prisms."*! This requirement for using small seed
particles was also observed by Mirkin and co-workers, who
reported that particles having an average diameter larger than
10 nm did not work well for prism preparation.*”!

It also has been found that the use of pH, nucleophiles, or
ligands that bind to Ag" can increase the rate of particle
dissolution.['™ This is in fact thought to be the primary role of
BSPP in the conversion process. Through UV/Vis and
*'P NMR spectroscopy, Mirkin and co-workers showed that
BSPP can coordinate to Ag" and form [Ag-BSPP,]* com-
plexes, where X =1, 2, 3, or 4,213 and that the introduction
of BSPP to the seed solution increases the rate of particle
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dissolution due to BSPP solubilizing Ag". Additionally,
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) was used to monitor the concentration of Ag"
during the reaction. It was determined that the elemental
concentration of Ag® in solution stays constant at 20 pum
during the entirety of the reaction. This is in contrast to
a reaction conducted in the absence of BSPP, which had
a constant Ag" concentration of 4 um (5 times lower). This
behavior correlates with physical observations of the rate of
the reaction, in which reactions with BSPP were found to
reach termination sooner than reactions in the absence of
BSPP, which would be expected if BSPP is solubilizing and
effectively buffering the Ag* concentration during the
reaction. The constant supply of Ag* when BSPP is present
is believed to be the reason why the yield of the triangular
nanoprisms is improved with the inclusion of BSPP in the
growth solution.

Both citrate and plasmonic seeds are necessary for Ag* to
be reduced to Ag” by visible light. In other words, irradiating
a solution of small Ag nanoparticles in the absence of citrate
does not produce triangular prisms and irradiating a solution
of Ag' and citrate will not yield the reduction of Ag" to Ag’in
the absence of plasmonic seed particles. Interestingly, replac-
ing citrate with other chemically related molecules, such as
citric acid,"® tricarballylate, citramalate, or aconitate” in
the spherical seed solution seems to inhibit the formation of
triangular nanoprisms, although isocitrate has been reported
to yield a mixture of prisms along with other additional ill-
defined particle shapes."®! The reason for citrate’s impor-
tance in plasmon-mediated reactions, as opposed to other
structurally related molecules, is not completely understood,
although it could be due to citrate’s particular reduction
potential, interaction with the Ag nanoparticle surface, or
oxidation pathway. In these reactions, citrate acts as both
a particle stabilizing agent and a reducing agent. Mirkin and
co-workers have tracked the chemical fate of trisodium citrate
in the photo-conversion process by "H NMR spectroscopy
and observed that in the presence of Ag nanoparticles and
photo-excitation, citrate oxidizes to 1,3-acetonedicarboxylate,
releasing carbon dioxide, and then further decomposes to
acetoacetate."! This is the same fate of citrate in the thermal
reduction of silver nitrate,*” indicating that a similar reaction
pathway may be followed. The reduction of Ag™ by citrate is
thermodynamically allowed based on their redox potentials,
but at room temperature the reaction is extremely slow and
unobservable over the course of many days. This is not the
case at elevated temperatures, where citrate is often used to
reduce Ag' in water under reflux conditions. Yet, Ag*
reduction by citrate occurs at room temperature when
plasmonic seeds are present, implying that the Ag nano-
particles serve as photocatalysts to facilitate the reduction of
Ag" onto their surface. A discussion of the possible mecha-
nisms of electron transfer between citrate, Ag®, and the
plasmonic seeds will be saved for Section 3.4, but from this
discussion, it is clear that plasmonic seeds are an essential
component of plasmon-mediated reactions.

The importance of the plasmonic seeds and SPR excita-
tion was illustrated in a series of experiments performed by
Mirkin and co-workers where Au seed particles were used as
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Figure 4. Probing the role of excitation wavelength with Au plasmonic
seeds. A) Ag" (from the oxidative dissolution of small Ag nanoparti-
cles) is deposited onto Au seed particles if the excitation wavelength
overlaps the surface plasmon resonance of the Au seeds. Au spherical
seeds with a maximum absorbance at 520 nm yield Au-sphere-core/
Ag-prism-shell bimetallic nanoparticles when irradiated at 550 nm. Au
prismatic seeds with a maximum absorbance at 1100 nm yield Au-
prism-core/Ag-prism-shell bimetallic nanoparticles when irradiated at
1064 nm. However, when the Au prisms are irradiated at 550 nm,
monometallic Ag prisms are produced and Ag* is not deposited onto
the Au particles. TEM images of B) Au-sphere-core/Ag-prism-shell
particles (scale bar: 100 nm) and C) Au-prism-core/Ag-prism-shell
nanoparticles (scale bar: 50 nm). Adapted with permission from
reference [138]. Copyright 2007 Wiley-VCH.

dual plasmonic seeds and electron microscopy labels
(Figure 4). It was first shown that plasmonic seeds
comprised of Au, rather than Ag, could be used to photo-
catalyze the reduction of Ag* to Ag’. This was done by adding
11 nm diameter Au spheres to a so-
lution of 5 nm diameter Ag spher-
ical seeds in a 1:10 Au:Ag particle
ratio. When the reaction was irradi-
ated with 550 nm light, overlapping
the SPR of the Au spheres, the
reaction generated Au-sphere-core/
Ag-prism-shell bimetallic nanopar- ©
ticles (Figure 4B). This same
experiment was then performed
using Au triangular prism seeds,
rather than the Au spheres. The
Au triangular prisms have a maxi-
mum SPR absorbance at 1100 nm
and very little absorbance at
550 nm. Consequently, irradiating

BSPP-Ag* hv

citrate
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the reaction solution at 550 nm does not result in deposition
of Ag onto the Au nanoprisms, but rather results in the
formation of monometallic Ag triangular prisms as if the Au
prisms had been omitted from the reaction. However, when
the excitation wavelength was changed to 1064 nm, which
overlaps the dipole plasmon resonance of the Au prisms, Ag*
is deposited onto their surface, resulting in the growth of Au-
prism-core/Ag-prism-shell nanoparticles (Figure 4C). It is
important to point out that this analysis is only possible
because the Au cores can be differentiated from the Ag shells
by electron microscopy, which will become an important
concept for later studies on growing core-shell nanostructures
using plasmon-mediated methods (see Section 7).

Now that we have defined the roles of each chemical
component, we can qualitatively describe the conversion
process, as originally proposed by Mirkin and co-workers!'*"!
and consistent with studies by Brus and co-workers
(Figure 5)."! While the small (ca. S nm diameter) Ag seed
particles have an absorbance maximum at 395 nm, their
absorbance spans the entire visible spectrum.!'®! Thus, when
irradiated with visible light, Ag® in solution is reduced by
citrate, catalyzed by the plasmon excitation of the seeds, and
Ag is deposited onto the Ag particles. At the same time,
oxidative dissolution, facilitated by BSPP, is responsible for
oxidizing the smaller particles to provide a constant source of
Ag" in solution. These processes continue, with the growing
particles favoring the triangular prism morphology. These
small prisms continue to grow at the expense of the small Ag
seed particles until the seed particles are entirely consumed
and the reaction comes to completion. In the following
subsections we discuss how the wavelength of light affects this
growth process (Section 3.2), why the triangular prism shape
is favored (Section 3.3), and address possible mechanisms of
electron transfer (Section 3.4).

3.2. Role of Excitation Wavelength

A couple years after the initial publication of the photo-
induced conversion of spherical particles into triangular
prisms, there were a number of papers that addressed the
role of wavelength in this plasmon-mediated reaction. An
original report by Mirkin and co-workers,*! which was

© o
0, 0,
BSPP
BSPP-Ag* BSPP
BSPP-Ag* hv/
Ag° . .
g 0 citrate, hv ‘ citrate

Figure 5. Scheme illustrating the plasmon-mediated conversion of Ag spherical nanoparticles to Ag
triangular nanoprisms. Small Ag nanoparticles grow into larger nanoparticles by the plasmon-
mediated reduction of Ag™ to Ag® by citrate upon irradiation. BSPP forms coordination complexes
with Ag® and facilitates the oxidative dissolution of small Ag nanoparticles, providing a source of
Ag". Cycles of Ag nanoparticle oxidation and Ag" reduction continue, with slow growth favoring the
triangular prism shape. As the reaction progresses, small nanoprisms grow into larger nanoprisms
at the expense of smaller spherical nanoparticles. Adapted with permission from reference [120].
Copyright 2008 American Chemical Society.
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from Brus and co-workers!'””! and
[129]

immediately followed by reports [ ' ‘ oo {‘

Callegari and co-workers," = showed
that the wavelength of incident light
could be used to exquisitely tune the
edge length of the resulting triangu-
lar prisms, with longer wavelengths
of light yielding longer edge length
prisms. This is essentially an effect of
prisms growing until their surface
plasmon resonance redshifts from
the excitation wavelength (4.,) such
that they no longer absorb a signifi-
cant amount of light and their
growth slows. Meanwhile, smaller
particles will continue to grow until
the final distribution of prism sizes
narrows and their absorbance is
slightly redshifted from A.,. While
seemingly intuitive, the full effects of
wavelength on plasmon-mediated
reactions are, in reality, quite com-
plicated and still not completely
understood.

The first plasmon-mediated syn-
thesis of triangular prisms was car-
ried out with a conventional 40-Watt
fluorescent light source and yielded
a monomodal distribution of prism
sizes, albeit a broad distribution (~15% dispersity).**] A
subsequent study by Mirkin and co-workers used a 150-Watt
xenon lamp coupled with an optical band-pass filter (1., =
550+£20 nm) and, surprisingly, a bimodal distribution of
prism sizes was produced with some prisms having an average
edge length of 70 nm and others having an average edge
length of 150 nm (Figure 6 A).*) Both prism types have an
average thickness of 10 nm. This distribution of prism sizes is
easily observable spectroscopically because the smaller edge
length nanoprisms have a maximum absorbance at 640 nm
while the larger prisms absorb at 1065 nm (Figure 6B).
Interestingly, it was found that the simultaneous use of two
different excitation wavelengths can eliminate the bimodal
distribution and produce a monomodal distribution of prisms
that are all close in size to one another. For instance, by
introducing a secondary irradiation wavelength at 450 £+ 5 nm,
in addition to the primary irradiation wavelength at 550 +
20 nm, a monomodal distribution of triangular prisms is
produced. These prisms had an average edge length of 72 nm,
which is nearly equivalent to the edge length of the smaller
nanoprisms of the bimodal distribution. It was also found that
by keeping a secondary excitation wavelength fixed at 340 +
10 nm, the primary excitation wavelength could be tuned
from 450 to 750 nm and the resulting prisms had an edge
length that increased linearly with the excitation wavelength
of the primary beam, while maintaining a monomodal
distribution of prism sizes (Figure 7). This allowed for the
controlled preparation of monodisperse Ag triangular prisms
having average edge lengths from 30 to 120 nm. Conse-
quently, the dipole SPR of the prisms can be rationally tuned
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Figure 6. Triangular nanoprisms prepared using a xenon lamp coupled to a 550 +20 nm optical
bandpass filter. A) TEM image of nanoprisms having a bimodal size distribution. Inset: Histogram
of prism edge lengths. The smaller prisms have an average edge length of 70 nm and the larger
nanoprisms have an average edge length of 150 nm. B) UV/Vis-NIR spectra of nanoprisms after
(1-6) 0, 10, 15, 19, 24, and 55 h of irradiation. Over time the absorption peak from the Ag spherical
nanoparticles at 395 nm decreases and a peak at 680 nm grows in first, corresponding to the
smaller nanoprisms, followed by another peak at 1065 nm, corresponding to the larger nanoprisms.
Also visible are higher ordered plasmon resonance modes at 340 nm and 470 nm. Adapted with
permission from reference [45]. Copyright 2003 Nature Publishing Group.
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Figure 7. Ag triangular nanoprism size controlled by the wavelength of
incident light in a dual beam excitation set-up. All reactions have

a constant secondary excitation wavelength at 340+ 10 nm. Varying
the primary excitation wavelength from 450 to 750 nm yields longer
edge length nanoprisms for longer excitation wavelengths. TEM
images of Ag triangular nanoprisms with average edge lengths of

A) 38, B) 72, and C) 120 nm. Scale bars: 200 nm. D) UV/Vis-NIR
spectra of prisms with average edge lengths of (1-6) 38, 50, 62, 72, 95
and 120 nm, generated from a 450, 490, 520, 550, 650 and 750 nm (all
+20 nm) primary excitation wavelength, respectively. E) Plot of the
primary excitation wavelength versus the resulting prism edge length.
Adapted with permission from reference [45]. Copyright 2003 Nature
Publishing Group.
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from around 400 to 1000 nm, simply by changing the primary
excitation wavelength.

The reason for these observations was explained in terms
of a particle fusion mechanism where four small triangular
prisms would fuse edge-to-edge to yield a single, larger
triangular prism.*”) This is consistent with the size of the
prisms, where the edge length of the larger prisms is twice the
edge length of the smaller prisms, and the fact that the larger
prisms do not appear until after the smaller prisms have
started to accumulate in solution (as observed by UV/Vis-
NIR spectroscopy). It was proposed that excitation of the
dipole surface plasmon resonance redistributes high local
fields to the tips of the nanoprisms, facilitating fusion, while
excitation of the quadrupole surface plasmon resonance,
through the 340 nm excitation wavelength, inhibits the fusion
process due to high local fields generated on the prism edges.
In addition, excitation of the dipole resonance could cause
ligand dissociation at the particle edges, which would also
enable the fusion process to occur.

The observation of the initial monomodal distribution of
prism sizes by irradiation with a fluorescent light source!
was explained by the fact that unlike the xenon lamp, which
has a broad and flat emission spectrum across the visible
region of the spectrum, the fluorescent light source has
multiple sharp emission bands at 546 and 440 nm and is
essentially equivalent to the dual-beam excitation set-up, and
thus yields a monomodal size distribution. Note that the
bimodal distribution is observed regardless of whether a laser
or a white light source coupled to a band pass filter is used.™!
The reason for the bimodal distribution of prism sizes when
the reaction is irradiated with a narrow band of wavelengths is
still not understood, although others also have reported this
effect [120.130.139-141]

In a subsequent study by Mirkin and co-workers,
a method based on pH-control was shown to be able to
exclusively prepare monodisperse nanoprisms with a mono-
modal size distribution (Figure 8).'*! It was believed that
having a sufficient electrostatic repulsive force between
smaller nanoprisms would inhibit the fusion process. This
was shown by modulating the pH of the growth solution,
where more basic conditions resulted in prisms being more
negatively charged due to the deprotonation of surface bound
citrate. The as-prepared seed solution has a pH of 9.5 and
irradiation with an A, of 550 nm resulted in a bimodal
distribution of particle sizes, as previously reported.*! How-
ever, raising the pH of the seed solution to 11.2 by the
addition of sodium hydroxide yielded monodisperse prisms,
exclusively producing prisms having an edge length compa-
rable to the smaller prisms in the bimodal distribution.
Alternatively, lowering the pH to 7.4 by the addition of nitric
acid resulted in a bimodal distribution, but with a greater
fraction of the larger sized nanoprisms produced, which could
be isolated by centrifugation. Importantly, it was found that at
pH 11.2, A, could be varied from 470 to 633 nm and the edge
length of the resulting triangular prisms is longer for longer 4.,
(Figure 8). This provided a convenient method for preparing
monodisperse triangular prisms without the need for a secon-
dary 4.
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Figure 8. Ag triangular nanoprism size controlled by the wavelength of
incident light in a pH-controlled reaction. Raising the pH of the Ag
spherical nanoparticle solution to 11.2 before irradiation yields a mono-
modal size distribution of prisms, with average edge lengths that can
be controlled by the excitation wavelength. A) Photographs of solutions
of Ag triangular nanoprisms prepared using (left to right) 470+5,

488 +5, 500+5, 514 +5, 550+ 20, 600+ 20, and 633 +20 nm excita-
tion wavelengths. B) UV/Vis spectra of the corresponding solutions.
Adapted with permission from reference [139]. Copyright 2007 Wiley-
VCH.

The reasons for why certain synthetic conditions produce
a bimodal distribution of prism sizes while others yield
a monomodal size distribution, such as was just described, are
not well understood and certainly not agreed upon. However,
it is advantageous to have a synthetic method that produces
triangular prisms of the same shape and size. In general, it can
be summarized that narrow excitation wavelengths tend to
produce a bimodal distribution'*! while broader excitation
wavelengths (e.g. white light) produce a monomodal distri-
bution.**'?) An insightful observation made by Xu, Lom-
bardi, and co-workers was that, in their synthetic system, the
size distribution of prisms was dependent on laser power,
where lower laser powers produced a bimodal distribution
and higher laser powers yielded a monomodal distribution.['*"!
Light intensity essentially controls the rate of reaction, with
higher light intensities resulting in faster rates of reaction,
although it is not necessarily a linear relationship.!?*1?!]
Interestingly, the pH of the growth solution also controls
the rate of reaction due to the reducing ability of citrate being
pH-dependent, with solutions having higher pH values
yielding faster rates of reaction."* Therefore, the ability to
control the size distribution of prisms through solution pH, as
observed by Mirkin and co-workers,'® or through laser
intensity, as observed by Xu, Lombardi, and co-workers,!'*"!
may actually be due to the same phenomenon, which is that
faster rates of reaction yield a monomodal size distribution
whereas slower rates of reaction yield a bimodal distribution.
Of course, the physical and chemical reasons behind this
phenomenological observation are not yet understood, but it
is possible that slight differences in the crystallographic
structure between the large and small prisms may result in
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different growth rates of different crystals (see discussion in
Section 3.3).

The ability to control the size of Ag triangular prisms
through 1., has also been shown by others and differences in
experimental procedures have provided further insight as to
the relationship between prism size and A.. Brus and co-
workers have irradiated a solution of Ag nanoparticles,
citrate, and Ag" with 457 and 514 nm laser light and found
that the reactions yield circular disks having a maximum
plasmon resonance at 540 and 585 nm, respectively, indicating
that the circular disks produced at the longer wavelength have
a larger average diameter.””! It was also found that irradiat-
ing the growth solution with UV light (between 333 and
364 nm) yields larger Ag pseudo-spherical particles, indicat-
ing that prisms will not grow unless the A, is further redshifted
from the seed particles.

Callegari and co-workers also have reported a wave-
length-controlled triangular prism synthesis where Ag seed
particles were first irradiated with a conventional fluorescent
lamp (4., =350 to 700 nm) for approximately one hour.['*!
When the yellow seed solution turned green, indicating the
start of prism formation, a colored glass filter was introduced
between the light source and the sample to control the 4.,. It
was found that the edge length of the triangular prisms
produced increased with increasingly redshifted filters. Inter-
estingly, when the filter was to the blue of the SPR of the
triangular prisms that had already formed in the reaction
solution (from white light illumination), the resonance of the
particles would actually blueshift to overlap with the A,
which presumably happened through a photo-oxidation
process. In the most blue of the filters (4., =349 to 467 nm)
the dominant product was not triangular prisms, but rather
a mixture of tetrahedra, decahedra, and other pseudo-
spherical particle shapes (see Section 6). With longer wave-
length filters, the yield of the triangular prism morphology
increased in addition to the observed increase in edge length.

Pastoriza-Santos, Liz-Marzan, and co-workers presented
an even different approach to prepare wavelength-controlled
triangular prisms.™ In this synthesis, light emitting diodes
(LEDs) of different wavelengths were used at very low light
intensities. As with previous reports, the edge length of the
resulting prisms increased with increasingly redshifted 4.,, but
in this case, the sample irradiated with 653 nm LEDs
produced prisms that had a maximum absorbance peak at
1490 nm, corresponding to very large triangular prisms with
an average edge length of 242 nm, which is far larger in size
than had been prepared previously by others. These large
prisms likely grew from the combination of the near-infrared
A and the low intensity light, which together can favor lateral
particle growth due to the slow rate of Ag" reduction (see
Section 5). Similar results to the LED illumination were also
observed when colored filters were used with a fluorescent
light source.

Xu, Lombardi, and co-workers showed that irradiating
a growth solution of Ag nanoparticle seeds, citrate, and Ag*
with lasers ranging from 4., =458 to 515 nm controls both the
size and shape of the resulting particles.'*"! It was observed
that a longer A, produced circular and triangular prisms while
a shorter /., produced primarily decahedra and bitetrahedra
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rather than prisms, similar to the observations made by
Callegari and co-workers.'””! These reactions were also
observed to exhibit a wavelength-dependent self-limiting
growth behavior, where the particles grew to a certain
maximum size and then become slightly etched prior to
reaction termination.*”! This is observable spectroscopically
as the dipole plasmon resonance band of the particles
redshifts as the particles grow and then slightly blueshifts
back towards the A, at the end of the reaction. This was
attributed to the large, sharp cornered particles having the
slowest rates of growth (due to their SPR being furthest
redshifted from A, as compared to smaller particles) and thus
being the most susceptible to oxidative etching. Preferential
etching at the tips of the particles results in the observed
blueshift of their plasmon resonance.

In an interesting study by Zanchet and co-workers,
potentiometric measurements of the Ag" concentration
during a triangular nanoprism reaction were correlated with
UV/Vis spectra and TEM micrographs at various time
points.'*! Under their synthetic conditions, a growth solution
was prepared by combining a solution of Ag seed particles,
citrate, and Ag" and was subsequently irradiated with an A,
of either 500, 600, or 700 nm (xenon lamp with optical
bandpass filters). Because the longer wavelength filters are
far from the plasmon resonance of the seed particles
(=400 nm), the initial rate of Ag deposition, as measured
by Ag" depletion from the solution, is very slow until
prismatic particles begin to form. Due to the redshifted
resonance of the small prismatic particles being closer to the
Aex as compared to the spherical seeds, Ag deposition begins
to occur at a much faster rate. This behavior is similar to the
slow induction and more rapid growth phases reported for the
first plasmon-mediated synthesis of Ag triangular prisms.*!
With longer A.,, it is reported that the reaction takes longer to
come to completion and the edge length of the final triangular
prisms increases. Interestingly, TEM images at early stages of
the reactions indicate that particles with prismatic morphol-
ogies developed even though the particles were not signifi-
cantly absorbing the incident light. This is an important
observation because it suggests that the driving force for
generating the prismatic morphology of the particles is not
plasmon excitation, but rather an intrinsic property of the
seeds and/or reaction conditions. This will be discussed in
more detail in Section 3.3.

Another parameter of light irradiation that is addressed
less frequently than wavelength is the direction of polar-
ization. For prisms growing in solution, polarization direction
would be expected to have negligible effects on particle
growth, because the free-floating particles are effectively
rotationally averaged. However, there are examples of
plasmon-mediated reactions being conducted on flat sub-
strates!"*>7%! and some of these studies have investigated the
effects of polarization direction on particle growth, but their
results are not conclusive.'*>%! For example, Redmond, Wu,
and Brus deposited 50 nm diameter spherical Ag nano-
particles onto Formvar/carbon TEM grids and found that
when immersed in a solution of Ag® and citrate that the
particles grew isotropically, regardless of the polarization
direction of incident light, as determined by monitoring the
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growth of individual particles by TEM (see Section 3.4 for
a more detailed discussion).'*! A recent report by Uji-i and
co-workers has found the opposite, namely that Ag triangular
prisms do prefer to grow with a tip oriented to the polar-
ization direction.™*! In this experiment, pre-formed Ag
nanoprisms were deposited onto an amino-functionalized
glass cover slip and placed into a solution of small Ag
spherical nanoparticles. They observed that when the solution
and substrate were irradiated with linearly polarized 632.8 nm
laser light, that the immobilized prisms grew in size and
displayed a preference for being oriented with a tip aligned
parallel with the polarization direction. The authors proposed
that the prisms grow in this way to maximize the intensity of
the local electric fields, which in turn facilitates the growth of
the particles. These seemingly contradictory results are
clearly indicative that more work will have to be done to
elucidate the role of light polarization direction on particle
growth, but since most plasmon-mediated syntheses are
conducted in solution with free-floating particles, light polar-
ization is not a critical experimental parameter for most of the
syntheses discussed in this Review.

In summary of the experiments discussed in this section,
the ability to control the size of Ag triangular nanoprisms
arises, in part, because as a prism grows its surface plasmon
band will redshift from 4., causing its absorption to drop off
significantly, and resulting in slowed growth. At the same
time, smaller prisms that still strongly absorb light will
continue to grow rapidly, resulting in a size-focusing effect.
Additionally, if particles grow in size such that their SPR is to
the red of 4., their slow growth will make them more likely to
undergo oxidative etching (occurring preferentially at the
tips), which will shift their SPR to the blue, closer to the A.,.
Together, these processes have been termed “self-limiting”
growth by Xu, Lombardi, and co-workers.* It is important
to note that not all plasmon-mediated reactions exhibit size
control through A.. The wavelength dependence of the
triangular prism syntheses can, in part, be attributed to the
sharp plasmon resonance band of these particles. Unlike
many other anisotropic nanostructures that have broad
resonances across the visible region of the spectrum, disks
and plates possess a single pronounced dipole plasmon
resonance (in addition to other lower intensity bands),
which enables size control through wavelength because
when the main SPR peak becomes redshifted from A.,, the
total absorbance drops off dramatically.

The ability to control particle growth through 4., is unique
to plasmon-mediated syntheses and has important conse-
quences for particle growth, which can be illustrated by
contrasting plasmon-mediated syntheses with the commonly
used thermal, seed-mediated synthesis of Au and Ag nano-
particles.***>#] In typical seed-mediated syntheses, a given
number of seeds are added to a growth solution to initiate
particle growth. The addition of more or fewer seeds yields
the generation of either smaller or larger particles, respec-
tively, because more seeds provide more potential nucleation
sites for growth. Consequently, the addition of more metal
(e.g. Ag") to the reaction will result in an increase in the
average particle size because metal atoms will be deposited
onto all of the particles in the solution.""” In contrast, for the
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plasmon-mediated conversion of Ag spheres to prisms, the
addition of more Ag® to the reaction (in the form of Ag
nanoparticles) after it has reached termination does not yield
larger nanoprisms, but rather yields more prisms of the same
size, as determined by 4,,.*'?"l Another important aspect of
seed-mediated syntheses is that the nucleation phase of the
reaction is critical in determining the size of the resultant
particles, so one would believe that the same is also true for
the plasmon-mediated syntheses. Thus, it could be concluded
that plasmon-mediated reactions that produce larger nano-
prisms must have fewer nucleation sites. However, it is
difficult to study nucleation events in plasmon-mediated
syntheses because, unlike in seed-mediated syntheses where
the nucleation and growth events are separated, these events
occur simultaneously in the same reaction solution. In the
conversion of Ag spheres to prisms, it is believed that the
smaller particles will be oxidatively etched and the larger
particles will remain intact and act as nuclei to form small
prisms that then continue to grow at the expense of the
smaller seeds. It is not yet entirely understood why longer 4.,
would result in fewer prism nuclei, although the 4. does
appear to have an effect on the nucleation and induction
stages of the reaction. When the A, is further redshifted from
the SPR of the seed particles, the induction phase of the
reaction is longer and the phase of rapid nanoprism growth is
delayed.['?*! This can be understood because initial growth
is slow when the seeds do not absorb much of the incident
light, but becomes more rapid as the particles grow and
absorb more light, similar to self-limiting growth. However,
the relationship between a delay in the growth stage due to
a longer A, the number of prism nuclei formed at the
beginning of the reaction, and final size and number of
triangular prisms produced has not been accurately deter-
mined. Although a comprehensive understanding of how A,
affects plasmon-mediated syntheses may be lacking and will
require further investigation, it is clear is that 4., has proven to
be a highly useful experimental parameter that can be used to
very effectively control prism growth.

3.3. Shape Control by Crystallographically Directed Silver
Deposition

We now address the reasons why these plasmon-mediated
reactions produce particles of the triangular prism shape as
opposed to any other shaped particle. The theories regarding
the driving forces for the growth of the triangular prism shape
have evolved and changed over time. For example, some of
the early work proposed that from a solution of different
shaped nanoparticles (i.e. seed particles), the shape that has
the largest plasmon absorption cross-section at the irradiation
wavelength will grow the fastest.'”” In other words, the
irradiation wavelength drives the rapid formation of the prism
shape because that shape absorbs light more strongly than
particles with other shapes, such as spheres or rods.'” In
another report, it was proposed that citrate preferentially
binds to Ag {111} facets, thus inhibiting particle growth
perpendicular to those facets, and favoring lateral growth of
the crystal.'?*1* However, with the growing body of work on
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shape-controlled metal nanoparticle syntheses and the devel-
opment of plasmon-mediated reactions that produce non-
prismatic shapes, it is becoming clear that there are very
important crystallographic and kinetic considerations that
drive the growth of the prismatic shape in these reactions. It is
now generally acknowledged in the literature that the
prismatic shape arises from the growth of seeds which contain
planar crystallographic defects (e.g. twin planes and stacking
faults), and from reaction kinetics that favor the growth of
these seeds into triangular plates.

Characterizing the triangular prisms from a crystallo-
graphic perspective has proven to be remarkably challenging.
However, this characterization is important because it is to be
expected that the internal crystal structure of the prisms will
strongly influence their mechanism of formation. Early
characterization studies of the triangular prisms produced
by plasmon-mediated methods determined via electron
diffraction and electron energy loss spectroscopy that the
prisms are bound on the top and bottom planar faces by {111}
surface facets, which are the lowest energy surface facets for
face centered cubic (fcc) Ag (Figure 9).*! However, in
addition to the typical {220} Bragg reflections with a 1.44 A
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Figure 9. Characterization of Ag triangular nanoprisms prepared by
plasmon-mediated methods. A) Electron micrograph of an Ag triangu-
lar nanoprism. Inset: Electron energy loss spectroscopy line scan
along the direction indicated by the white dashed line, demonstrating
that the prism has a flat top. B) Electron diffraction pattern of an
individual Ag nanoprism indicates that the prism is lying flat on

a {111} facet, as evidenced by {220} Bragg reflections with a 1.44 A
lattice spacing (red circle). Forbidden '/{422} Bragg reflections with

a 2.50 A lattice spacing are also observed (blue square). C) HRTEM of
an Ag nanoprism (low mag. image shown in inset). The 2.49 A lattice
fringes observed in the HRTEM image suggest the presence of
structural defects. This is consistent with D) an XRD diffractogram of
the prisms, which in addition to the expected reflections for fcc Ag,
also has a reflection at 0.40 A™" (black circle), indicating that there
may be multiple planar defects in the Ag nanoprisms that give rise to
the appearance of hcp lamellae. A, B) Adapted with permission from
reference [44]. Copyright 2001 American Association for the Advance-
ment of Science. C, D) Adapted with permission from reference [153].
Copyright 2007 American Chemical Society.
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lattice spacing that are indicative of this facet assignment,
a weak !/4{422) Bragg reflection with a 2.50 A lattice spacing
was also observed. The !/4{422} reflection is forbidden for
a perfect fcc crystal, but had been observed previously for the
triangular prism morphology in Au and Ag nanoparticles
produced using other synthetic methods."*>! These reflec-
tions have been attributed to a number of different possible
factors, including the presence of local hexagonally close
packed (hcp) regions of the crystal, twin planes, stacking
faults, surface reorganization, or atomically flat surfa-
ces.”*15 However, most evidence suggests that these reflec-
tions arise from the presence of either stacking faults, twin
planes, or both, which in some cases do lead to local hcp
ordering. An fcc structure can be considered as a stacking of
hexagonally close packed {111} layers along the [111]
direction with a pattern that follows an ABCABC...
sequence. A stacking fault refers to the addition or the
exclusion of one of the layers, an A layer for example, to
produce an ABACABC... layering or an ABC_BCABC...
layering, respectively. A twin plane arises when the layering
reverses its ordering, around a C layer for instance, as in
ABCBACBA... and produces a mirror plane of crystallo-
graphic symmetry. It is important to note that these seemingly
small changes in crystallinity can have enormous implications
for both particle growth and final shape.

Note that many of the characterization studies of the Ag
triangular prism morphology are conducted on particles
produced by thermal synthesis methods"***%7) and not by
plasmon-mediated methods, although particles of the trian-
gular prism morphology should have similar structures from
a crystallographic point of view, regardless of how they are
synthesized. In an early report by Wang, Pileni, and co-
workers, Ag hexagonal prisms were prepared using a thermal
method and characterized by high-resolution TEM
(HRTEM) and selected area electron diffraction
(SAED).['*? Analysis of numerous hexagonal prisms revealed
the same set of reflections observed by Mirkin and co-
workers,™ indicating that the Ag plates produced in this
synthesis are structurally very similar to those produced by
the plasmon-mediated method. It was hypothesized that the
forbidden '/4{422} reflections are due to the presence of
stacking faults. Although a single stacking fault would be
sufficient to observe the reflections mentioned, it is difficult to
determine how many stacking faults are present from SAED
analysis. The authors note that the intensity of the '/4{422}
reflections does vary from particle to particle and thus
indicates differences in terms of the specific number of
stacking faults, stacking sequence, and/or thickness of the
hexagonal disks. Interestingly, the authors rule out the
possibility of twin planes because the SAED pattern of the
disks oriented along the [110] direction does not indicate
mirror symmetry, although TEM images along this same
orientation show lines of contrast, presumably due to the
presence of the stacking faults.

Similar results were also found in a later study by Rocha
and Zanchet, who characterized the Ag seeds and Ag
triangular prisms formed by plasmon-mediated methods by
HRTEM and X-ray diffraction (XRD).'"* They observed
reflections in the XRD spectra of both the seeds and the
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prisms that are indicative of hcp lamellar regions that could
arise from either stacking faults or twins (Figure 9). These
structural defects were corroborated by HRTEM images of
the particles, which indicate the presence of many twins and
stacking faults, leading to a very complex, defect-rich crystal
structure. Subsequent work by Aherne, Kelly, and co-workers,
characterized Ag triangular nanoprisms produced from
a thermal method."*”! They found that the triangular nano-
prisms contained numerous, repeating stacking faults that led
to a 1-2 nm thick region of hep ordering (Figure 10). This was
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Figure 10. Characterization of hcp regions in an Ag triangular nano-
prism. A) HRTEM image of a nanoprism oriented with {110} planes
perpendicular to the electron beam. C) Higher magnification HRTEM
image from the area indicated with a white box in (A). Structural
analysis is denoted on the image, where multiple stacking faults create
a region of hcp ordering. B) Illustration of a hexagonal plate containing
an off-center hcp layer, resulting in alternating edges having larger
areas of {111} and {100} facets, which could potentially lead to the
growth of a triangular plate. D) Model illustrating repetitive internal
stacking faults (isf) and local hcp ordering within an fcc crystal. Black
dots represent atoms in the {110} plane while grey dots represent
atoms in the layer below. Adapted with permission from refer-

ence [147]. Copyright 2008 Wiley-VCH.

(m)’

Flat {111} face

determined by HRTEM analysis of a nanoprism aligned along
the [110] direction. While the majority of the nanoprisms are
comprised of the expected fcc ordering (ABCABC...), the
repeating stacking faults in the interior of the plates generated
a local hep ordering (ABAB...) with a thickness of about
1.5 nm. The hcp region of the crystals could also be observed
by XRD, similar to previous work by Rocha and Zanchet,'>!
indicating that the hcp regions constitute a considerable
portion of the crystal.

The crystallographic defects present in a nanostructure,
such as stacking faults and twin planes, can have significant
consequences for its growth. Defect-containing nanocrystals
often grow faster than perfect single crystals because defects
introduce high-energy surface sites where metal ion reduction
is more favorable.™ In the case of stacking faults, the locally
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generated hcp regions of Ag are not the preferred fcc crystal
structure and thus present crystallographic regions of high
energy and are consequently more reactive than areas of fcc
ordering. It is believed that preferential deposition of Ag onto
these defect regions is the driving force for the highly
anisotropic nature of the prism, or plate-like, morphology.
However, this fast growth in the lateral direction does not
explain why triangular, and not hexagonal, prism structures
are often produced, as both hep and fce crystal structures have
hexagonal symmetry. One possible explanation proposed by
Kelly, Aherne, and co-workers is that the hcp region may not
be located in the exact center of the plates.'*”) If this is the
case, then the thickness of the fcc region on either side of the
defect would define the size of the {111} and {100} surfaces
exposed on the edges of the plates, assuming that the plate is
viewed as a hexagonal disk (Figure 10). Fcc regions of
different thickness would then result in the hexagonal disk
having edges that alternate having either larger {111} or larger
{100} facets. It is then conceivable that the edges with the
larger {100} surface facets would grow out faster than the
more stable {111} surface facets and thus yield the character-
istic triangular prism morphology.

An alternative explanation for the growth of the triangu-
lar prism shape is based on the presence of twin planes, rather
than stacking faults. Inspired by the known mechanisms of
silver halide particle growth (due to their importance in
photography),l*®! Lofton and Sigmund proposed that struc-
tures such as triangular prisms (among other structures, such
as penta-twinned rods, decahedra, and bipyramids) contain
twin plane defects that create favorable sites for adatom
addition."® Twin defects in plate-like structures run parallel
to and between the {111} surface facets. The stacking fault
energy is quite low for Ag compared to other metals, and thus
nanoparticles that contain twin defects are commonly
observed, either in plasmon-mediated syntheses or by other
preparation methods."* Due to the six-fold symmetry of fcc
Ag, small plates can be considered to have a hexagonal
structure with alternating concave and convex edges
(Figure 11). Addition of Ag atoms to the convex edges is
unfavorable because of the low coordination environment
presented at the convex apex and thus occurs relatively
slowly. Comparatively, the concave edges are more favorable
for metal deposition because they present sites with higher
coordination numbers than the convex edges. These concave
edges are often referred to as reentrant grooves and, even as
the structure grows, the reentrant grooves remain present and
facilitate the more rapid deposition of metal atoms onto those
sites compared to other potential sites on the crystal. In the
case of the hexagonal plate, this means that alternating sides
will grow more rapidly than the others, leading to the
formation of the characteristic triangular prism morphology
(Figure 11 A).

Within this model, the case can also be considered where
a plate structure contains two twin defects. In this instance, all
sides of the hexagonal plate seed contain both a concave and
convex region and growth occurs at an equal rate from each
edge, maintaining the hexagonal prism shape throughout the
growth of the particle (Figure 11B). This was expected to be
the reason for why, in some syntheses, both hexagonal and
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Figure 11. Twin defects in planar nanostructures, as proposed by
Lofton and Sigmund.l"*® A) A single twin defect introduces concave
(“A”) and convex (“B”) edges on a hexagonal disk (upper image). The
concave edges contain reentrant grooves, which facilitate rapid depo-
sition of metal onto those areas. This results in faster growth on
concave “A” faces than convex “B” faces and the generation of

a triangular plate from a hexagonal plate seed (bottom image). B) In
the case of there being two twin defects, all edges of the hexagonal
plate seed contain both concave and convex regions (“A” and “B")
(upper image), and growth occurs at an equal rate from each edge,
resulting in the growth of a larger hexagonal plate structure (bottom
image).

triangular shaped prisms form, with the hexagonal prisms
developing from seeds having an even number of twin planes
and the triangular prisms produced from seeds with an odd
number of twin planes. The presence of two or more parallel
twin planes can also give rise to the '4{422} reflections
commonly observed in plate-like structures. An experiment
by McEachran and Kitaev showed that individual prisms can
indeed have different internal crystal structures
(Figure 12).°1 Ag plates were first synthesized using a ther-
mal synthetic method and used as seeds for a subsequent
thermal reaction that generated Ag nanostructures bound by
{100} surface facets. This reaction produced both {100}-
faceted right bipyramids and {100}-faceted cubes (Fig-
ure 12 C). Right bipyramid structures would be expected to
contain a twin defect and grow from twinned triangular
prisms because they contain a mirror plane of symmetry.
Although cubes are typically single crystalline, HRTEM
images of cubes grown from the prismatic seeds indicated that
they also contained twin defects (Figure 12D). The growth of
either right bipyramids or cubes was proposed to be a result of
the prismatic seeds having either an odd or even number of
twin planes, respectively. Although the authors were not able
to correlate the fraction of hexagonal plates with the fraction
of cubes produced, these results indicate that the internal twin
structure of prisms can differ, even for particles prepared in
the same synthesis.

Unlike certain nanoparticle shapes, such as bipyramids,
decahedra, or icosahedra, where the symmetry of the particle
necessitates the presence of a twin plane(s) due to the
crystallographic symmetry of fcc metals™” a number of
different internal crystal structures can yield the triangular
prism shape, making it difficult to attribute their growth to
one specific type of defect. Nonetheless, it is clear that the
prismatic shape is derived from seeds rich with planar defects,
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Figure 12. Under conditions that generate {100}-faceted nanostruc-
tures, the use of Ag triangular prisms as seeds produces both right
triangular bipyramids and cubes. McEachran and Kitaev proposed that
the rapid deposition of Ag onto Ag triangular prisms with A) an odd
number of twin defects yields {100}-faceted right triangular prisms
while B) prisms with an even number of twin defects yields {100}-
faceted cubes.™ C) SEM image of the reaction products. Scale bar:
100 nm. D) HRTEM image of defects in Ag cubes. Scale bar: 20 nm.
Adapted with permission from reference [159]. Copyright 2008 The
Royal Society of Chemistry.

with the most likely scenario being that the triangular prisms
contain a combination of twins and/or stacking faults. It is also
likely that individual prisms may have significantly different
combinations of stacking faults and twins from one another,
even when comparing particles from the same reaction. While
it has not been discussed in the literature, it is possible that the
bimodal distribution of particles observed in some of the
plasmon-mediated prism syntheses is due to differences in
internal crystal structure, with the smaller prisms having one
type of structure and the larger prisms having another type.
Different reaction conditions that inhibit bimodal growth,
either though light intensity,"*! wavelength,*! or solution pH
(i.e. reaction kinetics),**'*] could be favoring the growth of
one particular crystal structure over another. While this is
plausible, this hypothesis is difficult to prove because the
internal crystal structure of individual prisms can be difficult
to identify, although such a study may be able to provide
insight as to why bimodal growth is observed.

The formation of triangular prisms is critically dependent
on the presence of seeds that have the same planar defect
structure. Rocha and Zanchet, for instance, investigated how
seeds with different twin structures affect the growth of Ag
triangular plates.*3 They observed that the citrate-protected
Ag seeds used in the preparation of triangular prisms
contained numerous planar defects such as stacking faults
and twin planes, which are defect types also present in the
triangular prisms. When citrate-protected Au seeds were
prepared in the exact same manner as the Ag seeds, the Au
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seeds were found to not have the planar twinned defects
characteristic of the Ag seeds, but rather cyclic twinned
defects, namely five-fold (decahedral) and twenty-fold (ico-
sahedral) twin structures. The use of the Au seeds under the
same plasmon-mediated reaction conditions that normally
produced triangular prisms instead resulted in the growth of
bimetallic nanostructures that had the same internal crystal
structure as the Au seeds. For instance, Au seeds with five-fold
twinned structures generated Ag shells also having a five-fold
twinned structure. Only through the use of planar twinned
seeds (composed of Ag in this case) did the authors observe
the generation of triangular prisms. However, seeds with the
appropriate defect structure do not have to be pre-synthe-
sized. Indeed, there are reports of planar twin seeds being
generated in situ"®! and reports of twin defects developing as
particles grow during the plasmon-mediated reaction,!'®!]
which can both generate the appropriate type of seed particle.

Another, perhaps equally important, factor that leads to
the growth of the triangular nanoprism shape is the kinetics of
the reaction. It is essential to have a slow rate of Ag"
reduction to ensure the selective growth of planar defect
seeds into triangular prisms. This has been observed in both
the thermall'®® and plasmon-mediated syntheses of Ag
triangular prisms."*! Slow rates of Ag' reduction induce
kinetic control, which favors deposition of Ag onto the
highest energy locations of a nanostructure. In the case of the
prisms, this occurs on their edges (due to the exposure of
crystallographic defects and a high radius of curvature) and
results in lateral growth of the particles. The effect of reaction
kinetics on the formation of prisms will be discussed in detail
in Section 5 in comparison to right triangular bipyramids,
a product produced when the rate of Ag" reduction is
increased. In the photo-conversion of spheres into triangular
prisms, the slow oxidative dissolution of the seeds ensures
a low concentration of Ag" in solution and thus a slow rate of
Ag" reduction, favoring the formation of triangular
prisms, 4]

An important point to make is that even though these
reactions are driven by visible light irradiation, the photo-
excitation itself is not responsible for directing the triangular
prism shape. This was not intuitive when plasmon-mediated
reactions were first discovered because it appeared as though
the only method for preparing the triangular prism morphol-
ogy in high yield was by photo-irradiation methods, whereas
thermal methods typically produced more isotropic particles
such as octahedra and cubes. However, it is now generally
understood that it is the specific reaction conditions that cause
the growth of triangular prisms, rather than light having
a particular influence on particle shape. Indeed, even when
the irradiation wavelength is very far (>200 nm) from the
extinction of the spherical seeds, the growth of small
triangular prisms can be observed before the particles
absorb a significant portion of incident light."*! This indicates
that the structure of the seed and the slow rate of reaction are
together driving the formation of the triangular prism shape
before the particle even has an SPR that moderately overlaps
the .. However, light is still a key component in these
reactions and plays its most important role in affecting the
kinetics of Ag deposition and the size of the resulting
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nanostructures, as previously described in Section 3.2. Next,
we turn to a discussion of how light, plasmonic seeds, and
citrate act together to reduce Ag® in plasmon-mediated
reactions.

3.4. Proposed Mechanisms of Electron Transfer

The plasmon-mediated reduction of Ag" is a very intrigu-
ing process because it is one of the early examples of using
plasmon excitation to perform chemistry. In a series of studies
by Brus and co-workers,!'?!127:14163.166] the plasmon-mediated
growth of Ag nanoparticles was examined in a solution
containing Ag", citrate, and plasmonic seeds, which was then
irradiated with light. This proved to be an easier system to
study than the conversion of Ag spheres to prisms, which
requires an oxidative dissolution step. Experiments were
conducted by depositing Ag nanoparticles onto either For-
mvar/carbon TEM grids!'*! or onto indium tin oxide (ITO)
electrodes for use in photoelectrochemical cells.'*>1*! In an
important experiment by Redmond, Wu, and Brus, spherical
Ag nanoparticles having an average diameter of 50 nm were
prepared and deposited onto a Formvar/carbon TEM grid,
which was then immersed into a solution of citrate and
Ag*t "1 Visible light irradiation of this solution resulted in the
growth of the immobilized Ag particles due to the plasmon-
mediated reduction of Ag" by citrate. This was confirmed by
monitoring individual nanoparticles before and after light
exposure by TEM. In this system, the particles were observed
to grow uniformly and independent of the polarization
direction of incident light. This is in contrast to the very
early work by Chen and Osgood where the plasmon-
enhanced photochemical reduction of organometallic Cd
compounds onto Cd particles was found to be dependent on
polarization direction.® This indicates that electrons from
photo-oxidized citrate are long-lived and can reduce Ag*
anywhere on the particle surface. In other words, the
reduction of Ag" is not restricted to areas of intense
electromagnetic field, which would be expected to occur at
the poles of the particle as defined by the polarization
direction of incident light. According to the observations of
Redmond, Wu, and Brus, this also means that it is unlikely
that light is driving the formation of the prismatic shape in
these reactions, as there is not a correlation between polar-
ization direction and particle growth orientation. Note that
the growth direction of triangular prisms has been found to
depend on polarization direction in other systems,'*! so the
effects of polarization direction are still unclear, although
here we assume the effects of polarization direction on
particle growth are negligible (see previous discussion in
Section 3.2).

To further investigate the mechanism of plasmon-medi-
ated Ag' reduction, Ag nanoparticles were prepared by
thermal evaporation onto an ITO electrode that was sub-
sequently immersed in a photoelectrochemical cell.*1%! This
setup allows real-time electrochemical measurements to be
made while the sample is modulated between the presence
and absence of light illumination. When the Ag nanoparticles
are in the presence of citrate only, photoirradiation of the Ag
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Figure 13. Citrate-protected Ag nanoparticles immobilized onto an ITO
electrode exhibit a negative photovoltage in water (blue data points)
and in the presence of Ag" (black data points). The shift in potential is
plotted as a function of time. Gray boxes indicate when the sample is
illuminated with a visible light laser and white areas indicate when the
light source is removed. The negative shift in potential upon visible
light irradiation indicates that the Ag nanoparticles are accumulating
negative charge, presumably from electrons acquired from the irrever-
sible oxidation of surface-bound citrate. In the absence of photo-
stimulation, the Ag nanoparticles discharge and return to their original
rest potential. The magnitude of the potential shift is less in the
presence of Ag" than in its absence, suggesting that the nanoparticles
are discharging via the reduction of Ag*. Adapted with permission
from reference [145]. Copyright 2007 American Chemical Society.

nanoparticle electrode results in a negative shift in the steady-
state potential (i.e. Ag nanoparticles in the presence of citrate
exhibit a negative photovoltage), indicating the Ag nano-
particles are accumulating negative charge (Figure 13). When
the light source is removed, the steady-state potential shifts
back towards the rest potential as the nanoparticles discharge,
presumably through the reduction of water. When aqueous
citrate is removed from solution (but a citrate coverage still
remains on the Ag nanoparticles), subsequent modulations of
light irradiation yield negative shifts in potential of decreasing
magnitude and over time the rest potential continually
becomes more positive compared to the initial rest potential.
This behavior can be explained by surface-bound citrate on
the particles being irreversibly photo-oxidized. Citrate con-
tains three carboxylic acid groups, and it has been reported
that two of these groups bind to the particle surface with the
third exposed to solution, thereby imparting colloidal stabil-
ity.’”] The photo-oxidation of citrate results in the decarbox-
ylation of the central carboxylic acid group, releasing CO,,
donating two electrons to the Ag particle, and yielding
acetonedicarboxylate (Figure 14 and 3B).['**131% Acetone-
dicarboxylate is unstable and rapidly decomposes to aceto-
acetic acid, likely detaching from the particle surface.!'”)
Without a supply of aqueous citrate to replace the oxidized
citrate on the particle surface, the Ag nanoparticles accumu-
late progressively less charge when irradiated with light. Brus
and co-workers have proposed that this process happens by
the decay of plasmon excitation into energetic (i.e. “hot”)
electron-hole pairs that facilitate the oxidation of surface-
bound citrate.!""119] Note that the oxidation of citrate via
decarboxylation is both extremely rapid and irreversible,
making this type of plasmon-mediated chemistry possible.
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Figure 14. Proposed mechanism of plasmon-mediated citrate oxida-
tion, as proposed by Redmond, Wu, and Brus."*! Two of the three
carboxylic acid groups on citrate are bound to the Ag nanoparticle
surface. Rapid photo-oxidation of citrate yields 1,3-acetondicarboxylate,
carbon dioxide, and two electrons, which are transferred to the Ag
nanoparticle.

These results also have been repeated by Moskovits and co-
workers,[™® and a similar mechanism of nanoparticle charging
has also been proposed by Shevchenko and co-workers,
although they were working with a different system under UV
light illumination.!®”)

While the oxidation of citrate and subsequent charging of
the Ag nanoparticles is driven by incident light, the reduction
of Ag' to Ag” is believed to be a thermally driven reaction
facilitated by the shifted potential of the citrate-protected Ag
nanoparticles. Redmond, Wu, and Brus observed that in the
presence of Ag', the steady-state shift in potential is less
negative than in the absence of Ag".”] It was also observed
that after light illumination, the photovoltage decays faster
for higher concentrations of Ag® in solution. The authors
concluded from these experiments that the photovoltage is
less negative when Ag' is present in solution because the
reduction of Ag" presents a more favorable pathway for the
discharge of Ag nanoparticles than through the reduction of
water. This explanation is also consistent with earlier
observations that the concentration of Ag* is not a limiting
factor in the reaction.'”’) Metal nanoparticles that contain an
excess of electrons also have been used to reduce water or
metal ions, although this is accomplished under a different set
of conditions.'"! Brus and co-workers calculated the quantum
yield of citrate photo-oxidation on Ag nanoparticles for a few
of the different systems that have been studied, and while the
final yield seems to vary for different systems and methods of
calculation, it has always been below 1 %, indicating that that
while the plasmon-mediated reduction of Ag" is effective
enough to generate Ag nanostructures, it is actually a very
inefficient process overall.l?”14>:16]

Wu and co-workers also investigated the behavior of
citrate-protected Au nanoparticles.'® It was found that
plasmon excitation of Au nanoparticles also causes citrate
photo-oxidation, but that under otherwise identical condi-
tions, Au nanoparticles generated a weaker photovoltage than
the Ag system. In fact, the quantum yield of citrate oxidation
was calculated to be 20 times lower on Au nanoparticles than
Ag nanoparticles. Despite the differences between the
plasmonic behavior of Au and Ag particles, the observed
photovoltage on Au particles is consistent with reports of Au
nanoparticles being used as plasmonic seeds for the synthesis
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of bimetallic nanostructures (see Section 7). Although Au
particles can be used as seeds, there has yet to be a report of
the plasmon-mediated reduction of Au*" or Au" for generat-
ing Au nanoparticles, if this is even possible. Attempts to
photo-irradiate a solution of either Ag-core/Au-shell or Ag/
Au alloy nanoparticle seeds have resulted in a phase separa-
tion between the Ag and Au components, with Ag forming
triangular prisms and Au yielding spherical nanoparticles.['*!

It is important to note that studies on the plasmon-
mediated reduction of Ag" generally do not support a ther-
mally activated mechanism where local heating due to surface
plasmon excitation leads to Ag* reduction by citrate.[*>'?7]
This is unlikely because of the low intensity of light that can
be used (i.e. room light or on the order of < 0.2 W) to drive
the reduction of Ag*. Typically, photothermal effects of Au
and Ag nanostructures require high intensity light sources
(10° W, for example) and heating effects have the character-
istic quality of being non-linearly dependent on the intensity
of light. Mirkin and co-workers have calculated that under the
conditions used to produce triangular prisms, a single photon
absorption by a small Ag prism leads to only a <0.007 K
temperature increase, consistent with the observation that
after 50 h of light irradiation a reaction solution has a temper-
ature increase of less than 10°C."! Furthermore, Brus and co-
workers have shown that the rate of Ag" reduction in
a plasmon-mediated reaction is linearly dependent on light
intensity,'"”’! suggesting that photothermal effects are not
solely responsible for the reduction of Ag". The plasmon-
mediated reduction of Ag" can be contrasted with another,
seemingly similar system, which is the photoinduced reduc-
tion of Cu*" onto Au nanocrystals.'®” In this system, Red-
mond and co-workers deposited Au nanoparticles onto an
ITO electrode that was held at a fixed electrochemical
potential and immersed in a Cu®*" solution (citrate or other
chemical reducing agents are not present). Upon laser
irradiation, Cu®* is reduced to Cu’ onto the surface of the
Au particles in a manner similar to Ag* reduction onto Au
nanoparticles with photo-stimulation.!*315%16 Although one
might believe that these two plasmon-mediated metal ion
reduction systems would have the same underlying physical
mechanism, Redmond and co-workers showed that the Cu
system is driven by laser heating of the Au nanoparticles.!"®”!
This is evidenced by the strong nonlinear relationship
between photocurrent and laser intensity, a hallmark of
photothermal heating, and markedly unlike the linear rela-
tionship observed in the plasmon-mediated reduction of
Ag*.l%! The authors proposed that lattice heating of the Au
nanoparticles causes a shift in their reduction potential and an
increase in the charge transfer rate, which leads to the
reduction of Cu*" in solution upon photo-excitation. This is
a fundamentally different mechanism of metal ion reduction
than is observed in the plasmon-mediated reduction of Ag*
by citrate.

While this proposed mechanism of electron transfer from
citrate to the plasmonic seeds to nearby Ag" is certainly
possible and consistent with the observed data, a mechanistic
understanding at the molecular level is still elusive. It is also
possible that the photo-excitation of the seed particles acts as
a catalyst for citrate reduction of Ag" via a different
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mechanism involving light-induced ligand rearrangement or
dissociation rather than through citrate photo-oxidation. It is
also not entirely understood why these reactions appear to
only work exclusively for the combination of citrate with Ag*
and not other chemical species that may have similar chemical
structures or reduction potentials. There are also many
unanswered questions as to why Au particles have a dramat-
ically weaker photovoltage than Ag particles, despite the fact
that the work functions of these materials would suggest that
the “hot” holes generated in Au particles should be more
strongly oxidizing than their Ag counterparts.'® Clearly,
despite numerous advances, there is still a need for a better
understanding of how plasmon excitation leads to Ag*
reduction. One could also envision how an improved under-
standing of the mechanism of electron transfer in plasmon-
mediated reactions could lead to improvement in other
plasmon-mediated chemical processes as well.

4. Circular and Hexagonal Plates

In the following sections, we examine the use of plasmon-
mediated syntheses for generating anisotropic metallic nano-
structures other than the triangular prism shape. These
methods highlight how changes in reaction conditions can
yield a variety of different nanoparticle shapes and therefore
allow even greater control over the resulting properties of Ag
nanostructures. While the following particles are all synthe-
sized using plasmon-mediated methods, the overall explan-
ations of how reaction kinetics and chemical conditions direct
particle formation are generally applicable to all colloidal
synthesis methods.

Most syntheses of plate-like Ag nanostructures yield the
triangular prism morphology for the crystallographic and
kinetic reasons described in Section 3.3. However, reaction
conditions can be tailored to selectively produce circular or
hexagonal plates. These structures are important because they
may be of potential use for applications that rely on having
nanostructures with precisely tuned plasmon resonances. It
has been shown on numerous occasions that triangular
nanoprisms of different sizes can have dramatically different
plasmon resonance energies (see Section 3.2),*! but it has
also been shown that triangular nanoprisms with different
degrees of tip truncation have different optical properties.*!
Therefore, the preparation of structures such as circular and
hexagonal plates provides an effective method for finely
tuning the optical properties of planar Ag structures to an
even greater degree. By controlling the ratio of citrate to Ag"*,
Lombardi and co-workers synthesized and isolated Ag
hexagonal plates.”’”! Ag seeds were first prepared by
sodium borohydride reduction of AgNOQOj; in the presence of
sodium citrate. The seeds were then irradiated for 10 h with
a 70-Watt sodium lamp to convert the spherical seeds to
a solution containing a mixture of larger hexagonal plates and
smaller circular disks. Time-dependent UV/Vis spectroscopy
and TEM studies were used to elucidate the growth mech-
anism of these structures. Two particle types are observed to
grow in the reaction. The first type is identified as triangular
nanoprisms that grow within 3.5 h to a size having a 76 nm
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edge length. These particles then become truncated with an
additional 6.5 h of irradiation, yielding hexagonal prisms with
a final edge length of 26 nm. Conveniently, the larger
hexagonal plates can be isolated from the circular disks by
centrifugation. The second particle type present in the
reaction is 7 nm diameter spherical nanoparticles that after
10 h of irradiation grow into 11 nm diameter circular disks. It
was found that the growth of the hexagonal plates is only
observed when the molar ratio of citrate to Ag" is in the range
of 0.8 to 2.0, while ratios any higher than that yield triangular
plates. It was suggested that higher concentrations of citrate
more effectively protect the tips of the triangular plates, and
thus prevent their truncation. It is interesting that in this
synthesis, a bimodal distribution of Ag plates is observed, but
unlike previous reports where two different sizes of triangular
prisms are generated,*” this reaction has two distributions of
particles with different shapes and corresponding sizes (small
circular and large hexagonal disks). The reason for this type of
particle growth is not clear, although the ability to use
centrifugation to separate the larger Ag hexagonal disks
allows for their selective preparation.

Xu and co-workers also have studied how citrate can be
used to control the extent of triangular prism truncation.!'”!
In this study, a sodium lamp light source was used to
synthesize triangular nanoprisms from spherical seeds; how-
ever, less citrate was used than is required to complete the
redox cycles necessary to effect the sphere-to-prism conver-
sion. Due to the insufficient concentration of citrate, the
reaction produces a mixture of triangular prisms and small
semi-spherical seeds (Figure 15). With continued irradiation,
the solution color transitions from blue back to yellow (a
color trend in the opposite direction to that observed during
the formation of the prisms). TEM and UV/Vis spectroscopy
were used to confirm that this blue to yellow color transition
is due to the conversion of the triangular prisms to hexagonal
prisms and then ultimately to circular disks. Importantly, the
shape transformation is reversible by the addition of more
citrate to the reaction, to yield the complete conversion of the
circular disks to triangular nanoprisms. This system exhibits
a threshold concentration of citrate (0.27 mm), where below
this concentration, prisms are transformed back into the
circular disks, while above this concentration triangular
prisms form and remain stable.

The transition from triangular nanoprisms to circular
disks can also be achieved by modulating the exposure of the
growth solution to light. In early work, extended light
exposure was shown to cause the tips of Ag triangular
prisms to become truncated.™'™ In a more controlled
fashion, Wallace and co-workers discovered a set of reaction
conditions for generating spherical Ag seed particles that,
when illuminated with fluorescent light, produced triangular
prisms that were not stable in the dark (this is not typical of
Ag triangular nanoprisms).!'” The absence of photo-stimu-
lation results in a blueshift of the plasmon resonance energy
due to the formation of circular disks. Re-exposing of the
solution to light causes the transformation of the circular disks
back to triangular nanoprisms and the plasmon resonance to
redshift. This process was repeated eleven times and a shape
transition from triangular to circular disks and back again was
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Figure 15. Tailoring the cross-sectional shape of Ag plates. A) With an
inadequate concentration of citrate to complete the redox cycles
necessary to convert Ag spheres to triangular nanoprisms, the reaction
produces a mixture of both particle types. B) Further light illumination
results in the oxidative etching of the triangular prisms and the
formation of circular plates. C) The subsequent addition of excess
citrate to the reaction yields a mixture of hexagonal and triangular
plates and D) ultimately forms triangular prisms. E) Photographs of
the reaction solution after (1-6) 210, 330, 370, 380, 390, and 400 min
of continued light irradiation after the reaction has produced the
mixture of spheres and triangular prisms shown in (A). These color
changes are associated with the conversion of triangular to circular
plates. After the addition of more citrate, photographs of the solution
after (7) 530 and (8) 710 min indicate the formation of triangular
plates from the circular plates. Adapted with permission from refer-
ence [171]. Copyright 2009 American Chemical Society.

always observed, although over time the solution became
more stable and the shape transformation was not as
dramatic, as evidenced by UV/Vis spectroscopy. It is believed
that the use of BSPP in the reaction is critical to observe these
transformations. As previously shown by Mirkin and co-
workers, BSPP increases the solubility of Ag*, but over time
can degrade into BSPP=O (a compound analogous to
a triphenylphosphine oxide), which does not coordinate to
Ag* 12 1t was hypothesized that in the absence of photo-
stimulation, BSPP facilitates the oxidative etching of the
triangular nanoprism tips to yield circular disks."” However,
when the reaction is under light illumination, the forward
reaction re-deposits Ag" back onto the tips, producing the
triangular prisms again. Consistent with this claim, it was
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shown that the introduction of more BSPP to the circular
disks yields an even more dramatic blueshift in the plasmon
resonance. Additionally, due to the degradation of BSPP to
BSPP=O0, the preference for the triangular prism morphology
increases over time as the result of an increase in the forward
reaction and accounts for the final stabilization of the
triangular prism solution. It was also shown in a subsequent
report by the same authors that the light-induced trans-
formation from circular disks to triangular prisms could be
stopped at any point in the transformation by removing the
sample from the light to yield particles of a desired size, shape,
and corresponding plasmon resonance energy.!"”

There are also several methods of modifying Ag triangu-
lar prisms post-synthetically that rely on etching the triangu-
lar tips to achieve circular disks, such as through the
application of heat,'”77 acids,"® halides,"*'* or other
chemical additives.'>!%¥ These post-synthetic methods are
outside the scope of this Review, but one method worth
briefly mentioning uses UV light illumination. Yin and co-
workers have reported that Ag triangular prisms, prepared by
thermal methods,"™ can be controllably etched to circular
disks by exposure of the triangular prism solution to UV
light.['*! Tt was reported that UV light illumination caused the
tips of the triangular prisms to etch and truncate while the
thickness of the plates increased to yield circular disks.
Although the exact mechanism of action is, as of yet,
unknown, it is believed that Ag migrates from the higher
energy tips to the lower energy {111} surfaces of the plates,
causing simultaneous tip truncation and increased plate
thickness. This process may be facilitated by a cycle involving
the oxidation of Ag from the tips and subsequent re-reduction
of the Ag* by highly reductive hydrated electrons produced
through the UV irradiation of water. Removing the sample
from the UV light source quenches the reaction and allows
a range of different plate morphologies to be prepared.

5. Triangular Bipyramids

When the plasmon-mediated synthesis of Ag triangular
nanoprisms was first reported, it was unique in its ability to
use 4., to precisely control nanoparticle size. It remained to be
seen whether this wavelength driven size-control could be
extended to other Ag nanoparticle morphologies: a question
that was answered with the discovery of a plasmon-mediated
method for preparing Ag right triangular bipyramids.!'”
Right triangular bipyramids are structurally related to
triangular prisms in that they contain twin planes and/or
stacking faults that bisect the structure along the {111} plane.
However, unlike prisms that are bound by flat {111} facets,
right triangular bipyramids are composed of two right
tetrahedra symmetrically joined at their bases, resulting in
the exposure of six {100} facets. While Ag right triangular
bipyramids had previously been synthesized in 80 % yield via
a thermal polyol synthesis™®! and had also been observed
from the thermal overgrowth of Ag nanoprisms in water,['*’!
the plasmon-mediated synthesis reported by Mirkin and co-
workers represented the first method for producing mono-
disperse samples of these structures in high yield
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Figure 16. Ag right triangular bipyramids produced from a plasmon-
mediated synthesis. A) Model of a right triangular bipyramid. Edge
length, a, is the distance between two longitudinal vertices and height,
h, is the distance between the transverse vertices. Inset: view
perpendicular to the {111} plane. B) Photographs of solutions of Ag
right triangular bipyramids produced using an excitation wavelength of
(left to right) 500+ 20, 550+ 20, 600+ 20, and 650420 nm. Corre-
sponding SEM images of bipyramids with average edge lengths of

C) 1069, D) 13112, E) 165+12, and F) 191 8 nm, respectively.
Scale bars: 300 nm. The inset of (D) shows a higher magnification
view, scale bar: 7100 nm. (A) Adapted with permission from refer-

ence [136]. Copyright 2010 American Chemical Society. (B—F) Adapted
with permission from reference [160]. Copyright 2009 Wiley-VCH.

(Figure 16).%! The high shape selectivity (>95%) of the
bipyramids was confirmed by the excellent correlation
between experimental UV/Vis spectra of the final products
and theoretically calculated spectra. More significantly, this
work showed that, as with the Ag nanoprisms, the authors
were able to finely tune the edge length of the right triangular
bipyramids by controlling the /.. Indeed, increasing the
irradiation wavelength over a range from 500420 to 650 +
20 nm leads to particles with increasingly longer edges, with
a less than 9% variation in edge length.

The key shape-directing synthetic difference between the
Ag right triangular bipyramids synthesis and the synthesis of
Ag triangular nanoprisms is the introduction of AgNO; rather
than Ag nanoparticles as a source of Ag*. While others have
previously prepared triangular prisms from AgNO,,!?"
another key difference in the bipyramid synthesis is the
high pH of the growth solution (pH 11) due to the addition of
NaOH. The effect of this pH change will be discussed shortly.
It is important to note that unlike the nanoprisms,'2*!2!l the
presence of O, is not required because the reaction does not
rely on the dissolution of the small Ag particles to provide
a source of Ag*. However, the bipyramid reaction still does
not proceed without plasmonic seeds, since the plasmon
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excitation of the nanoparticle seeds
catalyzes the reduction of Ag* by
trisodium citrate. In this synthesis,
prepared plasmonic seeds are not
added to the reaction, but rather
are generated in situ.'®) The for-
mation of small Ag seed particles is
facilitated by the high pH of the
growth solution, which increases
the reducing ability of citrate and
allows for the self-nucleation of the
Ag seeds with planar twinned
defects. Others also have reported
the visible light-induced reduction
of Ag* to form small Ag nuclei in
aqueous solutions at high pH
values.'!1% Note that small Ag
seeds with planar twin defects can
also be prepared separately and
added to the reaction without
affecting the final product morphol-
ogy.[** To prevent the precipitation
of Ag" at pH 11 (i.e. the formation
AgOH/Ag,0), BSPP is added to
the reaction in a 1:1 Ag":BSPP
molar ratio, which keeps Ag' in
solution by forming [Ag-BSPP,]*
complexes (X =1, 2, 3, or 4).120:136]
Mirkin and co-workers showed that
the formation of the right triangular
bipyramids occurs in three stages:
nucleation of spherical planar-twin-
ned seed particles, rapid growth
into small bipyramids, and continued growth into larger
bipyramids until the supply of Ag® in solution has been
exhausted. As in the nanoprism synthesis,"* the growth of
bipyramids is highly sensitive to pH, because the oxidation of
citrate produces H*. In addition, the bipyramid synthesis is
also strongly affected by the concentration of BSPP, since in
this case the coordination of BSPP to Ag" moderates the
concentration of aqueous Ag" available for reduction. Higher
[BSPP]/[Ag'] ratios lead to higher total amounts of Ag" in
solution, but lower effective aqueous Ag* concentrations and
thus slower reaction rates. This differs from the nanoprism
synthesis where available Ag" is primarily controlled by the
rate at which the small Ag seeds are oxidized. To further
understand the chemical reasons behind the formation of the
bipyramids and their relationship to the nanoprisms, Mirkin
and co-workers conducted a detailed study to explain the
roles of BSPP and pH in the plasmon-mediated growth of
both structures.['*!

From this study it was concluded that the dominant factors
controlling the growth of the bipyramids and prisms can be
described in terms of the rate of Ag' reduction
(Figure 17).%¢) At ratios of [BSPP]/[Ag'] of about 1, and
a pH of 10 or 11, the rate of Ag" reduction is fast due to high
concentrations of available Ag* and the increased reducing
strength of citrate at high pH. The resulting product under
these conditions is monodisperse {100}-faceted right triangu-
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Figure 17. Controlling the growth of Ag right triangular bipyramids and triangular prisms through
reaction kinetics. A) Scheme illustrating the growth of small Ag nuclei into planar-twinned seeds and
then into final nanoparticle shapes. Thicker arrows indicate faster rates of Ag" reduction. A high
solution pH and a [BSPP]/[Ag"] ratio close to one facilitate the rapid reduction of Ag"™ and produce
right bipyramids: growth pathway (a). Slower rates of reaction, due to a lower solution pH or higher
[BSPP]/[Ag"] ratios lead to the formation of triangular prisms: growth pathway (c). Intermediate
reaction rates yield truncated right bipyramids: growth pathway (b). In the absence of BSPP, the
reaction rate is initially rapid and then slows, due to the decreasing concentration of Ag* in solution
over time, producing truncated bitetrahedra: growth pathway (a) to (d). SEM images of B) right
triangular bipyramids, C) truncated bipyramids, and D) triangular nanoprisms generated from
reactions having a solution pH of 11, 9, and 7, respectively ([BSPP]/[Ag*]=1). Scale bars: 200 nm.
Adapted with permission from reference [136]. Copyright 2010 American Chemical Society.

lar bipyramids (growth pathway (a) in Figure 17A and
Figure 17B). In contrast, at higher [BSPP]/[Ag’] ratios or
a lower pH, the slower rate of Ag" reduction leads to
increasingly truncated bipyramids with exposed {100} and
{111} facets until triangular nanoprisms with mainly {111}
facets become the major product for conditions with the
slowest rates of reaction (growth pathway (c) in Figure 17 A
and Figure 17D). Inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES) kinetics experiments monitor-
ing the Ag" concentration over time confirm that both
increased [BSPP]/[Ag’] ratios and a lower pH lead to
a decreased rate of Ag" consumption over the course of the
plasmon-mediated synthesis, which is indicative of a slower
rate of particle growth. Thus, for fast rates of reaction,
deposition of Ag onto the {111}-facets of the planar-twinned
seeds is preferred, leading to {100}-faceted right triangular
bipyramids, while slow reaction rates favor deposition of Ag
onto {100} facets, resulting in particles with larger surfaces
bound by {111} facets. This phenomenon can also be described
in terms of the aspect ratio of the particles, which we define
here as the ratio between the edge length and the height of the
particles (Figure 16 A). At all pH values, as the [BSPP]/[Ag']
ratio increases, the aspect ratio of the nanoparticles also
increases. Similarly, if [BSPP]/[Ag*] is fixed at 1, the aspect
ratio of the products increases with decreasing pH (Fig-
ure 17B-D). Both trends correspond to an increase in aspect
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ratio with decreasing reaction rate. This is consistent with the
previous results for the plasmon-mediated conversion of Ag
spheres into Ag nanoprisms, where a slow reaction rate,
limited by the oxidative dissolution of the small Ag spheres,
results in the growth of highly anisotropic {111}-faceted
nanoprisms, 1218

Interestingly, a control experiment in the absence of BSPP
produced an additional particle morphology: {111}-faceted
bitetrahedra. Without BSPP to coordinate to Ag", reactions
at pH 11 or 10 lead to a AgOH/Ag,0 precipitate due to the
low solubility of AgOH, and reactions at pH 6 or 7 generate
primarily spherical nanoparticles due to a slow reduction rate
at low pH and poor control over the Ag" concentration
caused by the absence of BSPP.!"*! At pH 9, right triangular
bipyramids with poorly formed facets are produced, but at
pH 8, the reaction leads primarily to truncated {111}-faceted
bitetrahedra. The unique structure of the bitetrahedra in
comparison to the right triangular bipyramids was confirmed
via electron diffraction as well as by comparing models to
electron microscopy images in various orientations. By
monitoring the growth of these particles by scanning electron
microscopy (SEM), it is possible to understand the reasons for
their formation. Early on in the reaction (30 min), the
products are a mixture of size-disperse right triangular
bipyramids, but as the reaction progresses (120 min), more
well-defined {111}-faceted truncated bitetrahedra are formed.
This indicates that the growth pathway of the particles
changes as the reaction proceeds. In the absence of BSPP, the
reaction is very sensitive to the concentration of Ag"
solution. At the beginning of the reaction, the growth rate is
fast, due to the high concentration of aqueous Ag", resulting
in right triangular bipyramids. As the reaction proceeds, the
lower concentration of Ag® remaining in solution leads to
a decrease in the rate of Ag" reduction and the growth
pathway switches to favor deposition on {100}-facets, and thus
the final products (bitetrahedra) are bound by {111} surfaces
(growth pathway (a) to (d) in Figure 17 A). Together with the
right triangular bipyramids and prisms, these results confirm
that, under the conditions of this plasmon-mediated synthesis,
rapid growth favors deposition onto {111} surfaces, while slow
growth results in deposition onto {100} facets, and this rate can
be controlled by either varying the concentration of BSPP
relative to Ag*, or by adjusting the pH. This is an important
study because it explains the relationship between right
triangular bipyramids and triangular prisms, and shows how
the rate of reaction can be used to control product shape.

6. Decahedra, Tetrahedra, Rods, and Cubes

In addition to prisms, plates, and right triangular bipyr-
amids, there also have been reports of other anisotropic Ag
nanoparticle shapes generated by plasmon-mediated reac-
tions, including decahedra, tetrahedra, rods, and cubes. These
structures are notable because unlike the prisms and bipyr-
amids that are derived from planar twinned seeds, many of
these shapes grow from multiply twinned or single crystalline
seeds, demonstrating how shape control can be achieved by
taking advantage of different crystallographic defect struc-
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tures.” Decahedra, in particular, were initially observed as
a minor product in the synthesis of Ag nanoparticles using
short-wavelength (476.5 nm) laser excitation.'*) The first
high-yield photochemical synthesis for decahedra, developed
by Pietrobon and Kitaev, is based on the illumination of
precursor solutions of small spherical Ag particles by intense
visible light, with arginine present as a photochemical pro-
moter (Figure 18).1*! Some control over the edge length of
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Figure 18. Plasmon-mediated synthesis of Ag decahedra. Adding more
Ag nanoparticle precursor solution to smaller decahedra with contin-
ued light illumination produces larger decahedra. TEM and SEM
images of Ag decahedra with average edge lengths of A) 46 +4,

B) 5744, C) 8344, and D) 110+ 3 nm. Scale bars: 100 nm. Adapted
with permission from reference [190]. Copyright 2008 American Chem-
ical Society.

the decahedra is possible by varying the wavelength and
intensity of the visible light excitation, with high intensities
and shorter wavelengths resulting in smaller decahedra.
However, the best way to produce larger decahedra by this
method is to overgrow solutions of small decahedra, produced
using blue light (380-510 nm), by adding additional precursor
solution and continuing illumination under white light. As
with the plasmon-mediated prism synthesis, the growth of the
decahedra relies on the dissolution of one type of small Ag
seed particle (here platelets) upon irradiation to provide Ag*
for the growth of a more stable Ag seed type (here
decahedra). The authors propose that arginine serves to
increase the rate of transformation to decahedra by limiting
the growth of platelets, thus leading to a product composed of
highly monodisperse penta-twinned decahedra, although the
reason for this is unclear.

A second preparation method for Ag decahedra by Xu,
Lombardi, and co-workers also involves the excitation of
small Ag seed particles, but in this synthesis the irradiation
source is a blue light-emitting diode (LED) with a wavelength
at 465 nm."™! The solution is also cooled to prevent heating
due to illumination. At longer wavelengths (519 nm), trian-
gular nanoprisms are formed, and likewise, without a cooling
device (resulting in a temperature increase of 60°C), the
solution contains a mixture of decahedra and nanoprisms.
Thus, the authors conclude that a short wavelength and low
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temperature are critical for the formation of the Ag decahe-
dra, a finding that was later confirmed by Huang and co-
workers as well as Zheng and co-workers.'’>!%) By monitor-
ing the growth of the decahedra using TEM, it is proposed
that the decahedra grow from penta-twinned seeds. Light has
been reported to cause structural fluctuations in small Ag
particles[w“] and, under the above conditions, penta-twinned
seeds are formed, presumably because multiply-twinned
seeds are more stable under these conditions.'”!! While the
majority of the decahedra are predicted to form in this
manner, the authors note that the some tetrahedra, bipyr-
amids, and tripyramids are also present in the solution. These
structures may also continue growing through a stepwise
aggregation process to ultimately form decahedra as well,
since decahedra are composed of five tetrahedral units joined
by twin planes.

Ag tetrahedra were selectively synthesized by the same
group of researchers, using tartrate and citrate as structure-
directing reagents in a plasmon-mediated synthesis
(Figure 19).%! Xu and co-workers reported that the growth

nucleation
N A

growth 4 focusin94 )
4 . v V

Figure 19. Plasmon-mediated synthesis of Ag tetrahedra. TEM images
of A) Ag seed particles prepared in the presence of tartrate and after
B) 9, C) 18, and D) 29 h of photo-irradiation. Scale bars: 50 nm.
Insets: photographs of the reaction solution at the corresponding time
point. E) Scheme illustrating the nucleation of small tetrahedra, their
continued growth, and final size and shape focusing, yielding mono-
disperse Ag tetrahedra. Adapted with permission from reference [195].
Copyright 2008 American Chemical Society.

of the tetrahedra takes place in two stages. First, spherical
nanoparticles, along with discs and small tetrahedra, form
over nine hours following the illumination of tartrate-
stabilized Ag seeds under a sodium lamp. In a subsequent
stage of growth, citrate is added and the solution is again
illuminated, this time for 20 h, and over the course of the
reaction the number of spherical particles decreases while the
tetrahedra increase in size and number. The final product
contains 90 % regular tetrahedra, along with some truncated
tetrahedra and triangular prisms. To understand the role of
tartrate and citrate in directing particle shape, a number of
control experiments were conducted. In the absence of
tartrate, the major reaction product is nanoprisms, while in
the absence of citrate, a variety of polyhedra, including
tetrahedra, are formed. If tartrate and citrate are added
simultaneously, a mixture of polyhedral products results.
These observations led the authors to conclude that in the
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initial stage of the reaction, tartrate assists the nucleation of
small Ag seeds into tiny tetrahedra through face-selective
absorption. Citrate serves as a photo-reducing agent while
also assisting the growth of tetrahedra by selectively capping
{111} facets, slowing deposition on those facets and preserving
them in the final structures. We note that as both the
decahedra and tetrahedra syntheses involve very slow reac-
tion conditions, this also fits with the theory put forth in the
study by Mirkin and co-workers of prisms and right triangular
bipyramids,** in which slow growth rates favor Ag deposi-
tion onto higher energy surface facets, leading to final
products bound by {111} facets. The Ag tetrahedra were
found to be single crystalline nanoparticles as confirmed by
electron diffraction,'””! and presumably grow from single
crystal seeds. Although it is not clear why these reaction
conditions favor the growth of single crystal products, Mirkin
and co-workers have presented evidence that, under a differ-
ent set of conditions, tetrahedra produced from a plasmon-
mediated synthesis can contain twin defects running parallel
to the tetrahedral faces, indicating that structural defects may
still contribute to tetrahedra formation (see Section 7).['*!

The high-yielding plasmon-mediated syntheses of Ag
decahedra described above both involve short wavelength
illumination of a solution composed of Ag seeds with
a mixture of twin structures, and result in the preferential
growth of penta-twinned seeds into final products (decahe-
dra) while seeds of other twin structures are dissolved to
provide a source of Ag®. In contrast, Mirkin and co-workers
reported the first high-yield plasmon-mediated synthesis of
Ag penta-twinned rods, which begins with seeds that are
primarily multiply twinned, and uses control of reaction
kinetics at low-energy wavelengths (600-750 nm) to produce
rods with controllable aspect ratios (Figure 20).'7! First, UV
light (254 nm) irradiation was used to generate small penta-
twinned spherical Ag particles, and these particles were
subsequently used to seed the growth of the larger nanorods.
Note that the growth solution in this reaction only contains
Ag", citrate, and the penta-twinned plasmonic seeds, unlike
many other plasmon-mediated reactions that may contain
BSPP or NaOH. The rods that form are themselves penta-
twinned, as confirmed by electron diffraction. The impor-
tance of the penta-twinned structure of the seeds was probed
through control experiments using seeds of various other sizes
and structures or no seeds at all, and all of which yielded Ag
particles of different structures and shapes, verifying that the
multiply twinned seeds are required for the uniform forma-
tion of Ag rods.

Because there is AgNO; present in the rod growth
solution, the reaction rate is primarily governed by the
reduction of Ag”. At long wavelengths, the small seeds are
only able to absorb a small amount of incident light, and as
the 4., moves further from the surface plasmon resonance of
the small seed particles, the reduction of Ag* becomes slower
and more kinetically controlled.™ Under kinetic control and
slow reaction conditions, Ag™ is preferentially deposited onto
the highest energy, and therefore most reactive, surfaces of
the growing structures. In the case of nanorods, the most
reactive locations are at the tips, due to high surface curvature
and the exposure of twin defects.'"”! This is similar to the
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Figure 20. Plasmon-mediated synthesis of penta-twinned Ag nanorods.
SEM images of nanorods prepared with excitation wavelengths of

A) 600+ 20, B) 650+ 20, C) 700+ 20, and D) 750+ 20 nm. Longer
excitation wavelengths yield nanorods with narrower diameters and
longer lengths (increasing aspect ratios). Scale bars: 400 nm. E) ICP-
OES data monitoring the concentration of unreacted Ag* over time for
reactions at different excitation wavelengths. Reactions illuminated
with longer excitation wavelengths have slower rates of Ag™ consump-
tion and produce nanorods of higher aspect ratios. Adapted with
permission from reference [197]. Copyright 2011 American Chemical
Society.

synthesis of right bipyramids, where a slower rate of reaction
led to preferential deposition of Ag onto twin defects and
{100} surfaces, resulting in the growth of structures with high
aspect ratios.'*! As with the bipyramids, the aspect ratio of
the Ag rods can be systematically modulated by adjusting the
2.l At longer excitation wavelengths, the preference for
deposition onto the ends rather than the sides of the growing
rods increases and rods with higher aspect ratios are formed
due to the seeds absorbing decreasing amounts of light as A, is
further redshifted. ICP-OES was used to monitor the rate of
Ag"® consumption, and indeed, reactions with further red-
shifted A, had slower rates of reaction (Figure 20E).
However, the range of wavelengths that can be used to
induce rod growth is limited to 600-750 nm, as shorter
wavelengths fall too close to the surface plasmon resonance
of the seeds and result in the formation of other shapes such
as truncated bipyramids and triangular plates, while longer
wavelengths are too far from the absorbance of the seeds to
successfully enable complete rod growth."” It is interesting
that by only changing the 4,,, different nanostructures can be
produced, although under these conditions only the rods can
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be produced in high yield. These results indicate that by
decreasing the rate of Ag* reduction by redshifting the 1,,, the
seed structure onto which Ag deposition is preferred changes
from planar twinned (producing bipyramids and prisms) to
penta-twinned (producing nanorods). The ability to use the
A as a sole parameter for controlling particle shape has also
been explored by others. This was done using narrow band
LEDs from 405-720 nm to produce a variety of Ag nano-
structures, although in low yield."® The structures that are
formed at different wavelengths include decahedra (1., =
455 nm), plates (1., =627 nm), and rods (4., =720 nm), how-
ever the growth mechanism and the role of the A, in the
formation of the various morphologies was not well under-
stood.

More recently, Mirkin and co-workers showed that it is
possible to control the twin structure of Ag nanostructures,
and consequently, their shape, by modulating excitation
wavelength without changing other physical and chemical
parameters.'” In this method, a solution of AgNO;, BSPP,
and sodium citrate at pH 11 is illuminated in the absence of
pre-formed plasmonic seeds. Preformed seeds are not
required because at this pH the reducing ability of citrate is
sufficient to nucleate an appreciable number of small seed
particles in situ via direct reduction of Ag*."*" The excitation
wavelength is adjusted over a range from 500-400 nm, with
shorter, higher-energy wavelengths generating particles which
contain a greater number of twin planes. At 500 nm, planar
twinned right bipyramids are formed, while at 400 nm cyclic
multiply twinned particles are produced. Interestingly, at the
intermediate wavelength of 450 nm, the authors observe the
formation of cubes. These cubes possess a twin structure
composed of either multiple parallel twin boundaries or two
intersecting twin boundaries, with each boundary containing
many twin planes and/or stacking faults."”! This represents
the first synthesis of cubes using a plasmon-mediated
synthetic approach. In addition, while cubes with a planar
twin boundary comprised of an even number of twin planes
have been synthesized from silver prisms using a thermal
approach (Figure 12), cubes are generally single crystal-
line." Therefore, these twinned nanocubes, especially
those which contain two intersecting twin planes, are unusual,
as this is a twin structure which had not been previously
observed in Ag nanoparticles. Further, the synthesis of these
cubes does not rely on the presence of pre-formed seeds with
a defined twin structure, such as the nanoprisms used in the
thermal approach.

The authors propose that this control of twin structure
using wavelength results from differences in the rate of Ag*
reduction as a result of changes in the energy of the excitation
wavelength.””l The authors conducted ICP-AES kinetic
studies of the rate of consumption of Ag" in the particle
growth solution and showed that shorter, higher-energy
wavelengths lead to faster reduction of Ag" and, conse-
quently, faster particle growth. In addition, shorter wave-
lengths overlap with the LSPR of the nucleated seed particles
at earlier growth stages when the seeds are smaller and highly
fluxional. As a result, the seeds move to a rapid growth stage
early in their formation, and this leads to the formation of
multiply twinned particles. In contrast, slower, more con-
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trolled, growth rates select for the growth of planar twinned
nanoparticles, as observed previously for right bipyramids and
triangular nanoprisms.3* %11 At an intermediate reaction
rate, cubes, which contain a twin structure in between that of
planar twinned and multiply twinned particles, are formed.

Taken together, the syntheses of decahedra, tetrahedra,
rods, and cubes highlight the utility of plasmon-mediated
growth reactions for forming Ag nanoparticles, with control
over both particle size and shape through choice of seed
structure and reaction kinetics. Using this method, reaction
rate can be adjusted either by varying the 4., alone or by doing
so in combination with variations in concentrations of
chemical reagents.

7. Bimetallic Nanoparticles

Plasmon-mediated syntheses are highly amenable to using
Au nanoparticles as plasmonic seeds to nucleate the growth of
Ag shells. Both Au and Ag are fcc metals with similar lattice
constants and thus the epitaxial growth of Ag onto Au can be
readily achieved.”™ As previously discussed, citrate-pro-
tected Au seeds also exhibit a photovoltage upon light
excitation,'®! so the general mechanism of electron transfer
may be similar to when Ag seeds are used (see Section 3.3).
However, it should be noted that the surface plasmon
resonance of the Au seeds must be excited to observe Ag
deposition. When the surface plasmon resonance of the Au
seeds is not excited, the self-nucleation of Ag nanoparticles
occurs and monometallic Ag nanostructures are produced.!*!
In addition to plasmon-mediated methods being a useful
synthetic route for preparing complex Au-core/Ag-shell
bimetallic nanostructures, another benefit of seeding plas-
mon-mediated reactions with Au seeds is that such seeds can
be used as electron microscopy labels to monitor the growth
of the Ag shells, due to the difference in electron scattering
efficiencies of the two materials. This allows various electron
microscopy techniques to be used to watch transformations
that would otherwise be impossible to follow and, conse-
quently, to monitor how changes in reaction conditions can
lead to changes in product morphology. Examples of this have
been discussed previously. For example, Roncha and Zanchet
used either Ag or Au seeds of different internal crystal
structures to show that seeds with planar twin defects are
critical in the formation of triangular nanoprisms (see
Section 3.3)."% In another example, Mirkin and co-workers
used either spherical or prismatic Au seeds to show that the
A must overlap the plasmon resonance of the seeds to
observe Ag deposition onto the Au particles (see Section 3.1
and Figure 4).%8 However, the experiment by Mirkin and co-
workers was also significant for demonstrating that plasmon-
mediated reactions can be used to produce structurally
complex bimetallic nanoparticles. The synthesis of Au-core/
Ag-shell bimetallic triangular prisms containing either spher-
ical or prismatic Au cores was among the first syntheses of
core-shell type particles of well-defined shapes.

Mirkin and co-workers also have reported a plasmon-
mediated method for preparing bimetallic icosahedra and
nanorods from decahedral Au seeds (Figure 21)."°" This
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Figure 21. Plasmon-mediated synthesis of bimetallic nanorods and
icosahedra. A) Scheme illustrating the growth of bimetallic icosahedra
at pH 7 and nanorods at pH 11 from the plasmon-mediated reduction
of Ag* onto Au decahedral seeds. STEM images of B) icosahedra

C) Au decahedral seeds, and D) nanorods. Areas of brighter contrast
in (B) and (D) are due to the Au decahedral seeds. Scale bars: 50 nm.
The rapid reduction of Ag™ onto the Au decahedra at pH 11 generates
nanorods with {100} side facets and the slower reaction at pH 7
generates {111}-faceted icsoahedra. Adapted with permission from
reference [161]. Copyright 2011 Wiley-VCH.

synthetic method takes advantage of two key concepts of
plasmon-mediated reactions. First, by using decahedral Au
seeds with a cyclic five-fold twinned internal crystal structure,
the epitaxial growth of Ag onto the Au seeds yielded
bimetallic nanoparticles with twinned structures derived
from the seeds. Second, modulating the pH of the growth
solution allowed the rate of Ag* reduction, and therefore the
final product shape, to be controlled, similar to how pH had
previously been used to control the growth of right triangular
bipyramids and nanoprisms.'*! In these reactions, {111}-
faceted Au decahedra were prepared using a polyol synthesis
and then added to a growth solution containing AgNO;,
citrate, and BSPP.!""!l The addition or exclusion of NaOH
allowed the pH of the reaction solution to be modulated
between pH 11 or 7, respectively. ICP-AES was used to show
that the rate of Ag™ consumption is more rapid for the
reaction at pH 11 than at pH 7, as would be expected from the
pH dependence of the plasmon-mediated reduction of
Ag*.% The more rapid reaction at pH 11 generated bimet-
allic penta-twinned nanorods that exposed higher energy
{100} side facets."®"! This occurs from the deposition of Ag
onto the {111} surface facets of the decahedron with growth
occurring along the [110] direction. On the other hand, the
slower reaction at pH 7 generated bimetallic twenty-fold
twinned icosahedra bound entirely by {111} surface facets.
The decahedron-to-icosahedron transformation is interesting
because Ag™ is deposited asymmetrically onto the decahedral
seeds. Scanning transmission electron microscopy (STEM)
was used to study the decahedron-to-icosahedron transfor-
mation and it was found that as Ag is deposited onto the five-
fold twinned decahedral seeds, successive twinning and
growth events of tetrahedral-shaped subunits occur to yield
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the development of fifteen new twin boundaries to complete
the transformation to 20-fold twinned icosahedra.

A subsequent report by Mirkin and co-workers further
investigated the growth of icosahedra, and it was reported
that 20-fold twinned icosahedra can develop from spherical,
single crystalline Au nanoparticle seeds."*® This is noteworthy
because the growth of twinned nanostructures, in general, can
occur by one of two potential growth pathways. The first is the
nucleation of a twinned seed and subsequent epitaxial growth
that maintains the initial twin structure. Alternatively, a single
crystalline seed can develop twin defects as the particle grows.
By “labeling” the growing nanoparticles with Au plasmonic
seeds, the growth of icosahedra could be monitored by STEM
(Figure 22). The observation of bimetallic icosahedra con-
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Figure 22. Models and representative STEM images depicting the
proposed growth pathway of a single crystalline Au seed into a Au-
core/Ag-shell icosahedron with 20 twin planes via a plasmon-mediated
synthetic method. A) STEM image of the pseudo-spherical single
crystalline Au seeds. B to J) STEM images of bimetallic particles with
B) octahedral, C) truncated tetrahedral, D) tetrahedral, E) truncated
bitetrahedral, F) bitetrahedral, G) truncated decahedral, H) decahedral,
1) decahedral with an additional tetrahedral growth, and J) icosahedral
morphologies, which were all observed as products of the same
reaction. Scale bars: 25 nm. Adapted with permission from refer-

ence [196]. Copyright 2012 American Association for the Advancement
of Science.

Bitetrahedron

taining a single Au single crystalline core unambiguously
proved that the bimetallic icosahedra produced in this
reaction were generated by a process of successive twinning,
as twin defects were not present in the single crystalline seed
particles. Further evidence for this process was obtained by
seeding the reaction with cubic and octahedral Au seeds,
which yielded bimetallic octahedra and tetrahedra, respec-
tively. Combined with other shapes produced from these
reactions, it was found that the single crystal seeds followed
a specific series of shape transformations (from octahedron to
tetrahedron to bitetrahedron to decahedron to icosahedron)
that are governed by the development of twin defects and
subsequent growth of the crystal. One of the major implica-
tions that this study has for plasmon-mediated reactions is
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that twin defects can occur at any point in these reactions,
meaning that even if single crystalline seeds are used, these
seeds can develop an appropriate twin structure to grow into
prisms, decahedra, or icosahedra, depending on how many
twin defects are formed. This experiment also shows how
plasmonic seeds can be used to track the growth of nano-
materials in much the same manner as chemists use radio-
labeling to study molecular materials.

8. Summary and Outlook

Plasmon-mediated reactions are a powerful synthetic
method for controlling the growth and final shape of Ag
nanostructures. Importantly, the past decade of research has
established that plasmon-mediated syntheses are not limited
to the triangular nanoprism morphology. In fact, some of the
highest yielding and most controllable syntheses of aniso-
tropic Ag nanoparticles, such as bipyramids,'®”) decahedra,™!
and tetrahedra,®™ are prepared using this method. The
excellent structural control exhibited in plasmon-mediated
reactions as well as the high degree of crystallinity and highly
tunable LSPRs of the particles generated via these syntheses
makes them a convenient route for the preparation of metallic
nanoparticles for use in various applications. Comprehensive
reviews of the use of silver nanoparticles with well-defined
shapes in a number of applications, particularly SERS and
LSPR sensing, can be found in the literature.'”*%! Further-
more, the ability to use light as a tailorable reaction parameter
adds an additional method of control that is not present in
most other synthetic techniques. For example, excitation
wavelength can be used to tune the architectural parameters
of triangular prisms,* bipyramids,'®! and rods,"*”! and recent
work has shown that it is possible to tune nanoparticle shape
through wavelength control as well.**"1*1 The collective
effort among researchers to study plasmon-mediated reac-
tions has also revealed a number of important design
considerations for the preparation of noble metal nano-
structures, regardless of their method of synthesis.

First, these studies have yielded practical guidelines for
working with Ag nanoparticles. Plasmon-mediated reactions
use light in a controlled manner to drive particle growth, but
even if using other synthetic methods, it is important to
account for the light sensitivity of Ag. In fact, there are
examples of thermal syntheses for the generation of Ag belts,
prisms, and wires that are critically dependent on the presence
of low intensity room light to effect particle growth.?"=2%l
Another concern when working with Ag particles is their
sensitivity to oxygen. Exposure of Ag nanoparticles to
dissolved oxygen in water can result in their oxidative etching
and dissolution. However, because this process occurs selec-
tively at sharp vertices and high-energy locations of the
nanocrystal, if properly controlled, it can be used to direct
particle shape, as is the case in the syntheses of Ag circular
and hexagonal plates.'’"13) Although the sensitivity of Ag
particles to light and oxygen may typically be considered
detrimental, it is interesting that plasmon-mediated reactions
are able to make use of these properties to control particle
e [120,121]

growth and shape.
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The growth of nanoparticles in plasmon-mediated reac-
tions also highlights the importance of reaction kinetics for
preparing anisotropic metallic nanostructures. This is evident
from the syntheses of Ag triangular nanoprisms and bipyr-
amids where slower rates of Ag* reduction favor deposition
onto {100} facets (yielding nanoprisms) while faster rates of
reduction favor deposition onto {111} facets (yielding bipyr-
amids).'**! By tailoring the parameters of the reaction which
affect the rate of metal ion reduction (here, through variations
in solution pH and BSPP concentration), one can selectively
prepare a variety of different particle shapes that are
structurally related to one another. This was also shown in
the plasmon-mediated synthesis of Ag nanorods, although in
that case the excitation wavelength controls the rate of
reaction, with further redshifted excitation wavelengths
yielding higher aspect ratio nanorods."”! Both of these
examples illustrate that very slow rates of metal ion reduction
result in kinetically controlled growth. Under these condi-
tions, Ag" is reduced onto the highest energy locations on the
nanostructure, thus growth occurs at the edges of the
triangular nanoprisms or on the ends of the nanorods,
where twin defects are exposed and there is a high degree
of curvature. This behavior is characteristic of slow, kineti-
cally controlled nanocrystal growth and is observed regardless
of the synthetic method used.

Additionally, the successful synthesis of a particular
shaped nanoparticle relies on the nucleation of seeds that
have the same crystallographic structure as the desired final
product (e.g. single crystalline, planar twinned, cyclic penta-
twinned). Planar twinned seeds are essential for the prepa-
ration of triangular prisms and bipyramids, while cyclic penta-
twinned seeds are essential for the preparation of penta-
twinned nanorods. It is also important to have reaction
conditions that favor the growth of one seed type over others.
This can be more easily accomplished if there is an oxidative
dissolution process that can etch certain seed particles. For
example, the use of high intensity, short wavelength visible
light in the synthesis of Ag decahedra was found to favor the
growth of penta-twinned nanostructures.'””! Even though
planar twinned plates were observed during the growth of the
particles, the oxidative dissolution of the plates ensured that
only Ag decahedra remained at the reaction’s completion.
Most plasmon-mediated reactions that exhibit high shape
selectivity (e.g. triangular nanoprisms,*’ bipyramids,'®”! dec-
ahedra,™™ and rods!"”) use this approach of combining an
appropriately structured seed with conditions that favor its
continued growth.

In a contribution to future studies, plasmon-mediated
reactions also provide an excellent demonstration of how one
can study nanoparticle growth by labeling reactions with
particles of a different material to generate core/shell
bimetallic nanostructures. In the case of the Au-core/Ag-
shell particles prepared by plasmon-mediated methods, this
enabled the effects of different reaction conditions on particle
growth to be studied, as the Au cores can be easily
distinguished from the Ag shells by electron microscopy.
Analogous to chemists’ use of radiolabeling to follow
complicated reaction pathways, this strategy of “tagging”
the nuclei of a nanoparticle synthesis reaction allows one to
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follow the growth of those nuclei. This strategy has been used
on numerous occasions in plasmon-mediated reactions and
has led to an improved understanding of the roles of
excitation wavelength!"*® and solution pH,!"*" as well as how
twinning affects particle growth.* The initiation of plasmon-
mediated reactions with Au seeds can be readily achieved by
tuning the excitation wavelength to match the plasmon
resonance of the Au seeds, thus ensuring that deposition
occurs preferentially onto the Au particles. However, this
method of tracking nanoparticle growth could be easily
extended to other seeded synthetic methods as well.

While a great deal has been learned about plasmon-
mediated syntheses since their discovery, particularly when it
comes to controlling particle shape, there still remains
a wealth of opportunities for further scientific inquiry. A
comprehensive understanding of how the wavelength of
incident light affects particle growth is still lacking. This is
particularly true for the nucleation stage of these reactions,
where the contribution of excitation wavelength to the
nucleation of a certain seed type or number of seeds is not
well known. It is also interesting that when compared to other
synthetic methods (e.g. seed-mediated and polyol synthe-
ses),*! plasmon-mediated reactions have yielded only a rela-
tively small set of different particle shapes. It remains to be
seen if this is an intrinsic aspect of plasmon-mediated
reactions, or if ways of making additional particle shapes
have simply not yet been discovered. Lastly, a mechanistic
understanding of the electron transfer process at the molec-
ular level is still elusive. Knowledge gained through a more
comprehensive understanding of how plasmon excitation
facilitates the reduction of Ag'! by citrate may also be
applicable to other systems in which plasmons are used to
facilitate or enhance chemical reactions. We expect that the
field of plasmon-mediated chemistry and, in particular,
particle shape control, will continue to expand due to the
potential impact of this field on a variety of different chemical
processes. However, additional insight into these phenomena
will be necessary for plasmon-mediated chemistry to realize
its full potential.

It is our hope that plasmon-mediated syntheses are not
only acknowledged for their exceptional ability to prepared
noble metal nanostructures of a desired composition, size, and
shape, but also recognized as a practical example of how
plasmons can be used to drive chemical processes. The past
decade of research in this field has witnessed a transition in
understanding, from initial phenomenological observations to
more concrete, scientific explanations for how plasmon-
mediated reactions can be used to prepare noble metal
nanostructures. Progress in this field is largely due to the
many researchers who have identified the key physical and
chemical components of the reactions that drive particle
formation and shape. Future success depends on the contin-
uation of such research endeavors, and we anticipate that
these studies will be of great scientific value, not only for the
further development of plasmon-mediated methods as a syn-
thetic technique, but also for the broader field of plasmon-
mediated chemistry.
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