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ABSTRACT: The formation of anisotropic Au nano-
particles predominantly follows one of two growth
pathways: (1) kinetic control or (2) selective surface
passivation. This Perspective describes the mechanisms
that control Au nanoparticle shape via these pathways in
the context of three basic chemical parameters: metal
complex reduction potential, metal ion availability, and
adsorbate binding strength. These chemical parameters
influence the crystallinity and surface facets of the Au
nanoparticles, thus dictating particle shape. Understanding
nanoparticle growth mechanisms in terms of simple
chemical principles enables mechanistic insights to be
more easily applied to other syntheses and gives them
greater predictive power in the development of new
preparations of metal nanoparticles with well-defined
shapes. Background information regarding the growth of
Au nanoparticles with control over shape is also provided,
along with a perspective on unanswered mechanistic
questions in noble-metal nanoparticle synthesis and
promising directions for future studies.

1. INTRODUCTION

The field of nanotechnology and the development of novel
nanomaterials have been accelerating at a rapid pace in the last
few decades as the emergent properties of such materials are
discovered and their structure—function relationships are
elucidated. The ability to visualize individual nanoparticles,
and even atoms, as a result of the development of imaging
techniques with nanometer and subnanometer resolution, such
as electron microscopy and scanning probe microscopy, has
facilitated explanations of the emergent properties of noble-
metal nanoparticles, including localized surface plasmon
resonance (LSPR), spectroscopic enhancement, and increased
catalytic activity, as a consequence of the physical characteristics
of the nanoparticles themselves.'™ These structure—function
relationships are particularly interesting for noble-metal nano-
particles because the properties of such nanostructures are
highly dependent not only on material composition but also on
size and shape,"** which is not the case for the corresponding
bulk metal materials. As a result of the key roles of size and
shape in directing the physical and chemical properties of
noble-metal nanoparticles, it is necessary to rationally and
reproducibly tailor these structural parameters in order to
optimize the nanoparticles for use in a variety of promising
applications, including sensing and spectroscopic enhance-
ment,>>1° catalysis,l’ 1=13 energy,12 and biology.14 To address
this requirement, a vast amount of research has been devoted to
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the development of a range of methods for producing noble-
metal nanoparticles with control over shape and
size. V710131574 This js especially true in the case of
gold. 10293638746 This perspective will focus on one such
method: the seed-mediated synthesis of Au nanoparticles. In
just over 10 years, research regarding the synthesis of Au
nanoparticles with control over shape has progressed from
serendipitous discoveries to phenomenological observations of
trends in nanoparticle formation to a mechanistic under-
standing of nanoparticle growth. This enhanced understanding
of shape-control pathways has enabled the synthesis of novel
Au nanoparticle shapes with a variety of surface facets,
including {720}-faceted concave cubes,*® {730}-faceted tetra-
hexahedra,"*° {221}-faceted trisoctahedra,>** {110}-faceted
bipyramids,®® {210}-faceted hexagonal bipyramids,** and
{111}-faceted octahedra with hollow features (Figure 1)3¢ In
many cases, each new mechanistic insight that is gained can also
be retrospectively applied to further explain a subset of
previously reported observations and trends, including some
of the earliest published syntheses of metal nanoparticles with

Figure 1. Examples of Au nanoparticles with well-defined shapes and
facets: (A) {221}-faceted trisoctahedra;>"** (B) {730}-faceted
tetrahexahedra;*®**°° (C) {720}-faceted concave cubes;** (D)
{111}-faceted octahedra with tailorable hollow features;*® (E)
{110}-faceted bipyramids;53 (F) {210}-faceted hexagonal bipyra-
mids.>* Scale bars: 200 nm. Scale bar in the inset in (D): 50 nm.
Adapted with permission from refs (A) 52, (B) 38, (C) 40, (D) 36,
(E) 53, and (F) S4. Copyright 2009, 2010, 2011, and 2013 American
Chemical Society.
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Figure 2. Model of a twin plane in a face-centered cubic (fcc) metal: (A) fcc lattice; (B) fcc lattice with the repeating abcabcabe stacking pattern
annotated; (C) annotated fcc lattice from (B) oriented to the [110] zone axis so that the {111} repeating layers are more easily visible; (D)
annotated fcc lattice which contains a twin plane, as viewed down the [110] zone axis. Here, the insertion of a ¢ layer in place of a b layer (abcacba)
in the repeating pattern has resulted in a structure which is mirrored around the central a layer (marked with a horizontal line).

well-defined shapes, such as Au nanorods***

nanoprisms.6

In this Perspective, we delineate the mechanisms involved in
the major pathways of Au nanoparticle growth—kinetic control
and selective surface passivation—in terms of three basic
chemical parameters: the reduction potentials of the relevant
metal complexes, metal jon concentration, and adsorbate
binding strength. In addition, we discuss some important
general considerations for probing the chemical and physical
factors that control nanoparticle growth. Finally, we provide a
perspective on potential future research directions and point
out important unanswered questions in the synthesis of Au
nanoparticles with control over shape with the goal of inspiring
future studies in this highly active research field.

and triangular

2. STRUCTURE AND MORPHOLOGY OF
NOBLE-METAL NANOPARTICLES

Before discussing the details of the synthesis of noble-metal
nanoparticles, it is important to first lay out a framework for
describing nanoparticle shape and to outline the structural
parameters which influence and direct morphology. There are
two major structural factors which control nanoparticle shape:
surface facets and crystallinity. Of these two characteristics,
crystallinity is primarily defined early in particle formation,
during the initial nucleation stages, while the establishment of
uniform surface facets occurs shortly afterward during the
growth of the particle." Specific methods of controlling surface
facet structure will be discussed in detail in subsequent sections
of this Perspective.

In terms of crystallinity, nanoparticles can be single-
crystalline or polycrystalline or may contain a finite number
of crystal defects.">**>*® Single-crystalline and polycrystalline
are the extremes, containing zero or many defects, respectively.
The most common defects in face-centered cubic (fcc) metals,
such as Au and Ag, are twin defects and stacking faults.>
Stacking faults occur when the abcabcabc stacking pattern of
layers of metal atoms in the fcc unit cell is disrupted by a
missing or added layer: for example, abcabacabc (insertion of an
a layer). When this disruption results in a mirroring of the
stacking pattern around one of the layers (ie. abcabacba), a
twin plane is formed (Figure 2). This type of defect is common
in fcc metals because the coordination number of the atoms in
each layer is the same in the perfect crystal as it is when the
twin defect is present; therefore, there is a very low energy
barrier to the formation of the twin defects in fcc metals.>
Multiple twin defects can occur in a single nanoparticle, and the
most often observed twin structures in Au nanoparticles are
planar-twinned (possessing one or more parallel twin defects),
penta-twinned (containing five twins which radiate from a
central point), and multiply twinned (generally having 20

intersecting twin planes)."”” The twin structure of a nano-
particle has a strong influence on determining its symmetry,
though the exact shape of the particle is also highly dependent

on the structure of its surface (Figure 3).
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Figure 3. Growth of noble-metal nanoparticles with various twin
structures and surface facets. Yellow indicates {111} surface facets, and
green represents {100} surface facets. Adapted with permission from
ref 1. Copyright 2009 Wiley-VCH.

The faces of polyhedral metal nanocrystals expose surfaces
with a particular arrangement of atoms, and these surfaces are
referred to as facets. The arrangement of the atoms differs
depending on the angle of the exposed surface relative to the
overall atomic lattice structure of the metal unit cell. As a result,
these facets can be described by a set of integers, known as
Miller indices, which indicate the orientation of the plane of the
facet with respect to the unit cell. For example, cubes are bound
by {100} surface facets, the plane of which lies along a face of
an fcc unit cell (Figure 4). Facets where all of the integers in the
Miller index are either 1 or 0, {111}, {100}, and {110}, are
referred to as low-index facets and represent the lowest-energy
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Figure 4. (A) Models of the low-index surface facets of fcc metals,
such as Au. (B) Models (left) and scanning electron microscopy
(SEM) images (right) of representative polyhedral nanoparticle shapes
bound by each of the low-index facets.
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surfaces for fcc nanoparticles.”” Examples of polyhedral
nanoparticle shapes bound by {111} and {110} facets are
octahedra and rhombic dodecahedra, respectively (Figure 4).
Of the three low-index facets, {111} facets, which have a close-
packed arrangement of atoms, are the most thermodynamically
favored facets for an fcc metal.>” Many different methods exist
for selectively favoring the growth of particles bound by
particular facets, including kinetic control, selective surface
passivation by ions and small molecules, and physical
templating."”"" This Perspective will focus on chemical control
of surface structure in aqueous seed-mediated syntheses of Au
nanoparticles, which are perhaps the most versatile solution-
based methods for producing Au nanoparticles with control
over shape.

3. OVERVIEW OF SEED-MEDIATED SYNTHESES OF AU
NANOPARTICLES

Seed-mediated syntheses of Au nanoparticles have been used to
achieve the growth of an extensive library of nanoparticle
shapes, including simple polyhedra such as Platonic solids (for
example, cubes and octahedra),””***57% a5 well as prisms and
plates,®”®"%* and more exotic structures with high-index facets
and concave surfaces.’”*0##934636% The seed-mediated syn-
thesis of Au particles can be divided into two main synthetic
steps: (1) the rapid reduction of Au ions to form small, highly
monodisperse spherical Au nanoparticles, or seeds, and (2) the
growth of larger nanoparticles by slowly reducing additional Au
onto the previously synthesized seeds (which serve as
nucleation sites) in the presence of shape-directing additives

nanoparticle formation are temporally separated, which helps
ensure monodispersity in the final nanoparticle colloid. Seeded
growth also enables size control through adjustments of the
ratio between the seed and Au ion concentrations. The addition
of more seeds leads to more, but smaller, particles for a
constant Au ion concentration, while the addition of fewer
seeds generates fewer, but larger, particles.

The first step—the formation of the seed particles—is largely
the same across all of the reported seed-mediated syntheses.
Seed particles are synthesized via the reduction of tetrachlor-
oauric acid (HAuCl,) by a strong reducing agent, usually
sodium borohyride (NaBH,) in the presence of a stabilizing
agent, commonly the surfactant cetyltrimethylammonium
bromide (CTAB), though cetylrimethylammonium chloride
(CTAC) and sodium citrate have also been used.***>616365
While sodium citrate is not a surfactant, it can serve to stabilize
the nanoparticles by binding to the particle surface and thus
providing an overall negative surface charge which prevents
aggregation. The use of a strong reducing agent in the seed
formation process ensures that the particles which result are
small and monodisperse, due to the simultaneous rapid
nucleation of a large number of nanoparticles in the solution.
The seeds that form are generally about 3—7 nm, with some
variation in their average size depending on the exact
conditions and surfactant used in their synthesis.”> The choice
of surfactant or stabilizing agent can also affect the crystallinity
of the seeds, with sodium citrate leading to primarily multiply
twinned and planar-twinned seeds, while the use of CTAB
results in a population of seeds which is largely single-
crystalline.”> The reason for this difference in crystallinity is
generally attributed to differences in reaction kinetics."*” More
recently, Xu et al. have also reported a procedure for
synthesizing larger (~40 nm) single-crystalline seeds by first
growing single-crystalline Au nanorods and then transforming
the rods into spherical nanoparticles via a multistep process of
overgrowth and etching.”” These spheres are subsequently used
to seed the growth of single-crystalline nanoparticles which
have other shapes, such as octahedra, rhombic dodecahedra,
and cubes.”’

The high degree of shape control and tailorability that is
characteristic of seed-mediated syntheses of Au nanoparticles is
primarily achieved in the second growth step. In this step, the
seed particles are added to a reaction solution, known in the
nanoparticle synthesis literature as a growth solution, which
contains at minimum a surfactant, a source of Au ions, and a
weak reducing agent.*® In this second growth step, a weak

(Figure 5).°>% In this way, the nucleation and growth phases of reducing agent is chosen to prevent additional nucleation and
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Figure S. Simplified schematic representation of the two steps of the seed-mediated synthesis of Au nanoparticles: (1) rapid reduction of Au** to Au’
form small seed particles; (2) slow, controlled deposition of Au onto the preformed seeds in the presence of shape-directing additives.
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Figure 6. Schematic representation of the two primary growth pathways of Au nanoparticles: (A) kinetic control; (B) selective surface passivation
(in this case, by Ag). Under kinetic control, the rate of Au* reduction directs nanoparticle shape. In the selective surface passivation pathway, the
deposition of Ag onto the Au nanoparticle surface blocks the growth of particular facets and thus dictates nanoparticle shape. Adapted with

permission from ref 38. Copyright 2012 American Chemical Society.

to favor growth onto the preformed seeds, as well as to slow
particle growth enough to allow for control of nanoparticle
shape through the addition of shape-directing additives.
Ascorbic acid is most commonly used as the reducing agent
because it is weaker than NaBH,, and also because the reducing
ability of ascorbic acid can be easily tuned through adjustment
of the solution pH, decreasing in strength at lower pH values.
Reduction of Au** to Au® by ascorbic acid is rapid, but the
subsequent reduction of Au* to Au’ at low pH is very slow and
is negligible in the absence of the seed particles, which serve to
catalyze the second reduction step.%® If NaBH, were again used
as the reducing agent in this step, the result would be the
formation of additional small Au nuclei, rather than the desired
growth of larger nanoparticles with anisotropic shapes. With the
seed-mediated approach, a wide variety of shapes can be
achieved through the addition of shape-directing additives,
most commonly Ag ions and halide ions. However, while seed-
mediated syntheses have been widely used to produce uniform
solutions of popular Au nanolparticle shages, especially
rods,** triangular nanoprisms,“ 2 cubes,2*%%® and octahe-
dra,”” the mechanistic explanations for why the syntheses yield
particular shapes have often lagged behind the optimization of
the synthetic methods, and only recently has a coherent
mechanistic understanding of Au nanoparticle growth begun to
emerge in the literature,"*”3%3%0063,68

4. KINETIC CONTROL AND SELECTIVE SURFACE
PASSIVATION: TWO DIFFERENT GROWTH
PATHWAYS GUIDED BY SIMILAR CHEMISTRY

The mechanisms of metal nanocrystal shape control,
particularly those pertaining to the seed-mediated synthesis of
Au nanoparticles, can be divided into two primary growth
pathways: kinetic control and selective surface passivation
(Figure 6)."** Under the kinetic control pathway, nanoparticle
shape is directed by the overall rate of metal ion reduction
(reduction of Au* in the case of Au nanoparticles)."**%*%
Slower rates of Au" reduction generally lead to more
thermodynamically favored shapes with low-index facets, such
as {111}-faceted octahedra, while faster rates of Au* reduction
result in the formation of kinetic products, such as high-index
{221} faceted trisoctahedra.®**® In contrast, the selective
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passivation of a particular surface facet by a bound adsorbate
(such as Ag in the Ag-assisted synthesis of Au nanoparticles)
controls nanoparticle formation by slowing the growth of one
type of facet relative to the growth of other facets.*****%** Au
deposits more rapidly on the unpassivated surfaces, causing
them to grow until they develop the same facet structure as the
passivated surface, and this results in a particle bound entirely
by the passivated facet. While these two growth pathways at
first appear to be mechanistically divergent, the factors which
direct nanoparticle growth in both cases are derived from the
synergistic effects of the same three basic chemistry principles:
the reduction potential of the metal complexes, metal ion
availability, and adsorbate binding strength.

Kinetic Pathway. In the case of the kinetically controlled
growth pathway, each of these three basic chemical principles
plays an influential role in moderating the rate of Au*
reduction. For example, the reduction potential of Au' is
strongly affected by the presence of the halides chloride,
bromide, and iodide in the growth solution, and this change in
reduction potential can modulate the rate of Au* reduction. Of
these three anions, the presence of chloride results in an Au—
halide complex with the highest relative reduction potential,
and thus the Au—halide complex which is most easily reduced,
while the presence of bromide or iodide leads to Au complexes
with lower reduction potentials, with Au—iodide complexes
being the most difficult to reduce.”’ Thus, given a constant
concentration of reducing agent, the addition of a larger halide
(CI” < Br™ < I7) will slow the rate of Au* reduction, with
iodide having a much more drastic slowing effect than bromide
at a similar concentration of halide ion.*® This slowed reduction
rate as a result of changes in the reduction potential of the Au
complex can be compensated for or counterbalanced by the
addition of a greater excess of ascorbic acid or by raising the pH
of the growth solution to increase the reducing strength of the
ascorbic acid, both of which will speed the rate of Au'
reduction,3%5260,68:69 Together, this balance between the
reduction potential of the Au complex and the strength of
the reducing agent is a major contributor to determining the
kinetics of Au" reduction.

However, reduction potential is not the only factor in
dictating the kinetics of nanoparticle growth. Indeed, metal ion
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availability will also influence the Au® reduction rate by
changing the effective concentration of Au® in solution and,
consequently, the amount of Au" available for reduction. The
solubilities of the Au—halide complexes decrease in the order
[AuCL]™ > [AuBr,]” > [AuL,]~,"* resulting in a decrease in the
equilibrium concentration of Au" in solution and a correspond-
ing decrease in the rate of Au* reduction in that same order.*®
Adsorbate binding strength also changes the rate of Au®
reduction by modulating the amount of surface area on the
growing Au nanoparticles that is available to catalyze the
reduction of Au’ to Au’. The relative binding strength of the
halides to the Au nanoparticle surface increases in the order ClI~
< Br~ < I".”” As the binding strength of the halide to Au
increases, the desorption of the halide from the Au nanoparticle
surface becomes less facile and there is less Au surface area
available at any given time to facilitate the reduction of Au';
therefore, Au* reduction is slowed.*®

By considering the combined influences of these three basic
chemical parameters: reduction potential, metal ion availability,
and adsorbate binding strength, it is possible to qualitatively
predict the effect that a particular additive will have on the rate
of Au* reduction and thus also to deliberately shift the kinetics
of nanoparticle growth to favor a particular morphology under
the kinetic growth pathway through the judicious control of
additive concentration. For example, in the case of halide ions,
the overall result of these three parameters is that the addition
of increasing concentrations of a larger halide ion progressively
slows the rate of Au® reduction, thus favoring nanoparticle
shapes with increasingly low-energy surfaces (Figure 6A), with
iodide having a stronger effect on reaction rate than bromide
does.*® While reduction potential might initially seem to be the
most straightforward contributor to kinetic control from among
the three chemical parameters, it is ultimately necessary to
consider all three together. Likewise, in the case of shape
control by selective surface passivation, it is not only adsorbate
binding strength which is influential in controlling growth but
also the reduction potential and availability of the metal
complexes and ions. In the following section, the synergistic
roles of each of the three chemical parameters are discussed in
the context of the Ag underpotential deposition (UPD)
controlled growth of Au nanostructures (also known as Ag-
assisted growth).

Selective Surface Passivation Pathway. In the Ag UPD
controlled growth of Au nanostructures, the surface facets of
the nanoparticles and, consequently, their shapes, are dictated
by the amount of Ag that is deposited onto the surface of the
Au particle during the growth process.’®* This method is an
example of growth via the selective surface passivation pathway.
Detailed mechanistic studies have shown that, as more Ag is
deposited onto the growing Au nanoparticle, increasingly more
open facets, which expose greater numbers of surface atoms, are
passivated and stabilized (Figures 6B and 7).*** These open
surface facets are often high-index, and this method has led to
the preparation of a number of novel high-index nanostruc-
tures, such as tetrahexahedra and concave cubes.**** The
amount of Ag which is reduced onto the surface of the Au
nanoparticles via UPD is correlated with the concentration of
Ag" in the growth solution and modulated by the three basic
chemical parameters of nanoparticle growth described above
(Figure 7).>%3% First, it is as a consequence of the reduction
potential of the metal ions relative to the strength of the
reducing agent (ascorbic acid) that UPD of Ag on Au takes
place in this system. Ag UPD on Au is defined as the reduction

Increasing [Ag*] *
~ 635 surface ~ 865 surface ~1013 surface  ~ 1100 surface
atoms/ 100 nm?  atoms/ 100 nm?  atoms/ 100 nm®  atoms/ 100 nm*
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B 00
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Figure 7. SEM images and models of various nanoparticle shapes
(top) and models of their respective surface facets (bottom),
illustrating the relationship between Ag" concentration and facet
passivation. Shapes from left to right: {110}-faceted rhombic
dodecahedra, {310}-faceted truncated ditetragonal prisms, {720}-
faceted concave cubes, and {111}-faceted octahedra with hollow
cavities. Scale bars: 200 nm. Higher concentrations of Ag* lead to the
stabilization of facets with a progressively greater number of exposed
surface atoms. Adapted with permission from refs 36 and 39.
Copyright 2011 American Chemical Society.

of up to a monolayer of Ag onto an existing Au surface at a
potential positive to the Nernst potential of Ag.°*’*”* In the
case of Au nanoparticle syntheses, this deposition in the
underpotential regime becomes relevant because ascorbic acid
is not a strong enough reducing agent to reduce Ag" at the low
pH conditions generally employed with these synthetic
approaches (pH ~2).>”%*7* Despite this mismatch between
the strength of the reducing agent and the reduction potential
of Ag®, up to a monolayer of Ag can still be deposited onto the
growing Au nanoparticles when facilitated by the surface of the
nanoparticles.’*”*>*’* The second basic chemistry parameter,
metal ion availability, can impact this UPD process when halide
ions are present in solution along with the Ag" ions and the
growing Au nanoparticles. The solubility of the Ag—halide
complexes decreases in the order AgCl > AgBr > Agl,’" and the
lower solubility diminishes the amount of Ag" available for
reduction, thus slowing Ag deposition and leading to a lower
coverage of Ag on the Au nanoparticle surface and the
stabilization of less open facets.*® Halide ions also affect the
binding strength of the adsorbed Ag (Agupp), and the
consequences of this will be discussed later.

The binding strength of Ag to the Au surface is, of course,
very important in Ag UPD controlled growth processes. In
accordance with surface chemistry studies of Ag UPD, Ag
preferentially binds to Au facets which possess more exposed
surface atoms, since these surface atoms provide a high
coordination number, and thus enhanced stability, for the
deposited Ag atoms.*>%>7>7® As a result, underpotentially
deposited Ag selectively passivates facets with as many exposed
surface atoms as possible, on the basis of the concentration of
Ag" in solution, the rate at which Ag can be deposited on the
surface (as discussed in the previous paragraph), and the
stability of the Agypp adlayer.”®*” If there is not sufficient Ag on
the nanoparticle surface to completely passivate a particular
facet, that facet will continue to grow despite the presence of
Ag on the surface, and the Ag will ultimately stabilize a less
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open facet which it can more fully passivate.* The binding of
Ag to the Au surface in Ag UPD controlled growth reactions
does affect the overall kinetics of Au” reduction and results in a
very slow rate of Au® reduction at all Ag" concentrations
(Figure 8), because the Ag on the nanoparticle surface limits
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Figure 8. Graph of the rate of Au nanoparticle formation in the
presence of 0 uM Ag" (black squares), 1 uM Ag" (red triangles), and
100 uM Ag’ (blue circles), as measured by the increase in Au’
concentration (quantified by inductively coupled plasma atomic
emission spectroscopy (ICP-AES)).*® The addition of a small amount
of Ag" (1 uM) significantly slows nanoparticle formation, leading to
the growth of thermodynamically favored {111}-faceted octahedra.
The difference in reaction rate between 1 uM Ag" and 100 uM Ag"
(the conditions under which Ag UPD stabilized concave cubes form)
is not significant enough for kinetics to be solely responsible for shape
control. Adapted with permission from ref 38. Copyright 2012
American Chemical Society.

the amount of Au surface area that is available to catalyze the
reduction of Au’. Even under conditions where there is not
enough Ag being deposited to fully stabilize a particular facet,
thermodynamically favored {111}-faceted nanoparticles, such
as octahedra, form via a kinetic growth pathway simply as a
result of the slow rate of Au® reduction.*®*® However, it is
important to note that all of the Ag-assisted growth reactions
exhibit comparably slow rates of Au' reduction, and the
difference in reaction rate at different Ag" concentrations is not
significant enough to be solely responsible for shape control
(Figure 8).>® Thus, at higher surface coverages of Ag, selective
surface passivation becomes dominant over kinetically con-
trolled growth.

In addition to considerations of maximizing the binding
strength of Ag to Au through strong coordination to the
surface, the introduction of halide ions can also greatly impact
the binding of the Agypp adsorbate to the Au nanoparticles as a
result of the different strengths of the binding interactions of
the halide ions with Ag and Au surfaces. Chloride, for example,
binds to Ag and Au surfaces with approximately equal strength
and thus does not compete significantly with Ag for binding to
the Au surface.”® This results in an Agypp, layer which possesses
an enhanced stability in comparison to an Agupp layer
deposited in the presence of any other halide ion.”>~"” In the
presence of chloride, a high coverage of Ag is rapidly reduced
onto the Au nanoparticle surface and stabilized by chloride,
making the Ag difficult to displace or rearrange except through
slow oxidative dissolution and rereduction. The consequence of
this stability for the growth of Au nanoparticles is that a wider
variety of shapes can be produced in a chloride-containing
surfactant than in a bromide-containing surfactant or in the
presence of high concentrations of iodide.** This added

stability also enables the formation of concave cubes by
establishing the concave structure from an early growth stage,
maintaining the smaller center portion of the concave cube, and
preventing rearrangement to form a convex nanostructure.***

In contrast, both bromide and iodide bind very strongly to
Au surfaces and, as a result, these ions compete with Ag for
binding sites, thus blocking and displacing Ag and destabilizing
the Agypp layer.”>”>”® This destabilization of the Agpp layer in
the presence of bromide or iodide relative to the stability of the
Agupp layer in the presence of chloride fits well with
measurements from the bulk surface chemistry literature
regarding the stripping potentials of Agypp under each of
these conditions and in the absence of halides.”® The stripping
peaks are 615, 574, and 415 mV in the presence of chloride,
bromide, and iodide, respectively, and 534 mV in the absence
of halides (in the presence of sulfate ions).”® However, this
destabilizing effect of halide adsorbates on the binding strength
of the adsorbed Ag must be carefully considered within the
context of the specific nanoparticle growth conditions, as
destabilization results in two different changes to the Agypp
layer and consequently to particle shape, depending on the
concentration of bromide in solution. At high bromide
concentrations ([Br~] > [Au']), destabilization of the Agypp
layer results in less Ag on the nanoparticle surface, as might be
predicted on the basis of the competition of bromide with Ag
for surface binding.38 However, at low bromide concentrations
([Br] < [Au’]), the destabilizing effect is much less drastic
and, rather than inhibiting Ag deposition, bromide causes the
Agupp layer to become slightly more mobile, allowing the Ag to
rearrange to more energetically favorable surface sites.*® This
enables more Ag to deposit on the Au nanoparticle surface in
comparison to the Ag coverage observed in the presence of
chloride.®® These conditions lead to the formation of higher-
index nanostructures at solution concentrations of Ag* which
are lower than what would be required in the absence of
bromide.*® As phenomenological observations, these two
results would perhaps seem contradictory, but they are easily
reconciled under this overarching mechanistic understanding.
Together, the relative reduction potentials of Ag" and Au* with
respect to each other and to the reduction potential of ascorbic
acid, the solubility of the Ag ions in the presence of different
halides, and the relative binding strengths of the Ag and halide
adsorbates serve to regulate the passivation of the Au
nanoparticle surface by Agypp, thus guiding particle formation.
Overall, when considering the above mechanisms, it is apparent
that it is important not only to take into account the particular
shape-directing additive being studied but also to consider the
other chemical components of the system, as well as what the
primary pathway of shape control is in the particular synthesis:
i.e,, kinetic control or surface passivation.

5. IMPORTANCE OF DISTINGUISHING BETWEEN
KINETIC CONTROL AND SELECTIVE SURFACE
PASSIVATION

By considering the effects of various shape-directing additives
on nanoparticle growth in the context of the same three
overarching basic chemistry principles, the relative strengths of
the effects of each additive can be evaluated, and this
information can then be used to determine the dominant
pathway of nanoparticle growth in a particular synthesis. An
illustrative example of the importance of considering the
dominant shape control pathway is the use of bromide as a
shape-directing additive. In a kinetic growth pathway, the role
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of bromide is primarily to control the rate of Au" reduction,
while in the selective surface passivation pathway (using Ag),
bromide controls the shape by influencing the stability of the
underpotentially deposited Ag adlayer.*® The difference occurs
because all of the Au nanoparticle growth reactions which take
place in the presence of Ag" are very slow, as shown using ICP-
AES (Figure 8) and visibly manifested in the formation of
thermodynamically favored octahedra at very low concen-
trations of Ag".*** It is important to consider the relative
magnitudes of the kinetic effects caused by Ag" and bromide,
and in this case, the effect of added bromide on the rate of Au*
reduction is negligible compared to that of added Ag". This
mechanistic distinction explains a set of seemingly contra-
dictory observations regarding the effect of bromide on the rate
of Au nanoparticle growth. In the absence of Ag", the addition
of bromide slows particle growth, while in the presence of Ag’,
the addition of bromide increases the rate of particle growth.*®
The reason for these opposite trends is that, in the absence of
Ag’, the dominant role of bromide is to control the rate of Au*
reduction by changing the reduction potential of Au* and by
binding to the Au nanoparticle surface, while in the presence of
Ag", the destabilization of the Agypp layer caused by bromide
makes the surface of the Au nanoparticle more readily
accessible for the catalysis of Au® reduction and subsequent
Au deposition, thereby increasing the rate of nanoparticle
growth.*®

Differentiation between the kinetic and surface passivation
effects of bromide also can be used to understand other existing
results, for example, a previously reported study where in the
absence of Ag* the concentration of bromide was held constant
while the ascorbic acid concentration was varied, resulting in a
sequence of shapes ranging from truncated cubes to rhombic
dodecahedra (Figure 9).° To explain early syntheses of Au
cubes, which were synthesized in a bromide-containing
surfactant (CTAB), it was proposed that bromide ions or
CTAB molecules adsorb selectively to {100} facets, stabilizing
them and leading to the exclusive formation of cubes.*”*%?
However, the examgle above, along with other related cases
from the literature,”® seems contrary to this explanation, as

Truncated Rhombic
Cube Cube Trisoctahedron Dodecahedron

OO
&
kL@
SORB OO

Ascorbic Acid Amount (0.04 M)
75 pL 90 pL 100 pL 110 pL 125pL 150 pL

Figure 9. SEM images of the evolution of Au nanoparticle shapes from
truncated cube to rhombic dodecahedron as a result of an increasing
concentration of ascorbic acid in the nanoparticle growth solution.
Shapes without name labels are transitional products. Scale bars: S0
nm. Adapted with permission from ref 68. Copyright 2010 American
Chemical Society.

multiple different particle shapes are produced in the presence
of bromide through very slight variations in the concentration
of the ascorbic acid reducing agent. This discrepancy can be
explained by understanding that the kinetic effects of bromide
and ascorbic acid on the reduction rate of Au" have similar
magnitudes, and thus ascorbic acid and bromide can both
synergistically control the reaction rate in this system. The
authors of the more recent work report that the presence of
bromide is necessary for the formation of the various shapes.®®
Taking into account this requirement and the kinetic growth
pathway described in this Perspective, it is likely that bromide
initially slows Au" reduction to a suitable rate for shape control
to occur, while minor increases in the concentration of ascorbic
acid slightly increase the rate of Au* reduction and nanoparticle
growth, thus enabling the selective formation of the different
shapes. Further, it can be seen that, in this case, the effect of
ascorbic acid on the kinetics of the reaction is more significant
in directing nanoparticle shape than any facet-specific surface
binding effects of bromide or CTAB. The literature regarding
the synthesis of metal nanoparticles with defined shapes
contains many such observations and claims, which are
seemingly contradictory, and the mechanisms put forth in the
preceding sections of this Perspective represent a significant
step toward explaining a number of them by providing a set of
unifying basic chemistry parameters with which to approach
nanoparticle growth.

6. OUTLOOK

Importantly, the mechanistic understanding that has been put
forth in the recent literature also informs future studies and
provides a base of knowledge from which to approach new,
complex questions in noble-metal nanoparticle synthesis. The
most direct contribution of this work to future studies is in the
optimization of existing, and potentially future, syntheses for
nanoparticles with different shapes. Noble-metal nanoparticle
synthesis is notoriously sensitive to batch-to-batch differences
in surfactants and other reagents. By understanding the roles of
different additives, it is possible to take the nanoparticle
product achieved in a specific laboratory situation and rationally
optimize the synthetic conditions to achieve the desired
product by compensating for changes caused by different
batches of chemicals and other contributing factors, such as
minor variations in synthetic technique. For example, in the
case of shapes synthesized via kinetic control, the reaction rate
can be deliberately adjusted using ascorbic acid or halides to
achieve the intended shape and yield of products if the
published conditions do not work exactly as originally reported
when using chemicals from a batch or manufacturer different
from those used in the original work. This concept was
previously shown in the specific case of Au triangular
nanoprisms, where the formation of nanoprisms exhibits a
strong dependence on trace concentrations of iodide in
particular batches of CTAB and, to resolve this issue, iodide
could be added to ultrapure CTAB at appropriate concen-
trations to achieve consistently high yields of the nanoprisms.*>
Understanding kinetic control is also necessary to compensate
for the use of different sizes of seed particles in seed-mediated
syntheses, as larger seeds are less reactive than smaller seeds.
Thus, the use of larger seeds generally requires the addition of a
higher concentration of reducing agent to achieve the same
shape as would be generated from small seeds under the given
conditions, and vice versa. Further, in the case of reactions
controlled by Ag UPD, differences in the quality of the product
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nanoparticles as a result of variations in the halide
concentration in a given batch of surfactant can be corrected
through the addition of halide ions to the different surfactants,
in consultation with the design garameters set forth in this
Perspective and in the literature.®

With respect to new directions of exploration, mechanistic
studies often raise additional questions, and the work discussed
here is no exception. A number of these questions relate to the
growth of concave cubes and tetrahexahedra, which form under
identical synthetic conditions except for the use of the chloride-
containing surfactant CTAC in the former case and the
bromide-containing surfactant CTAB in the latter case.**
Concave shapes are not likely to form in the presence of high
concentrations of bromide, because the destabilized Agypp layer
in the presence of bromide makes maintaining a concave
structure throughout particle growth difficult.*® However, what
exactly drives the formation of concave structures in CTAC
under these conditions when a convex structure might be more
energetically favorable is still unknown. Another difficult
unanswered question is why symmetry breaking occurs in
single-crystalline tetrahexahedra, leading to rodlike structures
rather than symmetric cubic structures.*” This question also
applies to the growth of single-crystalline Au nanorods,* as
well as to concave cubes, which develop an aspect ratio of
slightly greater than 1 when they are synthesized at very small
sizes.*® In addition, it has been shown that tetrahexahedra are
stabilized by only 37—47% of a monolayer of Ag on their
surface due to destabilization of the Ag adlayer by bromide,
while shapes synthesized in CTAC possess a much higher Ag
coverage (~80%).** One explanation for why tetrahexahedra
can still be stabilized with such a low coverage of Ag is that Ag
binds to high-energy, low-coordinate sites on the Au surface,
such as step edges, the stabilization of which is a key to
preserving high-index facets.*® However, this observation might
benefit from further exploration into why the tetrahexahedral
shape is preferentially stabilized over another shape with fewer
surface atoms. Probing the coordination of the Ag atoms on the
surface of the tetrahexahedra and other shapes using techniques
such as extended X-ray absorption fine structure (EXAFS) may
lend insight into whether the Ag atoms are in fact located
primarily at step edges, and this information could be compared
to the data collected from other Ag UPD controlled shapes. It
is also possible that there is some innate stability to the
tetrahexahedral morphology, which has a large number of
smaller facets and therefore has surface characteristics that are
geometrically reminiscent of a sphere, which is a very stable
shape.

Investigations of factors which specifically influence nano-
particle twin structure also open up areas of further study. In
the synthesis of {110}-faceted bipyramids and rhombic
dodecahedra, the use of a lower CTAC concentration (40
mM) coupled with the addition of sodium chloride (to keep
the total chloride concentration constant at 100 mM) results in
the formation of a higher quality planar-twinned bipyramidal
product than does the use of 100 mM CTAC, which favors the
formation of larger rhombic dodecahedra and more truncated
bipyramids (Figure 10).>* While this effect has not been studied
in detail, one possibility is that the surfactant binds to the re-
entrant grooves which result from the presence of twin planes
in the equatorial region of the twinned bipyramids, preventing
the bipyramids from growing out as rapidly in the lateral
direction and, consequently, leading to truncation. Another
possible origin of this difference is that the concentration of

Figure 10. SEM images of {110}-faceted bipyramids and rhombic
dodecahedra synthesized in (A) 40 mM CTAC and (B) 100 mM
CTAC. Scale bars: 200 nm. Higher quality twinned bipyramids are
formed in 40 mM CTAC in comparison to those in 100 mM CTAC.
Image in (A) reproduced with permission from ref 53. Copyright 2011
American Chemical Society.

surfactant affects the concentration of available Au*, and thus
the rate of particle growth, through complexation of Au* by
CTAC molecules or incorporation of Au® into CTAC
micelles.””® This influence of surfactant concentration on
the relative growth rates of nanoparticles with different twin
structures may be interesting to investigate further.

It is hoped that the mechanisms discussed herein will also
serve to inspire and guide studies involving other synthetic
systems for producing nanoparticles with well-defined shapes,
including the syntheses of nanoparticles composed of other
metals as well as the potential use of other UPD 8gairs such as
Cu or Pb UPD on Au”®" or Cu UPD on Pd** to control
nanoparticle shape. Indeed, the mechanisms governing the
kinetic influences of halides on the rate of metal ion reduction,
as described in this Perspective, have very recently been shown
by Xia and co-workers to be applicable in the case of Pd
nanoparticles as well, with increasing concentrations of bromide
resulting in slower reduction of Pd** and thus the formation of
Pd nanoparticles with different shapes.*> The shapes match
those formed in the case of Au nanoparticles in the presence of
bromide and iodide ions and range from truncated cubes at low
concentrations of bromide to cubes and octahedra at increasing
concentrations of bromide to a mixture of truncated
bitetrahedra and octahedra at the highest bromide ion
concentrations.”®** With respect to the other metal UPD
systems mentioned above, the relative lattice parameters of
these other metals have greater mismatches than do Ag and Au,
and the differences in their reduction potentials have varying
magnitudes, both of which will likely require the use of
conditions which differ from those employed for Ag UPD on
Au, such as the use of a reducing agent other than ascorbic acid.
However, the mechanisms outlined in this Perspective can
provide some guidance for the development of conditions for
harnessing these other UPD pairs as surface passivation agents
to control noble-metal nanoparticle shape.

7. CONCLUSIONS

Together, the mechanisms discussed in this Perspective, along
with work set forth in the recent literature, significantly advance
the field of metal nanoparticle synthesis not only through the
elucidation of new design parameters for controlling nano-
particle shape and through the development of syntheses for
nanoparticles with novel shapes, but also by providing
mechanistic insight into previously reported syntheses and by
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opening up pathways for future studies of complex questions.
Most importantly, this Perspective lays out a unifying
framework for exploring these questions by using well-
understood concepts from chemistry as tools to unravel the
seeming mayhem behind the shape control of Au nanoparticles.
These mechanisms and tools, which are derived from very basic
and universal chemical principles, also potentially can be
applied to nanoparticle preparations involving other solution-
based synthetic methods and different nanoparticle composi-
tions and will thereby make a continuing contribution to noble-
metal nanoparticle synthesis.
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