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ABSTRACT
This review describes some principles of the controlled synthesis of metal nanoparticles, focusing on how
the fundamental understanding of their synthesis in the solution-phase can be put to tailor size, shape,
composition, and architecture. The maneuvering over these parameters not only enable the tuning of
properties, but also the maximization and optimization of performances for various applications. Herein,
we start with a brief description of metallic nanoparticles, highlighting the motivation for achieving
physicochemical control in their synthesis. After that, we turn our attention to some important definitions
and classifications as well as their unique properties such as surface and quantum effects. Moreover, we
discuss the strategies for the controlled synthesis of metal nanomaterials based on the top-down and
bottom-up approaches, focusing our discussion on their formation mechanisms in liquid-phase in terms
of both thermodynamic and kinetic control. Finally, we point out the promising applications of controlled
nanomaterials in the field of nanocatalysis and plasmon-enhanced catalysis, describing some of the current
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challenges in these fields.
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INTRODUCTION

Among the several classes of materials, noble
metals such as silver (Ag) and gold (Au) have
fascinated humanity for centuries since their
discovery (Eustis and El-Sayed 2006). They used
to be widely employed in many civilizations
and religions as curative substances, bracelets,
necklaces, ornaments, and decorative or sacred
items (Vajtai 2013, Xiong et al. 2014). Although
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noble metals were primarily appreciated in their
bulk form as a result of their beautiful and bright
colors, their applications have recently become
much more technological. This occurred due to
recent progress on their fundamental physics and
chemistry as well as advances in materials science
for manipulating matter at the nanoscale (between
1-100 nm in size in at least one dimension) (Eustis
and El-Sayed 2006, Vajtai 2013, Xiong et al.
2014). These attributes have led to the rise of the
grand area encompassing metal nanomaterials.
They differ from the corresponding bulk analogs

in many ways, and this difference is the reason
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for the establishment of a field that describes their
properties and performances (Vajtai 2013, Xiong et
al. 2014).

Infact, metal nanomaterials haverevolutionized
several applications in nanoscience. These include
plasmonics, catalysis, sensing, electronics,
photonics, information storage, medicine, energy
conversion, cosmetics, among others (Arico et
al. 2005, Lee and El-Sayed 2006, Polshettiwar
and Varma 2010, Jariwala et al. 2013, Baffou and
Quidant 2014, Kogure and Hama 2015, Pang et
al. 2016). Their high and tunable performances
arise from the fact that properties in metal
nanomaterials strong correlate to their individual
or combined physical and chemical features. For
instance, properties are strongly dependent on
composition (mono versus bimetallic), size (the
effect of quantum confinement), geometric/shape
(faceting or arrangement of atoms on the surface),
and structure (hollow vs solid interiors). During the
solution-phase synthesis of metal nanomaterials, all
these parameters can be controlled so that, at least
in principle, it is possible to optimize performances
for a wealth of applications (Xia et al. 2009). As
a classical example, controlling the shape of a
metal nanoparticle provides an effective strategy to
control their catalytic properties (Jin et al. 2012).

In addition to catalytic properties, tuning the
size and shape of a metal nanoparticle provides
an effective approach to control the collective
oscillation of free electrons in a metal nanomaterial,
which is referred as surface plasmon resonance
(SPR) (Eustis and El-Sayed 2006). The SPR
phenomenon is responsible for the beautiful and
intense colors of Au nanoparticles having different
sizes as shown in Figure 1 (Eustis and El-Sayed
2006, da Silva et al. 2014). The SPR excitation
occurs as a result of the collective oscillation of the
electrons in the metal in response to an oscillating
electric field component from an incoming
electromagnetic wave (Klar et al. 1998, Willets and
Van Duyne 2007, Lu et al. 2009). This takes place
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Figure 1 - a) Digital photographs of the AuCl4'(aq) solution
and aqueous suspensions containing Au NPs 15 + 2.2, 26 +
2.4, and 34 £ 3.0 nm in diameter (shown from left to right,
respectively). b) UV-VIS extinction spectra recorded for the
AuCl 4 6o solution and aqueous suspensions containing Au NPs
15+2.2,26 +2.4, and 34 £ 3.0 nm in diameter (blue, black,
red, and green traces, respectively). Adapted with permission
from ref. (da Silva et al. 2014) Copyright 2014 Scielo Brazil.

in the visible or near-infrared range of the spectrum
for metals such as Cu, Ag, Au (Klar et al. 1998,
Willets and Van Duyne 2007, Lu et al. 2009). This
unique light-matter interaction gives rise to several
effects, including absorption and scattering of the
incoming electromagnetic wave, the generation of
intense local electric fields close to the surface of a
metal nanoparticles, the formation of hot electrons
and holes that can be used to enhance or drive
chemical transformations, and localized heating
as a result of plasmon decay (Kale et al. 2014,
Linic et al. 2015). These unique optical properties
have enabled applications in many areas that
encompass surface-enhanced Raman scattering
(SERS) detection, photothermal therapy, imaging,
plasmonic catalysis, plasmonic solar cells, and
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artificial photosynthesis, for example (Jain et al.
2007, Catchpole and Polman 2008, Stiles et al.
2008, Baffou and Quidant 2014, Pang et al. 2016).

Due to these potential for applications in
these fascinating areas as well as the possibility
of improving or tailoring performances, metal
nanoparticles in a variety of sizes, shapes (spheres,
cubes, octahedra,rods, wires, plates, bipyramid, etc),
compositions (Au, Ag, Pd, Pt, etc), and architectures
(alloys, core-shell, rattles, and dendrites) have been
pursued (Sun and Xia 2002, Xia et al. 2009, 2017,
Niu et al. 2013). However, the level of synthetic
control in terms of straightforwardness and
robustness still remains challenging and restricted
to a few systems. Traditionally, progress in this area
has taken place by an observation-driven and trial
and error approach (Corma 2016, da Silva et al.
2017, Xia et al. 2017). In this context, a transition
to a design-driven methodology to the synthesis
of nanomaterials with desired features for a target
application represents the next chapter in the field
of nanomaterials synthesis. This, in fact, will be
imperative to enable massive impacts in industry,
economy, and environment. In order to move
towards a design-driven era in the synthesis of
metal nanomaterials, it is central to fundamentally
understand the steps involved in particle nucleation
and growth (Viswanatha and Sarma 2007, You and
Fang 2016). In this review, we will focus on the
fundamental principles involved in the solution-
phase synthesis of metal nanoparticles, emphasizing
definitions and motivations, the theory of classical
nucleation and growth, and some established
strategies for controlling their sizes, shapes, and
compositions (Xia et al. 2009, Camargo et al. 2015,
You and Fang 2016). Finally, as an example, we will
discuss the unique catalytic and optical applications
of noble metal nanoparticles, highlighting recent
progress in this field.

METALLIC NANOMATERIALS: DEFINITIONS,
CLASSIFICATIONS, AND MOTIVATIONS
FOR CONTROLLED SYNTHESIS

The term nanotechnology has been employed to
describe the design, characterization, production,
and application of nanomaterials (Vajtai 2013,
Xiong et al. 2014). Nanomaterials have emerged as
one of the most exciting areas of modern science and
technology. Their development has significantly
contributed to many applications ranging from
catalysis to electronics and information storage. The
rise of this area has also served as the driving force
for the rapid development of metallic nanomaterials.
Currently, research in metal nanomaterials can
be considered as a multidisciplinary area which
establishes a bridge between atoms and bulk solids
by manipulating and generating metal particles at
the nanoscale. It encompasses chemistry, physics,
materials science, medicine, and biology.

As above mentioned, nanomaterials exhibit
many remarkable chemical and physical properties
that are different from both individual metal
atoms and bulk counterparts. However, why are
materials on this 1-100 nm range distinguished
relative to those bulk counterparts? When multiple
atoms are put together, the acquire properties that
significantly differ relative those single atoms for
obvious reasons. Firstly, by increasing the number
of atoms in the particle, a perturbation of the atomic
energy levels arises, leading to the formation of
energy bands (Vajtai 2013, Xiong et al. 2014).
Here, the energy difference between neighboring
states is E/2N (E is the width of the energy band
and N is the number of atoms). Also, smaller
sizes lead to higher surface to volume ratios. For
example, Table I shows the relationships between
particle size versus the number of surface atoms,
shells, and percentage of surface atoms for a metal
nanoparticle (Xia et al. 2009, Niu and Lu 2015).
It can be observed that a dramatic increase in the
percentage of surface atoms can be obtained as the
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TABLE I
Atoms percentage (%) at a metal nanoparticle surface as a function of the total number of atoms and shells (Xia et al.
2009, Niu and Lu 2015).

Full-shell Total number of atoms Number of surface atoms Surface atoms (%)
clusters
1 shell 13 12 92
2 shells 55 42 76
3 shells 147 92 63
4 shells 309 162 52
S shells 561 252 45
6 shells 923 362 39
size of nanoparticles decreases. The large surface
to volume ratio of metallic nanostructures is the o - o W oo
origin of a number of unique properties, especially § 150- L) O
chemical reactivity which serves as the basis for E
catalysis (Albonetti et al. 2015). %‘ 100 - @
Besides their sizes (the effect of quantum E
confinement, as well as the proportions of “E' g @ @
atoms at corners, edges, and faces), it has 3 .‘
been well-established that the properties of ]
0!

metal nanoparticles are strongly dependent on
composition (mono- versus bi- or multimetallic,
and the spatial distributions of different elements),
shape (faceting or arrangement of atoms on the
surface), and structure (convex, concave, solid,
hollow, or porous) (Xia et al. 2009). A precise
control only over the shape of a metal nanoparticle
can be employed as a simple and versatile strategy
for tailoring particle performance for a targeted
application. For example, it has been demonstrated
that Pd nanocubes bound by {100} facets are
significantly more active relative to the other
shapes toward the formic acid oxidation reaction
as shown in Figure 2 (Jin et al. 2012). As {100}
surface facets are more active relative to {111}
for the electro-oxidation of formic acid, a gradual
increase in the current densities was observed as the
shape was changed from cubes to truncated cubes,
cuboctahedrons, truncated octahedrons, and finally
octahedrons, as these shapes gradually enable an
increased exposure of {111} relative to {100}
surface facets (Jin et al. 2012). These results can
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Catalysts

Figure 2 - Maximum current densities for formic acid
oxidation employing Pd nanocrystals displaying controlled
shapes as electrocatalysts. Adapted with permission from ref.
(Jin et al. 2012) Copyright 2012 Royal Society of Chemistry.

be explained as a function of the differences in the
surface energy of each crystal facet. Nanocrystals
displaying {100} surface facets can interact more
efficiently with the formic acid molecule, leading to
a higher catalytic activity (Xia et al. 2009, Jin et al.
2012). It is noteworthy that surface energy (y) can
be defined as the energy required for creating a unit
area of “new” surface, or as the excess free energy
per unit area for a particular crystallographic face,
according to Equation 1 (Xia et al. 2009, Xiong et
al. 2014):

7 = (1/2)Nep (1)

where N, is the number of bonds that need to be
broken to produce the new surface, € is the bond
strength, and p is the density of surface atoms. For
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an fcc structure (metal such as Ag, Au, Pd, Pt, Cu)
with a lattice constant of a, the surface energies of
the low-index crystallographic facets that typically
encase noble metal-nanocrystals can be estimated
as Y100 = 4(e/a2), y110 = 4.24(¢/a2), and y111=
3.36(¢e/a2), (Xia et al. 2009, Xiong et al. 2014)
resulting in the energetic sequence of y111<y100<
v110 as shown in Figure 3.

Since the Faraday’s synthesis of colloidal Au
nanoparticles, (Faraday 1857) researchers have
tried to establish a reasonable way to classify
nanostructures. One of the most accepted definitions
categorizes a different kind of nanomaterials
according to their sizes in three dimensions (Vajtai
2013, Niu and Lu 2015). They can be classified
into four groups: 1) zero-dimensional (0D); 1) one-
dimensional (1D); iii) two-dimensional (2D); and
iv) three-dimensional (3D) (Vajtai 2013, Niuand Lu
2015). 0D nanomaterials can be defined as having
nanoscale features along x, y, and z directions. 1D
and 2D nanostructures are anisotropic materials
having more complex structures with different
growth rates in specific directions. For example,
nanowires, nanorods, and nanotubes can be
classified as 1D, while nanosheets, nanoplates,
and nanowalls can be classified as 2D. Finally, 3D
nanomaterials could be produced by a combination
of 0D, 1D, and 2D nanostructures to produce
superlattices and microcrystals.

APPROACHES FOR THE CONTROLLED
SYNTHESIS OF METAL NANOMATERIALS

Essentially, there are two main basic approaches
employed in the synthesis of metal nanoparticles as
shown Figure 4. The first is the top-down approach
(Walt 2002, Biswas et al. 2012). Here, sophisticated
macroscopic materials and expensive techniques are
employed to successively decrease the dimensions
of a bulk material or incorporate nanoscale features
into them. These include photolithography, e-beam
lithography, dip-pen lithography, molecular beam
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Figure 3 - Atomic arrangements and surface energy values
for {100}, {110}, and {111} surface facets (from left to right,
respectively).
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Figure 4 - Top-down and bottom-up approaches for producing
controlled nanomaterials.

epitaxy, among others (Walt 2002, Biswas et al.
2012). The second method relies on bottom-up,
that implies that the nanostructures are obtained
from atoms as the building blocks. This includes
chemical solution-phase synthesis, vapor deposition
(CVD), and plasma/flame spraying synthesis (Walt
2002, Biswas et al. 2012). Bottom-up approaches
have gained enormous attention because they are
generally less expensive, can be controlled by
manipulating many experimental parameters, and
present the capability to reach industrial scale (e.g.,
solution-phase reactions) (Walt 2002, Biswas et al.
2012). However, the control over the uniformity of
the produced nanomaterials is still challenging.
Among different methods for the controlled
synthesis of metal nanomaterials, solution-phase
approaches offer particular advantages that
include the facile stabilization by the addition
of proper capping and stabilizing agents, easy
extraction/separation from the reaction mixture

(by centrifugation, for example), straightforward
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surface modification/functionalization, potential
for large-scale production, and versatility regarding
the several experimental parameters that can be
controlled during the synthesis (temperature,
nature of precursors, stabilizers, solvent, reducing
agents, their molar ratios, concentrations, etc)
(Xia et al. 2009). Surprisingly, substantial
developments on the solution-phase and controlled
synthesis of metallic nanomaterials with a variety
of shapes and sizes were achieved only recently.
Figure 5 illustrates a variety of shapes that have
been described (Xia et al. 2009, Camargo et al.
2015). Despite this progress, a detailed atomic
understanding of the mechanisms of nucleation and
growth stages during nanoparticle formation is still
not completely understood, and most fundamentals
are currently borrowed from classical colloidal
theories as discussed below.

FORMATION OF A METAL NANOPARTICLE: THE
MECHANISM FOR NUCLEATION AND GROWTH

In the context of colloidal synthesis, nucleation
represents the very first step that atomic or
molecular species must undertake before emerging
as noble-metal nanocrystals (Leite and Ribeiro
2012, Thanh et al. 2014, Camargo et al. 2015).
In a one-pot synthesis of metal nanocrystals, a
precursor is reduced or decomposed to generate
atoms, that are the building blocks (also referred
to as monomers) of a nanoparticle. In general, the
atoms can take two distinct routes: homogeneous
nucleation (or self-nucleation) to generate nuclei/
seeds and heterogeneous nucleation, a process
involving the deposition of atoms on the surface of
existing seeds or surfaces (Leite and Ribeiro 2012,
Thanh et al. 2014, Camargo et al. 2015).

In the case of homogeneous nucleation, much
of the understanding is based on the assertions first
put forward by LaMer and Dinegar (LaMer and
Dinegar 1950). These studies date back from the
1950s and are still the basis of our understanding
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of the synthesis of uniform nanomaterials
(including metallic, polymeric, semiconducting,
and oxide systems) (You and Fang 2016). In this
case, the control of the morphology of colloidal
metal nanocrystals has been mainly understood by
adopting atom-mediated nucleation and growth
theories, in which atoms are the basic building
blocks for the nucleation and growth. Nucleation
can be defined as the process by which building
blocks (metal atoms in the synthesis of metal
nanomaterials) arrange themselves according to
their crystalline structure to form a site upon which
additional building blocks can deposit over and
undergo subsequent growth (Leite and Ribeiro
2012, Thanh et al. 2014, Camargo et al. 2015).
In this context, nuclei correspond to infinitesimal
clusters consisting of very few atoms of the growth
species. Such nucleation and growth processes can,
therefore, be described by referring to the evolution
of the atomic concentration over time, as illustrated
by the so called LaMer curve depicted in Figure
6. The nucleation and growth process of colloidal
metal nanocrystals described by the LaMer curve
can be divided into three main stages: i) atom
production, ii) nucleation from atoms aggregation
and iii) nanocrystal growth from the atomic
addition (You and Fang 2016).

From these studies, the concept of “burst
nucleation” has been established to be crucial for
the synthesis of monodispersed particles. Burst
nucleation refers to the formation of a large number
of nuclei in a short period of time, followed by
growth without additional nucleation (Park et al.
2007). This allows nuclei to have similar growth
histories and, therefore, yield nanoparticles with
same sizes. This concept is normally referred to
as the separation of nucleation and growth stages
during the synthesis. For instance, if nucleation
and growth could occur simultaneously, the nuclei
growth histories would be significantly different
and heterogeneous size distributions would be
obtained.
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Figure 5 - Different shapes that have been enabled for a range of metals nanocrystals by

solution- phase synthesis.

Figure 6 depicts the Lamer plot, which shows
the change in the atomic concentration of the
solute (growth species) during the nucleation and
growth processes as a function of time. This plot
is also very useful for illustrating the concept of
burst nucleation. In the first stage of the Lamer
curve, metallic atoms are produced either through
a reduction of metallic ions or the thermal
decomposition of organometallic compounds (Leite
and Ribeiro 2012, Thanh et al. 2014, Camargo et al.
2015). Once the atomic concentration exceeds the

point of supersaturation (Cnu min), in the second
stage, atoms start to aggregate to form stable small
clusters (i.e., nuclei) via self- (or homogeneous)
nucleation (Leite and Ribeiro 2012, Thanh et
al. 2014, Camargo et al. 2015). Afterward, the
concentration of atoms quickly drops below the
minimum supersaturation level (Cnu min) and
no additional nucleation events will occur. Then,
in the third stage, the size of the nuclei gradually
increases due to the continuous addition of metal
atoms. In this stage, once a cluster has grown
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Figure 6 - Variations in the atomic concentration of growth
species in solution as a function of time during the generation
of atoms, nucleation, and growth stages. Adapted with
permission from ref (Xia et al. 2009) Copyright 2009 Wiley-
VCH.

past a certain critical size, the activation energy
for structural fluctuation will become so high that
the cluster eventually becomes locked into a well-
defined structure. This critical point marks the birth
of a seed. This seed further grows to form the final
nanocrystal through the addition of metal atoms
until the concentration decreases to Cs (solubility
concentration of nanocrystals) (Leite and Ribeiro
2012, Thanh et al. 2014, Camargo et al. 2015).
However, the classical theory does not
explain the various crystallization pathways and
outcomes that emanate from the reaction mixture
when the shape-controlled synthesis of noble-
metal nanoparticles is concerned. Specifically,
the classical nucleation theory included a set of
oversimplified assumptions, such as i) the nucleus
is modeled as a perfect sphere, ii) the density and
surface energy of the nucleus is size-invariant, and
iii) the nucleus grows by taking one monomer at a
time (Xia et al. 2017). Since nucleation is a highly
dynamic process that involves irregularly shaped
nuclei that grow with size-dependent surface
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energies, internal defects, impurities, and nucleus—
nucleus collisions, a more comprehensive theory is
necessary to properly model the nucleation process.

As nuclei correspond to infinitesimal clusters
consisting of very few atoms formed as the new
solid phase in solution, structure fluctuations may
occur in the nuclei with the incorporation of defects
to minimize surface energy until they evolve into
seeds (Gilroy et al. 2017). The seeds can be defined
as species that are larger than the nuclei that are
locked into a specific structure, in which structure
fluctuation does not occur. This is because they
become energetically costlier as the size increases.
Interestingly, for noble-metals that include Ag, Au,
Pd, and Pt, it has been established that the final
shape assumed by the nanoparticle is determined
by both the structure of its corresponding seed and
the relative binding affinities of capping agents
to its distinct surface facets. Considering their fcc
structure, seeds can assume single-crystalline,
single-twinned, multiple-twinned and/or stacking
faults structures (Gilroy et al. 2017). Thus, the
key for the synthesis of metal nanocrystals with
controlled shapes relies on maneuvering nucleation
and growth processes so that only one kind of seed,
with the proper structure, is present in the reaction
mixture. Figure 7 illustrates the typical seeds
available to an fcc metal (Ag, Au, Pd, and Pt) and
how the structure of the seeds play an important
role in determining the final shape of a metal
nanocrystal in solution-phase synthesis (Gilroy et
al. 2017).

The structure of seeds during solution-phase
synthesis (single crystalline, single-twinned, or
multiple-twinned) are dependent upon many
parameters that include thermodynamic and kinetic
considerations, while the relative population
distribution of seeds can be further influenced by
oxidative etching processes (Gilroy et al. 2017).
When the synthesis in under thermodynamic
control, the population of seeds displaying different
structures will be determined by the statistical
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Figure 7 - Main stages of controlled synthesis of metal nanomaterials with face-centered cubic (fcc)
structure: (i) nucleation (in the center); (ii) growth of nuclei into seeds (in the middle ring); and (iii)
evolution of the seeds into the final nanocrystal (in the outer ring). The shape assumed by the nanocrystal
depends on the structure of its corresponding seed and the relative binding affinities of capping agents
to its distinct surface facets. The red lines indicate the twin defects or stacking faults in a seed or
nanocrystal while the yellow, green and purple colors correspond to the {111}, {100}, and {110} facets,
respectively. When there is a change in the background color, symmetry breaking is involved during
the growth. Adapted with permission from ref (Gilroy et al. 2017) Copyright 2017 Royal Society of

Chemistry.

thermodynamics of their free energies. The most
stable (lowest energy) seeds will be favored,
and surface energy considerations are crucial in
understanding and predicting the structure of the
produced seeds (Gilroy et al. 2017). For example,
Figure 8a shows a typical phase diagram for Au
seeds as functions of particle size and temperature,
indicating that multiply twinned and single-crystal
seeds are favored at relatively small and large sizes.

Therefore, by varying the temperature and fixing
a specific particle size, it is possible to control
colloidal noble-metal nanocrystals displaying
controlled sizes and shapes.

On the other hand, kinetic control relies on the
manipulation of the structure/population of seeds
containing different numbers of twin defects by
decreasing the reduction or decomposition rate of
a precursor that is responsible for providing metal

An Acad Bras Cienc (2018) 90 (1 Suppl. 1)
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atoms (growth species) (Gilroy et al. 2017). It
has recently discovered that the initial reduction
rate of a precursor is crucial to the formation of
seeds with a particular internal structure in high
purity. Specifically, the initial reduction rates
necessary for generating different types of seeds
tend to decrease in the order of single-crystal,
singly twinned, multiply twinned, and stacking-
fault-lined seeds (Gilroy et al. 2017). Figure 8b
shows the percentages of Pd seeds with different
internal structures as a function of the initial rate
for the reduction of PdCl42—. Interestingly, the
existence of different ranges of reduction rates
can be observed, within which the purity of seeds
could approach 100%. The reduction rate could be
experimentally adjusted by temperature, as well as
the type and concentration of reducing agent and
precursor involved in the synthesis.

Over the last decade, a series of theories
have been developed to describe the nucleation
and growth of colloidal noble-metal nanocrystals
displaying controlled sizes and shapes (Wiley et
al. 2007, Xiong and Xia 2007, Xia et al. 2009,
2017, Niu et al. 2013). We have mentioned that the
solution-phase synthesis of metal nanomaterials is
comprised of nucleation and growth stages. In the
shape-controlled synthesis of metal nanomaterials,
these stages can be further subdivided into
nucleation, the growth of nuclei into seeds, and
growth and evolution of the seeds into the final
nanocrystal. As a means to avoid the enigmatic
processes that are involved in homogeneous
nucleation, monomers or even the precursors can
be added to preformed nanocrystals (the so-called
seeds) at concentrations below the supersaturation
level. During this process, monomers undergo
phase transformation directly on the surface of the
employed seed, the process so-called heterogeneous
nucleation (Granasy et al. 2014). This approach
enables the efficient separation of nucleation and
growth processes and thus the synthesis of a variety
of sophisticated nanomaterials, which may or may
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Figure 8 - Thermodynamic and kinetic approaches to
controlling the internal structure of seeds. a) Phase diagram
of Au seeds as a function of temperature and nanoparticle
size; b) Population of Pd nanocrystals as a function of the
initial reduction rate, displaying plates with stacking faults
(orange), multiply twinned icosahedra (purple), and single-
crystal cuboctahedra (blue). Adapted with permission from
refs (Barnard et al. 2009, Wang et al. 2015) Copyright 2009
and 2015 American Chemical Society, respectively.

not replicate the morphological features of the
nanoparticles employed as seeds (Xia et al. 2017).
In fact, notable examples have been demonstrated
for structures composed of Ag, Au, Pd, Pt, and
Cu covered by low-index facets such as cubes,
octahedra, cuboctahedra, bypyramid, rectangular
bars, and pentagonal rods or wires (Xiong and Xia
2007, Liao etal. 2008, Chen et al. 2009, Cobley et al.
2009). Additionally, nanocrystals covered by high-
index facets, including concave cubes or octahedra,
octopods, Decahedron, icosahedron, and triangular/
pentagonal plates, have also been prepared with
great uniformity (Xiong and Xia 2007, Liao et al.
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2008, Chen et al. 2009, Cobley et al. 2009, Xia et al.
2009). Figure 9 summarizes TEM and SEM images
of a variety of shapes for Ag and Au nanomaterials
that have been successfully reported by the solution
phase synthesis (Nikoobakht and El-Sayed 2003,
Wiley et al. 2007, Zhang et al. 2010, Chen et al.
2014, Lohse et al. 2014, Rodrigues et al. 2017).

SYNTHESIS OF HOLLOW NANOMATERIALS:
THE GALVANIC REPLACEMENT REACTION

Among the variety of nanomaterial varieties
developed in past decades, nanostructures
displaying hollow interiors and porous and thin
walls have attracted significant attention because
of their special and unique properties such as high
surface areas, high porosity, and high reactivity (as
a consequence of high concentration of defective
sites and ultrathin walls) (An and Hyeon 2009, Xia
et al. 2013). Nanostructures with hollow interiors
have been extensively studied for their applications
in microencapsulation, catalysis, drug delivery, and
protection of environmentally sensitive biological
species (An and Hyeon 2009, da Silva et al.
2017). Hollow nanostructures based on metals are
intriguing to synthesize and study because they
may exhibit plasmonic and catalytic properties
that are different from their solid counterparts. For
example, Prevo and co-workers have demonstrated
that the surface plasmon resonance (SPR) band of
gold nanoshells could be smoothly tuned over the
spectral regime from 600 to 900 nm by varying their
diameter and shell thickness (Prevo et al. 2008).
In comparison, the SPR band of solid, spherical
colloids of gold can only be tuned around 520 nm
by as much as ~50 nm (Prevo et al. 2008).

Among several approaches that have been
reported, methods based on the Ostwald ripening,
Kirkendall effect, galvanic replacement, and
oxidative etching have been successfully employed
for fabricating hollow nanomaterials (Sun et
al. 2003, Yin et al. 2004, da Silva et al. 2017).

The galvanic replacement reaction is especially
interesting as it allows us to easily control the
sizes, shapes, compositions and internal structures,
leading to the formation of nanomaterials displaying
a high surface to volume ratio and large pore
volume (Xia et al. 2013, da Silva et al. 2017). More
specifically, this strategy is promising due several
factors: (i) galvanic replacement process between
a metallic nanoparticle (sacrificial template) and
another metal precursor (having a higher standard
reduction potential) often occurs spontaneously; (ii)
this procedure is quite versatile and can be adapted
for almost all metal nanoparticles templates and
salt precursors; and (iii) it represents a simple
route to the synthesis controlled nanostructures
with ultrathin walls, in only one step, in which
the composition of the nanoparticles can be easily
controlled by adjusting the sacrificial template/
metal precursor molar rations during the synthesis
(Xia et al. 2013, da Silva et al. 2017).

A galvanic replacement reaction, extensively
employed for the synthesis of hollow metal
nanomaterials, can be described as an oxidation-
reduction (redox) process. In this case, a redox
reaction occurs when electrons are transferred from
a metal nanoparticle (a reducing agent or sacrificial
template) to ions in solution of a second metal (an
oxidizing agent) (Xia et al. 2013, da Silva et al.
2017). The difference in the reduction potentials of
both metals employed in the galvanic replacement
reaction acts as the driving force in this process,
being the reduction potential of the metal precursor
necessarily higher than metal sacrificial template
at the reaction conditions. Taking the galvanic
replacement reaction between Ag nanoparticles
and HAuCl4 precursor as an example, the galvanic
process can be understood as a sum of the two

following half equations as shown below:
Agw+ e > Ag’ g’=0.8V (1)

AuCls g + 3¢ > Au’ + 4Cl @ g, =10V (2)
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Figure 9 - a-i) SEM and TEM images for a variety of shapes that have been successfully
reported by the solution phase synthesis. a) spheres; b) cubes; c¢) tetrahedrons; d)
hexagonal plates; e) wires; f) octahedra; g) triangular plates; h) rods and, i) truncated
cubes. Adapted with permission from: a, ¢ and i) ref. (Wiley et al. 2007) Copyright
2007 American Chemical Society, b) ref. (Zhang et al. 2010) Copyright 2010 American
Chemical Society; d) ref. (Wiley et al. 2007) Copyright 2007 American Chemical
Society; e) ref.(Rodrigues et al. 2017) Copyright 2017 Scielo Brazil; f) ref. (Lohse
et al. 2014) Copyright 2014 American Chemical Society; (G) ref. (Chen et al. 2014)
Copyright 2014 American Chemical Society, and h) ref. (Nikoobakht and El-Sayed

2003) Copyright 2003 American Chemical Society.

And the final balanced equation:

AuCls g + 3Ag" > 3Ag @+ Au’ +4Clwy €=

3

02V (3)

The composition and structure of hollow
nanomaterials obtained by the galvanic replacement
reaction can be easily controlled by adjusting the
molar ratio between Ag and AuCl4-(aq) precursor
added into the reaction mixture (Xia et al. 2013, da
Silvaetal.2017). In this case, when a Ag nanosphere
is kept in contact with small amounts of an aqueous

AuCl4-(aq) solution, the Ag atoms from the sphere

An Acad Bras Cienc (2018) 90 (1 Suppl. 1)

surface with high surface energy (defects, stacking
faults, among others) can quickly be oxidized and
dissolved by AuCl4-(aq) ions, producing Ag+
ions into the suspension reaction. This leads to
the formation of small cavities at the nanoparticle
surface as shown in Figure 10. At the same time,
Au atoms are deposited at the nanoparticle surface
because of the reduction of the AuCl4-(aq) ions
precursor (Xia et al. 2013, da Silva et al. 2017). As
Au and Ag have a great miscibility as a result of the
similar face-centered cubic (fcc) crystal structure
and lattices constants that are close to each other
(agold = 4.079 A; asilver = 4.086 A), the initial
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Au atoms tend to deposit as a uniform thin Au
layer at the Ag nanoparticle surface (Figure 13a, e).
(Xia et al. 2013, da Silva et al. 2017). This the first
step leads to the formation of an incomplete Au
layer, which cannot prevent that intern layers from
reacting with AuCl4-(aq) precursor. Subsequently,
small cavities at the nanoparticle surface serves as
the main sites for continuous galvanic replacement
between Ag and AuCl4-(aq) precursor. As more
Ag is replaced by Au by the increasing the amount
of metal precursor into the reaction suspension,
it is expected the formation of AgAu nanoshells
displaying larger holes together with Ag-Au
alloying process leading to the formation of a
homogenous distribution of Ag and Au at the
nanoparticle surface (Figure 10) (Xia et al. 2013,
da Silva et al. 2017). Finally, if this reaction is
continued even further, the observed holes inside the
nanostructure become large, leading to the rupture
of the nanoshell morphology and resulting in the
formation of several polydisperse Au nanoparticles
(Figure 10). This simple approach can be extended
for a variety of metal nanoparticles templates and
salt precursors, representing a simple route to the
synthesis controlled nanostructures with ultrathin
walls, in one step, in which the composition can be
easily controlled by the metallic precursor solutions
employed and their concentrations (Xia et al. 2013,
da Silva et al. 2017). For example, Figure 11
illustrates typical hollow nanomaterials produced
by reacting silver nanospheres, nanocubes,
triangular nanoplates, and nanowires with PdCl142-
(aq) or AuCl4-(aq) precursors towards the galvanic
replacement reaction to synthetize bimetallic AgPd
nanoshells, AgAu nanocages, AgAu triangular
nanoframes and AgAu nanotubes, respectively.

CATALYTIC APPLICATIONS: EFFECT
OF SIZE, SHAPE, AND COMPOSITION
OVER THEIR ACTIVITIES

Metallic nanomaterials have been extensively
employed catalysis (An and Somorjai 2015,

Fortunelli and Vajda 2016). The importance of
these nanostructures in this field mainly comes
from the fact that their properties strong correlates
to their physical and chemical parameters, which
include size (the effect of quantum confinement,
as well as the proportions of atoms at corners,
edges, and faces), shape (faceting or arrangement
of atoms on the surface), composition (mono-
versus bi- or multimetallic, and the spatial
distributions of different elements), and structure
(solid, hollow, porous, concave, etc) ( Xia et al.
2009, 2017). During solution phase synthesis, all
these parameters can be controlled separately or
in combination. Therefore, a deep understanding
on how catalytic properties may vary as a
function of these above-mentioned parameters is
crucial to optimize performance and enable new
applications and catalytic behavior. For example,
we have investigated the size-dependent optical
and catalytic properties of Au nanospheres towards
4-nitrophenol reduction to form 4-aminophenol as
shown in Figure 12 (da Silva et al. 2014). More
specifically, the synthesis of aqueous suspensions
containing Au NPs 15 £ 2.2, 26 £ 2.4, and 34 +
3.0 nm in diameter was performed by a seeded
growth approach as shown in Figure 12a, c. Then,
the catalytic activities as a function of Au NPs
size was investigated employing the reduction of
4-nitrophenol. In this case, the reaction kinetics
was monitored by UV-VIS spectroscopy in the
350 to 500 nm range, in which the variations in
the absorbance at 400 nm were monitored as a
function of time (Figure 12d, ¢) (da Silva et al.
2014). The calculated rate constants (k) decreased
as the Au NPs size increased, and corresponded
to 0.0150 £ 0.0008, 0.0146 + 0.0012, and 0.0107
+ 0.0010 s-1 for Au NPs 15 £ 2.2, 26 £ 2.4, and
34 £ 3.0 nm in diameter, respectively. We also
employed TOF (turnover frequency) to describe
the catalytic activity of Au NPs. Figure 12f shows
the calculated TOF as a function of time for Au
NPs. (da Silva et al. 2014) TOF values decreased

An Acad Bras Cienc (2018) 90 (1 Suppl. 1)
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Figure 10 - Schematic illustration of the morphological
and structural changes at different stages of the galvanic
replacement reaction between a Ag nanoparticle and HAuCl,
in an aqueous solution. Adapted with permission from ref. (Xia
et al. 2013) Copyright 2013 Wiley-VCH.

Figure 11 - a-d) TEM images of a) AgPd bimetallic nanoshells,
b) AgAu nanoboxes, ¢) AgAu triangular nanoframes, and d)
SEM image of AgAu pentagonal nanotubes. Adapted with
permission from: a) ref. (Rodrigues et al. 2015) Copyright
2015 Springer Publishing Company, b) ref. (Lu et al. 2007)
Copyright 2007 American Chemical Society; ¢) ref. (Métraux
et al. 2003) Copyright 2013 American Chemical Society. d)
ref. (Rodrigues et al. 2017) Copyright 2017 Scielo Brazil.

An Acad Bras Cienc (2018) 90 (1 Suppl. 1)

with the increase in the Au NPs size, in agreement
with the decrease in catalytic activity with size. In
this case, while a slight decrease in the TOF values
was observed as the Au NPs size increased from
15 to 26 nm, TOFs for Au NPs 34 nm in diameter
were notably smaller. While Au NPs 15 and 26 nm
in diameter reached the maximum TOF at ~26 s,
this value corresponded to 91 s for Au NPs 34 nm
in size, highlighting the importance in controlling
nanoparticle sizes for catalytic applications.

Besides the effect of size on the catalytic
activity, it has been established that shape of
a nanoparticle can also play an important role
over catalytic properties, in which reaction rates
become dependent on the type of crystallographic
facet exposed at the nanoparticle surface (Xia et
al. 2017). As a typical case, Chiu et al. performed
an evaluation of the catalytic activity of Au
nanoparticles toward the NaBH4 reduction of
p-nitroaniline to p-phenylenediamine at different
temperatures (Chiu et al. 2012). The nanocubes,
octahedra, and rhombic dodecahedra (Figure 13a-
¢) were employed as catalysts and synthesized
by a seed-mediated growth approach, in order to
selective expose {100}, {111} and {110} facets,
respectively. It was found that the catalytic activities
for the reduction reaction follows the order of {110}
> {100} > {111}. Thus, the rhombic dodecahedral
gold nanocrystals were found to exhibit the highest
reduction rate, followed by those of nanocubes
and octahedra in the temperature range analyzed
(Figure 13e). (Chiu et al. 2012) Similar results
were showed for the catalytic activity in the
electrocatalytic and plasmonic activities (Jin et al.
2012, da Silva et al. 2015b)

Another important parameter in catalysis
is the effect of composition over their activities.
From the perspective of catalysis, a fundamental
investigation of how bimetallic nanomaterials
can improve catalytic activities is crucial for
engineering nanostructures with high performances
for a target application (Gilroy et al. 2016). In this
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Figure 12 - TEM images of Au nanospheres with a) 15, b) 26 and ¢) 34 nm, respectively. d)
Plot of In(C/C,) and e) UV-Vis spectra recorded as a function of time at room temperature for Au
nanospheres with 34 nm in diameter. f) Calculated TOFs as a function of time for the 15, 26 and
34 nm Au nanospheres (red, black and blue traces, respectively). Adapted with permission from
ref. (da Silva et al. 2014) Copyright 2014 Scielo Brazil.
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Figure 13 - SEM images of a) Au octahedra, b) Au nanocubes, and ¢) Au rhombic dodecahedra.

Scale bars are equal to 100 nm. d) Time-dependent UV-vis absorption spectra for the borohydride

reduction of 4-aminophenol (4-NA) at 25 °C and e) In(4-NA) versus time plots using gold

nanocubes, octahedra, and rhombic dodecahedra as catalysts (green, red and black points,

respectively). Adapted with permission from ref. (Chiu et al. 2012) Copyright 2012 American

Chemical Society.
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case, it has been demonstrated that two main key
factors are related to the higher catalytic activities
of bimetallic nanomaterials with controllable
compositions: (i) the electronic and (ii) geometric
effects (Gilroy et al. 2016, da Silva et al. 2017).
The electronic effect has been described as changes
in the electronic structure of a nanomaterial during
the formation of a bimetallic particle relative to the
monometallic counterparts (Kim et al. 2014). In
this case, the way their d-band interacts with the
molecules/adsorbates determines their binding
strength. In general, the more low-lying (relative to
the Fermi level) the d-band, the weaker the binding
due to the occupancy of antibonding states (Kim et
al. 2014). The geometric effect is associated with
the shape of the bimetallic nanostructures, which
determines the atomic arrangement at the surface of
a nanocatalyst (Kim et al. 2014). This arrangement
atthe surface can significantly vary as function of the
composition, which also lead to a significant effect
on the binding strength of substrates and products.
For example, Stamenkovic et al synthesized pure
platinum—nickel single-crystals of alloys with
different atomic arrangements of their crystalline
lattices (Stamenkovic et al. 2007). They compared
the samples with single crystals of pure platinum
as well as with conventional platinum—carbon fuel
cell catalysts. They concluded that the most tightly
packed arrangement of atoms, the {111} surface,
were much more active relative those conventional
and monometallic materials. Moreover, platinum—
nickel bimetallic single-crystals lead to an activity
increase of 10 and 90 folds relative to single-crystal
Pt and standard Pt/C materials (Stamenkovic et al.
2007).

CATALYTIC APPLICATIONS: CONTROLLED
NANOPARTICLES SUPPORTED IN METAL OXIDES

Heterogeneous catalysis represents a crucial
discipline when it comes to providing the scientific
and technological foundation for making cleaner,

An Acad Bras Cienc (2018) 90 (1 Suppl. 1)

more efficient, and economically viable chemical
production processes. These comprise essential
requisites towards enabling a sustainable future
(Mizuno and Misono 1998, Norskov et al. 2008,
Schlogl 2015). Heterogeneous catalysis is also one
of the most relevant topics in the industrial scenario,
leading advances sustainability by improving
the exploitation of raw materials, enabling the
transition from fossil to renewable feedstocks,
reducing energy consumption, and minimizing the
environmental footprint. Moreover, this field also
plays a central role in the fields of transportation
and health, encompassing the development of new
fuels and devices (such as fuel cells), synthetic
biology, and the synthesis of bioactive molecules
such as antibiotics (Dincer 2007, Polshettiwar
and Varma 2010, Wells and Meyer 2014). As a
matter of fact, because catalysis is involved in the
synthesis of over 85% of all chemical products
produced today, new developments in catalysis
is expected to have a huge impact addressing the
several challenges currently faced by humankind
(Mizuno and Misono 1998, Norskov et al. 2008,
Wells and Meyer 2014, Schlogl 2015).
Heterogeneous catalysts can be defined as
structures that alter the rate of a chemical reaction
by modifying several mechanistic steps relative
to the noncatalyzed reaction (usually leading to
a reduction of its activation energy). The catalyst
is also recovered or unchanged after the reaction
finishes (Norskov et al. 2014, Albonetti et al. 2015,
Corma 2016). They are normally comprised of
active sites (usually transition metals) deposited
at the surface of a solid support that will change/
increase the rate of a target chemical reaction
(Norskov et al. 2008, Schlogl 2015, Corma 2016).
They usually display high surface areas (200-1600
m’g™), and it is desirable that the number of active
sites per unit of volume is maximized (LePage et
al. 1997, Mizuno and Misono 1998). However, the
availability of well-established methods/protocols
that are effective for producing highly active, stable,
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and recyclable catalysts that are economically
viable remains limited (Astruc et al. 2005, Norskov
et al. 2008, Corma 2016).

The enormous interest in the utilization
of metal nanoparticles as catalysts (a field also
named as nanocatalysis) is mainly motivated
by their high surface areas, which increase the
number of available active sites at the catalyst
surface, favoring effective interactions between
the substrates and the catalyst surface. This has
led to high activities towards relevant chemical
transformations such as oxidations, reductions,
and C-C coupling reactions, even under mild
conditions (Fihri et al. 2011, Albonetti et al.
2015, An and Somorjai 2015). These qualities are
traditionally assigned to homogeneous catalysts.
However, metal nanoparticles are not soluble in
the reaction mixture. Therefore, nanocatalysts
have bridged the gap between homogeneous and
heterogeneous catalysts, uniting the advantages
of both approaches (Fihri et al. 2011, Albonetti
et al. 2015, An and Somorjai 2015). Another
crucial feature is that metal nanoparticles provide
distinctive opportunities for the optimization
and maximization of catalytic performances via
controlled synthesis.

Despite these attractive features, several
challenges remain regarding the use of metal
nanostructures as catalysts. One key issue is the
availability of synthetic strategies that are simple,
robust, and scalable for generating controlled metal
nanoparticles (Fihrietal. 2011, Albonetti etal. 2015,
An and Somorjai 2015). Even if this is achieved, the
particles must be supported to produce materials
displaying a uniform and precise distribution of
nanoparticles/active sites over the support. Thus,
another current challenge in catalysis by noble
metals comprises the generation of supported
materials in which the metal component presents
a uniform dispersion over the entire surface of the
support (without agglomeration) (Rodrigues et al.
2016b). In this regard, the synthesis of supported

state-of-the art catalysts is often characterized by
poor control over size, shape, composition, and
distribution of the noble metal component over the
support (Freakley et al. 2015).

Due to the aforementioned drawbacks,
progress in the field of catalysis, in general, has
mainly occurred via collected knowledge, trial and
error, and interpretation of results (Corma 2016).
In this context, the development of controlled
nanocatalysts is a must towards the design of
catalysis with desired performances. Many
methods are usually employed for their syntheses.
The conventional synthesis of supported state-of-
the-art catalysts is performed by impregnation,
precipitation, deposition/ precipitation, sol—gel,
colloidal, and hydrothermal approaches, which
often do not enable a precise control over size,
shape, composition, and distribution of the noble
metal component over the support (Hutchings and
Kiely 2013, An and Somorjai 2015, Gilbertson et
al. 2015, Sharma et al. 2015).

In order to address the above-mentioned
challenges, enormous advances have been directed
towards the synthesis of supported nanoparticles
consisting of truly controlled nanomaterials based
on Ag, Au, Pd, Pt, Ru, Rh, and Ir. This is imperative
for generating fundamental knowledge on the
understanding of how catalytic properties depend
on the various parameters that define a nanocatalyst
(Freakley et al. 2015, Gilbertson et al. 2015, Corma
2016, Gilroy et al. 2016, Xia et al. 2017). For
example, our group demonstrated a facile approach
to decorate TiO2 with Au nanoparticles displaying
well-defined sizes and uniform deposition (Figure
14) by successive reduction steps (Damato et
al. 2013). In this study, Au nanospheres were
generated over the TiO2 supporting material (~220
nm in diameter) by successive reduction steps,
employing AuCl4- (aq) and ascorbic acid. This
approach enabled the growth of Au nanospheres
from 12.2 nm up to 19.3 in the second step and 24.5
in the final step, conserving their optical properties,
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Figure 14 - a-c) SEM images of TiO,-Au colloidal spheres that were obtained after the first a),

second b), and third ¢) reduction steps employing 3 mL of 1 mM AuCl

4 (o 3 the precursor solution.

The scale bars in the insets correspond to 100 nm. d) UV-vis extinction spectra recorded for the TiO,
(black trace) and TiO,-Au (red, blue ang green traces correspond to samples showed in a, b, and c,
respectively). The inset depicts a photograph of TiO,, and samples a, b and ¢, aqueous suspensions
(from left to right, respectively). Adapted with permission from ref. (Damato et al. 2013) Copyright

2013 American Chemical Society.

morphology, and dispersions. Here, it has been
shown that smaller Au nanospheres were better for
this type of reaction due to a significant difference
in surface-to-volume ratio between samples.
Recently, we have reported the optimization
of both the support and the active phase to obtain
highly active catalysts towards green oxidations.
We developed MnO2 nanowires decorated with
ultrasmall Au NPs catalysts that displayed large
specific surface areas, ultrasmall and monodisperse
Au NPs sizes, no agglomeration, strong metal-
support interactions, and high concentration of
oxygen vacancies and Aud+ species at their surface
as shown in Figure 15 (da Silva et al. 2016). We
showed that high catalytic performances (TOF =
590000 h—1) could be achieved towards the green

An Acad Bras Cienc (2018) 90 (1 Suppl. 1)

oxidation of silanes and H2 production under
ultralow Au loadings (0.001-0.0002 mol% in terms
of Au) employing H20 as the oxidant, 25 °C as
the reaction temperature, and MnO2 nanowires
decorated with ultrasmall Au NPs (3 nm) as
catalysts (da Silva et al. 2016). In addition to these
high activities towards a variety of substrates,
the MnO2—Au NPs displayed good stability/
recyclability, in which no morphological changes
or loss of activity were observed even after 10
reaction cycles (da Silva et al. 2016).

Among the different strategies that have
been described for the synthesis of supported and
controlled catalysts, the galvanic replacement
reaction is especially attractive as it allows the
formation of uniform, bimetallic and hollow
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1) 90°C, PVP, EG

MnO, nanowires

2) AuCl,, BH,

ultrasmall Au NPs. b-e¢) HRTEM images of MnO,~Au NPs depicting the ultrasmall
and monodisperse Au NPs size as well as their uniform distribution over the MnO,
surface. The lattice fringe orientations in the phase-contrast HRTEM images (d
and e) show that both the MnO, nanowires and Au NPs were single crystalline.
Adapted with permission from ref. (da Silva et al. 2016) Copyright 2016 Elsevier.

nanomaterials displaying ultrathin walls in a one-
step reaction, using water as the solvent, and in
short reaction times (Cobley and Xia 2010, Xia et
al. 2013, El Mel et al. 2016, da Silva et al. 2017).
These nanostructures can be easily deposited on the
surface of inorganic supports (SiO2, TiO2, A1203,
etc) by a wet-impregnation approach, leading to the
formation of controlled supported nanocatalysts
(Jiang 2006, da Silva et al. 2017). We recently
have demonstrated that our described approach
combining galvanic replacement reactions and co-
reduction in the presence of hydroquinone allowed
us to synthesize AgAu, AgPd, and AgPt hollow
nanomaterials with controlled compositions, sizes,
and surface morphologies (da Silva et al. 2015a,
b, Rodrigues et al. 2016a, b). These nanomaterials

could then be employed to obtain supported
catalysts at the gram-scale after their attachment to
commercial silica. Figure 16 shows SEM images
of AgAu nanodendrites with controlled surface
morphologies supported on commercial Si02
by this above-mentioned method (da Silva et al.
2015a). The size and surface morphology of the
nanodendrites was found to directly affect their
catalytic activity towards the gas-phase oxidation
of benzene, toluene, and o-xylene, which is an
important reaction for the removal of these toxic
compounds from fuels and for environmental
remediation. All produced nanodendrite particles
were found to be catalytically active, even at low
temperatures and low metal loadings (da Silva et
al. 2015a).
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In addition to optimizing and controlling
catalytic properties by manipulating the various
physical and chemical parameters that define
a nanocatalyst, plasmonically-enhanced or
plasmonically-mediated transformations (SPR-
enhanced or SPR-mediated catalysis) represents a
new frontier in the field of heterogeneous catalysis
(Catchpole and Polman 2008, Christopher et al.
2011, Sun and Xu 2012, Baffou and Quidant 2014,
Wang et al. 2014, Kang et al. 2015). Here, visible
light can be employed as a sustainable energy
input to drive and control chemical reactions.
Plasmonic nanostructures, such as silver (Ag) and
gold (Au) NPs, can strongly interact with visible or
near-infrared light, as a result, the SPR excitation
(Linic et al. 2011, Sun and Xu 2012, Baffou and
Quidant 2014). In the context of catalysis, the
SPR excitation can be put to work for enhancing
or mediating chemical transformations by several
mechanisms as expressed in Figure 17 (Linic et
al. 2011, Sun and Xu 2012, Baffou and Quidant
2014). These include: i) by increasing the local
electric field close to the nanostructure surface
that enhances absorption at the metal-molecule
interface; ii) by generating electron—hole pairs
that enable the occurrence of a charge-transfer
process at the metal-molecule interface; and iii)
by generating local heating due to plasmon decay
at the metal surface that provides energy input for
some conversions. It is noteworthy that, while heat
is a major parameter in any chemical reaction, light
can be used to achieve high selectivity in chemical
mechanisms thanks to quantum selection rules and
adjustable photon energies. Moreover, electron
transfer is the basis of redox reactions. Hence, the
idea to use metal NPs as efficient sources of heat,
light, and electrons appears to be an appealing and
intuitive concept to both improve yields and control
of chemical reactions.

Generally, it is believed that the improved
matching between the SPR and excitation
wavelength may lead to higher SPR-mediated

An Acad Bras Cienc (2018) 90 (1 Suppl. 1)
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Figure 16 - SEM images of AgAu nanodendrites with
controlled surface morphologies supported on commercial
SiO, (AgAu/SiO,) by wet impregnation. The average sizes of
the AgAu nanodendrites corresponded to: (a and b) 148 + 6
nm, (¢ and d) 96 £ 5 nm, (e and f) 66 + 4 nm, and (g and h) 45 +
3 nm. Adapted with permission from ref. (da Silva et al. 2015a)
Copyright 2015 American Chemical Society.

catalytic activities (Sun and Xu 2012, Baffou
and Quidant 2014, Rodrigues et al. 2016b).
However, a better understanding of the factors
that govern SPR-mediated processes is imperative
to the rational design of optimized catalysts for
target transformations. For example, systematic
investigations on the effect of the particle size,
shape, composition, and crystalline structure of
the activities are still scarce. In this context, we
found that the composition of bimetallic AgAu
nanoparticles plays an important role in the SPR-
mediated catalytic activity (Wang et al. 2014). We
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Figure 17 - Main mechanisms involved in plasmonic catalysis: a) photo-induced temperature increase provides heat to an adjacent
reactant; b) the enhancement of the optical near field at the vicinity of the NP increases the photon rate seen by an adjacent reactant;
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NP. Adapted with permission from ref. (Baffou and Quidant 2014) Copyright 2014 Royal Society of Chemistry.
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Figure 18 - a) Scheme showing the SPR-mediated oxidation of PATP to DMAB by 3O2
employing AgAu nanoparticles as catalysts; b) UV-Vis extinction spectra and ¢) SPR peak
positions as a function of the Au content (Au mole fraction) in the AgAu nanoparticles; d)
SERS spectra as a function of composition (Au mole fraction) employing Ag, AgAu and Au
nanoparticles functionalized with PATP; ¢) Obtained DMAB/PATP 1433/1593 cm intensity
ratios as a function of the Au content in the nanoparticles. Adapted with permission from ref.
(Wang et al. 2014) Copyright 2014 American Chemical Society.
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investigated the SPR-mediated activities of AgAu
alloyed nanospheres towards the oxidation of
p-aminothiopheol to p,p’-dimercaptoazobenzene
(Figure 18a) (Wang et al. 2014). By changing
the nanoparticles composition, they were able to
redshift the main plasmonic peak form ~400 to
~525 nm (Figure 18b-c) (Wang et al. 2014). The
SPR-mediated reaction was conducted using a
Raman spectrometer employing a laser irradiation
of 632.8 nm as source as well as to monitor the
product conversion by the SERS effect. As can
be seen in Figure 18e a volcano-type relationship
between the AgAu chemical composition and
catalytic performance of the obtained nanoparticles
was observed, with a maximum activity for the
Ag0.19Au0.81 composition (Wang et al. 2014).
This behavior can be by the balance between the
matching of excitation laser wavelength and the
SPR position, that lead to stronger plasmonic
excitations and the damping of plasmon oscillation
due to Au interband transitions above ~500 nm
(Wang et al. 2014).

CONCLUSIONS

This review summarized the definitions, recent
studies, and challenges involved in the controlled
synthesis of noble metal nanoparticles. It is clear
that the literature concerning the controlled
synthesis of metal nanomaterials continues to
expand. It is noteworthy that the basis for the
experimental design of controlled nanomaterials is
transitioning from the conventional trial and error
method (empirical strategy) toward well-founded,
designed-driven theory. Several advances have
been achieved over the past decade towards the
fundamental understanding of thermodynamics
and kinetics that guide atoms, clusters or molecules
to assemble in controlled nanomaterials. Enormous
progress in this field was only possible due to
the mechanistic understanding of the controlled
synthesis of metal nanomaterials in solution, in
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which nucleation and growth pathways are crucial
for tuning obtained sizes, shapes, compositions,
and architectures. Finally, we discussed the unique
optical and catalytic applications associated with
noble metal nanoparticles, highlighting some recent
examples to highlight how the use of controlled
nanomaterials for heterogeneous catalysis and
plasmon-enhanced catalysis is important and can
lead to improved performances/activities. We
believe this review will not only assist scientists
in understanding the controlled synthesis of metal
nanomaterials but also may inspire the development
of new and more sophisticated metal nanomaterials
with improved or target performances for the
desired application.
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