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growth is highlighted in this review. From quasi-spherical particles to nanowires, nanodendrites,
and heterostructures built from nanoparticles as primary building blocks, the principles of

oriented and misoriented attachment of metal nanoparticles are discussed within the context of
diverse synthetic conditions. From this survey, a greater understanding of this growth
mechanism emerges to provide general, and potentially greener, principles for the synthesis of
advanced metal nanostructures, including those with applications in catalysis.

1. Introduction

Incredible advances in nanomaterial synthesis are enabling the
design of nanocolloids with unique physicochemical properties
that are tailored to address diverse scientific needs.’? For
example, metal nanocolloids are being studied as catalysts for
different reactions, with enhanced rates of reaction achieved as a
function of colloid size.? Beyond their intrinsic catalytic activity,
the performance of metal nanocolloids can be enhanced by
manipulation of their composition and architecture (e.g., binary
or ternary metallic nanostructures in the form of an alloy or
core@shell distribution).®* However, strategies towards the
sustainable synthesis of nanomaterials need to be addressed to
bridge these laboratory-scale achievements to industrial use.
Just as in the synthesis of organic compounds where tenets of
high atom economy and green routes to compounds are
preferred,® the nanomaterial synthesis community must strive to
develop cleaner and more sustainable methods for the synthesis
of advanced nanomaterials. Examples of current limitations
include reliance on organic compounds as solvent and/or
structure-directing agents (often surfactants and polymers), low
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synthesis efficiency through the formation of byproducts and
lack of reagent recycling, and high temperature or pressure
synthetic conditions.® To address these limitations, a better
understanding of nucleation and growth mechanisms and
effective parameters to direct the evolution of nanocrystal size
and shape are required. Classically, nanocrystal growth proceeds
through atomic addition to crystallographic facets, along with
Ostwald ripening. In 1998, Penn and Banfield reported oriented
attachment as a new mechanism for crystal growth.” In this
process, crystals grow through self-organization and coalescence
of adjacent nanocrystals. Attachment-based growth can break the
symmetry of crystals, opening the door for the synthesis of
anisotropic nanostructures. Attachment-based growth also
provides a new synthetic framework in which organic additives
may not be required to direct crystal formation; this ability is
rarely possible in classical overgrowth systems where surfactants
or polymers are needed to tune crystallite size and morphology.
Hence, attachment-based growth could offer a paradigm for
greener nanomaterial syntheses. Although this growth
mechanism was first observed in and applied to the synthesis of
metal oxides and other semiconductors,” oriented attachment has
recently been implicated in the synthesis of metal nanostructures.
Here, recent advances in the attachment-based synthesis of metal
nanostructures and their catalytic properties are reviewed. The
principles that underlie metal nanocrystal growth by oriented and
misoriented attachment are introduced in Section 2. Then, a
survey of metal nanostructures achieved by these mechanisms is
provided in Section 3. These examples begin to provide a
framework for the design of metal nanostructures through
particle coalescence. Section 4 concludes with the synthesis of
multicomponent metal nanostructures (e.g. dimers and
core@shell nanoparticles) by attachment-based growth, with
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these structures representing functional nanomaterials in many
cases.

2. Classical Overgrowth versus Attachment-
based Growth

Solution phase synthesis of metal nanoparticles can be
categorized based on their initial building blocks, i.e., atoms or
nanoparticles.® In the case of atomic building blocks,
nanoparticle growth is accounted for by the addition of atoms to
the highest energy features of seeds, which leads to their fast
growth and eventual disappearance. This condition leads to
nanostructures with thermodynamically favorable shapes, i.e.,
bounded by low surface energy facets. Deviations through
kinetically controlled overgrowth are also possible, and both
topics have been reviewed in detail elsewhere.®

In the case of nanoparticles as building blocks, colloids with
a high collision-stick frequency attach to one another, instead of
atoms, and lead to an increase in nanostructure size. This
mechanism of crystal growth includes the self-organization of
neighboring nanoparticles in mutual orientation and subsequent
collision and coalescence, i.e., oriented attachment where
merging two nanocrystals results in a new single crystal.®° The
structural characteristics of the product depend on the capacity
of the colliding nanoparticles for self-organization at mutual
orientation. In the case of small misalignment, coalesced
nanoparticles can preserve single crystallinity through
reorientation upon contact® and/or diffusion of atoms and the
gradual disappearance of defects during structural relaxation.°
However, if misalignment is high and coalescence occurs,
defects will be generated at the interface and the process is called
misoriented attachment.® In both oriented and misoriented
attachment, the total surface energy decreases by elimination of
facets shared in the coalescence process. As discussed in Section
3 and 4, these mechanisms facilitate the creation of highly
branched and anisotropic nanostructures.*t

From the view point of thermodynamics, the major driving
force for the coalescence of nanoparticles is reduction of surface
energy. Attachment of two nanoparticles eliminates their
interface and decreases the total surface energy.? In crystalline
materials, different facets have different surface energies, and
attachment is assumed to occur preferentially on surfaces with
higher energy to maximize this energy reduction. This
assumption is in good agreement with experimental observations
presented in Section 3. On the other hand, surfactants, polymers,
and ions can stabilize crystallographic facets by adsorption.®
Thus, tuning the surface energies of facets through structure-
directing agents can be used as an effective tool to guide the
attachment of nanocolloids, as discussed also in Section 3.

The interaction strength between nanoparticles is key to
determining whether or not nanoparticle attachment occurs. 34
Columbic repulsion can prevent the attachment of approaching
nanoparticles. This repulsive force depends on the magnitude of
columbic interaction between nanoparticles, which arises from
their surface charge. Zeta ({) potential measurements can be used
as an indicator of surface charge. A minimum { potential of +30
mV provides enough repulsive force to keep particles stable in
colloidal suspensions.'415 Still, attractive forces between
nanoparticles, such as van der Waals and dipolar interactions,
can facilitate attachment.®1617  Although relevant in
semiconductor nanoparticles, dipolar interactions between metal
nanoparticles are negligible in most cases as long lived dipoles
are unlikely in metals due to their free electron clouds.!®
However, electric dipoles can be created with the aid of
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surfactants and other ligands adsorbed on the surfaces of metal
colloids.816

The competition between these attractive and repulsive
interactions contribute to the attachment Kkinetics, with
coalescence achieved when attractive interactions dominate. As
illustrated with the following examples, these mechanisms of
attachment are not limited to the growth of single-component
nanostructures. Multicomponent architectures are possible when
attachment involves nanoparticles with different compositions
and/or structure. Here, recent advances in the synthesis of both
single-component (i.e., monometallic and alloyed) and
multicomponent (i.e., dimers and core@shell) nanostructures
through attachment-based growth are reviewed.

3. Attachment-based Synthesis of Single-
Component Nanostructures

As discussed in Section 2, the attachment of nanoparticles does
not always create a coherent interface, and defects (e.g., twin
planes, grain boundaries, etc.) can be introduced if the colliding
nanoparticles are not aligned appropriately.® Advancements in
electron microscopy are enabling crystal growth to be monitored
in real-time, in solution-phase.’®?° In the case of metal
nanostructures, Mirsaidov et al. studied the coalescence of 10 nm
Au nanocrystals in solution, providing insight into growth by
attachment.® As shown in Figure 1a, they classified nanocrystal
attachment to either defect-free or defect-mediated pathways,
which were found to depend on the degree of lattice alignment
between colliding particles as defined by a critical angle. In the
case of 10 nm Au nanocrystals, this critical angle was around
15°. As shown in Figure 1b, the attachment of three nanocrystals
was monitored in which the nanocrystals designated P and Q
coalesce through a common (111) crystallographic plane,
leading to a defect-free single crystal (PQ), where the original
particles are bridged by a neck (t=5.9s, t=69.1s). Eventually, (at
t=75.2s) the nanocrystal designated R approaches the PQ crystal,
with attachment proceeding through (200) and (111) planes. This
misalignment creates defects at the R-PQ crystal interface
(t=135.9s). In both collisions, the neck areas and voids between
the fused nanocrystals are filled by diffusion of surface atoms.
As shown in Figure 1c and d, a molecular dynamics (MD)
simulation also supports energy reduction as the driving force for
attachment in spite of defects being introduced during
attachment.®

Alivisatos et al. studied the growth mechanism of Pt
nanoparticles by in situ liquid cell TEM and found both cluster
attachment and atomic addition contribute to nanoparticle
growth.? Interestingly, following the coalescence of clusters,
structural reorganization was observed to yield single-crystalline
Pt nanoparticles while atomic addition ensured a narrow size
distribution.1®1® The imaging also revealed that coalescence
occurred between (111) facets. Although {111} facets are lowest
in energy for face centered cubic metals, the collision at these
facets was explained by lower ligand coverage, modifying the
relative surface energies. Tracking the clusters before
coalescence showed a period of correlated motions which
facilitated lattice alignment. This motion likely arises from the
attractive and repulsive forces between nanoparticles, as
mentioned in the Introduction. Misoriented attachment of Pt
nanocrystals was also reported, which produced twin boundaries

This journal is © The Royal Society of Chemistry 2012
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Figure 1. a) Schematic of nanoparticle attachment and formation
of coherent and defect-mediated interfaces. b) TEM images of
the coalescence events between three 10 nm Au nanocrystals
(designated P, Q, and R). The observed lattice fringes are
indicated by the dashed lines and corresponding Fourier
reflections of (111) planes. c) A MD simulation of the coalescence
of three 10 nm gold nanocrystals. Defects in the nanocrystals are
highlighted by red atoms. d) Plot of total energy change during
the coalescence of the three nanocrystals. Inset is a zoomed in
view of the interface between the nanocrystals shown in c).
(adapted from Reference 9)

which were preserved even after structural reorganization.?°
These studies reveal the general principles behind oriented and
misoriented attachment. Although common in the synthesis of
quasi-spherical particles, these processes can lead to a break in
symmetry and the formation of metal nanowires and
nanodendrites, as discussed in the Sections 3.1 and 3.2.

3. 1. Attachment-based Growth of Nanowires

As evident in Figure 1 with the attachment of nanocrystals P and
Q, end-to-end attachment of small nanoparticles can occur.
When this process proceeds multiple times over, chain-like or
nanowire structures can form. Ravishankar et al. studied the
solution phase synthesis of Au nanowires in the presence of
oleylamine, oleic acid, and ascorbic acid at 120 °C.?! Au
nanowires with diameters of 2 nm and lengths of about 1 pm
were prepared by fusion of the (111) facets of adjacent Au
nanocrystals. Just as in the study of quasi-spherical Pt
nanocrystal formation, coalescence through the (111) facets was
attributed to a ligand effect. In this case, the amine capping agent
was cited to have weaker binding affinity and fewer sites for
adsorption on {111} facets compared to {100} facets, which

This journal is © The Royal Society of Chemistry 2012
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were also expressed by the Au nanocrystal building blocks. Still,
a symmetry-breaking mechanism is required to achieve
nanowire growth by attachment as there are several equivalent
{111} facets on each nanocrystal which could yield branched or
dendritic nanostructures instead. As shown in Figure 2a,
attachment of two quasi-spherical nanocrystals can create a
necked interface. This structure introduces a difference in
chemical potential because of the alternating concave and
convex surfaces, leading to surface diffusion of atoms. This
phenomenon, called smoothing, transforms rough (faceted)
surfaces to smooth (curved) surfaces; in turn, nanocrystal
attachments proceed selectively to the (111) facets at the ends
(Figure 2b). Shown in Figure 2c is a TEM image of the resultant
Au nanowires.?! In addition to Au nanowire formation??23, the
synthesis of Ag??5, Pt?627, and Pd?® nanowires have been
reported to proceed through a similar attachment mechanism.

Similar to monometallic nanoparticles, alloyed nanoparticles can

A

Figure 2. A schematic of the smoothing process which leads to
symmetry-breaking and the formation of nanowires by
attachment. In a), the alternating concave and convex regions
are smoothed out by diffusion b). In a), there are 4 {111} facets
available for attachment whereas in b) there is only one facet
along the growth direction. c) High-resolution TEM image of Au
nanowires. (adapted from Reference 21)

interact and coalesce to reduce their surface energy, producing
nanowires or branched nanostructures. However, Yang et al.
found that the tendency towards oriented attachment depends on
the composition of the building block nanoparticles.?® To study
the effect of composition, pure Pt, pure Ag, and alloyed PtssAgaz
nanostructures were prepared in the presence of oleic acid and
oleylamine under otherwise identical synthetic conditions. As
shown in Figures 3a and b, the monometallic systems produced
quasi-spherical Pt or Ag nanoparticles. In contrast, the alloyed
system produced wormlike nanowires. TEM analysis of reaction
aliquots supports an attachment growth mechanism for nanowire
formation while the quasi-spherical particles are consistent with
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Figure 3. TEM images of a) Ag nanoparticles, b) Pt nanoparticles and c) Pts3Ags; nanowires obtained under the same condition. d)
Potential energy (E;) as a function of distance between two Pt, two PtsoAgso, and two Ag nanoparticles. e) Adsorption energy (Eaq) of
oleylamine (OAm) molecules on the three low index surfaces of PtsoAgso, Ag, and Pt. f) Simulation of mean square displacement of
surface atoms of 3 nm Ag, PtAg alloys, and Pt nanoparticles. (adapted from Reference 29)

classical overgrowth. To better understand this compositional
effect, MD and density functional theory (DFT) simulations
analyzed the effect of composition on the interaction and
attachment of nanocrystals. The potential energy (Ep) between
two Pt, two PtsoAgso (to mimic the PtssAgaz nanowire system),
and two Ag nanoparticles was simulated as a function of distance
by the MD method (Figure 3d). The minimum Ep obtained in all
three systems arose when particles were in close contact, and the
potential energy gained upon collision provides a driving force
for attachment. This gain is smallest for Ag, which is in good
agreement with TEM showing quasi-spherical Ag nanoparticles
consistent with classical overgrowth (Figure 3a). However,
considering the Pt and PtsoAgso Systems, interpretation is not as
straightforward as this gain in potential energy is greatest for the
Pt system which also produced spherical particles consistent with
classical overgrowth. To account for this observation, the effect
of adsorbates on surface energy was considered.

Specifically, the adsorption energies of propylamine and
propanoic acid on the (111), (110), and (100) surfaces of Ag, Pt,
and PtsoAgso were simulated by DFT. These molecules were
selected to simplify the simulation while still examining the
influence of the key functional groups (amine and carboxylic
acid) involved in surface adsorption by the capping agents
present. The amine was found to bind more strongly than the
carboxylic acid. Its adsorption strength was weakest on (111)
surfaces, leaving them less protected by capping agents.
Interestingly, the adsorption strengths of the amine on Ag
surfaces were less than either Pt or PtsoAgso; this finding
indicates again that a low potential energy gain inhibits particle-
particle coalescence. With this insight, another parameter must
be considered to account for Pt nanoparticle and wormlike
PtssAgsr  nanowire formation. In addition to these
thermodynamic parameters, reconstruction of interface atoms
upon collision to form strong metallic bonds is important. MD
simulations were used to obtain the mean square displacements
(MSDs) for atoms in the Ag, Pt, and PtsoAgso systems. The
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results showed that Ag can easily diffuse at the PtsoAgso particle
interfaces, whereas Pt does not at Pt particle interfaces (Figure
3f). This feature would make Pt-Pt bond breaking and
reconstruction at interfaces unlikely, inhibiting coalescence
despite potential energy analysis indicating that Pt-Pt particle
attachment is thermodynamically favorable. These simulations
and experimental findings illustrate the competing
thermodynamic and Kkinetic factors that account for the
composition and structure of metal colloids assembled through
particle attachment.2°

Just as the diffusion of atoms contribute to nanowire
formation in monometallic systems, this process is important to
nanowires formed from the coalescence of alloyed nanoparticles.
However, in addition to this atomic reorganization eliminating
structural defects, atomic diffusion can improve compositional
uniformity in multimetallic systems. Zheng et al. reported the
oriented attachment of PtsFe nanocrystals into nanorods driven
by dipolar interactions.® As discussed in Section 2, the formation
of electrostatic dipoles was attributed to the stored charge in
adsorbed surfactants, which repelled side-to-side attachment and
instead facilitated end-to-end contact. In situ liquid cell TEM
was used to study the growth of these nanorods in real time.
Figure 4 shows sequential images of the preferential attachment
of nanoparticles to the end of a chain of nanoparticles. First,
small PtsFe nanoparticle chains form by attachment of adjacent
nanoparticles. Then, longer and twisted polycrystalline chains
are created by end-to-end attachment of the initial small chains
(Figure 4A). This assembly process is followed by straightening
and reorganization of the nanocrystalline domains to yield
straight, single-crystalline nanorods. This reorganization and
straightening is driven by a reduction in total energy through
elimination of defects and a reduction in surface energy.
Interestingly, the authors noted that iron-rich regions (marked by
arrows in Figure 4B) were diminished through this structural
relaxation process.® Different alloyed nanostructures including
nanowires (e.g. PdPt30-33 PdAg®, PdPtAg®, PtRh34, AuAg®,

This journal is © The Royal Society of Chemistry 2012
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Figure 4. a) Sequential TEM images of the growth of a PtsFe
nanorod. b) High-angle annular dark field (HAADF) STEM image
of a polycrystalline PtsFe nanoparticles. Arrows indicate the
iron-rich regions (dark spots). (adapted from Reference 8)

PdCus®, PtFe®, PtAg?®, AuPd®, PtRu®) have been synthesized
by co-reduction of different metal salts coupled with growth by
oriented attachment.

Interestingly, the attachment mechanism which accounts for
nanorod and nanowire formation can be reversed through the use
of etchants. As discussed at the beginning of Section 3,
coalescence of nanoparticles at high angles introduces defects at
the particle-particle interface. These defects are susceptible to
oxidative etching, which can lead to fragmentation. For example,
Han et al. found that Pd and Pt nanowires synthesized from
precursor solutions containing Pd(NOs)2 or PtCl. can be
transformed to nearly spherical nanoparticles when air is bubbled
through the reaction solution and kept open to air for 12 hours.3°
This transformation occurs because twin boundaries and
stacking faults are active sites for oxygen absorption, and etching
preferentially initiates at these high energy defects to separate the
structure into smaller units.3°

Review

3. 2. Attachment-based Growth of Nanodendrites

As illustrated with the examples of nanorod and nanowire
formation, reduction in surface energy is a key factor facilitating
attachment of metal nanoparticles. Considering the case of
truncated octahedral metal nanocrystals, these nanocrystals are
bound by eight (111) facets and six (100) facets; with the
assumption that (100) facets are higher in energy, there are thus
six facets with an equal chance of attachment. As discussed in
Section 3.1, induced dipolar moments by adsorbents or fast
diffusion of surface atoms (i.e., smoothing) can direct the
formation of nanowires through end-to-end attachment of
nanoparticles. However, in many colloidal syntheses, these
conditions do not dominate and higher order structures such as
metal nanodendrites would be expected through attachment.

Nanodendrites have been made of different metals, including
Pt40-48  Pd49-52 Rh%3, and Ag®%5. With respect to morphology,
nanodendrites range from multi-armed nanoparticles with an
open structure to large bundles made of closely packed particles.
They may be single-crystalline or polycrystalline. The specific
nanodendritic morphology can be rationalized in terms of the
concentration of initial building blocks (i.e., the smaller
nanoparticles which attach to give the final branched structure)
as well as the type and concentration of ligands, surfactants, and
other additives in a synthesis.

Recently, we studied the influence of metal-ligand
interactions in attachment-based growth.5° Specifically, Pd
nanostructures were synthesized by heating Pd precursors with
different local ligand environments in oleylamine, which served
as both a capping agent and reducing agent. Different
nanostructures were obtained by manipulating the ligands in the
synthesis. For example, the use of palladium acetylacetonate
(Pd(acac)2) yielded multi-armed Pd nanodendrites, whereas the
use of palladium hexafluoroacetylacetonate (Pd(hfac)2) yielded
larger Pd bundles (Figure 5). The higher aggregation level of Pd
nanoparticles and formation of Pd bundles was attributed to the
faster generation of Pd nanoparticles on account of the better
leaving-group properties of the hfac™ ligands compared to acac™.
These nanodendrites and bundles were polycrystalline,
indicating the formation of defects at the interface upon
attachment due to misorientation between colliding

Increasing the aggregation tendency

>

Figure 5. TEM images of a) spherical Pd nanocrystals obtained by heating Pd(acac), in TOP and oleylamine, b) Pd nanodendrites
prepared by heating Pd(hfac), in oleylamine, and c) Pd bundles formed by heating Pd(acac), in oleylamine. (adapted from Reference

50)

This journal is © The Royal Society of Chemistry 2012
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nanoparticles. Interestingly, the addition of strongly coordinating
ligands such as trioctylphosphine (TOP) led to the production of
quasi-spherical nanoparticles. This occurrence was attributed to
the greater binding affinity between the phosphine ligands and
the surfaces of Pd nanoparticles. In surveying other precursors
(e.g., palladium acetate (Pd(OAc)2) and phase-transferred
sodium tetrachloropalladate (Na2PdCls)) as a Pd source and other
additives (e.g. triphenylphosphine (PPhs)), we concluded that
ligands with intermediate binding affinity towards metal ions
regulate their gradual reduction and promote the assembly of
weakly passivated Pd nanoparticles into nanodendrites or
nanobundles. In contrast, strongly coordinated ligands slow the
nucleation rate and yield well-passivated nanoparticles which
grow by atomic addition.5% %! These findings were also supported
by monitoring the growth processes in real time by in situ
synchrotron wide-angle X-ray scattering (WAXS) and ultra-
small angle X-ray scattering (USAXS).5!

The formation of metal dendrites is not limited to synthesis
in organic media. For example, Yamauchi et al. synthesized Pt
dendrites in aqueous media containing Pluronic F127 triblock
copolymer and ascorbic acid under ultrasonic irradiation.*” Their
studies showed that the selection of moderate reducing agents
such as ascorbic acid and formic acid was critical.#?46 Pt
nanodendrites have been synthesized by similar methods, with a
range of nonionic surfactants employed (e.g. Brij 700, Tetronic
1107, PVP-co-VA*, Birj 5843, poly(vinyl pyrrolidone) (PVP)*4,
polyoxyethylene (150) dinonylphenyl ether?s).

It is worth mentioning that not all branched or dendritic metal
nanostructures are created by particle-particle attachment.56:57
For example, Tilley et al. reported the formation of highly
branched Pd nanoparticles by reduction of palladium salts under
a hydrogen atmosphere.5® Growth kinetics were monitored by in
situ X-ray diffraction techniques, which revealed that the
branched structure arose from fast overgrowth.¢ Different
mechanisms for the synthesis of highly branched nanostructures
have been reviewed by Lim and Xia.%® Importantly, they noted
that particle attachment is likely prevalent in many systems but
has been overlooked, especially in those which yield single-
crystalline dendritic nanostructures on account of oriented
attachment.

3. 3. Applications of Single-Component Metal
Nanowires and Nanodendrites

The assembly of metal nanoparticles into nanowires or
nanodendrites can provide nanostructures with enhanced
functionality, particularly for applications in catalysis. Their
enhanced properties compared to their 0-D counterparts arise
from better electron transport and a decreased tendency toward
ripening, dissolution, and aggregation.326:5960  Network
structures of nanowires and nanodendrites can greatly facilitate
the transportation of reactants and products in catalytic reactions.
Although there are many examples of nanostructures prepared
by attachment-based growth being used as catalysts, here we
summarize only a few to highlight how the commonly obtained
structures can yield enhanced performance.

For example, Chen et al. reported enhanced stability and
activity from Pt nanochain networks for the oxygen reduction
reaction compared to commercial Pt black.?” This enhancement
was attributed to the resistance of robust nanochain networks to
ripening. Likewise, Wang et al. demonstrated higher activity and
durability from unsupported Pt nanowire networks for formic
acid and methanol oxidation compare to carbon-supported Pt
black.?® Interestingly, because of their enhanced stability,
nanowires and nanodendrites can be used as unsupported

6 | RSC Advances, 2015, 00, 1-9
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nanocatalysts, eliminating the need for a carbon support and
corresponding break-down issue.

In the case of alloyed nanostructures, the integration of two
metals into one nanostructure can give rise to enhanced catalytic
activity, selectivity, and durability though synergistic functions.
For example, Yamauchi et al. reported the synthesis of dendritic
Pt-Ru nanoparticles as a catalyst for methanol oxidation.6% 62 The
incorporation of Ru to the traditionally Pt-only catalyst led to
reduced CO poisoning and improved electrocatalytic activity.
This enhanced performance arose because oxygen containing
species can bind to the oxophilic Ru centers in close proximity
to Pt atoms. Such oxygen-containing species can react with
adsorbed CO molecules to form COz2, decreasing the poisoning
of intermediate CO. The same group reported enhanced catalytic
activity from PdPt alloyed nanodendrites in the electro-oxidation
of formic acid.33

4. Attachment-based Synthesis of
Multicomponent Nanostructures

Section 3 surveyed the single-component metal nanostructures
that can arise from attachment-based growth, including
nanowires and nanodendrites with enhanced properties for
catalysis. However, the attachment mechanism can occur
between two crystals with different structures and/or
composition. Such coalescence events lead to multicomponent
nanostructures. One example is branched core@shell
nanostructures. Such structures have been achieved in a number
of bimetallic systems, including Au@Pt®-6%, Au@Pd®-68,
Pd@Pt%%-72 and Pd@RhN"3; however, the formation mechanisms
are often unclear, particularly as many early reports disregarded
particle-particle attachment. Often, dendritic shells were
attributed to heterogeneous nucleation of a second metal on
ready-made seeds, with structure-directing agents and kinetic
control evoked to account for morphology development.
However, real-time TEM imaging studies are clarifying the
competition between atomic addition and growth by attachment,
with both implicated in the formation of branched
nanostructures.®66° Sutter et al. studied the seeded synthesis of
core@shell Au@Pd nanoparticles by in situ liquid cell TEM.®7
The electron beam was used not only for imaging but also the
source of reducing agent for Pd ions dispersed in solution
containing Au seeds. They found that the overgrowth mode was
dependent on the size and shape of the Au seeds. Specifically, an
increase in the size of icosahedral Au seeds was accompanied
with a switch from overgrowth to an attachment mechanism. A
continuous Pd shell could be deposited to encapsulate 5 nm Au
nanoparticles, whereas dendritic Pd filaments anchored at edge
and corners were observed with 30 nm Au nanoparticles, where
Pd clusters preferentially attached to under-coordinated sites.
This switch was attributed to larger seeds providing less effective
sites for atomic addition, leading to higher supersaturation and
homogenous nucleation.’” Likewise, Xia et al. also found that
both heterogeneous and homogenous nucleation play a role in
the formation of core@shell nanodendrites, in this case a Pd@Pt
system.%® Pt bumps heterogeneously nucleated and epitaxially
grew on Pd seeds, along with Pt clusters being formed in solution
through homogenous nucleation which attached to the growing
Pd@Pt structure.’® Core@shell nanostructures, often with a
dendritic periphery, can be obtained in a variety of compositions
through particle-particle attachment,63:64.66-71.73

This journal is © The Royal Society of Chemistry 2012
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In concept, a variety of nanoparticles with different
compositions and shapes can be envisioned as building blocks to
hybrid structures. The potential of this building block approach
is highlighted in a study by Magdassi et al. in which the merging
of Au nanorods and Ag nanoparticles was examined through
both experiment and simulation.” They found that Ag behaves
as a soft material relative to Au, deforming to wet the Au surface
(Figure 6a). A MD simulation of this fusion process found that
Ag atoms in peripheral contact are more diffusive with Au atoms,
moving toward the Au surface and leading to a wetting-like
phenomenon (Figure 6b). This finding is consistent with the
lower cohesive energy of Ag compare to Au. In addition, the
higher binding energy of Au-Ag compared to Ag-Ag makes the
breaking of Ag-Ag bonds and formation of Au-Ag bonds
energetically favorable.”

mm hep (Au)

= hep (Ag)

Figure 6. a) Sequential HR-TEM images showing the coalescence
of silver nanoparticle with the gold nanorod (scale bars are 10
nm). b) Molecular dynamics simulation of merging an Ag
nanoparticle over an Au nanorod at room temperature. Partial
dislocations and stacking faults near the interface of Au and Ag
are energetically favorable to align up across the interface
facilitating the coalescence process. Au and Ag atoms are
indicated by yellow and grey balls, respectively. (adapted from
Reference 74)

Multicomponent metal nanostructures with high surface areas
often show enhanced catalytic activity, selectivity, and durability
compared to their monometallic counterparts. Specifically, the
core@shell structure contains the main catalyst in the shell and
supporting metal in the core. This architecture can reduce
precious metal usage when earth-abundant elements are used in

This journal is © The Royal Society of Chemistry 2012
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the core.” Also, the electronic structure of the catalyst can be
tuned to enhance activity and reduce catalyst poisoning. This
ability arises from induced strain to the shell metal caused by
lattice mismatch between the two metals as well as charge
transfer between the two metals.”®77

For example, Eichhorn et al. reported enhanced CO tolerance
with dendritic Au@Pt nanoparticles used as a catalyst for
oxidation reactions in H2/CO mixtures.®® Yang et al. also
reported high catalytic activity from similar structures but for
formic acid oxidation.58 Xia et al. found Pd@Pt nanoparticles to
be excellent catalysts for the oxygen reduction and formic acid
oxidation reactions.8%70 Similarly, Yamauchi et al. studied the
synthesis and catalytic activity of dendritic Au@Pt nanoparticles
toward the methanol oxidation reaction.”® In this example,
enhanced catalytic activity was partially attributed to low-
coordinated atoms on edges and kinks which could greatly
enhance the ability to break C-C bonds in methanol. These
examples illustrate that attachment synthesis of multicomponent
nanostructures provides new platforms for catalysis.

5. Summary and outlook

The study of oriented and misoriented attachment has attracted a
great deal of attention recently in the synthesis of metal
nanostructures where attractive dipole interactions, unless
induced in capping agents, cannot account for structure
formation. As we have highlighted, the main driving force for
particle-particle attachment of metals is reduction in surface
energy. Moreover, through the use of in situ liquid cell TEM, the
attachment angle of colliding particles has been identified as a
critical parameter that accounts for single-crystalline structures
at low contact angles and polycrystalline structures at high
angles.

This growth mechanism is enabling a range of metal
nanostructures to be achieved, including 1-D nanowires,
nanodendrites and nanobundles, dimers, and core@shell
structures. Often, these structures are accessed without using any
templates. From an application point of view, the synthesis of 1-
D and highly branched nanostructures is leading to highly active
materials for applications in catalysis. However, given the
diversity and complexity of structures that are possible by
attachment based growth, new opportunities in sensors, optics,
and energy conversion and storage systems may be possible.

Finally, with further development, this method could provide
a sustainable and more efficient route to structurally and
compositionally complex metal nanostructures. In general, three
components are required for the solution phase synthesis of metal
nanoparticles: solvent, reducing agent, and stabilizer/structure-
directing agent. Recent studies demonstrate attachment-based
growth of metal nanostructures in water as an alternative to
organic solvents. Moreover, bio-derived reducing agents such as
ascorbic acid and formic acid are often used, rather than sodium
borohydride or hydrazine. Lastly, as discussed in this review,
capping agents are effective in guiding attachment processes
through manipulation of surface energies. However, in contrast
to overgrowth by atomic addition in which surfactants have a
vital role, mechanistic studies reveal that attachment is less
dependent on stabilizers. Hence, surfactants may not be required
in all cases, and there are several reports of the surfactant-free
syntheses of nanostructures based on attachment-based
growth.>*79-81 Insight into the synthetic parameters that drive
particle attachment has been coming predominately from in situ
TEM studies of attachment mechanisms coupled with theoretical
modeling. However, because the electron beam can act as a
strong reducing agent, many synthetic conditions cannot be
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mimicked.” Monitoring coalescence and growth processes
spectroscopically or through liquid cell synchrotron scattering
methods should advance our understanding while maintaining
realistic synthetic conditions.51%¢ Better understanding of this
approach can pave the way for the cleaner and more sustainable
synthesis of metal nanoparticles.
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