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M etal nanocrystals with highly branched morphologies are an
exciting new class of nanomaterials owing to their unique structures,
physicochemical properties, and great potential as catalysts, sensing
materials, and building blocks for nanoscale devices. Various strategies
have recently been developed for the solution-phase synthesis of metal

nanocrystals with branched morphologies, such as multipods and
nanodendrites. In this Minireview, the procedures and mechanisms
underlying the formation of branched metal nanocrystals are
presented in parallel with recent advances in synthetic approaches

based on kinetically controlled overgrowth, aggregation-based growth,
heterogeneous seeded growth, selective etching, and template-directed
methods, as well as their properties for catalytic or electrocatalytic

applications.

1. Introduction

Controlling the morphology of a metal nanocrystal is
critical to modern materials chemistry because its physical
and chemical properties can be easily and widely tuned by
tailoring the size and shape. Combined with ease of
synthesis and processing, metal nanocrystals with designed
functions are promising candidates for a wide variety of
applications in catalysis,” sensing,””! imaging,* electronics,”!
photonics,® and medicine.” In most of these applications,
shape control of metal nanocrystals is essential to not only
maximize their performance but also fully exploit the
potential of these remarkable nanoscale materials.

Among various possible morphologies that can be taken
by a metal nanocrystal, multipods are of particular interest,
both from an academic point of view and for the potential use
as building blocks in the fabrication of complex nanoscale
devices. Multipods formed from type II-VI semiconductors,
such as CdSe, CdS, and CdTe, can be produced through crystal
phase control by utilizing their polytypism; that is, the
existence of different crystal structures in the same crystal.
For example, a CdTe tetrapod consists of a zinc blende core
(cubic crystal structure) and four wurtzite pods (hexagonal
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crystal structure).[g] However, nano-
crystals formed from noble metals that
crystallize only in a face-centered cu-
bic (fcc) structure have no intrinsic
driving force for growing into such
highly anisotropic nanostructures,
making the solution-phase synthesis
of metal multipods extremely chal-
lenging. Nanodendrites formed from metals are another class
of interesting nanostructures that are highly attractive for
catalytic’! or sensing-based applications."”!

During the past decade, shape-controlled synthesis of
colloidal metal nanocrystals in solution has advanced re-
markably,"' and it is now possible to generate highly
branched nanostructures, such as multipod and nanodenderite,
for various metals, including Pt,”' Pd,™¥) Au,['Y Ag 10151 and
Rh.'®1 Early syntheses of branched metal nanocrystals,
however, have been largely achieved empirically, and the
mechanisms responsible for anisotropic growth of multipods
or nanodendrites were not discovered and understood until
very recently. Rigorous understanding of growth mechanisms
involved in the solution-phased synthesis of branched metal
nanocrystals will enable us to design and generate more
complex nanostructures with novel catalytic, optical, and
electronic properties.

In this Minireview, we discuss how metal nanocrystals can
grow into highly branched morphologies, in parallel with
recent advances in synthetic approaches based on kinetically
controlled overgrowth, aggregation-based growth, heteroge-
neous seeded growth, selective etching, and template-direct-
ed methods (Figure 1). We focus only on systems where there
are already some reasonable understanding and experimental
evidence for the growth mechanisms. Finally, we deal with a
few examples to highlight the properties of branched metal
nanocrystals for catalytic and electrocatalytic applications.
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Figure 1. Various pathways that can lead to branched metal nano-
crystals: a) anisotropic overgrowth into a multipod (modified with
permission from Ref. [12h], copyright 2007 American Chemical Soci-
ety); b) aggregation-based growth into a nanodendrite; c) aggregation-
based growth in the presence of a foreign nanocrystal seed and
formation of a bimetallic nanodendrite; d) selective etching on the
faces and edges coupled with overgrowth along the corners (modified
with permission from Ref. [120], copyright 2009 American Chemical
Society); and e) selective etching on the corners and edges (modified
with permission from Ref. [15¢], copyright 2010 American Chemical
Society).

2. Multipods from Nanocrystal Overgrowth

In a solution-phase synthesis, nanocrystals of fcc metals
tend to take a polyhedral shape, such as a truncated
octahedron, cube, octahedron, icosahedron, and decahedron,
depending on the twin structure of the seed and the ratios
between growth rates of different crystallographic facets.!'!!]
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Compared to a polyhedral nanocrystal of the same volume, a
nanocrystal in a highly branched morphology such as a
multipod has a larger surface area and thus higher surface
energy. As a result, formation of multipod-shaped nano-
crystals is not favored in terms of thermodynamics and
requires growth under kinetic control. At low growth rates, a
nanocrystal may undergo a relaxation process during the
course of growth in which adatoms can migrate on the
nanocrystal surface to minimize the total surface energy,"”’
and accordingly a polyhedral nanocrystal covered by low-
index facets will be obtained. When the growth rate is
increased beyond the thermodynamically controlled regime,
anisotropic overgrowth can occur owing to a faster rate of
atomic addition than that of adatom diffusion, with high-
energy facets growing more quickly than low-energy facets.'¥!

Various approaches have been developed to achieve
anisotropic overgrowth of nanocrystal seeds into multipods.
For example, we have demonstrated a kinetically controlled,
polyol synthesis as an effective strategy for producing multi-
pod-shaped platinum nanocrystals.">! In this approach, iron-
(III) species, coupled with O, existing in the polyol process,
was employed as an etchant for platinum atoms to keep the
initial concentration of platinum seeds at an extremely low
level. By switching from air to a N, atmosphere, oxidative
etching was blocked so that the concentration of platinum
atoms abruptly increased to a high level. The generation of a
high concentration of platinum atoms at a low concentration
of platinum seeds accelerated the growth kinetics, leading to
the overgrowth of the seeds into multipods that contained
between two to six arms (Figure 2a).

Recently, Tilley and co-workers reported the synthesis of
multipod-shaped palladium nanocrystals (Figure 2b) by
room-temperature reduction of bis(acetonitrile) palladi-
um(IT) chloride under high-pressure H, in the presence of
oleylamine and oleic acid as co-surfactants."*! They moni-
tored the growth rate of palladium nanocrystals under
different reaction conditions and stages using the in situ
synchrotron X-ray diffraction technique, and confirmed the
formation of palladium multipods at high growth rates. As
expected, polyhedral nanocrystals with an icosahedral shape
were obtained at low growth rates. They also observed the
occurrence of secondary branching in random directions
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Figure 2. Various types of multipod-shaped metal nanocrystals: a) Pt
multipods prepared by manipulating the growth kinetics of a polyol
process (modified from Ref. [12¢]); b) Pd multipods prepared by room-
temperature reduction of bis(acetonitrile) palladium(ll) chloride under
3 bar H, in the presence of oleylamine and oleic acid as co-surfactants
(modified with permission from Ref. [13c], copyright 2010 American
Chemical Society); ¢) Au multipods prepared by room-temperature
reduction of HAuCl, in an aqueous solution with L-ascorbic acid as a
reducing agent in the presence of CTAB, a trace amount of pre-formed
Ag nanoplates, and NaOH (modified with permission from Ref. [14a],
copyright 2003 American Chemical Society); and d) planar Pt tripods
prepared by the reduction of [Pt(acac),] in diphenyl ether with 1-
adamantanecarboxylic acid and 1-hexadecylamine as capping agents
(modified with permission from Ref. [12h], copyright 2007 American
Chemical Society). All of the scale bars in the insets correspond to

10 nm.

during the growth of primary pods (Figure 2b, insets), which
can be attributed to an enhanced growth rate at the later
stages of the synthesis.

Multipods consisting of pods with high aspect ratios are
rarely observed for gold. This might be related to a high
diffusion coefficient for gold."”! Lowering the reaction
temperature may help decrease the tendency towards faceting
and thus encourage anisotropic overgrowth. Chen and co-
workers obtained a mixture of gold multipods with various
morphologies (Figure 2¢), such as monopod (25 %), bipod
(23 %), tripod (9 %), and tetrapod (3 %), from room-temper-
ature, aqueous-phase reduction of HAuCl, with L-ascorbic
acid as a reducing agent in the presence of a high concen-
tration of cetyltrimethylammonium bromide (CTAB) and a
trace amount of pre-formed silver nanoplates."*! Sodium
hydroxide was also used to accelerate the formation of gold
multipods. Monopods and bipods were recognized as the
intermediate products formed at different stages of pod
growth towards tripod and tetrapod structures. It was
suggested that the self-assembled structures of concentrated
CTAB might play an important role in the formation of
multipod shapes. In a related study, Schatz and co-workers
observed that the reaction was substantially accelerated when
both H,0, and sodium citrate were employed as co-reduc-
tants for room-temperature reduction of HAuCl, in an
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aqueous solution, and gold tripods could be obtained in 40—
50 % yields."*! Gold multipods have also been prepared using
a homogeneous seeded growth method.!"*! The synthesis was
conducted at room temperature by reducing HAuCl, with L-
ascorbic acid in the presence of CTAB and varying amounts
of pre-formed gold seeds, and multipod-shaped gold nano-
crystals were obtained (70% yield) only when a high
concentration ratio of gold(III) ions to gold seeds was used
to accelerate the growth kinetics.

In multipod formation, the twin structure of the seeds can
also play an important role in controlling the number and/or
symmetry of resultant pods. In an approach that is based on
the reduction of a [Pt(acac),] precursor in an organic medium,
Yang and co-workers obtained planar platinum tripods in
25% vyield (Figure 2d)."™ A detailed electron microscopy
study revealed that the tripods were formed by overgrowth
along the three corners of a triangular seed containing a single
{111} twin plane parallel to its top and bottom faces (Fig-
ure 2d, inset; see also Figure 1a). Other than the tripods,
monopods and bipods were also obtained in the same
synthesis, which were believed to grow from icosahedral or
decahedral seeds with multiple twin defects. Schatz and co-
workers also suggested the formation of their gold tripods by
overgrowth of triangular seeds that were found in the same
batch.['*"!

As can be seen in these examples, and especially for
platinum and palladium, multipods formed by the overgrowth
mechanism feature straight pods with high aspect ratios,
which could be a unique signature for differentiating between
them and other types of branched nanostructures formed by
either aggregation or etching (see Sections 3-5). However, by
far, most of the as-synthesized multipods were usually
mixtures of those with varying dimension and number of
pods and relatively low in terms of yield. A high level of
architectural control of metal multipods prepared in the
solution phase still remains a formidable challenge. To
accomplish this goal, both the growth kinetics and the twin
structures of the seeds should be more precisely controlled.
The selection of an appropriate capping or stabilizing agent
might also be one of the prerequisites for achieving a
multipod morphology, although the effect of capping on pod
growth is yet to be understood.

3. Dendritic Nanostructures from Aggregation-
Based Nanocrystal Growth

Recent experimental studies have shown that particle
coalescence or attachment can play an important role in
nanocrystal growth.'”?! Particle attachment is more com-
monly observed among small particles, because of both their
higher energy owing to a larger surface-to-volume ratio and of
a higher collision frequency associated with their greater
mobility. In aggregation-based nanocrystal growth, the re-
duction in surface energy is achieved by eliminating pairs of
surfaces, which provides a strong thermodynamic driving
force for particle attachment.?’*"]

If nanoparticles are allowed to diffuse by Brownian
motion, they are likely to aggregate in a diffusion-controlled
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manner, and accordingly dendritic growth can occur.”"! One
of the first computational works supporting the dendritic
growth by diffusion-limited aggregation (DLA) was reported
by Witten and Sander in 1981, who used a simple, square
lattice model in which randomly diffusing particles are added,
one at a time, to a growing aggregate of particles. They
confirmed the generation of a large aggregate characterized
by a randomly branching, open dendritic structure, as well as
structural self-similarity (Figure 3). In the case of DLA
model, the probability of finding a randomly diffusing particle
around the core is extremely low owing to the so-called
“screening effect” arising from the fact that the tips of most
advanced branches capture the incoming, randomly diffusing
particles most effectively.”!! It should be noted that a
diffusion-limited aggregate arises only when the concentra-
tion of particles is low so that the aggregation process is
governed by diffusion only.

Figure 3. A diffusion-limited aggregate consisting of 3600 particles on
a square lattice obtained by computer simulation (modified with
permission from Ref. [22], copyright 1981 American Physical Society).

Three-dimensional dendritic nanostructures have often
been observed in the synthesis of platinum nanocrystals that
involved the aqueous-phase reduction of a platinum salt
precursor, such as K,PtCl,, by L-ascorbic acid in the presence
of a polymeric stabilizer or surfactant, such as poly(vinyl
pyrrolidone) (PVP), Pluronic F127 block polymer, tetrade-
cyltrimethylammonium bromide, or sodium dodecyl sulfa-
te.22&mn] Tn most of these studies, a mechanism based on slow
nucleation and fast growth mediated by autocatalytic reduc-
tion™ has been proposed to explain the formation of
dendritic nanostructures. Our recent study, however, has
shown that this type of platinum nanostructures prepared
with L-ascorbic acid is indeed a result of self-aggregation of
initially formed, small platinum particles rather than over-
growth (Figure 4; see also Figure 1b).”*! As shown in Fig-
ure 4a, a large number of small platinum particles (less than
3nm in diameter) emerged at the very early stages of the
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Figure 4. a—d) Transmission electron microscopy (TEM) images show-
ing the morphological evolution of Pt nanodendrites. The reaction was
conducted by reducing K,PtCl, with L-ascorbic acid as a reducing agent
in water and in the presence of PVP as a stabilizer. Reaction time:

a) 1; b) 2; ¢) 5; and d) 10 min. e, f) High-resolution TEM (HRTEM)
images of small Pt aggregates obtained at 5 min into the reaction
(modified with permission from Ref. [24], copyright 2010 Springer).

synthesis along with some large particles with varying degrees
of aggregation. The number of small particles decreased with
prolonged reaction times (Figure 4b,c), and they eventually
disappeared completely, leaving behind platinum nanoden-
drites (Figure 4d), indicating that growth proceeded by
particle attachment. Small platinum aggregates composed of
a few particles exhibited an either linear or branched
structures (Figure 4e,f). Their lattice fringes are perfectly
aligned along the long axis, indicating that they were formed
by the oriented attachment mechanism.”” In the oriented
attachment process, adjacent particles self-organize so that
they share a common crystallographic orientation. However,
it was shown that the Pt nanodendrites have a polycrystalline
nature,>2¥ which can be attributed to the involvement of
twinning and/or imperfect oriented attachment characterized
by a small misorientation at the interface.”” Nanodendrites
with dense cores probably arise from the generation of a high
concentration of particles at the very early stages of the
synthesis, wherein particles may not follow the aggregation
process predicted by a simple DLA model. Formation of
dense cores by extensive self-aggregation could be avoided to
some extent by decreasing the concentration of a platinum
precursor involved in the synthesis.'? ™ Similar dendritic (or
foam-like) morphologies have also been observed for other
metals, such as Ni, Ru, and Rh, and their growth mechanism
was attributed to the DLA.
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4. Bimetallic Nanodendrites by Heterogeneous
Seeded Growth

Heterogeneous seeded growth has recently emerged as a
powerful tool for precisely controlling the morphology and
composition of bimetallic nanocrystals””! in which pre-formed
nanocrystals serve as seeds for further growth of another
metal with a different chemical identity. This approach has
also enabled the preparation of bimetallic nanocrystals with
highly branched morphologies, such as nanodendrites con-
sisting of branched arms formed from one metal supported on
the core of another metal. For example, Au-Pt bimetallic
nanodendrites have been synthesized by the reduction of
[Pt(acac),] in an organic medium such as an oleylamine/
diphenyl ether or oleylamine/decahydronaphthalene mixture
in the presence of gold nanocrystals as seeds.”*

Recently, we reported a simple, aqueous route to the
synthesis of bimetallic nanodendrites consisting of a dense
array of platinum branches on a palladium nanocrystal core
(Figure 5).”! In this new approach, truncated octahedral
nanocrystals of palladium with an average size of 9 nm were
used as seeds to direct the dendritic growth of platinum upon
the reduction of K,PtCl, by L-ascorbic acid in an aqueous
solution. The resultant Pd-Pt nanodendrites exhibited a three-
dimensional dendritic morphology, with platinum branches
being distributed over the entire surface of the palladium
seed. Another interesting feature of this unique nanostructure
is an epitaxial relationship between the palladium core and
the platinum branches (Figure 5d), which can be attributed to

Figure 5. Electron microscopy characterization of Pd-Pt bimetallic
nanodendrites synthesized by reducing K,PtCl, with L-ascorbic acid as
a reducing agent in the presence of truncated octahedral Pd seeds in
an aqueous solution: a) TEM; b) high-angle annular dark-field scan-
ning TEM; and ¢,d) HRTEM images (modified with permission from
Ref. [29], copyright 2009 American Association for the Advancement of
Science).

www.angewandte.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Y. Xia and B. Lim

the close lattice match between these two metals (Pd and Pt
have a lattice mismatch of only 0.77%). A similar structure
was also observed by Peng and Yang for Pd-Pt bimetallic
nanocrystals, in which [Pt(acac),] was reduced in an oleyl-
amine/diphenyl ether mixture containing palladium nano-
crystals as seeds."*"!

In our most recent study, it was found that both homoge-
neous and heterogeneous nucleation of platinum occurred at
the very early stages of the synthesis of the Pd-Pt nano-
dendrites and the growth of platinum branches proceeded by
attachment of small platinum particles that had been formed
by homogenous nucleation in the solution (Figure 6; see also
Figure 1¢).*"! These observations contradict the previously
suggested mechanisms that only consider heterogeneous
nucleation and subsequent growth by atomic addition®?”
and suggest that homogeneous nucleation and particle attach-
ment might also play important roles in heterogeneous
seeded growth of other types of bimetallic nanodendrites. It
is also worth pointing out that unlike the pure platinum
nanodendrites discussed in Section 3, the Pd-Pt nanoden-
drites exhibited a more open dendritic structure without
significant overlap between platinum branches despite the
fact that both nanostructures not only originated from the
same growth mechanism based on particle attachment but
also were prepared at the same concentration of the platinum
precursor.’**! The truncated octahedral palladium seeds
seem to play a pivotal role in initiating and maintaining an

Figure 6. a—d) TEM images showing the morphological evolution of
the Pd-Pt nanodendrites shown in Figure 5. Reaction time: a) 1; b) 2;
c) 5; and d) 10 min. e, f) HRTEM images taken from the sample
shown in (a): e) a Pd-Pt particle containing Pt bumps formed by
heterogeneous nucleation and f) small Pt particles formed by homoge-
neous nucleation in the solution (modified with permission from

Ref. [24], copyright 2010 Springer).
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open dendritic structure by providing multiple sites for
particle attachment that are spatially separated from each
other, making it possible to avoid overlap and fusion between
the growing platinum branches. This synthetic strategy based
on heterogeneous seeded growth could be extended to
produce dendritic metal nanostructures with a number of
branching generations and/or variations in the composition
whilst maintaining a highly open structure.

5. Branching via Selective Etching

Corrosion is a familiar and common phenomenon in
nature, and may take place in many different forms, such as
etching, pitting, galvanic replacement, and dealloying."!
Although corrosion is generally undesirable, it can be
exploited as a versatile route to metal nanostructures with
unconventional morphologies. As mentioned in Section 2, if a
nanocrystal synthesis is conducted in air in the presence of
ligands such as halide ions or iron(IIl) species, oxidative
etching can occur during the synthesis.l'! In previous studies
on the shape-controlled synthesis of metal nanocrystals,
etching has been utilized to control the crystallinity of
seeds,* generate hollow structures™ and truncate sharp
corners.’¥ Recently, etching has also proven to be an
extremely powerful method for transforming polyhedral
metal nanocrystals into highly branched structures.

In a recent study, Tilley and co-workers observed the
successive transformation of nanocubes into octapod-like
structures and then highly branched structures during the
synthesis of platinum nanocrystals that involved [Pt(acac),] as
a platinum precursor and a mixture of toluene and oleylamine
as the medium (Figure 7).**! This morphological transforma-

Figure 7. TEM images showing the morphological transformation of Pt
nanocubes into branched structures by selective etching on the faces
and edges of the nanocubes coupled with an overgrowth process. The
reaction was conducted at a high concentration of [Pt(acac),] in a
mixture of toluene and oleylamine. Reaction time: a) 75; b) 120;

c) 240; and d) 500 min (modified with permission from Ref. [120],
copyright 2009 American Chemical Society).
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tion was brought about by selective etching on the faces and
edges of the nanocubes combined with an overgrowth process
that occurred simultaneously and at comparable rates (see
Figure 1d). Interestingly, etching was observed only in the
reaction conducted at a high concentration of [Pt(acac),]. As
no halide ions or O, was present in the reaction system, the
authors suggested that the etchant originated from the
acetylacetonate precursor or a by-product of acetylacetonate.
Referring to the previous studies by Masel and co-workers,"”!
the authors further suggested that an enol form of acetyl-
acetone might serve as the etchant through a chelation
process.

An interesting approach for multipod-shaped silver nano-
crystals was recently reported by Yang and co-workers, who
added an appropriate wet etchant to a suspension of the as-
prepared octahedral silver nanocrystals.'>*l When exposed to
an NH,OH/H,O,/CrO; mixture with a relatively strong
etching power, the silver octahedrons transformed into cubes
with slightly rough surfaces, indicating that the corners of the
octahedron were etched to the {100} faces of a cube. The use
of an NH,OH/H,0, mixture as a relatively weak etchant
made it possible to selectively etch the corners and edges of
the octahedrons, resulting in the formation of octapod-shaped
nanocrystals with the same symmetry of the starting octahe-
drons (Figure 8; see also Figure 1e). As the authors men-

500 nm

Figure 8. SEM images showing the etching progress of octahedral Ag
nanocrystals: a) Ag octahedrons used as the starting material, and b—
d) Ag nanocrystals obtained by exposing the octahedrons to increasing
concentrations of NH,OH/H,0, etchant (modified with permission
from Ref. [15€], copyright 2010 American Chemical Society).

tioned, the key to obtaining nanocrystals with a desired
morphology was to choose an etchant with an appropriate
strength: an etchant that is too strong may lead to isotropic
etching, whereas an etchant that is too weak may not be able
to react with the surface of a nanocrystal in the presence of
capping agents.
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6. Branched Nanocrystals from Template-Directed
Synthesis

Template-directed synthesis has been widely used to
generate inorganic nanostructures in high yields.** In gen-
eral, the template serves as a scaffold, within (or around)
which a different material is added (or produced in situ) and
shaped into a nanostructure with its shape or morphology
complementary to that of the template. Recently, we pre-
sented a template-directed method for generating gold multi-
pods (Figure 9a).*7 In this approach, a three-dimensionally
porous lattice consisting of uniform iron nanoparticles that
were self-assembled on a magnetic stirrer bar served as a
template (Figure 9b). This unique template not only partici-
pated in the chemical reaction but also spontaneously fell
apart at a certain point to release the products. Upon addition
of AuCl, a galvanic replacement reaction took place between
iron and gold(I), leading to the formation of highly branched
gold nanostructures in the void space of the template
(Figure 9c¢). During the reaction, both the volume expansion

a) ) a
[] ° ®
aggregate of ce .. .
Fe nanoparticles . .'r%::
® L
+ oA o2 £ s oo
A « 8% 02
£ x D a.’-"?c?- .o
4 ° & .?‘
Au multipods

— 50 nm

Figure 9. a) Formation of Au multipods by templating against a self-
destructive lattice of Fe nanoparticles: 1) Au nucleates in the voids of
aggregated Fe nanoparticles through a replacement reaction between
Fe and Au'; 2) Au evolves into multipods; and 3) Au multipods are
harvested and purified by dissolving the remaining Fe nanoparticles
with H,SO,. TEM images of b) Fe nanoparticles, c) the sample
obtained after adding a Au precursor, d) completely disassembled Fe
nanoparticles and Au multipods, and e) Au multipods after removing
the remaining Fe (modified from Ref. [14f]).
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associated with Au/Fe replacement and the consumption of
iron gradually weakened the attraction between the iron
nanoparticles, and eventually the lattice of iron nanoparticles
spontaneously fell apart to automatically release the gold
multipods (Figure 9d). The remaining iron nanoparticles
could be readily removed by washing the samples with an
acid such as H,SO, or HNO; to dissolve the unreacted iron.
The as-obtained gold multipods were mainly composed of
branched arms as shown in Figure 9e. Compared to the
traditional template-directed methods, this approach is char-
acterized by a number of distinctive features: 1) the system
works on a scale almost 100 times smaller than those based on
latex spheres to produce inverse opals; 2) the template itself is
also directly involved in the reaction; 3)the template
spontaneously disassembles during the synthesis; and 4) the
final product has a highly branched morphology. This strategy
can potentially be extended to other metal systems.

7. Catalytic Properties and Applications

Catalysis has long relied on noble metal nanocrystals for a
wide variety of chemical and electrochemical reactions.”
Noble metal nanocrystals with highly branched structures
are of particular interest for catalysis, as they generally exhibit
a reasonably large specific surface area and a high specific
activity (that is, activity per unit surface area) owing to high
densities of edges, corners, and stepped atoms present on their
branches. In a number of studies, branched metal nanocrystals
have shown great promise for use as catalysts or electro-
catalysts with substantially enhanced activity.!'24-14¢:2428-30] For
instance, El-Sayed and co-workers investigated the catalytic
properties of multi-armed platinum nanocrystals prepared
using tetrahedral platinum nanocrystals as seeds for the
electron-transfer reaction between hexacyanoferrate(IIl) and
thiosulfate.'™ These multi-armed platinum nanocrystals
could lower the activation energy of the reaction by 1.6 times
as compared to the tetrahedral nanocrystals thanks to the
presence of more edges and corners as well as high-index
facets on the arms. Sun and co-workers have recently shown
that star-shaped gold nanocrystals, prepared by the reduction
of HAuCl, with L-ascorbic acid in a deep eutectic solvent,
exhibited a much higher specific activity towards the electro-
catalytic reduction of H,O, than a polycrystalline gold
electrode. This higher activity was attributed to the high
density of stepped atoms on the surface.l'*!

Proton-exchange membrane (PEM) fuel cells hold great
potential for a variety of applications, including powering
transportation vehicles, portable electronic devices, and on-
site power generation.”” However, the sluggish kinetics of the
oxygen reduction reaction (ORR) at the cathode of a PEM
fuel cell has been identified as one of the main limitations for
commercialization.”® In recent studies, we applied the Pd-Pt
bimetallic nanodendrites (discussed in Section 4) as a novel
class of electrocatalysts for PEM fuel cell applications.**?" In
an initial study,® it was found that the Pd-Pt nanodendrites
had a specific electrochemically active surface area (ECSA)
of 57.1 m’gp, ! on the basis of the platinum mass, which was
77% of the commercial Pt/C catalyst (74.0 m?gp ") and three
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times that of the commercial platinum-black catalyst
(19.1 m?gp, "), demonstrating that the highly branched struc-
ture of the Pd-Pt nanodendrites provided a reasonably high
surface area despite their relatively large overall particle size.
At room temperature and 0.9 V versus a reversible hydrogen
electrode (RHE), the Pd-Pt nanodendrites were two and a
half times more active on the basis of equivalent platinum
mass for the ORR than the Pt/C catalyst and five times more
active than the platinum-black catalyst (Figure 10a,b). In
addition to the mass activity, the Pd-Pt nanodendrites also
exhibited a specific activity of 3.1 to 3.4 times that of the Pt/C
catalyst and 1.7 to 2.0 times that of the platinum-black catalyst
depending on the temperature, indicating the accelerated
ORR kinetics on the surfaces of the Pd-Pt nanodendrites. The
higher ORR activity of the Pd-Pt nanodendrites was attrib-
uted to the reasonably high surface area intrinsic to the
dendritic morphology and the preferential exposure of
particularly active facets, such as {111}, {110}, and {311},
towards ORR on the palladium-supported platinum branch-
es. In a subsequent study,?" the specific ECSA of the Pd-Pt
nanodendrites was found to be almost twice that of the pure
platinum nanodendrites (28.8 m? gy "), discussed in Section 3,
demonstrating that the open dendritic structure enabled a
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Figure 10. a,b) Comparison of electrocatalytic properties of the Pd/Pt
nanodendrites (shown in Figure 5; red lines and bars), Pt/C catalyst
(E-TEK, 20% by weight of 3.2 nm Pt nanoparticles on carbon support;
black lines and bars), and Pt black (Aldrich, fuel-cell grade; green lines
and bars) for the ORR: a) ORR polarization curves recorded at room
temperature (solid lines) and 60°C (dashed lines) in O,-saturated

0.1 ™M HCIOQ, solutions and b) mass activities at 0.9 V versus RHE
(modified with permission from Ref. [29], copyright 2009 American
Association for the Advancement of Science). ¢,d) Comparison of
electrocatalytic properties of the Pd/Pt nanodendrites (red lines) and
the Pt nanodendrites (black lines), shown in Figure 4d, for the formic
acid oxidation reaction: c) CV curves recorded at room temperature in
0.25mM HCOOH + 0.5 M H,SO, solutions and d) mass activities (modi-
fied with permission from Ref. [24], copyright 2010 Springer). For the
Pd/Pt nanodendrites, Pt nanodendrites, and Pt/C catalyst, the metal
loading on a glassy carbon electrode was 15.3 ugcm™2, whereas the
metal loading was 40.8 pgcm ™ for the Pt-black catalyst. In (b) and
(d), both the Pt mass and (Pd+ Pt) mass activities are shown for the
Pd/Pt nanodendrites.
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higher surface area. It was also found that the Pd-Pt nano-
dendrites were up to three times more active on the basis of
equivalent platinum mass for the ORR and up to two times
more active for the oxidation of formic acid (Figure 10¢,d) as
compared to the platinum nanodendrites. These results
suggest that a synthetic methodology based on heterogeneous
seeded growth provides a more efficient way for generating
platinum-based electrocatalysts with improved activities.
Very recently, Wang and co-workers successfully prepared
Pd-Pt bimetallic nanodendrites supported on graphene nano-
sheets by growing platinum branches directly on the gra-
phene-supported palladium nanocrystal seeds, with their mass
activity for the methanol oxidation reaction being about 3.0
and 9.5 times greater than that of the commercial Pt/C and
platinum-black catalysts, respectively.””)

From the results discussed in this section, it is clear that
metal nanocrystals with highly branched morphologies hold
great potential for both catalytic or electrocatalytic applica-
tions. However, several issues regarding catalyst stability and
large-scale production still need to be addressed before such
branched metal nanocrystals can be commercialized as
industrial catalysts.

8. Summary and Outlook

Recent years have witnessed rapid and significant prog-
ress in the shape-controlled synthesis of metal nanocrystals.
However, the controlled synthesis and the applications of
branched metal nanocrystals are still at the infancy stage
compared to those of nanocrystals with conventional shapes
such as polyhedrons. The synthesis of branched metal nano-
crystals is of great importance not only from an academic
point of view but also for the development of next-generation
catalysts with substantially enhanced performance for a wide
variety of chemical and electrochemical reactions. It is
reasonable to expect that branched metal nanocrystals may
also find use in many applications beyond catalysis, such as
sensing, imaging, and nanoscale fabrication.

In this Minireview, we divided the strategies for the
synthesis of branched metal nanocrystals into five categories:
1) kinetically controlled overgrowth; 2) aggregation-based
growth; 3) heterogeneous seeded growth; 4) selective etch-
ing; and 5) the template-directed method. These methods
could serve as the common strategies for preparation of
branched metal nanocrystals. When these strategies were
discussed, we only focused on a limited number of examples
recently reported in the literature. It is worth noting that most
of these strategies could be modified and further extended to
different metal systems.

Deeper insights into growth mechanisms for branched
metal nanocrystals will help determine the optimal conditions
necessary to obtain the product in a controllable and
reproducible manner and design more complex metal nano-
structures. There is no doubt that the field of synthesis and
application of branched metal nanocrystals will keep moving
forward as better understanding of their growth mechanisms
and properties are achieved.
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