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1. Introduction

The properties of a nanocrystal are determined by a set of
parameters, such as composition, size, shape, morphology, and
structure (solid versus hollow).[1–3] By tuning these parame-
ters, the properties of a nanocrystal-based material can, in
principle, be tailored to enhance its performance in a specific
application. In recent years, shape control has received the
greatest attention in exploration of nanocrystals made of
noble metals (as well as many other types of inorganic
materials). Controlling the shape of a nanocrystal may
initially seem like a scientific curiosity, but its impact goes
far beyond aesthetic appeal. For example, the shape of a Ag
or Au nanocrystal determines its localized surface plasmon
resonance (LSPR) properties and its merit in applications
such as surface-enhanced Raman scattering (SERS).[4] The
shape also controls the facet(s) and thus surface structure(s)
of a metal nanocrystal, as well as the fractions of atoms at
corners and edges.[5, 6] All of these features are essential to
applications in heterogeneous catalysis. Thanks to the efforts
from many research groups, a large number of different
shapes have now been reported for metal nanocrystals, with
notable examples including cube, octahedron, tetrahedron,
cuboctahedron, decahedron, icosahedron, bipyramid, plate,
disk, bar, rod, and wire.[7, 8] As a major limitation, all these
nanocrystals are polyhedrons encased by convex surfaces.

Compared to the enormous success for shape-controlled
synthesis of nanocrystals with convex surfaces, synthesis of
nanocrystals with a concave surface is still in a very early stage
of development. A concave structure suggests curving in or
hollowed inward from the surface and thus presence of
regions with negative curvature. For a two-dimensional
system, a concave structure can be defined as a polygon
that has at least one an interior angle that is greater than 180
degrees. The same concept can be extended to a three-

dimensional system by focusing on the cross-sections. In
general, high-index facets other than {100}, {110}, and {111}
are involved in the construction of a concave surface. Owing
to the high-index facets and negative curvature, nanocrystals
with concave surfaces are expected to show unexplored or
substantially enhanced properties relative to their convex
counterparts.[9–12] The high-index facets, for example, have
been shown with significantly enhanced activity for a number
of catalysts based on noble metals owning to the presence of
atomic steps and kinks with low coordination numbers in high
densities.[13, 14] It should be pointed out that nanostructures
with branched arms on the surface naturally have concave
regions on the surface.[15] Here we limit our discussion to
single-crystal systems where the branched arms are epitaxially
grown from different facets of the polyhedral cores.

In recent years, a large number of synthetic methods have
been developed for generating concave nanocrystals of noble
metals, including Ag, Au, Pd, Pt, Rh, as well as their bimetallic
combinations. These methods can be divided into two
complementary strategies: site-specific dissolution and direc-
tionally controlled overgrowth. When dissolution occurs on
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the surface of a nanocrystal in an inhomogeneous pattern, the
region experiencing faster dissolution will evolve into a con-
cave structure. As for overgrowth, it is impossible to generate
a concave structure from the perspective of thermodynamics.
The Gibbs free energy of a concave region is always lower
than that of a flat or convex region, resulting in preferential or
faster growth for the concave region and thus elimination of
a concave structure to help minimize the total surface
energy.[16] In this case, the use of a capping agent, a template,
and/or kinetic control has to be relied upon to generate
nanocrystals with concave surfaces.

In this Review, we begin with a brief discussion on the
types of possible concave nanocrystals that can be obtained
using approaches based on dissolution and overgrowth. We
then examine recent progress in the experimental implemen-
tation of these synthetic approaches, with a focus on the
following methods: site-specific etching, galvanic replace-
ment, facet-selective capping, kinetically-controlled over-
growth, and template-directed epitaxy. Finally, we present
a few examples to show some of the unique and key
properties of metal nanocrystals with concave surfaces for
applications in both catalysis and electrocatalysis.

2. Two Different Synthetic Approaches to Concave
Nanocrystals

Dissolution and overgrowth are two complementary
approaches to the synthesis of nanocrystals with concave
surfaces. For the purpose of simplicity, both approaches can
be considered to start from a convex nanocrystal encased by
a set of low-index facets, such as {100}, {110}, and {111}. The
difference in dissolution or overgrowth rates for different
crystallographic planes plays an important role in determining
the final shape or morphology taken by the product. As
noble-metal nanocrystals are typically synthesized in air and
the reaction solutions often contain halide ions, such as Cl�

and Br� , nanocrystals with twin defects (for example,
bipyramids, decahedrons, and icosahedrons) can hardly
survive owing to the involvement of oxidative etching
caused by the halide ions and O2.

[17–19] As such, we only

focus on the formation of possible concave nanocrystals from
single-crystal polyhedrons, such as cube, octahedron, and
tetrahedron, that are slightly truncated at corners and there-
fore enclosed by a mix of {100} and {111} facets. These
polyhedral nanocrystals can serve as templates for site-
specific dissolution or as seeds for overgrowth to generate
nanocrystals with concave structures on the surface.

The shape or morphology taken by the product evolving
from a convex polyhedron is determined by the difference in
dissolution or growth rates of three crystallographic planes:
{100}, {110}, and {111}. There are seven different combinations
for these dissolution or growth rates, with the following
facet(s) being in dominance: {100}, {110}, {111}, {100} + {110},
{100} + {111}, {110} + {111}, and {100} + {110} + {111}. In prac-
tice, only four of these combinations—{100}, {111}, {100} +

{110}, and {110} + {111}—will lead to the formation of nano-
crystals with concave surfaces. The other three will be either
too difficult to achieve experimentally or will result in the
formation of nanocrystals with convex surfaces.

Table 1 shows the possible concave nanocrystals that
could be prepared by site-specific dissolution. Starting from
a cubic nanocrystal with slight truncation at corners, a concave
cube could be obtained by preferentially forming pits on all of
the six {100} faces. The preferential pitting may also take place
at the eight corner sites or {111} faces, leading to the
formation of a concave cuboctahedron with a large portion
of {100} facets. Octapods and hexapods with concave surfaces
will be formed if pitting occurs preferentially on {100} + {110}
and {110} + {111} facets, respectively. Compared to a truncated
cube, a truncated octahedron shares the same symmetry,
although they have different ratios between the areas of {100}
and {111} facets. As a result, the concave nanocrystals derived
from a truncated octahedron should resemble those derived
from a truncated cube, except for the difference in the
proportion of various facets exposed on the surface. In
contrast, a truncated tetrahedron can evolve into different
shapes through selective dissolution. In this case, a truncated
tetrahedron can be excavated on the {111} faces, resulting in
the formation of a concave tetrahedron. Furthermore,
a tetrapod with a concave surface will be generated by
selective dissolution on both {100} and {110} facets.
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The two approaches based on overgrowth and dissolution
should have similar outcomes except for the types of facets
involved owing to a complementary relationship. As such, all
the concave nanocrystals formed through dissolution can also

be produced by overgrowth by manipulating the growth rates
of different planes (Table 2). For instance, a concave cube can
be obtained through preferential overgrowth on both {110}
and {111} facets, corresponding to selective dissolution on
{100} facets. In general, concave nanocrystals prepared using
a dissolution-based method are made of structures with
a rounded profile rather than faceted structures typical of an
overgrowth process, resulting in the formation of concave
nanocrystals with the same symmetry but different shapes or
morphologies. For example, when slightly truncated cubes or
octahedrons were used as templates for site-specific dissolu-
tion on {100} and {110} facets, concave octapods with arms in
a rounded profile were obtained.[20] In comparison, prefer-
ential overgrowth on {111} facets resulted in the formation of
concave octapods with a polyhedral structure, known as
concave trisoctahedrons, when the same cubes or octahedrons
were used as seeds.[21]

The past several years have witnessed rapid and signifi-
cant progress in the synthesis of noble-metal nanocrystals
with concave surfaces. Table 3 shows a summary of such
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Table 1: Possible concave nanocrystals that could be synthesized by site-
specific dissolution of cubes, octahedrons, and tetrahedrons (all of them
have slight truncation at corners).

Dissolution
sites

Cubes Octahedrons Tetrahedrons

h100i

concave cubes concave truncated
octahedron

h111i

concave
cuboctahedron

concave
octahedron

concave
tetrahedron

h100i+ h110i

octapod octapod tetrapod

h110i+ h111i

hexapod hexapod

Table 2: Possible concave structures that could be obtained by seeded
overgrowth along specific directions on different types of seeds: cubes,
octahedrons, and tetrahedrons with slight truncation at corners.

Overgrowth
Directions

Cubes Octahedrons Tetrahedrons

h100i

hexapod hexapod

h111i

octapod trisoctahedron tetrapod

h100i+ h110i

concave
cuboctahedron

concave
octahedron

concave
tetrahedron

h110i+ h111i

concave cube concave truncated
octahedron
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Table 3: Summary of concave nanocrystals that have been successfully synthesized using site-specific etching, galvanic replacement, facet-selective
capping, kinetically-controlled overgrowth, and template-directed epitaxy for a number of noble metals, including Ag, Au, Pd, Pt, and Rh, as well as
their bimetallic combinations.

Metal Approach Concave nanocrystals References

Ag site-specific etching [20]

Ag kinetically controlled overgrowth [21]

Au facet-selective capping [22–24]

Au kinetically controlled overgrowth [25]

Pd site-specific etching [26]

Pd facet-selective capping [27]

Pd kinetically controlled overgrowth [28]

Pt site-specific etching [29,30]

Pt facet-selective capping [31]

Pt kinetically controlled overgrowth [32,33]

Rh kinetically controlled overgrowth [34]
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concave nanocrystals made of Ag, Au, Pd, Pt, and Rh, as well
as their bimetallic combinations. In the following sections, we
will discuss how these concave nanocrystals have been
prepared experimentally, with an emphasis on mechanistic
understanding and possible control. This discussion is also
expected to shed light on the synthesis of concave nano-
crystals made of other metals and even other types of
inorganic materials.

3. Concave Nanocrystals by Site-Specific Dissolution

The dissolution of a metal is also widely known as
corrosion, which is a common phenomenon that can lead to
surface degradation and structure failure.[40] Corrosion may
take place in many different forms, such as pitting, etching,
galvanic replacement, and dealloying. It typically involves
electrochemical reactions between the metal and its sur-
roundings, and is governed by a set of parameters, such as
redox potential, pH value, temperature, and ionic species. In
general, corrosion is not a desirable process because of its
damage to a surface or material. However, the concept of
corrosion can be exploited to facilitate the formation of
nanocrystals with a variety of controlled shapes. For example,
we and other groups have demonstrated a simple and
effective strategy for controlling the morphology of metal
nanocrystals by introducing an oxidative etchant based on
Cl�/O2,

[17–19] FeII/FeIII,[41] or CuI/CuII into the reaction solu-
tion.[42] Owing to the involvement of oxidative etching, any
seed with twin defects will be preferentially oxidized back to
the ionic form during a synthesis. As such, the proportions of
single-crystal and twinned seeds can be altered in a control-

lable fashion to manipulate the shape taken by the nano-
crystals. Most recently, corrosion was also demonstrated as
a powerful method for transforming convex nanocrystals into
concave nanocrystals through site-specific etching or galvanic
replacement.

3.1. Site-Specific Etching

The formation of a concave nanocrystal through site-
specific etching relies on a localized dissolution process in
which certain regions on the surface of a template are
preferentially attacked by choosing a proper etchant. To this
end, we have shown that such selective etching could be used
to induce morphological evolution for Pd nanocrystals from
solid nanocubes to nanocubes with pits on the surfaces and
then nanocages with hollow interiors and porous walls. The
key was to conduct the chemical synthesis in a mixture of
ethylene glycol, water, and poly(vinyl pyrrolidone) (PVP),
with Na2[PdCl4] serving as a precursor to elemental Pd.[26] The
oxidative etching caused by Cl�/O2 played a pivotal role in the
initiation of pitting on the surface of the Pd nanocube. The
presence of a small amount of water greatly enhanced the rate
of oxidative etching. The PVP was also found to play a critical
role in the formation of Pd nanocrystals with concave
structures on the surfaces by passivating the surface to
ensure a pitting mechanism.

In a recent study, Tilley and co-workers observed a mor-
phological transition from cube to concave octapod with Oh

symmetry, and then highly branched structures during the
synthesis of Pt nanocrystals that involved the decomposition
of Pt(acac)2 under hydrogen in a mixture of toluene and

Table 3: (Continued)

Metal Approach Concave nanocrystals References

Au/Pd kinetically controlled overgrowth [35,36]

Au/Pd template-directed epitaxial deposition [37,38]

Pd/Pt galvanic replacement [39]

Pt/Rh kinetically controlled overgrowth [34]
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oleylamine.[29,30] Figure 1 shows TEM images taken from
products sampled at different stages of a synthesis, indicating
that the different morphologies were formed by selective
dissolution of Pt atoms from {100} facets in conjunction with
the deposition of newly formed Pt atoms on {111} facets. Both
etching and growth occurred simultaneously and at compa-
rable rates. The Pt octapods with concave facets could be
easily obtained by quenching the reaction at an appropriate
stage. Interestingly, the selective etching was only observed in
a synthesis conducted at a relatively high concentration of
Pt(acac)2. As no halide ions were involved in this reaction, the
authors believed that the etchant might have originated from
acetylacetonate or a byproduct of acetylacetonate during the
reaction. Based on the results of an earlier study reported by
Masel and co-workers,[43] the authors suggested that an enol
form of acetylacetone might act as a coordination ligand
through chelation.

Noble-metal nanocrystals with concave surfaces have also
been obtained by intentionally adding an appropriate etchant.
To this end, Yang and co-workers reported an etching process
for Ag octahedrons and were able to control the morphology
of the resultant nanocrystals by manipulating the composition
and/or concentration of the etchant.[20] For example, when
subjected to an etchant consisting of NH4OH, H2O2, CrO3,
and HCl, Ag octahedrons were successively transformed into
truncated structures with pits at edges and then cubic hollow
structures as the etchant was increased in concentration. This
observation indicates a reversal of the reaction kinetics
associated with the original overgrowth process, where
{100}-bound cubes grew to become {111}-bound octahedrons
with a ratio of 1.73 for the growth rates along the h100i and
h111i directions. To selectively etch the corners and edges of
the Ag octahedrons while keeping their {111} facets free from
attack, a mixture of NH4OH and H2O2 with a relatively weak
etching power was employed as an etchant. Furthermore,
localized etching at corners and edges was enhanced by using
a highly concentrated etchant, resulting in concave structures

and eventually octapods with symmetry similar to the starting
octahedrons. As the authors discussed, the key to obtaining
Ag nanocrystals with a desirable concave morphology was to
choose an etchant with an appropriate etching power: an
etchant that is too strong may lead to isotropic etching,
whereas an etchant that is too weak may not be able to attack
the surface of a nanocrystal in the presence of capping
agent(s).

As a wet-chemistry approach, site-specific etching is well-
suited for the production of concave nanocrystals in large
quantities. The key to obtaining concave nanocrystals with the
desired morphology is the selection of an etchant with the
right anisotropy in reactivity and the use of sacrificial
nanocrystals with matched facets on the surface. In general,
the approach based on selective etching can be further
extended to generate nanocrystals with concave surfaces and
very complex morphologies.

3.2. Site-Specific Galvanic Replacement

As an approach based on corrosion, galvanic replacement
represents a remarkably simple and versatile route to the
synthesis of nanostructures with both hollow interiors and
concave surfaces. Galvanic replacement is driven by the
difference in electrochemical redox potential between a sac-
rificial template and the metal ions in a solution. The process
can be described as the oxidation and dissolution of the
template accompanied by the reduction of ions of a less-
reactive metal and deposition of the resultant atoms on the
surface of the template. The size and morphology of the final
product can be varied by using sacrificial templates with
different sizes and shapes or by controlling the extent of
replacement.

As demonstrated in our early work, the galvanic replace-
ment reaction could be exploited to prepare noble-metal
nanoboxes and nanocages with tunable plasmonic proper-
ties.[44, 45] For example, Au nanocages were generated by
galvanic replacement between Ag nanocubes with truncated
corners and H[AuCl4] in an aqueous solution.[44] The reaction
started simultaneously from all corners of a truncated Ag
nanocube, while the newly formed Au atoms were mainly
deposited on the six side faces owing to the selective
passivation of {100} facets by PVP. Concurrent with the
deposition of Au, Ag was oxidized and removed from the
interior to produce hollow and eventually porous structures
(that is, nanocages) by alloying and dealloying. Continuous
addition of HAuCl4 eventually led to the formation of
nanoframes, and finally fragmentation of the highly porous
structures. Furthermore, Ag nanocrystals in other shapes,
including nanocubes with sharp corners, nanospheres, nano-
rods, nanowires, and multiply twinned nanoparticles, have
also been used with AuIII or AuI, PtIV or PtII, and PdII salt
precursors to generate bimetallic nanostructures in the form
of box, cage, frame, shell, rattle, and tube.[45] As this work on
galvanic replacement has been thoroughly reviewed in several
articles,[44, 45] here we only concentrate on recent progress in
galvanic replacement for the synthesis of noble-metal nano-
crystals with concave surfaces.

Figure 1. TEM images of Pt nanocrystals obtained at different stages
of a synthesis, showing the formation of concave nanocubes and then
branched structures owing to selective etching on the side faces and
then edges of the nanocubes in conjunction with an overgrowth
process: a) 75, b) 120, c) 240, and d) 500 min. (Modified with permis-
sion from Ref. [30], copyright 2009 American Chemical Society.)
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In contrast to the formation of a Au nanocage through
galvanic replacement that starts from the corners of a Ag
nanocube, excavating a cube from the center of each side face
will result in the formation of a concave nanocube. Most
recently, we have demonstrated the synthesis of Pd-Pt
nanocrystals with concave surfaces through galvanic replace-
ment between Pd nanocubes and [PtCl6]

2� in the presence of
Br� .[39] Products sampled at different reaction stages revealed
a transition in morphology from nanocube to concave nano-
cube, and then octapod with enlarged bumps at the tips during
the galvanic replacement (Figure 2). In this case, the Pd atoms

on the {100} facts were preferentially oxidized and dissolved
by reacting with PtBr6

2� (a product of the reaction between
PtCl6

2� and Br� due to ligand exchange). The resultant Pt
atoms were subsequently deposited at the corner sites of a Pd
nanocube. This observation was in contrast to what was
observed in the galvanic replacement between Ag nanocubes
with truncated corners and H[AuCl4].[44] As the galvanic
reaction was continued, the Pd{100} facets were gradually
removed together with the deposition of more Pt atoms at the
corner sites, resulting in the formation of Pd-Pt concave
nanocubes. The continuous deposition of newly formed Pt
atoms at sites close to the corners of a Pd template eventually
led to the formation of an octapod with a concave surface
characterized by slightly elongated arms with enlarged bumps
at the tips. By varying the amount of H2[PtCl6], we could
easily control the extent of galvanic replacement between Pd
nanocubes and [PtCl6]

2� ions to selectively obtain cubes with
shallow pits on the side faces, concave cubes, and octapods.

The size and shape of the Pd-Pt concave nanocrystals could
also be controlled by simply using Pd nanocrystals with
different sizes and/or shapes as the templates.

From the viewpoint of electrochemical potential, the
galvanic replacement between Pd and [PtCl6]

2� should be able
to occur spontaneously. However, no obvious sign of galvanic
replacement between Pd nanocrystals and H2[PtCl6] was
observed when they were mixed. We have shown that the
addition of Br� ions could promote the galvanic replacement
between Pd nanocubes and [PtCl6]

2� or more appropriately,
[PtBr6]

2�. The Br�-induced replacement reaction showed high
selectivity toward the Pd{100} facets, resulting in the forma-
tion Pd-Pt concave nanocubes and octapods. We believe that
the preferential adsorption of Br� ions on the Pd{100} facets
and their strong coordination with Pt4+ ions are responsible
for the localized, site-specific galvanic replacement.

4. Concave Nanocrystals by Directionally Controlled
Overgrowth

Seeded growth, in which newly formed atoms are added
onto the surface of preformed seeds, offers a simple, versatile,
and powerful approach to the synthesis of nanocrystals with
controlled compositions and shapes. In general, the final
products tend to take polyhedral shapes with convex surfaces,
such as cuboctahedrons, cubes, octahedrons, icosahedrons,
and decahedrons, depending on the number of twin defects in
the seeds and the ratio of growth rates along h111i and h100i
directions. Formation of a concave structure on the seed is not
favored in terms of thermodynamics, which can be under-
stood from the concept of chemical potential (defined as the
Gibbs free energy per atom). The difference of chemical
potential for an atom on a curved surface with respect to a flat
surface is given by the Gibbs–Thomson equation:[46]

Dm ¼ 2g
W

R
ð1Þ

where Dm is the difference in chemical potential, g is the
surface tension, W is the atomic volume, and R is the radius of
curvature. From the viewpoint of geometry, a curved surface
can be described by two principal radii of curvature, R1 and
R2. The chemical potential of an atom relative to a flat surface
can therefore be expressed as:

Dm ¼ 2gW
1

R1
þ 1

R2

� �
ð2Þ

For a concave surface, the radii of curvature (R1 and R2) are
both negative, and the chemical potential of an atom on the
concave surface is always lower than that on a flat surface. As
such, the newly formed atoms should be preferentially added
to the concave region during growth as driven by thermody-
namics, leading to preferential overgrowth in this region and
eventually elimination of the concave structure.

The limitation arising from thermodynamic confinement
can be overcome by conducting the synthesis in the presence
of a proper capping agent and/or under a kinetically-con-

Figure 2. TEM images of Pd-Pt nanocrystals in the form of nanocubes,
concave nanocubes, and octapods that were formed through Br�-
induced galvanic replacement at different reaction times: a) 0.5, b) 4,
c) 9, and d) 20 h. (Modified with permission from Ref. [39], copyright
2011 American Chemical Society.)

Noble-Metal Nanocrystals
Angewandte

Chemie

7663Angew. Chem. Int. Ed. 2012, 51, 7656 – 7673 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


trolled mode (Figure 3). In these cases, it is no longer
necessary to achieve the lowest total surface energy during
seeded growth, resulting in the formation of a wide range of
shapes deviated from the thermodynamically favored forms.
In essence, a capping agent can selectively stabilize certain
facets or low-coordination sites of a growing seed to promote
the formation of various types of concave structures. As for
kinetically-controlled growth, the newly formed atoms tend
to be added to the edges and corners of a seed rather than the
entire surface. As such, concave nanocrystals are expected to
evolve from polyhedral seeds. In most cases, both mechanisms
might be involved and it has been difficult to disentangle
them.

4.1. Facet-Selective Capping

A capping agent can selectively adsorb onto a specific
type of facet on a growing seed and thus slow down the
growth of this facet. Recent experimental studies show that
a capping agent controls the shape of a noble-metal nano-
crystal by changing the order of free energies associated with
different crystallographic planes, and therefore their relative
growth rates. For example, PVP can selectively passivate {100}
rather than {111} facets of Ag to slow down their growth rate,
resulting in the formation of a nanocube or a five-fold-
twinned nanorod depending on the number of twin defects in
the seed.[47] Halide ions, such as Br� and I� , have also been
shown to selectively adsorb onto {100} instead of {111} facets,
promoting the formation of cubes, bars, or rods mainly
enclosed by {100} facets for noble metals including Ag, Pd, Pt,
and Rh.[48–51] In contrast, citrate (either sodium citrate or citric
acid) was found to bind more strongly to {111} than {100}
facets of noble metals such as Ag and Pd, facilitating the
formation of octahedrons, thin plates, decahedrons, or
icosahedrons with a large portion of {111} facets on the
surface.[52,53] In recent years, many other compounds have also
been demonstrated as capping agents for controlling the
shapes of noble-metal nanocrystals. For example, Zhang and
co-workers reported the synthesis of Pd-Pt bimetallic tetra-
hedrons enclosed by {111} facets with oxalate (C2O4

2�) serving
as a capping agent for {111} facets.[54] Zheng and co-workers

demonstrated the synthesis of Pd nanosheets with {111} facets
on the surface that were thinner than 10 atomic layers by
using CO as a capping agent.[55] In some cases, the CO
released from a precursor to the metal atom could also serve
as a capping agent to promote the formation of Pt or Pd
nanocrystals with surfaces dominated by {100} facets.[56–58] All
these studies mainly concentrated on the synthesis of noble-
metal nanocrystals with convex surfaces.

A capping agent can also be employed to direct the
growth of noble-metal nanocrystals with concave structures
on the surface by stabilizing low-coordination sites on the
high-index facets. In this case, it is possible to generate novel
concave nanocrystals, which are difficult to produce using
kinetic control alone. For example, Xie and co-workers
reported the synthesis of Au trisoctahedrons (TOHs)
enclosed by high-index {221} facets at room temperature
with cetyltrimethylammonium chloride (CTAC) as a capping
agent (Figure 4).[22] A TOH can be considered as an octahe-

dron whose eight triangular faces are pulled out to generate
a sharp point.[59,60] Further studies revealed that the presence
of CTAC played an important role in the formation of Au
TOHs through selectively binding to low-coordination sites
on the high-index facets.[23] In this case, it was suggested that
the long alkyl (CTA+) chains had a size comparable to the
atomic spacing on the high-index facets, making them more
easily accommodated on less closely packed, high-index
planes than the low-index planes, such as {100} and {111}.
When a comparable amount of NaCl was introduced into the
synthesis instead of CTAC, spherical nanocrystals of Au were
obtained, indicating the capping role of CTA+ in the
formation of Au TOHs. By replacing CTAC with cetyltrime-
thylammonium bromide (CTAB), however, Au nanocubes
bounded by {100} facets dominated the final product. This
change in morphology might arise from a competition

Figure 3. Two different pathways for adding metal atoms to the surface
of a growing cubic seed in the presence (left) and absence (right) of
a capping agent.

Figure 4. a,b) SEM, c) TEM, and d) HRTEM images of Au concave
trisoctahedrons that were obtained through the reduction of H[AuCl4]
by ascorbic acid with CTAC as a capping agent at room temperature.[22]
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between Br� and CTA+ for binding to the surface of Au
nanocrystals. Combined together, both CTA+ and Cl� ions are
indispensible for the formation of Au TOHs. Furthermore,
the precursor to Au atoms had to be reduced at an
appropriate rate to maintain the TOH shape. A high
reduction rate (as controlled by the concentration of reducing
agent) could overshadow the differences between the growth
rates of different facets, resulting in the formation of convex
nanocrystals with a spherical shape.

The capping effect and facet selectivity are not limited to
large surfactants and long-chain polymers; small molecules or
inorganic ions may also have a profound impact on the growth
rates along different crystallographic directions and thus the
shape of nanocrystals owing to preferential binding. For
example, a monolayer of Ag atoms could be preferentially
deposited on specific facets of a Au nanocrystal by reducing
Ag+ ions at a potential significantly less negative than that for
bulk deposition through a mechanism widely known as
underpotential deposition (UPD).[61] The Ag monolayer
could selectively protect a specific type of facet of Au from
further growth. As such, the preferential deposition of Ag can
dramatically influence the growth rates of Au nanocrystals
along different crystallographic directions and thus their
shape and facets exposed on the surface. Furthermore, Cl�

ions were found to alter the UPD behavior of Ag+ ions on the
surface of Au nanocrystals owing to the interaction between
Cl� and Ag+ ions.

Using a combination of Ag+ and Cl� ions, Mirkin and co-
workers reported the synthesis of Au concave nanocubes
enclosed by 24 high-index {720} facets through a seed-
mediated synthetic method (Figure 5).[24] The size of the Au
concave nanocubes could be easily adjusted from tens to
hundreds of nanometers by varying the amount of Au seeds

added to the reaction solution. In contrast to the synthesis of
Au TOHs,[23] a monolayer of Ag atoms deposited on the
surface of Au seeds by UPD was believed to be responsible
for the formation of concave nanocubes of Au. By replacing
CTAC with CTAB and keeping other conditions unchanged,
Au tetrahexahedrons (THHs) enclosed by 24 high-index {037}
facets instead of concave nanocubes were obtained.[62] The
different binding affinity of Cl� and Br� to a Au surface was
thought to be responsible for the morphological transition
from concave cubes to THHs. Although the exact mechanism
is yet to be resolved, the ionic species including metal and
halide ions offer an effective means for controlling the
exposed facets and surface curvature of Au nanocrystals.

The approach based on the facet-selective capping effect
of ionic species has also been extended to other noble metals,
such as Pd and Pt. The key is to select an appropriate capping
agent or ionic species for the specific metal. For example,
Zheng and co-coworkers reported the synthesis of tetrahedral
and trigonal bipyramidal nanocrystals of Pd with concave
structures on the surface using a solvothermal process in the
presence of formaldehyde.[27] As shown in Figure 6, the
concave tetrahedron can be considered as an excavated

tetrahedron with a trigonal pyramid excavated at the center of
each face, with the surface mainly enclosed by {110} facets.
This concave structure was a result of fast growth along
a combination of h100i and h110i directions of a tetrahedral
seed. When formaldehyde was substituted with other alde-
hydes, such as benzaldehyde, similar concave structures were
also formed, indicating that the aldehyde group played an
important role in the formation of concave structures.
Specifically, the aldehyde group was supposed to dramatically
retard the growth rate of a Pd seed along h111i directions by
selectively capping the {111} facets and thus promoting the

Figure 5. a,b) SEM images of Au concave nanocubes, c) HRTEM
image of the edge of a high-index facet, d) electron diffraction pattern
of the sectioned concave cube, e) zoomed-in image of a single cut
concave cube aligned edge-on, and f) atomic model of the {720} facet,
projected from the [001] direction, corresponding to the region
indicated with a box in (e). (Modified with permission from Ref. [24],
copyright 2010 American Chemical Society.)

Figure 6. Morphological and structural characterizations of Pd con-
cave tetrahedrons that were obtained using a solvothermal approach
in the presence of formaldehyde. a,b) TEM images, c) HAADF-STEM,
and d) HRTEM image. Inset: selected electron diffraction pattern.
(Modified with permission from Ref. [27], copyright 2009 American
Chemical Society.)
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formation of concave tetrahedrons. This mechanism was
supported by the successful synthesis of Pd octahedrons
seeded by Pd cubes, with formaldehyde serving as both
reducing and capping agents.[63] In another example, Zheng
and co-coworkers have demonstrated the solvothermal syn-
thesis of Pt concave nanocrystals with high-index {411} facets
and a unique octapod morphology by introducing methyl-
amine as a capping agent.[31] The Pt concave octapods were
believed to form through preferential growth along h111i
directions at the corners of a cubic seed. The authors
suggested that the preferential binding of amine group to
the {100} facets of Pt nanocrystals was responsible for the
directional overgrowth and thus the formation of concave
structures. The high-index {411} facets were preserved during
the synthesis because the amine group could bind to and
stabilize the low-coordination Pt sites.

Overall, the use of a capping agent is an effective
approach to shape-controlled synthesis of noble-metal nano-
crystals with concave structures on the surface. Furthermore,
the capping agent could be potentially used to control the
exposed facets by manipulating the ratio of growth rates along
different crystallographic directions. However, the approach
based on a capping agent is not generic, because the same
capping agent can bind differently to the surfaces of different
noble metals. As such, it is still very difficult to rationally
identify or design a capping agent to direct the growth of
noble metals into nanocrystals with specific facets. In some
cases, the effect of a capping agent can also be understood in
terms of kinetic control rather than surface binding because
the capping agent can form complexes with metal ions to alter
the reduction kinetics (see the next section). To address these
issues, the binding affinity of a capping agent for the surface of
a metal nanocrystal or the metal ions should be understood
first at the atomic level through a combination of theoretical
simulations and various surface characterization tech-
niques.[64, 65]

4.2. Kinetically Controlled Overgrowth

Over the past decade, kinetic control has emerged as
a versatile and powerful approach to shape-controlled syn-
thesis of noble-metal nanocrystals in the solution phase. As an
important feature, the products obtained under kinetic
control are not limited by thermodynamic confinement,
allowing for the formation of nanocrystals with concave
surfaces. A kinetic control is based on manipulation of the
growth rate at which atoms are generated and added to the
surface of a seed. Depending on the presence or absence of
a capping agent, atoms generated from a precursor can be
added to the surface of a growing seed in two different ways
(Figure 3), leading to nanocrystals with different morpholo-
gies. For a cubic seed, when the six side faces are strongly
passivated by a capping agent (such as Br� for Pd), the newly
formed atoms are expected to nucleate and grow from the
corner sites. In contrast, the atoms will be preferentially
added to the side faces of a cubic seed in the absence of
a capping agent (or when the supply of capping agent
becomes insufficient during growth) owing to a much larger

surface area for the side faces relative to the corners. In the
following steps, the adsorbed atoms could also migrate to
other regions on the seed including corners, edges, and side
faces, owing to the involvement of surface diffusion.[66]

The probability that an adsorbed atom will stay or migrate
to a different site is largely determined by the rate at which
the atom is produced, and thus the experimental conditions
related to reaction kinetics. For example, at a high rate of
conversion from precursor to atom together with strong
capping of the side faces, the probability for the atoms to
migrate from corner sites to side faces is rather low, and
growth is expected to largely occur along the h111i directions.
When the atoms are supplied at a significantly reduced rate,
they will have enough time to migrate to other sites such as
edges and even side faces after they have been deposited on
the corners of a cubic seed. In these cases, concave and
conventional cubes will be obtained depending on how
strongly the capping agent binds to and thus passivates the
atoms on side faces. In the absence of a capping agent, atoms
generated from precursor at a high rate will stay to grow on
the side faces of a cubic seed, resulting in the formation of
a concave octahedron. When the kinetics are slowed down,
a large portion of the adsorbed atoms on the side faces of
a cubic seed will have enough time to migrate to corners and
edges, leading to the formation of conventional octahedrons.
As a result, the migration of atoms on the surface of a growing
seed through surface diffusion together with the effect of
a capping agent will play the most significant role in
determining the growth habit of a seed, and thus the shape
or morphology taken by the final product.

In general, the reaction kinetics involved in a synthesis of
noble-metal nanocrystals can be manipulated by adjusting
many different experimental parameters, including variations
of the types of precursor and reductant, their concentrations,
their injection rates, the reaction temperature, and the
introduction of coordination ligands for the metal ions. For
example, we have demonstrated the synthesis of Pt tetrapods
and hexapods with concave structures on the surface by
adding ionic species, such as NO3

� , into a conventional polyol
synthesis (Figure 7).[32] As the concentration of NO3

� was
increased, the morphology of Pt nanocrystals evolved from
nanoparticles with a rounded profile to tetrapods and
hexapods with concave surfaces due to kinetically-controlled
overgrowth. The extent to which the surface is concave
(determined by curvature radius) was sensitive to the molar
ratio of NO3

� to PtCl6
2� (Figure 7a–c and d–f, where the ratios

were 5.5 and 11, respectively). In this approach, nitrite (NO2
�)

ions resulting from the reduction of nitrate (NO3
�) by PtCl4

2�

could form stable complexes with both PtII and PtIV species,
and thus greatly slow down the rate at which Pt atoms were
produced from the reduction of Pt precursor by ethylene
glycol (EG). This mechanism was consistent with the UV/Vis
spectra taken at different time points during the synthesis. As
only PVP was involved as a stabilizing agent, the formation of
Pt atoms at a slow rate allowed for surface migration of the
newly adsorbed Pt atoms from side faces to corners on
a growing Pt seed owing to higher reactivity for the corner
sites. As a result, concave nanocrystals of Pt were ultimately
formed through preferential overgrowth at the corner sites of
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both tetrahedral and octahedral Pt seeds, which were, in turn,
formed at the beginning of a synthesis through homogeneous
nucleation.

Using a similar strategy, we recently demonstrated
a polyol process for shape-controlled synthesis of Rh nano-
crystals with concave surfaces by manipulating the reaction
kinetics with a syringe pump to alter the injection rate of a salt
precursor.[34] By injecting the precursor into a reaction
solution at a slow rate (4 mL h�1), a large number of Rh
concave nanocubes with an average edge length of 15 nm
were obtained. Figure 8 shows morphological and structural
characterizations, suggesting that each concave Rh nanocube
was composed of six square {100} faces with a small area, six
square {100} faces with a large area but with a square hole in
the center, and 24 isosceles trapezium-like {110} side faces.
This structure could be visualized as a concave cube with
a truncated square pyramid excavated at the center of each
face. Analyses of the samples obtained at different reaction
times suggest that the Rh concave nanocubes were formed
through preferential overgrowth at both the corner and edge
sites of a cubic seed along the h111i and h110i directions,
respectively. In comparison, a faster injection rate (for
example, 60 mLh�1) resulted in the formation of concave
octapods by accelerated overgrowth only at the corner sites of
a cubic seed along the h111i direction. Combined together, it
is clear that kinetically controlled overgrowth could generate

many different types of concave structures depending on the
sites or directions of preferential growth.

The surface diffusion of Rh atoms on cubic seeds was
believed to be responsible for the formation of Rh nano-
crystals with different shapes observed at different injection
rates for the precursor. In the initial stages, Rh atoms
generated from the injected precursor were expected to
preferentially diffuse to the most active sites (eight corners) of
a cubic seed owing to the selective adsorption of Br� on the
{100} side faces.[67] Thereafter, the Rh atoms at corners would
stay and grow along the h111i directions or migrate to other
sites, such as edges and side faces, by surface diffusion. The
ratio of atoms associated with these two types of growth
modes should be mainly determined by the concentration of
Rh atoms and thus the injection rate for the precursor. As the
{100} facets were strongly blocked by Br� ions, the Rh atoms
could only migrate from corners to edges on a cubic seed.
When the injection rate was slow, it would take a relatively
long time to achieve a high level of supersaturation around
the corners of a cubic seed. During this period, most of the Rh
atoms at corners should have enough time to migrate to edges
through surface diffusion. As a result, the cubic seed would
grow at both corners and edges along the h111i and h110i
directions, respectively, at a more or less similar rate. In
contrast, the Rh atoms around corners were always retained
at a high supersaturation when a fast inject rate was involved.
As a result, growth along the h111i directions was accelerated
relative to the h110i directions as only a small number of Rh
atoms could have enough time to migrate to the edges. As the
growth occurred preferentially at the corners along h111i
directions, the product eventually evolved into an octapod.

The kinetically controlled strategy has also been success-
fully extended to syntheses of other noble metals with

Figure 7. TEM and HRTEM images of Pt nanocrystals that were
obtained with the molar ratio of NaNO3 to H2[PtCl6] being controlled
at a–c) 5.5 and d–f) 11.0, respectively. Insets: corresponding Fourier
transform patterns. (Modified with permission from Ref. [32], copy-
right 2004 American Chemical Society.)

Figure 8. Morphological and structural characterizations of a typical
sample of Rh concave nanocubes prepared at 140 8C with an injection
rate of 4 mLh�1. a,b) TEM images of the as-prepared sample, and c–
e) HRTEM images of individual concave nanocubes recorded along
the [100], [110], and [111] zone axes. The inset in (a) shows a typical
SEM image of the concave nanocubes. (Modified with permission
from Ref. [34], copyright 2011 American Chemical Society.)
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a concave structure in a water-based solution. For example,
we recently demonstrated the synthesis of Pt nanocubes with
a concave structure on the surface by slowly adding a NaBH4

solution and a mixture containing K2[PtCl4], KBr, and
Na2H2P2O7 into deionized water held at 95 8C using two
syringe pumps.[33] As shown in Figure 9, a large number of Pt
concave nanocubes with an average size of 15–40 nm were
generated by reduction of the Pt precursor by NaBH4. The
surface of the Pt concave nanocube was mainly enclosed by
{720}, together with some other high-index facets, such as
{510}, {830}, and {310}. The key to the success of this method
was the formation of Pt-pyrophosphato complex between
Na2H2P2O7 and K2[PtCl4], and manipulation of the reaction
kinetics using a syringe pump as well as the use of Br� ions
both as capping and complexing agents. After mixing of
K2[PtCl4] and Na2H2P2O7, the Pt pyrophosphato complex
quickly formed as a new precursor to Pt atoms, with the
reduction rate being greatly retarded. The amount of KBr
also had a great influence on the reduction kinetics involved
in the reaction. A high concentration of KBr was found to
further slow down the reduction rate of Pt precursor by
increasing the amount of [PtBr4]

2�, which has a much larger
stability constant relative to [PtCl4]

2�.[68] As a result, Pt
nanocubes with a concave structure were formed owing to the
strong capping of {100} facets by Br� ions and the surface
migration of Pt atoms from corners to edges.

During the formation of concave nanocrystals, the con-
centration of reactant also plays an important role in
controlling the reaction kinetics and thus the growth habit.
Recently, we synthesized Pd concave nanocubes (Figure 10)
by starting with Pd nanocubes as the seeds and manipulating
the concentrations of reactants, including Na2[PdCl4], KBr,
and ascorbic acid.[28] Our morphological and structural

characterizations confirmed the formation of Pd concave
nanocubes enclosed by 24 high-index {730} facets. The sizes of
these concave nanocubes could be controlled in the range of
15–35 nm by simply using Pd nanocubes with different edge
lengths as the seeds. We found that a low concentration of
Na2[PdCl4] was beneficial to the formation of Pd concave
nanocubes by preferential overgrowth at corner and edge
sites of a cubic seed. Obviously, the slow supply of Pd atoms at
a relatively low concentration of Na2[PdCl4] dramatically
reduced the probability of surface migration from corners to
side faces when Br� was used as a capping agent to block the
{100} facets. These conditions facilitated selective overgrowth
of cubic seeds from corners and edges along h111i and h110i
directions and thus the formation of Pd nanocubes with
concave surfaces. Furthermore, a low concentration of KBr
and a high concentration of ascorbic acid were also found to
promote the selective overgrowth at corners and edges of
a cubic seed and thus the formation of concave nanocubes. In
these two cases, the migration of Pd atoms from corners to
side faces of a cubic seed was greatly inhibited by increasing
the generation rate of Pd atoms with Br� serving as a capping
agent to block the {100} face.

We have also demonstrated the synthesis of Au hexapods
with concave surfaces and arms of different lengths by using
Au octahedrons as the seeds and manipulating the concen-
tration of the precursor (H[AuCl4]).[25] The formation of Au
hexapods was attributed to the preferential overgrowth at six
vertices of each octahedral seed (the most active site) along
the h100i direction. Most recently, we have also showed
a facile approach to the synthesis of Ag concave nanocrystals
by seed-mediated growth (Figure 11).[21] The synthesis
involved the use of Ag nanocubes as seeds in an aqueous

Figure 9. Morphological and structural characterizations of a typical
sample of Pt concave nanocubes synthesized by continuously adding
an aqueous NaBH4 solution and a mixture of K2[PtCl4] , KBr, and
Na2H2P2O7 using two syringe pumps into water held at 95 8C. The
injection rate was 67 mLmin�1, and the ratio of KBr to Na2H2P2O7 was
3:1. a,b) TEM images, c) HRTEM image recorded along the [001] zone
axis, and d) Fourier transform pattern of the concave nanocube.[33]

Figure 10. Morphological and structural characterizations of a typical
sample of Pd concave nanocubes synthesized by manipulating the
concentrations of reactants including Na2PdCl4, KBr, and ascorbic acid,
with Pd cubes serving as the seeds. a) SEM, b) TEM, and c,d) HRTEM
images.[28]
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system, with l-ascorbic acid serving as a reductant and
AgNO3 as a salt precursor. In the absence of a strong capping
agent, we found that increasing the concentration of ascorbic
acid accelerated the deposition rate of Ag atoms on the side
faces of a cubic seed along the h100i directions, resulting in the
formation of an octahedron with a concave structure on each
one of its side faces. When Cu2+ ions were introduced,
however, the dominance of growth was switched to the h111i
directions, forcing the cubic seed to sequentially evolve into
a concave cube, an octapod, and finally a concave trisoctahe-
dron, with all of them being enclosed by high-index facets. We
believe that the surface migration of Ag atoms on a growing
seed as well as the surface capping of Cu2+ were responsible
for the formation of these new types of Ag concave nano-
crystals. In the absence of Cu2+, most of the Ag atoms
generated from the reduction of AgNO3 were initially added
to the side faces of a cubic seed. The high supply rate for Ag
atoms associated with the increase of ascorbic acid concen-
tration facilitated the deposition of Ag atoms on the side faces
of a cubic seed along the h100i directions, and thus the
formation of Ag octahedrons with concave surfaces. In
contrast, the introduction of a large number of Cu2+ prompted
surface diffusion for the freshly generated Ag atoms in the
initial stages owing to the capping effect of Cu2+ for Ag {100}
facets. In this case, the surface migration of Ag atoms only
took place from corners to edges of a cubic seed, resulting in
the morphology evolution from a cube to a concave cube, an
octapod, and finally a concave trisoctahedron.

The kinetically controlled approach to concave nano-
crystals has also been applied to bimetallic systems. For

example, we prepared Pt-Rh concave nanocubes using
a procedure similar to what was used for the synthesis of
Rh concave nanocubes, except for the use of Pt cubes as the
seeds.[34] Huang and co-workers used Au nanocubes as seeds
to generate Au-Pd core-shell nanocrystals with different
shapes using CTAC as a capping agent.[35] The reaction
temperature was found to play an important role in deter-
mining the exact shape or morphology. A low temperature
(for example, 10 8C) facilitated the formation of Au-Pd
concave octahedrons, while Au-Pd nanocrystals with a THH
shape were obtained when the reaction temperature was
increased to 30–60 8C. As the authors suggested, the growth
rates at corners and edges of an octahedron along the h100i
and h110i directions, respectively, might be substantially
faster than that at faces along the h111i direction at low
temperature, leading to the formation of the concave
octahedron. Recently, Skrabalak and co-workers demon-
strated the synthesis of Au-Pd concave octapods and octahe-
drons by coupling seed-mediated synthesis with co-reduction
of H[AuCl4] and H2[PdCl4].[36] By increasing the amount of
H2[PdCl4], the morphology of the Au-Pd nanocrystals
evolved from concave octapods to concave octahedrons,
which could be attributed to the difference in growth rate
caused by the pH-dependent reduction power of ascorbic
acid. A similar synthesis was also reported by Han and co-
workers.[69] Most recently, Xie and co-workers also reported
a facile co-reduction method for the synthesis of hexoctahe-
dral Au/Pd alloy nanocrystals with concave structures on the
surface in the presence of octadecyltrimethyl ammonium
chloride (OTAC) and Cu2+ ions.[70] The Au/Pd alloy hexocta-
hedraon enclosed by 48 high-index {431} facets was evolved
from a tetrahexahedron by pushing the center of every square
edge toward the center. Again, the UPD of Cu and the
capping effect of OTAC were found to play important roles in
generating the hexoctahedral Au/Pd alloy nanocrystals. For
a heterogeneous system, however, other issues such as lattice
mismatch and bonding energy between the core and shell
metals should also be considered.[71, 72] Still, there is a strong
interest in further developing the synthesis of concave
nanocrystals with different elemental compositions using
kinetically controlled overgrowth.

As illustrated by the aforementioned samples, kinetic
control is a powerful route to concave nanocrystals with
unusual facets and negative curvature from noble metals, such
as Ag, Au, Pt, Rh, and Pd, as well as a combination of them.
The migration of atoms on the surface of a growing seed
through surface diffusion as well as surface capping were
found to play a pivotal role in determining the growth habit of
a noble-metal nanocrystal, and thus its final shape or
morphology. Experimentally, kinetic control can be achieved
by manipulating an array of parameters, including the reagent
concentration, the injection rate, the temperature, the addi-
tion of ionic species, or a combination of them. The
combination of kinetic control and manipulation of growth
rate along different crystallographic directions through the
use of a capping agent is expected to emerge as the most
versatile approach to synthesis of concave nanocrystals with
well-controlled facets on the surface.

Figure 11. SEM images showing the evolution of: a–d) Ag concave
octahedrons and e–h) Ag concave trisoctahedrons through a seed-
mediated overgrowth.[21] The volume of AgNO3 injected was a) 0.8,
b) 2, c) 4, d) 5; e) 1.5, f) 3.5, g) 6.5, and h) 10 mL.
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4.3. Template-Directed Epitaxy

Template-directed epitaxy provides a straightforward and
effective route to nanocrystals with well-controlled facets.
When used for the synthesis of concave nanocrystals,
templates with concave surfaces were initially prepared
using one of the methods discussed above, and then combined
with the epitaxial deposition of a different metal. In this case,
the concave morphology and the type of facet on the surface
can both be retained while the outermost layer is being
switched from one metal to another. To this end, Wang and
co-workers reported the epitaxiy of Pd on Au TOHs with both
concave surfaces and high-index facets.[37] The Au TOHs
enclosed by 24 high-index {221} facets (Figure 12a,b) were in
turn prepared by reducing H[AuCl4] in an aqueous CTAC

solution with ascorbic acid as a reducing agent in the presence
of Au seeds.[22] During epitaxy, the concave structures on the
Au trisoctahedron were faithfully transferred into the Pd shell
when its thickness was controlled within a few nanometers.
The final products were concave Au@Pd TOHs, with Au in
the core and Pd in the shell (Figure 12 c,d). The amount of Pd
precursor (Na2PdCl4 in this case) played an important role in
the successful synthesis of Au@Pd core–shell TOHs. Increas-
ing the amount of Na2PdCl4 to a certain level resulted in
disappearance of the concave structures owing to an intrinsi-
cally higher growth rate in these regions than the convex
regions.

Along with the templating effect, the reaction kinetics
involved in epitaxial deposition of the shell was also critical to
the formation of concave products. In a recent study, Lee and
co-workers demonstrated a kinetically-controlled synthesis of

Au@Pd concave nanocrystals enclosed by adjustable, high-
index Pd facets with Au TOHs as the templates by controlling
the atomic ratio of Pd to Au and using different amounts of
NaBr.[38] Increasing the atomic ratio of Pd to Au resulted in
the formation of Au@Pd core–shell nanocrystals with a mor-
phological transition from concave TOH encased by high-
index {552} facets to concave hexoctahedron enclosed by
high-index {432} facets owing to faster growth along the h110i
direction. The addition of NaBr further promoted the
preferential growth of Pd along the h110i direction owing to
selective adsorption of Br� on the {100} facets. The nano-
crystals evolved into concave Au@Pd THHs with different
types of high-index facets on the surface, depending on the
amount of NaBr added.

Template-directed epitaxy is a simple and versatile route
to concave nanocrystals with various types of high-index
facets. As a prerequisite, the templates must be produced in
high quality and relatively large quantities. For the epitaxial
deposition, some specific rules have to be observed to ensure
a successful synthesis of concave nanocrystals with a core–
shell structure.[71] For example, the lattice mismatch between
the two metals must be kept below 5 %, as large mismatches
tend to prevent the layered, epitaxial overgrowth of a second
metal on the concave template. The electronegativity of the
second metal should be smaller than that of the template
metal to avoid the potential involvement of galvanic replace-
ment. Moreover, the bond dissociation energy between the
shell atoms should be smaller than that between the core and
shell atoms. In regard to these points, both Pt and Rh are good
choices of template materials for the synthesis of concave
nanocrystals made of other noble metals, including Ag, Pd,
and Au.

5. Catalytic Properties and Related Applications

Noble metals enjoy widespread use as catalysts for a wide
variety of industrially relevant chemical reactions. For
example, Pt is a primary component of the catalysts used in
three-way automotive catalytic conversion, petroleum refin-
ing, production of nitric acid, and fuel-cell technology.[73,74]

Palladium is also a critical component of the catalysts
currently utilized for low-temperature reduction of automo-
bile pollutants, as well as hydrogenation reactions, CO
oxidation, and organic reactions such as Suzuki or Heck
coupling.[75, 76] To maximize their performance in these
applications, a great deal of effort has been devoted to the
development of catalysts with superior activity/selectivity by
controlling the size, shape, and composition. Noble-metal
nanocrystals with concave structures on the surface are of
particular importance to catalysis because of their exposed
high-index facets and thus high densities of atomic steps,
edges, and kinks, which can all contribute as highly active sites
for breaking chemical bonds. For example, Zheng and co-
workers recently reported the catalytic properties of Pt
concave nanocrystals with 24 high-index {441} facets (pre-
pared using a solvothermal process in the presence of
methylamine; see Section 4.1) for electrocatalytic oxidation
of formic acid.[31] The specific activity of these concave

Figure 12. Morphological and structural characterizations of a–c) Au
and d–f) Au-Pd trisoctahedral (TOH) nanocrystals. a,d) SEM image,
b,e) HRTEM images taken from edges to show the high-index facets,
and c,f) two-dimensional lattice model illustrating the high-index (221)
facet. The insets in (a) and (d) illustrate the Au and Au-Pd TOH
nanocrystals. (Modified with permission from Ref. [37], copyright 2011
American Chemical Society.)
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nanocrystals in terms of equivalent electrochemically active
surface area (ECSA) was 2.3 and 5.6 times greater than those
of commercial Pt black and Pt/C, respectively, owing to the
presence of active sites with low coordination numbers.

Suzuki coupling is one of the most powerful and versatile
methods in organic chemistry for the formation of biaryls,
polyolefins, styrenes, and biphenyls.[76] This reaction can serve
as a model system to test the catalytic performance of Pd
nanocrystals with different shapes or facets. In a recent study,
we investigated the catalytic properties of Pd concave nano-
cubes with high-index {730} facets (prepared using a kineti-
cally-controlled method; see Section 4.2) for the formation of
biphenyl through Suzuki coupling between phenylboronic
acid and iodobenzene.[28] For Pd concave nanocubes of 37 nm
in size, 99 % of iodobenzene was converted into biphenyl
after 20 min. In comparison, a conversion of only 38% was
achieved when the conventional Pd nanocubes with a similar
size were used as a catalyst under the same conditions. The
intrinsic turnover frequency (TOF, defined as the conversion
of iodobenzene per surface Pd atom per second) of Pd
concave nanocubes was 11.3 s�1, which was almost four times
that of the conventional Pd nanocubes (3.2 s�1). Again, this
enhanced activity could be attributed to the high density of
stepped atoms (and hence active sites) on the surface of
a concave nanocube.

Proton-exchange membrane (PEM) fuel cells provide an
efficient and clean energy source for applications in automo-
biles and portable electronics, as well as on-site power
generation. The development of highly active electrocatalysts
for the oxygen reduction reaction (ORR) at cathode is one of
the technical challenges for the successful introduction of
PEM fuel cells into commercial markets. In a recent study, we
evaluated the Pt concave nanocubes enclosed by {720} (see
Section 4.2) as an electrocatalyst for ORR in comparison with
Pt nanocubes, cuboctahedrons, and commercial Pt/C cata-
lysts.[33] The specific activity (that is, kinetic current per unit
ECSA) of the concave nanocubes was almost three and two
times, respectively, greater than those of the conventional Pt
nanocubes and cuboctahedrons in the potential region from
0.8 to 0.95 V (Figure 13 a), demonstrating again that the
important role of high-index facets in enhancing the catalytic
activity for ORR. In comparison with the commercial
catalyst, the Pt concave nanocubes also exhibited a specific
activity more than three times higher than the 3.2 nm Pt
nanoparticles in a typical Pt/C catalyst at 0.9 V (Figure 13 b).
These results suggest that the Pt nanocrystals with concave
surfaces show promise to serve as the next-generation ORR
electrocatalysts in PEM fuel cells. However, the mass activity
(that is, kinetic current per unit mass of Pt) of the concave
nanocubes was still less than that of the Pt/C catalyst owing to
their relatively larger size and thus a smaller portion of active
Pt atoms on the surface. Such a problem can be solved by
reducing the size of the Pt concave nanocubes or by
depositing Pt as a monolayer on concave nanocubes made
of a cheaper metal (for example Pd, whose current price is
only one third of that for Pt).

6. Summary and Outlook

Maneuvering the shape and thus the facets and curvature
of noble-metal nanocrystals has long been considered as
a powerful means for tailoring their properties and enhancing
their performance in a wide variety of applications. Signifi-
cant progress has been made in recent years with regard to the
synthesis of noble-metal nanocrystals with flat or convex
surfaces under both thermodynamically and kinetically
controlled conditions. In contrast, synthesis of noble-metal
nanocrystals with concave surfaces is still at a very early stage
of development owing to the involvement of high-index facets
and negative surface curvature with high surface energies.
Nevertheless, it has become clear that high-index facets other
than {100}, {111}, and {110} are of great importance in
improving the activity and selectivity of noble-metal nano-
crystals for a given catalytic reaction because of the presence
of low-coordinate atomic steps and kinks at high densities.
Owing to the negative curvature and possible sharp features
on the surface, it is also expected that concave nanocrystals
will find widespread use in a range of applications beyond
catalysis, including surface plasmon resonance, surface-
enhanced spectroscopy, and optical sensing.

Herein, we have discussed a number of synthetic strat-
egies based on selective etching, galvanic replacement, sur-
face capping, kinetic control, and template direction that have

Figure 13. Comparison of electrocatalytic activities of the Pt concave
cubes, cubes, and cuboctahedrons for the oxygen reduction reaction:
a) specific activity given as kinetic current density (jk) normalized to
the electrochemically active surface area (ECSA) of the catalyst, and
b) specific activity of the catalyst at 0.9 V versus a reversible hydrogen
electrode (RHE). For all catalysts, the metal loading on the glassy
carbon electrode was 15.3 mgcm�2.[33]
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been used to control the formation of noble-metal nano-
crystals with concave surfaces in a solution phase. We have
strived to build a connection between the shape or morphol-
ogy taken by a nanocrystal and the experimental parameters
and thus shed light on the growth mechanism. Ultimately, the
mechanistic understanding will provide some guidelines for
the design of a synthesis to generate concave nanocrystals
with desired compositions, facets, and properties. It is
expected that the synthesis and utilization of noble-metal
nanocrystals with concave surfaces will keep advancing at an
accelerated speed as deeper understanding and better control
of the growth mechanism and structure–property relation-
ships become available.

Parallel to the extensive work on concave noble-metal
nanocrystals with a single-crystal structure, synthesis of
twinned nanocrystals with concave surfaces have also started
to appear in recent years.[77–81] For example, hexagram-shaped
nanoparticles of Au (Figure 14 a), fivefold-branched nano-
crystals of Au (Figure 14 b), starfish-like nanocrystals of Rh
(Figure 14 c), and sea urchin-like nanorods of Pd (Figure 14d)
have all been successfully synthesized by methods based on
seeded overgrowth, which could be controlled by manipulat-
ing reaction conditions such as the type and concentration of
capping agents and precursors. Like their single-crystal
counterparts, these twinned nanocrystals with concave surfa-

ces were derived from seeds with different numbers of defects
that might include stacking faults, singly-twinned planes, and
multiply-twinned planes. As such, the internal structure of the
corresponding seed (that is, the number of twin defects
included) plays a critical role in determining the crystallinity
(for example, single crystals or twinned) of a product, and
thus its final morphology. The availability of nanocrystals with
concave surfaces and twinned structures is of great impor-
tance not only in expanding the diversity of concave nano-
crystals but also in provide an additional handle to tailor/
enhance their properties for a variety of applications such as
catalysis and electrocatalysis.
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