
Colloidal Synthesis of Metal Nanocrystals: From Asymmetrical
Growth to Symmetry Breaking
Quynh N. Nguyen,§ Chenxiao Wang,§ Yuxin Shang,§ Annemieke Janssen,§ and Younan Xia*

Cite This: Chem. Rev. 2023, 123, 3693−3760 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Nanocrystals offer a unique platform for tailoring the physicochemical
properties of solid materials to enhance their performances in various applications. While
most work on controlling their shapes revolves around symmetrical growth, the introduction
of asymmetrical growth and thus symmetry breaking has also emerged as a powerful route to
enrich metal nanocrystals with new shapes and complex morphologies as well as
unprecedented properties and functionalities. The success of this route critically relies on
our ability to lift the confinement on symmetry by the underlying unit cell of the crystal
structure and/or the initial seed in a systematic manner. This Review aims to provide an
account of recent progress in understanding and controlling asymmetrical growth and
symmetry breaking in a colloidal synthesis of noble-metal nanocrystals. With a touch on
both the nucleation and growth steps, we discuss a number of methods capable of generating
seeds with diverse symmetry while achieving asymmetrical growth for mono-, bi-, and
multimetallic systems. We then showcase a variety of symmetry-broken nanocrystals that
have been reported, together with insights into their growth mechanisms. We also highlight
their properties and applications and conclude with perspectives on future directions in developing this class of nanomaterials. It is
hoped that the concepts and existing challenges outlined in this Review will drive further research into understanding and controlling
the symmetry breaking process.
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1. INTRODUCTION
Nanoscience and nanotechnology, the investigation of peculiar
properties at the nanoscale and the exploration of nanoma-
terials for various applications, represent two of the most
exciting advances in modern science. Constituting a major
class of nanomaterials, metal nanocrystals can be broadly
defined as metallic structures or particles possessing a
crystalline lattice and at least one dimension in the range of
1−100 nm.1 Their long history can be traced back to the
fourth century when glass artifacts such as the Lycurgus Cup
were crafted to present beautiful colors through the
incorporation of Au and/or Ag dust.2−4 The first scientific
report on metal nanocrystals was published by Michael
Faraday in 1857 when he prepared and studied several original
samples of Au colloids: stable suspensions of Au nanocrystals.5

Faraday’s pioneering work on “metals in a finely-divided state”
laid the foundation for a research field commonly referred to as
“colloid science”, one of the forerunners of nanoscience and
nanotechnology.6 Thanks to the advancements in both
experimental tools and theoretical methods, our understanding
of the invisible nanoscale world has progressed at an ever-
increasing speed. Starting as a scientific curiosity, research on
nanocrystals has spanned from the development of methods
for engineering their properties in a controllable manner to the
exploration of new applications superior to their bulk
counterparts. Today, metal nanocrystals represent one of the
most viable and exciting research areas due to their major
impacts on fundamental sciences and practical applications in
the context of plasmonics,7−9 photonics,10−12 electronics,13−15

sensing,16,17 catalysis,18−20 and biomedicine.21−23

About 25 years ago, a paradigm shift occurred in metal
nanocrystal research as a result of the realization that the
properties and applications of nanocrystals could be greatly
augmented by posing a tight control over their elemental
composition,24,25 size,26−28 shape,29−31 morphology,32−34 and
internal structure.35,36 Most significantly, novel features that
cannot be achieved in their bulk counterparts have emerged,
including localized surface plasmon resonance (LSPR),37 local
field enhancement,38 and superparamagnetism,39 as well as the
presence of high-index facets abundant in low-coordination
atoms.31 Notably, most of these properties are strongly
dependent on the geometric shape or symmetry of a
nanocrystal, which determines not only the arrangement of
atoms on the surface40−43 but also how the polarization of
conduction electrons occurs and how the surface charges are
distributed on the surface.16,44,45 A prototypical example can
be found in Ag nanocrystals, a multifunctional nanomaterial
with extensive use in plasmonic, optoelectronic, and catalytic
applications. By simply tuning the size of Ag nanoparticles with
a polycrystalline structure and a poorly defined, quasi-spherical
shape in the range of 40−90 nm, the ultraviolet−visible (UV−
vis) extinction spectra displayed a resonance peak tunable from
410−500 nm.46,47 When switching to Ag cubic nanocrystals
with a similar size (e.g., 90 nm), the spectra exhibited multiple
resonance peaks, with the most intense one red-shifting to
almost 600 nm due to the presence of sharp features on the
surface.46,48 In this case, the shape of metal nanocrystals offers
a more effective knob than the size for tailoring their LSPR
properties. When serving as catalysts, Ag nanocubes encased
by {100} facets have been found to be more selective toward
ethylene epoxidation relative to the conventional Ag nano-
particles with a quasi-spherical shape owing to the favorable
transformation of the surface oxametallacycle intermediate to
ethylene epoxide on Ag(100) surface.49,50 Similar correlations
between other catalytic properties and the geometric shape
have also been demonstrated for nanocrystals made of metals
such as Au, Pt, Pd, and Rh.18,51−56 All these examples manifest
the promise of shape control in augmenting the performance
and thereby accomplishing cost-effective use of precious metals
notoriously known for their extremely low abundances in
Earth’s crust.
The hallmark of shape-controlled nanocrystals naturally

leads to the next question in the quest for functional
nanomaterials: how to engineer the shape of metal nanocryst-
als in a predictable and precise manner without losing control
over other parameters? Different from how bulk metals are
manufactured as macroscopic objects, a bottom-up approach is
typically pursued to “assemble” the atomic building blocks into
nanocrystals with a specific shape. Among numerous methods
available for the assembly process, colloidal synthesis in a
solution phase has proven to be the most versatile yet robust
and reproducible route to metal nanocrystals with the quality
and quantity needed for evaluating their properties and
exploring their applications.1 During such a synthesis, metal
atoms, the building blocks, are produced in the initial stage via
chemical reduction or decomposition of a precursor through
the use of a reducing agent or thermal activation (Figure
1).1,57,58 Once the concentration of the atoms reaches the
threshold for homogeneous nucleation, nuclei with a
fluctuating structure will be formed, followed by their
evolution into seeds with fixed and well-defined internal
structures.59,60 Based on their internal structures, the seeds can
be broadly classified into four major types, including those
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featuring a single-crystal, singly-twinned, multiply-twinned, or
stacking-fault-lined structure. The as-formed seeds subse-
quently grow into nanocrystals with enlarged dimensions and
distinct shapes through atomic addition and/or particle
attachment.1,61−64 It turns out that the shape taken by a
nanocrystal has a strong correlation with its symmetry, a
characteristic that is intrinsically encoded in both the
nucleation and growth steps. The shape taken by a metal
nanocrystal usually inherits the symmetry of the initial seeds,
which is, in turn, governed by the crystal structure adopted by
the bulk metal.65,66 To a certain extent, the confinement
imposed by the inherent symmetry of a crystal structure has to
be lifted in the course of nucleation and/or growth in order to
obtain nanocrystals with exotic shapes. During the growth
process, symmetry breaking can occur as a result of
asymmetrical growth in terms of size enlargement, facet
development, and/or structure evolution. In this case, one or
more symmetry elements can be removed from their
precursors (i.e., the unit cell and/or the seed from which the
nanocrystal grows), resulting in symmetry-broken nanocryst-
als.67,69 In essence, the nanocrystal is expected to follow a
pattern of asymmetrical growth that is manifested by different
rates along symmetry-related crystal axes.67,68 In contrast, the
transfer of symmetry from the unit cell into a seed and then a
nanocrystal can be regarded as symmetry preservation, which is
often accompanied by symmetrical growth.66,69 In this Review,
we avoid using terms such as “an/isotropic growth” or “an/
isotropic shape” habitually exploited in the literature when
referring to an un/even growth pattern that leads to a product
with broken/preserved symmetry. Instead, we introduce and
then stick to “a/symmetrical growth” and product with
“broken/preserved symmetry”. Defined as a direction-depend-
ent feature, “anisotropy” can arise from elemental, geometric,
morphological, structural, functional, and chemical properties
of a nanoparticle, as well as its formation process. In theory, it
is only possible to achieve “isotropic growth” for an amorphous
or noncrystalline material (e.g., silica). Any system/process
involving a crystalline material, like in the case of a nanocrystal,
should always have a certain degree of anisotropy in terms of
shape, morphology, or growth pattern because of the
underlying crystalline structure. In a sense, all metal nano-
crystals should be considered to have anisotropy in terms of
atomic arrangement or shape, regardless of the growth pattern.
As such, “asymmetrical growth” and the accompanying result

of “symmetry breaking” are more appropriate when describing
this subcategory of growth patterns for metal nanocrystals. The
product of such a process should be referred to as a
“symmetry-broken” rather than “anisotropic” nanostructure.
Depending on the interplay between thermodynamic and

kinetic parameters as defined by the experimental conditions,
two growth pathways (atomic addition and particle attach-
ment) can take place individually or simultaneously, dictating
the growth patterns (symmetrical vs asymmetrical) of the
seeds and thus the symmetry and shape of the resultant
nanocrystals (Figure 1).68,70−72 For the former route that
involves the continuous deposition of newly formed atoms
onto the growing seeds, it can follow either symmetrical or
asymmetrical growth to preserve or break the symmetry of the
seeds, generating products with shapes similar to or different
from those of the seeds.51,66,73−76 Alternatively, the seeds can
undergo asymmetrical growth through an attachment mech-
anism, giving rise to products with a lower order of symmetry
than the constituent particles.77−81 When atomic addition
accompanies particle attachment, the seeds also undergo
asymmetrical growth to evolve into larger nanocrystals with
lower symmetry.82,83

Despite being a ubiquitous phenomenon in the colloidal
synthesis of metal nanocrystals, the fundamental science
underlying the mechanistic details of asymmetrical growth
and symmetry breaking remains elusive and needs further
investigation. One of the major motivations for studying the
mechanistic details is the diversity and complexity that can be
brought into a colloidal system, including the production of
nanocrystals with novel shapes or morphologies, as well as new
properties and applications. Like how low symmetry is
necessary to accommodate or promote complex behaviors of
natural systems, the metal nanocrystals derived from asym-
metrical growth often exhibit enriched, enhanced, and
sometimes superb properties that are challenging to achieve
by simply controlling the size of the symmetrical counterparts.
Taking the aforementioned Ag nanocrystals as an example,
increasing their size does cause the LSPR peak to red-shift,
albeit only to 600 nm even when their edge length is increased
to 100 nm.46,47 However, when Ag nanocrystals are elongated
along one direction into bars or rods, the LSPR peaks will split
into two modes, with the longitudinal mode capable of red-
shifting from the visible to the near-infrared range (650−900
nm), where soft tissues show remarkable transparency for

Figure 1. Schematic showing the formation of nuclei fluctuating in structure via homogeneous nucleation, followed by their evolution into seeds
with a specific internal structure (together with the involvement of symmetry breaking), and then growth of the seeds into nanocrystals through
either atomic addition (with the possible involvement of either asymmetrical or symmetrical growth), particle attachment (mostly, asymmetrical
growth), or both.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00468
Chem. Rev. 2023, 123, 3693−3760

3695

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig1&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


optical imaging and photothermal treatment.16,84 Another
interesting example is bimetallic Janus nanocrystals with
reduced symmetry relative to their monometallic counterparts
or those with core−satellite, -frame, and -shell structures. The
heterogeneous interface associated with the side-by-side
elemental distribution provides a unique mechanism for charge
transfer, offering a means to maneuver the electronic structures
and thus bestowing Janus nanocrystals with new catalytic and
photocatalytic capabilities.85−88 Furthermore, as a potential
alternative to the indium−tin oxide (ITO) technology,
polymer films containing Ag or Cu nanowires exhibit high
optical transparency, excellent electrical conductivity, and good
mechanical flexibility to allow for the fabrication of
touchscreen panels, flexible displays, and solar cells.89−92

Taken together, introducing asymmetrical growth and thus
symmetry breaking at the nanoscale offers a versatile handle for
not only diversifying the shape of metal nanocrystals but also
accessing additional properties and new functionality, enabling
the exploration of complex nanocrystals for a vast array of
applications.
Inspired by the prospects of symmetry-broken nanocrystals,

tremendous efforts have been devoted to exploring effective
routes for synthesizing this class of nanomaterials. However,
finding a universal knob to systematically activate asymmetrical
growth and break the symmetry is not a trivial task. As a matter
of fact, the lack of control over these processes contributed to
the source of polydispersity or irregularity that plagued
essentially all colloidal nanocrystals reported before 2000.
Most old samples produced using traditional methods, like
those involving citrate reduction or silver mirror reaction,
contained a mix of nanocrystals involving different patterns of
asymmetrical growth (Figure 2).93,94 The root of such
polydispersity can be attributed to the different types of
seeds involved and the diverse growth conditions, as well as the
stochastic nature of symmetry breaking. Constrained by the
high symmetry of the crystal structure, there is no inherent
driving force to induce and maintain asymmetrical growth in a
specific pattern. For example, a truncated octahedral seed
made of a face-centered cubic ( fcc) metal is characterized by
an Oh point group while possessing multiple equivalent crystal
axes or facets where the surface atoms have the same spatial

arrangement and coordination number. The high order of
symmetry of the truncated octahedral seed favors the growth in
a symmetrical pattern, giving rise to shapes that retain the
symmetry of an fcc metal, such as a cube or an octahedron
depending on the relative growth rates along the <100> and
<111> directions.72,95 If the symmetry of the seed is broken
stochastically, polydispersed samples will result. Only in a well-
controlled manner will it be feasible and even predictable to
obtain metal nanocrystals with unusual shapes and novel
functionalities while maintaining high quality and uniformity.
The possibility of this research direction, however, could not
be explored until the early 2000s when metal nanocrystals with
well-defined attributes became available and could be
employed as seeds for further growth.96−99

Thanks to the efforts of many research groups around the
world, the past two decades have witnessed spectacular
advances in the development of shape-controlled syntheses
of colloidal metal nanocrystals. In particular, a vast collection
of metal nanocrystals with different or lower symmetry relative
to the unit cell has been prepared with a high degree of
precision through either one-pot synthesis or seed-mediated
growth. Notable examples include tetrahedra, bars, and
octagonal rods/wires with a single-crystal structure, beams
with a singly-twinned structure, and pentagonal rods/wires
with a multiply-twinned structure (Figure 3).1,18,68,100 The key
determinant for the successful synthesis of metal nanocrystals
with reduced symmetry remains to be a tight control over both
nucleation and growth, which ensures the formation of one
type of seed while maintaining an exclusive growth pattern for
the generation of products uniform in both size and shape.
Now it is an exciting time to utilize the nanocrystals emanating
from asymmetrical growth as a new platform to probe the
structure−property relationship while developing methods for
the rational synthesis of nanomaterials with desired function-
ality for various applications.
This Review aims to offer a representative snapshot of recent

progress in understanding and controlling both asymmetrical
growth and symmetry breaking during a colloidal synthesis of
metal nanocrystals. We begin with a brief introduction to the
concept of symmetry in the context of nucleation, including
the structural features of an fcc metal and the classification of

Figure 2. Transmission electron microscopy (TEM) images of two old examples of (A) Au and (B) Ag nanocrystals obtained using the citrate
reduction and silver mirror reaction, respectively. In principle, each sample can be viewed as a mix of different products under stochastic symmetry
breaking, in addition to the involvement of assorted seeds and diverse growth conditions. (A) Reproduced with permission from ref 93. Copyright
2007 American Chemical Society. (B) Reproduced with permission from ref 94. Copyright 2002 Royal Society of Chemistry.
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seeds based on their symmetry relative to the underlying unit
cell. We then discuss the phenomenon of symmetry breaking
in the growth process, with an emphasis on the synthetic
methods capable of promoting asymmetrical growth for
mono-, bi-, and multimetallic systems. Built upon the concepts
and methodologies introduced in the preceding sections, we
then showcase a diverse array of symmetry-broken metal
nanocrystals that have been successfully synthesized, together
with insights into their growth mechanisms. We also highlight
various properties and applications endowed by the symmetry-
broken nanocrystals. In the end, we summarize the state of the
art while offering perspectives on the challenges, opportunities,
and future directions in developing nanocrystals with reduced
symmetry. Although our discussion centers on nanocrystals
made of fcc metals, the concepts, methods, and mechanisms
should be extendible to metals with different crystal structures
and even to other types of solid materials, including
semiconductors and their hybrids with metals. We hope the
readers will gain a broad range of necessary knowledge on the
fundamentals of asymmetrical growth and symmetry breaking
and, more importantly, find the inspiration to further advance
this fast-evolving multidisciplinary field of nanomaterial
research.

2. NUCLEATION: FORMATION OF NUCLEI AND THEN
SEEDS

In the context of colloidal synthesis, nucleation, the emergence
of a new thermodynamic phase in the reaction system, is
considered the very first step responsible for inducing the
transition from atomic/molecular precursors to nanocrystals.
In the simplest picture, nucleation can be divided into three
major steps: (i) generation of atomic species, also referred to
as monomers, from the reduction or decomposition of a
precursor, (ii) creation of nuclei through aggregation of the
atoms or stepwise addition and reduction, and (iii) evolution
of the nuclei into seeds with a fixed internal structure.1 In this
section, we focus on the symmetry breaking phenomenon
during the nucleation step and its impacts on the symmetry
and internal structures taken by seeds made of an fcc metal, in
addition to a brief discussion of the shapes favored by the seeds
under thermodynamically and kinetically controlled condi-
tions, respectively.
2.1. Face-Centered Cubic Metal

In theory, a nanosized crystal should adopt the same crystal
structure as its bulk counterpart. As such, the concept of
symmetry with regard to the nucleation step in a colloidal
synthesis of metal nanocrystals should originate from the
crystalline nature of metallic elements, by which atoms are
arranged into a crystalline lattice. Many metals, especially
noble metals, are crystallized in the fcc structure under
atmospheric pressure. The unit cell of an fcc metal embraces
a number of symmetry elements, including three 4-fold (C4)
rotational axes through the faces, four 3-fold (C3) rotational
axes through the corners, and six 2-fold (C2) rotational axes, in
addition to nine mirror planes (σ) and one center of inversion
(i) at the center of the unit cell. The symmetry of the unit cell
belongs to the Oh point group due to the presence of mirror
planes (σh) perpendicular to the principal C4 axes of
rotation.101,102 The high symmetry point group of an fcc
metal accounts for the highly symmetric shapes (e.g., cube,
cuboctahedron, or octahedron) that are often adopted by Au,
Ag, Pt, Pd, and Rh nanocrystals.
2.2. Formation of Nuclei

Under homogeneous nucleation without the introduction of
preformed seeds, all nanocrystal syntheses begin with the
aggregation or assembly of metal atoms into small clusters,
commonly referred to as nuclei. The nuclei may not have a
specific symmetry because of fluctuations in the number and/
or ordering of the atoms.59,60 Their small sizes, coupled with
the dearth of characterization tools, pose a technical challenge
in unveiling the exact structural characteristics, not to mention
their explicit roles and dynamic nature in the initial stage of
nanocrystal synthesis. More efforts to capture, identify, and
monitor such minuscule structures would help deconvolute the
exact pathways in which they evolve from a metal precursor,
providing a guideline to correlate synthetic parameters with the
nuclei and eventual internal structures of the seeds.
To this end, various hypotheses pertaining to the formation

and structure of nuclei have been proposed, with most of them
related to the explicit route that the precursors are transformed
into clusters (direct vs indirect), stacking fault energy of the
metal, and reaction kinetics.1,103−106 For example, it was
suggested that the metal nuclei favor random hexagonal close
packing instead of fcc when the precursor is reduced or
decomposed at an extremely slow rate.1,62,107 This trend is

Figure 3. Schematic illustrating the concept of symmetry breaking in
a colloidal synthesis of nanocrystals made of an fcc metal. The metal
atoms (in the center) are formed via the reduction or decomposition
of a precursor (on the top), followed by their aggregation into nuclei,
evolution into different types of seeds with distinct internal structures
and in diverse symmetry groups (in the middle ring), and then the
growth into nanocrystals with various shapes (in the outer ring). The
red lines mark the twin defects or stacking faults, while the green,
purple, and yellow colors correspond to the {100}, {110}, and {111}
facets, respectively. The light orange color of the outermost ring
indicates that the final nanocrystals have reduced symmetry relative to
that of the initially formed seeds. Adapted with permission from ref
100. Copyright 2021 American Chemical Society.
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more pronounced for metals with a relatively low stacking fault
energy or twin boundary energy, such as Cu, Ag, and
Au.65,108−111 Considering the debatable uncertainty about
the evolution of nuclei, limitation on imaging quality, and
potential impacts of the electron beam on the atomic structure,
the following discussion focuses on two most plausible routes
to the formation of nuclei, including (i) stepwise addition and
reduction to generate clusters with gradually increasing sizes
and (ii) aggregation of atoms and/or clusters.
2.2.1. Stepwise Addition and Reduction. In retrospect,

the most ambiguous aspect of homogeneous nucleation is the
actual pathway that a salt precursor undertakes before
transforming to nuclei: whether the precursor is reduced into
zerovalent atoms first, followed by their aggregation into
nuclei, or the precursor directly evolves into nuclei prior to
reduction. Computational studies based on first-principles
molecular dynamics simulations have shed some light on this
mystery and suggested that nucleation could be achieved by
forming clusters or nuclei from the partially reduced
precursors.1,103 In this case, the precursor compounds can be
directly converted into nuclei and added to other precursor-
based nuclei or growing nanocrystals without going through
the zerovalent state. When simulating the nucleation step
involved in a synthesis of Pt nanocrystals, it was proposed that
a Pt(II)−Pt(I) dimer stabilized with Cl− ions could be
generated directly from two dissolved PtCl2(H2O)2 complexes,
which were the hydrolysis product of PtCl42− precursor,
through the injection of one electron.112,113 The Pt(I)−Pt(II)
dimer could be subsequently converted to a Pt(I)−Pt(I) dimer
through the addition of another electron and the loss of Cl−
ions. Interestingly, a third reduction step could also occur,
where both previously formed Pt(II)−Pt(I) and Pt(I)−Pt(I)
dimers would react with another PtCl2(H2O)2 complex to
form a Pt(I)−Pt(II)−Pt(I) or Pt(I)−Pt(II)−Pt(II) trimer.
The formation of these partially reduced precursors (dimers
and trimers) was expected to be the early intermediate steps
toward the emergence of larger clusters or nuclei. The
preferred reduction via electron transfer from the reducing
agent to these dimeric and trimeric clusters could be ascribed
to their higher electron affinities than the starting precursor
because of orbital delocalization. This plausible mechanism
excludes the direct reduction of the monomeric precursor to
atoms before being added to the growing clusters to form
larger nuclei.
Simulations of the reaction between a PtCl2(H2O)2 complex

and growing clusters also demonstrated that the growth of
nuclei progressed via the continuous addition of unreduced
Pt(II) complexes to partially reduced Pt complexes or small
clusters (Figure 4).114 The structural fluxionality of the clusters
and the redistribution of ligands on the surface during each
stepwise addition and reduction cycle suggested the possible
occurrence of symmetry breaking in the early stage of
nucleation. With the continuous addition of unreduced Pt(II)
complexes and the detachment of ligands from the surface, the
clusters grow in an accelerated manner because of a process
known as autocatalysis.115−118 This reduction mechanism was
found to be only favorable under slow reduction kinetics, such
as when a mild reducing agent and a low concentration of
precursor are involved. Under these conditions, the precursor
tends not to be completely reduced to atomic species before
being added to the surface of a growing cluster. Since it was
also not necessary for the cluster (or a nanocrystal) to be fully
reduced to the zerovalent state, its surface might be terminated

in positively charged metal ions coordinated to ligands or
solvated by solvent molecules. This unique structure at the
interface might be connected to the capping effect of some
ionic additives such as Cl−, Br−, and citrate, as well as
polymeric species commonly used in a colloidal synthesis of
metal nanocrystals.1,119 While the mechanistic hypothesis was
found to be energetically acceptable, the predictions would be
more realistic and valuable if additional physical details could
be integrated into the simulations, such as other types of
solvents, surfactants, and impurities commonly involved in a
synthesis. Thanks to recent advances in time-resolved
characterization techniques, a more detailed picture has also
been obtained for the formation of nuclei from the partially
reduced precursors or clusters through the integration of a
continuous flow reactor with in situ X-ray absorption fine
structure spectroscopy.104 For the synthesis of Au nanocrystals,
partial reduction of AuCl4− indeed occurred in the early stage
of nucleation, followed by the formation of intermediates such
as Cl3−Au−AuCl3− dimers and then larger AunCln+x clusters,
rather than Aun0 clusters, under a mild reaction condition.

2.2.2. Aggregation of Atoms and/or Clusters. As an
alternative route, atoms are formed through chemical
reduction, followed by their collision and aggregation into
agglomerates with a fluctuating structure due to the thermal
energy. This classical theory on homogeneous nucleation is
based upon the LaMer model, which was formulated in the
1950s to account for the synthesis of sulfur colloids with a
uniform size distribution.120 When extended to the colloidal
synthesis of metal nanocrystals, this simple model offers
qualitative insights into the production of samples with
minimal size variations. When the precursor is reduced or

Figure 4. Snapshots from a first-principles molecular dynamics
simulation, showing the reaction between a PtCl2(H2O)2 complex
and a Pt12Cl4 cluster. Pt: yellow. Cl: green. O: red. H: white.
Simulation time: (A) 0, (B) 0.6, (C) 1.3, (D) 2.0, (E) 3.2, and (F) 5.0
ps, respectively. Adapted with permission from ref 114. Copyright
2003 American Chemical Society.
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decomposed, the concentration of metal atoms in the reaction
solution will increase steadily as a function of time. Once the
concentration of metal atoms exceeds the minimum value for
nucleation, homogeneous nucleation (or self-nucleation) will
transpire, in which the atoms spontaneously aggregate to form
small clusters. When the synthesis is conducted in air and
accompanied by the halide ions added into the solution or
from the precursor complex, the possible involvement of
oxidative etching (discussed later in section 2.4) can oxidize
the atoms/clusters back to the ionic species.121,122 As a result,
the atoms or clusters comprised of both atoms and ions are
expected to undergo constant aggregation or attachment in
tandem with the oxidative etching process. Such an
aggregation cycle can be repeated multiple times until the
clusters have a large enough size to become stable. When their
size reaches a critical threshold, these clusters will evolve into
well-defined nuclei.123 These larger clusters or nuclei with the
densest packing of atoms are expected to adopt symmetry
similar to those that typify the stable and observable seeds
emerging in the later stage.124−128 As the synthesis proceeds,
the rapid consumption of atoms in the solution will cause their
concentration to drop quickly. If the concentration drops
below the minimum level for nucleation, homogeneous
nucleation will cease. Again, most claims on the morphology
of the nuclei are supported by very limited experimental
evidence due to the instrumental limitation in imaging such
minuscule structures in a highly dynamic liquid environment.
The elementary steps of nucleation should continue to be
scrutinized through a combination of computational simu-
lations and experimental studies, especially when techniques
with real-time visualization capability become more commer-
cially available.
2.3. Formation of Seeds

The birth of a seed is marked by the moment a nucleus grows
past a critical size and structural fluctuation becomes too
energetically costly, locking the internal structure of the
nucleus into a well-defined one.1 As such, seeds can be defined
as species with a nonfluxional internal structure (or
crystallinity) but poorly defined shape (or morphology) in
the initial stage of a synthesis. At the atomic level, the size,
shape/morphology, and surface composition of a seed are
supposed to constantly evolve during the course of a synthesis
as a result of atomic deposition and diffusion, size enlargement,
facet development, and shape transformation. For simplicity,
the seeds discussed herein will be confined to assemblies of
atoms with a distinct shape (or symmetry) and a fixed
crystallinity, regardless of their size and surface composition.
They are essentially “growing nanocrystals,” meaning that the
nanocrystals obtained at any time point can be considered as
“seeds” for growth in the following steps. Although these
building blocks could take different sizes in reality, surface
diffusion might become an issue when the size of a seed
becomes too large. Therefore, whether generated in situ
through homogeneous nucleation or presynthesized for the
seed-mediated growth, the seeds in our discussion are limited
to those with reasonable sizes and the capability to support
further growth. In general, seeds can be categorized into four
major types based on their internal structures or the number of
planar defects introduced into the crystal lattice in the early
stage of a synthesis, including single-crystal (with no planar
defect), singly-twinned (with one twin plane), multiply-

twinned (with more than one planar defects), and stacking-
fault-lined seeds.65

Assuming that the internal structure of a seed is fixed,
another feature that can be deduced for a more precise
description is symmetry, which is related to its overall shape.
Restricted by the fcc structure adopted by all noble metals
except Ru, the shape or symmetry of a seed should inherit the
high symmetry of Oh point group featured by the unit cell.68,69

In the ideal case where the irregularities on the atomic level
(e.g., vacancies and atomic steps commonly found on the
surface) are neglected, each type of seed can be assumed to
exhibit a specific symmetry: Oh for truncated octahedron, D5h
for decahedron, Ih for icosahedron, and D3h for thin plate. In
principle, a seed can have symmetry different from that of the
underlying unit cell. The symmetry of a seed is preserved when
its shape inherits the Oh point group of the unit cell. In
contrast, the symmetry of a seed is broken when it adopts
different symmetry from that of the unit cell.

2.3.1. Seeds with the Same Symmetry as the Unit
Cell. Intuitively, only single-crystal seeds can take the same
symmetry as the underlying unit cell. As an intermediate
generated in the initial stage of a synthesis, single-crystal seeds
are defined by only one single-crystal domain with a
continuous stacking order devoid of planar defects. Starting
with a two-dimensional (2-D) polar plot of the specific surface
free energy (γi) of an fcc crystal as derived from the Wulff
construction (Figure 5A), it is feasible to predict the

Figure 5. Single-crystal seeds featuring the same symmetry as the unit
cell of an fcc metal. (A) A 2-D section of a polar plot of the specific
surface free energies of an fcc metal oriented along [11̅0] as derived
from the Wulff theorem. The inner envelope denoted by dashed lines
corresponds to the equilibrium shape of a single-crystal seed. (B) A 3-
D atomic model corresponding to the shape shown in panel A. (C)
TEM and (D) HAADF-STEM images of truncated octahedra, a
common shape taken by the single-crystal seeds made of an fcc metal.
The inset in panel C shows the corresponding atomic model of a
truncated octahedron. (A, B) Reproduced with permission from ref
72. Copyright 2015 American Chemical Society. (C, D) Reproduced
with permission from ref 133. Copyright 2015 American Chemical
Society.
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equilibrium shape or symmetry of a single-crystal seed in
vacuum by correlating the polyhedral shape inside the polar
plot to a three-dimensional (3-D) structure.72,129,130 Based on
the broken bond approximation for an fcc metal, the specific
surface energy of {111} facets is lower than that of {100}
facets, that is, γ(111) < γ(100).131,132 Hence, the {111} facets are
expected to take a relatively larger proportion than the {100}
facets on the surface of a nanocrystal to minimize the total
surface free energy. As a result, the equilibrium shape of a
single-crystal seed made of an fcc metal should be a truncated
octahedron enclosed by eight {111} and six {100} facets
(Figure 5B).72 It should be noted that the thermodynamically
favored shape of a single-crystal seed made of an fcc metal is
often referred to as a cuboctahedron in the literature. In
essence, a cuboctahedron is a special case of a truncated
octahedron with a similar quasi-spherical profile but higher
degree of truncation to the midpoint of the edges, giving rise to
six triangular (rather than hexagonal) and four square faces. In
reality, the single-crystal seed likely adopts a shape in the
truncated octahedron−cuboctahedron continuum depending
on the actual environment involved. For consistency and
conciseness, the single-crystal seeds formed in the initial stage
of a synthesis are considered to take a truncated octahedral
shape in this Review.
As a thermodynamically favored product, the formation of

single-crystal seeds with a truncated octahedral shape is
expected to dominate a system truly under thermodynamic
control and without the influence of a facet-selective capping
agent (Figure 5C).133 Such a seed also prevails over other
types of seeds when the reduction rate is relatively fast due to
the use of a strong reducing agent, fast injection, or a relatively
high temperature because atoms tend to follow the defect-free
packing pattern of the fcc structure under these kinetic
conditions.1,65 To experimentally confirm the existence of
single-crystal, truncated octahedral seeds, high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) image could be taken to resolve the atomic
structure (Figure 5D).133 In practice, single-crystal seeds
whose shapes substantially deviated from the Wulff shape
could be obtained through the addition of surface capping
agents that selectively bind to a specific type of facets to alter
the anisotropy of surface energy or through a kinetically
controlled environment.72,119 Some common shapes of single-
crystal seeds that hold the Oh symmetry of the underlying unit
cell include cube, cuboctahedron, octahedron, truncated
octahedron, and rhombic dodecahedron.
2.3.2. Seeds with Symmetry Different from the Unit

Cell. Not all seeds are born with a perfect crystal structure as
many of them can contain one or more planar defects (i.e.,
twin defect or stacking fault), which disrupts the ideal
ABCABC stacking sequence along the <111> direction of
the fcc structure. A twin defect emerges when the lattices on
opposite sides of a plane, termed twin boundary (denoted |A|),
mirror each other. In this case, the stacking sequence is
switched to ABC|A|CBA.134 Noble metals are well-known for
their tendency to produce twin defects during crystallization
because of the relatively small penalty in energy when such a
planar defect is introduced into the single-crystal structure.18

In addition to the twin defect, another class of planar defect
emerges through the insertion or deletion of a hexagonally
packed layer, corresponding to an extrinsic or intrinsic stacking
fault, respectively.135 In an fcc structure, if |B| represents the
inserted plane and || the missing plane, an extrinsic fault can be

presented as ABC|B|ABC whereas an intrinsic fault is denoted
AB||ABC. In general, the stacking fault energy correlates
positively with the twin-boundary energy because a stacking
fault can be considered as a pair of parallel twin boundaries,
making its energy approximately twice that of the twin-
boundary energy.136 Intuitively, a thermodynamically favored
product should exhibit almost crystallographic perfection and
symmetry identical to the underlying unit cell. As a result, the
inclusion of planar defects in the seeds suggests the occurrence
of symmetry breaking during the latter stage of nucleation,
resulting in seeds featuring symmetry (and thus shapes)
deviating from the built-in Oh symmetry of the underlying unit
cell.

2.3.2.1. Singly-Twinned Seeds. The structure of a singly-
twinned seed can be regarded as two truncated single-crystal
pyramids symmetrically placed base-to-base and conjoined by
one twin plane positioned in between (Figure 6A,B).137 The
formation of singly-twinned seeds follows the same thermody-
namic rule as the single-crystal species, by which the most
stable structure is the one having the lowest possible energy. As
a result, the surface of singly-twinned seeds is typically
enclosed by a mixture of {100} and {111} facets, unlike
other internally defected seeds (i.e., decahedra, icosahedra, and
plates) that tend to favor the expression of {111} facets only.65

The outline of a singly-twinned seed is mostly similar to that of
a right bipyramid with small truncations at the corners. As a
special case of the bipyramidal system, this prototype is
covered by six equivalent right-isosceles triangular side faces
bounded by {100} facets and is bisected by a twin plane or a
set of parallel planar defects running through the equilateral
triangle base.137−141 Singly-twinned seeds with a bipyramidal
shape are characterized by D3h symmetry due to the presence
of two C3 rotational axes, three perpendicular C2 axes, and one
σh mirror plane. Other bipyramidal structures that resemble
right bipyramids and have been synthesized include {111}-
terminated bitetrahedra141,142 and {110}-encased bipyra-
mids.143 It should be pointed out that these shapes have
only been observed in a few instances and are often deduced
from the images of the final nanocrystals. As such, further
analysis of the seeds should be performed to confirm if the
singly-twinned seeds formed in the initial stage adopt similar
shapes as the products.

2.3.2.2. Multiply-Twinned Seeds. When more than one
twin defect is present, the seed is said to have a multiply-
twinned structure. In contrast to single-crystal and singly-
twinned species, the inclusion of multiple twin defects results
in strain energies that drastically increase with particle size,
making multiply-twinned seeds only stable at relatively small
sizes.125 The two most commonly observed multiply-twinned
seeds have decahedral and icosahedral shapes, respectively.
Despite sharing a lot of structural similarities, such as the
exposure of {111} facets on the surface and the presence of 5-
fold twinning and tensile strain on the side faces, these two
types of multiply-twinned seeds can be easily distinguished
based on the number of twin boundaries.144,145

An assembly of five single-crystal, tetrahedral subunits
interconnected by 10 twin boundaries gives rise to a
decahedral seed whose surface is terminated in 10 {111}
facets (Figure 6C,D).57,146 Since the angle between adjacent
{111} facets along [110] projection is 70.53°, a deficiency or
geometric gap of 7.35° inevitably remains in the construction
of an ideal decahedron.147 This gap is eventually filled by
slightly expanding the lattice of each tetrahedral subunit,
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causing a tensile strain across the side faces. Given that the
heterogeneous distribution of tensile strain increases with the
lateral dimension, it is energetically unfavorable for atoms to
grow laterally from a decahedral seed.65,144 As such, atomic
deposition along the axial direction is more favorable, making
decahedral seeds ideal for the synthesis of nanocrystals such as
penta-twinned nanorods/nanowires. Another structural pecu-
liarity of decahedral seeds is the presence of two different types
of edges: one corresponding to the five single-crystal edges
along the pentagonal cross-section and the other associated
with the 10 twinned edges along twin boundaries typically
referred to as ridges.144 With a unique C5 rotational axis,
decahedral seeds belong to the D5h point group, which is lower
in symmetry order than the underlying unit cell.
Compared to the decahedral counterpart, an icosahedral

seed is much more complex, as it is comprised of 20 single-
crystal, apex- and facet-sharing tetrahedral subunits. The
subunits are assembled through 30 twin boundaries, giving
rise to a pseudospherical profile encased by 20 {111} facets
(Figure 6E,F).133,145 Due to the unique packing of the
tetrahedral subunits, an icosahedron belongs to the Ih point
group characterized by C2, C3, and C5 rotational axes and the
highest symmetry order of 120.148 As such, icosahedral seeds
have higher symmetry order than the underlying unit cell, an
exception to the effect of planar defects in reducing the
symmetry of the product. Similar to the structure of decahedra
with noncrystallographic symmetry, a gap of 1.54 steradians
would be left behind, causing a tensile strain on the atoms of
each tetrahedral subunit, as well as the side faces.149,150

2.3.2.3. Stacking-Fault-Lined Seeds. Often categorized as a
2-D nanostructure, stacking-fault-lined seeds possess one or
more planar defects parallel to their basal faces. Depending on
the metal and the synthetic protocol, the planar defect
incorporated into the structure could be either a twin plane
or a stacking fault. Because of the 6-fold symmetry of an fcc
metal, the stacking-fault-lined seeds often take a triangular or
hexagonal plate-like shape with the two basal planes terminated
in {111} facets (Figure 6G).133 The stacking fault parallel to
the basal planes of such a nanoplate can be directly resolved
under HAADF-STEM images (Figure 6H)133 or indirectly
deduced from the presence of the forbidden 1/3(422)
reflection in the electron diffraction pattern recorded along
the [111] zone axis.109 Geometrically, stacking-fault-lined
seeds in the form of triangular nanoplates belong to the D3h
point group, which is far lower in symmetry order than the unit
cell of an fcc metal due to the loss of all symmetry operations
except for the primary C3 rotational axis perpendicular to the
basal planes.68 Commonly found as byproducts in the synthesis
of triangular nanoplates, seeds containing stacking faults can
also adopt a regular hexagonal plate-like shape with equivalent
side lengths. These hexagonal plates still carry C3 rather than
C6 symmetry due to the alternating {111} and {100} facets on
the side faces.151 In terms of synthesis, the formation of
stacking-fault-lined seeds is not thermodynamically favored in
any size range because they have a relatively higher surface
energy than other structures with the same volume (e.g., quasi-
spherical or Wulff shape).152 As such, robust syntheses of
stacking-fault-lined seeds require tightly controlled kinetic
conditions,153−155 coupled with other processes such as
Ostwald ripening156 or oxidative etching157 to help decelerate
the reduction kinetics.

Figure 6. Seeds with symmetry different from the unit cell of an fcc
metal. (A) TEM and (B) high-resolution TEM (HRTEM) images of
singly-twinned right bipyramids, with the corresponding atomic
model shown in the inset of panel A. (C) TEM and (D) HAADF-
STEM images of decahedra with a penta-twinned structure and the
corresponding atomic model shown in the inset of panel B. (E) TEM
and (F) HAADF-STEM images of icosahedra with a multiply-twinned
structure. The inset in panel E shows the corresponding atomic model
of an icosahedron. (G) TEM and (H) HAADF-STEM images of
triangular nanoplates with a stacking-fault-lined structure and the
corresponding atomic model shown in the inset of panel G. The
hexagonal nanoplates are present as byproducts in panel G. (A, B)
Adapted with permission from ref 137. Copyright 2013 American
Chemical Society. (C) Reproduced from ref 57. Copyright 2006
Wiley-VCH. (D) Reproduced with permission from ref 146.
Copyright 2012 American Chemical Society. (E−H) Reproduced
with permission from ref 133. Copyright 2015 American Chemical
Society.
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2.4. Formation of Seeds with Diverse Symmetry:
Thermodynamics vs Kinetics

The internal structure and symmetry taken by a seed during
the nucleation stage are dictated by the interplay between
thermodynamic and kinetic factors, which are ultimately
defined by a set of experimental parameters.100,158,159 In a
system mainly driven by thermodynamics, the most favorable
seed should exhibit a global minimum in total Gibbs free
energy, where all the energetic contributions (e.g., surface,
bulk, defects, and strain) are collectively minimized.131 By
comparing the overall free energy of various structures, a phase
diagram was constructed as functions of particle size and
temperature, showing that single-crystal, truncated octahedral
seeds are favored at relatively large sizes while multiply-
twinned seeds are more stable at small sizes as the strain
energy increases with particle size (Figure 7A).152 Due to the
distinct characteristics of each metal, the size (or crossover
points) from one type of seed to another can vary among
different metals.125,160 In essence, if a seed is allowed to reach
the equilibrium state, its shape and thus symmetry should be

solely determined by thermodynamics. While the thermody-
namic argument provides an insightful explanation for the most
favored symmetry taken by the seeds at a given size,
accumulating evidence indicates that experimental results
often deviate from theoretical predictions. Under certain
conditions with a significantly high surface diffusion barrier,
some seeds would settle into a local minimum in terms of
Gibbs free energy instead of reaching the global minimum,
generating a less stable but kinetically favored product.72,159 In
this regard, a more viable strategy to maneuver the internal
structure and thus symmetry of the seeds, especially those
unfavored by thermodynamics, should be established from a
kinetic perspective.
With regard to the kinetic control strategy, the reduction

rate of the metal precursor in the nucleation stage of a
synthesis has been found to play a crucial role in dictating the
internal structure and thus symmetry of the seeds.100,133 In
general, the reduction kinetics involved in a colloidal synthesis
of metal nanocrystals can be described using the Finke-Watzky
model that contains two pseudoelementary steps:

A B (1)

A B 2B+ * (2)

where A, B, and B* represent the precursor molecule, metal
atom, and active site on the seed, respectively.118,161 While the
first reaction corresponds to the relatively slow reduction of the
precursor in solution, the second step involves faster reduction
on the surface of existing seeds, referred to as solution and
surface reduction, respectively (see more detailed discussion in
section 3.1.2).62,162,163 The rate of the first step primarily
affects the internal structure and thus symmetry of the seeds
generated during the nucleation stage, while the second step
prevails in the following growth step.163−166 Due to the
collision and electron transfer between the precursor molecule
and reductant, the rate of reaction 1 is expected to follow a
second-order rate law, which is directly proportional to the
concentrations of both reagents.167 For most synthetic
protocols, the amount of reducing agent is in great excess to
ensure that its concentration remains relatively constant
throughout the reaction.58 Under this assumption, the rate
law can be simplified into a pseudo-first-order reaction:
reaction rate (r) = k[A] = −d[A]/dt, where [A] is the
concentration of the metal precursor.118 By leveraging
common techniques such as inductively coupled plasma mass
spectrometry (ICP-MS) or UV−vis spectroscopy, the concen-
tration of the precursor can be tracked as a function of reaction
time. The data are then fitted using the Finke-Watzky model to
derive the kinetic parameters of the reduction, including the
rate constant (k) and the activation energy (Ea), as well as the
initial reduction rate (r0, that is, r at t = 0).158,163

With the help of this mathematical model, a recent study on
the polyol synthesis of Pd nanocrystals established a
quantitative correlation between the initial reduction rate and
the internal structure or symmetry of the resultant seeds.133 It
was shown that truncated octahedra, icosahedra, and plates
could be generated by adjusting the initial reduction rate of the
polyol synthesis through variations to the type of polyol and/or
reaction temperature (Figure 7B). Specifically, when reducing
PdCl42− by ethylene glycol (EG) at 140 °C, the fast initial
reduction rate (r0 ≈ 10−4 M s−1) arising from the strong
reducing power of EG and the elevated reaction temperature
promoted the formation of single-crystal seeds, generating

Figure 7. Thermodynamic and kinetic approaches to controlling the
internal structure and thus the shape or symmetry taken by the seed.
(A) Particle size−temperature phase diagram computed for Au
nanoparticles. (B) Plot displaying the relative fractions of Pd
nanocrystals as a function of the initial reduction rate, showing the
formation of plates with stacking faults (orange line), multiply-
twinned icosahedra (purple line), and single-crystal truncated
octahedra (blue line) at different initial reduction rates. (A) Adapted
with permission from ref 152. Copyright 2009 American Chemical
Society. (B) Reproduced with permission from ref 133. Copyright
2015 American Chemical Society.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00468
Chem. Rev. 2023, 123, 3693−3760

3702

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig7&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


truncated octahedra as the product. In contrast, the
substitution of EG with diethylene glycol (DEG), which has
a weaker reducing power, led to a moderate initial rate (r0 ≈
10−6 M s−1) for the generation of multiply-twinned seeds,
which subsequently grew to icosahedra. Moreover, plates with
a stacking fault-lined structure were obtained when PdCl42−

was reduced by DEG at a low temperature of 75 °C due to the
substantially decelerated reduction rate (r0 ≈ 10−8 M s−1).
Taken together, as the initial reduction rate decreased, the
seeds formed in the early stage would switch from single-
crystal to multiply-twinned and finally stacking-fault-lined
structure.133 In practice, the initial reduction rate can be
experimentally adjusted by choosing metal precursors and
reductants with appropriate reactivity, introducing additives to
alter the speciation of the precursor, regulating the reducing
power of the reductant, and choosing a proper reaction
temperature.154,155,168−170 The methodology has also been
successfully applied to synthesize seeds made of other noble
metals and even bimetallic systems with two precursors present
in the solution.166,171−174 Although the exact value of the initial
reduction rate responsible for the formation of each type of
seed may differ among different metal systems, it is expected to
follow the same trend observed for Pd. This quantitative
correlation between the initial reduction rate and the internal
structure of the seeds offers an effective means to achieve a
specific type of seeds with desired symmetry and thus the
shape of nanocrystals developed from them.
Aside from thermodynamic and kinetic controls, oxidative

etching is another method to alter the seed population for the
production of seeds featuring a specific type of internal
structure. As a process intrinsic to all metals, oxidative etching
involves a redox reaction in the presence of an etchant
consisting of an oxidant for the metal and a coordination

ligand for the corresponding metal ions, such as the O2 from
air and halide ions released from the salt precursor or other
additives (see detailed discussion in section 3.2.3), respec-
tively.121,122 It is typically initiated from the twin boundaries or
other defect zones owing to their higher surface energies than
the single-crystal domains.175 The oxidative etchant can also be
judicially selected to ensure the survival of single-crystal and/or
singly-twinned seeds instead of multiply-twinned seeds from
the sample preparation.121,122 For example, the type and
number of twin defects in the seeds, which are correlated with
their symmetry, can be regulated by tuning the strength of the
etchant through the use of different ligands at various
concentrations.137,140 Using the polyol synthesis of Ag
nanocrystals as an example, replacing Cl− with Br− ions,
which would lead to the formation of a less powerful etchant,
removed the multiply-twinned seeds while leaving behind the
singly-twinned seeds for their further growth into right
bipyramids.140 Other strategies for mitigating the oxidative
etching to generate single-crystal seeds include (i) bubbling the
solutions with an inert gas to remove O2 prior to the
reaction,153,176 (ii) adding a capping agent capable of
preventing O2 adsorption, such as citric acid or citrate
ion,177−179 or (iii) scavenging O2 in the reaction mixture
with another redox pair, such as Fe(III)/Fe(II) or Cu(II)/
Cu(I).33,153 For most noble metals, it is feasible to synthesize
all the different types of seeds mentioned in section 2.3 as
reasonably pure samples by controlling the experimental
conditions. A collection of protocols for generating mono-
metallic nanocrystals that can serve as seeds for further growth
has been extensively covered in recent reviews.18,66

Figure 8. Phase-contrast HRTEM images (top) and the corresponding schematic models (bottom) of Au nanocrystals involved in the symmetry
breaking of truncated octahedral seeds, oriented in the [011] direction. Reproduced with permission from ref 67. Copyright 2017 American
Chemical Society.
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2.5. Symmetry Breaking

In principle, symmetry breaking during nucleation is a crucial
step that determines not only the internal structure,
morphology, and surface energy landscape of the seed but
also the nascent symmetry of the growing nanocrystals. During
the transition from nucleation to growth, the symmetry of a
seed or growing nanocrystal is supposed to constantly evolve
to accommodate the newly deposited atoms, as well as their
diffusion across the surface. When the concentration of metal
atoms drops below the minimum level for homogeneous due
to their incorporation into the seeds, no additional nucleation
event should occur, signifying the turning point at which
succeeding growth will override the initial nucleation.1,180

Instead of assembling to form more nuclei and seeds, the just-
formed atoms from the reduction or decomposition of the
remaining precursor will now participate solely in the
development of facets by choosing which site on the surface
of a seed it will land. Upon deposition onto a high-energy site
under the premise of minimizing the total surface energy, the
adatom can migrate to other regions on the surface if they are
equipped with a sufficient kinetic energy, stochastically
breaking the symmetry of the seed as the synthesis is
continued.181 Once symmetry breaking is initiated, the
asymmetrical growth pattern can be well retained if the surface
diffusion of adatoms is kept relatively slow.
The dynamic nature of the symmetry of a seed around the

symmetry breaking point has been unveiled by observing the
changes to the atomic structures of truncated octahedral seeds
at the embryonic stage of Au nanorod growth (Figure
8).67,182,183 At the beginning of the synthesis, the preformed
seeds gradually grew at the same rate along all symmetry-
equivalent directions while maintaining their truncated
octahedral morphology. Upon reaching a critical size of
approximately 4 nm, small truncated facets started to form
nonuniformly at the intersection of {111} facets to remove
high-energy atoms at the edges. The truncations formed
asynchronously and marked the onset of symmetry breaking
for the original seed structure. The emerged {011}-type facets
have a more open atomic structure than the pre-existing {111}
and {100} facets. In the presence of Ag+ ions, the new facets
could be stabilized through passivation with a layer of Ag
adatoms, resulting in faster growth rates in other directions. As
a result, the initial truncations were preserved by becoming the
elongated “side facets” of the nascent nanorod. Collectively,
the formation of new high-index facets was a geometrical driver
for the initial symmetry breaking of the embryonic seeds in the
synthesis of Au nanorods.67 It should be noted that this
analysis was carried out using an ex situ protocol,183 where the
TEM images at sequential time points could have potentially
been taken from different particles. Although this sampling
method has served as an invaluable means for mechanistic
studies, the conclusion drawn from the data may include
oversimplified assumptions that are not representative of every
particle in the entire sample. An in situ atomic-scale
observation, ideally on the same particle, would unequivocally
infer the structural changes that lead to symmetry breaking and
thus asymmetrical nanocrystals.

3. GROWTH: FROM SEEDS TO NANOCRYSTALS
After nucleation, the as-formed seeds are supposed to grow
into nanocrystals with different sizes and shapes while
involving preservation or breaking of symmetry.68,69,184 Since

there are many reviews about the growth and shape control of
symmetry-preserved nanocrystals,1,119,185 this section mainly
discusses the synthetic methods capable of promoting
asymmetrical growth and generating symmetry-broken prod-
ucts. To provide a simplified and straightforward discussion,
the seeds formed during the nucleation step or presynthesized
for the seed-mediated growth are assumed to have a specific
shape and internal structure and thus well-defined symmetry.
We only consider the ideal situations in which any surface
inhomogeneity caused by defects (e.g., vacancies and steps)
and variation in surface coverage by the capping agents on the
surface of the seeds are neglected, unless otherwise
mentioned.62,103,119 As such, all symmetry-related crystal axes
are assumed to be equivalent in terms of their potential for
growth during the formation of final nanocrystals.
Particle attachment and atomic addition are the two main

pathways for nanocrystal growth, as discussed in sections 3.1.1
and 3.1.2, respectively.1,66,79,186 For attachment growth,
nucleation results in distinct seeds, referred to as nano-
crystallites, which then arrange and fuse together to generate a
final product (Figure 1).79 The products often feature a
polycrystalline structure and involve symmetry breaking, with
wavy rods and wires as common examples.187,188 In contrast,
growth through atomic addition involves atom-by-atom
deposition on a seed.65 This growth pathway can result in
products with either preserved or broken symmetry (Figure
1).68 It should be noted that both particle attachment and
atomic addition can be involved throughout different time
points of a synthesis, depending on the experimental
conditions. Thus, in both sections 3 and 4, while the focus is
primarily on atomic addition, the syntheses and products
might involve either or both pathways.
3.1. Symmetrical vs Asymmetrical Growth

Plants are a good example to illustrate the concept of
asymmetrical vs symmetrical growth. As a real-life example of
asymmetrical growth, the branches of a flowering plant tend to
grow outward arbitrarily in various directions, not necessarily
at equal rates. When flowers start to bud, the petals grow
outward evenly and symmetrically to form flowers with high
symmetry, an example of symmetrical growth. Similarly, the
principles of asymmetrical and symmetrical growth also apply
to the case of nanocrystals, but at a significantly smaller length
scale.
The surface of a nanocrystal seed often displays multiple

symmetry-related crystal axes, as determined by its inherent
shape and faceting.1,18,67 During subsequent growth, the
growth rates along these symmetry-related axes can be the
same or different, as mentioned in the introduction. During
symmetrical growth, all the symmetry-related axes and thus the
corresponding corners, facets, or edges will grow at the same
rate, typically giving rise to symmetry-preserved prod-
ucts.68,69,189,190 Asymmetrical growth, in contrast, occurs
when the growth rates along the symmetry-related axes differ
from each other, resulting in one or more facets, edges, or
corners growing at a faster or slower rate than the rest.68,191,192

In this way, asymmetrical growth will commonly produce
nanocrystals with broken symmetry relative to that of the seed,
such as when a nanocube evolves into a nanobar, or a singly-
twinned seed grows into an asymmetric bipyramid.177,193

However, depending on the type of seeds involved (e.g., when
a decahedral seed grows into a monometallic penta-twinned
nanorod), asymmetrical growth may also result in symmetry-
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preserved products in some cases.68,194 Therefore, while a
comparison of symmetrical and asymmetrical growth can be
useful as a quick assessment of the involvement of symmetry
breaking, each system needs to be evaluated individually based
on its unique parameters.
Alternatively, many articles define the preferential deposition

on one type of facet over another as “anisotropic
growth”.195,196 Under this definition, when a truncated
octahedral seed covered by both {111} and {100} facets
grows evenly but exclusively on all the eight {111} facets to
give a cubic nanocrystal as the final product, it is considered
anisotropic growth, as the {100} facets do not grow at the
same rate as the {111} facets.196 However, in our discussion,
this example would be classified as symmetrical growth since
all the {111} facets are symmetry-related and grow at the same
rate. Under our definition, asymmetrical growth would only
occur if the symmetry-related crystal axes (in this case, normal
to the {111} facets) do not grow equally, such as in the
formation of a pencil-like nanostructure from a truncated
octahedral seed where four {111} facets grow faster than the
rest {111} and {100} facets. Thus, the reader should be
attentive to our definition of asymmetrical growth to
distinguish the current notion from those used in other
publications. Overall, asymmetrical growth and the accom-
panying symmetry breaking event are often seen in attachment
growth, while atomic addition can result in both symmetrical
and asymmetrical growth.79 Some mechanistic details of these
two methods are discussed in the following two subsections.
3.1.1. Growth via Attachment. Attachment naturally

leads to asymmetrical growth and thus the formation of a
symmetry-broken product. Only a brief overview of this growth
process is given here, as the scope of this Review is on
symmetry breaking involving atomic addition. Readers can find
a number of recent reviews on attachment growth.79,197,198

Attachment growth, or more precisely, oriented attachment,
is a unique pathway in which different nanoscale components,
rather than atoms, serve as the building blocks.63,197,199 In a
typical process, the building blocks, also known as nano-
crystallites or seeds, are formed during the initial stages of a
synthesis, followed by their rotation into a coaligned
crystallographic orientation upon interaction, then attachment,
and finally coalescence to generate a new structure (Figure
9A). The new structure is larger in size than the building
blocks, together with the involvement of symmetry breaking.
Common shapes include rods/wires, branched structures, and
other asymmetrical morphologies.77,82,83,200,201 Additionally,
attachment growth can result in nanostructures possessing a
large number of stacking faults, twin planes, and other types of
defects.78,80,202 Their unusual morphology coupled with the
incorporation of multiple defects can imbue these nanostruc-
tures with unique properties and enhanced applicability in
plasmonics and electrocatalysis.203−205

From a thermodynamic point of view, oriented attachment
is driven by the energy reduction when the faces of a pair of
nanocrystallites attach and merge.79,197,206 The alignment and
thereby elimination of facets high in energy will force the
system to achieve the minimum total surface free energy and
therefore a thermodynamically stable state.64 In practice, the
preferred facet for attachment can vary depending on the
capping agent, solvent, and constituent metals, among
others.207−210 In most cases, facets that are not adequately
covered by the capping agent will be favored for oriented
attachment.207 During attachment growth, the nanocrystallites

can rotate in space to align their crystallographic planes in
either a common orientation or mirror-related symmetry prior
to coalescence.211 Several studies also suggested that surface
species could affect the particle−particle interaction and thus
attachment efficacy. For example, a recent experimental study
involving liquid-cell TEM demonstrated that the overlap of
surface citrate ligands might guide the rotation of two adjacent
Au nanocrystallites from a random to a directional mode, until
the same crystallographic orientation was shared by both
particles.212

Depending on the orientation of the building blocks during
attachment, the final product can have a single-crystal or
defect-lined structure.79,211 Specifically, when the crystallo-
graphic planes of the nanocrystallites are perfectly aligned
during the attachment, a single-crystal structure will be
generated after eliminating the interface and smoothing the
surface (Figure 9B). Even with a small misorientation between
the building blocks, the final product can still be single crystal
due to the reorientation of the particles upon contact and
diffusion of the constituent atoms.209 On the contrary, a twin
plane will be generated at the coalesced interface and
incorporated into the final structure if the nanocrystallites
merge through the same crystallographic planes that are
arranged in a mirror image of each other (Figure 9C).60,211

When two entirely different crystal planes are attached
together, the resulting disruption in the original atomic
stacking can cause the formation of stacking faults in the
final structure.79 In the case where the attached facets are not
perfectly flat, dislocations will be created in the nanostructure
due to the resulting misalignment and distortion of the
interface. Although these structural defects could be removed
through lattice relaxation to lower the total surface energy, they
are usually preserved in the final structures, providing evidence
for the attachment growth mechanism. In comparison with the
conventional growth pathway involving atomic addition,
oriented attachment offers a more powerful route to
nanostructures abundant in defects.79 In return, the unique

Figure 9. (A) Schematic showing the general steps of oriented
attachment, in which nanoscale building blocks align with each other,
attach, and finally coalesce to form a new structure. (B, C) Schematics
showing the attachment of nanoscale building blocks with (B) perfect
matching in orientation to give a single-crystal structure and (C)
mirror-related matching to yield a twinned structure. (B, C)
Reproduced with permission from ref 211. Copyright 2007 Wiley-
VCH.
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assortment of defects can augment the properties of these
nanostructures toward various catalytic reactions.
Oriented attachment is useful in inducing symmetry

breaking due to the inherent nature of the method. By
combining various nanocrystallites, oriented attachment
instantaneously reduces the symmetry of the system.12,213,214

Notable products of oriented attachment include nanorods and
nanowires, either single-crystal or polycrystalline to present no
or multiple defects.187,211,215−217 Alternatively, cube-like
aggregates, nanobars, nanosheets, and nanorice have also
been reported.218 Altogether, oriented attachment is an
important pathway to obtaining unusual nanostructures with
broken symmetry.
3.1.2. Growth via Atomic Addition. An alternative route

to account for the growth of nanocrystals involves the
continuous deposition of atoms on the initial seeds.71 This
route is particularly relevant to seed-mediated growth, in which
a metal precursor is added to a solution containing seeds, a
reducing agent, and other additives. The precursor solution is
typically added in one shot or titrated dropwise into the
reaction solution with the assistance of a syringe pump.72,219

As the precursor is reduced, the newly formed atoms are
continuously deposited onto the seed to sustain its growth into
the final product. In this case, the shape is usually controlled
with the help of a capping agent, which selectively adsorbs
onto and stabilizes a specific type of facet to reduce its growth
rate. Other shape-control methods include manipulation of the
injection rate (section 3.2.2) and activation of oxidative
etching (section 3.2.3), among others.119,122,163,219

In principle, the metal precursor can be reduced in the
solution phase and on the particle surface, respectively (Figure
10).158,163 The pathway depends on the reduction kinetics of
the precursor and the presence of seeds, which can either be
generated in situ through nucleation or presynthesized and
introduced into the reaction solution. In the absence of seeds,
solution reduction dominates in the initial stage as the
precursor is first reduced to metal atoms, which then aggregate
into larger clusters.163 This clustering process, also known as
homogeneous nucleation, eventually results in the formation of
seeds. Solution reduction tends to be adopted under fast
reduction kinetics, corresponding to high precursor concen-
tration, high temperature, and strong reducing agent. Once
seeds have been formed via homogeneous nucleation, the
subsequently formed metal atoms tend to be deposited onto
the surface of the seeds. Known as heterogeneous nucleation,
this process results in atom-by-atom growth of the seeds. With

seeds in the solution, additional homogeneous nucleation,
referred to as secondary nucleation, can still occur to generate
a second population of seeds. In general, the undesired
secondary nucleation is detrimental to the uniformity of the
products.163,220 Because of a lower activation energy barrier
and the associated autocatalytic mechanism, heterogeneous
nucleation tends to occur more readily than homogeneous
nucleation.163 Therefore, when seeds are present, one must
slow down the reduction kinetics by lowering the reaction
temperature, injecting the precursor at a slower pace, and/or
switching to a weak reductant in order to ensure the
preferential occurrence of heterogeneous nucleation while
suppressing secondary nucleation.
As an alternative route, surface reduction only occurs in the

presence of preformed seeds or growing nanocrystals.158,163

During surface reduction, the metal ions adsorb onto the
surface of the seed, followed by their reduction to atoms. This
reduction pathway exclusively leads to heterogeneous
nucleation, resulting in products uniform in both size and
shape. The lower energy barrier to surface reduction also
suggests its more important role than solution reduction in the
case involving slow reduction kinetics. Since homogeneous
nucleation is inherently suppressed by surface reduction, no
secondary population of seeds should be observed. Taken
together, surface reduction and heterogeneous nucleation are
preferred when a strong control over the uniformity of
nanocrystals is desired.
When atomic addition prevails in the growth stage, it is

possible to govern the growth pattern of seeds to induce
asymmetrical growth and thus symmetry breaking.68,72,181 Each
seed has a unique shape or morphology, with its own
composition of faces, edges, and vertices.65 These features
(e.g., faces) on a seed can be symmetry-related or symmetry-
different depending on their atomic structures. For instance,
the two axial vertices on a decahedral seed are symmetry-
related with each other, as well as the five equatorial vertices.
However, the axial and equatorial vertices have different
atomic structures and are thus different in symmetry. In
another example, the eight {111} facets on a truncated
octahedral seed are symmetry-related to each other, while the
{111} facets are symmetry-different to the {100} facets on the
same seed. During the growth stage, the newly generated
atoms can selectively grow from one or more of the symmetry-
related, equivalent sites on the seed. In general, asymmetrical
growth or symmetry breaking can be induced by controlling
the growth rates along the symmetry-related axes.

Figure 10. Schematic showing the two possible reduction pathways for nanocrystal growth, which occur (A) in the reaction solution phase and (B)
on the surface of a nanocrystal, respectively. Reproduced with permission from ref 163. Copyright 2016 American Chemical Society.
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In the presence of well-defined seeds, growth can occur in a
symmetrical or asymmetrical pattern.221 For symmetrical
growth, all the symmetry-related sites grow at the same rate.
As illustrated in Figure 11, incoming atoms are deposited on all

the symmetry-related sites (in this case, corners) without
preference. Thus, symmetrical growth will lead to nanocrystals
that preserve the symmetry of the seed, even if the overall
shape has changed, such as when cubes or multipods are grown
from a truncated octahedral seed.222 In contrast, the
symmetry-related sites will expand at different rates during
asymmetrical growth, which is illustrated in Figure 13 for
preferential growth from one, two, or three of the four
symmetry-related corners. Under appropriate conditions
(depending on the symmetry of the seed and experimental
conditions), asymmetrical growth can activate the symmetry
breaking event, such as when new atoms are only added to one
of the faces, resulting in products such as nanobars and
nanowires.223−225Table 1 shows a list of possible products

derived from the most common seeds through symmetrical or
asymmetrical growth on symmetry-related sites. For instance,
in the case of a singly-twinned seed, deposition can occur
symmetrically on both basal planes, leading to a bipyramidal
particle. If asymmetrical growth takes place with deposition on
only one of the two symmetry-related basal planes, the final
particle would be an asymmetric bipyramid with reduced
symmetry relative to the seed. Readers should note that this
table is a partial collection of theoretical products instead of an
exhaustive list of all possible outcomes, and not all of the listed
nanocrystals been reported in the literature. The purpose of
this table is to demonstrate the broad range of possible
products resulting from symmetrical and asymmetrical growth
and potentially inspire future research into some of the
unreported structures.
It should be emphasized that surface diffusion plays an

important role in maintaining the pattern of symmetry
breaking initiated by asymmetrical growth through atomic
addition.226 As illustrated in Figure 12, adequate or inadequate
diffusion of the adatoms can strongly affect the symmetry of
the nanocrystals. Especially under asymmetrical growth due to
a limited supply of atoms, diffusion plays a profound role in
dictating the morphology of the final products.76 Under
adequate diffusion, which can arise from elevation in reaction
temperature, the adatoms will be equipped with sufficient
kinetic energy to migrate to other sites before additional atoms
are deposited onto the surface, leading to conformal growth
over the entire surface.226 Depending on the morphology of
the seed, this situation might or might not result in symmetry
breaking. Under a sufficiently fast diffusion rate, the symmetry
will be maintained even with the asymmetrical deposition of
the newly formed atoms since they can spread evenly across
the surface of the particle. In contrast, if the diffusion is limited,
for instance, due to the involvement of a low reaction
temperature, the adatoms will not be able to diffuse from their
original sites of deposition, resulting in island growth and thus
symmetry breaking for the nanocrystal.65,226 Again, in the case
of a nanobar, although deposition on just one corner would
break its symmetry, fast diffusion can compensate for
asymmetrical deposition to a certain extent, allowing the
seed to maintain its original symmetry. In general, a
combination of asymmetrical deposition and slow diffusion is
instrumental to breaking the symmetry of the nanocrystal.
The impact of diffusion is related to not only the reaction

temperature but also the presence of a capping agent.119

Capping agents affect nanocrystal shape by binding selectively
to certain types of facets, slowing their growth and thereby
ensuring their expression on the final product. The presence of
a capping agent will restrict the extent and the number of sites
that the adatoms can diffuse to, which in turn control the shape
evolution of the nanocrystal.226 This concept is illustrated in
Figure 12, where the final morphology of a nanocrystal is
affected by both the diffusion and capping agent, with a {100}
capping agent leading to a nanocrystal with a bar-like shape
under adequate diffusion, while diffusion combined with a
{111} capping agent induces a pencil-like morphology.
Capping agents often have a more pronounced effect when
used under conditions promoting surface diffusion, since the
whole surface of the nanocrystal can be affected rather than
selected facets.119 However, even with inadequate diffusion,
capping agents can dictate the location of island growth on the
surface of a seed. For this reason, when designing a synthesis of
nanocrystals, the interplay of deposition, diffusion, and capping

Figure 11. Schematic showing different scenarios of (A) asymmetrical
and (B) symmetrical growth in the case of a 2-D model nanocrystal,
in which the four corners are considered equivalent to each other and
thus symmetry-related. In general, asymmetrical growth will lead to
symmetry-broken products.
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Table 1. Summary of Symmetry-Related Sites Commonly Involved in the Growth of Different Types of Seeds and the Products
Resulting from Symmetrical and Asymmetrical Growth, Respectively
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Table 1. continued
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agent needs to be optimized to achieve symmetry breaking or
preservation.
While the aforementioned concepts theoretically apply to all

nanocrystal syntheses and symmetry breaking events, it can be
challenging to evaluate their individual roles in the
experimental work. In the following sections, various
experimental methods for promoting symmetry breaking are

discussed, where an understanding of the above concepts will
be helpful in elucidating the mechanistic details.
3.2. Asymmetrical Growth in a Monometallic System

As discussed in sections 2.2 and 2.5, many of the mechanistic
details involved in nucleation remain to be discovered, and
more research regarding this topic continues to be
published.105,108,133,227−230 Nucleation is known to be an
extremely sensitive, even fickle, process, where any changes to
the experimental conditions, reactants, and contaminants can
yield completely unexpected outcomes. Consequently, the
nanocrystals obtained using a one-pot method can vary widely
with subtle changes to the reaction conditions.220 In contrast,
seed-mediated growth, in which preformed seeds are allowed
to grow into larger nanocrystals, is much better understood.
The influences of injection rate, precursor concentration, shape
and size of the seed, and other reaction parameters have all
been tuned and investigated to elucidate mechanistic details
about seed-mediated growth.65,231,232 A deep understanding of
the roles played by each parameter allows for the rational
design of a seed-mediated synthesis for controlling the shape
and size of the nanocrystals. Application of this knowledge has
resulted in the discovery of numerous methods to accomplish
asymmetrical growth and symmetry breaking in the setting of
seed-mediated growth.68 In the following sections, we discuss
the different methods capable of inducing symmetry breaking
in various systems.
First, symmetry breaking in a monometallic system is

discussed, including descriptions of methods such as asym-
metrical passivation of the surface, limited supply of precursor,
oxidative etching, influence of an interface, and soft templating,
among others.68,69,189,233 Many of these strategies draw on
overlapping concepts, and whenever relevant, we point out
these similarities. Additionally, when considering the case
studies described in section 4, more than one strategy might be
involved in inducing symmetry breaking. Although the
following synthetic strategies are intended to cover most

Table 1. continued

Figure 12. Schematic showing the importance of diffusion in enabling
symmetry preservation or breaking in the presence of a capping agent
specific toward (A) {100} and (B) {111} facets, respectively.
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systems, they may not encompass some of the less common
strategies found in the literature.
In a monometallic system, the seed and the final nanocrystal

are made of the same metal. Consequently, their symmetry
cannot be broken by changing the elemental distribution of the
nanocrystal.68,69,189,233 Moreover, it is often not possible to
resolve symmetry breaking based on the growth sequence on
specific facets. For instance, when a monometallic nanorod is
generated from a decahedral seed, it is almost impossible to
determine whether the growth occurred on one or both sides
of the seed using common characterization methods.234

Theoretically, if deposition took place on only one side of
the seed, asymmetrical growth and symmetry breaking would
be involved, but it is generally not feasible to experimentally
prove such a growth mode without the use of in situ
techniques or isotope labeling.227 Consequently, we must
assume that the seed grew through equal deposition on the
symmetry-related crystal axes and symmetry was preserved.
Thus, the following discussion of symmetry breaking only
refers to the difference in symmetry relative to their seeds,
rather than from the angle of asymmetrical growth. In contrast,
the next section touches on bi- and multimetallic systems, with
a focus on elemental distribution and lattice mismatch.24 The
schematics depicting the different growth strategies are all
drawn using a cubic seed for clarity and consistency. However,
the concepts and strategies should be applicable to all different
types of seeds, regardless of composition, shape, and size. The
strategies will be illustrated with explicit examples in section 4.
3.2.1. Asymmetrical Passivation of the Surface.

Research throughout the past several decades has repeatedly
shown that one of the most effective ways to control the shape
of nanocrystals is through the use of capping agents, which are
also referred to as shape-directing agents, facet-directing
agents, or surfactants.119,184,235 Capping agents can be ions,
small molecules, coordination ligands, polymers, or surfactants
capable of binding to the surface of a nanocrystal.71,191,236−238

The capping agent tends to bind relatively strongly to a specific
type of facet but not necessarily to all of the symmetry-
equivalent facets, and this can affect the final shape of the
nanocrystal by modifying thermodynamic and kinetic aspects.
Thermodynamically, the presence of a capping agent will
change the surface energies of different crystal facets, with
those more strongly bound by the capping agent having a
greater decrease in surface energy. Therefore, the thermody-
namically favorable shape will change to facilitate the
expression of these facets on the surface. For example, by
mediating the polyol synthesis of Ag nanocrystals with
poly(vinyl pyrrolidone) (PVP), the strong binding of PVP to
Ag(100) can reverse the order of surface energies for (100)
and (111), giving Ag nanocubes as the product.235 Kinetically,
the capping agent prevents growth by serving as a physical
barrier against deposition while simultaneously restricting the
diffusion of the deposited atoms on the capped facet.239 As

such, deposition on the capped facets is limited whereas the
corresponding growth will occur preferentially on the
uncapped facets.119 The facets covered by a capping agent
will not grow as quickly and eventually become dominant on
the surface of the particle. Common examples include the use
of Br− ions as capping agents for the Pd{100} facets to
produce cubic nanocrystals, while the {111} facets can be
capped by citrate for the synthesis of octahedral nanocryst-
als.240,241 Capping agents are invaluable in directing the shape
evolution of nanocrystals during their growth. Nevertheless, it
is worth noting that there are only a limited number of reports
on the binding energy and adsorption/desorption dynamics of
capping agents due to the difficulty of such a measurement.120

Computational studies suggested that the efficacy of surface
binding is dependent on both the structural conformations and
chemical functional groups of the ligand.235,242 For example,
when analyzing the binding configurations of polymer ligands
such as PVP to Ag surfaces, both van der Waals (vdW)
attraction through the carbon backbone and covalent bonding
through oxygen atoms should be taken into consideration, with
the overall binding of PVP to Ag(100) stronger than that to
Ag(111).243 Additional efforts in simulating real experimental
conditions are required to achieve a good understanding of the
interaction between a metal surface and a ligand.
When a capping agent is used to synthesize the seeds, the

coverage of the capping agent should be evenly distributed
across all the capped facets. Under certain conditions, however,
the distribution might become uneven, leading to one or
multiple facets containing the capping agent at a lower
coverage density.183,244−247 As such, the seed experiences
asymmetrical passivation on the surface, where the facets with
the lowest coverage density are more favorable for atomic
deposition.119,184,248 When atoms start to deposit on the least-
capped site, the resulting islands will become a preferred site
for further growth due to the lack of capping agent, a large
number of under-coordinated atoms, and a high surface
energy.65,249 Thus, the islands on the poorly capped facets will
grow most quickly, whereas the facets fully covered by the
capping agent will be growing minimally or not at all. The
resulting asymmetrical growth on symmetry-equivalent facets
will induce symmetry breaking.68Figure 13 shows this concept
through the growth of a cubic seed bearing unevenly passivated
side faces into a nanobar. The symmetry is broken because
deposition only occurs on one of the six {100} facets with the
lowest coverage of the capping agent. In principle, more than
one symmetry-related facet can have in capping agent in low
coverage density, leading to the formation of rectangular plates,
multipods, or T-shaped particles depending on the specific
arrangement of the poorly passivated facets.
As mentioned above, asymmetrical passivation occurs when

a capping agent does not adsorb evenly on the surface of a
nanocrystal. This situation can be attributed to the low
concentration of capping agent (some sites might not be fully

Figure 13. Schematic showing symmetry breaking through asymmetrical passivation of the seed surface. Growth tends to occur from the facet with
the least coverage of the capping agent, leading to asymmetrical growth.
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covered if there is an insufficient amount of capping agent in
the reaction system), partial blocking of the facet (such as
when the capping agent does not bind strongly to the
nanocrystal), or inherent properties of the capping agent.244 In
practice, the capping agents can be asymmetrically deposited
by design, such as in a hydrophilic−hydrophobic system.249,250

When seeds are coated with a hydrophobic capping agent and
added into a system containing a secondary hydrophilic
capping agent, some of the bound hydrophobic capping agent
will be replaced by the hydrophilic one.250 The uneven
passivation inevitably results in phase separation, as the
hydrophobic and hydrophilic capping agents tend to migrate
to different sides of the seed. During the subsequent growth
process, the deposition will occur preferentially on only one
side of the seed, depending on the solvent involved, coverage
density, metal precursor, and other reaction conditions. This
hydrophilic−hydrophobic system has some overlap with the
strategy discussed in section 3.2.4 (influence of an interface),
but in this case, the final growth step does not necessarily
occur at an interface.
In some publications, the growth of SiO2 or other materials

to physically block only one side of a seed (usually through the
aforementioned hydrophilic−hydrophobic method) to induce
symmetry breaking is also referred to as asymmetrical
passivation of the surface.251 However, in this Review, the
unevenly deposited SiO2 is considered a physical barrier and
will be discussed in section 3.2.6. Regardless, this method is a
good example of how multiple techniques with overlapping
mechanisms can be leveraged to achieve symmetry breaking in
nanocrystal growth.
3.2.2. Limited Supply of Precursor or Atom. A simple

and versatile method for achieving asymmetrical growth
involves the limited supply of precursor/atom during the
growth step.68 In a seed-mediated synthesis, all the symmetry-
equivalent facets on the surface of a seed should have the same
potential for growth. With enough precursor and thus newly
generated atoms, the deposition should occur on all the
equivalent sites, leading to symmetrical growth.76 However, at
a limited supply of the precursor, the deposition will take place

on some of the equivalent sites only. The selectivity with
regard to atomic deposition is a result of the nucleation process
at the beginning of a seed-mediated synthesis. When the
available precursor starts to reduce, it can undergo
heterogeneous nucleation on any one of the symmetry-
equivalent facets, thereby activating that site.76,252 The just-
deposited atoms will have a higher surface energy, as they are
undercoordinated and/or less passivated by the capping agent.
Thus, additional growth will preferentially continue at the
same high-energy, activated site. When there is sufficient
precursor at the start of growth, nucleation will occur evenly on
all the symmetry-related sites, activating all of them for
symmetrical growth.253 However, when the supply of precursor
becomes limited, there will be insufficient atoms to nucleate on
all symmetry-equivalent facets, so only a fraction of the
symmetry-related sites will be activated, and only these
selected sites will continue to grow with additional
deposition.73 The deposition on limited sites in turn results
in asymmetrical growth and symmetry breaking.76,254 In Figure
14, this technique is demonstrated using a cubic seed. When
the precursor supply is limited, only one of the side faces is
activated for deposition and the preferential growth on this
facet eventually results in a nanobar. In contrast, at an adequate
supply of atoms, all side faces of the cubic seed undergo
deposition, and the seed will grow symmetrically into an
enlarged cube. In principle, when the supply of precursor is
tuned, two, three, four, or five side faces of the cubic seed can
participate in growth to give a variety of symmetry-broken
products.76

Limiting the supply of precursor to induce asymmetrical
growth is a powerful method that can be easily controlled and
modified. There exist many different methods capable of
controlling the supply of atoms.68 A common way is to
manipulate the reduction rate of the metal precursor by, for
example, changing the type of precursor, reducing agent,
reaction temperature, and injection rate, among
others.58,69,163,181 For instance, using the metal precursor
with a more strongly bound ligand or switching to a weaker
reducing agent can slow down the reduction kinetics, thereby

Figure 14. Schematic showing how the level of atom supply affects symmetry breaking: an adequate supply tends to result in symmetrical growth,
whereas a limited or inadequate supply would lead to asymmetrical growth.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00468
Chem. Rev. 2023, 123, 3693−3760

3712

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig14&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


lowering the supply of atoms and inducing asymmetrical
growth.68,69 Lowering the reaction temperature also results in a
slower deposition rate (Vdep) while simultaneously compro-
mising the diffusion rate (Vdiff) of the adatoms.181,226 At a
higher reaction temperature, diffusion will be accelerated. Even
if the reduction rate and atomic deposition are slow and
restricted to one site, fast diffusion can cause the adatoms to
distribute evenly across the surface of the seed, leading to
symmetrical growth (see section 3.1.2). In general, the use of a
sufficiently low temperature to prevent the fast diffusion of
adatoms is necessary to induce and maintain asymmetrical
growth.
The easiest way to control the supply of atoms for symmetry

breaking is through the dropwise titration of the precursor
using a syringe pump.219 The syringe pump allows one to add
the precursor solution at specific, programmable rates, keeping
the precursor concentration stable throughout a synthesis. At a
sufficiently slow injection rate, the concentration of precursor
in the reaction vessel at any given point will remain low, and
the resultant slow Vdep will induce asymmetrical growth from
only one site.181 When the injection rate is increased, the
resulting increase in concentration and Vdep will enable growth
on multiple symmetry-related sites. Eventually, at a fast
injection rate, the high precursor concentration will cause
fast deposition on all symmetry-related sites. Thus, the use of a
syringe pump allows for a fine control of the growth pattern
involving one or multiple sites. Such a control makes limiting
the supply of atoms more versatile and robust than other
methods for inducing asymmetrical growth.
3.2.3. Activation by Oxidative Etching. Oxidative

etching is a process commonly observed in our daily life. A
simple example can be found in the localized corrosion of steel
by water and oxygen from air. When steel is exposed to the
atmospheric environment for a certain period of time, the
corrosion can be triggered exclusively from a spot on the
surface before spreading, during which iron is removed from
the steel surface through oxidation and then dissolved into the
surrounding solution in the form of ferrous ions. As a hallmark
of corrosion, it does not occur uniformly on the entire surface,
naturally causing symmetry breaking to the affected object.
Similarly, oxidative etching of nanocrystals is a localized
process and can be used to induce asymmetrical growth.121

Oxidative etching is universally involved in nanocrystal
synthesis.122 As discussed in section 2.4, etching can be used to
remove twinned seeds during nucleation, leading to single-
crystal particles in high purity.121,122 Etchants can also act as
capping agents to control the shape evolution of nanocryst-
als.177 Oxidative etching has been further employed to
fabricate nanoframes or nanocages by etching away the core
in bimetallic nanocrystals.255 Finally, oxidative etching can
induce asymmetrical growth and symmetry breaking.68 In
oxidative etching, an oxidant and a coordination ligand pair up
to enable a redox reaction with the atoms on the surface of a

nanocrystal. Commonly, this involves halides or nitrate,
alongside the oxygen from air.177,191,192 During etching,
some surface atoms are oxidized back to ions, which
coordinate with the ligand and are thus removed from the
surface. Just like corrosion, oxidative etching tends to start
from one site, rather than evenly across all equivalent sites.68

As one site starts to undergo etching and atoms dissolve away,
this site will become more active toward continued etching.177

This activation occurs because the site in question has higher
surface energy due to the presence of undercoordinated atoms
and likely a lower density of the bound capping agent due to
the disruption of the surface by etching. Additionally, the
activation toward etching ensures that this site becomes
preferred for deposition in the following step. When the
reaction conditions shift to become more favorable for growth
rather than etching, the precursor ions (either added into the
synthesis or resulting from etching) start to redeposit onto the
high-energy sites where etching just occurred.192 Thus, the
etched site will grow faster than any other symmetry-related
sites, leading to symmetry breaking. Of course, symmetry
breaking will only occur if atomic deposition overrides
oxidative etching during a synthesis. If etching continually
prevails over deposition, eventually the whole particle will be
etched away.
Figure 15 illustrates the asymmetrical growth of a cubic

nanocrystal into a nanobar through the mediation of oxidative
etching.177 At first, etching occurs on one of the six side faces,
and the resulting roughened side face makes a perfect site for
continued etching or atomic addition. As the synthesis
proceeds, atomic addition is more rapid than oxidative etching
on the etched site, leading to growth along one direction of the
cube. Eventually, as atomic addition continues at a faster rate
than etching, a nanobar with sharp edges and corners is
obtained as the final product. It is important to realize that
oxidative etching can also affect the reaction kinetics of the
system. Essentially, as the etching oxidizes the metal atoms
back into their precursor state after the initial deposition, this
will slow down the reduction kinetics. Thus, oxidative etching
and limiting the supply of precursor seem to overlap when
applied to achieve asymmetrical growth.

3.2.4. Assistance of an Interface. Intuitively, one of the
first ideas to induce asymmetrical growth might be simply
blocking the growth on certain symmetry-related sites. In that
case, only the exposed or undisturbed sites would have the
opportunity to grow. Experimentally, certain sites can be
blocked through the aid of an interface, usually a solid−liquid
or liquid−liquid interface.256 By trapping the seeds at the
relevant interface, the symmetry and accessibility of the seed
are immediately changed, as growth can only occur from one
side of the interface.257 Sometimes, this interface involves a
solid, as in the case of vapor−liquid−solid or solution-liquid−
solid method commonly used to grow semiconductor
nanorods.258,259 In this method, the metal seeds are

Figure 15. Schematic showing the effect of site-selective oxidative etching and thus activation of atomic addition on asymmetrical growth of
nanocrystals.
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immobilized on a solid substrate, after which the semi-
conductor precursor is supplied in a vapor or liquid form to
grow the nanocrystals only from the sides exposed to the
precursor. Such growth will lead to the formation of nanorods,
nanowires, and other symmetry-broken nanostructures.
A more common method to break the symmetry of noble-

metal nanocrystals is to introduce a liquid−liquid inter-
face.260−262 The liquid−liquid interface can be conveniently
formed in a system involving oil and aqueous phases by taking
advantage of the hydrophobic interaction. To trap the seeds at
this interface, they first need to be functionalized with an
appropriate capping agent.260 This functionalization often
involves a hydrophobic capping agent so the resulting
hydrophobic interaction will ensure that the seeds are trapped
at the interface to minimize the interfacial energy. Once the
seeds are arranged at the interface, a precursor that is only
soluble in one of the two phases will be introduced (Figure
16).262 The precursor will be restricted to one side of the
interface, and as it is reduced, the growth will occur exclusively
from the accessible sites on the seed. The continued deposition
will form a partial shell over the seed, generating a nanocrystal

with a Janus structure. The final shape of the partial shell can
also be affected by introducing additional capping agents,
controlling the reduction kinetics, and more.184,189 In this way,
the assistance of an interface can be combined with other
methods to fine-tune the final morphology of the nanocrystals.
Additionally, the resulting nanocrystals can be modified
postsynthesis to further alter their shape. Etching away the
seed, depositing another shell over the whole nanocrystal, or
introducing a second round of functionalization through the
assistance of an interface will lead to the formation of
nanocrystals with complex morphologies.122,263,264 While this
method is comparatively similar to the uneven passivation of
the surface or the physical blocking of the surface described in
sections 3.2.1 and 3.2.6, the trapping of the seeds at the
interface during the growth step helps set it apart as a unique
method.
As a hallmark of leveraging an interface to induce

asymmetrical growth, this method can be adapted to improve
the throughput and yield of the synthesis by switching to a
flow-droplet system.262 In such a system, reactor droplets are
created from a fluid that is immiscible with the solvent used as

Figure 16. Schematic showing symmetry breaking during the growth of nanocrystals that are trapped at an oil−water interface. In this case, the
supply of precursor compound or atoms is limited only to the water side of the interface.

Figure 17. Schematic showing asymmetrical growth during the formation of a nanocrystal within the confinement of a soft template such as a rod-
shaped micelle. Adapted with permission from ref 267. Copyright 2008 American Chemical Society.
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the carrier fluid, similar to the biphasic system described above.
Thus, the seeds functionalized with a hydrophobic capping
agent will be trapped at the interface of the droplets and carrier
fluid. When a precursor only soluble in the droplets is
introduced, the nanocrystals will grow asymmetrically only
from the side accessible by the precursor, causing the
symmetry to break. Such a flow-droplet system offers a greater
opportunity to scale up the production of nanocrystals
compared to batch reactors.
3.2.5. Direction or Confinement by a Template. When

considering asymmetrical growth on a macro scale, it is easy to
control the shape through the use of a mold or template, such
as those used during ceramic slip casting. Some early studies
essentially tried to extend this concept to the nanoscale for the
creation of nanorods and nanowires through the deposition of
a metal in mesoporous silica templates or anodic aluminum
oxide templates.265,266 While using such hard templates gives
rod-like structures, controlling their size, shape, and quantity
tends to be limited. Alternatively, a soft-templating approach
can be used to confine nanocrystal growth to a surfactant-
based “mold.” Usually, micelles made of surfactants such as
cetyltrimethylammonium bromide (CTAB) can act as the
template to restrict nanocrystal growth from certain directions
(Figure 17).267 Soft templating can occur in either a single or
biphasic system.
In an aqueous system, the hydrophobic tails of surfactant

molecules attract each other and assemble into a specific
orientation to minimize the area-to-volume ratio and avoid
contact with water, while the hydrophilic heads tend to repulse
each other to maximize the area-to-volume ratio. The optimal
curvature of the water/surfactant interface is thus determined
by the properties of the hydrophobic tail and the hydrophilic
head.268 Specifically, the amphiphilic nature of CTAB
molecules forces them to self-assemble into rod-like micelles
rather than globular shapes when used at sufficiently high
concentrations and especially when salts, such as KBr and
NaNO3, are added.269,270 The bilayers of CTAB can act as a
physical barrier to confine the metal precursor to the template.
Additionally, many metal ions, such as Au3+ or Ag+, will adsorb
on the CTAB layer through ionic interactions, again keeping
the growth confined to the template.271 Therefore, by
physically restricting their growth, the resultant nanocrystals
will automatically be shaped by the micelles. Importantly, the
dual roles of CTAB as a capping agent and a surfactant can
control the particle shape in a conventional manner.
Since the shape of the micelle helps determine the final

shape of the particle, the choice of surfactant is essential.267

Unfortunately, the shape of the micelle is strongly affected by
the impurities contained in the surfactant, making soft-
templated growth less reproducible and highly sensitive to
the chemicals.267 For instance, depending on the supplier of
CTAB, the as-obtained micelles can have different aspect ratios
or might even become spherical. Additionally, the CTAB may
affect nanocrystal growth beyond the templating effect, such as
when the long-chain ammonium ions also stabilize specific

facets on the nanocrystal.271 In another example, the Br− ions
can coordinate with the metal precursor to affect its reduction
rate while acting as an additional capping agent. Taken
together, many factors are involved in soft-templated growth,
and their individual effects can be difficult to detangle.
The templated growth can occur in a similar manner in a

biphasic system, albeit the metal precursor is only soluble in
one of the two phases.265 In this case, droplets of an organic
solvent are formed in an aqueous environment through
stirring, and CTAB will arrange at the interface of the aqueous
and organic phases to minimize the interfacial energy. During
this process, the CTAB forms an inverse-micellar network to
shield the aqueous solution of the metal precursor from the
organic phase. The metal precursor will be reduced while being
confined to this inverse-micellar network, and nanowires that
match the shape of the network will eventually be generated.
This soft-templating method has much in common with the
influence of an interface, as both methods use a biphasic
system. Again, it is possible to use more than one synthetic
method to promote asymmetrical growth due to their
inevitable overlap.

3.2.6. Other Methods. Of course, the vast number of
methods for inducing asymmetrical growth makes it impossible
to discuss all of them. Instead, we decided to focus on the most
common strategies in the preceding sections. Here we give a
quick overview of one additional method to illustrate how
other, less common techniques can influence the growth
pattern.
As described in sections 3.2.1 and 3.2.5, both uneven

passivation of the surface and the influence of an interface can
cause asymmetrical growth by preventing atomic deposition on
specific sites on a seed.184 In those sections, we mainly focused
on nanocrystals with ionic or molecular capping agents, or
ones trapped at a macroscopic interface. Alternatively, a much
smaller interface could be formed by attaching a secondary
nanostructure to a seed (Figure 18).86 By introducing an
asymmetric mask, usually made of polystyrene or SiO2,
selectively to one side of a nanocrystal, that side will be
blocked, while the other sites on the nanocrystal remain
available for atomic deposition and growth.272−274 When the
mask is removed after deposition, the final nanostructure
evolves into a dimer or Janus particle. Despite the subtle
differences, this method is essentially a combination of two
involving the assistance of an interface and selective passivation
of the surface, although it is sometimes presented as a distinct
method.
3.3. Asymmetrical Growth in a Bi- or Multi-Metallic System

Certainly, symmetry breaking is not limited to the mono-
metallic system as bi- or multimetallic nanocrystals can also
undergo such a transition during the growth process. In
general, all the methods discussed previously in the
monometallic section are also applicable to the bimetallic
system, in which case the seed is made of one metal while a
different metal is deposited during the symmetry breaking

Figure 18. Schematic showing the synthesis of dimerized particles through the use of a physical mask to block the nucleation and growth from part
of the surface. Reproduced with permission from ref 86. Copyright 2021 Wiley-VCH.
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step.24,73,253,254,260,275,276 The growth can also be repeated to
create tri- and multimetallic systems.24 Furthermore, when
more than one metal is involved, additional options for
symmetry breaking will transpire. In this section, we focus on
the methods developed exclusively for a bi- or multimetallic
system, albeit they can also be combined with the previously
discussed techniques.
3.3.1. Symmetry Reduction Arising from Elemental

Distribution. By design, both bi- and multimetallic systems
involve elemental distributions. When discussing symmetry
breaking in a monometallic system, we stated that, in some
cases, it is almost impossible to know on which facets growth
occurs.69,189,227,233,234 For a bimetallic system, in contrast, we
can resolve the issue of symmetry breaking vs preservation
based on the elemental distribution in/on the nanocrystal.24,86

For instance, when a decahedral seed grows into a penta-
twinned nanorod, the seed can be made of a different metal
from that used for growth. If growth occurs evenly from both
sides of the decahedral seed, symmetry (both in terms of shape
and elemental distribution) will be preserved. If growth occurs
from one side only, or unevenly from both sides, the symmetry
will be broken due to the change in elemental distribution.253

This phenomenon is in direct contrast to that of the
monometallic system, where the growth of a decahedral seed
into a nanorod does not involve symmetry breaking, as
previously discussed.68 Similarly, as illustrated in Figure 19, a

second metal can be deposited on one or both sides of a
growing nanobar. The symmetry of the nanobar will be
preserved when the deposition occurs evenly on both sides,
whereas changes to elemental distribution will cause symmetry
breaking. In this way, the bimetallic system offers a unique
platform to break the symmetry of a nanocrystal.
3.3.2. Asymmetrical Growth Caused by Lattice

Mismatch. When two or more metals are involved, the
inevitable lattice mismatch between the different metals can
play an important role in inducing asymmetrical
growth.68,69,189,233,277 Depending on the metals involved, the
lattice mismatch can either be negligible or significant.65,278,279

In the case of minor lattice mismatch (<4%), the two metals
can form an interface with minimal lattice strain, resulting in
conformal layer-by-layer overgrowth over the entire surface. If
the lattice mismatch surpasses 4%, the resulting significant
lattice strain can affect the growth mode.280 At a greater lattice
mismatch, the atoms situated at the interface will experience

tensile or compressive strains, resulting in an overall higher
energy for the system (Figure 20A).65,281,282 One way to
relieve this strain is to shift from a layer-by-layer to an island
growth mode as the distance from the interface increases, with
the islands relaxing to the native lattice parameters.65

Subsequently, additional deposition will preferentially occur
at these islands to avoid any additional lattice mismatch and
strain.68

Of course, the lattice mismatch can also affect the
morphology of the resultant nanocrystals. This process is
illustrated in Figure 20B, where a metal with a larger lattice
parameter grows on a seed with a smaller lattice parameter. As
the second metal is deposited, the growth first continues in a
layer-by-layer fashion (Frank-van der Merwe mode), even
when there is strain at the interface. However, as the deposited
layer increases in thickness, the growth shifts to a mixed layer-
plus-island (Stranski-Krastonov mode) and then island mode
(Volmer−Weber mode) so as to relax the in-built strain and
lower the overall energy of the system. During this process, the
reduction in strain energy accommodated by the formation of
islands with different lattice parameters is generally greater
than the concomitantly increased surface energy, making it
thermodynamically favorable. As a result, the continued
deposition preferably occurs on the lattice-matched islands to
avoid strain and minimize the total surface energy.283 Thus, by
limiting deposition only to the islands, the resulting asym-
metrical growth will induce an unusual, symmetry-broken
structure. Obviously, the greater the mismatch in lattice
parameter, the higher the strain at the interface and the more
likely the symmetry of the resulting particles will be affected.68

In this system, the rate of surface diffusion relative to that of
deposition also plays a critical role in determining the growth
mode.226,284 With fast diffusion, epitaxial deposition of the
second metal will be promoted. Thus, the strain and lattice
mismatch will affect the growth mode as described above.68 If
the rate of deposition is faster than the rate of diffusion, the
final morphology of the nanocrystal will instead be affected by
inadequate diffusion (Figure 14). In this case, symmetry
breaking likely results from asymmetrical growth rather than
from lattice mismatch and strain relaxation. This method is
also closely tied to symmetry breaking through the limited
supply of atoms. Since both methods are heavily affected by
the rates of diffusion and deposition, differentiating the roles of
precursor supply and lattice mismatch during symmetry
breaking in a bimetallic system can sometimes be challenging.

3.3.3. Other Methods. Just as for the monometallic
system, there are many less-reported methods of symmetry
breaking in bi- and multimetallic systems. One such method is
symmetry breaking resulting from the generation of twin
defects.68 This method can be classified as a submethod of the
influence of lattice mismatch because twin defects tend to be
generated when there is an unusually large lattice mismatch
between the seed and the deposited metal.
It is unusual for nanocrystals to develop additional twin

structures during the growth step. In a conventional nano-
crystal synthesis, the twin structure tends to be set during the
nucleation step and remains unchanged throughout
growth.108,285 However, in some specific cases of seed-
mediated growth, the final particle can develop a different
twin structure from the seed.286−290 This change in the internal
structure is thermodynamically unfavorable, so asymmetrical
growth will only occur when there is a large lattice mismatch
between the seed metal and the deposited metal and/or when

Figure 19. Schematic showing the importance of elemental
distribution in preserving or breaking the symmetry of bimetallic
nanocrystals. When the second metal is symmetrically deposited on a
seed, it will result in symmetry preservation. If the second metal is
deposited asymmetrically on the seed, it will result in symmetry
breaking.
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a strongly binding ligand is involved.68 To break symmetry in
this way, the use of a multiply-twinned seed is favorable but
not absolutely essential.
Most commonly, seeds with a predetermined twin structure

are used to generate additional twin defects because the
existing twin boundaries can be used as templates for the
formation of additional twin defects.286−288,290 For example,
icosahedra can be grown from decahedral seeds and vice
versa.287,288 However, several studies that used single-crystal
seeds to obtain penta-twinned rods have also been reported.289

In both cases, the large lattice mismatch between the seed and
the deposited metal would cause the buildup of strain, as
previously discussed. Twin boundaries and other stacking
defects were then formed to relieve the strain, resulting in
asymmetrical growth.68 In these cases, twin boundaries are
formed early in the deposition, after which growth continues
preferentially on the lattice-matched regions to form the final
symmetry-broken nanocrystals. However, while mechanisti-
cally fascinating, the difficulty in controlling the generation of
twin defects in a rational and reproducible way makes this
method less practical compared to most of the aforementioned
methods. Still, it can be seen how the generation of twin
defects is closely related to, but distinct from, the use of lattice
mismatch to induce symmetry breaking. This similarity raises
the question of how many other submethods of symmetry
breaking remain to be discovered, both for the multi- and
monometallic categories.

4. CASE STUDIES
Built upon the general discussion in sections 2 and 3, this
section focuses on the actual examples involving those

concepts and strategies. Thanks to the great work from so
many research groups, there exists an extensive library of
symmetry-broken metal nanocrystals prepared using different
methods. By selecting some notable examples, we highlight the
synthetic approach used and the mechanism proposed in each
case study. To better organize the patterns of asymmetrical
growth, this section is further divided into subsections
according to the shape of the original nanocrystals (i.e., the
seeds). While Figure 3 and Table 1 encompass all possible
products, including those theoretically feasible but not yet
synthesized, this section focuses on those that have been
accomplished experimentally, together with a reasonable
understanding of the mechanisms. It should be pointed out
that the exact mechanisms or pathways responsible for the
formation of some nanocrystals are still under debate because
of the multifaceted roles played by the same chemical species
in the reaction system. In addition, it is not uncommon to
encounter nanocrystals with complex structures arising from a
combination of different mechanisms.
4.1. Asymmetrical Growth Involving Single-Crystal Seeds

As discussed in section 2.3.1, the equilibrium shape derived
from Wulff construction for all the noble metals except Ru
corresponds to a truncated octahedron with its surface
enclosed by both {100} and {111} facets (Figure
5A).1,72,129,130,133 It exhibits the same symmetry (Oh) as the
underlying unit cell.68,69 During colloidal synthesis, the most
common growth pathway involves the formation of truncated
octahedral seeds, followed by their evolution into final
products with different shapes (e.g., cuboctahedra, cubes,
octahedra, and rhombic dodecahedra) depending on the
experimental conditions.65 These symmetric products can

Figure 20. Schematic showing (A) different types of strain resulting from lattice mismatch in terms of atomic diameter (d) and (B) symmetry
breaking at the interface of two metals with a large lattice mismatch that will result in strain at the interface.
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serve as seeds themselves and further evolve into symmetry-
broken products such as tetrahedra, rectangular bars, and
octagonal rods, creating a large family of nanocrystals
possessing diversified geometrical point groups. Additionally,
twin defects and stacking faults can occasionally be developed
with the assistance of some external driving forces, albeit the
actual mechanisms remain to be resolved.
4.1.1. Truncated Octahedral Seeds. Truncated octahe-

dral seeds (see Figure 5B for a 3-D atomic model) are enclosed
by eight {111} facets and six {100} facets symmetrically
distributed on the surface. They appear pseudospherical under
a transmission electron microscope when they are relatively
small (typically, below 5 nm). To create truncated octahedral
seeds, it is of critical importance to have a sufficiently fast
initial reduction rate for the precursor in order to suppress the
formation of twinned structures.133,169 In the subsequent
growth process, the identical {111} or {100} facets on a
truncated octahedral seed tend to grow at roughly the same
rate, leading to the formation of products with a cubic or
octahedral shape. In both cases, the Oh symmetry of the seed is
preserved. The most straightforward method to deviate from
this symmetrical growth pathway is to selectively retard or
promote the growth on some of the {111} or {100} facets,
inducing asymmetrical growth. Alternatively, twin defects or
stacking faults can be developed when a second metal or
external stimulation (e.g., light irradiation, ligand binding) is
involved, naturally changing the periodicity of the single-crystal
structure and thus reducing the symmetry.
4.1.1.1. Formation of Octagonal Rods. As a class of

technically important one-dimensional (1-D) nanostructures,
single-crystal octagonal nanorods (especially, Au nanorods)
have attracted extensive research efforts in terms of protocol
development and mechanistic investigation, and great success
has been achieved on both fronts.70,291,292 In one study,
oxidative etching was utilized to obtain Pd octagonal nanorods
(Figure 21A).177 The synthesis involved the fast reduction of
Na2PdCl4 by EG in the presence of KBr, PVP, and water under
ambient atmosphere. In this case, Pd truncated octahedral
seeds of ca. 2 nm in size were first formed, with Br− ions
chemisorbed on the six {100} facets. The Br− ions blocked the

newly formed Pd atoms from being deposited onto these side
faces and thus inhibited their growth. However, when oxidative
etching was initiated by the O2 dissolved in the reaction
solution with the assistance of Br− ions, some of the Pd atoms
were oxidized and removed from one of the {100} facets. This
process roughened the corresponding side face, desorbing the
Br− ions from it while creating an active site for atomic
addition and preferential growth from this side face. As more
Pd atoms were deposited onto this side face, the truncated
octahedral seed was gradually elongated, and {110} facets
began to form accordingly, resulting in a nanorod with an
octagonal cross-section and D4h symmetry (Figure 21B,C).
Although the oxidative etching strategy is generic and can be

extended to other metals such as Au and Pt,177 the uniformity
of nanorods produced using this approach is typically plagued
by a lack of control over the starting point of the etching
process. The resulting polydispersity of the products will
become a major issue when the desired property is highly
dependent on structural features such as aspect ratio. For
example, the plasmonic properties of Au nanorods offer
exciting potential for theranostic applications, which must be
precisely controlled by varying the aspect ratio.293,294 To this
end, protocols have been developed to obtain Au nanorods
with uniform, controllable aspect ratios by adding AgNO3 as a
shape regulator.22,245,295 However, the mechanism involved in
such a synthesis is rather unique and still under debate.
Undoubtedly, the symmetry breaking involved in the synthesis
of Au octagonal nanorods is perhaps one of the most intensely
studied topics in nanocrystal synthesis. A review article
published in 2017 presented a systematic discussion on the
multifaceted roles played by Ag+ ions in enabling the onset of
symmetry breaking and controlling the aspect ratio of the
nanorods.67 It was suggested that when the size of the
preformed truncated octahedral seeds of Au reached ca. 4 nm
during seed-mediated growth, truncated surfaces with {110}-
type atomic configuration began to appear at the intersection
of {111} facets to remove high-energy edge atoms, as indicated
by HRTEM imaging (Figure 22A).183 On these nascent
surfaces, preferential underpotential deposition (UPD) and
stabilizations of submonolayers of Ag adatoms would be

Figure 21. (A) Schematic showing the proposed mechanistic details responsible for the formation of Pd octagonal nanorods. (B, C) Typical TEM
and HRTEM images of the Pd nanorods, respectively. Reproduced with permission from ref 177. Copyright 2007 American Chemical Society.
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triggered when the [AgNO3] to [HAuCl4] ratio was high
enough to create an adequate electrical potential. A higher
relative concentration of Ag+ ions, and thus an increased
electrochemical potential of the electrons in the redox system,
would enable the UPD of Ag on particles with a smaller size
and a lower proportion of {110} facets (Figure 22B).182 The
emergence and stabilization of these rough, Ag-capped facets
marked a sudden and permanent reduction in symmetry
relative to the original truncated octahedral seeds. The starting
point of symmetry breaking to the seed is also discussed in
section 2.5. Furthermore, a higher concentration of Ag+ ions
limited the redeposition of Au onto the side faces through
galvanic replacement between Ag atoms and Au(I), constrain-
ing the lateral expansion of Au nanorods and resulting in final
products with greater aspect ratios (Figure 22C). Taken
together, the dynamic interplay between Ag+ ions and surface

Au atoms, combined with well-defined seeds, provides a facile
experimental control over both the shape and size of the final
products.

4.1.1.2. Formation of Multiply-Twinned Structures.
Growth from truncated octahedral seeds can produce not
only single-crystal structures with symmetry-broken shapes
such as octagonal nanorods but also twinned products.286,290

For example, during the growth of Cu from pseudospherical
Au seeds, the strain arising from a large (12%) lattice mismatch
between the two metals led to the formation of penta-twined
bipyramids in the initial stage of growth, which further evolved
into pentagonal nanorods, each with a single-crystal Au particle
embedded in it (Figure 23A).286 In this case, the large lattice
mismatch was proposed as a critical factor in promoting the
development of twinned structures. If the Au seeds were
eliminated from the reaction or replaced with Pd cubes (to
give a smaller lattice mismatch with Cu), the products would
be dominated by Cu or Pd@Cu nanocubes instead due to the
lack of driving force arising from a substantial strain. While this
argument seems reasonable, it should be pointed out that
single-crystal Au@Cu nanocubes have also been obtained
when single-crystal Au nanospheres were used as the seeds for
Cu deposition (see section 4.1.4.2). This discrepancy
emphasizes the critical importance of ensuring that the seeds
indeed have a single-crystal structure.
Single-crystal, pseudospherical Au seeds were also reported

to evolve into more complex 20-fold twinned icosahedra in a
stepwise manner (Figure 23B).290 By irradiating the growth
solution containing AgNO3, sodium citrate, bis(p-sulfonato-
phenyl)-phenylphosphine dihydrate potassium salt, and
plasmonic Au seeds with 550 nm light, Au@Ag tetrahedra
were first formed, with a Au seed located at the center of each
structure. As more Ag atoms were deposited, a twin plane
started to appear on one of the triangular faces of the
tetrahedron, transforming the shape into a bitetrahedron. As
the particle grew larger, more twin planes and tetrahedral
subunits were developed on each structure, and the shape
changed to a truncated decahedron, decahedron, and
eventually icosahedron in the final stage. In this case, the
unique twinning mechanism and growth pathway could be
ascribed to the plasmon mediation in lieu of lattice mismatch.
It is worth pointing out that the exact formation pathways of
these multiply-twinned structures are still elusive due to the
difficulty in directly observing and monitoring the growth
process. Further studies involving real-time and in situ
characterization tools are expected to offer a better under-
standing of this matter.

4.1.2. Cubic Seeds. Cubic nanocrystals are usually
obtained by selectively capping the {100} facets of the seeds
with a proper capping agent to allow for growth primarily
along the <111> directions. When serving as seeds, the capping
agent can desorb partially or completely to expose the {100}
facets for further growth along the <100> directions. Different
from truncated octahedral or cuboctahedral seeds where the
geometrical shape and side faces can be difficult to resolve
under a transmission electron microscope, the surface of cubic
seeds is mainly enclosed by {100} facets. As such, cubic seeds
offer a much simpler system to investigate the mechanistic
details of asymmetrical growth.

4.1.2.1. Formation of Nonconcentric Cubes and Bars. To
break the symmetry of cubic seeds, a commonly used approach
is based on kinetic control, by which the supply of precursor is
regulated.73,76 As illustrated in section 3.2.2, the heterogeneous

Figure 22. (A) TEM images showing the asymmetrical growth of Au
nanoparticles in the presence of Ag+. (B) Schematic showing the
critical size range for the formation of nanorods, which is controlled
by the concentration ratio of HAuCl4 to AgNO3. (C) Schematic
showing the formation of a truncated surface and its stabilization by
Ag UPD. (A) Adapted with permission from ref 183. Copyright 2015
American Chemical Society. (B) Reproduced with permission from
ref 182. Copyright 2017 American Chemical Society. (C) Reproduced
with permission from ref 67. Copyright 2017 American Chemical
Society.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00468
Chem. Rev. 2023, 123, 3693−3760

3719

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig22&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nucleation and growth of a metal on cubic seeds can be limited
to one or a few of the six equivalent {100} facets by simply
controlling the rate at which the precursor is added and thus
reducing the number of atoms available for deposition,
provided that the growth on the side faces is not hindered
by the surface capping agent. As a proof of concept, three
different types of bimetallic nanocrystals, i.e., Pd−Ag hybrid
dimers, Pd−Ag nonconcentric nanobars, and Pd@Ag core−
shell nanocrystals were fabricated by confining the growth of
Ag to one, three, and six side faces of the Pd cubic seeds at
slow, moderate, and fast injection of the precursor,
respectively.73 A follow-up study further expanded the scope
of kinetic control by involving the concentration of the capping
agent (e.g., PVP), the reducing power of the reductant (L-
ascorbic acid, AA, by adjusting the pH value), as well as the
reaction temperature, to maneuver the deposition and surface

diffusion rates of Ag atoms (Figure 24A).296 It was found that
at a higher concentration of capping agent, a slower titration
rate, a lower temperature, coupled with a weaker reducing
agent, Ag atoms would only be deposited on one of the side
faces due to the restriction of both Vdep and Vdiff, generating
Pd−Ag Janus nanocrystals as the final product. On the other
hand, if both deposition and diffusion were sufficiently fast,
conformal growth would occur on all six facets, leading to the
formation of concentric Pd@Ag core−shell nanocrystals. By
carefully manipulating a set of kinetic knobs, six types of
products corresponding to selective nucleation and growth of
Ag on a specific number (ranging from one to six) of the side
faces of cubic Pd seeds were all successfully demonstrated.
With knowledge of each parameter’s role in kinetic control, a

recent study further simplified the protocol for the synthesis of
nonconcentric nanocubes (Figure 24B).297 Instead of adding

Figure 23. (A) Schematic showing the growth of Au@Cu nanorods and the corresponding TEM images of a Cu shell on a single-crystal Au seed at
different stages of growth. (B) Models and representative STEM images depicting the proposed growth pathway of a Ag icosahedron from a single-
crystal Au seed in a plasmon-mediated synthesis (scale bars: 25 nm). (A) Reproduced with permission from ref 286. Copyright 2015 American
Chemical Society. (B) Adapted with permission from ref 290. Copyright 2012 American Association for the Advancement of Science.
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the solution dropwise with the assistance of a syringe pump,
the Vdep of Au atoms on cubic Pd seeds was controlled by
simply varying the amount of Au precursor in the reaction
mixture. A series of nonconcentric nanocubes with different
numbers of Pd−Au interfaces were obtained even when the
synthesis was conducted through one-shot injection of the
precursor. It is worth noting that the seed-mediated growth
was conducted directly in the original seed suspension
containing a large amount of Br− ions and the remaining
AA. The Br− ions are anticipated to coordinate with the
Au(III) ions to help slow down their reduction kinetics. The
authors claimed that the Br− ions might also facilitate the
formation of Au shells with smoother interfaces and better-
defined {100} facets than in previous reports.
Beyond the limited supply of precursor, oxidative etching is

another effective strategy for breaking the symmetry of cubic

nanocrystals. Similar to the case of Pd truncated octahedral
seeds, the asymmetrical growth of Br−-capped Pd cubes could
be triggered on one of the six side faces due to localized surface
activation through oxidative etching.177 Further growth on this
side face would result in the formation of Pd rectangular
nanobars with aspect ratios of 2−4. A similar approach has also
been extended to the successful synthesis of Pt rectangular
nanobars.177

4.1.2.2. Formation of Semitruncated Octahedra. During
seed-mediated growth, one factor that should not be neglected
is the influence of thermodynamic control, especially when
considering the effect of surface capping agents. For seeds with
a cubic shape, their {100} facets have intrinsically higher
surface energy and are less stable when compared to {111}
facets, owing to a lower coordination number for atoms
situated on {100} facets. Therefore, preferential deposition of
atoms on all the {100} facets of a cubic seed would gradually
transform the shape into an octahedron.298 When combined
with the limited supply of precursor, the same protocol can be
used to create asymmetrical nanocrystals with diverse shapes.
For instance, during the asymmetrical growth of monometallic
Ag nanocrystals at a relatively low concentration of PVP, {111}
facets were developed on different numbers of equivalent side
faces of the cube since the initial stage of growth was
dependent on the rate at which AgNO3 was injected (Figure
25A).76 After sufficient growth, the Ag nanocubes evolved into

octahedra with different numbers of truncated faces, including
semitruncated octahedra. On the contrary, at a relatively high
concentration of PVP, the order of surface free energy would
be reversed because the stronger binding of PVP to Ag(100)
than Ag(111) stabilized the {100} facets (Figure 25B).76 In
this case, bars and enlarged cubes with no expression of {111}

Figure 24. (A) Schematic showing the growth of Ag from different
numbers of the side faces of a Pd cubic seed and the corresponding
TEM images viewed along different directions. (B) STEM images of
Pd−Au nonconcentric nanocrystals prepared through one-shot
injection of different amounts of Au(III) precursor, together with
the corresponding energy dispersive X-ray spectroscopy (EDS)
mappings and line profiles. (A) Reproduced with permission from
ref 296. Copyright 2012 American Chemical Society. (B) Adapted
with permission from ref 297. Copyright 2021 American Association
for the Advancement of Science.

Figure 25. Growth patterns for Ag cubic seeds in the standard
syntheses involving PVP at relatively low (panel A, 1 mg/mL) and
high (panel B, 30 mg/mL) concentrations, respectively, with
schematics showing the morphological changes to the Ag nanocrystals
formed under three different injection rates for AgNO3 solution.
Adapted with permission from ref 76. Copyright 2012 American
Chemical Society.
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facets would be formed during the initial stage of growth. As
the growth proceeded, more PVP would chemisorb onto the
surface of the nanocrystals. As the concentration of PVP in the
solution phase fell below a critical value, {111} facets would
start to appear on the surface. Accordingly, truncated
octahedra formed at a higher concentration of PVP possessed
a higher aspect ratio, and all the products were of larger size.
4.1.2.3. Formation of Planar Tetrapods. In the afore-

mentioned synthesis of bimetallic nonconcentric nanocrystals,
one may notice that the shapes of some products deviated
from a standard cube, especially those relatively large in size.
This could be rationalized by the interfacial strain induced by
the intrinsic lattice mismatch between the two metals. In fact,
large lattice mismatch usually favors nonconformal asym-
metrical growth, including the formation of branched arms as a
manifestation of minimizing strain.299,300 In another example,
when Au(III) and Cu(II) precursors were reduced by a
relatively weak reducing agent in the presence of 9 nm Pd
cubic seeds and cetyltrimethylammonium chloride (CTAC),
the lattice mismatch of 4.02% between the Pd core and the
AuCu shell facilitated the formation of branched arms on the
seeds (Figure 26A−D).301 In particular, the slow reduction of
the precursors, together with the selective capping of CTAC
toward the side faces of Pd cubic seeds, confined the
overgrowth to a set of four edges of each seed, leading to
the formation of single-crystal, planar tetrapods.
4.1.2.4. Formation of Penta-Twinned Rods. The formation

of branched arms is not the only way to release the strain
energy at the interface between two metals during growth. In
some cases, the formation of twin defects can be induced when
the extent of lattice mismatch is large, offering another route to
symmetry breaking. As an example, the overgrowth of Au on
10 nm Pt cubic seeds (4.08% mismatch) led to the formation
of penta-twinned Au nanorods, with one Pt cube partially
embedded in the perimeter of the rod (Figure 26E−H).289

Even though the evolution pathway of such a highly
asymmetrical structure is equivocal, it is not unreasonable to
assume that, following the nucleation of Au on the Pt cube,
penta-twinned defects were created to help minimize the total
energy of the system. Further growth occurred bidirectionally
along the axial directions, resulting in elongation of the penta-
twinned Au nanorod, with the Pt cubic seed remaining at the
middle point of the nanorod.
4.1.3. Octahedral Seeds. As another type of nanocrystal

featuring the Oh symmetry, octahedral nanocrystals enclosed
by {111} facets are formed when the {100} facets on truncated
octahedral or cuboctahedral seeds are more favorable for
growth.298,302 Once the nanocrystals are fully covered by eight
{111} facets, subsequently formed metal atoms can still be
deposited on the {111} facets under certain conditions,
resulting in size enlargement and well-maintained octahedral
shape. In some cases, the Oh symmetry can be broken to
generate nanocrystals with other shapes.
4.1.3.1. Formation of Tetrahedra. During the growth of

octahedral seeds, if the supply of precursor is inadequate to
support growth on all the eight faces, the shape would deviate
from an octahedron, with the symmetry being reduced, similar
to the case of cubic seeds. For example, when Pd(II)
acetylacetonate (acac−) with a fast reduction rate was used
as the precursor for the seed-mediated growth in a mixture of
PVP and EG, the 5 nm Pd truncated octahedral seeds grew
into 7.1 nm octahedra in the first 5 min (Figure 27A,B).252

Afterward, since over 77% of the precursor had been depleted,

the newly formed Pd atoms could only support growth
(through direct deposition or surface migration) on four of the
eight equivalent {111} facets of each octahedron. As the
growth continued, tetrahedra terminated in {111} facets,
together with an edge length of twice that of the octahedral
intermediate, were formed as the final products (Figure 27C).
In the case of Na2PdCl4 with slower reduction kinetics and
thereby a more sustained supply of Pd atoms, the growth was
switched to the highly symmetric pattern to give enlarged Pd
octahedra as the final product (Figure 27D).

4.1.3.2. Formation of Hexapods. As a common feature of
octahedral nanocrystals, their six corners are usually slightly
truncated with the corresponding {100} facets exposed to
lower the overall thermodynamic energy. Without the
interference of surface capping agents, these {100} facets
with higher surface energy are more favorable for atomic
deposition in seed-mediated growth. However, since the
activation energy barrier for adatoms to diffuse across {111}
facets is much lower than that on {100} facets,303 these
adatoms can easily diffuse into the eight side faces of each
octahedron, resulting in layer-by-layer growth of the octahedral
seed without significant alternation to the shape. The selective

Figure 26. (A) TEM image of Pd@AuCu core−shell planar
tetrapods, with a model of the planar tetrapod in the inset. (B−D)
An individual Pd@AuCu planar tetrapod at different tilting angles.
(E) Schematic showing the formation of a penta-twinned Au nanorod
from a single-crystal Pt cubic seed. (F−H) STEM images of (F) the
corresponding single-crystal Pt seeds, (G) a Pt seed partially
embedded in the nanorod, and (H) Pt-seeded Au nanorods. (A−
D) Reproduced with permission from ref 301. Copyright 2016
American Chemical Society. (E−H) Adapted with permission from
ref 289. Copyright 2007 Nature Publishing Group.
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growth on the corners can only be preserved when the
synthesis is conducted at relatively low temperatures to
suppress surface diffusion. For example, the slow dropwise
addition of Pt(IV) precursor into a growth solution containing
Pd octahedral seeds at 200 °C gave Pd@Pt conformal core−
shell nanocrystals with truncated corners and a uniform Pt
shell as the product.303 On the contrary, with a one-shot
injection of Pt(II) precursor and at a much lower reaction
temperature of 95 °C, the preferential growth of Pt on the six
corners of each octahedral seed resulted in a product
possessing significantly enhanced corner sharpness and higher
exposure of Pt{111} facets. In this case, the temperature was
low enough to partially limit surface diffusion so that a large
portion of the Pt atoms stayed on the corners and yet was high
enough to provide sufficient energy for generating smooth
{111} facets.
If a significantly lower temperature is used while more

precursor is introduced into the reaction solution, the growth
pattern can become very different. For instance, the deposition
of Au atoms on octahedral Au seeds at room temperature
resulted in complete island growth on the corners of each
octahedron (Figure 27E,F).304 The atoms in these quasi-
spherical islands did not have enough energy to overcome the
barrier to either surface rearrangement or surface diffusion.
Therefore, hexapods with rough surfaces were observed as the
main product. As proof of this mechanism, an elevated reaction

temperature was shown to promote lateral growth on the
octahedral seeds to produce hexapods with larger cores and
shorter arms. Interestingly, some of the nanocrystals did not
fully develop into hexapods but instead showed one or more
arms missing (marked by dashed circles in Figure 27F),
suggesting the occurrence of symmetry breaking. This process
was most likely due to the insufficient supply of the Au atoms
in this room-temperature reaction system, similar to the
formation of nonconcentric cubes discussed in section 4.1.2.1.

4.1.4. Spherical Seeds. To avoid confusion with the
truncated octahedral (pseudospherical) seeds, here we define
spherical nanocrystals as those with a smooth surface and a
circular cross-section when observed from different angles
under a transmission electron microscope. Despite their origin
from the same crystal structure as the aforementioned cubic
and octahedral seeds, nanospheres are a unique class of
nanostructures because their spherical shape endows them
with even higher symmetry than their underlying unit cell (in
fact, the highest symmetry possible!). Therefore, within the
scope of our discussion, the transformation of a spherical seed
into any other shape would involve symmetry breaking. Owing
to their easily achieved uniformity in size, spherical nanocryst-
als, especially those made of Au, have been widely employed as
seeds to investigate the mechanistic details involved in shape
evolution.305

4.1.4.1. Formation of Cubes and Bars. The seed-mediated
growth involving Au nanospheres offers a simple and general
route to the generation of nanocubes made of various metals.
In a recent report, well-defined Au nanocubes with precisely
controlled size and corner sharpness were prepared by simply
varying the concentration of the seeds and Br− ions in the
growth solution, respectively (Figure 28A).306 Specifically, 10
nm Au spheres were first synthesized as seeds through the fast
reduction of HAuCl4 by NaBH4, a strong reducing agent. For
the subsequent growth, Br− ions were employed as a surface
capping agent toward the {100} facets to induce symmetrical
growth along <111> directions. With increasing Br−

concentration (from 0 to 40 mM), the corner sharpness of
the Au nanocubes gradually increased because the difference in
growth rate between {100} and {111} facets was maximized.
In the case of excessive Br− concentration, however, the corner
sharpness was reduced. The authors argued that this
phenomenon could have two explanations. First, the Br−

ions would start to adsorb onto the {111} and {110} surfaces
once the {100} facets had been saturated, narrowing the
difference in growth rate among different facets. Second, the
Br− ions in the reaction solution could coordinate with Au(III)
ions to form AuBr4−, which have higher stability and lower
reduction potential than AuCl4−, and thus slower reduction
kinetics. As a result, the newly deposited Au atoms, known to
have a long self-diffusion distance, could diffuse from corners
to edges and side faces to form more thermodynamically stable
rounded cubes. This proposed mechanism for the non-
monotonic dependence between the corner sharpness and
Br− concentration was supported by the UV−vis spectra.
Among three selected Br− concentrations (1, 40, and 200
mM), the intensity of the extinction peak associated with
plasmon resonance increased most slowly in the case of 200
mM NaBr, suggesting that the increased Br− concentration
decelerated the reduction of the Au(III) precursor. It is worth
pointing out that the etching effect of Br− ions should not be
neglected. At a high concentration of Br− ions, the under-
coordinated atoms on the corners and edges could be

Figure 27. (A) Schematic showing the formation of Pd tetrahedra and
octahedra, respectively, when using Pd(acac)2 and Na2PdCl4 as the
precursors for seed-mediated growth. (B−D) Typical TEM images of
(B) Pd truncated octahedral seeds, (C) tetrahedral product, and (D)
octahedral product. (E and F) TEM images of Au hexapods obtained
with (E) 1 μL and (F) 5 μL of HAuCl4 solution added, respectively.
The dashed circles in panel F mark the nanocrystals with one or more
arms missing. (A−D) Reproduced with permission from ref 252.
Copyright 2013 American Chemical Society. (E, F) Adapted with
permission from ref 304. Copyright 2011 Wiley-VCH.
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selectively oxidized by O2 in the presence of Br−, generating
cubes with more rounded corners. Based on the mechanistic
insights, Au nanocubes with sizes down to 17 nm have been
successfully synthesized by increasing the amounts of spherical
seeds and NaBr.
More interestingly, when oxidative etching is involved in the

growth process, the symmetry of spherical seeds can be
reduced to generate nanobars with tunable aspect ratios,
similar to the transformation from cubic seeds to bars as
discussed in section 4.1.2.1. For seed-mediated growth with Ag
nanospheres, another study demonstrated that the aspect ratio
of the product was critically dependent on the chemical nature
and concentration of the bromide compound added into the
reaction system (Figure 28B).307 Due to their smaller size, the
Br− ions from an ionic salt (e.g., NaBr and CTAB) could
adsorb more easily and bind more strongly to the surface of Ag
nanocrystals than the bromine in a covalent compound.
Therefore, ionic salts were more effective in inducing and
promoting the asymmetrical growth of Ag nanocrystals.
Moreover, the use of Br− ions at a higher concentration
would result in the formation of complexes with more Ag+
ions. As such, the reduction kinetics would be slowed down
and the supply of atoms would become limited, favoring the
growth along one direction and thus the formation of
symmetry-broken nanobars (Figure 28C). It is worth noting
that the products obtained from the synthesis involving NaBr
contained two different types of nanobars, one with a square
cross-section and the other with a rectangular cross-section.
The formation of nanobars with two distinct cross-sections
could be attributed to the difference in surface capping caused
by a low concentration of Br− ions.
Based on this study, the role of Br− concentration was

further explored to prepare square nanoplates. It was argued

that when the concentration of Br− was further reduced to a
level to just inhibit the growth along one direction, growth
along the other two orthogonal directions would lead to the
formation of square plates instead of bars (Figure 29).308

Interestingly, these symmetry-broken structures could be
prepared in high uniformity, with a narrow distribution in
terms of edge length and thickness. As the reaction proceeded
and the nanocrystals grew larger, the aspect ratio became
smaller (2.74 after one hour of growth vs 1.77 after five hours
of growth), indicating that the shape gradually approached a
cube. The optical properties of these Ag nanocrystals could be
tuned by controlling the aspect ratio of edge length to
thickness.

4.1.4.2. Formation of Nonconcentric Cubes. As discussed
above in the case of cubic seeds, the seed-mediated growth of
bimetallic nanocrystals with a large mismatch in lattice
constant between the core and the shell can lead to atypical
products. In principle, the trend should remain more or less
the same for single-crystal seeds of other shapes. Indeed, the
growth of a second metal on lattice-mismatched spherical
seeds has also been reported to produce unique structures such
as Au@Cu core−shell nanocubes with a nonconcentric
structure (Figure 30).309 Specifically, a spherical particle with
different contrast could be observed on or near the surface of
each cube under TEM, in stark contrast to the conventional
core−shell structures with the core (seed) always located at the
center. This observation indicated a nonuniform nucleation
and growth pattern on the surface of a Au spherical seed.
Tracing of the growth process revealed that, in the initial stage
of Cu deposition onto 4.7 nm Au spheres (with 12% lattice
mismatch), the Cu atoms nucleated and grew into several
individual islands on the surface through a process known as
localized epitaxial growth, which helped minimize the strain at

Figure 28. (A) Schematic showing the synthesis of Au nanocubes with different degrees of corner sharpness by varying the Br− concentration and
TEM images of the Au nanocubes obtained by adjusting the concentration of Br− ions from 0−200 mM at the fixed amounts of seed and Au(III)
precursor (scale bars: 20 nm). (B) Distributions of the aspect ratios of Ag nanobars grown from spherical seeds in the presence of different types of
bromide compounds. (C) TEM images of the Ag spherical seeds and nanobars synthesized in the presence of NaBr. (A) Reproduced with
permission from ref 306. Copyright 2018 American Chemical Society. (B, C) Reproduced with permission from ref 307. Copyright 2012 American
Chemical Society.
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the interface. As Cu deposition proceeded, these islands
became large enough to merge together and completely encase
the seed. With the capping effect from hexadecylamine (HDA)
and Cl− ions, the nanocrystals evolved into a cubic shape,
together with different sizes. When the reaction solution was
maintained at a high temperature for a long period of time,
Ostwald ripening would occur, narrowing the size distribution
to give uniform nanocubes of 27.1 ± 3.0 nm in edge length,
together with a high purity greater than 85%.
4.1.4.3. Formation of Tetrahedra and Hexoctahedra. Like

the transformation from octahedra to tetrahedra through
kinetically controlled growth, tetrahedral nanocrystals with
high purity and tunable sizes could be synthesized from Au
spherical seeds using the same strategy. When a HAuCl4
solution was slowly added into a reaction solution containing
10 nm Au spherical seeds with a single-crystal structure, AA,
CTAC, and CTAB, only selected facets of each Au seed would
participate in the heterogeneous nucleation and growth,
breaking the symmetry and transforming the spheres into
tetrahedra with sharp tips (Figure 31A).310 In contrast, when
the injection rate of precursor was increased, sufficient growth
over the entire surface of the seeds would result in products
with a truncated tetrahedral or quasi-spherical shape. Under
more extreme conditions, that is, when the reduction was
greatly accelerated, high-index facets were developed. For
example, the reduction of Au(III) precursor on the spherical
Au seeds by AA at a high concentration of 0.3 M and the
boiling point of an aqueous reaction solution would result in

hexoctahedral nanocrystals exclusively bounded by 48
triangular high-index {321} facets (Figure 31B).311 The high
Vdep arising from a plentiful supply of Au atoms ensured the
formation of such thermodynamically unstable structures rich
in energetic sites, including tips, edges, and intraparticle gaps.

4.1.4.4. Formation of Other Types of Asymmetrical
Nanocrystals. In all aforementioned cases, the general strategy
for symmetry breaking is to unevenly restrain the growth along
certain directions of the nascent nanocrystals. For example, the
growth of octahedral seeds along four of the eight symmetrical
directions would result in tetrahedra, while the growth of
truncated octahedral seeds along two opposite directions
would give octagonal rods as the product. In addition, other
asymmetrical shapes can emerge when growth only occurs in
one direction, or more restrictedly, one specific site on the
seed. As an intriguing example, site-specific growth was
achieved for the multistep synthesis of Au−Ag−Ag triblock
nanostructures (Figure 32A).312 When a 2-mercapto-benzimi-
dazole-5-carboxylic acid (MBIA) ligand containing a thiol
group was used to strongly block the surface of Au spherical
seeds, defects would be induced at one specific site on the seed
during Ag deposition, which would trigger island growth of Ag
from this site. Since the lateral expansion of Ag domain on the
seed was restricted by the unfavorable interfacial energy,
further deposition of Ag atoms was limited to only one specific
direction. Under a limited supply of Ag atoms (controlled
using a syringe pump), elongation of the Ag domain created a
“fresh” Ag-solvent interface that was relatively ligand-deficient,

Figure 29. (A) Schematic showing the effect of bromide concentration on the internal structure of the seed and the shape of the nanocrystal in a
Br−-mediated polyol synthesis, as well as the formation of square nanoplates. (B, C) Scanning electron microscopy (SEM) images at (B) top view
and (C) 45° tilting angle, respectively. Reproduced with permission from ref 308. Copyright 2018 American Chemical Society.
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serving as a new site for subsequent deposition. Once the “old”
surface became more densely packed with MBIA ligands, the
growth would be inhibited. This unique approach gave rise to
the formation of a Ag nanowire featuring a Au sphere at one
end. Furthermore, when excess amounts of sodium citrate, a
reducing agent and a Ag(111)-selective capping agent, were
added after a certain period of time of growth, the accelerated
reduction of AgNO3 diminished the difference between the
“fresh” and “old” surfaces in terms of surface energy,
promoting symmetrical growth of Ag on the unoccupied end
of the nanowire. Assisted by the capping effect of citrate ions, a
triangular or hexagonal plate-shaped block, with its surface
dominated by {111} facets, was gradually formed (Figure
32B). Taken together, this work demonstrated an unexpected
ability of colloidal synthesis to prepare sophisticated triblock
structures with discrete shapes. It also emphasized the
necessity to understand the multiple roles and fundamental
mechanisms of each chemical species in controlling the growth
of nanocrystals.
For Au nanospheres, another special feature of this

symmetrical nanocrystal is that they are not stable when kept
in an aqueous suspension involving CTAB or CTAC as the
stabilizer. Upon dilution, the bilayer of ligand molecules on
these nanostructures would start to desorb from the surface,
changing the surface from hydrophilic to hydrophobic.77

Driven by the hydrophobic interactions, these nanospheres
would start to attach to each other, evolving into dimers,
trimers, and larger aggregates with a necklace shape as more

water was added into the suspension and the ligand
concentration was further diluted (Figure 32C−F).313 This
attachment mechanism offers a unique route to symmetry
breaking.
4.2. Asymmetrical Growth Involving Seeds with One or
Multiple Twin Defects

In addition to single crystals with a continuous lattice across
the entire particle, those with planar defects (e.g., twin planes
and stacking faults) can also serve as seeds to obtain
nanocrystals with the same internal structure as the seeds
but in diverse symmetry. These nanocrystals can be further
divided into three categories according to the type and number
of planar defects present in the particle: singly-twinned,
multiply-twinned, and stacking fault-lined. While the symmetry
breaking of stacking fault-lined particles is rarely reported,
seed-mediated growth of both singly- and multiply-twinned
particles has contributed to many symmetry-broken nano-
structures.

4.2.1. Singly-Twinned Seeds. Singly-twinned nanocryst-
als tend to exist as bipyramids or plates with triangular bases,
which can be regarded as a base-to-base integration of two
subunits, with the twin plane serving as the shared interface. In
the bipyramidal system, there is a special case, namely right
bipyramids, where all the side faces of both pyramidal subunits
are right isosceles triangles terminated in {100} facets. As the
formation pathway of these nanostructures remains elusive, it
is still unclear when the twin plane is developed and how the 3-

Figure 30. (A) Schematic showing the formation of Au@Cu core−shell nanocubes featuring a nonconcentric structure. (B) TEM and (C)
HAADF-STEM images of the Au@Cu core−shell nanocubes obtained from 5 nm Au spherical seeds with a single-crystal structure. Reproduced
with permission from ref 309. Copyright 2019 American Chemical Society.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00468
Chem. Rev. 2023, 123, 3693−3760

3726

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig30&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig30&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig30&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig30&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


fold rotational symmetry is evolved. When serving as a seed,
asymmetrical growth can be initiated when atomic depositions
on symmetry-related sites on the basal planes, equatorial or
axial vertices, and side or basal edges of singly-twinned seeds
occur at different rates (see Table 1). The products often
exhibit different symmetry relative to the seeds, even though
they all share the same twin plane.
4.2.1.1. Formation of Triangular Plates and Bipyramids. A

mechanistic exploration of the symmetry breaking process was
made by employing singly-twinned nanocrystals with a
spherical shape as the seeds (Figure 33).193 Specifically, Au
triangular nanoplates prepared using an optimized protocol
were etched in an aqueous solution containing CTAC and
NaBr, with Au(III) serving as an oxidant. As the surface Au
atoms were oxidated and dissolved away, the particle size was
gradually reduced while the corners and edges became
progressively rounded, turning the shape into a sphere.
Singly-twinned nanospheres of 20 and 12 nm in size (51%
and 29% purity, respectively) were produced after the etching
process was repeated four and seven times, respectively.
Similarly, Au single-crystal nanospheres of two similar sizes
were obtained by etching octagonal nanorods and then used as
the seeds. These spherical particles were introduced into
aqueous solutions containing HAuCl4, AA, CTAC, and
different concentrations of NaI for seed-mediated growth of
Au. Here I− was argued to regulate the shape of the products

and/or induce the formation of twin defects depending on its
concentration. It was found that the shape of the final products
remained pseudospherical in the absence of I−, while
symmetry-broken triangular plates, bipyramids, and octahedra
would dominate the products and they are supposed to evolve
from singly-twinned and single-crystal seeds, respectively, in
the presence of 50 μM of I−. Meanwhile, it was demonstrated
that twin defects could be introduced into single-crystal seeds
to create twinned products. However, the twin defects in
singly-twinned seeds could not be removed during overgrowth,
and such a trend of crystallinity change was more significant
for the 12 nm seeds. This work presents a new approach to
accessing seeds with different twin structures but relatively
similar sizes and shapes. It holds potential for not only
optimizing synthetic protocols of singly-twinned particles but
also reaching a better understanding of the symmetry breaking
phenomenon.

4.2.1.2. Formation of Beams. Another interesting example
of asymmetrical growth involving singly-twinned seeds is the
formation of nanobeams through the activation of uniaxial
growth in a direction parallel to the twin plane. The
nanobeams can be regarded as 1-D nanostructures with a
single twin plane running along the longitudinal axis. In one
study, Ag nanobeams were produced by slightly modifying the
EG-based process developed for the synthesis of Ag right
bipyramids (Figure 34).314 As discussed in section 2.4, tuning

Figure 31. (A) Schematic showing the growth of Au tetrahedra from spherical seeds and typical TEM images of the products obtained at different
stages of the synthesis. (B) Schematic showing the growth of hexoctahedra from spherical seeds and typical SEM images of the products obtained
at different stages of the synthesis. (A) Reproduced with permission from ref 310. Copyright 2014 Wiley-VCH. (B) Reproduced with permission
from ref 311. Copyright 2012 American Chemical Society.
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the strength of the etchant involved in the oxidative etching
process is a powerful method to regulate the number of twin
defects in the seeds.121,137,140 In this case, Br−, a less corrosive
etchant than Cl−, induced moderate etching to only remove
multiply-twinned seeds from the sample while keeping singly-
twinned seeds in high yield. By doubling the concentrations of
AgNO3 and PVP while lowering the reaction temperature used
for the polyol synthesis of Ag right bipyramids, the singly-
twinned seeds would undergo asymmetrical growth under the
slow reduction kinetics, generating products with a beam-like
morphology instead of right bipyramids. The asymmetrical
growth could be ascribed to the slow atomic addition and
inadequate surface diffusion, coupled with the capping effect of
Br− toward Ag{100} facets. Specifically, atoms would mainly

be deposited onto and accumulated at the high-energy defect
zone on the triangular base of the singly-twinned seeds,
resulting in a greater rate of atomic deposition along one
direction and thus the induction of asymmetrical growth. The
as-obtained Ag nanobeams could have lengths up to 300 nm,
widths ranging from 17−70 nm, and a width-to-thickness ratio
of about 1.4.

4.2.2. Penta-Twinned Decahedral Seeds. Multiply-
twinned nanocrystals, including those with decahedral (D5h)
and icosahedral (Ih) shapes (section 4.2.3), are remarkable
structures in terms of both geometric shape and atomic
arrangement due to the unique assembly of different numbers
of single-crystal apex- and facet-sharing tetrahedral subunits.
These nanocrystals can be formed through at least two
pathways: (i) direct nucleation into 5-fold and 20-fold twinned
seeds and subsequent layer-by-layer growth, or (ii) stepwise
formation of new twin boundaries on single-crystal seeds via
atomic growth or attachment.315 The latter case can be

Figure 32. (A) Schematic showing the difference in symmetry
breaking during the initiation of Ag domain and the subsequent
growth. (B) Schematic showing the synthesis of a triblock structure
with additional facet control and the corresponding (Au sphere)−(Ag
wire) hybrid and (Au sphere)−(Ag wire)−(Ag plate) triblock
nanostructure. (C−F) TEM images of Au nanostructures in the
form of dimers and wavy nanowires, together with HRTEM images of
the attached regions of a dimer and a wavy wire. (A, B) Reproduced
with permission from ref 312. Copyright 2015 American Chemical
Society. (C−F) Adapted with permission from ref 313. Copyright
2013 Wiley-VCH.

Figure 33. (A) Schematic showing the preparation of singly-twinned
spherical seeds and their growth into triangular plates and bipyramids.
(B, C) TEM images of the seeds prepared through sequential
oxidation and the products of regrowth. The insets show HAADF-
STEM images of one individual particle of each type. Adapted with
permission from ref 193. Copyright 2017 Royal Society of Chemistry.

Figure 34. (A) Schematic showing the formation of a nanobeam from
a singly-twinned seed. (B, C) TEM images of (B) Ag nanobeams and
(C) their cross-section with a twin plane parallel to the basal plane.
Reproduced with permission from ref 314. Copyright 2006 American
Chemical Society.
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considered as a case of symmetry reduction for single-crystal
seeds, which is discussed in section 4.1. Although the actual
formation pathway of these nanocrystals is still under debate,
their unique symmetry is widely used in seed-mediated growth
to produce asymmetrical nanostructures hard to obtain
through traditional means.
This subsection focuses on the nanocrystals emanating from

symmetry breaking to decahedral seeds. Two types of edges
exist on a decahedron, corresponding to the five edges along
the pentagonal cross-section at the equatorial position and
those located at the axial direction along the twin boundaries,
respectively. Accordingly, there are two sets of vertices with
coordination numbers of four and five, respectively. When
decahedral seeds are employed as seeds to mediate nanocrystal
growth, two different modes will be naturally developed, one
along the 5-fold rotational axis and the other along the
pentagonal cross-section; both can be manipulated to induce
asymmetrical growth and symmetry breaking.
4.2.2.1. Formation of Janus Pentagonal Rods. Penta-

twinned rods, also known as wires when the aspect ratio is
relatively high, can be considered decahedra with the five
equatorial edges vertically expanded to create the {100} side
faces. In fact, they are usually synthesized through selective
overgrowth along the <110> direction of decahedral seeds. It is
worth pointing out that, while counterintuitive, a pentagonal
rod and a decahedron display the same D5h symmetry when
the elemental composition is not taken into consideration. In
order to observe symmetry breaking, one needs to ensure that
(i) at least two metals are involved in the synthesis and (ii) the
growth only occurs on one side of the pentagonal seed. The
asymmetric distribution of the two metals leads to the
formation of a bimetallic Janus nanorod. So far, examples of
Au−Ag and Pd−Ag Janus nanorods have been reported.253,316

In the former case, Ag(I) precursor was reduced by DEG in
the presence of Au decahedral seeds, together with additives
such as ammonia and poly(diallyldimethylammonium chlor-
ide) (PDDA) (Figure 35A).253 It was argued that ammonia
helped solubilize AgCl in the reaction solution by forming
Ag(NH3)2+ and facilitated the redox reaction by increasing the
pH of the reaction solution. At a low concentration of
ammonia, the slow reduction of Ag(I) precursor resulted in a
limited supply of Ag atoms for growth along one of the axial
directions. Such a growth pattern resulted in the formation of
Ag−Au Janus nanorods (Figure 35B−D). As more ammonia
was introduced into the growth solution, the reduction was
accelerated due to the increase in pH and growth started to
occur on both ends, giving symmetrical Ag−Au−Ag
segmented nanorods as the final products. Meanwhile, the
faster reduction of Ag(I) precursor increased the length from
64 to 87 nm as the amount of ammonia was increased from 15
to 45 μL. Such reduction-rate-dependent switch of growth
pattern further emphasized the central role of kinetic control in
dictating the outcome of a colloidal synthesis. Similarly,
thinner Ag nanorods would be obtained when switching to 16
nm Pd decahedral seeds and PDDA as both Cl− source and a
capping agent for the Ag(100) surface (Figure 35E−G).316

4.2.2.2. Formation of Icosahedra. In section 4.1.1.2, we
discussed the evolution of pseudospherical Au seeds into
complex Au@Ag 20-fold twinned icosahedra in a stepwise
manner, in which decahedron was observed as one of the
intermediate states during the growth of Ag shell.291

Presumably, if Au decahedra are directly used as seeds in the
same synthesis, the overgrowth of Ag should follow the same

pattern and evolve into icosahedra. Indeed, Au−Ag hetero-
metallic icosahedra have been obtained by slowly reducing
Ag(I) with citrate ions in the presence of Au decahedral seeds
and at a low concentration of OH− (Figure 36).288 In the
initial stage, Ag was deposited symmetrically over the entire
surface of the seed to form a core−shell decahedron. Once a
twin plane was developed on one of the {111} faces of the
decahedron, the formation of an icosahedron on the same side
of the decahedron was initiated. The subsequent series of
multiple twinning and growth events led to the outward
expansion of more and more tetragonal subunits, gradually
evolving into a decahedron-shaped indentation when 10
subunits were formed. Finally, filling of the indentation via
Ag deposition completed the icosahedron morphology.

Figure 35. (A) Schematic showing the formation of different types of
nanorods. (B−D) HAADF-STEM and TEM images of Au−Ag Janus
nanorods, as well as the elemental mapping and schematic diagram.
Au: red. Ag: yellow. The arrow in panel D indicates the growth
direction. (E) Schematic showing the growth of a penta-twinned Ag
nanorod from one side of a Pd decahedral seed. (F, G) HAADF-
STEM image and EDS mapping of the Pd−Ag nanorods. (A−D)
Adapted with permission from ref 253. Copyright 2012 American
Chemical Society. (E−G) Adapted with permission from ref 316.
Copyright 2015 American Chemical Society.
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Interestingly, when NaOH was added into the solution to
increase the pH from 7 to 11, a higher reduction rate would
favor the heteroepitaxial growth on both ends of the
decahedral seeds to form segmented nanorods. It should be
pointed out that, although an icosahedron has a higher order of
symmetry than a decahedron, which means an icosahedron
should be considered a more symmetric shape, the evolution
pathway from decahedral to icosahedral nanocrystals involves a
series of observable intermediates that are highly asymmetrical.

As such, this process should also be considered to involve
symmetry breaking.

4.2.2.3. Formation of Asymmetrical Pyramids. Although
longitudinal growth along the 5-fold axis is the most common
pattern of site-selected growth for decahedral seeds, asym-
metrical deposition has also been reported. For example, when
HAuCl4 was reduced by a weak reducing agent, L-ascorbic acid
2-phosphate trisodium salt (Asc-2P), in an aqueous solution
containing Pd decahedral seeds, CTAB, and AgNO3 held at 37

Figure 36. (A) Schematic showing the formation of penta-twinned nanorods through the photodeposition of Ag on plasmonic Au decahedral
seeds. (B) HAADF-STEM images of individual heterometallic icosahedra in different orientations, next to their corresponding 3-D model in the
identical orientation. Au: Dark gray. Ag: light gray. Reproduced with permission from ref 288. Copyright 2011 Wiley-VCH.

Figure 37. (A) Schematic showing the lateral and vertical modes involved in the growth of Au on Pd decahedral seeds. The site-selected and
asymmetrical growth results in the formation of nanopyramids with a sharpened tip. (B) Typical morphologies of the Pd−Au nanopyramids
obtained through lateral and vertical growth for different periods of time. Reproduced with permission from ref 317. Copyright 2021 American
Chemical Society.
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°C, the site-selected nucleation and growth of Au would lead
to the formation of a pyramid at either longitudinal or lateral
position relative to the Pd decahedron (Figure 37).317

Specifically, the deposition was initiated from one of the
vertices due to their higher energies caused by small
coordination numbers and large lattice strains. From one of
the five edge vertices, the surface reduction and deposition of
Au onto the same site led to the formation of a pyramid with
its rotational axis perpendicular to that of the decahedron. In
comparison, when the growth site was switched to one of the
two axial vertices, the growth became longitudinal, and the as-
formed pyramid and the original decahedral seed were coaxial.
It is worth noting that the formation of asymmetrical pyramids
with well-defined features (e.g., smooth edges and sharp
corners) should be attributed to the complex roles played by
Ag+ from AgNO3. While the exact mechanism for the
asymmetrical growth of Au on Pd decahedra is yet to be
elucidated, the general requirements for a successful synthesis
include the facet-selective capping effect of the Ag−Br−

complex, the soft templating effect through shape conversion
of CTAB micelles, and the UPD of Ag layers on certain facets.
At a low concentration of Ag+, the dominant morphology of
the bimetallic nanocrystals would become nearly spherical.
4.2.3. Multiply-Twinned Icosahedral Seeds. A regular

icosahedron is comprised of 20 tetrahedral subunits and 30
twin planes. It is one of the five Platonic solids and belongs to
the Ih symmetry group with the highest symmetry order of 120.
Compared to decahedral nanocrystals, icosahedral nanocrystals
have more twin defects and strain in the bulk, making these
particles increasingly unstable when their size is enlarged
during seed-mediated growth. Moreover, there is only one type
of edge and vertex on an icosahedron, limiting the variation in
terms of asymmetrical growth pattern. However, owing to an
improved understanding of the roles played by each factor in
inducing asymmetrical growth, several recent reports have

demonstrated the synthesis of complex nanostructures from
icosahedral seeds.

4.2.3.1. Formation of Bipyramids, Decahedra, and
Truncated Bitetrahedra. Covered by 12 equiv penta-twinned
vertices, icosahedral nanocrystals hold promise in templating
the growth of penta-twinned structures. On the other hand, it
is a challenge to limit the deposition and growth to only one of
the vertices instead of multiple vertices or even edges. Using
the Pd−Cu Janus system as an example, it was recently
demonstrated that a set of heteronanostructures could be
obtained through kinetically controlled, seed-mediated growth
(Figure 38).318 Using a fixed amount of 12 nm Pd icosahedra
as the seeds, glucose as a reducing agent, and HDA as a
coordination ligand and colloidal stabilizer, the reduction rate
of CuCl2 precursor was controlled by varying its concentration
in the growth solution. Specifically, at a relatively slow
reduction rate, the Cu atoms nucleated from only one of the
vertices on the seed for the formation of an elongated,
pentagonal bipyramid. As the concentration of Cu(II)
precursor was increased by five times and the reduction rate
was increased, the as-formed Cu bipyramid became more
symmetrical against the basal plane, evolving into a
decahedron. If the reduction rate was further increased,
however, the growth started to take a different pathway.
With an abundant supply of Cu atoms to the icosahedral
surface, nucleation could happen not only on the most
energetic vertices but also on the edges. In the initial stage of
growth, the deposition of Cu on one of the edges characterized
by a single twin plane led to the formation of a singly-twinned
rod-like shape with the icosahedral seed attached to one end of
the rod. It is still unclear how such complex products with a
completely different twin structure and symmetry could be
obtained by solely changing the concentration of one reactant.
This case study suggests the potential role of multiply-twinned
nanocrystals in enriching the diversity and complexity of metal

Figure 38. (A) Summary of the experimental conditions corresponding to the formation of Pd−Cu Janus nanocrystals with three distinctive shapes
for the Cu component: pentagonal bipyramid, decahedron, and truncated bitetrahedron. Yellow: Pd. Green: Cu. The red lines indicate the twin
boundaries on the nanocrystal. (B) HAADF-STEM images and the corresponding EDS mapping of the pentagonal bipyramids, decahedra and
truncated bitetrahedra. Reproduced with permission from ref 318. Copyright 2021 American Chemical Society.
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nanostructures. Meanwhile, it demonstrates the key role of
reaction kinetic in manipulating the symmetry breaking
process.
4.2.3.2. Formation of Pentagonal Pins. For each one of the

12 vertices on an icosahedron, there exists a set of five
pentagonal twinned facets that is essentially the same as in a
decahedron. It was argued that 1-D expansion of this set of
facets along the <110> direction could also lead to the
formation of penta-twinned structures, as discussed in section
4.2.2.1. Indeed, using a light-assisted synthetic protocol
reported for the growth of penta-twinned rods from Ag
decahedral seeds, Ag nanocrystals with an icosahedral structure
were reported to grow into similar rod-like morphology.287

With the icosahedral seed situated at one end of the rod, the
overall shape displayed similarity to a sewing pin. Although the
formation mechanism was not discussed in the report, it seems
to be closely related to what was proposed for decahedra-
seeded nanorod synthesis.253,316

5. PROPERTIES AND APPLICATIONS
Colloidal metal nanocrystals have found widespread use in an
array of applications related to plasmonics, electronics,
optoelectronics, magnetism, (electro)catalysis, and biomedi-
cine. The shape of a nanocrystal has profound impacts on its
properties and thus its performance in all these applications.
Asymmetrical growth or symmetry breaking in a well-
controlled manner allows for the creation of novel physical,
chemical, and biological effects that would be difficult to
achieve by simply adjusting the size or shape of symmetry-
preserved systems. This section focuses on the unique
properties and applications that benefit from the diversity
and complexity introduced by symmetry breaking.
5.1. Optical Properties and Applications

The optical properties of noble-metal nanocrystals, such as
LSPR and waveguiding, among others, have been extensively
investigated. LSPR arises from the interaction between the
electric field of light with the conduction electrons in a metal
nanocrystal to induce the excitation of a collective oscillation
of the electrons.16,319 At specific wavelengths, the light can be
strongly scattered or absorbed by metal nanocrystals as a result
of LSPR. The spectral position and profile of LSPR depend on
a number of parameters, including size, shape/morphology,
and elemental composition/distribution of the nanocrys-
tal.16,320 Notably, the number of LSPR peaks in noble-metal
nanocrystals correlates directly to the number of directions in
which the electrons can be polarized. In other words,
nanocrystals with lower symmetry tend to feature more
plasmon modes than their more symmetrical counterparts
due to the larger number of possible ways to polarize the
electrons.321 Thus, symmetry breaking phenomenon offers an
effective means to maneuver the LSPR properties of nano-
crystals.
A highly symmetrical, spherical nanocrystal made of

plasmonic metals typically displays only one resonance mode
since its optical excitation is equivalent along all directions. In
the case of nanorods or nanowires lower in symmetry, two
LSPR modes can be observed: the longitudinal mode resonant
at longer wavelengths (where free electrons are polarized along
the long axis) and the transverse mode resonant at shorter
wavelengths (where electrons are polarized along the short
axis).321 For instance, dark-field scattering from a single Au
nanorod led to the display of different colors when excited

along either the transverse or longitudinal axis, while spherical
nanoparticles did not show this effect.322−324 In addition, the
longitudinal mode can be fine-tuned to the desired wave-
lengths by adjusting the aspect ratio of the nanorods. In one
report, the longitudinal LSPR of Au nanorods was shifted from
600 to >1300 nm by extending the nanorods only along the
axial direction.325 Such control over the aspect ratio would
shift the wavelength of plasmonic resonators to the near-
infrared region. Moreover, symmetry-broken nanocrystals of
different sizes can be employed as plasmonic anticounterfeit
tags. Taking Au nanorods as an example, when randomly
deposited on a variety of surfaces, they could serve as unique
tags with high security.326 Considering the difficulty in
manipulating the location and orientation of each Au nanorod
individually, it is almost impossible to replicate the tags
comprised of Au nanorods, creating a barrier to counterfeiting.
Since Au nanorods could provide a wide range of color
responses on account of different aspect ratios and light
polarization sensitivity, the security tags were endowed with
high encoding capability, which allowed for more information
to be integrated into the tag in the form of optical response
combinations. Such a feature was essential to the miniatur-
ization and concealment of the tags.326

Besides geometric aspect, the symmetry associated with
elemental distribution can affect the optical properties of
nanocrystals. Since the dielectric function of each metal
component in bimetallic nanocrystals contributes differently to
the optical properties,16 any variation to the ratio and/or the
location of each plasmonic component would lead to LSPR
shift. Taking the core−shell structure as an example, its optical
response is sensitive to the location of the core metal. As
shown in Figure 39A−C, Au@Ag nanorods with off-centered
metal seeds displayed blue-shifted LSPR compared to the
concentric Au@Ag nanorods.327 In another example, the
asymmetrical distribution of elements and the presence of
heterogeneous phases gave heterodimers optical properties
distinct from their monometallic counterparts.86 The charac-
teristic light absorption of heterodimers could be attributed to
the plasmonic coupling at the interface of the two metals. The
effect of heterogeneous interfaces was well demonstrated in the
UV−vis extinction spectra of a series of Au−Ag Janus
nanocrystals with different contact areas of 48 and 29 nm in
diameter (Figure 39D).272 While the extinction peaks around
420 and 531 nm could be assigned to the Ag and Au
components, respectively, the other two peaks at 592 and 698
nm arose from the electromagnetic coupling between Au and
Ag (Figure 39E). Both computational and experimental results
demonstrated that the electromagnetic coupling and thus
optical properties of Au−Ag Janus nanocrystals indeed
depended on their geometric configuration or the spatial
distribution of the individual element.272 The unique optical
properties of these symmetry-broken nanocrystals, such as
higher refractive index sensitivity and tunable plasmon band,
offer them great promise in applications as chemical or
biological sensors for analytes such as heavy metal ions, DNA,
and antibodies.322,328−331

Through the excitation of surface plasmons, the free-space
light can be coupled into metal nanostructures and trans-
formed into propagating plasmon modes confined to the metal
surface. To this end, 1-D nanostructures (i.e., nanorods and
nanowires) with low symmetry are well-suited for use as
waveguides to direct the propagating plasmon modes.332 The
symmetry-broken morphology of metal nanowires and their
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atomically smooth side faces allow for propagation of light over
a long distance in one dimension with low scattering loss, while
their small diameters facilitate the miniaturization of on-chip
optical components.71 Taking Ag nanowires as a typical
example, the plasmon could propagate over a distance of more
than 10 μm at a near-infrared wavelength (Figure 40A).333

Since the momentum of free-space photons matches that of
propagating plasmons at the tapered tips, the plasmon mode
can be excited by incident radiation at one end, propagate in
the axial direction, and finally re-emit as photons at the other
end.333−336 For effective and efficient light coupling to
nanostructures, the plasmonic and photonic waveguides can
be integrated to achieve nanoscale confinement. For example,
the incident light could be guided and distributed into multiple
Ag nanowires simultaneously with the help of a polymeric
waveguide.334 As shown in the dark-field microscopy images,
Ag nanowires placed perpendicular to the polymeric waveguide
were illuminated due to the plasmonic excitation, and the light
was successfully guided from the center of the polymeric
waveguide to the longitudinal direction of Ag nanowires
(Figure 40B). This capability allowed the simultaneous supply
of light to several nanoscale photonic devices in a highly
integrated circuit. Similarly, Au nanorods embedded in
polymer fibers have also been reported as nanoscale wave-
guides.337 As shown in Figure 40C, Au nanorods were aligned
in parallel along the axis of the fiber, and an intense
polarization-dependent light scattering was observed. When
the incident light matched the longitudinal resonance wave-
length of the Au nanorods, the photon-to-plasmon conversion
efficiency in the waveguiding fibers could reach 70%. Such
highly efficient conversion could facilitate light-matter
interactions and reduce power consumption. Since the LSPR
of metal nanocrystals was sensitive to the surrounding
environment, the embedded Au nanorods could also serve as
optical sensors by displaying different responses to environ-

Figure 39. (A, B) TEM images of (A) symmetrical and (B)
asymmetrical Au@Ag nanorods grown from Au bipyramidal seeds in
the absence and presence of dimethyl sulfoxide, respectively. (C)
UV−vis extinction spectra of symmetrical (black) and asymmetrical
(red) Au@Ag nanorods. (D) Schematic showing the asymmetrical
growth of Ag from Au nanoparticles to generate Au−Ag Janus
nanoparticles with different contact areas. (E) UV−vis extinction
spectra of the Au nanocrystals and the Au−Ag Janus nanoparticles
with contact areas of 48 and 29 nm in diameter, respectively. (A−C)
Reproduced with permission from ref 327. Copyright 2021 American
Chemical Society. (D−E) Reproduced with permission from ref
American Chemical Society. (D−E) Reproduced with permission
from ref American Chemical Society. (D−E) Reproduced with
permission from ref 272. Copyright 2019 American Chemical Society.

Figure 40. (A) Light waveguiding using silver nanowire with excitation at the upper end. (B) Optical microscopy images showing the coupling of
light from a polymeric waveguide to multiple Ag nanowires. (C) TEM and optical micrograph of Au nanorods embedded in polymer nanofibers for
waveguiding. The white arrow indicates the direction of light propagation. (D) Scattering spectra of Au nanorods embedded in nanofibers when
exposed to ambient air with varying room humidity. (A) Reproduced with permission from ref 333. Copyright 2006 American Chemical Society.
(B) Reproduced with permission from ref 334. Copyright 2008 Springer Nature. (C−D) Reproduced with permission from ref 337. Copyright
2012 American Chemical Society.
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mental changes. As room humidity was increased from 9 to
71%, the refractive index surrounding the embedded Au
nanorods decreased, leading to the monotonic blue-shift of the
LSPR peaks of Au nanorods (Figure 40D).337 Moreover, the
scattering intensity of Au nanorods was found to decrease with
the increase in room humidity, enabling intensity-dependent
humidity sensing. Compared to bare Au nanocrystals, the
embedded Au nanorods exhibited 1 order of magnitude higher
humidity sensitivity. As shown in Figure 40C, the LSPR
response from each embedded Au nanorod could amplify in
the output signal, leading to better overall sensitivity and
resolution. Taken together, great versatility in developing
compact plasmonic and photonic devices with miniaturized
dimensions and high conversion efficiency can be achieved by
integrating symmetry-broken nanocrystals with diverse pho-
tonic waveguides, presenting opportunities for shortening
response time and lowering the energy consumption of the
devices.
5.2. Electrical Properties and Applications

Materials with high electrical conductivity and optical
transparency are crucial for modern optoelectronic devices,
such as light-emitting diodes, solar cells, touchscreen panels,
and transparent thin-film heaters.338−340 In general, conductive
materials are not transparent, while transparent materials are
not conductive.89 For this reason, ITO, a transparent
semiconductor with a wide band gap, has dominated the
field of transparent electrodes for many decades. However, the
high cost of ITO and its poor stability to mechanical stress
hinders its application, especially for those requiring flexibility
or stretchability, such as wearable devices and electronic
skins.89

High-aspect-ratio metal nanostructures such as nanowires
have been widely explored as an alternative to ITO due to their
excellent electrical conductivity and stretching capability.
Compared to ITO, metal nanowires can be fabricated at a
much faster rate and without the need for an expensive
sputtering process. The cost comparison in Figure 41A
highlights the significantly lower processing cost of metal
nanowires than ITO.341 More importantly, the unique
morphology of metal nanowires allows them to construct
interconnected networks at very low volume fractions. Since
the conductive path can be easily formed among sparsely
distributed high-aspect-ratio nanowires, the interconnected
nanowire network would have high porosity and thus
enhanced optical transparency to achieve high transmittance
at low sheet resistances.70 Such a combination of optical
transparency and electrical conductivity in 2-D networks of
nanowires enables them to be used as the key components in
optoelectric devices.
In a typical nanowire network, a large number of metal

nanowires with high aspect ratios are deposited on an
insulating substrate and randomly dispersed between two
metal electrodes (Figure 41B).342 The resistance of the
nanowire networks depends on various parameters, such as
nanowire diameter, length, and distribution density, and all of
them have been studied to guide the fabrication of highly
conductive films. As the nanowire diameter or density was
increased, the sheet resistance of the interconnected network
decreased, thus enhancing their electrical performance at the
expense of compromising optical performance. When switch-
ing to longer nanowires, the network’s resistance was lowered
due to the reduction of internanowire junctions while the
transparency increased due to the decrease in nanowire
density.343 In practice, the electrical conductivity, optical

Figure 41. (A) Comparison plot of materials cost vs process cost for different transparent conductive materials. (B) Schematic illustration of the
metal nanowire network between two electrodes. (C) TEM image of Cu@Au core−shell nanowires. The inset shows an EDS elemental mapping of
Cu@Au core−shell nanowires, where red and green represent Au and Cu, respectively. (D) Stability test of conducting films made from bare Cu,
Cu@Ag, Cu@reduced graphene oxide (r-GO), Cu@Au (1 nm Au), and Cu@Au (2 nm Au) in harsh environment (temperature: 80 °C, humidity:
80 ± 5%). (A) Reproduced with permission from ref 341. Copyright 2015 Elsevier. (B) Reproduced with permission from ref 342. Copyright 2016
Royal Society of Chemistry. (C−D) Reproduced with permission from ref 357. Copyright 2017 American Chemical Society.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00468
Chem. Rev. 2023, 123, 3693−3760

3734

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig41&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig41&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig41&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00468?fig=fig41&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


transmittance, material cost, and fabrication difficulties of
metal nanowire networks all need to be optimized in order to
achieve the desired performance in an effective and efficient
way.
The optoelectronic properties of metal nanowires have been

optimized while exploring their applications in the fabrication
of transparent, conductive films for use in touchscreens,344,345

solar cells,346,347 organic light-emitting diodes,348 and photo-
voltaics.349 Among various materials, Ag nanowires have
garnered the greatest attention as a candidate for transparent
electrodes. They can be fabricated using low-cost solution-
phase methods and coated onto various substrates to form
interconnected networks. For instance, highly flexible networks
of Ag nanowires with excellent transmittance (diffusive
transmittance ≈ 95%) and high conductivity (sheet resistance
≈ 10 Ω sq−1) have been employed as transparent electrodes in
highly efficient and bendable electronic devices, such as
organic solar cells.350 Since the large-scale application of Ag
nanowires for optoelectronic devices is potentially hindered by
their high material cost, Cu with comparable conductivity to
Ag (only 6% less conductive) but at a more than 100-times
lower price may offer more benefits to various commercial
applications.90,351,352 Even though ultrathin Cu nanowires were
found to exhibit an outstanding sheet resistance of 35 Ω sq−1 at
90% transparency,353 they tend to suffer from oxidation in

ambient conditions due to reactions with oxygen and sulfur in
the air.354 To this end, protecting Cu nanowires against such
corrosion and avoiding the steep decline in their optoelec-
tronic performance remain challenging. One possible solution
involves coating Cu nanowires with a more inert metal to
protect them from oxidation, while good electrical contact
between the core and the shell still ensures excellent electric
conductivity of the nanowires.355 To this end, Cu@Ag
nanowires have been demonstrated with oxidation resistance
and optoelectrical properties similar to those of pure Ag
nanowires.356 The stability of Cu@Ag nanowires could be
enhanced by increasing the shell thickness, but their
optoelectronic properties would degrade accordingly. To find
use as a transparent conductor under harsh conditions without
compromising their electrical and optical properties, an inert
metal shell that is more stable and thinner than Ag is needed. A
recent study has demonstrated an epitaxial deposition method
to coat the Cu nanowire with an ultrathin (a few atomic layers)
and almost defect-free Au shell.357 As shown in Figure 41C,
the as-synthesized Cu@Au nanowires were free of surface
pores or voids. Compared to unprotected Cu nanowires, the
Cu@Au nanowires were able to retain the superior
optoelectrical performance of the original nanowires under
harsh conditions of 80% relative humidity at 80 °C for at least
700 h (Figure 41D). Taken together, metal nanowires with low

Figure 42. (A) Comparison of ORR performance for Pt nanowires with different diameters at 0.9 V. The left and right columns represent specific
activity and mass activity, respectively. The inset is an HAADF-STEM image of Pt nanowires with a diameter of 1.1 nm. (B) Comparison of ORR
performance for Pd−Pt nanodendrites, Pt/C catalyst (E-TEK) (20% by weight of 3.2 nm Pt nanoparticles on carbon support), and Pt black
(Aldrich) (fuel cell grade) at 0.9 V. The inset is an HRTEM image of a single Pd−Pt nanodendrite. (C) Faradaic efficiency of electrochemical
reduction of CO2 to C2+ products in the presence of catalysts based on Pd−Cu nanoparticles with different shapes. (D) Comparison of the average
speed of Au−Pt Janus nanorods as catalytic motors in a 5% H2O2 solution containing different metal cations. The inset is a schematic illustration of
an Au−Pt catalytic nanomotor. The arrow indicates the direction of the nanomotor motion. (A) Reproduced with permission from ref 364.
Copyright 2021 American Chemical Society. (B) Reproduced with permission from ref 367. Copyright 2009 American Association for the
Advancement of Science. (C) Reproduced with permission from ref 318. Copyright 2021 American Chemical Society. (D) Reproduced with
permission from ref 377. Copyright 2009 American Chemical Society. Inset in (D) Reproduced with permission from ref 88. Copyright 2013
American Chemical Society.
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symmetry can form highly conductive and transparent
interconnected networks at low density. With appropriate
protection strategies, the stability of the nanowire network can
be significantly improved, moving them one step closer to
industrial production and commercial application.
5.3. Catalytic Properties and Applications

Another field where symmetry-broken nanocrystals have found
application is (electro)catalysis. Over the past few decades,
numerous strategies have been developed to enhance the
performance of a catalyst, including increasing the number of
active sites by reducing the particle size and improving their
area-specific activity by controlling the shape or elemental
composition.33 Increasing the anisotropy of nanocrystals
through symmetry breaking can facilitate the selective exposure
of specific facets or introduce surface strain, which in turn
changes the electronic structure of active sites and affects their
interactions with reaction intermediates, ultimately enhancing
both the catalytic activity and selectivity.18

With the extremely small size and diversified morphology,
metal nanoparticles supported on carbon are widely used as
efficient electrocatalysts. The major issue of these catalysts with
broad size and shape distribution is the degradation of catalytic
performance as a result of Ostwald ripening, particle migration,
and coalescence.358 The gradual decrease in catalytic activity
and durability of nanoparticles induced by these deactivation
mechanisms can be mitigated by switching to symmetry-
broken nanocrystals owing to their unique structural character-
istics, including large specific surface areas, high stability, facile
electron transfer, and/or preferential exposure of high-activity
facets.359−361 For instance, Pt nanotubes with high mass
transport and atom utilization efficiency due to their 1-D
morphology exhibited much higher activity, stability, and
electrochemical surface area toward oxygen reduction reaction
(ORR) than a commercial Pt/C catalyst.362 The higher
durability of Pt nanotubes could be attributed to the larger area
in contact with the support, which could retard their
movement and detachment under the harsh electrochemical
conditions. In addition to enhanced catalytic performance, an
anomalous size effect on catalytic activity toward ORR has also
been observed in the symmetry-broken system. In general, as
Pt nanoparticles decrease in size, the d-band center will shift
toward the Fermi level, resulting in a stronger oxygen
adsorption that suppresses ORR activity.363 This effect
would limit the effectiveness of the size reduction strategy in
increasing the atom utilization efficiency. However, this
limitation could be transcended by utilizing Pt nanowires. As
the diameter of Pt nanowires was reduced from 2.4 to 1.1 nm,
their specific activity toward ORR was boosted to 4.6 times
that of commercial Pt/C catalyst (Figure 42A).364 It was
proposed that decreasing the diameter of nanowires would
simultaneously increase the compressive surface strain and
expose more low-coordinated sites.364−366 The increased
compressive surface strain would lead to a downward shift in
the d-band center, weakening the absorption of oxygenated
species while suppressing Pt dissolution. As a result, it would
augment the catalytic activity and durability, in direct contrast
to the increased exposure of low-coordinated sites. Since Pt
nanowires had a much smaller proportion of low-coordinated
sites compared to their highly symmetrical counterparts, the
strain effect could outweigh the effect of low-coordinated sites
on the catalytic activity of nanowires, unveiling the underlying
reason for the anomalous size-dependent effect.

Beyond the monometallic systems, the improvement in
catalytic performance benefiting from symmetry breaking can
also be achieved in bi- or multimetallic nanocrystals. For
example, it has been reported that Pd−Pt bimetallic nano-
dendrites exhibited a specific activity 3.1 times greater than
that of a commercial Pt/C catalyst toward ORR (Figure
42B).367 While the Pt branches were solely involved in the
catalytic reaction, the truncated octahedral Pd seeds assisted
the spatially separated Pt branches in increasing the surface
area and stability of the catalyst. Since the poisoning effect and
the adsorption of oxygen on Pt surface are facet-sensitive, the
electrocatalytic kinetics of ORR heavily depends on the
morphology of Pt catalysts.368,369 Compared to truncated
octahedral nanocrystals enclosed by a mix of {100} and {111}
facets, the Pt branches preferentially exposed {111} facets, in
addition to some {110} and high-index {311} facets with
higher intrinsic activity toward ORR.367 Thus, the superb
activity of Pd−Pt bimetallic nanodendrites could be attributed
to the asymmetrical morphology and exposure of particularly
active facets on the surface.
Besides the geometrical configuration, the asymmetrical

elemental distribution associated with symmetry breaking in
bi- and multimetallic nanocrystals also greatly impacts their
catalytic performance. Due to the electronic and chemical
interactions between different metals, bi- or multimetallic
nanocrystals can integrate the properties of each component to
display superior catalytic activity. Moreover, the exposure of
multiple phases on the surfaces of these symmetry-broken
nanocrystals and the presence of an interface between different
metal components can potentially provide unique interfacial
reactivity and spillover effects, which may significantly change
the catalytic activity and selectivity, especially in tandem
catalysis.189 For instance, to enhance the selective reduction of
CO2 to C2+ species by Cu-based catalysts, another metal (e.g.,
Pd, Ag, or Au) capable of reducing CO2 to CO was
incorporated into the Cu nanostructure to form bimetallic
Janus nanocrystals.318,370,371 The side-by-side elemental
distribution in such symmetry-broken nanocrystals enabled
the as-formed CO intermediate to migrate from the other
metal to the Cu surface for subsequent coupling to generate
C2+ products. A recent study has evaluated the catalytic
capability of Pd−Cu nanocrystals with various shapes,
including pentagonal bipyramids, decahedra, and truncated
bitetrahedra.318 Compared to twinned nanoparticles made of
pure Cu, the reduction in symmetry from icosahedral seeds (Ih
symmetry) to the resulting Pd−Cu pentagonal bipyramids and
decahedra (approximately, C5v symmetry) contributed to more
efficient conversion of CO2 to C2+ products (Figure 42C). The
symmetry breaking in the formation of Pd−Cu Janus
nanocrystals allowed for the simultaneous presence of Pd
surface and twin boundaries of Cu in one particle, which could
largely account for their superior performance in the
electrochemical reduction of CO2. Overall, nanocrystals with
asymmetric elemental distribution can catalyze multistep,
consecutive reactions that otherwise cannot be performed for
the selective production of value-added products.
Owing to their unique elemental distribution, bimetallic

nanocrystals with broken symmetry can simultaneously
catalyze two or more reactions in different regions of the
same particle. Such uneven occurrence of catalytic reactions
can trigger changes in the surrounding ion concentration and
electric field, thereby physically propelling the nanocryst-
als.88,372,373 Under this circumstance, heterodimers integrating
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two distinct catalytic surfaces are ideal for use as nano-
motors.374,375 As shown in the inset of Figure 42D,88 Pt−Au
Janus nanorods could move directionally in an aqueous
solution containing H2O2, where the nonuniformly distributed
catalytic decomposition of H2O2 served as the driving force.376

Since Pt and Au had different intrinsic catalytic activities, the
oxidation and reduction of H2O2 occurred selectively on the Pt
(anode) and Au (cathode) surfaces, respectively. During the
catalytic process, the protons were generated at the Pt end and
consumed at the Au end, leading to a graded distribution of
protons along the nanorod. The resultant concentration
gradient of protons would create a self-generated electric
field around the nanorod, propelling it to move toward the Pt
side.88 The catalytic motors made of Pt−Au nanorods could be
further employed as motion-based chemical sensors for the
detection of a trace amount of Ag+ ions.377 In this case, Ag+
ions were reduced and deposited on the surface of Pt−Au
catalytic motors in the presence of H2O2. Interestingly, a
significant acceleration in the speed of the nanomotors was
observed in the presence of Ag+ ions along with H2O2 (Figure
42D). This unusual increase in speed could be attributed to the
deposition of Ag on Pt−Au nanorods, which might cause a
greater potential difference between Pt and Au segments and
more intense decomposition of H2O2, thereby accelerating the
motion of the nanorods.378

5.4. Magnetic Properties and Applications

Magnetic nanocrystals have garnered significant interest due to
their unique physicochemical properties for a wide variety of
applications, such as data storage, drug release, and catalysis.379

Besides the simple monometallic nanocrystals made of Fe, Ni,
and Co, nanocrystals associated with ferromagnetism also

encompass bi- and multimetallic systems, such as their alloys
and intermetallic combinations (e.g., FePt, CoNi, and CuCo),
metal oxides (e.g., Fe3O4, CoO, and NiO), and spinel-type
ferromagnets (e.g., MnFe2O4 and CoFe2O4), as well as core−
shell nanocrystals (e.g., MnFe2O4@CoFe2O4). In addition to
size, the morphology, composition, and phase (crystal
structure) of most magnetic nanocrystals can also provide
orientation-dependent properties and thus affect their magnet-
ization behaviors.379 Generally, magnetocrystalline anisotropy
is considered an intrinsic property of the material, while shape
anisotropy is an extrinsic property that could be rationally
tuned through shape-controlled synthesis.
In principle, the north (N) and south (S) poles at the two

ends of a magnet not only create an external magnetic field
(from N to S) but also generate a demagnetization field (Hd)
inside the material in the opposite direction of the external
magnetic field (Figure 43A).380 The magnitude of Hd is
linearly related to the magnetization (Hd=NdM), where Nd
represents the sum of the components of demagnetization
factor Na, Nb, and Nc along the a, b, and c axes, respectively.
For a spherical nanoparticle, all components of the demagnet-
ization factor are equal; therefore, the net contribution of
shape anisotropy is zero. However, for nonspherical particles
with low symmetry, a subtle change in aspect ratio can lead to
a significant change to the demagnetization factor along
different axes, and the demagnetizing field is no longer equal in
all directions (Figure 43B).380 In other words, the magnetic
properties of nanocrystals are dependent on their symmetry.
The difference in magnetic properties of nanospheres,
nanocubes, nanorods, and nanostars was discovered to
originate from the distinctive shape,381 and such variation in
magnetic properties would greatly impact their performance in

Figure 43. (A) Schematic illustration showing the demagnetization field lines of a magnetized elliptical particle. (B) Schematic illustration of
nonspherical particles: a prolate spheroid (a = b < c) and an oblate spheroid (a < b = c). (C) Magnetic hysteresis loops of CuCo nanowire arrays
with the applied magnetic field parallel and perpendicular to the nanowires, respectively. (D) Directed assembly of FePt nanorods guided by an
external magnetic field. (A, B) Reproduced with permission from ref 380. Copyright 2022 American Chemical Society. (C) Reproduced with
permission from ref 385. Copyright 2011 Elsevier. (D) Reproduced with permission from ref 392. Copyright 2007 American Chemical Society.
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magnetic resonance imaging. For instance, Fe3O4 nanorods
would induce a stronger magnetic field perturbation over a
larger volume compared to spherical counterparts.382 Thus,
Fe3O4 nanorods could potentially be used as efficient magnetic
resonance imaging contrast agents due to their enhanced
magnetic properties.
Other interesting magnetic properties arising from the

symmetry-broken morphology of magnetic nanocrystals are
high coercivity and magnetic anisotropy.383,384 Taking
symmetry-broken CuCo alloy nanowires as an example, the
shape of their magnetic hysteresis loops and the magnitude of
coercivity were strongly dependent on the direction of the
applied magnetic field (Figure 43C).385 When the applied
magnetic field was parallel to the CuCo nanowire array, the
loop was rectangular in shape, together with a coercivity of
about 1976 Oe. In contrast, an approximately linear loop and a
coercivity of only 691 Oe were observed when the magnetic
field was applied perpendicular to the nanowire arrays. After
annealing at 400 °C in vacuum, the coercivities of CuCo
nanowires associated with the parallelly and perpendicularly
applied magnetic fields were increased to 2245 and 758 Oe,
respectively.385 The remarkable improvement in coercivity
after annealing could be attributed to the enhanced shape
anisotropy in the local region, as well as the higher degree of
crystallinity. A similar shape anisotropy, which has a profound
impact on the coercivity and magnetic anisotropy, has also
been reported for other metallic nanowires, including those
based on Co,386,387 Fe,388 FePt,389 CoPt,390 and FePd.391

These metal nanowires with high coercivity, high magnet-
ization, and nanoscale sizes hold promise for application as
high-density and low-noise magnetic recording media.
As mentioned above, many symmetry-broken nanocrystals

have shown enhanced and/or anisotropic magnetic properties
as a result of shape anisotropy. However, it remains challenging
to establish uniform magnetic anisotropy among a population
of symmetry-broken nanocrystals since they either have
irregular, poorly defined shapes or suffer from aggregation.
To solve this problem, an external magnetic field can be
applied to guide the assembly of nanoparticles to form an
ordered array, thus providing a unified anisotropic magnetic
platform for magneto-electronic transmission and enhanced
data storage, among others. For instance, when an external
magnetic field was introduced during the formation of FePt
nanorods, an ordered 2-D hexagonal array would be achieved
(Figure 43D).392 By adjusting the orientation and strength of
the applied magnetic field, the assembled array of nanorods
could be transformed from 1-D to 2-D and 3-D structures.
One of the most promising applications of magnetic

nanocrystals is their use as efficient heaters to convert
magnetic energy to thermal energy. When magnetic nano-
crystals are in a magnetic field with constantly changing
directions generated by an alternating current (AC), they have
to continuously reverse their magnetization at the cost of
magnetic energy loss, which is dissipated in the form of heat.
Symmetry-broken magnetic nanostructures have been found to
possess higher saturation magnetization and greater heating
efficiency relative to their symmetrical counterparts due to the
enhanced effective anisotropy.393,394 The specific absorption
rate (SAR) of iron oxide nanocrystals could be tuned by
altering their symmetry. For instance, Fe3O4 nanorods
exhibited superior inductive heating capability compared to
nanospheres and nanocubes with similar volumes, especially in
the high field region.393 In the AC field of 800 Oe, the

nanorods exhibited SAR values 6 times and 2.7 times higher
than those of nanospheres and nanocubes, respectively. The
symmetry and aspect ratio of magnetic nanocrystals played
more critical roles than volume in tuning magnetic-induced
heating efficiency. Increasing the aspect ratio from 6 to 11
could improve the SAR value by 1.5 times. Even higher heating
efficiency could be achieved if high-aspect-ratio nanowires
were employed due to the enhanced hysteresis loss
corresponding to the high shape anisotropy.395

5.5. Biological Effects and Applications

Perhaps the most exciting frontier in metal nanocrystals
research revolves around their potential applications in the
biomedical field, especially for biosensing, bioimaging, cancer
therapies, controlled release, and targeted drug deliv-
ery.21,396,397 The intrinsic features of metal nanocrystals, such
as physicochemical properties and LSPR, which directly impact
their biomedical applications, can be enhanced by modulating
the extrinsic characteristics of the particles, such as shape, size,
and surrounding environment. Thus, the quest for a new
generation of safer and more effective biosensors, biomedi-
cines, and nanocarriers necessitates researchers to go beyond
simple, symmetrical design.398 The symmetry-broken structure
and asymmetrical morphology promote more direct and
effective interactions between the nanocrystals and biological
systems at molecular, cellular, or tissue levels,399,400 making
them more competitive in diagnostic and therapeutic
applications.
Due to the light absorption and scattering ability of

biological tissues, optical imaging could be utilized to visualize
cells, identify tissues, and distinguish pathological and
nonpathological areas. However, the light-tissue interactions
and the contrast from the tissue itself are often insufficient and
not pathologically specific, thus requiring the use of contrast
agents to optimize the visualization process. To this end, Au
nanocrystals are strong candidates for imaging labels and
contrast agents due to their excellent optical properties and
bioinertness.21,401,402 As discussed in section 5.1, different from
highly symmetrical nanostructures (e.g., nanospheres), Au
nanorods have transverse and longitudinal surface plasmon
resonance modes. The unique longitudinal plasmon resonance
of Au nanorods endows them with exceptional light
absorption.403 The light absorption efficiency of Au nanorods
was found to be at least 20 times that of Au nanospheres of the
same size,404 with a scattering coefficient of one order
magnitude higher.403 Moreover, Au nanorods exhibit a high
affinity toward the thiol group, making it versatile to efficiently
attach numerous biomolecules to the surface.405 As such, Au
nanorods can be easily functionalized with ligands, antibodies,
and other biomolecules to achieve targeted binding toward
specific cells or tissues.21,404,406 For instance, Au nanorods have
been conjugated with antiepidermal growth factor receptor
(anti-EGFR) monoclonal antibodies for the detection of tumor
cells.407 The bioconjugated Au nanorods were incubated with
a normal skin cell line and a malignant oral epithelial cell line.
Due to the overexpression of EGFR on the cytoplasmic
membrane of many malignant cells, the modified Au nanorods
were able to specifically bind to the surface of tumor cells with
higher affinity. As shown in Figure 44A,B,407 the malignant
cells were brightly stained and distinctively visualized in the
dark field as a result of the strong scattering of red light by the
Au nanorods bound to their surface. This staining method
could provide a new approach to differentiating cancer cells
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from normal cells. Notably, such Au nanorods could also find
use in selective photothermal cancer therapy. After being
exposed to a continuous near-infrared laser at 800 nm, the
malignant cells targeted by anti-EGFR/Au nanorods could be
killed photothermally.408 The laser power energy required to
destroy malignant cells was found to be about half of that
needed to cause the destruction of normal cells. Thus, both
diagnostics and photothermal therapy of cancer can be
achieved simultaneously with the assistance of bioconjugated
Au nanorods.

In addition, the anisotropic optical response of symmetry-
broken nanocrystals can provide us with the capability to
resolve the motion of nanomachines in both engineered
environments and live cells. Although biological nano-
machines, commonly in the form of protein complexes,
perform various functions essential to life, their working
mechanisms in a cellular environment, especially their
rotational motions in live cells, remain elusive. The dynamic
rotational motions of nanoscale cargos on both engineered
surface and cytoskeleton track have recently been explored
using a combination of Au nanorods and Nomarski-type
differential interference contrast (DIC) microscopy.409 In a
DIC microscope, the sample was illuminated by two
orthogonally polarized incident beams which were laterally
shifted by ∼100 nm from each other. The interference pattern
could be built by overlapping the two shifted intermediate
images. There was no difference between the two intermediate
images for spherical particles. In contrast, two different
intermediate images were obtained for nanorods due to
different extents of phase delay of two illumination beams.
Because of the wavelength-dependent anisotropic refractive
indexes arising from transverse and longitudinal LSPRs,
different bright and dark intensities were observed depending
on the orientation of the nanorod relative to the two
polarization directions. As shown in Figure 44C, two single
Au nanorods positioned at different orientations were
illuminated at 540 and 720 nm, corresponding to the
transverse and longitudinal LSPR peaks, respectively.409 The
rotational motions of nanorod-attached gliding microtubules
and nanorod-containing vesicles on in vitro flat surfaces and in
vivo cytoskeleton tracks have been revealed by monitoring the
bright and dark DIC pattern of Au nanorods. This approach
can also be extended to resolve the location and orientation of
other macromolecules or microstructures by employing
symmetry-broken nanocrystals with different compositions,
structures, or surface modifications.
Besides diagnostics and bioimaging, symmetry-broken

nanocrystals have been widely used as delivery vehicles to
improve drug efficacy, reduce drug dosage, and minimize side
effects.410,411 To track the real-time drug delivery and release, a
novel theranostic platform employing Raman spectroscopy has
been designed for the monitoring of anticancer drug delivery
and release in live cells and their biodistribution in vivo.412 In
this work, Mitoxantrone�an anticancer drug was conjugated
to the surface of Au nanocrystals using thiolated and
carboxylated poly(ethylene glycol). Interestingly, this drug
had a red fluorescence emission as well as strong Raman
scattering signals. To amplify the weak Raman signals in vivo,
surface-enhanced Raman spectroscopy (SERS) was performed
using symmetry-broken nanocrystals with sharp vertices (e.g.,
nanostars).413 As the enhanced Raman signals varied with the
distance between the drug molecule and the particle surface,
the location of the anticancer drug could be tracked in real-
time, while the drug accumulation in the hearts of healthy mice
and in the tumors of mice bearing lung tumor could be
monitored (Figure 44D).412 This in vivo SERS method using
symmetry-broken nanostructures enabled image-guided cancer
chemotherapy and offered a promising nonspecific anti-
inflammatory therapy for patients with heart disease. Similarly,
Au nanostars on reduced graphene oxide could serve as an
active SERS probe to monitor both the loading and release of
anticancer drug doxorubicin.414 The potential pH-dependent
drug release has also been successfully demonstrated by this

Figure 44. Dark-field images of (A) normal cells and (B) cancer cells
labeled with anti-EGFR antibody conjugated Au nanorods. (C) DIC
images of two Au nanorods at different orientations in 2-D space. The
nanorods were illuminated at their transverse (540 nm) or
longitudinal (720 nm) plasmonic resonance wavelength as indicated
by the green and red frames for each image, respectively. The Au
nanorods physically absorbed on a glass slide that was fixed to a
rotating stage allowed for 360° rotation. (D) Gold nanostars for in
vitro and in vivo real-time SERS detection of drug delivery using
plasmon-dependent Raman or FTIR imaging. (A, B) Reproduced
with permission from ref 407. Copyright 2006 American Chemical
Society. (C) Reproduced with permission from ref 409. Copyright
2010 American Chemical Society. (D) Reproduced with permission
from ref 412. Copyright 2016 Elsevier.
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method. Overall, using symmetry-broken nanocrystals as
carriers or probes facilitates the efficiency of both photo-
thermal therapy and chemotherapy while minimizing the side
effects of drugs.

6. SUMMARY AND OUTLOOK
Over the past several decades, the explosion of nanomaterial
research has been so dramatic that colloidal syntheses of
nanocrystals have been reported for more than 15 metals in the
periodic table, with thousands of follow-up studies to improve
control of their size, shape, morphology, and structure, in
addition to attempts to ensure reproducibility while achieving
scale-up production at minimal cost and environmental impact.
Among these studies, metal nanocrystals emanating from
asymmetrical growth and symmetry breaking occupy a
substantial fraction due to their complex morphologies, unique
growth mechanisms, and remarkable performance in various
applications. This Review represents our effort to recapitulate
recent developments in the synthesis, mechanistic under-
standing, processing, and application of metal nanocrystals
with symmetry deviated from the underlying unit cell. As a
common theme in all synthetic protocols, kinetic and
thermodynamic factors, which can be controlled by carefully
manipulating the experimental conditions, are the determin-
istic switch to activate asymmetrical growth and thus symmetry
breaking in a systematic manner. Understanding the roles of
these parameters will provide the necessary rules for achieving
rational synthesis of nanocrystals with the desired properties.
In tandem with the exploration of different synthetic protocols,
theoretical investigations have helped us rationalize the
experimental results while providing additional insights into
the role(s) played by each experimental parameter in initiating
and continuing the asymmetrical growth pattern. Despite the

major achievements, several challenges and opportunities still
demand future attention before the full potential of these
nanomaterials can be realized. Here we provide a brief
discussion on some future directions that need further
exploration, inspiring readers to initiate new research projects
in this field.
6.1. Advanced Characterization Techniques

The mechanisms of symmetry breaking, as well as the growth
pathways of various symmetry-broken nanostructures, have
been the focus of discussion throughout this Review.
Unfortunately, one must admit that many of the mechanisms
presented in the above sections are deduced indirectly from
empirical observations made using ex situ characterization
techniques and may not necessarily be correct or accurate. This
awkward and potentially problematic reality is deeply rooted in
(i) the weak coupling between the shape of a nanocrystal and
trackable physical properties (e.g., optical absorption, nuclear
magnetic resonance spectroscopy, etc.), which makes the
identification and monitoring of the intermediate products
very challenging, especially for syntheses involving fast
reactions; and (ii) the differences among particles in the
same batch of sample due to either random or systematic
influences. These challenges call for the development of
techniques capable of directly observing the shape evolution of
individual particles in situ and in real time.
In the last 10 years, direct and fast imaging of nanoscale

objects in a liquid environment via TEM (namely, liquid-cell
TEM) has emerged as a powerful and versatile tool to gather
time-resolved information regarding intraparticle transforma-
tion and interparticle assembly.415−417 Assisted with electron-
transparent windows made of graphene or SiNx on a sealed
microcell, the behaviors of metal nanoparticles in a solution
that resembles the actual reaction conditions can be captured

Figure 45. (A) In situ TEM observation of the three growth patterns (conformal growth, shape transformation to tetrahedron, and dendritic
growth) of Au rhombic dodecahedra at different concentrations of ligands and metal precursor in a liquid cell (scale bars: 50 nm). (B) In situ TEM
images and the corresponding geometrical models showing the transition from a rhombic dodecahedron to a tetrahedron (scale bars: 25 nm).
Adapted with permission from ref 423. Copyright 2021 American Chemical Society.
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with unprecedented spatial and temporal resolu-
tions.186,197,418,419 Thanks to the work of many research
groups, fundamental processes regarding nanoparticle nuclea-
tion, growth, assembly, and oxidative etching have all been
scrutinized at the single particle level.313,420,421 With the use of
in situ liquid-cell TEM, for example, the nucleation of Au or Ag
nanocrystals from a supersaturated aqueous solution was found
to involve three distinct steps: formation of a metal-rich liquid
phase, nucleation of amorphous clusters, and crystallization of
the amorphous clusters.105 A nontraditional pathway was also
found for the seed-mediated growth of Au@Ag nanocubes to
involve the absorption and coalescence of Ag nuclei on the Au
surface.422 However, the mechanistic details involved in the
symmetry breaking of nanocrystals have remained elusive and
challenging to study for a long time due to its high sensitivity
toward reaction conditions.
In a recent paper, a versatile method was reported for

effectively screening more than one reaction parameters to
capture and scrutinize specific symmetry breaking behaviors
(Figure 45).423 By flushing the metal precursor (HAuCl4)
solution into a liquid cell to create continuous and opposing
concentration gradients of HAuCl4 and ligands (cetylpyridi-
nium chloride and CTAB), a variety of reaction conditions for
the growth from Au rhombic dodecahedral seeds were probed
in one experiment. It was found that at relatively high and low
concentrations for the ligands and precursor, respectively,
conformal growth of the seeds gave rise to pseudospherical
nanocrystals (i.e., the thermodynamic product), whereas the
opposite conditions resulted in a dendritic morphology (i.e.,
the kinetic product). Tetrahedral nanocrystals (a symmetry-

broken product) would be developed only at intermediate
concentrations for the ligands and precursor (Figure 45A).
This phenomenon implied a complex interplay between the
two factors. Further real-time monitoring and geometrical
modeling of stepwise intermediates demonstrated that the
shape transformation was achieved through simultaneous
growth of all the {110} side faces of a rhombic dodecahedron
into a series of high-index ({661}, {551}, {441}, and {331})
and finally {111} facets, accompanied by gradual elongation of
the tetragonal tristetrahedral intermediates through the tip-
selective growth (Figure 45B). Constant surface reconstruction
and coalescence of four pairs of adjacent side faces reduced the
symmetry order from 48 to 24 due to the rapid loss of
inversion symmetry, marking the completion of the symmetry
breaking event. The adoption of fluid flow during in situ
imaging offers a powerful tool to screen multiple experimental
parameters and thus determine if, when, and how the
symmetry breaking event occurs. It is expected that the
throughput of this screening process can be further improved
by switching to multidimensional flow channels and even
expanding to other physicochemical parameters such as
temperature and light intensity.
6.2. Computational Studies

As discussed in section 6.1, a great deal of work has been done
in the hope that the asymmetrical growth patterns of
nanocrystals can be directly observed by experimental means.
For instance, a very early study confirmed the dominant role of
orientated attachment in asymmetrical growth by HRTEM
imaging.424 However, it remains unclear which orientation is
preferred in terms of energy. While state-of-the-art techniques

Figure 46. Computational simulations for the investigation of symmetry breaking mechanism. (A) Plot of coalescence activation energy vs
orientation angle determined for different nanorod attachment approaches. Reactions with low activation energies (<29 kT) were found only at
orientation angles <45°, so that the coalescence at the rod end is more favorable. (B) Plot of vdW interaction at zero separation between the
nanoparticle and the nanorod vs different approaching directions: axial and top side (0, 0.25, and 0.5 L). L represents the length of the nanobar.
(C) Energy changes during Au atomic addition onto pre-existing (100), (110), and (520) surfaces with the CTAB−AgBr complex adsorbed. (A)
Reproduced with permission from ref 208. Copyright 2016 American Chemical Society. (B) Reproduced with permission from ref 429. Copyright
2015 Royal Society of Chemistry. (C) Reproduced with permission from ref 441. Copyright 2014 American Chemical Society.
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such as in situ TEM are increasingly applied to understand the
essence of this asymmetrical growth process, computational
simulations have also been increasingly conducted to shed light
on the thermodynamic and kinetic aspects of this process,
predicting the behaviors of the building blocks and testing the
hypotheses that are challenging to substantiate experimentally.
Specifically, computational studies have been extensively
conducted to clarify the roles played by solvent, surface
capping agent, and particle orientation in inducing and
maintaining the asymmetrical growth pattern.
As a unique hallmark, oriented attachment involves “docking

and matching” between two nanocrystals.197,425,426 Preferred
coalescence between the nanocrystals at certain positions and
orientations will lead to the formation of specific structures.
Great efforts have been made to uncover the mechanism of
oriented attachment with the help of steered molecular
dynamics. In one study involving the attachment of Au
nanorods, the activation energy, mainly affected by the changes
in metallic energy and solvation energy, was calculated by
integrating all the relative physical interactions involved.208

When plotting the activation energy as a function of the rod-
to-rod angle (Figure 46A), the position of the minimum
activation energy indicates that attachment between two
nanorods is most favorable at a low orientation angle
(<45°). In other words, the coalescence occurs much more
likely at the ends of a rod. This finding provides a qualitative
explanation for the rare observation of attachment involving
large rod-to-rod angles.
The contributions from vdW interactions, Coulomb

interactions, and dipolar interactions among nanocrystals,
ligands, and solvent molecules to asymmetrical growth were
also evaluated. For example, the role of solvent in the synthesis
of symmetry-broken Ag nanocrystals has been explored using
molecular dynamics simulations.427 By characterizing the
solvent layers around the nanocrystal surface, the initial
contact of two particles was proposed to be most favorable
at the smallest faces, which are the ends of the nanorods or the
thin sides of the nanoplates due to the disruption of solvent
ordering at these sites. In another study investigating the
dependences of vdW and Coulomb interactions on the
orientation between two nanocrystals, the vdW component
was identified as the main driving force for two particles to
coalesce in the solution.206,428 Taking Ag as the model
material, the magnitudes of the vdW interaction in different
coalescence configurations were compared (Figure 46B).429

When particles approached sideways and attached at the
middle of nanorods (off-center from the side by 0.25−0.5 L,
with L being the edge length of the square building block), the
vdW interaction at zero separation reached the minimum
value, suggesting that the sideway attachment was thermody-
namically more favorable. The theoretical work not only
deepens our understanding of attachment thermodynamics but
also offers guidelines for designing experiments to achieve
asymmetrical growth. Specifically, if selective axial growth is
desired, appropriate ligands need to be introduced to passivate
the lateral surface of the nanorods and thereby inhibit the
thermodynamically favorable lateral growth.
In addition to attachment, atomic addition is another

common route of nanocrystal growth. As discussed in section
3.1.2, the rate of atomic addition to a specific type of facet can
be regulated using surface capping agent, resulting in the
formation of nanocrystals enclosed by that facet.119,226 To this
end, experimental measurements such as electrochemical

methods have been conducted to test which species are
responsible for the facet-dependent growth.430−435 However, it
is still unclear why the actions of these species are facet
selective. Many researchers have also endeavored to investigate
the role of capping agent in the asymmetrical growth and
symmetry breaking of Ag, Au, and Pd nanocrystals.84,436−439 In
the case of Au nanorods, different from the previously
proposed bilayer model, molecular dynamics simulations
suggested that CTAB was distributed as cylindrical micelles
on the Au surface.440 Water−ion channels between two
cylindrical, adsorbed micelles were observed at the interface,
which allowed for the diffusion of Au(III) cations to the seed
surface for their subsequent surface reduction. It was found
that different facets had different areas available for the
diffusion of Au(III) precursor, and the lower stacking density
of CTAB on a specific facet would promote atomic addition. In
a similar study, density functional theory simulations have been
performed to model the synergistic role of CTAB and Ag+ ions
in breaking the symmetry of Au nanorods.441 To better
understand the energetics during atomic addition, the growth
was divided into three steps: (i) absorption of the CTAB-AgBr
complex on the Au surface, (ii) separation of one Br atom from
the complex, and (iii) addition of incoming Au atoms to the
surface for the formation of new facets. As shown in Figure
46C, the addition of Au atoms was more favorable on {520}
facets than {100} and {110} facets. Based on these
calculations, a modified Wulff structure was adopted to
account for the formation of Au nanorods mainly enclosed
by {520} facets. Such computational predictions qualitatively
rationalize the experimental observations and provide the
foundation for more precise control over the outcome of a
synthesis.
6.3. Prediction and Deterministic Control of Symmetry
Breaking

The symmetry breaking in a colloidal synthesis involving seed-
mediated growth is almost exclusively controlled by kinetic
parameters.72,73,100 To develop mechanistic insights into this
process from a kinetic point of view, as well as to control the
outcome of the synthesis in a predictable and deterministic
manner, it is necessary to regulate the key kinetic parameters
throughout a synthesis. Unfortunately, the concentrations of
the reactants (including precursor, reducing agent, and even
capping agent) in a synthesis constantly decrease and so as the
overall reaction kinetics. This variation can be attributed to the
typical one-shot injection of the precursor into the reaction
mixture in a conventional colloidal synthesis. The instanta-
neous number of precursor molecules in the reaction mixture
will drastically increase to a high level upon injection and then
exponentially decay during nanocrystal growth. Accordingly,
the number of atoms derived from the precursor is expected to
undergo significant changes as a function of reaction time.
Although an analytical model can be established via theoretical
approximation of the redox reaction (e.g., pseudo-first-order
reaction when the reducing agent is in large excess relative to
the precursor) and experimental measurement of kinetic
parameters (e.g., activation energy and reaction rate constant)
to track the instantaneous concentrations during a synthesis,
their nonlinear dependence on time and temperature makes it
difficult to precisely adjust the overall reaction rate.
A recently emerged method that features dropwise addition

of the precursor provides a robust and transformative approach
to quantitatively control the reaction rate responsible for
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switching between symmetrical and asymmetrical growth
(Figure 47A,B).181 In this approach, the precursor solution is
titrated dropwise into a reaction mixture at a programmable
injection rate through the use of a syringe pump. Taking the
seed-mediated growth of Pd nanobars as an example, the
instantaneous concentration of the precursor in the reaction
solution and thus the reaction rate can be maintained in a
predefined steady state throughout the synthesis by controlling
the initial concentrations of the precursor (Na2PdCl4) in the
droplets and the pace at which the droplets are titrated.
Powered by this dropwise approach, the growth pattern (e.g.,
symmetrical vs asymmetrical) of a Pd seed could be regulated
by judiciously tuning parameters such as the interval between
two adjacent droplets of the precursor and its initial
concentration to manipulate the reaction kinetics quantita-
tively. This study revealed that the symmetry breaking of
nanocubes could be initiated and retained by maintaining a
reduction rate slow enough to limit the number of nucleation
sites on the surface of a cubic seed but fast enough to surpass
surface diffusion. This approach is expected to find extensive
use in understanding and controlling the symmetry breaking
process.
Besides experimental control, mathematical modeling is also

helpful in explaining the growth mechanism and validating key
empirical conclusions.442 For example, based on the insights
from a series of control experiments, a mechanism was
proposed to account for the seed-mediated growth of Au
nanorods (Figure 47C). In this mechanism, Au(III) ions in the
surfactant−Au(III) cylindrical micelles were reduced to Au(I)
ions, followed by their diffusion to one end of each cylindrical

micelle for the formation of a nanorod through autocatalytic
reduction and template-guided growth.443 Based on this
mechanism and some observed or predetermined reaction
parameters such as reaction rate constants and reactant
concentrations, a mathematic model was developed to predict
the time-dependent shape evolution of Au nanorods during a
synthesis. As shown in Figure 47D, the time evolution of the
nanorod’s length obtained from experimental measurements
and the mathematical model showed satisfactory agreement,
supporting the rationality of the proposed mechanism.
However, it should be pointed out that for more complex
systems (which are common in nanocrystal synthesis),
mathematical models tend to fail to predict the outcome of a
synthesis. Direct in situ observations of the growth process, in
combination with control experiments, are often more
straightforward and reliable in validating the growth mecha-
nism.
6.4. Extension of the Concept to Hollow Seeds

The focus of this Review is primarily placed on simple solid
nanocrystals. However, there are many examples in literature
where core−shell nanocrystals have been generated by
conformably depositing a second metal on nanocrystal
templates.24,444 By selectively etching away the template
from the core, hollow nanocrystals such as nanocages with
well-defined surface structures can be readily obtained.445−451

More significantly, both the outer and inner surfaces of the
nanocage will be available for further modifications to suit
applications such as catalysis or biomedicine in the context of
encapsulation, controlled release, and drug delivery.448,452,453

Figure 47. (A) Schematic illustration of the experimental setup used for seed-mediated growth with the dropwise addition of a precursor solution.
(B) Plot showing the instantaneous number of Pd(II) ions (the precursor) in the growth solution. The inset is a schematic showing how the
reaction kinetics and surface diffusion affect the growth pattern (symmetrical vs asymmetrical) when Pd truncated octahedral seeds are used. (C)
Schematic illustration of the proposed mechanism involving the diffusion of HAuCl4 and complex formation with CTAB micelle, the reduction of
Au(III) to Au(I) in the complex by AA, with the seed positioned at one end of the cylindrical micelle. (D) Comparison of the model-predicted
lengths with the experimentally measured lengths of Au nanorods. (A, B) Adapted with permission from ref 181. Copyright 2015 American
Chemical Society. (C, D) Adapted with permission from ref 443. Copyright 2016 Royal Society of Chemistry.
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Most studies on hollow nanocrystals center on symmetry-
preserved structures such as cubic or octahedral nanocages.
Interestingly, such nanocages can also be used to form
nanocages with asymmetrical walls through the deposition of
a second metal onto the outer surface only (Figure 48A). In
one example, Au nanocages were used as a template for the
deposition of Pd atoms, with the reduction kinetics serving as

an experimental knob to control the morphology of the final
products.454 When PdCl42− was used to provide fast reduction,
deposition occurred mainly on the outer surface of the
nanocage, giving rise to a Pd−Au asymmetrical wall structure
(Figure 48B,C). When switching to PdBr4− to slow down the
reduction, deposition took place on both sides of the Au
nanocage, resulting in the formation of a Pd−Au−Pd trilayered
symmetrical structure for the wall (Figure 48D,E).163,454,455 In
this case, the slow reduction allowed the precursor to diffuse
into the void space, activating symmetrical growth on both
surfaces of the nanocage.163 Under fast reduction, in contrast,
asymmetrical growth (with deposition mainly on the outer
surface) was initiated owing to the inadequate diffusion of the
Pd atoms into the void space. While the overall shape and
symmetry of the nanocrystal was preserved in both cases, the
change in elemental distribution could still result in symmetry
breaking for the wall of the nanocages.
In principle, a similar pattern of deposition can occur on a

wide variety of hollow nanocrystals. Since the reaction kinetics
affect the growth patterns of both solid and hollow seeds, the
synthetic methods discussed in section 3 for symmetry
breaking should be applicable to hollow particles too. As
such, a vast collection of symmetry-broken hollow nanocrystals
can be created by controlling the pattern of deposition on
hollow seeds. For instance, deposition might only occur on one
portion of the nanocage’s surface if the hollow particle is
confined to an interface.262,454 Similarly, when the deposited
metal has a large lattice mismatch with the metal in the hollow
template, it should also be possible to access complex
nanocrystals with asymmetrical growth on either surface of
the nanocage.286,454 There is no doubt that symmetry breaking
could be extended to hollow particles in unexpected and novel
ways by creatively combining and applying various synthetic
techniques. In turn, the novel morphologies could be used to
further fine-tune the applicability of these hollow structures to
specific applications.
6.5. Extension to Different Metals and Other Solid
Materials

Although the focus of this Review is on nanocrystals composed
of noble metals, it should be pointed out that similar strategies
have achieved the same success when extended to systems
involving other types of materials such as inorganic semi-
conductors, metal/semiconductor hybrids, and even multi-
component structures containing different materials.456−459

For example, CdS semiconductor nanocrystals have been
synthesized in the form of monopods or multipods with
different symmetries by controlling the Vdep of Cd precursor
using a syringe pump (Figure 49A).457 When cadmium acetate
was added into an oleylamine solution containing sulfur,
thermodynamically stable CdS tetrahedral particles enclosed
by {111} facets were crystallized in the zinc blende (zb) phase
in the initial stage. In the subsequent growth process, the
limited number of the CdS monomers formed through slow
injection could only activate one of the four {111} facets of
each nascent tetrahedral seed, generating a protrusion in
Wurtzite phase on each seed. At a high injection rate of 30
mL/h, the limited supply and surface diffusion of monomers
led to the formation of asymmetrical shapes in the form of
monopods (Figure 49B). As the injection rate was gradually
reduced to 2.0 and 0.5 mL/h, however, the atoms on the
initially formed protrusion started to diffuse onto and activate
other adjacent {111} facets, producing bipods and tripods/

Figure 48. Symmetry reduction in terms of the composition of a
nanocage. (A) Schematic illustration of two different scenarios for the
deposition of Pd on the surfaces of Au nanocages with openings at the
corners. Top panel: Pd was mainly deposited on the outer surface.
Bottom panel: Pd was deposited on both the outer and inner surfaces.
The deposition pattern could be controlled by varying the reduction
kinetics of the precursor. (B) HAADF-STEM image of a Au−Pd
nanocage prepared using 0.75 mL of aqueous PdCl42− solution to give
a fast reduction rate. (C) HAADF-STEM image taken from the
corner marked by a box in panel B, showing a Au−Pd bilayer
structure. (D) HAADF-STEM image of a Pd−Au−Pd nanocage
prepared using 0.75 mL of PdBr42− solution to give a slow reduction
rate. (E) HAADF-STEM image taken from the corner marked by a
box in panel D, showing a Pd−Au−Pd trilayer structure. Reproduced
with permission from ref 454. Copyright 2017 American Chemical
Society.
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tetrapods as the main products (Figure 49C). Similarly,
controlled deposition of Au on CdSe nanorods could lead to
the growth of a Au tip on only one end of each nanorod to
generate a matchstick-like structure (Figure 49D).460

However, one should also admit that some of the strategies
discussed in section 3 rely on the specific properties of metals
and may not be suitable for other materials. In the meantime,
these materials can have their own unique features that may
promote symmetry breaking and thus production of complex
architectures that are not accessible with metals, such as hybrid
structures comprised of different materials.458,459 For example,
when Au was deposited on zb-CdSe/CdS tapered tetrapods,
the deposition site could be precisely controlled to be only one

of the four tips of each tetrapod due to the enhanced
electrochemical Ostwald ripening process in this unique metal/
semiconductor configuration (Figure 49E).461 While Au atoms
could be deposited on all the four tips during the initial growth
stage, smaller Au particles at most tips would be dissolved and
transferred to the largest ones during the subsequent aging
process, reducing the symmetry of this hybrid structure.
Furthermore, the remaining three unoccupied tips could be
decorated with Ag2S through cation exchange between Ag+ and
Cd2+, creating a complex multicomponent structure.
6.6. Emerging Niche Applications

Emerging as purely trial-and-errors from scientific curiosities,
metal nanocrystals derived from asymmetrical growth and
symmetry breaking have continuously shown transformative
impacts in a plethora of areas, as illustrated in section 5.
However, current optical and electrical applications of
symmetry-broken nanocrystals primarily center on nanorods
and nanowires due to the extensive and robust protocols
available for producing these 1-D nanostructures, coupled with
the flexibility to tune their aspect ratios in favor of long-range,
directed propagation of photons or electrons. As such, this
subsection mainly focuses on future directions in terms of
applications for symmetry-broken nanocrystals beyond nano-
rods and nanowires and highlights how symmetry breaking
makes them stand out.
Symmetry breaking in structure or composition confers

distinct properties on nanocrystals at different locations, which
may make symmetry-broken nanocrystals inherently suitable
for multifunctional tasks. Considering drug carriers as a
potential example, traditional drug carriers possessing sym-
metrical geometry with single storage space can only
accommodate one drug or several drugs with similar
properties, while symmetry-broken nanoparticles can be loaded
with multiple drugs with relatively different surface chemistry
(e.g., hydrophilicity/hydrophobicity and acidity/basicity,
among others) in distinct domains.462,463 In addition, the
multidrug carriers based on symmetry-broken nanoparticles
will allow the release of each drug to be controlled
independently. Functionally distinctive surfaces of symmetry-
broken nanoparticles can selectively bind to specific triggers to
achieve individual responsive release under different circum-
stances.464 Similarly, symmetry breaking makes it possible to
integrate very distinct catalytic properties into a single
structure, which is the prerequisite for nanoparticles to be
used as nanomotors. Currently, most existing nanomotors can
only be driven in high concentration of hydrogen peroxide,
limiting their practical applications in complex and dynamic
environments.465 As methods for producing symmetry-broken
nanocrystals continue to develop, a higher degree of versatility
in composition and surface features can eventually be achieved
in one structure. Such symmetry-broken nanomotors are
expected to harvest energy from various reactions and even
magnetic fields.466−468 To this end, multifuel-driven nano-
motors based on Janus structure have been fabricated to
exhibit high adaptability to harsh industrial environments with
an autonomous fuel switching process.469 Undoubtedly,
symmetry breaking is expected to not only broaden the
application scenarios of nanocrystals but also make them
superior in terms of selective response and suitability to
different environments.
Beyond the individual use, self-assembly of symmetry-

broken nanocrystals into superstructures in a controllable

Figure 49. (A) Schematic illustration showing the formation of CdS
nanostructures with different morphologies. (B and C) HRTEM
images of CdS nanostructures in the form of monopod and tetrapod,
respectively. (D) TEM image of metal/semiconductor heterostruc-
tures where CdSe nanorods served as seeds for the deposition of Au
tips. (E) TEM image of multicomponent heterostructures obtained
through overgrowth of CdS from CdSe seeds into tetrapods, followed
by selective deposition of Au on one of the four tips. (A−C)
Reproduced with permission from ref 457. Copyright 2016 Royal
Society of Chemistry. (D) Reproduced with permission from ref 460.
Copyright 2004 American Association for the Advancement of
Science. (E) Reproduced with permission from ref 461. Copyright
2012 American Chemical Society.
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manner provides another promising way to manipulate these
particles and thus make full use of their collective proper-
ties.470,471 Compared to nanocrystals with spherical geometry,
symmetry-broken nanocrystals bear inequivalent particle
orientations and show great potential in forming more
intriguing hierarchical structures and packing symmetries.
Considering that symmetry breaking in nanocrystals also
gives rise to numerous directional physical properties (e.g.,
optical, electrical, and magnetic), an ordered ensemble of
symmetry-broken nanocrystals likely amplifies these properties,
leading to hierarchical materials with enhanced and even
unprecedented performance for their intended applica-
tion.472−474 At the moment, one of the frontiers in nanoma-
terials research includes regulating the intricate interparticle
forces for self-assembly by modifying the surface chemistry of
nanoparticles or applying an external field.475 With the
development of tools for in situ characterization, how
symmetry-broken nanocrystals behave differently from sym-
metry-preserved nanocrystals during the self-assembly process
and how the symmetry breaking in each particle affects the
emerging collective properties will be better understood and
utilized in the future.
6.7. Thermal Stability of Metal Nanocrystals

As discussed previously, the thermodynamically stable shape of
a metal nanocrystal is defined by the Wulff construction.1 Any
deviation from this shape indicates that the particle is in a
metastable state.119 In other words, shapes other than those
obtained through Wulff construction are kinetic rather than
thermodynamic products. Consequently, the asymmetrical
shapes usually adopted by symmetry-broken nanocrystals are
even less stable. Such intrinsic instability means that at elevated
temperatures, the nanocrystals can overcome the energy
barriers that keep them at the local minima of the energy
curve and start to lose their distinct shapes as they move
toward the thermodynamic product.476 If such nanocrystals are
intended for use in catalysis, they should be equipped with
good thermal stability, as many catalytic processes are carried

out at elevated temperatures over extended periods of
time.26,477 Since shape is intrinsically tied to catalytic
performance, any thermally induced changes to the shape
and structure will drastically alter the activity and/or selectivity
of a catalyst.18 For this reason, there is a pressing need to
understand and enhance the thermal stability of asymmetrical
nanocrystals.
At the moment, there are only limited reports on the

thermal stability of metal nanocrystals. While it is commonly
known that nanocrystals melt below the melting point of the
bulk material, systematic studies on their thermal stability
remain sparse.478 Most studies regarding the thermal stability
of metal nanocrystals focus on octahedra, icosahedra, and other
symmetrical shapes, with few of them on the thermal stability
of nanorods and nanowires.476−481 In one report, Au nanorods
were shown to deform into ellipsoidal nanocrystals after
heating at 300 °C for 5 min (Figure 50A).482 When heated to
180 °C, the thiolate molecules desorbed from the Au surface,
allowing the surface atoms to migrate and reshape the Au
nanorods into ellipsoids, and eventually spheres after 15 min.
Since the applied temperatures were significantly lower than
the melting point of bulk Au, the shape transformation was
ascribed to surface melting.478,482 Alternatively, when the Au
nanorods were heated using laser pulses, they could retain their
shape up to 750 °C, likely because the laser pulses were too
short to allow for sufficient thermal activation to induce surface
melting.478,483 Instead, the laser pulses induced the formation
of point and line defects in the nanorod, which could
ultimately turn into planar defects that raise the energy of
the system (Figure 50B).483 As a result, surface reconstruction
and diffusion caused the transformation from rods to
spheroidal particles as higher energy {110} facets were
converted into more stable {100} and {111} faces to minimize
the overall energy of the nanorods. Besides Au nanorods, Pt
nanorods were heated at temperatures ranging from 250 to
1100 °C.484 The nanorods were relatively stable upon heating
up to 800 °C. However, they started to lose their morphology

Figure 50. (A) TEM images of Au nanorods when heated at 300 °C for up to 300 s. (B) Schematic illustration showing the transformation of Au
nanorods upon laser heating through the formation of planar defects and the associated surface reconstruction. (A) Reproduced from ref 482.
Copyright 2020 American Chemical Society. (B) Reproduced from ref 483. Copyright 2000 American Chemical Society.
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at higher temperatures as the rods began to split into two
spherical domains, one being single crystal and the other
containing defects. Such morphological changes are typically
observed in thermal stability studies. At first, extensions or
protrusions start to disappear from the nanostructure, followed
by rounding to the corners and edges, and finally, the
formation of a spheroidal nanoparticle.485 As expected, when
altering both the surface area and faceting of the nanostruc-
tures, the thermal behaviors of the nanocrystals will be changed
entirely.
Due to the importance of thermal stability, several methods

have been developed to improve it for a number of systems.
The thermal stability of nanostructures could be enhanced by
applying polymer coatings, but at the expense of altering their
surface and thus compromising their applicability.486,487 Silica
coatings have also been shown to greatly boost the thermal
stability of metal nanocrystals, albeit with similar draw-
backs.480,488 Another approach involves the synthesis of alloy
nanocrystals made of two metals with different melting points
in an effort to obtain an alloy with a higher melting point than
one of the constituents.489,490 While this method leaves an
unimpeded surface, alloy particles have distinct properties from
their monometallic counterparts and may not be the best
choice for all applications. Additionally, the elemental
distribution of the metals in an alloy can shift upon heating,
once again affecting their catalytic performance.489,491 Other
attempts to improve the thermal stability of nanocrystals
include changing the atmosphere for heating, attaching the
nanocrystals to a proper substrate, and controlling the internal
structure of the nanocrystals.476,485,492,493 As illustrated in all
these studies, the issue of thermal stability cannot be ignored
when designing nanoparticle catalysts. It would be impractical
to design catalysts that work perfectly in a lab environment but
instantly deactivate in real-world conditions. For this reason,
further research into nanocrystal stability is urgently needed.
In conclusion, we will encounter inexhaustible possibilities

to improve the synthetic protocols and utilizations of metal
nanocrystals with symmetry-broken shapes or morphologies.
As we continuously venture into the realm of understanding
asymmetrical growth and symmetry breaking, we will be able
to overcome the current roadblock by progressing from
empirical studies to “real-world” applications with the use of
less expensive and more sustainable materials to benefit the
fields of plasmonics, photonics, electronics, sensing, catalysis,
and medicine. Before then, we hope that readers can use this
Review as a roadmap to continue extending the complexity and
functionality of the nanomaterials to the larger, macroscopic
world, which is also one of the ultimate goals of nanoscience
and nanotechnology.
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ABBREVIATIONS
1-D = one-dimensional
2-D = two-dimensional
3-D = three-dimensional
AA = L-ascorbic acid
acac− = acetylacetonate
AC = alternating current
Anti-EGFR = antiepidermal growth factor receptor
Asc-2P = L-ascorbic acid 2-phosphate trisodium salt
CTAB = cetyltrimethylammonium bromide
CTAC = cetyltrimethylammonium chloride
d = atomic diameter
DEG = diethylene glycol
DIC = differential interference contrast
EDS = energy dispersive X-ray spectroscopy
EG = ethylene glycol
fcc = face-centered cubic
FTIR = Fourier-transform infrared spectroscopy
HAADF-STEM = high-angle annular dark-field scanning
transmission electron microscopy
Hd = demagnetization field
HDA = hexadecylamine
HRTEM = high-resolution transmission electron micros-
copy
ICP-MS = inductively coupled plasma mass spectrometry
ITO = indium−tin oxide
LSPR = localized surface plasmon resonance
MBIA = 2-mercapto-benzimidazole-5-carboxylic acid
ORR = oxygen reduction reaction
PDDA = poly(diallyldimethylammonium chloride)
PVP = poly(vinyl pyrrolidone)
SAR = specific absorption rate
SEM = scanning electron microscopy
SERS = surface-enhanced Raman scattering
TEM = transmission electron microscopy
UPD = underpotential deposition
UV−vis = ultraviolet−visible
Vdep = deposition rate
Vdiff = diffusion rate
vdW = van der Waals
zb = zinc blende
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