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a synthetic methodology for metal nanocrystals that enables repro-
ducible control over their parameters and thus the study of
their structure–property relationship in the context of practical
applications.

In the past decade, a series of metal nanocrystals with various
geometries have been synthesized by adjusting a number of experi-
mental parameters including the metal precursor, solvent, tempera-
ture, the catalyst, the capping agent, and the reducing agent.1,2,29–45

Each of these parameters can have an impact on the nucleation and
growth of metal nanocrystals, providing the means for controlling
the crystallinity and surface facets of nanocrystals.1,46 Despite
the success in precisely tailoring nanocrystal parameters, many
questions regarding how to improve reaction reproducibility and
product homogeneity remain unanswered. Indeed, these questions
have puzzled the research community since shape-controlled
synthesis was first developed (i.e. late 1990’s and early 2000’s).1

Addressing these questions requires a deeper understanding of
the fundamentals behind each synthesis.

In a typical synthesis, the formation of metal nanocrystals
can be divided into three stages: nucleation from the atoms
formed by reduction of metal salts, evolution of nuclei into
seeds, and growth of seeds into nanocrystals through a process
of atomic addition.1 Tremendous efforts have been made to
manipulate the way the atoms are added to a seed. For example,
nanocrystal growth rates can be manipulated by altering the
reducing agent, temperature, solvent, and the capping agent.
Basically there are two important aspects of the atomic addition
process: one is the reduction rate of ions to zerovalent atoms,
and the other is the location where atoms are added to seeds.
Once atoms are added to specific locations on the formed
seeds, they will act as a template to guide further atomic
addition. Without a mechanism for reversing atomic addition,
metal nanocrystals can continue to grow to form morphologies
that are thermodynamically unfavorable.

As a matter of fact, it is by such a kinetically driven growth
mechanisms that various kinds of twined crystals are generated.

In certain cases, the twinned seeds can evolve into useful
nanostructures such as Ag and Cu nanowires for electronics. On
the other hand, formation of twinned particles can be an obstacle
to the synthesis of high yields of single-crystal products. To over-
come this problem, Xia, Wiley and Xiong demonstrated in 2004
and 2005 that oxidative etching can selectively remove twinned
structures from face-centered cubic (fcc) metal nanocrystals such
as Ag and Pd, respectively,47,48 providing a new and important
approach to tailoring the crystallinity of nanocrystals.

The essence of oxidative etching is oxidation of zerovalent
atoms, clusters and seeds to ionic states by oxidative species such
as oxygen and Fe(III)/Fe(II) in solution, together with coordination
ligands and/or corrosive ions (e.g., chloride). This effect is not
only capable of completely dissolving twinned structures, but also
can compete with the reduction of metal precursors to alter the
nucleation and growth modes.49 As a result, it can enable more
precise control over the nucleation and growth of metal nano-
crystals in solution. This control in turn enables the tuning
of the physical parameters of nanocrystals in a single system
without significant variations in surface chemistry. This feature is
important for investigating size- or shape-dependent properties
that are quite sensitive to the chemical environment around the
nanocrystals. In fact, oxidative etching is a technique that has
been widely used in the semiconductor industry. For instance,
etching is a required step for defining metal electrodes in circuits;
wet etching can make various geometries in semiconductors such
as silicon with isotropic or anisotropic patterns, complementary
to the dry-etching technique.50 By applying etching to solution-
phase synthesis, the research community has discovered more
powerful and versatile knobs that can be tuned to fulfil the
requirements for controlled synthesis.

Oxidative etching is a common phenomenon in nature.
One familiar example is corrosion in steel by air and water.
Similarly, oxidative etching is an unavoidable influential factor
induced by the impurities in reagents during nanocrystal synthesis.
For example, in the polyol process, a method widely used for
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The kinetics of synthesis can also be controlled by oxidative
etching in organic media. A typical demonstration is the
synthesis of Ni–Cu alloy nanoplates in oleylamine. As compared
with other metals, the Ni–Cu alloy can be more easily oxidized.
Peng et al. demonstrated that oxidative etching could still work
with the chloride in CuCl2 together with oleylamine and TOP
even when the synthesis was performed under the protection of
argon, leading to the formation of nanoplates (Fig. 9f and g).95

Overall, the metal nanocrystals that are not favored by
thermodynamics (e.g., nanoplates) can be readily synthesized
with high quality, when the concept of kinetic control is fully
understood and combined with the tool of oxidative etching. It
provides a conceptually new approach to shape control with
universal capabilities as well as a platform to enable fascinating
properties and applications.

2.1.3.3 Exception – high SFE material (Pt). Pt has been widely
utilized as a catalyst in catalytic converters, oil cracking and
proton-exchange membrane (PEM) fuel cells.99 However, the
low abundance and high price of Pt is a major limitation to its
continued use. One way to potentially make better use of Pt is to
design Pt nanostructures that optimize the catalytic activity of
the material.

Oxidative etching can play a special role in controlling the
structures of seeds in the Pt system in contrast to other metals.
The fcc accumulation mode is much more favorable than rhcp
in Pt system based on the DFT–LDA calculation results.100 This
feature determines that the twinned crystal structures are rarely

formed in Pt nanocrystals. Unlike Ag, Au and Pd cases, the SFE
of Pt is rather high (Table 3), which makes the stacking faults
of Pt quite unstable.97 Thus, even in the case that the rhcp
structures of Pt can be formed at the early nucleation stage,
they will be easily dissolved by the oxidative etching.

Other than this function (see Fig. 10a and b), it can play a
more sophisticated role as recently demonstrated in a one-step
synthesis of branched Pt nanocrystals.49 This method offers the
possibility of tuning the numbers of branches and high-index
facets in a single system without the need for altering capping
agents, and enables the reliable evaluation of structure-
dependent catalytic performance free of surface chemistry
interference. In this system, demonstrated by Xiong et al., Pt
nanocrystals are grown in a reaction system where H2PtCl6, PVP
and KBr are dissolved in a mixed solvent of ethylene glycol and
water. In the presence of oxygen, different amounts of HCl are
added to the reaction system to tune the crystallinity of the
seeds (i.e., twinned versus single-crystal, Fig. 10a and b) and
the modes of atomic addition (i.e., sites and rates for atomic
addition, Fig. 10c). Basically the acidity of HCl can greatly enhance
the etching strength of Cl� and O2.

66 TEM studies in different
stages reveal that the tripods are formed from the single-twinned
seeds while the tetrapods, hexapods and octopods all evolve
from the single-crystal cuboctahedral seeds (see Fig. 10d–g).
In addition to controlling the structures of seeds, oxidative
etching has also demonstrated its functions in modulating
atomic addition through: (1) the crystallinity of seeds; (2) the
faces that are activated on the seeds for atomic addition; (3) the

Fig. 9 (a) Schematic illustration of the mechanisms involved in etching-controlled syntheses. TEM images of (b) Ag nanoparticles prepared in the
presence of PVP; (c) Ag triangular nanoplates prepared in the presence of PVP, citrate and H2O2 (adapted with permission from ref. 89, Copyright 2011
American Chemical Society); (d) Pd triangular nanoplates prepared in the presence of 0.36 mM FeCl3 and 5 mM HCl; (e) Pd hexagonal nanoplates
prepared in the presence of 0.72 mM FeCl3 and 5 mM HCl (adapted with permission from ref. 19, Copyright 2005 American Chemical Society); Ni–Cu
alloy nanoparticles prepared in oleylamine at different time intervals: (f) 15 min and (g) 30 min (adapted with permission from ref. 95, Copyright 2012
Royal Society of Chemistry).

Review Article Chem Soc Rev

Pu
bl

is
he

d 
on

 0
6 

Ju
ne

 2
01

4.
 D

ow
nl

oa
de

d 
on

 1
3/

08
/2

01
4 

19
:4

5:
23

. 
View Article Online

http://dx.doi.org/10.1039/c4cs00136b


http://dx.doi.org/10.1039/c4cs00136b


http://dx.doi.org/10.1039/c4cs00136b


When the system involves nanocrystal growth in addition to
the etching, the story becomes much more complicated. For
instance, Pd nanocubes are a class of nanocrystals whose {100}
facets are covered by bromide.16,32 Due to this unique surface
chemistry, Pd atoms are selectively removed from corners
during oxidative etching by HCl–O2 pair, making {111} facets
appear. The resultant Pd(II) can be again reduced and deposited
back onto the nanocrystals with a preference for their {100}
facets, constituting a regrowth process. The etching to enlarge
the {111} together with the regrowth to diminish the {100}
facets leads to the formation of Pd octahedra (Fig. 12q–s).107

Depending on the ratio of etching to regrowth, controllable
edge lengths can be achieved on the octahedra. By varying the

added amount of HCl, the rate of etching can be readily tuned.
At a low concentration of HCl, atomic subtraction and addition
make equal contributions to the formation of Pd octahedra.
When the strength of oxidative etching is enhanced by increasing
the HCl amount, the atomic subtraction will take the leading role.
As a result, the size of Pd octahedra can be tuned between 13 and
23 nm. Apparently, the absence of any component in the etchant
pair would not lead to the formation of octahedra (Fig. 12t).

Further, the tool of oxidative etching can be extended to
bimetallic materials. Taking advantage of the difference between
metals in resistance to oxidative corrosion, it is feasible to
employ the etching tool to synthesize bimetallic structures with
different hybrid configurations. Yang et al. found that Fe(III)

Fig. 12 (a) Schematic illustration of oxidative etching working on Ag nanocubes. SEM images of (b) Ag nanocubes, (c) Ag truncated nanocubes obtained
by etching the sample b, and (d) Ag nanospheres by excessively etching the sample c (adapted with permission from ref. 102, Copyright 2009 American
Chemical Society). (e) Schematic illustration of oxidative etching working on Au icosahedra. SEM images of (f) Au icosahedra, (g) Au truncated icosahedra
obtained by etching the sample f, and (h) the sample made under the same conditions as (g) except that the etching was retarded by 0.1 mM citric acid
(adapted with permission from ref. 103, Copyright 2008 Wiley-VCH Verlag GmbH & Co.). (i) Schematic illustration of oxidative etching working on Ag
octahedra. SEM images of (j) Ag octahedra, (k) the sample j with edges/corners etched, (l) the octopods made by excessively etching the sample j
(adapted with permission from ref. 18, Copyright 2010 American Chemical Society). (m) Schematic illustration of oxidative etching working on Au
nanorods. TEM images of Au nanorods etched in the presence of 55 mM FeCl3 and 2 mM CTAB for (n) 0 min, (o) 1 h, and (p) 5 h (adapted with permission
from ref. 104, Copyright 2009 Royal Society of Chemistry). (q) Schematic illustration summarizing the major steps involved in the oxidative etching and
regrowth process. TEM images of (r) Pd nanocubes of 18 nm in edge length and (s) Pd octahedron of 13 nm in edge length that were prepared by etching
with 180 mmol HCl, (t) Pd nanocrystals that were prepared by etching with 60 mmol HCl without O2 (adapted with permission from ref. 107, Copyright
2013 American Chemical Society). (u) Schematic illustration of etching on Au@Ag core–shell nanorods induced by FeCl3. TEM images of (v) Au@Ag core–
shell nanorods, (w) partially etched structures, (x) completely etched structures (adapted with permission from ref. 52, Copyright 2012 American
Chemical Society).
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and Br� can be used to etch the Ag in Au@Ag core–shell nanorods,
providing an approach to coating the entire nanorods with Ag or
leaving Ag on their tips (Fig. 12u–x).52 This synthetic strategy has
been extended to the synthesis of Pd–tipped Au nanorods.

Overall, corrosion of metals is a natural phenomenon caused
by oxygen and corrosive ions. Although it is usually viewed as a
detrimental process that destroys the usefulness of tools and
machines, the oxidative corrosion has been identified as a
simple, elegant and powerful method for reshaping the nano-
crystals into various interesting geometries that cannot be
achieved in a direct synthesis.

2.2.2 Atomic addition. Atomic addition controlled by oxida-
tive etching is a complex and dynamic process. During this
process, both the generation of atoms by reduction and dissolu-
tion of atoms by oxidation take place. In general, the reduction
should be faster than the oxidation to enable atomic addition,
but oxidative etching is necessary and decisive to the shape
evolution of nanocrystals. In most cases, this process starts with
atomic subtraction, followed by controllable atomic addition.
The locations where oxidative etching occurs basically determine
the sites for atomic addition during the further reduction process.
This high selectivity brings prospects to further engineering
nanocrystals towards the desired structures.

Cubic nanocrystal is a clear and simple structure that
can serve to illustrate the role of oxidative etching in shape
evolution. As demonstrated in Section 2.2.1.2, oxidative etching
prefers to occur on the corners and edges of a nanocube. This
etching effect was recently identified as a trigger to induce
significant shape evolution via atomic addition (Fig. 13a).51 In a
sulfide-mediated synthesis of Ag nanocubes, it is known that
mild etching is present in the late stages. From TEM analysis, it
has been identified that approximately 20% of nanocubes
appear to have one truncated corner (Fig. 13b). Further, the
etching on this corner will promote the atomic addition to all
three adjacent faces that share this corner, leading to a unique
anisotropically truncated octahedral shape (Fig. 13c). When
the reaction is performed in Ar, it does not undergo any
shape transformation, supporting the argument that the atomic
addition is induced by the etching.

A similar process can be applied to create concave struc-
tures. In a traditional growth of Pd nanocubes into concave
structures, lateral size of nanocrystals significantly increases
from 17 nm to 33 nm.108 The increase in particle size largely
limits the performance of these structures as catalysts. When
oxidative etching is employed with a seeding process, epitaxial
growth with the capability of preventing atomic addition on
undesired locations can be achieved (Fig. 13d). In this process,
the corners and edges of nanocubes are first activated via the
etching by HCl and O2. With the faces protected from atomic
addition by bromide, further Pd and Pt epitaxial growth has no
choice but to occur on the activated sites to generate Pd and
Pd–Pt concave nanocubes (Fig. 13e and f).76

With the development of controllable oxidative etching, one
can manipulate atomic addition to preferentially occur on the
activated sites, particularly on corners and edges of a nanocrystal.
However, this atomic addition controlled by oxidative etching

is still in the early stage of development, calling for further
investigations along this direction.

2.4 Common etchants and protection agents for oxidation
etching

Wrapping up the recent developments, we list the frequently
used etchants whose components include but are not limited
to: O2, H2O2, Fe(III)/Fe(II), Cu(II)/Cu(I), Br�, Cl�, and H+. The
common methods to block or retard oxidative etching are: inert
gas protection and addition of protection agents such as citric
acid (see Table 4).

Among various etchants, Cl� and O2 are the most widely
used. It takes little to no effort to introduce the oxygen in air
into a reaction. Chloride ions are commonly contained in many
metal precursors, can easily be added, and are often present as

Fig. 13 (a) Schematic illustrating the unsymmetrical growth of a cubic
seed. SEM images of (b) corner-etched Ag nanocubes, and (c) aniso-
tropically truncated Ag octahedra (adapted with permission from ref. 51,
Copyright 2009 Wiley-VCH Verlag GmbH & Co.). (d) Schematic illustrating
the selective activation and atomic addition on the corners and edges of a
nanocube. TEM images of (e) Pd concave nanocubes prepared with HCl
surface activation and epitaxial growth, and (f) Pd–Pt nanocubes obtained
via HCl surface activation and Pt epitaxial growth (adapted with permission
from ref. 76, Copyright 2013 Royal Society of Chemistry).
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oxidative etching, and as such, the etching approach represents
an atomic-level control over the physical parameters of metal
nanocrystals. There has been a surge of research activities on
metal nanocrystals for various applications in the last decade, a
few of which have been highlighted as examples to show the
impact of oxidative etching in the research fields. For the space
limit, it seems not very feasible to include all the reported cases
in this review article. Nevertheless, it is well established that the
performance of metal nanocrystals is ultimately determined
by its intrinsic parameters. Thus it is believed that the tool
of oxidative etching will be continuously employed by the
community to significantly improve the controllability of nano-
crystals synthesis when the reaction environment and pathways
are tightly controlled.

Despite the success in the use of oxidative etching, there still
remain lots of challenges and opportunities for further devel-
opment of oxidative etching for nanocrystals synthesis. The
first challenge comes from the complexity induced by etchant
species. For instance, bromide as a well-demonstrated etchant may
have multiple functions that are interlinked together: capping on
{100} facets to maneuver surface facets, and formation of complex
ions (e.g., [PdBr4]

2�) or precipitates (e.g., AgBr) to alter reaction
kinetics. This feature would constitute a major limitation on the
controllability of oxidative etching. Thus it is imperative to develop
a library of new etchants, in which some ideas of etching in
semiconductor-processing techniques may be borrowed. It is
anticipated that this development will boost the applications of
oxidative etching in the near future.

Second, no anisotropic etching has yet been demonstrated in the
synthesis of metal nanocrystals, although it has capabilities to
control the crystallinity of seeds (single-crystal versus twinned).
Certainly fcc is a structure with high symmetry, so it may be more
difficult to develop anisotropic etching like the silicon system
despite few reports on Cu.150,151 However, enlightened by the pitting
mode, we envision that it would be feasible to develop some
approaches to anisotropic etching combined with capping methods.
As long as one or a few faces of nanocrystals can be selectively
functionalized by capping agents,152 oxidative etching will preferen-
tially occur on the other faces to induce anisotropic etching.

Certainly, these challenges indicate that lots of opportu-
nities are around the corner for the research community. For
instance, the combination of oxidative etching with capping
agents will enable highly controllable atomic subtraction to
carve the nanocrystals and make new surface facets or hollow
structures (which have been demonstrated in some cases) as
well as atomic addition on activated sites to grow anisotropic
structures or form high-index facets.

Finally, we would like to mention that the applications of
oxidative etching are not limited to the metal nanocrystals.
Similar to the strategy for making metal materials, certain
locations on metal nanocrystals can be selectively activated
by etching to provide growth sites for semiconductors (or
vice versa), formulating well-designed metal–semiconductor
hybrid structures. Research along these lines will turn oxidative
etching into a more powerful and versatile tool in the fields of
materials science and nanoscience.
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