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ABSTRACT

Nanoframes are unique for their 3D, highly open architecture. When made of noble metals, they are
a�ractive for use as heterogeneous catalysts because of their large speci�c surface areas, high densities of
catalytically active sites and low vulnerability toward sintering.�ey promise to enhance the catalytic
activity and durability while reducing the material loading and cost. For nanoframes composed of Au
and/or Ag, they also exhibit highly tunable plasmonic properties similar to those of nanorods.�is article
presents a brief account of recent progress in the design, synthesis and utilization of noble-metal
nanoframes. We start with a discussion of the synthetic strategies, including those involving site-selected
deposition and etching, as well as dealloying of both hollow and solid nanocrystals. We then highlight some
of the applications enabled by noble-metal nanoframes. Finally, we discuss the challenges and trends with
regard to future development.
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INTRODUCTION

Noble-metal nanocrystals have been extensively ex-
plored for many decades due to their use in a
plethora of applications related to catalysis, elec-
tronics, photonics, information storage, energy con-
version and biomedicine [1–6]. Due to the ex-
tremely low abundance of thesemetals in the Earth’s
crust and their consequently high prices, there is
a pressing need to develop the most e�cient use
of these metals, particularly in catalysis. In recent
years, a number of strategies have been demon-
strated for increasing the catalytic activity of noble-
metal nanocrystals and thereby reducing their load-
ing in a catalyst [7–15]. In addition, the utilization
e�ciency of a noble metal can be greatly increased
by switching to nanostructures with hollow interi-
ors [16–19] or structures in the form of ultrathin
nanosheets [20–22].

Many di�erent types of hollow nanostructures
have been reported, including the nanoshell,
nanobox, nanocage and nanoframe [18,19,23–29].
While all these structures share a unique feature
of a hollow interior, they di�er substantially in
terms of wall porosity. Speci�cally, both nanoshell
and nanobox possess solid walls with no openings,

whereas nanocage may contain multiple holes
sca�ered in its walls. Nanoframe is a logical ex-
tension of this trend and is characterized by the
complete removal of walls. In a sense, a nanoframe
is only composed of corners and edges that would
normally outline a 3D solid nanocrystal of the same
morphology.�e result is a framework with a highly
open, 3D architecture, particularly when compared
with other similarly sized hollow nanostructures.
�is con�guration is of great interest for heteroge-
neous catalysis as the open structure of a nanoframe
allows the molecules involved in a catalytic reaction
to readily access atoms in the inner surface of a
catalytic particle, thereby increasing the utilization
e�ciency of the noble metal. �e catalytic activity
can be further improved by the large speci�c surface
area of a nanoframe, together with the presence of
highly active sites such as low-coordinated atoms,
steps and kinks [7,30,31]. When compared with
the nanoparticles currently used in commercial
catalysts, nanoframes also possess greater morpho-
logical and compositional stabilities, allowing them
to withstand the harsh physiochemical environment
of a chemical reactor [26]. Generally, the large
speci�c surface area of a conventional catalyst is
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Figure 1. Schematics showing the two strategies that have been reported for the syn-

thesis of nanoframes: (a) site-selected deposition and etching and (b) dealloying.

achieved by decreasing the nanoparticles’ size.
In the course of long-term reactor operation, the
small catalytic particles tend to aggregate or sinter,
resulting in substantial decrease for the catalytic
activity [32]. In contrast, the unique architecture
of nanoframes can retain the large speci�c surface
area while e�ectively mitigating both aggregation
and sintering. �e increase in contact area and
thus interaction with a catalytic support also
make nanoframes less susceptible toward surface
migration.

In addition to their superior performance as het-
erogeneous catalysts, nanoframes have been shown
to possess unique optical properties such as local-
ized surface plasmon resonance (LSPR), which arise
from the collective oscillation of free electrons in
resonance with the incident light [33–41]. During
this process, the incident light can be e�ectively ab-
sorbed and then converted to photons (i.e., sca�er-
ing) or phonons (i.e., absorption or heating). �e
ratio of photon absorption to sca�ering, as well as
the wavelength of light at which LSPR occurs, is
found to be dependent on both the size and shape
of the nanostructure, as well as the dielectric en-
vironment [42,43]. For nanostructures with non-
unity aspect ratios, such as nanorods, there exist two
distinct LSPR modes corresponding to the longi-
tudinal and transverse dimensions [44]. When ex-
amining their optical properties, nanoframes can be
considered as an assembly of multiple nanorods. As
such, nanoframes composed of Au and/or Ag dis-
play unique LSPR properties that can be readily
tuned by changing the edge length relative to the
ridge thickness of the nanoframes [33,34].

In this review, we begin with a brief account of
the major synthetic methods that have been devel-
oped for the preparation of noble-metal nanoframes.
As illustrated in Fig. 1, these synthetic protocols are
built upon two strategies: (i) site-selected deposi-
tion and etching and (ii) dealloying of hollow and
solid bimetallic (or multi-metallic) nanocrystals.
�e hollowing-out mechanisms underlying these
strategies can be a�ributed to galvanic replacement,
oxidative etching, intra-particle atomic di�usion or
a combination of them. We then highlight some of
the applications of nanoframes in the context of pho-
tonics and catalysis. Finally, we conclude this review
with adiscussionof the current challenges and future
developments for this new class of nanomaterials.

RATIONAL DESIGN AND SYNTHESIS

�e synthetic strategies currently available for the
creation of noble-metal nanoframes can be sepa-
rated into two major categories: (i) the deposition
of metal onto speci�c sites of a template nanocrys-
tal, followed by selective removal of the said tem-
plate by etching, and (ii) the reshaping of an existing
nanocrystal into a nanoframe through the system-
atic extraction of atoms from the target structure by
employing dealloying or etching processes.Depend-
ing on the noble metals involved, one can choose
to pursue the synthesis using either of these two ap-
proaches. From the perspective of rational design,
one can manipulate the experimental conditions to
maneuver the elemental composition, surface struc-
ture, overallmorphology and physical dimensions of
the nanoframes to optimize their performance for
the application of interest.

Site-selected deposition and etching

�is is a simple and straightforward strategy for
fabrication of noble-metal nanoframes. It involves
selective deposition of one metal onto certain re-
gions of a nanocrystal (i.e., the seed or template)
composed of another metal (typically, more reac-
tive than the metal to be deposited), followed by
selective removal of the seed via chemical etch-
ing (Fig. 1a). Experimentally, site-selected deposi-
tion can be accomplished through di�erent strate-
gies, including utilizing the di�erence in free energy
between di�erent sites on the surface of a nanocrys-
tal, physically blocking atomic deposition and im-
posing a kinetic control over the deposition process
by modulating the relative rates for atom deposition
and di�usion. In general, the rate of atomdi�usion is
governed by the di�usion constant,D, which can be
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Figure 2. (a) TEM and SEM (inset) images of Pd-Rh core-frame nanocubes. The scale

bar in the inset is 10 nm. (b) TEM images of Rh cubic nanoframes obtained by se-

lectively etching away the Pd cores from the core-frame nanocubes. (c) TEM image

of Ag decahedra after Au deposition at the edges. (d) TEM image of Au decahedral

nanoframes after the dissolution of Ag with H2O2. The amount of Au deposited rela-

tive to Ag in the template was 7 mol%. Adapted with permissions from [46,53].

expressed by the following equation:

D = D0 exp

(

−
E di�

RT

)

, (1)

whereD0 is the di�usionpre-exponential factor,Edi�
is the potential energy barrier to di�usion, R is the
ideal gas constant, andT is the absolute temperature
[45]. �us, atom di�usion increases with increasing
T and decreases with increasing Edi�. Both parame-
ters can be controlled by varying the experimental
conditions.

In one of the early examples, it was demon-
strated that Rh atoms could be selectively deposited
onto the vertices and edges of Pd nanocubes whose
side faces were passivated by a chemisorbed cap-
ping agent such as Br− ions. �is led to the forma-
tion of Pd-Rh nanocubes with a core-frame struc-
ture and concave side faces (Fig. 2a) [46]. �e site-
selecteddeposition canbe a�ributed to thepreferen-
tial chemisorption of Br− ions on the Pd{100} side
faces [47], together with the kinetic control enabled
by the dropwise addition of the Na3RhCl6 precur-
sor. �e Br− ions could physically prevent the Rh
from being deposited on the Pd{100} facets, forc-
ing the Rh atoms to nucleate and grow from the
corners and edges. �e relatively slow injection rate
for the Na3RhCl6 precursor saved the newly formed

Rh atoms from homogeneous nucleation in the re-
action solution and helped achieve a kinetic con-
trol over the growth process. �e Pd-Rh core-frame
nanocubes were subsequently subjected to chemical
etching with a combination of Fe3+ and Br− ions.
When optimized, the Pd in the cores could be se-
lectively oxidized and dissolved, leaving behind Rh
nanoframes with a ridge thickness as thin as 3 nm
(Fig. 2b).

�e etching of a metal involves a redox reaction
and thereby requires a su�cient di�erence in reduc-
tion potential between the etchant and the metal
in order to occur, with a larger di�erence corre-
sponding to a higher rate of etching. �e introduc-
tion of Br− was critical to the selective removal of
Pd cores by etching. Since the di�erence in stan-
dard reduction potential between the Fe3+/Fe2+

(0.77 V vs. standard hydrogen electrode or SHE)
andPdCl4

2−/Pd0 (0.59V vs. SHE) pairs is too small
to provide a su�cient driving force for the etching
of Pd, the addition of Br− was able to increase the
driving force for the oxidative etching by forming
PdBr4

2− (0.49 V vs. SHE for PdBr4
2−/Pd0) [48].

It should also be noted that elevation of tempera-
ture, as well as the increase in concentration of the
etchant, would lead to accelerated etching rates.�e
overall reaction can be summarized as follows:

Pd+2Fe3++4Br−
�
→ PdBr2−4 +2Fe2+. (2)

When nano-sized Pd cuboctahedra and octahe-
dra were used as the templates, Rh nanoframes
with cuboctahedral and octahedral shapes could
also be obtained through site-selected deposition
of Rh, followed by selective removal of the Pd
cores [49]. �rough this strategy, we have also re-
cently prepared Pt cubic nanoframes by employing
Pd nanocubes as the templates [50]. Yang and co-
workers reported a similar approach to the produc-
tion of Pd-Rh bimetallic nanoframes by employing a
one-pot synthesis to prepare the core-frame nanos-
tructures, followed by etching with nitric acid [51].

Recently, the scope of this approach was further
extended by Xia and co-workers to synthesize Ru
nanoframes with ridges as thin as 2 nm [52]. In a
typical synthesis, Ru was selectively deposited on
the vertices and edges of Pd octahedral templates
with truncated corners by introducing the RuCl3
precursor at a very slow rate, thus forming Pd-Ru
core-frame octahedra. �e selected deposition at
the {100} corners and {110} edges of an octahe-
dron was achieved by utilizing a combination of the
di�erence in surface free energies and kinetic con-
trol. Speci�cally, the initial deposition of Ru atoms
occurred at these sites primarily due to the lower
coordination numbers of their constituent atoms,
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corresponding to higher surface free energies rela-
tive to the{111} side faces. For a face-centeredcubic
(fcc) metal, the free energy hierarchy follows the or-
der of{110}>{100}>{111} in the absenceof any
capping agent. Since no surface blocking species was
present, the initial deposition of the Ru was largely
guided by the relative surface energies. Following
their deposition, theRuadatomscoulddi�use across
the surface of a Pd template. Typically, if the rate
of di�usion greatly exceeds the rate of atom depo-
sition, a smooth conformational shell will be formed
around the template. Conversely, if this relationship
is reversed, the newly deposited atoms will pile up at
their initial deposition sites, thereby creating a core-
frame structure. By lowering the reaction tempera-
ture, it was possible to suppress atom di�usion and
thus achieve kinetically enabled buildup at the cor-
ners and edges of a Pd template. Again, the Pd cores
could be selectively removed using an etchant based
upon the Fe3+/Br− pair, leaving behind Ru octahe-
dral nanoframes.

Kitaev and co-workers reported the synthesis
of Au nanoframes with ultrathin ridges via edge-
selected deposition on Ag decahedral templates
[53]. In this case, Auwas selectively deposited along
the edges of a Ag decahedron under optimized re-
duction conditions. �is was facilitated by tuning
the concentration of the reducing agent, the pH of
the reaction solution, as well as the amount and
injection rate of the HAuCl4 precursor. When the
deposition of Au was performed at pH of 8−9,
with ascorbic acid (AA) serving as a reducing agent,
the decahedral morphology of the original template
could be retained up to the deposition of ∼15%
Au (molar percentage in the nanostructure) due
to the formation of a conformal shell (Fig. 2c).
When the pH was increased, the reduction power
of AA would be enhanced, resulting in higher de-
position rates for the Au atoms and thus buildup
at the edge sites of a decahedral template. Upon
etching of the Ag cores with H2O2, the authors ob-
tained well-de�ned Au nanoframes (Fig. 2d). �e
ridge thickness of the Au nanoframes could be con-
trolled down to ∼2 nm by adjusting the amount of
Au precursor added. In principle, this approach can
be readily extended to other types ofAgnanocrystals
with twin boundaries and {111} facets on the sur-
face, including icosahedra and penta-twinned rods,
to obtain Au nanoframes without losing the struc-
tural features of the original templates. Using a re-
lated approach, Xue and co-workers have success-
fully synthesized sub-2nm triangularAunanoframes
through selected deposition of Au onto the edges of
Ag triangular nanoplates, followed by etching with
H2O2 and NH4OH [54]. Most recently, Qin and
co-workers used a similarmethod to fabricate Ag-Pd
bimetallic nanoframes by selectively co-depositing

Pd and Ag atoms on the vertices and edges of Ag
nanocubes, followed by selective etching of the orig-
inal Ag templates in aqueous H2O2 [55,56]. �e
samegrouphas alsopreparedbimetallicAg-Aucubic
nanoframes through a combination of co-reduction
and H2O2 etching [57]. Furthermore, Huang and
co-workers reported the synthesis of trimetallic Au-
Ag-Pt nanorings through selective deposition of Pt
on the {100} facets of Au-Ag alloyed decahedra, fol-
lowed by etching with O2 [58]. Finally, Gong, Nie
and their co-workers have prepared Pt nanorings
from Saturn-like Au-Pt core-shell nanoparticles by
utilizing CuCl2 in a simultaneous alloying-etching
strategy [59].

Park and co-workers further applied this syn-
thetic approach to the preparation ofAunanoframes
containing an embedded Pt skeleton [60]. In this
case, Pt atoms were selectively deposited on the
vertices and edges of Au nanodisks. �e Au tem-
plates were then selectively etched away through
the addition of Au3+, thus generating Au+ ions in
the reaction solution and leading to the formation
of Pt nanorings. Finally, the Au+ ions in the reac-
tion solution were reduced and deposited onto the
Pt nanoframe, resulting in the formation of an Au
nanoring surrounding a Pt skeleton. Similarly, Au
octahedral, cubic and rod-shaped nanoframes with
a Pt skeleton could also be prepared using this pro-
tocol [61,62]. Unlike the Au nanoframes derived
fromAg templates, all the nanostructures of this new
type showed greater stability when exposed to harsh
physiochemical environments such as O2 plasma
treatments and pH extremes, which can be ascribed
to the structural integrity provided by the inner Pt
skeleton and the absence of Ag atoms alloyed with
the nanoframe.

In addition to the wet chemical routes, site-
selected deposition can also be achieved through
electrochemical means. As reported by Torimoto
and co-workers, Au could be electrodeposited onto
the vertices and edges of Ag nanocubes modi�ed
with 1-octanethiol [63]. �e site-selected deposi-
tion of Au could be ascribed to the inhomoge-
neous distribution of defect sites formed in the self-
assembled monolayer of 1-octanethiol on the sur-
face of the Ag nanocubes. Due to the absence of
1-octanethiol at the vertices and edges of the Ag
nanocubes, the newly formed Au atoms were prefer-
entially deposited at these sites. A�er chemical etch-
ing with a mixture of H2O2 and H2SO4, Au cubic
nanoframes were obtained.

As can be surmised from the above examples, a
combination of site-selected deposition of onemetal
on a templatemadeof anothermetal and subsequent
removal of the template through etching is a simple
and e�ective route to fabricate nanoframes. �e ex-
actmorphology of the nanoframe structure could be
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Figure 3. SEM and TEM (insets) images showing different stages of a galvanic re-

placement reaction involving the titration of Ag nanocubes with different volumes of

0.2 mMAuCl2
− in 1 mL increment ranging from (a) 1 mL to (h) 8 mL. The scale bar below

the images applies to all SEM images. The scale bar in the insets represents 100 nm.

Adapted with permission from [33].

varied by simply employing templates with di�erent
shapes, morphologies and surface con�gurations.

Dealloying of hollow or solid
nanocrystals

Dealloying has been widely used for the fabrication
of metal nanoframes. �is process can start with ei-
ther hollow or solid nanocrystals as the templates

by following twodistinct pathways: galvanic replace-
ment and oxidative etching (Fig. 1b).

Galvanic replacement has been extensively ex-
plored as a means of dealloying. �is process is
driven by the di�erence in reduction potential be-
tween the two metals, with one serving as the cath-
ode and the other as the anode [64]. For example,
the reduction potential of Zn2+/Zn0 (–0.76 V vs.

SHE) is lower than that of Cu2+/Cu0 (0.34 V vs.

SHE). Consequently, when a Zn strip is immersed
in a solution containing Cu2+, Zn will be oxidized to
Zn2+ whereasCu2+ will be reduced toCu [23]. Sim-
ilarly to the etching process discussed above, the rate
of galvanic replacement is drivenprimarily by the de-
gree of di�erence in reduction potential between the
metals involved, the concentration of the involved
species and the reaction temperature.

Bimetallic nanoframes can be synthesized
through a galvanic reaction between a template and
a metal salt precursor possessing a higher reduction
potential (e.g., Au, Pt and Pd) [33,65–79]. Ag is
o�en used as the template material due to its lower
reduction potential (Ag+/Ag0 0.8 V vs. SHE) when
compared to many other noble metals and the large
number of di�erent shapes that has been reported
for this relatively inexpensive noble metal. In an
early report, our group described the synthesis of
Au cubic nanoframes via the galvanic replacement
reaction between Ag nanocubes and AuCl2− [33].
In this example, one Ag atom is oxidized per Au
atom being reduced [72]:

Ag(s) + AuCl−2 (aq) → AgCl(s) + Au(s)

+Cl−(aq). (3)

Figure 3 shows SEM and TEM images of the prod-
ucts obtained at di�erent stages of the galvanic
replacement reaction where Ag nanocubes were
titrated with di�erent volumes of AuCl2

−. In the ini-
tial stage, AuCl2

− was reduced through a redox reac-
tionwith surface Ag and the newly formedAu atoms
were deposited onto the template surface. A�er this
reaction had proceeded for a short period of time,
enough Ag was removed from the template to form
a pinhole on one of the six side faces (Fig. 3a). �is
pinhole servedas a channel formass transport, allow-
ing for the shu�ling of the AuCl2

− and the dissolved
Ag+ ions in and out of the template. As the reaction
continued, theAu-enriched surface restructured due
to atomic di�usion, closing the pinhole and gener-
ating a partially hollow nanoparticle (Fig. 3b). �e
interior of the nanoparticle continued to hollow out
due to the di�usion of Ag to the surface, eventu-
ally forming a seamless Au-Ag alloyed nanobox with
slightly truncated corners (Fig. 3c). With further
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addition of AuCl2
−, the Ag alloyed into the walls of

the nanobox would be removed, resulting in the for-
mationofmultiple pores at the vertices and side faces
of the nanostructure (Fig. 3d).�ese pores then co-
alesced due to Ag dealloying and surface restructur-
ing, yielding cubic Au nanoframes (Fig. 3f). Past this
point, the removal of the alloyed Ag compromised
the structural integrity of the frame, resulting in its
collapse into Au fragments without a speci�c mor-
phology (Fig. 3g and h). It should be noted that,
if AuCl2

− was replaced with AuCl4
−, nanoframes

could not be formed through this process.�is is be-
cause the reductionof eachAu3+ ion requires theox-
idation of three Ag+ ions. As a result, the dealloying
ofAg from the template is too rapid, therebydeposit-
ing insu�cient Au on the surface to produce a stable
nanoframe.

As a variation of this approach, Li and co-workers
recently demonstrated the synthesis of Au-Ag octa-
hedral nanoframes through a modi�ed one-pot gal-
vanic replacement reaction [66]. Initially, truncated
polyhedra of Ag were produced by reducing AgNO3

with CuCl and octadecylamine. �e galvanic re-
placement reactionwas then initiatedwith the intro-
duction of aHAuCl4 solution. Similarly to the exam-
ple of Au cubic nanoframes, Ag atoms were oxidized
and dissolved, followed by the reduction and depo-
sition of Au atoms. Due to the galvanic replacement
between Ag and AuCl4

−, octahedral hollow struc-
tures with pinholes on the {111} facets appeared af-
ter a reaction time of only 40 s. When the reaction
time was increased to 20 min, all of the eight {111}
facets of octahedra disappeared, resulting in the for-
mation of octahedral Au-Ag bimetallic nanoframes
with a ridge thickness less than 10 nm. A similar ap-
proach was used by Zitoun and co-workers to fab-
ricate trimetallic Pt-Ni-Au octahedral nanoframes
[80].

Most recently, Pt-Cu, Ir-Cu and Rh-Cu
nanoframes have also been synthesized through
dealloying based on galvanic replacement [81–86].
Huang and co-workers reported the one-pot prepa-
ration of Pt-Cu alloyed rhombic dodecahedral
nanoframes by employing a precursor mixture
of platinum(II) acetylacetonate and copper(II)
chloride [81]. �e Cu2+ precursor was rapidly
reduced, thereby forming pure Cu nanocrystals.
�is was followed by the galvanic replacement
between Cu and Pt2+. �e asynchronous reduction
of the two metal salts occurred due to the relative
di�culty in reducing platinum(II) acetylacetonate
as compared to copper(II) chloride.�eCu content
in the nanocrystals gradually decreased as the
reaction proceeded. A�er 3 h, Pt-Cu nanoframes
with a Pt:Cu ratio of 1:3 were obtained. Using a
similar one-pot approach, Li and co-workers also

demonstrated the synthesis of Ir-Cu nanoframes.
�e formation of Ir-Cu nanoframes involved the
initial nucleation and growth of Cu nanostructures
from copper(II) acetylacetonate, followed by
galvanic replacement between Cu and Ir3+ from
IrCl3 at 170◦C [84]. When using the as-prepared
Ir-Cu nanoframes as templates, these authors
further demonstrated the fabrication of Ir-Cu-Au
trimetallic nanoframes through the addition of
HAuCl4 [84].

Another pathway for dealloying lies in oxida-
tive etching [26,87–94]. �is process is similar in
nature to the chemical etching described in the
previous section. However, rather than preparing
a core-frame template and etching away the core,
this approach utilizes an alloyed nanocrystal as the
template. Etching is used to selectively remove one
or more components from the template, inducing
di�usion-based internal restructuring and produc-
ing nanoframes. In an early study, our group demon-
strated the synthesis ofAu cubic nanoframesbydeal-
loying Au-Ag alloyed nanoboxes with an aqueous
etchant [87].WeusedAgnanocubes of 50nm in size
as the templates (Fig. 4a). In the �rst step, Au-Ag
alloy nanoboxes (Fig. 4b) were obtained based on
the galvanic replacement reaction between Ag and
AuCl4

−:

3Ag(s) + AuCl−4 (aq) → 3Ag+(aq) + Au(s)

+4Cl−(aq). (4)

By introducing an aqueous solution of Fe(NO3)3,
Ag atoms could be selectively removed from the
alloyed nanoboxes [95]. Increasing the amount
of added Fe(NO3)3 resulted in the formation of
Au-based nanocages (Fig. 4c) and �nally cubic
nanoframes (Fig. 4d). In addition to Fe(NO3)3,
aqueous NH4OH could also be used as an etchant
to oxidize and dissolve Ag atoms, as facilitated
by the formation of a [Ag(NH3)2]

+ complex in
the presence of oxygen [96]. However, due to the
weak etching power of NH4OH, the Au-Ag alloyed
nanoboxes etched in this manner produced a mix-
ture of nanocages and nanoframes [87].

A combination of O2 and a proper coordination
ligand for the metal ions can also serve as a power-
ful etchant [1,97]. To this end, Yang, Stamenkovic
and their co-workers reported the synthesis of Pt3Ni
nanoframes with a Pt-skin structure through the use
of an O2-based etchant [26]. First, PtNi3 rhom-
bic dodecahedra nanocrystals were synthesized in
oleylamine (Fig. 4e). �ese nanocrystals possessed
an inhomogeneous elemental distribution, with Pt
and Ni concentrated at the edges and side faces,
respectively. �is phenomenon likely arose from a
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Figure 4. TEM and SEM (insets) images of (a) 50-nm Ag

nanocubes, (b) Au/Ag nanoboxes prepared by galvanic re-

placement and (c) nanocages, and (d) nanoframes prepared

with Fe(NO3)3 as an etchant for Ag. TEM images of (e) ini-

tial solid PtNi3 polyhedra and (f) annealed Pt3Ni nanoframes

with Pt(111) skin on the surface (dispersed on high-surface

area carbon). Adapted with permissions from [26,87].

combination of factors, including the rapid dissolu-
tion of Ni from the high-energy edges due to ox-
idative etching and galvanic replacement, the selec-
tive capping and stabilization of the Pt atoms at the
surface by oleylamine, and the strain induced seg-
regation of larger Pt atoms from smaller Ni [89].
�e PtNi3 nanocrystals were then suspended in hex-
ane and heated at 120◦C under the ambient condi-
tions. During this process, the surface Ni atoms oxi-
dizedmore readily than the Pt atoms in the presence
of O2, due to the higher reduction potential of Pt
(Pt2+/Pt0 1.2 V vs. SHE) relative to Ni (Ni2+/Ni0

–0.25 V vs. SHE) [98].�e resultant Ni2+ and oley-
lamine can forma solublemetal complex, thereby ex-
tracting Ni2+ from the reaction and further driving
the dissolution of Ni [99]. As dealloying continued,
the composition of the nanocrystals changed from
Ni-rich to Pt-rich, and ultimately stabilized in the
form of Pt3Ni [100]. Due to an inhomogeneous ele-
mental distribution in the PtNi3 rhombic dodecahe-
dra, the Ni-rich interior of the polyhedral faces was
more susceptible to dissolution, leaving behind Pt-
rich edges [101]. �erefore, the initially solid PtNi3
rhombic dodecahedra were gradually transformed

into Pt3Ni nanoframes. �e nanoframes were sub-
sequently dispersed on a carbon support and heated
to between 370◦C and 400◦C under Ar, promoting
atomic intra-di�usion to generate Pt3Ni nanoframes
with a Pt-skin on the surface (Fig. 4f). A similar
method was also explored by other groups to pro-
duce Pt-Ni and Pt-Co nanoframeswith variousmor-
phologies [90–93]. It should be noted that the Kirk-
endall e�ect is also, at times, invoked to explain the
formation of the nanoframes. However, one must
keep in mind that the Kirkendall e�ect is purely an
intra-di�usion phenomenon and would not result
in the removal of an elemental component from a
nanoparticle.

Recently, Yan and co-workers synthesized Rh-
Cu octahedral frames by using O2 and HCl as the
etchant [94]. �e authors �rst prepared monodis-
perse Rh-Cu octahedra. Following this, the octahe-
dra were loaded on carbon and cleaned by acetic
acid. Most of the Cu atoms on the nanoparticle sur-
face were removed during this process.�en, the oc-
tahedra were etched with O2 and HCl, resulting in
the formation ofRh-Cuoctahedral nanoframes.�is
can be ascribed to the fact that Cu atoms are easier
to be oxidized thanRh atomsdue to the lower reduc-
tion potential of Cu (Cu2+/Cu0 0.34V vs. reversible
hydrogen electrode, RHE) in comparison with Rh
(Rh3+/Rh0 0.76 V vs. RHE), and the tendency of
Rh atoms to segregate at edges and surface layers
of the nanostructure.Moreover, Rh-Pd-Cu trimetal-
lic, nanopolyhedral frames have also been prepared
using this method [94]. Ha�ori and co-workers uti-
lized a similar approach to create Rh frame nanorods
by etching Au-Rh core-shell nanorods with HCl
[102].

Taken together, the successful fabrication of
nanoframes through the dealloying process relies
on our ability to control the galvanic replacement
between di�erent metals and to select a suitable
etchant for use in oxidative etching.

APPLICATIONS

Photonic applications

�e optical properties of noble-metal nanoframes
have a�racted a�ention in recent years due to
their highly tunable and controllable plasmonic fea-
tures [33–38,60,76,79]. For nanoframesmade of Au
and/or Ag, their LSPR properties are determined
by a number of parameters, including edge length,
ridge thickness, corner sharpness, elemental compo-
sition and dielectric environment [33,34]. Figure 5a
shows the sca�ering spectra of di�erent nanoframes
calculated using the discrete dipole approximation
(DDA) method. �e nanoframes in question had a
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Figure 5. (a) DDA-calculated scattering spectra for

nanoframes with an edge length of 57.0, 59.4, 61.8, 64.1,

66.5 and 68.9 nm, having a constant ridge thickness of

19 nm, together with a �xed composition of 89% Au and

11% Ag. The inset shows a schematic of the nanoframe

used in these calculations, which has both sharp corners

and edges. The red-shifts of the plasmon resonance peak

increase with increasing ratio (R) between the outer edge

length (l) and the ridge thickness (t). (b) Scattering spectra

of individual Au cubic nanoframes and the SEM images of

the corresponding nanoframes. Adapted with permission

from [33].

constant ridge thickness of 19 nm and a �xed com-
position of 89% Au and 11% Ag, whereas the outer
edge lengthwas varied.�epeakposition red-shi�ed
with the increase in the ratio (R) between the outer
edge length (l) and the ridge thickness (t).�is trend
can be a�ributed to the increase in charge separation
and the weakening of the restoring force for elec-
tron oscillation as the R-value increased, and it is es-
sentially identical to what has been observed for the
longitudinal mode of Au or Ag nanorods [33]. �e
computational results were further validated by ex-
perimental measurement of individual nanoframes.
�e resonance peak position was red-shi�ed with an
increase in the R-value (Fig. 5b). Taken together, it
is clear that the LSPR peak of nanoframes could be
readily tuned by controlling the edge length and/or
ridge thickness.

Due to the tunable LSPR, noble-metal
nanoframes have the potential to be used for a
number of photonic applications, such as opti-
cal sensing, surface-enhanced Raman sca�ering
(SERS) and the destruction of cancer cells via the
photothermal e�ect [34–38,79]. Owing to the
coupling between the surface plasmons of the outer
and inner surfaces, nanoframes have been found
to exhibit stronger surface plasmonic �elds and
thus enhanced sensitivity in comparison with other
types of Au nanostructures. For instance, El-Sayed
and co-workers found that the sensitivity factor of
Au nanoframes was 12, 7 and 3 times greater than
that of Au nanospheres, nanocubes and nanorods,
respectively. In general, the small-sized nanoframes
with a larger R-value exhibited a larger sensitivity
factor and thus excellent potential as nanosensors
in the near-infrared region [34]. Interestingly,
polycrystalline Au nanoframes have also been
demonstrated with promising SERS activities. Gao
and co-workers produced 23-nm Au nanoframes by
using 7-nm AgI nanocubes as sacri�cial templates
[37]. �e la�ice mismatch between the AgI and
Au resulted in the non-epitaxial overgrowth of
Au on the template’s vertices and edges. A�er the
templates had been removed with methylamine, the
remaining polycrystalline Au nanoframes displayed
SERS signal that was 6 times stronger than Au
spheres of a similar size.

Catalytic applications

Catalytic reactions primarily take place on the sur-
face of heterogeneous catalysts. As a direct conse-
quence of this, the atoms in the interior of the cat-
alyst nanoparticles are excluded from participating
in the reaction. �e fabrication of nanoframes is an
e�ective strategy for improving the utilization e�-
ciency of atoms, and thus decreasing the loading and
materials cost of a noble-metal catalyst. Due to the
open 3D structure of nanoframes, both atoms on the
outer and inner surfaces can take part in catalysis, re-
sulting in increased activity.�e various noble-metal
nanoframes and their related catalytic applications
are summarized in Table 1.

Yang, Stamenkovic and their co-workers found
that the Pt3Ni nanoframes synthesized with Pt-
skin on the surface exhibited signi�cantly enhanced
activities toward the oxygen reduction reaction
(ORR) relative to Pt-Ni and commercial state-of-
the-art Pt/C electrocatalysts [26]. As shown in
Fig. 6a, the speci�c activity of Pt3Ni nanoframes at
0.95 V (vs.RHE) showed a 16-fold improvement vs.
commercial Pt/C. �e enhancement of speci�c
activity could be a�ributed to the high speci�c
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Table 1. The reported catalytic applications of noble-metal nanoframes with various shapes and compositions.

Catalytic reaction �e shape and composition of nanoframe

Oxygen reduction reaction Polyhedral Pt3Ni [26]; Cubic Pt [50]; Decahedral Pt-Cu [85];

Rhombic dodecahedral Cu3Pt [104]

Hydrogen evolution reaction Polyhedral Pt3Ni modi�ed with Ni(OH)2 [26]

Electro-oxidation of methanol Rhombic dodecahedral Pt-Cu [81,83]; Decahedral Pt-Cu [85];

Truncated octahedral Pt3Ni decorated with Au islands [90]

Electro-oxidation of formic acid Octahedral Pt-Cu [82]

Oxygen evolution reaction Polyhedral Ir-Cu [84]; Truncated octahedral Rh-Cu [86]

Oxidation of o-phenylenediamine to

2,3-diaminophenazine

Cubic Pd-Rh [51]

Hydrazine decomposition Octahedral Rh-Cu [94]

CO oxidation Hexagonal Pt [105]

Figure 6. (a) Speci�c activities and (b) mass activities of

commercial Pt/C, solid Pt-Ni/C, Pt3Ni/C nanoframes and

ionic liquid-encapsulated Pt3Ni nanoframes/C measured at

0.95 V, and improvement factors vs. Pt/C catalysts. Adapted

with permission from [26].

surface area derived from the open structure of a
Pt3Ni nanoframe, as well as the two monolayers of
surface-strained Pt-skin. �is strain altered the elec-
tronic properties of the top-most Pt atoms by chang-
ing their interatomic distances, thereby lowering the
binding energy of oxygen-containing poison species
and leading to a higher number of available catalytic
sites. In situ X-ray absorption spectroscopy revealed
that surface composition was crucial to the ORR
activity of the nanoframe catalyst [103]. �e im-
pact of both the high speci�c activity and the open

architecture resulted in a 22-fold enhancement in
mass activity vs. the Pt/C catalyst (Fig. 6b). More-
over, when the Pt3Ni nanoframes were modi�ed
with Ni(OH)2 clusters through electrochemical de-
position, the obtained catalyst exhibited an enhance-
ment in activity of nearly one order of magnitude
relative to the Pt/C for the hydrogen evolution reac-
tion (HER). Furthermore, trimetallic Pt3Ni polyhe-
dral nanoframesdecoratedwithAu islands displayed
higher activity and stability during electro-oxidation
of methanol when compared to their undecorated
solid and frame counterparts, respectively [90].

Additionally, Wang and co-workers demon-
strated that their Pt-Cu octahedral nanoframes
exhibited signi�cantly enhanced speci�c activity
toward the electro-oxidation of formic acid when
compared with the commercial Pt black and Pt/C
catalysts [82]. �e improvement in activity can
be a�ributed to the nanoframe structure and the
possible synergetic e�ect between Pt and Cu
components. For the electro-oxidation of methanol,
Pt-Cu nanocatalysts with a frame structure also
displayed higher speci�c andmass activities than the
commercial Pt black and Pt/C catalysts [81,83,85].
�e alloyed Cu3Pt nanoframes with rhombic
dodecahedral morphology were shown to be more
e�ective for ORR in comparison with the Cu-Pt
core-shell rhombic dodecahedra [104]. Moreover,
due to the highly open structure, Ir-Cu nanoframes
exhibited signi�cantly enhanced activity toward
oxygen evolution reaction (OER) in alkaline media,
as compared to solid Ir-Cu nanoparticles [84].
Similarly, Rh-Cu truncated octahedral nanoframes
were shown to be an e�ective catalyst for driving
OER, compared to both Cu-Rh core-shells and
Rh-Cu twinned nanorod frames [86].

In addition to electrochemical reactions,
nanoframe-based catalysts have also demonstrated
their structural advantage in other catalytic systems
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Figure 7. (a) TEM images of Rh cubic nanoframes/C before (inset) and after being

heated in air at 500◦C for 1 h. (b) TEM images of Pt3Ni nanoframes/C catalysts before

(inset) and after being annealed at 400oC in Ar. (c) ORR polarization curves and corre-

sponding Tafel plots (inset) of Pt3Ni frames before and after 10 000 potential cycles

between 0.6 and 1.0 V. (d and e) Bright-�eld STEM (d) and dark-�eld STEM images

(e) of Pt3Ni nanoframes/C after 10 000 cycles. Adapted with permissions from [26,46].

[51,94,105]. For instance, in the oxidation of o-
phenylenediamine to 2,3-diaminophenazine, Yang
and co-workers reported that Pd-Rh nanoframes
showed enhanced conversion e�ciency relative
to Pd-Rh core-frame nanostructures [51]. When
compared with Rh-Cu octahedra, Rh-Cu octahedral
frames showed higher catalytic activity toward
hydrazine decomposition, owing to the presence of
more accessible active sites on the surface [94].

�e particular con�guration of the nanoframe
structure can also improve the thermal and chemi-
cal stabilities of a catalyst. As shown in Fig. 7a, the
structure ofRh cubic nanoframes remained stable af-
ter heating at 500◦C for 1 h [46]. Yang, Stamenkovic
and their co-workers also reported that the Pt3Ni
nanoframe structure was preserved a�er annealing
at 400◦C for several hours under Ar (Fig. 7b) [26].
Moreover, the Pt3Ni nanoframes exhibited remark-
able durability during ORR. A�er 10 000 electro-
chemical cycles between0.6 and1.0V(vs.RHE), the

intrinsic activity of Pt3Ni nanoframes was retained
(Fig. 7c), which can be ascribed to the low disso-
lution rate of Pt. �is, in turn, was a result of the
particular electronic structure of the Pt-skin surface
and the optimized Pt-skin thickness of at least two
monolayers [106,107]. Moreover, both bright-�eld
and dark-�eld scanning transmission electron mi-
croscopy (STEM) images (Fig. 7d and e) con�rmed
that the frame structurewas retained a�er 10 000 cy-
cles.

CONCLUSION AND OUTLOOK

In conclusion, noble-metal nanoframes can be syn-
thesized through two di�erent strategies based on
site-selected deposition and etching, and dealloying
of hollow and solid bimetallic (or multi-metallic)
nanocrystals. �e formation of nanoframes may in-
volve mechanisms such as galvanic replacement, ox-
idative etching, intra-particle atomic di�usion or
a combination of them. Noble-metal nanoframes
are e�ective heterogeneous catalysts owing to their
3D, open structures, large speci�c surface areas and
the presence of highly active sites. Additionally,
nanoframes made of Au and/or Ag also exhibited
unique and highly tunable optical properties such as
LSPR.

Despite the remarkable progress in recent years,
there are remaining avenues for further improve-
ment. For example, achieving a precise control over
facets is still a grand challenge, particularly as the
ridges of nanoframes decreases to a level of only
a few nanometers thick. Without a precise control
over the facet, it is di�cult to manage catalytic activ-
ity and selectivity. In addition, the thickness of the
nanoframe ridges can be reduced further. Currently,
the thinnest ridge thickness reported in literature for
noble-metal nanoframes is around 2 nm. Shrinking
the ridge thickness to a few atoms can further in-
crease the utilization e�ciency of atoms, thereby re-
ducing the materials cost of the catalyst.

�ere are also concerns about the structural sta-
bility of the nanoframes. For example, a recent study,
based on the density functional theory (DFT), of
a Rh nanoframe with a simple cubic structure indi-
cated that the edge lengthmust be at least 2 nm inor-
der to retain the frame structure.�emodels became
convex or collapsed for ridge thickness of less than
0.5 nm and edge length of less than 2 nm, respec-
tively [108]. Since all the reported nanoframes pos-
sess edge length on the tens of nanometers scale, fur-
ther reduction in sizemay be possible without desta-
bilizing the nanostructure.

Similar to the observed e�ects of facet con-
trol, engineering the crystal phase of a catalytic
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nanoparticle may provide an additional knob
to optimize the catalytic performance. Previous
catalytic comparisons between nanoparticles
composed of di�erent crystal phases of the same
metal have shown signi�cant di�erences in activity
[52,109–114]. Although such a comparison study
is yet to be reported for nanoframe structures, it
may be achievable by optimizing the synthetic
parameters, including temperature, pressure and
the selection of appropriate elemental precursors
and templates.

Finally, it may be prudent to expand our syn-
thetic methods for the preparation of noble-metal
nanoframes beyond wet chemistry. Recent work has
shown that nanoframes composed of Au, Pd and Pt
could be prepared through a galvanic replacement
process utilizing nanoparticle templates grown on a
substrate using thinmetal �lm dewe�ing [115].�is
approach has the advantage of eschewing all capping
agents, resulting in a cleaner nanocrystal surface,
which is crucial for the e�ective use of nanoframes as
catalysts. While these authors still used a precursor
solution to initiate the galvanic replacement, previ-
ous work has demonstrated that an elastomer stamp
infused with metal precursor could also be used to
drive the replacement reaction under dry conditions
[116].
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