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ABSTRACT: Noble-metal nanoframes consisting of interconnected, ultrathin ridges have
received considerable attention in the field of heterogeneous catalysis. The enthusiasm arises
from the high utilization efficiency of atoms for significantly reducing the material loading
while enhancing the catalytic performance. In this review article, we offer a comprehensive
assessment of research endeavors in the design and rational synthesis of noble-metal
nanoframes for applications in catalysis. We start with a brief introduction to the unique
characteristics of nanoframes, followed by a discussion of the synthetic strategies and their
controls in terms of structure and composition. We then present case studies to elucidate
mechanistic details behind the synthesis of mono-, bi-, and multimetallic nanoframes, as well
as heterostructured and hybrid systems. We discuss their performance in electrocatalysis, thermal catalysis, and photocatalysis.
Finally, we highlight recent progress in addressing the structural and compositional stability issues of nanoframes for the assurance of
robustness in catalytic applications.
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1. INTRODUCTION

Heterogeneous catalysis built around noble-metal nanocrystals
is central to the chemical, energy, and automobile industries.1−4

Over the past several decades, nanocrystals made of Pd, Pt, Rh,
Ru, Ir, Ag, and Au and combinations of those have received great
interest owing to their favorable electronic structures for
achieving high catalytic activity and/or selectivity toward a
broad spectrum of reactions. These materials often exhibit their
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resistance to corrosion for sustaining long-term durability in a
wide variety of catalytic processes.5−23 However, because of
their extraordinary low abundances in the Earth’s crust and the
ever-increasing demands from various industries, there is an
urgent need to utilize this extremely rare resource in a cost-
effective and sustainable manner without compromising the
catalytic performance. To this end, it is pivotal to maximize the
mass-based catalytic activity of the noble-metal nanocrystals.
The mass activity of a catalytic material can be augmented by

optimizing the size, composition, surface structure (e.g., the type
of facet and defect), and/or internal structure (i.e., solid vs
hollow) of the corresponding nanocrystals.5−23 Taking an
electrocatalyst as an example, its mass activity (i.e., current
density per unit mass) is a product of its specific activity (i.e.,
current density per unit electrochemical surface area) and its
specific surface area (i.e., electrochemical surface area per unit
mass).7,9,13,18,19,22,23 As expected, any increase in specific activity
or enlargement in specific surface area of the electrocatalyst will
augment its mass activity. It is generally accepted that the
specific activity of an electrocatalyst is determined by the surface
in terms of both composition and structure. When the
composition is optimized, the specific activity can be further
increased through the formation of a specific type of facet. In the
case of an oxygen reduction reaction (ORR), it was reported that
the specific activity of 12 nm Pt concave cubes enclosed by
{720} high-index facets was 6.3, 1.3, and 5.7 times, respectively,
as high as those of Pt cubes enclosed by {100} facets, Pt
octahedra encased by {111} facets, and the commercial Pt/C
catalyst covered by a mix of {111} and {100} facets.24 This and
many other examples provide a strong motivation for engineer-
ing the surface structure of noble-metal nanocrystals tailored for
catalytic applications.
The specific surface area of a nanocrystal is directly

proportional to the utilization efficiency of atoms or inversely
proportional to the particle size.When the size of a nanocrystal is
larger than tens of nanometers, most of the atoms will be buried
in the bulk and wasted, because only those on the outermost
surface will directly participate in the catalytic reaction.25−27 As
such, one should reduce the particle size as much as possible in
an effort to increase the utilization efficiency of atoms and thus
enlarge the specific surface area. Taking a 20 nm Pt cube as an
example, only 6% of the atoms are located on the surface, and the
specific surface area is 14 m2 g−1. When the edge length of the
cube is reduced to 3 nm, ∼39% of the atoms will be located on
the surface, while the specific surface area will drastically increase
to 93 m2 g−1.22 This back-of-envelope calculation suggests that,

in many cases, engineering the surface structure (or
composition) of a catalytic material alone is not adequate to
maximize the mass activity. One also needs to improve the
utilization efficiency of atoms and thus increase the specific
surface area by downsizing the catalytic particles. This argument
justifies the popular use of Pt particles of 3−5 nm in diameter as
the commercial catalyst toward ORR. At such small sizes,
however, it becomes extremely difficult to enhance their specific
activity by precisely engineering the surface structure, creating a
dilemma for maximizing the mass activity.27 Furthermore, the
catalytic durability of such minuscule particles tends to be
plagued by dissolution or detachment from the support, in
addition to sintering into larger particles, during the catalytic
operation.28 To a large extent, this durability issue can be
attributed to the small contact area between a tiny particle and
the catalytic support, leading to a weakened interaction.
The aforementioned dilemma can be addressed by switching

from conventional solid particles to hollow nanocrystals
featuring a highly open structure.22,23,29−32 Notable examples
include nanoboxes, nanocages, and nanoframes, as illustrated in
Figure 1. In terms of structure, the primary difference between
these hollow nanocrystals lies in the porosity of their walls.
Nanoboxes typically have pore-free walls that effectively isolate
the hollow interior from the external environment. In contrast,
nanocages refer to hollow nanocrystals comprised of walls
containing small pores that allow the inner surface to participate
in the catalytic reaction.22,29 As a result, the utilization efficiency
of atoms can be almost doubled relative to that of nanoboxes.
For example, when the wall thickness of a nanocage is reduced to
∼1 nm or four atomic layers, the utilization efficiency of atoms
can be increased to 50%, while its surface structure can still be
optimized to match a specific catalytic reaction. More
significantly, such a high utilization efficiency is essentially
independent of the overall size of the nanocages. At a larger size,
the nanocages will become less susceptible to dissolution,
detachment, and sintering during the catalytic reaction because
of the increase in contact area with the supporting substrate.22,29

In a previous study, it was reported that the mass activity of 14
nm Pt icosahedral nanocages featuring {111} facets, twin
boundaries, and ultrathin (1.3 nm)walls only dropped from 1.28
to 0.76 A mgPt

−1 after 5000 cycles of an accelerated durability
test, and the terminal activity was still much greater than the
original activity of the commercial Pt/C catalyst.33 Despite the
successes in fabricating mono-, bi-, and trimetallic nanocages, it
remains a challenge to control the size and distribution of the
pores in the walls. In particular, when the pores are too small, the

Figure 1. (top) Atomic models of a nanocube (with a solid interior), nanobox (with a hollow interior), nanocage (with a hollow interior and porous
walls), and nanoframe (with a hollow interior and no wall), respectively. (bottom) Cross-sectional views corresponding to the plane marked by the
dashed lines.
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nanocages would become inefficient to catalyze reactions that
involve relatively large molecules.
Among the three types of hollow nanocrystals, the surface

atoms on nanoframes are the most accessible to reactant and
solvent molecules of different sizes, because nanoframes consist
of interconnected ridges only, with no wall at all.30−32 In
essence, each ultrathin (typically, <5 nm) ridge of a nanoframe
can be considered as a nanorod or a linear aggregation of
nanoparticles fused together through oriented attachment. As
illustrated in Figure 2, for example, a cubic nanoframe can be

considered as a highly open architecture assembled from 12
nanorods. Although it remains a challenge to engineer the
surface structure of the ultrathin ridges of a nanoframe through a
facet-controlled synthesis, the ridges typically contain high
densities of low-coordination atoms on the surface.30−32,34−37

Additionally, during the synthesis of nanoframes, the use of
oxidative etching and/or galvanic replacement often results in
the formation of surfaces enriched in atomic steps, vacancies,
dislocations, stacking faults, as well as grain and twin boundaries
featuring lattice strains.34−37 These active sites can be leveraged
to increase the specific activity and thus augment catalytic
performance toward various reactions. Altogether, nanoframes
offer a multitude of advantages for catalysis, including a large
surface-to-volume ratio, highly reactive surface, and enhance-
ment in terms of catalytic activity and durability. In a study
reported in 2014, rhombic dodecahedral nanoframes made of
Pt3Ni, together with an overall size of 20.1 nm and 24 ridges of
∼2 nm in thickness, exhibited a mass activity of 5.7 A mgPt

−1 at
0.9 V toward ORR, far exceeding the 2020 target (0.44 A mgPt

−1

at 0.9 V) set by the U.S. Department of Energy (DOE).38

Remarkably, the nanoframes also exhibited superior durability
relative to the commercial Pt/C catalyst during an accelerated
durability test.

Figure 2.Model of a cubic nanoframe, which can be considered as a 3-
D assembly of 12 identical nanorods.

Table 1. Summary of Metal Nanoframes That Have Been Successfully Synthesized Using the Five Different Methods

synthetic method metals shape/morphology refs

template-assisted assembly of nanoscale building blocks Au triangle, tripod 52, 53
face-selected carving of solid nanocrystals Pd cube, octahedron, cuboctahedron, concave cube 54, 55

Pt−Cu octahedron, rhombic dodecahedron 56, 57
Pt−Ni octahedron, rhombic dodecahedron, tetrahexahedron 38, 43,

58−60
Rh−Cu octahedron, truncated octahedron, pentagonal rod 61, 62
Pt−Cu−Co rhombic dodecahedron 63
Pt−Ni−Co hexapod 64
Pt−Ni−Sn rhombic dodecahedron 65
Au@Pd cube 66

edge-selected deposition of a different metal on a template, followed
by etching

Au−Ag cube, octahedron, decahedron, icosahedron, pentagonal
rod, triangle

34, 67−70

Ag−Pd cube, triangle 70−72
Pt−Au triangle 48
Pt−Pd cube 73
Pt−Cu decahedron, octopod, concave octopod 35, 36
Ru−Pd octahedron, cuboctahedron 74, 75
Rh−Pd cube 76
Ir−Cu rhombic dodecahedron 77
Ir−Ni rhombic dodecahedron 78
Ag−Au−Pt cube 79
Pt−Cu−Mn decahedron 37
Ir−Ni−Cu double-layered rhombic dodecahedron 44
Pt−Cu@
Pt−Cu−Ni

rhombic dodecahedron 50

dealloying of hollow alloy nanocrystals Au−Ag cube 41, 42
Ir−Cu−Au rhombic dodecahedron 77
Au@Au cube, truncated octahedron 80
Pd@Au cube, truncated octahedron 80
Pt@Au cube, truncated octahedron 80

nanoframe-directed deposition Pt@Au cube, octahedron, triangle, ring, hexagon 81, 82
Pt−Au@Au double-layered triangle, ring, hexagon, tripod 45
Pt−Ni@Au rhombic dodecahedron 83
Au@Cu2O cube 46
AgCl@Ag cube 47
Pt−Ni@MOF rhombic dodecahedron 49
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In addition to their attractive features for catalysis, nano-
frames made of Au and Ag are promising plasmonic materials,
because their cavities can be used to localize and manipulate the
light at the nanoscale.39−42 For example, on the basis of the
results from experimental and computational studies, cubic
nanoframes made of a Au−Ag alloy could generate intense
electric fields in the interior, as well as at the outer corners, with
their intensities comparable to those at the corner sites of Ag
nanocubes.39,40 In particular, by manipulating the length and
thickness of the ridges, the localized surface plasmon resonance
(LSPR) peaks of Ag−Ag nanoframes could be tuned from the
visible to the near-infrared region.41,42 These results suggest that
nanoframes offer a highly tunable system to maneuver the
plasmon-enhanced light−matter interaction for various appli-
cations.
The first synthesis of noble-metal nanoframes was reported in

2007.41 The authors fabricated Au-based cubic nanoframes by
selectively removing the Ag atoms from Au−Ag alloy nanoboxes
using an aqueous etchant based on Fe(NO3)3 or NH4OH.
Thanks to the incredible progress in recent years, now it is
feasible to design and rationally fabricate nanoframes with
tunable compositions and morphologies to achieve the desired
properties for catalytic and plasmonic applications.30−32

Notable examples include those mainly comprised of one of
the noble metals, as well as their bi- and trimetallic
combinations. Note that it is insufficient to only use
“composition” to describe a bi- or trimetallic system, because
their properties are also strongly dependent on the spatial
distributions and atomic ordering of the constituent elements.7

With the recent development in nanochemistry, it is feasible to
control the spatial distributions of constituent elements and,
thus, the directionality of nanoscale phase segregation in
bimetallic nanoframes.38,43 This ability allows one to control
the compositional heterogeneity on the surface of a bimetallic
nanoframe, promising enhanced catalytic performance. Today,
nanoframes with many distinctive morphologies have been
reported, including those in the architecture of a three-
dimensional (3-D) cube, cuboctahedron, octahedron, rhombic

dodecahedron, decahedron, icosahedron, tripod, hexapod, and
pentagonal rod, as well as a two-dimensional (2-D) triangle,
hexagon, and circle.30−32 Additionally, nanoframes such as
octopods enclosed by high-index facets have been prepared in
high yields.35 Remarkably, nanoframes featuring complex and/
or hybrid structures have also been realized.44−51 These new
variants have enabled a wide variety of applications, including
those related to catalysis for energy conversion and environ-
mental protection, as well as plasmonically enhanced spectros-
copy and photothermal cancer therapy.
Herein, we aim to present a comprehensive account of noble-

metal nanoframes, with a focus on our current understanding of
their synthetic methods, unique properties, and catalytic
applications. We start with a brief introduction to the synthetic
strategies, mainly including a template-assisted assembly of
nanoscale building blocks, template-directed deposition, etch-
ing, dealloying of atoms, or a combination of these processes.
We then present a number of representative case studies from
the literature to illustrate the critical concepts and elucidate the
underlying mechanisms. Next, we showcase progress in
leveraging the unique features of noble-metal nanoframes for
developing catalysts with enhanced performance. Finally, we
discuss strategies for improving the thermal and chemical
stability of noble-metal nanoframes. Throughout our discussion,
we also provide perspectives with regard to the challenges and
future directions of development for this relatively new form of
noble-metal nanocrystals.

2. SYNTHETIC APPROACHES
The synthesis of noble-metal nanoframes typically involves the
use of a sacrificial template to assist or direct the formation of a
framelike structure, and the template is often fabricated in
advance using a different protocol. Here we broadly divide the
methods into five categories: template-assisted assembly of
nanoscale building blocks;52,53 face-selected carving of solid
nanocrystals;38,43,54−66 edge-selected deposition of a different
metal on a template, followed by etching;34−37,44,48,50,67−79

dealloying of hollow alloy nanocrystals;41,42,77,80 and nano-

Figure 3. (A) Schematic illustration showing the formation of nanoframes containing isotropic and anisotropic Au nanostructures using the DNA
origami technique. The hybridization of DNA-functionalized Au nanorods and/or Au nanoparticles (yellow color) with complementary probe strands
on the DNA 2-D origami triangle nanoframe (gray color) resulted in the formation of Au-based 2-D triangle, heterohexamer, and heteroheptamer
nanoframes. (B−D)TEM images of the a self-assembled (B) triangle, (C) heterohexamer, and (D) heteroheptamer nanoframe. Scale bars: 50 nm. (E)
Schematic illustration showing the formation of reconfigurable DNA 3-D origami tripod nanoframes (blue color) fromAu nanorods (yellow color). By
controlling the interarm angles of the DNA origami tripod templates via a toehold-mediated strand-displacement reaction, the internanorod angles of
the 3-D Au nanorod-based tripod nanoframes could be tuned. (F−H) TEM images of the self-assembled 3-D Au nanorod-based tripod nanoframes
with the internanorod angles approaching (F) 30°, (G) 60°, and (H) 90°. Scale bars: 100 nm. (A−D)Modified with permission from ref 52. Copyright
2017 Wiley-VCH Verlag GmbH & Co. (E−H) Modified with permission from ref 53. Copyright 2017 American Chemical Society.
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frame-directed deposition.45−47,49,81−83 Table 1 lists the nano-
frames, diverse in shape/morphology and composition, that
have been fabricated using these methods.

2.1. Template-Assisted Assembly of Nanoscale Building
Blocks

As illustrated in Figure 2, a nanoframe can be conceptually
viewed as an end-to-end assembly of multiple nanorods. In this
regard, the assembly of nanoscale building blocks offers an
attractive route to nanoframes. With the advancement of a
deoxyribonucleic acid (DNA) origami technique that involves
the programmable folding of a single-stranded DNA by
numerous helper strands, it is possible to obtain arbitrary 2-D
and 3-D DNA origami nanostructures with controls in spatial
addressability and shapes.52,53,84,85 For example, DNA origami
nanostructures have been created in the forms of a 2-D square
and triangle and a 3-D cube, ellipsoid, hemisphere, tetrahedron,
and toroid.84,85 By maneuvering the individual helper strand to
create a sequence-dependent surface tag, one can use the diverse
framelike DNA origami nanostructures with addressable
binding sites as a template for the programmable organization
of nanoparticles, nanorods, or a combination of them, into
nanoframes. In particular, this approach offers a promising route
to the fabrication of complex nanoframes that are difficult to
obtain using a conventional wet-chemical synthesis, making it
feasible to increase the structural diversity of nanoframes for
achieving distinctive properties. Many recent studies of the
DNA origami technique focused on the use of Au-based
nanostructures as the building blocks.85 As such, the optical
properties of the resultant nanoframes can be tailored by
controlling the geometric features, including the size and aspect
ratio of the building blocks, as well as the separation and
orientation between the constituent components.
Figure 3A demonstrates how the unique structural feature of a

2-D triangular DNA origami frame can provide a template to
direct the assembly of both isotropic and anisotropic Au
nanoparticles into nanoframes.52 The triangular DNA origami
frame (50 nm in edge length) was created by folding a single-
stranded circular genomic DNA through a set of short-staple
strands. Its interior and exterior edges and vertices were
functionalized to establish the binding sites for the attachment of
DNA-functionalized Au nanorods (12 nm in width and 37 nm in
length) and nanoparticles (15 or 25 nm in diameter).
Specifically, the exterior edges of the frame were decorated
with one set of seven copies of single-stranded DNA probes
(blue color) to attach Au nanorods; the vertices of the frame
were modified with one set of six copies of single-stranded DNA
overhangs (red color) to anchor 15 nm Au nanoparticles; and
the interior edges of the frame were presented with six single-
strandedDNA capture strands to secure 25 nmAu nanoparticles
in the center. Transmission electron microscopy (TEM)
confirmed that the Au nanoparticles and nanorods were placed
at the specific positions on the origami surface to form unique
nanoframes in the forms of a triangle (Figure 3B), hetero-
hexamer (Figure 3C), and heteroheptamer (Figure 3D),
respectively, after the hybridization of the designed DNA
origami template with the Au-based building blocks.
In addition to the aforementioned 2-D nanoframes, 3-D

nanoframes could be fabricated through the programmable
transformation of DNA origami decorated with Au nanostruc-
tures. As illustrated in Figure 3E, three DNA-functionalized Au
nanorods (12 nm in width and 38 nm in length) were assembled
onto a reconfigurable DNA origami tripod consisting of three

arms for the construction of a 3-D nanoframe.53 Each arm (50
nm in length) of the DNA origami tripod had 14 DNA duplexes
packed into a honeycomb lattice to accommodate the curvature
of the Au nanorods. Remarkably, by tuning the interarm angles
(∼30°, 60°, or 90°) of the DNA origami tripod template via a
toehold-mediated strand-displacement reaction, the angle
between adjacent nanorods could be tuned, as demonstrated
by the TEM images in Figure 3F−H.
In summary, DNA-based self-assembly provides a powerful

tool for the rational fabrication of customized nanoframes in
considerable complexity by incorporating noble-metal building
blocks presynthesized with proper sizes and shapes. The as-
fabricated nanoframes offer a well-controlled system for tuning
the plasmonic properties. As a major drawback, this self-
assembly approach involving molecular interactions in highly
ionic solutions is often limited by structural instability, complex
experimental procedures, low throughput, and small production
volume. These technical issues will eventually limit the scale and
scope of applications for the nanoframes fabricated using this
method.
2.2. Face-Selected Carving of Solid Nanocrystals

Figure 4 illustrates two wet-chemical methods that leverage the
intrinsic surface inhomogeneity to selectively carve atoms from

solid nanocrystals for their transformation into nanoframes. For
a monometallic nanocrystal, surface inhomogeneity exists
among atoms located at faces, edges, and vertices due to their
difference in coordination number. It can also arise from
crystallographic defects such as a vacancy, dislocation, and twin/
grain boundary. In general, the site with the highest surface free
energy is most vulnerable to oxidative etching. For example, an
octahedral nanocrystal made of a face-centered cubic (fcc)
metal, enclosed by {111} facets for the faces, {100} facets for the
vertices, and {110} facets for the edges, can be transformed into
an octahedral nanoframe by carving along the faces (see Figure
4A). For nanocrystals made of noble metals, it is feasible to
activate oxidative etching by combining the O2 from air and a
halide ion, such as Cl−, Br−, and I−, to create an etchant.20,22,23

Figure 4. Schematic illustration of two protocols that rely on the
carving of atoms from side faces for the transformation of (A)
monometallic octahedron and (B) bimetallic rhombic dodecahedron
into a nanoframe. (A)Modified with permission from ref 55. Copyright
2017 American Chemical Society. (B) Modified with permission from
ref 38. Copyright 2014 AAAS.
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More interestingly, the strength of such an etchant can be
tailored by varying the halide involved.
In general, it is nontrivial to level the extents of carving among

different faces, making it difficult to generate nanoframes with
the same thickness for all edges. This issue can be addressed by
introducing a reducing agent into the reaction system to
complement the carving process with deposition.55 In this case,
the metal ions derived from oxidative etching can be reduced to
atoms for their redeposition onto the nanocrystal but likely at
places different from the etching sites. Significantly, by choosing
a reducing agent with a proper reduction power, one can control
the etching and deposition rates, Retching and Rdeposition, to balance
these two processes at different sites on the nanocrystal. When
Retching is greater than Rdeposition on faces but comparable to
Rdeposition along edges and vertices, the carving will be largely
confined to the faces, while leaving the edges and vertices intact,
for the transformation of a solid nanocrystal into a nanoframe.
Moving beyond the monometallic system, Figure 4B

illustrates the capability of a face-selected carving to transform
a bimetallic nanocrystal into an alloy nanoframe in the rhombic
dodecahedral shape.38 In this case, a surface inhomogeneity
originating from elemental composition determines the
selectivity of carving for the different sites of a nanocrystal.
Specifically, when the faces of the rhombic dodecahedron are
enriched by metal A with a lower reduction potential, while the
edges and vertices are dominated by metal B with a higher
reduction potential, the oxidative etchant will selectively attack
and dissolve atoms from the faces, while the edges and vertices
will be retained. With the involvement of the Kirkendall effect,57

a well-known phenomenon arising from the difference in
diffusion rate between two interdiffusing atomic species in an
alloy, it is possible to synthesize a surface-segregated bimetallic
rhombic dodecahedron whose faces are enriched in metal A,
while the edges and vertices are dominated by metal B (see
Section 3.2).
In summary, oxidative etching offers a powerful tool to carve

atoms from solid nanocrystals in a site-selected fashion for the
fabrication of mono- and bimetallic nanoframes, with a possible
extension to multimetallic systems. Despite the remarkable
success, a mechanistic understanding of the carving process
remains elusive. In most cases, people have to rely on the use of a
trial-and-error approach in identifying the optimal protocols,
with essentially no information on the intermediate structures
and their temporal evolution. The development of in situ
characterization techniques is expected to offer an opportunity
to shed light on the mechanistic details underpinning the
transformation from a solid nanocrystal to a nanoframe.
2.3. Edge-Selected Deposition of a Different Metal on a
Template, Followed by Etching

Instead of directly carving atoms from a nanocrystal, one can
selectively deposit a different metal onto its edges and vertices
for the generation of a core−frame nanocrystal, followed by
removal of the core through oxidative etching. Figure 5 shows
three slightly different protocols that explore the landscape of
surface energy in directing site-selected deposition on a cubic
seed. For a cubic nanocrystal made of an fcc metal, the surface
energies decrease in the order of edges, vertices, and faces when
the faces are passivated by a capping agent.86,87 As such, the

Figure 5. (A) Schematic illustration showing the fabrication of cubic nanoframes made of metal B by selectively depositing it on the edges and vertices
of a nanocube made of metal A, followed by the selective removal of metal A in the core via etching. (B) Schematic illustration showing the fabrication
of nanoframesmade of an A−B alloy through a site-selected codeposition of A and B on the edges and vertices of a nanocubemade of metal A, followed
by the removal of metal A in the core via etching. (C) Schematic illustration showing the fabrication of nanoframes made of an A−B−C alloy by
titrating Cm+ ions into an aqueous suspension of A@A−B core−frame nanocubes to induce a galvanic replacement with metal A in the core. (A)
Modified with permission from ref 76. Copyright 2016 Wiley-VCH Verlag GmbH & Co. (B) Modified with permission from ref 71. Copyright 2016
Wiley-VCH Verlag GmbH & Co. (C) Modified with permission from ref 79. Copyright 2019 American Chemical Society.
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second metal tends to be selectively deposited on the edges and
vertices higher in energy than the faces for the generation of a
core−frame nanocube.When the core is selectively etched away,
a cubic nanoframe largely comprised of the second metal will be
left behind.
Figure 5A illustrates the transformation of a cubic nanocrystal

into a nanoframe when the metal A in the original nanocrystal is
less reactive than the deposited metal B.73,76 In this case, the B
atoms derived from the reduction of a precursor should only
nucleate and grow from the edges and vertices. If the rate of
atom deposition is faster than that of surface diffusion to faces,
the deposited B atoms will be confined to their original sites for
the generation of an A@B core−frame nanocube. Upon etching
of metal A from the core while leaving the frames intact, a cubic
nanoframe based on metal B will be obtained. When the amount
of metal B being deposited is controlled, the ridges of the
nanoframes can be made as thin as a few nanometers.
When metal A is more reactive than the deposited metal B,

there will be a galvanic replacement between the original
nanocrystal and the salt precursor to metal B. For example, it has
been well-documented that a galvanic replacement reaction will
occur when Ag nanocrystals are mixed with a precursor, such as
AuCl4

−, PdCl4
2−, or PtCl4

2−, to a less reactive metal.88 Because
the original nanocrystal will be spontaneously oxidized and
dissolved, partially or completely, it can no longer be used to
direct the site-selected deposition of the second metal for the
generation of a bimetallic nanocrystal with a core−frame
structure. In this case, one can simultaneously introduce a
precursor (e.g., An+ ions) to metal A to help push back the
galvanic replacement reaction, together with the use of a faster
reduction reaction to compete with and thereby suppress the
galvanic reaction.69,71 For example, when both Ag+ and PdCl4

2−

are cotitrated into a suspension of Ag nanocubes in the presence
of a reducing agent, the added Ag+ and PdCl4

2− will be quickly
reduced by the reducing agent for the generation of Ag and Pd
atoms without the involvement of a replacement reaction.71

When the faces of the Ag nanocube are capped by poly-
(vinylpyrrolidone) (PVP), the Ag and Pd atoms will be
codeposited on the edges and vertices only. Figure 5B illustrates
the fabrication of an A−B alloy nanoframe through a site-
selected deposition of both A and B atoms on the edges and
vertices of a cubic nanocrystal made of metal A, followed by the
removal of metal A in the core via oxidative etching.71 By simply
varying the feeding ratio between the two precursors during
cotitration, this route offers a tight control over the ratio of
atoms being deposited for the fabrication of A−B alloy
nanoframes with different elemental compositions.

Instead of using a chemical etchant to remove the core from a
core−frame nanocrystal for the generation of a nanoframe, one
can leverage galvanic replacement to achieve the transformation.
As illustrated in Figure 5C, whenCm+ ions are introduced into an
aqueous suspension of the A@A−B core−frame nanocubes
shown in Figure 5B, they will undertake a galvanic replacement
reaction with metal A in the core for the production of C atoms
at the expense of A atoms.79 Specifically, A atoms are oxidized
and dissolved from the faces in the form of An+ ions, while the
resultant C atoms derived from the galvanic reaction are
deposited on the edges and vertices in an orthogonal manner,
leading to the formation of A−B−C trimetallic cubic nano-
frames. This strategy works for various salt precursors, including
AuCl4

−, PdCl4
2−, and PtCl4

2−, and it offers an ability to
exquisitely control the oxidation of metal A and thus the
dissolution rate of the core by leveraging the stoichiometry
involved in the galvanic replacement reaction.
In summary, a site-selected deposition of a different metal on

preformed nanocrystals offers a simple and straightforward route
to the fabrication of core−frame nanocrystals and then
nanoframes with well-defined composition and morphology
after the removal of the core. Despite the remarkable success, it
remains a challenge to push such a batch-based synthesis toward
the production of nanoframes in large quantities. At the current
stage of development, the site-selected deposition requires the
use of a titration protocol to control the local concentration of
the precursor and thus promote heterogeneous nucleation/
growth while eliminating homogeneous nucleation in the
reaction solution.69,71,73,74,76,79 Additionally, there is always
interdiffusion between the atoms in the core and the frame
during the deposition and/or etching process.89 As a result, the
final products are typically made of two or more elements.
2.4. Dealloying of Hollow Alloy Nanocrystals

As demonstrated in Section 2.2, a solid alloy nanocrystal can be
transformed into a nanoframe by selectively dissolving one type
of atom from the side faces through oxidative etching. In this
case, the site selectivity is typically achieved by manipulating the
elemental distributions among the faces, edges, and vertices
when the alloy nanocrystals are synthesized. This requirement
can be relaxed by switching to hollow alloy nanocrystals, in
which the atoms situated on faces are typically more reactive
than those at the edges and vertices due to the presence of a
tensile strain on the face with an ultrathin thickness. Figure 6
illustrates this concept by showing the transformation of a solid
nanocube into an alloy nanobox and then a nanoframe.41,42 In
the first step, a galvanic replacement reaction betweenmetal A in
the nanocube and a precursor to metal B is initiated on the faces

Figure 6. Schematic illustration showing the formation of an A−B alloy nanobox through a galvanic replacement reaction and then a B-based cubic
nanoframe by dealloying metal A from the walls of the A−B nanobox with a chemical etchant. Modified with permission from ref 41. Copyright 2007
American Chemical Society.
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of the nanocube for the creation of pinholes, followed by the
continuous carving of metal A to form a partially hollow
nanostructure and finally a nanobox with pore-free walls
composed of an A−B alloy. In the second step, when metal A
is dealloyed using a chemical etchant, the nanobox evolves into a
cubic nanoframe made of almost pure B. It is worth mentioning
that the precursor used for the galvanic reaction can also serve as
an etchant to facilitate the dealloying process during which the B
atoms will be concomitantly produced and deposited onto the
surface. However, the coupling between the dealloying of metal
A and the deposition of B makes it difficult to precisely control
the wall thickness and porosity of the resultant nanoframe. The
quality of the hollow alloy nanocrystals fabricated using a
galvanic replacement reaction also plays an essential role in
determining the success of such a transformation process. In
most cases, the final nanoframes are comprised of an alloy rather
than a pure metal due to the difficulty in achieving complete
dealloying.
2.5. Nanoframe-Directed Deposition

In principle, nanoframes can directly serve as a template for the
deposition of a different metal to increase the diversity in terms
of composition while improving their mechanical strength and
even enhancing their catalytic and/or plasmonic proper-
ties.45,81−83 This methodology has been applied to the
fabrication of bi- and multimetallic nanoframes with a variety
of compositions. Figure 7 outlines the general concept, which is

essentially the same as the conventional seed-mediated growth
except for the use of hollow and porous nanocrystals as the
seeds. Depending on the growth mode, the deposited metal can
either evolve into a complete shell on the ridges of the
nanoframe or grow into islands or spikes randomly distributed
on the skeleton of the nanoframe.90 The final morphology is
mainly determined by the ratio between the deposition rate
(Rdeposition) and the surface diffusion rate (Rdiffusion) of the
adatoms. In general, faster diffusion favors the formation of a
complete shell, whereas faster deposition favors the island
growth mode. During the synthesis, the precursor for the
deposited metal is typically titrated into the suspension of
nanoframes in order to eliminate homogeneous nucleation.
Again, there should be no galvanic replacement reaction
between the nanoframes and the precursor being added.

Otherwise, the nanoframes could be easily destroyed due to
their ultrathin ridges. A similar protocol should be extendible to
the deposition of other functional materials such as semi-
conductors onto the surface of metal nanoframes.46,47,49 In
practice, this method has not been widely explored in the
literature primarily because of the limitation arising from the
small quantities of nanoframes, as well as their structural fragility.

3. CASE STUDIES

As discussed in Section 2, noble-metal nanoframes can be
fabricated using a number of different methods. In this section,
we focus on some representative examples reported in the
literature to further illustrate the mechanistic understanding
behind each synthesis for tailoring the structures and properties
of nanoframes. The examples are presented in the order of
increasing complexity in terms of elemental composition and
structure.

3.1. Monometallic Nanoframes

By definition, monometallic nanoframes should be comprised of
one element only. The self-assembly approach discussed in
Section 2.1 offers immediate access to such nanostructures by
employing monometallic building blocks.52,53 A face-selected
carving of monometallic nanocrystals through oxidative etching
offers an alternative approach (see Figure 4A). In an early study,
Xia and co-workers demonstrated the fabrication of single-
crystal Pd nanoframes.54 In a typical experiment, the reaction
solution containing Na2PdCl4 (a precursor to Pd), ethylene
glycol (EG, a solvent and a reducing agent), water (a solvent),
O2 dissolved in water (an oxidant), and PVP (a colloidal
stabilizer) was heated in air at 100 °C for 28 h. In the initial stage,
the Na2PdCl4 was reduced by EG to generate Pd atoms.
Although the presence of O2 and Cl− ions in the reaction
solution could oxidize and dissolve the Pd atoms to a certain
extent, the chemical reduction was in dominance. As such, the
as-produced Pd atoms were able to nucleate and grow into
nanocubes (Figure 8A). Afterward, oxidative etching of the Pd
nanocubes became a dominant process because of the depletion
of the precursor. Similar to a corrosion process, the etching
tended to be initiated locally for the generation of small pits on
the faces of the nanocubes (Figure 8B). As the etching was
continued, more Pd atoms were carved out from the interior,
leading to the evolution of the nanocubes into nanoboxes and
then nanocages (Figure 8C). At the end, a combination of
additional etching and Ostwald ripening transformed the
nanocages into nanoframes (Figure 8D).
In a more recent study, Jin and co-workers refined the

protocol and demonstrated the fabrication of Pd octahedral
nanoframes by balancing the etching and deposition rates on
different facets of a Pd octahedral nanocrystal.55 Figure 9A
outlines the typical process that includes the dispersion of
preformed Pd octahedra in N,N-dimethylformamide (DMF)
containing formaldehyde (HCHO, a reducing agent), KI (the
source of I− ions), and PVP (a colloidal stabilizer). Next, the
reaction vessel was vacuumed and then filled with a certain
amount of pure O2 gas to form an etchant based on the O2/I

−

pair, before it was capped and heated at 100 °C for 1 h. On the
one hand, during the heating process, Pd atoms were oxidized
and removed from the octahedron due to the oxidative etching
caused by O2/I

− and dissolved into the solution in the form of
Pd2+ ions. On the other hand, the dissolved Pd2+ ions were
reduced by HCHO to generate Pd atoms for their subsequent
redeposition onto the octahedron. By simply varying the

Figure 7. Schematic illustration showing the use of a preformed metal
nanoframe as a seed for the deposition of another metal. Depending on
the growth mode, the deposited metal can evolve into a complete shell
on the ridges of the nanoframe or discrete islands (or spikes) randomly
distributed on the ridges.
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concentration of HCHO tomaneuver the reducing power, it was
feasible to manipulate the rates of oxidative etching and
deposition, Retching and Rdeposition, on the faces, edges, and
vertices of the octahedron, respectively. When Retching became
larger than Rdeposition on the faces while these two rates were
comparable to each other along the edges and vertices, the Pd
atoms were predominantly carved from the faces rather than the
edges and vertices, leading to the evolution of a solid octahedron
into an octahedral nanoframe. Figure 9 B−D shows high-angle
annular dark-field scanning TEM (HAADF-STEM) images of
the nanostructures obtained at different stages of the synthesis.
To our best knowledge, there are only two examples of truly

monometallic nanoframes, with the first one fabricated for Au
through self-assembly52,53 and the second one synthesized for
Pd by selectively carving out atoms from the faces of solid
nanocrystals.54,55 In principle, the approach based on site-

selected carving should be extendible to other noble metals, but
the extension has not been so straightforward. The difficulty can
be attributed to the inherently greater reactivity for the atoms
located at edges and vertices relative to those situated on faces.
As such, the edges and vertices are more susceptible to etching
than the faces. This order of reactivity can be potentially
reversed by introducing a proper capping agent to selectively
passivate the edges and vertices and/or an etching promotor for
the faces.86−88

3.2. Bi- and Multimetallic Nanoframes

Most of the metal nanoframes reported in the literature contain
two or more elements. Compared with the monometallic
counterpart, bi- and multimetallic systems usually exhibit
enhanced and tunable properties for use in catalysis due to the
charge transfer between different elements and the possible
synergistic effect.7,8,22 Nevertheless, it is not a trivial task to
fabricate bi- and multimetallic nanoframes with precise
compositions, because it requires a dedicated control of alloying
and dealloying over different length scales, as discussed in
Sections 2.2−2.5.

Face-Selected Carving of Bimetallic Nanocrystals. In a
study reported in 2014, Pt3Ni rhombic dodecahedral nano-
frames comprised of 24 ridges (thickness: ∼2 nm) were
successfully fabricated through the face-selected etching of Ni
from the phase-segregated PtNi3 rhombic dodecahedral nano-
crystals by following the mechanism described in Figure 4B.38

Figure 10A shows a schematic diagram that details the
transformation of a PtNi3 solid nanocrystal into a Pt3Ni
nanoframe. First, aqueous H2PtCl6 and aqueous Ni(NO3)2
were mixed in oleylamine (OAm), followed by heating to 160
°C to remove the water and then to 270 °C for 3 min to obtain
PtNi3 rhombic dodecahedral nanocrystals. The PtNi3 nano-
crystals were then collected and redispersed in hexadecane in the
presence of OAm, followed by aging in air at 120 °C for 12 h to
produce Pt3Ni rhombic dodecahedral nanoframes. The
structural and compositional evolutions were studied using
TEM (Figure 10B−D), X-ray diffraction (XRD), and energy-
dispersive X-ray spectroscopy (EDS) throughout the trans-
formation process at regular intervals. Remarkably, the nano-
frames could be dispersed on a commercial carbon support and
subsequently heated in an Ar atmosphere between 370 and 400
°C for the development of a Pt skin on the nanoframe via atomic
diffusion (Figure 10E). It is worth mentioning that the removal

Figure 8. TEM images of the products obtained at different stages of a
one-pot synthesis of Pd nanocrystals that involved reduction and
oxidative etching, as well as Ostwald ripening. The lower left insets
show SEM images of the individual particles taken from each sample,
respectively. The models in the upper right insets illustrate the typical
morphologies of the corresponding samples. Reproduced with
permission from ref 54. Copyright 2005 Wiley-VCH Verlag GmbH
& Co.

Figure 9. (A) Schematic diagram illustrating the transformation of a Pd octahedron into an octahedral nanoframe by controlling the etching and
deposition rates at different sites. (B−D) HAADF-STEM images of the typical nanostructures obtained at different stages of a synthesis. Reproduced
with permission from ref 55. Copyright 2017 American Chemical Society.
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of the core was a spontaneous oxidation process facilitated by
the OAm adsorbed on the surface. The X-ray photoelectron
spectroscopy (XPS) data revealed that the surface of the solid
nanocrystals was composed of elemental Pt and partially
oxidized Ni. The latter species readily formed a soluble complex
with OAm for their easy removal from the nanocrystal. This
process would continue, until the composition had shifted from
PtNi3 to PtNi and finally Pt3Ni, at which point the composition
became stable to discourage further dissolution of Ni in this
manner. The carving occurred at the faces of PtNi3 rhombic
dodecahedra likely because of a higher Pt content at the edges
and vertices (e.g., in the form of stable Pt3Ni). Such a spatial
difference in composition can be attributed to the higher
reactivity associated with the low-coordination atoms at edges
and vertices. The preferential dissolution of Ni from the edges
and vertices would leave behind Pt atoms, increasing the fraction
of Pt atoms at these sites.
In another study, Pt-enriched skeletal nanoframes were

fabricated from Pt@Ni core−shell octahedral nanocrystals
through geometrically induced nanoscale phase segregation.43

Figure 11A shows a schematic of the synthesis. In a standard
protocol, Pt@Ni core−shell nanocrystals were first prepared by
mixing Pt(acac)2, Ni(acac)2 (acac = acetylacetonate), stearic

acid, and octadecylamine (ODA) at 170 °C and continued with
heating for 5 h under 1 atm of CO. It was argued that the CO
molecule could act as both a reducing agent and a surface
stabilizer. In the early stage, Pt-rich Pt−Ni nanocrystals were
formed (Figure 11B) at 25 min into the synthesis. The growth of
the Ni phase was followed, leading to the formation of Pt@Ni
core−shell octahedral nanocrystals by t = 1 h (Figure 11C).
With the increase of reaction time to 5 h, the Pt atoms migrated
to the {110} facets (i.e., edges) of the octahedra through atomic
diffusion, followed by phase segregation to increase the local
concentration of Pt at the edges of the octahedra (Figure 11D).
Afterward, the phase-segregated octahedra were placed in acetic
acid and heated at 100 °C in air for 1 h to preferentially remove
the Ni component, yielding Pt−Ni skeletal nanoframes with a
Pt-enriched surface (Figure 11E). The corresponding elemental
mapping data were shown in the insets of Figure 11B−E,
demonstrating the change of Pt (yellow) and Ni (purple)
distributions during the synthesis.
The roles played by CO molecules during the nanocrystal

growth and phase segregation were systemically investigated in
this study through a number of control experiments. When CO
was replaced with inert Ar, the resultant nanocrystals became
concave octahedra, and there was no surface segregation of Pt to

Figure 10. (A) Schematic illustration of major steps involved in the evolution from a phase-segregated PtNi3 rhombic dodecahedral nanocrystal to a
Pt3Ni nanoframe with Pt-enriched surface through face-selected carving and post-synthesis thermal treatment. (B−E) TEM images of the (B) initial
solid PtNi3 rhombic dodecahedral nanocrystals, (C) PtNi intermediate obtained at t = 6 h, (D) Pt3Ni nanoframes obtained at t = 12 h, and (E) Pt3Ni
nanoframes after the deposition on a carbon support and then thermal treatment to enrich the surface with Pt. The scale bars in all the insets are 5 nm.
Reproduced with permission from ref 38. Copyright 2014 AAAS.

Figure 11. (A) Schematic illustration showing the formation of a Pt@Ni core−shell octahedral nanocrystal with Pt-rich edges and then a Pt−Ni
skeletal nanoframe through the control of phase segregation and post-synthesis etching. (B−D) TEM images of the nanostructures obtained at
different time points into a synthesis: (B) 25 min, (C) 1 h, and (D) 5 h. (E) TEM image of the final Pt−Ni skeletal nanoframes with a Pt-rich surface
after the post-synthesis etching. The insets show the corresponding EDS elemental mapping. Reproduced with permission from ref 43. Copyright 2015
American Chemical Society.
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the edges, suggesting the role of CO as an agent to induce the
directional migration of Pt atoms. Additionally, the morphology
of the phase-segregated Pt@Ni core−shell octahedral nano-
crystals implied the additional role of CO as a stabilizer toward
the Ni(111) surface. The authors further performed density
functional theory (DFT) calculations to elucidate the
mechanistic details responsible for the CO-induced stabiliza-
tion.43 When the Pt atoms diffuse from the bulk Pt−Ni alloy to
the surface, they must overcome a relatively significant energy
barrier in the subsurface region. When the synthesis was
conducted under Ar atmosphere, the energy barrier was too high
to overcome at the reaction temperature used. In contrast, with
the involvement of CO molecules in the reaction for their
adsorption on the surface, DFT calculations suggested that the
energy barrier was significantly reduced. Although there was still
a relatively high energy barrier for the bulk-to-edge diffusion, the
bulk-to-vertex diffusion became a thermodynamically favorable

process, leading to the formation of Pt pillars along the ⟨100⟩
direction. It was argued that the change in internal strain energy
induced by the adsorption of CO on Pt would result in the
directional diffusion of Pt atoms to the {110} facets to form a
connected network along all of the edges, because the {110}
sites were energetically more favorable for placing Pt atoms.

Edge-Selected Deposition on a Template, Followed
by Etching. In a set of studies, it was demonstrated that Au-
based nanoframes could be obtained through the selective
deposition of Au on the edges and vertices of Ag nanocrystals
with various shapes, followed by selective removal of the Ag core
(Figure 5A).39,67−70 In one report, Ag decahedra, icosahedra, or
pentagonal rods were reacted with HAuCl4 in the presence of
ascorbic acid (a reducing agent) and KOH (a reagent to adjust
the reduction power of ascorbic acid), followed by the addition
of H2O2 to selectively remove the Ag core for the generation of
nanoframes with various morphologies (Figure 12B−D).67 This

Figure 12. (A)Models of Au nanoframes in the shapes of decahedron, icosahedron, pentagonal rod, and triangle, respectively. (B−E) TEM images of
the corresponding nanoframes fabricated using a similar protocol that involved edge-selected deposition and wet-chemical etching. (B−D)
Reproduced with permission from ref 67. Copyright 2011 American Chemical Society. (E) Reproduced with permission from ref 68. Copyright 2013
Wiley-VCH Verlag GmbH & Co.

Figure 13. (A) Schematic illustration showing the major steps involved in the formation of an fcc-Ru−Pd cuboctahedral nanoframe by starting with a
Br−-capped Pd nanocube. (B) TEM and (C) HAADF-STEM images, together with the corresponding models, of the cuboctahedral nanoframes
viewed along the ⟨100⟩, ⟨110⟩, ⟨211⟩, and ⟨111⟩ directions, respectively. The scale bars in (C) are 5 nm. Reproduced with permission from ref 75.
Copyright 2019 American Chemical Society.
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study identified several reaction parameters that needed to be
optimized in generating the nanoframes, including the pH value
of the reaction solution, the titration rate of HAuCl4, and the
concentration of the reducing agent. It was argued that the
citrate used in the synthesis of Ag nanocrystals could remain on
the {111} facets, leading to the selective deposition of Au atoms
onto the edges and vertices of the nanocrystals for the formation
of nanoframes. In another report, Ag triangular nanoprisms were
employed as the template for the deposition of Au around the
three edges (Figure 12A,E).68 After the selective removal of Ag
using a mixture of H2O2 and NH4OH, triangular nanoframes
were obtained. Taken together, these studies demonstrate that
the same mechanism could be applied to the synthesis of both 3-
D and 2-D nanoframes. It is worth acknowledging that the
aforementioned nanoframes should be made of Au−Ag alloys
rather than pure Au due to the easy interdiffusion and mixing
between these two elements during the deposition and/or
etching process.
In addition to Au, nanoframes based on other noble metals

such as Ru, Rh, and Pt have also been reported in the literature
by following a similar strategy that involved a combination of
deposition and etching.73−76 While most noble metals are
typically deposited on templates with a matched fcc structure,
Ru offers a particular challenge, because it assumes a hexagonal
close-packing (hcp) structure in its bulk form. As such, a lattice
mismatch tends to increase the interfacial energy and thus
prevent the formation of a continuous Ru layer.74,75 In one
demonstration, it was shown that nanoframes made of fcc Ru−
Pd alloy could be fabricated through a kinetically controlled,
conformal deposition of Ru atoms on the vertices and edges of
Pd-truncated octahedra, followed by a selective removal of the
Pd core via Fe(III)-based wet etching.74

Built upon this success, a recent study explored the
mechanistic details involved in the formation of fcc Ru−Pd
nanoframes using a similar synthetic approach.75 Figure 13A
illustrates the proposed mechanism that combines an oxidative
etching and galvanic replacement for the transformation of a Pd
nanocube into a Pd@Ru core-frame cuboctahedron, followed by
the conversion into a cuboctahedral nanoframe upon the
removal of Pd core. In a typical synthesis, 10 nm Pd nanocubes
were mixed with Ru(acac)3, KBr, and PVP in triethylene glycol
(TEG, a solvent and reducing agent) before the reaction
progressed at 180 °C for 6 h. Next, the solid products were
collected, washed, and redispersed in an aqueous solution of
FeCl3, PVP, KBr, andHCl for the selective removal of Pd. Figure

13B shows a TEM image of the nanoframes featuring ultrathin
ridges. Figure 13C shows HAADF-STEM images captured from
the nanoframes with different orientations relative to the
electron beam. Because of the interdiffusion between Pd and
Ru, the final product should be made of a Ru−Pd alloy
dominated by Ru.
To understand the role of Br− ions in the synthesis, a set of

control experiments was performed. It was found that the Pd
nanocubes became severely truncated when the concentration
of KBr was increased. In contrast, when a low concentration of
KBr was involved in the synthesis, the cubic shape of the Pd
templates was preserved. These results confirmed that the Br−

ions and O2 dissolved in the reaction solution could create an
etchant for the oxidative etching of Pd, leading to truncation at
the vertices of the Pd nanocubes. To support the argument that a
galvanic replacement reaction contributes to the deposition of
Ru on the vertices and edges of Pd cuboctahedra, the
concentration of the Ru(III) precursor was varied. When less
Ru(III) precursor was used compared to the case of a standard
protocol, the Pd nanocubes underwent less truncation. In
comparison, if the concentration of Ru(III) precursor was
increased, the Pd nanocubes could no longer be preserved. It
was argued that the Br− ions would help facilitate the galvanic
replacement between Pd atoms and Ru(III) precursor through
the following reaction:

+ + → ++ − −2Ru 3Pd 12Br 2Ru 3PdBr3
(aq) (s) (aq) (s) 4

2
(aq)

(1)

Interestingly, the size of the Pd nanocubes also affected the
outcome of a synthesis. When the size was reduced from 10 to 6
nm, cuboctahedral nanoframes were still obtained. However,
when the size was increased to 18 nm, the Ru atoms were
deposited in an island-growthmanner, completely different from
the conformal deposition observed in the standard protocol.
Likely, the vertices on a larger Pd nanocube occupy a smaller
area relative to the total surface area, making it possible to
suppress the oxidative etching and the Br−-assisted galvanic
reaction at these sites higher in surface energy. In this case, the
Ru(III) precursor would be primarily reduced by TEG, rather
than Pd, to formRu atoms, followed by their deposition onto the
Pd seeds. When the deposition rate was faster than that of
surface diffusion, the Ru atoms would follow the island-growth
mode.

Figure 14. (A) Schematic illustration showing the formation of a Au−Ag nanobox, Au−Ag nanocage, and then a Au cubic nanoframe via galvanic
replacement and the dealloying of Ag atoms with an aqueous etchant based on Fe(NO3)3 or NH4OH. (B−E) TEM images of (B) Ag nanocubes; (C)
Au−Ag nanoboxes obtained by reacting the nanocubes with aqueous HAuCl4; as well as (D) Au−Ag nanocages and (E) Au nanoframes obtained by
etching the nanoboxes with different amounts of aqueous Fe(NO3)3. The insets in (B−E) are the corresponding SEM images, with the scale bars being
50 nm. Reproduced with permission from ref 41. Copyright 2007 American Chemical Society.
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Dealloying of Hollow Nanocrystals. As discussed in
Section 2.4 and Figure 6A, the first synthesis of bimetallic
nanoframes was demonstrated using the galvanic replacement
reaction between AuCl4

− and a sacrificial template based on Ag,
together with the involvement of a dealloying process.41 Figure
14A shows a schematic diagram to illustrate the transformation
of a Ag nanocube into a Au−Ag cubic nanoframe through a two-
step process that involves galvanic replacement and dealloying.
In the first step, galvanic replacement was initiated by mixing 50
nm Ag nanocubes (Figure 14B) with aqueous HAuCl4, leading
to the production of one Au atom at the expense of three Ag
atoms, which were oxidized into Ag+ ions for their dissolution
into the solution phase. The reaction can be described as follows.

+ → + +− + −3Ag AuCl Au 3Ag 4Cl(s) 4 (aq) (s) (aq) (aq) (2)

As the reaction proceeded, the Ag nanocubes were trans-
formed into nanoboxes (Figure 14C), whose walls were
composed of a Au−Ag alloy due to the interdiffusion between
the two elements. In the second step, the nanoboxes were
treated with a wet etchant such as aqueous Fe(NO3)3 or
NH4OH to selectively oxidize and dissolve Ag atoms but not Au
atoms. As more Ag atoms were dissolved from the walls, the
nanoboxes were transformed into nanocages decorated with
pores (Figure 14D) and, finally, into cubic nanoframes mainly
comprised of Au (Figure 14E). The ridge thickness of the
resultant nanoframes could be reduced to ∼5 nm when the
amount of HAuCl4 used in the galvanic step was controlled and
with the selection of a proper etchant for the dealloying step.41,42

Galvanic Replacement. The galvanic replacement reaction
between a metal template and a precursor to another metal can
be directly employed to fabricate bi- and multimetallic
nanoframes.88 The success relies on tightly controlling the
spatial confinement of the oxidation and reduction reactions to
different sites on the surface of a template nanocrystal. In a
recent study, we reported the production of Ag−Au−Pt
trimetallic cubic nanoframes by leveraging the galvanic
replacement reaction between Ag@Ag−Au core−frame nano-
cubes and H2PtCl6.

79 Figure 15A shows a schematic diagram of
the synthesis. The template consists of a cubic Ag core with side
faces framed by a Au−Ag alloy at the edges and vertices. As such,
the Ag-dominated side faces are well-separated from the alloy
regions located at edges and vertices. Because Ag is more prone
to oxidation relative to the Ag−Au alloy, Ag atoms will be
preferentially carved out from the faces upon the introduction of
a precursor that can engage in a galvanic replacement reaction
with Ag.
In a typical process, the Ag@Ag−Au core−frame nanocubes

were prepared using a protocol that involved Ag nanocubes,
ascorbic acid (a reducing agent), NaOH (a pH modifier), and
cetyltrimethylammonium chloride (CTAC, a colloidal stabil-
izer) in an aqueous medium. The as-obtained particles were
collected and then redispersed in an aqueous solution
containing CTAC, followed by the dropwise titration of aqueous
H2PtCl6. Initially, when Ag atoms were selectively oxidized from
the center of each side face of the nanocube to form a cavity, the
Pt(IV) precursor would be reduced to Pt atoms, followed by
their deposition at edges and vertices for the generation of Ag@
Ag−Au−Pt core−frame nanocubes. Because the Pt atoms could

Figure 15. (A) Schematic illustration showing the formation of a Ag−Au−Pt cubic nanoframe via the galvanic replacement reaction between a Ag@
Ag−Au core−frame nanocube and H2PtCl6. (B) SEM image of the resultant nanoframes and (C) HAADF-STEM image of an individual nanoframe.
The scale bar in the inset of (B) is 40 nm. (D) HAADF-STEM image of the same nanoframe in (C) but with the raster angle rotated by 45° and the
corresponding EDS line-scan profiles of Ag, Au, and Pt, respectively. Reproduced with permission from ref 79. Copyright 2019 American Chemical
Society.
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interdiffuse throughout the structure to form a thin trimetallic
alloy at the sites surrounding, but not within, the cavity, the
oxidation of Ag would be confined to the cavity at the center of
each side face. As the reaction progressed, the cavities would
grow in an orthogonal manner, intersecting each other at the
center of the nanocube to eventually generate Ag−Au−Pt cubic
nanoframes (Figure 15B,C). According to the EDS line-scan
profiles of Ag, Au, and Pt (Figure 15D) for a cubic nanoframe,
the center was devoid of any signal due to the hollow structure,

while the region surrounding it consisted of all three elements.
The deposition of the third metal via the galvanic reaction was
proven to be crucial to the successful transformation of the
template into the nanoframe structure by a control experiment,
in which H2PtCl6 was replaced with Fe(NO3)3 as an etchant.
Because Fe(III) was able to oxidize Ag without generating a
metal atom in the process, it could not drill a hole through the
center but rather delocalize oxidation over the entire surface of
the template. This result confirmed that the creation of an alloy

Figure 16. (A) Schematic illustration showing the transformation of a Au nanocube into a Au@Pt core−frame nanocube, and then a Pt cubic
nanoframe after the removal of Au core, followed the deposition of Pt for the generation of a Pt@Au cubic nanoframe. (B) SEM image of the final
product of Pt@Au nanoframes. Modified with permission from ref 82. Copyright 2015 Wiley-VCH Verlag GmbH & Co.

Figure 17. (A) Schematic illustration showing the formation of Au−Ag octahedral nanoframes via the galvanic replacement reaction between Ag
octahedral nanocrystals and HAuCl4 precursor in a one-pot synthesis. (B) SEM and (C) TEM images of Au−Ag octahedral nanoframes. (D) EDS
elemental mapping of a Au−Ag octahedral nanoframe. (E) HRTEM image showing the atomic details on one of the edges, displaying an edge
dislocation, high-index surface atoms, point defects, and tilt grain boundaries. (F) HRTEM image detailing one of the vertices, revealing stepped
surface atoms, screw dislocations, and twist grain boundaries. Reproduced with permission from ref 34. Copyright 2019 Nature Publishing Group.
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region around the cavity helped confine the carving of Ag to the
center of each side face.
By leveraging the stoichiometry and reduction potential of the

precursor, we demonstrated that cubic nanoframes with
different sizes and compositions could be obtained by simply
replacing H2PtCl6 with another precursor such as K2PtCl4,
Na2PdCl4, or HAuCl4 in a standard protocol.79 For example,
when H2PtCl6 was replaced by K2PtCl4, Ag−Au−Pt nanoframes
with smaller holes were obtained, because each Pt(II) could only
oxidize two Ag atoms during the galvanic reaction. Interestingly,
when Na2PdCl4 was used, the Ag−Au−Pd nanoframes with a
large size for the holes were obtained owing to the increase in the
extent of galvanic replacement. We could also use the same
procedure to fabricate Ag−Au bimetallic nanoframes by
switching to HAuCl4. Collectively, our results demonstrated
that the galvanic replacement reaction between Ag@Ag−Au
nanocubes and a precursor could be employed to conveniently
produce bi- and multimetallic nanoframes with different
thicknesses for the ridges.
Nanoframe-Directed Deposition. Figure 16A shows an

approach that utilizes the concept of nanoframe-directed
deposition for the transformation of a Au nanocube into a
Pt@Au nanoframe.82 In the first step, a thin layer of Ag is coated
on the surface of a Au nanocube, making it possible to deposit Pt
on the edges and vertices through the galvanic replacement
reaction between Ag and Pt(IV) precursor. In the second step,
upon the introduction of Au(III) ions as an etchant, the inner Au
core is selectively oxidized and then dissolved, in the form of
Au(I) ions, into the reaction solution, leading to the formation
of a Pt nanoframe. Finally, when a reducing agent is introduced,
the Au(I) ions are reduced to generate Au atoms, followed by
their redeposition onto the skeleton of the Pt nanoframe for the
generation of a Pt@Au nanoframe. Figure 16B shows the
scanning electron microscopy (SEM) image of the final product.
A similar approach has also been demonstrated to transform Au
nanoplates into Pt@Au nanorings. It has been argued that the
use of a Pt nanoframe as a template for the deposition of Au
could prevent the resultant nanostructure from deformation.
Because these bimetallic nanoframes embrace both the
plasmonic properties of Au and the catalytic properties of Pt,

they represent a new class of materials for potential applications
in sensing, catalysis, and biomedical research.45,81,82

One-Pot Synthesis. Most of the syntheses of bi- and
multimetallic nanoframes discussed so far involve multiple,
separate steps, making it difficult to scale them up for the
production in large quantities. This problem can be addressed by
switching to a one-pot synthesis, in which solid nanocrystals are
formed and subsequently transformed into nanoframes in the
same reaction container. In general, the ingredients for such a
synthesis should include metal precursors, reducing agent(s), a
colloidal stabilizer, a surface capping agent, coordination
ligand(s), as well as a chemical etchant.34−37,56,62,77

In one demonstration, Au−Ag octahedral nanoframes rich in
crystallographic defects were prepared in a one-pot synthesis by
leveraging a galvanic replacement reaction.34 Figure 17A shows
a schematic illustration of the synthesis, where cetyltrimethy-
lammonium bromide (CTAB, a structure-directing and a
complexing agent) was dissolved in ODA (a solvent and a
reducing agent) and kept under a N2 environment at 125 °C for
1 h, and then AgNO3 (a metal precursor) and CuCl (a
coreducing agent) were added, followed by stirring for 36 min to
generate Ag octahedral nanocrystals. Afterward, HAuCl4 (a
metal precursor) was rapidly injected to initiate a galvanic
replacement reaction with the just-formed Ag octahedra, leading
to the formation of Au−Ag octahedral nanoframes. In this
process, the Br− derived from CTAB and the Au(I) arising from
the reduction of Au(III) would form a Au(I)−Br complex that
has a lower redox potential, resulting in the controlled oxidation
of Ag atoms by a slower galvanic replacement reaction. The Au
atoms derived from the galvanic reaction would be initially
deposited on the edges and vertices of the Ag octahedra due to
the high reactivity of low-coordination atoms, while the capping
of faces by ODA and CTAB would retard the deposition of Au.
With enough Au atoms deposited at the edges and vertices, the
underlying Ag atoms would be passivated against further
oxidation, directing the galvanic reaction to the faces covered
by {111} facets for the generation of cavities. While the Au
would continue to grow at the edges and vertices, the released
Ag(I) could remain in the solution by complexing with ODA
and CTAB, further enlarging the cavities. At the same time, the
high interdiffusion rate between Ag and Au atoms at the elevated

Figure 18. (A) Schematic illustration showing the formation of Pt−Cu concave octopod nanoframes using a one-pot synthesis. (B) Schematic
illustration of the major steps involved in the formation of Pt−Cu fivefold-twinned decahedral nanoframes using a one-pot method. (A) Reproduced
with permission from ref 35. Copyright 2017 American Chemical Society. (B) Reproduced with permission from ref 36. Copyright 2016 Wiley-VCH
Verlag GmbH & Co.
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reaction temperature would promote the formation of a Au−Ag
alloy at the edges and vertices of the nanocrystals. At the end, the
Ag core could be fully removed by the galvanic reaction, leaving
behind Au−Ag octahedral nanoframes.
Figure 17B−D shows SEM images, TEM images, and an

elemental mapping, respectively, of the resultant Au−Ag
octahedral nanoframes with the Au-to-Ag atomic ratio close to
3:1. High-resolution electron microscopy analyses revealed the
lattice details of the Au−Ag octahedral nanoframes. Figure 17E
shows a high-resolution TEM (HRTEM) image of the
nanoframe viewed along the ⟨111⟩ zone axis, indicating that
its surface was full of zigzag atomic steps, with the high-index
facets denoted by different colors, as well as an edge dislocation
with a tilt angle of 8.14° (inset). Additionally, a variety of other
defects including a screw dislocation, a twist grain boundary, and
stepped atoms were also observed, as shown in Figure 17F. To
further support these findings, the samples were characterized by
XRD, XPS, and X-ray absorption near-edge structure (XANES),
respectively. It was found that the XRD peaks of the nanoframes
were broadened as a function of the reaction time after adding
HAuCl4, suggesting a decrease in crystallinity for the nanoframe
structure. Also, the XPS results showed an upshift for the Au 4f
peaks, indicating the depletion of Au d-orbitals upon the
formation of nanoframes. Finally, the XANES data showed that
the coordination number of Au atoms in the nanoframes was
decreased from 12 (bulk Au) to 9.4, and the bond length
decreased slightly from 2.86 to 2.84 Å, suggesting a lattice
contraction due to the presence of crystal defects.
Figure 18A shows the second example of a one-pot synthesis

for the fabrication of PtCu2 concave octopod nanoframes by
balancing the rates of etching and growth.35 In a typical
synthesis, Pt(acac)2 (a metal precursor) and Cu(acac)2 (a metal
precursor) powders were introduced into a mixture of OAm (a
reducing agent) and CTAB (a colloidal stabilizer and the source

of Br−) in an autoclave reactor and then heated at 170 °C for 24
h. In the nucleation stage, when the O2/Br

− etching pair was
present in the reaction solution, Pt and Cu precursors were
reduced by OAm for the formation of Pt−Cu cuboctahedral
seeds enclosed by a mix of {111} and {100} facets, a
thermodynamically favored shape. In the growth stage, Pt
atoms derived from the reduction of Pt(acac)2 were
preferentially deposited on the {111} facets of Pt−Cu
cuboctahedra due to the selective binding of Br− to the {100}
facets. When the rates of reduction and deposition were faster
than those of etching and surface diffusion, the Pt−Cu
cuboctahedra were transformed into concave nanocubes. As
the Pt precursor in the reaction solution was gradually consumed
over time, oxidative etching by Br−/O2 along {100} facets
eventually prevailed over the deposition of Pt and Cu atoms on
the {111} facets, leading to the transformation of solid
nanocrystals into the concave octopod nanoframes.
Figure 18B shows a third example of a one-pot synthesis for

the production of Pt−Cu fivefold-twinned decahedral nano-
frames by coupling coreduction with a galvanic replacement
reaction.36 In a typical synthesis, H2PtCl6·6H2O (a metal
precursor), CuCl2·2H2O (a metal precursor), and ethanolamine
(ETA, a reducing agent) were successively introduced into a
solution containing glycine (a complexing agent), NaI (a
complexing agent), and PVP (a colloidal stabilizer). Themixture
was then loaded into an autoclave reactor and heated at 160 °C
for 16 h. Because of the involvement of glycine in the reaction
solution, the reduction rate of Cu(II) precursor by ETA was
faster than that of the Pt(IV) species, leading to the formation of
Cu decahedral nanocrystals. Next, the galvanic replacement
reaction between Pt(IV) and Cu occurred on the {111} facets of
the decahedral nanocrystals. Concurrently, the dissolved Cu(II)
and the remaining Pt(IV) were coreduced by ETA for the
production of Cu and Pt atoms, followed by their codeposition

Figure 19. (A) Schematic illustration showing the formation of Pt−Cu−Mn decahedral nanoframes using a one-pot synthesis. (B, C) TEM images of
the decahedral nanoframes. (D−F)HRTEM images taken from the yellow dotted squares 1, 2, and 3 in (C), respectively. (G) EDS elemental mapping
of the decahedral nanoframes. Reproduced with permission from ref 37. Copyright 2020 Wiley-VCH Verlag GmbH & Co.
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on the edges and ridges of the decahedral templates. Because the
dissolution and deposition occurred on different sites, Pt−Cu
decahedral nanoframes were obtained. There are also similar
reports in the literature on the fabrication of Pt−Cu and Rh−Cu
octahedral nanoframes, as well as Ir−Cu rhombic dodecahedral
nanoframes.56,62,77

In addition to the fabrication of bimetallic nanoframes, the
one-pot approach has also been successfully extended to the
synthesis of trimetallic nanoframes. Figure 19A illustrates the
formation of Pt−Cu−Mn decahedral nanoframes.37 In a typical
experiment, an aqueous solution containing PVP (a colloidal
stabilizer), NaI (a complexing agent), and threonine (a reducing
agent) was prepared, followed by the consecutive addition of
H2PtCl6 (a metal precursor), Cu(NO3)2 (a metal precursor),
MnCl2 (a metal precursor), and ETA (a reducing agent) under
stirring and sonication. The solution was then sealed in an
autoclave reactor and heated at 160 °C. Samples were collected
at different time points to monitor the reaction. At t = 8 h into
the synthesis, Cu-rich decahedral nanocrystals were obtained,
together with an atomic ratio of Pt/Cu/Mn = 13:85:3. This
result suggested that the I− ions strongly coordinated with
Pt(IV) ions to decrease its reduction potential, allowing the
reduction of Cu(II) to take place first and thus the formation of a
Cu-rich decahedral nanocrystal. As the reaction time progressed
to t = 12 h, the decahedral nanocrystals were gradually enlarged.
The atomic ratio changed to Pt/Cu/Mn = 28:67:5, revealing
that the content of Cu decreased while those of Pt and Mn were
increased. Finally, at t = 16 h, well-defined decahedral
nanoframes with very thin ridges were obtained. The atomic
ratio was changed to Pt/Cu/Mn = 36:59:6, again indicating the

relative increase in Pt andMn over that of Cu. Taken together, it
could be concluded that Cu-rich decahedral nanocrystals were
first formed through the reduction of Cu(II) and thus nucleation
and growth of Cu. Next, the galvanic replacement reaction
between surface Cu atoms and the Pt(IV) precursor resulted in
the formation of Pt atoms for their deposition at the high-energy
sites such as ridges and edges of decahedra. Concurrently, the
Mn(II) precursor would be reduced by the reducing agent to
form Mn atoms for their deposition on the nanoframes
throughout the synthesis, giving rise to its slight increase in
content.
Figure 19B shows a TEM image of the Pt−Cu−Mn

decahedral nanoframes with an average thickness of ∼1.8 nm
for the ridges. Figure 19C,D shows the HRTEM image of one
nanoframe and the corresponding fast Fourier transform pattern
over the twin boundary region, respectively, both of which
indicate the presence of a fivefold twin boundary at the vertex of
the decahedral nanoframe. Also, the ridges of the nanoframe
contained several twin boundaries (Figure 19E), while the edges
possessed many atomic steps (Figure 19F), revealing the
abundance of defect sites on the surface of the nanoframe.
Moreover, EDS elemental mapping indicated the uniform
distribution of Pt, Cu, and Mn across the Pt−Cu−Mn
nanoframe (Figure 19G). To verify the presence of the
compressive strain and evaluate its effects on the properties of
the nanoframes, Pt−Cu−Mn pentagonal nanoframes with
relatively less strain were prepared using the same protocol
except for reducing the amount of threonine involved.
Aberration-corrected scanning transmission electron micros-
copy (STEM) was then used to accurately measure the

Figure 20. (A) Schematic illustration showing the one-pot synthesis of Cu@Ir@Ni@Ir triple-shelled nanocrystals with a rhombic dodecahedral
morphology by leveraging the difference in kinetics for various precursors, followed by the formation of Ir−Ni−Cu double-layered nanoframes via the
wet etching of Cu and Ni. (B) TEM image of final product. (C) HAADF-STEM image and the corresponding elemental mapping analysis of a double-
layered nanoframe. (D) Elemental mapping analysis and (E) line profile data of a double-layered nanoframe. The colors in (D) correspond to Ir
(green), Ni (red), and Cu (blue), respectively. Reproduced with permission from ref 44. Copyright 2017 American Chemical Society.
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interplanar spacing of (111) planes in the ridges of the two
different samples of Pt−Cu−Mn nanoframes. The results
indicated that the interplanar spacing in the ridge of decahedral
nanoframes exhibited an obvious compression compared with
that of pentagonal nanoframes, resulting in ∼1.5% compressive
strain. Also, the XRD patterns recorded from the decahedral
nanoframes, compared to that of pentagonal nanoframes,
showed a positive shift that could also be attributed to the
compressive strain. Geometric phase analysis revealed the
formation of a distinct compression region on the decahedral
nanoframes but not on the pentagonal nanoframes. Moreover,
surface valence-band photoemission spectroscopy showed that
the d-band center of the decahedral nanoframes was located at
−2.32 eV, significantly downshifted from that (−2.04 eV) of the
pentagonal nanoframes, which indicated the presence of
compressive strain. Altogether, these analyses confirmed that
the decahedral nanoframes had higher levels of compressive
strain.
Although a one-pot synthesis greatly reduces the processing

complexity for the fabrication of nanoframes in large
quantities,34−37,56,62,77 it remains challenging to perform
rational syntheses of various nanoframes with good quality
and high throughput. Part of the difficulty arises from the
uncertainty in choosing suitable reagents for a specific synthesis
to precisely control the nucleation, growth, and hollowing out
processes of metal nanocrystals. In some cases, one reactant may
play multiple roles in the synthesis. For example, halide ions
(e.g., Cl−, Br−, and I−) can serve as a coordination ligand to
complex with the precursor ions. As such, they could make an

impact on the reduction kinetics at the nucleation stage for
controlling the internal structure of the seeds, including single-
crystal, singly twinned, multiply twinned, and stacking-fault
lined.6,19 Furthermore, they can work as a capping agent for
maneuvering the surface free energies of various types of facets
on the seeds for directing their growth into nanocrystals with
different shapes.87 Finally, a combination of O2/halide pair can
also act as a powerful etchant to preferentially carve atoms from
the faces of solid nanocrystals for their transformation into
nanoframes.20,88

3.3. Nanoframes with Complex Morphologies and
Nanoframe-Based Heterostructures

The discussion thus far was mostly restricted to the nanoframes
that assume the contour of a simple polyhedron to help elucidate
the design principles and mechanistic insights. Nevertheless,
there are also major efforts in developing exotic nanoframe
architectures and superstructures with advanced properties.
These successes rely on creative engineering, together with
process optimization, by following the aforementioned design
principles.

Nanoframes with Complex Morphologies. In one case
study, double-layered nanoframes (i.e., nanoframe@
nanoframe) made of Ir, Ni, and Cu were produced using a
one-pot synthesis.44 When the difference in kinetics was
leveraged among various precursors, Figure 20A shows a
proposed pathway to synthesize Cu@Ir@Ni@Ir core−shell
nanocrystals with a rhombic dodecahedral shape, followed by
the transformation into Ir-rich Ir−Ni−Cu double-layered
nanoframes via a wet etching of Ni and Cu. In a standard

Figure 21. (A) Schematic illustration showing the formation of a Pt−Au@Au 2-D double-layered nanoframe from a Au nanoplate by controlling a
series of heterogeneous growth and selective etching processes in a step-by-stepmanner. (B−E) SEM images of the resultant Pt−Au 2-D single-layered
nanoframes with a variety of shapes after step 2: (B) triangle, (C) ring, (D) hexagon, and (E) tripod. (F−I) SEM images of the resultant 2-D double-
layered Pt−Au@Au nanoframes with a variety of shapes after step 6: (F) triangle, (G) ring, (H) hexagon, and (I) tripod. The insets in (B−I) are the
corresponding models. Reproduced with permission from ref 45. Copyright 2019 Nature Publishing Group.
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protocol, a mixture of Ir(acac)3, IrCl3, Ni(acac)2, Cu(acac)2
CTAC, 1,2-hexadecanediol, and OAm was prepared and placed
in a Schlenk tube under vacuum at 60 °C for 5 min and then
heated to 260 °C. Initially, the Cu(acac)2 precursor was first
reduced to Cu atoms for their nucleation and growth, together
with the deposition of small amounts of Ir and Ni, for the
generation of a nanocrystal seed consisting of a Cu-rich core and
IrNiCu alloy phase (step 1). Next, the seed evolved into a
rhombic dodecahedral nanocrystal bearing Ir-rich edges due to
the reduction of the Ir(acac)3 precursor (step 2). As the reaction
progressed, a larger rhombic dodecahedral nanocrystal with a
Ni-rich layer on the surface was obtained owing to the reduction
of Ni(acac)2 and the accompanied growth (step 3). Finally, the
unreacted IrCl3 precursor was reduced to form Ir atoms for their
growth on the Ni-rich surface, resulting in the formation of a
Cu@Ir@Ni@Ir triple-shelled nanocrystal (step 4). After the
removal of Cu and Ni by etching with HCl solution, a Ir−Ni−
Cu double-layered nanoframe with an average composition of
Ir71Ni24Cu5 was formed (step 5). Figure 20B shows a TEM
image of the final products, together with an elemental mapping
analysis (Figure 20C,D). Note that the double-layered
structures showed a slight difference between the compositions
of the inner and outer nanoframes upon the removal of Ni and
Cu, suggesting that interlayer diffusion might have taken place
between the respective layers during the etching process.
In another case study, 2-D double-layered metal nanoframes

were synthesized when a series of heterogeneous growth and
selective etching processes were controlled in a step-by-step
manner.45 As one example, triangular Au nanoplates were
transformed into double-layered nanoframes. Figure 21A shows
a representative pathway that relies on rim-on deposition
exclusively at the peripheries, selective etching (with the more
reactive metal being removed by oxidation), eccentric growth
(selective deposition at sites with the least lattice mismatch),
and concentric growth (homogeneous deposition around the
nanoframe). In step 1, the Au nanoplate seeds were initially
mixed with CTAB, NaI, AgNO3, and ascorbic acid in an aqueous
solution to generate a thin layer of Ag at the high-energy vertices
and edges of the Au nanoplates. Next, HCl and H2PtCl6 were
added sequentially into the reaction solution for the generation
of a layer of Pt at the vertices and edges of the Ag-coated Au
nanoplates. It was argued that the Ag acted as a bridging layer to

minimize the lattice mismatch between Au and Pt. In step 2, the
as-obtained Au@Pt nanoplates were mixed with aqueous
HAuCl4 to initiate the etching process in the presence of
CTAB and NaI, leading to the formation of Pt−Au nanoframes.
Note that the EDS elemental analysis revealed some residual Au
in the nanoframes, suggesting that Au and Pt formed an alloy at
the interface. The oxidative etching between the Au atoms and
AuCl4

− ions in the presence of excess Cl− ions can be described
as follows.

+ + →− − −AuCl 2Au 2Cl 3AuCl4 (aq) (s) (aq) 2 (aq) (3)

In step 3, Pt−Au nanoframes were redispersed in an aqueous
solution containing CTAB and NaI, followed by the sequential
addition of HAuCl4 and then ascorbic acid to generate Au@Pt−
Au nanoframes through an eccentric growth. In steps 4 and 5,
the Au@Pt−Au nanoframes were used as the templates to
perform another round of rim-on deposition of Pt and selective
etching of Au. Between these steps, the Au@Pt−Au nanoframes
were transformed into Pt−Au@Au@Pt−Au nanoframes and
then Pt−Au double-layered nanoframes. Finally, in step 6, the
as-obtained Pt−Au double-layered nanoframes were added into
an aqueous solution of CTAB and NaI, followed by the
sequential addition of AgNO3, HAuCl4, and ascorbic acid,
leading to the generation of Pt−Au@Au double-layered
nanoframes via a concentric growth. Remarkably, these
synthetic steps could be extended to the circular disks, hexagonal
plates, or tripods for their transformation into the corresponding
single- or double-layered nanoframes. Figure 21B−E,F−I shows,
respectively, TEM images of the 2-D Pt−Au single-layered
nanoframes and the Pt−Au@Au double-layered nanoframes
with different shapes.

Heterostructured Nanoframes. Up to this point, we have
focused on metal nanoframes with different compositions,
structures, and morphologies. In recent years, there is a strong
interest in integrating metal nanoframes with other functional
materials for achieving high catalytic activity and/or selectiv-
ity.46−49 To this end, several nanoframe@semiconductor hybrid
nanostructures, such as Au@Cu2O nanoframes, AgCl@Ag
nanoframes, and Au-nanoprism/reduced graphene oxide/Pt-
nanoframes, were successfully fabricated for photocatalytic
applications, as discussed later in Section 4.3.46−48 Additionally,
Pt−Ni nanoframe@MOF (MOF = metal−organic framework)

Figure 22. (A) Schematic illustration of the major steps involved in the formation of a Pt−Ni nanoframe@MOF hybrid nanostructure. (B−E)
Representative TEM images of the (B) initial solid Pt−Ni truncated octahedral nanocrystals with Pt-rich edges at t = 0 h, (C) intermediate at t = 0.5 h,
(D) intermediate at t = 4 h, and (E) the final Pt−Ni nanoframe@MOF hybrid nanostructures at t = 12 h, respectively. The scale bars in all insets are 10
nm. Reproduced with permission from ref 49. Copyright 2015 Nature Publishing Group.
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hybrid nanostructures were recently prepared through in situ
etching and growth.49 Figure 22A shows a schematic diagram of
this synthesis. In a standard protocol, Pt(acac)2, Ni(acac)2, PVP,
and aniline were dissolved in benzyl alcohol, sealed in an
autoclave reactor, and then allowed to react at 180 °C for 12 h to
produce Pt−Ni truncated octahedral nanocrystals with Ni-rich
faces and Pt-rich edges (Figure 22B). After they were washed,
the nanocrystals were redispersed in DMF, followed by the
addition of dihydroxyterephthalic acid, and themixture was then
sealed in another autoclave reactor. After reaction at 110 °C for
another 12 h, Pt−Ni nanoframe@MOF hybrid nanostructures
were obtained. Figure 22C shows the intermediate structure
obtained at t = 0.5 h, indicating that a thin MOF shell with a
weaker contrast had developed on the surface of the nanocryst-
als. At t = 4 h, the MOF shell grew into a much thicker layer,
while the solid nanocrystal had evolved into a hollow structure,
as shown in Figure 22D. Finally, at t = 12 h, Figure 22E confirms
the formation of Pt−Ni nanoframe@MOF hybrid nanostruc-
tures. In this synthesis, the involvement of dihydroxytereph-
thalic acid, together with Ni2+, led to the generation of a well-
defined MOF of Ni2dobdc (where dobdc4− refers to 2,5-
dioxidoterephthalate), also known as Ni-MOF-74. The
simultaneous etching of Ni and the growth of Ni-MOF-74
could be described as follows.

+ + →− −O 2H O 4e 4OH2(g) 2 (l) (aq) (4)

→ ++ −2Ni 2Ni 4e(s)
2

(aq) (5)

+ →+ −2Ni dobdc Ni dobdc2
(aq)

4
(aq) 2 (s) (6)

Eqs 4 and 5 were half reactions that together described the
redox reaction between Ni and O2, that is, Ni + O2 + 2H2O →
2Ni2+ + 4OH−, for carving Ni atoms from Pt−Ni truncated
octahedra. Upon the removal of Ni atoms, the remaining Pt
would be insufficient to form a shell on its own. On the one hand,
it has been argued that the Pt atoms would segregate to the edges
to form a nanoframe structure. On the other hand, the Ni2+ ions
generated from oxidation could then be captured by the organic
linker (dobdc4−) in the vicinity to form the MOF in situ, as
described by eq 6. Because the MOF would continue to
precipitate out after consuming Ni2+ ions, the reaction
equilibrium (eq 5) would shift toward the generation of more
Ni2+, accelerating the etching rate of Ni to promote the
formation of Pt−Ni nanoframes. XRD patterns collected from
the sample showed a set of peaks that were in agreement with
previously published data on pure Ni-MOF-74, confirming its
presence in the product. Additionally, the contrast in HAADF-
STEM images, as well as the EDS elemental mapping images,
showed Pt-rich nanoframes encapsulated by the Ni-dominated
MOF, further supporting the formation of Pt−Ni nanoframe@
MOF hybrid nanostructures. The unique frame-within-frame
hybrid nanostructures could enhance the catalytic activity and
selectivity toward the hydrogenation reaction owing to the
synergistic effect between metal nanoframes and MOF, as
discussed later in Section 4.2.2.

4. CATALYTIC APPLICATIONS
The open structure and high specific surface area intrinsic to
nanoframes make them immediately useful in an array of
catalytic applications. The catalytic performance of nanoframes
can be further augmented by controlling their compositions and
the spatial distributions of various elements (e.g., alloyed vs

phase-segregated),38,43 manipulating the crystal phase (e.g., fcc
vs hcp),74,75 engineering surface structure at the atomic scale
(e.g., crystallographic defect, high-index facet, and strained
lattice),34−37 and/or integrating with other functional materials
(e.g., nanoframe@MOF hybrid).46−49 It is well-documented
that metal nanoframes typically exhibit much better catalytic
performance than their solid counterparts or other types of
hollow nanocrystals, while helping minimize the use of rare,
expensive precious metals. In this section, we provide both a
technical discussion and an updated understanding of the
structure−property relationship in the context of electro-
catalysis, thermal catalysis, and photocatalysis, respectively.

4.1. Electrocatalysis

Electrocatalysis refers to the heterogeneous catalysis of a
chemical reaction under the influence of an externally applied
potential.7,9,13,18,19,22,23,91−96 The catalytic material is typically
deposited on the electrode to reduce the reaction overpotential
by decreasing the activation energy barrier. At the current stage
of development, most of the energy required for human activities
comes from fossil fuels such as coal, oil, and natural gas, but none
of these fuels seems to be sustainable. As such, energy
production from renewable sources has been recognized as an
important step toward the reduction of our future dependence
on fossil fuels. For example, electrocatalytic water splitting for
the direct production of hydrogen as a sustainable source for fuel
cells offers an efficient and reliable platform for converting
chemical energy to electricity with essentially zero emis-
sion.91−94 In this section, we showcase recent progress in
utilizing metal nanoframes as electrocatalysts toward reactions
responsible for both fuel cells and water splitting.

4.1.1. Fuel Cells. Fuel cells are among the most promising
energy solutions because of their high efficiency, zero carbon
emission, quiet operation, and unlimited or renewable sources of
the fuels.91−94 For many decades, fuel cells have received great
interest from both academia and industry, with a variety of target
applications ranging from miniature power supplies to
automobiles and large-scale heat and power plants. Fuel cells
can be classified primarily according to the types of electrolytes
involved, including proton-exchange membrane fuel cell
(PEMFC), alkaline fuel cell (AFC), phosphoric acid fuel cell
(PAFC), molten carbonate fuel cell (MCFC), and solid oxide
fuel cell (SOFC). They all consist of a cathode, an anode, and an
electrolyte that allows ions to move between the two electrodes.
Among those, PEMFC utilizes a polymer electrolyte membrane
(e.g., Nafion) to conduct protons for the ion-exchange purpose.
It has attracted the most attention because of its low operating
temperature, high power density, quick starting, and compact
stack. In particular, PEMFC mainly consumes hydrogen,
methanol, or formic acid as the fuel to produce electricity,
with the byproducts including heat, H2O, and CO2 only. During
the operation of a PEMFC, the fuel is oxidized at the anode to
produce electrons and protons, while oxygen is reduced at the
cathode.
Despite continued research and investment, most of the fuel

cells based upon hydrogen, methanol, or formic acid have not
yet made a broad impact on global power generation due to the
combined issues related to performance, durability, and cost.
One possibility to achieve the maximum performance and
durability at a minimum cost is to design and fabricate the most
efficient electrocatalysts. To this end, the platinum-group metals
(PGMs, including Pt, Pd, Rh, Ru, and Ir) have been considered
the prime choice of catalytic materials for the practical use of
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PEMFCs on an industrial scale owing to their distinctive merits
such as superb activity, high resistance to chemical attack, robust
mechanical strength, and excellent high-temperature character-
istics.9,18,22,23 However, as limited by the mass activity and
durability of the current Pt-based catalysts, for example, a large
amount of this precious metal is required (∼80 g) in order to
achieve and maintain the power density needed for the
operation of a midrange fuel cell vehicle.22 Because PGMs are
scarce in nature, any attempt to scale up the production of
PEMFCsmust minimize the loading of these elements. The U.S.
DOE set a technical goal to research a mass activity of 0.44 A
mgPGM

−1 at 0.9 V, with less than 40% loss in mass activity after
30 000 cycles, in using PEMFCs for transportation by the year of
2020. These technical targets have motivated scientists to
develop more effective strategies for utilizing PGMs as cost-
effective catalysts in PEMFCs. Driven by the multitude of
advantages of metal nanoframes for catalysis, as presented in the
previous sections, it is believed that one of the effective strategies
for achieving the minimal use of these expensive metals while
enhancing the catalytic properties of PGM-based catalysts for
PEMFCs is to prepare them as nanoframes.
Oxygen Reduction Reaction. The working principle of

PEMFC, with the use of hydrogen and oxygen gases to produce
electricity, is illustrated by eqs 7−9.9,18,23,91−94 At the anode of a
PEMFC, a catalyst facilitates the hydrogen fuel to undertake an
oxidation reaction (hydrogen oxidation reaction, HOR, eq 7) for
the generation of protons and electrons. Through the electro-

lyte, the protons migrate from the anode to the cathode.
Concurrently, electrons move from the anode to the cathode
through an external circuit, producing the current output to
drive an external device. At the cathode, another catalyst causes
protons, electrons, and oxygen to react, generating water (ORR,
eq 8). The overall reaction of PEMFC involving the use of
hydrogen and oxygen is given in eq 9.

→ ++ −anode reaction: H 2H 2e2(g) (aq) (7)

+ + →+ −cathode reaction: 1/2O 2H 2e H O2(g) (aq) 2 (l)

(8)

+ →overall reaction: 1/2H O H O2(g) 2(g) 2 (l) (9)

In general, the reaction rate of HOR on PGM-based catalysts
is extremely fast. In comparison, the reaction rate of ORR on
PGM-based catalysts is sluggish, which is ∼5 orders of
magnitude slower than that of HOR.23 The slow ORR rate at
the cathode restricts the overall performance of a PEMFC. To
accelerate the ORR rate on the cathode, it is necessary to use a
proper catalyst. Among PGMs, Pt is believed to be the best
candidate as a catalytic material toward ORR. On the basis of
theoretical calculations, a Pt catalyst has the optimum binding
energy for O andOH intermediate species during ORR.97,98 It is
worth acknowledging that the catalysts should have moderate
binding strength with the reaction intermediates, because either
too strong or too weak binding will lead to difficulty in removing

Figure 23. Applications of metal nanoframes in electrocatalysis. (A) Comparison of the mass activities of the commercial Pt/C and PtNi nanoparticles
and Pt3Ni nanoframes toward ORR. (B) Comparison of the mass activities of the commercial Pt/C, PtCu ultrathin octopod nanoframes, and PtCu2
concave octopod nanoframes toward MOR. (C) Comparison of the mass activities of the commercial Pt/C, Pt2.67Cu, Pt3.32Cu, and Pt3.85Cu
hierarchical trigonal bipyramid nanoframes toward FAOR. (D) Comparison of the mass activities of the commercial Ir/C and Ir−Ni nanoframes
toward OER. (A) Reproduced with permission from ref 38. Copyright 2014 AAAS. (B) Reproduced with permission from ref 35. Copyright 2016
American Chemical Society. (C) Reproduced with permission from ref 110. Copyright 2015 Wiley-VCH Verlag GmbH & Co. (D) Reproduced with
permission from ref 78. Copyright 2017 Elsevier.
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the products or poor adsorption of the reactants, respectively. As
a result, many research groups have focused on the optimization
of Pt-based catalysts for accelerating ORR. In particular, because
of the merits of nanoframes, many types of Pt-based nanoframes
have been evaluated as catalysts for catalyzing ORR.
In one study, it was demonstrated that Pt cubic nanoframes

could enhance both catalytic activity and durability toward
ORR.73 The Pt cubic nanoframes composed of ultrathin ridges
∼2 nm in thickness were prepared through the edge-selected
deposition of Pt on Pd nanocubes, followed by chemical etching
of the Pd core. When benchmarked against the commercial Pt/
C catalyst consisting of 2−3 nm Pt nanoparticles dispersed on a
carbon support, the catalyst based on Pt cubic nanoframes
exhibited both enhanced mass activity and durability toward
ORR. It was found that the initial mass activity (at 0.9 V) of the
Pt cubic nanoframes/C was 1.5 times higher than that of the
commercial Pt/C catalyst (0.45 vs 0.30 A mgPt

−1). After 20 000
cycles of an accelerated durability test, the mass activity of the Pt
nanoframes/C was sixfold higher than that of the commercial
Pt/C catalyst. It was argued that the highly open structure
composed of ultrathin ridges would contribute to the enhanced
activity and durability of Pt cubic nanoframes by increasing the
utilization efficiency of Pt atoms and preventing the aggregation
on and detachment of nanoframes from the carbon support.
To further reduce the Pt loading and cost, a transition metal

such as Ni, Co, Fe, or Cu was often introduced into the Pt lattice
to change the composition into an alloy for enhancing the
catalytic performance toward ORR.36−38,43,50,51,57−60 The
transition metal could modulate the electronic structure (the
so-called d-band center) via ligand and strain effects.22,97,98 On
the one hand, the ligand effect is a result of the difference in
electronegativity between two dissimilar atoms and thus
electron transfer between them. On the other hand, the strain
effect is caused by the strain field arising from the mismatch in
lattice constant between two dissimilar metals. Both effects can
help generate a favorable surface for the O2 dissociation, as well
as the removal of O andOH intermediate species, enhancing the
activity of Pt-based alloy catalysts toward ORR. In addition to
the direct mixing of two metals to form a Pt-based alloy, the
ability to maneuver the spatial arrangement of components in
the near-surface region could further enhance both the activity
and durability. For example, the formation of a phase-segregated
Pt skin over a bulk single-crystal alloy with the Pt3Ni
composition (a uniform layer of Pt atoms on top of a layer
containing Ni atoms) could weaken the interaction between the
Pt surface atoms and nonreactive oxygenated species (i.e., OH)
and, ultimately, increase the number of active sites for O2
adsorption.99

In one case study, Pt3Ni rhombic dodecahedral nanoframes
with a Pt skin were prepared by a face-selected carving of PtNi3
solid rhombic dodecahedral nanocrystals (Figure 10).38 The
interior and exterior surfaces of this highly open structure were
composed of 24 ultrathin ridges (∼2 nm) with a phase-
segregated Pt skin on the surface. Because of the change in
electronic structure of the outermost Pt atoms by subsurface Ni,
the Pt-based surface could reduce the coverage of oxygenated
intermediate species (i.e., OH) to achieve an excellent activity
and durability.99 As shown in Figure 23A, compared to the
commercial Pt/C and solid PtNi catalysts, the Pt3Ni rhombic
dodecahedral nanoframes with a Pt skin showed substantially
higher activity, with a mass activity of ∼0.97 A mgPt

−1 at 0.95 V.
In addition to the high mass activity, the Pt3Ni nanoframes
offered remarkable durability, showing negligible activity loss

after 10 000 potential cycles between 0.6 and 1.0 V. In
comparison, the commercial Pt/C catalysts lost ∼40% of the
specific surface area, giving poor durability after the same
number of cycles due to the dissolution and agglomeration of the
Pt nanoparticles. Phase-segregated Pt−Ni octahedral nanocryst-
als/nanoframes (Figure 11),43 rhombic dodecahedral nano-
frames,58 and tetrahexahedral nanoframes59,60 have also been
fabricated to achieve greatly improved ORR performance
relative to the commercial Pt/C catalyst. These results suggest
that it is an effective strategy to enhance the ORR activity and
durability of Pt-based catalysts through the fabrication of
nanoframes made of a Pt-based alloy with controls in the spatial
distributions of the different elements.
In another case study, it was found that the introduction of a

new element into a Pt lattice could change the local atomic
spacing due to the lattice mismatch and thus the strain
effect.100−103 Such induced compressive or tensile strain could
be used to tune the catalytic activity. For example, it was
demonstrated that the ORR activity of Pt nanoparticles
increased by 90% when the Pt surface was compressed by
∼5%, but it decreased by 40% when the surface was extended by
∼5%.100 On the one hand, for Pt-based catalysts with amoderate
compressive strain, the activity enhancement can be attributed
to the optimization of binding strength with the reaction
intermediates of ORR based on the theoretical study.100−103 On
the other hand, for the Pt-based catalysts with a tensile strain, the
higher tensile strain would lead to stronger surface binding for
the reaction intermediates with Pt because of the upshift of the
d-band center, thereby decreasing the overall ORR rate.
In addition to doping, it is well-known that the ultrathin

structure in metal nanocrystals could also facilitate the
generation of compressive strain. For example, two samples of
twinned Pt−Cu−Mn decahedral nanoframes covered by high-
density step atoms but with different lattice strains were
prepared through a galvanic replacement approach.37 Interest-
ingly, the ultrafine Pt−Cu−Mn nanoframes (Figure 19) showed
superior activity in an alkaline environment toward ORR,
because of its ∼1.5% compressive strain relative to the
pentagonal Pt−Cu−Mn nanoframes. DFT calculations sug-
gested that the ultrafine Pt−Cu−Mn nanoframes under the
compressive strain led to weaker binding strengths and
adsorption of oxygen-containing intermediates, which could
smooth the ORR reaction path, reduce the overpotential, and
enhance the ORR catalytic activity. This study confirms that
strain-controlled nanoframe catalysts could be fabricated to
increase the efficiency of ORR. It is worth mentioning that the
decahedral and icosahedral nanocrystals are typical fivefold
twinned nanocrystals containing 10 and 30 twin boundaries,
respectively.19 The significant surface strain associated with twin
boundaries and side faces has also been found to be instrumental
to enhancing the catalytic activity in many studies, because they
alter the electronic structures of surface atoms by shifting the d-
band center.103,104

In summary, Pt-based catalysts are the most extensively
studied and promising catalysts for accelerating the sluggish
ORR kinetics in PEMFC. By switching from solid nanocrystals
to nanoframes consisting of ridges of only a few nanometers
thick, one can improve the mass activity toward ORR owing to
the high utilization efficiency of atoms and the high density of
catalytically active sites on the surface. By combining Pt with
other transition metals and then controlling their spatial
distributions, the ORR activity of Pt-based nanoframes could
be further enhanced through a modification of electronic
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structure via ligand and strain effects. Furthermore, by shrinking
the ridge thickness of Pt-based nanoframes and/or incorporat-
ing twin boundaries to induce strain effect, the efficiency of ORR
can also be improved significantly.
Methanol Oxidation Reaction. Direct-methanol fuel cell

(DMFC) is a subclass of PEMFC, in which an aqueous solution
of methanol is supplied as the fuel instead of hydrogen
gas.105−107 Its main advantages include the high energy density,
good electrochemical activity, relatively low price, and ease of
storage and transportation of methanol. For DMFC, methanol is
oxidized on the anode to generate CO2 through methanol
oxidation reaction (MOR, eq 10). The protons migrate across
the proton exchange membrane (usually Nafion) to the cathode
and react with oxygen on a catalyst to produce water (eq 11). At
the same time, a current is formed by electron transportation
from the anode to the cathode through an external circuit. The
overall reaction in DMFC is given by eq 12.

+ → + ++ −
anode reaction:

CH OH H O CO 6H 6e3 (l) 2 (l) 2(g) (aq) (10)

+ + →+ −cathode reaction: 3/2O 6H 6e 3H O2(g) (aq) 2 (l)

(11)

+ → +
overall reaction:

CH OH 3/2O CO 2H O3 (l) 2(g) 2(g) 2 (l) (12)

Again, Pt-based catalysts are regarded as the best candidate for
accelerating the MOR on the anode, which can break the C−H
bond and facilitate the oxidation of methanol.34−36,63,107 During
MOR, however, the Pt surface is easily poisoned by the reaction
intermediates such as CO. In this case, the strong adsorption of
CO can reduce the number of available active sites, resulting in
low performance toward DMFC. To this end, many efforts have
been made to improve the tolerance of Pt to CO. One effective
strategy involves the modification of Pt with a second metal that
supplies oxygen species to react with the neighboring Pt−CO for
the formation of CO2. Additionally, the Pt electronic structure
could be altered by the metals added for weakening the Pt−CO
bond. For example, various Pt−Cu solid and hollow nanocryst-
als with different morphologies (e.g., cube, octahedron,
hexapod, dendrite, tube, and cage) exhibited better electro-
catalytic activity toward MOR than the commercial Pt/C
catalyst.107 In addition to their unique structural advantages, the
CO-induced poisoning effect became much weaker after
alloying Pt with Cu relative to that on pure Pt, helping increase
the efficiency and durability of Pt-based catalysts.
In a recent study, both PtCu2 concave octopod nanoframes

and PtCu ultrathin octopod nanoframes were synthesized
(Figure 18A) for comparison as catalysts toward MOR.35 It was
found that PtCu2 concave octopod nanoframes exhibited a mass
activity (3.36 A mgPt

−1) that was 1.2 and 7.0 times higher than
that of the PtCu ultrathin octopod nanoframes and commercial
Pt/C, respectively (Figure 23B). Additionally, in comparison
with the commercial Pt/C, the onset potentials for CO-stripping
cyclic voltammetry on these two types of Pt−Cu nanoframes
were both negatively shifted, indicating their enhanced
antipoisoning ability toward CO. After the durability test that
involved 2000 cycles of sweeping from −0.2 to 1.0 V, both the
catalytic activity and the structure of PtCu2 concave octopod
nanoframes were well-preserved, while some edges of the PtCu
ultrathin octopod nanoframes suffered from fragmentation,
leading to collapse and reduced activity. Taken together, the

PtCu2 concave octopod nanoframes promise an excellent choice
of catalyst toward MOR. It is worth acknowledging that several
other Pt-based alloy nanoframes, such as Pt−Cu decahedral
nanoframes36 and Pt−Cu−Co rhombic dodecahedral nano-
frames,63 were also investigated. They had mass activities of 2.26
and 4.11 A mgPt

−1, respectively, and both values were higher
than that of the commercial Pt/C catalyst.

Formic Acid Oxidation Reaction.Direct-formic acid fuel cell
(DFAFC) is also a subclass of PEMFC, where the liquid fuel,
formic acid, is fed directly to the anode.108,109 For DFAFC, the
anode reaction is the electrocatalytic oxidation of formic acid
into CO2 on a catalyst (formic acid oxidation reaction, FAOR,
eq 13). The protons are passed through the polymer membrane
to react with oxygen on a catalyst located at the cathode to
produce water (eq 14). Electrons are transported through an
external circuit from the anode to cathode, providing electricity
to an external device. The net reaction of DFAFC is represented
in eq 15.

→ + ++ −anode reaction: HCOOH CO 2H 2e(l) 2(g) (aq)

(13)

+ + →+ −cathode reaction: 1/2O 2H 2e H O2(g) (aq) 2 (l)

(14)

+ → +
overall reaction:

HCOOH 1/2O CO H O(l) 2(g) 2(g) 2 (l) (15)

The electrocatalysis of FAOR has been intensively studied on
various metals and alloys. Among them, Pt- and Pd-based
catalysts are the most effective and commonly used anode
catalysts in DFAFC.55,56,60,110,111 In the case of a Pt-based
system, the catalysts are usually deactivated by the reaction
intermediates such as CO during the FAOR, showing poor
durability. To address this problem, the catalysts have been
modified by incorporating other metals to form binary or ternary
alloys. In one study, the Pt−Cu trigonal bipyramid nanoframes
were demonstrated with high mass activity and durability for
FAOR compared to the commercial Pt/C catalyst, as shown in
Figure 23C.110 Significantly, the current density of the Pt−Cu
trigonal bipyramid nanoframes with an intermediate Pt-to-Cu
molar ratio of 3.32 was ∼2.1 times higher than that of the
commercial Pt/C catalyst (0.78 vs 0.38 mA mgPt

−1). Addition-
ally, after 1000 cycles of a durability test, the mass activity was
only reduced by 11.6% for the Pt−Cu trigonal bipyramid
nanoframes but by 36.4% for the commercial Pt/C catalyst. In
other studies, Pt−Cu octahedral,56 Pt−Ni tetrahexahedral,60
and Pt−Pd−Rh−Ag octahedral nanoframes111 were also found
to exhibit significantly enhanced catalytic activity and durability
toward FAOR in comparison with the commercial Pt/C catalyst
and even their solid counterparts. Collectively, these results
suggest that the excellent catalytic performance toward FAOR
could be largely attributed to both the structural and electronic
effects of the Pt-based alloy nanoframes.
In addition to Pt-based catalysts, Pd is also widely used as a

catalytic material for application in DFAFC because of its high
activity toward FAOR. Recently, nanoframes made of pure Pd
were synthesized by directly etching solid nanocrystals with
different shapes through the manipulation of the oxidative
etching and regrowth rates (Figure 9).55 These Pd octahedral
nanoframes exhibited nearly 7.5 times higher catalytic activity
than that of the Pd octahedral nanocrystals toward FAOR, which
was attributed to the large specific surface area, as well as the
large fraction of corner and edge atoms. After 1000 cycles of the
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durability test, the structure of the octahedral nanoframes was
well-maintained, and they still exhibited an activity 6.5 times
higher than that of the solid counterpart, demonstrating the
excellent durability of nanoframes during FAOR.
4.1.2. Water Splitting. Electrocatalytic water splitting is the

process that relies on the use of electricity to split water into
hydrogen and oxygen gases on the catalyst-decorated electro-
des.112−114 It is an ideal solution for generating clean energy and
underpinning the hydrogen economy. Because the electric
conductivity of pure water is pretty low, water splitting is
typically performed under acidic or alkaline conditions. In an
acidic environment, protons carry the current through an
electrolyte for supporting the oxygen evolution reaction (OER,
eq 16) and hydrogen evolution reaction (HER, eq 17) on the
anode and cathode, respectively. On the one hand, eq 18 is the
overall reaction of water splitting. On the other hand, the half-
cell reactions for the anodic OER and cathodic HER in an
alkaline medium can be described by eqs 19 and 20, respectively.
The net reaction is presented in eq 21. In general, compared to
the acidic water splitting, alkaline water splitting has been
studied more extensively, because metal-based catalysts are
passivated to avoid corrosion in alkaline media. However,
because of the sluggish kinetics of water reduction and oxidation,
it is crucial to develop efficient HER and OER electrocatalysts in
both acidic and alkaline media. To this regard, catalysts based on
metal nanoframes provide a strong candidate.

→ + ++ −
anode reaction in acidic media:

H O 1/2O 2H 2e2 (l) 2(g) (aq) (16)

+ →+ −cathode reaction in acidic media: 2H 2e H(aq) 2(g)

(17)

→ +
overall reaction in acidic media:

H O H 1/2O2 (l) 2(g) 2(g) (18)

→ + +− −
anode reaction in alkaline media:

2OH H O 1/2O 2e(aq) 2 (l) 2(g) (19)

+ → +− −
cathode reaction in alkaline media:

2H O 2e H 2OH2 (l) 2(g) (aq) (20)

→ +
overall reaction in alkaline media:

H O H 1/2O2 (l) 2(g) 2(g) (21)

Oxygen Evolution Reaction. In this process, as shown in eqs
16 and 19, molecular oxygen is produced via several proton- and
electron-coupled steps, and the reaction is highly pH-depend-
ent. Under an acidic condition, two water molecules are oxidized
to produce one oxygen molecule and four protons. In
comparison, in an alkaline environment, hydroxide is trans-
formed into water and oxygen through oxidation. Ideally, the
OER catalyst should have a high activity to overcome the energy
barrier. The desired catalyst should also embrace low over-
potential and high durability. As discussed in the next section,
Pt-based catalysts are nearly ideal for the HER at cathode and
the OER at anode. However, it has been argued that Pt
nanocrystals could form a poorly conducting oxide phase on
their surface for their potential dissolution into the reaction
solution as ionic complexes, resulting in high overpotential and
poor durability.23,112−114 In comparison, Ir- and Ru-based

catalysts and their corresponding oxides during OER can serve
as efficient and stable catalysts toward OER in water
electrolyzers.62,78

On the basis of theoretical studies, when Ir is alloyed with a
transition metal, the stable binding of oxygen on pure Ir
becomes weaker, contributing to an enhanced OER activity. In
one study, it was demonstrated that the Ir−Ni rhombic
dodecahedral nanoframes exhibited a superior electrocatalytic
performance toward OER in acidic media, as shown in Figure
23D.78 Specifically, the electrochemical performance of Ir−Ni
nanoframes and a commercial Ir/C catalyst was examined in 0.1
M HClO4. Their mass activities were calculated to be 0.47 and
0.21 AmgIr

−1, respectively, indicating that the Ir−Ni nanoframes
were much more competitive catalysts than the commercial Ir/
C. Remarkably, after 5000 potential cycles of OER, the
performance of the Ir−Ni nanoframes was largely retained,
while that of Ir/C was deteriorated significantly. On the one
hand, the XPS data suggested that the enhanced catalytic activity
and durability could be attributed to the presence of IrOx on the
surface of Ir−Ni nanoframes, in addition to the advantages of
active grain boundaries and agglomeration-free feature. On the
other hand, other Ir-based catalysts toward OER were recently
demonstrated, including the Ir−Ni−Cu single- and double-
layered nanoframes (Figure 20).44

Interestingly, Rh-based nanocrystals are also excellent
catalysts toward OER. In one study, the Rh−Cu truncated
octahedral nanoframes were fabricated and demonstrated as
highly efficient OER catalysts in an alkaline medium (i.e., 0.10M
NaOH solution).62 It was found that themass activity of Rh−Cu
truncated octahedral nanoframes was approximately twice that
of irregularly shaped Rh nanoparticles. The nanoframes also
showed high durability throughout the electrochemical
operation, with preserved structure of nanoframes after a long-
term durability test. On the basis of the XPS results, it was
argued that the formation of a large proportion of oxidized Rh
atoms (63.2%) on the Rh−Cu truncated octahedral nanoframes
could account for the enhanced OER performance.

Hydrogen Evolution Reaction. In the electrocatalytic water
splitting, the activity of HER in an alkaline medium is typically
2−3 orders of magnitude lower than that in an acidic
medium.23,112−114 As a result, the development of effective
catalysts toward HER is extremely challenging, especially for use
in an alkaline environment. It involves the dissociation reaction
of HO−H, followed by the generation of H2 through the
recombination of two adsorbed hydrogens. In addition to
breaking the strong covalent HO−H bond, stronger H binding
is also responsible for the slow HER rate in an alkaline solution.
Ideally, the rational design of catalysts with abilities to dissociate
water and promote hydrogen recombination can effectively
improve the HER performance in an alkaline system. Among
various catalysts, those based on Pt nanocrystals with different
morphologies have shown promising activity and durability
toward HER.114 However, only a few of these studies deal with
the use of Pt-based nanoframes.38,64

In one study, the Pt3Ni rhombic dodecahedral nanoframes
with a Pt skin exhibited substantially enhanced activity toward
HER in an alkaline electrolyte (i.e., 0.1 M KOH solution)
compared to the commercial Pt/C catalyst.38 In another study,
the Pt−Ni−Co ternary alloy nanoframes showed HER activity
superior to the Pt−Ni binary alloy nanoframes and the
commercial Pt/C catalyst in 0.1 M KOH solution.64 It was
speculated that the addition of Co atoms into the Pt−Ni
nanoframes could enhance the oxidation of Ni species and
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thereby facilitate the cleavage reaction of HO−H. Likely, the
synergistic effect of Ni and Co could tune the surface formation
energy of Pt−OH and thus promote the overall reaction activity
toward alkaline HER. After 5000 scanning cycles between −0.3
and 0.1 V, it was found that the Pt−Ni−Co nanoframes
exhibited remarkable long-term durability, while the morphol-
ogy was well-preserved.

4.2. Thermal Catalysis

In this section, we include the recent progress in using metal
nanoframes for the conventional thermal catalysis. We focus on
a few reports on the use of metal nanoframes as catalysts to
accelerate the kinetics of dehydrogenation and hydrogenation
reactions.49,61,71,74,75,83 Because of the unique and promising
advantages of diverse metal nanoframes and their derivatives
with different functionalities, there is a lot of room for further
development by leveraging the structural merits of nanoframes
to optimize the catalytic activity and/or selectivity.
4.2.1. Dehydrogenation. The catalytic, selective dehydro-

genation of liquid hydrazine (N2H4) or solid ammonia borane
(H3N−BH3) offers an effective method for generating hydrogen
gas that can be used for fuel cells because of their high hydrogen
content.74,75,115 During the decomposition of N2H4 and H3N−
BH3, there is no formation of CO2 due to the absence of carbon
atoms in these compounds. As such, there is no production of
species such as CO, a product of incomplete oxidation of
carbon-containing molecules, that may poison the catalysts and
thus lead to poor durability. However, both N2H4 and H3N−
BH3 are highly toxic compounds, which should be taken into
account to prevent any contact. It has been documented in the
literature that Ru- and Rh-based nanocrystals were attractive
catalytic materials toward the production of hydrogen from
these hydrogen storage materials.61,74,75

In one report, the catalytic activity and selectivity of fcc-Ru
cuboctahedral nanoframes (Figure 13) toward hydrazine
decomposition were investigated by benchmarking against
those of solid nanoparticles made of hcp- and fcc-Ru.75 At
room temperature, hydrazine decomposition can proceed
through incomplete (3N2H4 → 4NH3 + N2) and complete
(N2H4 → N2 + 2H2) routes. Among the three catalysts tested,
Figure 24A shows that the fcc-Ru nanoframes exhibited the best
catalytic performance, giving an n(H2 + N2)/nN2H4 ratio of 1.5,
3.0, and 2.1 times as great as that of hcp- and fcc-Ru
nanoparticles with average sizes of 3.1 and 3.3 nm in diameter,
respectively. Remarkably, the fcc-Ru nanoframes also exhibited
substantially enhanced H2 selectivity (43.9%) for hydrazine
decomposition compared to the hcp- (7.8%) and fcc- (13.7%)
Ru nanoparticles. This result was consistent with a DFT
prediction that the fcc phase of Ru is more active toward N−N
bond breaking, leading to favorable complete hydrazine
decomposition relative to the hcp phase of Ru. After 10 cycles
of repeated catalytic measurements, the H2 selectivity of fcc-Ru
nanoframes remained superior, 3.4 and 2.0 times higher than
that of the pristine hcp- and fcc-Ru nanoparticles. The
enhancements in activity and selectivity could be attributed to
the open structure, high density of low-coordination surface
atoms, and the fcc phase of Ru. Similarly, in another study, the
fcc-Ru octahedral nanoframes also demonstrated significantly
enhanced catalytic activity toward the dehydrogenation of
ammonia borane.74 Altogether, these two studies provide the
opportunity to obtain nanoframe-based catalysts with high
activity and selectivity by engineering their crystal phase. In
addition to Ru-based catalysts, the fcc Rh−Cu octahedral

nanoframes were also applied to catalyze the dehydrogenation of
hydrazine at room temperature.61 Compared to the solid Rh−
Cu nanoparticles, the fcc Rh−Cu octahedral nanoframes
showed a faster rate toward the dehydrogenation of hydrazine.
However, they possessed a slightly lower H2 selectivity (31.4%)
than the Rh nanoparticles (36.2%), which can be, possibly,
attributed to the adverse impact of Cu.

4.2.2. Hydrogenation. Hydrogenation is an important
process in industry, in which the addition of hydrogen to
unsaturated organic compounds occurs in the presence of noble-
metal catalysts.116,117 For example, the hydrogenation of
aromatic nitro and aldehyde compounds can produce the
functionalized aromatic amines and alcohols, respectively.
These chemical species are important intermediates for the
production of a range of agrochemicals, pharmaceuticals,
cosmetics, and polymers. Although aromatic nitro compounds
can be reduced through the hydrogenation reaction, it remains
challenging to promote the selectivity of a hydrogenation
reaction when the reactant molecules consist of other reducible
groups, such as CC and CO. As such, the hydrogenation of
4-nitrobenzaldehyde containing both C−NO2 and CO
groups can often serve as a model reaction for evaluating the

Figure 24. Applications of metal nanoframes in thermal catalysis. (A)
Catalytic activity and selectivity toward the generation of hydrogen
from the dehydrogenation of hydrazine and the molar ratios of the
generated H2 and N2 over the initially added hydrazine, denoted as
n(H2 + N2)/n(N2H4), on hcp-Ru nanoparticles, fcc-Ru nanoparticles,
and fcc-Ru nanoframes, respectively. (B) Catalytic activity and
selectivity for the hydrogenation of 4-nitrobenzaldehyde on catalysts
based on PtNi3 nanoparticles, Pt3Ni nanoframes, and Pt3Ni@Au
nanoframes, respectively. (A) Reproduced with permission from ref 75.
Copyright 2019 American Chemical Society. (B) Reproduced with
permission from ref 83. Copyright 2014 American Chemical Society.
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catalytic performance of metal nanocrystals in terms of both
activity and selectivity.
In one study, the Pt3Ni@Au trimetallic nanoframes were

constructed by the deposition of isolated Au clusters on the
surface of Pt3Ni truncated octahedral nanoframes through the
galvanic replacement reaction between Ni and HAuCl4.

83 They
were further demonstrated as catalysts with high activity and
selectivity toward the conversion of 4-nitrobenzaldehyde to 4-
aminobenzaldehyde, together with a byproduct of 4-nitrobenzyl
alcohol, under a H2 condition at room temperature. As shown in
Figure 24B, the Pt3Ni@Au nanoframes exhibited a much higher
turnover frequency (TOF, 208 h−1) than those of the PtNi3 solid
nanocrystals (33 h−1) and Pt3Ni nanoframes (156 h−1).
Remarkably, the Pt3Ni@Au nanoframes showed almost 100%
selectivity toward 4-aminobenzaldehyde. It was argued that the
higher value of TOF might arise from the localized electron
transfer between the Au clusters and Pt3Ni nanoframes, while
the enhanced selectivity might originate from the selective
adsorption of nitro groups on the surface of Au clusters. In
addition to the hydrogenation of 4-nitrobenzaldehyde, other
studies have also demonstrated that the hydrogenation of 4-
nitrophenol to 4-aminophenol in the presence of NaBH4 could
be accelerated by nanoframes made of fcc-Ru or Ag−Pd
alloy.71,74

Although metal nanoframes serve as highly active catalysts for
the selective hydrogenation of organic compounds, their
performance could deteriorate if the reaction mixture contained
multiple competitive reducible organic compounds. By
combining Pt−Ni nanoframes with a functional MOF, a
nanoframe-based hybrid nanostructure was used as a catalyst
to achieve efficient and selective hydrogenation of a specific

olefin in a mixture with other olefin compounds.49 It was argued
that the porous architecture of the MOF could play its role as a
molecular sieve to increase the selectivity for certain hydro-
genation reactions depending on the size (d) of the molecule. As
shown in Figure 25A, a mixture of four olefin molecules
including styrene (d = 8.4 Å), 2,4,6-trimethylstyrene (d = 9.4 Å),
trans-stilbene (d = 12.8 Å), and 4,4′-dimethyl-trans-stilbene (d =
14.5 Å) was used in a hydrogenation process that involved the
use of Pt−Ni nanoframe@MOF hybrid nanostructures (dpore =
8.6 Å) as a catalyst. While styrene molecules were small enough
to pass through the pores in the MOF, the diffusion of other
larger molecules would be limited, making it difficult for them to
access the surface of the Pt−Ni nanoframes covered by the
MOF. Figure 25B shows that the Pt−Ni nanoframe@MOF
hybrid nanostructures could selectively catalyze the hydro-
genation of styrene with high activity (TOF = 9757 h−1) to
produce a highly pure product compared to the cases of the
pristine Pt−Ni nanoframes and Pt−Ni nanoframes deposited on
MOF. Figure 25C illustrates that the Pt−Ni nanoframe@MOF
hybrid nanostructures could be used to yield imines (the target
product) instead of amines (the byproduct) in the cascade
reductive imination of nitrobenzene in an ethanol solution
under H2 pressure. Figure 25D shows that the catalytic activity
of Pt−Ni nanoframe@MOF hybrid nanostructures in generat-
ing imines was∼3.3 and 2.4 times as great as those of the pristine
Pt−Ni nanoframes and Pt−Ni nanoframes supported on MOF,
respectively. Additionally, the Pt−Ni nanoframe@MOF hybrid
nanostructures also gave a selectivity of 96% toward imine for
the hydrogenation of nitrobenzene. These results suggest that
the over-reduction of imine to amine can be effectively retarded,
because the MOF with uniform pores can help achieve size

Figure 25. Application of Pt−Ni nanoframe@MOF hybrid nanostructures to thermal catalysis. (A) A comparison of the maximum diameters of four
representative substrate molecules (styrene, 2,4,6-trimethylstyrene, trans-stilbene, and 4,4′-dimethyl-trans-stilbene) with the diameter of the pores in
MOF (Ni-MOF-74). (B) Hydrogenation of styrene, 2,4,6-trimethylstyrene, trans-stilbene, and 4,4′-dimethyl-trans-stilbene catalyzed by the Pt−Ni
nanoframes, Pt−Ni nanoframes supported on MOF, and Pt−Ni nanoframe@MOF hybrid nanostructures. (C) Schematic illustration of the size-
selective catalysis in reductive imination of nitrobenzene. (D) Activity and selectivity to imine in the cascade reductive imination of nitrobenzene
catalyzed by the Pt−Ni nanoframes, Pt−Ni nanoframes supported on MOF, and Pt−Ni nanoframe@MOF hybrid nanostructures. Reproduced with
permission from ref 49. Copyright 2015 Nature Publishing Group.
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selectivity and suppress the diffusion of imine toward the interior
Pt−Ni nanoframes once the condensation process is completed.
4.2.3. Suzuki Coupling.The Suzuki coupling refers to a Pd-

catalyzed cross-coupling reaction between an organoboronate
and an organohalide.118 It represents an essential route to
pharmaceuticals and agrochemicals. Recently, it was demon-
strated that the encapsulation of Au octahedra in Pd cubic
nanoframes could endorse the superior catalytic activity of
nanoframes toward the Suzuki coupling reaction under the
irradiation of a xenon lamp. In a typical synthesis, the Au
octahedral nanocrystals were prepared and then used as seeds
for the overgrowth of cubic Pd to generate Au@Pd core−shell
nanocrystals, followed by controlling the etching and deposition
rates at different sites of Pd to produce Au@Pd core−frame
nanocrystals.66 In this study, the Suzuki coupling between
iodobenzene and phenylboronic acid to produce biphenyl
served as a model reaction for evaluating the catalytic
performance. Specifically, the yields of biphenyl were measured
for the Au@Pd core−frame nanocrystals, Au octahedral
nanocrystals, and Pd nanoframes, respectively. After 5 h of
reaction, the yield of biphenyl for the Au@Pd core−frame
nanocrystals reached over 90%, which was ∼6.9 and 5 times
higher than those of Au octahedral nanocrystals (13%) and Pd
nanoframes (18%), respectively. These results indicate that the
encapsulation of Au octahedral nanocrystals in the Pd
nanoframes can accelerate the Suzuki coupling reaction. It was
speculated that the improvement can be attributed to the
enhanced light absorption by Au octahedral nanocrystals,
increasing the local temperature due to photothermal heating.

4.3. Photocatalysis

Photocatalysis uses a combination of catalyst and light
irradiation to accelerate the kinetics of a chemical reac-
tion.119−121 As a green technology, photocatalysis is attractive
for both chemical synthesis and environmental protection. It can
also be used to convert solar energy to chemical energy. When a
plasmonic metal (e.g., Au or Ag) is integrated with a catalytic
metal (e.g., Pd, Pt, or Rh), it is possible to localize the light field
around the surface of a nanocrystal to enhance its catalytic
activity.8,66 Additionally, metal nanoframes have been integrated
with semiconductors to form hybrid nanostructures for
achieving an improved catalytic efficiency.121 Compared with
semiconductor-based photocatalysts, metal nanoframes can
improve the photocatalytic activity through three different
mechanisms.39−42,46,47,66 First, the metal nanoframes could
retard the electron−hole recombination by serving as an
electron sink for the storage of light-excited electrons.46,47

Second, nanoframes made of a plasmonic metal featuring a
strong LSPR can promote the light-harvesting capability of
semiconductor in the UV, visible, or even near-infrared region
depending on the size and morphology of the nanoframes
involved.39−42 Third, the nanoframes made of a plasmonic metal
can absorb the light and convert it into heat, increasing the local
temperature (see Section 4.2.3).66 In this section, we discuss the
photocatalytic applications of hybrid metal nanoframes
containing semiconductors toward the degradation of organic
compounds under light irradiation.
The photocatalytic degradation of organic pollutants by

semiconductor-based photocatalysts is of great importance to
environmental cleaning and protection.46−48,121 Under light
irradiation, the semiconductor-based photocatalyst could
induce electron−hole pairs through a light excitation process.
The electrons could then migrate to the surface of the

semiconductor and be captured by the adsorbed O2 molecules
to generate superoxide anion radical (i.e., O2

−). Concurrently,
the holes could be easily trapped by OH− on the surface of the
semiconductor to further produce a hydroxyl radical species
(i.e., ·OH). In the following steps, the organic pollutants would
be partially or completely destroyed to form less toxic
compounds and even CO2 and H2O molecules by the highly
reactive radicals.121 The integration of a semiconductor with
plasmonic metal nanocrystals can improve the catalytic
performance through the charge separation and/or light-
harvesting advantages.
In one study, Au@Cu2O core−shell nanoframes prepared

through the deposition of p-type Cu2O on the Au cubic
nanoframes were used as catalysts for the degradation of
methylene blue.46 It was found that the photocatalytic
degradation rate of methylene blue on the Au@Cu2O core−
shell nanoframes was much faster than that of pure Cu2O
nanospheres (2.50 vs 0.58 nM/min) in an aqueous solution
under the irradiation of a xenon lamp equipped with a UV filter.
Most interestingly, femtosecond pump−probe measurements
revealed that the Au@Cu2O core−shell nanoframes gave a
longer lifetime for the light-excited electrons and holes
compared to Cu2O nanospheres (3.3 vs 1.0 ps). This result
provided direct evidence to support the correlation between the
rate of photocatalytic degradation and the lifetime of electrons
and holes. It was hypothesized that the presence of Au, acting as
an electron sink, could result in a more efficient electron−hole
separation in the Au@Cu2O core−shell nanoframes. As such, an
increase in hole (and thus the hydroxyl radical) concentration
could enhance the rate of degradation.
In another study, AgCl@Ag nanoframes consisting of

uniformly distributed Ag nanoparticles on the surface of AgCl
cubic nanoframes were fabricated through a simple photo-
reduction of the as-prepared AgCl cubic nanoframes.47

Compared to the pristine AgCl nanoframes, the AgCl@Ag
nanoframes exhibited a higher degradation rate for methyl
orange dye under the irradiation of visible light. On the one
hand, the UV−vis spectra confirmed that the AgCl@Ag
nanoframes had a stronger extinction over the entire spectrum
of visible light than that of the pristine AgCl nanoframes, arising
from the LSPR of the Ag nanoparticles deposited on the
nanoframes. On the other hand, transient photoluminescence
spectra confirmed a restricted recombination process for the
generation of electron−hole pairs in the AgCl@Ag nanoframes.
These results suggest that the significantly enhanced photo-
catalytic performance of the AgCl@Ag nanoframes could be
contributed to the strong LSPR effect of the Ag nanoparticles,
together with the synergistic effect that facilitates interfacial
charge transfer between Ag metal and AgCl semiconductor.
With a similar strategy, it has been demonstrated that 2-D hybrid
nanostructures composed of Au triangular plates and Pt
triangular nanoframes on the reduced graphene oxide could
serve as a highly efficient photocatalyst.48

5. ENHANCEMENT OF STABILITY
As discussed in Section 4, nanoframes promise augmented
catalytic performance while offering an avenue to lower the cost
of catalysts based on precious metals. However, given the
presence of low-coordination atoms on the surface, especially
those located at vertices, edges, and high-index facets,
nanoframes should be considered a metastable structure
kinetically trapped in a far-from-equilibrium state. As a
kinetically controlled product, nanoframes are inherently less
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favorable in terms of thermodynamics relative to their solid
counterparts. Therefore, they are vulnerable to morphological
changes at elevated temperatures or under other harsh
conditions. The elevation in temperature will supply the surface
atoms with adequate kinetic energies to escape from their
original locations and move to more stable sites through
diffusion. For example, it was reported that Ru cuboctahedral
nanoframes could only be preserved up to 300 °C in an inert
atmosphere.75 When the sample was heated to 400 °C, most of
the ridges of the nanoframes would be broken, moving toward a
state favored by thermodynamics.
For most catalytic applications such as fuel cell operation,

NH3 synthesis, or CO oxidation, the reactions are usually
conducted at elevated temperatures and/or in acidic or alkaline
media.91−94,122−125 In these cases, nanoframes tend to fragment
or collapse because of the migration of atoms, dissolution of
leachable elements, and/or segregation of the elements.37,50,51,58

It is worth pointing out that the actual working environment for
some industrial catalysts is even harsher than those that are
involved in the aforementioned applications. For example, the
three-way catalytic converter, a device involving the use of
catalytic nanoparticles based on Pd, Pt, and/or Rh to mitigate
exhaust emission, operates in a broad temperature range of
150−600 °C and even up to higher temperatures depending on
the engine condition.125 In all these cases, nanoframe-based
catalysts are anticipated to experience both structural and
compositional changes during operation, leading to deterio-
ration and even failure in terms of catalytic performance.58

Taken together, it is often essential to greatly enhance the
structural and compositional stability of noble-metal nano-
frames before they can be adapted for practical applications. In
this section, we focus on the stability (or durability) issue of
nanoframes in catalysis, as well as the strategies for improving
their structural robustness and compositional stability.

5.1. Reinforcement of the Backbone

Nanoframes can be mechanically reinforced by introducing a
more robust structural support. For example, adding an

internally positioned support could prevent the inherently
flimsy nanoframe from collapsing under thermal stress or other
extreme conditions. The internal support should have overall
dimensions similar to those of the cavity in the nanoframe,
making it impossible to detach from the nanoframe during a
catalytic reaction. It should also be skeletal enough, different
from the solid core in a core−frame structure, to minimize the
sacrifice of catalytically active sites caused by the contact
between the nanoframe and the support. Taking these factors
into consideration, a structurally robust system was successfully
developed, in which the Pt−Cu−Ni ternary nanoframe was
structurally supported on a Pt−Cu dendrite.50 Figure 26A shows
a schematic illustration of the synthesis. Because of the
difference in reduction kinetics among three precursors, namely,
Pt(acac)2, Cu(acac)2, and Ni(acac)2, in a one-pot synthesis, a
dendritic core comprised of mainly Pt and Cu was initially
formed in a synthesis, followed by the overgrowth of the
subsequently produced Ni atoms for the generation of a Pt−
Cu@Ni core−shell structure. Next, the Pt atoms migrated
across the Ni matrix to the edges via directional diffusion,
promoting the reduction of the remaining Cu(II) precursor in
the reaction mixture for the production of a Pt−Cu−Ni frame
around the Ni matrix. Finally, chemical etching with a HCl
solution removed the leachable fractions of Ni and Cu, leaving
behind a nanoframe supported on a dendrite in the form of Pt−
Cu@Pt−Cu−Ni. Figure 26B shows a TEM image of the as-
prepared Pt−Cu@Pt−Cu−Ni nanostructures, from which one
can observe a rhombic dodecahedral morphology. TheHAADF-
STEM image and the corresponding elemental mapping data in
Figure 26C further confirm the spatial distributions of the
elements, revealing a Pt−Cu binary alloy and a Pt−Cu−Ni
ternary alloy for the dendrite and nanoframe, respectively. The
as-prepared Pt−Cu@Pt−Cu−Ni nanostructures showed a
superior mass activity of 2.48 A/mgPt toward ORR at 0.9 V,
which was 11 times as high as that of the commercial Pt/C. On
the basis of an accelerated durability test (Figure 26D), the mass
activity only decreased by 30% after 5000 cycles. The superb

Figure 26. Stabilization of ametal nanoframe with an interior structural support. (A) Schematic illustration showing the synthesis of Pt−Cu@Pt−Cu−
Ni dendrite@frame nanostructures. (B) TEM image of the nanostructures. (C) STEM image and the corresponding EDS mapping of such a
nanostructure. (D) ORR mass activity of the nanostructures before and after 5000 cycles of the accelerated durability test. (E) STEM image and the
corresponding EDS mapping of such a nanostructure after 5000 cycles of the accelerated durability test. Reproduced with permission from ref 50.
Copyright 2017 American Chemical Society.
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structure stability of the dendrite-supported Pt−Cu−Ni nano-
frames was also verified by analyzing the sample post the
accelerated durability test with HAADF-STEM imaging and
elemental mapping. As shown in Figure 26E, there was
essentially no change to the compositions for both the dendritic
support and the nanoframe.
On the basis of a similar strategy, a dendrite-shaped Pt−Ni

nanostructure has recently been leveraged to fortify Pt−Ni
multiframes for the achievement of enhanced catalytic
durability.51 Different from the Pt−Cu@Pt−Cu−Ni nanostruc-
ture shown in Figure 26, where the Pt−Cu dendrite had a
limited catalytic activity, both the inner dendrite and the outer
multiframes embraced excellent catalytic activity thanks to the
use of a Pt−Ni alloy, leading to a 30-time increase in ORR mass
activity at 0.93 V relative to the commercial Pt/C catalyst. More
importantly, the exceptional catalytic activity of the dendrite-
supported Pt−Ni multiframes experienced much less loss after
5000 or 10 000 cycles of the accelerated durability test when
compared with the Pt/C catalyst. This study demonstrates the
feasibility to achieve both enhanced catalytic activity and long-
term durability for the dendrite-fortified Pt−Ni nanoframes.
In addition to the use of a support by leveraging a dendritic

structure, it has also been reported that nanoframes could be
fabricated with enhanced catalytic durability if two nanoframes
are combined into one unit for the generation of a double-
layered nanoframe@nanoframe structure. As discussed in
Section 3.3 and illustrated by Figure 20, Ir−Ni−Cu double-
layered nanoframes could be obtained by leveraging the
difference in reduction kinetics among four different metal
precursors and post-synthesis etching.44 Compared with the
single-layered Ir−Ni−Cu nanoframes and commercial Ir/C

catalyst, the as-synthesized double-layered nanoframes not only
showed the highest initial Ir-basedmass activity towardOER but
also exhibited the best long-term durability after 2500 cycles of
the accelerated durability test in an acidic medium. Specifically,
the OER polarization curve, as well as their mass activity,
remained essentially the same before and after the durability test.
Unlike the single-layered nanoframes that tended to aggregate to
a certain extent, the double-layered nanoframes retained their
dispersion on the support very well during the durability test.
The outstanding activity and durability of the double-layered
nanoframes could be attributed to the unique nanoframe@
nanoframe architecture, the formation of IrO2 during the
durability test, and the existence of multiple grain boundaries in
the as-prepared nanostructures to alleviate structural deforma-
tion during the catalytic process.
A structurally more robust component can also be implanted

into a nanoframe for use as a “hard skeleton” to fortify the
nanoframe.45,81,82 In one study, a hard Pt skeleton was
introduced into an octahedral Au nanoframe to achieve
enhanced structural stability.82 The synthetic route includes
the site-specific deposition of Pt on Au octahedral nanocrystals,
selective etching of the Au core, and regrowth of Au on the Pt
skeleton. Remarkably, the Au octahedral nanoframes reinforced
with a Pt skeleton experienced no observable morphological
change even when utilized under extreme pH conditions (e.g., at
pH = 1.5, 7, and 12.5) or even treated with O2 plasma. In
comparison, under similar conditions, the Au octahedral
nanoframes without a Pt skeleton were found to undertake
aggregation and/or collapse for the frame structure. The
outstanding stability could be attributed to the presence of an
embedded hard skeleton made of Pt. Although only octahedral

Figure 27. Preservation of metal nanoframes by introducing a dopant into the crystal lattice. (A) Schematic illustration showing changes to the binary
Pt−Cu rhombic dodecahedral nanoframe and ternary Pt−Cu−Co nanoframe before and after the accelerated durability test. (B, C) TEM images of
(B) Pt−Cu and (C) Pt−Cu−Co nanoframes after 1000 cycles of the accelerated durability test towardMOR. (D, E) Comparison of the mass activities
of the different electrocatalysts before and after (D) 10 000 cycles of the accelerated durability test toward ORR and (E) 1000 cycles of the accelerated
durability test toward MOR. Reproduced with permission from ref 63. Copyright 2018 Wiley-VCH Verlag GmbH & Co.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00940
Chem. Rev. 2021, 121, 796−833

824

https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00940?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00940?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00940?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00940?fig=fig27&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00940?ref=pdf


and cubic Au nanoframes fortified with a Pt skeleton were
demonstrated in detail in this study, it is believed that one could
potentially generalize this approach for the fabrication of Pt-
reinforced nanoframes with other morphologies.

5.2. Optimization of the Composition

In addition to its structure, the elemental composition of a
nanoframe also contributes to its structural stability, as well as its
durability in a catalytic application. On the one hand, different
metals have distinct resistance to corrosion, oxidation, and
reduction under harsh environments such as elevated temper-
ature, high pressure, increased humidity, and strong acid or base,
as well as other unidentified environmental factors. To this end,
it is important to optimize the composition of nanoframes for a
specific catalytic reaction to accommodate the specific
conditions in order to achieve a long-term operation. On the
other hand, one can manipulate the spatial distributions of
different elements in the nanoframe and place the most resistant
element at the weakest sites. For example, it is possible to
fabricate a heterogeneous nanoframe, in which the most
vulnerable vertices are composed of the heat-, oxidation-/
reduction-, and/or acid/base-resistant elements, whereas the
less vulnerable parts are made of the catalytically more active
metals.
A common approach to enhancing the performance of a

nanocatalyst is to add a new element, namely, a dopant, to the
nanostructure.63,126−128 It is argued that the introduction of a
dopant could optimize the electronic structure of the catalyti-
cally active metal(s), alter their interactions with the reaction
intermediates, and even introduce lattice strain into the system.
These factors can also be exploited to prevent the dissolution of
a specific metal from a catalyst during the operation process,
which would consequently protect the overall structure against
destruction. The choice of dopant could be a noble metal. For
example, it was reported that doping Pt−Ni octahedral
nanocrystals with a proper amount of Rh could greatly enhance
their morphological stability during ORR.126 The dopant can
also be other transition metals, such as Mo, as shown in the case
of Mo-doped Pt3Ni octahedral nanocrystals.

127 DFT calcu-
lations suggested that the formation of surface Mo−oxide might
be responsible for the enhanced durability of the Mo-doped
nanocrystals. Additionally, it was reported that nonmetallic
elements could also be introduced to improve the catalytic
stability of metal nanocrystals. For example, P has been used to
dope Pt−Ni concave octahedral nanocrystals, and the resultant
nanocrystals showed greatly enhanced catalytic activity and
durability under alkaline conditions.128

With the introduction of a small amount of Co into Pt−Cu
rhombic dodecahedral nanoframes, ternary nanoframes with
superior stability were obtained (Figure 27).63 The as-obtained
ternary nanoframes embraced not only enhanced catalytic
activity toward both ORR and MOR but also improved
structural and compositional stability compared to their binary
Pt−Cu counterparts. The synthesis started from the formation
of Cu-rich Pt−Cu−Co solid rhombic dodecahedral nanocrystals
(at an atomic ratio of Pt/Cu/Co = 31.4:64.5:4.1), with Pt and
Co atoms being mainly situated in proximity to the edges. When
subjected to a selective etching of the core material using acetic
acid, Pt−Cu−Co nanoframes featuring an atomic ratio of Pt/
Cu/Co = 43.8:47.3:8.9 were obtained. The durability of the
ternary nanoframes was then evaluated and compared with that
of the binary Pt−Cu nanoframes toward ORR and MOR by
applying the accelerated durability tests for 10 000 and 1000

cycles, respectively. Figure 27A−C shows that the morphology
of the Pt−Cu−Co nanoframes remained essentially unaltered
during the durability test, while the Pt−Cu nanoframes
collapsed and lost their original morphology. To evaluate the
catalytic durability, the mass activities of both types of
nanoframes, as well as that of the commercial Pt/C, after the
accelerated durability tests were calculated and then bench-
marked against those of the same catalysts before the tests. As
shown in Figure 27D,E, it is evident that the Co-doped ternary
nanoframes not only showed remarkable initial mass activities
toward both ORR and MOR but also retained their mass
activities to the largest extent during the accelerated durability
tests when benchmarked against the other two catalysts. These
results indicate that elemental doping could effectively preserve
the structure and the catalytic performance of metal nanoframes.
Different from doping, maneuvering the spatial distributions

of the constituent elements in a nanoframe offers an alternative
way to realize superior catalytic durability. In one study, a unique
heterogeneous structure was demonstrated with outstanding
durability toward MOR by decorating the vertices of Pt−Ni
nanoframes with Au islands.83 The Au-decorated Pt−Ni
nanoframes were fabricated by decorating the vertices of Pt−
Ni truncated octahedral nanocrystals with Au islands through
the galvanic replacement reaction between Ni and HAuCl4,
followed by chemical etching to remove the solid core while the
ratio of Pt to Ni was varied. When the loss of forward peak
current density was compared after 3000 cycles of the
accelerated durability test, the Au-decorated Pt−Ni nanoframes
exhibited better durability relative to the Pt−Ni truncated
octahedral nanocrystals and PtNi3 nanoframes without the
decoration of Au. It was argued that multiple reasons could be
responsible for the enhanced durability. First, the catalytic
oxidation of methanol would proceed via a more effective route
in the presence of Au islands at the corners, limiting the
formation of poisonous CO species. Second, the regulated
chemical etching process would result in the formation of a
phase-segregated Pt skin capable of protecting the open
structure from dissolution. Third, the Au islands could work
synergistically with Pt−Ni nanoframes in inhibiting the
adsorption of poisonous intermediates onto the catalytic surface,
which would prevent the loss of active sites and thus improve the
long-term durability of the catalyst.

5.3. Post-Synthesis Treatment

On the one hand, as discussed above, a tight control of the
composition and spatial distributions of the constituent
elements during a synthesis can greatly improve the structural
stability and catalytic durability of nanoframe-based catalysts.
On the other hand, a post-synthesis treatment, such as those
involving thermal annealing and/or acid washing of a newly
prepared nanocatalyst before its use in a catalytic application,
has been demonstrated to be of equal importance in maximizing
the catalytic performance.58,129,130 Such a treatment often
causes alterations to the structure and/or composition of the
catalyst, exerting a profound impact on the catalytic activity and
durability of metal nanoframes. For example, it was reported that
thermal annealing could be conducted not only to enhance
contacts between the catalytic particle and the support (e.g.,
carbon and Al2O3) but also to induce a desired surface
reconstruction on the catalytic particle.129 Acid washing is
often a required step before the use of Pt-based alloy catalysts
(e.g., those made of Pt−Ni) in PEMFC.130 During this process,
the more reactive metal such as Ni will be leached out from the
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surface of the catalytic particle, generating a catalytically more
active Pt-rich skin. This skin can also serve as a protective layer
to prevent the more reactive metals from further dissolution by
the acid. As a result, it is of critical importance to understand the
effect of post-synthesis treatment on the structure and
composition of nanoframes before one can come up with a
suitable procedure to improve their catalytic activity and
durability.
In a comparative study, the effect of a post-synthesis treatment

on the catalytic activity and durability of Pt−Ni rhombic
dodecahedral nanoframes as an ORR electrocatalyst was
carefully examined.58 In this work, Pt−Ni rhombic dodecahe-
dral solid nanocrystals were first synthesized by injecting metal
precursors into OAm at 265 °C and then treated using three
different procedures. The treatment involved acid washing (with
CH3COOH or HNO3), thermal annealing (in air and at 180
°C), and electrochemical activation (by potential cycling
between 0.05 and 1.02 V in a HClO4 solution saturated with
inert gas). As illustrated in Figure 28A for the first group, the Pt−
Ni rhombic dodecahedral nanocrystals were directly loaded on a
carbon support without any washing step, followed by annealing
in the air to remove the organic adsorbates and then
electrochemical activation to get rid of the unalloyed Ni species

that would easily dissolve during potential cycling. For the
second and third groups, the Pt−Ni rhombic dodecahedral
nanocrystals were treated with CH3COOH (AcOH, a weak
acid) and HNO3 (a strong acid), respectively, for the formation
of nanoframes, before being loaded on the same carbon support
for subsequent treatments and tests. To understand the
influence of the post-synthesis treatment on the composition
near the surface region of these three catalysts, the elemental
composition of each catalyst was quantified by collecting EDS
spectra at different stages (Figure 28B−D). While the air
annealing process only changed the extent of alloying and did
not impact the composition of the Pt−Ni nanocrystals, the
electrochemical activation could significantly reduce the Ni
content for the Pt−Ni nanocrystals in groups one and two. In
contrast, the catalyst in group three did not experience any
compositional change in the electrochemical activation step,
because a stable composition (at an atomic ratio of Pt/Ni =
75:25) had already been achieved during the HNO3 treatment.
The compositional stability of the catalyst in group three
indicates that the robust surface delivered by the HNO3

treatment could prevent the leachable element (Ni) from
dissolution during potential cycling.

Figure 28. Comparison of metal nanoframes undergoing different post-synthesis treatments. (A) Schematic illustration of three different post-
synthesis procedures for treating the Pt−Ni rhombic dodecahedral nanocrystals and the atomic structures at different stages. (B−D) HAADF-STEM
and EDS images of the catalysts treated using (B) Procedure 1, (C) Procedure 2, and (D) Procedure 3. (E) Ni content and (F) ORR mass activity of
the three different catalysts at various stages of test. Reproduced with permission from ref 58. Copyright 2018 American Chemical Society.
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To evaluate the structural rigidity of these three catalysts
treated using different procedures, HAADF-STEM images were
collected for each sample immediately after electrochemical
activation and after 1000 or 30 000 cycles of the accelerated
durability test toward ORR. Figure 28B−D shows that the Pt−
Ni catalytic particles in group three were preserved well.
However, those in group two lost their original morphology
during the durability test, and in fact, they could hardly be
identified after 30 000 cycles. In comparison, the catalytic
particles in group one developed an indistinct structure even
before the durability test due to the dissolution of Ni and the
reconstruction of the nanostructure during the electrochemical
activation step. The durability of these three catalysts was also
assessed using the degradation curves of the elemental
composition and the ORR mass activity at 0.95 V during the
durability test, as shown in Figure 28E,F, respectively. The Pt−
Ni catalytic particles in group three stood out for its exceptional
compositional stability, as well as high durability, although its
initial mass activity was relatively low. It should be pointed out
that, even though the Pt−Ni catalytic particles in group one
exhibited extraordinarily high activity in the initial stage
compared to the other two groups, they are not well-suited for
electrocatalytic applications. As a matter of fact, they could
hardly be utilized in practice, because the dissolution of
leachable elements during fuel cell operation would deteriorate
the membrane and ionomer. As such, it can be concluded that
the treatment procedure for the third group is more appropriate
for processing the Pt−Ni electrocatalysts, and the overall
performance of PEMFC would benefit from the stability of the
catalyst over a long haul.
It is worth emphasizing that the post-synthesis treatment may

not necessarily augment the catalytic activity. As discussed in the
above case study, for example, the initial activity of the Pt−Ni
nanoframes involving treatment with a strong acid was
compromised, but the less-defective surface would become
more resistant during the prolonged testing cycles.58 In general,
the optimal structure and composition for excellent durability
may not be always in line with the optimal features for superior
catalytic activity. As such, a delicate balance between the
catalytic activity and durability should be taken into
consideration when optimizing the nanoframes for a catalytic
application.

6. CONCLUDING REMARKS
Noble-metal nanocrystals with hollow interiors have received
considerable interest owing to their unique properties and
potential applications related to catalysis and plasmonics.
Among them, nanoframes consisting of ultrathin ridges have
the most open structure, allowing molecules and even
macromolecules to easily enter and exit the hollow interior.
This unique feature makes them excellent candidates for
catalytic applications. In this review article, we first introduce a
number of approaches to the fabrication or synthesis of
nanoframes, including a template-assisted assembly of nanoscale
building blocks, face-selected carving of solid nanocrystals, edge-
selected deposition on a template followed by etching,
dealloying of hollow nanocrystals, and nanoframe-directed
deposition. We then use a broad spectrum of examples to
illustrate the mechanistic details underlying each synthesis for
the fabrication of mono-, bi-, or multimetallic nanoframes with
simple or complexmorphologies, as well as heterostructured and
hybrid systems.We further highlight the use of these nanoframes
as catalytic materials toward reactions critical to fuel cells, water

splitting, as well as dehydrogenation, hydrogenation, Suzuki
coupling, and pollutant degradation. At the end, we discuss the
recent progress in enhancing the durability of noble-metal
nanoframes in catalysis by engineering the structural and
compositional designs. Despite the incredible progress over the
past decade, the widespread use of this novel class of
nanomaterials still faces a number of issues. Here is a short list
of those challenges, together with their potential solutions.

(1) Precise control over the surface structure of nanof rames. In
principle, the catalytic activity and/or selectivity of metal
nanoframes can be enhanced by manipulating the
arrangement of atoms on the surface.19,87 However, it
remains a daunting challenge to control the surface
structure of nanoframes, in particular, when their ridges
are reduced to a few nanometers of thickness. Only a few
studies have attempted to resolve the specific facets
exposed on the ridges of nanoframes.34−37 In this regard,
it is of critical importance to further expand the capacity of
a synthetic protocol to precisely control the atomic
composition and arrangement on the outermost surface of
a nanoframe. This goal can be, possibly, achieved by
optimizing the experimental parameters involved in a
synthesis, including the template, temperature, solvent,
metal precursor, capping agent, and colloidal stabilizer.

(2) Elucidating the mechanistic details involved in the synthesis of
nanoframes. As discussed in Sections 2.2 and 2.3, both
oxidative etching and galvanic replacement are typically
involved in carving out a nanoframe from a solid
nanocrystal. In general, their contributions to the carving
process may change in the course of a synthesis, making it
difficult to achieve a precise control over the elemental
composition and morphology of the products. For
example, in the one-pot synthesis of Pt−Cu nanoframes,
as the dissolved O2 was depleted from the reaction
solution with time, the galvanic replacement between Cu
and Pt(II) precursor, rather than the oxidative etching
caused by O2/Br

− or O2/ I
−, might become the dominant

process in the later stage of a synthesis.35,36,56 For the
synthesis of Ru nanoframes from Pd@Ru core−frame
nanocrystals, however, the galvanic replacement reaction
between Pd and a Ru(III) precursor only played a major
role in the early stage of a synthesis.75 As a result, it is
important to differentiate the roles played by oxidative
etching and galvanic replacement in the course of a
synthesis by carefully controlling and monitoring the
experimental conditions.

(3) Developing nanoframes made of high-abundance and low-
cost metals. As shown in Sections 2 and 3, most of the
reported nanoframes are based on low-abundance and
high-cost noble metals, including Au, Pd, Pt, Rh, Ru, and
Ir.69,71 It will be beneficial to have the synthesis extended
to Ag and Cu, two noble metals that are more abundant
and less expensive than other noble metals while still
offering key plasmonic and catalytic properties. However,
it is extremely difficult to synthesize nanoframes
dominated by these two metals because of their higher
reactivity than all other noble metals. Recently, a facile
method was developed for the synthesis of Ag cubic
nanoframes by reducing templates based on silver halide
(i.e., AgCl0.91Br0.09 nanocubes) with NaBH4.

131 On the
one hand, this successful demonstration suggests that the
use of various, well-defined salt nanocrystals as the
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templates may offer a simple synthetic route to Ag and Cu
nanoframes. On the other hand, it was reported that Pd
solid nanocrystals could be directly transformed into Pd
nanoframes by carefully manipulating the etching and
redeposition rates at different sites (Figure 9).55 This may
provide another route to the fabrication of Ag or Cu
nanoframes. Taken together, there is an urgent need to
develop a general strategy for the synthesis of nanoframes
made of Ag, Cu, and many other earth-abundant metals
with various morphologies and further explore their
plasmonic and catalytic properties.

(4) Achieving a clean surface for the nanof rames. In most cases,
the solution-phase synthesis of noble-metal nanoframes
involves the use of a colloidal stabilizer (e.g., PVP and
CTAB) and/or a capping agent (e.g., Cl−, Br−, and
I−).19,87 Although the nanoframes are repeatedly washed
after a synthesis, these organic/inorganic species often
remain on the surface of the nanoframes due to the
involvement of chemisorption. Their presence could
compromise the performance of the nanoframes in
heterogeneous catalysis. This issue can be addressed
through the development of effective protocols for
removing the chemisorbed species after the synthesis or
conducting the synthesis without involving any adsor-
bates. UV−ozone irradiation and thermal annealing are
often used for the post-synthesis removal of chemisorbed
molecules.87 However, these treatments may induce
irreversible aggregation or fusion in the nanostructures.
In comparison, a synthesis conducted without the
addition of any possible adsorbate is more attractive in
generating nanoframes with a clean surface. To this end, it
was reported that Au, Pd, and Pt nanoframes free of
colloidal stabilizer and capping agent could be prepared
through a galvanic replacement reaction that involved
nanocrystal templates directly grown on solid substra-
tes.80

(5) Understanding the thermal stability of nanoframe structures.
As showcased in Section 4, metal nanoframes possess
excellent catalytic properties owing to their unique
features. However, note that nanoframes are far-from-
equilibrium structures that tend to have compromised
thermal stability, especially during a high-temperature
catalysis. On the basis of in situ TEM observations in the
cases of Au nanoribbons and Pd concave icosahedra,
kinetically controlled products could change their
morphologies via surface reconstruction and then evolve
into the thermodynamically favorable structures through
bulk reconstruction when subjected to heating.132,133 On
the one hand, for the metal nanoframes with ultrathin
ridges, it is expected that their equilibration pathways may
differ from their solid counterparts with similar
dimensions. On the other hand, because most of the
nanoframe catalysts are made of alloys (e.g., the Pt3Ni
nanoframes for ORR), phase separation or intermetallic
formation might occur upon heating, increasing the
complexity of an equilibration pathway for nano-
frames.38,43,58−60 Taken together, there is an urgent
need to understand the stability of far-from-equilibrium
nanoframes under thermal stress by tracking and
analyzing the equilibration pathway in situ. The results
from such studies are anticipated to enable the
optimization of structural and compositional designs for

enhancing the structural stability and thus catalytic
durability of metal nanoframes.

(6) Scaling up the production of nanoframes. Although a wide
variety of metal nanoframes have been successfully
synthesized in high quality, the protocols mainly rely on
conventional batch reactors with small reaction volumes
(typically, 10−200 mL). When scaled up to large reaction
volumes (e.g., 1000 mL), the thermal inhomogeneity and
nonuniform spatial distributions of reactants throughout
the reaction solution often result in poor quality control
for the products. This will be especially problematic when
preparing metal nanoframes with complex morphologies.
One feasible solution is based upon the adoption of a
continuous-flow reactor.134,135 When the reaction
solution is dispersed into a continuous train of small
droplets, this system offers an opportunity to achieve high
production volume while still maintaining a good control
over the product quality.

(7) Integrating noble-metal nanoframes with other functional
materials. In recent years, hybrid nanostructures consist-
ing of a combination of two or more functional
components have received ever-increasing interest in
the field of catalysis. Because of the synergistic effect and/
or coupling effect, the hybrid nanostructures can offer
greatly enhanced or even completely new catalytic
properties. For example, as discussed in Sections 3.3
and 4.2, an MOF has been successfully grown on the
surface of Pt−Ni nanoframes to form a unique hybrid
nanomaterial.49 During the hydrogenation reaction
involving a mixture of four different olefins, it is possible
to achieve a high selectivity by limiting the access of
substrate molecules larger than the pores of the MOF. In
addition, other hybrid nanostructures based on metal
nanoframes and semiconductors have been designed and
fabricated to achieve photocatalysis in the context of
chemical synthesis and environmental cleaning, as
discussed in Section 4.3.46−48 It is anticipated that
integration of noble-metal nanoframes with other func-
tional materials will bring in new properties and/or
enhanced performance.

In conclusion, there is still a number of challenges that need to
be addressed before we can elevate noble-metal nanoframes to
the next level of success. It is hoped that the concepts and case
studies presented in this review article can serve as a resource or
starting point for researchers who are interested in developing
new types of metal nanoframes and/or exploring their novel
applications. Once our knowledge of this new class of
nanomaterials has accumulated to a certain level, it might
become a reality to design and rationally fabricate noble-metal
nanoframes with the explicit properties for a specific application.
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ABBREVIATIONS

2-D = two-dimensional
3-D = three-dimensional
AFC = alkaline fuel cell
CTAB = cetyltrimethylammonium bromide
CTAC = cetyltrimethylammonium chloride
DFAFC = direct-formic acid fuel cell
DFT = density functional theory
DMF = N,N-dimethylformamide
DMFC = direct-methanol fuel cell
DNA = deoxyribonucleic acid
DOE = Department of Energy
FAOR = formic acid oxidation reaction
FCC = face-centered cubic
EDS = energy-dispersive X-ray spectroscopy
EG = ethylene glycol
ETA = ethanolamine
HAADF = high-angle annular dark-field
HCP = hexagonal close packing
HER = hydrogen evolution reaction
HOR = hydrogen oxidation reaction
HRTEM = high-resolution TEM
LSPR = localized surface plasmon resonance
MCFC = molten carbonate fuel cell
MOF = metal−organic framework
MOR = methanol oxidation reaction
Ni-MOF-74 = MOF of Ni2dobdc (where dobdc

4− refers to
2,5-dioxidoterephthalate)
OAm = oleylamine
ODA = octadecylamine
OER = oxygen evolution reaction
ORR = oxygen reduction reaction
PAFC = phosphoric acid fuel cell
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PEMFC = proton-exchange membrane fuel cell
PGM = platinum-group metal
PVP = poly(vinylpyrrolidone)
SERS = surface-enhanced Raman scattering
STEM = scanning transmission electron microscopy
SOFC = solid oxide fuel cell
TEG = triethylene glycol
TEM = transmission electron microscopy
TOF = turnover frequency
XANES = X-ray absorption near-edge structure
XPS = X-ray photoelectron spectroscopy
XRD = X-ray diffraction
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