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ABSTRACT: We report a general method based on the galvanic
replacement for the fabrication of nanoscale, multimetallic, cage
cubes by confining the drilling of Ag to the center of each side face
of a Ag nanocube encased by Ag−Au alloy frames. In a typical
process, we disperse Ag@Ag−Au core−frame nanocubes in an
aqueous solution of cetyltrimethylammonium chloride, followed by
the titration of an aqueous solution of the precursor under ambient
conditions. We identify that the oxidation of Ag is preferentially
instigated from the Ag-dominated regions located at the center of
each side face of a nanocube for the creation of a cavity, while the
resultant metal atoms are deposited on the edges and corners in an
orthogonal manner. In the case of H2PtCl6 precursor, Ag atoms will
be carved away from the side faces in the form of Ag(I) ions for the generation of a much smaller number of Pt atoms. Because
a thin layer of Ag−Au−Pt alloy tends to be formed on the surface, including the areas around but not inside the cavities, it is
possible to achieve continuous removal of Ag toward the center of a core−frame nanocube for its ultimate transformation into a
cage cube composed of a Ag−Au−Pt alloy and characterized by three orthogonal, intersected holes. The same strategy also
works for other salt precursors, including Pt(II), Pd(II), and Au(III), but the size of the holes may vary depending on the
stoichiometry involved in the galvanic replacement reaction.

1. INTRODUCTION

Noble-metal nanocrystals with well-controlled morphologies
and compositions have enabled a range of applications in
biomedicine,1−3 catalysis,4−6 optical sensing,7,8 and surface-
enhanced Raman scattering.9−12 Among the synthetic
methods, galvanic replacement relies on a simple redox
reaction to transform solid mono- or bimetallic nanocrystals
of various shapes into hollow and/or porous metallic
nanostructures. For example, Ag nanocubes were reacted
with a Au(I) or Au(III) precursor in an aqueous solution for
the production of Ag−Au nanoboxes and nanocages with
tunable optical properties.13,14 Similar approaches have been
successfully applied to the generation of hollow and/porous
nanostructures made of Ag−Pt,15 Ag−Pd,16 and Pd−Pt,17 and
some of these nanostructures were further explored for
catalytic applications. When combined with the Kirkendall
effect, galvanic replacement has also been employed to convert
Ag nanocubes into double-walled nanoboxes with different
exterior and interior compositions.18,19

In recent years, many groups have explored the spatial
separation of the galvanic replacement reaction on a nanoscale
surface for the fabrication of nanostructures with increasingly
complex morphologies and compositions. To this end, Xia and
co-workers observed that the oxidation of Ag could be initiated
from the {111} facets or corner sites of truncated Ag
nanocubes when they were reacted with a Au(III) precursor
in the presence of poly(vinylpyrrolidone) (PVP).13 They also

reported the fabrication of Pd−Pt concave nanocubes through
the galvanic replacement reaction between Pd nanocubes and a
Pt(IV) precursor.20 It was shown that the Br− ions in the
reaction solution could selectively bind to and activate the
{100} facets on Pd nanocubes, leading to the oxidation of Pd
from the {100} facets or side faces for the deposition of Pt on
the {111} facets or corners in an orthogonal manner. Liz-
Marzan and co-workers reported a detailed analysis of the
structural evolution of Ag nanocubes when they were reacted
with HAuCl4 in an organic solvent, together with the use of
Cl− ions.21 Using electron tomography, they were able to
capture the generation of a small pinhole on the side faces of
nanocubes at the early stage of synthesis, confirming that the
oxidation of Ag was also initiated from the side faces due to the
selective binding of Cl− ions to the {100} facets.22,23 As the
reaction progressed, they revealed that the oxidation of Ag
atoms was continued from the center of each side face for the
generation of gradually enlarged holes while the resultant Au
atoms were deposited on the other regions of a nanocube,
leading to the generation of octahedral nanocages made of
Ag−Au alloys. Most recently, we investigated the site
selectivity of the galvanic replacement reaction between Ag
nanocubes and a Au(III) or Pd(II) precursor in the presence
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of Cl− ions, during which Ag oxidation occurred at the {100}
facets of nanocubes for the deposition of Au or Pd atoms on
the {110} and {111} facets and thus the formation of Ag−Au
or Ag−Pd concave nanocubes.24,25

In addition to these studies involving the use of
monometallic nanocrystals as templates with surface inhomo-
geneity associated with faceting and/or capping, bimetallic
systems with spatially controlled distributions of elements were
also explored in recent years.26,27 In one study, Skrabalak and
co-workers used Ag−Pd dimers with a Janus structure as
templates to react with various Au(III) precursors having
different reduction potentials in the presence of PVP.26 They
demonstrated that the replacement of Ag was more rapid than
that of Pd, leading to the creation of Ag vacancies as the Au
atoms were deposited on the Ag surface. Because some of the
Ag vacancies would diffuse into Pd to generate a Ag−Pd alloy,
the subsequent oxidation of Ag by the Au(III) precursor would
progress on both Ag and Pd surfaces for the generation of Au-
based alloys on both Ag and Pd regions.28 Wang and co-
workers leveraged the use of atomically intermixed AuCu3 and
AuCu bimetallic nanoparticles as the sacrificial templates to
react with a Au(III) precursor in an aqueous solution.27 They
established that the compositional stoichiometry and structural
ordering of the Au−Cu nanoparticles played two important
roles in controlling the galvanic replacement reaction for the
production of complex nanostructures through an interplay of
dealloying,29−31 Kirkendall diffusion,18,32 and Ostwald ripen-
ing.33,34

Despite the success in transforming mono- and bimetallic
nanocrystals into hollow and/or porous nanostructures
through the galvanic replacement reactions, it remains a
challenge to spatially confine the oxidation (dissolution) and
reduction (deposition) reactions to different sites on the
surface of a sacrificial template. Herein, we report a systematic
study of the galvanic replacement reactions between various
types of precursors and Ag@Ag−Au core−frame nanocubes, a
newly developed template with well-defined spatial distribu-
tions for Ag and Au on the surface. The replacement reactions
were conducted by titrating the precursor into an aqueous
suspension of the core−frame nanocubes under ambient
conditions and in the presence of cetyltrimethylammonium
chloride (CTAC). In an orthogonal manner, the oxidation of
Ag was initiated and continued from all of the side faces
dominated by Ag atoms, while the resultant metal atoms (e.g.,
Pt, Pd, or Au) were concurrently deposited along the edges
enriched by Au atoms. By controlling the reaction
stoichiometry involved, the core−frame nanocubes were
transformed into cage cubes with different compositions and
hole sizes. For example, with the use of a Pt(IV) precursor
such as H2PtCl6, Ag oxidation was initiated from the Ag-
dominated regions located at the center of each side face,
creating a cavity on each side face of the nanocube.
Concomitantly, the Pt atoms derived from the reduction by
Ag were deposited on the edges for the generation of a Ag@
Ag−Au−Pt concave nanocube. As the reaction progressed, Ag
oxidation was continued in the Ag-dominated region located
on each side face rather than those regions where the Ag atoms
had formed alloys with Au and/or Pt due to the difference in
reduction potentials. Because one Pt atom would be produced
at the expense of four Ag atoms during the replacement
reaction, it was possible to carve away all Ag atoms from the
side faces toward the center in a well-aligned, orthogonal
manner. As a result, the Ag@Ag−Au−Pt concave nanocubes

were transformed into nanoscale cage cubes made of a Ag−
Au−Pt alloy. The same approach also works for other
precursors, including Pt(II), Pd(II), and Au(III), albeit the
size and exact location of the hole might vary due to the
differences in stoichiometry and reduction potential.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Ethylene glycol (EG) was ordered from J.T.

Baker. Sodium hydrosulfide hydrate (NaSH·xH2O), aqueous hydro-
chloric acid (HCl, 37 wt %), poly(vinylpyrrolidone) (PVP) with an
average molecular weight of 55000 (PVP-55k), silver trifluoroacetate
(CF3COOAg, ≥99.99% trace-metal basis), gold(III) chloride
trihydrate (HAuCl4·3H2O, ≥99.9% trace-metal basis), chloroplatinic
acid hexahydrate (H2PtCl6·6H2O, ACS reagent, ≥37.50% Pt basis),
iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O), potassium
tetrachloroplatinate(II) (K2PtCl4, ≥99.9% trace-metal basis), sodium
tetrachloropalladate(II) (Na2PdCl4, ≥99.99% trace-metal basis),
aqueous cetyltrimethylammonium chloride solution (CTAC, 25 wt
%), and L-ascorbic acid (H2Asc, 99%) were acquired from Sigma-
Aldrich (St. Louis, MO). Sodium hydroxide (NaOH, 98%) and
acetone (HPLC grade, 99.5+%) were obtained from Alfa Aesar. All
chemicals were used as received. All aqueous solutions were prepared
using deionized water with a resistivity of 18.2 MΩ·cm at room
temperature.

2.2. Synthesis of Ag Nanocubes. We synthesized Ag nanocubes
with an average edge length of 40.5 ± 2.8 nm by following the
published protocol.35 After washing the Ag nanocubes with acetone
and water, once each, we redispersed them in water for further use.

2.3. Synthesis of Ag@Ag−Au Core−Frame Nanocubes. In a
standard protocol, the reaction solution was prepared by mixing 2 mL
of aqueous CTAC (0.1 M), 0.5 mL of aqueous H2Asc (0.1 M), and
0.5 mL of aqueous NaOH (0.2 M) under magnetic stirring at 1150
rpm. Next, we added 23 μL of the aqueous suspension of Ag
nanocubes into the reaction solution to attain a final particle
concentration of around 2.6 × 1011 particles/mL, followed by the
titration of 0.4 or 0.8 mL of aqueous HAuCl4 (0.1 mM) using a
syringe pump at a rate of 0.02 mL/min to two types of core−frame
nanocubes, namely, Ag@Ag−Au-4 and Ag@Ag−Au-8. After the
titration was completed, we collected nanoparticles at 7200 rpm for
11 min, removed the supernatant, and redispersed them in 100 μL of
water.

2.4. Synthesis of the Ag@Ag−Au−Pt Concave Nanocubes
and Ag−Au−Pt Cage Cubes. In a standard protocol, we added 100
μL of the as-prepared Ag@Ag−Au-4 and Ag@Ag−Au-8 nanocubes
into a reaction solution containing 2 mL of aqueous CTAC (0.1 M)
and 1 mL of water under magnetic stirring at 1150 rpm. Next, we
titrated different volumes of aqueous H2PtCl6 (0.2 mM) using a
syringe pump at a rate of 0.02 mL/min. After the desired volume had
been reached, we left the reaction solution under magnetic stirring for
about 30 min before the solid products were collected by
centrifugation at 7200 rpm for 11 min. We washed the solid products
with water twice before they were redispersed in 1 mL of water for
further use. The same protocol was also applied to other types of
precursors, including K2PtCl4, Na2PdCl4, and HAuCl4 except that
different titration volumes were used and HAuCl4 was titrated at the
rate of 0.0025 mL/min.

2.5. Etching the Ag@Ag−Au Core−Frame Nanocubes with
Fe(NO3)3. In a typical process, we added 100 μL of the as-prepared
Ag@Ag−Au-8 nanocubes into a reaction solution containing 2 mL of
aqueous CTAC (0.1 M) and 1 mL of water under magnetic stirring at
1150 rpm. Next, we titrated different volumes of aqueous Fe(NO3)3
(0.2 or 0.8 mM) using a syringe pump at a rate of 0.02 mL/min. After
the desired volume had been reached, we left the reaction solution
under magnetic stirring for about 30 min before the solid products
were collected by centrifugation at 7200 rpm for 11 min. We then
washed the solid products with water twice before they were
redispersed in 1 mL of water for further use.

2.6. Instrumentation and Characterization. The particles were
collected using an Eppendorf 5430 centrifuge (Eppendorf North
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America, Hauppauge, NY). The UV−vis spectra were recorded using
a Cary 60 spectrophotometer (Agilent Technologies, Santa Clara,
CA). The metal contents were determined using an inductively
coupled plasma mass spectrometer (ICP-MS, NexION 300Q,
PerkinElmer, Waltham, MA). Transmission electron microscopy
(TEM) images were captured on a Hitachi HT7700 microscope
(Tokyo, Japan) operated at 120 kV. Scanning electron microscopy
(SEM) images were captured on a Hitachi SU8230 field-emission
SEM (Tokyo, Japan) operated at 20 kV. High-angle annular dark-field
scanning electron microscopy (HAADF-STEM) images were
recorded on a Hitachi HD2700 Cs-corrected microscope operated
at 200 kV. The energy-dispersive spectroscopy (EDS) detector on the
HD2700 was used to generate an elemental mapping of the
nanocrystals.

3. RESULTS AND DISCUSSION
We followed our published protocol to synthesize the Ag@
Ag−Au core−frame nanocubes that were composed of a Ag
core and a Au−Ag alloy frame.24 Specifically, we titrated 0.4
and 0.8 mL of aqueous HAuCl4, respectively, into an aqueous
suspension of Ag nanocubes in the presence of H2Asc, NaOH,
and CTAC to generate Ag@Ag−Au-4 and Ag@Ag−Au-8,
respectively. They embraced different amounts of Ag in the
core and different thicknesses for the Ag−Au frame, in addition
to different degrees of concaveness on their side faces. We then
used the core−frame nanocubes as sacrificial templates to react
with a salt precursor such as H2PtCl6 in the presence of CTAC.
Finally, we analyzed the products using electron microscopy
and UV−vis spectroscopy to examine both the structural and
compositional changes during the course of the galvanic
reaction.
Figure 1 shows a plausible pathway for the gradual

transformation of a Ag@Ag−Au core−frame nanocube into a
Ag@Ag−Au−Pt concave nanocube and then a Ag−Au−Pt
cage cube through a galvanic replacement reaction. In the first
step, Ag oxidation would preferentially start from the Ag-
dominated regions located in the center of each side face to
create a cavity, while the resultant Pt atoms are deposited on
the edges and corners of the nanocube, leading to the
generation of a Ag@Ag−Au−Pt concave nanocube. As the
galvanic reaction is continued, holes are continuously drilled in
all side faces in an orthogonal but well-aligned manner, while
Pt atoms are concurrently deposited on the edges and corners,
followed by interdiffusion and alloying with Ag and Au atoms.
Once a thin layer of Ag−Au−Pt alloy is formed on the surface,
including the areas around but not inside the cavities, Ag
oxidation can be confined to the center of each side face,
making it possible to continuously remove all Ag in the core

for the generation of a Ag−Au−Pt cage cube. There are some
differences between the cases of Ag@Ag−Au-4 and Ag@Ag−
Au-8 core−frame nanocubes. For example, in the latter case,
the concaveness of the side faces is increased so that it
becomes much easier to drill through the core even in the early
stage of synthesis. On the other hand, the greater coverage of
Au on the side faces of the core−frame nanocube will
significantly reduce the area of the Ag-dominated region for
better confinement of Ag oxidation to the center of each side
face, leading to the generation of cage cubes containing smaller
through-holes.
In the first set of experiments, we examined the structural

and compositional evolutions of Ag@Ag−Au-4 nanocubes
after they had reacted with different volumes of H2PtCl6 in the
presence of CTAC by transmission electron microscopy
(TEM). Figure 2A shows a TEM image of the initial core−
frame nanocubes, indicating slight concaveness on their side

Figure 1. Schematic diagram illustrating the structural evolution of a Ag@Ag−Au core−frame nanocube into a Ag@Ag−Au−Pt concave cube and
a Ag−Au−Pt cage cube through a galvanic replacement reaction.

Figure 2. TEM images of (A) the Ag@Ag−Au-4 core−frame
nanocubes prepared by reacting 0.4 mL of 0.1 mM aqueous
HAuCl4 with Ag nanocubes and (B−D) the solid products obtained
by further titrating different volumes of aqueous H2PtCl6 (0.2 mM)
into the suspension in the presence of CTAC. The titration volumes
were (B) 0.1, (C) 0.4, and (D) 1.2 mL, respectively.
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faces. At 0.1 mL of H2PtCl6, Figure 2B shows their
transformation into more concaved nanostructures, primarily
due to the preferential oxidation of Ag atoms by Pt(IV)
precursor from the center of each side face. At 0.4 mL of
H2PtCl6, Figure 2C shows a mixture of nanocubes with
different numbers of holes drilled in their side faces. This result
suggests that the oxidation rates of different side faces likely
differed from each other due to the variations in terms of the
surface defect and coverage density of a capping agent such as
Cl− ions derived from CTAC. When the titration volume was
increased to 1.2 mL, Figure 2D indicates that the product
consisted of cage cubes with orthogonal, well-aligned through-
holes, confirming that Ag oxidation was more or less confined
to the center of each side face.
To gain a better understanding of the onset of Ag oxidation

on the side faces of Ag@Ag−Au core−frame nanocubes, we
used scanning electron microscopy (SEM) and aberration-
corrected high-angle annular dark-field scanning TEM
(HAADF-STEM) to characterize the sample prepared with
the addition of 0.1 mL of H2PtCl6 (i.e., the same shown in
Figure 2B). Figure 3A shows the SEM image of the sample, in
which the cavities on the side faces could be easily identified.
Figure 3B shows a HAADF-STEM image collected from one
nanocube that was orientated along the ⟨001⟩ zone axis,
confirming the presence of concaveness on the side faces. We
also performed energy-dispersive X-ray spectroscopy (EDS)
mapping on the same particle to resolve the spatial
distributions of Ag, Au, Pt, and Cl elements. As shown in
Figure 3C−F, Ag followed the contour of the particle, while
both Au and Pt were largely confined to the edges and corners
only. The signal of Pt was rather weak when compared with
those of Ag and Au due to the limited amount of the deposited

Pt. The Cl signal followed the trend of the Ag signal,
suggesting that the CTAC-derived Cl− ions could selectively
bind to the Ag{100} facets, consistent with other findings.22,23

We also characterized the same particle by EDS line-
scanning analysis to better understand the spatial distributions
of Ag, Au, and Pt elements. As shown in Figure 3G, the line
profile of Ag shows a dip in the center of the particle,
confirming the concaveness on the side face. On the other
hand, the line profiles of Au and Pt indicate that both Au and
Pt atoms were concentrated on the edges and corners of the
particle, leaving the side faces still dominated by Ag. Because
Au cannot react with Pt(IV), we argue that the Au signal
should reflect the original Au distribution on the surface of the
Ag@Ag−Au-4 nanocube, consistent with our previous
findings.24 Altogether, we believe that the galvanic replacement
reaction was initiated through the oxidation of Ag from the Ag-
dominated regions located at the center of each side face due
to the selective binding of Cl− ions to Ag{100} facets for the
deposition of Pt on the edges and corners in an orthogonal
manner for the generation of Ag@Ag−Au−Pt concave
nanocubes. Based on the inductively coupled plasma mass
spectrometry (ICP-MS) analysis, these trimetallic concave
nanocubes had an elemental composition of Ag86Au12Pt2.
In the second set of experiments, we replaced the Ag@Ag−

Au-4 nanocubes with Ag@Ag−Au-8 nanocubes to increase the
thickness of the frames while keeping all other experimental
conditions unchanged. Figure 4A shows the SEM of the Ag@
Ag−Au-8 nanocubes, confirming more concaved side faces
when compared with those of Ag@Ag−Au-4 nanocubes (see
Figure 2A). With the addition of 0.1 mL of H2PtCl6, Figure 4B
indicates the formation of small holes localized at the center of
each side face, which was completely different from the

Figure 3. (A) SEM image of the Ag@Ag−Au−Pt concave nanocubes as shown in Figure 2B (the inset scale bar is 40 nm) and (B) HAADF-STEM
image of a single concave nanocube. (C−F) EDS mapping of the particle in (B), showing the signals from (C) Ag, (D) Au, (E) Pt, and (F) Cl,
respectively. (G) HAADF-STEM image of the particle in (B) but with the raster angle rotated by 45° and the corresponding EDS line-scan profiles
of Ag, Au, and Pt, respectively.
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product obtained by reacting the Ag@Ag−Au-4 nanocubes
with the same amount of H2PtCl6 (Figure 2B). As the reaction
progressed to 0.4 mL of H2PtCl6, Figure 4C shows the
formation of holes on most of the side faces in a nonuniform
manner, consistent with our previous observation (see Figure
2C). At 1.2 mL, Figure 4D indicates the formation of cage
cubes containing orthogonal, well-aligned through-holes.
We further investigated the detailed structure and

composition of the nanoframes shown in Figure 4D. Figure
5A,B shows the SEM image of the sample and the HAADF-
STEM image of one nanoframe that was orientated along the
⟨001⟩ zone axis, respectively, confirming the highly open
structure. Figure 5C−F shows the spatial distributions of Ag,
Au, Pt, and Cl, respectively, in the nanoframe. Again, the Ag
signal overlapped with the profile of the particle, while the Au
signal was predominantly distributed at the edges and corners
of the particle. On the other hand, both the Pt and Cl signals
were distributed across the entire surface of the particle. Figure
5G shows the corresponding EDS line profiles of Ag, Au, and
Pt, respectively. It was found that the Au signal was mostly
distributed on the edges and corners with an extension toward
the center of the particle, supporting our argument that more
Au was deposited on the side faces of the Ag@Ag−Au-8
nanocubes than that of the Ag@Ag−Au-4 nanocubes. On the
other hand, the Ag signal was rather weak due to the significant
loss of Ag at this point of the reaction. The Pt line profile
overlapped with the Au line profile, suggesting the deposition
of Pt on the Au-enriched regions on the particle during the
galvanic reaction. There was a thin layer of Pt around the
holes, together with Au and Ag, making the alloy regions less
reactive toward Ag oxidation from these areas. As marked by

Figure 4. TEM images of (A) the Ag@Ag−Au-8 core−frame
nanocubes prepared by reacting 0.8 mL of aqueous HAuCl4 (0.1
mM) with Ag nanocubes, and (B−D) the products obtained by
titrating different volumes of aqueous H2PtCl6 (0.2 mM) into the as-
obtained suspension of Ag@Ag−Au-8 nanocubes in the presence of
CTAC. The titration volumes were (B) 0.1, (C) 0.4, and (D) 1.2 mL,
respectively.

Figure 5. (A) SEM image of the Ag−Au−Pt cage cubes as shown in Figure 3D (the inset scale bar is 40 nm) and (B) HAADF-STEM image of a
single cage cube. (C−F) EDS mapping of the particle in (A), showing the signals from (C) Ag, (D) Au, (E) Pt, and (F) Cl, respectively. (G)
HAADF-STEM image of the same particle in (A) but with the raster angle rotated by 45° and the corresponding EDS line-scan profiles of Ag, Au,
and Pt, respectively.
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two orange dotted lines, there were essentially very little signals
for Ag, Au, and Pt inside the hole, indicating that the Ag
drilling process indeed penetrated through the entire thickness
of the particle. The diameter of the hole was estimated to be
around 25 nm. The ICP-MS data gave a composition of
Ag73Au23Pt4 for the trimetallic cage cubes.
Our TEM results demonstrate that both Ag@Ag−Au-4 and

Ag@Ag−Au-8 nanocubes could be transformed into cage
cubes made of Ag−Au−Pt alloy through a galvanic
replacement reaction. We further used UV−vis spectroscopy
to follow the reaction in an attempt to reveal the subtle
differences arising from the difference in Au distribution on the
surface of the Ag@Ag−Au nanocubes because the localized
surface plasmon resonance (LSPR) properties of Ag−Au alloy
nanocrystals are extremely sensitive to the change from solid to
hollow nanostructures.36,37 Figure 6A shows the UV−vis

spectra of the Ag@Ag−Au-4 nanocubes before and after
reacting with 0.1, 0.4, and 1.2 mL of H2PtCl6. It was found that
the major LSPR peak of the Ag@Ag−Au-4 nanocubes was
located at 471 nm, together with a narrow bandwidth. After
reacting with 0.1 mL of H2PtCl6, the peak was red-shifted to
492 nm, with a slight decrease in peak intensity and a little
broadening in peak width, attributing to the concave
morphology of nanocrystals. At 0.4 mL, the LSPR peak was
further red-shifted to 541 nm, together with a drastic decrease
in peak intensity and a significant broadening in peak width,
due to the emergence of cavities on the side faces of the
nanocubes. At 1.2 mL, the LSPR peak became extremely weak
and broad, with the peak position shifted to 813 nm,
corresponding to the formation of Ag−Au−Pt cage cubes.

In comparison, Figure 6B shows the UV−vis spectra of Ag@
Ag−Au-8 nanocubes before and after reacting with 0.1, 0.4,
and 1.2 mL of H2PtCl6. The nanocubes exhibited a major peak
at 490 nm because of more concaveness on the side faces. At
0.1 mL of H2PtCl6, the LSPR peak was red-shifted to 517 nm,
together with an increase in peak width and a decrease in peak
intensity. These LSPR characteristics would be attributed to
the formation of cavities, consistent with the TEM results
(Figure 4B). As the volume of H2PtCl6 was increased to 0.4
and 1.2 mL, we noticed that the peak was continuously red-
shifted to 595 and 679 nm, respectively, together with a
shoulder peak at 500 nm. These results indicate that the two
final products would consist of two populations, consistent
with the TEM images (see Figure 4C,D). It is worth
mentioning that, after reacting the Ag@Ag−Au-8 nanocubes
with 1.2 mL H2PtCl6, the major peak position was located at
679 nm, while the peak was positioned at 813 nm after reacting
the Ag@Ag−Au-4 nanocubes with the same amount of
H2PtCl6. Although there is little difference in the TEM images
shown in Figures 2D and 4D, our UV−vis data suggest that the
holes were better confined to the center of the cubes derived
from the Ag@Ag−Au-8 nanocubes than those derived from
Ag@Ag−Au-4. Taken together, we believe that the amount of
Ag located in the core of the Ag@Ag−Au core−frame
nanocubes, together with the distribution of Au on the surface
of a cubic template, could direct the galvanic replacement
reaction to produce either Ag@Ag−Au−Pt concave nanocubes
or Ag−Au−Pt cage cubes, respectively.
We also argue that the drilling of Ag could become efficient

by complementing Ag oxidative etching at the center of each
side face of a nanocube with the deposition of Pt atoms onto
the edges and corners in an orthogonal manner. To support
our hypothesis, we performed another set of experiments by
replacing H2PtCl6 with Fe(NO3)3 in the standard protocol
while leaving other parameters unchanged. We chose Fe-
(NO3)3 because the galvanic replacement reaction between
Ag@Ag−Au-8 nanocubes and Fe(NO3)3 would produce one
Fe(II) ion at the expense of one Ag and leaving this ion in the
reaction solution but not depositing on the template. Figure
7A shows the UV−vis spectra of the Ag@Ag−Au-8 nanocubes
before and after reacting with 0.2, 0.4, 1.2, and 2.8 mL of 0.2
mM Fe(NO3)3. We noticed that the major LSPR peak of the
Ag@Ag−Au-8 nanocubes was only shifted from 490 nm to 503
nm at the end of the titration process, which is completely
different from the results obtained from the use of 0.2 mM
H2PtCl6 (Figure 5B). Figure 7B shows the TEM image of the
final product with some cavities on the surface of the concave
nanocubes, indicating that the etching of Ag was rather slow.
To increase the etching rate, we increased the concentration of
Fe(NO3)3 from 0.2 to 0.8 mM. Under this condition, Figure
7C shows that the major LSPR peak of the Ag@Ag−Au-8
nanocubes was shifted from 490 to 494, 513, 534, and 540 nm
at the titration volumes of 0.4, 1.2, 2.8, and 4.0 mL,
respectively. Although Figure 7D shows the formation of
small holes localized at the center of nanocubes in the sample
prepared by 4.0 mL of Fe(NO3)3 (0.8 mM), this morphology
is still very different from the cage cube nanostructures
produced from the reaction of Ag@Au−Ag-8 nanocubes with
1.2 mL of H2PtCl6 (0.2 mM) (Figure 3C). Altogether, we
conclude that it would be difficult to use Fe(NO3)3 to remove
Ag uniformly from the Ag-dominated regions of Ag@Ag−Au
nanocubes for the generation of cage cube nanostructures
through the galvanic replacement reaction. Part of the

Figure 6. (A) UV−vis spectra of the Ag@Ag−Au-4 nanocubes before
and after reacting with different volumes of aqueous H2PtCl6 (0.2
mM). (B) UV−vis spectra of the Ag@Ag−Au-8 nanocubes before
and after reacting with different volumes of aqueous H2PtCl6 (0.2
mM).

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.9b03774
Chem. Mater. 2019, 31, 9179−9187

9184

http://dx.doi.org/10.1021/acs.chemmater.9b03774


challenges arises from the delocalized carving of Ag across the
entire surface of Ag@Ag−Au nanocubes during the reaction,
suggesting that the deposition of a third metal such as Pt on
the template could help confine the oxidative etching of Ag at
the center more effectively.
We further extended the same strategy to the production of

cage cubes with holes in different sizes by reacting the Ag@
Ag−Au-8 nanocubes with other types of salt precursors,
including K2PtCl4, Na2PdCl4, and HAuCl4. In these experi-
ments, we followed the standard protocol except for the
replacement of H2PtCl6 with another precursor. It is worth
acknowledging that the reaction between the Ag@Ag−Au-8
nanocubes and H2PtCl6 was rather slow. For example, with the
titration of 1.2 mL of H2PtCl6 (0.2 mM), our ICP-MS analysis
indicated that 71% of the Pt(IV) would remain in the reaction
solution at the time point of 30 min. Figure S1A gives the
UV−vis spectra of the sample before and after the reaction had
progressed for 240 min. It was found that the LSPR peak of the
Ag@Ag−Au nanocubes was further red-shifted to 736 nm
when compared with the peak located at 679 nm (Figure 6B).
Figure S1B shows a TEM image of the product, implying the
transformation of the Ag@Ag−Au nanocubes into nanocages.
In comparison, the reaction between the Ag@Ag−Au-8
nanocubes with other precursors would complete within 30
min because the UV−vis spectra showed almost no change
beyond this time point. Under this circumstance, we titrated
smaller volumes of the new precursors into the reaction
solution.
Figure 8A shows the UV−vis spectra of Ag@Ag−Au-8

nanocubes before and after reacting with 0.2 mL K2PtCl4 (0.2
mM), from which we observed the red shift of the major LSPR
peak from 490 to 515 nm. Figure 8B gives a TEM image of the
product that includes some cage cubes with relatively small

holes in the center. Because one Pt atom was generated at the
expense of two Ag atoms during the galvanic replacement
between Ag and Pt(II) precursors, we argue that the carving of
Ag would become less efficient, leading to the formation of
smaller holes. When the titration volume was increased from
0.2 to 0.4 mL, we noticed that the major LSPR peak was
shifted from 490 to 511 nm (Figure S2A), similar to the trend
shown in Figure 8A. As shown by the TEM image in Figure
S2B, Ag was also removed from regions other than the center
for the formation of pits on the side faces of a nanocube.
Different from H2PtCl6, K2PtCl4 could react with Ag in the
Ag−Pt alloy region through the galvanic replacement reaction,
making it more difficult to confine the drilling of Ag to the
center of each side face.
When we replaced the Pt(II) with a Pd(II) precursor such as

Na2PdCl4, Figure 8C shows the UV−vis spectra of the Ag@
Ag−Au-8 nanocubes before and after reacting with 0.2 mL of
Na2PdCl4 (0.2 mM), indicating more significant red shift of
the major LSPR peak from 489 to 574 nm. Figure 8D shows a
TEM image of the product, revealing the generation of cage
cubes with holes larger than those derived from K2PtCl4. Such
a change could be attributed to the difference in reduction
potential between these two precursors. As the titration
volume was increased to 0.4 mL, the LSPR peak was further

Figure 7. (A) UV−vis spectra of the Ag@Ag−Au-8 nanocubes before
and after reacting with different volumes of aqueous Fe(NO3)3 (0.2
mM). (B) TEM image of the sample prepared by reacting 2.8 mL of
aqueous Fe(NO3)3 (0.2 mM) with Ag@Ag−Au-8 nanocubes. (C)
UV−vis spectra of the Ag@Ag−Au-8 nanocubes before and after
reacting with different volumes of aqueous Fe(NO3)3 (0.8 mM). (D)
TEM image of the sample prepared by reacting 4.0 mL of aqueous
Fe(NO3)3 (0.8 mM) with the Ag@Ag−Au-8 nanocubes.

Figure 8. (A) UV−vis spectra of the Ag@Ag−Au-8 nanocubes before
and after reacting with 0.2 mL of aqueous K2PtCl4 (0.2 mM). (B)
TEM image of the product. (C) UV−vis spectra of the Ag@Ag−Au-8
nanocubes before and after reacting with 0.2 mL of aqueous Na2PdCl4
(0.2 mM). (D) TEM image of the product. (E) UV−vis spectra of the
Ag@Ag−Au-8 nanocubes before and after reacting with 0.12 mL of
aqueous HAuCl4 (0.2 mM). (F) TEM image of the product.
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shifted to 628 nm (Figure S3A). The TEM image in Figure
S3B indicates the formation of nanoframes with rough edges.
We also conducted an experiment with HAuCl4 for the
generation of bimetallic cage cubes. Because Au(III) is very
easy to be reduced and the galvanic replacement reaction
would produce one Au at the expense of three Ag atoms, we
used a smaller titration volume and a slower titration rate.
Figure 8E shows the UV−vis spectra of the Ag@Ag−Au-8
nanocubes before and after reacting with 0.12 mL of HAuCl4
(0.2 mM). It was found that the LSPR peak was changed from
491 to 538 nm. Based on the TEM image in Figure 8F, cage
cubes were also obtained. As the titration volume was
increased to 0.24 mL, the LSPR peak was further shifted to
586 nm (Figure S4A). The TEM image in Figure S4B indicates
the formation of pits on the side faces of a nanocube. Similar to
the case of Pt(II), Au also interdiffuses with Ag for the
formation of a Ag−Au alloy. Taken together, our results
suggest that it is possible to tailor the experimental conditions
such as the concentration of the precursor and the titration
rate to optimize the galvanic replacement reaction or the
generation of cage cubes. The size of the holes would strongly
depend on the stoichiometry involved, as well as the reduction
potential of the precursor.

4. CONCLUSIONS

In summary, we developed a facile route to the generation of
multimetallic cage cubes by drilling through all of the side faces
of Ag nanocubes. Our success relies on the use of Ag@Ag−Au
core−frame nanocubes with Ag in the core and Ag−Au alloy
frames along the corners and edges of a nanocube to confine
the drilling of Ag to the center of each side face and ultimately
to align the intersected holes with the center of the nanocube.
In a typical protocol, we dispersed Ag@Ag−Au core−frame
nanocubes in an aqueous solution containing CTAC, followed
by the titration of an aqueous solution of a salt precursor such
as H2PtCl6, K2PtCl4, Na2PdCl4, or HAuCl4 under ambient
conditions. Depending on the stoichiometry and reduction
potential of the salt precursor, a simple galvanic replacement
reaction between the Ag@Ag−Au nanocubes and the
precursor could produce multimetallic cage cubes with holes
of different sizes. At the early stage of a synthesis, because the
Cl− ions derived from CTAC could bind the selectivity toward
the Ag(100) surface, the oxidation of Ag would preferentially
be started from the Ag-dominated regions located at the center
of each side face of a nanocube for the creation of a cavity,
while the resultant metal atoms are deposited on the edges and
corners in an orthogonal manner. As the Ag atoms are
removed from the side faces in the form of Ag(I) ions for the
generation of other metals followed by their deposition on the
edges and corners of nanocubes, we could achieve the
continuous carving of Ag atoms from the center of a core−
frame nanocube for its ultimate transformation into a cage
cube enclosed by a Ag−Au−Pt, Ag−Au−Pd, or Ag−Au alloy,
together with three orthogonal, intersected holes. We believe
that these multimetallic cage cubes will find their potential
applications in plasmonics and catalysis. They also could serve
as templates to assemble smaller spheres such as polystyrene
beads for the fabrication of hybrid nanostructures.
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