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ABSTRACT: We report a facile synthesis of Au-based cubic
nanoboxes as small as 20 nm for the outer edge length, together
with well-defined openings at the corners and walls fewer than 10
atomic layers (or <2 nm) in thickness. The success relies on the
selective formation of Ag2O at the corners of Ag nanocubes,
followed by the conformal deposition of Au on the side faces in a
layer-by-layer fashion. When six atomic layers of Au are formed
on the side faces to generate Ag@Au6L core−shell nanocubes, we
can selectively remove the Ag2O patches at the corner sites using
a weak acid, making it possible to further remove the Ag core by
H2O2 etching without breaking the ultrathin Au shell. This synthetic approach works well for Ag nanocubes of 38 and 18
nm in edge length, and the wall thickness of the nanoboxes can be controlled down to 2 nm. The resultant Au nanoboxes
exhibit strong plasmonic absorption in the near-infrared region, consistent with computational simulations.
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Gold nanostructures embrace fascinating optical proper-
ties, commonly known as localized surface plasmon
resonance (LSPR), for a broad range of applica-

tions.1−8 For Au nanoparticles with a solid structure and
spherical shape, it is feasible to tune their LSPR peaks from 520
to 580 nm by increasing the diameter from 20 to 80 nm.9 The
location of LSPR peaks in the visible region is instrumental to
the development of colorimetric sensing devices.10 For most
biomedical applications, however, it is essential to tailor the
LSPR peaks to the near-infrared (NIR) between 800 and 1200
nm, in which soft tissues are highly transparent to enable deep
penetration. By elongating spherical Au nanoparticles into
nanorods, El-Sayed,11−13 Murphy,14−16 Liz-Marzań,17,18 and
many others19−22 were able to shift the longitudinal LSPR
peaks up to 2000 nm by increasing the aspect ratio of the
nanorods. On the other hand, Halas and co-workers
demonstrated the fabrication of Au nanoshells by depositing
Au onto silica beads. They established the capability to
manipulate the LSPR of Au nanoshells from 700 to 1050 nm
by reducing the Au thickness from 20 to 5 nm.23,24

Parallel to those developments, Xia and co-workers
introduced Au nanocages with hollow interiors and porous

walls, which could be prepared with precisely tuned LSPR
peaks up to 1200 nm by leveraging the galvanic replacement
reaction between Ag nanocubes and HAuCl4.

25−27 In a typical
process, Au atoms are derived from a Au3+ precursor at the
expense of three Ag atoms, followed by their deposition onto
the surface of a Ag nanocube. Ultimately, the Ag nanocube is
transformed into a nanobox and then a nanocage through the
interplay of alloying and dealloying between Au and Ag.
Although the galvanic replacement approach is simple and
versatile, it does have a number of limitations. For example, it is
impossible to reduce the wall thickness down to a scale below 5
nm without breaking the hollow structure. It is difficult to
separately tune the size and wall thickness of the hollow
structures because the wall thickness is stoichiometrically
related to the size of the Ag nanocubes.28 It is also nontrivial
to precisely control the location and size of the pores generated
in the walls of nanocages. By employing Ag nanocubes with an
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edge length of 94 nm and truncation at the corners, Xia and co-
workers demonstrated the fabrication of Au-based nanocages
with pores (∼10 nm) located at the corners (the sites with
truncation) and 15 nm thick walls in high yields by confining
the dissolution of Ag and the deposition of Au to the corners
and side faces, respectively.29 However, it is challenging to
extend this synthetic approach to Ag nanocubes with sharper
corners or smaller sizes because of the complications inherent
to galvanic replacement, alloying, and dealloying processes.
We recently established that Au3+ ions could be reduced to

Au atoms by introducing a faster parallel reduction reaction to
compete with and thus suppress the galvanic replacement
reaction.30,31 More significantly, the Au atoms could be
deposited on the surface of Ag nanocubes in a layer-by-layer
fashion to generate Ag@AunL core−shell nanocubes (where n is
the number of Au atomic layers), with a tightly controlled
thickness for the Au shells from three to six atomic layers.30

Herein, we demonstrate that Ag2O patches can be specifically
generated at the corner sites of Ag nanocubes when the
synthesis is conducted in the presence of NaOH at pH = 11.2.
Remarkably, we can selectively dissolve the Ag2O patches using
a weak acid, lifting off any Au overlayers deposited on the Ag2O
patches and thus exposing the Ag core at the corner sites
without affecting the ultrathin Au layers on the side faces.
When subjected to Ag etching with an aqueous H2O2 solution,
the Ag core can be completely removed to transform the Ag@
AunL nanocube into a nanobox with well-defined openings at
the corners. Due to the interdiffusion between Au and Ag in
physical contact, the final nanoboxes are composed of a Au−Ag
alloy, whose exact composition is controlled by the etchant
used for the removal of Ag from the cores. This approach works
well for Ag nanocubes of 38 and 18 nm in edge length, and the
wall thickness of the nanoboxes can be readily controlled down
to 2 nm. These ultrathin nanoboxes with controllable openings
at the corners exhibit strong optical absorption in the near-
infrared region of 800−1200 nm, making them well-suited for
biomedical applications.

RESULTS AND DISCUSSION

Figure 1 illustrates the four major steps involved in the
fabrication of Au-based nanoboxes. The synthesis relies on the
use of Ag nanocubes with slight truncation at the corners as
templates for the conformal deposition of ultrathin Au shells. In
a typical process, the Ag nanocubes are dispersed in an aqueous
solution containing NaOH, ascorbic acid (HAsc, which should

react with NaOH to form NaAsc, a reducing agent), and
poly(vinylpyrrolidone) (PVP, a stabilizer), immediately fol-
lowed by the titration of aqueous HAuCl4 using a syringe pump
under ambient condition. In the first step, we believe that a
small number of Au atoms are formed and deposited on the
side faces at the expense of Ag atoms dissolved from the
corners. Because of the presence of NaOH in the reaction
solution (pH = 11.2), the resultant Ag+ ions are supposed to
react with OH− for the generation of Ag2O at the corners,32

preventing the underlying Ag from further reacting with Au3+

ions. In the second step, the reduction of Au3+ ions by NaAsc
would become a dominant pathway for the generation of Au
atoms, followed by their conformal deposition on the side faces
of nanocubes in a layer-by-layer fashion. Some of the deposited
Au atoms can migrate to corners through surface diffusion.33 As
such, the Ag nanocubes are transformed into Ag@AunL core−
shell nanocubes with multiple Au atomic layers on side faces,
together with some Au atoms deposited on the Ag2O regions at
the corners.
In the third step, we dissolve the Ag2O at the corners with a

weak acid, lifting off the Au deposited on the Ag2O regions.34

Specifically, we collect the Ag@Au nanocubes by centrifugation
and then redisperse them in an aqueous acidic solution
containing HAsc and PVP (pH = 3.2). We confirm that HAsc
could dissolve Ag2O without compromising the integrity of the
Au layers on the side faces. Other weak acids such as citric acid
also worked. Finally, we use aqueous 3% H2O2 to etch away the
Ag cores, leading to the production of Au-based nanoboxes
with hollow interiors, ultrathin walls, and well-defined openings
at the corners. We speculate that Ag could be included in the
Au walls due to the interdiffusion between the two elements for
the formation of an alloy. We could use a stronger dealloying
agent based on Fe(NO3)3 to remove additional Ag in order to
generate nanoboxes with a higher Au content. By varying the
edge length of the Ag nanocubes and the thickness of Au layers
deposited on the Ag templates, we can independently control
the physical dimension and wall thickness of the Au-based
nanoboxes.
In the first set of experiments, we used Ag nanocubes with an

average edge length of 38.0 ± 1.1 nm with slight truncation at
the corners (Figure S1) as templates to generate Ag@Au6L
nanocubes and then Au-based nanoboxes with an outer edge
length of 39.7 ± 3.0 nm (see Experimental Section for details).
Figure 2A shows a transmission electron microscopy (TEM)
image of the Ag@Au6L nanocubes with the introduction of 0.8
mL of aqueous HAuCl4 (0.1 mM) to generate six atomic layers
of Au on the side faces. We also characterized the sample using
scanning electron microscopy (SEM). As shown in Figure S2,
some of the nanocubes show small holes at the corner sites, but
not the side faces. To confirm the formation of a conformal
shell of Au on the Ag core, we used aberration-corrected high-
angle annular dark-field scanning TEM (HAADF-STEM) to
characterize the core−shell nanocubes (Figure 2B). The
contrast between the shell and the core clearly verifies the
conformal deposition of Au on the entire surface of the Ag
nanocube, with a somewhat thinner projection along the edges.
The dark contrast at the corners suggests a higher degree of
truncation at the corners than the edges due to the formation of
Ag2O at the corner sites. Figure S3 shows the atomic resolution
HAADF-STEM image when the naanocube was titled to the
[001] zone axis. We also conducted a control experiment by
titrating the Ag nanocubes with HAuCl4 in the presence of PVP
and NaOH (at pH = 11.2) in the absence of HAsc. Figure S4

Figure 1. Schematic illustration (projected along the [100]
direction) of the four steps involved in the transformation of a
Ag nanocube into a Au-based nanobox.
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shows a SEM image of the sample obtained with the reaction
between Ag nanocubes and 0.1 mL of HAuCl4 (0.1 mM),
confirming the formation of holes at the corners due to the
involvement of galvanic replacement reaction. It is also worth
pointing out that Ag2O could be possibly formed over the
entire surface of a Ag nanocube when it is brought into contact
with a reaction solution containing NaOH, NaAsc, and PVP for
a long period of time due to the involvement of oxidative
etching and thus the generation of Ag+ ions.35,36 We performed
a control experiment by leaving Ag nanocubes in the reaction
solution (pH = 11.2) for 60 min prior to the titration of
HAuCl4, and we observed the random formation of Au
nanoparticles on the Ag nanocube (Figure S5). This result
indicates the presence of a Ag2O shell on the entire surface of a
Ag nanocube, and this oxide shell would then prevent the
epitaxial deposition of Au overlayers.37 Taken together, it is of
critical importance to start the titration of HAuCl4 immediately
after the introduction of Ag nanocubes into the reaction
solution. In this case, the involvement of galvanic replacement
would immediately initiate the deposition of Au atoms on the
side faces, while the Ag atoms at the corners were oxidized to
form Ag2O patches.
After treating the as-prepared Ag@Au6 nanocubes with an

aqueous solution containing HAsc and PVP, we removed the
Ag cores using 3% aqueous H2O2. Figure 2C shows a typical
TEM image of the resultant nanoboxes with an average outer
edge length of 39.9 ± 3.2 nm, together with a well-preserved
cubic shape and well-defined pores at the corners. From the
TEM image, we noticed that a few of the solid core−shell

nanocubes still remained in the final product. Likely, the
corners of these nanocubes were covered by relatively thicker
Au overlayers, preventing HAsc from dissolving Ag2O and then
H2O2 from attacking and dissolving the Ag core. Figure 2D
shows a SEM image collected from the same sample,
confirming the formation of well-defined pores at the corners.
As shown by the particle marked by an arrow, the interior was
indeed hollow due to the removal of the Ag core. Figure 2E
shows an atomic-resolution aberration-corrected high-angle
annular bright-field scanning TEM (HAABF-STEM) image
recorded from the corner region of a nanobox. It reveals a
highly ordered arrangement for the atoms and gives a wall
thickness of about 2 nm, corresponding to 10 atomic layers
along the [100] direction. As indicated by the white, dashed
lines, the STEM image also clearly resolved an opening at the
corner. Although six atomic layers of Au were originally
deposited on the side faces, the wall thickness of the nanobox
was increased to 10 atomic layers. This result suggests the
involvement of interdiffusion and alloying of Au and Ag and
thus the retention of Ag in the walls in the form of an alloy.
Elemental mapping by energy-dispersive X-ray spectroscopy
(EDS) confirms the presence of Ag in the nanoboxes, with a Au
to Ag atomic ratio of 1.2:1 (Figure 2F). The inductively
coupled plasma mass spectrometry (ICP-MS) analysis gives a
Au to Ag atomic ratio of 1:1 for a bulk quantity of the sample.
We suspect that the ICP-MS result tends to underestimate the
relative Au content because any solid Ag@Au6L nanocube
remaining in the final sample would increase the Ag content.
We also fabricated Ag@Au3L nanocubes from Ag nanocubes

with an average edge length of 38.0 ± 1.1 nm, followed by the
removal of Ag cores. Figure S6 shows a TEM image of the
resultant nanoboxes. When the Au atomic layers on the side
faces were reduced from six to three, the wall thickness of the
nanoboxes would decrease, ultimately reducing their overall
rigidity. On the other hand, we would anticipate that the
amount of Au deposited on the corners would be reduced as
the total amount of Au3+ precursor added into the reaction
system was decreased, leading to the formation of Ag@Au3L
nanocubes with nonuniform Au coverage at the corners and
thus the formation of openings with a less uniform distribution
in pore size.
To confirm the critical role of HAsc in transforming the Ag@

AunL nanocubes into nanoboxes, we recorded UV−vis spectra
from the Ag@Au3L nanocubes that were treated with DI water,
an aqueous PVP solution, or an aqueous solution containing
both HAsc and PVP and then etched with 3% aqueous H2O2.
As shown in Figure 3A and B, the LSPR peak of Ag@Au3L
dropped only slightly in intensity after H2O2 etching when the
nanocubes were treated with DI water or an aqueous PVP
solution. In comparison, the original LSPR peak of the Ag@
Au3L treated with an aqueous solution containing both HAsc
and PVP completely disappeared after H2O2 etching, with the
emergence of a weak peak around 1000 nm (Figure 3C). These
results suggest that it was HAsc that served as an acid to
selectively dissolve the Ag2O (a base) patches at the corner
sites of nanocubes, leading to the transformation of core−shell
nanocubes into nanoboxes when the Ag cores are removed by
H2O2.
To further support our argument that the Ag2O was removed

via an acid−base neutralization reaction without involving the
reduction function of HAsc, we performed a control experi-
ment to treat the Ag@Au6L nanocubes with an aqueous
solution containing citric acid (CA, 100 mM) and PVP at pH =

Figure 2. (A) TEM image of Ag@Au6L nanocubes. (B) HAADF-
STEM image of a Ag@Au6L nanocube. The marked area indicates
the dark contrast at a corner. (C, D) TEM and SEM images of the
nanoboxes obtained by removing the Ag cores. The particle marked
by an arrow indicates the formation of a hollow interior. (E)
Atomic-resolution HAABF-STEM image taken from the corner
region of a nanobox. (F) EDS elemental mapping of a nanobox
(red, Au; green, Ag).
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2.2 before the removal of the Ag core by H2O2 etching. As
shown in Figure 4A, we still obtained Au nanoboxes after the
removal of Ag cores, confirming the formation of Ag2O, a base
that could be dissolved by an acid, at the corner sites of Ag
nanocubes. Figure 4B shows UV−vis spectra of the Ag@Au6L
nanocubes after the treatment with an aqueous solution
containing both CA and PVP, followed by etching with
H2O2. We noticed that the original LSPR peak of the core−
shell nanocubes completely disappeared after H2O2 etching,
indicating the effectiveness of CA in dissolving the Ag2O
patches. Taken together, we believe that any acid should be
able to dissolve the Ag2O as long as it does not compromise the
integrity of the Au layers on the side faces and compromise the
etching of Ag by H2O2 or another oxidative etchant.
We used UV−vis−NIR spectroscopy to characterize the

optical properties of the as-prepared nanoboxes. When Ag@
Au6L nanocubes were transformed into nanoboxes, the LSPR
peak was red-shifted from 447 to 1080 nm (Figure 5A). When
Fe(NO3)3 was used to remove more Ag from the walls of the
nanoboxes (Figure S7), the LSPR peak was further red-shifted
to 1135 nm. To better understand the optical properties of the
nanoboxes, we used the discrete dipole approximation (DDA)
to calculate their absorption and scattering cross sections.38 In
the simulation, we assumed that a nanobox is surrounded by

and completely filled with water. Also, we defined the geometry
of a nanobox with an outer edge length of 40 nm, a wall
thickness of 2 nm, and triangular pores (10 nm in edge length)
at all corners, together with a Au−Ag alloy composition of 65%
Au and 35% Ag because of its available dielectric constant.39

Figure 5B shows the calculated absorption, scattering, and
extinction spectra. The peak was located at 1100 nm, in
agreement with the experimental data (at 1080 nm). The
calculated extinction, absorption, and scattering cross sections
at resonance were 35.5 × 10−15, 31.6 × 10−15, and 3.9 × 10−15

m2, respectively. The absorption cross section is about 5 times
greater than those reported for Au−Ag nanocages with an edge
length of 36 nm but prepared by galvanic replacement
reaction.40

We have also extended the procedure to Ag nanocubes with
an average edge length of 17.7 ± 0.9 nm (Figure S8) for their
transformation into nanoboxes. Specifically, we adjusted the
initial concentration of these nanocubes in the reaction solution
with a goal to keep the total surface area the same as that of the
nanocubes with an edge length of 38 nm. As a result, with the
titration of 0.8 mL of aqueous HAuCl4 (0.1 mM), Au atoms
derived from the reduction by NaAsc could also be deposited
on the nanocubes for the generation of Ag@Au6L nanocubes
with an edge length of 19.8 ± 1.1 nm. Figure 6A shows a TEM
image of the nanoboxes with an average outer edge length of
19.6 ± 1.4 nm upon removal of the Ag cores, indicating a well-
preserved cubic shape and holes at the corners. Because some

Figure 3. UV−vis spectra recorded from aqueous suspensions of
the Ag@Au3L nanocubes after treatment with (A) DI water; (B)
aqueous PVP; and (C) aqueous solution containing HAsc and PVP,
followed by etching with 3% aqueous H2O2.

Figure 4. (A) TEM image of the Au-based nanoboxes prepared
using the same protocol as in Figure 2, except for the replacement
of ascorbic acid by citric acid (CA) for the dissolution of Ag2O
patches. (B) UV−vis spectra taken from the Ag@Au6L core−shell
nanocubes after treatment with an aqueous solution of CA and
PVP, followed by etching with 3% aqueous H2O2.
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of the small Ag nanocubes had significant truncation at the
corners, the 20 nm nanoboxes were not as uniform as the 40
nm nanoboxes. When the core−shell nanocubes were trans-
formed into nanoboxes, the LSPR peak was red-shifted from
425 to 835 nm (Figure 6B). Again, we calculated the optical
cross sections of a nanobox with an outer edge length of 20 nm
and a wall thickness of 1.9 nm, together with the assumption
that the pore size is 3 nm at all corners (Figure 6C). The
resonance peak is located at 810 nm, in agreement with the
experimental data. The results indicate that absorption is in
dominance, with its cross section of 1.6 × 10−15 m2 at the
resonance peak, which is 5 orders in magnitude greater than
that of a traditional organic dye (e.g., indocyanine green, 2.0 ×
10−20 m2 at 800 nm).41 Collectively, our DDA results suggest
that the extinction peak position is sensitive to the edge length
and the wall thickness of the nanobox. It is also worth pointing
out that the edge length could be varied to tune the ratio of
absorption to scattering. For example, the absorption
completely dominates for the 20 nm nanobox, while scattering
would emerge with a contribution of 10% as the edge length of
the nanobox was increased to 40 nm.

CONCLUSIONS
In summary, we have demonstrated a facile route to the
fabrication of Au-based nanoboxes with a wall thickness less
than 2 nm and well-defined openings at corners. When Au3+ is
titrated into a suspension of Ag nanocubes with slight corner
truncation in the presence of NaOH and NaAsc, a small

amount of Ag will be dissolved from the corners because of its
galvanic replacement with Au3+. Owing to the presence of OH−

ions, Ag2O is immediately formed at the corners, impeding
further dissolution of Ag from the nanocubes. Meanwhile, the
resultant Au atoms are deposited onto the side faces, followed
by the conformal, layer-by-layer deposition of more Au formed
through the redox reaction with NaAsc. Some of the deposited
Au atoms can also migrate from side faces to corners for the
generation of Au overlayers thinner than those on the side
faces. The Ag2O at the corners can be removed using a weak
acid, such as ascorbic acid or citric acid, making it feasible to
completely etch away the Ag core without breaking the Au shell
as thin as 2 nm. Owing to the ultrathin wall thickness, Au
nanoboxes as small as 20 nm in edge length can still be
fabricated with strong absorption in the near-infrared region for
immediate applications as contrast agents for optical imaging
and as capsules for controlled release.

Figure 5. (A) UV−vis−NIR spectra taken from an aqueous
suspension of the Ag@Au6L nanocubes with an average edge
length of 40 nm and the corresponding nanoboxes before and after
dealloying with Fe(NO3)3. (B) Extinction spectra calculated using
the DDA method for a Au-based nanoboxes with an outer edge
length of 40 nm, a wall thickness of 2 nm, a pore size of 10 nm, and
an atomic composition of 65% Au and 35% Ag. The propagation
direction (k-vector) and electric field (E-field) were perpendicular
and parallel to the (100)-facet of the cubic box.

Figure 6. (A) TEM image of Au-based nanoboxes with an outer
edge length of 20 nm. (B) UV−vis−NIR spectra of an aqueous
suspension of the Ag@Au6L nanocubes with an edge length of 20
nm and the corresponding nanoboxes. (C) Extinction spectra
calculated for a Au-based nanobox with an outer edge length of 20
nm, a wall thickness of 1.9 nm, a pore size of 3 nm, and atomic
compositions of 65% Au and 35% Ag.
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EXPERIMENTAL SECTION
Chemicals and Materials. Ethylene glycol (EG) was purchased

from J. T. Baker. All other chemicals, including silver trifluoroacetate
(CF3COOAg, 98%), gold(III) chloride trihydrate (HAuCl4·3H2O,
99.9+%), sodium hydrosulfide hydrate (NaHS·xH2O), poly-
(vinylpyrrolidone) (PVP) with an average molecular weight of
29 000 (PVP-29) or 55 000 (PVP-55), aqueous hydrochloric acid
(HCl, 37%), L-ascorbic acid (HAsc, 99%), sodium hydroxide (NaOH,
98+%), citric acid (99.5+%) iron(III) nitrate nonahydrate (Fe(NO3)3·
9H2O, 99.95%), and hydrogen peroxide (H2O2, 30 wt % in H2O),
were obtained from Sigma-Aldrich. All chemicals were used as
received, while deionized (DI) water with a resistivity of 18.2 MΩ·cm
at 25 °C was used for the preparation of all aqueous solutions.
Synthesis of Ag Nanocubes. We followed the protocols reported

by Xia and co-workers for the synthesis of Ag nanocubes with average
edge lengths of 3842 and 18 nm,43 respectively. For each synthesis, the
final product was collected by centrifugation, washed with acetone and
DI water three times, and then redispersed in DI water for future use.
Synthesis of Ag@Au3L and Ag@Au6L Core−Shell Nanocubes.

In a typical synthesis, we placed 2 mL of an aqueous solution of PVP-
29 (29 mg/mL) in a 23 mL glass vial and then introduced 0.5 mL of
aqueous HAsc (100 mM) and 0.5 mL of aqueous NaOH (200 mM)
under magnetic stirring. Immediately after the introduction of 20 μL of
the suspension of 38 nm Ag nanocubes (with a final concentration of
4.2 × 1010 particles per mL), 0.4 or 0.8 mL of aqueous HAuCl4 (0.1
mM) was injected into the reaction solution using a syringe pump at a
rate of 0.02 mL/min. The reaction solution was maintained under
magnetic stirring at room temperature for another 20 min once the
titration had been completed. The solid sample was collected by
centrifugation at 6000 rpm for 15 min and washed with DI water three
times. The final product was dispersed and stored in 2.5 mL of DI
water for further use.
Synthesis of Au-Based Nanoboxes. We mixed 100 μL of the as-

prepared Ag@AunL nanocubes (4.2 × 1011 particles per mL) with 0.8
mL of PVP-29 (1 mM) and 0.2 mL of HAsc (100 mM) at room
temperature under magnetic stirring. After 20 min, the particles were
collected by centrifugation at 6000 rpm for 20 min, followed by
redispersion in DI water. The collected particles were then mixed with
1 mL of 3% aqueous H2O2 and incubated under magnetic stirring at
room temperature for 3 h. The resultant Au nanoboxes were washed
twice with DI water and redispersed in 0.5 mL of DI water.
Synthesis of Au-Based Nanoboxes with Further Dealloying.

To 0.5 mL of an aqueous dispersion of the Au nanoboxes prepared by
H2O2 etching (see above), 4 μL of aqueous Fe(NO3)3 (50 mM) was
added and vortexed for a few seconds before the mixture was allowed
to sit for another hour. The solid product was collected by
centrifugation at 12 000 rpm for 20 min, washed twice with DI
water, and then redispersed in 0.5 mL of DI water.
Instrumentation and Characterization. We used a conventional

centrifuge (Eppendorf 5430) for the preparation of all samples. We
collected all the UV−vis−NIR spectra with a LAMDA 750
(PerkinElmer, Waltham, MA, USA). An ICP-MS (NexION 300Q,
PerkinElmer) was used for the quantification of Ag content. We took
TEM images using an HT7700 microscope (Hitachi, Tokyo, Japan)
operated at 120 kV. We acquired HAADF-STEM images using a JEOL
2200FS STEM/TEM microscope equipped with a CEOS GmbH
probe corrector at an accelerating voltage of 200 kV and a probe size
of 1 nm. We collected EDX spectra under the STEM mode using an
Oxford Inca x-sight spectrometer with a 1 mm2 Si (Li) detector. EDX
mapping was carried out with 25 × 25 or 50 × 50 point scans at 1500
ms dwell time.
Discrete Dipole Approximation Calculation. A model of the

structure was generated by (i) creating a cube, (ii) subtracting a
smaller cube from the interior to create a box, and then (iii) truncating
each corner with a (111) plane, which resulted in the formation of
eight triangular pores. In terms of the smaller structure (the 20 nm
nanobox), truncation did not lead to pore sizes commensurate with
what was observed by electron microscopy characterization. Therefore,
a sphere of 1.5 nm in radius was subtracted from each one of the

corners. Once the shape was generated and inspected with Visual
Molecular Dynamics (VMD) 1.9.2, it was then uploaded as a shape-file
into the ddscat 7.2.0 software. In all cases, the propagation (k-vector)
and electric field (E-field) of the incident photon were perpendicular
and parallel to the (100)-facet of the cube, respectively (as indicated in
Figure 5B and Figure 6C). Furthermore, in all simulations, between
104 and 105 dipoles were used to ensure accurate results. The dielectric
constant for the Au−Ag alloy was taken from ref 15. Since all spectra
were measured when the nanoboxes were suspended in water, the
dielectric constants of the medium and void spaces were taken to be
εm = n2 = 1.78.
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