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Abstract

We report the fabrication of Ag-Au cuboctahedral nanoboxes enclosed by {100} and {111} facets,
respectively, through the orthogonal deposition of Au on two different facets of Ag cuboctahedra.
Specifically, we titrate aqueous HAuCl, into an aqueous mixture containing Ag cuboctahedra,
ascorbic acid, and NaOH (under a basic condition), in the presence of poly(vinylpyrrolidone) (PVP)
and cetyltrimethylammonium chloride (CTAC), respectively. In the case of PVP, the oxidation of
Ag was initiated from the {111} facets of the cuboctahedra through the galvanic replacement
reaction between Au(Ill) and Ag, accompanied by the deposition of Au onto the {100} facets.
Because the dissolved Ag(I) ions could react with NaOH to form Ag,O on the {111} facets and
thus terminate the galvanic reaction, the Au(Ill) ions would be further reduced by ascorbate
monoanion (HAsc™) to generate Au atoms for their continuing deposition on the {100} facets,
converting Ag cuboctahedra to Ag@Auyo0y cuboctahedra. Upon the etching of Ag from the core,
we obtained Ag-Au cuboctahedral nanoboxes enclosed by {100} facets. In contrast, when CTAC
was present, the oxidation of Ag through galvanic reaction could continuously proceed on {100}
facets as the dissolved Ag(I) ions would react with the excessive amount of Cl™ ions derived from
CTAC to produce soluble AgCl,™ ions rather than insoluable Ag,O. As a result, the dissolved Ag(I)
ions and the Au(Ill) would be co-reduced by HAsc™ for the generation of Ag and Au atoms,
followed by their co-deposition onto {111} facets for the generation of Ag@Auy1;, concave
cuboctahedra. After the removal of Ag from the core by etching, we obtained Ag-Auyyy
cuboctahedral nanoboxes enclosed by {111} facets. Both samples of cuboctahedral nanoboxes
exhibited strong optical absorption in the infrared region. Interestingly, the cuboctahedral
nanoboxes enclosed by {111} facets embraced significantly enhanced catalytic activity toward the

reduction of 4-nitrophenol by NaBH, relative to their counterparts encased by {100} facets.
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Introduction

The shape of noble-metal nanocrystals have long been identified as a key parameter in
controlling their properties toward the devlopment of applications in plasmonics and catalysis.!*
In particular, it is well-established that the distinctive activity and selectivity of metal nanocrystals
in catalytic reactions explicitly depend on the arrangment of atoms situated on the outermost layer
of different facets.’- In the past, there has been a growing effort in the rational design and synthesis
of metal nanocrystals with well-defined facets. Among those, seed-mediated growth of metal
nanocrystals has shown remarkable success in offering a fine control over the geometry of the
products by directly depositing the atoms on the facets of preformed seeds.”!! It is well known that
the introduction of ligands into the growth solution could facilitate their selective chemisorption
on different types of facets due to the differences in the binding affinity,'> making it possible to
manuever the growth rates on different facets and thus control the relative surface areas of different
facets on the final products.'? 4 For example, Xia and co-workers demonstrated the transfomration
of Ag nanocubes into cuboctahedra by introducing citrate in a reaction solution to bind on the
{111} facets of Ag nanocubes.!> It was found that the Ag atoms would be preferentially deposited
on the {100} facets to accelerate their growth along <100> directions, leading to the evolution of
a cube into a cuboctahedron. We reported the reversible transformation between Ag nanoplates
and Ag twinned cubes, elucidating the role of C1™ ions in deterring the deposition and etching of
Ag atoms along the <100> direction and allowing the deposition and etching along the <111>
direction.'% 17 Recently, Mirkin and co-workers demonstrated the generation of Au octahedra with
hollow features by stabilizing the {111} facets of Au concave cubes through the underpotential
deposition (UPD) of Ag* ions,!® during which the growth of Au occured almost exclusively on the
corners of the cubic seeds. On the other hand, many groups have demonstrated the generation of
bimeallic core-frame and core-shell nanocrystals by selectively depositing the metal on the small
areas of edges and the entire surfaces of preformed nanocrystal seeds with the involvement of
different ligands in the reaction solutions.!®?> Despite remarkable success, the previous studies
involve the use of nanocrystal seeds, such as cubes, plates, and octahedra, with a single type of
facets on their surfaces.

Herein we report the facet-selected, orthogonal deposition of Au on Ag cuboctahedra enclosed
by a mix of {100} and {111} facets at a ratio of about 1:1.7 in terms of surface area. In a typical

synthesis, we dispersed Ag cuboctahedra in an aqueous solution containing ascobic acid (H,Asc),
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NaOH, poly(vinylpyrrolidone) (PVP) or cetyltrimethylammonium chloride (CTAC). Our success
relies on the use of PVP or CTAC to instigate the Ag oxidation on the {111} or {100} facets,
respectively, making it possible to control the deposition pathways for Au atoms on the {100} or
{111} facets in the orthongal manner for the generation of Ag@Auy,0o; cuboctahdra or Ag@Ag-
Auy11y concave cuboctahedra. When the Ag in the core is subjected to removal by etching, we
demonstrate the transformation of solids into Ag-Auyjg; or Ag-Auy;;;; cuboctahedral nanoboxes

with complementary surfaces.

Experimental

Chemicals and materials

Ethylene glycol (EG) was purchased from J. T. Baker. Silver trifluoroacetate (CF;COOAg, 98%),
gold(III) chloride trihydrate (HAuCly-3H,0, 99.9+%), sodium hydrosulfide hydrate (NaHS-xH,0),
poly(vinylpyrrolidone) (PVP) with an average molecular weight of 29,000 (PVP-29) or 55,000
(PVP-55), aqueous hydrochloric acid (HCI, 37 wt. %), acetone (99.5+%), L-ascorbic acid (H,Asc,
99%), sodium citrate tribasic dihydrate (citrate, 99.0+%), silver nitrate (AgNOs3, 99.0+%), aqueous
cetyltrimethylammonium chloride solution (CTAC, 25 wt.%), and aqueous hydrogen peroxide
(H,03,, 30wt.%), 4-nitrophenol (4-NP), and sodium borohydride (NaBH,4, 99.99%) were purchased
from Sigma-Aldrich. Sodium hydroxide (NaOH, 98%) and acetone (HPLC grade, 99.5+%) were
obtained from Alfa Aesar. All chemicals were used as received. All the aqueous solutions were

prepared using DI water with a resistivity of 18.2 MQ-cm at 25 °C.

Synthesis of Ag nanocubes
We followed the protocol reported by Xia and co-workers for the synthesis of Ag nanocubes with
an average edge length of 38.1 + 2.0 nm.?® The as-obtained Ag nanocubes were washed with

acetone and DI water twice and then dispersed in water for further use.

Synthesis of Ag cuboctahedra

We used the as-obtained Ag nanocubes as seeds to grow Ag cuboctahedra.!® In a typical process,
34 uL of the aqueous suspension of Ag nanocubes (approximately 7.10 x 10'° particles per mL)
was injected into an aqueous solution in a 23-mL glass vial containing 5 mL of PVP-55 (2 mg/mL),

100 uL of HyAsc (0.1 M), and 50 pL of citrate (20 mM) 1 under magnetic stirring at room
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temperature. Next, we used a syringe pump to titrate 1.5 mL of aqueous AgNO; (1 mM) into the
reaction solution at a rate of 5 mL/h. Upon the completion of titration, the mixture was centrifuged
at 1000 rpm for 10 min to precipitate out the larger random particles before the supernatant was
centrifuged at 8000 rpm for 10 min to collect the solids. Finally, the as-prepared nanocrystals were
washed with water twice before they were re-dispersed to 100 pL of water for further use. The Ag

cuboctahedra had an average edge length of 47.2 +£2.2 nm.

Synthesis of Ag@Au gy cuboctahedra

In a typical process, 2 mL of aqueous PVP-29 (1 mM) was placed in a 23-mL glass vial, followed
by the addition of 0.5 mL of aqueous H,Asc (0.1 M), 0.5 mL of aqueous NaOH (0.2 M), and 30
uL of an aqueous suspension of the Ag cuboctahedra (approximately 4.23 x 1010 particles per mL)
under magnetic stirring at room temperature. Next, we introduced 0.4 mL of aqueous HAuCly (0.1
mM) into the reaction solution using a syringe pump at an injection rate of 1 mL/min. After the
completion of titration, the reaction solution was left undisturbed for 5 min before we collected
the solid products by centrifugation at 6300 rpm for 10 min and then washed with water three

times prior to characterization.

Synthesis of Ag-Auyg, cuboctahedral nanoboxes

We mixed 50 pL of the as-prepared Ag@Auy o0y cuboctahedra with 50 uL of aqueous NaCl (10
mM), followed by the addition of 0.7 mL of PVP-29 (1 mM) and 0.3 mL of HyAsc (0.1 M) at room
temperature. After 20 min of treatment, we collected the particles by centrifugation at 5000 rpm
for 15 min, washed with water once, and then introduced the particles into 1 mL of 3% aqueous
H,0, at room temperature. After 3 h, the hollow particles were collected by centrifugation at 13000
rpm for 10 min, washed with water twice, and then re-dispersed in 50 puL of water for both

characterization and evaluation of catalytic properties.

Synthesis of Ag@Ag-Auy;; concave cuboctahedra

In a typical process, we placed 2 mL of aqueous CTAC (0.1 M) to a 23-mL glass vial, followed
by the addition of 0.5 mL of aqueous H,Asc (0.1 M), 0.5 mL of aqueous NaOH (0.2 M), and 30
uL of an aqueous suspension of the Ag cuboctahedra (approximately 4.23 x 10'° particles per mL)

under magnetic stirring at room temperature. Next, we titrated 0.8 mL of aqueous HAuCl, (0.1
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mM) into the reaction solution using a syringe pump at a rate of 0.02 mL/min. Immediately after
the titration, we collected the particles by centrifugation at 4800 rpm for 11 min and washed with

water once for characterization and further use.

Synthesis of Ag-Auy;; cuboctahedral nanoboxes

We dispersed 50 pL of the as-prepared Ag@Auy;;; cuboctahedra in 1 mL of 3% aqueous H,0,
for etching at room temperature. After 3 h of etching, we collected the particles by centrifugation
at 13000 rpm for 10 min, washed with water twice, and then re-dispersed them in 50 pL of water

for the characterization and evaluation of catalytic properties.

Catalytic characterization of Ag-Aup and Ag-Aug;1; nanoboxes. In a typical experiment, 2
mL of aqueous 4-NP (0.2 mM), 5 mL of water, and 1 mL of aqueous NaBH, (10 mg/mL, freshly
prepared, ice cold) were added into a 23-mL glass vial under magnetic stirring. After the
introduction of the nanoboxes (~10!! particles), we monitored the reaction as a function of time by

withdrawing 0.5 mL of the reaction solution to collect the UV-vis spectrum at each time point.

Instrumentation and characterization

The UV-vis spectra were collected using a Cary 50 spectrometer (Agilent Technologies, Santa
Clara, CA). The UV-vis-NIR spectra were collected using a LAMDA 750 (PerkinElmer, Waltham,
MA). The nanoparticles in an aqueous suspension were collected using a conventional centrifuge
(Eppendorf 5430). The pH values of aqueous solutions were measured using a FE20 FiveEasy pH
meter (Mettler Toledo, Columbus, OH). The quantitative measurement of Ag and Au contents in
the nanocrystals was performed using an inductively-coupled plasma mass spectrometer (NexION
300Q ICP-MS, PerkinElmer, Waltham, MA). Transmission electron microscopy (TEM) images
were captured using Hitachi HT7700 (Tokyo, Japan) operated at 120 kV. Scanning electron
microscopy (SEM) images were captured with the Hitachi SU8230 FE-SEM (Tokyo, Japan)
operated at 15-20 kV. High-angle annular dark field scanning electron microscopy and elemental
mapping images were captured using the Hitachi HD2700 Cs-corrected STEM (Tokyo, Japan)
operated at 200 kV.

Results and discussions
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Figure 1 illustrates two proposed pathways responsible for the orthogonal deposition of Au on
the {100} or {111} facets, respectively, of a Ag cuboctahedron for the generation of a Ag-Auy;gg;
or a Ag-Auy 1, cuboctahedral nanobox. In a typical synthesis, we dispersed Ag cuboctahedra in
an aqueous mixture containing H,Asc, NaOH (at an initial pH of 11.2), and either PVP or CTAC,
followed by the titration of aqueous HAuCl, using a syringe pump at room temperature. Under an
alkaline condition, HyAsc would be neutralized into ascorbic monoanion (HAsc),”’ a true
reducing agent. Based on our previous study,?® we argue that the Ag atoms on the {111} facets
would be initially oxidized by Au(IIl) to generate a small amount of Au atoms for their immediate
deposition on the {100} facets (or the edges). With the involvement of NaOH in the solution, the
resultant Ag(I) ions would react with OH~ for the formation of Ag,O on the {111} facets,
prohibiting the underlying Ag from further reacting with Au(IIl) ions. From this time point, the
Au(III) ions would be reduced by HAsc- to produce more Au atoms for this subsequent deposition
onto the {100} facets conformally.?® Likely, some of the newly deposited Au atoms could migrate
to the Ag,O passivated {111} faets through surface diffusion.’? At the end, a Ag cuboctahedron is
transformed into a Ag@Auy;g; cuboctahedron with the inclusion of some Au atoms on the Ag,O
regions at the {111} facets. Because Ag,O layer can be dissolved in a weak acid,*' we treated the
as-obtained products with HAsc and then etched the Ag from the core with aqueous H,0,, leading
to the conversion of the Ag@Auy;gp; cuboctahedron into a Ag-Auyg; cuboctahedral nanobox
encased by {100} facets. It is worth noting that some NaCl was added during the weak acid
treatment to increase the solubility of Ag,O for an efficient dissolution of the Ag,0O layer.3?

In comparison, when the PVP in the reaction solution is replaced by CTAC, the CI ions
derived from CTAC could strongly interact with the {100} facets, as reported by others.? In this
case, the oxidation of Ag by Au(Ill) would be initiated on the {100} facets, which is orthogonal
to what is involved in the PVP-based synthesis.’* Additionally, the dissolved Ag(I) ions would
form soluble AgCl,™ ions rather than react with OH~ to produce Ag,0O, due to the excessive amount
of the CI ions invovled in the reaction soluton.’> As a consequence, both the AgCl,™ and Au(III)
ions would be co-reduced by HAsc™ into Ag and Au atoms, respectively, for their co-deposition
onto the Ag cuboctahedra. Because the {100} facets are involved in the oxidation of Ag, we argue
that the co-deposition of Au and Ag atoms would be mainly confined to the {111} facets. As
HAuCl, is titrated into the reaction solution, more and more Ag atoms would be carved away from

the {100} facets, leading to the generation of a Ag@Ag-Auy; 1, concave cuboctahedron. After the
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etching of Ag from the core with aqueous H,O,, Ag-Auy, 1, cuboctahedral nanoboxes covered by
{111} facets will be obtained.

In a typical synthesis, we first produced the Ag nanocubes with an average edge length of 38.1
+ 2.0 nm (Figure S1).2° The as-obtained Ag nanocubes were then used as seeds to generate Ag
cuboctahedra with an average edge length of 47.2 + 2.2 nm (Figure S2).1 In one set of study, we
dispersed the Ag cuboctadedra in an aqueous solution containing H,Asc, NaOH, and PVP,
followed by the titration of aqueous HAuCl, (0.1 mM) at an initial pH of 11.2. Figure 2A shows a
transmission electron microscope (TEM) image of the product prepared by adding 0.4 mL of
HAuCl,. Figure 2B shows an aberration-corrected high-angle annular dark-field scanning TEM
(HAADF-STEM) image of a single cuboctahedron taken from the sample in Figure 2A. When
aligned along the <001> zone axis, we could easily resolve the distinctive contrast between the
bright region at the center and the darker regions at the four corners, which correspond to the {100}
and the {111} facets of the cuboctahedron, respectively. Because the heavier Au atoms (which
contribute to the mass contrast) were located on the {100} facets that are parallel with the zone
axis, we observed brigher contrast at the four edges. Figure S3, A and B, shows two atomic-
resolution HAADF-STEM images of the as-prepared Ag@Auy;oo, cuboctahedron, from which
columns of atoms were visible with no significant presence of an oxide layer. We also performed
energy dispersive X-ray spectroscopy (EDS) mapping on the same cuboctahedron to confirm the
spatial distribution of each element. Figure 2, C and D, shows the elemental mapping of Ag and
Au, respectively. We noticed that more signals from Ag were distributed at the center face than at
the four corners, consistent with the thickness contrast of a cuboctahedron along the <001> zone
axis. On the other hand, the signals from Au were mainly localized to the center face and the four
edges but not at the four corners. The Au distribution coincides with the presence of four edges
that appear brighter on the HAADF-STEM image in Figure 2B, confirming the deposition of onto
the {100} and {110} surfaces. In comparison of Au signal as shown in Figure 2D, Figure S4, A
and B, shows the same particle and the elemental mapping of oxygen. Because the oxygen signals
were present both outside and inside the nanocrystal, we argue that it is difficult to use EDS to
confirm the presence of oxide layer. Altogether, we were not able to characterize the Ag,O layer
underneath the Au by STEM and EDS. Figure 2, E and F, shows the TEM and SEM images of the
final nanoboxes, from which we clearly observed the formation of {100} facets. Because all facets

are well connected in a nanobox, we argue that Au deposition would also occur on the {110} facets
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of the Ag cuboctahedra, serving as the vertices of cuboctahedral nanoboxes. Using inductively-
coupled plasma mass spectroscopy (ICP-MS), we determined that the Ag-Auy90; nanoboxes were
made of a Au-Ag alloy with a composition of Agg,Ause.

By replacing the PVP with CTAC while keeping all other parameters the same, Figure 3A
shows a TEM image of the products obtained after the titration of 0.8 mL of HAuCl,. Figure 3B
shows a HAADF-STEM image of one nanoparticle taken from the sample in Figure 3A. The
particle was oriewnted along the <001> zone axis, confirming the concave features on the {100}
facets of the cuboctahedron due to the removal of Ag from these facets. As shown in Figure 3, C
and D, the EDS elemental mapping of Ag and Au of the same nanoparticle indicates that the Ag
signals were more intense in the center region within the concave perimeter while the Au signals
were located at the edges, especially more so toward the four corners, suggesting the predomoniant
deposition of Au on the {111} facets with very few on the {100} facets. Figure S5A shows a
HAADF-STEM image of another nanoparticle oriented along the <111> zone axis, showing a
brighter contrast at the {111} facet due to the thickness contrast. In addition, the three {100}
surfaces situated at 120° angles from each other show a darker contrast, revealing their concavity.
As shown by the EDS mapping in Figure S5B, the Ag signals are more intense at the center,
generally following the contrast distribution in Figure S5A. Figure S5C shows that the Au signals
are somewhat localized at the edges, which reflects the presence of Au atoms on the {111} facets.
Away from the edges, the Au signals seem to be spread out across the particle because of the
contribution of Au signals from the three {100} facets at the bottom of the cuboctahedron. After
the etching of Ag from the core with aqueous H,0,, Figure 3, E and F, shows TEM and SEM
images of the resultant nanoboxes enclosed by {111} facets, respectively, indicating that the {100}
facets of concave cuboctadera would be covered by small amount of Au. The ICP-MS
measurement incidates that the Ag-Auy;;;; nanoboxes made of of Agz;Auys. Interestingly, the
composition of Au for these nanoboxes prepared with 0.8 mL of HAuCl, was lower than that in
the Ag-Auyg0; nanoboxes (with a composition of AgessAuse) prepared with 0.4 mL of HAuCl, in
the presence of PVP. We suspect that part of this difference arises from the co-deposition of both
Ag and Au atoms on the {111} facets of the cuboctahedra during the synthesis involving CTAC.

We also used UV-vis-NIR spectroscopy to characterize the optical properties of the resultant
cuboctahedral nanoboxes. When Ag@Auy; gy, cuboctahedra were transformed into Ag-Auygoy

nanoboxes, Figure 4A shows that the localized surface-plasmon resonance (LSPR) peak was red-
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shifted from from 463 nm to 1290 nm, together with the emergence of three other peaks at 845,
925, and 1140 nm. In comparison, Figure 4B shows that the major LSPR peak of Ag@Ag-Auy 1y
concave cuboctahedra was located at 499 nm, which is further red-shifted from that of the
Ag@Auygp; cuboctahedra located at 463 nm due to the surface concavity. When they were
transformed into Ag-Auy;;; nanoboxes, the LSPR peak was shifted to 1305 nm with another peak
appeared at 1175 nm. We could attribute the main LSPR peak of both types of nanoboxes (1295
and 1305 nm, respectively for Ag-Auyoo; and Ag-Auyy1y) to the electric dipole mode, which has
a strong correlation with the dimensions of the nanobox.3¢ Unfortunately, it remains extremely
challenging to measure the thickness of these nanoboxes while the composition can only be
obtained by ICP-MS measurements. As such, we cannot perform the discrete dipole approximation
(DDA) calculation to make assignments for specific plasmonic modes. Compared to the cubic Au
nanoboxes with LSPR peak located at 1080 nm,?° the LSPR peaks of these two types of Ag-Au
cuboctahedral nanoboxes were further shifted to the infrared region.

We evaluated the catalytic activity of the cuboctahedral nanoboxes using a model reaction
based on the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by NaBH,.37 After the
introduction of NaBH,, we recorded the UV-vis spectra of 4-NP at different reaction time points
(Figure 5, A and C). By following the intensity of the absorption peak at 400 nm, we plotted the
In(A¢/A,) as a function of reaction time (Figure 5, B and D). In both cases, the reduction reaction
exhibited first-order kinetics, from which we obtained the rate constant through curve fitting. The
rate constants of Ag-Auy g, and Ag-Auy;;;, cuboctahedral nanoboxes were 0.005 min! and 0.213
min!, respectively, indicting distinctive catalytic activities toward this reduction reaction. We
believe there are several factors that could contribute to this significant difference. Based on our
ICP-MS measurements, both Ag-Auy;o0; and Ag-Auy;i1; cuboctahedral nanoboxes were made of
Ag-Au alloy with a composition of Agg,Ause and Ag;7Auys, respectively. As many groups argue
that Au is a more effective catalyst for the reduction of 4-NP compared to Ag,’¥* it is possible
that the difference arises from the fact that the Ag-Auy;;;; cuboctahedral nanoboxes may embrace
Au-dominated outermost surfaces while the Ag-Auy;oo; cuboctahedral nanoboxes could consist of
Ag-dominated surfaces. However, it is indeed extremely difficult to characterize the composition
of the outermost surfaces to fully support this argument. On the other hand, we believe that the use
of PVP or CTAC in the original synthesis of these nanoboxes could contribute to the different

arrangement of atoms on the {100} or {111} facets of cuboctahedra, respectively, leading to their

10
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distinct catalytic activities. Finally, it is also possible that the dissolved oxygen species in reaction
solution could attribute to the different induction time of 4-NP reduction because Ag atoms could

leach out into the solution as Ag ions and thus affect the catalytic performance.** 43

Conclusions

We have demonstrated the transformation of Ag cuboctahedra into Ag-Au cuboctahedral
nanoboxes with complementary facets by including either poly(vinylpyrrolidone) (PVP) or
cetyltrimethylammonium chloride (CTAC) to a reaction solution containing Ag cuboctahedra,
H,Asc, and NaOH at the pH around 11, followed by the titration of aqueous HAuCl,. When the
PVP was involved, the oxidation of Ag would be initiated on the on the {111} facets for the
deposition of Au on the {100} facets in the orthogonal manner, transforming Ag cuboctahedra into
Ag@Auygp; cuboctahedra and then cuboctahedral nanoboxes enclosed by the {100} facets after
the etching of Ag by H,O,. In comparison, when the CTAC was added to the reaction solution, the
oxidation of Ag would continuously progress on the {100} facets for the generation of concavities.
Concomitantly, the dissolved Ag(I) ions and the Au(IIl) would be co-reduced by chemical
reduction for the generation of Ag and Au atoms, followed by their co-deposition on the {111}
facets for the generation of Ag@Auy 1, concave cuboctahedra and the resultant Ag-Auyy
cuboctahedral nanoboxes enclosed by {111} facets after the removal of Ag. Both types of
cuboctahedral nanoboxes embrace strong LSPR properties in the infrared region. On the other
hand, cuboctahedral nanoboxes enclosed by the {111} facets exhibit catalytic activities toward the

reduction of 4-NP by NaBHy,.
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Figure 1. Schematic diagram that illustrates the two orthogonal pathways for the deposition of Au
on Ag cuboctahedra in the presence of PVP and CTAC, respectively, followed by the removal of

Ag for the production of cuboctahedral nanoboxes with complementary facets.
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Figure 2. (A) TEM image of the as-prepared Ag@Auy o, cuboctahedra. (B) HAADF-STEM
image of one nanocrystal that was orientated along the <001> zone axis. (C, D) EDS mapping of
the same nanocrystal (green: Ag; red: Au). (E) TEM and (F) SEM images of the resultant Ag-

Auyooy cuboctahedral nanoboxes after the removal of Ag.
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Figure 3. (A) TEM image of the as-prepared Ag@Ag-Auy1;; concave cuboctahedra. (B)
HAADF-STEM image of one nanocrystal that was orientated along the <001> zone axis. (C, D)
EDS mapping of the same nanocrystal (green: Ag; red: Au). (E) TEM and (F) SEM images of the
resultant Ag-Auy 1, cuboctahedral nanoboxes after the etching of Ag.
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Figure 4. (A) UV-vis spectra of the Ag@Auy;gp; cuboctahedra and corresponding Ag-Auygoy

nanoboxes. (B) UV-vis spectra of the Ag@Ag-Auy;1, concave cuboctahedra and corresponding

Ag-Auy 1, nanoboxes. Each spectrum was normalized to its maximum intensity.
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Figure 5. (A, C) UV-vis spectra recorded at different time points for the reduction of 4-NP by

NaBH, at room temperature, when the Ag-Auygo; and Ag-Auy,;;, nanoboxes were used as the

catalysts, respectively. (B, D) Plots of In(A/Ay) as a function of time for the peaks located at 400

nm in (A) and (C), respectively.
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