Understanding the Impact of Wall Thickness on Thermal Stability of

Silver-Gold Nanocages

Shikuan Shao,™ Xiangyu Zhu,*# Victoria Ten,® Moon J. Kim,*" and Xiaohu Xia®"*

"Department of Chemistry, University of Central Florida, Orlando, Florida 32816, United States;

*Department of Materials Science and Engineering, University of Texas at Dallas, Richardson,

Texas 75080, United States,

SBurnett School of Biomedical Sciences, University of Central Florida, Orlando, Florida 32816,
United States,

'NanoScience Technology Center, University of Central Florida, Orlando, Florida 32816, United

States.

*These two authors contributed equally to this work.

*Corresponding author. E-mails: moonkim@utdallas.edu (M.J.) and Xiaohu. Xia@ucf.edu (X.X.)


about:blank

Abstract

The thermal stability of nanocages is of great research value in both fundamental studies and
practical applications. In this work, by focusing on silver-gold (Ag-Au) alloyed nanocages as a
model system, we demonstrate that the wall thickness of the nanocage is a critical parameter in
determining its thermal stability. We systematically evaluated the thermal stabilities of Ag-Au
nanocages with different wall thicknesses in the range of 3.8-13 nm in both solution- and solid
phases. The results showed that, in both phases, nanocages with thicker walls displayed better
stabilities. At sufficiently high temperatures, the nanocages were deformed to thermodynamically
more stable nanostructures. The deformation processes were found to be different for nanocages
with various wall thicknesses, which were carefully monitored and analyzed by electron
microscopy imaging. Changes in plasmonic properties of the nanocages during heat-induced

deformation processes were also investigated.
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1. INTRODUCTION

Metallic nanocrystals with a cage structure (i.e., nanocages) have been extensively studied in
recent years because of their unique physicochemical properties such as large surface-to-volume
ratio, highly open structure, and excellent plasmonic, photonic and/or catalytic activities.'™
Compared with conventional solid nanostructures, nanocages exhibited superior performances in

various technologically important applications. Examples include sensing,’® drug delivery,®!!

12-15 and energy harvesting.!®!® In these applications, the performance of

photothermal therapies,
nanocages is closely associated with their morphologies and elemental compositions.' In many
cases, nanocages experience extreme or variable temperatures during an application and thus may
be subject to morphological/compositional changes.!®??> To ensure reliable performance,
nanocages should possess good thermal stability. For example, in laser-based applications,>*> the
localized temperature of nanocages may reach several hundred degrees Celsius. Consequently,
deformation and even collapse of nanocages are often observed. For plasmonic metal nanocages,
they may melt upon laser excitation at the resonance frequency of their localized surface plasmon
resonance (LSPR) peaks.?® Similarly, deformation of nanocages caused by elevated temperatures
may occur in photocatalysis.2®2° In order to design and prepare functional nanocages with reliable
performance, it is meaningful to understand their thermal stabilities.

In this study, using silver-gold (Ag-Au) nanocages as a model system, we demonstrate that the
wall thickness plays a critical role in determining the thermal stability of nanocages. We chose to
focus on Ag-Au nanocages because they have been widely studied and used in various fields such
as biomedicine and catalysis.”!***33 It is worth mentioning that, to the best of our knowledge, a
systematic understanding of the impact of wall thickness on Ag-Au nanocage stability from
experimental aspects has not been reported so far. Previous studies on thermal stabilities of Ag-
Au nanocages primarily rely on molecular dynamics (MD) simulations.*** The lack of
understanding from experiments can be attributed to the challenge of controlling the wall thickness
of nanocage in a synthesis. In a recent study, we reported an effective strategy based on galvanic
replacement and regeneration of a sacrificial template to produce Ag-Au nanocages of controllable
wall thicknesses.® Specifically, as shown by Figure la, conventional singly-walled Ag-Au
nanocages (obtained from the galvanic replacement reaction between Au*" ions and Ag nanocubes
as templates®’) are first stuffed with Ag through selective deposition of Ag atoms on the inner

surface (i.e., template regeneration). Then the resultant Ag@Ag-Au core@shell nanocubes are



used as new templates for the second round of galvanic replacement with Au®* ions. As a result,
Ag-Au cages with a thicker wall composed of two consecutive Ag-Au layers are obtained. To
differentiate the initial cages with single Ag-Au layers and subsequent cages with two consecutive
Ag-Au layers, they will be referred to as “[Ag-Au]i cages” and “[Ag-Au]z cages”, respectively, in
the following discussion. By repeating such a process of sequential galvanic replacement and
template regeneration, [Ag-Au]. cages (n: number of consecutive Ag-Au layers) with increasing
wall thicknesses can be prepared as a function of #.

To study the effect of wall thickness on the thermal stability of Ag-Au nanocages, in this work,
we synthesized [Ag-Au]. cages (n = 1-4) that have wall thicknesses in the range of 3.8-13 nm. The
experiments of the thermal stability study were conducted in both solution and solid phases. The
solution-phase tests were performed in diethylene glycol with a relatively high boiling point (~244
°C*). The solid-phase tests were achieved by in-situ heating scanning transmission electron
microscopy (STEM). In addition to morphological changes of cages under different temperatures,

we also investigated the changes of plasmonic properties and elemental compositions.

2. METHODS
2.1. Chemicals and Materials. Silver nitrate (AgNO3, =99.0%), gold (III) chloride trihydrate

(HAuCls4-3H20, =99.9%), poly(vinylpyrrolidone) (PVP55, Mw =~ 55,000), sodium hydrosulfide
hydrate (NaHS-xH20), L-ascorbic acid (AA, =99%), diethylene glycol (=99.0%) and sodium
chloride (NaCl, =99.5%) were all obtained from Sigma-Aldrich. Ethylene glycol (EG) was

obtained from J. T. Baker. Deionized (DI) water with a resistivity of 18.2 MQ-cm was used to

prepare all the aqueous solutions. All materials were used without any further purification.

2.2. Synthesis of Ag Nanocubes. Ag cubes with an average edge length of 47.6 nm were
synthesized according to previously reported methods with minor modifications***?. Briefly, 9.0
mL of ethylene glycol (EG) was first added to a 50-mL glass vial and preheated to 150 °C in an
oil bath under magnetic stirring for 1 h. Subsequently, 120 pL of 3 mM NaHS solution (in EG)
was injected into the glass vial using a pipet. After 8 min, 2.25 mL of PVP55 solution (20 mg/mL,
in EG) was injected, followed by the addition of 0.75 mL of AgNO3 (282 mM, in EG) solution.
The products (i.e., 47.6 nm Ag cubes) were obtained by quenching the reaction with an ice-water

bath when the reaction suspension turned into a brown color with a major localized surface
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plasmon resonance (LSPR) peak at ~446 nm. The suspension was then washed with acetone once
and DI water twice via centrifugation. Finally, the 47.6 nm Ag cubes were dispersed in 4.0 mL of

DI water for future use.

2.3. Synthesis of [Ag-Au]; Cages. The [Ag-Au]i cages were synthesized based on the galvanic
replacement reaction between above mentioned 47.6 nm Ag cubes as sacrificial templates and
HAuCls, according to a published protocol with modifications.*’ In a typical synthesis, 1.0 mL of
47.6 nm Ag cubes and 10 mL of 0.5% (w/v) PVP55 aqueous solution were first mixed in a 25-mL
round-bottom flask and preheated to 95 °C in an oil bath under magnetic stirring for 15 min. Then,
6.0 mL of 0.02% (w/v) HAuCl4 solution was injected into the flask at a rate of 100 pL/min using
a syringe pump. After complete injection of HAuCls solution, the reaction mixture was kept
stirring at 95 °C for 10 minutes. The [Ag-Au]i cages as final product were collected by
centrifugation, washed once with saturated NaCl solution, and 10 times with DI water. Finally, the

[Ag-Au]: cages were dispersed in 1.0 mL of DI water and stored in the dark for future use.

2.4. Synthesis of [Ag-Au], Cages (n = 2, 3, and 4). The [Ag-Au]. cages (n =2, 3, and 4) were
prepared through the strategy of sequential processes of template regeneration and galvanic
replacement, according to our recently reported protocol with minor modifications.® Specifically,
to prepare [Ag-Au]z cages, 1.0 mL of above mentioned [Ag-Au]i cage was mixed with 5 mL of
DI water in a 20 mL-glass vial at room temperature under magnetic stirring. Subsequently, 5 mM
AgNOs and 2.5 mM AA aqueous solution were injected simultaneously at a 5 uL/min rate using
a two-channel syringe pump. The reaction was terminated when the major LSPR peak of the
solution stopped shifting to shorter wavelengths. The Ag@Ag-Au core@shell nanocubes as
products were collected via centrifugation and redispersed in 1.0 mL DI water. The as-synthesized
Ag@Ag-Au nanocubes were then used as sacrificial templates to synthesize [Ag-Au]2 cages by
following the same galvanic replacement procedure used to synthesize [Ag-Au]: cages.

[Ag-Au]s cages and [Ag-Au]4 cages, respectively, were obtained by conducting one and two
more rounds of template regeneration plus the galvanic replacement based on the synthesis of [Ag-

Au): cages. Detailed synthetic procedures can be found in our previous publications.>*

2.5. Solution-Phase Heating Experiment. For solution-phase thermal stability tests, 250 uL of
[Ag-Au]x. cage (n = 1-4) samples were centrifuged and redispersed in 3.0 mL of diethylene glycol.

The solutions were then immersed in an oil bath under magnetic stirring at different temperatures



(150 °C, 175 °C, and 200 °C). Aliquots were taken at different incubation times (e.g., 5 min, 15
min, 30 min, 45 min, and 60 min) using glass pipets and were quickly transferred to glass vials
placed in an ice bath. Each thoroughly cooled aliquot was divided into two parts: one part was
transferred to a cuvette, diluted with DI water, and subjected to measurement of LSPR peaks with
a UV-Vis spectrophotometer (Agilent Cary 60 UV-vis spectrophotometer); the other part was
washed with acetone once and DI water twice via centrifugation. This sample was collected for
morphological analyses with a transmission electron microscope (JEOL JEM-1011 microscope

operated at 100 kV).

2.6. In-situ Scanning Transmission Electron Microscopy (STEM) Heating Experiment. /n-
situ STEM heating experiments were performed on an Aduro specimen holder with heating E-
chips supplied by Protochips Inc., which allowed for heating samples from room temperature (RT)
up to 1200 °C with low drift. The accuracy of the applied temperature on the Protochips heating
E-chips was less than 5 °C. The nanocage sample was drop cast on a carbon thin film window on
the heating E-chips for observation, where the temperature was increased with 50 °C gradient and
5-minute holding time until the nanocage collapsed. The base chamber pressure of the microscope
was ~1.5x10 mbar. STEM imaging was performed using a JEM-ARM200F (JEOL USA Inc.)
equipped with a spherical aberration (Cs) corrector (CEOS GmbH, Heidelberg, Germany). The
microscope was operated at 200 kV, and the probe convergence semi-angle was 23 mrad with a
probe current of 18 pA. The acquisition semi-angle for high-angle annular dark-field (HAADF)
detector was 70-200 mrad. The corrector had been carefully tuned by the Zemlin-tableau method
with Cs = 0.5 pm, at which the resolution was about 1 A. Energy Dispersive X-ray Spectroscopy
(EDS) was performed with an Oxford X-MaxN100TLE with 100 mm? silicon drift detector. To
avoid the oversaturation of the EDS detector, the spectrum data was collected after quenching the

sample to RT.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterizations of [Ag-Au], Cages of Different Wall Thicknesses.
The [Ag-Au]i cages were synthesized from a galvanic replacement reaction between 47.6 nm Ag
cubes (see Figure S1) and HAuCls.** The [Ag-Au], cages (n = 2, 3, and 4) were synthesized

through the processes of sequential galvanic replacement and template regeneration.® Figure 1b-e



shows typical TEM images of as-synthesized [Ag-Au]. cages (n = 1-4). It can be seen that the
cages had similar void shapes/sizes but different wall thicknesses. By randomly analyzing 200
particles for each sample, the average sizes (L, defined as the distance between two opposite {100}
facets of a cage®) of the four [Ag-Au]. cages (n = 1, 2, 3, and 4) were measured to be 52.3, 58.6,
65.6, and 72.7 nm, respectively. Their average wall thicknesses (f) were measured to be 3.8, 7.2,
10.2, and 13.0 nm, respectively. These measurements indicate that the void sizes of all [Ag-Aul]x
cages were similar. The EDS analysis data shown in Figure S2 suggest that all the [Ag-Au]. cages
(n = 1-4) had similar molar ratios of Ag to Au (roughly 1:1). As indicated by the EDS analyses of
individual cages (which will be discussed later) and our previous published work,® Ag and Au co-
exist in the cages in the form of alloy. Collectively, these four types of Ag-Au cages, which have
similar void sizes and elemental compositions, but different wall thicknesses, could serve as an

ideal platform to investigate the impact of wall thickness on the thermal stability of nanocages.

3.2. Solution-Phase Stability Tests. To evaluate the thermal stabilities of cages in the solution
phase, the four [Ag-Au]. cages (n =1, 2, 3, and 4) were dispersed in diethylene glycol and heated
at 150 °C, 175 °C, and 200 °C for certain periods of time. Morphological changes of the cages were
checked by transmission electron microscopy (TEM) imaging. Figure 2a-t shows representative
TEM images of the [Ag-Au]. cages after they had been heated at 175 °C for 5, 15, 30, 45, and 60
minutes. The overall trend is that the thicker the walls are, the better the cages can preserve their
original morphologies (e.g., cubic shape and hollow interior). Specially, [Ag-Au]: cages started to
deform at 5 min and completely collapsed and lost their cage-like morphology at 60 min. In
contrast, the [Ag-Au]s cages well preserved the overall cage morphology during the entire process,
despite slight truncations at corners and edges. The [Ag-Au]» and [Ag-Au]s cages started to deform
at 15 and 30 min, respectively. Similar trends were observed during the treatments of cages at 150
°C (Figure S3) and 200 °C (Figure S4).

Taking the treatment of [Ag-Au]i cages at 175 °C as an example, a typical deformation process
of cages during heat treatment includes the following stages: the small pores in the side faces and
corners of original cages tended to enlarge in size (Figure 2a). These pores then merged together
in the side faces to form larger pores (Figure 2b). Meanwhile, Ag and Au atoms on side faces of
cages migrated to edges and corners. Later on, the cages were transformed into cubic frames

(Figure 2¢). Under continuous thermal stress, the frames fractured at some edges and shrank into



U-shaped nanostructures (Figure 2d). During this process, the frames were thickened, indicating
the inner-particle migration of Ag and Au atoms. Continued migration of atoms eventually
transformed the U-shaped nanostructures into pseudospherical nanostructures (Figure 2e). A
scheme that summarizes the deformation processes is provided in Figure S5. It should be noted
that, under more intense thermal stress (e.g., 200 °C), the pseudospherical nanostructures were
transformed into nearly spherical nanoparticles (see Figure S4).

We believe the abovementioned deformation of cages is a thermodynamically driven process.
The mechanism can be understood from an energetic consideration. The total free energy (AGotar)
driving the deformation of cages is primarily contributed by two factors — the volumetric free
energy (cvolume) and the surface free energy (€surface).**** In this study, the volumetric free energy
remains the same during the process of cage deformation because the bulk volume of atoms in a
particle is unchanged.'® Therefore, total free energy is dependent on the surface free energy (€surface).

45,46

For Ag-Au cages that take a face-centered-cubic crystal structure, Esurface Can be expressed by

the following equation:*

Esurface = zAnVn = Ag100)Yq100y T Api0yYiioy H ApigYaag + o
n

Wherein, A» and y» refer to the total surface area and the surface free energy per unit area of a
given crystallographic facet, respectively. Nanocages possess a much larger surface area
(including both outer and inner surfaces) than their solid counterparts of the same dimensions.
Under thermal treatment, nanoparticles with a lower total free energy (AGuotl) are
thermodynamically favored. Therefore, the cages tend to undergo structural changes that can
minimize 4 in order to reduce €surface and thus AGuota, Which can be interpreted as the attempt to
reduce the surface-to-volume ratio. Cages are transformed into frames through the migration of
atoms from side faces to edges and corners. With sufficiently high thermal energy, the frames

could further transform into spheres with a minimal surface-to-volume ratio.

3.3. LSPR Properties. Ag-Au cages possess intriguing and useful LSPR properties.>!>* It is well-
known that the plasmonic properties of Ag-Au cages have a strong dependence on their
morphology. Therefore, we also monitored the plasmonic activities of cages during heat treatment.

Experimentally, samples were collected at different stages of solution-phase heat treatment, diluted



with DI water, and subjected to measurements with a UV-Vis spectrophotometer. Figure 3a-1
compares normalized UV-vis spectra of the four [Ag-Au]. cages (n = 1, 2, 3, and 4) before and
after they had been heated at different temperatures for certain periods of time. A general trend
observed in the spectra change is that major LSPR peaks shift to shorter wavelengths (blue shift)
as temperature and/or incubation time increase. More specifically, at 150 °C (Figure 3a), the major
LSPR peak of [Ag-Au]: cages gradually shifted from ~730 nm to ~650 nm during 5-60 min.
Meanwhile, the peak was broadened as the heating time increased. Slight blue shifts of LSPR
peaks were observed for [Ag-Au)2 and [Ag-Au]s cages (Figure 3d,g). In contrast, the peak of [Ag-
Aul4 LSPR remained unchanged (Figure 3j). In general, the major LSPR peaks of a nanocage tend
to blue shift when its degree of hollowness is decreased.!*®4” In this regard, these observations of
LSPR peak changes are consistent with the TEM imaging results (Figure S3). At 175 °C (Figure
3b), the major LSPR peaks of [Ag-Au]: cages were kept at ~730 nm during 0-30 min, while the
bandwidth was gradually broadened. At 45 min and 60 min, the major peaks blue-shifted to ~600
nm and ~480 nm, respectively. Slight blue shifts along with peak broadening were observed for
the [Ag-Au]2 and [Ag-Au]s cages during 5-60 min (Figure 3e,h). As for the [Ag-Auls4 cages,
appreciable changes of LSPR peaks could only be observed at 45 and 60 min (Figure 3k). At 200
°C, blue shift and peak broadening for the LSPR peaks of [Ag-Au]i, [Ag-Au]2 and [Ag-Au]s cages
became more evident (Figure 3c,f,i). The LSPR peaks of [Ag-Au]s cages were gradually
broadened while not blue-shifted significantly (Figure 31). Overall, these results demonstrated that

Ag-Au cages with thicker walls tend to better preserve their LSPR activities at high temperatures.

3.4. In-situ Heating STEM Tests. In-situ STEM heating experiments were performed to reveal
detailed morphological and compositional changes for single cages at atomic precision. [Ag-Au]i
and [Ag-Auls4 cages as two representative examples with distinctively different wall thicknesses
were analyzed and compared.

Figure 4a-d shows STEM analyses data of an individual [Ag-Au]: cage after heated at 200 and
250 °C for up to 5 minutes. Before heating (Figure 4a), the [Ag-Au]: cage displayed a well-defined
cubic shape (a square projection image) with an edge length of ~50 nm and a wall thickness of ~4
nm. The EDS mapping images show that the cage is made of Ag-Au alloy with overall
homogeneous distributions of Ag and Au across the entire particle. The cage preserved its

morphology and elemental compositions after being heated at 200 °C for 5 min (see Figure 4b). It



should be noted that, at the same temperature and heating time, the [Ag-Au]: cages deformed to
frames when they were suspended in solution. This difference might be ascribed to the fact that
the in-situ STEM heating experiment was performed in a more inert environment (e.g., without
oxygen and solvent). Thus the cage was expected to withstand heating at a higher temperature.
When the temperature was elevated to 250 °C (Figure 4c¢), the cage was deformed to a U-shaped
nanostructure at 5 min. The EDS mapping images show that such a nanostructure was composed
of Ag-Au alloy, implying that Ag and Au were not segregated during deformation. Time-resolved
deformation dynamics were recorded with serial images (Figure 4d). It was revealed that the cage
started to collapse from one side face immediately after heating and propagated to the whole
particle within 50 seconds. During this process, atoms of collapsing side face migrated to other
sites of the cage, leading to the formation of a U-shaped nanostructure. The continuous migration
of atoms (120-210 seconds) thickened the frames of such a U-shaped nanostructure.

Compared to [Ag-Au]i cage, the [Ag-Au]4 cage was much more stable during the in-situ STEM
heating test (see Figure 5a-h). Before heating (Figure 5a), the edge length and wall thickness of
[Ag-Auls4 cage were measured to be ~70 nm and ~10 nm, respectively. EDS mapping images
(Figure S6a) suggest the cage is made of Ag-Au alloys. Notably, the four consecutive Ag-Au layers
in this cage can be seen from the STEM image, where each layer was composed of an Au-rich
(with a brighter contrast) and an Ag-rich sub-layers. The alternating Au and Ag sublayers could
be clearly seen from the magnified STEM image (Figure 5¢) and the EDS line-scan profile (Figure
5f). This inhomogeneous distribution of Au and Ag could be ascribed to the sequential galvanic
replacement and template regeneration processes during cage synthesis.!® The [Ag-Aul4 cage
could maintain the cubic shape and wall thickness very well after annealing for 5 minutes at 300
°C (Figure 5b). Notably, the distribution of Ag and Au in the wall became homogeneous, which
was evidenced by the STEM imaging contrast (Figure 5g) and EDS line-scan profile (Figure 5h).
A careful examination indicated that some atoms on the walls had migrated to the corner sites of
the cubic hollow interior along the <111> directions, leading to a round projection of the interior.
These observations suggest that Ag and Au atoms inter-diffused in the wall and, in the meantime,
the atoms migrated to the interior. The cage could still preserve its overall cubic shape after it had
been heated at 600 °C for 5 min (Figure 5¢). Notably, compared to the cage after 300 °C annealing
for 5 minutes (sample in Figure 5b), thicknesses of the walls along the side faces were decreased

while the exterior size of the cage remained unchanged. These observations imply that the atoms
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in the inner walls had migrated to the corner sites of the cubic hollow interior. Shortly after the
temperature was elevated to 650 °C (for 1 min), the cage was transformed into a solid particle with
a polyhedral shape. Detailed processes of such a transformation from the cage to a solid polyhedron
and associated mechanism were not studied in the present work, which may be the subjects of our
future research. Ag and Au existed in the form of alloy throughout the whole heating process, as
shown by the EDS mapping images in Figure S6.

Overall, the [Ag-Au]4 cage with thicker walls exhibited enhanced thermal stability in the in-
situ heating STEM tests compared with the [Ag-Au]i cage. Despite the difference in deformation
processes of both cages, they eventually evolved into nanostructures with reduced total surface

areas and thus lower total free energies.

4. CONCLUSIONS

In summary, we have systematically investigated the impact of wall thickness on the thermal
stability of Ag-Au nanocages. [Ag-Au]. cages (n: number of consecutive Ag-Au layers) with well-
defined cubic shapes and different wall thicknesses (which increases as n increases) were used as
models. The thermal stability tests were performed in both solution- and solid phases. We found
that, in both phases, cages with thicker walls exhibited better thermal stabilities than those with
thinner walls. In a sense, the thermal stability of Ag-Au cages could be effectively enhanced by
thickening their walls. This finding may help researchers design more stable and reliable
nanocages for specific applications. The heat-induced deformation processes of cages with
different wall thicknesses were found to be different. Nevertheless, all cages were eventually
transformed into thermodynamically more stable nanostructures. The changes in plasmonic
properties of cages during thermal treatment were also examined. The insights from this study may

serve as a solid foundation to inspire future fundamental and applied research.

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website.
e TEM image of Ag nanocubes; EDS spectra taken from nanocages; TEM images of
nanocages after they had been heated in solution at 150 °C and 200 °C for different periods
of time; HAADF-STEM images and EDS mapping images recorded from the same cage

after it had been heated at different temperatures in STEM for certain periods of time.
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Figure 1. Synthesis and characterization of [Ag-Au]. cages (n: number of consecutive Ag-Au

layers) with different wall thicknesses. (a) Schematics showing the synthetic route of [Ag-Au]x
cages; (b-e) TEM images of [Ag-Au]. cages (n =1, 2, 3, and 4). Insets show individual cages at a
higher magnification. The scale bar in inset of (e) is 10 nm. The scale bars in (e) apply to all images

in (b-d).
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Figure 2. TEM images of [Ag-Au]. cages (n =1, 2, 3, and 4) after they had been heated at 175 °C
in diethylene glycol for different periods of time. (a-e) [Ag-Au]: cages; (f-j) [Ag-Au]2 cages; (k-
0) [Ag-Au]s cages; (p-t) [Ag-Au]s cages. The 50 nm scale bar applies to all TEM images.
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Figure 3. UV-vis spectra taken from [Ag-Au]. cages (n =1, 2, 3, and 4) after they had been heated
in diethylene glycol at different temperatures for certain periods of time. (a-c) [Ag-Au]i cages; (d-

f) [Ag-Au]z cages; (g-1) [Ag-Au]s cages; (j-1) [Ag-Au]4 cages.
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Figure 4. In-situ HAADF-STEM images recorded from the same [Ag-Au]i cage at: (a) room
temperature (RT); (b) 200 °C after 5 min annealing; (c) 250 °C after 5 min annealing. (d) HAADF-
STEM images showing the morphological changes of the [Ag-Au]: cage at 250 °C after different

annealing times (0-210 seconds).
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Figure 5. In-situ HAADF-STEM images recorded from the same [Ag-Auls4 cage at: (a) room
temperature (RT); (b) 300 °C after 5 min annealing; (c¢) 600 °C after 5 min annealing; and (d) 650
°C after 1 min annealing. (e, g) magnified HAADF-STEM images of the regions marked by dashed
squares in (a) and (b), respectively. (f, h) line-scan EDS spectra of Au and Ag elements that were

recorded along the arrows shown in (e) and (g), respectively.
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