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Abstract

This article presents a mechanistic study on the galvanic replacement reaction between 11- and 14-
nm multiply twinned particles (MTPs) of Ag and HAuUCl, in chloroform. We monitored both
morphological and spectral changes as the molar ratio of HAuCl, to Ag was increased. The details
of reaction were different from previous observations on single-crystal Ag nanocubes and
cubooctahedrons. Because Au and Ag form alloys rapidly within small MTPs rich in vacancy and
grain boundary defects, a complete Au shell did not form on the surface of each individual Ag
template. Instead, the replacement reaction resulted in the formation of alloy nanorings and
nanocages from Ag MTPs of decahedral or icosahedral shape. For the nanorings and nanocages
derived from 11-nm Ag MTPs, the surface plasmon resonance (SPR) peak can be continuously
shifted from 400 to 616 nm. When the size of Ag MTPs was increased to 14 nm, the SPR peak can
be further shifted to 740 nm, a wavelength sought by biomedical applications. We have also
investigated the effects of capping ligands and AgClI precipitate on the replacement reaction. While
hollow structures were routinely generated from oleylamine-capped Ag MTPs, we obtained very few
hollow structures by using a stronger capping ligand such as oleic acid or tri-n-octylphosphine oxide
(TOPO). Addition of extra oleylamine was found to be critical to the formation of well-controlled,
uniform hollow structures free of AgCI contamination thanks to the formation of a soluble complex
between AgCl and oleylamine.

1. Introduction

Nanostructures made of noble metals, silver and gold in partlcular have received renewed
interests in recent years owning to their interesting optlcal electronic,? and catalytlc3
properties and thus a broad range of intriguing applications including surface-enhanced Raman
scattering (SERS) information storage,” and energy conversion.® Many approaches have
been developed to prepare silver and 80|d nanostructures in different shapes including
nanowires,’ nanorods,8 nanospheres, 1 nhanocubes, 1112 and nanoplates. 13 Recently,
extensive efforts have been devoted to the synthesis of more complex structures — core-shell
or hollow nanoparticles. Due to their increased surface areas, reduced densities, and tunable
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SPR features, 14 these new types of metal nanostructures are exI)ected to outperform their SO|Id
counterparts in applications such as optical i |mag|ng 5 SERS,16 and photothermal therapy

Template-directed growth has proved to be a convenient approach to the preparation of core-
shell nanoparticles by depositing a thin layer of the shell material on the surface of the template,
typically polymeric or silica beads. For example, Halas and co-workers have reported that Au
nanoshells of drfferent thicknesses could be grown on 120-nm silica spheres via an chemical
reduction process Together with a number of studies which have also demonstrated
formation of metal shells on dielectric colloidal spheres, it has been established that there was
asignificant red-shift for the SPR peaks relative to their solid counterparts 19,20 By selectively
removing the core through chemical etching or calcination,20 the core-shell particle can be
transformed into a hollow one with a void in the center. Because the deposited metal shells are
polycrystalline, the hollow structures fabricated using this method are often bothered by issues
including relatively large sizes (>100 nm), low yields, rough surfaces, poor control, limited
scope of tuning, and structural fragility.

Previously, we have demonstrated that hollow nanostructures of various noble metals could
be synthesized via galvanic replacement reaction in an aqueous solution by reacting sacrificial
Ag template with a precursor compound of the desired metal such as Au, Pd, or Pt. For example,
Ag templates with a variety of shapes, including nanocubes, nanoplates, nanospheres,
nanorods, and nanowires, could react with HAuCl, in an agqueous medium to generate
nanoboxes,lzal 2la-c nanocages,17 nanorattles, 219 and nanotubes?1d:€ in a single step. The
SPR band of resultant hollow structures could be readily engineered to the near infrared region
(800-1200 nm) by controlling the volume of HAUCI, solution added to the suspension of Ag
templates, and consequently the thickness, porosity, and elemental composition of the wall.
This synthetic strategy has also been successfully applied to both Pt and Pd with appropriate
precursors to the metals. 21f Most recently, this water-based synthetic route was also extended
to organic media. To this end, Selvakannan and Sastry performed the replacement reaction by
transferring both suspension of Ag nanoparticles and HAuCl, solution from water into
chloroform through phase transfer ligands and obtained Au or Pt hollow nanoparticles with
SPR peaks red-shifted to ~570 nm.14 Yang and co-workers reported that by following a slightly
modified method, Ag-Au core-shell nanoparticles were obtained from the reaction between
9.6-nm Ag nanospheres and dodecylamine-hydrophobized HAUCI, in toluene.22 Another
study from the Alivisatos group showed that the replacement reaction between AuClz and
single-crystal Ag cubooctahedrons in o-dichlorobenzene resulted in the epitaxial growth of Au
on the {100} facets of Ag template.23

Synthesis of hollow structures |n an organic phase may provide an attractive route to optical
coatings by spray- deposmon 4 be more amenable for subsequent surface modification, 2 and
add greater value to catalytic appllcatlons.24 There is also demand to use Ag nanoparticles
<20 nm in size as the sacrificial template because many applications could be greatly enhanced
by reducing the dimensions of the hollow structures. For instance, when used as SERS probes
or imaging contrast agents, hollow structures of compact sizes would substantially render their
accessibility to subcelluar organelles, as well as to speed up their diffusion in tissues. 16 Silver
nanoparticles <20 nm in size can be prepared as monodispersed samples using a number of
methods. These small particles usually exist as MTPs in the decahedral or icosahedral shape.
25 Although we reported two years ago a mechanistic study on the galvanic replacement
reaction between single-crystal Ag nanocubes and HAuUCIy in an aqueous medium, 21Ctjs still
not clear how Ag MTPs behave when they react with HAuCly in an organic medium. Due to
the rich vacancy and grain boundary defects and the rapid diffusion rate of atoms in small
particles, Ag MTPs are expected to behave quite differently from single-crystal Ag nanocubes
in a galvanic replacement process. Herein we present a systematic study on the galvanic
replacement reaction between 11- and 14-nm Ag MTPs and HAuUCI in chloroform. The Ag
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MTPs were synthesized in an organic phase in the presence of oleylamine. Different from the
replacement reaction of Ag nanocubes (which forms single-crystal nanoboxes and nanocages
through interplay of epitaxial growth of Au on the Ag template, alloying, and dealloying), the
morphological evolution of Ag MTPs follows a distinct pathway. When they were titrated with
HAuCIl, in chloroform, instead of forming complete shell, the Ag MTP evolved into a nanoring
or nanocage in the course of galvanic replacement, alloying, and dealloying, with the SPR peak
tunable to 740 nm for the 14-nm Ag MTPs. Addition of extra oleylamine was found to be
critical to the formation of well-defined, uniform hollow structures free of AgCl contamination
by forming a soluble complex between AgCl and oleylamine during the replacement reaction.
We further examined the effects of capping ligands on the replacement reaction. Although
oleylamine-capped Ag MTPs could be transformed into hollow structures with a yield
approaching 100%, very few hollow structures were observed when oleylamine was replaced
by stronger capping ligands such as oleic acid and TOPO. Combined together, this work has
greatly advanced our understanding on the galvanic replacement reaction that involves the use
of Ag MTPs <15 nm in size and an organic medium.

2. Experimental

Preparation of Silver MTPs

Silver MTPs of two different sizes, 11 and 14 nm in diameter, were synthesized through the
decomposition of silver trifluoroacetate (99.99+%, Aldrich) in o-dichlorobenzene (ODCB,
99%, Aldrich) or isoamyl ether (99%, Aldrich) in the presence of oleylamine (70%, Aldrich).
In a typical synthesis of 11-nm Ag MTPs, 0.055 g silver trifluoroacetate (0.25 mmol) was
dissolved in 1 mL ODCB at 50 °C with magnetic stirring for 30 min. The solution was mixed
with 0.25 mL oleylamine and then injected into 3 mL of ODCB, which had been heated to 180
°C in a 25 mL 3-neck flask with a heating mantle under continuous flow of argon. The
temperature of the mixture was monitored with a thermal couple connected to a temperature
controller. Upon injection, the temperature dropped to 150 °C and then rose to 180 °C in 5
min. The color of the solution changed from clear to brown gradually. After 60 min, the reaction
was stopped by removing the heating mantle and allowed to cool down to room temperature.
The product was precipitated out from the reaction mixture by adding 10 mL of ethanol,
followed by centrifugation at 3,900 rpm for 5 min. The precipitate was washed with 5 mL of
ethanol and then dispersed in 5 mL of hexane. Silver MTPs of 14 nm in diameter were obtained
by mixing 0.22 g silver trifluoroacetate (1 mmol), 5 mL of isoamyl ether, and 0.66 mL of
oleylamine (2 mmol) and then heating up to 160 °C in 80 min. After staying at 160 °C for 1 h,
the product was collected and washed following the procedure for the 11-nm MTPs and finally
dispersed in 20 mL of chloroform.

Ligand Exchange

Ligand exchange was performed on the 11-nm Ag MTPs capped by oleylamine with two other
capping ligands: oleic acid (70%, Aldrich) and tri-n-octylphosphine oxide (TOPO, 99%,
Aldrich). Silver MTPs capped with oleic acid and TOPO were obtained by adding 0.15 mL
oleic acid (0.4 mmol) and 0.15 g TOPO (0.4 mmol), respectively, to 2 mL oleylamine-capped
Ag MTPs dispersed in hexane, followed by sonication for 30 min. The product was collected
by centrifugation at 3,900 rpm for 5 min, washed twice with 10 mL of ethanol, and finally
dispersed in 2 mL of CHCls.

Galvanic Replacement Reaction

A 0.5 mM solution of chloroauric acid (HAuCl,-3H,0, 99.9+%, Aldrich) was prepared by
dissolving 2 mg HAuUCI4-3H,0 in 10 mL of CHCI3. A 25 mL flask was loaded with 0.2 mL
of the 11-nm Ag MTPs (or 50 pL for 14-nm Ag MTPs) suspended in CHCl3. The dispersion
was then diluted to 5 mL with CHClI3, followed by addition of 200 pL oleylamine. After heating
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to 50 °C using oil bath under magnetic stirring, the 0.5 mM HAuCI, solution in CHCI3 was
injected with a syringe pump (KDS-200, Stoelting, Wood Dale, IL) at an injection rate of 0.2
mL/min. The color of the solution changed gradually from yellow to green, brown, violet, and
stopped at blue as HAuCIl, was injected. If excess HAuCl, was injected, the color turned into
red, indicating that Au solid nanoparticles were formed. Upon completion of the reaction, the
product was precipitated out with ethanol, followed by centrifugation and then re-dispersed in
hexane.

Instrumentation

Transmission electron microscopy (TEM) studies were done with a Philips EM420T
microscope operated at 120 kV by drop casting the particle dispersions on copper grids coated
with formvar and carbon film (SPI, West Chester, PA). High-resolution TEM (HRTEM)
images were obtained with a JEOL 2010F microscope operated at 200 kV accelerating voltage.
Electron dispersive X-ray spectroscopy (EDX) was performed on the JEOL 2010F TEM with
an Oxford spectrometer. UV-visible (UV-vis) absorption spectra were taken on a Hewlett-
Packard 8452A spectrometer using quartz cuvettes with an optical path length of 1 cm. Fourier
Transform Infrared (FTIR) spectra were collected with a Brucker Vector 33 IR spectrometer.
FTIR samples were prepared by drop casting nanoparticles dispersions on KBr pellets,
followed by drying in vacuum. Powder X-ray diffraction (XRD) was performed on a Philips
1820 X-ray diffractometer with Cu Ko radiation and the sample was deposited onto a glass
slide.

3. Results and Discussion

Morphology of the Silver MTPs before and after Galvanic Replacement Reaction

Figure 1A shows a typical TEM image of the Ag nanoparticles with an average diameter of
11.2 nm and a polydispersity of ~10%. The inhomogeneous contrast within each nanoparticle
shown on the TEM image indicates polycrystallinity, which is also supported by HRTEM
(Figure 1C). Two types of multiple twinned structures — decahedron and icosahedron,
commonly referred to as MTPs, were revealed from the HRTEM images (Figure S2), consistent
with the observation for small Ag nanoparticles reported by various research groups.—*
Both MTPs can be considered as the twinned assembly of a number of tetrahedra — 5 for
decahedron and 20 for icosahedron, respectively. Due to the boundary gaps between
tetrahedrons within each M TP, lattice distortion and high strain at the apexes and ridges of the
particles are expected.27 For non-truncated Ag MTPs with a decahedral or icosahedral shape,
the entire surface is covered by {111} facets, 21,28 leading to a stable structure with the lowest
surface energy. When truncated, however, other facets, such as {110} and {100}, can be
developed on the ridges and apexes as well. The as-synthesized Ag nanoparticles in this study
exhibited a spherical profile, indicating some degree of truncation.

Figure 1B shows the product derived from the galvanic replacement reaction between the 11-
nm Ag MTPs and 2.6 mL of 0.5 mM HAuUCI, in CHCI3. All the particles have hollow interiors,
with an average size of 12.4+1.1 nm in diameter, 12% bigger than the original Ag MTPs. The
HRTEM in Figure 1D implies that the hollow particles are characterized by a ring-type
structure. The thickness of the rings ranges from 2.5 to 5.5 nm with an average around 4.5 nm.
This value is a rough estimate since the thickness also varies within each individual particle.
The hollow particles also show polycrystallinity with various lattice planes clearly revolved
on the HRTEM image. EDX taken from single particles (Figure S3) indicate that they were
composed of a Au-Ag alloy, with a Ag to Au atomic ratio of 2:1, indicating that only 60% of
the Ag in the starting MTP was replaced with Au, based on the fact that Ag reacts with
HAUCI, at a atomic ratio of 3:1.
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Figure 2 details the morphological evolution of the 11-nm Ag MTPs before and after adding
different volumes of the HAuCI, solution. Before any HAuCl, was added, the Ag MTPs were
spherical with butterfly-like contrast under TEM (Figure 2A), indicating that these particles
had a multiple twinned structure and possibly rounded off by truncation on the edges and
apexes. After adding 1 mL of 0.5 mM HAUCI, solution, the average size of the Ag particles
increased from 11.2 to 12.3 nm in diameter. Although some particles appeared to be unchanged,
about 30% of them exhibited a small pinhole due to the oxidation of Ag by HAuCl, (Figure
2B). With more HAUCI, solution (2.0 mL) added, enlargement of the pinholes or multiple
holes were observed on the Ag nanoparticles (Figure 2C). The holes on some nanoparticle were
separated by ridges, making them appear like nanocages with holes on the shell. The particle
showed a rough surface due to the growth and etch taking place at different regions of the
particle. After 2.6 mL HAuUCI, solution had been injected, the nanoparticles evolved into ring-
like structures, as revealed by the TEM image in Figure 1B and HRTEM image on Figure 1D.
Although ~10% of the voids appeared in the center of the particles, most of them were not
centered, resulting in non-uniformity for the shell thickness. If the volume of HAuCl, solution
was further increased to 3.1 mL, the nanorings would start to break and/or collapse due to
dealloying, forming smaller solid Au particles with sizes ranging from 3 to 10 nm (Figure 2D).

Figure 3 shows TEM images of a product obtained by reacting the 14-nm Ag MTPs with 1.2
mL of 0.5 mM HAUCIy solution in CHClIs. The size of the particles increased to 15.2+2.1 nm
with 75% of the hollow particles showing a cage-like structure. Figure 3B shows HRTEM
image of a single nanocage, indicating that even though lattice fringes were missing in some
areas, the apexes of the particles were well preserved. This result suggests that the oxidation
of Ag might preferentially start from the {111} facets of each MTP, rather than the twin
boundaries.

Reaction Mechanism

We previously found that the galvanic replacement reaction for 100-nm Ag nanocubes in an
aqueous solution involved a two-step alloying-dealloying process: i) formation of pin-hole free
nanoboxes made of Ag/Au alloys as the intermediate product; and ii) formation of Au
nanocages with porous walls through dealloying.mbvC In a recent study on the galvanic
replacement reaction of single-crystal Ag cubooctahedrons in o-dichlorobenzene, Alivisatos
and co-workers observed formation of faceted hollow Au nanocrystals due to the selective
etching and growth taking place at faces of different lattice planes. In the present work, we
found that the morphological evolution of 11-nm and 14-nm Ag MTPs took a third different
path when subjected to a galvanic replacement reaction with HAuCl, in CHCls. For
comparison, these three different mechanisms are collected in Figure S1.

In general, the galvanic replacement reaction between a Ag template and HAUCI, involves a
number of processes, including diffusion of HAUCI, to the surface of the template, diffusion
of Ag atoms from bulk to surface, formation of Ag* and Au species, deposition of Au atoms
on the surface of template, and alloying or dealloying between Au and Ag depending on the
volume of HAuUCI, solution added. It has been established that the replacement reaction should
start from the highest energy sites, usually those with step or point defects or stacking faults.
29 Forthe Ag MTPs enclosed by {111} facets, the highest energy sites should be mainly located
at the ridges and apexes, since they are formed from twinned defects with lattice distortion.
TEM analysis on the particles with pinholes (formed after adding 2.0 mL of HAuCl, to the 11-
nm Ag MTPs, or 1.2 mL of HAuUCI, to the 14-nm Ag MTPs), however, indicates that the holes
preferentially started to appear and develop on the {111} facets of the particle with a decahedral
or icosahedral structure (see Figure 4A and 4B, respectivel)% even though the {111} surface
has the lowest energy relative to {100} and {110} surfaces.<* This can probably be attributed
to the existence of oxygen species at the boundaries between the tetrahedral units within each
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decahedral and icosahedral MTPs. Various studies on Ag catalysts have concluded that a large
amount of oxygen species can be dissolved in small Ag crystallites in the area of grain boundary
defects and its adjacent defect planes.30‘32 Millar and co-workers also suggested that the
presence of oxygen in those areas would induce a positive charge on the Ag atoms,30 and these
oxidized Ag would, in turn, act as a thin barrier to prevent the reaction between HAuCl, and
Ag in those regions.

Once pits have been formed on the surface of Ag template, they will become the active sites
for further replacement reaction. The Ag atoms in the interior will diffuse to the reaction sites
and react with HAuUCl, to generate Au atoms, which will be deposited on the surface of the Ag
template. As shown in our previous studies, a nearly complete shell was formed on the surface
of each Ag template when nanocubes and nanospheres with sizes >50 nm were subjected to
the replacement reaction. This stage was not observed for the case of 11-nm Ag nanoparticles
with a multiply twinned structure. This result is similar to the replacement reaction with Ag
triangular nanoplates, where it was found that the nanoplate had to measure >20 nm in
dimension along any axis in order to form a complete (or seamless) shell.21a Experimental
and theoretical studies on the alloying of Ag/Au in nanoparticles has demonstrated that the rate
of mixing between those two metals can be dramatically enhanced in the presence of vacancy
defects.33 As defined by the stoichiometric relationship between Ag and HAuUCI,, three Ag
atoms will be consumed to form only one Au atom, leaving behind a huge number of vacancies
in the template as the galvanic replacement reaction proceeds. These lattice vacancies will
promote the migration of Ag and Au atoms significantly. In addition, Shibata and co-workers
predicted that the vacancy-induced enhancement of rate of alloying also has a dependence on
size, with faster alloying for smaller particles.33 Mori and co-workers also found that the time
scale for alloying between Cu and Au nanoparticles of 10 nm in diameter could be as short as
a few seconds to minutes.34 For 11-nm Ag MTPs with a decahedral shape, the dimension of
each tetrahedral unit was only about 5 nm. Combining with the lattice strains induced by the
twin defects at the boundaries, the diffusion of both Ag and Au atoms should be substantially
enhanced. We believe the rapid diffusion of Au and Ag due to lattice vacancies, size effect,
and boundary defects, hence the nearly instantaneous alloying between Au and Ag are
responsible for the missing step of the formation of a complete shell on the Ag template during
the replacement reaction.

The vacancies left behind by the migration of Ag and Au will diffuse and coalesce via an
Ostwald ripening process to counter the increase of the total surface energy,?’5 resulting in the
enlargement of the surface openings on the particles and shrinkage of the ridges between the
holes. At this stage, a nanocage with porous wall is formed from each Ag template, as illustrated
in Figure 4C for a decahedron and icosahedron, respectively. After this stage, further addition
of HAuUCI, solution will reduce the thickness of the ridges and some of them will disappear or
collapse due to dealloying, resulting in the formation of a ring-like structure with non-uniform
wall thickness dependent on the angle of projection under TEM (see Figure 4C). However,
these two stages, namely nanocage and nanoring, were not clearly separated. A mixture of
nanorings and nanocages was always observed in the samples of hollow particles. By counting
the number of identifiable nanorings and nanocages, the ratios of nanoring to nanocage were
recorded for the particles obtained at different molar ratios of HAuCl, to Ag. At all reaction
stages, the maximum ratio of nanoring to nanocage derived from the 11-nm Ag MTPs was
~2:1, while this maximum ratio decreased to ~1:3 for the 14-nm Ag nanoparticles. The reason
that more nanocages were observed for the bigger Ag MTPs can be attributed to the stability
of nanocages — bigger Ag nanoparticles would result in thicker ridges for the cages, which are
more robust and will last longer than the smaller nanocages before evolving into nanorings
with the progress of replacement reaction.
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Similar to the dealloying process for Ag nanocubes and nanospheres with sizes >50 nm, the
nanocages and nanorings derived from Ag MTPs will break into small pieces of solid particles
rich of Au as the galvanic replacement reaction is allowed to continues (Figure 4C, step 4).
Figure 2D shows TEM image of the final product corresponding to a reaction betweenl1l-nm
Ag MTPs and 3.1 mL of HAuCly solution.

Tuning of SPR Features

Figure 5A shows how the SPR spectra changed as the 11-nm Ag MTPs was titrated with 0.5
mM HAuCI, solution. The 11-nm Ag MTPs capped by oleylamine showed a sharp SPR peak
at 400 nm, similar to the values reported for Ag nanoparticles in this size range.10 As expected,
the galvanic replacement reaction on the Ag nanoparticles caused a continuous red-shift for
the SPR peak. With the addition of 1.0, 2.0, and 2.6 mL of HAuCl, solution, the SPR peak was
positioned at 472, 565, and 616 nm, respectively (Figure 5A). While the SPR peak for
nanocages derived from 100-nm Ag nanocubes could be tuned to 1200 nm in the near infrared
region, the SPR peak of hollow nanostructures derived from 11-nm Ag MTPs stopped at 616
nm, primarily due to the small size of the structures and the large wall thickness relatively to
the diameter of the template. After reacting with 3.1 mL of HAuCl, solution, the sample showed
an SPR peak at 525 nm, corresponding to small piece of Au solid nanoparticles formed as a
result of fragmentation of the hollow and highly porous structures.

For hollow nanostructures derived from 14-nm Ag MTPs, the SPR peak can be further tuned
into the near infrared region. As shown in Figure 5B, the SPR peak continuously red-shifted
to 740 nm as more HAuUClIy4 solution was added. To better understand the SPR features, we
used the DDA method to calculate the extinction spectra of Ag/Au alloy (2:1) nanorings with
different outer diameters and ring thicknesses (Figure S4). In the model, the nanoring was
simulated as a cylindrical ring with the height equal to the wall thickness (Figure S4 inset). It
is interesting to note that such alloy nanorings with an outer diameter of 16 nm and a ring
thickness of 3 nm in both axial and radial directions can have an optical resonant peak at 910
nm, indicating that the nanorings and nanocages in this size range are promising candidates
for biomedical applications.

The Role of Oleylamine in the Galvanic Replacement Reaction

For a galvanic replacement reaction between Ag nanostructures and HAuCly in an aqueous
solution, the AgCl on the product side could be readily removed from the surface of the particles
by refluxing the system thanks to the high solubility of AgCl in water at 100 °C.21¢ otherwise,
the AgCl would precipitate out and prevent the formation of Au/Ag alloy hollow nanostructures
with uniform, homogeneous walls. When the reaction is carried out in an organic medium such
as chloroform, the solubility of AgCl is much lower than that in boiling water. To minimize
the interference of AgCl in the formation of Au/Ag alloy hollow structures, it is necessary to
add extra oleylamine to the reaction system. This is because oleylamine can coordinate with
Ag ions to form a complex, AgCI(R-NH>),, soluble in the organic medium, 36 facilitating the
separation of AgClI from the Ag template surface. Control experiment was also done to examine
the effect of extra oleylamine on the morphology of resultant Au/Ag alloy hollow
nanostructures. When no extra oleylamine was added before the galvanic replacement reaction,
the color of the solution changed from yellow to brownish red after adding 2.6 mL of
HAuUCIy solution to the dispersion of Ag MTPs and black precipitate was found at the bottom
of the flask. In contrast to the reaction carried out with the addition of extra oleylamine, no
violet or blue color was observed. Figure 6A gives atypical TEM image of the product, showing
very few hollow structures, while particles of several tens of nanometers in size dominated the
sample. XRD patterns taken from the sample showed peaks from both AgCl and Au/Ag alloy
(Figure 6B). The broad peaks of Au/Ag alloy and sharp peaks of AgCl indicate that the small
particles in the sample were primarily made of Au/Ag alloy while the big ones were mainly
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composed of AgCI. Without adding extra oleylamine, it is impossible to obtain Au/Ag alloy
hollow nanostructures because the AgCI precipitate deposited on the surface of the template
would prevent further reaction between HAuCIl, and Ag. Even though the oleylamine capped
on the surface of the Ag MTPs could enter into the solution phase and form complex with AgCI
at the very beginning of the reaction, the surface-absorbed oleylamine would not be sufficient
to complex with all AgCl as the replacement reaction proceeded. By adding extra oleylamine,
the AgCI can be continuously transferred from the reaction sites on the template into the
solution phase, completely eliminating the interference and contamination of AgCI during the
formation Au/Ag alloy hollow nanostructures.

The Effect of Capping Ligand on the Galvanic Replacement Reaction

In addition to oleylamine, other organic surfactants such as oleic acid10 and TOPO37 have
been widely used as capping ligands in the synthesis of Ag nanoparticles. As a result, it is
important to know if the capping ligand will have any influence on the galvanic replacement
reaction between HAuUCI, and Ag nanoparticles in a specific solvent. To eliminate any
difference that might arise from particle size and crystallinity, the Ag MTPs capped by oleic
acid and TOPO were prepared through ligand exchange reactions with the oleylamine-capped
Ag MTPs, rather than directly synthesized with those two surfactants.

Upon completion of the ligand exchange reaction and multiple times of washing to remove
physically absorbed ligands, the Ag MTPs were examined with FTIR. As shown in Figure 7,
each spectrum shows CH», and CH3 symmetric and asymmetric stretching vibrations in the
range of 2840 to 2950 cm ™1 and CH, bending vibration at 1460 cm™1, typical absorption bands
for species with hydrocarbon groups. The FTIR of oleylamine-capped Ag MTPs showed a
strong C-N stretching mode at 1384 cm™2, an N-H bending mode at 1635 cm ™ and a weak
band for N-H stretch at 3425 cm™1, indicating the presence of oleylamine on the particle surface.
The C-N stretch was blue-shifted from that of free amines (1000-1350 cm™1), probably due to
the interaction between N and Ag through coordination. After ligand exchange with oleic acid,
the peaks for C-N and N-H stretch and bending disappeared, while two new bands at 1710 and
1370 cm™2, corresponding to C=0 stretch and symmetric COO™ stretch, respectively, were
observed. These new peaks suggest a symmetric binding between the carboxylate head group
and the Ag particle surface. The FTIR spectrum for TOPO-capped Ag MTPs showed P=0
stretch at 1150 cm™2, indicating the attachment of TOPO to the particle surface.

Figures 8A and 8B show TEM images of oleic acid-capped Ag MTPs before and after galvanic
replacement reaction, respectively. The Ag nanoparticles capped with oleic acid appear
identical to the initial oleylamine-capped MTPs in terms of shape and size. Both particles were
spherical and the average diameter of the oleic acid-capped particles was 11.0 nm, almost the
same as that of oleylamine-capped particles (11.2 nm). HRTEM image of the oleic acid-capped
Ag MTPs (Figure 8C) revealed that the particles remained in the multiply twinned structure
after ligand exchange. After galvanic replacement reaction with the same amount of 0.5 mM
HAUCIy solution, the product obtained from oleic acid-capped Ag MTPs shows morphology
completely different from those from oleylamine-capped MTPs. While hollow particles were
obtained from the oleylamine-capped Ag MTPs, the galvanic replacement reaction with the
oleic acid-capped templates did not yield any particles with voids in their interiors. The particles
showed a rough surface and broad size distribution with an average diameter of 12.6+1.8 nm.
Figure 8D shows a typical HRTEM image, displaying lattice fringes over the entire particle
with no clear void. Although ~80% of the particles exhibited an increase in dimension as
compared to the initial Ag MTPs, a few small fragments of broken particles with size ranging
from 2 to 5 nm were present in the sample, similar to the collapsed hollow structures when
oleylamine-capped Ag MTPss were reacted with 3.1 mL of 0.5 mM HAUCI,. This result
indicates that the reaction between HAuUCI4 and Ag probably only occurred on a limited number
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of the oleic acid-capped particles, where the surface was not entirely covered. The lack of
replacement reaction can be attributed to the inadequate access of HAuCl, to the Ag surface
due to the strong adsorption of oleic acid on the template.

The adsorption of carboxylic acid on Ag surface has been extensively studied over the last
several decades.30-32,38,39 Bowden and Tabor assumed that reactive chemisorption of
carboxylic acid on a Ag surface is hard to occur.38 However, the good dispersity of the Ag
particles capped with oleic acid in an organic solvent (after ligand exchange and removal of
physically absorbed species) implies that the particles were well stabilized by oleic acid. The
FT-IR of oleic acid-capped particles also showed a strong band of COO™ symmetric stretch at
1374 cm~1 and no absorption at 2400-3400 cm ™2, typical O-H stretch band for free carboxylic
acids. Those results strongly indicate that the oleic acid was attached to the surface of Ag
nanoparticles through chemical bonding. Ulman reported that the adsorption of alkanoic acid
on a metal surface involves acid-base reaction driven by the formation of surface salt between
carboxylate anion and surface metal cation.40 Various studies have predicted that that the
presence of adsorbed oxy4qen is a prerequisite to form a stable, chemisorbed species on a Ag
single crystal surface.30:4L 1t was also found that on AgO surface, the two oxygen atoms of
carboxylate group bind to the surface nearly symmetrically,40 consistent with the FT-IR of
oleic acid-capped particles with strong symmetric COO™ stretch absorption relative to
asymmetric stretch. All evidences indicate that the oleate species were formed on oleic acid-
capped Ag nanoparticles, probably with the assistance of oxygen from air. The oleate species
would impede the access of HAUCI, to Ag and thus block the galvanic replacement reaction.
The Au atoms would deposit on the surface of Ag template non-epitaxically, inducing surface
roughness and a slight increase of size. The formation of Au can still occur, however, due to
possible reduction of HAuCl, by light and oleylamine.42 Reaction could also occur between
HAuUCI, and some Ag MTPs whose surfaces were not completely covered with oleic acid due
to fluctuation, resulting in the formation of few hollow particles. Overall, the number of hollow
particles in the sample was less than 5% of the total oleic acid-capped Ag nanoparticles. The
typical HRTEM of the particles after addition of HAuCl, solution (Figure 8D) shows that the
particles were polycrystalline, and the MTP pattern could not be identified anymore due to the
deposition of Au on the surface.

Silver nanoparticles with an average size of 8 nm were also directly synthesized with oleic acid
serving as the capping ligand to examine the galvanic replacement reaction (Figure S5). Similar
to the reaction that used Ag particles obtained from ligand exchange, few hollow particles were
observed after the addition of HAuCIy solution.

Figures 8E and 8F show TEM images of TOPO-capped Ag MTPs before and after galvanic
replacement reaction, respectively. TOPO, known to function as a relatively strong
monodentate ligand in metal ion complexation, has a stronger interaction with Ag(l) in
CHCl3 than that of carboxylic acid.43 While similar morphologies were observed for Ag MTPs
capped with TOPO and those stabilized with oleylamine, the galvanic replacement reaction
with TOPO-capped Ag MTPs did not yield any hollow structure. Particles with various sizes
ranging from 2~20 nm were formed after adding HAuCl4 solution, probably due to the coverage
variation of TOPO on the surface of the Ag MTPs. Extensive reaction had taken place on the
particles covered with less TOPO, while nearly no reaction occurred on the well-passivated
nanoparticles.

4. Conclusion

We have investigated the galvanic replacement reaction between HAuUCl, and small Ag
nanoparticles with multiply twinned structures in chloroform to prepare hollow nanostructures
made of Au/Ag alloys. By using oleylamine-capped Ag MTPs of 11 and 14 nm in diameter,
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~12 and 15-nm polycrystalline hollow structures with 2-5 nm voids in their interiors were
obtained, respectively. Based on the morphological evolution of the nanoparticles, we proposed
that the oxidation of Ag started from the {111} facets of an MTP, even though lattice defects
of high surface energy exist at the gaps between the tetrahedral units of the particle. In stead
of forming a complete shell, the replacement reaction on Ag MTPs resulted in Au/Ag alloy
nanorings and nanocages. This can be attributed the rapid alloying between Ag and Au as
caused by i) the high density of vacancies generated by the replacement of Ag with Au at a
mole ratio of 3:1 (Ag:Au); ii) the rich lattice defects at the grain boundaries within the MTPs;
and iii) the small size of the particles, and thus significantly enhanced diffusion of the metal
atoms. The SPR peaks could be tuned to 616 nm for the hollow nanoparticles derived from 11-
nm Ag MTPs and to 740 nm for the 14-nm Ag MTPs, respectively.

Oleylamine plays an important role in the formation of Au/Ag alloy hollow nanostructures
through a galvanic replacement. Unlike the reaction carried out in an aqueous solution where
the AgCl formed from the oxidation of Ag by HAuCl, can be dissolved by refluxing the system,
the reaction in an organic medium relies on oleylamine to transfer AgCl from the template
surface into the solvent by forming a soluble complex. Without adding extra oleylamine, one
can only obtain irregularly shaped particles contaminated with AgCl solid. The capping ligand
on the surface of Ag MTPs also significantly affects a galvanic replacement reaction as well
as the morphology of the product. Hollow nanoparticles were not obtained from oleic acid and
TOPO-capped Ag MTPs, probably due to the strong interaction between oleic acid and Ag
surface via the formation of carboxylate in the presence of oxygen or through complexation
between Ag and the oxygen of TOPO.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) TEM image of Ag nanoparticles prepared with oleylamine as the capping ligand. (B) TEM
image of hollow nanoparticles obtained by adding 2.6 mL HAuCl, (0.5 mM) to react with the
Ag nanoparticles in CHCl3. (C) HRTEM of a Ag nanoparticle with icosahedral shape. (D)
HRTEM of a hollow nanoparticle formed via the galvanic replacement reaction.
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Figure 2.
Morphological evolution for Ag nanoparticles capped with oleylamine (A) before and after
reacting with (B) 1.0 mL, (C) 2.0 mL, and (D) 3.1 mL of 0.5 mM HAuClI, in CHCl3.
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Figure 3.

(A) Nanocages derived from 14.0-nm Ag nanoparticles by reacting with 1.2 mL of 0.5 mM
HAUCIy, in CHCI3. The average size of the hollow particles increased to 15.1+2.1 nm. A
majority of the particles exhibit the cage-like morphology. (B) HRTEM of a nanocage. Note
that the lattice fringes are missing in some regions, corresponding to holes on the surface.
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Figure 4.

Morphological evolution for Ag MTPs with a (A) decahedral and (B) icosahedral structure
during the galvanic replacement reaction. Holes on {111} facets of the particle were clearly
resolved. As the reaction proceeded, these holes eventually disappeared. In stead, a big void
was formed in the middle of the particle. (C) Mechanisms proposed to account for the formation
of hollow structures from oleylamine-capped Ag MTPs. When HAuCl, in CHCI3 is injected
to the Ag MTPs, pitting starts from the surfaces of the nanoparticles to form pinholes which
make the particles appear like nanocages (step 2). As the reaction proceeds, some ridges break
due to consumption of the Ag and some grow through the deposition of Au and Oswald
ripening. Pinholes combine and form a big opening on the particles — the shape of the hollow
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particles evolves from nanocage into nanoring (step 3). Adding more HAUCI, after this stage
would result in the collapse of the hollow particles and formation of small fragments (step 4).
As the ratio of HAuCl, to Ag increased from step (1) to step (4), the compositional change
from pure Ag to Ag-Au alloys is illustrated by different colors. The scale bars for (A) and (B)
are 2 nm.
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Figure 5.

UV-vis extinction spectra taken from the suspension of oleylamine-capped Ag MTPs in
CHClj after different volumes of 0.5 mM HAUCI, had been added. The SPR peaks were
positioned at 400 and 404 nm for the 11 and 14 nm Ag MTPs, respectively. (A) After adding
1.0, 2.0, 2.6 and 3.1 mL of HAuCl, solution to the 11-nm Ag MTPs, the SPR peak was shifted
to 472, 565, 616, and 525 nm, respectively. (B) After adding 0.2, 0.4, 0.8 and 1.2 mL of
HAUCIy solution to the 14-nm Ag MTPs, the SPR peak was shifted to 422, 532, 614, and 740
nm, respectively.
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Figure 6.

Galvanic replacement reaction between HAuUCI, and oleylamine-capped Ag MTPs without
adding extra oleylamine: (A) TEM image showing a mix of few hollow particles and a lot of
irregularly shaped large particles. (B) XRD of the sample revealing the coexistence of peaks
for both Ag-Au alloy (#) and AgCl (*).
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Figure 7.

FT-IR spectra of Ag nanoparticles capped with different ligands. The particles were initially
made with oleylamine as the capping ligand and then exchanged with oleic acid and TOPO,
respectively.
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The morphology of product is strongly dependent on the capping ligand. The Ag MTPs were
made with oleylamine as the capping ligand. After ligand exchange, they were capped with
(A) oleic acid and (E) TOPO, respectively. When reacted with 2.6 mL of 0.5 MM HAUCly,
few hollow particles were observed for (B) oleic acid-capped and (F) TOPO-capped Ag
nanoparticles and the majority of the particles turned from spherical to irregular shapes. (C,
D) HRTEM images of Ag nanoparticles capped with oleic acid before and after the replacement
reaction. The oleic acid-capped Ag nanoparticles also had a MTP structure. After replacement

reaction, the MTP pattern cannot be identified any more.
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