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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 HAuCls 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 cuboctahedrons.
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 AgCI 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 AgCl contamination thanks to the formation of a soluble
complex between AgCI and oleylamine.

been devoted to the synthesis of more complex structures; core
shell or hollow nanoparticles. Because of their increased surface
areas, reduced densities, and tunable SPR fedttilesse new

1. Introduction

Nanostructures made of noble metals, silver and gold in
particular, have received renewed interests in recent years due
to their interesting opticdl electronic? and catalytié properties
and thus a broad range of intriguing applications including
surface-enhanced Raman scattering (SER&fprmation stor-
age® and energy conversicghMany approaches have been
developed to prepare silver and gold nanostructures in different
shapes, including nanowirésnanorods, nanosphere%,1t
nanocube&!-12and nanoplate’$. Recently, extensive efforts have
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types of metal nanostructures are expected to outperform theirnm Ag nanospheres and dodecylamine-hydrophobized HAuCI
solid counterparts in applications such as optical imading, in toluene?? Another study from the Alivisatos group showed
SERS! and photothermal theragy. that the replacement reaction between ALEBid single-crystal
Template-directed growth has proved to be a convenient Ag cuboctahedrons io-dichlorobenzene resulted in the epitaxial
approach to the preparation of cershell nanoparticles by  growth of Au on the{100 facets of Ag templaté?
depositing a thin layer of the shell material on the surface of  The synthesis of hollow structures in an organic phase may
the template, typically polymeric or silica beads. For example, provide an attractive route to optical coatings by spray-
Halas and co-workers have reported that Au nanoshells of depositiont* be more amenable for subsequent surface modi-
different thicknesses could be grown on 120-nm silica spheresfication??and add greater value to catalytic applicatiétiBhere
via a chemical reduction proceX¥sTogether with a number of  is also demand to use Ag nanoparticte20 nm in size as the
studies that have also demonstrated formation of metal shellssacrificial template because many applications could be greatly
on dielectric colloidal spheres, it has been established that thereenhanced by reducing the dimensions of the hollow structures.
was a significant red-shift for the SPR peaks relative to their For instance, when used as SERS probes or imaging contrast
solid counterpart&®2°By selectively removing the core through — agents, hollow structures of compact sizes would substantially
chemical etching or calcinaticd,the core-shell particle can render their accessibility to subcelluar organelles, as well as to
be transformed into a hollow one with a void in the center. speed up their diffusion in tissuésSilver nanoparticles<20
Because the deposited metal shells are polycrystalline, thenm in size can be prepared as monodispersed samples using a
hollow structures fabricated using this method are often botherednumber of methods. These small particles usually exist as MTPs

by issues including relatively large sizes100 nm), low yields, in the decahedral or icosahedral sh&palthough we reported
rough surfaces, poor control, limited scope of tuning, and 2 years ago a mechanistic study on the galvanic replacement
structural fragility. reaction between single-crystal Ag nanocubes and HAUCI

Previously, we have demonstrated that hollow nanostructuresan aqueous mediuf¢it is still not clear how Ag MTPs behave
of various noble metals could be synthesized via galvanic When they react with HAuGlin an organic medium. Because
replacement reaction in an aqueous solution by reacting Of the rich vacancy and grain boundary defects and the rapid
sacrificial Ag template with a precursor compound of the desired diffusion rate of atoms in small particles, Ag MTPs are expected
metal such as Au, Pd, or Pt. For example, Ag templates with a to behave quite differently from single-crystal Ag nanocubes
variety of shapes, including nanocubes, nanoplates, nanosphered) a galvanic replacement process. Herein, we present a
nanorods, and nanowires, could react with HAU@I an systematic study on the galvanic replacement reaction between
aqueous medium to generate nanobd%@3lac nanocaged’ 11- and 14-nm Ag MTPs and HAug£in chloroform. The Ag
nanorattlegldand nanotubé&&*¢in a single step. The SPR band MTPs were synthesized in an organic phase in the presence of
of resultant hollow structures could be readily engineered to oleylamine. Different from the replacement reaction of Ag
the near-infrared region (861200 nm) by controlling the nanocubes (which forms single-crystal nanoboxes and nanocages
volume of HAuUC} solution added to the suspension of Ag through interplay of epitaxial growth of Au on the Ag template,
templates, and consequently the thickness, porosity, and el-alloying, and dealloying), the morphological evolution of Ag
emental composition of the wall. This synthetic strategy has MTPs follows a distinct pathway. When they were titrated with
also been successfully applied to both Pt and Pd with appropriateHAUCI4 in chloroform, instead of forming complete shell, the
precursors to the metad. Most recently, this water-based Ag MTP evolved into a nanoring or nanocage in the course of
synthetic route was also extended to organic media. To this end galvanic replacement, alloying, and dealloying, with the SPR
Selvakannan and Sastry performed the replacement reaction byp€ak tunable to 740 nm for the 14-nm Ag MTPs. Addition of
transferring both a suspension of Ag nanoparticles and HAuCI €extra oleylamine was found to be critical to the formation of
solution from water into chloroform through phase transfer Well-defined, uniform hollow structures free of AgCl contami-
ligands and obtained Au or Pt hollow nanoparticles with SPR nhation by forming a soluble complex between AgCl and
peaks red-shifted t6'570 nm24 Yang and co-workers reported ~ oleylamine during the replacement reaction. We further exam-
that, by following a slightly modified method, AgAu core— ined the effects of capping ligands on the replacement reaction.
shell nanoparticles were obtained from the reaction between 9.6-Although oleylamine-capped Ag MTPs could be transformed
into hollow structures with a yield approaching 100%, very few
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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 of HAuCL (0.5 mM) to react with the Ag nanoparticles in CHC{C) HRTEM of a Ag nanoparticle with icosahedral shape. (D) HRTEM of a
hollow nanoparticle formed via the galvanic replacement reaction.

(ODCB, 99%, Aldrich) or isoamyl ether (99%, Aldrich) in the presence suspended in CHGI The dispersion was then diluted to 5 mL with
of oleylamine (70%, Aldrich). In a typical synthesis of 11-nm Ag MTPs, CHCI;, followed by addition of 20QuL of oleylamine. After being
0.055 g of silver trifluoroacetate (0.25 mmol) was dissolved in 1 mL heated to 50C using an oil bath under magnetic stirring, the 0.5 mM
of ODCB at 50°C with magnetic stirring for 30 min. The solution  HAuCI, solution in CHC} was injected with a syringe pump (KDS-
was mixed with 0.25 mL of oleylamine and then injected into 3 mL of 200, Stoelting, Wood Dale, IL) at an injection rate of 0.2 mL/min.
ODCB, which had been heated to 18D in a 25 mL three-neck flask The color of the solution changed gradually from yellow to green,
with a heating mantle under a continuous flow of argon. The brown, violet, and stopped at blue as HAu@las injected. If excess
temperature of the mixture was monitored with a thermal couple HAuUCI, was injected, the color turned red, indicating that Au solid
connected to a temperature controller. Upon injection, the temperature nanoparticles were formed. Upon completion of the reaction, the product
dropped to 150C and then rose to 18T in 5 min. The color of the was precipitated out with ethanol, followed by centrifugation, and then
solution changed from clear to brown gradually. After 60 min, the redispersed in hexane.

reaction was stopped by removing the heating mantle and allowed to  Instrumentation. Transmission electron microscopy (TEM) studies
cool to room temperature. The product was precipitated out from the were done with a Philips EM420T microscope operated at 120 kV by
reaction mixture by adding 10 mL of ethanol, followed by centrifugation drop casting the particle dispersions on copper grids coated with
at 3900 rpm for 5 min. The precipitate was washed with 5 mL of ethanol Formvar and carbon film (SPI, West Chester, PA). High-resolution
and then dispersed in 5 mL of hexane. Silver MTPs of 14 nm in TEM (HRTEM) images were obtained with a JEOL 2010F microscope
diameter were obtained by mixing 0.22 g of silver trifluoroacetate (1 operated at 200 kV accelerating voltage. Electron dispersive X-ray
mmol), 5 mL of isoamyl ether, and 0.66 mL of oleylamine (2 mmol)  spectroscopy (EDX) was performed on the JEOL 2010F TEM with an

and then heating to 16T in 80 min. After staying at 160C for 1 h, Oxford spectrometer. UMvisible (UV—vis) absorption spectra were
the product was collected and washed following the procedure for the taken on a Hewlett-Packard 8452A spectrometer using quartz cuvettes
11-nm MTPs and finally dispersed in 20 mL of chloroform. with an optical path length of 1 cm. Fourier transform infrared (FTIR)

Ligand Exchange.Ligand exchange was performed on the 11-nm spectra were collected with a Bruker Vector 33 IR spectrometer. FTIR
Ag MTPs capped by oleylamine with two other capping ligands: oleic samples were prepared by drop casting nanoparticle dispersions on KBr
acid (70%, Aldrich) and tri-octylphosphine oxide (TOPO, 99%, pellets, followed by drying in vacuum. Powder X-ray diffraction (XRD)
Aldrich). Silver MTPs capped with oleic acid and TOPO were obtained was performed on a Philips 1820 X-ray diffractometer with Ca K

by adding 0.15 mL of oleic acid (0.4 mmol) and 0.15 g of TOPO (0.4 radiation, and the sample was deposited onto a glass slide.
mmol), respectively, to 2 mL of oleylamine-capped Ag MTPs dispersed

in hexane, followed by sonication for 30 min. The product was collected 3. Results and Discussion

by centrifugation at 3900 rpm for 5 min, washed twice with 10 mL of . .
ethanol, and finally dispersed in 2 mL of CHCI Morphology of the Silver MTPs before and after Galvanic

Galvanic Replacement ReactionA 0.5 mM solution of chioroauric ~ RePlacement ReactionFigure 1A shows a typical TEM image
acid (HAUCl-3H;0, 99.9+%, Aldrich) was prepared by dissolving 2 Of the Ag nanoparticles with an average diameter of 11.2 nm
mg of HAUCL-3H,0 in 10 mL of CHC}. A 25 mL flask was loaded and a polydispersity 0f~10%. The inhomogeneous contrast
with 0.2 mL of the 11-nm Ag MTPs (or 50L for 14-nm Ag MTPs) within each nanoparticle shown on the TEM image indicates
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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 HAUCL in CHCls.

polycrystallinity, which is also supported by HRTEM (Figure particle. The hollow particles also show polycrystallinity with
1C). Two types of multiple twinned structures, decahedron and various lattice planes clearly revolved on the HRTEM image.
icosahedron, commonly referred to as MTPs, were revealed fromEDX taken from single particles (Figure S3) indicate that they
the HRTEM images (Figure S2), consistent with the observation were composed of a AuAg alloy, with a Ag to Au atomic
for small Ag nanoparticles reported by various research ratio of 2:1, indicating that only 60% of the Ag in the starting
groupst®?® Both MTPs can be considered as the twinned MTP was replaced with Au, based on the fact that Ag reacts
assembly of a number of tetrahedra, 5 for decahedron and 20with HAuCI4 at an atomic ratio of 3:1.

for icosahedron, respectively. Because of the boundary gaps Figure 2 details the morphological evolution of the 11-nm
between tetrahedrons within each MTP, lattice distortion and og MTPs before and after adding different volumes of the
high strain at the apexes and ridges of the particles are HayCl, solution. Before any HAuGwas added, the Ag MTPs
expected’ For non-truncated Ag MTPs with a decahedral or yyere spherical with butterfly like contrast under TEM (Figure

icosahedral shape, the entire surface is covered] 1} 2A), indicating that these particles had a multiple twinned
facets?”*®leading to a stable structure with the lowest surface grycture and were possibly rounded off by truncation on the
energy. When truncated, however, other facets, sudlisg edges and apexes. After 1 mL of 0.5 mM HAyGblution was

and{10@, can be developed on the ridges and apexes as well. agqged, the average size of the Ag particles increased from 11.2
The as-synthesized Ag nanoparticles in this study exhibited aig5 12 3 nm in diameter. Although some particles appeared to
spherical profile, indicating some degree of truncation. be unchanged, about 30% of them exhibited a small pinhole

Figure 1B shows the product derived from the galvanic g,e to the oxidation of Ag by HAUGKFigure 2B). With more
replacement reaction between the 11-nm Ag MTPs and 2.6 mL yaycl, solution (2.0 mL) added, enlargement of the pinholes
of 0.5 mM HAuCL, in CHCs. All of the particles have hollow o multiple holes were observed on the Ag nanoparticles (Figure
interiors, with an average size of 1224 1.1 nm in diameter,  5¢). The holes on some nanoparticle were separated by ridges,
12% bigger than the original Ag MTPs. The HRTEM in Figure  aking them appear like nanocages with holes on the shell.
1D implies that the hollow particles are characterized by a ring- the particle showed a rough surface due to the growth and etch
type structure. The thickness of the rings ranges from 2.5 10 aking place at different regions of the particle. After 2.6 mL
5.5 nm with an average around 4.5 nm. This value is a rough of HALCI, solution had been injected, the nanoparticles evolved
estimate because the thickness also varies within each individual o ringlike structures, as revealed by the TEM image in Figure
1B and HRTEM image in Figure 1D. Although10% of the

(26) Harfenist, S. A.; Wang, Z. L.; Whetten, R. L.; Vezmar, I.; Alvarez, M. M.

Adv. Mater. 1997, 9, 817. voids appeared in the center of the particles, most of them were
(27) Ino, S.J. Phys. Soc. Jprl966 21, 346. inay i i ; ;
(28} (@) Marks, L. D.Rep. Prog. Phys1994 57, 603. (b) Tamaru, KTrans. not centered, resulting in non_unn‘ormlty for the shell thickness.
Faraday Soc1959 55, 824. If the volume of HAuC]}, solution was further increased to 3.1

1736 J. AM. CHEM. SOC. = VOL. 129, NO. 6, 2007



Galvanic Replacement Reaction between Ag and HAuCl, ARTICLES

o

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. Instead, 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 HAuC} in CHCls is injected to the Ag MTPs, pitting starts from the
surfaces of the nanopatrticles 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 particles evolves from nanocage into
mL, the nanorings would start to break and/or collapse due to nanoring (step 3). Adding more HAuGAfter this stage would result in the

dealloying, forming smaller solid Au particles with sizes ranging collapse of the hollow particles and formation of small fragments (step 4).
from 3 to 10 nm (Figure 2D). As the ratio of HAuUC} to Ag increased from step (1) to step (4), the
. . . compositional change from pure Ag to Adwu alloys is illustrated by
F'g,”re 3A shows a TEM Imgge of a product obtained by different colors. The scale bars for (A) and (B) are 2 nm.
reacting the 14-nm Ag MTPs with 1.2 mL of 0.5 mM HAuCI

solution in CHC4. The size of the particles increased to 15.2 In general, the galvanic replacement reaction between a Ag
+ 2.1 nm with 75% of the hollow particles showing a cagelike - template and HAuGlinvolves a number of processes, including
structure. Figure 3B shows the HRTEM image of a single gjtfusion of HAUCL to the surface of the template, diffusion of
nanocage, indicating that even though lattice fringes were Ag atoms from bulk to surface, formation of Agand Au
missing in some areas, the apexes of the particles were wellgpecies, deposition of Au atoms on the surface of template, and
preserved. This result suggests that the oxidation of Ag might alloying or dealloying between Au and Ag depending on the
preferentially start from th¢111} facets of each MTP, rather  yojyme of HAUC} solution added. It has been established that
than thel twin bound_aries. . ~ the replacement reaction should start from the highest energy
Reaction MechanismWe previously found that the galvanic  gjtes, usually those with step or point defects or stacking f&ults.
replacement reaction for 100-nm Ag nanocubes in an aqueousgqy the Ag MTPs enclosed 111} facets, the highest energy
solution involved a two-step alloyingdealloying process: (i) sites should be mainly located at the ridges and apexes, because
formation of pinhole free nanoboxes made of Ag/Au alloys as they are formed from twinned defects with lattice distortion.
the intermediate product; and (ii) formation of Au nanocages TEM analysis on the particles with pinholes (formed after adding
with porous walls through dealloyirfd®¢In a recent study on 2 9 mL of HAUCl to the 11-nm Ag MTPs, or 1.2 mL of
the galvanic replacement reaction of single-crystal Ag cuboc- HAUCI, to the 14-nm Ag MTPs), however, indicates that the
tahedrons ino-dichlorobenzene, Alivisatos and co-workers poles preferentially started to appear and develop ofi1hd}
observed the formation of faceted hollow Au nanocrystals due facets of the particle with a decahedral or icosahedral structure
to the selective etching and growth taking place at faces of (see Figure 4A and B, respectively), even though {h&1}
different lattice planes. In the present work, we found that the g rface has the lowest energy relative {tt00 and {110
morphological evolution of 11- and 14-nm Ag MTPs took & gyrface€S This can probably be attributed to the existence of

third different path when subjected to a galvanic replacement oxyqen species at the boundaries between the tetrahedral units
reaction with HAuCJ in CHCls. For comparison, these different

mechanisms are collected in Figure S1. (29) Wang, Z. L.; Ahmad, T. S.; ElSayed, M. Surf. Sci.1997, 380, 302.

+ 40

ST 2N
Figure 3. (A) Nanocages derived from 14.0-nm Ag nanoparticles by
reacting with 1.2 mL of 0.5 mM HAuGlin CHCl;. The average size of
the hollow particles increased to 15£12.1 nm. A majority of the particles
exhibit the cagelike 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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within the decahedral and icosahedral MTPs. Various studies respectively. After this stage, further addition of HAw&blution
on Ag catalysts have concluded that a large amount of oxygenwill reduce the thickness of the ridges, and some of them will
species can be dissolved in small Ag crystallites in the area of disappear or collapse due to dealloying, resulting in the
grain boundary defects and its adjacent defect pl&hésMillar formation of a ringlike structure with nonuniform wall thickness
and co-workers also suggested that the presence of oxygen irdependent on the angle of projection under TEM (see Figure
those areas would induce a positive charge on the Ag atdms, 4C). However, these two stages, nanocage and nanoring, were
and these oxidized Ag would, in turn, act as a thin barrier to not clearly separated. A mixture of nanorings and nanocages
prevent the reaction between HAuG@Ind Ag in those regions.  was always observed in the samples of hollow particles. By
Once pits have been formed on the surface of Ag template, counting the number of identifiable nanorings and nanocages,
they will become the active sites for further replacement the ratios of nanoring to nanocage were recorded for the particles
reaction. The Ag atoms in the interior will diffuse to the reaction obtained at different molar ratios of HAuCto Ag. At all
sites and react with HAu@to generate Au atoms, which will  reaction stages, the maximum ratio of nanoring to nanocage
be deposited on the surface of the Ag template. As shown in derived from the 11-nm Ag MTPs was-2:1, while this
our previous studies, a nearly complete shell was formed on maximum ratio decreased tol:3 for the 14-nm Ag nanopar-
the surface of each Ag template when nanocubes and nanoticles. The reason that more nanocages were observed for the
spheres with sizes 50 nm were subjected to the replacement bigger Ag MTPs can be attributed to the stability of nanocages;
reaction. This stage was not observed for the case of 11-nm Agbigger Ag nanoparticles would result in thicker ridges for the
nanoparticles with a multiply twinned structure. This result is cages, which are more robust and will last longer than the
similar to the replacement reaction with Ag triangular nano- smaller nanocages before evolving into nanorings with the
plates, where it was found that the nanoplate had to measureprogress of replacement reaction.

>20 nm in dimension along any axis to form a complete (or  gjimilar to the dealloying process for Ag nanocubes and
seamless) sheil2 Experimental and theoretical studies on the nanospheres with sizes50 nm, the nanocages and nanorings
alloying of Ag/Au in nanoparticles has demonstrated that the gerived from Ag MTPs will break into small pieces of solid
rate of mixing between those two metals can be dramatically particles rich in Au as the galvanic replacement reaction is
enhanced in the presence of vacancy defécés defined by ajiowed to continue (Figure 4C, step 4). Figure 2D shows the
the stoichiometric relationship between Ag and HAy@ree  TEM image of the final product corresponding to a reaction
Ag atoms will be consumed to form only one Au atom, leaving petween 11-nm Ag MTPs and 3.1 mL of HAuGlolution.

behind a huge number of vacancies in the template as the Tuning of SPR Features.Figure 5A shows how the SPR

gqlllvamc riplilﬁeme_nt rte_actlofn Ap roce;cf,. Trtwese Ia_ttlc_?_ Vac:nc'egpectra changed as the 11-nm Ag MTPs were titrated with 0.5
will promote the migration of Ag and Au atoms significantly. ., HAuCl, solution. The 11-nm Ag MTPs capped by

In addition, Shibata and co-workers predicted that the Vacancy'oleylamine showed a sharp SPR peak at 400 nm, similar to the
induced enhancement of rate of alloying also has adependenc%alues reported for Ag nanoparticles in this sizé ralfgas

co-norker o found et he tme Scale or aloying between S*PECIE: e galvanic replacement reaction on he Ag nano-
ying particles caused a continuous red-shift for the SPR peak. With

Cu and Au nanoparticles of 10 nm in diameter could be as shortthe addition of 1.0, 2.0, and 2.6 mL of HAuCSolution, the

as a few seconds fo minutésFor 11-nm Ag MTPs with a SPR peak was positioned at 472, 565, and 616 nm, respectively

?Figure 5A). While the SPR peak for nanocages derived from

the twin defects at the boundaries, the diffusion of both Ag and 100-nm Ag nanocubes could be tuned to 1200 nm in the near-

Au atoms should be substantially enhanced. We believe the rapidlf?;?rii_rnerg';n’ lt\;].le_PSS Psljopeaelijo;thé)lllg vr\]/mnanﬁf]:;urﬁtugisé(:gr;\ézd
diffusion of Au and Ag due to lattice vacancies, size effect, 9 P P y

and boundary defects. and hence the nearly instantaneou small size of the structures and the large wall thickness relatively

. y ’ . y aNeoU3, the diameter of the template. After reacting with 3.1 mL of
alloying between Au and Ag, are responsible for the missing HAuCI, solution, the sample showed an SPR peak at 525 nm
step of the formation of a complete shell on the Ag template corresponding to a small piece of Au solid nanoparticles formed
during the replacement reaction.

The vacancies left behind by the migration of Ag and Au as a result of fragmentation of the hollow and highly porous

will diffuse and coalesce via an Ostwald ripening process to structures. .

counter the increase of the total surface enéfggsulting in For hollow nanostructures derived from 14-nm Ag MTPs,
the enlargement of the surface openings on the particles andthe SPR pgak pan be further tuned into the .near-lnfrared regon.
shrinkage of the ridges between the holes. At this stage, a s shown in Figure 5B, the SPR peak continuously red-shifted
nanocage with porous wall is formed from each Ag template, © 740 nm as more HAuGlsolution was added. To better

as illustrated in Figure 4C for a decahedron and icosahedron,Understand the SPR features, we used the DDA method to
calculate the extinction spectra of Ag/Au alloy (2:1) nanorings
(30) Millar, G. J.; Metson, J. B.; Bowmaker, G. A.; Cooney, R.JPCatal. with different outer diameters and ring thicknesses (Figure S4).

1994 147, 404, . . ~2 -
(31) (a) Meima, G. R.; Knijff, L. M.; Vis, R. J.; Vandillen, A. J.; Vanburen, F. [N the model, the nanoring was simulated as a cylindrical ring

only about 5 nm. Combining with the lattice strains induced by

R.; Geus, J. WJ. Chem. Soc., Faraday Trans.1989 85, 269. (b) Wu, i i i i i

K.; Wang, D. Z.; Wei, X. M.; Cao, Y. M.; Guo, X. XJ. Catal.1993 140, ‘.N't.h the h_e|ght equal to the wall thickness (I_:|gure .84 inset). It

370. is interesting to note that such alloy nanorings with an outer
(32) Lefferts, L.; Vanommen, J. G.; Ross, J. R.Appl. Catal.1987 31, 291. i i i i i
(33) Shibata, T Bunker. B. A Zhang 2.: Meisel. D Vardeman, C. F., Il dlamete_r of _16 nm and a ring thlckne_ss of 3 nm in both axial

Gezelter, J. DJ. Am. Chem. So@002 124, 11989. and radial directions can have an optical resonant peak at 910
(34) Mori, H.; Komatsu, M.; Takeda, K.; Fujita, FRhilos. Mag. Lett.1991 nm, indicating that the nanorings and nanocages in this size
(35) Sieradzki, KJ. Electrochem. Sod.993 140, 2868. range are promising candidates for biomedical applications.
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Figure 6. Galvanic replacement reaction between HA{&E1d 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
L L B B LB N B WL R particles. (B) XRD of the sample revealing the coexistence of peaks for
300 400 500 600 700 800 both Ag—Au alloy (#) and AgClI (*).

Wavelength (nm)

) . o ) after adding 2.6 mL of HAuGlI solution to the dispersion of
Figure 5. UV—vis extinction spectra taken from the suspension of Ag MTPs, and black precipitate was found at the bottom of the
oleylamine-capped Ag MTPs in CHgfter different volumes of 0.5 mM !

HAUCI, had been added. The SPR peaks were positioned at 400 and 404flask. In contrast to the reaction carried out with the addition
grg fgrethe él?; iﬂndL14f-f|1_|n; Agl MIT:?S, rtestl;eCtli\l/EW- (:) ,\A/If.}fg a?ﬁingpléo’ of extra oleylamine, no violet or blue color was observed. Figure
p.ea{k Wésanshiﬁedrr;o 272, lSJgSS,OGl:JL(ISc,manc::I 535 nrrr]{nresgpectivseyly. l?B) After 6A gives a typical TEM |ma_19e of the product, showing very
adding 0.2, 0.4, 0.8, and 1.2 mL of HAuGblution to the 14-nm Ag MTPs,  few hollow structures, while particles of several tens of
the SPR peak was shifted to 422, 532, 614, and 740 nm, respectively. nanometers in size dominated the sample. XRD patterns taken
from the sample showed peaks from both AgCl and Au/Ag alloy
Role of Oleylamine in the Galvanic Replacement Reaction.  (Figure 6B). The broad peaks of Au/Ag alloy and sharp peaks
For a galvanic replacement reaction between Ag nanostructuresof AgCl indicate that the small particles in the sample were
and HAuUC} in an aqueous solution, the AgCl on the product primarily made of Au/Ag alloy while the big ones were mainly
side could be readily removed from the surface of the particles composed of AgCl. Without adding extra oleylamine, it is
by refluxing the system thanks to the high solubility of AgCl impossible to obtain Au/Ag alloy hollow nanostructures because
in water at 100°C.2¢ Otherwise, the AgCl would precipitate  the AgCl precipitate deposited on the surface of the template
out and prevent the formation of Au/Ag alloy hollow nano- would prevent further reaction between HAy@hd Ag. Even
structures with uniform, homogeneous walls. When the reaction though the oleylamine capped on the surface of the Ag MTPs
is carried out in an organic medium such as chloroform, the could enter into the solution phase and form a complex with
solubility of AgCl is much lower than that in boiling water. To  AgCl at the very beginning of the reaction, the surface-absorbed
minimize the interference of AgCl in the formation of Au/Ag  oleylamine would not be sufficient to complex with all AgCl
alloy hollow structures, it is necessary to add extra oleylamine as the replacement reaction proceeded. By adding extra oleyl-
to the reaction system. This is because oleylamine can coordinateamine, the AgCl can be continuously transferred from the
with Ag ions to form a complex, AgCI(RNH2),, soluble in reaction sites on the template into the solution phase, completely
the organic mediurf¥ facilitating the separation of AgCI from  eliminating the interference and contamination of AgCl during
the Ag template surface. Control experiment was also done tothe formation Au/Ag alloy hollow nanostructures.
examine the effect of extra oleylamine on the morphology of  Effect of Capping Ligand on the Galvanic Replacement
resultant Au/Ag alloy hollow nanostructures. When no extra Reaction. In addition to oleylamine, other organic surfactants
oleylamine was added before the galvanic replacement reactionsuch as oleic acid and TOP®’ have been widely used as
the color of the solution changed from yellow to brownish red capping ligands in the synthesis of Ag nanoparticles. As a result,

(36) McDougall, G. J.; Hancock, R. D. Chem. Soc., Dalton Trans98Q 654— (37) Saponijic, Z. V.; Csencsits, R.; Rajh, T.; Dimitrijevic, N. hem. Mater.
658. 2003 15, 4521.
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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.

it is important to know if the capping ligand will have any after ligand exchange. After galvanic replacement reaction with
influence on the galvanic replacement reaction between HAuCI the same amount of 0.5 mM HAufLkolution, the product
and Ag nanoparticles in a specific solvent. To eliminate any obtained from oleic acid-capped Ag MTPs shows morphology
difference that might arise from particle size and crystallinity, completely different from those obtained from oleylamine-
the Ag MTPs capped by oleic acid and TOPO were prepared capped MTPs. While hollow particles were obtained from the
through ligand exchange reactions with the oleylamine-capped oleylamine-capped Ag MTPs, the galvanic replacement reaction
Ag MTPs, rather than directly synthesized with those two with the oleic acid-capped templates did not yield any particles

surfactants.
Upon completion of the ligand exchange reaction and multiple

with voids in their interiors. The particles showed a rough
surface and broad size distribution with an average diameter of

times of washing to remove physically absorbed ligands, the 12.6 & 1.8 nm. Figure 8D shows a typical HRTEM image,

Ag MTPs were examined with FTIR. As shown in Figure 7,
each spectrum shows Gldnd CH symmetric and asymmetric
stretching vibrations in the range of 2849950 cn1! and CH
bending vibration at 1460 cm, typical absorption bands for
species with hydrocarbon groups. The FTIR of oleylamine-
capped Ag MTPs showed a strong-0 stretching mode at
1384 cnrt, an N—-H bending mode at 1635 crh and a weak
band for N-H stretch at 3425 crt, indicating the presence of
oleylamine on the particle surface. The-8 stretch was blue-
shifted from that of free amines (1082350 cnT?), probably
due to the interaction between N and Ag through coordination.
After ligand exchange with oleic acid, the peaks fotI€ and

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 HAuUCI. This result indicates that the reaction
between HAuC] and Ag probably only occurred on a limited
number 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 HAuUGIthe Ag
surface due to the strong adsorption of oleic acid on the tem-

N—H stretch and bending disappeared, while two new bands plate.

at 1710 and 1370 cm, corresponding to €0 stretch and
symmetric COO stretch, respectively, were observed. These

The adsorption of carboxylic acid on Ag surface has been
extensively studied over the last several decdflés3s39

new peaks suggest a symmetric binding between the carboxylateBowden and Tabor assumed that it is difficult for reactive
head group and the Ag particle surface. The FTIR spectrum chemisorption of carboxylic acid on a Ag surface to oc€ur.

for TOPO-capped Ag MTPs showee=® stretch at 1150 cm,

indicating the attachment of TOPO to the particle surface.
Figure 8A and B shows TEM images of oleic acid-capped

Ag MTPs before and after galvanic replacement reaction,

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-

respectively. The Ag nanoparticles capped with oleic acid appearcapped particles also showed a strong band of C&@nmetric

identical to the initial oleylamine-capped MTPs in terms of shape

and size. Both particles were spherical, and the average diamete
of the oleic acid-capped particles was 11.0 nm, almost the same(39)

as that of oleylamine-capped particles (11.2 nm). The HRTEM
image of the oleic acid-capped Ag MTPs (Figure 8C) revealed
that the particles remained in the multiply twinned structure
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Bowden, F. P.; Tabor, Drhe Friction and Lubrication of Solig€xford
University Press: Oxford, UK, 2000.

(a) Schlotter, N. E.; Porter, M. D.; Bright, T. B.; Allara, D. Chem. Phys.
Lett. 1986 132, 93. (b) Firment, L. E.; Somorjai, G. Al. Vac. Sci. Technol.
198Q 17, 574. (c) Yanase, A.; Komiyama, H.; Tanaka, $urf. Sci.1990Q
226, L65. (d) Millar, G. J.; Seakins, J.; Metson, J. B.; Bowmaker, G. A.;
Cooney, R. PChem. Communl994 525. (e) Jovic, B. M.; Drazic, D.
M.; Jovic, V. D.J. Serb. Chem. So&998 63, 793.
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Figure 8. 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 FAwubbllow particles

were observed for (B) oleic acid-capped and (F) TOPO-capped Ag nanoparticles, and the majority of the particles turned from spherical toapegular sh
(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 the replacement reaction, the MTP pattern cannot be identified.

stretch at 1374 cm and no absorption at 246@400 cnt?, stretch absorption relative to asymmetric stretch. All evidence
the typical O-H stretch band for free carboxylic acids. Those indicates that the oleate species were formed on oleic acid-
results strongly indicate that the oleic acid was attached to the capped Ag nanoparticles, probably with the assistance of oxygen
surface of Ag nanopatrticles through chemical bonding. Ulman from air. The oleate species would impede the access of HAuCI
reported that the adsorption of alkanoic acid on a metal surfaceto Ag and thus block the galvanic replacement reaction. The
involves acid-base reaction driven by the formation of surface Au atoms would deposit on the surface of Ag template non-
salt between carboxylate anion and surface metal c&lion. epitaxically, inducing surface roughness and a slight increase
Various studies have predicted that that the presence of adsorbedf size. The formation of Au can still occur, however, due to
oxygen is a prerequisite to form a stable, chemisorbed speciespossible reduction of HAuGl by light and oleylaminé?

on a Ag single-crystal surfacg?! It was also found that on  Reaction could also occur between HAy&hd some Ag MTPs
AgO surface, the two oxygen atoms of carboxylate group bind whose surfaces were not completely covered with oleic acid
to the surface nearly symmetricafly consistent with the FT-  due to fluctuation, resulting in the formation of few hollow
IR of oleic acid-capped particles with strong symmetric COO particles. Overall, the number of hollow particles in the sample
was less than 5% of the total oleic acid-capped Ag nanopatrticles.

(40) Ulman, A.Chem. Re. 1996 96, 1533.
(41) Barteau, M. A.; Bowker, M.; Madix, R. Burf. Sci.198Q 94, 303. (42) Kuo, P.-L.; Chen, C. CL.angmuir2006 22, 7902.
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The typical HRTEM of the particles after addition of HAuCI  diffusion of the metal atoms. The SPR peaks could be tuned to
solution (Figure 8D) shows that the particles were polycrystal- 616 nm for the hollow nanoparticles derived from 11-nm Ag
line, and the MTP pattern could not be identified anymore due MTPs and to 740 nm for the 14-nm Ag MTPs, respectively.
to the deposition of Au on the surface. Oleylamine plays an important role in the formation of Au/
Silver nanoparticles with an average size of 8 nm were also Ag alloy hollow nanostructures through a galvanic replacement.
directly synthesized with oleic acid serving as the capping ligand Unlike the reaction carried out in an aqueous solution where
to examine the galvanic replacement reaction (Figure S5).the AgCl formed from the oxidation of Ag by HAugtan be
Similar to the reaction that used Ag particles obtained from dissolved by refluxing the system, the reaction in an organic
ligand exchange, few hollow particles were observed after the medium relies on oleylamine to transfer AgCl from the template
addition of HAuC}, solution. surface into the solvent by forming a soluble complex. Without
Figure 8E and F shows TEM images of TOPO-capped Ag adding extra oleylamine, one can only obtain irregularly shaped
MTPs before and after galvanic replacement reaction, respec-particles contaminated with AgCl solid. The capping ligand on
tively. TOPO, known to function as a relatively strong mono- the surface of Ag MTPs also significantly affects a galvanic
dentate ligand in metal ion complexation, has a stronger replacement reaction as well as the morphology of the product.
interaction with Ag(l) in CHC4 than that of carboxylic aciéf Hollow nanoparticles were not obtained from oleic acid and
While similar morphologies were observed for Ag MTPs capped TOPO-capped Ag MTPs, probably due to the strong interaction
with TOPO and those stabilized with oleylamine, the galvanic between oleic acid and Ag surface via the formation of
replacement reaction with TOPO-capped Ag MTPs did not yield carboxylate in the presence of oxygen or through complexation
any hollow structure. Particles with various sizes ranging from hetween Ag and the oxygen of TOPO.
2 to 20 nm were formed after adding HAuGblution, probably
due to the coverage variation of TOPO on the surface of the Acknowledgment. This work was supported in part by the
Ag MTPs. Extensive reaction had taken place on the particles NIH (R0O1CA120480), the NSF (DMR-0451788), and a Fel-
covered with less TOPO, while nearly no reaction occurred on lowship from the David and Lucile Packard Foundation. Y.X.

the well-passivated nanopatrticles. is a Camille Dreyfus Teacher Scholar (2002-2007). Z.-Y.L. was
) supported by the National Key Basis Research Special Founda-
4. Conclusion tion of China (No. 2004 CB719804). Part of the work was

We have investigated the galvanic replacement reaction performed at the Nanotech User Facility, a member of the
between HAuC] and small Ag nanoparticles with multiply ~ National Nanotechnology Infrastructure Network (NNIN) funded
twinned structures in chloroform to prepare hollow nanostruc- by the NSF. H.-Y.T. and B.A.K. thank the Robert A. Welch
tures made of Au/Ag alloys. By using oleylamine-capped Ag Foundation for financial support.

MTPs of 11 and 14 nm in diameter,12 and 15-nm polycrys- ) ) ) )

talline hollow structures with 25 nm voids in their interiors Supporting Information Available:  Schemes of different
were obtained, respectively. On the basis of the morphological "€action mechanisms for single-crystal Ag nanocubes, cuboc-
evolution of the nanoparticles, we proposed that the oxidation @@nedrons, and MTPs (Figure S1); additional HRTEM images
of Ag started from thg 111} facets of an MTP, even though of the Ag nanopartlcles_ clearly showing a multlply tww_megl
lattice defects of high surface energy exist at the gaps betweenStructure before galvanic replacement reaction and a ringlike
the tetrahedral units of the particle. Instead of forming a Profile after the reaction (Figure S2); EDX spectrum for the
complete shell, the replacement reaction on Ag MTPs resulted A9 —Au alloy hollow nanoparticles (Figure S3); DDA calcula-

in Au/Ag alloy nanorings and nanocages. This can be attributed fiOn for extinction spectra of nanorings with different outer
to the rapid alloying between Ag and Au as caused by (i) the d!ameters and wall thicknesses (Figure S4); ar)d morphological
high density of vacancies generated by the replacement of Agdifference before and after replacement reaction for 8-nm Ag
with Au at a mole ratio of 3:1 (Ag:Au); (i) the rich lattice na_nopartlcles synthesagd Wlth ol_elc acid as the capplng_llgand
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