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The galvanic replacement reaction between silver nanostructures and AuCl,” solution has recently been demonstrated as a versatile
method for generating metal nanostructures with hollow interiors. Here we describe the results of a systematic study detailing
the morphological, structural, compositional, and spectral changes involved in such a heterogeneous reaction on the nanoscale.
Effects of Ar or O, gas bubbling for the formation of Ag-Au alloy nanoparticles by the galvanic replacement between spherical
Ag nanoparticles and AuCl,~ especially were studied in ethylene glycol (EG) at 150°C. The shape, size, and composition changes
occur rapidly under O, bubbling in comparison with those under Ar bubbling. The major product after 60 min heating under Ar gas
bubbling was perforated Ag-Au alloy particles formed by the replacement reaction and the minor product was ribbon-type particles
produced from splitting off some perforated particles. On the other hand, the major product after 60 min heating under O, gas
bubbling was ribbon-type particles. In addition, small spherical Ag particles are produced. They are formed through rereduction

of Ag" ions released from the replacement reaction and oxidative etching of Ag nanoparticles by O,/Cl” in EG.

1. Introduction

The properties of alloy nanoparticles are significantly dif-
ferent from those of individual monometallic nanoparticles
[1, 2]. This provides yet another dimension in tailoring
the properties of nanomaterials besides the usual size and
shape manipulation. For example, Ag-Au alloy nanoparticles
are more catalytically active than monometallic Ag or Au
nanoparticles in the oxidation of CO at low temperatures
[3, 4]. In addition, while monometallic spherical Ag and
Au nanoparticles have relatively unchanging optical prop-
erties due to surface plasmon resonance (SPR), the SPR
properties of Ag-Au alloy nanoparticles are continuously
tunable because of the possibility of composition changes [5].
Although Ag-Au alloy nanoparticles can be prepared by a
number of methods, the most common one is the coreduction
of the corresponding metal precursor salts in the presence

of a stabilizing agent [6-11]. Water in oil microemulsions has
also been used by Chen to produce Ag-Au alloy nanoparticles
[12]. In the digestive ripening method of Smetana and
coworkers [13], Ag-Au alloy nanoparticles were formed by
refluxing Ag and Au nanoparticles in 4-tertbutyltoluene in
the presence of an alkanethiol. Other methods of preparation
of a more physical nature include laser ablation [14-16]
and evaporation condensation [17]. Despite a myriad of
methods of preparation, the large-scale synthesis of alloy
nanoparticles with good control of size and composition
remains a challenge. First, size tuning by changing the syn-
thesis conditions is more complex for the alloy nanoparticles
than for the monometallic nanoparticles. This is because the
synthesis conditions affect the reduction potentials and the
effectiveness of the stabilizing agent in different ways. Second,
most current methods of preparation are unable to decouple
shape, size, and composition control, which increases the



difficulty in producing alloy nanoparticles with the same
composition but different sizes, or the same size with different
compositions. In addition, Ag" ions have the propensity of
forming insoluble halide precipitates whenever the synthesis
involves the use of a halogen containing metal precursor
salt (e.g., HAuCl,). The precipitation of AgCl contaminates
the alloy nanoparticles formed and further complicates the
control of alloy composition.

Herein we report a simple method to prepare Ag-Au
alloy nanoparticles by the replacement reaction between Ag
nanoparticles and AuCl,  at a high temperature of 150°C
under Ar or O, gas bubbling. While this method bears certain
similarities with the works of Xia and other researchers
[18-21], the synthesis conditions were altered to deliberately
suppress the formation of hollow structures. This method
takes advantage of the rapid interdiffusion of Au and Ag
atoms in the reduced dimension of nanoparticles, relatively
lower temperature of operation, and the large number of
interfacial vacancy defects created by the replacement reac-
tion. The major advantages of this method are that the
shape, size, and composition of the alloy nanoparticles are
independently tunable and that the particles can be produced
in high concentrations. Here, we report a polyol synthesis
of monodisperse Ag-Au alloy nanoparticles through the
galvanic replacement reaction between Ag atoms and AuCl, "~
under gas bubbling. We first prepared spherical/decahedron
Ag nanoparticles by thermal reduction of AgNOj in ethylene
glycol (EG) under Ar gas bubbling in the presence of
polyvinylpyrrolidone (PVP) for 50 min heating. These Ag
nanoparticles were then used as seeds (sacrificial template)
on which Au was deposited by reduction of HAuCl, in EG
under Ar or O, gas bubbling at 150°C. Spherical Ag seeds
for the galvanic replacement reaction with HAuCl, in EG at
150°C lead to various shapes of Ag-Au alloy nanoparticles. In
the synthesis, EG and PVP are used as reducing agent and
stabilizing surfactant, respectively.

Xias and Mirkin’s groups developed a one-step approach
based on galvanic replacement reaction that was capable
of generating hollow nanostructures consisting of various
metals such as Au, Pd, and Pt [22-25]. In a typical procedure,
Ag nanoparticles were used as sacrificial templates to react
with HAuCl, solution in EG, resulting in the formation of Ag-
Au nanoshells with hollow interiors, as well as heterogeneous
and highly crystalline walls. However, a detailed account of
the morphological, structural, compositional, and spectral
changes involved in the replacemen reaction needs to be
provided.

Our present results clearly demonstrated that the tem-
plate engaged replacement reaction proceeded through two
distinctive steps: (i) the formation of seamless hollow struc-
tures (with the walls made of Ag-Au alloys) via a combination
of galvanic replacement between Ag and AuCl,  and alloying
(between Au and Ag) under Ar gas bubbling and (ii) the
formation of hollow structures with slightly broken shapes
and small ribbon-type nanoparticles under O, gas bubbling
due to oxidative etching. The formation mechanisms of Ag-
Au alloys under gas bubbling are discussed in terms of
galvanic replacement reaction and oxidative etching.

Journal of Nanomaterials

2. Experimental Section

2.1. Materials and Experimental Procedures. For use in this
study, HAuCl,-4H,0 (>99.0%), AgNO; (>99.8%), and EG
(>99.5%) were purchased from Kishida Chemical Co., Ltd.
The PVP powder (average molecular weight My,: 40 k) was
purchased from Wako Pure Chemical Industries Ltd. All
these reagents were used without further purification. Oxy-
gen (>99.9%) and Argon (>99.9995%) gases were obtained
from Taiyo Nippon Sanso Corp.

Preparation of Ag seeds: 15mL of EG solution was
preheated at 150°C and maintained at this temperature for
60 min by Ar gas bubbling. Then a mixture of AgNO; and
PVP (My, = 40Kk) as a polymer surfactant in 5mL of EG
was added and further heated at 150°C for 50 min under
Ar gas bubbling. The concentrations of AgNO; and PVP in
20 mL EG were 24 mM and 250 mM (in terms of monomeric
units), respectively. The products were collected by cen-
trifugal separation at 12,000 rpm three times for 30 min to
remove all byproducts produced in the supernatant. These Ag
nanoparticles were used as seeds for the galvanic replacement
reaction shown in Section 2.2.

2.2. Shape and Component Changes in Products by the Addi-
tion of Ag Particles to HAuCl,-4H,O/PVP/EG Solution under
Aror O, Gas Bubbling. About5 mL of EG solution containing
9.6 mM HAuCl,-4H,O was injected to 15 mL of EG solution
containing all Ag seeds and 250 mM PVP. It was heated from
room temperature to 150°C for 6 min; it was kept at that
temperature for 60 min with sampling at 10, 30, and 60 min
under Ar or O, gas bubbling. The total flow rate of bubbling
gas was kept at 150 sccm using mass flow controllers. The final
concentrations of HAuCl,-4H, O, Ag atoms in seeds, and PVP
in 20 mL EG were 2.4, 24, and 250 mM, respectively.

2.3. Analyses of Shape, Component, and Optical Properties
of Products. For TEM (200kV, JEM-2000XS; JEOL) obser-
vations, Ag and Ag-Au bimetallic particles were obtained
from C,H;OH solution by centrifuging the colloidal solution
at 15,000 rpm for 30min three times. The TEM energy
dispersed X-ray spectroscopy (EDS) data were also measured
(200kV, 2100F; JEOL). XRD patterns of powder samples
were measured (SmartLab with Cu Ka radiation operating
at 45kV and 200 mA; Rigaku). Extinction spectra of the
product solutions were measured in the UV-Vis region using
a spectrometer (UV-3600; Shimadzu Corp.). The samples
were diluted with EG before observation.

3. Result and Discussion

3.1 Galvanic Replacement Reaction between Ag and AuCl,".
Galvanic replacement reaction has been demonstrated as a
general and effective means for preparing metallic nanostruc-
tures (e.g., thin films) by consuming the more reactive com-
ponent [26, 27]. We have focused on spherical/decahedron
Ag particles because this class of nanostructures provides
a model system with monodispersed size and well-defined
facets. Since the standard reduction potential of AuCl, /Au
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pair (0.99V versus standard hydrogen electrode, SHE) is
higher than that of the Ag'/Ag pair (0.80V versus SHE),
silver would be oxidized into Ag", when silver nanostructures
and HAuCl, are mixed in organic polyol medium as

3Ag+ AuCl,” — Au+3Ag" +4Cl". (1)

Both TEM and TEM-EDS images were used to fol-
low the shape, size, and composition changes involved in
various stages of the replacement reaction between spheri-
cal/decahedron Ag particles (templates) and HAuCl, solu-
tion.

3.2. Shape and Component Changes in Products by the Addi-
tion of Ag Particles to HAuCl,/PVP/EG Solution under Ar
Bubbling. Figure 1 depicts TEM images of Ag nanoparticles
(all started with the same amount) before and after they
had reacted with 2.4 mM HAuCl, at 150°C for 10-60 min
under Ar gas bubbling. Most of Ag seed particles are
twin particles (decahedron) in which twin lines appeared
under oil-bath heating of AgNO;/PVP (40 K)/EG solution
under Ar gas bubbling at 150°C for 50 min (Figure 1(a),
see also Figure Sl in Supplementary Material available at
http://dx.doi.org/10.1155/2013/425071). The average diame-
ter of Ag seeds which consist of a mixture of spheri-
cal/decahedral particles was 38 + 15nm. We used oil-bath
heating for the synthesis of Ag-Au alloy particles using a
mixture of theses Ag seeds as a sacrificial template and
HAuCl,/PVP in EG solution under Ar gas bubbling at 150°C.

After the Ag structures had reacted with HAuCl, solution
in the presence of PVP under Ar gas bubbling for 10 min at
150°C, a pin hole is formed at a specific site of the surface
(Figure 1(b)), indicating that the replacement reaction was
initiated locally rather than over the entire surface. The
holes can be clearly observed as on the surfaces of spherical
particles. This observation suggested that only one hole is
formed on each particle because each polycrystalline particle
has planer defect on its surfaces, from which the pin hole
would be originated via replacement reaction. The newly
formed surfaces containing holes should represent the most
active sites for further replacement reaction. The dimensions
of each particle exhibited no apparent change in the initial
stage of this reaction, indicating that the gold atoms were
deposited on the surface of each particle as a very thin (most
likely, incomplete) shell.

Although reduction of HAuCl, by EG at 150°C leading
to Au particles competes with the galvanic replacement
reaction under the present experimental condition, dominant
shapes of product particles are hollow particles and little
pure Au particles are formed in any stage. This shows that
the galvanic replacement reaction occurs preferentially to the
thermal reduction of HAuCl, under the present conditions.
In the typical synthesis of Ag-Au alloy nanoparticles, Au>*
cations are reduced by the metallic Ag nanoparticles and
the Au atoms are deposited onto the Ag surface followed
by a simultaneous mutual diffusion process between Au and
Ag. Since three Ag atoms need to be sacrificed to reduce
one Au’* cation, the diffusion induces a large number of
vacancies and voids in Ag nanoparticles, facilitating alloy

formation [28]. In continuous heating process, we observed
that the shape and size of products are changed gradually
with increasing the heating time up to 60 min. After 30 min
heating (Figure 1(c)), there is a small shape change in product
particles. As a result, the replacement reaction could be
continued to generate larger holes as compared to 10 min
heating products. After 60 min heating (Figure 1(d)), some
small ribbon-type particles are also prepared from splitting
off some perforated particles due to more replacement
reaction and creating much more pin hole inside particles.
Larger porous particles turn to small ribbon-type particles
for further diffusion process, whereas the number density of
perforated particles decreases in Figure 1(d).

To obtain more information related to distributions of
Au and Ag components in the product particles at different
heating times, TEM-EDS measurements and line analysis
were conducted for 10 min heating (Figures 2(al)-2(el)).
These data clarify that the particles along diagonal lines
are composed of Ag-rich Ag-Au alloys. The atomic ratio of
Au:Ag for all particles shown in Figures 2(al)-2(el) was
27% :73%, whereas that of a porous particle located in the
center of Figures 2(al)-2(dl) was 30%:70%. This implies
that more Ag particles were replaced by Au component in
porous particles. After 30 min heating, the atomic ratio of
Au: Ag for all particles shown in Figures 2(a2)-2(e2) was
40% : 60%, indicating a significant increase in the fraction of
Au component due to more replacement reaction between
Ag atoms and AuCl, . After 60 min heating, the atomic
ratio of Au: Ag for all particles in Figures 2(a3)-2(e3) was
42% : 58%, which is nearly the same as that at 30 min heating.
This implies that most of replacement reaction is completed
before 30 min under the present conditions under Ar gas
bubbling. It is noteworthy that small Ag particles are formed
during heating as shown in Supplementary Figure S2 with red
circles. After galvanic replacement reaction, some Ag atoms
are dissolved as Ag" ions and they are rereduced to small Ag
particles by EG at 150°C.

To obtain information related to product particles, XRD
patterns were measured for all particles, obtained after 60 min
heating (Supplemntary Figure S3). Because of the same
fcc crystal structure and similar lattice constants among
Au, Ag, and AuAg metals (lattice mismatch <0.2%), XRD
patterns of Au (PDF 00-071-4073), Ag (PDF 00-004-0783),
and AuAg alloy (PDF 01-071-9134) show similar diffraction
peaks, which are overlapped mutually. Prominent diffrac-
tion peaks in Supplemntary Figure S3 were indexed to the
{111}, {200}, {220}, {311}, and {222} planes of a mixture of Ag-
Au alloy and Ag particles with fcc structure. In addition, a
weak peak corresponding to the {200} plane of AgCl particles
(PDF 01-085-1355) was observed. The peak intensity of the
{111} facet of Ag-Au alloy and Ag particles is the strongest,
suggesting that the favorable facet of AgAu alloy and Ag
particles is {111}. Sharp peaks observed for Ag-Au alloy
and Ag particles without amorphous components suggest
that these particles are composed of polycrystals. Since the
peak intensity of AgCl is weak, the contribution of AgCl
in the products is expected to be small. In our reaction
system, a significant amount of AgCl having a very small
solubility product at room temperature in EG may be formed



Journal of Nanomaterials

(a) Agseeds

50 nm

(c) Ag-Au 30 min heating

(d) Ag-Au 60 min heating

FIGURE 1: Typical TEM images of (a) polygonal Ag seeds and ((b)-(d)) Ag-Au bimetallic products after heating Ag seeds/HAuCl,/PVP/EG
solution for 10-60 min under Ar gas bubbling. Scale bars of TEM images (a) and (b) are the same as those of (c) and (d), respectively.

because Ag" ions are released from Ag by the replacement
reaction, whereas Cl™ ions are formed by the decomposition
of HAuCl,. However, we found that the atomic content of CI
in Ag-Au-Cl products was only 1.4% on the basis of EDS and
XRD data. The low AgCl content in product is attributed to
dissolution of AgClto Ag" to Cl~ during heating at a relatively
high temperature of 150°C and rereduction of Ag* to Ag’.

3.3. Shape and Component Changes in Products by the
Addition of Ag Particles to HAuCl,/PVP/EG Solution under
O, Bubbling. Figure 3 portrays typical TEM images of Ag
nanoparticles (all started with the same amount) before and
after they had reacted with 2.4 mM HAuCl, in EG solution
at 150°C under O, gas bubbling. Figure 3(a) depicts a typical
TEM image of Ag seeds, where Ag particles with an average
size of 32 + 12 nm are observed. Figure 3(b) depicts a typical
TEM image of products after heating at 150°C for 10 min
under O, gas bubbling. There is a dramatically shape change
occurring in this stage. Spherical Ag seeds turn to ring-
type particles with a pin hole at upper surface area and a
small amount of ribbon-type particles due to fast oxidative
etching of Ag sacrificial template with the assistance of
replacement reaction between Ag atoms and AuCl,” ions. It
should be noted that Ag particles are oxidized not only by the
replacement reaction by AuCl,” ions but also by oxidative

etching by CI"/O, [29, 30] under O, gas bubbling and they
are released as Ag" ions in solution at 150°C. After 30 min
heating, the number density of the ribbon-type particles
increased in comparison with that of the pinhole particles
as shown in Figure 3(c). After 60 min heating, the residual
perforated particles are further split off into small (collapsed
into small fragments) ribbon-type particles, as shown in
Figure 3(d).

For better understanding of Au and Ag atomic distri-
butions in product particles under O, gas bubbling, EDS
measurements were conducted and the results obtained for
10, 30, and 60 min heating are shown in Figures 4(al)-
4(e3), respectively. After 10 min heating, perforated ring-
like particles and some small fragments of Ag-Au alloy are
produced. Line analysis data shown in Figure 4(el) along a
blue line given in Figure 4(d1) suggest that product particles
are composed of Ag-rich Ag-Au alloys. The Au: Ag atomic
ratio for the all particles in Figures 4(al)-4(d1) was 34% : 66%,
indicating that Au content in product is higher than that
under Ar gas bubbling at 10 min (27%). After 30 min heating,
the Au: Ag atomic ratio was 44%:56%. The Au content in
Ag-Au alloy particles increases significantly with increasing
the heating time. After 60 min heating, the volume of hole
increases and porous particles are broken into small ribbon-
type particles, as shown in Figures 4(a3)-4(d3). The Au: Ag
atomic ratio was 52%:48%. On the basis of the above
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FIGURE 2: Typical TEM and TEM-EDS images of Ag-Au bimetallic products obtained after heating Ag seeds/HAuCl,/PVP/EG solution for
10-60 min under Ar gas bubbling. Line analysis data along blue lines in (d1), (d2), and (d3) are given in (el), (¢2), and (e3), respectively.

findings, the Au content in Ag-Au alloy particles increases
from 34% to 52% with increasing the reaction time from
10 min to 60 min. It should be noted that some small Ag
particles (<5nm) are created, as shown in Supplemntary
Figure S4 with red circles. It is reasonable to assume that
these small Ag nanoparticles arise from replacement reaction
and oxidative etching of the original templates followed by
rereduction of Ag" under O, gas bubbling. Oxidative etching
of Ag particles occurs by O,/Cl™ [29, 30], where CI™ ions are
formed by decomposition of HAuCl,.

On the basis of TEM and TEM-EDS data given above,
different shape, size, and composition of Ag-Au alloy particles
are formed under Ar or O, bubbling at 150°C. Ag sacrificial
templates are gradually changed to a mixture of ring-type
perforated Ag-Au alloy and small ribbon particles under Ar
gas bubbling during oil-bath heating for 60 min. On the
other hand, Ag particles are changed to ring-type perforated
particles in a short time and they are finally converted to
small fragment species due to fast oxidative etching as well as
galvanic replacement reaction between Ag atoms and AuCl,
ions under O, gas bubbling. The XRD pattern of products

under O, gas bubbling was similar to that under Ar gas,
indicating that a similar mixture of Ag-Au alloy and Ag
polycrystals was formed under O, gas bubbling.

3.4. Spectral Changes after Heating HAuCl,/PVP/EG Solution
in the Presence of Ag Seeds under Ar Gas Bubbling. We
could also conveniently monitor the galvanic replacement
reaction between spherical Ag particles and HAuCl, solution
by spectroscopic means because nanostructures made of Au
and Ag often exhibit distinctive SPR bands in the UV-Vis
region. It is known that peak positions of Au and Ag SPR
bands strongly depend on their shape and structure (e.g.,
solid versus hollow) [31-33]. Figures 5(a) and Supplemntary
Figure S5a (expanded scale of Figure 5(a)) show extinction
spectra recorded from EG dispersions of Ag nanoparticles
after they are heated with HAuCl, solution at 150°C under
Ar gas bubbling. For comparison, UV-Vis spectra of original
Ag particles in EG are also shown. The SPR band of spherical
Ag particles with a peak at 440 nm is observed in the 300-
700 nm region. The spectral changes from Ag nanoparticles
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(c) Ag-Au 30 min heating

(d) Ag-Au 60 min heating

FIGURE 3: Typical TEM images of (a) polygonal Ag seeds and ((b)-(d)) Ag-Au bimetallic products after heating Ag seeds/HAuCl,/PVP/EG
solution for 10-60 min under O, gas bubbling. Scale bars of TEM images (a) and (b) are the same as those of (c) and (d), respectively.

to Ag-Au alloy particles are consistent with the formation of
hollow ring-like nanoparticles with their walls composed of
homogeneous Ag-Au alloys. After 10 min heating, the hollow
Ag-Au alloy and ribbon-type particles exhibited a broad SPR
band in the 300-800 nm region with a peak at =450 nm.
This spectral change can be attributed to the deposition of
thin Au layers on the surfaces of Ag templates, which is
further transformed into thin shells of Ag-Au alloy particles.
The peak at =450 nm for Ag particles decreases in intensity
greatly after 10 min heating due to the formation of Ag-Au
alloy particles. After 30-60 min heating, the intensity of peaks
slightly increases and becomes broad indicating that Au>*
ions are reduced by Ag and constitute Ag-Au alloy around
the pinhole with a porous shell. These results also indicate
that the thickness of Ag-Au alloy decreases around holes in
perforated Ag-Au alloy particles, with increasing the volume
of holes. It is concluded that the small shift in peak position
might be caused by the increase in void size and the reduction
in wall thickness for the Ag-Au alloy. The reduction in wall
thickness, which played an important role in determining the
SPR features, might also be involved in the dealloying process.
The broadening of the SPR bands arises from large particle
sizes, their wider size distributions, and change in dielectric
constant of Ag by the presence of Au.

3.5. Spectral Changes after Heating HAuCl,/PVP/EG Solution
in the Presence of Ag Seeds under O, Gas Bubbling. UV-Vis
spectra were measured to characterize optical properties and
to examine time evolution of Ag-Au alloy particles. Results
obtained are shown in Figure 5(b) and Supplementary Figure
S5b (expanded scale of Figure 5(b)). For comparison UV-Vis
spectra of spherical Ag particles in EG are also shown. After
injection of HAuCl, and heating for 10 min, the SPR band
becomes weak and broad with a peak at =510 nm. This peak
broadening is probably related to a wider range of void sizes
in the resultant hollow nanostructures or Au rich discrete
Ag-Au alloy particles. The intensity change of the SPR band
in Figure 5(b) is opposite to that in Figure 5(a). Although
the intensity of peaks slightly increased with an increase in
heating time in Figure 5(a), it decreased with an increase in
heating time in Figure 5(b). These spectral differences in peak
positions and intensity changes are probably related to the
higher Au content in the product Ag-Au alloys and higher
amount of small ribbon-type particles under O, gas bubbling.

3.6. Mechanisms of Shape and Composition Changes in Ag-
Au Bimetallic Systems under Ar or O, Gas Bubbling. It is
an interesting observation that homogeneous Ag-Au alloy
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nanoparticles were formed as a result of the replacement
reaction. This indicates that the alloying between Ag and Au
was concurrent with the replacement reaction. It is known
that a solid solution of Ag and Au is thermodynamically more
stable than pure Au or Ag [34]. Alloy formation requires
the interdiffusion of Au and Ag atoms, which is generally
slow for bulk gold and silver. However, the rate of diffusion
in metallic atoms can increase rapidly with the decrease in
particle dimension and the presence of vacancy defects [35-
42].

Figure 6(a) shows schematic process for shape, size, and
composition changes from Ag nanoparticles to Ag-Au alloy
particles under Ar gas bubbling after heating at 150°C for 10-
60 min. As Ag seeds, decahedron and spherical Ag particles
with average size of 38 + 15nm are used. By the addition
of HAuCl, solution to the Ag seed solution in the presence
of PVP under Ar gas bubbling, a pin hole is formed at a
specific site of the surface especially at the planer defect
of twin or polycrystalline particles. This indicates that the
replacement reaction is initiated locally rather than over
the entire surface. As a result, after 10 min heating major
products are hollow Ag-Au alloy nanoparticles under Ar gas
bubbling. In continuous ageing process, the Ag-Au alloy shell
becomes very thin and fall apart into discrete nanoparticles
for 30-60 min heating. During the initial stage of galvanic
replacement reactions, a thin layer of Au is formed on the
surface of the Ag template. Assuming that the deposited layer
of Au can prevent the Ag underneath from being oxidized, a
pinhole can serve as the active site for Ag dissolution from

the interior of the template, as shown in Figure 6(a). The
Ag atoms must diffuse through the Au layer in order to be
oxidized and dissolved from the template. Concurrent with
the replacement reaction, alloying between Ag and Au occurs
because the diffusion rates of Au and Ag are relatively high
at 100°C [35] and the Ag-Au alloy is more stable than pure
Au or Ag particles [34]. In the Ag-Au system, vacancies
are formed because of a difference in diffusion rate for the
two components. Although interdiffusion between Au and
Ag occurs in our system as well, the formation of a hollow
interior can be primarily attributed to the template engaged
replacement reaction, where Ag leaves the template owing to
oxidation as perforated and ribbon-type particles for 60 min
heating.

Figure 6(b) shows schematic process for shape, size, and
composition changes from Ag nanoparticles to Ag-Au alloy
particles under O, gas bubbling after heating at 150°C for
10-60 min. As Ag seeds, spherical Ag nanoparticles with
average size of 32 + 12nm are used. After injection of
HAuCl, solution to Ag seeds solution in the presence of
PVP under O, gas bubbling, more rapid shape changes
occur. Spherical Ag seeds change to ring-type particles with
a pin hole at upper surface area. Pin holes becomes large by
occurrence of more replacement reaction. In this reaction
stage, a small amount of ribbon-type particles is formed due
to fast oxidative etching of Ag sacrificial template by O,/Cl~
and by the replacement reaction between Ag atoms and
AuCl, . Therefore, Ag particles are oxidized and dissolved
as Ag" ions in solution at 150°C. The dissolved Ag" ions
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are rereduced by EG to small (<5nm) spherical particles.
After 60 min heating, the residual perforated particles are
drastically split off into discrete nanoparticles or (collapsed
into small fragments) ribbon-type particles.

The shape and composition of final products are different
depending on the bubbling gas, Ar or O,. In case of Ar
bubbling, ring-like perforated Ag-Au alloy particles and some
fragment species are produced. On the other hand, the major
products are discrete (ribbon-type) Au rich Ag-Au alloy par-
ticles because of rapid shape, size, and composition changes
under O, bubbling. These findings show that the shape, size,
and composition could be controlled by changing bubbling
gas in the Ag-AuCl,  galvanic replacement reaction.

4. Conclusion

In summary, we have demonstrated that a change between
Ag oxidation and Au deposition in galvanic replacement
reactions by changing bubbling gas can lead to differences
in the morphology, composition, and optical properties of
the resultant hollow nanostructures. When spherical and
decahedron Ag particles are heated with HAuCl,/PVP/EG
solution at 150°C under Ar and O, gas bubbling, different
types of Ag-Au alloy particles are formed at the early stages
of galvanic replacement reaction. More drastic shape, size,
and composition changes in products are observed under
O, bubbling than those under Ar bubbling. Major products
are ring-like Ag-Au alloy particles with minor amount of
ribbon particles under Ar gas bubbling, whereas spherical
Ag templates rapidly turn to thin wall ring-like particles and
small ribbon-type particles under O, bubbling. UV-visible
spectroscopy, TEM, and TEM-EDS all confirmed the forma-
tion of homogeneous Ag-Au alloy nanoparticles. The alloy
nanoparticles are formed by the rapid interdiffusion of Au
and Ag atoms as a result of the reduced dimension of the Ag
nanoparticles, operating temperature, and the large number
of interfacial vacancy defects generated by the replacement
reaction under O, gas bubbling. The method used in this
study has several notable advantages such as the ease of
independent control of both size and composition of the alloy
nanoparticles and the production of the alloy nanoparticles
in relatively high concentrations. This method is a versatile
method for synthesizing Ag-Au alloy nanostructures as well
as tuning their LSPR peaks for use in controlled release of
drugs, optical sensing, and photothermal therapy.
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