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Abstract: Triangular Au-Ag framework nanostructures (TFN) were synthesized via a multi-step galvanic replacement reaction
(MGRR) of single-crystalline triangular silver nanoplates in a chlorauric acid (HAuCl;) solution at room temperature. The
morphological, compositional, and crystal structural changes involved with reaction steps were analyzed by using transmission
electron microscopy(TEM), energy-dispersive X-ray spectrometry (EDX), and X-ray diffraction. TEM combined with EDX and
selected area electron diffraction confirmed the replacement of Ag with Au. The in-plane dipolar surface plasmon resonance (SPR)
absorption band of the Ag nanoplates locating initially at around 700 nm gradually redshifted to 1 100 nm via a multi-stage
replacement manner after 7 stages. The adding amount of HAuCl, per stage influenced the average redshift value per stage, thus
enabled a fine tuning of the in-plane dipolar band. A proposed formation mechanism of the original Ag nanoplates developing pores
while growing Au nanoparticles covering this underlying structure at more reaction steps was confirmed by exploiting
surface-enhanced Raman scattering (SERS).

Key words: triangular Au-Ag framework nanostructures; multi-stage galvanic replacement reaction; surface plasmon resonance;
surface-enhanced Raman scattering

as hollow/porous [14] and core/shell particles [15].
Compared with one-step reaction approach,

multi-step reaction is more favorable for composition

and modality control. In this report, triangular Au-Ag

1 Introduction

Recently, many scientists have interested in

bimetallic nanostructures comprised of noble metals such
as gold (Au), silver (Ag), platinum (Pt), and palladium (Pd)
due to their fascinating optical [1], electronic [2], and
catalytic [3] properties, leading to a wide range of
applications, including SERS [4] and biosensors [5]. A
variety of approaches for preparing bimetallic nano-
materials have been investigated, including simultaneous
chemical reduction of mixed metalions [6], photochemical
method [7], and successive reduction of metal ions on the
surface of sacrificial nanoparticles, also known as galvanic
replacement reaction (GRR) [8—11]. Among them, as an
effective and simple versatile tool, GRR has been
extensively employed to  synthesize  bimetallic
nanostructures in aqueous [12] or organic [13] media, such

framework nanostructures (TFN) were synthesized via a
multi-step galvanic replacement reaction (MGRR) of
single-crystalline triangular silver nanoplates
chlorauric acid (HAuCl,) solution at room temperature.
Different reaction steps resulted in different
morphologies, compositions, and crystal structures of the
corresponding products, which were characterized by a
series of techniques. And the growth mechanism as the
MGRR unfolds was discussed.

in a

2 Experimental

2.1 Synthesis of Ag nanoplates
Triangular Ag nanoplates were prepared by dual
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reduction method reported by METRAUX and MIRKIN
[16], of which the reaction mechanism has been
investigated via careful spectroscopy characterization
[17]. Generally, an appropriate amount of aqueous
solution of NaBH, (0.1 mol/L) was injected with stirring
into a aqueous mixture containing 50 mL AgNO; (0.1
mol/L), 3 mL trisodium citrate (30 mmol/L), 3 mL
poly-(vinylpyrrolidone) (PVP, M,=10000, 2 mmol/L) and
0.12 mL hydrogen peroxide (H,O,, w=30%), and Ag
nanoplate colloid with dark blue color was obtained after
a series of color change.

2.2 Synthesis of gold-silver framework nanostructure

The as-prepared Ag colloid was continually stirred
for 1 d to degrade the excess H,O,, and then it was
treated according to multi-stage replacement strategy. In
the replacement strategy, a constant amount of aqueous
solution of HAuCl, (0.1 mmol/L) was added every half
an hour into 10 mL Ag colloid. In both cases each
addition was named one stage, and as the stages went on,
the color of the colloid gradually changed from dark blue
to light gray in the replacement case. All experiments
were conducted at room temperature (23 °C) with
constant stirring.

2.3 Instrumentation

A JEM-2010 transmission electron microscope
(TEM) was used to observe the nanoparticles. All TEM
samples were prepared by dropping the as-prepared
colloids (centrifuged at 4 000 r/min for 30 min and then
redispersed in 2 mL de-ionized water) on copper grids
and drying in air. Energy dispersive X-ray spectra (EDX)
were recorded on an Oxford INCA energy spectroscope.
X-ray diffraction patterns (XRD) were recorded on an
X’Pert PRO X-ray diffractometer using Cu K, (40 kV,
40 mA) radiation. All XRD samples were prepared by
dropping some centrifuged colloid on clean glass slides
and drying. All UV-Vis-NIR spectra were recorded
within a quartz cell of 1 cm optical length on a
Perkin-Elmer Lambda 12 spectrophotometer.

R6G solution was diluted to 1x10° mol/L with
water, and then 20 pL solution was dropped into the
quartz cuvette with an optical path of 1 cm using 1 mL
colloid product. Raman spectra were obtained with a
Renishaw 2000 model confocal microscopy Raman
spectrometer with a CCD detector and a holographic
notch filter (Renishaw Ltd, Gloucestershire, U.K.). The
microscope attachment was based on a Leica DMLM
system, and an objective was used to focus the laser
beam onto a spot with approximately 1 pm in diameter.
Radiation of 514.5 nm from an air cooled argon ion laser
(Spectra-Physics Model 163—C4260) was used for
excitation. All of the spectra reported were the results of

a single accumulation of 20 s.
3 Results and discussion

3.1 TEM images

TEM images of the initial Ag nanoparticles and
their sequent derivatives after multi-stage replacement
are shown in Fig. 1. Majority of the initial particles
obtained by dual reduction method were in shape of
triangle with mild outlines, and their average edge length
was measured to be (35£8) nm (Fig. 1(a)). The inset of
Fig. 1(a) shows the close stacking of several nanoplates
with their lateral sides upward, enabling to estimate the
thickness of these nanoplates to be about 5.3 nm.
Figure 1(b) shows the selected-area electron diffraction
(ED) pattern of one flat-lying nanoplate with its top
surface perpendicular to the electron beam, in which the
spots enclosed in the rectangle, triangle and circle
correspond to the {220}, {422} and 1/3{422} Bragg
reflections of face-centered cubic (fcc) silver,
respectively. The existence of {220} reflection indicates
that the nanoplates were single crystals with {111}
planes as the basal planes, and the appearance of
normally forbidden 1/3{422} reflection implies the
presence of number of (111) stacking faults lying parallel
to the {111} surface and extending across the entire
nanoplate [18]. Thus, it is reasonable that the top and
bottom surfaces of the nanoplates are bounded by
atomically flat {111} planes[19]. Figures 1(c)—(f) show
the TEM images of the products after 1, 3, 5 and 7 stages
of replacement of Ag nanoplates with HAuCl;. The
nanoplates kept solid surface after 1 stage (Fig. 1(c)), but
some plates after 3 stages already took on void areas on
their planar surfaces (Fig. 1(d)). As stages increased, the
percentage of plates having void area increased and the
void area enlarged (Fig. 1(e)). After 7 stages most plates
changed into triangular nanorings of which central parts
were almost hollow (Fig. 1(f)). The four particles
stacking together with their lateral sides upward in the
inset of Fig. 1(f) clearly show that although the flat {111}
facets of Ag nanoplates had visible void zones after 7
stages, their lateral sides still kept intact with no
apertures at all. In addition, ED pattern of the nanorings
in Fig. 1(f) was also recorded (omitted here), which
revealed the single crystal fcc essence of the TFN.

3.2 XRD patterns of products

Figure 2 shows the XRD patterns of Ag nanoplates
and products after 3 and 7 stages of replacement. The
four distinct peaks in pattern of Ag nanoplates are
assigned to diffraction from {111}, {200}, {220} and
{311} planes of single-crystalline fcc silver, respectively.
This accords with the result of ED pattern. While in the
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Fig. 1 TEM images of initial Ag nanoplates and products after multi-stage replacement: (a) Initial Ag nanoplates; (b) ED pattern of

single nanoplate in (a); (c)-(f) Products after 1, 3, 5 and 7 stages, respectively

patterns of both replaced products, the originally
strongest (111) peak became indistinguishable, which
occurred as a result of the gradual loss of {111} facets of
the Ag plates by etching during the replacement process,
as displayed in the TEM images. Here the several peaks
within 35°-45° might be caused by the glass slide
substrate, and they were invisible in the pattern of initial
Ag nanoplates just because they were too weak
compared with the strong Ag (111) peak.

3.3 EDX patterns

To examine the composition of the structures, EDX
measurements were also performed. EDX spectra of
initial Ag nanoplates and Au-Ag framework
nanostructures obtained after 7 stages of replacement
were recorded as shown in Fig. 3, which confirmed that
the initial plates consisted of pure silver, and the final
Au-Ag rings consisted of both silver and gold (the
copper element came from the copper grids). The
coexistence of silver and gold in the void rings means

that the replacement stages could be increased more to
bring more HAuCl, to completely substitute silver.

3.4 UV-Vis absorption spectra of products

A UV-Visible spectrophotometer is a very
convenient tool for monitoring the evolution of metal
nanoparticles in solution-phase, due to their specific
surface plasmon resonance (SPR) excitation of various
morphologies. SPR is an optical phenomenon which
occurs in the interaction of electrons of metal
nanoparticles. As the surface plasmon resonance (SPR)
absorption of metal nanoparticles like gold and silver is
very sensitive to the changes of the size and shape, this
sensitivity could be used as a tool to monitor the shape of
the particles through the optical extinction spectrum. The
photograph and absorption spectra of products after
multi-stage replacement are shown in Fig. 4. Figure 4(a)
shows the color change of products. The color of the
colloid gradually changed from dark to light gray. Figure
4(b) shows the absorption spectra of products. The initial
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Fig. 2 XRD patterns of Ag nanoplates and products after 3 and

7 stages of replacement

Ag nanoplates exhibited three peaks: a small peak at 332
nm, a shoulder peak at 470 nm, and a strong peak at 708
nm, which can be ascribed to the out-of-plane
quadrupolar, in-plane quadrupolar and in-plane dipolar
SPR absorption band of Ag nanoplates, respectively [20].
The in-plane dipolar band is always paid more attention
to, as it holds the strongest peak and is the most sensitive
to change of the anisotropy and component of the
nanoplates. Figure 4(b) that during the
multi-stage replacement, the out-of-plane quadrupolar
band hardly shifted, the in-plane quadrupolar band
redshifted slightly within 100 nm, and the in-plane
dipolar band redshifted from around 700 nm to near
1 100 nm step by step, entering the near infrared region.
The production of out-of-plane quadrupolar band is
related with the lateral sides of nanoplates of electron
oscillation. Because the lateral sides of Au-Ag
framework nanoplates still kept intact with no holes at all
[20], so the out-of-plane quadrupolar band hardly shifted.
However, the production of in-plane quadrupolar and
in-plane dipolar SPR absorption band is related with the
bottom flat facets of nanoplates of electron oscillation.
This shift arose from the deposition of Au atoms onto Ag
templates and the subsequent etching, which caused
appearance of holes and finally led to void nanorings
with thin walls. It is the holes that played an important
role in leading the SPR band of metal nanostructures
shift into long waveband [10, 21].

Comparison experiments of changing the quantity
of HAuCl, added per stage were conducted, and the
redshift results are listed in Table 1, which show that
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Fig. 3 EDX spectra of initial Ag nanoplates (a) and Au-Ag
framework nanostructures after 7 stages of replacement (b)

Wavelength/nm

Fig. 4 Photograph (a) and absorption spectra (b) of products
after multi-stage replacement (0.2 mL 0.1 mmol/L HAuCl, was
added into 10 mL Ag colloid per stage, all spectra were
normalized against intensities of the strongest peaks.)
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adding 0.1, 0.2 or 0.3 mL HAuCl, per stage led to 100,
295 or 81 nm redshift of the in-plane dipolar band after 7
stages, respectively. This implies that a further fine
tuning of the SPR band can be easily accomplished by
elaborately tuning the adding amount of Au precursor
per stage.

Table 1 Redshift of in-plane dipolar peak of products with
different adding amount of HAuCl, per stage during

multi-stage replacement

Adding amount Initial

Total  Average
of 0.1 mmol/L

in-plane  Stage i .
redshift/ redshift per

HAuCl, per dipolar number
nm stage/nm
stage/mL peak/nm
0.1 700 7 100 13
0.2 700 7 295 37
0.3 700 7 81 10
3.5 SERS spectra

To further confirm the suggested process, one can
employ SERS measurements of the
nanostructures. We used Rhodamine 6G as the probe
molecules and the 514.5 nm line of an argon laser as
excitation, to ensure that the SERS effects are sensitive
only to the Ag yet still strong with little Ag present. Au
is completely unresponsive to this excitation because its
nanostructures’ plasmon resonances are well-known to
be further in the red wavelengths. In this way, one can
monitor the covering of the Ag by the Au. We chose
Rhodamine 6G as the probe molecule because of its large
Raman cross section, leading to strong SERS signals
even if the Au has already replaced much of the Ag
substrate [22]. Figure 5(a) shows the result when using
water, for the sake of comparison. It is a featureless
spectrum at the resolution chosen. Figures 5(b)—(f) show
the spectra of R6G adsorbed on initial Ag nanoparticles
before MGRR (0 stage) and after MGRR with AuCl,
for 1, 3, 5, and 7 stages, respectively. Several strong
bands at 1 651, 1 599, 1 574, 1 508, 1 362, 1 310, 1 188,
775 and 612 cm ™" are observed on the curves. The bands
at 1 651, 1 574, 1 508 and 1 362 cm ' are assigned to
aromatic C—C stretching; 1 599 and 1 126 cm ' are
assigned to C=C stretching; 1 188 cm ' is assigned to
aromatic C—H bending; 612 cm ' is assigned to
aromatic bending, respectively [23]. From the four right
bars comparing the plateau with the strongest peak in the
intensity (aromatic C—C stretching at ca. 1 651 cm™") in
curves (b)—(f), we find that the Raman enhancements by
the samples after 1 (26 330 units) and 3 (9 846 units)
stages are both greater than pure Ag nanoplates, although
the SERS effectiveness of Ag is usually better than that
of Au or as-investigated alloys [24]. This SERS
enhancement may be related to several factors. First,

various

surfaces of bimetals provide more possibilities for
molecules to deposit on the boundaries between Ag and
Au domains [25]. Second, adequate amounts of Au in a
homogeneous alloy (solid solution) may intrinsically
enhance the SERS activity. However, since the intrinsic
activity of Ag is much higher [26], the most important
reason may not be related to the added Au directly, but
rather the corresponding morphological change of the
underlying Ag nanoplates. The MGRR leaves pores
where Ag is depleted. High-curvature features can cause
very large enhancement (lightening rod effect) for
molecules adsorbed on the tips of needles or on edges
[27].
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Fig. 5 Raman spectra of 10° mol/L R6G into bare water (a)

and initial Ag nanoplates (b) and Ag-Au nanostructures (c—f) (1,

3, 5 and 7 stages, respectively)

Two close metallic surfaces can enhance the
electromagnetic (EM) field around molecules absorbed
between them, which leads to SERS enhancement [28].
However, as the MGRR stages increase from 5 to mores,
SERS enhancement again decreases. This confirms the
increase in SERS-inactive Au covering active Ag. As
shown in curves (e) (2 001 units) and (f) from Fig. 5,
their SERS enhancement is much below that of the initial
unmodified Ag nanoplates. First, compared with the 3
stages-sample, the content of the SERS inert Au
increases further. Again, this may be due to complex
alloy surface chemistry or in the case of MGRR due to
the fact that deposited Au increasingly starts to change
and even more simply hide the rough SERS active Ag
structure beneath. By investigating the SERS behavior,
we can employ it to monitor how Au covers Ag as the
MGRR unfolds.

3.6 Analysis of mechanism

Galvanic  replacement reaction has  been
demonstrated as a general and effective means for
preparing metallic nanostructures by consuming the
more reactive component. Since the standard reduction
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potential of AuCl, /Au pair (099 V vs standard
hydrogen electrode, SHE) is higher than that of the
Ag'/Ag pair (0.80 V vs SHE), silver would be oxidized
into Ag+ when silver nanostructures and HAuCl, are
mixed in an aqueous medium.

3Ag(s)+AuCly (aq) > Au(s)+3AgCl(s)+Cl (aq)

The oxidation of Ag’ into Ag" leads to the gradual
consumption of Ag, at the same time, the production of
Au’, which is deposited on the Ag nanoplates.

According to the previous reports, the above
phenomena can be explained as follows. The free
energies of three crystalline planes of an fcc metal rank
in such order: y{110}>y{100}>y{111} [29]. When Ag
nanoplates reacted with HAuCl,, the replacement
initiated from the edge facets (mainly bounded by {110}
or {100} planes) of the nanoplates rather than the top and
bottom flat facets (bounded by the most stable {111}
plane), thus led to quick formation of a Au framework
around the edges [30]. As the nanoplates had lateral
thickness less than 10 nm, reaction against the {111}
facets could not generate complete Au shell to construct
two continuous {111} planes according to report of ZOU
et al [27]. The replaced Au atoms deposited onto Ag as a
thin layer, but they were so unstable that they dissolved
into the solvent and reconstructed via processes such as
Ostwald ripening to grow onto the lateral Au framework
[31], thus void nanorings formed. As Au and Ag have
almost the same lattice constant, it is easy for them to
coexist in alloy [32], therefore the replaced void
structures were made up of single-crystalline Au-Ag
framework nanostructures [33].

4 Conclusions

1) Triangular Au-Ag framework nanostructures
were synthesized via a multi-stage galvanic replacement
reaction (MGRR) of single-crystalline triangular silver
nanoplates in a chlorauric acid (HAuCly) solution at
room temperature. Different reaction steps resulted in
different morphologies, compositions, and crystal
structures of the corresponding products.

2) The in-plane dipolar surface plasmon resonance
(SPR) absorption band of the Ag nanoplates locating
initially at around 700 nm gradually redshifted to 1 100
nm via a multi-stage replacement after 7 stages. The
adding amount of HAuCl,; per stage influenced the
average redshift value per stage, thus enabled a fine
tuning of the in-plane dipolar band. By investigating the
SERS behavior, we can employ it to monitor how Au
covers Ag as the MGRR unfolds. Compared with
one-step replacement, multi-stage galvanic replacement
reaction is more favorable for composition and modality
control. The MGRR was found to play a critical role in

Y1 Zao, et al/Trans. Nonferrous Met. Soc. China 21(2011) 2049-2055

forming uniform TFN.
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