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Synthesis and Optical Responses of Ag@Au/Ag@Au Double Shells *
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We synthesize hollow-structured Ag@Au nanoparticles with single porous shell and Ag@Au/Ag@Au double shells
by using the galvanic replacement reaction and investigate their linear and nonlinear optical properties. Our
results show that the surface plasmon resonance wavelength of the hollow porous nanoparticles could be easily
tuned in a wide range in the visible and near infrared region by controlling the volume of HAuCly. The nonlinear
optical refraction of the double-shelled Ag@Au/Ag@Au nanoparticles is prominently enhanced by the plasmon
resonance. Our findings may find applications in biosensors and nonlinear optical nanodevices.

PACS: 42.65.—k, 52.25.—b, 78.40.—q, 78.67.Rb

Noble metal (such as gold and silver) nanoparti-
cles (NPs) have been a research focus in recent years
because of their unique optical properties induced by
surface plasmon resonance (SPR) and wide applica-
tions in the field of catalysis, photonics, electronics,
biological sensing, surface enhanced Raman scattering
(SERS), and nonlinear optical devices.!' °] The plas-
mon resonance frequency mainly depends on the com-
positions, structures, dimensions and morphologies of
the nanostructures, which could be easily tuned in the
visible-to-near-infrared (NIR) region. Among the no-
ble metal NPs with SPR effect, the hollow nanostruc-
tures have strong SPR, and the corresponding reso-
nance wavelength can be easily tuned by varying the
dimensions of the core and the shell.[)~ 7]

Various types of hollow metal nanostruc-
tures have been investigated, such as cubic
nanoboxes, !4~ 10:20] nanocages, 17151 prism-

, ) . K
shaped nanoboxes,!'”?’l triangular nanorings,!'? 2"

nanoshells and nanotubes,!*~ " and multi-layer com-
posite nanoparticles.l' 2>~ 27 Xia et al. have developed
various hollow nanostructures of Ag, Au, Pt, and Pd
with controlled pore volume and wall thickness via
the galvanic replacement reaction and have investi-
gated their applications, such as biomedical sensing
and imaging, catalysis, and SERS.[%:1:19:28.29] The
enhancement of nonlinear optical properties of such
multishelled hollow structures is expected but has
seldom been reported.

In the present study, we synthesize hollow-
structured Ag@Au NPs with single and
Ag@Au/Ag@Au NPs with double porous shells by
using the galvanic replacement reaction between the
Ag NPs and aqueous HAuCl, solution. We also in-
vestigate the extinction properties of the four samples
with different structures in the synthesis process, and
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compared the nonlinear optical refraction properties
of the single-shelled Ag@Au NPs and double-shelled
Ag@Au/Ag@Au NPs. The larger local field enhance-
ment in the double-shelled nanostructures is further
revealed by measuring the nonlinear optical refraction
coefficient.

Ag NPs were synthesized by reducing AgNO3 with
ethylene glycol (EG) in the presence of ploy vinyl
pyrrolidone (PVP),['%?%] in which AgNOj as a precur-
sor to elemental Ag, EG as both solvent and reducing
agent, and PVP as a capping reagent and colloidal
stabilizer. In a typical synthesis of quasi-spherical
Ag NPs, 2.5 mL EG solution of AgNO3 (0.16 M) and
5mL EG solution of PVP (0.34 M) were simultane-
ously added to 5mL EG heated in a 50 mL round-
bottom flask at 155°C with magnetic stirring. The fol-
lowing procedures to synthesize Ag@Au NPs with sin-
gle shells and Ag@Au/Ag@Au NPs with double shells
by the galvanic replacement reaction between Ag and
aqueous HAuCly solution were similar to the method
reported in Refs. [26,29)].

The extinction spectra of the samples in differ-
ent growth steps were measured by using a Varian
Cary 5000 spectrometer. The transmission electron
microscopy (TEM) images of the metal nanoparticles
were taken on a JEOL (2010 HT, at 200kV), and EDX
was performed on an EDAX equipped on an FEG
SEM Sirion 200 operated at an accelerating voltage
of 20.0kV. Nonlinear absorption (NLA) and nonlin-
ear refraction (NLR) were investigated by the open-
and closed-aperture Z-scan techniques.l”’~** The ul-
trafast laser pulses used in Z-scan measurements
were generated by a wavelength-tunable Ti/Sapphire
mode-locked laser (Mira 900, Coherent) with a pulse
width of 100fs and a repetition rate of 76 MHz.

Figure 1(a) shows a schematic illustration of the
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procedures for preparing the double-shelled hollow
Ag@Au/Ag@Au NPs. Firstly, quasi-spherical Ag NPs
are synthesized. Secondly, hollow nanostructures con-
sisting of Au and Ag alloy are obtained by the galvanic
replacement reaction, which is labeled as Ag@QAu NPs.
Thirdly, another Ag layer is deposited onto the as-
prepared Ag@Au NPs (labeled as Ag@QAu/Ag NPs).
Finally, by using galvanic replacement reaction be-
tween the outer Ag layer and aqueous HAuCl, so-
lution, the double nanoshells are obtained (labeled
as Ag@QAu/Ag@Au NPs). Figures 1(b)-1(e) give
the TEM images of the morphological and structural
changes of the hollow porous shelled NPs correspond-
ing to the four growth steps illustrated in Fig. 1(a).
One can see that the diameters of the as-synthesized
NPs in the four steps are approximately 70, 100, 100—
110 and 120 nm, respectively. Figure 1(f) shows the
corresponding EDX spectra of the four NPs. One can
clearly see that the relative signal intensities of Au
and Ag for the various structures of our samples are
different.
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Fig.1. (a) Schematic illustration of the procedures
to grow the double-shelled hollow Ag@Au/Ag@Au NPs.
TEM images of the as-prepared Ag NPs (b), hollow porous
Ag@Au NPs (c), Ag@Au/Ag NPs (d), and double porous
shelled Ag@Au/Ag@Au NPs (e). The scale bar is 50 nm.
(f) The corresponding EDX spectra of the four samples.

We then experimentally and theoretically study
the extinction properties of the products at different
growth steps. Figures 2(a)-2(c) are the experimen-
tal results and Figs. 2(d)-2(f) are the simulated ones.
Firstly, the sacrificial template Ag NPs with SPR peak
of ~420nm (grey line in Fig. 2(a)) is synthesized, and
then the galvanic replacement reaction between Ag
NPs and HAuCly solution takes place after differ-
ent volumes of HAuCl, solution are added.l®'#25] Ag
shown in Fig. 2(a), when the adding volume of HAuCly
aqueous solution increases from 4mL to 11mL, the
SPR peak of Ag NPs almost disappears and the main
SPR peak of the alloy Ag@Au NPs shifts red from
700nm to 910nm. This means that Ag@Au alloy
NPs were formed by the consumption of Ag during
the deposition of Au on the surface of Ag NPs.[?4~30]
Moreover, this shift of peak position could be as-

cribed to the increase of hollow void size and the
thinning of the shell walls, and the formation of pin-
holes in the shell walls may also be involved.[!! In
the third step, another layer of Ag grows on the as-
prepared Ag@QAu NPs by adding AgNOj into aque-
ous suspensions. The normalized extinction spectra of
the obtained Ag@Au/Ag NPs with different volumes
of AgNOj3 are presented in Fig.2(b). As the adding
volume of AgNOj increases from 0.1 to 1.0mL, the
main SPR peak of Ag@QAu/Ag NPs shifts blue from
~665nm to ~460 nm. The blue shift of the main SPR
peak is caused by the dipole mode of Ag@Au/Ag NPs
with the increasing thickness of Ag. Similarly, when
preparing Ag@Au/Ag@Au NPs, we observe that the
SPR peak shifts red from 666 nm to 734 nm with dif-
ferent volumes of HAuCly solution added.
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Fig. 2. Normalized experimental (left panel) and simu-
lated (right panel) extinction spectra of the samples for (a)
and (d) Ag NPs and Ag@Au NPs with different volumes
of HAuCly, (b) and (e) Ag@Au/Ag NPs with different
volumes of AgNOg3, and (c) and (f) the four samples (Ag,
Ag@Au, Ag@Au/Ag, and Ag@Au/Ag@Au) correspond-
ing to the four steps in the synthesis procedure. The sim-
ulated extinction curves agree well with the experimental
results.

As presented in Fig.2(c), the normalized extinc-
tion spectra of the four samples with different struc-
tures in the four synthesis steps demonstrate that
the corresponding SPR wavelength varies in a wide
range. The SPR wavelength of the initial Ag NPs is
at 420 nm. After the first Au nanoshell is formed, the
SPR peak of Ag@Au NPs red shifts to 830 nm. As the
second Ag layer is deposited on the surface of AgQAu
NPs, the SPR peak of AgQ@Au/Ag NPs shifts back
to 520 nm. Along with the replacement reaction, the
consumption of the second layer of Ag leads to the
formation of Ag@Au/Ag@Au double-shelled NPs and
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the corresponding SPR peak shifts to 700 nm.

To explore the nature of the SPR peak shift and
electric field distribution at different growth steps, the
finite difference time domain (FDTD) simulation is
performed. We design four models corresponding to
the NPs in Fig. 1(a), the shapes and dimensions are
chosen according to the TEM images. The refractive
indexes of Au and Ag are taken from Refs. [37,38], re-
spectively. Circularly polarized light is used for sim-
ulating the source. Figures 2(d)-2(f) are the simula-
tion curves of the normalized extinction spectra cor-
responding to our experimental results of Figs.2(a)—
2(c), respectively. The number of holes in the sim-
ulation corresponds to the volume of HAuCly aque-
ous solution, and the thickness of the Ag shell corre-
sponds to the volume of AgNO3s. One can see that
the theoretical results agree well with our experimen-
tal results. The changes of structures and component
that result in the peak shift of SPR. The experimental
SPR peaks being broader than the theoretical peaks
originate from the inhomogeneous morphologies of the
samples.

Figure 3 shows the electric field distribution of the
four NPs simulated by the FDTD method. The max-
imum values are 50, 300, 50 and 150, respectively. It
can be seen that large field enhancement takes place at
the surface of the NPs and around the holes. For the
double shelled Ag@Au/Ag@Au NPs, the great field
enhancement is also demonstrated in the gap between
the two nanoshells.

(a)| Ag@Au

Fig. 3. FDTD simulated electric field distribution of the
four samples, Ag NPs, Ag@Au NPs, Ag@Au/Ag NPs and
Ag@Au/Ag@Au NPs under their resonant excitation.

To investigate the average local field enhance-
ments of such double-shelled Ag@Au/Ag@Au NPs
and single-shelled Ag@Au NPs, we further carry out
the measurement of third-order optical nonlinear-
ity. The closed-aperture Z-scan results normalized
by the corresponding open aperture transmittance
(Tor/Top) of single shelled Ag@Au NPs (Agpr =
816nm) and three double shelled Ag@Au/Ag@Au

NPs (Aspr = 696, 704 and 728 nm) are shown in
Fig.4. The excitation wavelengths are chosen to be
resonant with their SPR wavelengths. The theoretical
relationship of Tey, /Top is expressed asl?’]

Ton(Z2)

Top(Z)

A0y Z [ Zy
((2/Z0)* +9)((Z/Zo)* + 1)’

where Agq is related to the nonlinear refractive coef-
ficient v by A¢g = vklygLeg, I is the peak irradiance
at the focus (2=0), Leg is the effective thickness of
samples, k = 27/X is the wave vector of the laser
beam, and z( is the Rayleigh length of the Gaussian
incident beam. The nonlinear refractive coefficient y
is calculated to be —0.31 x 107* cm?/GW for Ag@Au
NPs with single shell. The v values of the three dou-
ble shelled Ag@Au/Ag@Au NPs are —0.15 x 1074,
—0.33x107% and —0.51 x 10~% cm? /GW, respectively,
and the increasing absolute values of 7 for double
shelled NPs are ascribed to the increase of the content
of gold accompanied with the loss of silver content on
the outer shell. When the volume of HAuCly is added
to a certain extent, holes might form in the shell by the
galvanic replacement reaction, which can greatly en-
hance the local field and result in the larger nonlinear
refraction coefficient. It is to be noted that in our ex-
periment the measured nonlinear optical signal is the
average effect of the NPs and the field enhancement
effect of the double shelled NPs would be decreased
for the inhomogeneous morphology of the synthesized
NPs. SERS measurement might be a more powerful
tool to reflect the local field enhancement of the hol-
low porous double-shelled Ag@Au/Ag@Au NPs when
the molecules are located in the ‘hot spots’, which is
further to be carried out.
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Fig.4. The closed-aperture Z-scan nonlinear transmit-
tance of single-shelled Ag@Au NPs and double-shelled
Ag@Au/Ag@Au NPs with different SPR peaks by adding
different volumes of HAuCly. The curves are shifted ver-
tically for clear presentation.

In conclusion, we have synthesized hollow-
structured Ag@Au and Ag@Au/Ag@Au NPs with sin-
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gle and double shells by using the galvanic replace-
ment reaction, and have investigated their linear and
nonlinear optical properties. Our results show that the
surface plasmon resonance wavelength of the hollow
NPs could be easily tuned ranging from visible to NIR
region by controlling the volume of the HAuCl,. Com-
pared with the hollow-structured Ag@Au NPs with
single shell, the nonlinear optical refraction efficient
of the double-shelled Ag@Au/Ag@Au NPs is promi-
nently enhanced, which is attributed to field enhance-
ment induced by the SPR between the two porous
shells. Due to the NIR absorption and the local field
enhancement, the Au/Ag alloyed hollow nanostruc-
tures in this study may have potential applications in
biosensing and designing of optical nanodevices.

We thank F. Nan for Z-scan measurements and Q.
Fu for providing support of EDX.
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