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Metal nanocages have raised great interest because of their new properties and wide applications. Here, we report on the use of

galvanic replacement reactions to synthesize substrate-supported Ag—Au nanocages from silver templates electrodeposited on trans-

parent indium tin oxide (ITO) film coated glass. The residual Ag in the composition was dealloyed with 10% nitric acid. It was

found that chains of Au nanocages were formed on the substrate surface during dealloying. When the concentration of HNO3

increased to 20%, the structures of nanocages were damaged and formed crescent or semi-circular shapes. The transfer process on

the substrate surface was discussed.

Introduction

Gold nanocages (Au NC) are a novel kind of nanostructure that
possesses hollow interiors and porous shells [1-3]. Hollow
metal nanostructures show unique physical and chemical char-
acteristics with respect to their solid counterparts because of the
high surface area, low density, and near-infrared localized
surface plasmon resonance (LSPR). All these make Au NC an
attractive material for various applications in optical [4,5] and
electrochemical sensing [6], immunoassay [7], drug release [8],
surface-enhanced Raman scattering (SERS), imaging [9], and
catalysis [10,11].

Up to now, several methods, such as template-based methods,

Kirkendall effect, Ostward ripening, and galvanic replacement,

have been developed to synthesize hollow metal nanostructures
[12-14]. Among them, the galvanic replacement method, which
was first introduced by Sun and Xia [15], proved to be the most
effective in producing gold nanocages. Because the AuCly /Au
reduction potential is more positive than the Ag*/Ag potential
(1.00 V and 0.80 V vs the standard hydrogen electrode, SHE,
respectively), Ag is oxidized to Ag* while AuCly~ is reduced to
Au. Thus, various Ag nanostructures have been employed as
sacrificial templates for the generation of Au NCs. In general,
four types of Ag nanostructures are used as sacrificial templates
in replacement reactions: nanocubes and their truncated corners,
octahedral nanostructures, and quasi-spherical nanoparticles [3].

During the replacement reaction, Au atoms are deposited
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epitaxially on the surface of the Ag template. They nucleate and
grow into small islands, and eventually evolve into a shell
around the silver particles. The thin shell formed in the early
stage is incomplete, and the Ag dissolves to generate a hollow
structure. This leads to the formation of Au NCs with hollow
interiors and porous surfaces.

In some applications such as catalysis, sensors, and SERS, it is
favorable for metal nanomaterials to be supported by a solid
substrate. Although the fabrication of Au NCs from Ag
templates dispersed in solution using galvanic replacement
reactions has been carried out extensively, there are few reports
for the preparation of Au NCs supported on a solid substrate
through the galvanic replacement method [16,17]. Furthermore,
in many cases, some residual Ag remains in the final Au NCs,
which maybe limit their applications.

The dealloying or selective deletion of Ag from Ag—Au alloys
with oxidative etchants such as nitric acid or perchloric acid has
been widely used to synthesize nanoporous gold (NPG) [18-21].
Moreover, Xia et al. employed Fe(NO3); and H,O, as deal-
loying reagent to selectively remove Ag atoms from Ag—Au
alloy nanoboxes [4,22]. Here, we carried out galvanic replace-
ment reactions on solid-supported Ag nanoparticle templates to
form Ag—Au nanocages. Then, the residual Ag in the nanocages
was selectively dissolved by chemical etchants. Interestingly,
the Au NCs on indium tin oxide (ITO) film coated glass surface
were mobilized to form chains in the treatment process with
nitric acid. The discovery is used to prepare Au NC chains and
advance the understanding of substrate-based dealloying reac-
tions with nitric acid.

Results and Discussion

Synthesis of nanocages

In our previous reports [23-25], we have electro-deposited
template silver nanoparticles (AgNPs) on ITO substrates and
carried out the galvanic replacement reactions. Figure 1 shows
top-view and tilted-view SEM images of unreacted AgNP
templates and those exposed to aqueous 0.1 mM HAuCly solu-
tion for 2 h. Prior to the reaction the Ag templates show a
morphology characteristic of semi-spheres in contact with a
surface (Figure 1A). The average size of the AgNP templates
was about 71 + 9 nm. Also noteworthy, is that, unlike the routes
based on chemical deposition process in solution, the templates
are free of capping agents. When the Ag templates reacted with
aqueous HAuCly solution, they underwent a morphological
transformation to nanocages with hollowing of the interior and
the appearance of openings at the structures (Figure 1B). The
average size of the nanocages was increased to 83 + 10 nm.
This is attributed to the gold deposited on the surface of AgNP
templates.
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Figure 1: SEM images showing the morphology of AgNP templates
before (A) and after (B) galvanic replacement using 0.1 mM HAuCly
solution for 2 h with top-view. Insets: tilted-view with tilt angle of 45°.

Since AgNPs, AuNPs and nanocages often exhibit different
LSPR bands in the UV-vis—NIR wavelength region, the
galvanic replacement reactions between the AgNPs and the
aqueous HAuCly solution can be monitored using absorption
spectroscopy. Figure 2A shows the UV—vis absorption spectra
recorded from ITO-supported AgNPs after immersion in
0.1 mM HAuCly solution for various times. The spectra corres-
pond to the excitation of dipolar and quadrupolar oscillations.
The AgNPs exhibited typical LSPR peaks at 455 and 375 nm
[26]. After incubation in 0.1 mM HAuCly solution for 0.5 h, the
LSPR peaks of AgNPs decreased in intensity and the peak
wavelength of the dipolar oscillation underwent a slight red
shift. Meanwhile, a new LSPR peak located at ca. 900 nm
appeared, which corresponds to the formation of Ag—Au
nanocages. An alloying between the deposited Au and the
underlying Ag may also occur because of the similar lattice
constants [27]. After incubation for 1.5 h the peaks for the
AgNPs almost disappeared (line d in Figure 2A). After longer
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incubation in HAuCly solution, the LSPR peak of the nanocages
red-shifted continuously and decreased in intensity, owing to
the larger void size, lower content of Ag, and the formation of
holes on their surface. Furthermore, the LSPR band of the
nanocages changed only little after more than 2 h of incubation,
indicating the replacement reactions were nearly completed.
The morphology transformation from AgNPs to Ag—Au NCs
with HAuCly treatment time is also shown in Figure 2B. After
0.5 h of incubation, the nanoparticles exhibit a roughness
similar to that of AgNPs. When reaction time increased to 1 h,
small holes on the nanoparticles could be seen. As the reaction
time reached 2 h, nanocage structures were formed.
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Figure 2: UV-vis—NIR absorbance spectra of ITO-supported AgNPs
before and after reactions with 0.1 mM HAuCly solution for various
times (A). SEM images of the AgNPs after reactions with 0.1 mM
HAuCI, solution for various times: a: 0 h, b: 0.5 h, ¢: 1 h, d: 2 h (B).
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In order to further demonstrate the formation of nanocages, the
products of the replacement reactions removed from the sub-
strate surface by sonication in ethanol solution. Figure 3 shows
a TEM image of Ag—Au NCs released from ITO surface. It can
be seen that hollow nanostructures were formed after galvanic
replacement reactions. The thickness of the shell was measured
to be approx. 8 nm, which is consistent with theoretical estima-
tion of one-tenth of the radius of the corresponding silver
template [28].

50nm

Figure 3: TEM image of Ag—Au NCs prepared by galvanic replace-
ment reactions for 2 h and removed from the substrate surface.

In general, cubic Au NCs in solution were fabricated by
galvanic replacement reactions at high temperature (boiling)
under stirring [28,29]. However, the ITO-based nanocages were
prepared by replacement reactions at 50 °C because high
temperatures can release the nanomaterials from the ITO
surface. Therefore, we used cyclic voltammetry to examine the
composition of the metal nanomaterials. Figure 4A shows
cyclic voltammograms of ITO-supported silver templates and
nanocages in 0.05 M H;SOy in the potential range from —0.1 to
1.5 V. It was observed that the redox peaks of Ag existed in the
cyclic voltammograms of the nanomaterials (Ag—Au NCs) indi-
cating that residual Ag remained in Ag—Au NCs. The result was
consistent with a previous report that indicated the formation of
most likely Au—Ag alloys at low temperature [29].

Figure 4B exhibits the XRD patterns of Ag NP templates and
Ag—Au NCs. For pure AgNPs, only one small reflection was
observed at 20 = 38.2°, which corresponds to the (111) crystal-
lographic planes of Ag. This suggested that (111) orientation is
dominant in the Ag nanostructures. For Ag—Au NCs, the same
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Figure 4: (A) Cyclic voltammograms of ITO-supported Ag NPs, Ag—Au
NCs before and after (AuNCs) dealloying in 10% HNO3 solution for

10 h; (B) XRD patterns of ITO-supported Ag NPs before and after
galvanic replacement reactions (* indicates the peaks of ITO).

reflection was observed at 20 = 38.5°, corresponding to the
(111) crystallographic plane. The similar peak position was
expected after the replacement reaction because gold and silver
have nearly the same lattice constant.

Dealloying of Ag—Au NCs and formation of

chains

The pure Au nanomaterials (AuNCs) can be obtained by deal-
loying of Ag from Ag—Au NCs. Figure 5 shows the SEM
images for Ag—Au NCs treated with 10% H,0, and HNOj5 for
10 h. When Ag—Au NCs were treated with 10 % H,0, solution
for 10 h, the holes in the walls of Ag—Au NCs became small or
vanished but the particles were also distributed (Figure 5A).
Furthermore, cyclic voltammetry indicated that some Ag was
still residual in the nanoparticles, which is consistent with the
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previous report [4]. The chemical reaction involved in the disso-
lution of Ag at neutral conditions is the following:

2Ag + H,0, > 2Ag" + 20H™ . (1)
The deposition of byproducts, such as AgOH or Ag,0, on the

particle surface might hinder the complete removal of Ag from
the alloy and block up the hole of wall [30].

Figure 5: SEM images of Ag—Au NCs treated with 10% H205 (A) and
10% HNOj3 (B) for 10 h at room temperature. Insets: the SEM images
with higher magnification.

Nitric acid is generally used for dealloying Ag from Ag—Au
alloys. The redox peaks of Ag disappeared in the cyclic voltam-
mogram of the AuNCs (Figure 4A) indicating that the residual
Ag was completely removed from the Ag—Au NCs and pure
AuNCs were formed. This result was also confirmed by induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES)
analysis of the dissolved metal nanoparticles. Figure 5B shows
the SEM images of Ag-Au NCs treated with 10% HNOj5 solu-
tion. It is obvious that the shape of nanocages changed little but
the nanocages moved to form chains on the TIO substrate.

1365



It is reported that the concentration of HNO3 is an important
parameter because it alters the chemical potential difference
across the nanoporous/alloy interface and affects the
morphology of Ag—Au alloy during dealloying. Figure 6
exhibits the SEM images of Ag—Au NCs treated with various
concentration of HNO3. When the Ag—Au NCs were incubated
in 5% HNOj solutions for 10 h, the pores of particles were kept
and the nanocages transferred to form chains on the ITO
surface. This phenomenon was similar to that of the treatment
with 10% HNOj solution. As the concentration of HNOj
increased to 20%, the structures of nanocages were damaged to
form crescent or semi-circular shapes (Figure 6B). When the
concentration of HNO3 was over 30%, the particles were peeled
off from the ITO substrate. This may be attributed to the rapid
etching reaction in the highly concentrated nitric acid solution.
This is different from the dealloying of Ag—Au alloy to form
nanoporous gold, in which the concentration of HNO3 was
rather high.

Figure 6: SEM images of Ag—Au NCs treated with 5% (A) and 20%
HNO3 (B) for 10 h at room temperature. Inset: the SEM images with
higher magnification.
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For a dilute HNOj solution, the chemical reaction that may take
place is given as follows [31]:

4HNOj + 3Ag— 3AgNO; + NO + 2H,0. )

It is reported that the reaction is rather slow at HNO3 concentra-
tions of less than 3.80 M (ca. 16%) [31]. A slow reaction could
avoid the removal of the nanocages from the solid substrate.
The gaseous product of the reaction may be the force to move
the nanoparticles and the affinity between the gold nanoparti-
cles may be the driving force of the chain formation. However,
the details of the structure evolution mechanism are not clear.
Therefore, the treatment with dilute HNO3 not only removes the
residual Ag in the Ag—Au NCs but also initiates the migration
of the nanocages.

Conclusion

In conclusion, Ag—Au NCs were produced through substrate-
based galvanic replacement reactions performed on electro-
chemically deposited silver templates. The residual Ag could be
completely removed by incubation in dilute HNOj solution.
Moreover, by treating with 10% HNOj3, the Au NCs could be
mobilized to form chains on substrate. These synthesis and
mechanism findings demonstrate the critical importance of
HNOj in dealloying Ag from the substrate-based Ag—Au NCs.
It also points to potential opportunities in terms of engineering
intricate nanostructures by using a combination of galvanic

replacement reactions and dealloying procedures.

Experimental

Materials

The transparent ITO glass (1.1 mm, 100 Q) was purchased from
Suzhou NSG Electronics Co. Ltd. (Suzhou, China). Prior to use,
it was divided into the strips (50 x 6 mm). All chemicals were
of analytical grade and used as received without any further
purification. Silver nitrate (AgNO3), hydrogen tetrachloroau-
rate (HAuCly), nitric acid (HNOj3), hydrogen peroxide (H,0,),
and potassium nitrate (KNO3) were obtained from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). The solutions
were prepared using deionized water (>18 MQ-cm).

Silver template preparation

The Ag NP templates on ITO glass strips were prepared by
electrodeposition in a similar manner as described in [23-25].
The electrochemical experiments were carried out with a RST
5200 electrochemical workstation (Suzhou Risetest Instrument
Co., Ltd., China). A three-electrode system was used, including
an ITO electrode as working electrode, a platinum wire as
auxiliary electrode, and a saturated calomel electrode (SCE) as
reference electrode. Prior to deposition, the glasses were
cleaned using dilute NH3-H,O, ethanol, and water for 10 min
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sequentially in an ultrasonic bath. Then the ITO strip was put
into 0.2 mM AgNOj3 and 0.1 M KNOj and the Ag nanoseeds
were deposited on the ITO surface by a potentiostatic method
applying a cathodic potential of —0.6 V for 3 s at 30 °C. Next,
the AgNPs were grown by a square wave cyclic voltammetry in
the range from —0.3 to approx. 0 V for 40 cycles with a
frequency of 10 Hz, an amplitude of 25 mV and a potential step
of 2 mV. Finally, the strips were rinsed with water and dried in

a flow of nitrogen gas.

Galvanic replacement reactions and
dealloying

Ag—Au NCs were prepared by galvanic replacement reactions.
Replacement reaction was carried out in a beaker with an
aqueous 0.1 mM HAuCly solution (10 mL). The solution was
kept in 50 °C water bath. Then the substrate-based silver
templates were immersed for 2 h to form Ag—Au NCs. In order
to realize dealloying, the strips were inserted in 10% HNO3
solution for 10 h in room temperature. Finally, they were rinsed

with water and dried in atmosphere.

Characterization

The surface morphology of nanoparticles was characterized
with an S-4700 field-emission scanning electron microscopy
(Hitachi, Japan). TEM images were obtained on a FEI Tecnai
G2 20 transmission electron microscope. The nanoparticles on
substrate were released into ethanol solution upon sonication.
After that the sample was prepared by dropping the mixed solu-
tion on a copper grid. X-ray diffraction (XRD) analysis was
performed by X’Pert-Pro MPD (Panalytical, Holland). The
localized surface plasmon resonance (LSPR) spectra of
nanoparticles were measured with a Shimadzu UV—vis—NIR
3600 Spectrophotometer against a bare ITO slide as the refer-

ence.

Acknowledgements

This work was financially supported by the National Natural
Science Foundation of China (No. 21475092), the Project of
Scientific and Technologic Infrastructure of Suzhou
(SZS201207) and the Priority Academic Program Development
of Jiangsu Higher Education Institutions.

References

1. Skrabalak, S. E.; Chen, J.; Au, L.; Lu, X.; Li, X.; Xia, Y. Adv. Mater.
2007, 19, 3177-3184. doi:10.1002/adma.200701972

2. Skrabalak, S. E.; Chen, J.; Sun, Y.; Lu, X; Au, L.; Cobley, C. M;
Xia, Y. Acc. Chem. Res. 2008, 41, 1587—1595. doi:10.1021/ar800018v

3. Chen, J,; Yang, M.; Zhang, Q.; Cho, E. C.; Cobley, C. M.; Kim, C.;
Glaus, C.; Wang, L. V.; Welch, M. J.; Xia, Y. Adv. Funct. Mater. 2010,
20, 3684—3694. doi:10.1002/adfm.201001329

4. Zhang, Q.; Cobley, C. M.; Zeng, J.; Wen, L.-P.; Chen, J.; Xia, Y.
J. Phys. Chem. C 2010, 114, 6396—6400. doi:10.1021/jp100354z

Beilstein J. Nanotechnol. 2015, 6, 1362—1368.

5. Huang, D.; Hu, T.; Chen, N.; Zhang, W.; Di, J. Anal. Chim. Acta 2014,
825, 51-56. doi:10.1016/j.aca.2014.03.037

6. Zhang, Y.; Sun, Y.; Liu, Z.; Xu, F.; Cui, K.; Shi, Y.; Wen, Z,; Li, Z.
J. Electroanal. Chem. 2011, 656, 23-28.
doi:10.1016/j.jelechem.2011.01.037

7. Panfilova, E.; Shirokov, A.; Khlebtsov, B.; Matora, L.; Khlebtsov, N.
Nano Res. 2012, 5, 124-134. doi:10.1007/s12274-012-0193-6

8. Li, W.; Cai, X;; Kim, C.; Sun, G.; Zhang, Y.; Deng, R.; Yang, M,;
Chen, J.; Achilefu, S.; Wang, L. V.; Xia, Y. Nanoscale 2011, 3,
1724-1730. doi:10.1039/cOnr00932f

9. Demeritte, T.; Fan, Z.; Sinha, S. S.; Duan, J.; Pachter, R.; Ray, P. C.
Chem. — Eur. J. 2014, 20, 1017-1022. doi:10.1002/chem.201303306

10.Zeng, J.; Zhang, Q.; Chen, J.; Xia, Y. Nano Lett. 2010, 10, 30-35.
doi:10.1021/nl903062e

11.Yen, C. W.; Mahmoud, M. A.; EI-Sayed, M. A. J. Phys. Chem. A 2009,
113, 4340-4345. doi:10.1021/jp811014u

12.Hu, J.; Chen, M,; Fang, X.; Wu, L. Chem. Soc. Rev. 2011, 40,
5472-5491. doi:10.1039/c1cs15103g

13.Zhang, Q.; Wang, W.; Goebl, J.; Yin, Y. Nano Today 2009, 4, 494-507.
doi:10.1016/j.nantod.2009.10.008

14.Cobley, C. M.; Xia, Y. Mater. Sci. Eng., R 2010, 70, 44—-62.
doi:10.1016/j.mser.2010.06.002

15.Sun, Y.; Xia, Y. Science 2002, 298, 2176-2179.
doi:10.1126/science.1077229

16. Gilroy, K. D.; Farzinpour, P.; Sundar, A.; Tan, T.; Hughes, R. A;;
Neretina, S. Nano Res. 2013, 6, 418-428.
doi:10.1007/s12274-013-0319-5

17.Gilroy, K. D.; Sundar, A.; Farzinpour, P.; Hughes, R. A.; Neretina, S.
Nano Res. 2014, 7, 365-379. doi:10.1007/s12274-013-0402-y

18.Chen-Wiegart, Y. K.; Wang, S.; McNulty, |.; Dunand, D. C. Acta Mater.
2013, 67, 5561-5570. doi:10.1016/j.actamat.2013.05.039

19.Gwak, E.-J.; Kang, N.-R.; Baek, U. B.; Lee, H. M.; Nahm, S. H.;
Kim, J.-Y. Scr. Mater. 2013, 69, 720-723.
doi:10.1016/j.scriptamat.2013.08.010

20.Chen, A. Y.; Shi, S. S;; Qiu, Y. D.; Xie, X. F.; Ruan, H. H.; Gu, J. F;

Pan, D. Microporous Mesoporous Mater. 2015, 202, 50-56.

doi:10.1016/j.micromeso.2014.09.048

.Maier, I. A.; Fernandez, S. A.; Galvele, J. R. Corros. Sci. 1995, 37,

1-16. doi:10.1016/0010-938X(94)00099-R

22.Lu, X; Au, L.; McLellan, J.; Li, Z.-Y.; Marquez, M.; Xia, Y. Nano Lett.
2007, 7, 1764-1769. doi:10.1021/nl070838l

23.Yan, Z.; Peng, Y.; Wu, Y.; Di, J. ChemElectroChem 2015, 2, 578-583.
doi:10.1002/celc.201402369

24.Peng, Y.; Yan, Z.; Wu, Y.; Di, J. RSC Adv. 2015, 5, 7854—-7859.
doi:10.1039/C4RA13653E

25.Hu, T,; Lin, Y,; Yan, J.; Di, J. Spectrochim. Acta, Part A 2013, 110,
72-77. doi:10.1016/j.saa.2013.03.024

26.Dong, P.; Lin, Y.; Deng, J.; Di, J. ACS Appl. Mater. Interfaces 2013, 5,
2392-2399. doi:10.1021/am4004254

27.8un, Y.; Xia, Y. J. Am. Chem. Soc. 2004, 126, 3892-3901.
doi:10.1021/ja039734c

28.Sun, Y.; Xia, Y. Anal. Chem. 2002, 74, 5297-5305.
doi:10.1021/ac0258352

29.Mahmoud, M. A,; EI-Sayed, M. A. Langmuir 2012, 28, 4051-4059.
doi:10.1021/1a203982h

30.Wu, H.; Wang, P.; He, H.; Jin, Y. Nano Res. 2012, 5, 135-144.
doi:10.1007/s12274-012-0194-5

31.Martinez, L. L.; Segarra, M.; Fernandez, M.; Espiell, F. Metall. Trans. B
1993, 24, 827-837. doi:10.1007/BF02663143

2

=

1367


http://dx.doi.org/10.1002%2Fadma.200701972
http://dx.doi.org/10.1021%2Far800018v
http://dx.doi.org/10.1002%2Fadfm.201001329
http://dx.doi.org/10.1021%2Fjp100354z
http://dx.doi.org/10.1016%2Fj.aca.2014.03.037
http://dx.doi.org/10.1016%2Fj.jelechem.2011.01.037
http://dx.doi.org/10.1007%2Fs12274-012-0193-6
http://dx.doi.org/10.1039%2Fc0nr00932f
http://dx.doi.org/10.1002%2Fchem.201303306
http://dx.doi.org/10.1021%2Fnl903062e
http://dx.doi.org/10.1021%2Fjp811014u
http://dx.doi.org/10.1039%2Fc1cs15103g
http://dx.doi.org/10.1016%2Fj.nantod.2009.10.008
http://dx.doi.org/10.1016%2Fj.mser.2010.06.002
http://dx.doi.org/10.1126%2Fscience.1077229
http://dx.doi.org/10.1007%2Fs12274-013-0319-5
http://dx.doi.org/10.1007%2Fs12274-013-0402-y
http://dx.doi.org/10.1016%2Fj.actamat.2013.05.039
http://dx.doi.org/10.1016%2Fj.scriptamat.2013.08.010
http://dx.doi.org/10.1016%2Fj.micromeso.2014.09.048
http://dx.doi.org/10.1016%2F0010-938X%2894%2900099-R
http://dx.doi.org/10.1021%2Fnl070838l
http://dx.doi.org/10.1002%2Fcelc.201402369
http://dx.doi.org/10.1039%2FC4RA13653E
http://dx.doi.org/10.1016%2Fj.saa.2013.03.024
http://dx.doi.org/10.1021%2Fam4004254
http://dx.doi.org/10.1021%2Fja039734c
http://dx.doi.org/10.1021%2Fac0258352
http://dx.doi.org/10.1021%2Fla203982h
http://dx.doi.org/10.1007%2Fs12274-012-0194-5
http://dx.doi.org/10.1007%2FBF02663143

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.6.140

Beilstein J. Nanotechnol. 2015, 6, 1362—1368.

1368


http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.6.140

	Abstract
	Introduction
	Results and Discussion
	Synthesis of nanocages
	Dealloying of Ag–Au NCs and formation of chains

	Conclusion
	Experimental
	Materials
	Silver template preparation
	Galvanic replacement reactions and dealloying
	Characterization

	Acknowledgements
	References

