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Double-shelled Au/Ag hollow nanoboxes with precisely controlled interior nanogaps (1 to 16 nm) were
synthesized for gap-tunable surface-enhanced Raman scattering (SERS). The double-shelled nanoboxes
were prepared via a two-step galvanic replacement reaction approach using Ag nanocubes as the templates,
while 4-aminothiolphenol (4-ATP) as SERS probe molecules were loaded between the two shells. More than
10-fold enhancement of SERS is observed from the double-shelled nanoboxes than Ag nanocubes. In
addition, the SERS of the double-shelled nanoboxes increase significantly with the decrease of gap size,
consistent with the theoretical prediction that smaller gap size induces larger localized electromagnetic
enhancement.

S
urface-enhanced Raman scattering (SERS) is a spectroscopic technique that provides significantly
enhanced Raman signals from molecules absorbed on the surface of specific metals with nanoscale rough-
ness1. It has been generally accepted that SERS enhancement is the outcome of both electromagnetic (EM)

and chemical (CM) effects; while EM effect is typically a few orders of magnitude higher than that of CM2–4. To
maximize the EM enhancement, considerable research attention has been directed to plasmonic nanostructures
separated with nanoscale gaps5–15. This is because a nanogap (also known as ‘‘hot-spot’’) formed between two or
multiple nearly touching plasmonic nanostructures can give an intense localized electromagnetic field (E-field)
that may allow the detection of Raman signals from even a single molecule16–21. To date, plasmonic nano-
structures with nanogaps as SERS-active substrate can be obtained via either lithography techniques or colloidal
methods. Lithography techniques, such as electron beam lithography (EBL) and on-wire lithography (OWL), are
effective for the fabrication of plasmonic nanostructures with controllable gaps, but limited with high fabrication
cost and complex procedures9,21–27. Colloidal strategies, which are based on induced aggregation of nanoparticles
to form randomly distributed SERS hot-spots, are facile and low-cost. While the aggregation or self-assembly of
colloidal nanoparticles may produce small gaps easily28–33, the resulting gap sizes are typically random and
irreproducible, so as the measured SERS enhancement factors (EFs)17,34,35. To improve the reproducibility and
stability of SERS signals, nanostructures with interior gaps have been reported recently. For example, Lim et al.
synthesized Au nano-bridged core-shell particles with a 1-nm interior gap loaded with Raman dyes. In their
method, DNA-modified Au nanoparticles were employed as the seeds for the growth of a shell on the surface of
the nanoparticles. Their core-shell Au nanoparticles exhibited stable and reproducible SERS signals14. Halas et al.
also reported a Au core-shell structure with an interstitial silica layer, namely nanomatryoshka, for fluorescence
enhancement and photothermal cancer treatment36,37. In these reports, the effect of different gap sizes was not
investigated. Most recently, Duan et al. synthesized spherical core-shell Au nanoparticles with Raman dyes
trapped between the core and the shell separated by a polymer layer38. The gap-dependent SERS was measured
and the core-shell structures were employed for the detection of cancer cells. However, the formation of a uniform
coating of a polymer layer and hence controlled gap size can be difficult. In addition, the use of polymer to form
the gap may limit the choice of Raman probe molecules that can be loaded between the Au core and shell.

Here, we report that via a simple galvanic replacement reaction (GRR) approach, double-shelled hollow
nanoboxes with precisely tuned interior nanogaps from 1 to 16 nm can be obtained for SERS study. By trapping
4-ATP SERS probe molecules in the nanogaps, the change in SERS EF with gap size was investigated system-
atically. Figure 1 shows the preparation of the double-shelled hollow nanoboxes. Firstly, Ag nanocubes were
employed as sacrificial templates to react with HAuCl4 solution to form single-shelled Au/Ag alloy nanoboxes.
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The single-shelled nanoboxes were then allowed to absorb 4-ATP
molecules via incubation, followed by electroless plating of a thin
layer of Ag. Afterwards, a second GRR was performed on the Ag-
coated nanoboxes to form double-shelled nanoboxes. Within each
double-shelled nanobox, the inner and outer shells are separated
with a nanogap where the SERS probe molecules are loaded. By
controlling the thickness of the Ag coated on the single-shelled nano-
boxes as well as the amount of HAuCl4 solution added in the second
GRR, the size of the nanogap could be precisely tuned from 1 to
16 nm. This structure offers an ideal platform for the study of gap
size effect on the SERS signals for molecules sandwiched between two
metallic shells. Since no polymer or DNA molecules are used to
control the gap size, the SERS measurement is free of interference

from these species. In addition, the surface plasmon resonance (SPR)
of the double-shelled hollow nanoboxes can be tuned into the near
infrared (IR) region, further extending the applications of such SERS
substrates for bio-imaging and sensing.

Results and Discussion
Figure 2 shows the TEM images of the double-shelled nanoboxes
with four interior gap sizes, namely 1.2, 2.5, 8.0, and 15.6 nm,
respectively. As revealed from TEM images at low magnification
(Figure S1), the double-shelled structures have relatively uniform
sizes. In addition, the gap sizes of the double-shelled structures show
small deviation. The control over gap sizes was realized by coating
single-shelled nanoboxes with Ag of different thicknesses ranging
from 4 to 21 nm (Figure S2). After the coating of Ag, the 4-ATP
molecules adsorbed on the surface of each Au/Ag nanobox were
buried underneath the Ag shell. Since 4-ATP has strong affinity to
Au and Ag, these molecules can adsorb on the nanoboxes via Au-S
and Ag-S bonds. In addition, the amino function group of 4-ATP can
also bind to Ag, facilitating the growth of Ag layer during electroless
plating on the surface of the nanoboxes39–41. Recently, Chen et al.
reported that 4-mercaptobenzoic acid (MBA) as SERS probe mole-
cules can be planted at the interface of Au@Ag core-shell structures42.
The enhanced Raman signal in their study indicated that the probe
molecules were located underneath the Ag shell. In the present work,
to confirm the presence of 4-ATP molecules within the nanogap after

1 2 3 4

Ag Au/Ag alloy 4-ATP

Figure 1 | Preparation of double-shelled Au/Ag nanoboxes. Step 1, a

single-shelled hollow nanobox formed via the GRR between a Ag nanocube

and HAuCl4; Step 2, adsorption of 4-ATP molecules; Step 3, coating of a

thin layer of Ag; Step 4, formation of double-shelled nanobox by reacting

with HAuCl4.

Figure 2 | TEM images of the double-shelled Au/Ag nanoboxes with four gap sizes: (A–C) 1.2 nm, (D–F) 2.5 nm, (G–I) 8.0 nm, and (J–L) 15.6 nm.
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the GRR with HAuCl4, EDX line scans were performed on individual
double-shelled Au/Ag nanoboxes with different gap sizes. As shown
in Figure S3, the EDX line profiles clearly show the signal of sulfur
between the two shells, which can be only attributed to 4-ATP mole-
cules adsorbed on both the inner and outer surfaces of outer and
inner boxes, respectively. The presence of 4-ATP molecules on the
inner surface of the outer box indicates that some 4-ATP molecules
migrated inside the gap during the galvanic replacement reaction. In
addition, although the Au-Ag ratios vary slightly for different gap
sizes, they are all close to 151 (Table S1).

Discrete dipole approximation (DDA) calculation was conducted
to compare the interactions of electromagnetic wave with the double-
shelled nanoboxes of different interior gap sizes. For all calculations,
the shell material consists of Au and Ag with an atomic ratio of 151 as
estimated from EDX analysis (Figure S3, Table S1). Figure 3 shows
the near-field electromagnetic field distributions of the double-
shelled nanoboxes with gap sizes of 2 and 8 nm. For each gap size,
two cross-sections of the nanobox are shown – one overlaps with one
side surface of the inner shell (plane a), and the other one cuts
through the center of the nanobox (plane b). Detailed analysis of
the field distributions reveals three characteristics: i) the electromag-
netic enhancement is highly localized within the interior gap, which

is evident from the field distribution of plane b (Figure 3B, D); ii) the
highest electromagnetic enhancement is located on the surface of the
inner shell (plane a, Figure 3A, C), where the SERS probe molecules
are adsorbed; iii) with the increase of gap size, the enhancement effect
decreases -- as shown in Figure 3A, the maximum jE/E0j2 for 2-nm
gap is larger than 104, corresponding to an EF of 1.3 3 108; while for
8-nm gap, the maximum jE/E0j2 drops to ,2000, corresponding to
an EF of 4.8 3 106 (Figure 3C).

The SERS spectra of 4-ATP molecules loaded within the interior
gaps of the double-shelled Au/Ag nanoboxes were recorded at excita-
tion wavelengths of 532 (Figure 4A) and 633 nm (Figure 4B),
respectively. The SERS spectra were obtained from colloidal samples
with an acquisition time of 5 seconds. For all measurements, the
concentration of nanoparticles was fixed at 4 3 1010 particles/mL,
which was confirmed from the particle distribution profile obtained
on Nanosight (Figure S4). As revealed from the SERS spectra, five
strong peaks at 1070, 1135, 1385, 1433, and 1575 cm21 can be
observed from the double-shell samples. While the peaks at 1070
and 1575 cm21 can be assigned to the a1 modes of 4-ATP mole-
cules30,31,43, the assignments of peaks at 1135, 1385, and 1433 cm21

are still under debating with two possible origins: i) b2 modes origi-
nated from charge transfer effect of 4-ATP28,44–47; or ii) ag modes of
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Figure 3 | (A) 3D model of the double-shelled nanobox is shown in the center. Two cross-sectional planes are indicated - plane a located within the

interior gap and coinciding with the outer surface of the inner shell; and plane b cutting through the center of the nanobox and parallel to one surface of

the shell. The electromagnetic distributions of the two cross-sectional planes are calculated using DDA and presented in (A), (C) (for plane a) and

(B), (D) (for plane b), respectively (black boxes represent the Au/Ag shells). The dimensions of the nanobox for DDA calculations are as follows: inner

shell edge length 5 40 nm; inner shell thickness 5 5 nm; outer shell thickness 5 5 nm; two gap sizes: (A–B) gap size 5 2 nm; (C–D) gap size 5 8 nm. The

material used for the simulation is Au/Ag alloy with an atomic ratio of 151.
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p,p9-dimercaptoazobenzene (DMAB) formed from the dimerization
of 4-ATP on metal surface43,48,49. It is well known that electromag-
netic field (E-field) is strongly dependent on gap size9. As shown by
curves a–d of Figures 4A and B, the intensity of each peak increases
considerably as the gap size decreases. It should be noted that the
number of SERS probe molecules is crucial to compare the SERS
enhancement factor. Therefore, before Ag coating, samples with
the same number of single-shelled nanoboxes and same concentra-
tion of 4-ATP were employed for the incubation. Assuming each 4-
ATP has a footprint of 0.2 nm2 on the surface of Au/Ag nanoboxes
with an edge length of 85 nm (Figure S2B)50, the number of 4-ATP
molecules in the incubation solution is higher than required to cover
the surface of the Au/Ag nanoboxes. Due to the strong Au-S and Ag-
S bonds, it is reasonable to assume minimum loss of 4-ATP mole-
cules from the nanoboxes during Ag coating and the following GRR.
In addition, even if some 4-ATP molecules desorbed from the nano-
box surface, it could only cause under-estimation of the SERS EFs51.
Therefore, with the same particle concentration, the Raman signal of
each sample should be from approximately the same number of 4-
ATP molecules. As a result, the different spectral intensities can be
translated into the change in SERS EFs of the nanoboxes with dif-
ferent gap sizes. Clearly, the double-shelled nanoboxes with smaller
gap sizes exhibit much stronger enhancement effect. In addition, to
compare the enhancement effect of the double-shelled nanoboxes
with other nanostructures, the SERS spectra of 4-ATP molecules
adsorbed on the surface of Ag nanocubes (70 nm) were also

acquired. The corresponding spectra are shown as curves e in
Figures 4A–B. For 532-nm excitation, when 4-ATP is adsorbed on
the surface of Ag nanocubes, only weak a1 peaks at 1070 and
1575 cm21 can be observed. Evidently, the double-shelled Au/Ag
nanoboxes give much stronger SERS for 4-ATP relative to the Ag
nanocubes. The same trend was also observed when the 633-nm laser
was used as the excitation source.

The SERS EFs for 4-ATP molecules in the interior nanogaps of the
double-shelled nanoboxes were calculated. Peaks intensities at 1070
and 1135 cm21 were selected for the calculation (detailed calculation
can be found in Supporting Information). The resulting EFs were
plotted in Figure 5A which clearly confirms that the EF of double-
shelled nanoboxes increases significantly with the decrease of gap
size. Specifically, for 1135 cm21 mode at 532-nm excitation, the dou-
ble-shelled nanoboxes with 1.2-nm gap show an EF of 6.6 3 105, a 5-
fold enhancement compared to that of 15.6-nm gap (1.2 3 105). In
addition to gap size, the decreased matching between the excitation
wavelength and the SPR of the double-shelled nanoboxes with
increased gap size may also contribute to the difference in EFs. The
relatively EFs of the double-shelled nanoboxes were also obtained by
comparing with that of Ag nanocubes (EFdouble-shelled nanobox/
EFAg nanocube, Figure 5B). Evidently, for all double-shelled nano-
boxes, the EFs are much higher than that of Ag nanocubes, especially
for nanoboxes with 1.2-nm gap at 532-nm excitation showing an EF
that is 12 times higher than that of Ag nanocubes. These results
clearly demonstrate that double-shelled nanoboxes with interior

Figure 5 | (A) EFs of Ag nanocubes and double-shelled Au/Ag nanoboxes; and (B) relative EFs (i.e., EFdouble-shelled nanobox/EFAg nanocube) for peaks at 1135

and 1070 cm21.
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Figure 4 | SERS spectra of 4-ATP with (A) 532-nm and (B) 633-nm lasers as excitation sources. For both excitation wavelengths: (a–d) are from 4-ATP

molecules loaded in the interior gaps of double-shelled nanoboxes with gap sizes of (a) 1.2 nm, (b) 2.5 nm, (c) 8.0 nm, and (d) 15.6 nm; (e) is from 4-

ATP molecules adsorbed on the surface of Ag nanocubes.
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nanogap can generate strong electromagnetic field, leading to highly
enhanced SERS signals for molecules loaded within the gaps.

In conclusion, double-shelled Au/Ag nanoboxes with precisely
controlled interior gap sizes were obtained. More than 12-fold
SERS enhancement was observed for 4-ATP molecules loaded in
the nanogaps of double-shelled Au/Ag nanoboxes than those
adsorbed on Ag nanocubes. In addition, the SERS EFs of double-
shelled Au/Ag nanoboxes are strongly dependent on the gap size –
with the decrease of gap size, the SERS EF increases significantly. The
simple galvanic replacement reaction approach employed to control
the interior gap size without the assistance of DNA, polymer, or silica
may offer high flexibility in the selection of probe molecules and
minimize the interference of other species with SERS measurements.
The resulting double-shelled hollow nanoboxes with near infrared
SPR can serve as an ideal platform for reproducible gap-tunable SERS
and should be promising for applications in bio-imaging and
sensing.

Methods
Synthesis double-shelled Au/Ag hollow nanoboxes. Silver nanocubes were
synthesized with a modified polyol process52 and employed as the sacrificial templates
to react with HAuCl4 solution. The resulting single-shelled Au/Ag alloy nanoboxes
were then incubated with 4-ATP solution overnight and coated with a Ag layer via
electroless plating. After the reaction with HAuCl4, double-shelled nanoboxes were
obtained53. Experimental Details, DDA calculations, additional TEM images, UV-Vis
spectra, EDX line profiles, the concentration profile of double-shelled Au/Ag
nanoboxes, and the calculation of SERS enhancement factors can be found in
Supporting Information.

Characterizations. Transmission electron microscopy (TEM) images, high-
resolution TEM (HRTEM) images, and energy dispersive X-ray spectroscopy (EDX)
spectra were acquired using a JEOL JEM-2100F operating at 200 kV. All UV-vis
spectra were recorded on a UV-1601 spectrophotometer (Shmadzu) at room
temperature. The particle concentration of each sample was confirmed using
Nanosight LM10-HS with a laser output of 60 mW at 405 nm. The Raman spectra
were acquired from a Raman spectrometer equipped with a high sensitivity deep
cooled CCD detector (Shamrock-163). Stabilized 532-nm and 633-nm laser diodes
were used as the excitation light sources. The output powers of 532- and 633-nm
lasers were fixed at 10 and 17 mW, respectively. The acquisition time of each
spectrum was 5 seconds.

1. Kneipp, K. et al. Single Molecule Detection Using Surface-Enhanced Raman
Scattering (SERS). Phys. Rev. Lett. 78, 1667–1670 (1997).

2. Campion, A. & Kambhampati, P. Surface-enhanced Raman scattering. Chem. Soc.
Rev. 27, 241–250 (1998).

3. Zhao, Jensen, L. & Schatz, G. C. Pyridine2Ag20 Cluster: A Model System for
Studying Surface-Enhanced Raman Scattering. J. Am. Chem. Soc. 128, 2911–2919
(2006).

4. Zhao, L. L., Jensen, L. & Schatz, G. C. Surface-Enhanced Raman Scattering of
Pyrazine at the Junction between Two Ag20 Nanoclusters. Nano Lett. 6,
1229–1234 (2006).

5. Jiang, Bosnick, K., Maillard, M. & Brus, L. Single Molecule Raman Spectroscopy at
the Junctions of Large Ag Nanocrystals. J. Phys. Chem. B 107, 9964–9972 (2003).

6. Zou, S. & Schatz, G. C. Silver nanoparticle array structures that produce giant
enhancements in electromagnetic fields. Chem. Phys. Lett. 403, 62–67 (2005).

7. McMahon, J. M., Gray, S. K. & Schatz, G. C. Fundamental behavior of electric field
enhancements in the gaps between closely spaced nanostructures. Physical Review
B 83 (2011).

8. McMahon, J. M., Li, S., Ausman, L. K. & Schatz, G. C. Modeling the Effect of Small
Gaps in Surface-Enhanced Raman Spectroscopy. J. Phys. Chem. C 116, 1627–1637
(2012).

9. Hatab, N. A. et al. Free-Standing Optical Gold Bowtie Nanoantenna with Variable
Gap Size for Enhanced Raman Spectroscopy. Nano Lett. 10, 4952–4955 (2010).

10. Shanthil, M., Thomas, R., Swathi, R. S. & George Thomas, K. Ag@SiO2Core-Shell
Nanostructures: Distance-Dependent Plasmon Coupling and SERS Investigation.
J. Phys. Chem. Lett. 3, 1459–1464 (2012).

11. Grillet, N. et al. Plasmon Coupling in Silver Nanocube Dimers: Resonance
Splitting Induced by Edge Rounding. ACS Nano 5, 9450–9462 (2011).

12. Rahmani, M. et al. Subgroup Decomposition of Plasmonic Resonances in Hybrid
Oligomers: Modeling the Resonance Lineshape. Nano Lett. 12, 2101–2106 (2012).

13. Aouani, H. et al. Multiresonant Broadband Optical Antennas As Efficient Tunable
Nanosources of Second Harmonic Light. Nano Lett. 12, 4997–5002 (2012).

14. Lim, D. K. et al. Highly uniform and reproducible surface-enhanced Raman
scattering from DNA-tailorable nanoparticles with 1-nm interior gap. Nat.
Nanotechnol. 6, 452–460 (2011).

15. Le Ru, E. C. et al. A Scheme for Detecting Every Single Target Molecule with
Surface-Enhanced Raman Spectroscopy. Nano Lett. 11, 5013–5019 (2011).

16. Camden, J. P. et al. Probing the Structure of Single-Molecule Surface-Enhanced
Raman Scattering Hot Spots. J. Am. Chem. Soc. 130, 12616–12617 (2008).

17. Fang, Y., Seong, N.-H. & Dlott, D. D. Measurement of the Distribution of Site
Enhancements in Surface-Enhanced Raman Scattering. Science 321, 388–392
(2008).

18. Li, J. F. et al. Shell-isolated nanoparticle-enhanced Raman spectroscopy. Nature
464, 392–395 (2010).

19. Theiss, J., Pavaskar, P., Echternach, P. M., Muller, R. E. & Cronin, S. B. Plasmonic
Nanoparticle Arrays with Nanometer Separation for High-Performance SERS
Substrates. Nano Lett. 10, 2749–2754 (2010).

20. Lim, D. K., Jeon, K. S., Kim, H. M., Nam, J. M. & Suh, Y. D. Nanogap-engineerable
raman-active nanodumbbells for single-molecule detection. Nat. Mater. 9, 60–67
(2010).

21. Dodson, S. et al. Optimizing Electromagnetic Hotspots in Plasmonic Bowtie
Nanoantennae. J. Phys. Chem. Lett. 4, 496–501 (2013).

22. Osberg, K. D. et al. Dispersible Gold Nanorod Dimers with Sub-5 nm Gaps as
Local Amplifiers for Surface-Enhanced Raman Scattering. Nano Lett. 12,
3828–3832 (2012).

23. Fromm, D. P., Sundaramurthy, A., Schuck, P. J., Kino, G. & Moerner, W. E. Gap-
Dependent Optical Coupling of Single ‘‘Bowtie’’ Nanoantennas Resonant in the
Visible. Nano Lett. 4, 957–961 (2004).

24. Kinkhabwala, A. et al. Large single-molecule fluorescence enhancements
produced by a bowtie nanoantenna. Nature Photon. 3, 654–657 (2009).

25. Chen, X. et al. Spectroscopic Tracking of Molecular Transport Junctions
Generated by Using Click Chemistry. Angew. Chem. Int. Ed. 48, 5178–5181
(2009).

26. Goris, B. et al. Plasmon Mapping in Au@Ag Nanocube Assemblies. J. Phys. Chem.
C 118, 15356–15362 (2014).

27. Sow, I. et al. Revisiting Surface-Enhanced Raman Scattering on Realistic
Lithographic Gold Nanostripes. J. Phys. Chem. C 117, 25650–25658 (2013).

28. Zhou, Q., Li, X., Fan, Q., Zhang, X. & Zheng, J. Charge Transfer between Metal
Nanoparticles Interconnected with a Functionalized Molecule Probed by Surface-
Enhanced Raman Spectroscopy. Angew. Chem. Int. Ed. 45, 3970–3973 (2006).

29. Zhou, Q. et al. Effect of Substrate on Surface-Enhanced Raman Scattering of
Molecules Adsorbed on Immobilized Silver Nanoparticles. J. Phys. Chem. B 110,
12029–12033 (2006).

30. Kim, K. & Lee, H. S. Effect of Ag and Au Nanoparticles on the SERS of 4-
Aminobenzenethiol Assembled on Powdered Copper. J. Phys. Chem. B 109,
18929–18934 (2005).

31. Kim, K. & Yoon, J. K. Raman Scattering of 4-Aminobenzenethiol Sandwiched
between Ag/Au Nanoparticle and Macroscopically Smooth Au Substrate. J. Phys.
Chem. B 109, 20731–20736 (2005).

32. Kim, K., Lee, H. B., Choi, J. Y. & Shin, K. S. Characteristics of nanogaps formed by
planar Au and Pt nanoparticles revealed by raman spectroscopy. Journal of
Physical Chemistry C 115, 21047–21055 (2011).

33. Scarabelli, L., Coronado-Puchau, M., Giner-Casares, J. J., Langer, J. & Liz-Marzán,
L. M. Monodisperse Gold Nanotriangles: Size Control, Large-Scale Self-Assembly,
and Performance in Surface-Enhanced Raman Scattering. ACS Nano 8,
5833–5842 (2014).

34. Im, H., Bantz, K. C., Lindquist, N. C., Haynes, C. L. & Oh, S.-H. Vertically
Oriented Sub-10-nm Plasmonic Nanogap Arrays. Nano Lett. 10, 2231–2236
(2010).

35. Margueritat, J. et al. Influence of the Number of Nanoparticles on the
Enhancement Properties of Surface-Enhanced Raman Scattering Active Area:
Sensitivity versus Repeatability. ACS Nano 5, 1630–1638 (2011).

36. Ayala-Orozco, C. et al. Fluorescence Enhancement of Molecules Inside a Gold
Nanomatryoshka. Nano Lett. 14, 2926–2933 (2014).

37. Ayala-Orozco, C. et al. Au Nanomatryoshkas as Efficient Near-Infrared
Photothermal Transducers for Cancer Treatment: Benchmarking against
Nanoshells. ACS Nano 8, 6372–6381 (2014).

38. Song, J. et al. SERS-Encoded Nanogapped Plasmonic Nanoparticles: Growth of
Metallic Nanoshell by Templating Redox-Active Polymer Brushes. J. Am. Chem.
Soc. 136, 6838–6841 (2014).

39. Sun, L., Johnson, B., Wade, T. & Crooks, R. M. Selective electrostatic binding of
ions by monolayers of mercaptan derivatives adsorbed to gold substrates. J. Phys.
Chem. 94, 8869–8871 (1990).

40. Uetsuki, K. et al. Experimental Identification of Chemical Effects in Surface
Enhanced Raman Scattering of 4-Aminothiophenol{. J. Phys. Chem. C 114,
7515–7520 (2010).

41. Zhu, T., Fu, X., Mu, T., Wang, J. & Liu, Z. pH-Dependent Adsorption of Gold
Nanoparticles on p-Aminothiophenol-Modified Gold Substrates. Langmuir 15,
5197–5199 (1999).

42. Feng, Y. et al. Engineering ‘‘Hot’’ Nanoparticles for Surface-Enhanced Raman
Scattering by Embedding Reporter Molecules in Metal Layers. Small 8, 246–251
(2012).

43. Huang, Y.-F. et al. When the Signal Is Not from the Original Molecule To Be
Detected: Chemical Transformation of para-Aminothiophenol on Ag during the
SERS Measurement. J. Am. Chem. Soc. 132, 9244–9246 (2010).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 5 : 8382 | DOI: 10.1038/srep08382 5



44. Kim, K., Lee, H. B., Yoon, J. K., Shin, D. & Shin, K. S. Ag Nanoparticle-Mediated
Raman Scattering of 4-Aminobenzenethiol on a Pt Substrate. J. Phys. Chem. C
114, 13589–13595 (2010).

45. Kim, K., Yoon, J. K., Lee, H. B., Shin, D. & Shin, K. S. Surface-enhanced Raman
scattering of 4-aminobenzenethiol in Ag sol: relative intensity of a1- and b2-type
bands invariant against aggregation of Ag nanoparticles. Langmuir 27, 4526–4531
(2011).

46. Kim, K., Kim, K. L. & Shin, K. S. Photoreduction of 4,49-dimercaptoazobenzene
on ag revealed by Raman scattering spectroscopy. Langmuir 29, 183–190 (2013).

47. Kim, K., Kim, K. L. & Shin, K. S. Visible-Light Response of 4-Aminobenzenethiol
and 4,49-Dimercaptoazobenzene Silver Salts. J. Phys. Chem. C 117, 5975–5981
(2013).

48. Fang, Y., Li, Y., Xu, H. & Sun, M. Ascertaining p,p9-Dimercaptoazobenzene
Produced from p-Aminothiophenol by Selective Catalytic Coupling Reaction on
Silver Nanoparticles. Langmuir 26, 7737–7746 (2010).

49. Zhao, L.-B. et al. Theoretical Study of Plasmon-Enhanced Surface Catalytic
Coupling Reactions of Aromatic Amines and Nitro Compounds. J. Phys. Chem.
Lett. 5, 1259–1266 (2014).

50. Kim, Y. T., McCarley, R. L. & Bard, A. J. Scanning tunneling microscopy studies of
gold(111) derivatized with organothiols. J. Phys. Chem. 96, 7416–7421 (1992).

51. Yang, Y., Liu, J., Fu, Z.-W. & Qin, D. Galvanic Replacement-Free Deposition of Au
on Ag for Core–Shell Nanocubes with Enhanced Chemical Stability and SERS
Activity. J. Am. Chem. Soc. 136, 8153–8156 (2014).

52. Im, S. H., Lee, Y. T., Wiley, B. & Xia, Y. N. Large-scale synthesis of silver
nanocubes: The role of HCl in promoting cube perfection and monodispersity.
Angewandte Chemie-International Edition 44, 2154–2157 (2005).

53. Sun, Y., Wiley, B., Li, Z.-Y. & Xia, Y. Synthesis and Optical Properties of
Nanorattles and Multiple-Walled Nanoshells/Nanotubes Made of Metal Alloys.
J. Am. Chem. Soc. 126, 9399–9406 (2004).

Acknowledgments
We are thankful for financial support from the Ministry of Education Singapore (Research
Grant# R279-000-391-112), Singapore-France Joint MERLION Research Program
(Research Grant# R279-000-334-133), and Research Mobility Funding of Centre of
Excellence LAPHIA at the University of Bordeaux.

Author contributions
This project was carried out under the supervision of S.R., M.H. and X.L.; X.L. and W.Z.
designed the experiments; W.Z. and M.R. performed the experiments; W.Z., W.N. and X.L.
analyzed the results. All authors participated in manuscript preparation.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Zhang, W. et al. Tuning Interior Nanogaps of Double-shelled Au/
Ag Nanoboxes for Surface-Enhanced Raman Scattering. Sci. Rep. 5, 8382; DOI:10.1038/
srep08382 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 5 : 8382 | DOI: 10.1038/srep08382 6

http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by/4.0/

	Tuning Interior Nanogaps of Double-shelled Au/Ag Nanoboxes for Surface-Enhanced Raman Scattering
	Results and Discussion
	Methods
	Acknowledgments
	Author contributions
	Additional information


