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Plasmonic metal nanostructures with complex morphologies

provide an important route to tunable optical responses and local

electric field enhancement at the nanoscale for a variety of appli-

cations including sensing, imaging, and catalysis. Here we report a

high-concentration synthesis of gold core–cage nanoparticles

with a tethered and structurally aligned octahedral core and

examine their plasmonic and catalytic properties. The obtained

nanostructures exhibit a double band extinction in the visible-near

infrared range and a large area electric field enhancement due to

the unique structural features, as demonstrated using finite differ-

ence time domain (FDTD) simulations and confirmed experi-

mentally using surface enhanced Raman scattering (SERS) tests. In

addition, the obtained structures had a photoelectrochemical

response useful for catalyzing the CO2 electroreduction reaction.

Our work demonstrates the next generation of complex plasmonic

nanostructures attainable via bottom-up synthesis and offers a

variety of potential applications ranging from sensing to catalysis.

The resonant frequency of the localized surface plasmon is
largely determined by the nanoparticle shape and local
environment. As such, tunable synthetic manipulation of
nanoparticle geometry to form complex shapes and further
understanding of their optical response are important topics
in the field of plasmonics. Specifically, multiple surface
plasmon resonance peaks and local electric field enhancement
(“hot spots”) can be enabled by anisotropic nanoparticle
shapes, high-curvature features, and nanosized voids in the
metal structure where metal surfaces are positioned in close

proximity (<10 nm) to each other.1 The latter leads to a direc-
tional coupling of surface plasmons and can be achieved
either by using the nanoparticle self-assembly approach to
introduce regular nanosized gaps between the adjacent nano-
particles, or by multistep nanoparticle synthesis enabling
defined void formation.1 The new collective properties of such
nanostructures offer potential applications in functional nano-
materials and nanodevices related to surface-enhanced Raman
spectroscopy, plasmon-enhanced fluorescence, amplification
of non-linear optical signals, nanoscale lasing, plasmon-
assisted photolithography, light harvesting, photocatalysis,
and chemical and biological sensing.2

As void-containing metal nanostructures are synthesized
with increasingly complex geometries, understanding the
structure–optical response dependence is crucial for their
various applications. Multilayered metal-dielectric nano-
structures3 and void and core-containing metal nanocages4 are
of particular interest due to their geometric tunability with the
corresponding plasmon resonances in the near-infrared region
of the spectrum. These geometries are highly beneficial for
light-based biomedical diagnostics and therapeutics. The
coupling of plasmon modes in symmetric multilayered nano-
structures with nanoscale dielectric spacer layers separating
concentric metallic layers has been extensively studied and
explained using the plasmon hybridization model.1b It has
been shown that silver and gold core/shell multilayered nano-
structures exhibit large local field enhancements specifically
in the sub-5 nm voids between the central metal core and the
metal shell separated by a dielectric layer.5 While multilayered
nanostructures offer well-defined and synthetically tunable hot
spots, their application is limited due to the closed nature of
the hot spots positioned in the inner dielectric layer of the
structure. On the other hand, the inner compartments of
metal nanocages6 and nanoframes7 with plasmon resonances
in the near-infrared region are accessible to molecules and
small particles, thereby enabling a wider range of applications,
such as SERS- and plasmon-enhanced fluorescence-based
imaging and plasmonic catalysis, to name a few.8 However, the
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plasmonic modes and the corresponding field enhancement
in metal nanocages and nanoframes have not been explored in
great detail. One of their limitations is a fairly large (over
10 nm) size of the void inside the structure that translates into
large distances between the metal surfaces, limiting the
plasmon enhancement effect in the gaps. Therefore, a tunable
synthetic route to simultaneously generate strong hot spots
inside the plasmonic structure while allowing molecules to
penetrate into the hot spots is highly desirable.

We devised a plasmonic core–cage structure based on the
nanorattle configuration,9 i.e., a hollow nanoparticle with a
small core trapped inside, and targeted (i) a frame-like struc-
ture of the hollow shell to create an “open” inner space for
penetration of analytes and reporter molecules, and (ii) defi-
nite placement of a shape-defined core with high surface cur-
vature features within the hollow shell for a well-defined and

consistent optical response within the nanoparticle
population.

To synthesize the core–cage nanostructures, a large-scale
aqueous cationic surfactant-based method10 was chosen in
favor of the commonly used polyol reduction method11 to
avoid the use of high temperatures and a hard-to-remove poly-
dentate poly(vinylpyrrolidone) stabilizer, which is disadvanta-
geous for applications in catalysis or when complete ligand
exchange is desired for biological applications. The general
synthetic route and typical transmission and scanning electron
microscopy (TEM and SEM) images of the corresponding
structures are shown in Fig. 1. Shape control of the nano-
structure core was enabled by adjusting the reaction kinetics
and the use of anions promoting the formation of specific
crystallographic facets.12 Specifically, Au octahedral cores were
synthesized using a seed-mediated approach in the presence

Fig. 1 Synthesis of core–cage nanoparticles is a five-step process (top) that involves (1) initial Au seed formation, (2) subsequent growth of octa-
hedral Au nanoparticles, (3) Ag shell growth to form Ag nanocubes with an octahedral Au core, (4) galvanic replacement of the outer Ag cube layer
with Au, resulting in a perforated outer Au structure and (5) final dissolution of the remaining Ag from the inner part of the structure. (Top) and the
corresponding electron microscopy images: dark field (a) and bright field (b) TEM images of Ag nanocubes with Au octahedral cores; SEM (c) and
bright field TEM (d) images of indented core–shell–core nanoparticles; and SEM (e) and dark field TEM (f) images of the final Au core–cage
nanoparticles.
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of bromide ions that promote the formation of {111} crystallo-
graphic facets provided that a sufficiently low concentration of
reagents and room temperature are used to allow for slow
growth kinetics.13 Subsequently, the epitaxial growth of the Ag
shell14 in the presence of chloride ions promoting the for-
mation of {100} facets of Ag resulted in the formation of cubic
Au@Ag core–shell nanocrystals with a centered octahedral core
with vertices oriented towards the center of each face of the
outer cube (Fig. 1a and b). We employed the following two-step
process to introduce an outer Au shell, allowing for its tether-
ing to the inner octahedral core. First, a galvanic replacement
reaction,15 according to the equation 3Ag0 + Au3+ → Au0 +
3Ag+, was used. The non-stoichiometric ratio between the dis-
solving silver and the depositing gold ensured that the
reduced Au0 was confined to the nanocube surface and pri-
marily deposited inwardly adopting its morphology, while Ag
is oxidized introducing initial surface perforation (Fig. 1c and
d). Importantly, tethering of an Au octahedron vertex to the
forming outer perforated Au shell was observed during this
synthesis stage. This tethering was achieved by a careful
adjustment of the sizes of the Au octahedral core and Ag cube
such that the distance between the Ag cube surface and the Au
octahedron core vertices was 5 ± 1 nm, as well as controlling
the amount of subsequently deposited Au. Finally, the remain-
ing Ag was removed from the structure via selective etching
with hydrogen peroxide, resulting in the formation of frame-
like Au core–cages with a tethered and, therefore, centrally
aligned octahedral Au core (Fig. 1e, f, 2 and S1†). The opti-

mized resultant structures had an overall size of 30 ± 2 nm
with a wall thickness of 3.5 ± 0.4 nm and an edge-to-edge dis-
tance of the core in the final structure of 16 ± 2 nm.

The extinction spectra of the nanostructures in aqueous
solution were acquired at each step of the synthesis (Fig. 3a).
The initial Au octahedral nanoparticles exhibited the charac-
teristic peak of Au nanoparticles at 530 nm. Upon cubic Ag
shell formation, the extinction peak blue-shifted to 430 nm,
and additional shoulder features at 350 and 384 nm devel-
oped, which correspond to the resultant nanostructures with
an outer Ag surface.16 During the following galvanic replace-
ment of the outer Ag layer with Au, the extinction spectrum of
the nanoparticles redshifted and broadened, due to the influ-
ence of the Au present at the outer surface of the resultant
structure. Upon complete dissolution of Ag with hydrogen per-
oxide and the formation of the final Au core–cage structure,
the extinction spectrum displayed two peaks at 547 nm and
824 nm. When a larger amount of gold was used during the
galvanic replacement step of the synthesis, the resultant nano-
particles had a thicker cage wall, and their lower energy extinc-
tion peak blue-shifted more compared to the one shown in
Fig. 3a. Specifically, core–cages with a 4.0 ± 0.4 nm cage wall
thickness showed peaks at 525 and 750 nm, and core–cages
with a 5.3 ± 0.9 nm cage wall thickness showed peaks at 525
and 675 nm, see Fig. S2.† Thus, the synthetic procedure
reported here provides a route to tuning the optical response
of the Au core–cages by adjusting the cage wall thickness.

We conducted SERS experiments to probe the electric field
(E-field) in the hot spots at excitation wavelengths corres-
ponding to the extinction peaks of the nanostructures. This
investigation was performed with sensing and imaging appli-
cations of the structures in mind, as the enhancement of the
electromagnetic field in multiple hot spots can lead to stron-
ger SERS, thereby enabling sensing of analytes with a lower
detection limit and increased sensitivity. We examined the
SERS enhancement in the hot spots by acquiring Raman
spectra at two different excitation wavelengths in the presence
of a Raman reporter. To favor the localization of the reporter
in proximity to the nanostructure surface, an established
approach based on the use of an oxazine reporter and poly-
styrene surface functionalization was employed.1a,17

Specifically, Au core–cages were functionalized with 5000 g
mol−1 molecular weight SH-terminated polystyrene via ligand
exchange and subsequent transfer into dry dimethyl-
formamide (DMF; see the ESI† for details). Oxazine molecules
partition in the polystyrene ligands due to π–π stacking
between the aromatic rings of polystyrene and oxazine. Two
different excitation lasers, near-infrared, 785 nm, and green,
532 nm, were employed to probe E-field enhancement using
20 μM oxazine in a 0.75 nM solution of core–cages. These exci-
tation wavelengths and dye combinations were selected to
minimize the fluorescence contribution to the Raman spectra
(negligible and low fluorescence at 785 nm and 532 nm exci-
tation, respectively) in the spectral range around the character-
istic Raman band of oxazine (∼590 cm−1).17 Fig. 3b shows the
typical Raman spectra of oxazine with and without core–cages

Fig. 2 Core–cage nanoparticle structure analysis: (a–c) 3D model of
the structure showing the surface features (a) and the internal core (b
and c); (d–f ) size distributions of the structure counterparts, including
the core (d), overall cage size (e), and wall thickness (f ), and the dimen-
sions are defined in (c); and (g and h) dark field TEM (g) and SEM (h)
images of the structure.
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at 785 nm excitation. Under the same experimental conditions,
a nearly five-fold increase in the SERS enhancement was
achieved using the 785 nm excitation wavelength, compared to
the SERS enhancement at 532 nm excitation (the same laser
power, 23 mW, was used for both wavelengths, see Fig. S3†).
Following Raman scattering measurements, we determined
the amount of the dye partitioned in the polystyrene layer
(ESI), concluding that the uptake of oxazine was 56% of the
total amount of oxazine introduced into the system. We note
that due to the use of polystyrene for surface stabilization of
the core–cages in dimethylformamide for these experiments,
we expect that the maximum uptake of the Raman reporter
was limited due to the steric hindrance of polystyrene-coated
perforations in the nanostructure, thereby limiting the pene-
tration of the reporter inside the structure. However, as the
SERS experiments at both excitation wavelengths were per-
formed using the same oxazine-nanoparticle stock solution,
the resultant data allowed us to conclude that the excitation
with a near-infrared laser yielded a substantially higher SERS
enhancement compared to the higher energy green laser. This
result points at the difference in the E-field enhancement
around the structures at these two excitation wavelengths.

Since SERS enhancement can be approximated as |E/E0|
4,

we examined the plasmonic modes and E-field enhancement
in the resultant core–cage structures using FDTD simulations
to gain further insight into their optical properties. Firstly, we
considered the most abundant species (80% of the total popu-
lation, see Fig. S4†), that is, core–cages in which the octahedral
core is centered inside the cage and tethered to one of the
cage faces (inset in Fig. 4a or b). Due to the structural an-
isotropy of the nanoparticles, two orthogonal light polariz-
ations were investigated (Fig. 4a, d, g and j correspond to verti-
cal polarization and Fig. 4b, e, h and k to horizontal polariz-
ation). Secondly, we considered the contribution of the defect
structures, that is, core–cages in which an octahedral core did
not attach to the cage face during the galvanic replacement
stage of the synthesis, and therefore ended up settling at an
inner corner of the cage (inset of Fig. 4c). The absorption, scat-
tering and extinction cross-sections of face-attached core–cage

structures and defect structures are shown in Fig. 4a, b and c
respectively. The insets show the E-field polarization of the
incident light. In the face-tethered core–cage geometry (Fig. 4a
and b), it was observed that light polarized along the unat-
tached corners of the core (horizontal polarization) results in
resonant excitation of the core and therefore contributes
slightly more to the shorter wavelength absorption peak as
compared to the vertical polarization which mostly contributes
to the longer wavelength absorption peak. The extinction
spectra of the simulated models reveal the broadband nature
to the structure, making it an ideal candidate for applications
requiring broadband enhancement. Fig. 4d, e, f and 4 g, h, i
show the normalized electric field intensity profiles, |E/E0|

2

(log scale) for the three cases at shorter and longer dominant
extinction peaks, respectively. Enhancements of three orders
of magnitude were observed in the local E-field intensity
within the interior of the structure. Another important factor
regarding the E-field enhancement is the size of the hot-spot.
Typically, the field enhancements obtained from solid metallic
nanoparticles are limited to a small area near the nanoparticle
surface. The core–cage structure, however, overcomes this
limitation and provides a much larger hot-spot area both
within the cage as well as near the surface, as seen in the
E-field intensity profiles. Fig. 4j, k and l show the normalized
E-field intensity |E/E0|

2 around and within the core–cage
surface as a function of the incident light wavelength (see the
ESI† for details). The E-field intensity profiles also supported a
higher SERS enhancement when excited by the 785 nm laser
compared to 532 nm, in agreement with the experimentally
observed enhancement trends (Fig. 3b and S3†).

Based on the results of FDTD calculations, the core–cage
structure is highly sensitive to incident polarization, the
location of the core within the cage and the size and location
of face perforations. This structure–property relationship sensi-
tivity explains the broadband experimental response consider-
ing the orientation with respect to the incident light beam and
size distribution of the structures, with the smaller core pri-
marily responsible for the shorter wavelength absorption peak
and the cage resulting in longer wavelength absorption. We

Fig. 3 Experimentally obtained extinction and Raman spectra of the core–cage nanostructures. (a) Extinction spectra of the core–cage nanocages
(green line) and structures obtained at the preliminary stages of the synthesis: seeds (grey line), Ag cubes with an octahedral Au core (red line), and
indented core–shell–shell nanoparticles (blue line). (b) Raman spectra of 0.75 nM PS-stabilized Au core–cages in the presence of 20 μM oxazine in
DMF acquired at the 785 nm excitation wavelength. The molecular weight of PS ligands was 5000 g mol−1. Raman spectra of the control with no
nanocages (grey line) and with nanocages (red line).
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highlight that due to the well-defined nature of the core–cage
structure presented here, defined and tunable short- and long-
wavelength plasmonic bands were observed for this type of
structure (Fig. 3a and S2†), as opposed to a single broadband
response in a visible-infrared spectral range reported to date
for nanorattles4 or empty cages4a,11 and frames.7

Beside SERS-based applications of the plasmonic core–cage
nanostructures, we considered their potential application in
catalysis, specifically, direct plasmon-accelerated electrocataly-
sis.18 The nanostructures reported here not only have a wide-
range extinction spectrum allowing one to take advantage of
light excitation for enhancing their catalytic performance,19

but also have an abundance of high energy enclosing surfaces
that generally show high activity in catalytic reactions.20 As a
model reaction, we chose the CO2 electroreduction reaction, in
which Au nanostructures typically show high faradaic
efficiency towards the formation of CO at low overpotentials.21

To test the electrocatalytic performance of core–cages, we pre-

pared working electrodes by drop-casting the aqueous nano-
particle solution onto a carbon paper support. In addition, the
prepared electrodes were washed with methanol to completely
remove the stabilizing cationic surfactants thereby making the
entire surface of the nanoparticles accessible to molecular
species22 to allow for more efficient catalysis. Fig. 5a shows the
representative linear sweep voltammetry (LSV) plots in the
range of 0.0 to −0.8 V vs. RHE performed in a thermostated
CO2-saturated 0.5 M KHCO3 solution in the dark and under
visible light illumination (ESI). Evidently, light illumination
resulted in an almost two-fold increase of current (at −0.6 V)
compared to the reaction in the dark using core–cage nano-
particles. To further verify that the photochemical response is
related to the broadband extinction of the core–cages, we con-
ducted the same experiments using spherical Au nanoparticles
deposited onto carbon paper at the concentration that had the
same corresponding optical density at the green extinction
peak as the core–cages (inset in Fig. 5b) and prepared in the

Fig. 4 FDTD simulations of the core–cage nanostructures with an overall size of 30 nm, a wall thickness of 3.5 nm, and an edge-to-edge distance
of the core in the final structure of 16 nm. (a and b) Calculated extinction (solid black), absorption (dashed blue) and scattering (dotted red) cross-
sections of core–frame geometry with the core attached to the face of the cage with incident light polarization shown in the corresponding insets.
(c) Calculated cross-sections of the core–cage geometry with the core positioned in the corner. (d, e, and f) Normalized electric field intensity
profiles at 556, 563 and 558 nm respectively for the corresponding structures to the left (a–c). (g, h, and i) Normalized electric field intensity profiles
at 831, 893 and 739 nm, respectively, for the corresponding structures in (a–c). ( j, k, and l) Average electric field intensities as a function of wave-
length for the structures shown in insets (a), (b), and (c), respectively. Additional simulations showing the effect of the feature size and core place-
ment are shown in Fig. S6.†
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same way. We note that the synthetic procedure for the spheri-
cal Au nanoparticles was also based on the cationic surfactant-
based protocol (ESI), ensuring that the surface chemistry with
regard to the initial stabilizing ligands is the same in both
cases. The obtained LSV curves for the spherical Au nano-
particles in the dark and under visible light illumination
(Fig. 5b) show that a lower enhancement (∼25% at −0.6 V) was
observed due to visible light illumination, compared to the
core–cage structures. This result validates that broadband light
extinction is responsible for the observed plasmon-mediated
enhancement, which can be associated with a combination of
plasmon-related phenomena including hot carrier generation,
E-field enhancement, and thermalization. A detailed mechan-
istic investigation goes beyond the scope of this study.
However, these data suggest the importance of further explora-
tion of metal nanostructures with high energy surfaces
and broadband extinction properties in thermal and
electrocatalysis.

Conclusions

In summary, we developed the synthesis and explored the plas-
monic properties of a metal nanostructure with a complex
core–cage shape, containing a tethered and aligned (with a
slight offset from the cage centre) octahedral core and regular
cage perforations. The obtained structure shows a broad-band
extinction spectrum with two major plasmonic bands and has
a large hot spot area within the structure that is permeable to
small molecules. The resultant plasmonic nanostructure
design is advantageous for a variety of applications, including
SERS-based sensing and imaging (due to large area plasmonic
hot spots), diagnostics and theranostics (due to the enclosure
of hot spots within the structure that can act as a reporter
carrier, while the holes of the cage can be reversibly covered
with biomolecules), photo(electro)catalysis (due to broadband
extinction and high energy Au surfaces), and plasmonic solar
cells (due to the broadband absorption of light and low
scattering).
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