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Highly symmetrical gold nanocages can be produced with a controllable number of circular windows of either 2, 3,
4, 6 or 12 via an original fabrication route. The synthetic pathway includes three main stages: the synthesis of
silica/polystyrene multipod templates, the regioselective seeded growth of a gold shell on the unmasked part of
the silica surface and the development of gold nanocages by dissolving/etching the templates. Electron microscopy
and tomography provide evidence of the symmetrical features of the as-obtained nanostructures. The optical
properties of nanocages with 4 and 12 windows were measured at the single particle level by spatial modulation
spectroscopy and correlated with numerical simulations based on finite-element modeling. The new multi-step
synthesis approach reported here also allows the synthesis of rattle-like nanostructures through filling of the
nanocages with a guest nano-object. With the potential to adjust the chemical composition, size and geometry of
both the guest particle and the host cage, it opens new routes towards the fabrication of hollow nanostructures of
high interest for a variety of applications including sensing devices, catalytic reactors and biomedicine.

New concepts

We demonstrate a new concept for making hollow nanoscale structures which are central to the advances in many
current and emerging areas of technology. Nanocages are hollow and porous nanostructures. The ones made of
metal are needed for optics, catalysis, biomedicine, and sensing. But, they are difficult to make. In particular, it is
difficult to yield precise nanoscale control of the porosity as well as the composition. We address this challenge by
combining inorganic colloidal synthesis and metal deposition on biphasic sacrificial templates. The single-particle
spectroscopy and simulation confirm that our approach affords tight control over the morphology and porosity at
the nanoscale. Previous approaches to making metal nanocages rely on galvanic replacement reactions and site-
selective deposition. They offer control over morphology, but limited control over composition, porosity and scale-
up. Our approach provides a simple and general strategy to circumvent these issues. It can be applied to a wide
range of materials, and with further developement to any nanorattle-like nanostructures.
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Introduction

Due to their fascinating tunable localized surface plasmon resonance (LSPR) properties,= and their growing
potential for a wide range of applications including light harvesting? ultrasensitive detection®> and metamaterials,®
the fabrication of plasmonic nanostructures with a well-controlled shape and morphology has attracted
considerable research effort in recent decades.”2 Among all the investigated approaches, a huge number are based
on the use of a template,X? with the global aim of obtaining nanostructured architectures unattainable through
other means. Organized films of colloidal particles deposited onto a substrate have been extensively used as surface
mask templates to create a large panel of plasmonic nanostructures,=22 while porous membranes are routinely
used to guide the synthesis of mostly one-dimensional plasmonic nanomaterials.121> A third category of templated
syntheses refer to processes occurring in solution.t® The template can serve either as a platform upon which the
material is sculpted through its partial dissolutionZ or as a scaffold to which the growing material conforms.28 These
subtractive and additive processes can also be combined. One of the most straightforward examples of the use of
templates in solution is the synthesis of hollow metal nanostructures. These are of special interest because they
have higher surface-to-volume ratios compared to their solid counterparts, making them good candidates for
catalysis?®2! and trace detection.22=22 Moreover, their LSPR absorption band lies in the near-infrared domain when
their thickness is sufficiently small,2=22 which makes them useful for in vivo imaging®=3 or photothermal
therapy.232 To date, the large majority of metallic nanocage synthesis routes are based on a galvanic replacement
reaction wherein the template is oxidized and dissolved, while metal ions are reduced and plated onto the surface
of the template. FoIIowing the pioneering work of Xia and coworkers who synthesized hollow gold nanostructures
from silver nanospheres,® a lot of metal nanostructures with hollow interiors such as nanoframes, nanocages and
nanoboxes with various morphologies were synthesized from templates.2”~%Z Since a complete removal of the less
stable metal is hardly obtained, most of the as-prepared hollow nanostructures consist of alloy shells. To complete
the dealloying process, the addition of an etchant, e.g. Fe(NOs)s*8 or 0,,% has been proposed by several groups to
yield hollow nanostructures with better controlled wall thicknesses and porosities. Nanostructures with greatly
increased complexity such as nanorattles®®2! or multi-walled nanoshells®>>* were also obtained by coupling
galvanic replacement with other physical/chemical processes such as co-reduction, sequentially deposited
templates, or the Kirkendall effect. These combined routes offer high precision but limited control over the
composition and the scale-up.

To tackle these restrictions, we envisioned a new paradigm based on sacrificial templates made of two phases with
different surface energies: only one phase shows affinity for the coating material in order to achieve a discontinuous
shell and therefore simultaneously carve the walls and the windows of the cage. Therefore, the cage structure may
be fully programmed through the control of the biphasic template. Recently, we implemented and validated this
original pathway to fabricate titania nanocages, but titania growth was not as regioselective as desired and
complete template etching was not achieved.2 The group of Stein developed a similar concept for an ensemble of
particles (3D close-packed colloidal crystals) but not for individual ones.2® Thus, the creation of cages from our
approach offers numerous advantages due to the very low polydispersity of the templates, their high symmetry
and geometries, their specific customization and their production at the gram scale or more. Also, our process
allows to fill the nanocages with a guest particle of same or different nature.

Here, with complete success, gold nanocages are grown using highly symmetrical silica/polystyrene (PS) sacrificial
templates. These templates are multipod clusters made of a core silica sphere surrounded by a controlled number
of PS latex spherical satellites. Inspired by the pioneering works of Halas and coworkers>= alongside more recent
publications,®:=%* we took advantage of the regioselective attachment of gold nanoseeds onto the accessible surface
of the silica cores of binary clusters and their subsequent growth. Because of the lack of affinity between gold and
the surface of the PS satellites, gold was selectively reduced onto the seeds, creating the cage structure in the
interstitial gaps between PS satellites. Electron microscopy reveals the well-defined shape of the gold nanocages
upon dissolution of the binary templates, demonstrating that the number and positions of the windows directly
correlate to the number and positions of the PS nodules. The optical properties of the as-prepared hollow
nanostructures were extracted at the single particle level by spatial modulation spectroscopy. Experimental data
are compared to the results of numerical simulations. Furthermore, we demonstrate that this approach can be used
to fill the nanocages with a guest magnetic nanoparticles, such as iron oxide.
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Results and discussion

Fig. 1 schematically illustrates the multi-step process employed in the synthesis of the gold nanocages with twelve
regularly-spaced and calibrated windows. We start from silica/PS dodecapods which may be described as
icosahedral clusters of PS spheres attached to a central silica sphere of similar diameter. We then overgrow the
core and functionalize the silica in the void space between the PS satellites via surface amination using N-[3-
(trimethoxysilyl)-propyl]ethylenediamine (EDPS). The anchored amine moieties enable a regioselective coating by
gold. The regioselective gold coating is obtained in two steps: the adsorption of tiny gold nanoparticles® on the
freshly aminated silica surface® and their subsequent regrowth using a reducing agent (formaldehyde) and a gold
plating solution (tetrachloroauric acid/potassium carbonate).® Polyvinylpyrrolidone is added to the growth
medium to prevent colloidal aggregation. Finally, by selective dissolution/etching of the silica/PS template, we
release the nanocage. It presents the high symmetry of a hollow dodecahedron whose thirty edges are made of
gold and slightly curved, and whose twelve faces are drilled with circular windows.
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Fig. 1 Schematic representation of the multi-step colloidal strategy for the synthesis of gold nanocages with twelve windows. Details are
presented in the main text. Note that the central silica core of the original particle has the same diameter as the PS pods, and is therefore
not visible in the drawing until after silica regrowth.

We have previously reported the fabrication of the silica/PS dodecapod-like precursors at the gram scale by a seed-
growth emulsion polymerization of styrene in the presence of 85 nm silica spheres.®2 They are readily obtained with
a morphological purity of ~75%. The nature and proportion of the side-products, i.e. essentially clusters with a
lower number of PS satellites or made of several silica cores, are described in Table S1 (ESIt).

Due to its excellent spatial resolution, transmission electron microscopy (TEM) is well adapted for verifying the
success of the different synthesis stages and analyzing the final morphology of the nanocages (Fig. 2). TEM images
confirm the window morphology, their symmetrical arrangement and the hollow interior of the nanoparticles. The
inner diameter, which corresponds to the value of the silica diameter after regrowth, is 125 nm. The windows are
large and regularly distributed across the surface. Electron tomography reconstructs three-dimensional images of
the nanoparticles, precisely measuring gold edges 20 nm in thickness and windows of 48 nm in diameter (Fig. 2 and
Fig. S1, ESIT).
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Fig. 2 Top row: Typical TEM images showing the morphology evolution of the nanoparticles throughout the synthesis stages. Bottom
row: TEM, SEM and 3-D reconstruction obtained by electron tomography of the gold nanocages with twelve windows. Scale bars: 100
nm.

The gold shell is rather rough since the Au deposits consist of agglomerates of gold nanoparticles. The
morphological yield of the nanocages is similar to that of the silica/PS dodecapod-like templates (~75%), which
shows that our synthesis pathway is very efficient at preserving the shape of the sacrificial template. The nanocages
can have tunable dimensions, including the gold wall thickness and pore diameters. They can be adjusted by varying
the total amount of gold or silica deposited during the multi-step process.

The simplicity and versatility of our approach was further evidenced by extending the strategy to the fabrication of
nano-cages with 2, 3, 4 and 6 windows from bipod, tripod, tetrapod and hexapod silica/PS templates, respectively
(Table S1 and Fig. S2-S5, ESIT). Gold maps obtained by scanning TEM coupled with energy-dispersive X-ray
spectroscopy (STEM-EDX) of Fig. 3 show the morphologies of the as-obtained nanocages. They evidence that the
high symmetry of the template is systematically transferred to the nanocages, especially the relative position of the
windows, i.e. in line, triangular, tetrahedral and octahedral spatial windows. Similarly to the dodecapods, these
nanocages can be produced on a large scale, as the templates are readily fabricated in gram quantities and with

morphology purity from 66% to 91% (Table S1, ESIt).
Ke
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Fig. 3 Top row: Schematic representation of silica/PS templates and intermediate morphologies, leading to the synthesis of nanocages
with 2, 3, 4 and 6 windows. Bottom row: STEM-EDX gold maps of the corresponding nanocages (Au in green). Scale bars: 100 nm. TEM or
SEM images of the different intermediates and resulting nanocages can be found in Fig. S2-S5 (ESIt), respectively, and the morphological
features of the gold nanocages are compiled in Table S2 (ESIT).
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Detailed investigations of the optical responses of two types of synthesized nanocages, presenting four and twelve
windows, performed in different environments (ensembles of nanoparticles in solution, or individual nanoparticles
deposited on transparent and absorbing substrates) are presented in Fig. 4 and 5.
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Fig. 4 Optical properties of nanocages with four windows. (a) Absorbance spectrum of the synthesized nanocage solution in ethanol. (b)
Quantitative extinction spectra of three individual nanocages deposited on a thin silica membrane, measured using SMS with linearly
polarized light. (c) Dependence of their resonance extinction cross-sections on incident light polarization direction, measured by SMS at
wavelengths near each LSPR peak (A = 900-950 nm) (squares), and sinusoidal fits (lines). The TEM image of one of the investigated
nanocages (corresponding to the red lines in panels (b and c)) is shown on top (scale bar: 100 nm).
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Fig. 5 Optical properties of nanocages with twelve windows. (a) Absorbance spectrum of the synthesized nanocage dispersion. (b)
Extinction spectra of two individual nanocages deposited on a thin carbon membrane, measured using SMS. (c) Dependence of their
extinction cross-sections on the polarization direction of the incident light wave, measured by SMS at A =500 nm wavelength (squares)
and sinusoidal fits (lines). The TEM image of one of the investigated nanocages (red lines in panels (b and c)) is shown on top (scale bar:
100 nm).

Average information on the optical properties of the produced gold nanocages can be obtained by measuring the
absorbance of the synthesized solutions (proportional to the extinction of the nanocages according to Beer—
Lambert law). The absorbance spectrum is obtained from nanocage dispersions having four windows, shown in Fig.
4a. It does not display any clear resonance in the 700-1050 nm wavelength range, and weakly increases with
wavelength. However, this optical response does not necessarily reflect that of the individual nanocages present in
the investigated solution, as absorbance measurements are affected by the nanoparticle polydispersity (which
results in the broadening — or even complete obscuration — of optical resonances). These drawbacks can all be
avoided by using spatial modulation spectroscopy (SMS), a single-particle technique based on the modulation of a

nanoparticle position in a strongly focused laser beam which allows the quantitative determination of its extinction
cross-section as a function of light wavelength and polarization.28%62
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The extinction spectra measured for three individual gold nanocages with four windows deposited on a thin silica
membrane are shown in Fig. 4b. These spectra differ considerably from the absorbance spectrum of the nanocage
dispersion (Fig. 4a), highlighting that using a single-particle approach is indeed crucial for an accurate optical
characterization of this sample (more generally, single particle approaches are especially useful in the case of
colloidal solutions composed of nano-objects presenting a large dispersion in composition and morphology and/or
when strong interactions between the nano-objects present in the solution modify their optical properties). Single-
particle spectra are characterized by marked LSPRs centered at about 900 nm wavelength. The transmission
electron microscopy images of the optically investigated nano-objects (one of them being shown in Fig. 4) confirm
their four windows. The variation of the resonance position for the three investigated nanocages (from 890 to 950
nm) shows that the large width of the ensemble spectrum results at least partly from the morphological dispersion
of the synthesized nano-objects. One could also a priori ascribe this LSPR variation to a different nanocage
orientation on the underlying substrate, but the theoretical simulations presented below allow this hypothesis to
be ruled out.

SMS also probes the effect of light polarization direction on nanoparticle optical extinction. Fig. 4c presents such
measurements on the four nanocage windows. The extinction spectra show sinusoidal oscillations (with 180°
period) with the polarization angle, as already observed in previous studies on elongated nano-objects such as
nanorods.2® The amplitude of these polarization-induced variations is found here to be strongly particle-
dependent (the minimal extinction cross-section representing 20, 50 and 80% of the maximal measurement for the
three investigated nanoparticles), suggesting a morphological dispersion of the three synthesized nanocages.

Strongly contrasting results were obtained for nanocages with twelve windows (Fig. 5). The absorbance of the
correspond ding solution shows a single and broad resonance near 600 nm (Fig. 5a). The measured spectra for two
individual nanocages (deposited on a thin carbon membrane) present different amplitudes, but their shapes remain
similar to that of the solution absorbance spectrum (Fig. 5b), with also a resonance at 600 nm wavelength. Although,
the ensemble and the single-particle spectra should be compared with care because the nanoparticle environment
is not the same in the two cases (because of the necessity of depositing nanoparticles on a substrate for studying
them individually), this indicates that the effect of morphological dispersion (and aggregation) are much weaker for
this sample than for the four windows nanocages one. This is further confirmed by the measurement of a weak
extinction polarization dependence (<10% variation) for both investigated twelve windows nanocages, which
corresponds to the behavior theoretically expected for ideal nanocages (see below).

Optical experiments were complemented with numerical simulations of nanocage optical properties (Fig. 6). These
simulations, based on finite-element modeling (FEM), were performed using the mean sizes deduced from a
statistical analysis of the TEM images of the synthesized nanocages (Table S2, ESIt), assuming ideal nanocage
morphology, and in particular perfectly smooth surfaces and regularly spaced windows. The synthesis
intermediates (silica core and PS nodules) were respectively included and omitted when simulating nanocages with
twelve and four windows, consistent with the TEM images of the nano-objects optically investigated (Fig. 4 and 5).
The inhomogeneous environment of the particles in the SMS experiments resulting from their deposition on a
substrate was also taken into account. Direct contact between the nanocages and the substrate was assumed,
complementary simulations showing that the obtained results are weakly sensitive to the inclusion of a 1-2 nm
separation between them (which could for instance result from an interfacial surfactant layer). Simulations were
performed for multiple orientations of the nanocages, showing that this parameter has only a minor influence on
their optical properties (Fig. 6).
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Fig. 6 Simulated optical properties of nanocages with four (a and b) and twelve (c and d) windows: extinction spectra (a and c) and
polarization-dependence (b and d) of extinction at resonance wavelengths (indicated by arrows in the respective panels (a and c)).
Simulations were performed in the configuration of SMS experiments (nanocages deposited on a thin membrane), for different nanocage
orientations generated by successive 30 degree rotations of the nanocage about an axis orthogonal to light propagation direction (the
top views of the considered orientations are shown on top, each one being associated to a specific color). Simulations on nanocages with
four windows were performed with 105 nm core diameter, 160 nm PS satellite diameter, 25 nm gold thickness and 40 nm thick silica
substrate. Simulations on nanocages with twelve windows were performed with 125 nm core diameter, 85 nm PS satellite diameter, 20
nm gold thickness and 20 nm thick carbon substrate, including the silica core and PS nodules consistent with the TEM image shown in
Fig. 5. An environmental refractive index of 1.1 and 1.3 was used for nanocages with twelve and four windows, respectively.8

Similarly to those measured via single-particle experiments, the extinction spectra computed for nanocages with
four windows display a main, quasi-Lorentzian LSPR in the near-infrared domain. The characteristics of this
resonance, extracted from a Lorentzian fit in the energy domain (850 nm central position, 280 meV spectral width
and 7 x 10* nm? eV area) are close to those of the experimental spectra (890-950 nm central position, 210-250
meV and 6—7 x 10* nm? eV area). Such a good quantitative agreement, with only a slight blue-shift and broadening
of the computed resonance as compared to experimental data, is remarkable considering the morphological
complexity of the investigated nano-objects.

The extinction spectra computed for nanocages with twelve windows display a strongly asymmetric shape resulting
from a partial spectral overlap of a main resonance centered at about 600 nm with an absorption background below
650 nm wavelength due to gold interband transitions. Computed spectra display marked similarities with
experimental ones (Fig. 4), with also an extinction maximum near 600 nm. However, the general agreement is not
as good as in the case of nanocages with four windows, in particular regarding extinction cross-section amplitudes
in the infrared domain, which are larger in the measurements than in the simulations.

This may be the result of uncertainties in the determination of morphological parameters and/or deviation of the
actual nanocage morphology from the ideal environment assumed in the modeling. The polarization dependence
of nanocage resonance extinction cross-sections was also investigated (Fig. 6b and d) by reproducing the
calculations shown in panels a and c for different directions of the polarization of the linearly polarized incident
plane wave (wavelength being fixed to its resonance value). These computations yield sinusoidal variations of
extinction with polarization angle, similar to the experimental case. Nanocage orientation is predicted to have an
impact on the amplitude (and phase) of the polarization dependence. However, the computed polarization-induced
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extinction variations are of less than 5% in all considered cases. This numerical result is consistent with the small
polarization dependence observed for nanocages with twelve windows. It also implies that the large polarization
dependence measured for the extinction of some nanocages with four windows stems from effects not included in
the FEM simulations. It probably originates from imperfections in the window morphology and spacing in the actual
nano-objects (while such effects may also occur for nanocages with twelve windows, individual windows
imperfections are more likely to average out due to the much higher number of windows).

The synthetic approach presented in this paper can be extended to create hollow nanostructures with a more
complex architecture, such as rattle-like nanostructures, consisting of a gold cage containing a guest nano-object.
Hajfathalian et al. recently reported the confinement of a Wulff-shaped core within a metallic nanocage of different
shape and nature,® but their synthetic approach requires a solid substrate onto which the Wulff-shaped core is
first fabricated by thermal dewetting of a thin film, which represents a severe limitation regarding the quantity of
nanostructures that can be produced. In our case, all the stages of the synthetic route occur in solution allowing
upscaling. We demonstrated that our strategy does actually entrap nano-objects within the gold nanocage by
replacing the silica seeds used for the fabrication of the silica/PS multipods by core@shell nanoparticles made of
magnetite (y-Fe30s) cores surrounded by a thin silica shell.Z2 Because their size distribution was larger than that of
the conventional silica seeds, the as-obtained maghemite/silica/PS multipod nanoparticles are indeed a more
complex mixture of bipods to dodecapods (Table S1, ESIT). Thus in this single experiment, we show that the
maghemite/silica core can generate all desired nanocages morphologies. Since the magnetite core can dissolve in
hydrofluoric acid, we stopped the fabrication process after the dissolution of the PS nodules. Fig. 7 shows Fe, Si and
Au element mapping obtained by STEM-EDX of nanocages with 2, 3, 4, 6 and 12 windows. This approach offers a
unique capability to create new hollow nanostructures formed by different components (metal, semiconductor,
dielectric), and to combine and modify their individual properties via their interaction (for instance through the
strongly enhanced electromagnetic field inside the core of the cage due to plasmonic effect). It opens new ways
towards the design of hollow nano-objects.

EDX

mapping
Fe Si

— 100 NmM

Fig. 7 STEM-EDX superimposed elemental maps of the Au hollow structures with respectively 2, 3, 4, 6 and 12 windows filled with a
spherical Fe304 nanoparticle (Fe in red, Si in blue and Au in green). Original STEM images and individual element maps can be seen in Fig.
S6-S9 (ESIT), respectively.

Conclusions

We demonstrated a new strategy to fabricate gold nanocages, with a control over the number (from 2 to 12) and
the relative positioning of the windows, through a multi-step colloidal approach. The frame of the nanocages does
exhibit a roughness of a few nanometers that could be smoothed via post-treatment, for example by oxidation
etching. The extinction spectra of some of these structures were measured using single-particle spectroscopy. The
specific features of the plasmonic hollow nanostructures are well correlated with those computed numerically,
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assuming perfectly symmetrical nanocage geometries. We demonstrated that our synthesis approach allows a
guest spherical particle of iron oxide to be included within the nanocages. More broadly, this route offers a
promising strategy to design and construct multifunctional architectures based on porous hollow nanostructures.
As it can be adapted to numerous systems (noble and non noble metals, metal oxide or chalcogenide), it may enable
a variety of fundamental studies and technological important applications in various fields including biological

medicine, sensing and detection, energy conversion and catalysis.”2=3

Experimental

Synthetic procedures of Au nanocages

Template synthesis.

Silica/polystyrene multipods-like particles. Multipods made of a central silica core and a predetermined number
of PS satellite nodules were obtained after a procedure previously published in detail £ |t consists in a seeded-
growth emulsion polymerization of styrene using highly monodisperse silica nanoparticles surface-modified with
methacryloxyalkyl groups as seeds. We used different batches of multipods dispersed in water (Table S1, ESIT),
whose number of PS nodules was controlled by playing with the seed concentration and/or the satellite-to-seed
size ratio. Their concentration was determined by the dried extracts method. More details are shown in ESI.T

Regrowth and amination of the silica core. We mixed 1 mL aqueous dispersion of multipods, 45.5 mL absolute
ethanol of TEOS (tetraethoxysilane) depending on the expected regrowth extent. We added this solution at the
rate of 0.5 mL h™! and the mixture was stirred at room temperature for 12 h. Then a calculated volume of EDPS,
corresponding to 20 functions per nm? of free silica surface area, was added to the particle dispersion, which was
let to age at 40 °C for 2 h. The as-prepared templates were purified by 3 cycles of centrifugation/redispersion in
absolute ethanol. The final concentration of the templates was accurately determined by the dried extracts method
and adjusted to 7.3 10*° particles L. For each batch of silica/PS multipods, the final diameter of the silica core was
determined from transmission electron microscopy images (Table S1, ESIT).

Regioselective gold coating. We mixed an aqueous dispersion of gold nanoseeds (500 pL) with the template
dispersion (100 pL) and let them to react under stirring at room temperature overnight. The excess of gold
nanoseeds was removed by three cycles of centrifugation/redispersion in absolute ethanol. The nanoseeds-
adsorbed templates were finally redispersed in 400 uL water. Then, we collected 20 pL of this dispersion that we
poured into a 500 uL Eppendorf™ tube with 90 uL gold plating solution (GPS), 100 uL polyvinylpyrrolidone (1 wt%)
aqueous solution, 200 uL water and 20 pL formaldehyde (9.25 wt%) aqueous solution. The mixture was gently
mixed during two days at room temperature. Then, the nanoparticles were washed by three cycles of
centrifugation/redispersion in water.

Nanocage development. The dissolution of the PS nodules was performed in 3 mL tetrahydrofuran at room
temperature under stirring for 3 h. After washing by three cycles of centrifugation/redispersion in THF, the particles
were finally redispersed in absolute ethanol. The dissolution of the silica core was performed in 3 mL HF (2 vol%)
aqueous solution at room temperature under stirring for two hours and washing by three cycles of
centrifugation/redispersion in absolute ethanol.

Synthetic procedures of filled Au nanocages. The same synthetic protocol was used but we replaced the silica cores
used for the fabrication of the templates by Fes0,@SiO; particles. The core@shell nanoparticles were synthesized
by a previously reported synthesis.” More details are shown in ESI.T

More details of experimental section, e.g. Chemicals, Characterization and simulations, can be found in ESI.t
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