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Abstract: A facile in situ method to grow Au nanoparticles
(NPs) in hexaniobate nanoscrolls is applied to the formation of
plasmonic Au@hexaniobate and bifunctional plasmonic-mag-
netic Au-Fe;0 @hexaniobate nanopeapods (NPPs). Utilizing
a solvothermal treatment, rigid multiwalled hexaniobate nano-
scrolls and partially filled Fe;O @hexaniobate NPPs were first
fabricated. These nanostructures were then used as templates
for the controlled in situ growth of Au NPs. The resulting
peapod structures exhibited high filling fractions and long-
range uniformity. Optical measurements showed a progressive
red shift in plasmonic behavior between Au NPs, Au NPPs,
and Au-Fe;O, NPPs; magnetic studies found that the addition
of gold in the Fe;O @hexaniobate NPPs reduced interparticle
coupling effects. The development of this approach allows for
the routine bulk preparation of noble-metal-containing bifunc-
tional nanopeapod materials.

One of the critical aspects of nanomaterials development is
the controlled assembly of nanoscale components in set
geometries.!! The realization of targeted organization is
essential for directing properties, especially those resulting
from synergistic interactions between sets of nanocompo-
nents.”! Differing geometries have been sought, including
clusters, core-shell, nanowires, nanotubes, dendritics, and
chain structures.’! Researchers have worked to combine
various components for applications in drug delivery, catal-
ysis, sensors, data storage, among others.l! Examples of tuned
nanocomposites include cluster/shell Fe;O,/Au nanoparticles
(NPs),”!  multifunctional Fe;0,@Ag/SiO,/Au  core/shell
microspheres,'®’ nanoplasmonic Au necklaces,” and dendritic
Au nanostructures.®! Among the 1D structures, those based
on nanopeapods (NPPs) are especially interesting.”) The
geometry-dependent physical properties of the NPPs make
them attractive for various applications,'”! and this arrange-
ment can support both mechanical and chemical stability
while allowing for interactions between adjacent nanoparticle
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components. Many such NPP structures have been achieved,
including  Au@SiO,,'"!  Pt@CoAlLO,"  Au@Ga,0,,?
Au@MgO,®!  Cu@ALO; " Cu@TiO, ™  Ag@TiO,,™
Ni@TiO,,'¥ Au@Te,'” Ag@Si0,,"* and Ni@Ni,S,.[""]

Recently, we developed a high-yield solvothermal method
for forming magnetic NPPs by the capture of preformed
ferrite NPs in scrolled nanosheets.?"! Building on this effort,
we sought to expand the approach to the fabrication of
bifunctional NPPs. Whereas the simultaneous capture of
dissimilar NPs is one possible strategy, the insertion of noble-
metal species by chemical deposition after NPP fabrication is
another viable approach. Au nanoarchitectures can function
as catalysts, contrast agents, carriers for drug delivery, and
transducers for the photothermal destruction of tumor
cells.”!! As a complement to gold, magnetic NPs (e.g. Fe;0,)
also have varied applications, such as recycling of expensive
catalysts, pharmaceutics, magnetic resonance imaging, drug
delivery, ferrofluids, data storage, and magnetics.””’ The
combination of Au and Fe;O, brings together important
technological properties while allowing for effective physical
probes of nanomaterials in terms of plasmonic and magnetic
behavior, respectively. Herein, we report methods for the
growth of gold NPs within the empty regions of nanoscroll
structures. Either Au@hexaniobate or Au-
Fe;O,@hexaniobate nanostructures can be made by this
approach, and in the case of the bifunctional Au-Fe;O,
nanostructures, changes in both plasmonic and magnetic
responses can be realized.

Initially, gold NP chains were grown within empty nano-
scrolls. Well-defined intercalated multiwalled hexaniobate
nanoscrolls (INS) consisting of 2-6 layers with an average
inner diameter of about 12 nm were first obtained through
solvothermal treatment (Figure 1a).”*! The nanoscrolls were
then used as templates to grow Au NP chains (Figure 1b-d)
by an insitu method involving the reduction of Au*" with
oleylamine (OAm). Nanoscroll samples, combined with
HAuCl,-4H,0, OAm, and oleic acid (OAc) in toluene, were
heated for 1 h at 50°C and aged at room temperature for 24 h.
This approach readily produces gold NPP structures in high
yield. TEM images demonstrate that the product was
dominated by uniform Au NP chains inside the hexaniobate
nanoscrolls (Figure 1b-d). Typical particles were spherical in
shape and averaged 8-11 nm in size. Interparticle distances
were about 2.5 nm, slightly smaller than what is seen in other
peapods made by scrolled encapsulation.”) However, in some
instances nanoparticles had reduced interparticle distances,
direct contact, or clear evidence of intergrowth between 2 or
more adjacent particles. The latter could be enhanced by
increasing reaction times; this produced occasional rod
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Figure 1. TEM images of a) nanoscrolls and b—d) Au@hexaniobate
nanopeapods. The inset in (d) shows EDS data for sample (Cu peaks
from the TEM grid).

shapes >200nm in length (Supporting information, Fig-
ure S1).

This in situ Au NP growth process is not limited to empty
nanoscrolls. Uniform Au-Fe;O,@hexaniobate NPPs were also
fabricated by treating partially filled Fe;O,@hexaniobate
NPPs by the same approach. Low loadings of Fe;O, NPs in
the synthesis of Fe;O,@hexaniobate NPPs led to nanoscrolls
with significant open space along the length of the peapod
structure (Figure 2a,b). Au treatment then produces NPPs
that contain both Au and Fe;O, NPs. These Au-
Fe;O,@hexaniobate NPPs were examined with TEM, high-
angle annular dark-field scanning TEM (HAADF-STEM),
and EDS elemental mapping. TEM images (Figure 2c,d)
show clear regions of Au and Fe;O, NPs in the Au-
Fe;O,@hexaniobate NPPs. HAADF-STEM with elemental
mapping provides further illumination of gold, iron, and
niobium regions (Figure 2 e—i). High contrast between the Au
and Fe;O, NPs is especially apparent in Figure 2e,g,h. The
niobium from the hexaniobate nanosheets is more evenly
distributed throughout these regions (Figure 21).

This approach to gold NP growth in the nanoscroll
structures (Figure 3) readily occurs to produce both
Au@hexaniobate and Au-Fe;O,@hexaniobate NPPs. The Au
NPs grow both outside and inside the scrolls. While the free
(outer) NPs are readily removed during centrifugation, the
others are retained by the scrolls. The reduction of Au*" to
Au” is known to occur in the presence of OAm, and
researchers have shown that OAm can be used as both
a surfactant and reducing agent to produce various sizes of
gold and silver NPs on a large scale.?” The particle size,
nucleation, and growth data can be interpreted in terms of
a classical nucleation/diffusional growth model.” Tt would
appear that, within the hexaniobate nanoscroll, gold atoms
self-nucleate to form a fixed number of seeds and gold NPs
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Figure 2. a—d) TEM images of the partially filled Fe;O,@hexaniobate
NPPs showing the empty spaces in the hexaniobate nanoscrolls that
were used as templates to grow Au NPs (a,b) and Au-Fe;O,@hexa-
niobate NPP structures (c,d). ) HAADF-STEM image. f-i) EDS ele-
mental mapping analysis of bifunctional NPPs. f) Au, Fe, and Nb;
g) Au (cyan); h) Fe (orange); i) Nb (purple).

then grow by the diffusion-driven deposition of gold onto
these seeds. Interparticle distances are then typically dictated
by surface groups,”” such that spacing should be tunable by
varying the capping agents.”® In the Au-Fe;O,@hexaniobate
NPPs, Au NPs can be seen filling the void spaces of the
partially filled Fe;O,-NPPs. Whereas many of the Au NPs fill
open spaces at the end of the NPPs, the diffusion of gold ions
around Fe;O, NPs also allows the Au NPs to form between
individual or sets of Fe;O, NPs. (Figure S3)

The Au-Fe;O, nanocomposites produced in this study
have both optical and magnetic components, and the unusual
collinear arrangement of NPs provides a unique means for
probing interparticle interactions. Initially UV/Vis studies
were carried out on samples dispersed in toluene. UV/Vis
spectra of empty nanoscrolls show minimal absorption in the
visible region (Figure 4 a), as expected for the wide band-gap
of hexaniobate.”” The spectra of free Au NPs (10 nm),
Au@hexaniobate NPPs, and Au-Fe;O,@hexaniobate NPPs
are shown in Figure 4b. Au NPs exhibit a surface plasmon
resonance (SPR) peak at 524 nm, which is in good agreement
with the literature.” The energy of a plasmon resonance
band is known to depend on the dielectric properties of the
surrounding media and NP morphology.”” Au NPs inside
hexaniobate nanoscrolls were anticipated to shift the SPR to
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Figure 3. Au NP in situ growth in preformed nanoscrolls and partially
filled Fe;O,@hexaniobate NPPs. a) Hexaniobate crystallites. b) Pre-
formed Fe;O, NPs. c) Nanoscrolls. d) Partially filled Fe;O,@hexa-

niobate NPPs. e) Au@hexaniobate NPPs. f) Au-Fe;O,@hexaniobate
bifunctional NPPs.
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Figure 4. UV/Vis absorption spectrum of a) hexaniobate nanoscrolls
and b) Au NPs (blue), Au@hexaniobate NPPs (green), and Au-
Fe;O,@hexaniobate NPPs (purple).

higher wavelengths due to interaction between NPs within the
Au chains;P” a shift of about 6 nm was observed for the Au
NPPs versus the free NPs. Interestingly, a further shift in SPR
is seen for Au-Fe;O,@hexaniobate NPPs. There have been
several studies gold-iron oxide nanoparticles (heterodim-
ers)P! where a red shift in the SPR is attributed to the iron
oxide component, thus producing a charge transfer from gold
at their interface. Whereas it is possible that similar influences
are occurring here, the less intimate contact between Au and
Fe;O, nanoparticles in our studies, owing to OAm capping
groups on the NP surfaces, should reduce the impact of the
Fe;O, on SPR.

We have also examined the magnetic behavior of the Au-
Fe;O,@hexaniobate NPPs relative to partially filled
Fe;O,@hexaniobate NPPs. Magnetic nanoparticle chains,
including those within NPPs, have an increase in their zero-
field-cooled (ZFC) maximum and coercivity (H,) relative to
free particles, owing to one-dimensional dipolar coupling of
adjacent nanoparticles.”” Upon insertion of gold into the
Fe;O,@hexaniobate NPPs, a decrease in the ZFC (Figure 5)
and coercivity are seen (Figure S4). It is apparent that the
introduction of Au into the Fe;O,@hexaniobate NPPs serves
to disrupt magnetic coupling between adjacent NPs.

The method presented here demonstrates an effective
approach to the growth of gold nanoparticles within niobate
nanoscrolls and leads to new nanopeapod structures. Similar
approaches should be effective in other materials that form
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Figure 5. Field-cooled (FC) and zero-filled-cooled (ZFC) variable-tem-
perature magnetic data at 20 Oe of partially filled Fe;O,@hexaniobate
NPPs (filled circles) and bifunctional Au-Fe;O,@hexaniobate NPPs
(open circles).

scrolls (graphene, boron nitride, layered perovskites, transi-
tion metal dichalcogenides, and so on),*? as well as in
preformed nanotubes.®® Further, this method will not be
limited to gold—similar chemistries should be accessible with
other easily reduced transition and main-group metals.*"
Also, by controlling reaction conditions one should be able
to move to structures beyond NPs to produce metal nanorods
and nanowires by this approach.

Another important outcome of this method relates to
bifunctional nanopeapod structures. In this example, we have
formed partially filled nanopeapods with Fe;O, NPs; a variety
of other partially filled nanopeapods can also be formed,
including different ferrites (MFe,0,), metal oxides (TiO,,
Ce0,), metals (Co, Ag), quantum dots (CdS, CdSe), and
others.’2¥1 Such bifunctional materials, including the Au-
Fe;O, nanopeapods presented here, hold the promise of
tuned properties.”***! Two or more magnetic, optical,
electrical, or catalytic materials could be combined with
gold to make multifunctional materials, or even to access
metamaterials.””) For example, Au magnetic nanoarchitec-
tures can perform as magnetically separable photocatalysts, in
addition to several other promising magnetic, optical, and
biomedical applications.”® Further, by immobilizing the Au
NPs inside the Fe;O,@hexaniobate NPPs, multifunctional
nanocomposites can be readily prepared, possibly rendering
them useful as transducers for the photothermal destruction
of tumor cells.***%4

In summary, we have demonstrated synthetic strategies
for the preparation of novel nanocomposites by growing Au
NPs in hexaniobate nanoscrolls by a facile non-aqueous
method. The approach was successfully extended to the
fabrication of novel bifunctional Au-Fe;O,@hexaniobate
NPPs. This study highlights the extensive potential of NPP
systems, where it is possible to direct nanocomponents within
the nanoscrolls so that a variety of technologically significant
magnetic, optical, catalytic, and electronic nanocomposites
can be developed.
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the In Situ Growth of Gold Nanoparticles
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Like peas in a pod: A facile in situ method
for Au nanoparticle (NP) growth in
nanoscrolls is applied to the formation of
plasmonic Au@hexaniobate and bifunc-
tional plasmonic-magnetic Au-
Fe;O,@hexaniobate nanopeapods
(NPPs). Using a solvothermal treatment,
rigid multiwalled hexaniobate nanoscrolls
and partially filled Fe;O,@hexaniobate
NPPs were formed and used as templates
for the Au NPs.
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