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ABSTRACT: Scrolling of niobate nanosheets (NSs) in the
presence of magnetic nanoparticle (NP) chains can lead to
peapodlike structures. Surface functional groups on both the
NSs and NPs are important in directing the assembly and
subsequent NS convolution. The dimensions of the peapods
are typically dictated by the diameters of the NPs and the
length of the NP chains.

Nanopeapod structures, where spherical molecules or nano-
particles (NPs) are contained within nanotubes (NTs),
have been extensively studied because of their potential applica-
tions in electronics, magnetics, optics, and sensors.' *° Among
the first peapod structures reported were those based on C4p and
carbon nanotubes (CNTs), where Cqo molecules were simply
inserted into the CNTs."”> More recently, peapods containing
metal® ®'° and metal oxide” NPs have been produced; a diverse
set of preparation methods has been utilized to create the metal-
sphere component (pea), such as Rayleigh instability, single-
displacement reactions, and controlled electrodeposition. Fabri-
cation of the outer component (pod) has also been extensively
studied, leading to the production of a variety of NTs*>~” includ-
ing $i0,,* Ga,05,* MgO,” Ti0,,° AL,03,° CoALO,,” Ni3S,® and
carbon NTs.” The NT components are ty];ically made by
template methods within porous membranes® 19 or via chemi-
cal routes involving core—shell nanostructures.>>%? While
most of the peapod synthetic routes involve the formation of the
NP components within an existing tube structure, one exception
involves a displacement reaction where a Te sheath forms as
cobalt is displaced from Au/Co superlattice wires.'’

Tubular-like structures can also be formed via the scrolling of
lamella. Convolved nanosheets (nanoscrolls) have been re-
ported for a number of layered materials, including those based
on graphite, oxides, sulfides, hydroxides, nitrides, and metals.'!
Similar behavior occurs naturally in the mineral halloysite.'”
Among the oxides, the layered niobate K4NbsO; is especially
notable because of its use in photocatalysts;"® scrolling of
exfoliated nanosheets (NSs) of the acid form of this compound
can be readily achieved by reacting it with tetrabutylammonium
hydroxide (TBAOH)."* Herein we report an alternative ap-
proach to the synthesis of nanopeapod structures that exploits
the convolution of oxide layers. Co NPs are generated in the
presence of exfoliated niobate NSs, and the resulting magnetic
chain structures are captured within scrolled lamella.

To fabricate the peapod structures, initially the layered oxide
K4NbsO,; was exfoliated by acid treatment to give H, K, ,NbsO;
NSs.'* Following a drying step, the NSs were suspended in octyl
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ether and combined with TBAOH, oleylamine, and oleic
acid under a nitrogen atmosphere. TBAOH is known to promote
nanoscroll formation, and the oleylamine and oleic acid serve as
NP surface groups. Cobalt NPs were then generated in situ by
decomposition of cobalt carbonyl, Co,(CO)s. [Caution: Cobalt
carbonyl should be handled with extreme caution because of its high
toxicity.] The cobalt carbonyl was added after the mixture was
heated to various temperatures; lower temperatures (100—130 °C)
produced a wider particle size distribution (2—4S nm), while
higher ones (140—150 °C) produced a narrower range (>80%
10—20 nm). The crude product was washed repeatedly with
ethanol and hexane to remove excess surfactant and free Co NPs.
In some cases, a centrifugation step and/or magnet separation step
was carried out to separate peapods from unscrolled and empty
scrolled NSs. The final products were redispersed in hexane for
characterization by transmission electron microscopy (TEM) [see
the Supporting Information (SI) for details concerning synthesis,
characterization, and particle size distributions].

Figure 1 presents TEM images of a series of Co@niobate
nanopeapod structures. As-prepared samples were found to
contain peapods as well as some free NPs, NSs, and nanoscrolls
(Figure 1a). Additional processing steps (centrifugation and mag-
netic separation) could be used to minimize unwanted byproducts
(Figure 1b—d). Peapods of different lengths with various numbers
of aligned NPs were obtained. In some cases, peapods well over 1
um in length were seen, containing 15 or more NPs depending on
the NP sizes. Both single-walled (Figure 1c) and multiwalled
(Figure 1d) structures were observed; the thickness of the tube
walls was found to be ~10 A, in agreement with the known thick-
ness of single niobate NSs."** The outer diameters of the empty
niobate nanoscrolls (Figure S2 in the SI) averaged ~20 nm,"*
while those of the peapods were dictated by the resident NP sizes.
Interestingly, single-walled structures undulated along the length of
the peapod to conform to the NP chains (Figure 1c). In contrast,
the diameters of the multiwalled peapods were more constant,
likely being influenced by strong interactions with the additional
oxide layers (Figure 1d).

The magnetic alignment of the Co NPs is believed to be
essential in the formation of these peapod structures. Such
magnetic chains have been reported in a number of systems,"’
and it is typically required that NP diameters exceed 8 nm for the
chains to form.'® This is consistent with our results in that we
observed nanopeapod structures containing NPs with diameters
of ~10 nm and greater.
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Figure 1. TEM images of Co@niobate nanopeapods: (a) as-prepared
product containing peapods, NSs, empty nanoscrolls, and free Co NPs;
(b—d) product after separation steps. The inset of (b) shows an enlarged
image of a peapod; (c) and (d) show single-walled and multiwalled peapods,
respectively. In (c), cobalt carbonyl was introduced at a lower temperature.

While most of the above nanopeapod structures were ob-
tained after successive washing steps to remove free NPs and
NSs, if one examines samples prior to this work up, some insight
into a possible reaction mechanism may be gleaned. TEM images
suggest that NPs can align on the surface of thin multilayer NSs
(Figure 2a, white ovals); here we expect that exfoliated multilayer
niobate crystals are better than single layers in the formation of
nanopeapod structures since the multilayered structures allow
for more rigid reaction platforms in solution. Because of the
asymmetry of the niobate layers, the sheets can curl in only one
orientation.'* This is likely important in determining whether the
top layer of a rigid NS can scroll up to encase the NPs (Figure 2b,
white arrows) before detaching from the surface. Figure 2c shows
an isolated peapod structure in which the NS appears to be
curling from two sides to encase two adjacent NP chains. The
chains may have aligned simultaneously on the same NS and
were encased as scrolling occurred from opposite sides. This
series of images (Figure 2a—c) suggests a possible mechanism for
the formation of the nanopeapods: initially, NPs align in a chain
on top of a multilayered NS; next, the top NS curls to encase the
chain; and finally, the resulting peapod is detached from the
surface. Figure 3 illustrates this proposed mechanism. It should
be noted that this is not the only plausible mechanism for peapod
formation. Structures could certainly form by a similar mechan-
ism from individual NSs or through the insertion of NPs into
rolled NSs, although the latter may be less effective for larger NPs
because of the relatively small average outer diameter (~20 nm)
available in these structures.

Nanopeapods can be readily prepared via scrolling of niobate
nanosheets around magnetically aligned chains of Co nanopar-
ticles. This approach is unique among peapod fabrication meth-
ods in that it involves NP chain assembly and NS scrolling. While
our approach has focused on niobate NSs, a number of other

Figure 2. (a) Free Co NP chains on a nanosheet (circled in white).
(b) Aligned peapods on a nanosheet (indicated by white arrows).
(c) Free peapod structure in which the nanosheet appears to be curling
from two sides to encase two adjacent NP chains; black arrows indicate
the two NP chains.

(e)

Figure 3. Proposed mechanism for the formation of a nanopeapod.
(a) Co NPs nucleate and grow in solution. (b) NPs assemble and form a
chain on the surface of a niobate NS. (¢, d) The niobate NS scrolls around
the chain. (e) Nanopeapods form and separate from the niobate NSs.

layered materials (see above) might also be utilized."" Similarly, a
variety of NP chain components could also be incorg)orated,
since other magnetic NPs are known to form chains, S as do
some nonmagnetic nanostructures such as those based on
functionalized NPs or fullerene molecules.'”'® Furthermore,
shapes should not be limited to spherical NPs; cubes, rods, or
nanowire structures may also be amenable to NS encapsulation."
The availability of such a wide variety of components could offer
important flexibility in the design of technologically significant
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materials, including those with applications in catalysis, magnetics,
and sensing,
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