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Hollow nanoparticles with controlled interior void and shell
thickness are an important class of nanoporous materials.
With large surface area and low material density, these
nanoparticles could serve as ideal building blocks for
fabrication of lightweight structural materials and for catal-
ysis, nanoelectronics, and drug-delivery applications."! Recent
progress has shown that hollow nanostructures can be readily
synthesized by using the nanoscale Kirkendall effect.”) This
effect was initially proposed to describe the formation of
voids at the interface of two bulk materials due to their
different interdiffusion rates.’! In a nanoparticle system, the
Kirkendall effect refers to preferred outward elemental
diffusion leading to a net material flux across the spherical
interface and the consequent formation of a single void at the
center.!l Since the first report on the preparation of hollow
CoS (CoO) nanoparticles by sulfidation (oxidation) of Co
nanoparticles with exploitation of the Kirkendall effect,”
several different kinds of hollow nanoparticles have been
made by a similar approach. These include hollow CoSe
nanoparticles from solution-phase selenization of Co nano-
particles™® and hollow transition metal phosphide nano-
particles from reactions between metal nanoparticles and
trioctylphosphane.”! Hollow magnetic iron oxide nanoparti-
cles have also been reported, but they were prepared by gas-
phase oxidation!® or electron-beam irradiation®” of Fe nano-
particles, unsuitable for solution-phase self-assembly, surface
functionalization, and encapsulation applications.

Here we report a facile solution-phase synthesis of
monodisperse hollow Fe;O, nanoparticles by controlled
oxidation of Fe-Fe;O, nanoparticles. We demonstrate that
hollow nanoparticles with controllable size are formed due to
the nanoscale Kirkendall effect, and the synthesis can be
readily extended to produce various core-shell-void nano-
particles. We recently succeeded in synthesizing Fe nano-
particles by thermal decomposition of [Fe(CO)s] in the
presence of oleylamine.'”’ The Fe nanoparticles were not
chemically stable, and oxidation when exposed to air gave
core—shell Fe-Fe;O, structures with both Fe and Fe;O, in the
amorphous state. Controlled oxidation of these core-shell
nanoparticles in the presence of the oxygen-transfer reagent
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trimethylamine N-oxide (Me;NO) led to the formation of
intermediate core-shell-void Fe-Fe;O,, and further to hollow
Fe;O, nanoparticles (Scheme 1). The controlled oxidation
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Scheme 1. Synthesis of core—shell-void Fe-Fe;O, and hollow Fe;O,
nanoparticles from Fe—Fe;O, nanoparticle seeds.

gave an Fe;O, shell that contained polycrystalline Fe;O,
grains. The hollow nanoparticles prepared by the current
synthesis are readily dispersed in various solvents, such as
hexane, cyclohexane, toluene, and chloroform, and this
facilitates their self-assembly into low-density porous nano-
structures and surface functionalization.

The hollow Fe;O, nanoparticles were prepared by con-
trolled oxidation of amorphous core-shell Fe-Fe;O, nano-
particles. The core-shell particles were obtained by high-
temperature solution-phase decomposition of [Fe(CO)s] and
air oxidation of the amorphous Fe nanoparticles at room
temperature.'”! Figure 1a shows the transmission electron
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Figure 1. TEM images: a) 13-nm Fe—Fe;O, nanoparticle seeds, b) 16-
nm hollow Fe;O, nanoparticles, c) a single hollow Fe;O, nanoparticle
(scale bar 10 nm), and d) a superlattice array of the hollow Fe,O,
nanoparticles.
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microscopy (TEM) image of the 8-nm/2.5-nm Fe-Fe;0,
nanoparticles. To make hollow Fe;O, nanoparticles, a mixture
of 20 mL of 1-octadecene and 30 mg of Me;NO was stirred
and heated to 130°C under a constant Ar flow for 1 h. A
dispersion of 80 mg of 8-nm/2.5-nm Fe-Fe;O, nanoparticles in
hexane was added to the mixture. The reactants were kept at
130°C for 2 h to remove hexane and then heated at 210°C for
2h before cooling to room temperature. Hollow Fe;O,
nanoparticles (80% yield) were precipitated by adding 2-
propanol followed by centrifugation and washing with
ethanol. The nanoparticles were dispersed in hexane for
further use.

Figure 1b shows a TEM image of hollow Fe;O, nano-
particles with a standard deviation of less than 7%. The
overall diameter of the particles is around 16 nm. This
represents a 3-nm increase compared to the 13-nm starting
Fe-Fe;O, nanoparticles. The oxide shell in the hollow
structure is around 3.5 nm thick. The high-resolution TEM
(HRTEM) image of a single hollow Fe;O, nanoparticle shows
that the shell contains multiple crystal domains (Figure 1c).
Slow evaporation of the dodecane dispersion of the hollow
nanoparticles (with a concentration of ca. 0.2 mgmL™") on an
amorphous-carbon-coated copper grid at 60°C gave a large-
area self-assembled superlattice with the particles in hexag-
onal close packing. Figure 1d shows a TEM image of a small
area of the superlattice array. Selected-area electron diffrac-
tion (SAED) of the superlattice showed a typical ring pattern
(see the Supporting Information), indicative of no structural
alignment in the array. This is consistent with the HTREM
observation that the shell consists of polycrystalline Fe;O,
which may disrupt any alignment potential of the particles.

The powder X-ray diffraction (XRD) pattern of the 13-
nm Fe-Fe;O, nanoparticle seeds shows no diffraction peak
(Figure 2a), but the diffraction pattern of the hollow nano-
particles is consistent with that of the magnetite Fe;O, phase
(Figure 2b). The Fe;O, phase was further characterized by its
thermal stability under high-temperature annealing condition
(500°C under Ar for 2 h), as shown in Figure 2c.'l Further-
more, the XRD peaks in Figure 2¢ do not show obvious
change in width compared to those in Figure 2b, that is, the
Fe;O, shell is structurally stable during the annealing process.
The polycrystalline nature of the Fe;O, shell is revealed both
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Figure 2. XRD patterns of a) 13-nm Fe—Fe;O, nanoparticle seeds,
b) 16-nm hollow Fe;O, nanoparticles, c) the particles in (b) after
annealing at 500 °C under Ar for 2 h, and d) 16-nm solid Fe;O,
nanoparticles.
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in Figure 2b and 2c. The broad diffraction peaks originate
from the small grain sizes of the Fe;O, particles within the
shell structure, which is in sharp contrast to the narrow
diffraction peaks observed from the solid 16-nm Fe;O,
nanocrystals (Figure 2d). This is consistent with the
HRTEM analysis in Figure 1c that the shell contains small
polycrystalline Fe;O, grains. By annealing the nanoparticles
in air at 300°C for 8 h, the as-synthesized 16-nm hollow Fe;O,
nanoparticles can be transformed into vy-Fe,O; without
significant morphological change. Hollow Fe;O, nanoparti-
cles with tunable sizes from 10 to 20 nm can be obtained by
oxidizing smaller or bigger Fe-Fe;O, nanoparticle seeds (see
Supporting Information).

To study void evolution in the amorphous Fe-Fe;O,
nanoparticles during the controlled oxidation process, we
took aliquots of reaction mixtures at different time during the
reaction, quickly precipitated the nanoparticles, and redis-
persed them into hexane for preparation of TEM samples.
Figure 3 shows a series of TEM images of the nanoparticles

Figure 3. TEM images of various Fe-Fe;O, and hollow Fe;O, nano-
particles: a) Fe—Fe;O, nanoparticle seeds; b)—e) core—shell-void Fe—
Fe;O, nanoparticles obtained from the reaction at b) 130°C for 1 h,
¢) 130°C for 2 h, d) 210°C for 40 min, e) 210°C for 80 min, f) 210°C
for 120 min; scale bar 20 nm.

from different reaction conditions. As synthesized, the core—
shell Fe-Fe;O, nanoparticles showed no visible gap between
Fe and Fe;O, (Figure 3a). A gap between core and shell of
less than 1 nm developed after heating the seed nanoparticles
at 130°C for 1 h (Figure 3b). The gap broadened to about
1.5nm after 2 h of heating (Figure 3¢). The rate of core
consumption and gap broadening is greatly enhanced at
higher reaction temperature. After heating at 210°C for
40 min, the core size shrunk to about 5 nm and the gap grew to
2.5 nm (Figure 3d). The cores were almost depleted after
heating at 210°C for 80 min (Figure 3¢). Finally, all of the
cores disappeared after heating for 2h at 210°C, leaving
nearly spherical voids in the center of the nanoparticles
(Figure 3f). The final void diameter of about 9nm was
slightly larger than that of the original 8-nm Fe cores. The
Fe;O, layer thickness was increased from 2.5nm in the
amorphous seeds to 3.5 nm in the final hollow nanoparticles.

The observations made in the process of forming hollow
Fe;O, nanoparticles reveal that the Kirkendall effect directs
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the controlled oxidation of Fe-Fe;O,, in which Fe metal
diffuses faster outward than oxygen does inward, and Fe;O,
collects at the metal-oxide interface rather than in the
interior of the core. This is consistent with the observation
that the metal is the faster diffusing component in a diffusion
couple of metal and oxygen.[" The TEM images in Figure 3¢
and d also show an Fe bridge (or several Fe bridges) between
core and shell, which is similar to what has been observed in
the synthesis of hollow CoS nanoparticles.” The bridge seems
to provide a fast transport path for outward diffusion of Fe
atoms and it stays connected to the shell until the core is
completely consumed. This Kirkendall effect was not
observed in the previous oxidation of Fe nanoparticles by
Me;NO, in which, without exposure to air, the Fe nano-
particles were directly mixed with Me;NO to give solid iron
oxide nanoparticles.'”) We consider the initial air oxidation of
the Fe nanoparticles to form amorphous Fe-Fe;0, the key to
the unbalanced interfacial diffusion of oxygen and Fe atoms
during the oxidation process.

The time needed for complete consumption of the Fe core
in the Fe-Fe;0O, structure and the morphology of the shell are
dependent on the reaction temperature. When 13-nm Fe-
Fe;O, nanoparticles were incubated with Me;NO at 130°C,
complete oxidation was not achieved until 8 h later. The
resultant nanoparticles were uniform hollow spheres (Fig-
ure 4a). Studies by HRTEM (Figure 4b) and XRD (see the

Figure 4. TEM images of the hollow Fe;O, nanoparticles synthesized
at a,b) 130°C for 8 h and c,d) 250°C for 10 min; scale bars 10 nm.

Supporting Information) revealed that the hollow nano-
particles are amorphous, that is, Fe;O, in the shell structure
does not crystallize at 130 °C. When the mixture of 13-nm Fe—
Fe;0, and Me;NO was heated at 250 °C, hollow nanoparticles
were obtained after only 10 min of heating. The hollow
nanoparticles synthesized at this temperature have similar
polycrystalline structure to those produced at 210°C, but
show more faceted morphology within the shell structure
(Figure 4c¢ and 4d). It seems that, at high reaction temper-
ature, Fe;O, tends to crystallize in bigger grains.
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The hollow Fe;O,4 nanoparticles are superparamagnetic at
room temperature. The particles obtained at 210°C have a
saturation moment M of 47.9 emug™" (Figure 5a), which is
about 60% of that of 16-nm solid Fe;O, nanoparticles

80 4 b)
60 +
T 40 4 a)
20
M/
emu g’
—20 4
—40 4
—60 4
-804 —
-15 -10 -5 0 5 10 15
H/kOe —»

Figure 5. Room-temperature hysteresis loops of a) 16-nm hollow Fe;O,
nanoparticles shown in Figure 1b and b) 16-nm solid Fe;O, nano-
particles.

(83 emug™) (Figure 5b).'"! Unlike solid nanoparticles, the
hollow particles can not be saturated magnetically in fields as
high as 1 T. This reflects the fact that the hollow nanoparticles,
like small magnetic nanoparticles, are subject to thermal
agitation and surface spin-canting effects.'¥ This further
proves that the shell contains small Fe;O, magnetic grains, as
concluded from both HRTEM and XRD studies.

In conclusion, we have succeeded in preparing monodis-
perse hollow Fe;O, nanoparticles by controlled oxidation of
amorphous core-shell Fe-Fe;O, nanoparticles. The Fe;O,
shell can be controlled to be amorphous or polycrystalline
by means of the heating conditions. Self-assembly of the
monodisperse hollow Fe;O, nanoparticles leads to super-
lattice arrays. Using similar reaction conditions, we have also
isolated core-shell-void Fe-Fe;O, nanoparticles. The syn-
thesis offers a general approach to hollow iron oxide and
core-shell-void Fe-Fe;O, nanoparticles by exploiting the
nanoscale Kirkendall effect. This methodology is also extend-
able to produce other types of hollow or core-shell-void
transition-metal oxide nanoparticles. We are currently explor-
ing the syntheses of magnetic hollow and core-shell-void
nanoparticles with controlled porosity and conductivity in
shell and magnetic moment density in core for catalysis and
high-frequency electromagnetic device applications.
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