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Magnetic nanoparticles (NPs) with different morphologies
including nanowires and hollow nanospheres have potential
applications in energy storage, catalysis, nanoelectronics, and
electromagnetic devices.l'! Magnetic iron oxide (Fe,O;) NPs
have been synthesized by numerous chemical approach-
es'*?l and the typical thermal decomposition methods
involve metal precursors like Fe(CO)s and low-molecular-
weight surfactants in solution. Uniform nanocrystals having
a controlled size and shape can be achieved by using fatty acid
surfactants such as oleic acid and lauric acid, and amines like
oleylamine and trioctylamine;['**3 however, the resulting
NPs have poor compatibility with a variety of polyolefins. The
production of NPs capable of hosting an inert polyolefin is
a prerequisite for the preparation of polyolefin nanocompo-
sites with multiple functionalities.

In nature Fe,O; occurs in two stable crystalline phases (a,
and vy), which differ significantly in their geometric structures
and magnetic properties.!l At room temperature, a-Fe,O,
behaves as a weak ferromagnet or a canted antiferromagnet,
while y-Fe,O; is a typical ferromagnetic material. Because of
the nontoxicity, abundance, chemical stability, and low cost of
iron oxide, y-Fe,O; is used extensively in magnetic resonance
imaging and drug delivery,™ while a-Fe,0, is a promising
photoelectrode material for solar-driven water splitting.”! y-
Fe,0; is thermodynamically unstable and can be converted to
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a-Fe,0; at temperatures higher than 350°C (or even higher if
the material is stabilized by a polymer); this threshold value
primarily depends on the size and morphology of the
material.! Meanwhile, the opposite transformation from o-
to y-Fe,0; is also reported to be a high-temperature process.”!
For Fe,O; NPs synthesized from conventional metal-surfac-
tant complexes, it is impossible to transform the crystalline
phase (from y- to a-Fe,O; or vice versa) without damaging the
stabilizer because of its reported low decomposition temper-
ature. Thus, the solution synthesis of Fe,O; NPs having
controlled crystalline phases is of great interest because it
requires far less energy than the solid-state transformation of
crystalline phases.

Maleic anhydride grafted polypropylene (PP-g-MA) is
commonly used as a compatibilizer between a polymer matrix
and fillers like organoclay,”! double-layered hydroxides,® and
carbon nanotubes” in the fabrication of polymer nano-
composites. The advantages of PP-g-MA are that its PP
backbone structure is miscible with polyolefins and its MA
functional groups are capable of bonding with many organic
and inorganic compounds. However, PP-g-MA has rarely
been reported in the synthesis of magnetic NPs.

Herein we report on the synthesis of highly stabilized
Fe,O; NPs with tunable morphologies, crystalline structures,
and magnetic properties by a facile low-temperature, surfac-
tant-assisted solution-phase reaction, that is, the thermal
decomposition of Fe(CO)s; in refluxing PP-g-MA/xylene
solution. Specifically, as an alternative to fatty acid and
amine surfactants, PP-g-MA (M, ~ 8000; structure shown in
Scheme S1 in the Supporting Information) is used to stabilize
the in situ formed Fe,O; NPs without any further postexper-
imental procedures. By controlling the weight ratio of PP-g-
MA to Fe(CO)s, we demonstrate for the first time the
synthesis of stable 1) monodispersed a-phase superparamag-
netic hollow Fe,O; NPs and 2) y-phase ferromagnetic Fe,O;
nanowires.

Agglomerated NPs with large, randomly formed clusters
were observed (Figure Sla) following the direct thermal
decomposition of Fe(CO); in refluxing xylene; this cluster
formation is attributed to the magnetic dipole—dipole inter-
actions and van der Waals forces among the NPs.'"”) NPs with
a network structure were observed (Figure S1b) following the
thermal decomposition of Fe(CO); in commercial isotactic
PP/xylene (weight ratio PP/Fe(CO)s;=1:3.5, decomposition
time: 3 h). Because of the high loading and intrinsic magnetic
affinity of NPs, the magnetic dipole forces are stronger than
the steric repulsion forces of the polymer chains adsorbed on
the NPs, hence leading to aggregates of the as-prepared NPs.
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Monodispersed NPs with a diameter of (7.7+1.0) nm
formed (Figure 1a) when a PP-g-MA/xylene solution was
heated at reflux (weight ratio PP-g-MA/Fe(CO)s=1:3.5,
decomposition time: 3 h). Interestingly, the high-resolution
(HR) TEM image shows a hollow structure of the as-prepared

10 1/nm

Figure 1. Hollow Fe,O; NPs formed in PP-g-MA/xylene solution:

a) low-magnification TEM image, b) HRTEM image, c) HRTEM image
of a single hollow particle, and d) SAED pattern. Synthesis conditions:
1.0 g PP-g-MA, 3.5 g Fe(CO)s, 3 h thermal decomposition under air.

NPs in which the hollow core has a diameter of approximately
6 nm and the shell is roughly 1 nm thick (Figure 1b). More-
over, the measured 2.7 A lattice fringe (Figure 1c) corre-
sponds to the (104) plane of a-phase Fe,O; (PDF no. 33-
0664). Upon further investigation of the selected-area elec-
tron diffraction (SAED) pattern, the assigned (104), (110),
(113), (116), (018), and (300) diffraction planes were found to
correspond to o-Fe,O; (PDF no. 33-0664) (Figure 1d). In
addition, the low-magnification SEM image reveals that the
PP-g-MA nanocomposites have a uniform intumescent
porous structure (Figure S2a), while the high-magnification
SEM image shows well-dispersed spherical NPs in the PP-g-
MA matrix (Figure S2b).

When the weight ratio of PP-g-MA to Fe was changed
(PP-g-MA/Fe(CO)s =0.25:3.5), the formed colloids cast on
the surface of a copper grid were observed to be assembled
into extended nanowires several micrometers in length
(Figure 2a). The HRTEM image shows core—shell NPs with
an average diameter of about 20.0 nm (Figure 2b,c). The
measured 2.08 A lattice fringe (Figure 2¢) corresponds to the
(400) plane of y-Fe,O; (PDF no. 39-1346). Moreover, the
assigned (220), (311), (400), and (440) diffraction planes from
the SAED pattern (Figure 2d) correspond to y-Fe,O; (PDF
no. 39-1346). It is worth noting that the SEM image shows
highly entangled nanowires (Figure S3), indicating that the
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Figure 2. Fe,O; nanowires formed in PP-g-MA/xylene solution: a) low-
magnification TEM image, b) HRTEM image, c) HRTEM image of

a single particle, and d) SAED pattern. Synthesis conditions: 0.25 g PP-
g-MA, 3.5 g Fe(CO)s, 3 h thermal decomposition under air.

wire structure remains intact during the formation of nano-
composites when the colloids are dried.

In room-temperature magnetic measurements, the PP-g-
MA nanocomposites with hollow Fe,O; NPs did not reach
a saturation value even at an applied field of 30kOe
(Figure S4) and the extrapolated saturation magnetization
(M,) is 2.9 emug™" (Figure 3a), which is characteristic of a-
Fe,0,.'" Moreover, no magnetic hysteresis loop is observed,
indicating superparamagnetic behavior for the hollow a-
Fe,O; NPs (Figure S4). However, a clear magnetic hysteresis
loop with a strong M, value of 54.0 emug ' (Figure 3b) and
coercivity (H,) of 518.0 Oe is observed, indicating that the PP-
g-MA/Fe,O; (nanowire) composite displays hard ferromag-
netic behavior. (Materials with H, values greater than 200 Oe
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Figure 3. Room-temperature hysteresis loops of the PP-g-MA nano-
composites with a) hollow Fe,O; NPs and b) Fe,O; nanowires.
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are defined as hard ferromagnetic, those with H. values
smaller than 200 Oe are referred to as soft ferromagnetic.)

Room-temperature Fe Mossbauer spectra were ana-
lyzed to further confirm both species, hollow NPs and
nanowires. For the hollow NPs, an isomer shift (IS) of
0.35mms™! and a quadrupole splitting (QS) of 0.94 mms™!
were observed, indicating pure Fe**, in other words, Fe,O; in
a distorted environment!"? (Figure SSa). The doublet indi-
cates that the a-Fe,O; NPs are superparamagnetic,' which is
consistent with the lack of a magnetic hysteresis loop
(Figure S4). For the nanowires, the ¥’Fe Mossbauer spectrum
(Figure S5b) also shows only one component at IS=
0.35mms~', QS=0.55mms~!, and H,=274 kOe. The value
of the hyperfine field cannot be used to identify the phase;
however, the IS is characteristic of Fe®* ¥ indicating that the
wires are also pure Fe’". Thermal gravimetric analysis (Fig-
ure S6) indicates a particle loading of 67.2 wt % in the PP-g-
MA/y-Fe,O; nanocomposites. The M, value of bulk y-Fe,Oj; is
about 80 emug .1l It can be deduced that the M, value of
540emug! is completely attributed to y-Fe,0,, which
further confirms that the Fe,O; nanowires are in the y phase.

The X-ray photoelectron spectra (XPS) (Fe2p) of the
hollow NPs depict two intensive peaks at Fe2p;, (709.0 eV)
and Fe2p,, (722.1 eV) each with a satellite peak, which is in
good agreement with the previously reported spectra of o-
Fe,0; (Figure S7a).'" Meanwhile, the XPS Fe2p spectra of
the wires show two intensive peaks at Fe2p;, (709.6 eV) and
Fe2p,, (722.7 V) with only one satellite peak around Fe2p,,,
(Figure S7b), which shows good agreement with the reported
spectra of y-Fe,03.11%

The mechanisms for the formation of hollow Fe,O; NPs
and Fe,O; nanowires can be explained by the Kirkendall
effect and assembly effects induced by magnetic dipole—
dipole interactions, respectively. The synthesis of nanometer-
sized hollow CoO and Co;0,, Fe;O,, Ni/NiO, FePt@Fe;0,,
and Ag/Fe,O; NPs has been interpreted based on the
Kirkendall effect.'*41°l In a unary metal system, the Kirken-
dall effect refers to a preferred outward diffusion of metal
atoms leading to a net material flux across the spherical
interface and the consequent formation of a single void at the
center.'*1"l Here, the formation of hollow Fe,0; NPs is also
attributed to the nano-scale Kirkendall effect. Specifically,
metallic iron nuclei formed in hot solution upon the decom-
position of Fe(CO)s, and then oxidized under air such that the
Fe NP surface was covered with an oxide layer (Figure S8).
The MA functional groups are hydrolyzed into carboxylate
groups and bound on the oxide layer (refer to XPS spectra in
Figure S9 and the explanation in the Supporting Informa-
tion). Meanwhile, the adsorbed PP backbone on the NPs
restricts the growth of Fe NPs to a final average diameter of
roughly 8 nm. At extended reaction times, the outward
diffusion of Fe through the oxide layer becomes faster than
the inward diffusion of oxygen; the Fe core is gradually
consumed and the core shrinks, resulting in the formation of
core-shell-void intermediate structures (Figure 4). The TEM
image also shows an Fe bridge between a core and a shell,
which is similar to what has been observed in the synthesis of
hollow Co-S!'! and Fe-Fe;O,'"! NP systems. The existing
bridge provides a fast transport path for the outward diffusion
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Figure 4. TEM image of intermediate structures in the formation of
hollow Fe,O; NPs in PP-g-MA/xylene solution: NPs with core-shell—
void structures. Conditions: 2 h thermal decomposition under air.

of Fe atoms and stays connected to the shell until the core is
completely depleted. Finally, after constant heating for
3 hours with exposure to air, the hollow Fe,O; NPs are
formed with total consumption of the Fe core (Fig-
ure 1b).1416] Scheme S2 depicts the evolution of these
hollow Fe,O; NPs.

When we changed the PP-g-MA/Fe(CO); weight ratio
(here we decreased the amount of PP-g-MA in order to
increase the relative Fe loading), the as-prepared Fe,O; NPs
became larger with an average size of 20 nm and the bonded
PP-g-MA chains restricted the aggregation of NPs to some
extent. However, the repulsive forces from short PP-g-MA
chains were not strong enough to completely separate these
NPs. Hence, Fe,O; nanowires formed by self-assembly
through the effects of magnetic dipole—dipole interactions
and weak van der Waals forces between the surrounding PP-
g-MA molecules (Scheme S3); this was also observed in Co
and Co-Se NPs.['¥]

In summary, we have described a new facile one-pot
strategy to prepare o- and y-Fe,O; NPs using PP-g-MA as an
alternative surfactant. MA served as the surfactant and PP
chains served as the hosting matrix to stabilize the in situ
formed Fe,O; NPs. The advantage of PP-g-MA also includes
its good compatibility with many kinds of polymers. By
controlling the PP-g-MA/Fe(CO)s weight ratio, we could
synthesize approximately 7.7 nm diameter superparamag-
netic hollow a-Fe,O; NPs and 20.0 nm diameter ferromag-
netic y-Fe,O; nanowires with a coercivity of 518 Oe at
moderate temperatures (~140°C) in solution for the first
time. With a large specific surface area and low density, the as-
synthesized hollow a-Fe,O; NPs can be utilized to fabricate
lightweight structural materials and for catalysis, nanoelec-
tronics, and drug-delivery applications."*') Meanwhile, the
ferromagnetic y-Fe,O; nanowires with such high magnetic
coercitiy can be applicable as a magnetic storage medium.?"!
PP-g-MA can be used to produce other transition-metal-
oxide NPs which are currently being explored to prepare
hollow NPs and nanowires with controlled density and
conductivity for applications in magnetic storage, microwave
absorption, and high-frequency electromagnetic interference
shielding devices.
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Experimental Section

The synthesis of hollow Fe,O; NPs: First, PP-g-MA (1.0 g) and xylene
(100 mL) were loaded into a 250 mL three-neck flask and heated to
reflux then maintaining refluxing for 30 min to completely dissolve
PP-g-MA. Second, Fe(CO);s (3.5 g) was injected into the hot solution,
and the solution immediately became yellow. Finally, the reaction
mixture became a black colloidal mixture upon refluxing for 3 h.
After cooling to room temperature, the black solution was poured
onto a large glass container so that xylene could evaporate in the fume
hood. Then the remaining black powder was dried in a vacuum oven
for 24 h to form the final composites. For further information about
other detailed experimental synthesis and additional information on
TEM, SEM, XPS, TGA, and magnetic properties, see the Supporting
Information.
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