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The direct one-pot synthesis of y-Fe,Oz nanoparticles (NPs) has
been demonstrated through a facile inductive heating method.
Acetylferrocene, a solid precursor, has been used for the first time
to the best of our knowledge during the synthesis. Traditionally,
solid precursors have not been used in the hot-injection (HI)
technique because of their limited solubility and less likely outcome
to produce the high supersaturation needed for diffusion-limited
growth of the NPs. Oleylamine and trioctylamine serve as a solvent,
a binding ligand, and a reducing agent in the synthesis to produce
v-Fe,O3 NPs with relatively narrow size distribution. The structures,
morphologies, and magnetic properties of y-Fe,O; NPs are studied.
The phase pure y-Fe,O3; NPs obtained display uniform morphology
and good magnetic property. Therefore, the inductive heating
technique has the potential to provide an industrial level scale-up
synthesis in continuous reactors, which is not available for the HI
method relying on batch synthesis.

1. Introduction

Colloidal magnetic nanoparticles such as iron oxide nanoparticles
(IONPs) are very fascinating due to their usefulness in various fields
such as biomedical and chemical engineering."™ Particularly, y-
Fe,O; NPs are more attractive due to their distinct properties like
stability, biocompatibility, superparamagnetism, low Curie tempera-
ture, and high magnetic susceptibility.>*° Because of these unique
properties, y-Fe,0O; NPs are used in magnetic resonance imaging
(MRI) contrast enhancement, bio-magnetic separation, hyperther-
mia treatment and magnetic drug targeting, multi-terabyte storage,
catalysis, biosensors, bio-separation, and thermoablation.'*™®
The most common method to synthesize colloidal y-Fe,O; NPs is
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the HI method.'**® In this technique, small amounts of precursor
molecules are injected into a hot boiling solvent, which results in
rapid decomposition of the molecular precursors thus producing
inorganic nanomaterials (oxides, and semiconductors).”*>*

While the HI method for colloidal synthesis is very well-
established and useful, there are drawbacks to this metho-
dology.?>**?® The rapid injection of the precursor might
produce uneven nucleation due to the limited heat and mass
transport of the molecules during the application of the HI
process in typical batch reactors.”” In addition, precursor
molecules are usually miscible liquids that can ensure high
concentration in the solution after injection causing solid
precursors to have limited use in the HI method due to
solubility limits.>*>*> Furthermore, scaling up in the hot-
injection method designed for laboratory scale synthesis is
difficult due to low yield and non-uniform heat transport.>>

There are many examples reported in the literature regard-
ing the use of the HI method to prepare IONPs. For instance,
Hyeon et al. showed the non-hydrolytic method to produce
monodisperse and highly crystalline y-Fe,O;. The resulting
NPs were of size ranging from the 4-16 nm diameter.””
However, these synthetic protocols are complex, requiring a
mixture of multiple solvents (octyl ether and oleic acid) and a
long heating time followed by refluxing. In addition to this, Das
and et.al. reported the solventless synthesis of IONPs through
thermal decomposition of acetylferrocene.”® In their work they
used malic anhydride as a co-precursor. The resulting nano-
particle size ranged from 10-20 nm. However, their approach
requires a precursor to be heated in a furnace at a higher
temperature and longer reaction time i.e., 1300 K for 4 hours
resulting in irregularly shaped NPs. While on the other hand,
inductive heating (IH) synthesis of nanomaterials provides high
heating rates (100-300 °C s~ ') to produce a similar result as for
HI methods.?*>* The method consist of an induction heating
reactor with steel balls placed inside. The reactor stays within
an induction coil that rapidly heats the steel balls producing
boiling solvent and decomposition of precursor molecules.
In this technique, the heating medium located inside of the
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reactor, the contact surface area with the solvent is very large.
The heating of the actual reaction vessel is not necessary to
reach the decomposition temperature of the precursor mole-
cules required for fast heating rates. We have recently shown
that the use of steel balls provides a strongly reducing environ-
ment, therefore, removing any trace level of oxygen in typical
nanomaterials making it possible to synthesize the reduced
state of metal NPs.>’

Our research group has successfully developed the IH
method for the synthesis of monodisperse, air-stable iron, iron
oxide NPs, and CdSe quantum dots in past years.>>* In the
recent work, our group has been able to prepare air-stable iron
and IONPs (B-Fe,O3, y-Fe,03, and Fe;0, NPs) with controlled
size via the TH technique.”® On further extending that work,
herein we explore the use of IH synthesis of phase pure y-Fe,03
NPs from a solid precursor, acetylferrocene which avoids the
use of toxic and expensive organometallic compounds like iron
pentacarbonyl precursor. To the best of our knowledge, the use
of solid precursors for the preparation of IONPs via IH has not
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been reported. The motivation for this work comes from the
need for rapid single-step, one-pot synthesis of monodisperse
and uniform colloidal y-Fe,O; NPs using a solid precursor,
therefore extending the range of precursors that can be used
in NP synthesis. Herein, we demonstrate a direct one-pot
method to synthesize y-Fe,O; NPs within a few seconds via
the IH technique using acetylferrocene as a solid precursor.
The size, magnetic behavior, and crystallinity of the synthe-
sized IONPs using a solid precursor (acetylferrocene) and
different solvents (oleylamine and trioctylamine) at different
reaction times are studied. The resulting NPs were y-Fe,O;
NPs confirmed by high-resolution transmission electron
microscopy (HRTEM) and powder X-ray diffraction (PXRD) patterns.

2. Result and discussion

The synthesis method and IH reactor experimental setup was based
on literature with some modifications.”>***** For a typical
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Fig.1 TEM images of y-Fe,Oz NPs produced by using 0.8 M acetylferrocene and oleylamine at different reaction times (A) 5s, (B) 7 s, (C) 10 s, and

(D) 14 s. (E-H) are the particle size distribution plots, respectively.

Fig. 2 HRTEM images of y-Fe,Oz NPs produced by using 0.8 M acetylferrocene, and oleylamine at different reaction times (A) 5 s, (B) 7 s, (C) 10 s, and
(D) 14 s. (A) indicates (222) lattice plane, (B) indicates (026), (222) lattice planes, (C) indicates (111), (123), (026) lattice planes, and (D) indicates (112), (222),

(017) lattice planes of y-Fe,Oz NPs.
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Fig. 3 PXRD of y-Fe,Oz NPs synthesized using 0.8 M acetylferrocene and oleylamine at (A) 10 s, and (B) 14 s heating.

synthesis, the stock solution was prepared by stirring the mixture of
acetylferrocene with the solvent (0.8 M) for 24 hours. Then, the
reactor was filled with steel balls (25.92 g, Bearing-Quality E52100
Alloy Steel, Hardened Ball, 1/8” diameter) and transported to a
nitrogen-filled glovebox. Next, 4 mL precursor solution was trans-
ferred from the stock solution to the reactor. Following this, the
reactor was inserted into the coil of the inductive heater (standard
10 kW inductive heater) and connected to tubing which maintains
an argon atmosphere throughout the reaction. Then, the reaction
mixture was heated in a set at minimum power for 5 s, 7 s, 10 s, and
14 s to control the size, crystallinity, and magnetic behavior of
synthesized IONPs using varying reaction times, solvents.
The reddish solution turns darker black with increasing reaction
time indicating the formation of IONPs. The synthesized NP
solution was cooled to room temperature, then isolated by centrifu-
ging using methanol (~20-25 mL) at 8000 rpm for 10 minutes
followed by sonication. This process was repeated three times.
The colorless supernatant was discarded, and the precipitated
NPs were then dispersed in small quantities of toluene (3-4 mL)
for glovebox storage until further use.

The y-Fe,O; NPs were synthesized with a single solid pre-
cursor (acetylferrocene) and two different solvents (oleylamine
and trioctylamine) at various reaction times. The comparative
study on the size, crystallinity, and magnetization of IONPs
with the change in reaction time and boiling point of solvent is
demonstrated. The morphology and structure of the pure
v-Fe,O; NPs are characterized by TEM. The particle size dis-
tributions, obtained from TEM micrographs, are shown in
Fig. 1(A-D) and the corresponding mean particle sizes obtained
from the Gaussian fit of the histograms are also indicated in
Fig. 1E-H. The histogram demonstrates that as the reaction
time increases the size of NPs increases. The reason behind this
trend is the nucleation and growth of NPs. Longer reaction time
provides more time for the growth of NPs yielding larger sizes.
These particle size distribution starts to narrow as the heating
time increase from 5 s to 14 s probably due to higher super-
saturation as the precursor decomposes. The size of the formed
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IONPs is close to that reported in the literature which discusses
the solventless synthesis of IONPs through thermal decomposi-
tion of acetylferrocene and malic anhydride.*®

The increase in the heating times from 5 s to 14 s increases
the size of y-Fe,O; NPs from 3.2 4+ 0.6 to 9.1 + 2.4 nm. This is
because a longer heating time promotes a faster nucleation rate
resulting in larger-sized NPs. Furthermore, as the reaction time
is increased, the crystallinity of the synthesized nanoparticles
changed from amorphous to highly crystalline particles, as
shown in HRTEM images in Fig. 2. HRTEM measurement
shows the lattice spacing measurement of 2.93 (Fig. 2A),
2.95 A, (Fig. 2B), 3.30 A (Fig. 2C), and 3.40 A (Fig. 2D). Fig. 2A
shows (222) lattice plane, Fig. 2B shows (026), (222) lattice
planes, Fig. 2C shows (111), (123), (026) lattice planes, and
Fig. 2D shows (112), (222), (017) lattice planes of y-Fe,Os3
NPs which indicates that these particles are multidomain.
These lattice planes are consistent with literature values.>*"
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Fig. 4 Magnetization vs. magnetic field plot for y-Fe,Oz NPs produced using
0.8 M acetylferrocene and oleylamine 5's, 7 s, 10 s and 14 s heating time.
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This result is consistent with the lattice spacing data from the
crystallography open database (COD) and density functional
theory (DFT) calculations reported by Grau-Crespo et al.*>

The PXRD patterns are used to determine the structural
parameter of the sample. In the corresponding PXRD spectra of
Fig. 3, the diffraction peaks at 20 correspond to (011), (013),
(222), (113), and (422) planes which reveal phase pure y-Fe,O3
NPs with cubic crystal system (ICDD#39-1346). These values are
closely in agreement with the previously reported work in
literature.**3°

Furthermore, the magnetic property of these IONPs was
studied by using a superconducting quantum interference
device (SQUID). Fig. 4 shows the magnetization (emu g~ ') vs.
magnetic field, H (Oe) graph for IONPs obtained by using
acetylferrocene and oleylamine, at room temperature (298 K).

Fig. 4 shows that that y-Fe,O; NPs showed almost zero
magnetization with heating 5 s but the saturation magnetiza-
tion reaches almost 20 emu g ' with the increase in heating
time. The increase in Mg with an increase in size is attributed to
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a decrease in a surface spin in the oleylamine surface with the
increase in particle size.*” This shows that these particles are
superparamagnetic at room temperature.”*?”*® The saturation
magnetization for these particles is almost close to that of
11 nm-sized y-Fe,O; synthesized via thermal decomposition of
Fe(CO)s as reported in the literature.?® Furthermore, the satura-
tion magnetization of these particles is very less as compared to
that of IONPs synthesized using Fe(CO)s; and atmospheric
microwave plasma.’® It can be noted from Fig. 4 that, with
the increase in the size from 3.2 + 0.6 nm to 9.1 + 2.4 nm, the
Mj value also increases from 0 to 70 emu g~ ". The increase in
M, value with an increase in the size of NPs could be due to the
presence of magnetically disordered atoms at the surface of
the NPs which is common in smaller magnetic NPs.*”*' On the
other hand, these values are less as compared to the M value of
bulk y-Fe,0; (76 emu g '), which is probably attributed to
nanoscale dimension and surface effect.>****

Similarly, another set of experiments was performed using
0.8 M acetylferrocene and trioctylamine (T, = 367 °C) instead
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Fig. 5 TEM images of IONPs produced by using 0.8 M acetylferrocene and trioctylamine at different reaction times (A) 5, (B) 7 s, (C) 10 s, and (D) 14 s.

(E—H) are the particle size distribution plots, respectively.

Fig. 6 HRTEM images of y-Fe,O3z NPs produced by using 0.8 M acetylferrocene, and trioctylamine at different reaction times (A) 5s, (B) 7 s, (C) 10 s and
(D) 14 s. (A) indicates (222) lattice plane, (B) indicates (026), (222) lattice planes, (C) indicates (111), (123), (026) lattice planes, and (D) indicates (112), (222),

(017) lattice planes of y-Fe,O3 NPs.
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Fig. 7 PXRD of y-Fe,Oz NPs synthesized using 0.8 M acetylferrocene and
trioctylamine at 14 s heating.

of oleylamine (Typ, = 350 °C) as a solvent to see the effect of the
boiling point of solvent on the size of NPs. As shown in Fig. 5, a
similar trend in the size was observed with the increase in
reaction time. However, the increase in size was very minimal
with the increase in the boiling point of solvent under identical
conditions of concentration and reaction time. Furthermore,
thus synthesized nanoparticles were of very poor crystallinity as
can be seen in Fig. 6 as compared to those synthesized using
acetylferrocene and oleylamine (Fig. 2). To the best of our
knowledge, there is not any literature report regarding the
synthesis of y-Fe,O; NPs using acetylferrocene and trioctyla-
mine; this approach could be a potential alternative way to
make y-Fe,O; NPs using a single precursor and single solvent.

The HRTEM images of these nanoparticles confirm the
gamma phase of Fe,O;. In Fig. 6, HRTEM images of these
particles indicate (222), (026), (111), (123), (017), and (112)
lattice planes of y-Fe,O3. These values are closely in agreement
with the previously reported work.*"*>

In the corresponding PXRD spectra of Fig. 7, the diffraction
peaks at 20 correspond to (012), (104), and (024) planes which
reveal phase pure y-Fe,O; NPs with cubic crystal system
(ICDD#89-2810). These values are closely in agreement with
the previously reported work in literature.**

3. Conclusion

The rapid IH approach used in this study provides a simple,
facile, and inexpensive method for direct one-pot synthesis of
magnetic y-Fe,O3; NPs from a solid precursor. These NPs are in
the size of 3-10 nm. The increase in heating times increased
the size and magnetization of y-Fe,O; NPs. The result reveals
that the IH method is an efficient method to produce y-Fe,O3
NPs with size control and it could potentially replace the
traditional HI method. We anticipate that the IH method will
result in further exploration of the topic due to faster, easier,
and safer preparation of various NPs and could easily be scaled
up to a gram scale.
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Abbreviations

NPs, nanoparticles; IONPs, iron oxide nanoparticles; TEM,
transmission electron microscopy; HRTEM, high resolution
transmission electron microscopy; scanning transmission elec-
tron microscopy; N,, nitrogen; PXRD, powder X-ray diffraction,
SQUID, superconducting quantum interference device.
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